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MATERIALS SCIENCE

Open-flask, ambient temperature direct arylation
synthesis of mixed ionic-electronic conductors

Joost Kimpel‘*, Youngseok Kim', Hannes Schomaker?, Diego R. Hinojosa3, Jesika Asatryan4,
Jaime Martin*, Renee Kroon’®, Michael Sommer?, Christian Miiller

Conjugated polymers are widely studied for application areas ranging from energy technology to wearable elec-
tronics and bioelectronics. To develop a truly sustainable technology, environmentally benign synthesis is essen-
tial. Here, the open-flask synthesis of a multitude of conjugated polymers at room temperature by ambient direct
arylation polymerization (ADAP) is demonstrated. The batch synthesis of over 100 grams of polymer in a green
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solvent and continuous droplet flow synthesis without any solid support is described. Polymers prepared by
ADAP are characterized by improved structural order compared to materials prepared by other methods. Hence,
organic electrochemical transistors (OECTs) feature beyond state-of-the-art electrical properties, i.e.,, an OECT
hole mobility p1 as high as 6 ecm? V™" 577, a volumetric capacitance C* over 200 F cm~3, and thus a figure of merit
[pC*] exceeding 1100 F cm ™'V~ s™'. Thus, ADAP paves the way for the benign and large-scale production of high-

performance conjugated polymers.

INTRODUCTION

Conjugated polymers receive widespread interest for a myriad of ap-
plications from energy technology to wearable electronics and bio-
electronics (1-5). To become truly viable, organic electronics must
have a minimal environmental footprint that necessitates green syn-
thesis and production (6-8). Materials should be selected not only
for their superior electrical properties, but also for their accessibility
via synthetic routes with low environmental impact. Several metrics
are used to judge the environmental impact of a material. Those in-
clude (i) the synthetic complexity index (SCI) (9), which is a param-
eter that summarizes the number of synthetic steps, yield, workup
procedures, and hazards involved; (ii) the environmental factor (E-
factor) (10), which corresponds to the ratio of waste to product; and
(i) the reaction mass efficiency (11), composed of the fraction of
atoms that are converted from starting material to the desired prod-
uct. In addition, the energy required to sustain the polymerization
must be considered, i.e., the heat supplied and its duration. Accord-
ingly, the synthesis of a promising conjugated polymer should be
associated with a low SCI, E-factor, and energy/time requirement,
and have a high reaction mass efficiency.

The vast majority of conjugated polymers are synthesized by cross-
coupling reactions between two bifunctional monomers. The most
common cross-coupling polycondensations include Stille coupling,
Suzuki coupling, and Kumada coupling, all of which require two
functional groups. The required monomer functionalization not only
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adds a synthetic step but also yields toxic organotin monomers (Stille),
heavy organoboron compounds (Suzuki), or reactive organometallic
Grignard intermediates generated in situ (Kumada). An alternative is
direct arylation polymerization (DAP) that involves cross-coupling of
reactive aromatic C-H bonds with aryl halides, which constitutes a
substantial advantage compared with other cross-coupling reactions
in terms of SCI and E-factors. However, DAP requires bulky acid and
inorganic base additives and is prone to side reactions such as homo-
coupling (self-condensation of monomers) (12, 13), causing a stoi-
chiometric imbalance if homocoupling differs between monomers
(14), and P defects (reaction of wrong carbon-hydrogen bond) (15),
leading to branching, cross-conjugation, steric crowding, and cross-
linking. The ensuing structural disorder tends to result in uncon-
trolled opto-electronic properties (16, 17). Moreover, it has proven to
be difficult to achieve appreciable degrees of polymerization (18).
While there are some examples of high molar mass materials free of
defects, these require monomers with distinct structural motifs that
have gone through extensive optimization studies, which therefore do
not serve as universal protocols (19-21).

Many studies have attempted to use DAP for the synthesis of or-
ganic mixed ionic-electronic conductors (OMIECs), which are prom-
ising for energy harvesting and storage devices (22) and constitute the
champion materials for bioelectronic devices such as organic electro-
chemical transistors (OECTSs) (23). Promising monomers for DAP to
OMIEC:s include 3,4-ethylenedioxythiophene (EDOT) (24, 25),
3,4-bis(triethylene glycol monomethyl ether)thiophene (26), and
3,6-bis(triethylene glycol monomethyl ether)thieno(3,2-b]thiophene
(g5TT) (26), which only feature two active C-H bonds and thus can-
not suffer from B-arylation. Recently, DAP involving these monomers,
which used an Ozawa-derived catalytic system, has been used for the
synthesis of OMIECs such as p(gzTT-T2) (see Fig. 1 for chemical
structure) with a number-average molecular weight M, > 10 kg mol ™
and an OECT mobility p of up to 2 cm® V™' s (27). In comparison,
one of the most widely used OMIECs, synthesized by Stille cross cou-
pling, is p(g3T2-TT) (fig. S1), which features an OECT mobility of p =
1.3 cm® V™' 57! (23, 28). Through removal of the palladium catalyst
from the polymer p(gsT2-TT) (fig. S1) by preparative high-pressure
liquid chromatography (prep-HPLC), OECT mobilities of up to p =
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Fig. 1. Environmental impact comparison of different conjugated polymers.
Radar plot comparing the environmental impact of the synthesis of conjugated
polymers with oligoether side chains; lower numbers indicate a greener and more
sustainable synthesis. All environmental impact factors in this plot are calculated
for the polymerization step only (SClpoly for the synthetic complexity index). Note
that syntheses as described in the literature were considered (27-29), which were
not optimized for the factors discussed here. Polymer structures, polymerization
conditions, definitions, and derivations are found in section S1.

8.5 cm” V™' s7! could be achieved (29). While promising, upscaling
would be complex since prep-HPLC has limited sample loading and
polymers often contaminate the column material. Despite the avoid-
ance of stannylated monomers for p(gzTT-T2) made via DAP, its po-
lymerization step is associated with a relatively high SCI and E-factor
compared to the Stille-synthesized polymers. Evidently, while DAP
has many advantages, its use alone is no guarantee for a significantly
greener production of conjugated polymers.

Although elevated temperatures are typically selected, copolymer-
ization methods have recently been found to proceed at room tem-
perature under specific conditions. This has been achieved through,
e.g., the design of a specific catalytic system (Stille) (30), employment
of a highly nucleophilic base (Suzuki) (31), or increased monomer
concentration (Kumada) (32). Instead, universal room temperature
DAP has been more difficult to realize, while reactions both at room
temperature and in air have not yet been explored. Only oligomeric
compounds have been obtained at room temperature under inert
conditions in specific cases through the addition of stoichiometric
amounts of silver oxide and nitrobenzoic acid to an iodoarene (33), or
by using a diiodinated comonomer (34).

Stille, Suzuki and Kumada cross-coupling reactions benefit from
easier translation to large batch synthesis or flow synthesis, which
are needed for upscaling and large-scale production. For example,
Xiong et al. have recently demonstrated that Suzuki-Miyaura

Kimpel et al., Sci. Adv. 11, eadv8168 (2025) 7 May 2025

polymerization of a wide range of materials can be carried out at
room temperature and facilitates batch synthesis of up to 100 g of a
fluorene-thiophene copolymer (31). Flow synthesis of conjugated
polymers has been achieved with Stille-based (35), Suzuki-based
(35), and Kumada-based reactions (36). Flow synthesis allows for
better reproducibility once steady-state conditions are reached, i.e.,
the preparation of materials with more consistent property portfo-
lios (37). The lack of wider implementation of flow synthesis for
conjugated polymers is due to reactor fouling in traditional flow re-
actors, which can be overcome by creating reaction droplets inside a
carrier fluid (38-40). One drawback to this method is that the most
widely used carrier fluid is a perfluorinated alkyl substance (PFAS),
a “forever chemical” (41).

Flow synthesis processes that involve DAP have been difficult to
implement (42, 43). A base-loaded solid-phase reactor was required
to avoid the blockage of valves by poorly soluble inorganic bases,
which cannot be used in a steady-state flow system and requires ex-
cessive cleaning because of fouling. Evidently, a process that pro-
ceeds rapidly, allowing either a fast or room temperature reaction
(low energy requirement), that offers a high yield (low SCI, low E-
factor, and high reaction mass efficiency), and that is compatible
with flow synthesis would significantly expand the efficacy and
reach of DAP for the production of conjugated polymers.

Here, we show that rapid DAP of a wide range of OMIEC mono-
mer combinations can be achieved by using a bimetallic Pd"/Pd’
catalytic s?lstem, initiated by the partial in situ reduction of an air-
stable Pd" catalyst to facilitate the presence of both Pd" and Pd°
species in the reaction. The reaction readily proceeds at room tem-
perature and in air without the need of an acid additive. The polym-
erizationcanbecarried outinthegreensolvent N-butyl-2-pyrrolidone
(NBP) (44). In combination with a high yield of more than 90% after
workup, this results in a favorable energy requirement, E-factor, re-
action mass efficiency, and SCI of the polymerization step (SCIply)
compared to other cross-coupling reactions that yield similar poly-
mers, which have been previously synthesized (Fig. 1, figs. S1 to S5,
and tables S1 to S5) (27-29). We note that the previously reported
polymerizations have not been directly optimized for these factors.

The introduced open-flask, ambient DAP (ADAP) process al-
lows for the preparation of a wide range of OMIEC materials that
feature high yields and an M, > 10 kg mol ™" [determined by nuclear
magnetic resonance (NMR) end-group analysis and size exclusion
chromatography (SEC)]. A thorough study of the mechanism indi-
cates that the reaction at ambient conditions proceeds owing to ho-
mocoupling of the H-source monomer, which facilitates a bimetallic
Pd"/Pd° catalytic system. Exemplar p(g;TT-T2) made by this meth-
od has a high OECT mobility of up to 6 cm® V™' s7", which exceeds
the performance of state-of-the-art OMIEC materials. We show that
the high mobility arises because homocoupling, which initiates
ADAP, improves the degree of order of the resulting polymers.
ADAP is also used to synthesize fluorinated conjugated polymers,
which subsequently can be modified post-polymerization, creating
the possibility of equipping room temperature synthesized conju-
gated polymers with a wide variety of functionalities. To demon-
strate the versatility of ADAP, a 100-g batch is prepared with an
open-flask reaction at room temperature. Moreover, ADAP allows
for the translation to continuous flow without the use of “forever
chemicals” and without the requirement of a solid support—a first
of its kind for DAP. Together, this suggests that benign production
processes of OMIEC materials are now within reach.
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RESULTS

In a first set of experiments, we carried out reactions of g;TT and
Br-T2-Br using a Fagnou-derived catalytic system (45), i.e., the Pd"!
catalyst Pd(OAc); in combination with potassium carbonate, and
pivalic acid in N,N-dimethylacetamide (DMA) at various tempera-
tures under inert conditions. Castillo and Thompson have recently
reported the preparation of typically low molecular weight poly-
mers via DAP at room temperature under inert conditions using
similar conditions (34). At 110°C, a deep purple solid formed from
the initial yellow solution within minutes, which was insoluble in
chloroform, chlorobenzene, and o-dichlorobenzene due to cross-
linking via the p C-H on Br-T2-Br. At room temperature, ADAP
readily initiated but proceeded more slowly and was hence only ter-
minated after 24 hours. Immediate initiation of the ADAP reaction
between g3TT and Br-T2-Br was indicated by an almost instanta-
neous change in color of the solution from clear yellow to turbid
orange upon addition of the catalyst, followed by a gradual transi-
tion to red, burgundy, magenta, purple, and ultimately dark purple.
Reaction progress was monitored by visual inspection of the color as
well as precipitation of aliquots of the reaction mixture in n-hexanes,
ethyl acetate, and chloroform (fig. S6).

To identify a suitable set of ADAP reaction conditions, we per-
formed a series of polymerizations in DMA with a monomer con-
centration [M]o = 50 or 100 mM, catalyst loading n_,, = 2 or 5 mol %,
reaction temperature T = 25° or 40°C, and the presence or ab-
sence of pivalic acid under inert or ambient atmosphere (Table 1). A
lower concentration, lower catalyst loading, and lower reaction tem-
perature led to an increase in reaction time that was required to ob-
tain a chloroform-soluble polymer fraction with a yield of at least
60% after workup. The reaction time was unaffected by the presence
or absence of pivalic acid and the reaction atmosphere. We deemed
a longer reaction time beneficial because this allowed us to carefully

Table 1. Synthesis of p(gzTT-T2). Monomer concentration [M]o; Pd catalyst loading n.,,; presence of pivalic acid; reaction solvent, atmosphere, temperature T,
and time t; yield of highest molecular weight fraction from Soxhlet extraction relative to the loading of monomers; number-average molecular weight from SEC

and NMR, M, sgc and M,, yur: Polydispersity index (PDI) from SEC; concentration
(figs. S17 to S42 and tables S8 to S11); the preparation of polymer no. 1 by DAP
B, beaker.

select the point at which the reaction was to be quenched by pre-
cipitation in hexane. For example, a polymer batch with a high yield
of 92% after workup was obtained when carrying out the polymer-
ization at T = 25°C in air for t = 24 hours ([M]y = 100 mM, n_,, =
2 mol %, no pivalic acid; Table 1, entry 7). This polymer batch fea-
tured a number-average molecular weight M,z = 18 kg mol ™,
determined by NMR end-group analysis as described for p(g;TT-T2)
in a previous study (27).

Hong and colleagues have proposed that direct arylation of small
molecules with a Pd" catalyst in the presence or absence of a phos-
phine ligand proceeds via a bimetallic Pd"/Pd° catalytic system (46).
Inspired by this work, we set out with the hypothesis that the ADAP
reaction between g3TT and Br-T2-Br can occur in the presence of
Pd(OAc), owing to the in situ formation of Pd’ and a subsequent
Pd"/Pd° system. This requires an initiation cycle during which g;T'T
coordinates to Pd" followed by transmetalation with another Pd"
center holding a second g3 TT. Subsequent reductive elimination re-
sults in a homocoupled product, in agreement with Kuwabara et al.
who have shown that phosphine-free DAP in the presence of a Pd"!
catalyst results in significant homocoupling of the H-source mono-
mer (47). Oxidative addition of the aryl bromide to the in situ
formed Pd° takes place, after which the H-source monomer trans-
metalates onto the same Pd" core. The cross-coupling is completed
by reductive elimination (see Fig. 2A for schematic). Owing to the
change in reaction mechanism from DAP, and accordingly the rate-
determining step from concerted metalation-deprotonation to
transmetalation, the ADAP reaction is allowed to proceed at room
temperature (48). We would like to point out, however, that ADAP
gives rise to a lower M, and greater amount of homocoupling com-
pared to DAP (see Table 1).

We carried out a number of model experiments to confirm that
ADAP of g3TT and Br-T2-Br in the presence of Pd(OAc), follows the

of homocouplings ny,,m, from NMR spectra recorded at 120°C in C;D,Cly
has been described previously (27). RBF, round-bottom flask; EF, Erlenmeyer flask;
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Fig. 2. ADAP mechanism. (A) Proposed mechanism for ADAP. (B) Performed model reactions: (1) reaction between H-source monomer and catalyst with NMR spectra
indicating partial conversion; (2) oxidative DAP between H-source monomer and catalyst in the presence of an oxidant with NMR spectra showcasing homopolymer for-
mation; (3) ADAP polymerization; NMR spectra of polymers prepared by DAP and ADAP show prevalence of homocoupling in case of the latter; (4) lack of reaction be-
tween aryl bromide and catalyst; (5) lack of ADAP when using a Pd° catalyst; (6) readiness of reaction with differing catalyst concentrations.

proposed bimetallic Pd"/Pd° catalytic system. First, the tendency of
homocoupling of the H-source, gsTT, is evaluated by performing a
reaction involving g3 T'T, Pd(OAc),, and potassium carbonate in DMA,
i.e., the aryl bromide is absent and hence no cross-coupling reaction
can occur. The depletion of g;TT in the presence of various catalyst
loadings was confirmed by NMR by comparing the aromatic gsTT
signal at 6.16 ppm with the 6.90 ppm signal from a p-xylene internal
standard as the reaction progressed (Fig. 2B1 and fig. S7). The forma-
tion of homocoupled product was also validated by liquid chromatog-
raphy-mass spectrometry (LC-MS; figs. S8 and S9). NMR and LC-MS
indicate that the conversion is between 4% (low catalyst loading) and
10% (high catalyst loading). To further substantiate the occurrence of
the homocoupling initiation cycle and whether it could continually
persist, giving rise to homopolymerization of g;T'T, copper(II) acetate

Kimpel et al., Sci. Adv. 11, eadv8168 (2025) 7 May 2025

monohydrate was added as an oxidant to investigate if oxidative DAP
can be performed (49). A red-brown viscous compound could be ob-
tained at a reaction temperature of 100°C, which was characterized
with high-temperature NMR. A significantly higher triethylene glycol
chain content per aromatic content compared to p(gzTT-T2) was de-
duced, which confirmed that homopolymerization of g;TT had oc-
curred (Fig. 2B2 and fig. S10). Another indicator of homocoupling
was observed by high-temperature NMR measurements of the
p(gsTT-T2) copolymer formed by ADAP in the presence of Pd(OAc),.
We compared the recorded NMR spectra with those of homocouphn%
free p(gsT'T-T2) made using an Ozawa-derived catalytic system (Pd")
(27). The integral of the signal at 4.56 ppm, assigned to the first CH, of
the triethylene glycol side chains of g;TT, was found to increase by ap-
proximately 2 to 7% relative to the signals arising from T2 at 7.25 ppm
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(Fig. 2B3 and Table 1). This agrees with the number of homocoupling
reactions observed for g;TT in the absence of Br-T2-Br (Fig. 2B1).
The homocoupling was also confirmed with matrix-assisted laser
desorption/ionization-time of flight (MALDI-TOF) spectrometry
(fig. S11), despite the fragmentation that likely occurred (50). Homo-
coupling has been observed by Reynolds and co-workers for biEDOT
copolymers synthesized at 140°C (51).

The possibility of homocoupling of Br-T2-Br could be ruled out
by carrying out the same reaction in the absence of gsTT (Fig. 2B4).
The lack of any reaction also indicated that crosslinking of the p C-H
on Br-T2-Br is highly unlikelgr under ADAP conditions. The neces-
sity of the bimetallic Pd"/Pd" catalytic system was in line with the
absence of any reaction at room temperature when a Pd” catalytic
system, i.e., Ozawa-derived conditions, was used instead (Fig. 2B5).
No change in color was observed, and neither was any monomer
converted as indicated by NMR. Moreover, no reaction occurred
when varying (i) the Pd° catalyst, i.e., tris(dibenzylideneacetone)di-
palladium (0) or tetrakis(triphenylphosphine)palladium (0), (ii) the
phosphine ligand, i.e., tri(o-tolyl)phosphine or tri(o-anisyl)phos-
phine, (iii) the base, i.e., cesium carbonate and potassium carbonate,
and (iv) the solvent, i.e., toluene, DMA, or chlorobenzene.

Hong and Kim found that in case of a bimetallic Pd"/Pd" cata-
lytic system, a kinetic bottleneck arises once the catalyst concentra-
tion falls below commonly used 2 to 5 mol % (48). The first-order
dependence on catalyst concentration is substituted for a second-
order dependence at very low palladium concentrations (below
~1 mol %), corroborating the transmetalation step between palla-
dium centers. In case of Pd(OAc), without ligands, second-order
behavior was observed for palladium concentrations of 0.25 to
0.75 mol % (46). Note that at these concentrations, between 0.03
and 0.3% reagent conversion was observed in 1 hour as opposed to
over 50% reagent conversion at 3 mol % catalyst loading. We evalu-
ated the prevalence of this bimetallic system bottleneck for ADAP of
g:TT and Br-T2-Br in the presence of Pd(OAc); by changing the
catalyst concentration from 5 mol % down to 0.1 mol %. After 24 hours
at room temperature, the color changed to red, magenta, or dark
purple for 1 to 5 mol %. Instead, the color of the solution did not
vary for 0.5 and 0.1 mol % Pd(OAc),, and NMR only indicated lim-
ited conversion (<1%) of gsTT for the same catalyst concentrations.
No consumption of Br-T2-Br was observed for the latter two reac-
tions (Fig. 2B6 and fig. $12). The occurrence of a Pd"/Pd° bimetallic
system was substantiated by (partial) reduction of Pd" to Pd’ before
the start of the polymerization reaction at room temperature.
Pd(OAc), was mixed with varying amounts of triphenylphosphine
in inert atmosphere to create Pd’ species before addition to the reac-
tion. Despite the addition of small amounts of triphenylphosphine
(<10 mol %) to the PA(OAc); catalyst, the ADAP reaction proceeded
at a similar speed judging by the rate of color change, but slowed
down significantly or was inhibited when larger amounts were used
(15 mol % or more than 20 mol %; fig. S13).

DMA is a common solvent for DAP in the presence of Pd(OAc),
(52). PA(OAc),, which coexists as a monomeric and oligomeric spe-
cies, has an increased content of the former in amides owing to the
lack of ligation to metal centers while still possessing a large dipole
(53). We were interested in replacing DMA with a more benign sol-
vent that would ease upscaling of ADAP and opted for NBP, which is
classified as a “green solvent” (44). Besides the common DAP solvents
tetrahydrofuran and toluene, we also explored green solvents that

Kimpel et al., Sci. Adv. 11, eadv8168 (2025) 7 May 2025

have been used previously for DAP such as 2-methyltetrahydrofuran,
cyclopentyl methyl ether, and anisole (54, 55) as well as the green sol-
vent propylene carbonate. We observed that ADAP of g;TT and Br-
T2-Br only proceeded in all these non-amide-based solvents once
20% (v/v) DMA was added, confirming the need for an amide-based
solvent. NBP was also a good candidate since it easily solubilized
p(gsTT-T2) upon heating, at around 50 g liter"', much higher than
other amide solvents (between 1 and 20 g liter ™), which can be an-
ticipated to prevent precipitation during polymerization. The speed of
ADAP in different amide solvents including DMA, NBP, as well as
formamide, N,N-dimethylformamide (DMF), 2-pyrrolidone (NHP),
and N-methyl-2-pyrrolidone (NMP) was examined (fig. S14). To this
end, we monitored ADAP of g;TT and Br-T2-Br in the presence of
Pd(OAc), over the course of 24 hours in deuterated dimethylfor-
mamide (DMF-d;) as well as mixtures of DMF-d; with formamide,
DMA, NHP, NMP, or NBP (Fig. 3A). NMR tubes were charged with
reagents, and frequent NMR spectra were recorded. The conversion
was defined according to the decreasing aromatic peak from g;TT at
6.79 ppm with respect to the DMF-d; peak at 8.03 ppm. ADAP in
formamide and NHP suffered from solubility issues and did not initi-
ate, possibly owing to N-H hydrogen bond interactions between sol-
vent molecules. Instead, ADAP proceeded at a comparable rate in
both DMF-d; and DMF-d;:DMA, as evidenced by the similar evolu-
tion of the conversion with time, and proceeded at a slower speed in
DMF-d;:NMP and DMF-d;:NBP (Fig. 3A). Accordingly, the initial
rates of g3TT depletion were 9.84 uM s™' in DME 9.85 pM s~ in
DMA, 6.81 pM s™' in NMP, and 5.34 pM s~ ! in NBP, which correlate
with Reichardt’s solvent polarity scale (Fig. 3B), indicating that the
reaction kinetics depend on the polarity of the solvent. Evidently,
ADAP of g3TT and Br-T2-Br in the presence of Pd(OAc), readily pro-
ceeds in NBP at room temperature, albeit at a slightly lower rate due
to the lower polarity of the solvent compared to other amide solvents.

We used the conditions deemed optimal for ADAP of g;TT and
Br-T2-Br in DMA ([M], = 100 mM, n_,, = 5 mol %, no pivalic acid,
T = 25°C, air) but instead used NBP as the reaction solvent, which
resulted in a soluble polymer fraction with an M, \;z = 14 kg mol ™!
and a high yield of 97% after workup (Table 1, entry 9). We used
Carothers equation to calculate the expected degree of polymer-
ization DP

1+7r

DP= ——
1+r—2rp

(1)
where r is the stoichiometric ratio of the two monomers and p is the
conversion. A typical ADAP prepared p(gsTT-T2) batch contains
5% of homocoupling of the g;TT monomer, which gives rise to a
stoichiometric imbalance and thus » = 0.95 since both monomers
were initially present in equal amounts. We compared the DP pre-
dicted by Carothers equation for p after 24 hours in an NMR tube in
various DMF-d;:solvent mixtures (Fig. 3A) and 16 hours in NBP
(yield = 97%; Table 1, entry 9) with M,y from the analysis of
high-temperature NMR spectra of the obtained solids after precipi-
tation, which we divided by the weight of the repeat unit M, ,,, =
626.8 g mol™' (Fig. 3C, fig. S15, and tables S6 and S7; note that the
latter estimate ignores the presence of homocouplings). The ob-
tained values of DP and M, yyr / Miepeat ar€ in good agreement,
suggesting that the final obtained molecular weights are predomi-
nantly determined by the stoichiometric imbalance and conversion,
as anticipated given the good solubility of p(gsTT-T2) in NBP.
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Fig. 3. Kinetics studies and upscaling of ADAP. (A) Reaction progress with respect to time. Conversion determined by NMR using the suppression of the aromatic peak
from gsTT at 6.79 ppm with respect to the DMF-d; peak at 8.03 ppm. (B) Correlation between solvent polarity and rate of reaction. Reichert’s polarity scale defined as the
molar absorption energy in kcal mol~" of Reichardt’s betaine B30 dissolved in the relevant solvent (84), using literature values (85). The initial rate corresponds to dp/dt |,_o.
(€) Correlation between conversion p and degree of polymerization DP of purified polymers compared with Carothers’ equation (see Eq. 1). (D) Reaction progress of 1-g
scale ADAP in a round-bottom flask (RBF). (E) Photograph of 100-g scale ADAP in a round-bottom flask bearing a mechanical stirrer.

To establish favorable reaction conditions for upscaling and to
identify potential limitations regarding the shape of the reaction
vessel, we carried out initial 1-g scale experiments in a larger amount
of ~25 ml of NBP and used three different reaction vessels: a round-
bottom flask, an Erlenmeyer flask, and a beaker. Reaction vessels
were left open to air throughout the polymerization, and color
changes were recorded (Fig. 3D). We chose to terminate the polym-
erization after 16 hours because the reaction mixture in the round-
bottom and Erlenmeyer flask had adopted a deep purple color,
yielding more than 1 g of polymer with an M ;r = 8 to 9 kg mol™!
(Table 1, entries 10 and 11). Instead, the reaction in the beaker
proceeded more slowly, as evidenced by a more magenta color after
16 hours, indicating that the choice of vessel can influence the reac-
tion speed, likely because of differences in convection and hence
mixing during the polymerization (fig. S16).

Encouraged by the initial upscaling experiments, we carried out
ADAP using 100 g of g3TT and 69.8 g of Br-T2-Br in 2.15 liters of
NBP. All reagents were added to a one-neck 3-liter round-bottom
flask, which was equipped with an overhead mechanical stirrer and
suspended in an oil bath set at 25°C. The round-bottom flask
was left open to air throughout the polymerization (Fig. 3E). After
30 hours, the reaction mixture was precipitated into n-hexanes. The
solids were collected, transferred to a Soxhlet thimble, and subse-
quently purified by extraction with multiple organic solvents (see
the Materials and Methods). The chloroform-soluble fraction
with Mz = 11 kg mol ™! had a total mass of 104 g, equating to a

Kimpel et al., Sci. Adv. 11, eadv8168 (2025) 7 May 2025

yield of 76% after workup. The molecular weight of the 1-g batches
(Table 1, entries 10 to 12) is lower than the product of small-scale
reactions (Table 1, entries 8 and 9) because we deliberately termi-
nated the reaction early to avoid the formation of a higher-molecular
weight insoluble fraction. Instead, the 100-g batch (Table 1, entry
13) had a comparable M,z = 11 kg mol™" as small-scale batches
(Table 1, entries 8 and 9), indicating that upscaling of the open-flask,
room temperature reaction was successful.

ADAP of p(gsTT-T2) results in considerable TT-TT homocou-
pling, compared to almost homocoupling-free polymer prepared by
conventional DAP (Table 1, entry 1) (27), which in case of other
polymers has led to either less (14, 16, 56) or more (51) ordered ma-
terials. We therefore carried out ultraviolet-visible (UV-vis) spectros-
copy and grazing incidence wide-angle x-ray scattering (GIWAXS)
of p(gsTT-T2) made by DAP and ADAP (Table 1, entry 1 versus en-
tries 7 and 9). UV-vis absorption spectra suggest improved order in
case of polymers synthesized by ADAP as indicated by the increase
in intensity of the peak at 614 nm, which we assign to z-stacking (fig.
$43). GIWAXS patterns of ADAP prepared p(g;TT-T2) films re-
vealed an edge-on texture as evidenced by strong out-of-plane reflec-
tions due to lamellar stacking at q,go = 4.16 nm ™", g, = 8.29 nm™’,
and g5, = 12.3 nm ™}, and an in-plane reflection due to n-x stacking
atqyo=16.8 nm ™" (Fig. 4A and figs. 44 and $45) (27). Both lamellar
and 7-n stacking reflections were more pronounced compared to
p(gsTT-T2) synthesized by DAP (Fig. 4A and fig. S46) (27). We argue
that the presence of a significant amount of TT-TT homocoupling
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Fig. 4. Nanostructure and electrochemical properties of p(gsTT-T2) made by ADAP. (A) In-plane (g, solid lines) and out-of-plane GIWAXS diffractograms (g,; dashed
lines) of p(g3TT-T2) synthesized by ADAP (red) and DAP (blue). (B) Cyclic voltammograms measured in 100 mM NaCl aqueous electrolyte of thin films of p(gsTT-T2) synthe-
sized by ADAP (red) and DAP (blue). (C) Device and measurement scheme for small signal analysis. A gate voltage, composed of a triangular waveform combined with a
low-amplitude sinusoidal component, is applied to the 100 mM NaCl aqueous electrolyte through a three-electrode system while maintaining a constant drain voltage.
Representative traces of (D) transconductance g,,, (E) mobility p, (F) volumetric capacitance C*, and (G) the product of mobility and volumetric capacitance [pC*] asa
function of Vs obtained by small signal analysis for p(g3TT-T2) synthesized by ADAP (red) and DAP (blue). Annotated values correspond to the onset potentials V..
(H) Ashby plot of maximum volumetric capacitance C; . and maximum charge-carrier mobility p,,, of polymers studied in this work and of previously reported p-type
polymers (table S15) (2, 9, 23, 26-29, 63-76). The green-red scale denotes the synthetic complexity index of the full synthesis (SCliotal) Of starting materials, then monomers,
and finally the polymer by ADAP (filled circles), DAP (open circles), Stille coupling (open upward triangles), Kumada coupling (open downward triangles), and oxidative
polymerization (open squares). Arrows indicate the improvement that is achieved when changing the polymerization from DAP to ADAP for the three polymers that were
used to prepare OECTs: p(gsTT-T2), p(EDOT-3,3-g572), and p(ProDOT-3,3’-g3T2).

resulted in improved order. The high degree of order is attributed to ~ spectroscopy [see Materials and Methods and (61) for details]. For
the more rigid nature of homocoupled TT-TT segments, which may  example, in case of OECTs based on p(g;TT-T2) synthesized in NBP
promote ordering of adjacent polymer segments, along with the ob-  at 25°C (Table 1, entry 9), both g, and M increased with decreasing

servation that defects lead to smaller chains that can crystallize more V¢ and reached values of p,,, = 4.4 cm V'sat Vismax = =05V,
easily, as observed for, e.g., poly(3-hexylthiohene) (57-59) and a  where C* had a value of 204 F cm™, yielding a figure of merit of
naphthalene diimide-based copolymer (60). [uC*]maX =899 Fcm ' vis! (Flg 4D to G). Overall, we find that

Cyclic voltammetry was used to determine the oxidation onset . ranges from 1.3 to 6.1 cm” V™' s™', with a tendency for higher
energy E, o of p(gsTT-T2), prepared with ADAP, against Ag/  values in case of higher-molecular welght batches (Table 2 and figs.
AgClin 0.1 M NaCl in HO (Fig. 4B). E,, y; o ranged from 4.42 to 547 to S62). In contrast, p(ggTT—ZT) made with Ozawa-derived DAP
4.57 eV, with a tendency of higher-molecular weight ADAP batches ~ featured a . of only 1.9 cm® V™" s™" despite a high M,, yy = 39 kg
featuring higher values (Table 2). The obtained values were compa- ~ mol™ ! (Table 2). We argue that the superior electrical properties
rable with those measured for p(g;TT-T2) prepared with DAP  originate from the higher degree of order of ADAP-synthesized
(Table 2) (27). p(gsTT-2T), which aids electrical transport (62). Concurrently, the

We fabricated OECT devices to benchmark the electronic perfor- ~ onset potential at which the mobility and capacitance increase is
mance of p(gsTT-T2). Devices comprised gold electrodes with a  shifted to lower V55 by 0.05 to 0.10 V for all ADAP polymers with
channel length of 20 pm and a channel width of 100 pm, on which M, \g > 10 kg mol ™" (Fig. 4D to G, insets).
patterned films with a thickness of 30 to 60 nm were spin-coated, and We compared the here obtained results with literature values for a
an aqueous electrolyte containing 0.1 M NaCl (see Fig. 4C for device = wide range of polymers prepared by oxidative polymerization, Stille
layout). The transconductance g, p, C*, and hence [uC*| were ex-  or Kumada cross-coupling, as well as DAP (Fig. 4H, tables S13 to
tracted as a function of gate potential Vg, which varied from 0.4 to ~ S15, and figs. S63 to S74) (2, 9, 23, 26-29, 63-76). The here prepared
—0.6 V, with small-signal analysis and electrochemical impedance p(gsTT-2T) batches feature a state-of-the-art OECT performance

Kimpel et al., Sci. Adv. 11, eadv8168 (2025) 7 May 2025 7 of 16

G20z ‘Tz Re|N uo AisleAlun sﬁjoqemo e H10°a0uB 195" Mmw/:sdY WioJ ) papeojumoq



SCIENCE ADVANCES | RESEARCH ARTICLE

Table 2. CV and OECT performance of p(gsTT-T2). Oxidation onset energy E,, ;, o measured against Ag/AgCl in 0.1 M NaCl in H,0 from —0.4 to 0.6 V; threshold
voltage V,;, obtained from OECT transfer curves; maximum hole mobility p,,,,, obtained through small-signal analysis of OECT devices (61); maximum volumetric

capacitance C . determined through EIS (one to two samples; error is the max-min value); [pC*]

obtained by multiplying p,,,., with C* at the gate potential

max

Vs max Where .. is observed; the mean and SD of the values extracted from n devices are given. The analysis of polymer no. 1 by DAP has been described

previously (67).

No. Eqym,0 (V) Vg (V) Hmax (cm? V=1 s71) C: . (Fam™) [nc*], (Fem™'v'sT) n

1 4.50 + 0.003 —0.40 + 0.002 1.89 +0.08 1973+74 432 + 31 40
= ..‘445+0003..‘,‘,. m376+060 e T e
5 '“450+0008'“““ + '“275+030 o .”‘2261 +06m 5 """
= .‘457+00003. e .‘,‘2370_‘_30‘,. o
9 15
o 443+001 R 1 91 +012,. .‘,‘2074+18‘,. o
o . 442 s 1 83+004 e S o
e e e 33+009 B 220 o
5 s e o
14 454+002"MW —042+005* 1 704—020*'. 224+12*“' 378 +77% 3 """

*Mean value and max-min error for devices from three different flow batches (see table S12 for mean values and SDs from multiple repeat measurements of

devices from each batch).

superior to, e.g., poly(3,4-ethylenedioxythiophene):poly(styrenesu
Ifonate) (PEDOT:PSS) and Stille-polymerized materials such as
p(gsT2-TT). p(gsTT-T2) prepared by ADAP features a total synthesis
SCI that involves not only the polymerization but also the prepara-
tion of the monomers (SCliota) as low as 18 (Fig. 4H), which favor-
ably compares with, e.g., p(gTT-T2) prepared by DAP (SCliora = 32) (27)
and p(g3T2-TT) prepared by Stille cross-coupling (SClio = 53) (28),
because of a high yield of up to 97% after workup (Table 1, entry 9) and
the use of a more benign reaction medium (NBP; Table 1, entries
8 to 13).

In a further set of experiments, we explored to which extent
ADAP is a general method that is applicable to other monomer
combinations. Pairs of a wide range of H-source and aryl bromide
monomers, which are often used for the preparation of OMIECs
and are available commercially, were polymerized at room tempera-
ture in the presence of PA(OAc); (Table 3 and figs. S75 to S87) (77).
DMA was chosen as the solvent, which resulted in the highest rate
of ADAP given the high polarity of the solvent (Fig. 3B). We postu-
late that the reactions will also proceed in NBP, though at a slower
rate, similar to p(gs;TT-T2). Most polymerizations were character-
ized by a high yield above 70% after workup, with an M, > 10 kg
mol ™' reaching values as high as M, xyr = 34 kg mol” Tfor p(4,4'-
g:T2-T2). Only p(4,4'-gsT2-TT) led to a low M, i of 4 kg mol ™",
which we assign to the precipitation of the polymer at low tempera—
tures due to its rigid structure (69). ADAP reactions resulted in 3 to
7% H-source homocoupling, which is comparable with p(g;TT-2T).

To find out whether the homocoupling generally leads to improved
performance, OECTs were fabricated with two other polymers
p(EDOT-3,3'-g3T2) and p(ProDOT-3,3"-g3T2), both synthesized by
ADAP as well as DAP (Fig. 5A, figs. S88 to 592, and table S16). Strik-
ingly, OECTs revealed that the polymers prepared by ADAP featured
a significantly higher p_ .. but similar C* compared to DAP prepared

Kimpel et al., Sci. Adv. 11, eadv8168 (2025) 7 May 2025

materials, yielding a two orders of magnitude higher pmax = 4.6 cm’

V™' 57" and thus a high [pC*] max = 1112 F em™ V7' 57! in case of
p(EDOT-3,3"-g3T2) (Fig. 5B and figs. S88 and S89). We propose that
the presence of EDOT or ProDOT homocoupling leads to more rigid
segments that encourage the remaining polymer chain segments to
order. The increase in order is corroborated by UV-vis spectroscopy,
which revealed a red shift in case of ADAP prepared p(EDOT-3,3'-
g3T2) compared to the DAP polymer (Fig. 5A, inset). Accordingly, the
onset potential shifted to a lower Vg by ~0.10 V when comparing
DAP to ADAP prepared materials, which is indicative of improved
electrical transport.

To demonstrate that an even wider range of polymers can be ac-
cessed via ADAP, we carried out post-polymerization modification
of p(g3TT-T2F,). Nucleophilic aromatic substitution (SyAr) of fluo-
rine bound to the electron-rich thiophene units was readily possible
following a protocol inspired by Heeney and colleagues (65, 78). We
were able to perform the post-polymerization modification in NBP
instead of commonly used chlorobenzene or DMF (65, 78) since
p(gsTT-T2F;) has high solubility in NBP, especially at elevated tem-
peratures. Modification of p(g;TT-T2F,) with a variety of different
alcohols and a thiol was evidenced by the distinct change in color of
reaction mixtures (more red-purple for apolar functionalization and
more purple-blue for polar modification). In addition, the dlsag
pearance of the fluorine signal at —125 ppm in high-temperature
NMR spectra indicated near stoichiometric conversion (Fig. 5D and
figs. S93 to S98). The final product yield ranged from 67 to 86% after
workup, showcasing that ADAP of F-bearing polymers and post-
polymerization modification through SxAr can be readily combined.

Finally, we wanted to improve batch-to-batch reproducibility by
translating ADAP to flow synthesis. Attempts to carry out DAP in
flow have been met with mixed results because of the long reaction
times, which cause, e.g., poor space-time-yield and diffusion that
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Table 3. ADAP with different monomer combinations. Reaction conditions: H-source monomer 1.00 equiv, Br-source monomer 1.00 equiv, K,CO3 3.00 equiv
and Pd(OAc); 0.050 equiv in DMA ([monomer]o = 100 mM) in air at 25°C. Reaction time t, yield from highest molecular weight fraction from Soxhlet extraction

relative to the loading of monomers and theoretical yield, and M, yyg and ny,,m, determined by end group analysis from NMR spectra recorded at 120°C

in C2D2C|4.

Polymer (H-source|Br- t (hours)
source)

Yield (%)

M, nug (kg mol ™)
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(Continued)

Polymer (H-source|Br- t (hours) Yield (%) M, ywg (kg mol™") Nyomo (%)
source)
o). 48* 53 4.2 33
3
&
(]
S s s
Pad
/ 3 VL
~
to
p(4,4'-gsT2-TT)
3 89 23 3.9

p(ProDOT-3,3'-g3T2)

*Reaction at 30°C finished in less than 24 hours.
S87).

interferes with mixing (79). Moreover, the poor solubility of the base
in organic solvents necessitates the use of a base-loaded solid-phase
reactor that requires cleaning and replenishing of base (42, 43).
Since ADAP readily proceeds at room temperature, we anticipated
that a fast flow process can be developed provided that a sufficiently
high reaction temperature is utilized. A base and solvent combina-
tion is required, which is compatible with ADAP and forms a homo-
geneous mixture. We opted for potassium acetate as the base, which
together with all the other reagents readily dissolved in a 9:1 (v/v)
binary solvent mixture of NMP and water, thus avoiding the use of
a solid-phase reactor altogether. We chose to perform the polymer-
izations using a droplet flow process, given the potential for a high
degree of reproducibility, which is typically achieved using PFAS as
a carrier fluid (39, 56). Since the NMP/H,0 solvent mixture is hy-
drophilic, we were instead able to use silicone oil as a benign carrier
fluid given its hydrophobic character. Initial solubility tests between
NMP/H,O0 and silicone oil revealed no mixing and quick separation
of phases following vigorous agitation. The flow setup consisted
of four syringe pumps, a reactor equipped with a 2- or 10-ml tube
reactor, a backpressure regulator, and a collection vessel with water
(Fig. 6A and Materials and Methods). Separate deoxygenated stock
solutions of the monomers/base and the catalyst were mixed inside
a cross piece. Droplets were created by suspending a small outer

Kimpel et al., Sci. Adv. 11, eadv8168 (2025) 7 May 2025

tNot measured due to absence of aromatic protons.

M, sec =21 kg mol™" and PDI = 1.8 (figs. 575 to

diameter tube, which supplied the reaction mixture in NMP/H,0,
inside a large inner diameter tube, which provided a constant flow of
silicone oil. A stable droplet flow was created as was visible in the
reactor (Fig. 6A and movie S1). Once the stock solutions were de-
pleted, the reaction mixture was pushed through the reactor using a
retention time solvent (here DMF).

We aimed to complete the flow reaction in less than 30 min to
achieve a reasonable throughput but also a high degree of control
over the polymerization in flow (39, 56, 80). The short reaction time
was necessary to maintain effective mixing and avoid unwanted dif-
fusion (81). We attempted ADAP at temperatures ranging from 80°
to 140°C with reaction times of 10 to 20 min (Fig. 6B, table S17, and
movie S1). All reactions with reaction temperatures >100°C had
high crude yields. However, polymers synthesized at 100°C were
mostly washed away during purification and polymers synthesized
at 140°C were largely insoluble. The materials, which showed near
100% yield after purification, were synthesized at 120°C for 15 to
20 min. To assess the reproducibility of the droplet flow reaction, we
repeated the reaction at 120°C with a retention time of 20 min. The
reaction was performed continuously for 200 min, during which
10 fractions were collected (Tables 1 and 2, entry 14). After purification,
with near 100% yield of the active polymer fraction, the 10 fractions
showed M,y values of 9 to 13 kg mol™" (average of M, \yr =
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Fig. 5. ADAP with EDOT and post-polymerization functionalization. (A) Synthesis of p(EDOT-3,3’-g3T2) by different polymerization methods: (i) DAP using
Pd,dbas-CHCl3, P(o-anisyl)s, PivOH, and Cs,COs in toluene under N, at 110°C for 24 hours, and (ii) ADAP using Pd(OAc), and K,CO3 in DMA under air at 25°C for 3 hours. The
inset showcases normalized solution UV-vis spectra of synthesized polymers in chloroform, and colors indicate the solution colors. (B) OECT p versus C* trajectory of
p(EDOT-3,3’-g3T2) synthesized by DAP (left) and ADAP (right) as a function of V. (C) Post-polymerization modification of p(gsTT-T2F,) by nucleophilic aromatic substitu-
tion of alcohols and thiol to yield p(gsTT-T2alky), p(gsTT-T2glyc,), and p(gsTT-T2sulf;). (D) High-temperature 9F NMR spectra of p(gsTT-T2F,), p(g3TT-T2alky), p(gsTT-
T2glycy), and p(gsTT-T2sulfy).
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Fig. 6. Translation of polymerization from batch to flow synthesis. (A) Schematic of flow synthesis setup; image to the right showcases NMP/H,0 reaction droplets
inside silicone oil in the reactor. (B) Plot showcasing active polymer fraction yields (from chloroform Soxhlet) with respect to reaction time and reaction temperature in
the flow setup. The circle border indicates theoretical yield of 100%, and filled circles indicate active polymer fraction yield. Colors indicate the most progressed droplet
color in the reactor.
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11 + 1 kg mol™") and homocoupling amounts of 1.5 + 0.8%,
indicative of a highly reproducible flow synthesis process (fig. S41
and tables S9 and S11). We fabricated OECTs from flow-
synthesized polymers, which showcased a p,, of 1.7 + 0.2 cm?
V~'s7'and C* 0f 224 + 12 F cm ™, comparable with materials that
have a similar molecular weight (Tables 1 and 2, figs. S60 to S62,
and table S12).

DISCUSSION

We have introduced ADAP, an efficient approach for the environ-
mentally benign and energy-conscious synthesis of conjugated poly-
mers that is applicable to a wide range of monomer combinations. A
further reduction in environmental impact could be achieved by us-
ing monomers and solvents derived from natural products and by
reducing the number of synthetic steps that are needed to yield
the monomer.

Polymerization is made possible by a bimetallic Pd"/Pd° catalytic
system in an amide solvent, which readily proceeds after initiation by
homocoupling of an H-source monomer pair. Many previously re-
ported conjugated polymers synthesized by similar Fagnou-derived
conditions possibly proceeded by the same mechanism, but this was
not considered at the time. By virtue of the spontaneity of the reac-
tion, upscaling of an open-flask, room temperature batch process to
over 100 g and translation to highly reproducible continuous flow
was possible—the first example of DAP in steady-state droplet flow
without the necessity of a solid support and without the need of for-
ever chemicals.

OMIECs synthesized by ADAP comprise homocoupling of
the H-source monomer. Contrary to the existing literature, which
typically shows that homocoupling results in a decrease in order
and hence electronic performance (14, 16, 56), it is observed that
polymers prepared by ADAP feature a higher degree of solid-
state order compared to polymers without significant homocou-
pling synthesized by conventional DAP. As a result, the here
reported OMIECs feature electrical properties beyond the state
of the art, i.e., an OECT mobility p of up to 6 cm®* V™' s™' and a
figure of merit [pC*] > 1100 F cm™ V7! 57!, We would like to
point out that the increase in p in case of p(ProDOT-3,3"-g;T2)
can be confidently assigned to the homocoupling since the poly-
mers made by DAP and ADAP have comparable molecular
weights (20 versus 22 kg mol™"). We argue that the electronic
properties of p(gsTT-T2) and p(EDOT-3,3'-g3T2) can be im-
proved further by optimizing their molecular weights. While all
here investigated polymers that entail homocoupling of the H-
source monomer also feature an increase in order, it should not
be inferred that homocoupling necessarily leads to improved
properties. It is feasible that optimization of the choice of mono-
mer, the amount of homocoupling, and the molecular weight can
lead to OMIECs with even better electronic properties, which
could possibly be achieved by modifying the bimetallic Pd"/Pd°
catalytic system and by adjusting the monomer ratio (see Caroth-
ers equation). Ultimately, it would be interesting to compare per-
fectly regular polymers with those that feature different amounts
of homocoupling of the H-source monomer. We conclude that
ADAP is a highly versatile method for the green and large-scale
production of conjugated polymers, which is essential for devel-
oping truly sustainable organic electronics.
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MATERIALS AND METHODS

Chemicals and materials

All solvents including anhydrous and deuterated solvents were ob-
tained from Sigma-Aldrich, Fisher Scientific, or Thermo Fisher Sci-
entific. All reagents and catalysts were obtained from Sigma-Aldrich.
Commercially available monomers were purchased from Sigma-
Aldrich, TCI, or Ossila. Precursors of monomers g3TT, 4,4"-g3T2,
3,3'-g3T2Br,, and g;DPPBr, were obtained from Angene, TCI,
Sigma-Aldrich, and AA Blocks, respectively. The subsequent mono-
mer syntheses were based on literature procedures (27, 75, 82),
which are further described in the Supplementary Materials (previ-
ously unrecorded 4,4'-g3T2 NMR spectra in figs. S99 and S100).

ADAP in batch

To an appropriate reaction vessel charged with a stirrer bar, the H-
source monomer (1.00 equiv), the Br-source monomer (1.00 equiv),
potassium carbonate (3.00 equiv), and palladium (II) acetate (0.05 equiv)
were added. After addition of the amide solvent ([monomer] = 50 to
100 mM), the reaction vessel was transferred to a heating block
(small scale) or oil bath (large scale) set at a temperature of 25°C or
left at ambient conditions on a stirrer plate (large scale). In case of
small-scale reactions, palladium (II) acetate was added from a stock
solution of 2 g liter™" after addition of the corrected amount of am-
ide solvent to the reaction mixture. Reaction progress was moni-
tored by precipitation of aliquots in n-hexanes, ethyl acetate, and
chloroform, and the reaction was deemed complete when precipita-
tion was observed in ethyl acetate while retaining good solubility in
chloroform. After completion, the reaction was precipitated into
n-hexanes under vigorous stirring. Solids were collected by filtra-
tion using qualitative filter paper. Soxhlet extraction was performed
with ethyl acetate, and the active fraction was collected using chlo-
roform. This fraction was concentrated in vacuo, and solids were
collected and dried.

Post-polymerization modification

A variety of side chains was attached to p(g;TT-T2F,) by deproton-
ation of a nucleophile (decan-10-ol, triethylene glycol monomethyl
ether, or sodium 2-mercaptoethane-1-sulfonate) in a mixture with
NBP using a strong base, followed by the addition of a solution of
p(gsTT-T2F,) in NBP at 40 g liter ' The reaction was then heated to
120°C for 12 hours. Reaction solvent, the remaining base, and re-
maining side chains were removed by several precipitations in n-
hexanes and isopropanol.

Flow setup

Three Syrris Asia syringe pumps were used to hold the monomer/
base stock, catalyst stock, and carrier fluid (silicone oil), respective-
ly, and one more Syrris Asia syringe pump was used for the reten-
tion time solvent (DMF). The former three pumps were connected
to a cross piece with ethylene tetrafluoroethylene (ETFE) tubing
[}/16" outer diameter (OD), 0.03” inner diameter (ID)]. From the
cross piece, the mixed solution was transferred through a T-piece
using polyether ether ketone (PEEK) tubing (!/3,” OD, 0.02" ID),
which was held in place until the inlet of the T-piece by using ETFE
tubing ('/16” OD, 0.04” ID), ETFE tubing ('/s” OD, 0.093” ID), and
silicone tubing (5 mm OD, 3 mm ID). On the side branch of the
same T-piece, the silicone oil pump was connected with ETFE tub-
ing (116" OD, 0.03” ID). In the outlet of the T-piece, droplets were
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generated inside the silicone oil carrier fluid by extending the PEEK
tube (}/3,” OD, 0.02” ID) with the mixture of monomer/base stock
and catalyst stock into a perfluoroalkoxy alkane (PFA) tube (16"
OD, 0.04” ID). A Vapourtec R4 Reactor Heater/Cooler system
equipped with a 2.0- or 10.0-ml standard coiled tube reactor was
used for heating the reaction mixture. To provide backpressure, the
tubing after the reactor unit was led through a Vapourtec R2 S+
Pumping Module, which was set up as a backpressure regulator. The
outlet of the system was suspended over a collection vessel with wa-
ter. At any connection point (cross piece, T-piece, reactor), tubes
were held in place using PEEK nuts and ETFE ferrules matching the
respective tubing ODs. Before and after every injection, the system
was flushed with DMFE.

Polymerization in flow

The monomer/base stock (23.28 g liter™' g;TT, 16.22 g liter’
5,5'-dibromo-2,2’-bithiophene, and 14.75 g liter™' potassium ace-
tate) and a separate catalyst stock [1.12 g liter ™' palladium (II) ace-
tate] were prepared using a mixture of NMP and deionized water
in a ratio of 9:1. The concentrations of the compounds in their stock
solutions were [monomer]:[base]:[catalyst] = 50 mM:150 mM:
5.0 mM. Solids were dissolved by heating and sonication. Before
loading into the flow system, the stock solutions were left to cool to
room temperature, filtered using a syringe filter (0.22 pm pore size),
and deoxygenated by argon bubbling for 5 min followed by degas-
sing in an ultrasonic bath for 1 min. Relative flow rates of monomer/
base:catalyst:silicone oil were 2:1:3. After the reaction, the mixture
was precipitated in a beaker containing deionized water. The col-
lected solids were purified in the same way as the polymers creat-
ed in batch.

Molecular weight determination with NMR

High-temperature spectra were recorded on an Agilent Technolo-
gies 400 MR spectrometer ('H: 400 MHz). The 'H NMR spectra
were referenced to the residual solvent peak [C,D,Cly: 8('H) =
6.0 ppm]. Characterization of the number-average molecular weight
M,, of polymers was performed by end-group analysis from high-
temperature spectra in C,D,Cly as the deuterated solvent, as de-
scribed previously (27).

Size exclusion chromatography

Chromatograms were recorded with an Agilent 1260 Infinity GPC at
an oven temperature of 70°C. This system utilized two columns and
a precolumn containing Polargel M 300 X 7.5 mm, featuring mixed
pores with a pore size of 8 pm. Polymer samples were prepared
by dissolving them in DMF to a concentration of approximately
1 g liter™'. The eluent consisted of HPLC-grade DMF (Sigma-
Aldrich, >99.9%) with 0.1 wt % Reagentplus LiBr (Sigma-Aldrich,
>99.9%). Relative calibration was performed using poly(methyl
methacrylate) (PMMA) standards.

Electrochemical characterization

OMIEC films were prepared via spin-coating from a chloroform solu-
tion (concentration, 7 to 8 gliter ') on an indium-doped tin oxide
(ITO) coated glass substrate, which was used as the working electrode.
Cyclic voltammetry (CV) and electrochemical impedance spectros-
copy (EIS) were conducted with 100 mM NaCl aqueous electrolyte
with three-electrode configuration (Ag/AgCl reference and Pt counter
electrodes) using an SP-300 electrochemical workstation from

Kimpel et al., Sci. Adv. 11, eadv8168 (2025) 7 May 2025

BioLogic. Before and during characterization, the electrolyte was
purged with nitrogen gas. The oxidation onset energy E,, ; o was cal-
culated according to E, 1y o = — (eVoneer +4.4 eV), where V.. is the
onset oxidation potential versus Ag/AgCl, which was extracted from
the x-axis intercept of a linear fit near the maximum slope of the oxi-
dation peak in CV curve. The volumetric capacitance C* was extracted
from EIS data using an equivalent circuit model R, [Rs C, [RC [Ra Ca] ] ],
where R., R, C;, R, Ry, and C, are the resistance of the electrolyte,
electrochemical resistance/capacitance of the ITO substrate, contact
resistance between the substrate and the active layer, and electrochem-
ical resistance/capacitance of the active layer, respectively.

OECT device fabrication

Source and drain metal electrodes were defined via a conventional
lift-off process using a Karl Suss MA6 contact aligner and a Kurt J
Lesker PVD e-beam evaporator on cleaned Marienfeld soda lime
glass slides, resulting in channels with a length L =20 pm. Two pa-
rylene films were sequentially deposited with a thickness of 1 and 2
pm with an anti-adhesive soap layer between them. Two parylene
films were patterned via a conventional dry-etching process using a
Karl Suss MA6 contact aligner and reactive ion etcher (O, 300 W),
resulting in channel width w =100 pm. Then, a solution of the active
layer material (7 to 8 gliter™" in chloroform) was spin-coated onto
the patterned substrate, followed by peeling away of the second pa-
rylene film to pattern the active layer. In the case of two polymers
(Table 1, entries 4 and 5), active layers were patterned with the
parylene-coating and dry-etching process, but partially removed
near the contact pads with a swab soaked in chloroform.

OECT device characterization

OECT devices were characterized with a small signal analysis meth-
od using a two-channel SP-300 electrochemical workstation from
BioLogic, as described previously (61). A mixed gate potential com-
prising a pseudo-steady-state triangular potential (scan rate =
10 mV s™') and a sinusoidal AC potential (amplitude = 10 mV, fre-
quency = 10 Hz) was applied through Pt counter and Ag/AgCl refer-
ence electrodes using a three-electrode configuration while applying
a drain potential of 10 mV. Electrical and electrochemical parame-
ters were calculated with MATLAB software according to (61)

I
G = _DsDC )
Vps,oe
G . LCh
= 3
c o (3)
" AT¢sac
= @)
Tfac A Visac * vol
ol
DS,AC
o= 37 (%)
GS,AC
p=L% /. Vps (6)

where Vi, Inspe> and I , - are the DC drain voltage, DC drain

current, and real component of the AC drain current; Vi 5 and
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I" gs.ac are the AC gate voltage and imaginary component of
the AC gate current; T, is a transit time obtained according to

T.=—I"ggac (Ach/Aactive)/(dII/)S,AC/dt>$ and fyc Ley, W d, vol,

and Ay /A, .are the frequency of the applied small signal voltage,
channel length, width, thickness of the active layer, volume of the
channel layer, and an area correction factor, which is the ratio be-
tween the area of the channel region A, and total active layer A_ ...
The product of mobility and capacitance [pC *] was obtained by using
Egs. 4 and 6. In case of devices where the parasitic metal line resis-
tance became dominant due to a very high mobility (Table 1 and 2,
entries 2, 3, and 6 to 9), the parasitic resistance values were corrected
by using the measured line resistance value of each channel (details
are given in the Supplementary Materials) (83). Alternatively, OECTs
were characterized with two MATLAB-controlled Keithley 2400
source-measure units (Table 1 and 2, entries 4 and 5). The gate poten-
tial was applied through an Ag/AgCl reference electrode and a Pt
counter electrode, using a three-electrode configuration. The drain-
source potential was applied using a two-electrode configuration.
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