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1. Introduction

Effect of molecular structure on the
photochemical stability of acceptor and donor
polymers used in organic solar cellsf
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The limited operational lifetime of organic solar cells remains an obstacle to their commercial
development and is largely due to the poor intrinsic photostability of the conjugated molecules that
constitute the photoactive layer. Here, we selected a series of state-of-the-art donor and acceptor
materials including PBDB-T, Y5, PF5-Y5, and PYT to study their photostability under AM15 simulated
sunlight in ambient conditions. Their properties are monitored over time, using various spectroscopy
techniques, including UV-Vis absorption, Fourier-transform infrared (FTIR), and X-ray and ultraviolet
photoelectron spectroscopy (XPS and UPS). We found that the absorption spectra of Y5 and PYT films
remain almost intact even after 30 hours of light exposure in air, while the PF5-Y5 and PBDB-T films
undergo rapid photobleaching. The absorption losses observed in blend films of PBDB-T with Y5 and
with PF5-Y5 can be understood as composed of contributions from the separate blend components
that are similar to the absorption losses in neat films. The new peaks emerging in the FTIR spectra of
PBDB-T, PF5-Y5, and their blend films witness the formation of new carbonyl groups, while these are
absent in the spectra of the Y5 and PYT films. The XPS C 1s spectra of the PF5-Y5 and PBDB-T films
confirm this carbonyl formation and the S 2p spectra reveal that sulphone groups are formed after 30
hours of exposure of these films. These results confirm that films of Y5 and the copolymer PYT are
significantly more resistant to photooxidation, compared to the copolymer PF5-Y5. The comparison of
these results suggests that the benzoll,2-b:4,5-b’ldithiophene moiety with alkylated thiophenes as side
chains (BDT-T) accelerates the photodegradation of PBDB-T and PF5-Y5. The replacement of the BDT-
T unit by thiophene contributes to the enhanced stability of PYT, demonstrating that the nature of the
co-monomer has a significant effect on the intrinsic photostability of Y5-based copolymers. These new
insights are expected to stimulate the design of stable donors and acceptor polymers for the
development of long-lived OPV devices.

with the novel small-molecule non-fullerene acceptors (NFAs).
Chemical functionalization of the NFAs provides key advan-

Organic photovoltaics (OPV) is a low-cost solar energy technol-
ogy based on thin films of molecular semiconductor materials
that has interesting advantages compared to more conventional
PV technologies, related to their light weight, flexibility, and
large-scale manufacturability.'™ In recent years, OPV technol-
ogies have gained significant attention due to the remarkable
improvements in power conversion efficiency (PCE), achieved
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tages compared to the fullerene-based acceptors, such as tun-
ability of their energy gap’ ™ to obtain enhanced visible/near-IR
absorption,'®'* and high open circuit voltages with minimal
losses due to non-radiative recombination.'®"? In particular,
using the Y-series of NFAs, that are based on A-DA'D-A con-
figurations, where A stands for the electron acceptor moiety
and D stands for the electron donor moiety, PCE values above
18% have been reported for binary'*'®> and ternary'®™® bulk
heterojunction solar cells. Despite this progress in perfor-
mance, a remaining issue that OPV faces is the limited device
lifetime.’®*' The lifetime of OPV devices is determined by
many different types of degradation. One of them is the
photostability of each of the active layer materials, which
undergo photochemical reactions under ambient conditions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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In such conditions, degradation has been associated with
photooxidation of the active layer materials. We and others
have shown that the main cause of photodegradation in poly-
mer:fullerene active layers could be assigned to the photo-
oxidation of fullerene derivatives.>*”>® Through a joint experi-
mental-computational study, based on IR, X-ray photoelectron
and absorption spectroscopy, we have shown that several
fullerene photooxidation products are formed, including dicarbo-
nyls and anhydrides.>* Even organic solar cells that are encapsu-
lated or operated in inert conditions degrade under operation,
typically observed as a sharp initial decrease of electrical perfor-
mance, so-called burn-in losses.>”*® For NFA-based solar cells
under inert conditions, burn-in effects are found to result from
the instability of interfaces and electrodes.””**** Another com-
mon cause of performance degradation during device operation is
related to changes in morphology during solar cell operation, in
particular the aggregation of the NFA. Several strategies have been
proposed to overcome the issues related to morphological
instability of the active layer in donor/NFA heterojunction solar
cells. One of them is the use of polymerized acceptors, which have
led to all-polymer solar cells with promising thermal and mechan-
ical stability.>*® Another strategy is to mix multiple derivatives of
the acceptor molecule to suppress crystallization.>”*®

Recent photostability studies have focused on the donor
polymers. Recently, Wang et al. studied the photodegradation
of donor polymers PM6, D18, and PTQ10 (see Fig. S12 for
molecular structures, ESIT) blended with NFA Y6.>° They have
found that PM6 and D18 are the dominant contributors to the
degradation in these blends upon light-soaking in air, as
evident from optical spectroscopy measurements. The authors
assigned the major cause of this donor polymer degradation to
the backbone twisting of the (BDT-T) thiophene motif in PM6
and D18, in contrast to the more photostable PTQ10 where this
motif is absent. The relation between molecular structure and
photo-oxidative stability has been studied by the Ratcliff group
for push-pull polymers based on alkyl thienyl-substituted
benzodithiophene (BDT-T)® by a combination of optical and
chemical analysis by X-ray photoelectron spectroscopy. The
results show that alkyl chain oxygen addition and sulfur oxida-
tion are prevalent degradation pathways and that the latter is
generally initiated after saturation of the former. Moreover, this
comprehensive study elucidates that the specific pull compo-
nents of BDT-T push polymers influence the relative stabilities,
which cannot simply be predicted by the redox properties of the
components.

Recently, the photostability of small molecule NFA materials
has gained interest. In acceptor-donor-acceptor (A-D-A) NFAs,
the two exocyclic vinyl bridges that connect the end-group
acceptor moieties to the central fused-ring donor unit are prone
to chemical and photochemical reactions.*"*** The poor photo-
stability of ITIC and ITIC-M (see Fig. S12 for molecular struc-
tures, ESIY) is reported to be due to an initial photo-induced
conformational change that facilitates the vinyl linkage
between the core and the end groups of the acceptors.”®
In contrast, the IDTBR family of NFAs (Fig. S12, ESIt) was
found to show good photostability, giving superior long-term
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device stability. Liu et al. investigated the photodegradation path-
way of A-D-A NFAs and found that photoisomerization of the
vinyl group is responsible for the irreversible photooxidation.*®
Moreover, in order to expand the absorption range towards the
infrared region, a benzothiadiazole (BT) unit was incorporated
into the central core of ITIC to create an electron-deficient-core-
based fused structure (D-A’-D).** Considerable efforts have been
invested in improving the PCE of NFA-based organic solar cells,
but there has been a lack of thorough exploration of their intrinsic
photochemical stability and the degradation mechanism of thin
films.**

Here, we report on the results of a systematic investigation
of the photodegradation of donor polymer PBDB-T, small
molecule acceptor Y5, and the copolymer acceptors PF5-Y5
and PYT thin films. All samples were intentionally subjected
to white light illumination (AM 1.5) from a solar simulator in
ambient conditions. The effect of photodegradation on their
properties was studied, using UV-vis absorption spectroscopy,
Fourier-transform infrared spectroscopy (FTIR), X-ray photo-
electron spectroscopy (XPS), ultraviolet photoelectron spectro-
scopy (UPS), and atomic force microscopy (AFM). The UV-vis
results reveal that both PBDB-T and PF5-Y5 exhibit a higher
photobleaching rate in comparison to Y5 and PYT. The appear-
ance of new carbonyl peaks in the IR spectra of PBDB-T and
PF5-Y5 films provides evidence of photo-oxidation reactions, as
further confirmed by C 1s as well as S 2p core-level XPS spectra.
In summary, our findings reveal the contribution of the BDT-T
moiety to an accelerated photodegradation rate of both donor
and Y-type acceptor copolymers. Indeed, the substitution of the
BDT-T moiety with a thiophene in the Y-type acceptor results in
the improved photostability of the copolymer PYT.

2. Experimental

2.1 Materials and sample preparation

The donor polymer PBDB-T (PCE12) and small molecule NFA
Y5 were purchased from 1-Material and Sigma Aldrich, respec-
tively. The polymer acceptors PF5-Y5 and PYT are synthesized
with an alternating electron-deficient Y5 unit and donor moi-
eties thienyl-benzodithiophene (BDT-T) and thiophene, respec-
tively. The synthesis of PF5-Y5 and PYT is described in detail in
previous publications.*®*® Chlorobenzene was purchased from
Sigma Aldrich (anhydrous, 99.8%). All solutions and thin films
were prepared inside a N,-filled glove box (0, < 0.1 ppm,
H,O < 0.1 ppm) under yellow light (MB200MOD, MBraun Inert
gas-Systeme GmbH, Germany). Solutions were prepared with a
concentration of 17.5 mg ml~" in chlorobenzene, stirred over-
night at 80 °C, and then cooled down to room temperature
before spin coating. The choice of chlorobenzene as the solvent
is motivated by its predominant use in device preparation for
this blend system.*® Thin films were spin coated at 3000 rpm
for 60 seconds on suitable substrates: glass for UV-vis spectro-
scopy, KBr for FTIR spectroscopy, SiO,/Si for AFM, and glass/
ITO for XPS and UPS. The glass and glass/ITO substrates were
cleaned with acetone and isopropanol for 20 minutes each in
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an ultrasonic bath and then treated with UV-ozone for 20
minutes. KBr substrates, diameter 13 mm (Thermo Fisher
Scientific, USA) were used as received, and n-type SiO,/Si(001)
substrates were cleaned using a standard RCA method without
the final hydrofluoric acid etching step.*® Intentional photo-
degradation was done by exposing films under a solar simu-
lator (AM 1.5) (Sol2A, model 940224, Oriel Instruments) in air.
For UV-vis spectroscopy the films were exposed for 10 min,
2 hours, 11 hours, 20 hours, and 30 hours, for FTIR, 11 hours
and 30 hours, and for XPS and UPS for 2 hours and 30 hours,
respectively.

2.2 Experimental methods

UV-vis absorption spectra were collected in transmission mode
in the range 300-900 nm with a step size of 1 nm, using a
Cary 5000 UV-vis-NIR spectrophotometer (Agilent Technolo-
gies, USA), equipped with Cary WinUV 6.1 software. Fourier-
transform infrared (FT-IR) spectra were recorded in transmis-
sion mode in the range 600-4000 cm ' with a step size of
4 cm Y, using an INVENIO S spectrometer (Bruker, France)
purged with dry air, working with OPUS 8.5 software. Morphol-
ogy and thickness measurements were performed using a
Nanoscope 8 Multimode AFM (Bruker, France), in tapping
mode with a Si tip (Model: RTESPA-300) from Bruker. The
thickness of the spin-coated films on SiO,/Si substrates was
measured by scanning the AFM tip across a scratch in the film.
In-house XPS and UPS measurements were done in a UHV
system (OMICRON, Germany) using a non-monochromated Al
K, X-ray source (PSP Vacuum Technology-TX400/2, UK), oper-
ated at 150 W, and a He I UV-source (HIS 13-FOCUS, Germany),
respectively. A Scienta SES 100 electron analyzer was used with
pass energies of 50 eV and 2 eV for XPS and UPS, respectively.
For secondary electron cutoff (SECO) measurements by UPS, a
negative 4.55 V bias was applied to the sample holder. The
pressure was 1 x 10~ ° mbar during XPS and 2 x 10”7 mbar
during UPS measurements. For in-house XPS measurements,
the binding energy was referenced to the Fermi level (Ef) as
measured from a sputtered Au sample. High-resolution core-
level XPS was performed at the FlexPES®° beamline at the
synchrotron facility MAX IV in Lund, Sweden, using de-
focused light and a Scienta DA-30L (W) electron analyzer at
normal emission with pass energy 50 eV. The photon energies
are given in Fig. S9 (ESIf). The base pressure was 3 X
107'° mbar. Spectra were fitted with a combination of 30%
Lorentzian and 70% Gaussian-shaped peaks using CasaXPS.>!
The S 2p;/, and S 2p,, components were fitted with a fixed peak
separation of 1.18 eV, maintaining a height ratio of 2:1, and
equivalent full width at half maximum (FWHM).>> A Shirley
background subtraction was used for quantifications.”?
Density functional theory calculations for Y5 and PF-Y5
model structures were performed for aiming to facilitate the
peak assignment. For Y5, the model structure consists of a full
Y5 conjugate backbone but with alky side chains reduced to
methyl. The PF5-Y5 model structure consists of a monomer
with long alkyls replaced by methyl groups. After a geometry
optimization, the core level binding energies were obtained by
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approximating it to the core-orbitals energy absolute values
obtained from the self-consistent field calculation. The calcula-
tions were performed at the M06/6-311G*****> theory level
using a periodic continuum model SMD and chlorobenzene
(¢=5.70) as a solvent to mimic the dielectric environment of the
materials. Due to the intrinsic limitations of DFT and the
minimalistic model structures used for the calculations, a
global (rigid) shift of calculated core orbital energies was
needed to adjust it to the experimental data. All the calculations
were performed using the Gaussian16 (Rev C.01)*® package at
the Tetralith supercomputer funded by the National Academic
Infrastructure for Supercomputing in Swedish (NAISS).

3. Results and discussion

Fig. 1(a)-(d) represents the molecular structures of PBDB-T, Y5,
PF5-Y5, and PYT, respectively. As indicated in the figure, the
polymer acceptors PF5-Y5 and PYT consist of alternating
electron-deficient Y5 units and donor moieties, thienyl-
benzodithiophene (BDT-T) and thiophene, respectively. The
UV-Vis absorption spectra of spin-coated films of PBDB-T, Y5,
PF5-Y5, and PYT on glass substrates are shown in Fig. 1(e)-(h),
respectively. The spectra are collected after exposure to one-
sun-equivalent illumination (AM 1.5) in ambient conditions for
different lengths of time from 10 min to 30 hours. The
spectrum of unexposed PBDB-T shows the typical double
absorption maximum at 580 nm and 620 nm. The spectra of
unexposed Y5, PF5-Y5, and PYT films exhibit absorption max-
ima at 801 nm, 780 nm, and 796 nm, respectively. Both
absorption peaks at 580 nm and 620 nm, as well as the smaller
peaks at 361 nm and 421 nm in the PBDB-T spectrum, decrease
in intensity with increasing exposure time (Fig. 1e). The 620 nm
peak decreases faster than the 580 nm peak and cannot be
resolved after exposure times longer than 2 hours, resulting in a
broader absorption band with its maximum around 586 nm.
The enhanced absorption in the tail states could be possibly
due to the presence of sub-energy gap states and energetic
disorder in PBDB-T upon photodegradation.***° In the PF5-Y5
spectrum, the decrease in absorbance is most prominent for
the main absorption peak at 780 nm, but also the absorption
bands at shorter wavelengths decrease with increasing expo-
sure time, resulting in a spectrum with less distinct features
after long-term exposure. In addition, the main absorption
peak of PF5-Y5 does not undergo any significant shift upon
degradation for 30 hours, while the absorption onset red-shifts
by 21 nm (Fig. S1, ESI{). In contrast, the absorption intensity of
the main peak Y5 at 801 nm and PYT at 796 nm films remained
nearly unchanged after 30 hours of exposure (decrease less
than 10% of the original absorbance). It is important to note
that the one-sun-equivalent illumination (AM 1.5) that was used
in this study contains high-energy ultraviolet photons. It is
known that UV light is the main source of photodegradation
and can cause breaking of the double bonds in the =n-
conjugated system.’”*® The observed photobleaching is inter-
preted as a loss of chromophores, probably as a consequence of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Molecular structures of (a) PBDB-T, (b) Y5, (c) PF5-Y5, and (d) PYT. UV-vis spectra of (e) PBDB-T, (f) Y5, (g) PF5-Y5, and (h) PYT films exposed in
ambient air to AM 1.5 illumination for O min, 10 min, 2 hours, 11 hours, 20 hours, and 30 hours.

the breaking of double bonds. The UV-vis absorption spectra
demonstrate that the PBDB-T and PF5-Y5 films are photo-
bleaching significantly faster than Y5 and PYT films during
the first 30 hours of exposure in the presence of light and air.
The rate of photobleaching is represented by the slope in the
graphs shown in Fig. S2 (ESIf). The remaining absorbance
after 30 hours of exposure for Y5, PYT, PF5-Y5, and PBDB-T is
91.5% (801 nm), 90.9% (796 nm), 46.4% (780 nm), and 31.8%
(620 nm) of the original absorbance, respectively.

The PBDB-T:Y5 and PBDB-T:PF5-Y5 blend films show similar
photobleaching behavior as the single component films, as seen
in the UV-Vis absorption spectra shown in Fig. S3 (ESIt). The
absorption peak at 626 nm in the PBDB-T:Y5 spectrum is mainly
originating from the absorption of the PBDB-T component and it

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

exhibits, as expected, a higher rate of photodegradation than the
absorption peak at 782 nm, which originates from the Y5
component. The relative degradation rate of the blend and pure
component films is shown in Fig. S2 (ESIT). The results indicate
that even when dispersed in a blend film, the absorbance of Y5
remains at 90% (782 nm), whereas for PF5-Y5, the absorbance
remains at 70% (779 nm) after 30 hours of exposure. A compar-
ison of the photobleaching rates shows that PF5-Y5 degrades
slower in PBDB-T:PF5-Y5 blend films compared to in the
neat films.

To investigate the photodegradation products, IR spectra
were measured of PBDB-T, Y5, PF5-Y5, and PYT films spin
coated on KBr substrates and prepared under the same condi-
tions as for UV-vis spectroscopy.

Mater. Adv., 2024, 5, 7708-7720 | 771
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Fig. 2 FTIR spectra of (a) PBDB-T, (b) Y5, (c) PF5-Y5, and (d) PYT films, unexposed (0 min) and after exposure to light in air for exposure times of 11 hours

and 30 hours.

In Fig. 2, the FTIR spectra are shown in the range of
1000 cm ™! to 1900 cm ™ * for PBDB-T, Y5, PF5-Y5, and PYT films
and their evolution with exposure time. The wide range FTIR
spectra from 1000 cm™' to 3600 cm ™' are shown in Fig. S4
(ESIY). In the PBDB-T spectrum strong peaks can be identified
in the 2850-2950 cm ™" range (CH, and CHj stretch vibrations
from the side chains), a sharp peak at 1649 ¢cm ™" (carbonyl
stretch of the quinone group), a broad absorption band cen-
tered at 1455 cm™ ', as well as four sharp peaks in the 1400~
1100 cm™ " range for C-H rocking and scissoring modes.>>?%
With increasing exposure time, the intensity of the quinone
carbonyl stretch drops and a new distinct peak develops in the
carbonyl region, centered at 1712 em™ ', indicative of the
formation of a carboxylic acid or ketone, and a tail reaching
until 1800 cm™!, as well as a weak shoulder at the low
wavenumber side of the original carbonyl peak. The contribu-
tion to the tail towards the higher wavenumbers could indicate
the additional formation of acyl anhydrides, (RCO,),0, on two
neighboring carbons in the conjugated backbone, as has been
observed in photo-oxidized PCgoBM.?* Such a contribution to a
high wavenumber tail in the carbonyl region is even more
pronounced for PF5-Y5 (Fig. 2c), as will be discussed below.
Most other peaks in the 1400-1100 cm™" region decrease in

7712 | Mater. Adv, 2024, 5, 7708-7720

relative intensity and only a minor effect is observed on the CH,
and CHj; stretch vibrations after long exposure times (Fig. S4,
ESIt). The result indicates that the quinone and most of the
backbone are affected by the photooxidation of PBDB-T, breaking
some bonds and forming several new types of carbonyl bonds.

In the Y5 and PYT spectra (Fig. 2b, d and Fig. S4, ESIT), we
identify the CH, and CHj stretch vibrations in the 2850-
2950 cm ' region, the CN stretch of the cyano groups at
2216 cm ™', the carbonyl stretch at 1693 cm ™, the C=C stretch
vibrations at 1535 cm™ " and 1428 cm™ ", as well as five sharp
peaks in the 1400-1100 cm™ " range.’®®* Interestingly, no new
peaks appear in the IR spectra of Y5 and PYT upon exposure to
light. For PYT, the peak intensities in the 1500-1100 cm™ " region
decrease slightly at long exposure times, but for Y5 no significant
changes are observed even after 30 hours of exposure.

As expected, the main peaks in the PF5-Y5 spectrum overlap
with the corresponding absorption peaks in the Y5 and PYT
spectra, apart from a few small differences around 1278 cm™*,
where several peaks observed in the Y5 spectrum merge into a
broader absorption band in the PF5-Y5 spectrum. After expo-
sure of PF5-Y5 the spectrum exhibits increased absorption
between 1600 cm ™" and 1820 cm ™', growing as shoulders on
both sides of the original carbonyl peak with increasing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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exposure time, while the intensity of the original carbonyl peak
remains unchanged. Like in the case of PBDB-T, the high
wavenumber contribution could be indicative of the formation
of acyl anhydrides, (RCO,),0, whose asymmetric and sym-
metric stretch C—=O vibrations are found at about 1750 +
5cm™ " and 1820 & 5 ecm™ ', respectively. Additionally, the weak
increment of the peak at 1043 cm ™' could be a contribution
from the anhydride C-O stretch, expected between 1060 and
1035 cm™ ', or alternatively the formation of oxidized sulfur
compounds.®”®> Most other absorption peaks in the 1600-
1100 cm ™' region decrease in intensity, as does also the cyano
CN stretch peak at 2216 cm™'. The peak intensity ratios
(30 hours/0 min) of PF5-Y5 and PYT (Fig. 2c and d) in the range
1100-1600 cm " are compared in Fig. S5 (ESIt) and are on
average 0.80 for PYT (80% of the original intensity remains after
30 hours exposure) and about 0.75 for PF5-Y5, strengthening the
faster degradation of PF5-Y5 as compared to PYT, also in this
region. Additionally, with exposure of PF5-Y5, an increased IR
absorbance over a broad range is observed in the high wave-
number region (3000 cm ' to 3800 cm™'). While this could
include contributions from hydroxyl groups (3218 cm ™), it can,
however, not solely explain the increase of the background
absorption.®™®* The FTIR spectral changes demonstrate that
PF5-Y5 photo-oxidizes by forming new carbonyls and sulfur
oxides. The photooxidation is accompanied by bond breaking
in the whole molecule, affecting also the cyano groups and the
side chains. This stands in strong contrast to the FTIR spectra of
Y5 and PYT films, which show that Y5 and PYT are significantly
more resistant to photooxidation than PBDB-T and PF5-Y5 films.
This is in agreement with the weaker or nearly absent photo-
bleaching observed in the UV-vis absorption spectra of Y5 and
PYT films. However, when comparing the two copolymers PF5-
Y5 and PYT, it is prominent that the BDT-T moiety in the
copolymer PF5-Y5 increases the susceptibility to photooxidation
of the Y5 moiety, while the thiophene co-monomer in PYT does
not have such an effect. This may be related to the fact that the
thiophene in PYT is directly bound to the Y5 moiety, which is a
strong electron withdrawing group, while the thiophenes in the
BDT-T BDT unit of PF5-Y5 are attached to the benzodithiophene
(BDT) fused ring, which is an electron donating group. There-
fore, the thiophene in PYT will be more electron deficient than
the thiophenes in BDT-T, and can therefore be expected to be
less vulnerable for oxidation.

While the BDT-T unit, which is present both in PBDB-T and
in PF5-Y5, can be a site of photooxidation in these copolymers,
we cannot exclude that the other co-monomer (Y5 in the case of
PF5-Y5) is also taking part in the photooxidation reaction.
Indeed, the long wavelength region of the UV-vis spectrum of
PF5-Y5 is a signature of the Y5 monomer and it strongly photo-
bleaches. The BDT-T unit can affect the distribution of charges in
the polymer backbone, which in turn can affect the reactivity of
specific sites for photooxidation.®® The FTIR spectra for the blend
films of PBDB-T:Y5 and PBDB-T:PF5-Y5 are shown in Fig. S6
(ESIY), for different durations of exposure to light in air.

When comparing Y5 with the two copolymers, one could at
first sight believe that the reason for its surprising photostability
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is related to the ability of the small molecule to pack in a film
and form dense aggregates. Such dense packing could hinder
the diffusion of the degradation agents, such as O,, into the film,
and hence decrease the degree of photooxidation. To examine
the morphology and surface roughness of the PBDB-T, Y5, PF5-
Y5 and PYT films, and blends PBDB-T:Y5 and PBDB-T:PF5-Y5,
AFM was used. AFM images of the films indeed show
that Y5 films are significantly rougher, implying that the
above-mentioned aggregation may indeed take place and hinder
the formation of a smooth film (Fig. S7, ESIY).

As shown in Fig. S7 (ESIT), the morphology of the pure
components showed a slight decrease in roughness after light
exposure, while in the case of the PBDB-T:Y5 and PBDB-T:PF5-
Y5 blend films a slight increase in roughness was observed. The
pure PBDB-T film shows a smooth surface with elongated grain-
like structures of the order of 10-20 nm in diameter and the
roughness decreased from 1.5 nm to 1.0 nm after 30 hours of
exposure. Comparatively, the Y5 film exhibited a significantly
rougher surface, compared to the polymer films with larger
irregularly shaped structures of 200-500 nm in size. After being
exposed for 30 hours, the surface roughness of Y5 reduced from
7.5 nm to 5.5 nm. For PF5-Y5 the film surface was the
smoothest and a network of small round structures of 10-
20 nm could be observed. Its roughness decreased from
0.82 nm to 0.61 nm. For PYT the film is slightly rougher and
features are larger (20-50 nm) and less distinct than in PF5-Y5
films. Its roughness decreased from 2.1 nm to 1.8 nm. The
PBDB-T:Y5 blend film is much smoother than the pure Y5 film
and shows a grain-like structure that looks similar to pure
polymer films. The roughness values increase very slightly from
2.1 to 2.3 nm. The PBDB-T:PF5-Y5 blend film is only slightly
rougher than the PF5-Y5 film and shows similar elongated
surface structures than the PBDB-T film. Its roughness
increases also here very slightly from 0.9 to 1.1 nm. In conclu-
sion, film roughness is not significantly affected by 30 hours
exposure to light in air.

To further understand the effect of photooxidation on the
chemical composition of the films, wide survey spectra and C
1s, 0 1s, S 2p, and N 1s core level XPS spectra were measured in-
house for PBDB-T, Y5, and PF5-Y5 films on ITO substrates. The
survey scans are shown in Fig. S8 (ESIt). The approximate
atomic percentages of C, O, S, and N in these films, extracted
from these survey scans, are listed in ESI,{ Table S3, along with
some remnant traces of In from the substrate ITO.

In order to accurately assign the components in the XPS
spectra, high-resolution core level XPS spectra of the unexposed
Y5 and PF5-Y5 films were acquired at the soft X-ray spectro-
scopy beamline FlexPES at the MAX IV synchrotron. These
spectra are presented in Fig. S9 (ESIt), along with the calculated
core-orbitals energies, aiming at confirming the assignments.
The full description of the core-orbitals for each molecule can
be found in Tables S1 and S2 (ESIf).

Fig. 3 shows the C 1s and S 2p spectra of unexposed and 30
hours exposed samples. Fig. 3a and b shows the C 1s spectra of
PBDB-T for 0 hours and 30 hours. The peak at 285.1 eV of the C
1s spectrum corresponds to carbon from the side chain and
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Fig. 3 In-house C 1s (rows 1 and 2) and S 2p XPS (rows 3 and 4) spectra of PBDB-T (a—d), Y5 (e—h), and PF5-Y5 (i-l) films illuminated for O hours (rows 1
and 3) and 30 hours (rows 2 and 4) under AM 1.5 solar simulator light in ambient conditions.

aromatic ring. The peak at 286.6 eV has a contribution from C-
S and C—0 moieties. Upon photodegradation for 30 hours, the
main peak decreases in intensity (see Fig. S10, ESIt) and shifts
to higher binding energy at 285.2 eV, and a new feature (Fig. 3b,
green component) arises at 288.6 eV. This high binding energy
component is likely due to the formation of even more strongly
oxidized carbon, such as anhydride, confirming the changes in

7714 | Mater. Adv., 2024, 5, 7708-7720

the high wavenumber tail of the carbonyl peak in the FT-IR
spectra.®” The formation of this anhydride was also observed in
photo-oxidized PCg,BM.?* The peak at 286.6 eV also shifts to
0.1 eV towards the higher binding energy of C-S bond upon
photodegradation. The O 1s spectra of PBDB-T are shown in
Fig. S10c (ESIf) for 0 hours, 2 hours, and 30 hours. The
increment in the O 1s main peak intensity at 532.4 eV confirms

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the addition of oxygen on the PBDB-T polymer surface upon
photodegradation, in agreement with the formation of new
carbonyl groups observed in FTIR and the new component in
the C 1s spectra.®®®® It is worth noting that no change is
observed in the C 1s spectra of Y5 (Fig. 3e and f). Fig. 3i and j
show the C 1s spectra of PF5-Y5. The peak at 286.2 eV contains
contributions from C—=O0O, C=N, and C-S, as shown by the
synchrotron measurements and confirmed by DFT calculations
(see Fig. S9 and Table S2, ESIt). Regarding the photodegrada-
tion, the C 1s spectra exhibit similar behavior as those of PBDB-
T. For PF5-Y5 the O 1s spectrum (Fig. S10j, ESIT) changes in a
similar way to that of PBDB-T, namely a severe increase of the O
1s intensity and a broadening after 30 hours. Fig. 3c and d show
the S 2p spectra for PBDB-T films exposed for 0 hours and 30
hours, respectively. For PBDB-T samples, the doublets S 2p,,
and S 2pj, are observed at 165.31 eV and 164.13 eV and
assigned to the sulfur in the thiophene (C-S).®” Upon photo-
degradation for 30 hours, the intensities of the S 2p,/, and S
2ps,» peaks decrease and the peaks shift by 0.29 eV towards the
higher binding energy (S 2p;,, and S 2p;/, at 165.60 eV and
164.42 eV, respectively) while an additional doublet appears at
169.30 eV and 169.12 eV. The chemical shift of the S 2p spectra
towards higher binding energy indicates that the S 2p core level
electron gets bound stronger, which is in agreement with an
electron-deficiency on the S upon oxidation of the sulfur. The
appearance of the new peak at the higher binding energy indicates
the formation of oxidized sulfur (SO,), such as sulphones, upon
photodegradation. Again, no change was observed in the S 2p
spectra even after 30 hours of light exposure of the Y5 film.

For the PF5-Y5 film, once more the deconvolution of the
spectrum acquired at the synchrotron facility, together with
calculation, assisted the assignment of the two doublets (see
Fig. S9 and Table S2, ESI{). The doublet of S 2p,,, and S 2ps, at
164.92 eV and 163.74 €V originates from the thiophene rings
(C-S) in the molecule (Fig. 3k and 1).°” The decrease in intensity
and chemical shift by 0.2 eV towards higher binding energy
(165.12 eV and 163.94 eV) upon photodegradation indicate
bond breakage in one of the thiophenes, possibly in the BDT-
T moiety of the PF5-Y5. An additional feature appears at higher
binding energy, at 168.92 eV and 167.74 eV, from the oxidized
sulfur (SO,), for instance sulphone, as in the case of PBDB-T,
which is also observed in the FTIR spectra at 1043 cm™ *.%%%
The additional doublet at higher binding energy at 165.66 eV
and 164.48 eV is from N-S in the benzothiadiazole group.**”°
Upon exposure, a minor change is observed in the peaks of N-S
at 165.86 eV and 164.68 eV. These results conclude that upon
photodegradation the benzothiadiazole core group is not
affected, whereas the thiophenes are involved in the photoox-
idation reaction. This is particularly prominent in the case of
PBDB-T and PF5-Y5, while Y5 remains intact, confirming that
the degradation is mainly due to the presence of the BDT-T
moiety. Based on the present evidence from XPS we cannot
conclude if the reaction site(s) for photooxidation of PF5-Y5
consist uniquely of the thiophenes in the BDT-T moiety or also
involve thiophenes in the Y5 moiety. In a systematic study by
the Ratcliff group,*®®* the prevalent degradation mechanisms
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of alkylthienyl-benzodithiophene based push-pull polymers
were investigated and found to consist of alkyl chain oxygen
addition and sulfur oxidation, which is in agreement with our
observations for PBDB-T photooxidation. As expected, and in
agreement with the FTIR spectroscopy results, no major change
was observed in the N 1s XPS spectra upon exposure to the Y5
and PF5-Y5 films (Fig. S10g and k, respectively, ESIT). This is
another indication that the core acceptor benzothiadiazole
group is unaffected upon photodegradation.

In the O 1s spectra of Y5 (Fig. S10f, ESIt), the intensity of the
main peak does not change upon exposure. This is remarkably
different from the strong increase in peak intensities observed
in the O 1s spectra of PF5-Y5 and PBDB-T films (Fig. S10j and c,
respectively, ESIt). The only change observed in the O 1s
spectrum in Fig. S10f (ESIT) concerns a weak secondary peak
at lower binding energy for the unexposed sample. This peak is
most likely originating from the ITO substrate. Indeed, as also
confirmed by an In 3d signal seen in the survey scan (Fig. S8,
ESIT), the coverage of Y5 on the ITO substrate is probably
incomplete.

To understand the effect of photodegradation on the fron-
tier energy levels, we now determine the ionization potential,
i.e., the position of the highest occupied molecular orbital
(HOMO) with respect to vacuum, and the work function from
the valence band (VB) spectra of PBDB-T, Y5, and PF5-Y5,
measured by UPS. The work function values are determined
from the secondary electron cut-off (SECO) of the UPS spectra,
presented in Fig. S11 (ESIt), and are given in Table S5 (ESIT).
Fig. 4a shows the valence band spectrum of PBDB-T upon
0 hours, 2 hours, and 30 hours exposure. The estimated
positions of the valence band onset of PBDB-T, measured with
respect to the Fermi level (Eg), are 1.06 eV, 0.61 eV, and 0.57 eV
for 0 hours, 2 hours, and 30 hours, respectively. This simulta-
neous shift of the VB onset towards the Fermi level by 0.45 eV
and the 0.5 eV increase in work function, observed after 2 hours
of exposure, can be understood as indicative of the develop-
ment of a strong upward band bending at the film surface. We
note here that this band bending causes a (global) shift of all
core levels towards higher binding energies, which was cor-
rected for in the presented XPS spectra. After 30 hours of
exposure, the work function has further increased (Fig. S11,
ESIt) and the density of states (DOS) of the VB has drastically
decreased, so that the VB onset is hard to determine from the
UPS spectrum in Fig. 4a. From the energy level diagrams of
PBDB-T, drawn in Fig. 4d, we can conclude that after 2 hours of
exposure, the ionization potential does not change signifi-
cantly, while at longer exposure times (30 hours), the ionization
potential of PBDB-T increases from 5.09 eV to approximately
5.47 eV, which is indicative of surface dipoles.

For Y5, the VB onsets after 0 hours, 2 hours, and 30 hours of
exposure, measured with respect to Ey, are 0.92 eV, 0.85 eV, and
0.79 eV, respectively (Fig. 4b). Together with the increase in the
work function of Y5 by 0.12 eV (Fig. S11, ESIY), this 0.13 eV
decrease of VB onset position with respect to Er yields an
unchanged ionization potential for Y5 after 30 hours of expo-
sure (see Fig. 4d). The energy level shifts for Y5 are much
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smaller than for PBDB-T, in agreement with the lack of sig-
nificant chemical changes in composition found in the FTIR
spectra and XPS core level spectra for Y5. In the case of PF5-Y5
(Fig. 4c), the valence band onsets, measured with respect to Ef,
are found at 1.07 eV, 0.99 eV, and 0.75 eV for the 0 hours, 2
hours, and 30 hours exposed films, respectively. PF5-Y5 films
follow a similar trend as PBDB-T, but with a smaller shift of VB
onset towards Ep of 0.08 eV and 0.32 eV after 2 hours and 30
hours exposure, respectively, while exhibiting a corresponding
0.2 eV and 0.4 eV increase in work function. This is indicative of
a combination of a weak upward band bending and the
formation of surface dipoles. While the ionization energy for
Y5 remains the same, it changes slightly from 5.57 eV to 5.65 eV
for PF5-Y5 upon photodegradation from 0 hours to 30 hours.
The shape of the VB spectrum of unexposed PF5-Y5 looks
similar to that of Y5. However, the DOS of the VB of PF5-Y5
decreases drastically after 30 hours of exposure, in a similar way
as in the case of PBDB-T, making the VB onset hard to
determine accurately. This is in line with the results from UV-
vis, FTIR, and XPS spectroscopy that show that PBDB-T and
PF5-Y5 photobleach and photooxidize faster than Y5. While the
DOS of the occupied states are strongly affected by photode-
gradation for PF5-Y5 and PBDB-T, the HOMO position is only
significantly affected for the donor polymer. We note that after
exposure, the energy level positions of PF5-Y5 and Y5 become
quite similar, as do their UV-vis spectra. This could possibly be
an indication of the breaking of conjugation in PF5-Y5 between
the Y5 and the BDT-T donor unit, making the electronic

7716 | Mater. Adv.,, 2024, 5, 7708-7720

structure of the degraded PF5-Y5 copolymer more similar to
that of Y5, at the same time as the photooxidation of the BDT-T
unit leads to a decreased DOS of VB, in a similar way to PBDB-T.

4. Conclusions

In this study, we have investigated the photodegradation of
films of the donor polymer PBDB-T, the polymeric acceptors
PF5-Y5 and PYT, and the small molecule acceptor Y5 in
ambient conditions under AM 1.5 illumination. We found that
Y5 and PYT films demonstrate excellent photostability, while
fast photobleaching is observed for PBDB-T and PF5-Y5 films in
the visible spectral range (300-900 nm). The IR spectra of Y5
and PYT films show no signatures of oxidation products after
exposure. The PBDB-T and PF5-Y5 undergo photooxidation
leading to the formation of new carbonyl bonds, as observed
in the transmission IR spectra, which is in agreement with the
increased oxygen and decreased carbon content in the film
surface measured by XPS and the appearance of a new high BE
component in the C 1s core level spectra. Moreover, the S 2p
core level spectra of both polymers show that photooxidation
also happens on the thiophenes (C-S), while for Y5 neither the
C 1s nor the S 2p spectra show any changes, even after 30 hours
exposure. This could suggest that the thiophene units, including
those in the BDT-T unit that is present both in PBDB-T and in
PF5-Y5 but absent in Y5, are affected by photooxidation. The N
1s core level spectra confirm that the benzothiadiazole in the Y5

© 2024 The Author(s). Published by the Royal Society of Chemistry
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core group (N-S) of PF5-Y5 is not affected upon photooxidation.
The UPS results reveal that the PBDB-T develops a strong band
bending after 2 hours exposure, while 30 hours exposure leads to
an increased ionization potential, associated with surface
dipoles. PF5-Y5 undergoes a similar but weaker growth of band
bending and surface dipoles, compared to PBDB-T, while no
such changes are observed for the Y5 film. For both PBDB-T and
PF5-Y5 films, the DOS of the VB is strongly affected by the
degradation. Only for the donor polymer the HOMO position is
significantly shifted upon photodegradation, while the ioniza-
tion potential of Y5 and PF5-Y5 is not significantly affected. The
results suggest that the BDT-T moiety affects the stability of
PBDB-T and PF5-Y5 negatively. Furthermore, we have shown that
the replacement of the BDT-T moiety in PF5-Y5 with a thiophene
moiety in PYT strongly improves the intrinsic material stability.
Hence, we conclude that the presence of the BDT-T moiety
accelerates the photodegradation process. By contributing to a
better understanding of the role of specific moieties, like BDT-T,
on the photostability of conjugated copolymers, our results may
inspire the design of new donor and acceptor molecules for use
in organic solar cells with increased operational lifetime.
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