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ABSTRACT: Organic photovoltaics show high promise as a technology for
sustainable energy conversion. A prominent strategy to reduce the substantial
energy loss of organic solar cells is to synthesize high-permittivity (high-ε) active
layer materials. However, despite the increase in permittivity, many of the high-ε
materials achieved only inferior efficiencies, which is generally explained with a
worse bulk heterojunction morphology. In this work, we tackled this issue by
preparing high-ε acceptors and incorporating them in a bilayer setup, which we
optimized using the systematic Design of Experiment (DoE) approach. The
prepared acceptors are based on a perylene-linker-perylene scaffold, to which we
attached polar sulfone-containing side chains. The relative permittivity of these
acceptors increased by over 50% compared to their alkylated analogues.
Simultaneously, some of the acceptors have greatly improved solubilities in non-
halogenated “green” solvents. Both improvements enabled us to build bilayer
organic solar cells from o-xylene and THF with PTQ10 as the donor, while
simultaneously increasing the efficiency to 5.51% with a high open-circuit voltage of 1.3 V. Our results show that using a bilayer
setup can successfully prevent morphology-related efficiency losses when employing high-ε materials. Combining this approach with
a systematic optimization method (DoE) can unlock the theoretical potential of permittivity modification in organic solar cell
research.
KEYWORDS: Design of Experiment, bilayer solar cell, permittivity, organic solar cells, dye synthesis, sulfone side chains

■ INTRODUCTION
In the last decade, organic solar cells (OSCs) have emerged as
a potent technology for sustainable energy conversion. With
their attractive features, such as flexible and lightweight design,
potential roll-to-roll processing and strong light absorption,
global research interest in OCSs has increased constantly.1−4

With the prominent non-fullerene acceptors, power conversion
efficiencies (PCEs) have recently climbed as high as 19.6%.5,6

To further push PCEs toward their theoretical limit, research
groups follow numerous strategies. In 2012, Hummelen et al.
suggested that increasing the dielectric permittivity of the
active layer could significantly improve the OSCs efficiency
due to reduced losses during charge generation.7 The
beneficial effects of an increased permittivity have been
shown on many important characteristics and processes within
the OSCs, such as the exciton binding energy,8 trap-assisted9

and bimolecular10 recombination rates and the reorganization
energy upon charge transfer.11 Because of this wide-ranging
impact, permittivity modification in OSCs is a popular field of
research.12 Various strategies to modify the active layer
permittivity have emerged, such as adding high-ε addi-

tives,13−15 expanding the conjugated π-system16 or introducing
large, polarizable halogen atoms.17 Another popular strategy is
the introduction of polar side chains to the donor or acceptor
molecule, such as oligo ethylene glycol chains or sulfone
containing chains.18−22 This aims to increase the molar
polarization Pm of a molecule, which is linked to the relative
permittivity εr via the Debye equation
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where ρ and M are the mass density and molar mass of the
material, respectively. Pm itself increases with both, a higher
permanent dipole moment of the molecule or a higher
polarizability by external electric fields.23 This approach has
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already been tested by our group by the incorporation of
diethylene glycol side chains to perylene-linker-perylene
acceptors.24 Although polar side chain engineering is a
straightforward and effective method to obtain high-
permittivity (high-ε) materials, it usually strongly complicates
the subsequent optimization process of the OSC setup. The
opposing chemical nature of polar side chains and the overall
nonpolar aromatic semiconductors often manifests in a
difference in solubility or incompatible surface energies.
Therefore, it is challenging to process high-ε acceptors with
typical donor polymers. Numerous examples in the literature,
including our recent work,24 report new high-ε acceptors that
achieved poorer PCEs than their simple alkylated counter-
parts.22,25−27 This behavior is generally explained by a
worsening of the donor−acceptor morphology in the complex
bulk heterojunction (BHJ).

In this work, we tackled this problem by combining
molecular permittivity engineering with a switch to the simpler
bilayer OSC setup. We then applied the highly systematic and
efficient Design of Experiment (DoE)28−30 method to the
intrinsically complex and multivariate OSCs optimization
process. That way, we show a valuable procedure to fully
utilize the whole potential of high-ε materials. In recent
works,31,32 we already prepared A-D-A type acceptors
comprising perylene monoimide (PMI) as end groups and
electron rich donors (fluorene, carbazole, indenofluorene).
PMI derivatives have not only a strong UV−Vis absorption
and high thermal and photochemical stability but can also be
modified easily due to their straightforward synthetic
preparation.33,34 By switching the side chain on the linker to
diethylene glycol, we already showed that the permittivity can
be improved.24 Here, we shifted our focus to sulfone-based
side chains. The sulfone group was chosen because of its
exceptionally high dipole moment (4.5 D)20 and its strong
influence on solubility properties. To add more dipoles and
provide higher flexibility,18 an ether linker was included in the
side chain. Because of its ability to rotate more freely than a
simple alkyl chain, the ether linker is expected to work as a
joint for the sulfone group to reorient easily in an external
electric field. Specifically, we introduce four PMI-linker-PMI
acceptors PMI-[F-S], PMI-[C-S], PMI-[F-OS], and PMI-[C-
OS], containing polar sulfone and sulfone-ether side chains on
the fluorene and carbazole linkers, respectively (Scheme 1).

We then investigate their performance in combination with
PTQ10 as donor polymer in a bilayer approach.

■ RESULTS AND DISCUSSION
Synthesis. To obtain new high-ε acceptors, we incorpo-

rated sulfone and ether groups via side chains into PMI-based
A-D-A acceptors according to the synthesis scheme (Scheme
2). First, we added the side chains to the fluorene and
carbazole linkers, respectively. The methyl-sulfone-ethyl-
groups were introduced by a Michael addition reaction starting
from methyl vinyl sulfone and deprotonated 2,7-dibromo-
carbazol and fluorene, respectively, giving compounds 2 (91%)
and 3 (99%) in high yields. The (3-(2-(methylsulfonyl)-
ethoxy)propyl) side chain was prepared by oxa-Michael
addition of methyl vinyl sulfone and 3-bromopropanol and
was then introduced to the linker molecules via nucleophilic
substitution to give compounds 4 (38%) and 5 (55%) with
moderate yields. Compounds 4 and 5 were subsequently
coupled with the PMI-boronic ester derivative (6c) in a Suzuki
reaction, to obtain the final A-D-A systems PMI-[F-OS] and
PMI-[C-OS]. In the opposite approach, compounds 2 and 3
were converted to the corresponding boronic ester derivative
and coupled with the PMI-bromide (6b) yielding PMI-[F-S]
and PMI-[C-S]. 1H and 13C NMR spectroscopy and mass
spectrometry were used as standard measurements for material
characterization. A comprehensive synthetic description is
enclosed in the Supporting Information. The solubilities of
PMI-[F-S] and PMI-[C-S] turned out to be too low for OSC
applications, explainable by too short side chains for the large
aromatic molecules. Therefore, these two molecules were no
further considered and a thorough determination of the
physical properties was conducted only of PMI-[F-OS] and
PMI-[C-OS] (UV−Vis spectra, see Figure S18c).
Physical Properties. To determine the physical properties

of PMI-[F-OS] and PMI-[C-OS], we conducted UV−Vis
absorption and fluorescence spectroscopy, thermal analysis
comprising thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC), and permittivity measurements.
The results are summarized in Figure 1 and Table 1.

The UV−Vis absorption spectra in CHCl3 (Figure 1a) of
both acceptors show a maximum absorption at approx. 530
nm, with a strong absorption coefficient of 8.2−8.5 × 104 L
mol−1 cm−1. Both compounds show an emission at approx. 575

Scheme 1. Structure of the Synthesized Products
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Scheme 2. Synthetic Routes to the Targeted Acceptors

Figure 1. Optical and dielectric properties of PMI-[F-OS] and PMI-[C-OS]. (a) Normalized UV−Vis absorption (solid) and emission (dashed)
spectra in CHCl3 (both at 0.01 mg ml−1, emission excited at 485 nm). (b) Thin film absorbance of PMI-[F-OS], PTQ10 and their blend (ratio 1:1
w:w). (c) Relative permittivity εr as a function of the electric field frequency of the new (solid) and reference (dashed) compounds (line: arithmetic
mean, shaded area: 95% confidence interval, values averaged from 20 to 30 measurements, respectively).
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nm with Stokes shifts of 45 and 50 nm, respectively, and a high
fluorescence quantum yield of 78% for both acceptors,
indicating that in solution, non-radiative recombination occurs
only on a small scale. The optical properties in solution are
nearly identical with other PMI-linker-PMI acceptors bearing
different side chains.24,31 The thin film UV−Vis absorption
spectrum of PMI-[F-OS] (Figure 1b) shows a slight red
shifted absorption onset and peak broadening but an almost
identical absorption maximum. The TGA measurements
(Figure S18d) confirm a strong thermal stability for PMI-[F-
OS] and PMI-[C-OS]. Both acceptors show thermal
decomposition above 400 °C, making them well suitable for
OSC application. No glass transition temperatures or melting
temperatures could be detected by DSC.

The permittivity of the new acceptors was determined from
impedance spectroscopy. For this, we fabricated parallel-plate
capacitors with ITO and Ag as bottom and top electrodes, and
PEDOT:PSS as a smoothing layer, to obtain homogeneous
acceptor layers. To account for thickness variations of the
active material layers, the results were averaged from 20 to 30
measurements for each material. Compared to the reference
compounds with alkyl chains, PMI-[F-Alk] and PMI-[C-Alk]
(chemical structures see Scheme S1), the relative permittivity
εr of the new acceptors with sulfone-ether side chains increased
over the whole frequency range of 102 to 106 Hz (Figure 1c).
Exemplary at 105 Hz, εr of PMI-[F-OS] and PMI-[C-OS]
increased by 56% (from 1.86 to 2.90) and by 44% (from 1.91
to 2.76), respectively. In our recent work,24 we have reported
on the permittivity of related acceptors bearing diethylene
glycol side chains. With respect to the same reference
compounds, εr of these acceptors, PMI-[F-OEG] and PMI-
[C-OEG], increased by 12% and 18%, respectively. Comparing
the relative changes indicates a substantially greater influence
of the new sulfone-ether chain on the material permittivity. In
addition to the neat acceptors, we measured the permittivity of
our final OSCs (vide infra). The obtained permittivity curves
(Figure S30) show a more similar trend than the pristine
acceptors. This can be explained by a larger contribution of the
donor and interlayer materials. The stronger rise of the
permittivity in the low frequency region (Hz−kHz) likely
stems from the charged interlayers (PEDOT:PSS and
PEIE:PFN-Br), where ionic contributions are dominant.
However, to reduce exciton recombination, the permittivity
is most crucial at the charge generation site (active layer,
donor−acceptor interface). Therefore, the permittivity increase
of the neat acceptors is likely a better indicator for the
improvement in the active layer. These results underline
sulfone groups as effective functionality for permittivity
modification.

To gather further information that simplifies the later OSC
optimization, we conducted solubility measurements, charac-
terized the crystallinity and molecular packing, determined the
frontier molecular orbital (FMO) energies, and measured the

surface free energies (SFE) of the new acceptors. The
solubility measurements (Table 2 and Table S1) revealed a

significant difference between PMI-[F-OS] and PMI-[C-OS].
The fluorene-based acceptor with two side chains PMI-[F-OS]
has better solubility in all tested solvents than PMI-[C-OS].
The highest solubility of PMI-[F-OS] is observed in
chloroform (41.4 mg ml−1) followed by THF (11.7 mg
ml−1) and DMF (7.0 mg ml−1). The polar sulfone side chains
exhibit a strong impact on the solubility in polar solvents.
Interestingly, both acceptors show no solubility in o-xylene.
From considering the results of the FMO and SFE measure-
ments (vide infra), PTQ10 was selected as the most suitable
polymer donor for PMI-[F-OS]. Because PTQ10 is in turn
soluble in o-xylene (14.4 mg ml−1, Table 2), a layer-by-layer
processing of donor and acceptor becomes possible.

The GIWAXS images (Figure 2) reveal a significantly higher
crystallinity of PMI-[C-OS] compared to PMI-[F-OS];
however, there is an isotropic orientation with respect to the
substrate observed in both samples. For PMI-[C-OS], a π−π
stacking distance of 0.35 nm is obtained (distinct peak at 18.0
nm−1), while for PMI-[F-OS] the corresponding peak is
markedly broadened, less pronounced, and slightly shifted to
lower q-values (17.7 nm−1), indicating less order and a slightly
higher π−π stacking distance. Moreover, regarding the lamellar
stacking, PMI-[C-OS] shows a two-dimensional order
indicated by the distinct peaks at 4.25, 3.43, and 2.42 nm−1

corresponding to lamellar d spacings of 1.5, 1.8, and 2.6 nm. In
PMI-[F-OS], this structure is significantly less defined and
spacings of 1.5 and 2.3 nm are found. The broad semicircle-
shaped feature with a maximum at approx. 8.5 nm−1 observed
in both samples corresponds most presumably to the 200
lamellar diffraction peaks.

The FMO energies (HOMO − highest occupied molecular
orbital, LUMO − lowest unoccupied molecular orbital) were

Table 1. Physical Characterization of the Acceptors

compound
λmax
sol. , abs.

(nm)
εmax
sol. (l mol−1

cm−1)
λmax
sol. , em.

(nm)
Φpl
(1)

Eg
opta

(eV)
Eg

optb

(eV)
EHOMO
(eV)

ELUMO
(eV)

Eg
CVc

(eV)
Tg
d

(°C)
εr
e

(1)

PMI-[F-OS] 527 8.5 × 104 572 0.78 2.24 2.03 −6.10 −4.03 2.07 420 2.90
PMI-[C-OS] 529 8.2 × 104 579 0.78 2.25 2.05 −6.07 −4.10 1.97 412 2.76
aOptical gap in solution, determined from the intersection of absorbance and emission spectra in CHCl3.

bOptical gap as thin film, determined
from the absorbance spectra of the respective thin film by the tangent method. cBand gap of drop-cast films, determined by CV, calcd. from ELUMO
− EHOMO.

dDefined as the temperature at 5% weight loss. eRelative permittivity at 105 Hz.

Table 2. Solubilities (in mg mL−1) of the Acceptors PMI-[F-
OS], PMI-[C-OS] and the Donor Polymer PTQ10 in
Various Solvents

solvent PTLa
PMI-[F-
OS]

PMI-[C-
OS] PTQ10

chloroform red 41.4 7.4 16.9
chlorobenzene red 4.2 0.1 22.1
N,N-dimethylformamide red 7.0 0.4 0.07
1,4-dioxane red 2.2 0.8 0.07
o-xylene orange 0.3 - 14.4
dimethyl sulfoxide orange 1.6 0.3 0.07
tetrahydrofuran orange 11.7 1.9 2.6
ethyl acetate green 0.1 0.03 0.07
2-propanol green - - 0.07
aColors according to the Pfizer “traffic light” (PTL) solvent
preference system (red...undesirable, orange...usable, green...prefer-
able).42
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obtained from cyclic voltammetry (CV) measurements of
drop-cast films (Figure S18). PMI-[F-OS] and PMI-[C-OS]
show HOMO/LUMO energies of −6.10/−4.03 eV and
−6.07/−4.10 eV, respectively (Figure 3). From the three

commercially available donor polymers PM6, PBDB-T, and
PTQ10, the latter two have suitable LUMO levels (Figure
S18). The HOMO energy of PTQ10 seems critically low for
efficient hole transfer. However, the small energy offset to the
acceptors might be well within the measurement accuracy of
the CV measurement for orbital energies, which is considered
to be well above 0.1 eV for polymer films.35 This was
supported by initial tests of various polymers in OSCs, from
which PTQ10 achieved the highest efficiencies. On the positive
side, the small HOMO energy offset could promise a
potentially high VOC in OSCs. Further considering the energy
levels of PTQ10, it is interesting to note that the electro-
chemical bandgap (2.54 eV, obtained from CV, Figure 3) is
substantially larger than the optical bandgap (1.95 eV,
obtained from thin film UV−Vis measurement, Figure 1b).
This can be partly explained by the exciton binding energy in
PTQ10 (0.31 eV36), which is defined as the difference of
electrochemical and optical bandgap of a material.37 Another

reason can be factors such as solvent swelling and kinetic
overpotential during the CV measurement.38

Lastly, it is crucial to know if the polymer and acceptor are
energetically suitable in terms of their SFE. Since the SFE
characteristics dominate the miscibility behavior of two
materials, careful matching of donor and acceptor is vital to
achieve an ideal active layer morphology. To determine the
SFE values, we conducted contact angle measurements of
pristine thin films with drops of water and ethylene glycol
(EG). From that, we calculated the SFE values using the
methods by Owens, Wendt, Rabel, and Kaelble (OWRK)39

and Wu40 (Table S2), and subsequently the Flory−Huggins
interaction parameters χ for various donor−acceptor combi-
nations (Table S3). χ should neither be too low (perfect
miscibility, no pure domains) nor too high (zero miscibility,
full demixing). The interaction parameters indicate that PMI-
[F-OS] has a certain miscibility with the measured polymers
(PTQ10, PM6, and PBDB-T), with χ values of 0.70, 0.80, and
0.63, respectively. PMI-[C-OS] on the other hand is expected
to have a lower miscibility, with χ values of 2.04, 2.20, and
1.93, respectively.

Based on the CV and SFE measurements and due to its
good solubility in the non-halogenated solvent o-xylene, we
chose PTQ10 as the most suitable donor polymer. It is
furthermore an attractive choice due to its simple and low-cost
synthesis.41 With this material combination, we can process
donor and acceptor layer-by-layer with orthogonal, non-
halogenated solvents (THF for PMI[F-OS] and o-xylene for
PTQ10).
Design of Experiment. The orthogonal solvent systems

for donor and acceptor simplify the use of a bilayer setup. This
brings the advantage, compared to the BHJ system, that a
separate optimization of donor and acceptor processing can be
done. That way, the limitations imposed by the differences in
solubility and SFE, caused by the polar sulfone chains, are
reduced. Specifically, we used the conventional bilayer OSC
setup ITO/PEDOT:PSS/PTQ10/acceptor/PEIE:PFN-Br/Ag.
When testing PMI-[C-OS], strong aggregation was observed in
all acceptor films due to the low solubility and high crystallinity
of PMI-[C-OS]. This led to low solar cell performance
(highest achieved PCE 1.2%, see Figure S28). Thus, after
initial testing, we neglected PMI-[C-OS] and focused on the
more promising PMI-[F-OS]. For this acceptor, AFM images
(Figure S29) of a typical solar cell were recorded. These
revealed a smooth and homogeneous film after the coating of

Figure 2. 2D GIWAXS images of (a) PMI-[F-OS], (b) PMI-[C-OS] and (c) the respective line cuts in in-plane (solid lines) and out-of-plane
(dotted lines) direction. Measurements were acquired from drop-cast films on Si substrates.

Figure 3. FMO energies (HOMO, LUMO) and the electrochemical
bandgap (Eg) energies extracted from CV measurements (CV
measurement: 3-electrode setup, drop-cast films on Pt disc working
electrode, Pt wire counter electrode, non-aqueous Ag/AgNO3
reference electrode, 0.1 M TBAPF6 in acetonitrile as electrolyte,
scan speed 50 mV s−1). For CV measurements, see Figure S18.
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the PTQ10 layer from o-xylene. After the subsequent coating
of the PMI-[F-OS] film on the PTQ10 layer, the surface
morphology becomes slightly coarser; however, the appearance
of the surface is homogeneous and a low surface roughness
(root-mean-square Sq) of 1.4 nm is found, which is just slightly
higher than for the PTQ10 film (Sq 1.1 nm).

A common challenge during OSC optimization is that it is a
multivariate system involving numerous factors that can be
varied. Even after the selection of active layer components
(and their solvents) is done, many parameters remain to be
optimized, such as the layer thicknesses of donor and acceptor,
solvent additives, and thermal annealing conditions (temper-
ature, duration, order of annealing). To find the optimum
processing parameters, the classical approach is to screen over
every factor separately, while keeping all others constant. This
is repeated until a supposed optimum for all parameters is
found. This so-called one-variable-at-a-time (OVAT) approach
is highly time and resource consuming. Neither does it
guarantee that the global optimum is indeed found since it
completely disregards the mutual influence that factors have on
each other. Therefore, we use a DoE approach, which was
designed to solve multivariate problems in an efficient way.
The DoE method covers a larger screening space more quickly
and thoroughly and is more likely to yield the true optimum.
DoE is already well described in the literature,28−30 and
specialized software is commercially available to help reduce
the complexity of this approach significantly. In this work, we
chose the software MODDE.43

As a first step, we defined the system by choosing a set of
factors (processing parameters to be optimized, Table 3) and

the intervals of interest (levels): the spin coating speeds (RPM-
D, RPM-A) and the annealing temperatures after coating of the
donor layer (TA-D) and acceptor layer (TA-DA), respectively.
To limit the number of factors, the TA duration was set
constant to 10 min, after which the further change of the thin
film morphology should be small. To reduce the model size
further, we set the concentrations of the donor and acceptor
solutions to 8 mg ml−1, respectively, to be well within the
solubility ranges. To screen over a wide layer thickness range,
the spin coating speed was varied over a large interval (1000 to
5000 rpm, respectively).

In the second step, we defined measurable responses. For
that, we chose the typical OSC performance parameters PCE,
fill factor (FF), short-circuit current density (JSC), and open-
circuit voltage (VOC). After selecting factors, levels, and
responses, we chose a D-optimal design for this optimization
(design comparison and summary of model parameters, see
Figure S19 and Table S4). As result, we obtained an
experimental matrix with 24 experiments (Table S5), for
which we built one substrate containing six separate OSCs for
each experiment. The obtained model achieved a high quality
of fit, summarized in Figure S20 and Figure S21. The results

are shown as a 4D contour plot of the PCE behavior as
function of the chosen factors (see Figure 4, contour plots for
the FF, JSC, and VOC, see Figures S22−S24). The contour plot
shows that the PCE is influenced by all four factors. A global
maximum within the investigated parameter space is indicated
in red. Further, the contour plots and especially the model
coefficients (Table S6) show that indeed non-linear (quadratic
and interaction) dependencies between the factors are present,
which could not have been captured using the conventional
OVAT method.

As an optimal setpoint, the model predicted the following
processing parameters to obtain a maximum PCE of 4.37%
(see Figure S25): RPM-D 3878 rpm, RPM-A 5000 rpm, TA-D
39 °C (almost RT, equivalent to no TA), TA-DA 25 °C (RT,
equivalent to no TA). To validate the model, a control OSC
series (48 solar cells on 8 substrates) was built with following
parameters: RPM-D 3900 rpm (resulting layer thickness 16 ±
5 nm), RPM-A 5000 rpm (resulting layer thickness 48 ± 9
nm), no TA of the donor layer, no TA of the donor-acceptor
layer. The control series achieved a top PCE of 4.55% (average
4.0 ± 0.7% from the best 5 cells), which is in excellent
agreement with the model prediction. Interestingly, the most
efficient OSCs are obtained without any TA treatment. Upon
annealing, all solar cells experience a drop in JSC and FF, which
manifests also in the 4D contour plots of the FF and JSC
(Figures S22 and S23). We assume that this is because the
interface of donor and acceptor changes for the worse. The
formation of a mixed D/D:A/A-like structure was proven to be
desirable to increase the interface area of donor and acceptor
and reduce recombination losses.44,45 Using THF as the
acceptor solvent, in which PTQ10 also shows slight solubility
(2.6 mg ml−1), should support formation of this intermixed
domain, whereas annealing treatment seems to have a negative
effect. GIWAXS measurements of the bilayer were conducted;
however, the low signal intensity did not allow to make clear
statements about the morphology change upon annealing.

The DoE analysis proved to be efficient and reliable for OSC
optimization. It yielded the optimal processing conditions for
four factors within little time and with only few resources used.
The predicted optimum was congruent with the experimental
test. As a next step, we conducted thorough characterization
with the optimized OSCs.
Solar Cell Characterization. To gain insights into the

photovoltaic properties of the optimized OSCs with the device
architecture shown in Figure 5a, we measured their current
density−voltage (JV) and external quantum efficiency (EQE)
characteristics and light intensity dependencies and performed
stability tests. The JV measurements revealed a significant
positive light soaking effect for all OSCs, where 10−30 min of
light soaking led to an increase in both JSC and FF, which
increased the PCE by up to one percentage point. This can
most likely be explained by a combined effect of first filling up
recombination sites, which reduces the bimolecular recombi-
nation rate and thus improves the JSC, and second a very mild
annealing effect that can potentially improve the interplay of all
layers in the final OSCs. Both effects can be especially strong
because of the small orbital energy offset of PTQ10 and PMI-
[F-OS]. For that reason, all results and further OSC
characterization are shown for light-soaked solar cells.

With the optimized device setup (obtained from the DoE
analysis), we achieved a PCE of 5.2 ± 0.2% (top 5.51%),
combined with a high VOC of 1.296 ± 0.006 V (top 1.298 V)
(summary, see Table 4; JV curves, Figure 5b). The EQE

Table 3. List of Factors in the DoE Analysis with Their
Respective Levels

factor unit no. of levels levels

RPM-D rpm 3 1000, 3000, 5000
RPM-A rpm 3 1000, 3000, 5000
TA-D °C 3 25a, 87.5, 150
TA-DA °C 3 25a, 87.5, 150

aTA of 25 °C corresponds to no annealing.
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measurement (Figure 5c) shows a maximum value of 55%
between 520 and 620 nm and a shape that fits well with the
absorption behavior of PTQ10:PMI-[F-OS] thin films (Figure
1b). The PCE of these solar cells surpasses the performance of
OSCs based on the reference compound PMI-[F-Alk] (PCE

4.34 ± 0.37% with 1.09 ± 0.04 V).31 For a direct comparison,
we also built OSCs in the identical BHJ setup used in the
reference system (ITO/ZnO/PBDB-T:PMI-[F-OS]/MoO3/
Ag). The results are summarized in Table S8 and Figure S28.
The highest PCE was 3.13%, with a generally low FF and JSC.

Figure 4. DoE 4D contour plot of the resulted fitting model for the PCE of the OSC system ITO/PEDOT:PSS/PTQ10/PMI-[F-OS]/PEIE:PFN-
Br/Ag. The factor levels (RPM-D, RPM-A, TA-D and TA-DA) are on the outer sides of the contour plots. The PCE is shown as colored area
(legend on the right side, red indicates the highest value). The optimal setpoint was calculated to be at RPM-D 3878 rpm, RPM-A 5000 rpm, TA-D
39 °C, and TA-DA 25 °C.

Figure 5. Solar cell characterization of the best OSC setup ITO/PEDOT:PSS/PTQ10/PMI-[F-OS]/PEIE:PFN-Br/Ag. (a) Structure of PTQ10
and schematic cross section of the used bilayer setup. (b) JV characteristic of the best cell (top) and a cell similar to the average values (avg), both
in illuminated (solid) and dark (dashed) conditions. (c) EQE spectrum of an average OSC. (d) Stability test of a solar cell operated at the
maximum power point (mpp) under constant illumination of 100 mW cm−2 in inert conditions.
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Vice versa, we also built bilayer OSCs with the reference
acceptor (ITO/PEDOT:PSS/PTQ10/PMI-[F-Alk]/
PEIE:PFN-Br/Ag). This combination showed a significantly
inferior efficiency, with a top PCE of 0.96% and VOC of 1.25 V
(see Table S9 and Figure S28c), which could be explained by
the lower permittivity of PMI-[F-Alk] (permittivity measure-
ments of whole OSCs, see Figure S30) and a more
complicated preparation (PMI-[F-Alk] only processable from
chlorobenzene).

Our results show that with all changes, we achieved to
employ a high-ε acceptor in OSCs with improved efficiencies.
To combine the advantages of high-ε materials with the
generally higher currents obtained when using the bulk
heterojunction setup, a possible outlook is to modify both,
donor and acceptor, with similar polar side chains. This could
lead to a better interaction and similar solubility of both
materials, enabling higher efficiencies.

In addition to JV measurements, we conducted stability tests
by maximum-power-point tracking in illuminated conditions
inside a nitrogen glove box (Figure 5d). After 89 h, the PCE
still was 83% of the initial value, whereby the main loss was
observed in the first 25 h followed by only a minor decrease
after this point. To get insights into the recombination
properties within the OSCs, we measured the light intensity
dependence of VOC and JSC (Figure S26d−f). The JSC trend has
a slope of 0.99, which indicates that monomolecular
recombination pathways dominate under short-circuit con-
ditions.47 Further, the VOC trend from 10 to 100 mW cm−2

shows an ideality factor of 1.78, which indicates that
Shockley−Reed−Hall recombination dominates under open-
circuit conditions.48 This is in good agreement with the
extracted ideality factor of approx. 2 from the dark JV curve
fitting (Table S7). We then investigated the charge-generation
efficiencies, by plotting a Jph−Veff curve for an average bilayer
OSC (Figure S27). From this, we calculated the exciton
dissociation efficiency (ηdiss) as well as the charge collection
efficiency (ηcc) (calculation procedure see the Supporting
Information). A ηdiss of 95% and ηcc of 74% suggest a highly
efficient dissociation of formed excitons into free charge
carriers under short-circuit conditions, and a good charge
collection at maximum power point conditions.

Lastly, the high VOC motivated us to compare the energy
losses of the fabricated devices (Table S10). Of all compared
setups, the bilayer OSCs containing PMI-[F-OS] showed the
lowest overall energy loss of 0.66 eV, compared to 0.70 and
0.73 eV of the reference setups.

■ CONCLUSIONS
In this work, we introduced polar sulfone side chains to known
non-fullerene acceptors with the aim of increasing their
dielectric permittivity. The new acceptors, named PMI-[F-
OS] and PMI-[C-OS], exhibited a permittivity increase by
56% (εr from 1.86 to 2.90) and by 44% (εr from 1.91 to 2.76)

at 105 Hz. Simultaneously, resulting from the sulfone
modification, PMI-[F-OS] shows a high solubility (11.7 mg
ml−1) in THF. The solar cells were built in a conventional
bilayer setup (ITO/PEDOT:PSS/PTQ10/PMI-[F-OS]/
PEIE:PFN-Br/Ag), using only non-halogenated solvents (o-
xylene for the donor polymer PTQ10 and THF for the
acceptor). The optimization of the processing parameters of
the solar cells was successfully conducted with the resource-
and time-saving DoE method, an approach still under-
represented in solar cell research. That way, only a small
number of experiments were needed to obtain the desired PCE
maximum. The optimized OSCs achieved a PCE of 5.2 ± 0.2%
(best 5.51%) with a high VOC of 1.296 ± 0.006 V (best 1.298
V), surpassing the performance of solar cells containing the
alkylated analog31 of PMI-[F-OS], with the additional benefit
of the processing from non-halogenated solvents.

Our findings clearly show that a bilayer OSC setup can
prevent efficiency losses typically stemming from unfavorable
donor−acceptor phase separation in bulk heterojunction OSCs
due to significantly changed surface free energy and solubility
of high-ε materials. This work can provide a valuable tool for
further research on high-ε materials and to unfold the full
potential of permittivity-engineering toward improving the
overall performance of OSCs. We also envision that this
approach might be applied in the future to more efficient
materials, such as the popular Y series acceptors.

■ EXPERIMENTAL SECTION
Synthesis. All reagents and solvents were purchased from

commercially available sources (Sigma Aldrich, Lumtec, abcr, VWR,
Roth) and used as received, unless otherwise stated. 2,7-Dibromo-
fluorene and 2,7-dibromo-9H-carbazole were dried in vacuum over
CaCl2 before use. PPh3 was recrystallized from EtOH before use.
Anhydrous CH2Cl2 was prepared by distillation over P4O10.
Anhydrous THF was prepared by running the solvent through an
automated aluminum oxide column. Dry MeCN (99.8% purity grade)
was purchased from Merck. The polymers for solar cell processing,
PTQ10 and PFN-Br, were purchased from 1-Material. PEDOT:PSS
was purchased from Heraeus (CLEVIOS P VP AI 4083). Here listed
are the novel synthetic steps toward PMI-[F-OS]. All remaining
synthetic procedures are attached in the Supporting Information.
1-Bromo-3-(2-(methylsulfonyl)ethoxy)propane (C6H13BrO3S) (1).

The procedure was adapted from the literature.49 Methyl vinyl sulfone
(1.44 mL, 1.73 g, 16.3 mmol, 1.0 equiv), 3-bromopropan-1-ol (2.20
mL, 3.40 g, 24.5 mmol, 1.5 equiv), and PPh3 (0.428 g, 1.63 mmol, 0.1
equiv) were dissolved in 15 mL of CH2Cl2 anh. The flask was flushed
with nitrogen and the reaction was stirred at RT overnight. A yellow
solution with a colorless precipitate had formed. Full conversion was
controlled by TLC and APCI-MS. For workup, the CH2Cl2 was
evaporated in a nitrogen stream, and then the liquid and solid residue
were dispersed in 5 mL of ethyl acetate and filtered. The filter cake
was washed several times with ethyl acetate. The filtrate was
concentrated in vacuo, and the clear yellow oily residue was purified
by column chromatography (eluent gradient CH:EA 5:1 to pure EA).
This gave the product 1 (2.63 g, 66%) as a colorless oil.

Table 4. Summary of OSC Dataa

type tD (nm) tA (nm) VOC(V) JSC (mA cm−2) FF (%) PCE (%) Rs
b (Ω cm2) Rsh

b (Ω cm2)

top 1.298 7.42 57.5 5.51 0.702 985.3
avgc 16 ± 5 48 ± 9 1.296 ± 0.006 7.1 ± 0.2 57 ± 1 5.2 ± 0.2 0.457 923.7

aOf devices with the ITO/PEDOT:PSS/PTQ10/PMI-[F-OS]/PEIE:PFN-Br/Ag bilayer setup. All values were recorded after light soaking.
bExtracted from fitting the single-diode equivalent circuit model46 to the JV curves of the top solar cell and a solar cell that has characteristic values
similar to the average parameters (full fitting data, see Table S7 and Figure S26b). cAverage values (arithmetic mean and standard deviation) are
calculated from the 10 best cells.
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Rf 0.45 (CH:EA 1:5). 1H NMR (300 MHz, CDCl3, TMS) δ
(ppm): 3.90 (t, J = 5.3 Hz, 2 H), 3.64 (t, J = 5.9 Hz, 2 H), 3.48 (t, J =
6.4 Hz, 2 H), 3.23 (t, J = 5.3 Hz, 2 H), 2.99 (s, 3 H), 2.12 (tt, J = 5.9,
6.4 Hz, 2 H). 13C NMR (75 MHz, CDCl3, TMS) δ (ppm): 68.8, 64.7,
55.3, 43.0, 32.3, 30.0. MS (APCI) calcd. For C6H14BrO3S+ [M +
H]+m/z: 244.98, found 245.0.
2,7-Dibromo-9,9-bis(3-(2-(methylsulfonyl)ethoxy)propyl)-9H-flu-

orene (C25H32Br2O6S2) (4). The procedure was adapted from the
literature.50 A round-bottom flask was charged with 2,7-dibromo-
fluorene (994 mg, 3.06 mmol, 1.0 equiv) and crushed KOH (368 mg,
9.2 mmol, 3.0 equiv) and then flushed with nitrogen for 10 min.
MeCN (50 mL) was added, and after 10 min, compound 1 (2.25 g,
9.2 mmol, 3.0 equiv) was added dropwise, upon which the reaction
mixture immediately turned dark blue. The mixture was stirred at RT
overnight. After TLC control, the dark blue reaction mixture was
quenched by adding water until full dissolution of all KOH and then
extracted with CH2Cl2 (3×). The combined organic phase (clear
orange) was washed with water and brine, dried over Na2SO4, and
concentrated in vacuo. The crude product (orange oil) was purified by
column chromatography (gradient CH:THF 2:1 to pure THF). This
gave the product 4 (752 mg, 38%) as a colorless solid.

Rf 0.4 (CH:EA 1:1). 1H NMR (300 MHz, CDCl3, TMS) δ (ppm):
7.62−7.37 (m, 6 H), 3.68 (t, J = 5.2 Hz, 4 H), 3.26−3.08 (m, 8 H),
2.93 (s, 6 H), 2.13−1.96 (m, 4 H), 0.94−0.73 (m, 4 H). MS (APCI)
m/z for C25H33Br2O6S2

+ [M + H]+: calcd. 651.00, found 651.0.
8,8′-(9,9-Bis(3-(2-(methylsulfonyl)ethoxy)propyl)-9H-fluorene-

2,7-diyl)bis(2-(2,6-diisopropylphenyl)-1H-benzo[10,5]anthra[2,1,9-
def]isoquinoline-1,3(2H)-dione) (C93H84N2O10S2) (PMI-[F-OS]). A 3-
neck round bottom flask with a reflux condenser, dropping funnel,
and nitrogen inlet was charged with compound 4 (0.654 g, 1.00
mmol, 1.0 equiv), aqueous 1 M K2CO3 solution (15 mL), Aliquat 336
(2−3 drops), and THF (100 mL). 6c (1.463 g, 2.41 mmol, 2.4 equiv)
was dissolved in THF (60 mL) and transferred to the dropping
funnel. Both solutions were degassed for 15 min by bubbling nitrogen
gas through the solutions. Afterward, the catalyst [Pd(PPh3)4] (58
mg, 0.050 mmol, 0.050 equiv) was added, the flask heated to reflux
and 6c added in four portions (next portion added only when TLC
control indicated full consumption of 6c, to prevent side product
formation). After TLC control indicated full conversion, the THF was
evaporated in vacuo. The residue was dissolved in CH2Cl2, washed
with water (3×) and brine, dried over Na2SO4, and concentrated in
vacuo. The crude product was purified by column chromatography
(gradient CH2Cl2:acetone 3% to 6%) followed by recrystallization.
For that, we dissolved the crude in 100 mL of hot THF and added
toluene until mild precipitation was observed (approx. 100 mL). After
cooling to RT, it was put in a fridge (8 °C) overnight. This gave PMI-
[F-OS] (480 mg, 33%) as a red solid.

Rf 0.85 (CH2Cl2:acetone 10:1). UV−Vis λmax(CHCl3)/nm 527 (ε/
dm3 mol−1 cm−1 8.53 × 104), 505sh (7.67 × 104). 1H NMR (500
MHz, CDCl3, TMS) δ (ppm): 8.67 (d, J = 7.9 Hz, 4 H), 8.54 (d, J =
8.0 Hz, 2 H), 8.49 (d, J = 7.6 Hz, 2 H), 8.48−8.43 (m, 4 H), 8.05 (d, J
= 8.4 Hz, 2 H), 8.00 (d, J = 7.7 Hz, 2 H), 7.70 (d, J = 7.7 Hz, 2 H),
7.67−7.61 (m, 4 H), 7.59 (s, 2 H), 7.49 (t, J = 7.8 Hz, 2 H), 7.36 (J =
7.8 Hz, 4 H), 3.75 (t, J = 5.3 Hz, 4 H), 3.33 (t, J = 6.3 Hz, 4 H), 3.12
(t, J = 5.3 Hz, 4 H), 2.82 (s, 6 H), 2.79 (sept, J = 6.8 Hz, 4 H), 2.23
(m, 4 H), 1.25−1.09 (m, 28 H). 13C NMR (125 MHz, CDCl3, TMS)
δ (ppm): 164.0, 150.3, 145.8, 143.3, 140.6, 139.4, 137.5, 137.3, 132.7,
132.1, 131.1, 130.5, 129.8, 129.6, 129.5, 129.0, 128.8, 128.5, 128.4,
127.1, 126.9, 124.5, 124.1, 123.5, 121.1, 121.0, 120.5, 120.4, 120.2,
77.3, 71.6, 64.3, 55.2, 54.8, 43.0, 36.8, 29.2, 24.4, 24.1. HR-MS
(MALDI-TOF) m/z for C93H85N2O10S2

+ [M + H]+: calcd.
1453.5646, found 1453.3782.
Solar Cell Fabrication. Solar cell fabrication was done in a

conventional bilayer setup. For preparation, pre-patterned glass/ITO
substrates (15 × 15 × 1.1 mm3, 15 Ω sq.−1) were cleaned by wiping
them with acetone using Kimwipes (Kimberly-Clark), then by
sonication in a 2-propanol bath (40 °C, 30 min) followed by blow-
drying in a nitrogen stream, and finally oxygen plasma etching (99 W,
3 min, FEMTO, Diener Electronics). For the conventional bilayer
setup (ITO/PEDOT:PSS/donor/acceptor/PEIE:PFN-Br/Ag), a sus-

pension of PEDOT:PSS in water was filtered through a 0.45 μm
PVDF syringe filter and then spin-coated (50 μL with 3000 rpm and
2000 rpm s−1 for 40 s) onto freshly plasma-etched glass/ITO
substrates followed by thermal annealing at 150 °C for 15 min in
ambient conditions. For the active layer, separate precursor solutions
(8 mg ml−1) of PTQ10 in o-xylene and the respective acceptor in
THF (and PMI-[F-Alk] in chlorobenzene) were prepared in the
nitrogen glove box and stirred overnight at RT (acceptor solutions) or
while heating at 60 °C (donor solutions). The layers were applied
with varying spin coating parameters (1000−5000 rpm) and
annealing strategies. The PTQ10 layers were spin-coated from hot
solutions (60 °C). For the PEIE:PFN-Br layer, precursor solutions of
both materials were made in a nitrogen glove box. The starting
material for PEIE, a 37 wt % solution in water was diluted with
MeOH to give a 5 mg mL−1 solution. Pristine PFN-Br was diluted
with MeOH to give a 0.5 mg mL−1 solution. Briefly before deposition,
the solutions were mixed in a ratio 1:10 v:v to obtain a 1:1 w:w ratio.
The final solution was spin-coated (50 μL with 2000 rpm and 1500
rpm s−1 for 40 s) onto the active layer in inert conditions. Lastly, a Ag
electrode (100 nm, 0.1−2.0 Å s−1) layer was applied by thermal
evaporation at high vacuum (<1 × 10−5 mbar, thickness monitor:
Inficon SQM-160 rate/thickness monitor) through a shadow mask (3
× 3 mm2).

Inverted solar cells were built in the following architecture: ITO/
ZnO/active layer/MoO3/Ag. For the ZnO precursor solution, 500 mg
of zinc acetate dihydrate was dissolved in 5 mL of 2-methoxyethanol
and 150 μL of ethanolamine as the stabilizer. The solution was stirred
at least overnight and then filtered through a 0.45 μm PTFE syringe
filter before use. The solution was spin coated (4000 rpm, 30 s) and
annealed (150 °C, 15 min) in ambient conditions. For the active
layers, precursor solutions were prepared (differing D/A ratios and
total concentrations) stirred at 60 °C overnight. The layers were
applied with varying spin coating parameters (1000 to 4000 rpm for
60 s, then drying at 5000 rpm for 5 s). Finally, the MoOx (10 nm) and
Ag (100 nm) layers were applied by thermal evaporation at high
vacuum (<1 × 10−5 mbar) through a shadow mask (3 × 3 mm2).
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