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ABSTRACT: In this work, a combined approach was used to obtain a low-cost material for orgamc electronics by focusing

on inexpensive monomers, short synthetic pathway, high yielding polymer-
ization method, low waste and easy scalability. To achieve this, a new mate-
rial, poly[isoindigo-alt-3,4-ethylenedioxythiophene], was synthesized using
direct (hetero)arylation polymerization (DHAP). Only a few synthetic steps
are required to obtain this material and no organometallic intermediates are
used. In order to make a bigger step toward a truly inexpensive technology,
continuous flow methods were applied for the first time to DHAP. This
method helped solving a common problem encountered in conjugated pol-
ymers synthesis, namely batch-to-batch variations. Electronic properties of

this polymeric material were evaluated using field effect transistors (us = 7 x 103 cm?-V™"-s™) and solar cells (1 = 3.0%).

Organic semiconductors are often presented as a
novel alternative for the large-scale production of flexi-
ble, thin and low-cost electronic devices. In this field,
conjugated polymers play an important role as they al-
low the formation of high performance devices for both
organic field effect transistors (OFET) and organic pho-
tovoltaic devices (OPV) while presenting good stability
and easy solution processability. Hole mobilities3 over
10 cm*V's™ are now reported for OFET and power con-
version efficiencies over 10 % are possible with OPV.+5
Such high performances are generally made possible by
fine-tuning the polymeric material structure in order to
obtain the necessary combination of ideal electronic
and morphological properties.

The most efficient polymers up to now incorporate al-
ternating electron-rich and electron-poor moieties in
order to create a push-pull effect, allowing for lower
frontier orbital gap materials. Their synthesis is most
commonly achieved by copolymerizing two distinct
monomeric units. This usually is a shorter and more
versatile synthetic route, allowing the exploitation of
molecular symmetry to create complex structures in
fewer, simpler steps. However, polymerization methods

allowing the selective coupling of two aromatic units are
limited to a handful of reactions. Kumada and Negishi
type couplings are used, but are incompatible with
many functional groups. Stille and Suzuki palladium-
catalysed cross-coupling polymerizations are now the
most commonly used methods to synthesize conjugated
copolymers and are compatible with a wide variety of
functional groups®. These reactions have often proven
high yielding and produce conjugated polymers with
high molecular weight, but generate stoichiometric
amounts of organoboron or organotin waste. In the case
of Stille couplings, toxic trialkyltin derivatives are re-
leased, rendering this reaction impractical for industrial
purposes. While these reactions work in most situa-
tions, there can be some monomers which cannot be
functionalized or are very unstable when functionalized
with the required reactive end groups.

Developments in organic chemistry can address the is-
sues brought by existing reactions by providing new
synthetic tools. This is shown by the recent application
of direct arylation reactions to form well-defined conju-
gated polymers and molecules. 73 Several studies now



show that materials synthesized this way can success-
fully be applied to fabricate organic electronic devices.*+
2 This type of reaction forms a C-C bond by coupling an
aromatic C-H bond directly with an aromatic C-X (X =
Br, I) bond. This allows a more efficient synthesis of
conjugated copolymers as it reduces the number of syn-
thetic steps by avoiding at least a borylation or a meta-
lation step. It also reduces waste production and pro-
vides better atom economy as the only byproduct is
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H-X.>> 3 Direct (hetero)arylation polymerization
(DHAP) has also shown great potential to synthesize
conjugated copolymers with high yield and molecular
weight.> 24 25 Some examples even demonstrated im-
proved molecular weights when compared with tradi-
tional synthetic methods***® and, as was previously
highlighted®933, high molecular weights are essential to
high performance materials.
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Scheme 1 Synthesis of PAIEDOT

While an economical reaction yielding high molecular
weights is desirable, scalability of the reaction can be an
issue. This brings up the often highlighted challenge of
conjugated polymer synthesis, and also its biggest criti-
cism: reproducibility. Batch-to-batch variation is a com-
mon problem with these materials, and trying to scale
up the reaction usually proves difficult in this regard.
Changes in reaction time, heat transfer of the reactor,
agitation of the mixture and partial solvent evaporation
can influence the reaction rate. This necessitates the op-
timization of reaction conditions when the reaction
scale changes. A way to reduce such inconsistencies is
to use a method where the reaction conditions are al-
ways exactly the same, regardless of the scale. Continu-
ous flow methods allow such control, using a reactor
with fixed reaction conditions.343¢ The reactants enter
and exit the reactor at a controlled rate using a pump.
Increase in reaction scale is achieved very simply by us-
ing larger amounts of reactant solutions. It is thus pos-
sible to obtain greater reproducibility and scalability for
target reactions.

While several studies report polymer synthesis using
continuous flow chemistry, only a few showcase the
synthesis of conjugated polymers. Grignard metathe-
sis?’, Rieke3® and Suzuki3® polymerizations were studied
with success, but DHAP has never been studied in con-
tinuous flow. In this study, a new donor-acceptor poly-
mer was synthesized using DHAP. The commercially
available 3,4-ethylenedioxythiophene (EDOT) was used
as a strong electron-donating moiety, which has shown
great potential to yield low band-gap polymers when
copolymerized with electron-accepting monomers*.
This monomer has also proven to be quite reactive in
DHAP, yielding high molecular weight polymers+.
Isoindigo (il) was used in conjunction with EDOT. This
electron-accepting unit has already proven its useful-
ness in OPV, with power conversion efficiencies over 7%
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achievable. 4648 OFET devices are also promising with
very high hole mobility in excess of 2 cm?V’s? re-
ported.*> 5° Furthermore, successful examples of DHAP
on il are already described in the literature.? 5" 5>

In this work, a combined approach was used where the
reaction conditions were optimized in order to obtain a
polymerization method usable in continuous flow. Fol-
lowing this, continuous flow synthesis was achieved by
using a stationary phase containing the reagents insol-
uble in the reaction solvent. Hole mobility of the result-
ing polymer, poly[isoindigo-alt-EDOT] (PilEDOT), was
measured using OFET devices fabricated by direct solu-
tion processing. This polymer was also used in conjunc-
tion with phenyl-C;-butyric acid methyl ester (PC,.BM)
in order to make bulk heterojunction solar cells. Atomic
force microscopy (AFM) was used to correlate solar cell
performance with nanoscale phase separation induced
by processing additives.

RESULTS

Synthesis of the monomer. Isoindigo is easy to syn-
thesize and can be obtained using the simple two step
synthesis first published by Reynolds et al.53 in conjunc-
tion with a slightly altered purification method*’. A sim-
ple condensation in acid conditions of 6-bromooxindole
and 6-bromoisatin, followed by an alkylation in DMF at
high temperature, affords the brominated monomer in
good yield, ready to be used in DHAP. EDOT, on the
other hand, was bought directly from Sigma Aldrich and
purified using column chromatography on silica using a
1:2 mixture of dichloromethane and hexanes as the elu-
ent.

Synthesis of the polymers in batch. The polymer
Pil[EDOT (see Scheme 1) was synthesized using direct
(hetero)arylation polymerization (DHAP) methods. A
brief optimization of reaction conditions was done in



order to obtain high molecular weight PIIEDOT. Addi-
tional considerations taken into account are the limita-
tions of continuous flow methods. The flow chemistry
system used in this work, a Vapourtec R2+R4 unit (see
ESI for details), pushes the reagent solutions using
HPLC pumps that do not tolerate solid particles. A ma-
jor problem with this is that the most efficient DHAP
methods published to-date use bases such as car-
bonates, carboxylate salts and alkoxides. Such bases are
usually soluble in the reaction mixture if polar solvents
such as water, N,N-dimethylformamide or dimethyl-
sulfoxide are used. Yet, these are usually poor solvents
for conjugated polymers and monomers, resulting in
lower molecular weights or heterogeneous solutions
with partially solubilized monomers. On the other
hand, solvents such as tetrahydrofuran and toluene of-

Table 1 Optimization of DHAP conditions for Pi[EDOT.

fer excellent solubility of the polymers at high tempera-
ture, but they are poor solvents for bases commonly
used in DHAP. The resulting heterogeneous reaction
mixtures are impossible to pump in a continuous flow
reactor. However, this insolubility can also be exploited.
For example, this allows the use of a stationary phase
containing the base and a mobile phase containing the
rest of the reactants.

For these reasons, batch polymerization methods in
toluene were studied. Using reaction conditions based
on previously reported publications,** > PIIEDOT was
synthesized using the Herrmann-Beller catalyst>* with
cesium carbonate as the base and pivalic acid (PivOH)
as the additive (see Scheme 1). Three different ligands
were tested: PCy3-HBF4, P(t-Bu)3-HBF4 and

Entry Ligand Reaction time (h) M, (kg/mol) M, (kg/mol) PD Yield (%)
1 PCy3 HBF4 24 19 41 2.2 63
2 P(t-Bu)3 HBF4 24 7 14 2.0 61
3 P(o0-anysil); 24 93 210 2.3 95
P(o-anysil)3. The P(o-anysil)3 ligand allowed the for- 03 7t
mation of highest molecular weight material (see Table 03 Im

1, entries 1 to 3). After Soxhlet extractions with acetone
and hexanes, a polymer with a number-average molec-
ular weight (Mn) of 93 kg/mol and a weight-average
molecular weight (Mw) of 210 kg/mol, soluble in chlo-
roform, was obtained. A very small amount of material
was found insoluble in hot chloroform. Nonetheless,
isolated yield was very high at 95%. In total, 80% of the
initial monomer mass was converted to isolated poly-
mer, with HBr being the main byproduct. Molecular
weights were obtained from high temperature (110 0C)
size-exclusion chromatography (SEC) in 1,2,4-trichloro-
benzene.

A study was conducted in order to determine molecu-
lar weights obtained with Pil[EDOT as a function of
polymerization time. For this study, optimal reaction
conditions determined earlier were used. Polymeriza-
tions were started simultaneously and stopped every 30
minutes, with a control experiment stopped after 24h.
They were then precipitated in methanol, filtered, and
extracted. Acetone was used to remove monomers, in-
organic materials and catalytic impurities. The polymer
was then extracted directly with chloroform without re-
moving small molecular weight material beforehand.
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Chart 1. Molecular weight of PIIEDOT as a function of
polymerization time.

Results shown in Chart 1 demonstrate that molecular
weight increases rapidly until a molecular weight plat-
eau is reached after 4 hours. After that time, significant
batch-to-batch variation occurs. During initial optimi-
zation, several samples polymerized for 22h showed
molecular weights ranging from Mx = 80 to 100 kDa and
My = 200 to 350 kDa. It seems that once this reaction
time is reached, the reaction stops because the polymer
solubility decreases to the point it forms a gel with the
reaction solvent. This gel shows great cohesive strength
and is almost insoluble in boiling chloroform, though
the material swells a lot and becomes soft. When such
insoluble materials are obtained, previous publications
and reviews on DHAP usually blamed cross-linking of
the material.’> However, the high molecular weight ma-
terial obtained in this work can be completely solubil-
ized in 1,2-dichlorobenzene (0-DCB) at 100°C. In fact, it
is necessary to do so before any further processing is



done. After precipitation of the polymer from o-DCB us-
ing methanol, the material obtained can then be solu-
bilized using boiling chloroform. This gel formation can
cause problems when scaling up reactions as it slows or
stops the agitation of the reaction mixture. Being a het-
erogeneous reaction, it is possible that the base could be
trapped in the polymer gel, thus stopping or slowing the
polymerization prematurely. This would in turn cause a
broadening of the mass distribution of the polymer at
larger reaction scales. Fortunately, using a continuous
flow method can render such problems irrelevant. How-
ever, special care must be taken in controlling the reac-
tion parameters rigorously to avoid blockage of the re-
actor.

Synthesis of the polymers in continuous flow. With
optimal batch conditions determined, an attempt was
made to synthesize Pil[EDOT in continuous flow. A
benchtop vapourtec R4+R2 unit was used to perform
these tests (see SI for detailed setup). The polymeriza-
tion conditions used mimicked as closely as possible the
flask conditions. However, the HPLC pumps in the Va-
pourtec unit preclude the use of solids in suspension, in
our case, cesium carbonate in toluene. For this reason,
we used column reactors filled with cesium carbonate
dispersed in diatomaceous earth (Celite(TM) 545 Filter
Aid). The monomers, catalyst, additive and ligand were
solubilized in anhydrous, degassed toluene before being

injected in the flow reactor’s injection loop under anaer-
obic conditions (Figure 1). The reaction conditions and
packing procedure of the reactor are described in details
in the electronic supporting information (SI). When the
reaction mixture flowed through the reactor, the
polymerization only proceeded on the very first few mil-
limeters of the column, yielding only oligomers. This in-
dicates that the pivalic acid, when deprotonated by ce-
sium carbonate, was insoluble in toluene. As a result,
effective polymerization time was extremely short. To
solve this problem, the packing material was modified.
A mixture of 0.3 equivalents of PivOH with 2.3 equiva-
lents of Cs.CO; was heated at 140 °C for two hours. As a
result, the pivalic acid melted and was instantly depro-
tonated by the cesium carbonate. The mixture is then
crushed into a fine powder and mixed with diatoma-
ceous earth. Following this modification to the column
packing,
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Figure 1. Continuous flow synthesis of PIIEDOT.

Table 2. Results of continuous flow polymerizations depending on the number of columns used and reaction scale.

Number of Reaction time Scalea M M
Ent . " v PD Yb (%
ntry columns (min) (mmol) (kg/mol) | (kg/mol) (%)
1 1 25 0.2 mmol 21 67 3.2 35
2 2 60 0.2 mmol 33 97 2.9 60
2 60 0.4 mmol 30 90 3.0 64
4 2 60 0.8 mmol 34 88 2.6 72
0.2 mmol 2.8+
5 2 60 (triplicate) 38+5 108 + 10 o1 64+ 2
6 4 >240 0.2 mmol 42 124 3.0 71

2 Quantity of each monomer. ® Yield of the chloroform extract only.

the reaction proceeded all through the reactor.

As the reaction path in the reactor is quite small (1 cm
in diameter by 5-6 cm long), polymerization time was
very short. Even by reducing the flow rate to
0.06 mL/min, which was the minimum rate the pump
could handle in our case, the residence time was only
about 25 minutes. This resulted in limited molecular
weight of Mn = 21 kg/mol (see Table 2). An additional
column reactor was added in series and a total reaction
time of approximately 60 minutes was obtained. It is im-
portant to note that the polymer spends a small amount
of time in a connecting tube linking the two reactors,
meaning that actual reaction time is probably closer to

50 or 55 minutes. Nevertheless, molecular weights in-
creased and a Mn of 33 kg/mol was obtained. Scaling up
of the reaction was done by doubling and quadrupling
the reaction scale. Molecular weights were very similar
between batches, but a steady increase in yield was ob-
served. By doing bigger batches, the diffusion of the
monomers in the column is diminished. When diluted,
the polymerization proceeds slowly, if at all, and lower
molecular weight material is obtained for the diluted
fractions at start and finish of the run. This, in turn, re-
duces chloroform extract yield for smaller scale reac-
tions.



To verify the reproducibility of this method, three
consecutive reactions were performed using two freshly
prepared columns. Results were satisfactory, with Mn of
38 + 5 kg/mol and Mw of 108 + 10 kg/mol obtained, a
very reasonable variation between batches considering
the precision of the SEC analysis itself (see Table 2, entry
4). An attempt was made to further improve molecular
weight. By using a total of four columns connected in
series, reaction time could be increased to over 4 hours.
However, the molecular weight only increased slightly
to a Mn of 42 kg/mol. This reaction time was unexpect-
edly high and is due to the polymer partially adhering
to the solid phase. This might also explain why molec-
ular weight was limited. As a result, this causes a diffu-
sion of the monomers in the columns, which could limit
molecular weights due to the dilution of the reaction
mixture. It is also possible that higher molecular weight
material partially precipitates in the column when the
reaction mixture is concentrated. An evidence of this
possibility is that columns are stained with polymer af-
ter the polymerization is complete in continuous flow.
However, very few polymeric material remain in the col-
umn after the run is complete, thus analysis of the
trapped polymer is very difficult. We have shown that
continuous flow methods can be applied to reproduci-
bly scale up reactions with minimal batch-to-batch var-
iation.

Characterization of the polymers. The optical and
electronic properties of PIIEDOT were measured using
UV-vis spectroscopy and cyclic voltammetry. UV-vis ab-
sorption spectra were obtained both in chloroform so-
lution and as a thin film on glass substrate. The result-
ing UV-vis spectra of a high molecular weight sample
(Mn = go kg/mol, Mw =260 kg/mol) are shown in
Chart 2a. In thin film, PIIEDOT showed a strong absorp-
tion with a maximum at 735 nm with a well-defined
shoulder peak at 675 nm. The optical HOMO-LUMO
gap of this material was calculated using the absorption
onset in thin film. PIIEDOT has a reduced frontier or-
bital gap of 1.55 eV, identical to what was reported by
Reynolds’s group® in 2010 for a very similar copolymer
of isoindigo and propylene-3,4-dioxythiophene. It is no-
tably lower than the 1.68 eV HOMO-LUMO gap exhib-
ited by the analogous poly[Isoindigo-alt-3,4-Ethylene-
dithiathiophene] previously reported by Yang’s group’.
High molecular weight PAIEDOT did not show any fron-
tier orbital gap shift when in solution in chloroform,
though band maxima were slightly red shifted (see
Chart 2a).

The effect of molecular weight on the extinction coef-
ficient of PiIEDOT in solution in chloroform was stud-
ied using the materials obtained with various polymeri-
zation times. As shown in Chart 2c, the absorption edge
changes significantly from 767 nm to 802 nm for sam-
ples between 4 kg/mol and 28 kg/mol. The associated
shift in frontier orbital gap is from 1.62 eV to 1.55€eV.

Most striking is the shift in absorption maxima, from
655 nm to 743 nm, an 88 nm shift. When molecular
weight increases beyond 28 kg/mol, the optical proper-
ties are mostly saturated, with only the 743 nm peak
slowly increasing in intensity, but with no HOMO-
LUMO gap or band maximum change. As a result, sam-
ples obtained in continuous flow, despite their lower
molecular weight, retain most of the optical properties
of high molecular weight materials obtained in batch.

Cyclic voltammetry of high molecular weight
(Mn = 9o kg/mol, Mw = 260 kg/mol) Pil[EDOT was per-
formed by depositing polymer films on platinum elec-
trodes. An electrode of Ag/Ag+ (0.1 M of AgNO; in ace-
tonitrile) was used as a pseudo-reference electrode. This
Ag/Ag+ pseudo-reference

10 \. —— Film
a) %=+~ Solution ail B

J AL A

0.1

Current (mA}

02

Absorbance (normalized)

300 400 500 600 700 800 900 1000 20 16 40 05 00 05 10 15

o Wavelength (nm) Potential (V) vs SCE

1) —— 100 kDa

0.6 - ——48 kDa
4 ——28kDa

0.5 < 16 kDa
1 10 kDa

4 kDa

&/ 10°L{mol)”" cm’

300 | 400 | 5\')0 | 5:]0 ) 7('10 | 800 ' 900

Wavelength (nm)
Chart 2 a) UV-vis absorption spectra of PiIEDOT both
in thin film and in solution in chloroform. b) Cyclic volt-
ammetry performed on Pil[EDOT. b) Extinction coeffi-
cients of batches having various molecular weights (M,) of
PilEDOT in solution in chloroform (moles calculated using
the repeat unit).

electrode, whose potential can vary slightly with age,
was calibrated against the ferrocene-ferrocenium redox
couple using a saturated calomel electrode (SCE). The
resulting voltammogram, presented versus SCE, is
shown in Chart 2b. Energy levels were estimated using
the onsets of the reduction (LUMO level) and oxidation
(HOMO level) peaks, assuming that SCE electrode is -
4.70 eV from vacuum>® 9. The reduction and oxidation
onsets were respectively of -0.76 eV and

0.64 eV vs SCE. Calculated LUMO and HOMO energy
levels are -3.94 eV and -5.34 eV. Both the first oxidation
and reduction processes show a high degree of reversi-
bility (see Figure S1 in the supporting information), and
it is possible to observe a second well-defined reduction
peak..

Organic Field Effect Transistor Performance. To

evaluate the carrier mobility of the polymer, organic
field-effect transistors (OFET) were fabricated using



high molecular weight (Mn = 90 kg/mol,
Mw = 260 kg/mol) PiIEDOT. Top contact OFETs were
fabricated on pretreated SiO./Si substrates as described
in the supporting information. Typical transfer and out-
put curves for PAIEDOT are shown in Figure 2. Best re-
sults were obtained by treating the surface of the Si/SiO.
with octyltriclorosilane (OTS) and annealing the films
at 150 °C for 30 min (see Table S1 in the supporting in-
formation). A mobility of pn=7.0 x 103 cm>V2s? with
an On/Off ratio of g x 103 was obtained.

OFET performances measurements were also per-
formed using flask and flow samples with similar mo-
lecular weights of Mn = 48 kDa and Mn = 42 kDa, respec-
tively. The obtained results are very similar with hole
mobilities about 2 x 103 cm? Vs, independently of the
synthetic method. The observations are also consistent
with our expectations, with slightly decreased perfor-
mances for lower molecular weight samples3> 3. How-
ever, hole mobilities of all polymers are still of the same
order of magnitude.

Organic Photovoltaic Performance. The energy
levels of PAIEDOT are near ideal for organic solar cells,
with a LUMO level 0.3-0.4 eV above that of phenyl-C,-
butyric acid methyl ester (PC71BM)6O. The reduced
HOMO-LUMO gap of'1.55 eV is also ideal to obtain effi-
cient single junction solar cells. In order to investigate
the potential of this polymer in solar cell applications,
bulk heterojunction (BH]J) solar cells were fabricated us-
ing a conventional device architecture with a structure
of ITO/PEDOT:PSS/PiIEDOT:PC,,BM/BCP/Al (see SI
for more details). The active area of each solar-cell de-
vice was 1.0 cm? with an active layer thickness of 85+5
cm?. A high molecular weight sample synthesized using
flask conditions was first studied (Mn = go kg/mol,
My = 260 kg/mol). The active layer was deposited by
spin-coating a polymer/PC,BM blend (weight ratio 1:2)
from o-DCB with and without processing additives. The
J-V curves and EQE spectra obtained are shown in Fig-
ure 3a and Figure 3b, respectively. The electrical param-
eters are summarized in Table 3.

When using the additives 1-chloronaphtalene (CN,
2 vol%) or 1,8-diiodooctane (DIO, 3 vol%), a significant
improvement of the PCE, up to 3.0%, was observed with
an EQE up to 45%. This increase is mainly due to an im-
proved Js., with little change to the Voc and FF. To fur-
ther investigate the effect of the additives, the topogra-
phy of the active layer was analyzed by AFM (see Figure
S3 in the supporting information). The BHJ film realized
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Figure 2 OFET characteristics of PIIEDOT measured
in air. (a) output curves taken at different gate voltage;

(b) transfer curve displaying the saturation regime for
Vbs =-100V

Table 3. The electrical parameters of PIIEDOT:PC,,BM BH] OPV devices fabricated using different solvent conditions and

mean PCEs obtained .

Sample Molecular Weight (M) Processing additive (HJ;/:(i ;:1/_)2) (iﬁ;}i(jfi) X;; (1;1;) PC](E (yf)])—V)
90 kg/mol (flask sample) - 4.2 4.7 0.76 54 1.56 £ 0.19
90 kg/mol (flask sample) 2vol% CN 5.0 5.4 0.74 54 154 + 0.37
90 kg/mol (flask sample) 3vol% of DIO 8.2 9.1 0.71 54 3.00 + 0.16
48 kg/mol (flask sample) 3vol% of DIO 5.3 5.4 0.71 55 1.74 + 0.22
42 kg/mol (flow sample) 3vol% of DIO 5.0 5.2 0.71 54 1.80 * 0.12

0-DCB as solvent is composed of large isolated domains,
hundreds of nanometers in size, which can explain the

lower current and performances obtained. The topogra-
phy of BHJ films deposited with CN and DIO additives



show interconnected domains and a much smaller na-
noscale phase separation, which correlates well with the
increased Jsc and PCE of the devices.
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Figure 3 (a) Photovoltaic J-V characteristics of
Pil[EDOT: PC;,BM BH]J solar cells made using different
molecular weights without and with processing addi-
tives (2%CN or 3%DIO) (b) Corresponding EQE for
each solar cells.

The efficiency of materials synthesized in flask and in
flow was also compared. The devices were realized us-
ing the same conditions and layer thicknesses (85
+5nm) as were used for the high molecular weight
sample. Materials with molecular weights as close as
possible were used. PiIEDOT synthesized in flask with
a M of 48 kg/mol and Mw of 104 kg/mol (Chart 1, 3h
polymerization time) was compared with a material
synthesized using flow methods with a Mx of 42 kg/mol
and Mv of 124 kg/mol (Table 2, entry 6). Solar cell effi-
ciencies for the two samples are comparable, with PCE
of 1.74 and 1.80%, respectively. The Voc and FF of these
samples are nearly identical to the high molecular
weight material, but a reduction in Js results in lower
efficiencies. This reduction in photocurrent generation
is commonly reported for lower molecular weights ma-
terials.3% 3> 33AFM studies of the active layers show very
similar morphology organization between all samples
using the DIO additive, regardless of the molecular

weights tested. This could explain the similarity of the
Voc and the FF between all samples. We thus conclude
that materials obtained using continuous flow methods
are similar to those obtained in flask conditions, as long
as molecular weights are similar.

Conclusion. In summary, isoindigo and 3,4-ethylene-
dioxythiophene, two inexpensive monomers, were co-
polymerized using direct (hetero)arylation methods in
high yield and molecular weight (Mn =93 kg/mol).
However, reproducibility of these reactions in flask is
not ideal. To solve these issues, we demonstrated for the
first time the utilization of continuous flow methods to
synthesize conjugated polymers by direct (hetero)aryla-
tion. A column reactor was used with a stationary phase
comprised of the non-soluble reagents necessary to per-
form the polymerization. As a result, reproducibility
and scalability of the method was improved. However,
molecular weights were limited to Mn = 42 kg/mol.

Samples with similar molecular weights made using
flask or continuous flow methods were also compared.
Results from both transistors and solar cells were con-
sistent between samples having the same molecular
weights. This demonstrates the usefulness of continu-
ous flow methods to synthesize conjugated polymers
using direct arylation polymerization in a reliable and
scalable manner.
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ABBREVIATIONS

DHAP, Direct (hetero)arylation; 0-DCB, 1,2-dichlorobenzene;
SEC, size-exclusion chromatography; OFET, organic field-ef-
fect transistor; OPV, organic photovoltaic; M;, molecular
weight by number; My, molecular weight by weight; PD, pol-
ydispersity; Y, Yield; Vps, Voltage drain to source; Vi, thresh-
old voltage; Js, short-circuit current; Vo, open circuit voltage;
FF, fill factor; PCE, power conversion efficiency; OTS, octade-
cyltrichlorosilane; DIO, 1,8-diiodooctane; CN, 1-chloronaph-
talene.

REFERENCES

(1) Kang, L; Yun, H.-J.; Chung, D. S.; Kwon, S.-K.; Kim, Y.-H., J.
Am. Chem. Soc. 2013, 135, 14896-14899.

(2) Li, J.; Zhao, Y.; Tan, H. S.; Guo, Y.; Di, C.-A,; Yu, G.; Liu, Y,;
Lin, M,; Lim, S. H.; Zhou, Y.; Su, H.; Ong, B. S., Sci. Rep. 2012, 2,
754-

(3) Kim, G.; Kang, S.-J.; Dutta, G. K.; Han, Y.-K.; Shin, T. J.; Noh,
Y.-Y.; Yang, C., J. Am. Chem. Soc. 2014, 136, 9477-9483.

(4) Liy, Y.; Zhao, J.; Li, Z.; Mu, C.; Ma, W.; Hu, H.; Jiang, K.; Lin,
H.; Ade, H.; Yan, H., Nat. Commun. 2014, 5, 5293.

(5) You, J.; Dou, L.; Yoshimura, K.; Kato, T.; Ohya, K.; Moriarty,
T.; Emery, K.; Chen, C.-C.; Gao, J.; Li, G.; Yang, Y., Nat. Commun.
2013, 4, 1446.

(6) Marzano, G.; Ciasca, C. V.; Babudri, F.; Bianchi, G.; Pelle-
grino, A.; Po, R,; Farinola, G. M., Eur. J. Org. Chem. 2014, 2014,
6583-6614.

(7) Baloch, M.; Roy, R. J.; Roy, D.; Beydoun, K.; Doucet, H., RSC
Advances 2011, 1, 1527-1536.

(8) Chen, L.; Roger, J.; Bruneau, C.; Dixneuf, P. H.; Doucet, H.,
Chem. Commun. 2011, 47, 1872-1874.

(9) Liu, S.-Y.; Shi, M.-M.; Huang, ].-C.; Jin, Z.-N.; Hu, X.-L.; Pan,
J.-Y,; Li, H.-Y,; Jen, A. K. Y.; Chen, H.-Z., Journal of Materials
Chemistry A 2013, 1, 2795-2805.

(10) Schipper, D. J.; Fagnou, K., Chem. Mater. 2011, 23, 1594~
1600.

(1) Zhao, L.; Bruneau, C.; Doucet, H., ChemCatChem 2013, 5,
255-262.

(12) Sevignon, M.; Papillon, J.; Schulz, E.; Lemaire, M., Tetrahe-
dron Lett. 1999, 40, 5873-5876.

(13) Wang, Q. F.; Takita, R.; Kikuzaki, Y.; Ozawa, F., J. Am.
Chem. Soc. 2010, 132, 11420-11421.

(14) Morin, P.-O.; Bura, T.; Sun, B.; Gorelsky, S. I; Li, Y.; Leclerc,
M., ACS Macro Lett. 2015, 4, 21-24.

(15) Pouliot, J.-R.; Sun, B.; Leduc, M.; Najari, A.; Li, Y.; Leclerc,
M., Polym. Chem. 2015, 6, 278-282.

(16) Jo, J.; Pron, A.; Berrouard, P.; Leong, W. L.; Yuen, J. D,;
Moon, J. S.; Leclerc, M.; Heeger, A. J., Adv. Energy Mater. 2012, 2,
1397-1403.

(17) Hendsbee, A. D.; Sun, J.-P.; Rutledge, L. R.; Hill, I. G.;
Welch, G. C., Journal of Materials Chemistry A 2014, 2, 4198-4207.

(18) Chang, S.-W.; Waters, H.; Kettle, J.; Horie, M., Org. Elec-
tron. 2012, 13, 2967-2974.

(19) Liu, S.-Y.; Liu, W.-Q.; Xu, J.-Q.; Fan, C.-C.; Fu, W.-F,; Ling,
J.; Wu, J.-Y.; Shi, M.-M.; Jen, A. K. Y.; Chen, H.-Z., ACS Appl. Ma-
ter. Interfaces 2014, 6, 6765-6775.

(20) Rudenko, A. E.; Khlyabich, P. P.; Thompson, B. C., ACS
Macro Lett. 2014, 3, 387-392.

(21) Shi-Yong, L.; Wei-Fej, F.; Jing-Qi, X.; Cong-Cheng, F.; Hao,
J.; Minmin, S.; Han-Ying, L.; Jun-Wu, C.; Yong, C.; Hong-Zheng,
C., Nanotechnology 2014, 25, 014006.

(22) Mercier, L. G.; Leclerc, M., Acc. Chem. Res. 2013, 46, 1597-
1605.

(23) Okamoto, K.; Zhang, J.; Housekeeper, J. B.; Marder, S. R.;
Luscombe, C. K., Macromolecules 2013, 46, 8059-8078.

(24) Berrouard, P.; Najari, A.; Pron, A.; Gendron, D.; Morin, P.
O.; Pouliot, J. R.; Veilleux, J.; Leclerc, M., Angew. Chem. Int. Ed.
2012, 51, 2068-2071.

(25) Wakioka, M.; Kitano, Y.; Ozawa, F., Macromolecules 2013,
46, 370-374.

(26) Chang, S.-W.; Waters, H.; Kettle, J.; Kuo, Z.-R.; Li, C.-H.;
Yu, C.-Y.; Horie, M., Macromol. Rapid Commun. 2012, 33, 1927-
1932.

(27) Grenier, F.; Berrouard, P.; Pouliot, J.-R.; Tseng, H.-R.; Hee-
ger, A. J.; Leclerc, M., Polym. Chem. 2013, 4, 1836-1841.

(28) Kuwabara, J.; Yasuda, T.; Choi, S. J.; Lu, W.; Yamazaki, K;
Kagaya, S.; Han, L.; Kanbara, T., Adv. Funct. Mater. 2014, 24, 3226
3233.

(29) Ashraf, R. S.; Schroeder, B. C.; Bronstein, H. A.; Huang, Z.;
Thomas, S.; Kline, R. J.; Brabec, C. J.; Rannou, P.; Anthopoulos, T.
D.; Durrant, J. R.; McCulloch, 1., Adv. Mater. 2013, 25, 2029-2034.

(30) Chu, T.-Y.; Lu, J.; Beaupré, S.; Zhang, Y.; Pouliot, J.-R.;
Zhou, J.; Najari, A.; Leclerc, M.; Tao, Y., Adv. Funct. Mater. 2012,
22, 2345-2351.

(31) Zhou, C.; Liang, Y.; Liu, F.; Sun, C.; Huang, X.; Xie, Z.;
Huang, F.; Roncali, J.; Russell, T. P.; Cao, Y., Adv. Funct. Mater.
2014, 24, 7538-7547.

(32) Liu, C.; Wang, K; Hu, X;; Yang, Y.; Hsu, C.-H.; Zhang, W.;
Xiao, S.; Gong, X.; Cao, Y., ACS Appl. Mater. Interfaces 2013, 5,
12163-12167.

(33) Dou, L.; Chen, C.-C.; Yoshimura, K.; Ohya, K.; Chang, W.-
H.; Gao, J.; Liu, Y.; Richard, E.; Yang, Y., Macromolecules 2013, 46,
3384-3390.

(34) Geyer, K.; Codée, J. D. C.; Seeberger, P. H., Chem. Eur. J.
2000, 12, 8434-8442.

(35) Jas, G.; Kirschning, A., Chem. Eur. J. 2003, 9, 5708-5723.

(36) Wegner, J.; Ceylan, S.; Kirschning, A., Adv. Synth. Catal.
2012, 354, 17-57.

(37) Seyler, H.; Subbiah, J.; Jones, D. J.; Holmes, A. B.; Wong,
W. W. H,, Beilstein J. Org. Chem. 2013, 9, 1492-1500.

(38) Bannock, J. H.; Krishnadasan, S. H.; Nightingale, A. M.;
Yau, C. P,; Khaw, K.; Burkitt, D.; Halls, J. J. M.; Heeney, M.; de
Mello, J. C., Adv. Funct. Mater. 2013, 23, 2123-2129.

(39) Seyler, H.; Jones, D. J.; Holmes, A. B.; Wong, W. W. H,,
Chem. Commun. 2012, 48, 1598-1600.

(40) Roncali, J., Macromol. Rapid Commun. 2007, 28, 1761-1775.

(41) Choi, S. J.; Kuwabara, J.; Kanbara, T., ACS Sustainable
Chem. Eng. 2013, 1, 878-882.

(42) Kumar, A.; Kumar, A., Polym. Chem. 2010, 1, 286-288.

(43) Poduval, M. K.; Burrezo, P. M.; Casado, J.; Lopez Navarrete,
J. T.; Ortiz, R. P,; Kim, T.-H., Macromolecules 2013, 46, 9220-9230.

(44) Yamazaki, K.; Kuwabara, J.; Kanbara, T., Macromol. Rapid
Commun. 2012, 34, 69-73.

(45) Zhao, H,; Liu, C. Y.; Luo, S. C.; Zhu, B.; Wang, T. H.; Hsu,
H. F.; Yu, H. H., Macromolecules 2012, 45, 7783-7790.

(46) Deng, Y.; Liy, J.; Wang, J.; Liu, L.; Li, W.; Tian, H.; Zhang,
X.; Xie, Z.; Geng, Y.; Wang, F., Adv. Mater. 2014, 26, 471-476.

(47) Fang, L.; Zhou, Y.; Yao, Y.-X.; Diao, Y.; Lee, W.-Y.; Apple-
ton, A. L.; Allen, R.; Reinspach, J.; Mannsfeld, S. C. B.; Bao, Z,,
Chem. Mater. 2013, 25, 4874-4880.

(48) Ma, Z.; Dang, D.; Tang, Z.; Gedefaw, D.; Bergqvist, J.; Zhu,
W.; Mammo, W.; Andersson, M. R.; Ingands, O.; Zhang, F.; Wang,
E., Adv. Energy Mater. 2013, 4, 1301455.

(49) Mei, J.; Kim, D. H.; Ayzner, A. L.; Toney, M. F.; Bao, Z. A,,
J. Am. Chem. Soc. 2011, 133, 20130-20133.

(50) T. Lei; J.-H. Dou; Pei, J., Adv. Mater. 2012, 24, 6457-6461.

(s1) Allard, N.; Najari, A.; Pouliot, J. R.; Pron, A.; Grenier, F;
Leclerc, M., Polym. Chem. 2012, 3, 2875-2879.

(52) J. Kuwabara; Y. Nohara; S. J. Choi; Y. Fujinami; W. Lu; K.
Yoshimura; ] Oguma; K. Suenobu; Kanbara, T., Polym. Chem.

2013, 4, 947-953-



(53) Mei, J. G.; Graham, K. R.; Stalder, R.; Reynolds, J. R., Org.
Lett. 2010, 12, 660-663.

(54) Herrmann, W. A_; Brossmer, C.; Reisinger, C. P.; Riermeier,
T. H.; Ofele, K.; Beller, M., Chem. Eur. J. 1997, 3, 1357-1364.

(55) Wang, K.; Wang, M., Curr. Org. Chem. 2013, 17, 999-1012.

(56) Stalder, R.; Mei, J. G.; Reynolds, J. R., Macromolecules 2010,
43, 8348-8352.

(57) Sun, X.; Chen, W.; Du, Z.; Bao, X.; Song, G.; Guo, K.; Wang,
N.; Yang, R., Polym. Chem. 2013, 4, 1317-1322.

(58) Cardona, C. M.; Li, W.; Kaifer, A. E.; Stockdale, D.; Bazan,
G. C., Adv. Mater. 2011, 23, 2367-2371.

(59) Hansen, W. N.; Hansen, G. J., Phys. Rev. A 1987, 36, 1396-
1402.

(60) Scharber, M. C.; Wuhlbacher, D.; Koppe, M.; Denk, P.;
Waldauf, C.; Heeger, A. ].; Brabec, C. L., Adv. Mater. 2006, 18, 789-

794



Table of content:

Direct (hetero)arylation was used to synthesize a low-cost conjugated polymer based on isoindigo and EDOT. This material was successfully
obtained using both flask and continuous flow conditions. A power conversion efficiency up to 3.2% was obtained in organic photovoltaic
devices.
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