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Cathode interlayer materials (ClLs) for solution-processed organic photovoltaics (OPVs) serve an
instrumental role in mitigating charge extraction challenges to achieve high power conversion efficiencies
(PCEs). Critical to the mass commercialization of OPV technologies is the use of green solvents to process
the multi-layer devices (including the CIL) via roll-to-roll (R2R) compatible coating methods. To address
this we report on a new fluorinated N-annulated 2-ethylhexyl substituted perylene diimide material (F-
PDIN-EH) and its use as a CIL in conventional OPV devices processable from non-halogenated and non-
aromatic solvents. Solubility measurements reveal enhanced processability from green solvents such as
ethyl acetate, 1-butanol, and n-heptane for F-PDIN-EH as compared to non-fluorinated reference
compound PDIN-EH. OPVs fabricated under ambient conditions using F-PDIN-EH as the CIL processed
from polar solvents butanol and ethyl acetate or the non-polar solvent heptane exhibit similar PCEs of
10%. This is the first report of heptane, a non-polar and moderately green solvent, being used to process a
CIL, and thus we further exploited this result and demonstrated the scalable processing of F-PDIN-EH
using the roll-to-roll compatible slot-die coating method. OPV devices with slot-die-coated F-PDIN-EH
films exhibited performance metrics on par with lab-scale spin-coated devices of the same architecture
demonstrating industrial application.
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Introduction

Solution processed organic photovoltaics (OPVs) have
garnered much interest owing to a compatibility with low-cost
roll-to-roll (R2R) manufacturing methods and use in power
applications under both artificial light and sunlight."™ The
high level of interest in the field has resulted in the
development of novel photoactive materials, most notably
non-fullerene acceptors, such as Y6, as well as the
advancement of thin-film printing technologies and device
engineering which combined have now brought lab-scale OPV
power conversion efficiencies (PCEs) to greater than 19%.*””
In conventional OPV devices an interfacial cathode
interlayer (CIL) responsible for the efficient extraction of
electrons from the active layer is crucial to realizing these
high PCE metrics.*"® The improved efficiency of charge
extraction is enabled by the CILs ability to tune the cathodic
work function, reducing the energetic barrier between the
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metal electrode and organic bulk heterojunction (BHJ).”™

Conjugated polymers, metal oxides, and organic molecules
are proven materials to be used as CILs in high performance
OPVs.'*™'* However, metal oxide based CILs often react with
BHJ materials leading to unstable OPVs.'> While polymer
type CILs face challenges in purification, complex syntheses,
and limited batch-to-batch reproducibility, limiting their
viability for commercial OPV technologies.'

To this end, =n-conjugated small molecule perylene
diimides (PDIs) have emerged as high performing CIL
materials in OPV devices.""'® This is primarily due to their
inherently high electron affinity and charge carrier mobilities
arising from both the strongly electron withdrawing character
of the dicarboxylic imide group and planar structure enabling
tight intermolecular stacking. Additionally, they show
excellent photostability arising from the large degree of
n-conjugation which can stabilize radical anions. As well as
the ease of chemical modifications which can further tune
the work function modification of the cathode. For example,
functionalizing PDI based materials with amino, or aliphatic
amine groups at the imine position (e.g., PDIN,"* PDINN,"’
PDINN-F,'® Fig. 1) has been shown to lead to self doping of
the PDI core through the Lewis basic amine group.'® While
these self-doping type PDIs have shown excellent charge
conductivity and CIL functionality, the solvent processing
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Fig. 1 Selected PDI derived materials used as cathode interlayers in conventional organic photovoltaic devices includes PDIN,** PDINN,Y” PDINN-
F.!® PDIN-H,?° and PDIN-EH?"?? towards the design of the new F-PDIN-EH material.

window is limited to highly polar solvents such as methanol
(MeOH)."*'"'® A survey of the literature processing
conditions of high performing CILs reveals that alcohols, e.g.,
MeOH, ethanol (EtOH), or trifluoroethanol (TFE), are
exclusively used as the processing solvents for 55 previously
reported CIL materials outside of our group (Table S1t). In
our view the reason for using alcohols is compatibility with
the photoactive layer in that the alcohol does not dissolve the
organic photoactive film.

As OPV technology moves towards commercialization,
sustainable and scalable manufacturing is important and
necessitates the employment of green solvents to process the
functional organic layers. While MeOH and EtOH, commonly
used for CIL processing, can be considered green solvents
under the composite sustainability score (G),>* this limits the
types of materials used for CIL layers to ones with polar
functional groups and thus can decrease compatibility with
BH] layers which are typically hydrophobic. Additionally, the
effective employment of commercially scalable R2R (e.g., slot-
die) coating processes in OPV manufacturing requires the
use of processing solvents which evaporate on a slower
timescale than methanol (T}: 64.7 °C, G = 5.8) so to prevent
the precipitation of material in the tubing or print heads to
obtain an ideal smooth, uniform film.>*

We have previously reported the compound PDIN-EH, a
PDI derived CIL material soluble in ethanol (T},: 78.4 °C, G =
6.6) and ethyl acetate (Ty: 77.1 °C, G = 6.7) for conventional
OPVs which resulted in some of the highest device metrics
for all slot-die coated OPVs made under ambient
conditions.>** In an effort to further expand the solvent
processing window of CIL materials, herein, we report on a
new fluorinated CIL, F-PDIN-EH for improved green solvent
solubility. F-PDIN-EH can be processed from both polar
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solvents (butanol, T}: 117.7 °C, G = 6.7; ethyl acetate) and
non-polar solvents (heptane, Ty: 98.4 °C, G = 5.6) to deliver
OPV devices (PM6:Y6 based) with PCEs > 10%, similar to our
previous near record numbers. To the best of our knowledge,
this is the first report of a material processed from heptane
for use in OPVs and opens the door for both use of different
materials and processes for CIL in OPVs.

Synthesis and optoelectronic
characterization

The compound F-PDIN-EH was synthesized in one step
through a halogen exchange of Br-PDIN-EH with KF (Fig. 2a,
see ESIf for complete details). Structure and purity were
confirmed using MALDI-TOF mass spectrometry, 'H, '*C,
and "F NMR spectroscopies (Fig. S1 and $3-S51). and CHN
elemental analysis (Fig. S2}). Cyclic voltammetry was used to
determine the redox properties with two reversible reductions
occurring at —-1.33 V and -1.59 V and a single reversible
oxidation occurring at +1.06 V, (referenced to the Fc/Fc¢' redox
couple). Using the E,,, potentials the HOMO and LUMO
energy levels were estimated to be -5.9 and -3.5 eV,
respectively, comparable to all other N-annulated PDI
compounds.””

Optical properties of F-PDIN-EH were probed using UV-
visible absorption and photoluminescence spectroscopies in
both solution and as thin-films (Fig. 2c and S6 and S7b¥). In
solution, F-PDIN-EH exhibits a signature PDI profile with the
0-0, 0-1, and 0-2 transitions at 525 nm, 489 nm, and 461
nm, respectively. Transitioning to the film shows a
broadened profile with the 0-1 transition at 489 nm
dominant. F-PDIN-EH has an emission A, at 535 nm (Fig.
S6t) in solution and 575 nm in the film (Fig. S7b¥).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) The synthetic route to F-PDIN-EH. (b) Cyclic voltammogram of F-PDIN-EH, measured in CH,Cl, under N, with 0.1 M TBAPFg supporting

electrolyte in dichloromethane solution at 100 mV s™%. Internal reference to ferrocene/ferrocenium redox couple. £y, values listed along with the
onset of both oxidation and reduction. Lines show the anodic and cathodic peaks used to determine Ej,, (WE = glassy carbon, CE = Pt-wire,
pseudo RE = Ag/AgCl). (c) The solution optical absorption spectra of F-PDIN-EH in CHClz (~10"> M) and thin film optical absorption spectra of F-

PDIN-EH film spin cast from chloroform (10 mg mL™, 1500 rpm).

Solubility and processing

It is a well known phenomena from pharmaceutical
chemistry that aromatic fluorine substitution improves the
bioavailability of medicinal compounds, which can be
understood as increasing the compounds affinity for
solubilizing in organic solvents.>® Critical to this study is the
processing of the F-PDIN-EH into uniform thin-films suitable
for use as CILs. The solvents heptane, ethyl acetate, and
butanol were selected as they are considered green, have

varied polarities, and relatively lower vapor pressures which
are good for maintaining ink consistency during the slot-die
coating process. To assess the impact of fluorination on the
processability of CIL materials for slot-die coated devices, the
room temperature maximum solubility of the F-PDIN-EH was
measured in the selected solvents (see ESIT). The maximum
solubility of F-PDIN-EH was 1.8 mg mL™" in heptane, 10.0 mg
mL™" in ethyl acetate, and 0.6 mg mL™' in butanol.
Comparing to non-fluorinated PDIN-EH, these values
correspond to an improvement in solubility of 9.2-fold for
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(a) The Hansen solubility spheres of F-PDIN-EH and PDIN-EH inset with heptane, butanol, and ethyl acetate HSPs. (b) Solution UV-visible

absorption spectra of F-PDIN-EH in heptane, butanol, and ethyl acetate taken in a 10 mm pathlength quartz cuvette (~10"> M). (c) Thin film UV-
visible absorption of F-PDIN-EH spin cast from heptane (2 mg mL™, 1000 rpm), ethyl acetate (2 mg mL™, 1000 rpm), and butanol (2 mg mL™?,

3000 rpm).
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heptane, 1.8-fold for ethyl acetate, and 1.3-fold for butanol
(Table S27t). The largest increase in solubility for heptane is
attributed to the increased lipophilic character of the
fluorinated aromatic.>**’

To help further explain the changes in solubility the
Hansen solubility parameters (HSPs) for both F-PDIN-EH and
PDIN-EH were determined and plotted (Fig. 3a). These
parameters allow one to quantitatively predict the miscibility
of a solute with a given solvent by simple comparison of the
HSP values, where the more similar the solute HSPs to a
solvent or solvent mixture's HSPs the more miscible the two
should be.*® To determine the HSPs, 32 solvents were
assessed for their ability to solubilize either F-PDIN-EH or
PDIN-EH (Table S31). For determination of the HSPs the
solvent must be classified as “good” or “bad” in its ability to
solubilize the material in question.*®° For this work, “good”
was defined as >0.5 mg mL™" solubility while “bad” was
defined as <0.5 mg mL " solubility as it is common to cast
very thin films from dilute solutions of CIL materials in OPV
device stacks. From this, it was found that F-PDIN-EH has a
greater emphasis on hydrogen bonding type interactions in
dissolution while PDIN-EH has a greater emphasis on
polarity type interactions in dissolution.

There have been very few studies exploring the underlying
reasons aromatic fluorination improves solubility and these
primarily focus on the induced changes in aggregation and
crystalline structure after fluorination.**** When a hydrogen
atom is replaced by fluorine, a dipole moment is induced
across the molecular surface with a large amount of electron
density inductively localized around the fluorine atom.*" This
perturbation of electron density within the aromatic core
commonly results in anti-parallel stacking arrangements
where the region of high electron density around the fluorine
interacts with the region of low electron density on another
part of the molecule through C-H—F interactions.*****?
These are shown to have a high degree of similarity to those

View Article Online
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interactions typically seen in weak hydrogen bonding
systems, i.e. C-H—O or C-H—N, and are suggested to be
correlated to the more soluble nature of fluorinated
aromatics.*™*> The calculated HSPs in this work align well
with these findings, where F-PDIN-EH is more reliant on the
hydrogen bonding parameter than is PDIN-EH. Additionally,
unlike the other halogen atoms, i.e., chlorine, bromine, and
iodine, fluorine is very small and unpolarizable which results
in a lack of induced dipole interactions typically seen in
desolvation in polar media such as water, resulting in a
region of polar hydrophobicity, and an increase in solubility
in organic solvents.*" It is therefore suggested that the
increase in solubility seen in fluorinated aromatic
compounds compared to their non-fluorinated counterparts
should be seen as primarily arising from changes to the
crystalline packing arrangement of the molecules, the
emergence of a hydrophobic region on the molecule due to
the non-polarizable nature of fluorine atoms, and to the
heightened importance of hydrogen bonding found in C-H—
F interactions.

Looking to the UV-visible spectroscopies, in solution, F-
PDIN-EH displays a slight degree of positive solvatochromic
character where the absorption profiles are red-shifted
according to polarity typical for N-annulated PDI materials,
owing to the reduced influence from non-polar solvents on
excited states (Fig. 3b).>* Notably, in films, casting from any
of the tested solvents results in a near identical optical
profile for both materials, indicating no significant impact of
solvent choice on F-PDIN-EH film formation (Fig. 3c and
ssdt).

Processing solvent interactions with
PM6:Y6 BHJ

In order to evaluate any possible solvent-BH]J interactions,
blank solvents (heptane, ethyl acetate, and butanol) were
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Fig. 4 The optical absorption spectra of the PM6:Y6 BHJ films before (blue) and after (red) slot-die coating (a) heptane, (b) butanol, and (c) ethyl
acetate atop BHJ films. The contact angle measurements of d) heptane e) butanol, and f) ethyl acetate drops upon the BHJ.
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Table 1 OPV device figures of merit for spin and slot-die coated F-PDIN-EH as cathode interlayers. Statistics were determined from the average of

fifteen devices

CIL CIL coating method Processing solvent Voc (V) Jsc (mA cm™?) FF (%) PCE,yg (%)
No — — 0.69 + 0.01 23.81 + 0.38 49.64 £ 1.41 8.21 £ 0.25
F-PDIN-EH Spin Ethyl acetate 0.81 + 0.01 24.01 + 0.49 53.15 + 0.35 10.34 + 0.14
Butanol 0.80 + 0.005 23.96 + 0.30 54.73 +1.26 10.60 + 0.33
Heptane 0.80 + 0.002 24.36 + 0.27 54.93 + 0.73 10.61 + 0.19
Slot-die 0.79 + 0.003 24.59 + 0.72 51.34 + 0.59 10.01 + 0.21

applied via slot-die coating on top of PM6:Y6 BHJ films.
Structures of PM6 and Y6 are showing in Fig. S18F The
optical absorption spectra were taken before and after the
application of the processing solvent (Fig. 4). The
application of ethyl acetate to the BH]J film caused a ~6%
decrease in BH]J absorption intensity at 815 nm (Fig. 4b).
This area corresponds to the peak absorption (lya.) of
NFA (Y6). The absorption spectra of the original Y6 films
before and after being exposed to ethyl acetate displayed
similar patterns (Fig. S197). This loss was attributed to the
partial dissolution of Y6 by ethyl acetate, as previously
reported.”’ Notably, the absorption spectra of BHJ films
after being coated with heptane or butanol did not show
any decrease in absorption intensity (Fig. 4a and b). This
implies that the components of the BHJ were insoluble in
heptane and butanol. Fig. S21f showcases Y6 (5 mg ml™)
in all three solvents. As determined by the slight
colouration of the solvent, Y6 appear to have a very low
solubility in heptane as compared to ethyl acetate, while
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Fig. 5 Atomic force microscopy height images of (a) pristine PM6:Y6
BHJ and F-PDIN-EH atop the BHJ processed from (b) heptane, (c)
butanol and (d) ethyl acetate.

© 2024 The Author(s). Published by the Royal Society of Chemistry

in butanol no noticeable solvation of Y6 is observed. In
our view, heptane is a viable non-polar processing solvent
for CIL deposition upon the PM6:Y6 BH] as no noticeable
decrease in absorption is observed without exposing the
BH] film to heptane far longer than is typical for R2R
processed devices (Fig. S227). Similar results were given
when spin-coating rather than slot-die coating on top of
either pristine Y6 (Fig. S19%) or the BHJ (Fig. S20%),
however, spin-coating from heptane appears to have a
slight impact on BH]J film absorption at 819 nm with no
change in device performance compared to butanol
(Table 1). Contact angle measurements were conducted to
assess the wettability of the BHJ films with all three CIL
processing solvents (Fig. 4d-f). Each of the three solvents
exhibited contact angles in the 0-5° range. Heptane
exhibited full wetting on the BH]J, indicating its suitability
for CIL deposition through industry-standard R2R thin
film coating techniques (e.g., slot-die).

Atomic force microscopy was used to analyze the BH]J
surface before and after F-PDIN-EH was deposited via spin-
coating from all three solvents. The root mean square (RMS)
roughness of the pristine BHJ film was 0.8 nm, and it had a
homogenous morphology (Fig. 5a). The F-PDIN-EH film that
was processed with heptane (Fig. 5b) has a slightly lower
RMS roughness of 0.6 nm, indicating the presence of a
smooth film on top of the BHJ. While the butanol-processed
film (Fig. 5¢) had a higher RMS roughness of 1.0 nm, the film
topography appears to be identical.

The ethyl acetate-processed CIL film (Fig. 5d) had a
similar RMS roughness (0.87 nm) to that of the original
BHJ]. RMS roughness of the BHJ film after coating with
blank heptane was also investigated (Fig. S23at),
appearing nearly identical (0.9 nm) to that of the pristine
BHJ (Fig. 5a), and there was no discernible change in the
texture. When slot-die-coated, the heptane-processed F-
PDIN-EH film had the highest RMS roughness of 1.5 nm,
with only a few visible aggregates (Fig. S23bt). This
demonstrates that heptane is an effective solvent for
depositing F-PDIN-EH via a scalable thin-film coating
method (slot-die) to produce a uniform, smooth and
continuous layer atop the BH]J surface.

Device characterization

A conventional OPV device architecture comprising of glass/
ITO/PEDOT:PSS/BHJ/CIL/Ag was employed to assess the

RSC Appl. Interfaces, 2024, 1, 245-251 | 249
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Fig. 6 (a) Representative conventional OPV device structure hosting F-PDIN-EH as CIL. (b) J-V curves of conventional OPV devices with F-PDIN-
EH spin cast as a CIL. (c) Representative J-V curves of conventional OPV devices with F-PDIN-EH and PDIN-EH as CIL slot-die coated from

heptane.

potential of F-PDIN-EH as a CIL (Fig. 6a), see the ESI} for full
device fabrication details. All solution processing and
thermal annealing steps were conducted under ambient
conditions (T = 22 °C, RH = 40%). No post processing of the
CIL thin films was carried out. F-PDIN-EH was spin-coated
onto the photoactive layer in all three solvents at a
concentration of 0.5 mg ml™". The scalability of the heptane-
processable F-PDIN-EH was then demonstrated by depositing
it via slot-die coating in an OPV. Representative J-V
characteristics are presented in Fig. 6b. The control devices
without any CIL were also characterized. The device figures
of merit are summarized in Table 1.

Each device with F-PDIN-EH as CIL exhibited enhanced
figures of merit with Vog, Jsc, and FF values in the range
0.79-0.81 V, 23.82-24.59 mA cm > and 51.34-54.93%,
respectively. In all cases, the average PCE was higher than
10%. Attributed to the aforementioned interaction with
the BHJ, ethyl acetate processed CIL based devices
showed slightly lower performance metrics. Heptane
processed CIL based devices showed performance metrics
on par with devices using butanol processed CIL. When
deposited via industrially compatible slot-die coating, the
heptane-processed F-PDIN-EH CIL yielded near identical
figures of merit to the lab-scale spin coated devices
(Table 1, Fig. 6).

Reference devices with PDIN-EH as CIL were also
fabricated under identical processing conditions with a
representative J-V curve shown in Fig. 6c. A comparison of
the device metrics suggests that both N-annulated PDI CILs
exhibited nearly identical performance. Typical for OPV
devices fabricated in ambient conditions, significantly lower
PCEs of ~11-13% were obtained as compared to the devices
manufactured in a controlled environment (PCEs ~16%, N,
filled glovebox, H,O < 1 ppm, O, < 1 ppm).**** All of the
reference device metrics obtained in this study are
comparable to those from our prior study, with slight
discrepancies attributed to variations between device batches
due to laboratory humidity conditions.>"**

250 | RSC Appl. Interfaces, 2024, 1, 245-251

Conclusion

In this work, we have reported on a new fluorinated
N-annulated perylene diimide and utilized the compound as
a cathode interlayer in green solvent processed organic
photovoltaics. The new compound F-PDIN-EH exhibited
increased solubility in a series of green solvents of differing
polarity (butanol, ethyl acetate, and heptane) compared to
the non-fluorinated derivatives. Notably a 10-fold increase in
heptane solubility was found. Heptane was also
demonstrated for the first time to be a useful solvent for the
formation of cathode interlayers, not washing away the
underlying BH]J films and fully weeting the surface. Air-
processed OPVs using a PM6:Y6 BHJ and with the F-PDIN-EH
as the were successfully fabricated using both spin coating
and slot-die coating methods using butanol, ethyl acetate, or
heptane as the interlayer processing solvent. When compared
to devices cast without an interlayer, all device figures of
merit improved with the when using F-PDIN-EH as a CIL
regardless of processing solvent, resulting in an increase of
the PCE from around 8.2% to 10.6% (all air-processed
devices). The results indicate fluorination of small molecule
cathode interlayer materials is a viable strategy for enhancing
the processability window, especially in the case of non-polar
processing solvents such as heptane, with maintained device
performance.
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