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Abstract

Fullerene-free organic photovoltaics have recently reached impressive power conversion efficiencies
above 14% for single junctions, increasing their competitiveness with respect to alternative thin-film
technologies. In most record devices, electron-donating conjugated polymers are combined with novel
generation small molecule acceptors. All-polymer organic solar cells, on the other hand, still lag behind in
efficiency, although they have specific advantages in terms of ink formulation and long-term operational
stability. Another point of attention is the synthetic complexity of the active layer materials, notably on
the side of the new acceptor molecules. Therefore, the present study focuses on the implementation of
the stable and cost-effective perylene diimide structure as the key component of high-performance
electron-accepting polymers. The synthesis, structural and optoelectronic characterization of four push-
pull type copolymers containing the electron-deficient bis(perylene diimide) (bis-PDI) unit is reported, as
well as the photovoltaic analysis of these acceptor materials in combination with a well-known donor
polymer (PTB7-Th). The acceptor polymers differ in the electron-rich part of the alternating push-pull
structure and their solar cell power conversion efficiencies range from 3.2 to 4.7%. The maximum
efficiency - the best performance achieved with a bis-PDI polymer so far - is obtained for the structurally
most simple polymer, containing merely thiophene as the electron-rich building block. Controlled
degradation under blue light in air is monitored by the bleaching of the relevant UV-Vis absorption bands,
demonstrating high stability for the bis-PDI-thiophene containing polymers as compared to some

prototype small molecule acceptors (FBR and ITIC).
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Introduction

Organic solar cells are a particular class of thin-film photovoltaics featuring attractive properties such as
flexibility, semi-transparency and improved low-light performance. Moreover, the carbon-based light-
harvesting materials do not pose problems with respect to toxicity or scarcity and the unprecedented high
degree of freedom in the photoactive organic material design enables to optimize absorption, charge
transport and energy level alignment.[1, 2] Traditionally, solution-processed bulk heterojunction organic
photovoltaics (OPVs) consist of an electron-donating polymer or small molecule, blended together with a
methanofullerene compound as electron acceptor. This approach has afforded power conversion
efficiencies (PCEs) over 11%.[3-6] Fullerenes, however, have rather high production costs with a high
energy demand, do not contribute much to light harvesting and their use leads to stability issues and
inherent energy losses.[7-11] As such, they can be considered a limiting factor for OPV efficiency, stability
and cost. As a result, over the last 5 years, the interest of the PV community shifted to other thin-film
technologies targeting similar applications (e.g. building-integrated photovoltaics), especially as this
coincided with the explosive rise in efficiencies achieved with hybrid organic-inorganic perovskite solar
cells. To address the obstacles listed above, but keeping the advantages of fully organic materials,
alternative non-fullerene electron acceptors have been pursued. In initial studies, however, it has been
very difficult to achieve efficiencies comparable to fullerene-based devices.[12] This situation has notably
changed over the last years and PCEs over 14% have now been realized for single-junction OPV devices,
overruling (by far) the best fullerene-based systems.[13-15] A record (certified) PCE of 17.3% has even
been achieved for organic solution-processed tandem solar cells.[16] This impressive progress has created
renewed enthusiasm in the field and new research questions related to the fundamental limitations of

non-fullerene OPV have emerged.[17, 18]

Besides small molecules, electron accepting polymers are also possible alternatives to fullerenes. In terms
of efficiency, all-polymer solar cells still lag behind, with the highest efficiencies around 11%.[17, 19-21]
However, there are no known fundamental causes for this lower performance. On the other hand,
polymer-polymer combinations might have specific advantages in terms of flexibility, ink formulation as

well as long-term thermal and mechanical stability.[22, 23]

From a structural point of view, the most successful small molecule non-fullerene acceptors (NFAs) to
date, including ITIC and IEICO (see Supplementary data, Figure S28),[14] all have a similar backbone
featuring strong intramolecular push-pull interactions. Another successful class of non-fullerene materials

is based on fused aromatic diimides, notably naphthalene diimides (NDIs) and perylene diimides



(PDIs).[14, 17] Although the efficiencies achieved with PDI acceptors are somewhat lower, these materials
have important advantages in terms of synthetic complexity,[24] i.e. a low material synthesis cost, and
stability.[25, 26] The key feature with respect to the molecular design of PDI-based acceptors has been to
restrain their aggregation tendency and improve their miscibility with polymer donors.[27] In this respect,
one of the simplest strategies is to link two PDIs at the so-called bay positions, with the resulting twist
rendering the bis-PDI molecules non-planar. Jen et al. reached an OPV efficiency of 5.5% using a pristine
bis-PDI small molecule in combination with PTB7-Th as the electron donor polymer in an inverted solar
cell stack.[28] A single push-pull conjugated polymer containing a bis-PDI ‘pull’ monomer and a
dithiophene ‘push’ unit has been reported as well, affording a maximum PCE of 4.5% (again with PTB7-Th
as the donor).[29] As such, further progress can be envisaged when optimizing the molecular structure of

bis-PDI acceptor polymers.

In this work, the synthesis as well as the structural and optoelectronic characterization of four low gap
push-pull type copolymers containing the electron-deficient bis-PDI structure (Figure 1) is reported, as
well as the analysis of the photovoltaic performance of these acceptor materials. Two of the prospected
key advantages of bis-PDI acceptor polymers, their low synthetic complexity and high photostability, are

investigated as well. We find that all four polymers exhibit high photostability and a maximum solar cell

efficiency of 4.7% is obtained for PTbPDI, the structurally most simple polymer.
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Figure 1. Chemical structures of the bis-PDI acceptor polymers and the PTB7-Th donor polymer.



Results and discussion

The four acceptor polymers synthesized and analyzed in this study differ in their electron-rich ‘push’ part,
as the bis-PDI monomer is copolymerized with either thiophene (PTbPDI), dithiophene (PTTbPDI), [29]
terthiophene (PTTTbPDI) or benzodithiophene (PBDTbPDI) (Figure 1).

The general synthetic route to prepare the acceptor polymers is depicted in Scheme 1. Monomers 1, [30-
33] 2, [34] 3, [35] 4 [35] and 5 [36-38] were synthesized according to slightly adapted literature procedures
(see Supplementary data). The polymers PTbPDI, PTTbPDI, PTTTbPDI and PBDTbPDI were then prepared
via Stille cross-coupling polycondensation of dibromo-bis-PDI 1 and the different donor units, i.e. 2,5-
bis(trimethylstannyl)thiophene (2), 5,5'-bis(trimethylstannyl)-2,2'-bithiophene (3), 5,5"-
bis(trimethylstannyl)-2,2":5',2"-terthiophene (4) and [4,8-bis(2-ethylhexyloxy)benzo[1,2-b:4,5-
b'ldithiophene-2,6-diyl]bis(trimethylstannane) (5) (Scheme 1), followed by purification with sodium
diethyldithiocarbamate as a palladium scavenger, Soxhlet extractions and precipitations. Gel permeation
chromatography (GPC) analysis demonstrated number-average molar masses (M,'s) of 19, 23, 37 and 30
kg mol* for PTbPDI, PTTbPDI, PTTTbPDI and PBDTbPDI, respectively, all with a dispersity (D) of 2.0 or
lower (Table 1). All four polymers have similar low-lying lowest unoccupied molecular orbital (LUMO)
levels around -4.2 eV, as estimated from cyclic voltammetry (CV) experiments, while the highest occupied
molecular orbital (HOMO) levels and HOMO-LUMO gaps (E,f€) differ depending on the electron-rich
monomer used (Table 1). PTbPDI has the largest £, of the four polymers (1.81 eV), followed by PBDTbPDI
(1.80 eV), PTTbPDI (1.73 eV) and PTTTbPDI (1.45 eV). The UV-Vis absorption spectra in solution (Figure 2,
top) and film (Figure 5 and S26) show a gradual red-shift of the absorption onset, starting in film from 674
nm for PTbPDI to 742 nm for PTTbPDI, 761 nm for PBDTbPDI and 800 nm for PTTTbPDI (Table 1, Figure 5
and S26). A minor red-shift can be observed comparing the solution and film spectra, indicating additional
stacking of the polymers in the solid state. The mass extinction coefficients in solution were also
determined and are all in the same range, with maxima around 20-25 L g* cm™ (Table 1, Figure 1). The
low-energy intramolecular charge transfer absorption band of PTTTbPDI appears to be a bit less intense
(17 Lgtecm™). Finally, the absorption spectra of the four acceptor polymers blended with PTB7-Thin a 1:1
weight ratio (Figure 2, bottom) show a very similar broad absorption profile with the main differences

appearing below 550 nm.
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Scheme 1. Synthesis of polymers PTbPDI (1+2), PTTbPDI (1+3), PTTTbPDI (1+4) and PBDTbPDI (1+5) via
Stille polycondensation.
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Figure 2. UV-Vis absorption spectra of the different polymers in chloroform solution (top) and thin-film
spectra of the acceptor polymers blended with PTB7-Th in a 1:1 weight ratio (bottom).



Table 1. Molar mass (distribution), optical and electrochemical properties of the donor and acceptor
polymers.

M, Amax/€ HOMO@® LUMO®=b EgECc EoP¢

(kg mol?) ° (nm)/(Lg* cm?) (ev) (ev) (ev) (ev)

PTbPDI 19 2.0 551/25 -6.03 (-6.36) -4.22 (-3.81) 1.81(2.55) 1.84

PTTbPDI 23 2.0 494/25 -5.96 (-6.17) -4.23 (-3.75) 1.73(2.42) 1.67
337/26

PTTTbPDI 37 1.4 512/17 -5.68 (-5.90) -4.23 (-3.74) 1.45(2.15) 155
400/21

PBDTbPDI 30 1.9 545/23 -6.05 (-5.99) -4.25 (-3.75) 1.80(2.24)  1.63
377/21

PTB7-Th 25 6.0 697/45 -5.52 -3.40 2.11 1.61

aDetermined by CV from the onset of oxidation/reduction. ® Calculated values (DFT) between brackets. ¢ Electrochemical gap. ¢
Optical gap, determined by the onset of the solid-state UV-Vis-NIR absorption spectrum.

From the CV measurements, a substantial increase in HOMO energy appears when moving from PTTbPDI
to PTTTbPDI. To shed more light on this, density functional theory (DFT) calculations were carried out
using Gaussian09[39] with the M06 exchange-correlation functional[40] and the 6-311G(d) basis set. For
each of the acceptor polymers, two conformations of the same model oligomer were optimized to obtain
the most stable form (Figure S20, S21). These conformers differ in the orientation of the two bis-PDI units
with respect to each other. From the most stable conformers, it is clear that the HOMO energy increases
linearly when going from PTbPDI to PTTbPDI and finally PTTTbPDI. When looking at the HOMO
distribution in Figure S22, this becomes clear as the HOMO becomes less delocalized over the entire
backbone and more localized on the donor unit. The energy of the LUMO, which is mostly localized on the
bis-PDI units, remains almost constant throughout the entire series (Figure $22), as also concluded from
the CV experiments. The calculated values for the HOMO-LUMO gap follow a linear trend, which is in line
with the CV and UV-VIS data. The seemingly large jump in the CV data from PTTbPDI to PTTTbPDI is also
observed in the calculations, but less in the UV-VIS data (Table 1). From the optimized geometries, it is
clear that a large twist is present between the two PDI subunits, as well as between the PDI and the donor
segments. This twisting of the polymer backbone hinders the stacking behavior of the acceptor polymers,

allowing better mixing with the donor polymer.[27]



Bulk heterojunction solar cell devices were then prepared with the different polymer acceptors to
investigate their photovoltaic performance. PTB7-Th was chosen as the complementary absorbing low
gap donor polymer (M, 25 kg mol?).[41] Initially, OPV devices with a standard architecture
(glass/ITO/PEDOT:PSS/active layer/Ca/Al) were fabricated and optimization studies were performed
(Table S2-S5). As shown in Table 2 (and Figure 3a), the different material combinations gave optimal
performances when processed from chloroform. Average PCEs ranging from 2.9 to 3.6% were obtained,
with open-circuit voltages (Voc's), short-circuit current densities (Js’'s) and fill factors (FFs) around
0.65-0.72 V, 7.75-10.97 mA cm and 0.43-0.53, respectively. With the standard architecture, PBDTbPDI
turned out to be the best polymer in combination with PTB7-Th. When incorporated in OPV devices with
an inverted architecture (glass/ITO/ZnO/active layer/MoOy/Ag), the device parameters increased for all
material combinations, with PCEs now ranging from 3.2 to 4.7% (Vu.'s from 0.71 to 0.73 V, Ji's from 8.6
to 11.7 mA cm and FFs from 0.52 to 0.56; Table 2, Figure 3b). With PTbPDI, a maximum PCE of almost
4.7% was reached, which, to our knowledge, is the highest reported efficiency for all-polymer solar cells
based on bis-PDI polymers. The PTB7-Th:PTbPDI devices also show the highest external quantum

efficiencies within the series, approaching 50% between 500 and 700 nm (Figure S23).

All polymers show about the same LUMO level (Table 1) and hence similar V,'s are expected. The lower
Voc values for the solar cells with a standard architecture in case of PTbPDI and PTTbPDI can likely be
attributed to loss processes occurring at the contact between PEDOT:PSS and the active layer.[42] On the
other hand, the PTB7-Th:PTTTbPDI and PTB7-Th:PBDTbPDI devices do not seem to suffer from substantial
Voc losses related to the contacts. Also in the inverted devices, no such losses are apparent. As the Vo('s
and FF’s are about the same in the inverted devices, the PTB7-Th:PTbPDI blend performs best, since it
affords the highest short-circuit current. The main difference among the three polymers with thiophene
linkers is the gradual decrease in Jsc upon increasing the number of thiophene linkers. PTbPDI affords a J.
that is ~20% larger than the one for PTTbPDI, which in turn gives a higher Jc than PTTTbPDI. The same
trend can be seen for both the standard and inverted devices. This could be related to the difference in
absolute absorption coefficients, which slightly increase between 450 and 800 nm when the amount of
thiophene units per chain decreases and the amount of bis-PDI units per chain increases (Figure 2), but
the differences are not large enough to fully explain the variation in J.. Another effect of adding more
thiophene spacers between the bis-PDI units is the fact that this introduces a larger planar fraction within
the polymer chains (see Figure S22), which counterbalances the effect of the bis-PDI moieties in

restraining the aggregation tendency.



Table 2. Solar cell parameters for optimized devices based on the bis-PDI acceptor polymers in
combination with PTB7-Th.

Donor:Acceptor @ ‘?(\’Ic)b (m,isf::rz) FFb P(co/f)b Be?;F)’CE
PTB7-Th:PTbPDI ¢ 0.65 10.97 £0.17 0.43 3.04 £0.07 3.14
PTB7-Th:PTTbPDI ¢ 0.68 8.75+0.19 0.46 2.75+0.12 2.81
PTB7-Th:PTTTbPDI¢ 0.72 7.75+0.23 0.53 2.96+0.10 3.09
PTB7-Th:PBDTbPDI ¢ 0.70 10.13+£0.26 0.50 3.56+0.04 3.60
PTB7-Th:PTbPDI¢ 0.71 11.73+0.26 0.54 4.51+0.09 4.65
PTB7-Th:PTTbPDI ¢ 0.72 9.80+0.22 0.55 3.92+0.17 4.03
PTB7-Th:PTTTbhPDI¢ 0.73 8.60 £ 0.30 0.52 3.25+0.15 3.39
PTB7-Th:PBDTbPDI ¢ 0.71 10.11 +0.37 0.56 4.07 £0.12 4.16

a Total concentration of 12 mg mLin chloroform, donor and acceptor in a 1:1 weight ratio. ® Averages taken over 3 to 4 devices.
¢ Standard device architecture: glass/ITO/PEDOT:PSS/active layer/Ca/Al. 9 Inverted device architecture: glass/ITO/ZnO/active
layer/MoOy/Ag.
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and inverted (bottom) architecture.



From atomic force microscopy (AFM) analysis of the devices (Figure 4), no apparent phase separation
could be observed, suggesting favorable blending of the donor and acceptor polymer components in all
cases. Hole and electron (SCLC) mobilities extracted from hole and electron-only devices (see
Supplementary data, Figure S24 and S25) are also very similar, in the range of 2-3 10* cm2?V's? and

0.4-0.7 10* cm?V-ts?, respectively.

361 nm 416 nm

4.47 nm

0nm

Figure 4. AFM images for a) PTB7-Th:PTbPDI, b) PTB7-Th:PTTbPDI, c) PTB7-Th:PTTTbPDI and d) PTB7-
Th:PBDTbPDI all-polymer solar cells.

We then turned back to the projected benefits of bis-PDI acceptor polymers in terms of straightforward
synthesis and photostability. The ease of synthesis of the four polymers was analyzed by determining their
synthetic complexity (SC), calculated according to the method proposed by Po and co-workers (see
Supplementary data).[24] For PTbPDI, an SC of 29 was obtained, whereas the well-known ITIC molecular
acceptor has a much higher SC of 57 (Table S6). The bis-PDI polymers are hence much more attractive for

future applications in terms of material cost.

Stability under the combined influence of light and oxygen is a basic test criterion for solar cell materials.
We hence studied the behavior of the bis-PDI polymers, spin-coated on glass substrates, under controlled
light exposure (194 + 6 mW cmfrom a 447 nm LED array source, see Sl) in air. The stability was monitored
by the changes in the UV-Vis optical absorption spectra, as shown in Figures 5a and 5b for spin-coated
films of PTbPDI and PBDTbPDI (spectra for PTTbPDI and PTTTbPDI in Figure S26). The acceptor polymers
all show a band in the region corresponding to the absorption of the bis-PDI building block (shown for
comparison in Figure 5b), however with an additional feature at the low-energy side that is ascribed to

intramolecular charge transfer between the ‘push’ and ‘pull’ type building blocks. Under the degradation

10



treatment, this long-wavelength feature is bleached first while the characteristic bis-PDI band remains.
This observation points to a gradual disruption in the polymer chain, whereas the bis-PDI segments are
staying quite untouched. For the TT, TTT to BDT cases, one also observes a correlated bleaching of a higher
energy band corresponding well in position with those of the electron-rich monomers (marked in
Figures 5b and S26). The spectrum of the BDT linker is shown for comparison in Figure 5b while for

oligothiophenes this is found in literature.[43]
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Figure 5. UV-Vis absorption spectra of spin-coated films of a) PTbPDI and ITIC and b) PBDTbPDI before
and after different times of photodegradation in air. In b), the spectra of the bis-PDI and BDT molecules
are included for comparison and the arrow marks the region of bleaching attributed to transitions of the
BDT linking unit. Pane c) shows the photodegradation curves of the bis-PDI polymers compared to those
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of the NFA molecules FBR and ITIC. In a) and b), the green-shaded area illustrates the change in integrated
absorbance.

The bleaching of the characteristic long-wavelength feature is shown in Figure 5c over a period of 10 h.
As the quantity for monitoring of the degradation, we have taken the absorbance integrated in the range
most sensitive to the treatment (marked by the green area), and beyond the more resilient bis-PDI like
band (> 615 nm) (detailed in Sl), normalized to the initial value. This way the monitoring is targeting most
sensitively the disappearance of the long-wavelength feature characteristic for the pristine polymers.
Even in the harsh conditions of full air exposure and intense short-wavelength illumination, the
degradation of the acceptor polymers is slow. Indeed, the half-value time is more than 8 hours for
PBDTbPDI, and it is even over 15 hours (linearly extrapolated) for the polymers with thiophene linkers.

Among the latter, PTbPDI seems to be somewhat more vulnerable than PTTbPDI and PTTTbPDI.

For comparison, we also include here the results of the same degradation procedure applied to two
relevant small molecule acceptors for fullerene-free bulk heterojunction organic solar cells (chemical
structures in Figure S28). FBR is one of the pioneer NFAs, while ITIC is a top-ranking acceptor that affords
close-to-record solar cell efficiencies in combination with well-chosen donor polymers.[10, 44] FBR and
ITIC possess a prominent long-wavelength band with a maximum at 508 and 708 nm, respectively (UV-Vis
spectra of spin-coated films in Figure 5a and S26). The absorbance at this maximum, normalized to the
initial value, is plotted for these materials in Figure 5c¢ as the relevant observable for degradation. This
band ultimately completely bleaches under the applied treatment, unlike the absorption spectra of our
PDI-based polymers in which the bis-PDI-related feature was persisting. FBR shows a very fast
degradation, remaining with only half of the absorbance within 15 minutes. Also for ITIC a significantly
lower photostability than for the bis-PDI-based polymers is found, with half of the initial absorbance
reached within 2.5-5 hours (the quite large variations on this characteristic time was found to correlate

with aggregation effects in the ITIC film: see SI, Figure S27b).

Conclusions

Four acceptor-type polymers based on the bis(perylene diimide) electron-deficient monomer (with little
synthetic complexity) were successfully synthesized. When using these materials in polymer solar cells in
combination with PTB7-Th as the donor polymer, average power conversion efficiencies ranging from 3.2
to 4.7% were achieved. Within the polymer series, PTbPDI afforded the highest efficiency, with a
maximum of 4.7%. To the best of our knowledge, this is the highest efficiency achieved so far for a bis-PDI

acceptor polymer. The photostability in air of the bis-PDI based polymers, in particular the ones with the

12



oligothiophene linkers, was found to be significantly higher than for two standard non-fullerene
acceptors, as monitored by bleaching of their relevant optical absorption features. These results show
that the bis(perylene diimide) moiety is a viable electron-deficient monomer to be used in acceptor
materials for all-polymer solar cells. Higher power conversion efficiencies might be achieved by testing
other donor polymers, preferably with a lower gap and an absorption profile even more complementary

to the acceptor polymers.
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