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Organic Solvent Free Synthesis and Processing of
Semiconducting Polymers for Field Effect Transistors

in Waterborne Dispersions

Chiara Ceriani, Mattia Scagliotti, Tommaso Losi, Alessandro Luzio, Sara Mattiello,
Mauro Sassi, Nicold Pianta, Matteo Rapisarda,* Luigi Mariucci, Mario Caironi,*

and Luca Beverina*

Conjugated semiconducting polymers are key active materials for print-
able electronics, sensors and biosensors, organic photovoltaics, organic
light emitting devices, and more. The research in the field developed
very efficient materials and sound structure property relationships, thus
making a case for a transition from laboratory to industrial environment.
At this critical juncture, sustainability, and ease of scaling up are at least
as important as performances, to the point that efficient materials on a
lab scale could become unpractical for the industry. The development

of more efficient synthetic protocols and the complete removal of all
organic solvents from both the synthesis and the processing of semicon-
ducting polymers can help tremendously to improve sustainability and
reduce costs. It is shown that the use of an aqueous dispersion of the
food grade surfactant lecithin as the medium, enables the synthesis and
processing of the representative semiconducting alternating copolymer
poly (9,9-dioctylfluorene-alt-bithiophene) (PF8T2) in high yield and high
quality and with transistor performances comparable with those obtained
with reference materials synthetized and processed from volatile organic

1. Introduction

Conjugated semiconducting polymers are
key components for printed electronics,
a field rapidly approaching the labora-
tory to industry transition. Over the last
few decades, enormous progresses in the
development of reliable structure proper-
ties relationships enabled the synthesis of
very efficient active materials for organic
light emitting devices (OLEDs),l organic
photovoltaic (OPV) cells,Z organic field
effects transistors (OFETs),’l thermo-
electric generators,**! chemical sensors, !l
bioelectronic  devices,”) light emitting
electrochemical cells,®l  electrochromic
devices,”! and many more. The main
reasons for the success of this class of
materials are the vast tunability of prop-
erties that can be achieved through mole-
cular design and the processability via wet

(45]

solvents.
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techniques. The emphasis on the pos-

sibility to process such materials almost

completely through solvent-based printing
techniques is a particularly attractive feature in terms of cost
reduction and compatibility with a large variety of substrates,
including food"™ and even the human skin.['l

So far, the research focused prevalently on performances
so that the minimum requirements for the proof-of-concept
validation of the different technologies could be fulfilled.
More recently, the consolidated performances demonstrated
in OLEDs, organic thin film transistors (OTFTs) and OPV cells
urged researchers to include sustainability and costing into the
big picture of the Lab to Fab transition.!¥] Indeed, materials
having an overcomplex synthesis are bound to be too expen-
sive to make a convincing case.' Also, organic synthesis is
very heavily relying on the use of volatile organic compounds
(VOCs), raising increasing environmental concerns.

With the notable exception of the well-established poly-3-hexy-
lthiophene, and of the recently introduced polymers obtained by
aldol polycondensation of phenyl-bis-oxindole and phenyl-bis-
isatin monomers,®! semiconducting polymers (and copoly-
mers) are prepared via C—C cross coupling reactions, prefer-
entially according to Stille and Suzuki-Miyaura (SM) protocols.
The Stille reaction generally affords higher molecular weights

© 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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and small dispersity but is flawed by the production of highly
toxic organotin compounds in stoichiometric amount with
respect to one of the comonomers. The SM protocol does not
produce intrinsically toxic species but is generally less efficient
in providing high molecular weights and requires prolonged
heating in solutions of organic solvents. The recently intro-
duced direct arylation polymerization (DAP) represents a vast
improvement in atom economy and enables a reduction in
the number of synthetic steps, ultimately connected with the
cost.'0-221 On the downside, the method is not yet as general as
the Stille coupling; reaction conditions require a careful opti-
mization that is very much substrate dependent and prolonged
heating in high boiling solvents of considerable toxicity.?*l Elec-
trochemical polymerization does not require the pre-activation
of one of the monomers and offers ample control over reactions
conditions, but is limited to the direct growth of the materials
over a conductive substrate.2+?’]

Aside from synthesis, all polymers require a solvent inten-
sive purification consisting in prolonged washing with solvents
of different polarity to remove impurities, side products, and to
refine the molecular weight distribution.

Processing is no less problematic. Unless a specific
molecular design heavily impacting on synthesis is imple-
mented,?®?% semiconducting polymers are water insoluble.
Toxic halogenated solvents like dichlorobenzene are still the
standard in the field as they allow reaching the required con-
centrations and degree of self-assembly promoted preorganiza-
tion of polymeric materials leading to best results in terms of
film quality and morphology. To sum it up, while new materials
with improved performances are almost daily reported, efforts
on the improvement of sustainability and reduction of costs are
comparatively less impressive.

Formulation chemistry provides the tool to use water as
the processing solvent, even for strongly hydrophobic mate-
rials.3%31 The slow addition of a solution of a semiconducting
polymer in a suitable water miscible organic solvent to a water
solution of surfactants, leads to the formation of a colloidal dis-
persions of polymer nanoparticles in water.??l The organic sol-
vent introduced can be removed by evaporation after the forma-
tion of the nanoparticles. Direct miniemulsion polymerization
in the form of nanoparticles is also possible.’334 The strategy
was successful in the preparation of OFETs, OPV devices, and
OLEDs exclusively from aqueous inks. The surfactants can
also be chemically incorporated in the structure of the polymer
thus enabling direct self-assembly in nanoparticles of the cor-
rect size.?>3% In all such approaches, the organic solvent is
not present in the final ink, but it is still required during the
preparation.

Recently the group of Turner reported a very promising new
strategy, dramatically reducing reliance to organic solvents
in both synthesis and processing.’”) The strategy is based on
two key ideas: the use of miniemulsion as the polymerization
technique and of dialysis in water as the purification tool. In
miniemulsion polymerization, reactions are performed in a
biphasic mixture constituted by very small, surfactant stabilized
droplets of an organic solvent within a water solution of a sur-
factant.’83) The authors demonstrated that the approach pro-
vides a remarkable control over dimensions and shape of the
polymer nanoparticles thus obtained. Such surfactant stabilized
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nanoparticles can be purified from water soluble by-products
and excess surfactant by inexpensive and organic solvent free
dialysis, leading to an aqueous ink that could be used directly
for processing. The authors demonstrated that efficient devices
can be obtained, provided that the active layer is rinsed with
ethanol after deposition to further remove impurities. The
approach represents a very dramatic improvement toward sus-
tainability and cost reduction.

Inspired, we recently demonstrated that micellar chem-
istry could help pushing sustainability in organic semicon-
ductors even further, to the point of completely removing the
need for toxic organic solvents at all stages. The core concept
of the micellar catalysis approach is the capability of selected
surfactants to assemble in water solution into association col-
loids featuring lipophilic pockets where hydrophobic deriva-
tives can be hosted, thereby efficiently reacting due to the high
local concentration.*?l Reactions are fast, require only moderate
heating and enable a dramatic reduction in the amount of cata-
lyst required."**#] The approach is different from the minie-
mulsion polymerization as no organic solvent is required. The
field of micellar catalysis is rapidly evolving toward widespread
application in process chemistry with notable examples of large
scale synthesis of active pharmaceutical ingredients (API).[*¥-50
Micellar catalysis is rapidly becoming a resourceful tool for the
synthesis of organic semiconductors for printable (opto)elec-
tronics as well.lP=5°]

The detailed nature of the colloidal state better describing
a micellar catalyzed reaction at any given time very much
depends on the surfactant employed, the physical state of rea-
gents, products, and the presence of additives.”®*”] The use
of very small amounts of selected organic solvents generally
improves results whenever reproducibility become relevant
issue.l’® We recently exploited the same approach in the first
example of micellar catalyzed polymerization of a semicon-
ducting material.’3l We obtained competitive results only
when using very small amounts of toluene. We later demon-
strated that the use of a mixture of food grade lecithin and of
the industrial surfactant Tween 80 represents an alternative
and resourceful strategy to improve reproducibility without the
need for organic solvents.[’]

The Tween 80/L-crlecithin 8:2 w:w mixture at 2 wt% in
water (TL82) is a well-known emulsifier capable to readily pro-
vide finely dispersed emulsion of the most difficult to handle
hydrophobic materials—including accidental oil spills over the
sea—with a remarkable insensitivity to experimental set up
and scale.>! The use of the TL82 mixture gave satisfactory
results not only with the emulsions formed by liquid reagents
but also with poorly soluble solids. Indeed, we demonstrated
that almost insoluble halogenated organic pigments can be effi-
ciently coupled with a variety of boronic acids while dispersed
in a TL82 aqueous mixture.”] We here show that TL82 can be
successfully used for the preparation of high molecular weight
semiconducting polymers, where conversion of the growing oli-
gomers in insoluble solids is expected to happen. The reaction
is more efficient and purification becomes straightforward thus
further improving the appeal of the method. Due to the proof of
concept nature of this contribution, we focused our attention to
a well-established p-type polymer: poly(9,9-dioctylfluorene-alt-
bithiophene) (PF8T2). Such material has a solid background in
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Table 1. Reaction condition, molecular weight (M,, and M,,) and dispersity (D) for the synthesis of PF8T2. For Entry 1 Pd(PPh;), and NaOH were

used. For Entry 2-6 Pd(dtbpf)Cl, and Et;N.

I N __s HO),B 0.0 B(OH various
Br g N/ Br + (HO) (OH), conditions
—_—
CgHi7  CgHi7
Entry Medium T[°C] Atm Yield [%] M,, [kg mol™] M,, [kg mol™] 1)
1 Toluene 90 N, 94 242 39.8 1.64
2 K-El 25 air 70 15.9 26.3 1.65
3 K-EL/Tol 9:1 80 air 87 25.2 49.4 1.96
4 TL82 80 air 80 18.1 333 1.84
5 TL82/Tol 9:1 80 air 60 18.2 29.7 1.63
6 TL82 80 N, 76 16.1 28.5 1.77

printed electronics and possesses well known semiconducting
features making the comparison of our results with literature
data more straightforward. Nowadays it is seldom used for
state of the art devices due to a relatively poor mobility, yet the
results we here describe are general and will be extended to
higher performance materials in the future. Finally, we demon-
strate the fabrication of OFET devices using aqueous inks and
having performances comparable with those obtained by the
use of VOCs in both synthesis and processing.

2. Results and Discussion

2.1. Polymerization Reactions and Purification Protocols

Recently, we demonstrated that two well established polymers
having documented application in printed electronics—PF8T2
and poly(9,9-dioctylfluorene-alt-benzothiadiazole) (PF8BT)—
can be efficiently prepared via micellar SM in water.%*l The opti-
mization of the reaction conditions required the introduction of
a small amount of toluene to prevent massive phase segregation
as the molecular weights increased. The protocol represents an
improvement over literature as it requires 0.2 L of toluene for
every mol of monomer, to be compared with the 12.5 L required
by miniemulsion.’”] It should be stressed that the role of tol-
uene in the two approaches is different, with consequences in
the purification step. While working under miniemulsion con-
ditions, every droplet of organic solvent is a microreactor where
a nanoparticle of polymer is formed. In the case of micellar
polymerizations, the amount of toluene is too small for the for-
mation of droplets of oil phase. The polymerization happens
in a complex mixture of reagents, surfactants (in our case the
high molecular weight, branched industrial surfactant Kolli-
phor EL, K-EL),® and toluene. Under such conditions, part of
the surfactant can remain entangled in the growing conjugated
polymer, negatively impacting on purification.

The presence of lecithin in TL82 makes it possible to com-
pletely remove the toluene. We have recently shown that leci-
thin gives homogeneous dispersion of organic solids in water
and makes it possible to efficiently carrying out SM reactions
without dissolving the reagents.””2l Under such conditions,
the formation of an interpenetrating polymeric network would
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be prevented as the solid monomers are never dissolved, but
slowly etched at the surface by the action of the dispersant.
Prior to proceed with the polymerization, we optimized the
reaction conditions on small molecule model compounds—as
discussed in Supporting Information—confirming that TL82 is
at least as efficient as the previously employed mixture of K-EL
2 wt% in water in the presence of 10 vol% toluene.

We thus moved to the copolymerization of 9,9-dioctylflu-
orene-2,7-diboronic acid and 5,5-dibromo-2,2"-bithiophene,
which we performed in TL82, with NEt; as the base and
a 4 mol% of [1,1-bis(di-tert-butylphosphino)ferrocene]
dichloropalladium(II) (Pd(dtbpf)Cl;) as the catalyst. We also
performed control experiments in organic solvent and in the
previously employed micellar conditions. Results are summa-
rized in Table 1.

Performing the reaction under standard, organic solvent pro-
moted conditions (entry 1) and under micellar catalysis with K-EL
in the presence of 10 vol% of toluene (entry 3) gives essentially
the same results in terms of yield and molecular weight. K-EL
alone (entry 2) gives lower yield and shorter polymers. In our
previous paper we analyzed the effect in detail.®®l The use of the
TL82 formulation both under standard laboratory atmosphere
(entry 4) and under N, (entry 6) gives comparable results that
are intermediate in terms of yield and molecular weight between
the case of K-EL and the control reaction in plain toluene. The
use of toluene as the co-solvent (entry 5) does not improve
polymerization statistics and slightly reduces yield. The results
agree with our previous experience with the TL82 mixture.>’]

All polymers were purified according to the same protocol—
filtration of the crude and successive Soxhlet extractions with
MeOH, acetone, heptane, and chloroform—characterized in
terms of molecular weight and used for the preparation of
devices as outlined in the next section. All yields reported are
after Soxhlet purification.

Figure 1 shows the comparison of the "H NMR spectra of
Entries 1, 3, and 4 samples. While the dispersion polymerized
and reference materials display the same peaks, the spectrum
of the micellar polymerized sample contains extra peaks in the
aliphatic region that can be assigned to traces of K-EL. Indeed,
in the case of the formation of a colloidal interpenetrating
polymer network, the solvent extraction protocol is not expected
to be fully efficient in removing residual surfactant.

© 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 1. Comparison between the '"H NMR spectra of the Ref (blue), Mic (orange), and Disp (red) samples of PF8T2 in C,D,Cl, at 353 K. The arrow
highlights the extra peak corresponding to the interpenetrating residual surfactant. The cartoon close to the extra peak is a representation of an inter-
penetrating polymeric network between the surfactant (blue) and the PF8T2 (red).

A portion of the sample we obtained according to the proce-
dure described in entry 3 was further purified by dissolution in
the minimum amount of THF, reprecipitation in water followed
by probe sonication and recovery via centrifugation. By NMR
analysis, the procedure reduced the amount of residual sur-
factant, without completely removing it (see also Figures S7,S8,
Supporting Information). Conversely, no extra peaks are pre-
sent in the NMR of the sample polymerized in TL82, thus
confirming that in the case of dispersion polymerization the
surfactant do not contaminate the product. We characterized
the Disp sample electrochemically via impedance spectroscopy
(Figure S9, Supporting Information), cyclic and differential
pulsed voltammetry (Figure S10, Supporting Information).

2.2. Organic Solvent Processed Devices

To assess the impact of surfactant contamination in the
PF8T2 samples polymerized according to the different routes
described in the previous paragraph, we prepared OTFT devices
with control sample (Table 1, entry 1 from now on identified
as Ref), micellar polymerized sample (Table 1, entry 3 from
now on identified as Mic sample), of the Mic sample further
purified by reprecipitation and probe sonication (from now on
identified as Mic-P sample) and of the dispersion polymerized
sample (Table 1, entry 4 sample, from now on identified as Disp
sample). The scope of this first battery of devices is the com-
parison, under otherwise identical experimental conditions, of
the quality of materials obtained via the different polymeriza-
tion techniques. All materials received the same purification
protocol (aside from Mic-P that was subjected to an additional
step) and were processed using organic solvents.

Adv. Electron. Mater. 2023, 9, 2201160 2201160 (4 of 9)

As it is thoroughly discussed in the ESI section, we con-
sidered three different transistor configurations aiming at
matching literature performances for the Ref sample: Bottom
gate bottom contact with SiO; as the dielectric (BGBC), bottom
gate top contact with SiO, as the dielectric (BGTC SiO,), and
bottom gate top contact with SiO, and PMMA in series as the
dielectric (BGTC PMMA). Figure 2a shows that the BGTC
PMMA configuration gave the best device characteristics in
terms of hysteresis, on-off ratio (exceeding 10%) and field-effect
saturation mobility (u of about 0.5 x 1073 cm? V! s7}). We thus
tested Mic, Mic-P, and Disp samples using the BGTC PMMA
(from now on simply BGTC) configuration.

Figure 2b,c shows the typical transfer characteristics of the
BGTC devices we obtained with the Mic samples, without and
with rinsing the polymer film with EtOH. This post deposition
step enables the removal of excess surfactant possibly contami-
nating the sample and generally improves performances.l*’]
In our case, the rinsing only marginally affected the perfor-
mances, raising the mobility from 1.9 to 4.6 X 107> cm? V7' s7L,
An appreciable hysteresis, insensitive to the ethanol bath,
affected the transfer curves of both samples. Performances
improved significantly while characterizing the purified Mic-P
sample. Figure 3a shows that the hysteresis in the transfer plot
is significantly reduced and more closely matches that of the
Ref sample. We measured a field-effect saturation mobility of
2.4 x 10 cm? V7! 57, which is five times larger than that of
the EtOH rinsed sample, yet still half that of the Ref sample.
Figure 3b shows the output characteristics of the Mic-P device,
highlighting a good linearity at low Vpg and a flat saturation
region. Such characteristics suggest a good quality of the semi-
conductor/dielectric interface, a low defect density in the organic
semiconductor layer, and a good coupling between the metal
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Figure 2. a) Comparison of the normalized up-down transfer characteristics with Vps = —20 V of devices, based on Ref sample and having the three
different structures we tested. b) Up-down transfer characteristics of a BGTC PMMA devices with Mic sample measured in linear (Vps = -1V, red
lines) and saturated regime (Vps = —20 V, blue lines) The dotted lines refer to linear left scale and the continuous lines refer to right log scale. The
black arrows indicate the direction (up or down) of -V acquisition. c) Up-down transfer characteristic with Vps = —20 V of a BGTC PMMA devices
with EtOH- washed Mic sample. The dotted lines refer to linear left scale and the continuous lines refer to right log scale. The black arrows indicate

the direction (up or down) of -V acquisition.

work-function of gold electrodes and the energy bands of the
semiconductor, as evidenced by the linearity of the output char-
acteristics at low Vpg that suggests a negligible contact resist-
ance. Figure 3c shows the non-contact mode atomic force
microscopy (AFM) 2 X 2 um topographic image of the Mic-P
semiconductor layers. The film thickness is 25 nm and its top
surface appears composed by structures with lateral dimen-
sions of a several hundred nm well connected to each other.
The surface corrugation is low, the calculated RMS roughness
is (0.7 £ 0.2) nm. The NMR analysis shows that not even the
very through washing under probe sonication in a hydro/alco-
holic solution is efficient in completely removing the entrapped

surfactant, which could explain the small discrepancy in the
saturation mobility.

We then moved to the characterization of the Disp samples.
Figure 3d,e shows that the transfer characteristics and Iy, versus
Vps output characteristics of the Disp sample devices are very
much in line with those of the EtOH rinsed Mic-P samples,
even showing the improved field- effect saturation mobility
of 3.5 x 10* cm? V! s71. This value is very close to the one
obtained with the Ref compound measured under identical
experimental conditions. As already discussed, the reference
polymer has a slightly higher molecular weight with respect
to the Disp one, which could explain the smaller discrepancy.

a) 4x10°® 10° b) 4x10°

— Vpe=-1V
—— Vpe=-20V

3x10%] 310°  3x10%

—_——
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Figure 3. Up-down transfer characteristics of PMMA-BGTC OTFT devices measured in linear (Vps = =1V, orange lines) and saturated regime
(Vbs = —20 V, blue lines) fabricated with a) Mic-P and d) Disp materials. The dotted lines refer to linear left scale and the continuous lines refer to
right log scale. The black arrows indicate the direction (up or down) of -V acquisition. Output I versus Vpg characteristics of PMMA-BGTC OTFT
devices fabricated with b) Mic-P and e) Disp materials for different values of Vs. ¢,f) AFM topography 2 x 2 um images of Mic-P and Disp OTFT top

semiconductor surface, respectively.
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Figure 4. a) Device architecture of the water processed field-effect transistors with channel width (W) and channel length (L) of 2 mm and 20 um.
b) Representative transfer characteristic curve of the fabricated devices based on PF8T2 aqueous dispersion.

The AFM of the top semiconductor layer of Disp devices shown
in Figure 3f does not show any meaningful difference with
respect to that of Mic-P samples. It should be stressed that, dif-
ferently from the Mic-P samples, in the case of Disp devices we
had no evidence of contamination from surfactants and thus
we did not perform the ethanol rinse after the deposition from
the CHCI; solution.

The values we obtained are generally low as state-of-the-art
polymers feature mobility well above 1 cm? V! s7L.BI Yet, the
values we obtained for the different samples span over two
orders of magnitude thus enabling to draw conclusion in terms
of process-performances relationships.

2.3. Aqueous Ink Processed Devices

Having validated the dispersion approach in terms of
absolute performances of the materials, we tested the organic
solvent free protocol previously described by Turner to achieve
a completely organic solvent free synthesis and processing
approach.’”l Thus, we performed the polymerization reaction
under conditions identical with respect to those employed for
the Disp samples. At the end of the polymerization, we trans-
ferred the mixture (a viscous deeply orange colored suspension)
into a dialysis cassette (2 kDa MWCO), immersed it in DI water
and left it to stir over a period of 72 h. We replaced the DI water
every 24 h. We finally recovered the purified mixture, and we
diluted it to reach a concentration of about 0.025 M with respect
to the repeating unit. At such a concentration, the mixture can
be used directly for device fabrication. We intentionally did not
perform any other purification as such this sample cannot be
purer that the Dips one described in the previous section.

The use of a aqueous ink required a slightly different device
structure, mostly due to the poor wettability of PMMA by water.
Thus, we fabricated TGBC field-effect transistors on glass sub-
strates. Gold contacts for source and drain electrodes were
patterned by standard photolithography. The substrates were
treated by oxygen plasma to make the surface hydrophilic and
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increase wettability by the aqueous ink. After that, the aqueous
dispersion of PF8T2 was filtered (0.2 um syringe filter) and
then deposited by spin-coating. The films were successively
heated at 150 °C for 30 min to completely remove traces of
water and washed in ethanol to remove excess surfactant.
Finally, a 460 nm thick parylene-C layer was deposited by chem-
ical vapor deposition and then a PEDOT:PSS gate was inject
printed to complete the devices. Figure 4a) shows a sketch
of the transistors structure, while in Figure 4b) a representa-
tive characteristic transfer curve in both linear and saturation
regime is presented.

We measured a field-effect mobility as high as 1.2 x 1073
and 1 x 1073 cm? V! 57! for linear (Vpg = 10 V) and saturation
(Vps = 100 V) regime respectively, which are perfectly compa-
rable with organic solvent processed Ref devices described in
Section 2.2, confirming the efficacy of the approach. However,
differently from the latter, an appreciable hysteresis is present
and could not be eliminated even after a washing step. The
marked hysteresis cycle along with the high threshold volt-
ages (Vryiin = —45 V, Vry sat = =30 V) and a non-ideal extended
sub-threshold region are indications of the presence of shallow
traps, possibly due to polymerization defects and/or termina-
tions. We are actively working at the further optimization of the
procedure. The characterization of device stability will also be
the subject of further studies.

3. Conclusion

We have demonstrated that the use of an aqueous solutions of
a specific mixture of an industrial surfactant (Tween 80) and a
food grade additive (lecithin) enables to efficiently perform the
SM polymerization of the p-type polymer PF8T2 in the absence
of any organic solvent. The protocol affords polymers having
comparable polymerization statistics with respect to reference
materials obtained in organic solvents and is advantageous in
terms of overall sustainability and purity of the final materials.
We compared the new protocol with previously developed
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micellar approaches, demonstrating that the dispersion tech-
nique enables a much more straightforward purification from
processing additives. The influence of such impurities was
thoroughly evaluated using OFETs as testbed for the trans-
port properties of the different samples prepared according
to organic solvent, micellar, and dispersion polymerization.
Finally, we adapted a literature procedure for the polymeriza-
tion and dialysis purification of water dispersion of conjugated
polymers nanoaggregates to our dispersion approach. We suc-
cessfully produced a directly printable aqueous ink of PF8T2
starting from the corresponding monomers without recurring
to the use of organic solvents at all steps, including purification
and film deposition. The water processed devices gave a satura-
tion mobility for holes of 1 x 1073 cm? V! 57}, a value in line
with the best reported ones for organic solvent synthetized and
processed PF8T2 samples having comparable polymerization
statistics. Work is in progress to extend the approach to higher
mobility polymers.

4. Experimental Section

General Procedure for Model Reactions in Surfactant Solution: All
reactions were carried out in a 5 mL CEM microwave glass tube vial
under magnetic stirring at 800 rpm and at a nominal concentration for
fluorene derivative of 0.5 mol L. Depending on the experiment, the
reaction medium the temperature and the atmosphere were studied
(See Table S1, Supporting Information).

9,9-dioctylfluorene-2,7-diboronic acid (119 mg, 0.25 mmol),
2-bromothiophene acid (81.5 mg, 0.50 mmol), and Pd(dtbpf)Cl,
(6.5 mg, 0.01 mmol) were weighed in the vial and then reaction medium
was added. The mixture was stirred and allowed to homogenize for
5 min before addition of the NEt; (152 mg, 1.50 mmol). All reactions
were stopped after 12 h of stirring at the chosen temperature, extracted
with CH,Cl,, filtered over a pad of silica gel, and submitted to GC-MS
characterization.

Polymerization of PF8T2 in Surfactant Solution, General Procedure:
All the polymerizations were carried out in a 5 mL CEM microwave
glass tube vial under magnetic stirring at 800 rpm and at a nominal
concentration for the monomers of 0.25 mol L. Depending on the
experiment, the medium varied (see Table 1).

A representative experimental procedure is given as an example:
9,9-dioctylfluorene-2,7 diboronic acid (239 mg, 0.5 mmol), 5,5-dibromo-
2,2"-bithiophene (162 mg, 0.5 mmol), and Pd(dtbpf)Cl, (13.0 mg,
0.02 mmol) were weighed in the vial and then 2 mL of surfactant/s 2 wt%
in water was added. The mixture was stirred and allowed to homogenize
for 5 min at 80 °C, heating with an oil bath, before addition of the
NEt; (304 mg, 3.0 mmol). After the addition of the base, the reaction
mixture was stirred at 80 °C for 48 h. To provide defined end-groups,
phenylboronic acid (183 mg, 1.5 mmol), and after 2 h bromobenzene
(157 mg, 1.5 mmol) were added. After stirring for further 2 h the
polymer was precipitated in methanol (10 mL) and then submitted
to Soxhlet extraction with MeOH, acetone, heptane, and chloroform
to remove the excess of end-capping agents, catalyst residues, and
oligomers.

PF8T2 Aqueous Ink: 9,9-Dioctylfluorene-2,7-diboronic acid (239 mg,
0.5 mmol), 5,5-dibromo-2,2"-bithiophene (162 mg, 0.5 mmol), and
Pd(dtbpf)Cl, (13.0 mg, 0.02 mmol) were weighed in the vial and then
2 mL of TL82 mixture 2 wt% in water was added. The mixture was stirred
and allowed to homogenize for 5 min at 80 °C, heating with an oil bath,
before addition of the NEt; (304 mg, 3.0 mmol).

After the addition of the base, the reaction mixture was stirred at
80 °C for 48 h. After cooling, the dispersion was injected into a Thermo
Scientific Slide-A-Lyzer dialysis cassette (2 kDa MWCO), immersed in DI
water, and left to stir over a period of 72 h. The DI water was replaced
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every 12 h. After dialysis, the dispersion was diluted to a concentration
of 0.025 m with 18 mL of DI water. The resulting dispersion was used for
further characterization and processing into thin-films.

Assembly and Characterization of the Devices: Organic Solvent
Processed Devices Fabrication: All organic semiconductor solutions were
stirred at room temperature for 24 h under nitrogen atmosphere and
prior to deposition they were heated at 60 °C for 30 min. For both
BGBC and BGTC structures (Figures 2a and 2b, respectively) the
gate (G) is formed by a heavily doped Si wafer plus 100 nm of SiO,
acting as gate dielectric. Then in BGBC devices, the source (S) and
drain (D) Au contacts (25 nm thickness) were thermally evaporated
in vacuum with a deposition rate of 1 nm s and patterned using
the Lift-off lithographic technique. Before Au evaporation, the SiO,
surface was treated with HMDS to promote Au adhesion with SiO,.
We than deposited the active material by spin coating at 1500 rpm
for 30 s, followed by annealing at 110 °C for 10 min. The obtained
semiconductor film thickness was 30 nm measured by a profilometer.
The as-devised BGBC structure had semiconductor channel length
L =100 um and channel width W = 200 um. In BGTC devices the
organic semiconductor was deposited directly on the dielectric layer
and subsequently by using a shadow mask (AISI 304 stainless steel,
50 um thick, Stencils Unlimited) to evaporate the Au S&D contacts
(L =100 um and W = 1000 pum) directly on top of the semiconductor
material (Figure 2b). As discussed in results section, in specific
cases a 300-nm layer of PMMA was also introduced on top of SiO,
layer to improve the quality of the semiconducting layer. Besides,
the staggered BGTC configuration was suitable to reduce contact
effects and therefore focus and analyze the properties of the organic
semiconductor layer.>* The whole fabrication process, carried out in
cleanroom environment at low temperature (<150 °C), was compatible
with a large area flexible organic electronicsi®® and allowed a fast,
simple, and clean process.]

Devices Electrical Characterization: The organic solved processed
devices have been electrically characterized in an MMR cryostat using
a Keythley 236 source/measure unit and a Keythley 2635 source/meter.

Aqueous Ink Processed Devices Fabrication: Then bottom source and
drain electrodes were patterned by standard photolithography on glass
substrates (low alkali 1737F Corning glasses, purchased from Prizisions
Glas & Optik GmbH) and deposited by thermal evaporation: 35 nm thick
Au with a 3 nm thick Cr adhesion layer. The substrates were then cleaned
by sonication with acetone and isopropyl alcohol (both purchased from
Sigma-Aldrich) for 10 and 5 min. Afterward an oxygen plasma treatment
was performed (5 min at 100 W). Then the filtered (0.2 um syringe filter)
aqueous dispersion of the semiconducting polymer PF8T2 was deposited
by spin-coating (500 rpm for 60 s, 4000 rpm for 10 s). After active
layer deposition, the devices were heated up at 150 °C for 30 min and
successively washed in ethanol to remove a possible excess of surfactant.
Then, a 470 nm thick layer of Parylene-C (dimer purchased from Specialty
Coating Systems) was deposited by CVD with an SCS Labcoater
2-PDS2010 system. To complete the devices PEDOT:PSS (Clevios PJ700
formulation, purchased from Heraeus) gate electrodes were inkjet
printed with of Fujifilm Dimatix DMP2831 at room temperature.

The aqueous ink processed devices were measured with
semiconductor parameter analyzer (Agilent B1500A) inside a glove box
with a Wentworth Laboratories probe station.
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