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Abstract

The commercial uptake of organic solar cells is (amongst others) hindered by poor reproducibility of
the device performance, arising from the variability in molar mass distribution and the presence of
structural defects in push-pull conjugated polymers. Traditional ‘in-flask’ synthesis methods and
commonly used catalysts contribute to these issues. Flow chemistry has been proposed to provide
consistent molar masses, while a recently applied Buchwald catalyst shows promise for reduced
structural defect formation. However, this catalyst has not been used for donor polymers affording
state-of-the-art efficiencies in organic solar cells, such as PM6 and D18. In this work, we utilize these
two polymers as model systems to probe the effect of different synthetic conditions and examine the
precise chemical structures, including any homocoupled defects present, by matrix-assisted laser
desorption/ionization time-of-flight (MALDI-ToF) mass spectrometry. Additionally, we analyze how
these structural factors impact the material and device properties. By combining droplet-flow
chemistry and defect-free synthesis, we demonstrate a reproducible and scalable protocol for the
synthesis of donor polymers with a tailorable molar mass for high-efficiency organic photovoltaics.



Introduction

Donor-acceptor (also called push-pull) conjugated polymers have been a topic of considerable research
interest for nearly 20 years. They are prime candidates for numerous applications such as organic
photovoltaics (OPVs), photodetectors, and (electrochemical) transistors due to their tunable
optoelectronic, charge transport, and solubility/miscibility properties, via rational design of the
constituent donor and acceptor building blocks.® However, several hurdles remain toward large-scale
commercialization of these polymers and the emerging technologies relying on said materials. One of
these obstacles is the variation in quality between different polymer batches. On the one hand, batch-
to-batch variations are inherent to the polycondensation approach used to prepare these push-pull
conjugated polymers, inevitably leading to (small) molar mass differences. On the other hand, the
observed variations are sometimes attributed to the upscaling of lab-scale ‘in-flask’ procedures.* ®
Issues with mass and heat transfer lead to differences in molar mass (distribution), which can result in
an unfavorable photoactive layer blend morphology, diminished charge transport properties, and
inferior performance in optoelectronic devices.®® Flow chemistry can offer a solution to these
problems while providing additional benefits such as easier scalability and enhanced safety.® In
particular, droplet-flow synthesis has demonstrated excellent reproducibility, both in terms of molar
mass distribution and optoelectronic properties of the synthesized conjugated polymers. 2% 11

The intrinsic chemical structure can also play a role in causing batch-to-batch variations. Although
direct arylation polymerization has certainly gained traction, the Stille polymerization, which couples
an aryl distannane (usually the more electron-rich or donor) monomer with an aryl dibromide (usually
the more electron-poor or acceptor) monomer with the aid of a palladium catalyst (Figure 1), remains
the work-horse method to synthesize these materials.'?** Treated as a reliable and orthogonal way of
cross-coupling donor and acceptor monomers, little attention is given to the actual polymer structures
and a perfect alternation of the constituent monomers is often implicitly assumed without further
notice.

The picture of perfectly alternating conjugated polymers with only the monomer's respective end-
groups is, however, far from reality.* Although these end-groups can survive the polymerization
(depending on the reaction time), side reactions of the Stille cross-coupling, such as dehalogenation
and destannylation, usually terminate the chain, thereby affording hydrogen or methyl end-groups.
Furthermore, ligands from the catalytic system can also be incorporated into the final structure by
ligand exchange.’™ ¢ A prime example of this is the incorporation of phenyl ligands from tetrakis
(Pd(PPhs)4).Y” Besides termination, side reactions can also cause homocoupling, where two donor or
two acceptor moieties are coupled directly.’® 1 Several pathways have been proposed to explain the
presence of these structural defects (Figure 1).2>2° Homocoupling of the donor (organotin) moieties
MAY arise through a Pd(ll) species, either added as such or as the product of oxidizing impurities (e.g.
oxygen) in the reaction medium. Similarly, a reducing impurity can convert Ar-Pd(ll)-Br species to
Ar-Pd(0);, which can undergo a second oxidative addition to induce acceptor homocoupling. When
conducting a Stille polymerization, it is evident that high monomer purities and carefully maintained
inert conditions are essential to eliminate the possibility of these side reactions to their fullest extent.’
However, homocoupling can still be observed even when taking utmost care. Arylpalladium species
are prone to disproportionation, which results in acceptor homocoupling and Pd(ll), opening up the
pathway to donor homocoupling. Homocoupling has been found to affect absorption, molecular
packing, and charge transport properties, as well as final (solar cell) device performance.'® 21-24 Apart
from the utilized monomers, the choice of the catalyst and ligand can also have a profound impact on
the amount of homocoupling.?
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Figure 1: A simplified overview of the Stille cycle (blue) and the pathways leading to homocoupling
(orange). Adapted from reference 20. Copyright 2014 John Wiley and Sons.

Several methods have been used to identify structural variability in push-pull conjugated polymers. For
some systems, UV-Vis absorption spectroscopy can indicate the presence of homocoupling through a
shift in absorption onset. However, this approach does not offer conclusive evidence within a single
sample and can only give an indication relative to another sample.? 2% 2627 Characterization of both
end-groups and the occurrence of homocoupling can be done using *H-NMR spectroscopy for some
polymer systems.? 26 2829 However, when performed on reasonably high molar mass polymers, the
NMR peaks of interest suffer from low signal intensity compared to the polymeric backbone,
complicating analysis. Furthermore, systems that tend to aggregate in solution (as often desired for
applications) or are limited in solubility cannot properly be analyzed using NMR. In this work, we
therefore turn to matrix-assisted laser desorption/ionization time-of-flight (MALDI-ToF) mass
spectrometry (MS) as a powerful tool to elucidate on the presence of structural defects.'®3° End-group
analysis can be done easily by identifying the repeating units and calculating a residual mass, which is
then fitted to plausible end-groups. Furthermore, previous MALDI-ToF MS work in our group has
confirmed the occurrence of homocoupled defects even at very short reaction times (through a flow
polymerization) suggesting that, unlike termination, homocoupling occurs independent of reaction
time and is equally likely to be identified in short and long polymer chains.® MALDI-ToF MS does,
however, suffer from its own set of limitations, since the ionization tendency of varying species can be
quite different and no absolute quantification is possible. Somewhat surprisingly, none of these
techniques has been applied to donor-acceptor copolymers PM6 and D18 used to prepare state-of-
the-art organic solar cells. In fact, very little is known on possible structural defects in these polymers
and their possible effect on device performance.

Last year, commercially available Buchwald P(tBu); Pd G3 (Figure S1) was used as a pre-catalyst to
demonstrate the viability of room-temperature Stille polycondensation to yield conjugated
polymers.3% 32 Furthermore, small molecule model systems were used to screen for the occurrence of
homocoupling with different catalysts and temperatures. When reacted at room temperature using
P(tBu); Pd G3, these small molecules and selected polymers displayed no homocoupled defects.
However, when synthesized at higher temperatures or using common catalysts such as Pd>dbas/P(o-
tol)s and Pd(PPhs)s, homocoupling was observed. Surprisingly, this Buchwald G3 catalyst was not yet
used to synthesize top-performing push-pull polymers for organic solar cells. Polymers such as PM6
and D18, which are synthesized using Pd,dbas / P(o-tol);s and Pd(PPhs)s, achieve power conversion
efficiencies (PCEs) up to 18% in single-junction binary solar cells in combination with non-fullerene
acceptors.3%34



Therefore, in the present work, we investigate the possibility to synthesize the state-of-the-art donor-
acceptor OPV polymers PM6 and D18 using the Buchwald P(tBu)s; Pd G3 precatalyst at varying
temperatures through classical in-flask as well as continuous flow methods, with additional benefits
toward upscaling and commercialization.® A thorough analysis of the resulting polymer structure,
possible defects, and varying end-groups is conducted by MALDI-ToF MS. The effects of the observed
structural variability are further analyzed in OPV devices, by using UV-Vis absorption spectroscopy, and
by grazing incidence wide-angle X-ray scattering (GIWAXS). Our study highlights the efficacy of P(tBu);
Pd G3 as a catalyst for the synthesis of PM6 and D18 with minimal structural defects. Although we
observed differences in the aggregation behavior of defect-containing and homocoupling-free PMS6,
the use of this catalyst resulted in polymers that performed comparably to conventionally synthesized
ones in organic solar cells. Moreover, the development of a reproducible synthesis protocol (using the
Buchwald catalyst) through droplet-flow chemistry is a promising advancement toward reproducible
donor-acceptor conjugated polymers for commercial applications.
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Scheme 1: General polymerization scheme for PM6 and D18 using the Stille cross-coupling.



Results and discussion

PM6 (Scheme 1) was synthesized using three different catalytic systems (Table 1). Detailed synthesis
conditions are reported in the Supporting Information. First, PM6-tetr was prepared with (fresh)
tetrakis according to a literature procedure.® Additionally, PM6-dba-A and PM6-dba-B were obtained
using Pddbas with P(o-tol)s, yielding polymers with slightly higher molar mass, as determined by gel
permeation chromatography (GPC) at high temperature (160 °C in trichlorobenzene) to minimize
aggregation effects. For PM6-dba-A, a fresh bottle of Pd,dbas was used. The Pd,dbas used for PM6-
dba-B came from a bottle which was open for over a month, although being stored under inert
atmosphere in a freezer. By changing the catalyst system to P(tBu)s; Pd G3 and performing the synthesis
at room temperature, PM6-G3-RT was obtained, with a relatively low molar mass.3? To achieve a
higher molar mass, the synthesis was repeated at elevated temperatures, yielding PM6-G3-50 and
PM6-G3-100 for reactions at 50 and 100 °C, respectively. All obtained polymers were treated with a
scavenging agent (to remove residual palladium traces), subjected to Soxhlet extractions, and
precipitated from the chloroform fraction. From PM6-G3-100, a chloroform and chlorobenzene
fraction (with higher yield; Table S2) were recovered from the Soxhlet extraction. The chloroform
fraction showed noticeably lower solubility (in chloroform) compared to the other batches. *H-NMR
spectroscopy analysis was attempted on a polymer sample (PM6-dba-A) using either o-
dichlorobenzene or a solvent mixture of deuterated chloroform and CS; (Figure S2). These conditions
were selected to reduce the aggregation of the polymer. However, even with these precautions, the
obtained spectra were poorly resolved and not suitable for meaningful structural analysis.
Electrochemical characterization was performed on all batches through cyclic voltammetry (CV). No
significant differences were observed for the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) energies between the different batches (Table S3, Figure S3).

Table 1: Synthesis conditions and molar mass data for all PM6 batches (chloroform fractions).

. - o M, My
Catalyst Ligand / additive  Temperature (°C) (kg/mol)  (kg/mol)
PM6-tetr Pd(PPhs)s / 100 29.6 57.0 1.9
PM6-dba-A Pd,dbas P(o-tol)s 100 36.6 70.6 1.9
PM6-dba-B Pd,dbas P(o-tol)s 100 40.3 88.6 2.2
PM6-G3-RT | P(tBu)sPd G3 K3PO4 RT 23.3 44.4 1.9
PM6-G3-50 P(tBu)sPd G3 K3PO4 50 29.0 58.4 2.0
PM6-G3-100 | P(tBu)sPd G3 K3POg4 100 28.9 66.5 2.3

All polymer batches were then analyzed by MALDI-ToF MS to investigate how the different catalytic
systems affect the chemical structure. In MALDI-ToF MS, the ionization process is competitive. As a
result, the observed masses are skewed toward the lower range. It is difficult to determine the extent
of this masking because GPC relies on polystyrene standards, which tends to overestimate the actual
molar masses of conjugated polymers.?® 3’ Due to the small difference in exact mass between the
incorporated BDT-2F and BDD monomers (Scheme 1) of only 6 Da, homocoupling in PM6 results in
artificial peak broadening. Therefore, it is needed to elucidate the possible end-groups to distinguish
homocoupling from a differently terminated chain. A summary of the analysis is given in Table 2.

The MALDI-ToF mass spectrum of PM6-tetr (Figure S4) mainly shows methyl end-groups, with some
bromine and hydrogen, suggesting that the main termination pathway is destannylation and methyl
transfer.®® However, these end-groups cannot explain the corresponding peak distributions completely
since the theoretical isotopic envelopes of the polymer chains in question only account for a part of
the experimental signals. Considering this, extending the fit to chains with an extra donor-donor
homocoupling results in a much better match. This is illustrated by the highlighted predicted isotopic
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patterns in Figure 2. The calculated pattern of a chain containing 4 BDT-2F (D) and 4 BDD (A) units
(hereafter referred to as a D4A4 chain) and two methyl end-groups (m/z = 4903.5) constitutes only
part of the observed experimental signal, and a quite prominent 'second' overlapping distribution can
be distinguished. This signal cannot be fitted to the same D4A4 chain as the next plausible end-group
combination after [Me, Me] would be [Ph, H], with the phenyl group being an artifact caused by ligand
exchange from tetrakis. The residual mass of these groups (78.1 Da) would result in a monoisotopic
signal of this chain at m/z = 4951.6, which is too high. Therefore, this overlapping distribution has to
be the result of some other combination of a total of 8 BDT-2F and BDD monomers. As illustrated in
red, the calculated spectrum of a chain with at least one donor-donor homocoupling, D5A3 [Me, Me]
(m/z = 4903.5), fits within this region and nicely complements the D4A4 [Me, Me] prediction. This
analysis can be repeated in the [Br, Me] terminated region to yield the same conclusion. For
homocoupling of the acceptor units, no clear conclusions can be made here. Due to the absence of
purely hydrogen end-capped chains, no distinction between homocoupled species and 'ideal' chains
with [Me, H] end-groups is possible.

D4A4 [Me, Me]
m/z = 4903.5

D5A3 [Me, Me]
m/z = 4909.5

D4A4 [Br, Me]
m/z = 4967.4

D5A3 [Br, Me]
m/z = 4973.4
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Figure 2: MALDI-ToF mass spectrum excerpt for PM6-tetr. Blue: Calculated overlay for D4A4 [Me, Me]
(m/z = 4903.5) and D4A4 [Br, Me] (m/z = 4967.4); Red: Calculated overlay for D5A3 [Me, Me] (m/z =
4909.5) and D5A3 [Br, Me] (m/z = 4973.4).

Because of the high relative intensity of the D5A3 chain compared to the ‘ideal’ D4A4 chain, we
conclude PM6-tetr to have a relatively ‘medium’ amount of (predominantly BDT-2F) homocoupled
defects in the polymeric backbone. We should not forget though that MALDI-ToF MS is not to be
treated as a quantitative method and certain species can be over- or under-presented in the spectra.
Since a charge-transfer matrix was applied, the electron density of the different species present plays
a role as well. Furthermore, one can note that the mass spectrum is in general quite ‘dirty’, as
additional signals are observed in regions that have no fit with the most plausible structures. For



example, past the now identified D5A3 [Me, Me] (m/z = 4909.5) distribution, no signal is expected until
the monoisotopic signal of the D4A4 [Ph, H] (m/z = 4951.5) chain. As can be seen in Figure 2, some
signals of unknown origin do appear throughout this region.

PMe6-dba-A (Figures S5-6) shows clear differences compared to PMe6-tetr. Polymer chains are almost
exclusively terminated with hydrogen. Apart from hydrogen, a seemingly low amount of methyl,
bromine, and trimethylstannyl end-groups can be found in the spectrum. Once again, fitting the
calculated isotopic pattern of a single species cannot explain the encountered experimental signals. As
illustrated in Figure S6, an acceptor-acceptor homocoupled chain D3A5 [H, H] (m/z = 4869.4) is needed
to complement the ‘ideal’ D4A4 [H, H] (m/z = 4875.4). Due to the excellent resolution of the spectrum
in the D4A4 [Me, H] (m/z=4889.4) region, some BDT-2F homocoupling is observed as well as the signal
corresponding to D5A3 [Me, H] (m/z = 4895.4). However, since both the BDD and BDT-2F homocoupled
chains are relatively low in intensity compared to the ‘ideal’ D4A4 [H, H] signal, we can conclude that
PM6-dba-A has a relatively ‘low’ amount of homocoupled defects in the polymeric structure. End-
group-wise, PM6-dba-B (Figures S7-8) shows many similarities with PM6-dba-A, apart from the
presence of more methyl end-groups. A ‘medium’ amount of acceptor-acceptor homocoupling can be
distinguished as a shoulder on the ‘ideal’ D4A4 [H, H] isotopic pattern (Figure S8). When taking a closer
look at the [Me, Me] region, a prominent D5A3 [Me, Me] (m/z = 4909.5) signal explains the maximal
signal at best, along with higher degrees of donor-donor homocoupling. Therefore, PM6-dba-B is
proposed to have a relatively ‘high’ amount of homocoupled defects. This can likely be attributed to
the older catalyst used in this case.

The discovery of structural defects in this top-performing polymer led us to question the occurrence
of homocoupling in commercial PM6, widely used by scientists active in the OPV field. To this end, two
samples of common commercial suppliers were analyzed. For supplier A (Figures S9-10), the PM6
chains are mainly terminated with methyl groups and bromine or phenyl, while some hydrogen is also
observed. Interestingly, no distributions correlating to [H, H] end-groups are observed, suggesting a
similar synthesis method as PMe6-tetr. However, several distributions with chlorine are encountered
(e.g. at m/z = 4923.4, which shows a good fit with [Cl, Me], and [CI, Br] at m/z = 4987.3), which were
not seen so far in other samples and which have an unknown origin. Homocoupling-wise (Figure $10),
a substantial amount of D5A3 [Me, Me] (m/z = 4909.5) signal is observed, similar again to PM6-tetr.
As a sidenote, the DSA3 [Me, Me] (m/z = 4909.5) might be convoluted with signal originating from
possibly D5A3 [Cl, H] (4909.4), but since this mass spectrum shows little hydrogen end-groups in other
distributions, this contribution is expected to be small. For supplier B (Figures S11-12), many
similarities with PM6-dba-A/B are observed. The polymer is mainly hydrogen end-capped, along with
some methyl and a substantial amount of bromine or phenyl. Acceptor homocoupling (Figure S12) is
observed as D3A5 [H, H] (m/z = 4869.4) and donor homocoupling as D5A3 [Me, Me] (m/z = 4909.5).
The relative amount is somewhere in between PM6-dba-A and PM6-dba-B.

When using the Buchwald precatalyst at room temperature, the mass spectrum (Figures S13-14) gets
considerably simpler. PM6-G3-RT chains containing an extra BDD acceptor monomer have nearly
exclusively bromine end-groups. Chains containing equal amounts of BDT-2F and BDD units are
terminated with bromine and either a methyl group or an end group so far unencountered with a
residual mass of 168.08 Da (Ci2H10N). This mass fits a carbazole-like species (CbzH) that could be
originating from the P(tBu); Pd G3 catalyst through ligand exchange (Figure S1). A detailed
investigation into this end-group's origin is beyond the scope of this study. The predicted isotopic
patterns fit the experimental ones nicely, and as a result, no significant homocoupling is observed in
PM6-G3-RT (Figure S14). PM6-G3-50 (Figures S15-16) shows more terminated chains compared to
PM6-G3-RT. Termination mainly occurs via the CbzH pathway described above, in addition to



destannylation. Nonetheless, no significant homocoupling is observed (Figure S16). The spectrum of
the chloroform fraction of PM6-G3-100 (Figures S17-18) shows most chains terminated with CbzH and
methyl end-groups. No bromine end-groups are observed. Once again, no significant homocoupling
seems to be present in the sample (Figure S18). The species observed in the mass spectrum of the
chlorobenzene fraction (Figure S19) are very similar to those in the chloroform fraction.

Summarizing these findings (Table 2), in particular the identification of homocoupling in all batches
synthesized with conventional catalysts and in both commercial samples, leads us to conclude that the
occurrence of homocoupling in PM6 should be taken as the norm rather than the exception. However,
guantification is difficult and there might be considerably less homocoupling than suggested by
MALDI-ToF MS.

Table 2: Overview of the MALDI-ToF MS end-group and homocoupling analysis for all PM6 batches.
Main end-groups  Other end-groups present Relative amount of homocoupling

PM6-tetr Me Br, H Medium
PM6-dba-A H Me, Br, SnMe; Low
PM6-dba-B H Me, Br, SnMe; High
PM6-G3-RT Me, Br CbzH, H None
PM6-G3-50 CbzH, Me, Br H None
PM6-G3-100 CbzH, Me H None
Supplier A Me, Br H, Cl Medium
Supplier B H, Br Me Medium

When examining the UV-Vis absorption spectra of the synthesized PM6 batches dissolved in
chlorobenzene at room temperature, two distinctive absorption peaks at approximately 615 and 575
nm (Figure 3a) are observed. These peaks correspond to the vibronic 0-0 and 0-1 transitions,
respectively, and can be attributed to the distinct molecular aggregation present in PBDB-T and its
halogenated derivatives PBDB-T-2F (PM6) and PBDB-T-2Cl, even in solution.3**? The ratio of the
intensities of these peaks (loo/lo-1) is commonly used in the literature as an indicator of the extent of
aggregation and attributed to high molar masses.® However, it should be noted that the presence of
vibronic features in the absorption spectra indicates the presence of photophysical aggregates, while
the ratio of vibronic peaks gives information on the type of aggregates present. A more subtle and
broad contribution of the disordered phase centered at 550 nm completes the absorption spectrum
at room temperature of neat PM6, which becomes prevalent upon heating.** A lo.o/lo-1 ratio less than
unity indicates predominantly H-like aggregates which exhibit interchain exciton coupling, while J-like
aggregates with greater intrachain ordering afford a lo.0/lo-1 ratio greater than unity. Thus, this ratio
serves as a helpful marker for along-chain ordering of the polymer. The highest loo/lo1 ratios are
observed in the samples with little to no homocoupling, whereas the absorption spectra for materials
with more homocoupling defects (PM6-tetr and PM6-dba-B) appear quite similar, with lower lo.o/lo-1
ratios (i.e. reduced intrachain ordering). By heating the solution, the aggregate absorption features
decrease in intensity and become more H-like (Table S4, Figure S20-22. However, it is important to
acknowledge that a decrease in the presence of disordered chains could also contribute to the
apparent reduction in lo.; and play a part in the observed increase in loo/lo1 ratio of the less
homocoupled samples. To address this, we recorded absolute absorption spectra of both PM6-tetr
and PM6-G3-RT at identical concentrations (see Figure S21b). In these spectra, a clear shift in the
vibronic features is evident, whereas the section dominated by disordered absorption (from 460 to
520 nm)* shows minimal alteration. This suggests that significant differences in the contribution of
disordered chains to the vibronic features are unlikely among the various samples reported here.



When cast into thin films, the absorption spectra of the materials show a similar trend to the solution
absorption where the materials with the greatest degree of homocoupling exhibit a lower lo.o /lo-1 ratio
(Figure 3b and 3c). Indeed, while the aggregates in all materials appear strongly J-like, the
homocoupling-free materials possess larger loo/lo1 ratios, characteristic of more planar chains.**
One has to note that these results are in contrast to the reported literature, as loo/lo-1 ratios are
typically linked to molar mass rather than homocoupling. Given that hole transport in polymeric
semiconductors is very sensitive to intrachain ordering, it is expected that the differences in
aggregation behavior may have implications for the performance of OPV devices.
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Figure 3: (a) Normalized UV-Vis absorption plots (500-700 nm region) for all PM6 batches diluted in
chlorobenzene at room temperature. (b) Normalized UV-Vis absorption plots for all neat polymer films.
(c) UV-Vis absorption plots normalized for the PM6 peak for all blend (PM6:Y6, 1:1.2) thin films.

Solar cells were then fabricated from each PM6 batch and the performance parameters are
summarized in Table 3. The PM6 samples were blended with the non-fullerene acceptor Y6 (1:1.2 ratio)
in chloroform and used as approximately 100 nm thick active layers in devices with an architecture
ITO/PEDOT:PSS/active layer/PDIN/Ag. All batches resulted in solar cells (Figure S23) with excellent
short-circuit current densities (Js) above 25 mA/cm?. Differences in the open-circuit voltage (Vo) are
observed, with PM6-G3-100 in particular showing a lower V.. This is somewhat surprising as no large
differences in frontier molecular orbital energy levels were found by CV. The main difference between
the samples is the fill factor (FF), which does result in significant differences in the overall efficiency.
The highest PCE is achieved with PM6-dba-A, made using fresh Pd,dbas and in which a low amount of
homocoupling was observed. Homocoupling-free PM6-G3-RT gives on average a rivaling performance,
indicating that low amounts of homocoupling do not have a detrimental impact on the device
performance for PM6.

Table 3: Solar cell performance parameters for the devices based on the PM6 batches.

Jse (mA/cm?) Vo (V) FF (%) PCE (%) (best)
PM6-tetr 253104 0.868 + 0.003 70.7+0.3 15.6 £ 0.2 (15.9)
PMe6-dba-A 26.1+0.4 0.854 £ 0.002 73.1+£0.4 16.3+0.2 (16.7)
PM6-dba-B 26.0+£0.3 0.856 £ 0.002 65.1+0.8 14.5+0.3 (14.8)
PM6-G3-RT 25.8+0.3 0.851 £ 0.001 72.6+0.4 15.9+0.1 (16.1)
PM6-G3-50 25.7+0.5 0.842 +0.003 71.3+0.7 15.4+0.2 (15.7)
PM6-G3-100 26.2+0.6 0.834 £ 0.001 60.2+0.6 13.2+0.3 (13.6)

A polymer's molar mass and dispersity are often attributed a key role in the resulting bulk
heterojunction blend morphology and device properties.®® ¢ All polymer batches resulted in a decent
weight-average molar mass (Mw) of at least 44 kg/mol (Table 1), meaning expected differences in



optoelectronic properties would be small.® PM6-dba-B and PM6-G3-100 stand out with a relatively
low FF (< 70%). For PM6-dba-B, the highest amount of homocoupling and low lo.o/lo1 values were
identified, despite the high molar mass. The low FF is therefore hypothesized to be caused by a lower
amount of polymer aggregation in the blend. For PM6-G3-100, the inferior performance is tentatively
attributed to the low solubility of this sample, complicating proper film formation.

To investigate the influence of homocoupling on the morphology of the active layer, grazing-incidence
wide-angle X-ray scattering (GIWAXS) analysis was performed on blends consisting of PM6-tetr, PM6-
dba-B, or PM6-G3-RT with Y6 (Figure 4). The lineouts (Figure 4d) for PM6-tetr and PM6-dba-B are
comparable to reported literature, with the blends exhibiting predominantly face-on texturing.*
Homocoupling-free PM6-G3-RT, on the other hand, shows some structural differences compared to
its homocoupled analogues. The texturing of this blend appears more isotropic, with an edge-on
population of crystallites present. These edge-on crystallites are expected to be from the PM6 phase
as Y6 is typically face-on.>® Most notably, an in-plane peak at Q. = 0.65 A, attributed to a PM6
backbone reflection, appears much more prominent in the homocoupling-free material. The increased
prominence of this backbone reflection in the homocoupling-free material is consistent with greater
chain-to-chain registry in the crystallites as one would expect from elimination of such structural
defects.
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Figure 4: Two-dimensional GIWAXS patterns for films of PM6:Y6 (1:1.2) based on (a) PM6-tetr, (b)
PM6-dba-B, and (c) PM6-G3-RT (b). (d) GIWAXS lineplots for PM6:Y6 blends based on PM6-tetr, PM6-
dba-B, and PM6-G3-RT (offset for clarity). All films were thermally annealed at 100 °C for 10 minutes.
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To verify for a second relevant polymer if the application of the room-temperature G3 catalyst is
beneficial, D18 was synthesized using the same catalytic systems as applied for PM6 (Table 4). No
homocoupling was observed in any of the commercial samples or synthesized batches, except when
utilizing the P(tBu)s Pd G3 catalyst at 100 °C (Table S8). Due to the low intensity of the signal and the
absence of signals corresponding to multiply homocoupled chains, the estimated amount of
homocoupling in this sample is (very) low. The lo.o/lo-1 ratio and device performance follow the trend
of the molar mass. D18 synthesized by Pd,dbas and P(tBu); Pd G3 at 100 °C both resulted in highly
efficient devices with PCEs around 17% (Table 5). Overall, the D18 system seems less prone to
homocoupling and benefits solely from achieving an optimal molar mass. A more detailed discussion
on the analysis of the D18 samples can be found in the Supporting Information.

Table 4: Synthesis conditions and molar mass data for all D18 batches (chloroform fractions).

. . o M, My,
Catalyst Ligand / additive Temperature (°C) (ke/mol)  (kg/mol)
D18-tetr Pd(PPhs)s / 100 11.2 19.2 1.7
D18-dba Pd,dbas P(o-tol); 100 36.6 84.2 2.3
D18-RT P(tBu)sPd G3 KsPOa4 25 27.6 43.3 1.6
D18-50 P(tBu)sPd G3 K3PO4 50 31.6 59.5 1.9
D18-100 P(tBu)sPd G3 KsPOa4 100 38.2 72.1 1.9

Table 5: Solar cell performance parameters for the solar cell devices based on the D18 batches.

Jse (mA/cm?) Voc (V) FF (%) PCE (%) (best)
D18-dba 26.6 £0.4 0.876 £ 0.002 72.0+0.5 16.8+0.3(17.2)
D18-G3-RT 22.3+0.5 0.837 £ 0.002 59.0+1.0 11.0+0.1(11.2)
D18-G3-50 24.4+0.5 0.864 + 0.003 70.6+£0.3 14.9+0.4 (15.4)
D18-G3-100 26.1+0.3 0.866 + 0.002 75.0+0.5 17.0+0.3(17.4)

Finally, in order to increase reproducibility and allow for easy scale-up, the synthesis using P(tBu)s; Pd
G3 was translated to a droplet-flow protocol.® PM6 was selected for this purpose due to the larger
variations encountered in the structures of in-flask prepared and commercial PM6 batches. Since a
homogeneous reaction mixture is required to prevent clogging of the reactor tubing and KsPO4 shows
poor solubility in toluene, the more soluble bases pyridine, NaOtBu, and KOtBu were first investigated
in a standard in-flask synthesis. To push the reaction to completion, the polymerization was performed
overnight and at an elevated temperature of 100 °C. The results are summarized in Table S10. None of
the base replacement candidates showed promise in in-flask polymerizations, so instead a saturated
solution of K3PO, in toluene was used for the following flow experiments. The detailed flow procedure
used can be found in the Supporting Information. In order to screen for an optimal reaction
temperature and residence time, several plugs of 0.1 mL reaction mixture were injected into the flow
reactor (Figure S36) and propelled through with perfluoropolyether (PFPE) at various flow rates and
temperatures, after which the polymer samples were collected by precipitation in methanol and
analyzed using GPC (Figure 5, Table S11). MALDI-ToF MS analysis showed no signs of homocoupling in
any of the samples.

11



80
| —=—100°C
70 - —e—75°C
| ——50°C
60+
5 50 e
£
2 404
z
§ 30_
20
10 //
0 ™ T T T T T T T T T T T T
0 2 4 6 8 10 12 14

Residence time (min)

Figure 5: Molar mass plot for the PM6 synthesis using plug flow at different residence times and
temperatures.

At room temperature, no significant polymerization occurred, even after a residence time of 30
minutes. In order to prevent the clogging of the reactor tubing before the PFPE mixing T-piece, the
reaction temperature was increased rather than further reducing the flow rate. At 50 °C, long residence
times are still needed to achieve proper polymerization. At 100 °C, high molar masses, similar to PM6-
G3-100, were obtained, even after only 2 minutes. Such high molar masses proved detrimental to
device performance as solubility decreases (Table 3). Accurately controlling the molar mass through
residence time at such fast flow rates is impractical, so the synthesis was performed at 75 °C as a
compromise between high molar masses and practical flow rates (Figure 5). These conditions offer
excellent molar mass tunability, while keeping the residence time short.

Similar to the in-flask synthesis, all crude polymers were treated with a scavenging agent for residual
palladium, precipitated in methanol, and subjected to a Soxhlet extraction. However, to separate the
polymers from the fluorinated PFPE carrier liquid, an extraction using low boiling PFPE had to be
performed first. All detailed information can be found in the Supporting Information. To investigate
the reproducibility of this method, all syntheses were performed in duplo. According to the screening
experiment (Figure 5), molar masses of 30, 40, and 50 kg/mol can be targeted by performing the
synthesis over residence times of approximately 6, 9, and 12.5 minutes. The synthesis results and
electrochemical data are summarized in Table 6, Figure S37, and Table S12. Excellent reproducibility
was achieved at each residence time, affording near-identical polymer samples in terms of molar mass
and dispersity. All batches gave nearly identical MALDI-ToF mass spectra. They strongly resemble the
spectra obtained for PM6-G3-RT and PM6-G3-50 (Figures S38-39).

Table 6: Residence times and molar mass data for all droplet-flow PM6 samples (chloroform fractions).

Residence time (min) (kgl/wr:mol) (kglyr:]vol) D
Flow-35k-A 6 18.6 35.5 1.9
Flow-35k-B 6 18.9 35.5 1.9
Flow-40k-A 9 21.0 41.2 2.0
Flow-40k-B 9 20.7 40.7 2.0
Flow-50k-A 12.5 24.9 51.3 2.1
Flow-50k-B 12.5 24.9 52.9 2.1
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Solar cell devices were then also fabricated with the droplet-flow PM6 samples, using an identical
configuration and procedure as for the in-flask PM6 samples (Table7, Figure S40). Cells based on PM6
from Flow-35k-A and Flow-35k-B have a slightly lower Jsc and FF compared to the other materials.
Although this is not investigated further, the somewhat lower molar mass could be at play here.
Devices based on all other samples perform similar, with PCEs rivaling those achieved for PM6-G3-RT.
Furthermore, the excellent reproducibility in the synthesis is translated into small variations in
performance between the duplo samples.

Table 7: Solar cell performance parameters for the devices based on the droplet-flow based PM6.

Jse (MA/cm?) Vioc (V) FF (%) PCE (%) (best)
Flow-35k-A 24.4+0.4 0.838 £ 0.002 68.1+0.8 14.0+£0.2 (14.4)
Flow-35k-B 249+0.5 0.837 £ 0.002 67.3%+1.3 14.0+0.3 (14.6)
Flow-40k-A 26.2+0.5 0.840 + 0.002 71.7+0.9 15.8+0.3 (16.3)
Flow-40k-B 25.9+0.7 0.841 + 0.002 71.8+0.7 15.6 +0.4 (16.2)
Flow-50k-A 26.1+0.4 0.835+0.001 71.6+0.8 15.6 +0.3 (16.1)
Flow-50k-B 26.1+0.3 0.837 £ 0.002 70.0+0.7 15.3+0.3 (15.9)

Conclusions

The presence of homocoupling was identified in the top-performing OPV donor polymer PM®6, both in
commercial and self-made samples synthesized with conventional catalysts, using MALDI-ToF mass
spectrometry. Subsequently, homocoupling-free PM6 was prepared at room temperature,
demonstrating comparable photovoltaic performance to batches made with the conventional catalysts
at high temperature, despite having a significantly lower molar mass. Increasing the molar mass
through the use of higher polymerization temperatures did not result in improved solar cell
efficiencies. A correlation between the amount of homocoupling in PM6 and the type of aggregation
was observed, as less homocoupling seems to induce more J-like aggregation with greater intrachain
ordering. The interplay between molar mass and the exact polymer structure (homocoupling and
varying end-groups) determines the performance of these materials in photovoltaic devices. For D18,
no homocoupling was found in commercial samples or when made with Pd,dbas. Using P(tBu)s Pd G3,
homocoupling was identified when performing the polymerization at elevated temperature. The
(estimated) low amount of homocoupling resulting from these conditions does not seem to affect the
device performance, while an increased molar mass benefits the efficiency. Overall, the comparison
between PM6 and D18, polymers with close structural resemblance, indicates that the occurrence of
homocoupling and the effects of its elimination are system dependent. Finally, a reproducible droplet-
flow protocol was established for the synthesis of homocoupling-free PM6 with targeted molar mass.
We believe such a protocol can be used for the reproducible synthesis of high-performance conjugated
polymers with minimal batch-to-batch variability, providing a stimulus for commercial uptake of these
materials and the resulting optoelectronic devices.

Supporting information

Additional information on the PM®6 synthesis, characterization, device fabrication, and GIWAXS
analysis can be found in the Supporting Information document, alongside a more detailed discussion
on the D18 results and the droplet flow procedure.
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