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Summary

Organic semiconductors (OSCs) basepaiydiketopyrrolopyrrole polymers (PDPPs) are well
known for their excellent charge carrier properties and stability. They offer firm handles for
chemical functionalization and many subunits of the molecule can be tuned almost
deliberately. In the preserthesis, this chemical versatility of PDPPs was exploited to answer
specific scientific questions and deduce design principles for the use of PDPPs in bioelectronic
applications. Furthermore, OSCs like PDPPs often need to be doped to adjust their electrical
properties to fit desired specifications. Chemical doping is a pivotal tool to tune e.g., the
charge carrier density and the electrical conductivity of OSCs, but recently considerable
drawbacks of this conventional molecular doping strategy were idedtifi&’e therefore
proposed a novel doping concept, proved its practicality, and studied it in detail.

In the first chapter, we designed a series of four PDPPs with a systematically increasing content
of ethylene glycol (EG) substituents. Thereby for the finse, the basic functionality of the
thiophene flanked DPP backbone i.e., a pronounced-tralesport behavior was combined

with a finetuned hydrophilic character. The concept was to gradually increase the hydrophilic
character of the polymers to imprevthe compatibility with water and solvated ions,
ultimately leading to different mixed iealectron conduction properties. It was successfully
shown that the compatibility with water and ions indeed follows the intended behavior and
mixed conduction waslserved at higher EG contents. It was shown that the polymers with
higher EG content perform well in organic electrochemical transistor (OECT) devices, both
under sodium chloride solution as well as when a-gaewth medium is used as the
electrolyte. Ths was the first report of OECT operation using a cell growth medium. The
transistor devices were tested under steady operation for over 1200 consecutive
measurement cycles, underlining the stability of the PDPP. Cell viability tests confirmed the
absence bcytotoxicity of the polymer. Ultimately, the combination of stable operation and
operation in a celgrowth medium and the nottioxic character demonstrates the potential

for application in bioelectronic applications.

Today to increase and tune the eldctl conductivity of organic semiconductors, molecular
doping is the strategy of choice. Conventional molecular doping usually demands high molar
doping ratios up to several tenths of percent of dopant. High molar doping ratios, however,
are always accompeed by sideeffects: large amounts of foreign molecules within the
semiconducting polymer matrix disturb the polymer morphology and therefore, hinder charge
transport. Moreover, the ionization efficiency itself suffers from high doping levels and
undesired charge trapping and scattering can occur. To combat these limitations, in the
second chapter we have developed a new strategy to elegantly dope polymer semiconductors
by using an oxidized holeansport material (HTM) as the active dopant. The opergpiomt

of this concept is that, after the electron transfer from the oxidized HTM to the neutral
polymer has occurred, the dopant becomes a HTM which does not hamper or even assists
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charge transport. The doping process was studied via different methodg asinDPP as
organic semiconductor and the thermoelectric behavior of the doped materials was
measured. This concept was then extended in the third chapter, where we studied whether
oxidized HTMs in higher oxidative state yield advantages over e.g., @xidjzed HTMs. The
anticipation that the required molar doping amount can be reduced even further by using
multielectron acceptors, rather than orsectron acceptors was proven. The work also
compared the oftelRA 4 Odzaa SR NRf S 2 T \yidk he dogng procesg bye Y S N
parallelly using two PDPPs as OSC which explicitly only differ in their side chains (EG vs. alkyl).
By comparing mono, di and tetra cationic HTM dopants, it was shown that the charge carrier
density of systems doped with the vans dopants is directly linked to the valency of the
introduced dopant. Thereby, the tetra cationic HTM dopant afforded unusually high doping
efficiencies of ca. 20 % at only 5 % molar doping ratio in the more polar host OSC.

To conclude, my research wopkoduced guidelines for the design of active materials for
operationally stable and netoxic MIECs to be used in bioelectronics, based on a DPP polymer
structure. Furthermore, a novel highly efficient new doping method was established and
assessed in datl, rendering strongly increased charge carrier densities and electrical
conductivities possible, at unprecedentedly low doping levels.
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Zusammenfassung

Organische Halbleiter auf Basis WeolydiketopyrrolopyrrePolymeren (PDPPs) sind bekannt

fur ihre hervorragenden Ladungstransporteigenschaften und ihre Stabilitat. Weiterhin bieten
sie Angriffspunkte zur chemischen Funktionalisierung und viele Struktureinheiten des
Molekdls lassen sich ge#t modifizieren. In der vorliegenden Arbeit wurde diese chemische
Vielseitigkeit von PDPPs genutzt, um spezifische wissenschaftliche Fragestellungen zu
beantworten und Designprinzipien fir den Einsatz von PDPPs in bioelektronischen
Anwendungen abzuleitenin vielen Anwendungen mussen organische Halbleiter, wie z.B.
PDPPs, dotiert werden, um ihre elektrischen Eigenschaften an gewtnschte Spezifikationen
anzupassen. Chemisches Dotieren ist ein zentrales Werkzeug, um z.B. die Ladungstragerdichte
oder die elekische Leitfahigkeit zu beeinflussen, jedoch wurden in der Vergangenheit
erhebliche Nachteile dieser konventionellen molekularen Dotierstrategie identifiziert. Wir
haben daher ein neuartiges Dopingkonzept vorgeschlagen, dessen Praxistauglichkeit
bewiesenund eingehend untersucht.

Im ersten Kapitel wurde eine Reihe von vier PDPPs mit systematisch zunehmendem Gehalt an
Ethylenglykol (E&ubstituenten entworfen und hergestellt. Dabei wurde erstmals die
grundlegende Funktionalitéat des Thioph#ankierten DPHRUckgrats, d.h. ein ausgepragtes
Lochtransportverhalten, mit einem fein abgestimmten hydrophilen Charakter kombiniert. Das
Konzept bestand darin, den hydrophilen Charakter der Polymere schrittweise zu erhdhen.
Dadurch konnte die Kompatibilitaét mit Wassend solvatisierten lonen verbessert werden,
was letztendlich zu unterschiedlichen Mischleitwifjgenschaften fuhrte. Es wurde
erfolgreich gezeigt, dass die Kompatibilitat mit Wasser und lonen tatsédchlich dem
beabsichtigten Verhalten folgt, und Mischleiginwurde bei hoéheren EGehalten
beobachtet. Es wurde gezeigt, dass die Polymere mit hoherer@db@lt in organischen
elektrochemischen  Transistoren (OECT) gut funktionieren,  sowohl unter
Natriumchloridlésung als auch bei Verwendung eines Zellwachstumsmesdils Elektrolyt.

Dies stellte den ersten Bericht Uber den Betrieb von OECTs unter Verwendung eines
Zellwachstumsmediums in der Literatur dar. Die Transistoren wurden uber 1200
aufeinanderfolgende Messzyklen im Dauerbetrieb getestet, was die StabiligtPdEPP
unterstreicht. Zelltests schlossen die Zytotoxizitdt des Polymers aus. Letztendlich
demonstriert die Kombination aus einem stabilen Betrieb und dem Betrieb in einem
Zellwachstumsmedium, sowie dem ungiftigen Charakter das Potenzial fur die Anwendung
bioelektronischen Anwendungen.

Um die elektrische Leitfahigkeit organischer Halbleiter zu erhdhen und einzustellen, ist
heutzutage die molekulare Dotierung die Strategie der Wahl. Herkbmmliches molekulares
Dotieren erfordert gewohnlich hohe molare Anteides eingesetzten Dotanten bis hin zu
mehreren zehn Prozent des Dotierungsmittels. Solch hohe molare Dotierungsverhaltnisse sind
jedoch immer mit Nebenwirkungen verbunden: grof3e Mengen an Fremdmolekilen innerhalb

Xl



der Polymermatrix storen dessen Morpholegund behindern so den Ladungstransport.
Daruber hinaus leidet die lonisationseffizienz selbst unter hohen Dotierungsniveaus, und es
kann zu unerwinschtem Ladungseinfang ustteuung kommen. Um diese Nachteile zu
Uberwinden, haben wir im zweiten Kapitehe neuartige Strategie entwickelt, um polymere
Halbleiter zu dotieren, indem wir ein oxidiertes Lochtransportmaterial (HTM) als
Dotierungsmittel einsetzten. Der Kern dieses Konzepts ist, dass nach erfolgtem
Elektronentransfer vom oxidierten HTM zum nealan Polymer auch das Dotierungsmittel
selbst zum Lochtransporter wird. Dieser behindert den Ladungstransport nicht, sondern
vermag ihn gar zu unterstitzen. Der Dotierungsprozess wurde mit verschiedenen Methoden
unter Verwendung eines PDPP als Halbleiteersucht und das thermoelektrische Verhalten

der dotierten Materialien untersucht. Dieses Konzept wurde spater im dritten Kapitel
erweitert, worin wir untersuchten, ob oxidierte HTMs in hoheren Oxidationsstufen Vorteile
gegenuber beispielsweise einfach idierten HTMs bieten. Die Erwartung, dass die
erforderliche molare Menge des Dotierungsmittels durch Verwendung von Multielektronen
Akzeptoren anstelle von Einelektronéikzeptoren noch weiter reduziert werden kann,
wurde bestatigt. Die Arbeit verglich duadie haufig diskutierte Rolle der Polaritat des
Wirtspolymers auf den Dotierungsprozess, indem zwei PDPPs direkt miteinander verglichen
wurden, die sich explizit nur in ihren Seitenketten (EG vs. alkyl) unterschieden. Der Vergleich
von monga, di und tetrakationischen Dotierungsmitteln zeigte, dass die Ladungstragerdichte
der mit den verschiedenen Dotierungsmitteln dotierten Systemen, direkt mit der Wertigkeit
des eingebrachten Dotierungsmittels verknipft ist. Dabei lieferte das tetrakationische
Dotierungsnittel ungewohnlich hohe lonisierungseffizienzen von ca. 20 % bei nur 5 %
molarem Dotierungsverhaltnis im polaren Wirtpolymer.

Zusammenfassend brachte meine Forschungsarbeit D&sigaipien zur Gestaltung aktiver
Materialienfir betriebsstabile und ungiftige MIECs zur Verwendung in der Bioelektronik auf
der Grundlage einer DFPolymerstruktur hervor. Dartber hinaus wurde ein neuartiges
hocheffizientes Dotierungsverfahren etabliert und im Detail untersucht, welches stark
erhohte Ladungstragerdichten und elektrische Leitfahigkeiten bei beispiellos niedrigen
Dotierungsniveaus ermdglicht.
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1| Introduction

1. Introduction

Owingto the advancementan the variousfields of polymer chemistry new applications
involving polymer materials and their engineering evolekaing the last few decades. In
science and technology, medicine and al&w everyday lifegstablishedtechnologies have
been replaced or improved ambvelpossibilities arose owing to th&yntheticalavailability

of functionalpolymers.This was possible because polymers offer an unforeseen freedom for
obtaining a plethora of desired propertieSpanning frommechanical poperties which can
e.g, be flexible foils in packaging applications or sturdy casings for appliances, over insulating
polymers in construction many physical properties can be tunedeaged In the coatings
technology for instance in the automotive sectthin polymer layers in the thicknessaily

100 um, equal to theliameterof a human hairensurean appealing appearance along with
protection of the substrate against weathering and corrosion over decadethese manifold
functions, which are byar not listed exhaustivg, are today only accomplishable through
synthetic polymers.

The present work evolves around fisld/here electrically active polymers are necessary
especially conjugated polymers with semiconducting properties, combined with the merits of
common plasticsThey constitute an ingenious family of materials watiractive potential
applicationsWithin the framework of this dissertatignhese polymers agn up thecapability

for purposeful mteraction betweenbiologicalsystemsand electrical signals, asptured by

the field of bioelectronics. The second application concerns itself with the direct conversion
of thermal energy into electrical power, which possiblevia polymer based thermoelectric
materials. The followinghapter briefly introduces the chemistry and physicsef organic
semiconductorstheir special propertiesas well as the two respective topics of the present
dissertation.

1.1 Organic Semanductors

The discovery of electrically conductive polymers in 1977 marked the begin of a new era of
technicalinnovations™ Until then, plastics were regarded assulators i.e. incapable of
carrying electrical current and, in fact, this property whishdistinctively different from
metallic materials was desired in many places where plastics uszd By discovering the
synthetic metals, as they were referred to atsthe time, a paradigm shift was set in motion.
Soon after the invention of electrically conductive polyacetylene (PAc), numerous other
conjugated polymerbkavefollowedalong Some of the most importamneswere polyaniline
(PANI¥I, polypyrrole (PP, poly(p-phenylene) (PPB), poly(p-phenylenevinylene)(PPVY®!

or polythiophenes (PTRKY!], and ther structures are depictedverleafin Figurel. Some of
these structureshave beendescribed long before the landmark work of Shirakatval. in
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1977, but their potential remained unrecognizéltbythe now increasing scientific interest
in conductive polymerghese early organic semiconductai®SCslpecamevaluable model
systems ér fundamental studiesthus helping to understand this new class of materials

PPV P3AT PEDOT

Figurel ¢ Examples for stgeneration conjugated polymers: Polyacetylene (PAc), polyaniline (PANI),
polypyrrole (PPy), poly{phenylene) (PPP), polyfihenylenevinylene), poly(3alkylthiophene) (P3AT),
poly(3,4ethylenedioxythiophene) (PEDOT).

Theseearly conjugated polymers ragidadvanced and furtheprocessablanaterials like the
polyalkylthiophenegP3A7 and poly(3,4ethylenedioxythiophene) (PEDO®&gre developed
PEDOT can be adidped with either toluene sulfonic acid or polystyrene sulfond@&Sand
in its doped form, EDOT/PSS, i$ awidely usedand commercially availableonducting
polymer. With optimized procedures extremely high electrical conductivities beyond 6000 S
cn! can be reached! It is among the highest efficient organtbermoelectric materials,
reaching a roomtemperature figure of merit ofzT = 0.42l°] and is already employedin
prototype technical application8% The most important derivative of 3ATs is the poly(3
hexylthiophene)P3HTwhichis thebeststudied conjugated polymer today. Owing to its neat
structure and the rather simple possibility fire controlled synthesis of regioregular P3HT
via the KumadaCatalystTransfer Polymerizatiori!1? it becamea representative model
system forstudying fundamental charge transportproperties or doping mechanisms of
conjugated polymes;[13:15]

Today, almost half a century later, the laboratory ogties from the 1980s matured intona
abundanceof applications which have found their way into the consumer market and our
everyday life.The reasons for this are manifold: OSCs can be tailored Itib $pecific
requirements such as light absorption or emissiona tunable electrical conductivityThey
unite these abilities with the benefits of conventional plasticdike beinglight weight,
mechanically flexiblenon-toxic, based on earth abundambaterialsand allowing for low
energy processingnethods This resulted in weknown applications for OSCs, such as the
multibillion-dollar market for organic light emitting diodes (OLED®)day, OLEDsare
ubiquitously used in televisions, smart phonesnart watches, and other displaf}&1”
Photovoltaic energy generation contributes greatly to combating the global energy crisis by
sustainably generating clean energe. without the emission of greenhouse gassés the

last few years, organic photovoltai®PV)materials based on OSCs have entered the
commercial market®11 Throughthe development of new polymer structures which can be
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tailored to specific requirements, new fields of applications are on #rges of being broken
into. Great advances have been made in the fields of bioelectronics and organic
thermoelectricg?%21 Bioelectronic devices allovior the transduction of signals from the
biologicalworld into measurablelectricaldata, which is arever growing taskn the frontier
areasbetween medicine, biology and chemistrrganic hermoelectric generator§TEG)
constitute another new area of research. TEGsan converttemperature gradients into
electrical energy and are indispensable composent the innovation ofmany modern
devices andnayalsocontribute to providing clean energy by harvesting wasted héétere
anautonomous powesupplyisrequirede.g.,for so called smartievices andhe internet of
things TEGs could fulfil thiseed Where large amounts of energy are lost by heat, TEGs can
help to harvest this energy.

1.1.1 Second GenerationConjugated Polymers

All the devicedistedaboverequiringmodern OSCare constituted by conjugated polymees
active materialsMany of the arly conjugated polymers like the ones showrrigurel have

the drawback of being insoluble in virtually any organic solvent, thus aggravating their
processingthe scope of theiapplication andmpede a comprehensive characterizatidine
development of new conjugated polymers allows for the distinction between tbie 1
generation conjugated polymers like the ones discussed before,aaP generation of
conjugatedpolymers.By introducingsolubilizingside chainsthe solubility in oganic solvents

or compatibility with water and additivesan be established anthe processabilityis
enhanced drasticall\By designing more complex monomer structuaesl implementing the
pushpull concept in donocacceptor copolymer&223 the optoelectronic properties of the
resulting polymers can baccuratelytuned. The central idea in puskpull systems is to
covalentlycombine donor units (Dyith acceptor moieties (Ah an alternating mannemwhich
leads to orbital overlap anda decrease inthe materials absorption energy. This was a
breakthrough, especially for OPWhere low band gap polymersere needed urgentlyo
improve light harvestingooth as donor materials as well as acceptor mater@smsequently

the 29 generation conjugated polymers offer a high degree of freedom for careful molecular
design andor establishing structure property relationshigdomemost importantdonor and
acceptorstructural unitsfor this novel type of polymerare given irFigure2 below.
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Figure2 ¢ Donor(blue)- and acceptor(red) motifs ofimportant 2@ generation conjugated polymers. D}:
thiophene (Th), D2: thieno[3;@]thiophene (TT, thienothiophene), D3: fluor,ene, D4:carbazole. ApZTRA I £ 1 ef m
LJ& NNE f R@oNILR OB M = ARk 12fy1S8 Bt It HEKA Sy 2 0o SA3TO6 LIE NNR2 f S
napthalenediimide (NDI).
R: solubilizingidechaincan beeither alinear- or branched alkythainor oligo ethylene glycol.
The building blockef 2" generation conjugated polymers consist of annulated heterocycles,
which are substituted with side chains R. These side chains can either be linear or branched
alkyl substituents and have the function of imparting solubtiitfhe polymer The aliphéic
alkyl chainganbe partially or fullyreplaced byoligoethylene glyco{OEG)moieties, which
further expand the solubility. But more important, it improves the compatibility with
additive$? or watef?® and increase(i K S  LJ2 polarfySaNd@idectric constant?®! The
fused heterocycles are the polymer backbone and the choic¢hefheteroatoms and
functional groups like carbonyl functiom®ntrols the nature of preferred majority charge
carriers Electron richcores (@A ¢ D4) primarilyresult in hole transport materials, whereas
electron deficientores (A ¢ A3) establish electron transport materials. Sterical demands and
electrostatic interactions betweenindividual substituents of different electronegativity
dictate the g®metric conformation between the monomer units. Thereby, itherbital
overlap is influenced, which directly affects the charge transport along the polymer chains.
total, a variety of parameters in the molecular design arise, which allow for tuning of
macroscopic material propertie88y means of the preferred majority charge carriers, the
materials can be divided into-pand ntype polymers, for hole and electron transport,
respectively.

In the following, the structural variation and its consequencespbgsical properties are
discussed using one typical exampfehe PDPRopolymer
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Figure3 ¢ Schematic of the gnericdiketopyrrolopyrrolecopolymerrepeating unit includingthe DPPcore
substituted with R, beingither alkyl, or oligo ethylene glycol chainthe aryl flanking units (Ar)
and the comonomer .
These design principles are nowapplied, and their validity is demonstrated on
diketopyrrolopyrrole (DPP) polymeras one of the most importartlass of2" generation
conjugated polymes. PDPPs are characterized by a very high thermal and ptadiiity and
are for instance well suited materials for OPV applicatié®®8! The DPRore isadaptableto
fit different purposes.The generic structure of PDRBpolymers is showschematicallyin
Figure3 above, including the DPP core, substituents (R), flanking units (Ar) and a comonomer
(Mco) and the respective roles of the moieties are explained in the follovBygvarying the
flanking unitfrom thiophene[T] to phenyl[PH, 2-pyridyl[Py] and 2pyrazyl[PZ, the mode of
operation can be adjusted from-fype over ambipolar transport to-type transport(2°-30l
More in particular, the influenceof the individual molecular motifs osome selected
resulting poperties like charge transport or molecular orientation have been extensively
studied by Muelleret al. Upon employing thiopheneor 2-pyrdiyl flanking units, the
planarization of the backbone is facilitated. This leads to remarkably low band gaps with an
optical absorption onset up to 1100 nm for the thiophene flanked DPP using thiophene as the
comonomer3! The reasorfor this can bebriefly explainedoy the dihedral angles between
the DPP core and the flanking unit, and between the flanking unit and thecrwmmer. For
thiophene and Zoyridyl, low dihedral angles are possible because the both thiogsudfar,
as well as the pyridiytitrogen can alignvith the carboxyloxygen of the DPP core and lock in
vianoncovalent interactionsThis planarization assists the crystalline ordieads to a tighter
"~ a (i lafdiedhghgedcoherence lengtt?® In the case of a phenying the hydrogen
atoms ofthe phenyl ringare sterically hindered by the carboxyl group of the DPP core, which
causesa distortion andtherefore, a large twist along the backbon&! Macroscopicallythis
can be observedia relatively lower band gaps and higher charge carrier nitadsl in
thiophene and pyridyl flanked PDPPs, compared to phenyl flanked derivatives, both, in the
bulk as well as in thin film#éside from the mode of charge transport (o n-type) the choice
of building blocks also influences the molecular order ie folymer. Controlling the
orientation of the polymer with respect to the substrate e.g.,thg different aryl flanking
units andcomonomerss desired, as the charge transport is differently oriented in different
applications: in field effect transistotBe charge transport happens at the interface between
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dielectric and polymer, laterally between the electrodes. In diadgembliedike organic solar

cells, the charge transport occurs vertically to the substrate. For PDPPs it was found, that
thiophene fankingunits tend toorient the polymer in an edgen fashioni.eZ G KS LRt &YS
backbone standing perpendicular with respect to the substrate. On the contrary, pyridyl
flanked derivatives align in a facm manneri.e., the polymer backbone lying flatnothe
substrate; this preference is alleviated in poorly oriented phdiaylked PDPP8Vhen varying

the electron withdrawing effect in the emonomer the orientation and the mode of operation

can be further finetuned. In the case of thiophene as comonomer, this is e.g. poseible
alkoxylation or perfluorinatio?® Further aspects of # structureproperty relationships

from molecular design principles toward macroscopic properties are examirgeebgrlained

more elaborately in this thesi8y optimizing the sidehain R in e.g., moving the branching
point away from the backbone the cigdlinity, and thus, the charge transport can be
improved considerabl{?? When the hydrocarbon chain is substituted by OEG chains, the
polymer becomes swellable in watéf34 Aside from the aforementioned applications in
OPVs, outstanding chargengort properties are reached when copolymerizing thiophene
flanked DPP with thienothiophene TT. High hole mobilitiesi8FE™= 10 cm V1s! were
reported for the resulting polymer PDPP£TT3®! In addition to this, the DPP based polymers
show promisiig results as the active material in TE®sas mixed ion electron conductors
(MIEC) for bioelectronic applications and are the central subject of this fork.

The versatility of combining the D and A units leading to a wide varietyfof@olymes with
entirely different optical and electronic propertieJhis versatilityis depicted using some
prominent examples iffablel below. The donor part is markddue, and the acceptor part
is marked red in these structures.
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Tablel: Selected BEA copolymeraised in solar cell applicationshenamerefers to the abbreviated
description as used by the original authofsax optical absorption maximum »fFE7 reportedhole mobility
measured using organic field effect transistors.

Structure
Name
B CgHy7 7
CioH21
822 nm 10.5 cm2Wist [35]

PDPFDTT

Hz1Cqg CizHzs

480 nm 1.7-102cmPV-1st  [38]

404,579 nm 1-10%cn?vist B39

PBPDTBT
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Structure

OFET Ref
Name Smax al

575, 613 nm n.a. [40]

584 nm 16-103cmPvist
Nl \N
o

S

2-EH: -2-ethylhexyl

D18

Almost all of theD-A copolymers showabove function as donor components in a polymer
solar cell and some of them deliver power conversion efficiencies above 15% in combination
with non-fullerene acceptor moleculdg>3&41]

1.1.2 SyntheticApproaches toward"?Generation Conjugated Polymers
Polymerizationgan be divided into two different typewshich areeither based orthe chain
growth or on the step-growth mechanism In chaingrowth-reactions, the polymerization
proceeds by the addition of a monomer unit to an initiatortora preexistingreactivechain
endat a time The polymerization continuesitil all monomer is consumed or the reaction is
terminated by other meandikethe intentional termination owhenside reactiongrevail In
step-growth reactionshowever, the polymer is stepwise formed by bifunctional monomer
units capable of reacting with one anothéf Thereby, sequentially new larger monomers are
formed whichhave the same reactivity as the initial ones, and every reaction step requires
the same activationPossiblemechanismsfor step-growth polyreactions ardor instance
polyadditions, where the underlyinghemicalreaction is an addition between functiongliA
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and B, for example in the synthesis of polyurethanes feotiisocyanate and a diol. The other
reaction type for a stefgrowth polyreaction are polycondensations, where the underlying
chemical reactiors a condensatione., a reaction where twanolecules merge under the loss
of a small molecule, often water or H¢ Polycondensations are.g.used in the production

of polyesters polyamides or in the synthesis of conjugated polymetis one of thecross
coupling reactions to formthe GC bond. The reactions of interest here are Suzuki,
Sonogashira, Heck and Stille coupling reactiontheltillecrosscouplingpolycondensation
the coupling between dibrominated and distannylated mononaasording td-igure4 below
takes placeand detailgegarding this reaction type are elaborated in the next section

nBr—__}Br 4 n RSSn—O—SnRa — -IE[:]—O} + 2nR,SnBr
n

Figure4 ¢ Schematic Stillerosscouplingpolycondensation reaction, R: alkyl.

An important peculiarity of polycondensations is that only at very high conversions high
molecular weights ndegrees of polymerizatioi,, respectivelyare obtained.This can be
expressed by th€arothers equationgguationl) below*4

O — (equation 1)

i — 01 p (equation2)

Xa: degree of polymerizatiorp: conversiony: stoichiometric ratio of reactants,
Nas: number of moleculesf the monomer A/B.

Moreover, the stoichiometric ratio of monomerslimits the maximum achievable degree of
polymerization which rapidly decayshen r deviatesfrom 1, even when the reactiomas
proceeded to full conversioiside from weighing errors residual monomer impuritigside
reactions like oxygen mediated homocouplings between twh & two BB monomers are
possiblein transition metal catalyzed cross coupling polycondensatamtsmay lead to a
imbalancedstoichiometricratio.[*>46l The error from a deviation of the stoichiometric ratio
from r =1 can be excluded by using bifunctional monomers from the tyji®s Where the
Carothers equation reduces tmuation3.

W — (equation 3)

Thereby, the degree of polymerization is only limited by the conversion until which the
reaction is drivento. However, the synthetieffort toward asymmetrically functionalized
monomers is considerably higheand, more importantly, a strategi variation of the
comonomers is virtually impossiblen summary successful polycondensatiomgcessitate

the use of highly purenonomersand accurate experimental procedures in orderadiatain
polymers of reasonable molecular weightsclea advantagdsthe possibilityof a purposeful
variation of the building blocks within theresulting copolymers This renders

9
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polycondensations using-A / BB monomersan ideal toolkit forsynthesizingnovel 2¢
generation conjugated polymeend studyingtheir structure property relationships.

For the synthesis of PDPPs and many other conjugated polymers, step growth polymerizations
are the standard synthetic method, particularly the class of palladium catalyzedaoopbng
polycondensations. Most comonly Suzukiand Stille crossoupling reactions are employed.
Because Stille crog®upling polycondensation reactions were utilized to synthesize all the
polymers in the present work, this type of reaction is discussed in the following.-CheoGd
formation in Stille crossoupling reactions is accomplished using dibrominateghYAand
distannylated (BB) monomers following the catalytic cycle shown beldther cross
coupling reactions proceed analogously, but utilize differently activated kbnds, dr
instance by borylation in Suzuki cressuplings.

Pd(IL,
R?Sn
R%-R?
RIR? R'X
Pd(O)L,
reductive oxidative
elemination addition
L. R L. X
e Npd (i)
L/ \Rw L/ \R1
2 1
transmetallation
(R%),SnX (R%),SnR?

Figure5 ¢ General catalytic cycle of the Palladium catalyzed Stille @msggling reaction involving the three
fundamental steps of oxidative addition of the organohalide to the metal center, tratedlaton of the
coupling partner from Sn to Pd and subsequent reductive elimination of the coupling product and recovery of
the catalystR, R: aryl, alkenyl, alkinyl, alkyl®Ralkyl. X: I, Br, F, OTf.

The Stille crossoupling reactions proceed inérfollowing three fundamental steg$”!

1. Oxidative addition of the aryl halide-R to the catalytically active metal species®d
formingcomplex1.

2. Transmetallation o from tin to the palladium catalysand transfer of the halide X
to tin, formation ofcomplex2.

3. Reductive elimination of the substrates under formation of th€ Gond and recovery
of the catalyst.

The tendency for the transmetallation of" Rom tin to palladium decreases with the
substidzSy 1 Qa St SO0 N2y S Zb sgAopsimpler: aky <<fargl.a heyere, dhel B
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substituents Rare usually methyl or butyl, anc® B the desired aromatic comonomer which

is transmetallatedselectively. The advantage of the Stdlesscoupling over other transition

metal catalyzed crossoupling reactions is the tolerance of most functional grdtfhsas a
drawback the high toxicity of organic tin compounds is to be mentioned. Used catalysts are
[Pc(dba)], Pd(PP¥ or Pd[-tol)sPL and common solvents as dimethyl formamide or
chlorobenzene are mostly used, but also aqueous systems and ionic liquids like EMIM - BF
have been reported If the chosen reactants are bifunctional, the crassipling will
proceed as a stegrowth polymerization and it is termed as cressupling polycondensation.

1.1.3 Synthesis of DPP and Thiophene Monomers

The aryl flanked diketopyrrolopyrrole (DPsjucture has been known for decades and was
originallydeveloped for thauseas a colorant?® Figure6 below shows theso calledsuccinate
route which is today the established route for the synthesis of DPP derivé&tiv@he
mechanism is exemplarily given for the thiophene flanked.B#f Diethyl succinatd is first
RSLINR G 2y G Sbsitioh By a (stkoBg bhse, e.g. sodiurtert-butoxide. After a
rearrangement, the double bond attacks the cyamaction of the flanking unit and the
intermediate imne2A & F2NXSR® ¢ KS &F YS LINE OScarbonand NI LIS
the resulting intermediate3 expels one equivalent of ethanol after the intramolecular
nucleophilic attack at the carbonghrbon, thus forming the first lactaming. This repeats
itself once more and the final DR#®re4 is afforded.

0 A/
Q/CN + EtOJJ\/\rrOET + NC\@ —ON._
0

4h/100°C

a)

b) . s

0 0 CN 0
OEt g '( OEt _’@’ OEt
EtO -H E0” EtO
0

—>
- EtOH

Figure6 ¢ a) Reaction scheme for the synthesis of thiophene flanked DPP starting from thiofhene
carbonitrile and diethyl succinafgop). b) Corresponding reaction mechanigiottom).
The resulting crud product is insoluble ianycommon organic solvent and must be equipped
with solubilizing side chains. In the past, exclusively branched alkyl chains were used for this
purposé>55phut more recentlythe substitution withhydrophilicoligoethylene glgol (OEG)
chainshasincreasinglyemerged Thereby, the scope of application of DPP based and other

11
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conjugated polymersouldbe extendedoward new applications like bioelectroniéd where
fully hydrophobic polymers are not desd. The use ofpolar OEG groups furthermore
improves the miscibility with polar additives like dopdffs which is beneficial for
thermoelectric material8®! or high-mobility organic field effect transistofz’]

CnHZnM

CrHzm+1 0=PPh, / CHBr,
HO

PPh, / CBr,

K,CO,, [18]crown-6
-

DMF/ 0-130°C

PPh, / CBr,

o 0=PPh, / CHBr
Ho/\{ \/“}o/ 3 3
n

Figure7 ¢ Sidechain functionalization of the DPPrecon the example of DPP{Tsing either eéorominated
branched alkyl chain (top) which is previously obtaimidan Appel reaction, or Brominatedlinear
oligoethylene glycol chain which also is previously synthesized using an Appel reaction.

Figure 7 above shows the synthetic approach toward alkyl and OEG substituted DPPs,
respectively. In both cases, the corresponding bromide is required as substitution partne
which is conveniently accessible frois alcohol by an Appel reaction. First, the amin
function in the DPRore is deprotonated by a weak basey.,potassium carbonate, and is
then subjected to a nucleophilic substitution with the respective bromide. The reaction
proceeds smoothly in most cases; only whatroducing OEG substituents, care sbibe
taken The OEG bromidenust be added in the cold as it is prone to elimination of HBr at
elevated temperatures. This side reaction should be excluded, as it disturbs the reaction
considerably because firstly, the requiregactant(OEGBr) decomposes and, secondly, the
formed acid anlead tohydrolysis ofti KS 5t t Qa B8Finady] in otdeNd tyadsidrm
the DPP into a monomer which is polymerizable in Stille cross coupling polycondensation, it
needs to be dibrominated. This is carried out usiMipromosuccinimide accordintp the
reaction scheme below.

12
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CHCI,
']' RT / dark
R

R
an2n+1 o
R: )_CmHZmH or \aé o
\ “n

Figure8 ¢ Bromination of the alkylor OEG functionalized DPPRJ&dre usingN-bromosuccinimide.

The comonomersfor dibrominated DPPdn Stille cross coupling polycondensations are bis
stannylateddonor monomers, which ardor instance accessibleia the lithiation of 2,5
dibromo-3,4-ethylenedioxithiophene or in a orgot procedureviaa metathesis reaction with
trimethyltin chloride after lithiation of the neaDEGsubstitutedthiophene unit(Figure9).

4 v N 0 0
o o 1.) n-Buli

o 0 NBS
z/ \§ M 2.) Me,SnCl \Sn !\ S‘:.'
S Br Br - \ S / =~

S

/ : / /
0_/7 Lithium diisopropylamide 0—/7 Me,SnCl 0—/_)_
(l f\ " A\ . Nl Dy n
s Li 5 Li / "\ s” \"

Figure9 ¢ Stannylation of 3 4thylenedioxythiophene over the brominated intermediate (top), stannylation of
3-oligoethylene substituted thiophene after lithiation with lithium diisopropylamide (bottom).

It mustbe noted that although the stannylated thiophene compouradle obtainedvia less
reaction steps, they pose a greater synthetic challetiggn the synthesis of the DPP
comonomersEspecially the purification of the stannylated products is difficatt heyoften
feature high boiling temperatureand the trialkyltin moieties are sensitive toward silica gel.
This aggravates both, the distillation even under high vacuum, and column chromatography.
As highlypure monomers are crucial for the success of sgepvth polymerizationghis has

to be kept in mind.

1.2 Doping of Conjugated Polymers

1.2.1 Chargelransport in Conjugated Polymers

The charge transport in conjugated polymers at room temperature and above is dominated
by the hoppingtransport mechanism, whereas ordy lower temperatures (< 40 K) a band
like transportas known from inorganic conductopsedominated>®6%n the case of electron

(e) transport, the charge carriers move through the lowest unoccupied molecular orbitals
(LUMOSs) of the OSC, hofk") transport proceeds through vacant states in the highest
occupied molecular orbital (HOMO) of the OSC. According to thgithg mechanism, @rge

13
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carriers (¢h*) can propagate throughout the density of states (DOS) of the semiconduator
discrete hopping events between localized states which are spatially and energetically
separated. For a successful Ipopy event, an electron must take upsafficient amount of
energyfor instanceby thermal excitation, to overcome the energetic barrier between the two
discrete states?! In disordered materials like conjugated polymers, the hopping mte
between two sites andj depends on both, the siial distance, and the energetic difference
between the respective states as well as of the overlap of their wavefunctions and is described
by equation4 according to the MillerAbrahams modef]

. Qon — A
0 O Adbgi t il h T (equation4)

~

Y b

with Ao: hopping attempt frequencyi: jump distance! : inverse localization radius of the elect@ra
wavefunction ti;: energy of the state i/jks: Boltzmann constant.

LT GKS K2 Lilghilly 3 A § 3Sy 6 NFetnpedaiirk &ctivatddiitiSthe required
activation energy being theenergetic difference between the two statedice versa
downward jumps are independent of the available thermal ene@pre needs to be taken,
since in real OSCs additional defect states are present which arisefgopnace impurities,
kinks in the polymer chain or crystal lattice faults. These defeety act as trap states, which
strongly bind electrons, hindering éim from further partaking in charge transport. The
trapped electrons can either be liberated thermally (shallow traps) or are trapped irreversibly
(deep traps).The charge carrier mobilitjollowing the thermally activated hoppings
consequently thermallrctivated as well and can be written &3

QR — (equation5)

Whereo: mobility pre-factor and” : width of the Gaussian density of states.

showing thatthe carrier mobility follows an Arrhenius type behaviofThe macroscopic
electrical conductivity isltimately described by the correlatioim equation6:

, UtOt" (equation6)
With N: charge carrier density; elemental charge and: charge carrier mobility.

The relationship shows that the variables diatgt the electric conductivity are the charge
carrier density and the aforementioned mobility, which both are influenced by dophrigh
is elaborated further in the following section

1.2.2 ChemicaDoping

Organic semiconductolgke conjugated polymers intrinsally containa very lowamount of

mobile charge carriers, which are however essential for contributing to an electric current.
The concentration of charge carriers in an OSC can for instance be increased by the injection
from an electrode, photoexcitatioror doping with chemical additivé8! For numerous
applications, the method of choice for tuning the charge carrier density of an active material

14
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is the addition of molecular dopants, e.gorganic solar cels], thermoelectric generatof¥!

or in organic field effect transistors (OFEf8)Thereby, the electrical conductivities can be
tuned over several orders of magnitude, as exemplarily demonstrated on P3HT: it comprises
an electrical conductivity in the range d0°> S cm' in the pristine state, which increases to
ca.1l S cmt after the addition 0f10 mol% of thescommon dopant tetracyanoquinodimethane
(RTCNQJ®! By chemical dopingthe charge carrier density iacreased after the dopant
reduces (Rype doping) or oxidizes {fype doping) the OSC. Intype doping an electron is
added to the OSCs LUMO, aride versaan electrons removed from the OSCs HOMO in p
type doping!é6:67]

R — — LUMO n-type doping
matrix ik
—— 4 —— Lmo

445 = 44 vowo

dopant
.H_ p-type doping '1+-1+ .H_.H. o

FigurelO ¢ Schematicliustration of thedoping process for4ype (left) and ratype doping (right). In {ype
doping, the dopanteceivesan electron from theDSGnatrix, during atype doping an electron is donated to
the host polymers LUM@\dapted from literature!67]

By introducingadditionalcharge carriers raonly the carrier density is increased, but also low
lying trap states are filled, thus leading to an disproportional increase in charge carrier mobility
already at very low doping ratigs 1 mol %8 Further doping leads to a shift of the materials
Fermi level toward the LUMO {doping) or HOMO (ploping),therebyreducing the distance
between Fermi and transport levé&, which further raises the charge carrier mobility and,
ultimately, increases the electrical conductivity. Therefore, chemicalgpigia powerful tool

to tune electrical properties of a given O8@pending on thaterical demands and energetic
conditions of host polymer and dopant, the doping can proceed following two different
mechanisns, which are the integer charge transfer atiee formation of charge transfer
complexegCPX}% The two ways are explained on the example afgping in the following
paragraph If the electron affinity (EA) of the dopant is equal or lower than the ionization
potential (IP) of the OSC, the chatgensfer can proceed in the form of a redox reaction with
e.g.,conventionaloxidizingagents like elemental lodine, NQR¥F RTCNQ. Lewiacids like
Iron(lil)chloride can also be capable of accepting an electron from thd’®%$ke chemical
structuresof some important pdopants are shown below iRigurell:
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N 4
o' F F C\I F F
7 — P -
N/ F—P—F JFe-ci
F F Cl F F
ST
NOPF, F\ECI3 F,TCNQ F.TCNNQ

F.C
§%7 X\ _CF; OH
= Y —e—
F4C S = I 0=5=0
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]
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~
F3C I W—cF 2
Six.
CF
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Figurell ¢ Examples o€ommon molecular siype dopantstructures. Nitrosonium hexafluorophosphate
(NOPB), Iron(lll)chloride (Fe$)) tetracyanoquinodimethane gFCNQ)tetracyanonaphthoquinodimethane

(RFTCNNQ)Molybdenum tris{,2-bis(trifluoromethyl)ethanel,2-dithiolene) (Mo(tfd)s),

toluenesulfonic acid (Tos), polystyrene sulfonic acid®fPS

The second case comprises the hybridization of the frontier orbitals ofa@&Gopant with

the subsequent formation of a charge transfer complex, which can provide mobile charge
carriers by thermal activatioli*! A noteworthy peculiarity of the charge transfer complex
formation is the circumstance, that it can occur eweimenthe thermodynamic driving force

for a integer charge transfer is not givere. A T
A 2 y Adl (indhk eage oy ing)yAindcessary condition for the formation

h{/l Q&

0KS R2LI yiQa

St SOGNRY

of charge transfer complexes @& adequate overlap of the frontier orbitals of OSC and
dopant[’@ This is mainly the case in planar dopants which can intercalate very well into the
(crystal) lattice of the host polymer, but almost impossible for sterically demanding dopants
like for nstancemolybdenum tris(1,2bis(trifluoromethyl)ethanel,2-dithiolene) complexes

(cf. Figurell above)

binding energy

—

~

<

neutral
osC

—

neutral
p-dopant

<

neutral

CPX
—
> B
2 .
) ;
o ;
£
=2 neutral neutral
o 0OSsC p-dopant
‘ =

Figurel2 ¢ Schematic illustration of the two possible doping pathwaysjnteger charge transfer between
OSC and dopant (left), bybridization of OSC and dopant frontier orbitals and formation of a charge transfer
complex (CPX). Adapted from Literatlffé.

If a conjugated polymer can be protonated at some positibitsoconjugated backbone, this
poses another mechanism for-goping, and it is referred to as acidoping. The most
prominent example for an acid doped conjugated polymer is PEDOT, which is mixed with
either toluenesulfonic acid (Tos) or polystyrene sulfonate (P38 obtained materials
PEDOT:.0osor PEDOPSSare commacially established hole conduc#®! which can reach

very high electrical conductivities beyond 6000 cB8r' using optimized preparation

procedures?®
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The biggest drawback of classical chemical doping as explained above is the dramatic decrease
of the doping efficiency with increasing doping concentratids.described earlier, a certain
amount of dopant is necessary to fill deep lying trapsnove the Fermi level toward the
transport level®8 But with increasing molar doping rati¢g®!DR)it becomes more probable

that free charge carrierare captured by electrostatic attraction of ionized dopants, which are
increasinglydispersedwithin the matrix[’3 A further complication brought about by high
molar doping ratioss the disturbance of the polymer morphology upon accommodating an
excess amount of dopant moleculesvhich reduces the charge carrier mobilitgtill
additionally, an increasing density abnized molecules within the polymer matrix offers
scattering centers for charge carriers which, too, decreases the overall charge carrier mobility
and forbidding a further increase of the electrical conductivitAltogether, the doping
efficiency rapidlydeteriorates from the order of 4op F 50 % for ultralow molar doping ratios
below 103 mol% to below 4sopF p 2 S KSYy K Z10mélw™ 818 BtdR A p
commonly very high employed MDRs in the range up to 40 %, the poor exploitation of the
doping process is obviouaside from the classical doping procedures entailing these causal
difficulties, there are several reports describing another apgeh. By admixing partially
oxidized electrorrich molecules into polymers or small molecule QS@ie electrical
conductivity of the host materiatan beenhanced This idea was originally described in the
context of Perovskite solar cells, where the hensport material spir®lOMeTAD has been
oxidized using Lithium bis(trifluoromethane)sulfonimide (LITFSI). The thereby obtained
dicationic spireOMeTAD(TFSBerved as mlopant for neutral spire®OMeTAD! In a similar
fashion, the monocationic radical salt tris(4bromophenylammoniumyl)
KSEII OKf 2NR I yiAY2Yyl 048 6 bal @ pddpePDRIBEsedpolyies NBOS
and other conjugated polymef&] In both cases, a single electron transfer could be achieved,
leading to an increased charge carridensity and electrical conductivity. The concept of
transferring an electron from a partially occupied HOMO (SOMO) of an O$@uta small
molecule OSC or polymer semiconductor is fully studied and explained in detail in this thesis.

17



1| Introduction

1.3 Organic Mixd lonElectron Conductor®r Organic Electrochemical Transistors

Organic mixed iomlectron conductors (OMIECs) are organic semiconductors which are
capable of transporting both, electrical charges (electrons/holes) andli®ndIECs can be
realized in electron rich ptype or electron deficient Aype materials, similar tothe
differentiation in OSCs. Necessary for mixed conduction ar¢henone hand conventional
semiconducting properties for the electronic contribution aadditionally, the material must
readily incorporateg(hydrated) ions!’”1 The semiconducting properties can be established by
employing a conjugated polymer backbone and the contribution for the ionic conductivity is
today mostly established by equippingé polymer with polar moietiesuch as ionic groups
(RCOCH", RSO HY, RSQM*, RN*wX)"8 or hydrophilicoligo ethylene glycol sidehainsl’

But there are also reports of side chdmnee MIECs, if for example a sufficient polarity or
hydrophiligty is provided by the backbone itsélf! One importantapplication of OMIECs is
the organic electrochemical transistor (OEGAHeremixed conduction is required in order to
fulfil the working principle, which is elucidated in the followpayagraph

Aqueous ¢~y Hydrated
electrolyte >-' metal ion

-t et i
ls MIEC HO/ l)O/
is J

o/r o)/ PDPP[T],{TEG},

r OH 3-MEET

=2 Cd

Figurel3 ¢ Schemati®©ECT™evicestructure (left)comprising sourcéS),drain (D) and gate (&Glectrodes
drawn in gold, the activehannel material (redjas well as the electrolyte solutiatrop on top The
magnification of the active channel/electrolyte interface (top right) illustrates the permeation of hydrated ions
into the bulk of theMIEG and below, two exemplary MIEC matesiare shownAdapted from literaturd®<8s]
The device structuras shown irfFigurel3 abovecomprises the following parts, which are the
gate, source and drain electrodes as well as the active material and an electrolyte. Source and

drain electrodes araypically patterned from gold®® The gateelectrode usuallyis anon-
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polarizable Ag/AgCl electrode, becausecan provide largeamounts of charges. This is
necessary due to the high volumetric capacitances of the MIECs smalirect contact with
both the source and drain electrodes as well as with the electroByeapplying a gate voltage,
an electrical field formdeadng to the injection ofdissolvedions, for instance Naor C&,
along with their hydration shell into the bulk of the polym@&hisso-called electrochemical
dopingprocess is controlled by the gate voltageand directly triggershe modulation of the
capacity othe whole filmand a considerable degree of swellirighe charges introduced by
the ions are compensated by the OSC, thus increasing the polymers electrical conduetivity
the created chargesn the polymer backbon&4 As a resultan applied drain vdhge Vb can
give rise to arain currentlp, which represents the output parametelecausean OECT is
normally used as a transducing entity between the surrounding biologicalumeaid an
electrical signal, the measure for this transducing qualitygigen in terms of the
transconductancem. It is defined according tequation7 below and represents the change
of drain current per change of gate volta§e.

M — (equation 7)

The transconductance is empirically accesditden the first derivative of the transfer curve
of the transistormeasurement anddepends on a number of other parameters. It can be
alternatively written asequation8:

QN —t0t v W (equation 8)

WhereW: channel widthd: film thicknessL: channel lengthyi: OECTharge carrier mobility,
C* volumetriccapacitanceye: gatevoltage andvri thresholdvoltage.

This formulation emphasizes that the transconductance is dependimghe channel
geometry (expressed by the t@rWd/L) and the biasingconditions ¥s ¢ V). The second
term (UC® however, cannot be manipulated by the device architecture or the operating
conditions,as it is constituted by material parametdrs.,the OECTharge carrier mobilityy
as well as thevolumetric capacitanc€*. This renders th@C*product as a useful figure of
merit for the comparison of different mixed conductdf8. The uC* product can be
determined experimentally by plotting the transconductangge vs the product of the
geometric term and the biasing conditiond/d/L - (Ve ¢ V) and fitting the relationship
linearly; the slope corresponds @C*[®¢ In addition to the previously discussedsential
requirements for mixed conduction, a material maslill a number of other criteria in order
to qualify for an MIEC for the application in bioelectronic devidbese are a low ionization
potential, enabling the transistor to be switched and offat low potentialsj.e.Vrn<< 1 7]
This is necessarpif the operation in aqueous media, where a breakdown of the electrolyte
would occur beyonda.1 V. Furthermore, the device isught to beoperated in contact with
biological structures or living cells, which also do not tolerate higher potentidsgt, he
material must provide sufficient stability in aqueous electrolggardingchemical inertia and
mechanical durability.e., dissolution or delamination of the filnThe degree of swellability
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has to be controlled, astoo little swelling hampers the ion penetration into the bulk, whereas
a very pronounced swellingiay hamperthe charge transport properties of the MIES.It
has to be noted, thajt and C* are a priori contradictory quantities, as the charge carrier
mobility profits from high order and crystallinityThe volumetric capacitance, however,
depends on a facile ienptake and swelling, which generatgducesthe degree of ordepn
the molecular scaleFurther conditions with regard to the application of NI& are the
absence of toxicity andreferably, mechanical flexibility to favor the interaction with soft
biological tissue&? All of these maifold requirements can be met by PDP&ter careful
molecular designSome interesting PDPPs, and other exlsgdor ptype MIECs from ™
generation conjugated polymers are shown below.
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Figurel4 ¢ Important modern ptype MIEC material§or the use in accumulation modeECDperation,
compiled from literature Top row: thiophene based copolymergg@{-TT#2, PAVEEETS], PTHSTAA (TAA:
tetra alkylaming®®°tl P3HH®2, p(gBD 92T, P(DPFDPRPMS)*, P(gPyDPRIeO T2, PTDPAD 5%

Figurel4 displaysonly materials which are operated in accumulation made, where the
transistor is in the OFF state without an applied potentaid ions are injected into the
polymer by electrochemical gating, rendering the active layer conduckinghese ptype
materialk, a negativegate voltagdeads to the injection of anions into the bulk of the polymer
film, thus increasing its capacitance and modulating its electrical conductinityontrast,
depletion mode materials are already conductive and in the ON statewutithn applied gate
voltage, like for example the PEDOT:PSS discussed in the previous chhpsatypes of
materialsare dedoped by applying a gate voltage, thus turning the transistorof® ptype
depletionrmode materiala positive gate potential @pletes the material from conductivitly
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enhancing countemnions, thus decreasing the materials conductiVity Compared with
depletion mode materials, accumulation mode materials have the advantage of a drastically
lower power consumption, because onlydaain current is flowing when the transistor is
actuallyin the ON stateWhen considering the materials Figurel4, it is conspicuous that
many polymers are based on polythiophenes which carryetieweous oligo ethylene glycol
substituents. This isdue to the fact that this strategy allows for reaching the required
properties with rather simple chemical tools. Polythiophenase known to begood hole
transport materialsand owing towell established synthetic approachasplethora of polymer
architectures and functionalizationare accessiblE4%! Glycol moieties can beasily
introduced to establish thevater compatibilityand the swellabilitywithin the material. This

f SR 2 GKS RS@St 2 LI Syia p2dgrTTimbhdrd tRieQathiofh&nETY)LIA 2 Y Y

is copolymerized with TEG substituted bithiophe(@2T) leading to apuC* product of
240Fcm\1s1[82 The polymer P3MEEET similarly features a polythiophene backbone which
is equipped with TEG, spaced by anyétgroup from the backbone. Thgpacerlength
(without, methyl or ethyl)allows fortuning of the crystallinity in the solid state and swelling
under aqueous conditions, and the best performance is obtained for the ethyl spaced
derivative achieving a figarof merit ofuC*= 11Fcm\*1s1,188 A different way of facilitating

the necessary compatibility with water and ions is the employment of polyelectrolytes; this
concept is realized in PTHS based polymers. Depending on the size of the counterion, the
volumetric capacitance and maximum attathé&ansconductance are modulated, with the
highest values being obtained for the smalldsmethylammonium cation!®%°1 When
replacing the TEG siddnain in the polythiophene with a hydroxgrminated hexyl chain, the
swelkbility without an applied dopg potentialis drastically reduced, as e.g. compared to
p(2gFTT) which already swells considerably in the unbiased staw, passively The
concomitant reduction of the charge transport properties is similarly alleviated, thus leading
to apuC*product of 35Fcnr\1s1.1921 A distinctivelydifferent backbone structure is found in
p(gBD1g2T), where the TEG equipped bithiophene (g2T) is copolymerized Wiks
substitutedbenzodithiophene (gBDIBy attaching oxygen atoms directly to the benzyl core,
the OECT could be operated at low potentadthe threshold voltage decreasdd -0.5 \,

but no figure of merit was determined in the original wdtk Compared to thiophendased
polymers, DPBased MIEC materials asearcelyreported and the most important ones are
also showrin the bottom rowof Figurel4 above.The polymer P(DPBTFMS) is obtained by
printing a watersoluble precursor polymer, cafng ionic moieties on side of the pendant
phenotsubstituents. The solubilizing moieties are cleabgdJV light formingthe insoluble
MIECwhich achieves a figure of merit of Z2cm'\V1s1.94 The watercompatibility n the
polymer P(gPyDPMeOT?2) iestablished byattachinghexa and heptaethylene glycdide
chains to the DPP core, which is adjoined kyridyl flanking units and copolymerized with
methoxysubstituted bithiophene. The resultimgplymer offereda good operational stability

in OECT opation, but no figure of merit was givéff! In the DPP derivative PTDBPF the
water-compatibility is once more introduced by OEG substituemisa increased OECT
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performance was obtained when the used electrolyte contained the large tetrafluoroborate
anion, resulting in a highC*product of 559 cnt\/1s. Thishigh figure of meritjis however
reduced to 14F cmV*1stwhen standard NaCl solution is used as the electrd¥pténother
study of this polymer similarly revealed a successful operation in OECTs using the ionic liquid
diethylmethyl(2methoxyethyl)lammonium bis(trifluoromethylsulfonyl)imide (DEMEFSI) as

the electrolyte, but no figure of merit was determinédlin a recent study of three thiophere
flanked EG substituted PDPPs copolymerized with either TT, bithiophene or methoxy
substituted bithiophene the role of polaredelocalization on the mixed conduction
properties was investigatedt was found that a highgvolaron delocalization favors the OECT
performance and a high figure of merit @iC*=342Fcm'V!s! was measured for the
bithiophenederivative p(gDPH2)[3 These examples show that after careful molecular
design different classes of conjugated yrakrs can be tailored for the specific application as
MIEC.

Although ptype materials have been more extensively studied in the context of organic mixed
conductors, Rype materials are of importance, especially for the interaction with biological
systemssuch as DNA or for direct monitoring of glucose. Sorypa materials have been
synthesized and studied arkeigurel5 below shows these MIECs, developed dgpe OECT
materials.
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Figurel5 ¢ Important moden n-type MIEC materialfor the use in accumulation mode OECT operation,
compiled from literature. PgNaN and PgNfy P(gPzDRE )29, P(gNDYyTz) (101, BB,
P-100, P90, R75192] Go-TE®O3,

Following the universally accepted design pritesp electron deficient building blocks were
used in all the iype OECT materials reportetihe polymer based opoly(apthydiimide)
(PNDI)p(gNDigT,) reached a maximum transconductancegef= 21.7 uS at a gate Voltage
of Vc=0.5V, with an oroff-ratio of 3.2 - 18 A stable operation over two hours was
reported 2% Other PNDbased copolymers with a varying contenttioé glycolic substituted
comonomer (PLOO, P90, R75) were also invegated, and the derivative carrying 90 mol %
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of the oligoethyleneglycol substituted NDI has shown the best OECT performance in this
series. The authors reported a transconductance of 1.09 uS resulting in a figure of merit of
UC*=0.05Fcni\ist[i92l very recently, the novel DPP based -type copolymer
P(gPzDRET) with mixed conduction properties was developead,which the DPfore is
flanked with pyrazine moieties and branched oligoethylene glycol units serve as solubilizing
side chains. A maximutransconductance of 29.5 uS at a gate voltagean.5 V, as well as

a figure of merit ofuC*=1.72 Fcrit\Vis?! were reported by the author8% Recently, two
polymers based on the isoindigootif, PgNaN and PgNgN were published dgpe OECT
material. The polymers exhibited transconductance valuesaofm = 180 and 3 uS/ = 0.4

V) for PgNaN and PgNgN, respectively. The authors reported figure of maues ©0.662

and 0.037Fcm™V1st for PgNaN and PgNgN, respectiviélyThe laddeitype conjugated n

type polymer poly(benzimidazobenzophenanthroline) BBL exhibited a transconductance
value ofgm =9.7mS at gate voltages betweéfs, =0.6¢ 0.7 V and a stable operation over one
hour was reported®® Finally, the electron acceptor materials)Cwas modified with
oligoethylene sidechains, leading to the materia-(2,3,4tris(methoxtriglycol) phenyl)
[60]fulleropyrrolidine (6-TEG)in order to make it viable as MIEC. Transcotahee values

of gn=4.1 uS a¥s= 0.8 V were reached andu€*product of 7 Fenm'Vist was reported?0:]

A common complication of materiaésthe ones discussed above is that their compatibility
with aqueous medias so pronounced that, in fact, theiend to delaminate or even dissolve
during operation under water. In order to prevent thamagingand maintain stable
operation, the polymers can be crosslinked. Thiypscallyachievedvia the addition of (3
glycidyloxypropyl)trimethylsiloxane (GOPS3o the polymer solution during sample
preparation, followed by a thermal crosslinking st€n the one hand, this stabilizes materials
which would otherwise dissolve or delaminate and enables their use as MIECs, but on the
other hand,it complicates therocessing and can decrease the device penfamcel®1.104.105]
Therefore, polymer systems which do not necessitate any crosslinking additives are desired.
Apartfrom the employed polymerthe choice of electrolytgparticularly the size of injected

ions, has a profound impact on the OECT performawdéh increasing ion size at constant
charge, the transconductance increas¥8 albeit on at the expense of the switching speed,

as the diffusion is hindered the laggthe size.

24



1| Introduction

1.4 Organic Thermoelectrics

Organic thermoelectrics are another novel uprising application of conjugated polyfiers
principle of thermoelectricand the manifold reasons fathe use of OSCs this application
are explained in the followingections.

Thermoelectriq TE)materials are capable of converting heat gradients into electrical energy,
and therebyenablescavengingf waste heat which would otherwise be lost irreversiBif!

The generation of electricityia TE materials has numerswadvantages, which can lhaly
exploited according to the desired use cafhese cases of applicatiane essentially divided
into two sectors: waste heat recovét§f! or energy harvesting for the powering efmall
consumerdgor instancen the field d the internet of things (loTyvearable bodyheat powered
device§%! or as heat flux sensofs® Most important for waste heat recoveris the
possibility to harvest thermal energy at high temperatures, which is advantageous for
obtaining a high figure of meriyltimately leading to improved efficienciehe reason for
this is thatthe highest attainable efficiency of a heat engine isated by Carnetycles
according toequation9 below;[111

- _— (equation 9)

with ' ¢ Carnotefficiency,The: hot/cold side temperature in [K].

According to which the theoretical efficiency scales with the average temperature of the
process. This particularly qualifies inorganic TE materials for this task, as they typically
withstand high temperaturesvell beyond 200 °C for prolonged perigdslike mostorganic
materials In the second field.e., the powering of smalklectrical consumers, optimized
organic TE (OTE) materials can fulfil the respective requiremengseTdre a high design
freedom for accessing complex geometric structural®ng with mechanical flexibilityo
enable the OTE materials to beplied in combination vth textiles or even in direct contact
with the human skinBecause thg@roducedelectrical power is relatively smaller than in the
aforementioned higktemperature applications, it is here possible to reliably provide modest
powers in the range of microvits at the desired locatiof12 This goes hand in hand with the
possibility for cheap and environmentally friendly l@mperature processing of the
materials, biocompatibility and the absence of toxic or hazardous elemeotshese reasons
OTEmaterialshave the potential to improve everyday devices and enter the vast market for
consumer electronics.
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Figurel6 ¢ Schematic of altermocouple, constituting the smallest working unit of a thermoelectric generator
(TEG). Here, atype and a ntype legare positioned thermally in parallel, and electrical in series. Thereby, the
applied temperature gradient drives holes and electrons, respectively, from the hot to the cold side, thus
causing an external electrical curreAdapted from literature!*®
Figure 16 above shows the schematic structure of a thermocouple, which is the smallest unit
of a TEG. It consists of aype and a Aype leg which are connected thermally in parallel and
electrical in series. After applying a thermal gradient, the respectiajority charge carriers
(holes or electrons) are driven toward the cold side. Thereby, an electrical field is formed and
an external voltage is creatét?! The underlying principle traces back to Thomas Johann
Seebeck, after whom the most importantnaaneter in the field of thermoelectrics is termed:
the Seebeck coefficient. IREmaterials, it is a measure for the obtained voltage per unit
temperature differencei.e, S = dVv/d08115 The quality or efficiency of the generated
electricity is measured by the dimensionless figure of m&Fiwhich is defined according
equation10 below.108]

a"Y —  (equation10)

Where zT: figure of merit, S: Seebeck coefficienglectrical conductivity,
T:average operating temperatur€; thermal conductivity.
For OTE materials one often finds the power fa®&m the literature, which is similar to the
figure of meritzT, but does not consider the thermal conductivity. It is defineé@sation11:

0 "0 Y, "Y (equation11)

This simplification is reasonable for polymers, because among most polymers the thermal
conductivity is both rather low and relatively constant Whiin this material classThe
relationships fromequation 10 and equation11 aboveshowthat an optimized TE material
must have a high Seebeckefficient as well as a high electrical conductivithie thermal
conductivity, however, needs the low.Furthemore, it is apparent that theTvalue scales

with the operational temperature. Therefore, inorganic materials which can be operated at
elevatedtemperatures effortlesslyreach highezTvalues tharorganicconjugated polymers.
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In accordance to the WiedeannFranzLaw,the thermal conductivityof a material consists
of a phonon and electron contribution andan be written ag!1¢l

I Il Il I 0, (¥quation12)

with Sot: total thermal conductivity$ pronel: phonon / electron contribution to the thermal conductivity,
L Lorenznumber,” : electrical conductivityT: absolute temperature.

In amorphous and senarystalline polymershte phonon contribution to the total themal
conductivity is negligible due to the absence of a continuous crystal latficand the
electronic contribution scales with the charge carrier density. The absolute values of thermal
conductivities of most polymeric materials lie in the range ob@ 0.3 W m!K?, which is
orders of magnitude less thahat of semimetals or other inorganic semiconductorig!:118l
The remaining parameters iaquation 10 i.e., the Seebeckcoefficient andthe electrical
conductivity require more attention in order to obtain an optimized OTE matevthin
broad boundaries, theelectrical conductivityof conjugated polymergan be tunedfairly
deliberately bychemicaldoping. However, the adjustment of theeetrical conductivityby
doping must be carried out vepautiousbecause the Seebeckefficient is interrelated with
the charge carrier density in a tradegtflationship.Fromequation13 below it can be seen,
that the Seebeckoefficient decays with amcreasing charge carrier density?!

Y a°"Y — (equation13)

Where S: Seebeck coefficiek#; Boltzmann constang: elemental chargeh: Planck constant,
m*: electron effective masq; absolute temperaturen: charge carrier density.

The bulk electrical conductivity' however, scalegproportionally with the charge carrier
density according teequation 6 discussed earlierThis tradeoffrelationship results in a
physical dilemma whicls ivisualized ifrigurel? below.
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Figurel? ¢ lllustration of the ompiled nterrelations of the thermoelectric parametersvhere the Seebeck
coefficient progresses inversely to the electrical conductivity (top) with respect to the charge clemisty.
Resulting figure of meritz{) and power factor®H with respect to the charge carrier density (bottom).
Not drawn to scale,dapted from literaturel!20:12

This emphasizes thaiatargeted chemical doping of a given conjugated polyntsicharge
carrier density can be tuned toward an optimum point, where the produc&ofhas a
maximum. A further optimization of thpower factoror figure of merit by doping is hindered
andthus, further parameters must be exploitednother aspect that redts fromequation6
is that a high charge carrier mobility improves the electrical conductivity as well. Thereby, the
charge carrier concentratioremains unchangedandconsequentlythe Seebeck coefficient is
not affected adverselyThe requirements to tb materials for efficient OTEs are in summary a
low thermal conductivity, which is readily given in O3@xeover,a careful optimization of
the charge carrier density is requiradd furtherimprovementsof the zTvaluecanfrom there
on be achieved bemployingconjugated polymergxhibiting high charge carrier mobilities

In the beginning of thisection,it was mentioned that organic TE materiaismpete with
inorganic TE materials. But advantages and drawbacks of either one of theiahatasses

are easily distinguishable, whereof specific applications for the respective material class arise.
As briefly discussed above, inorganic TE materials are well suitable for stationary high
temperature applications. The leading cause is on the band simply the superighermal
stability, which allows for high operating temperatures. On the other hand, the brittleness of
inorganic TE materials restricts the resulting devices from application where pronounced
thermal cycling occurs, as fatigueacking of a TE leg causes failure of\ele TEGdevice

They are moreover much heavier than their organic counterparts, which impedes the use in
mobile applications like the automotive sector. Lastly, they have virtually no mechanical
flexibility and onsist of heavy metals (mainbjsmuth, tellurium, lead, antimony etc )!108.122]
which are toxic or hazardous. Therefore, a veideadapplication and distribution ofhese
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toxic elements, especially on consumer basis is not possild¢ leastobsoletewith respect

to environmentalaspects Accordingly, the use in direct contact with the human body is
restricted, too. Yet, the stationary application of inorganic TE materials for harvesting large
amounts of waste heat, for instance in thermal power plants, technical furnetcets highly
reasonable. This is an ideal use case for inorganic materials, as high temesregur be
harvestedunder constant conditions and an appropriate disposal of the hazardous materials
can be ensured after the life cycle of the device is expifée:predestinedapplications for
organic TE materials are, pieviouslytouched, those wheremall electrical consumers must

be locally supplied with energy. Examples for this are all wearable devices or health monitor
sensors, which become increasingly important and will find their way into our everyday lives
in the nearfuture.['231241The hunan body provides a large amountwiusedheat, whichlies

in the range of 50 W rhin rest, and up to 500 W funder physical exercis€onsequently,
alreadyat modest power conversion efficiencies o B %, electrical powers in the range of
milliwatts can be tapped, which is sufficient for powering thrementioned device:12°]

Clear advantages of polymeric TE materials are all those, which render synthetic polymers
useful for most applications where they are already established today: envirorathent
friendly large scaleproduction and processing at low temperatures or even at room
temperature from solutionor the complete absence of hazardous elements and a reduced
weight. As the polymers can be deposited on unproblematic substrates like p#p@rfltheir
disposal, e.g. by feeding it into thermal power plants without toxic emissions is safe and makes
OTE materials highly attractive.

In order to yield reasonable efficiencies, a TE material should exhibit a figure of el bf
to reach a power generation efficiency of at least &t%emperature differences between hot
and cold side of 10200 K This relationship is visualizbg plottingequation14 asdepicted
in Figure18 below:[128:129]

- t (equation 14)

with ' p: power conversion efficienciive: hot/cold side temperaturezTmaterial figure of merit.
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Figurel8 ¢ Power generation efficiencies in dependence of the average figure of miesfta given materials
and different temperature gradients. Adapted from literatuté’!

Among inorganic TE materialsismuth telluride (BiTe) is the most common and
commercially available material for room temperature applications; it reaches a figure of
merit of zTF 1 and is regarded as the benchmark materialdoganic thermoelectricsThe
today best OTE material was achieved with an ozt processing method using PEDOT:PSS,
reaching a figure of merit &T= 0.42, which lies well in the range of the inorganic benchmark
material® Further important examples for conjugated polymers ayme TE materials are
displayed in belovin Figurel9:

o) ‘ OX 4
0=8=0 O—g‘
o] 0 7
.
n
n
PEDOT:PSS
o
0=8=0
| ~
=
PEDOT:Tos R: n-hexyl F6BT

Figurel9 ¢ Selected important fiype conjugated polymers for the use as organic thermoelectric materials,
compiled from literature. PEDOT:PSS: poly(styrene sulfonic acid) doped pely@ghedioxythiophene),
PDPP3T: thiophenritanked diketopyrrolopyrrolghiophene copolymer, p@T-TT): tetraethylene glycol
substituted bithiophenethiophene copolymer, PEDOT:Tos: toluenesulfonic acid doped poly(3,4
ethylenedioxythiophene), PPy: polypyrrole, P3HT: pehg8ylthiophene),
F6BTPoly(9,9di-n-hexyfluorene-alt-benmthiadiazole)copolymer

Naturally, some of the early conjugated polymers Ipaypyrrole oromnipresent ptype
conjugated polymers like P3HT, PEDOT or polyfluorene derivatives were studied as organic TE
materialsin the past Nevertheless, only PEDOT arféw 29 generation conjugated polymers
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haveasserted themselvess good OTE materidtsdate; their basic parameters are described
below. When electrochemically polymerized in the presence of boron trifluopdlgpyrrole
(PPy) reached a power factof PF= 1.75 pW mK?2in free standing film$t3% Films of P3HT
are reported to reach similar power factors in the rang®Bf g 20mW m‘K?when doped
with  the strong oxidant nitrosonium  hexafluorophosphate  oriron(lll)
bis(trifluoromethane)sulfonimide (TF$H1132 Interestingly, ly the introduction of
oligoethylene glycol side chaitsa polythiophene backbone.g. as in p@T-TT), tle power
factor is maintained around 2 pW-H2 when doped with the common dopant FCNG?* In

the polyfluorene derivative F6BT, whdnexylsubstituted fluorene was copolymerized with
benzothiadiazole power factor oPF= 1.7 pW mtK?was measureevhendoped withiron(ll1)
chloride33 When moving to the DPP basetf generation conjugated polymer PDPP3T a
much higher power factor dPF= 276 pW mK? could be observed, also after doping with
iron(l11)chloridel®®! Finally, sing he populamp-type conjugated polymePEDOT either doped
usingpoly(styrenesulfonic acid) or toluenesulfonic abigh figures of merit in the range of
zT=0.25¢ 0.42 were reached using optimized processing metHdts! These examples
altogether emphasize, thaht use of modern and purposefully tailored materials is required
to reach appreciable performances, able to compete with the inorganic counterpart and thus
allow for a wide application of OTE materials.
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2. Objective of the Thesis

Conjugated polymers based odiketopyrrolopyrrole derivatives are advantageous for
different applications owing to their excellent properties. Some of the mogtworthy ones

are their pronounced and tunable light absorpti@n their excellent light, thermal and
chemical stability enabling their use in solar cell&or the application in bioelectronics or
thermoelectrics, however, somadditionalproperties are desired. These are for the former
casewater compatibility or swellability in aqueous media, respectively. Moreover, aeery
oxidation potential and of course, biocompatibility of the polymé&or the latteri.e.,
thermoelectrics, good charge transport mobilities are required along with facile doping
possibilities and naturally, thermal durabilitefore the start of this dissertation project,
different variations of PDPPs were tested as the active materials in organic solar cells, thin film
transistorsetc. But despite the abovementioned capabilities of DPP based polymers, which
are highly promising for thermoelectric andbblectronic applications, they were unexplored
and not establishedh these fieldsThis thesis deals with structural variation of PDPPs, their
p-doping usinghe novel concept of HOM®IOMO doping as well as their applications in
thermoelectrics and bidectronics.

Therefore, one aim was to design suitable mixedconducting PDPP derivativedor
bioelectronic applications and test them in OECTs. We decided to employ a thiophene flanked
DPP as the workhorse structure for theype polymers as the individuamotifs within the
moleculecan be chosen deliberately, enabling us to systematically sttrdgture-property
relations. It was previouslyrecognizedthat these PDPPs can exhibit sufficiently gdwmde
transport properties, however no mixed conduction properties were known for DPP polymers.
Thus, we set our focus on tuning the hydrophilicity, which is a necessadjtion for mixed
conduction properties. We studied this by increasing the content ofletteyglycol moieties
within the polymer to see if a mixed conductor and thus, an OECT material can be obtained.
Furthermore, we identified the possibility for gaining a reduced oxidation potential by
purposefully using the comonomers EDOT aMEETwhichare known to entail this property

in their homopolymers. It was anticipated that by usinylBET, a further increased ethylene
glycol content within the final copolymer can assist the mixed conduction propeftess.
materials would then be first characieed comprehensively by means of chemical and
electronic properties and, if proven to be viable for the use as MIEC, further tested in OECT
devices. Furthermore, their cycling stability and absence of toxicity versus biological cells must
be ensured in ordr to provide stable and biocompatible MIEC polymers.

In the case of the application as thermoelectric materials, some scientific reports were
published during the course of this dissertation, where different PDPP derivatives were
employed as the active nberial for thermoelectric devices. These works pointed to the
circumstance, that new ways for effectivedpping of the conjugated polymérave a pivotal

role in the further optimization of the thermoelectric material®/e therefore set on to
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develop a newconcept for the effective ytype doping of polymersaddressing the issue that
conventional dopantsntroduce species to the doped polymer system, whizh yaively
participate, or even hamper the charge transport after dopiQur first approach was
motivated by the idea to dopa prototypicalhole transport polyme(PDPP[RIEDOTpy an
oxidized hole transport materidiSpiroOMeTADP*(TFS).). After complete charge transfer
between polymer and dopanthe reduced dopanshouldnot hinder the charge transport or
may even assist,is itis a hole transport material as wellhis concept should be proven by
characterizing the systems regarding their electronic and optoelectronic properties, and the
performance in thermoelectridevices needs to be evaluated.

In an extensiveconsecutive study, this concept was expanded to furtieerespectively, more
highlyoxidized hole transport dopants. The question arose, whether the doping efficacy scales
with the oxidation state of the uskdopant and if benefits can be gained thereby, as compared
with conventionakedox dopantdike NOPFEor the single electron acceptor Magic Bluethis

work, alsothe often-discussednfluence of the polyme® golarity on the doping process was
studied by using two very similar polymers, which specifically only differ in thecide
structure; one being completely hydrophobic, the other one carrying two triethylene glycol
chains.
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3. Overview of the Thesis

The thesis is focused on the purposeful desigrdi&gtopyrrolopyrrolebased conjugated
polymers for the use as mixed conductors in bioelectronic devices as welbped ptype
semiconductors ashermoelectric materiad. In all chapters, the polymestrudures were
constructed around a thiophentankedDPRcore, as this central motif allows for the chemical
stability, charge transport properties and chemical flexibility required tfoe intended
applications. Chemical flexibility in this regard allowsthar choice of different substituents
and comonomers, in order to strategically tune the properties of the resulting polymers.
particularfocuslied on introducingethylene glyco(EG)substituents in a targeted manngo
improve and investigatthe compatibility with water and polar species suchwager and ions
(Chapter 5. Here four PDPPs with increasing EG conteng 2 wt.% EG) were synthesized
and tested as mixed conductors. The second scientific questi@misred around dopinglt
concerns itself with testing a novelOMGHOMOdoping method forconjugated polymers
and usathe doped materials ithermoelectric materialsGhapter §. Here we studied if an
oxidizedsmall moleculéhole transport materia(HTM), [SpircOMeTADP(TFS)z, is capable

of doping a gtype polymer efficiently. For this, a prototypical PDPP derivatriePP[}]
EDOTwas synthesized amhixedwith [SpiroOMeTAD}(TFS)., and the resulting electronic
and thermoelectric propertiesvere investigated Finally, thisnew HOMOHOMO doping
concept was extended in a comprehensive way sgnthesizing different mukglectron
acceptor salts and verifying the doping efficiency of these radical cation salts varying in their
capability to accept electrons.(Chapter j. Thus, four dopants of which one was a
conventional redoxdopant, but the others were singly, doubly and fdald oxidized HTMs
were comparedAs hostpolymers, two PDPP derivatives were chosen which mainly differ in
their EGO2y iSyid>x a2 0GKIFG FTRRAGAZ2Y L f fadd diel&cBic Ay Ft d
constanton the doping process could be studidichis establishes the universal nature of the
novel doping concept.

A graphical overview over the contents of the three cleaptare given, which are elaborated
further below.
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Chapter 5: Polydiketopyrrolopyrroles Carrying Ethylene Glycol Substituents as Efficient
Mixed lontElectron Conductors for Biocompatible Organic Electrochemical Transistors

PDPPs are a comparatively letadied material class in théeld of bioelectronics and
systematic studies regarding structupeoperty relationships were lacking the literature A
key-aspect of efficient mixed conductorstise a prioricontroversialinterplay of swellability

and darge transport. In this work, four PDPPs with increasing EG content and two different
comonomers EDOT and-BIEETwere studied and design rules for efficient Difdsed MIECs
could be deduced.
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Figure20 - Graphical Overviewver dapter 5, adapted fronReferencd®! Four ptype DPFbased polymers

with increasing entent of ethylene glycol and concomitantly increasing mixed conduction properties, allowing
for the application in an organic electrochemical transistor devices (bottom right corner).

After the basic chemicalharacterizationof the molecular weight distributions and thermal
propertiesof the synthesized polymeréirst the charge transport properties in the dry state
were determined, which clarified that the substitution pattern has no systeorinfluence on
the charge carrier mobilityMoreover, the oxidizability in the dry state was unaffected by
substituent and comonomer, which allows for the conclusion that these properties are mostly
dictated by the polymer backbon&he oxidizability irthe wet/swollen state, as probed by
spectroelectrochemical experiments however, exhibited a clear dependence on the EG
content. The polaron formation was observable at lower doping potentials in the two
polymers with the highest EG contemh addition, he EG content was tightly linked to the
volumetric capacitance, which was up to two orders of magnitude higher for themoe
hydrophilic polymers, as compared to the ones with the least EG contents. When measuring
the swellingvia electrochemical quartzrystal microbalance with dissipation monitoring
measurements (B)CMD)this trendwas confirmedas onlythe two polymers with the highest
degrees of EG substitution showed an appreciable swellitgnately, in the OECT devices
the two lesshydrophlic materials showed no mixed conduction at all, but beyond 40 wt.% EG
content the materials could be successfully employed as OECT matefihés.
transconductances and threshold potentials of both OECT materials were in the same range,
the polymer with the lighest EG content however, showed a higher figure of meu@*(
product). At the end, the operational stability of the polymers was tested, and the best
polymer retained 97 % of its initial drain current after 1200 consecutive measurement cycles.
Next in a joint work,the tolerance of the two working OECT materials toward agrelvth
medium as the electrolytewas tested ascomparedto the standardaq. sodium chloride
solution No differences could be observedmpared with the sodium chloride solutiofhe
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polymers werealso subjected to invitro cytotoxicity tests, where no toxicity at all was
detected. In conclusion | have systematically synthesized four novel DPP based polymers and
studied the influence of the degree of EG substitution on the mixed conduction properties. At
the end, a well performing polymer was identified, which operates stably in an OECT without
any adverse toxic effects or the need for additives such as crosslinkers.

Chapter 6: HOM&Homo Electron Transfer: An Elegant Strategy foiType Doping of
PolymerSemiconductors toward Thermoelectric Applications

Conventional pdoping of organic semiconductors (OSCs) predominantly employs electron
acceptors like HCNQ and others, as discussed earlier. The common disadvantage of this
doping strategyis the very higlrequired amount of dopant of up t80-50 mol%, owing to
poor doping efficiencies which aldoasticallydecrease with an increased dopant contefihe
dopant molecules distributed across the polymer matrix, ionized or pristine, do not,dssist
usuallyeven hamper the charge transport. Therefore, we picked up the idea of using a small
moleculeradical cation salt,3piro-OMeTAD{*(TFS)2 which itself is a hole transporter as the
dopant. The DPP based polymer PDRFDIOT served as the matrix, ahéd doubly oxidized
[Yiro-OMeTAD?* having singly occupied MOs (SOMOsps tested as the dopant. The
schematic below shows thstructuresof the used polymer as well as the oxidized hole
transport materiali.e., the dopantand illustrates the doping process electrons being
transferred from the polymer HOMO to partially occupied MOs of the doubly oxidized {Spiro
OMeTADY.
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Figure21 ¢ Left: illustration of the electron transfer between the polymer HOMO and the dopants singly

occupied MOs. RighRolymerdopant system used to demonstrate the feasibility of doping of a-ralesport
polymer PDPP[FEDOT with the oxidized heteansportmaterial[SpircOMeTAF(TFS)..

To start with, the elettonic parameters of the pure polymer, pure dopant and neutral dopant
precursor were determinedabove all the Fermi levels and the ionization potentials. Next,
doped films of polymer and oxidideHTM werepreparedand a progressively shifted Fermi
levelof the doped polymer filmgoward KS LINA & (0 A ¥y S prioded tReSUSchsEfd | h a h
doping By using UV/Vis/NIR absorption spectroscopy, a progressive extinction of the
L2 f @ YSNDa& Y ithyhe sinluliageNdsIfornatign oBpolaronic absorption features
could be observedipon addition of the new dopantAs a result, it was affirmed that the
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oxidized HTM[SpircOMeTAD*(TFS)2 dopesthe p-type polymer PDPPEFEDOTTo our big
surprise the electrical conductivity increased fur orders of magnitude from 1S cm' to

1 S cmt at moderate doping levels below 5 mol%The thermoelectric parameters
demonstrated the common dependencies., a decrease of the Seebeck coefficiéonim ca
500 pV R in the undoped films down te@a 100 pV K upon increasing th&harge carrier
concentration anda shift of Fermi level towardgalence band maximunmA maximum power
factor of 0.07 pW mK? was achieved at the doping level of 4 mol%. In conclusionnée
method of doping a ftype polymer with the oxidized HTNBpircOMeTADP*(TFS). is a
successful and to date unprecedented strategy.

Chapter 7: Highly Efficient Doping of Conjugated Polymesing Multielectron Acceptor
Salts

In the previous chapter, a novel doping strategy for conjugated polymers was demonstrated
for the first timeusing a doubly charged HTM as electron acceptor. This coneepextended

and studied more thoroughly in ththapterusing multielectron acceptors, which can accept
more than two electronsThe core issue was to study if oxidized Hddpants in higher
oxidative states entail advantages as compared to dopants in lower oxidation states.
Furthermore, the implicatins of thenewly presenteddoping method on the electronic
properties, as opposed to a conventional redinpant (nitrosonium hexafluorophosphaje
were investigated. Finally, we addressed {h@pular question of the role of the polymer
polarity on the doping proces3.he studiedpolymer systems werebased ontwo almost
identical PDPPs, which only differ in their sadin structure: one carries TE@bstituents
(hydtrophilic)at the DPP core and thather one long branched alkyl chaittsydrophobic)

The dopantsvhich werecomparedare theaforementioned redox dopant NOBRhe singly
oxidized HTM tis(4-bromophenyl)ammonium hexachloroantimonaté a I 3 A O), thef dzS ¢
doubly oxidized [Siro-OMeTAD?*(Pk). as well as the foufold oxidized [Spiro-
OMEeTAD* (PR )a. Here the last two dopants were newly synthesized for this study.
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Figure22 ¢ Hydrophobic and hydrophilic polymers and schematic of the doping process using either mono
valent dopants (top) imparting one charge at a time, or multi valent dopants (bottom) as exemplarily shown by
the tetra cationic dopanfSpiraOMeTAD*(PF )4 imparting multiple charges per used dopant molecule;
additionally, the reduced dopant remains within the doped polymer without hindering the charge transport.
Frst, allthe materials werecharacterizedseparately and special attentiorwaspaid to their
electronic propertiesWe then monitored the doping process by means of optical absorption
spectroscopy in solution. This qualitatively revealed that the formation of polaron absorptions
and ground state bleaching, respectively, scales with the oxidatiore siatthe dopants.
Because the electrical conductivity is often the macroscppperty of interest when doping
an OSC, the conductiigs of doped films were measured both at room temperature and
temperature dependent to access the activation energiescfuarge transportin the ultra
low doping regime below 1 mol%, no differences between the dopants were observable,
regardless of the host polymer. Beyond 1 mol% dopant however, drastic differences became
obvious Thetwo- and fourfold oxidized HTM causeal drastic improvement of the electrical
conductivity, whereas almost no change was observetdtin single electron acceptor3his
was the case in both polymers, but in the more polar polymer the differences were more
pronouncedandthe final conductities at 5 mol% dopant were distinctively highéran in
the more hydrophobic polymefThe activation eneng measurementslso revealed drastic
differences and clarified the differerdoping mechanisms between conventional redox
doping and the newly presenteday via oxidized HTMs. After the addition of NQPthe
activation energynstantly dropped monotonically and approact® meV at higher doping
levels. This is explained with the Fai level moving towards the transport level by the
increased charge carrier densigs a result of increased dopingror the HTMlopants,
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however, the activation energy remaid constant over the wholeopingrange up to 2 mol%.
This indicates an unchangedistance between Fermi and transport levdlie to the
redistribution of electrons between HTM dopant and polym®&n measuringthe charge
carrier densiy, exactly the doubled and quadrupled carrier density was foiumdloped
polymers for the doubly andfour-fold oxidized dopantsespectively, as compared to the
singly oxidized HTMt 5 mol% dopant This was perfectlpbservablein the hydrophilic
polymer. Regarding the charge carrier mobility, it surprisingly turned out tiiet HTM
dopants irrespectivef the host polymer resulted in neither advantages nor disadvantages.
Finally regardingthe doping efficiency, it became clear that the doping efficiency scaled with
the increasing oxidation state of the dopant, especially at higher dopant concentrafns.
the highest dopant ratio of 5 mol%, the fofold oxidized Siro-OMeTAD*(PFk )4 exhibited

an efficiency ota 20 %, whereas the doping efficiency of Neidel already deteriorated to
3% at the same concentratiofo conclude, we have synthesized novel oxidized HTMs and
comprehensively tested and investigated them as dopants for tygp polymersWe could
demonstrate that the highest oxidized dopant results in the nfasileincrease of charge
carrier density ad electrical conductivity, while retaining the highest doping efficiemitiyin

the seriesBy using thdour-fold oxidized dopant, the required dopaamountsnecessary to
increase the conductivity bfour orders of magnitude from 1®to ca 0.2 S cm could be
reduced to just 5 mol%. A higher polarity of the host poly@ssistehe doping process due

to a better miscibility of the charged species or better accessibility of the dopant to the
backbone Improved shielding of coulombically bound charges due to a slightly increased
dielectric constant, as introduced by the FR@stitutescontributes to this advantagelhus,
multivalent oxidized HTMcilitate an advantageous charge carrier generation, as compared
to lower oxidized variants or conventionegédox dopantslike NOPE This is manifested
especially at higher dopant concentrationss02 mol%, bubverall,the required dopant ratios

are drastically reduced to singthgit molar dopant rati®, which is &ig step toward highly
efficient doping without thenecessityof using excesdopantamount.
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The following section specifies the individual contributitmpint publicationsof the authors.

4.1.0Polydiketopyrrolopyrroles Carrying Ethylene Glycol Substituents as Efficient Mixed

lon-Electron Conductors for Biocompatible Organic Electrochemical Trargsistors
Published as Advanced Functional Materia@21, 31, 2010048 byGert Krauss Florian
Meichsner, Adrian Hochgesang, John Mohanraj, Sahar Salehi, Philip Schmode and Mukundan
Thelakkat.

| synthesized the monomers and polymers and performed the chemical and thermal
characterization of all the material&urthermore, | determined thexadation potentialsvia
differential pulse polarography measurements in thin films amdnducted the
spectroelectrochemical measurements and processed and evaluated all thd &stacated

and measuredOFET devices toalculatethe charge carrier mobilitiegh the dry state and
fabricated and measured OECT devices to calculate and determine all theredEed
parameters including the cycling tests and the transient response time measurements
Finally, | curate@dnd plotted althe datain the publicationand wrote the manuscript, except

the cytotoxicityparagraph(vide infrg.

Florian Meichsner prepared and measured samples for the active and passive swialling
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measurements. He also prepared the samples for theowatipatibility tests.
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manuscript.
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the evaluation of the measured OECTtata as well as the ®CMD measurements. He
corrected and proofread the manuscript and aided with scientific discussions.

Mukundan Thelakkat supervised the project and corrected the final manuscript.

48



4| Individual Contributions to Joint Publications

4.2.0HOMGHomo Electron Transfer: Abegant Strategy forpype Doping of Polymer
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Krauss John Mohanraj, Adrian Hochgesang, David C. Heinrich, Martirk Feies Pflaum and

Mukundan Thelakkat.

Mahima Goeprepared thin film samplesonducted absorption spectroscopy measurements,
doping studies and measured the electrical conductivitie also wrote the manuscript.

Marie Siegert measuretiermoelectric parameters and the temperature dependent electrical
conductivityand contributed to the thermoelectric part of manuscript.
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characterization. | measured the spemlectrochemical behavior of thpure polymer and
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determination of the dopant composition and measured ultraviolet photoelectron
spectroscopy for the determination of the electronic parameters of dopant and polymer.

Adrian Hochgesanmeasured the charge carrier mobility and charge carrier densiti@s
electrochemical impedance spectroscopy and Mathottky measurements, respectively.
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HochgesangJohn Mohanraj and Mukundan Thelakkat.

Gert Krauss and Adrian Hochgesang contributpebdly to the conceptualization and planning
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measurements was done togeth

| synthesized and chemically characterized the used monomers and polymers. Further, |
prepared the samples and performed optical absorption measurements and
spectroelectrochemical absorption measurementscluding the evaluation of the obtained
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conductivities at room temperature and temperature dependent for the calculation of the
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Abstract

Herein, we present a comprehensive investigation of four Polydiketopyrrolopyrrole&DP
with increasing ethylene glycol (EG) content and varying nature of comonomer and deduce
guidelines for the design of efficient mixed tefectron conductors (MIECs). The studies in
NacCl electrolytegated organic electrochemical transistors (OECTsatdliat a high amount

of EG on the DPP moiety is essential for MIEC. The PDPP containing 52 wt.% EG exhibits a high
volumetric capacitance of 338 F&ifat 0.8 V), a high hole mobility in aqueous medium (0.13
cn?Vist) and auC* product of 45 FcmViist. OECTSs using this polymer retained 97 % of its
initial draincurrent after 1200 cycles (90 min of continuous operation). In-greNvth
medium, the OEGCperformance was fully maintained as in NaCl electrolyte. In vitro
cytotoxicity and cell viability assayeveal the excellent cell compatibility of these novel
systems, showing no toxicity after 24 h of culture. Due to the excellent OECT performance
with a considerable cycling stability for 1200 cycles and an outstanding cell compatibility,
these PDPPs reedthemselves viable for in vitro and in vivo bioelectronics.

51



5| Polydiketopyrrolopyrroles Carrying Ethylene Gly8abstituents as Efficient Mixed ton
Electron Conductors for Biocompatible Organic Electrochemical Transistors

1. Introduction

Conjugated polymers have become ubiquitous in many kinds of electronic applications, such
as light emitting diodés?), solar cell$?, field effect transistor®! or thermoelectric§-1%, and
naturally they also found their way into the field of organic bioelectrofi¢#n bioelectronic
devices, mixed ioelectron conductors (MIECs) are required as the active materials to
transport both electrical charges anahis. MIECs are capable of operating under very low gate
voltages and they incorporate ions from a surrounding electrolyte upon electrochemical
doping. The main application for MIECs are organic electrochemical transistors (OECTSs). An
OECT always acts agransducing entity between its biologic environment and the resulting
electrical output. The quality of this property is expressed in terms of the transconductance
Om (equation 1), i.e. the change in draiourrent per unit change in gate voltage. The
transconductance can be determined froequation 2 below, where the so callegiC*
product can be derived as a geometry and bias independent figure of merit, which gives a
direct measure for the MIEC propertié3.

"Q —  (equationl)
wheregm: transconductancep: draincurrent andVe: gatevoltage.
0 it o (equation2)
where W: channel width, d: film thickness, L: channel length, p: @E&Ge carrier mobility, C*: volumetric
capacitance, VThhresholdvoltage and VG: gate voltage.
It is obvious that a combination of both, a high charge carrier mobilijy §énd a high
volumetric capacitanced?*) is required to achieve very good mixed conduction properties in
a material. These two propertiesgaire a precise tuning of the chemical structures via careful
molecular design. Alongside with the good charge and ion transport capabilities, the materials
must be watercompatible in a way that they swell moderately but do not dissolve or
delaminate in he aqueous environment. Obviously, the polymer needs to be biocompatible
and the transistors must switch on and off at low thresheddtages, i.eVth<< 1V, to avoid
breakdown of the aqueous electrolyte and degradation of the biological environment.

Different MIECs based on conjugated polymers have been tested and evaluated in OECTs. The
most-studied material is a doped system based on a poly(3,4
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) dispersion, which operates
under depletion mode. bwever, the use of PEDOT:PSS dispersions limits the scope of
tailoring different properties such as the swelling, degree of doping and procés3ing.
Moreover, postprocessing methods like cross linking are required to prevent dissolution in
water, whichadversely affect the device parametét$2®l Additionally, the need for MIECs
working in the accumulation mode prompted the development of a wide variety of novel
systems such as conjugated polyelectrolytes and their copolythéfisas well as polar
conjugated polymers carrying ethylene glycol substituétt$? Thus the structural features

need to fulfil a variety of conditions such as mode of operation, easy oxidizability at low
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voltages, fast ion transport and wateompatibility as well as good alge carrier mobility in
doped and swollen state to make a conjugated polymer suitable as MIEC. To determine design
principles of efficient MIECs and consequently, to understand their strugroperty
relationships, a systematic tailoring of the chemisalictures in a series of systems is still
required.

Other than the abovanentioned classes of MIECs based on polythiophenes, there are only
very few reports of OECTSs using the seegaderation conjugated polymers, based on donor
acceptor structures as -fype MICE&?2Y Donoracceptor copolymers, especially those
incorporating diketopyrrolopyrrole (DPP) moieties as acceptor units can exhibit high charge
carrier mobilities and their synthetic strategies to tune the chemical structures over a wide
rangeare well establishe&?2%l We as well as others have earlier shown that the flanking
units, solubilizing sidehains and comonomers can be adjusted deliberately to attain the
desired type of charge transport and alignmé&i* For example, the majogtcharge carriers

(n- or p-type), the oxidation potential as well as the solubility can be vardsb, PDPPs are
known for their good chemical, thermal and liggtability. Lastly, by adaptation of chemical
structures, PDPPs can be made biocompatiblevell as decomposablé and therefore,
envisioning bioelectronics from PDPPs can be very promising. Yet, to date the PDPPs were
rarely studied as materials for MIECs or in OECTs. The group of McCulletR%let
incorporated lysine sidehain moietiesn a conventional PDPP and showed the advantages
for neural cell adhesion and growth, but no OECT results were reported. Later Schm&tz et al.
reported the technological relevance of printing a highly soluble PDPP carrying photocleavable
solubilizing maéties using green solvents for OECT applications. Further, Giovannittf&t al.
studied a pyridineF £ I Y1 SR t5tt > O2L32f &YS NHBihefhBxyHZAIK 06 A
bithiophene in OECTs and reported the advantage of using such conjugated polymers with
high ionization energies to avoid undesired amapacitive faradaic reactions suas oxygen
reduction. Very recently, Moser et al. have reported the influence of the polymer
microstructures on the polaron delocalization and the resulting performance in OECTs using
glycol substituted PDPPs using three differentnumnomers, thieno[3,2b]thiophene,
bithiophene and dimethoxpithiophene!?® The groups of Wu et &% and Liu et alY have

also reported on the advantages of using ionic liquid electrolytes along with a glycol
substituted PDPP, copolymerized with dodecyl substituted idygthene. These reports
motivated us to address the fundamental design principles required for an efficient and
biocompatible ptype MIEC based on hydrophilic PDPPs carrying ethylene glycol (EG)
substituents.

Here, we focussed on the systematic moleculasige to obtain polymers which do not
necessitate the use of any cross linkers or any-pegtosition efforts to stabilize the polymer

film against dissolution. We designed and synthesized four PDPP derivatives with increasing
content of ethylene glycol stituent from zero to 52 wt% and varied the location of the same
(either on the DPP core or on the comonomer) to establish a strugitoperty relationship.
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After studying the basic material properties on thin films such as hole mobility in organic field
effect transistors (OFETSs) and ionization energies (using UPS) in the dry state, we characterized
them comprehensively in the aqueous environment by spectroelectrochemical absorption
spectroscopy (SEC) and electrochemical quamgtal microbalance with isisipation
monitoring (EQCMD) and finally in OECT devices. The OECT performance was assessed in both
sodium chloride solution, as well as a standardized®ZMI2 ¢ 1§ K YSRA dzY 05dzZf 6 SO
Eagle Medium, DMEM) as the electrolyte. The necessity ohalHtigcontent (480 wt.%) and

the location of the EG substituent (on the DPP core) for high performance is established.
Further, we studied the cycling stability of the materials and could show that the devices retain

up to 82¢ 97 % of their initial draiurrent after 1200 simulated measurement cycles. Finally,

the in vitro cytotoxicity and cell viability assays reveal the high cell compatibility and their
potential for in vivo applications. The high cycling stability of the OECT in the electrolyte
mediumand equal performance in the cell growth medium, as well as the absence of toxicity

in contact with fibroblast cells is highly promising towards real biosensors. Thus, for the first
time, we report a systematic and comprehensive study for a segameératon donor
acceptor conjugated polymer based on PDPPs in the context of biosensors. We also provide a
valuable understanding of the MIEC properties and biocompatibility of this family of polymers
and deduce design rules for high performing EfdBed MIEC marials.

2. Results and Discussion
2.1. Synthesis and Material Characterization

Four polymers with increasing EG content were designed, synthesized and studied in detail.
In Figure 1 the chemical structures of the four polymers are depicted as PDFRPHAD}
EDOT, PDPPH3-HD}3-MEET, PDPPHTEGEDOT, PDPPHITEGB-MEET. The synthesis
and charge transport properties for the reference polymer without any EG substituent was
reported by us earlié¥, whereas all the other three are novel polymerd. tAe polymers

have a thiophene [Biflanked diketopyrrolopyrrole core in common, resulting in materials
with holetransport propertied3® The abbreviation 4D} denotes the alkyl substituent 2
hexyldecyl, and the abbreviation {TEG} represents trietiglIglycol substituents on the DPP
core. The comonomers  3gthylenedioxythiophene  (EDOT) and -[23(2-
methoxyethoxy)ethoxy]thiophene {(BIEET), carrying direct ethylene glycol substitution at
the thiophen ring without a spacer were chosen in order to keeg dxidation potential of

the final polymers as low as possibi33 Materials with a low oxidation potential are
desirable in OECTs to achieve low threshalllages, which is essential for the application of
biosensors in aqueous media to avoid electremical degradation of water or living cells. The
polymers are designed to have an increasing amount of polar EG content from 0 wt.% in
PDPP[B]2-HD}EDOT to 12.8 wt% in PDPRZ-HD}3-MEET, 40.3 wt % in PDPR{TEG}
EDOT, and 52.3 wt.% in PDPRTHG}3-MEET. Further, PDPP{P}HD}3-MEET carries the

EG substituent only on the comonomerNEET), whereas PDPR{TEGB-MEET contains
ethylene glycol chains both on the DEére, as well as on the anonomer 3MEET. This
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should allow us a comprehensi and systematic study of the influence of ethylene glycol
substituentsc both, the content and the locatiog on mixedion-electron conduction and
biocompatibility in PDPPs.

PDPP[T],{2-HD}-EDOT PDPP[T],{2-HD}-3-MEET PDPP[T],{TEG}-EDOT PDPP[T],{TEG}-3-MEET
IP=-4.45eV IP=-478 eV IP =-4.60 eV IP=-4.62eV
My = 94-107 S by = 19-107* & by, = 8.2:10* §F Wy, = 81-10 S

Figure 1¢ Structures of the studied polymers. lonization potentials (IP)ndkem UPS measurements, hele
mobility (i) values from OFEfieasurements, extracted from the saturation regime. The EG content varies
from zero to 12.8 to 40.3 and 52.3 wt% from left to right.

The DPRore was synthesized following a published protdtbhnd the synthetic route is
shown inFigure S1This DPfeore was substituted with either the alkgWallow tails or the
TEGchains by nucleophilic substitution with the respective alkyl TEGbromide. The co
monomers, EDO¥23% as well as MEET!!3¢lwere synthesized after published procedures
and stannylatedKigure S2 and $3All polymerizations were conducted using conventional
Stille Cross Coupling polycondensation conditions Hlorobenzene at 180 °C and full
experimental details are given in the supporting information. -B@imeation
chromatography (GPC) showed number average molecular weights between 9 kgmdol
25 kg mol, corresponding to a degree of polymerization ofc188. It should be noted that
PDPP[B[TEGEDOT is insoluble in chloroform, thus 1,1,1,3l%&Rafluoro isopropanol was
used as eluent vs. poly(methyl methacrylate) calibration, the other polymers were measured
using chloroform as eluent vs. polystyrenaliloration, explaining the different molecular
weight value.

First, fundamental material characterization on thin films in the solid state under dry
conditions was carried out, and the results are summarized in Table 1. The thermal stability
was measured sing thermogravimetric analysigigure Si All polymers exhibit excellent
thermal stabilities beyond 300 °C. The polymers carrying branchedsadleychains on the
DPPRcore decompose at slightly higher temperatures (402 and 371 °C for PERRP{D}

EDQA and PDPP[XP-HD}3-MEET, respectively) than the ones bearing-tE&ns at the DRP

core (328 and 337 °C for PDPH[MEGEDOT and PDPPEMEGE-MEET, respectively) (Table

1). Since conventional DSC measurements did not reveal any phase trantfiggopslymers
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were studied via flash differential scanning calorimetry (FRRSIC) at scan rates between 50
Ks! ¢ 1000 K3 (Figure Sk Only for the two polymers bearing branched alkyl sitlains on
the DPP core, melting was observed at 348 °C (for ARZAHD}IEDOT) and at 248 °C (for
PDPP[B{2-HD}3-MEET), showing that the substitution of EDOT wWHBET decreases the
meltingtemperature by 100 °C. The polymers carrying -€&&ins at the DRPore did not
show thermal transitions in the temperaturamge between 30 °C and 450 °C.

Table 1.Polymer data overview

Polymer Molecular ~ Thermal Tm Te Mh loniore®  IP? Oxidation
weight stability [°C]? [°C]Y [cm2Vis!]® [eV] potential
[kg mot] @ [°C]9 V]9
PDPP[T] 46 402 348 311 9.4 .16 1.5-16 - 0.78
{2-HD}EDOT 4.4
5
PDPP[®{2- 18 371 248 227 1.9 .16 45.16 - 0.61
HD 4.7
3-MEET 8
PDPP[F] 9b 328 nd.  n.d. 82-100 34-1¢ - 0.24
{TEGEDOT 4.6
0
PDPP[B[TEG} 22 337 nd. nd. 8.1.10° 21100 - 0.27
3-MEET 4.6
2

ANumber average molecular weight determined by GPC using chloraf®i®Scalibration;” measured with
1,1,1,3,3,3hexafluoro isopropanol as eluems PMMA-calibration;” Thermogravimetry, 5% wt. loss, heating

rate 10 Kmirt; ¥ Determined by flash differential scanning calorimetry at 400 RGFET mobility, extracted

from the saturation regime of annealed filnfsDetermined via ultraviolet photoelectron spectroscopy;
Determined by differential pulse polarography in thin films on platinum coated ITO glass in acetonitrile with 1
M tetrabutylammonium hexafluoro phosphate as supporting electrolyte.

Holemobilities were determined from OFHieasurements using bottorgae bottom-
contact geometry with channel lengths between 5 um and 20 kigure S&hows the output
and transfer characteristics of the four polymers. All polymers exhibited goodttasisport
characteristics with hole mobilities ranging from 0.0008 t00@. cn?\!s™. The highest hole
mobilities were measured for PDPP[PIHD}EDOT (0.009 civ!s') and PDPP[XTEGE-
MEET (0.008 ctw's?t), whereas the other two polymers exhibited hole mobilities of 0.002
cn?Vist (PDPP[}[2-HD}3-MEET) and 0.0008 &wi's® (PDPP[BHTEGEDOT). We did not
observe any considerable dependencies of the charge carrier mobilities on the substitution
pattern. However, on comparing the two polymers carrying TEG on the DPP core,
PDPP[B{TEGEDOT and PDPPETEGRB-MEET, containing 40 and 52 wt.% EG, respectively,
the hole mobility of the latter is one order of magnitude larger than in the former. As explained
in the OECT section later, we like to note here that the interdependence of morphology,
swelling andcharge transport in electrolyte medium determines the OECT performance. But
this can be very complex and differ from that in the dry state.

The ionization potential (IP) values of PDPRZAHID}EDOT, PDPPHTEGEDOT,
PDPP[B[2-HD}3-MEET, PDPPHTEG}3-MEET polymers determined from ultraviolet
photoelectron spectroscopy (UPS) measurements &d5, -4.60, -4.78 and-4.62 eV,
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respectively, and the spectra are depictedrigure S7This indicates that the comonomers
EDOT and -MMEET have similar inkEnces on alternating doneacceptor polymers in
determining their oxidizability. And in dry solid state, we could not infer any dependence of
the nature of the side chain on the ionization potential. Additionally, differential pulse
polarography measureents Figure SB of thin films in acetonitrile were conducted to
estimate any influence of the side chains on the oxidation potential in a polar liquid
environment. The values are given in Table 1. Obviously, in these measurements an influence
of the hydraghilic character of the side chains has been observed. In general, the oxidation
potentials decrease with increasing ethylene glycol content. This is in agreement with the
general observation that a substitution of branching alkyl chain with linear TE(® groDPP

core reduces the torsion angle between the donor and acceptor units and improve interchain
T AYOSNYOUA2YAIT GKAOK A yBR8PhysaiSdjtalbd yio@d, hat NB R dzO
the UPS values differ from differential pulse polarognamtata due to differences in the
stabilization of radical cations formed during the oxidation in the measurement environment.

The material characterization in solid state using UPS and OFET indicate that these polymers
have sufficient hole transport moliies and low ionization potentials, which make them
interesting for further tests in aqueous media to evaluate their suitability for application in
OECTs. From here onwards, all further measurements were carried out in agueous electrolyte
media, if not sated differently, since this is the required environment for OECT applications.

2.2. Spectroelectrochemical Absorption Measurements

After the basic characterization in the dry state, we went on to study properties in the swollen
state with and without applied doping potentials, which are more relevant for the function of
OECTs. To begin with, the oxidation behavior in agueous medius siadied using
spectroelectrochemical absorption measurements (SEC). In this technique, the polymer film
is stepwise biased (100 mV steps) and the concomitant changes in théRviabsorption
spectrum are monitored. Thereby, the electrochemical doping ba observed by the
appearance of polarcabsorption features with the simultaneous decrease of the ground
state absorption. The measured SEC curves are shokigune S&and the difference plots in
Figure 2(a-d) obtained by subtracting the absorptiopextrum of the pristine sample (at 0 V)
from those of the electrochemically doped ones. All four polymers could be oxidized at low
potentials (30Q; 400 mV) and a distinct arisal of polaron absorptions along with a concomitant
ground state bleaching (GS&)uld be observed with increased doping potential. It is clearly
observable that the polymers PDPRB{ZHHD}EDOT and PDPPEP}HD}3-MEET show a
distinctively different oxidation behavior compared to the polymers PDRFHGEDOT and
PDPP[B{TEGB-MEET.
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Figure 2¢ Spectroelectrochemical Vis/NIR absorption measurements. Difference absorption spectra of a)
PDPP[T]2{{D}EDOT, b) PDPP[T]2{TEBOT, c) PDPP[T]2{D}3-MEET, d) PDPP[T]2{TB3}EET, €)
integrals of the polaron absorption (top) andtbke ground state bleaching (bottom) with increasing doping
potential.
For instance, the intensity of both, the polaron absorption (14300 nm) and the GSB (500
¢ 1040 nm), is more pronounced for the TTE@stituted PDPPs for the whole range of doping
potentials of 30Q; 700 mV, than with the alkyl substituted ones. This shows that the polymers
bearing triethylene glycol chains at the D&¥te are more easily oxidized in aqueous
environment, than the two polymers carrying hydrophobic alkyl moietiesgaven potential.
A quantitative way to assess the changes comparatively is shown in Figure 2 €), where the
integral of the polaron absorption (10401300 nm) and the pristine absorption peak (550
1040 nm) corresponding to GSB are plotted versus thdieppoltage. The TESubstituted
polymers exhibit a higher onset potential (400 mV), than the two with allktituents (300
mV) for the polaron formation. When comparing the slopes of the polaooGSB plot in the
linear range of 30@ 600 mV, it iobvious that the polymers carrying TEG substituents in DPP
core exhibit a higher slope than the other two indicating more pronounced and faster
oxidation.

Thus, the SEC measurements show that the two polymers carrying TEG chains at the DPP core,
are more @sily oxidized in water. Regarding the onset of oxidation, it appears to be irrelevant
whether the cemonomer is EDOT or-REET, which is in accordance with the ionization
potential values discussed above (Table 1). The difference in polaron formatiorvetse

SEC measurements in polar solvents can be correlated with oxidation potentials obtained from
differential pulse polarography measurements (also in polar solvents) and not with the
ionization potentials obtained from UPS measurements in the salig st

This is the case, because in UPS measurements the intrinsic properties of the material in the
dry solid state are probed. However, in spectroelectrochemical absorption spectroscopy and
differential pulse polarography the situation is different: thelyuer film is submerged in an
aqueous electrolyte (SEC) or polar organic electrolyte (differential pulse polarography). The
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polarons are stabilized by solvated counterions which must penetrate through the film in
order to compensate for the charges. Thifubion is controlled by the hydrophilic character

as well as the swellability of the polymer. Where charges can easily be compensated by
counterions from the electrolyte, the polarons are stabilized and the process is less hindered,
resulting in an easreoxidation. Similar observations have been reported for othgge TEG
substituted conjugated polymef&) The drastic differences seen in the SEC measurements
indicate further, that the amount of polaronic species also depends on the percentage of
ethylene glycol per repeating unit within the polymer, and not only on the position of the
oxidation potential. This is shown by correlating the polaron content in the SEC measurements
with the ethylene glycol content in the various polymeFg(re 3b). Theformation of
polaronic species scales linearly with the weight fraction of ethylene glycol per repeating unit.

2.3 Capacitance and Swelling

Since both, the water absorption as well as the ion injection are controlled by the ethylene
glycol moieties in thee polymers, we first proceeded to measure the volumetric capacitances
C* using electrochemical impedance spectroscopy (EIS). The spectra are sliagurenS10

and a detailed description of the calculation of C* is discussed in the corresponding séction
the supporting information. Figure 3 a) shows the extracted volumetric capacitances of the
four polymers up to a potential of 0.8 V. In the most hydrophobic polymer PDIPHD}

EDOT (0 wt.% ethylene glycol), virtually no increase of the capacitandeembserved upon
biasing the material. But already in PDPRPFHD}3-MEET which carries one ethyleghycol

chain per repeating unit (12 wt.% EG), the capacitance is slightly increased from 0.2 to 8 Fcm
3 at 0.8 V. Both of the polymers bearing twand three ethylene glycol side chains per
repeating unit (PDPPXTEGEDOT (40 wt.% EG) and PDRPIEIGRB-MEET (52 wt.% EG)),
however, show a tremendous increase of the volumetric capacitance reaching values of 167
Fcm? and 338 Fcm at an oxidation potential of 0.8 V, respectively. To illustrate this trend,
the volumetric capacitances of the polymers are displayed with their corresponding amounts
of ethylene glycol in Figure 3 b). We find an empirical relationship, where the capacivd

the polymers scales with the degree of ethylene glycol substitution following a power law. In
this context, it is interesting to mention thabiovannitti et al. studied the influence of an
increasing ethylene glycol content in antype polymer, poj(naphthalenel,4,5,8
tetracarboxyliediimide-bithiophene) on the volumetric capacitance and charge carrier
mobility and could show that a minimum EG content of 50 % was necessary for OECT
operation/*4
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Figure 3 a) Voltage dependent volumetric capigance C*) measurement extracted from EIS, b) correlation of
the max. attaineccapacitance at 0.8 V with thelgtlene glycol content within the polymer and the

corresponding integral of the polarabsorption at 500 mV. ¢) Thickness variation as a fonaif the different

applied potentials in £)CMD measurement of PDPR{TEGJ-MEET (blue) and PDPRIEDOT (red).
Sequentially, an increasing doping potential is applied followed by the open circuit potential. d) comparison of

the passive active and atal swelling after applying 0.8 V.

To understand the interdependence of swelling and capacitance, we measured the passive
(Figure S1land the active (Figure 3d; Figure S1pswellingbehavior of the polymers using
electrochemical quartz crystal micralaace with dissipation monitoring {§CMD) analysis.
In this measurement, the polymer is deposited onto a metallized quartz crystal resonator,
which is excited to its eigenfrequency. This frequency depends on the mass deposited on the
crystal. Upon wateuptake and ion migration after exposure to an aqueous electrolyte, the
polymer gains weight, leading to a reduced oscillation frequency and from this dissipation, the
mass uptake can be derived by QCMD (passive swelling). If the polymer is additionatly bias
with a doping potential, the mass exchange between an electrically active film and an
electrolyte can be monitored, as the film undergoes electrochemica)ddping (EQCMD,
active swelling). The ()CMD experiments were carried out on 6000 nm thck polymer
films with 0.1 m ag. NaCl solution as the electrolyte, further experimental details are given in
the supporting information. In the passive swelling experiments, the two polymers carrying
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hydrophobic alkyl substituents on the DE&re (PDPP[ER-HD}EDOT and PDPP{P}HD}3-
MEET) showed a negligible swelling of 0 and 3 %. However, for the both polymers bearing
TEGside chains at the DPP core (PDRPTEHGB-MEET and PDPP{MEGEDOT) a degree

of passive swelling of 6 and 28 %, respectiwes measured (Figure S81.2). To study the
influence of the degree of oxidation on the swelling, puls€@@®MD studies were conducted

on the both polymers, which have shown passive swelling. After equilibration of the films in
the electrolyte, different dping potentials were applied for 5 minutes each and the
concomitant changes in the film thicknesses were monitored. After each doping step, the
system was relaxed to the open circuit potential for five minutes, followed by the next
potential step. The coesponding plots are shown in Figure 3 ¢) where the degree of swelling
follows the applied doping potential. At low doping potentials (200 mV), the increase in film
thickness lies in the range of 1 nm for both polymers, which is in line with the resutiglie
spectroelectrochemical absorption measurements (Figure 2), where no oxidation could be
detected below 200 mV doping potential. When increasing the applied potential beyond 400
mV, the polymer containing 52 wt.% ethylene glycol swells distinctivedyger than the
polymer with 40 wt.% ethylene glycol, as to be expected from the higher volumetric
capacitance and the SEd@asurements. It is further apparent that after removing the doping
potential, the films are not returning to their initial thickrness. This originates from water,
introduced via the hydration shell of attracted ions which remains incorporated in the film
without continuous biasing. At the highest doping potential of 800 mV, PDPREGRE-MEET

and PDPP[HITEGEDOT showed an actiwsvelling of 8.2 nm (7.8 %) and 5.6 nm (6.8 %),
respectively. The total swelling consisting of the sum of passive and the active swelling is
illustrated for both the two polymers in Figure 3 d), amounting to 14 and 35%, respectively.
Beyond the observatiothat an EG content of up to 13 wt.% is not sufficient to enable passive
swelling at all, there is no clear correlation between the passive water uptake and the EG
content. The passive swelling behavior depends on a variety of factors such as the mitystalli
and morphology and developing a profound understanding of these interdependencies
requires further intensive work. More importantly, however, the active swelling behavior
which is pivotal for the intended application in OECT devices, increases wiGltontent,
explaining the improved volumetric capacitance from PDRA[EGEDOT to PDPPHTEG}
3-MEET as discussed above. Thus, the polymer PRHBGB-MEET containing 52 wt.% of

EG shows the highest active swelling of 7.8 % andhitigest volumetric capacitance of 338
Fcm® at an oxidation potential of 0.8 V.
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2.4 Organic Electrochemical Transistors

Since SE@easurements have shown that the polymers can be oxidized in aqueous
electrolyte at very low voltages (< 400 m\)QEMDmeasurements confirm the swellability

of the two most hydrophilic polymers, and their charge storage ability changes substantially
under applied potential, we systematically studied the performance in-filrm OECTs. The
systematic variation of ethylenglycol content may allow a structwgroperty correlation of
mixed ion conduction properties using the OEdata. For this, OECTs were fabricated, using
a parylene lift off method and interdigitated electrodes with varying chamvidths between

5 um and 5 um and WI/L ratios varying from 5 -4 1.5 - 1. Compared to planar devices,
the used interdigitated devices augment the measured drain current and transconductance,
making the OECT more sensitive for small gate voltage chaRggse 4shows theOECT
characteristics and a schematic of measurement setup along with the image of an
interdigitated microelectrodes. The film thicknesses were between 48 nm and 65 nm and
further details regarding the device fabrication are given in the supporting infoomat
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Figure 4c OECTplots of the measurementsing 0.1m NaCl as electrolyte. Output curvesa)fPDRP[THTEG}

EDO andb) PDPPT{TEGRB-MEET Transfer curves with the corresponding transconductance progressions

and inset showing the ON/OFF ratio @ PDPPT{TEGEDOT and) PDPPT{TEGB-MEETe€) OECT setyp

with a schematic device structure anaicrograph of an interdigitated electrod®.comparison of the OECT
and OFET mobilities of the various polymers.
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Table 2.0ECT parameters of the polymers usingdNaClq. solution as the electrolyte.

Polymer VTh Om d C* wt.% Ethylene pC* g\(;ECT
Vl1® [mS]® [nm]®  [Fcm®] @ glycol per [FemVvis!  [cm?vis]] @

rep. unit

PDPP[T]2 - - 38 2 owt.%

{2-HD}EDOT

PDPP[T]22 - - 41 8 12.8 wt.%

HD

3-MEET

PDPP[T]2 -0.38 14 40 167 40.3 wt.% 14 0.084

{TEGEDOT

PDPP[T]2{TEC -0.36 1.9 56 338 52.3 wt.% 45 0.133

3-MEET

AFrom OEGMmeasurements? measured with profilometer® from EIS measurements 4.8 V;9 calculated
from the figure of merit|{C* and volumetric capacitandg*, ® as determined from QCMD measurements
using 0.1m NaCl solution.

2.4.1. Operation with Aqueous Sodi@hloride Electrolyte

In a first set of experiments, we employed a 0.1 m NaCl aqueous solution as the electrolyte.
With the most hydrophobic polymer (PDPR{ZJHD}EDOT) without any EG substituent and
PDPP[B{2-HD}3-MEET with an ethylene glycol conterit I8 wt.%, no OECT behavior was
observed even up to a gate voltage of 1V. However, both the polymers PR{PEFEDOT

and PDPP[RTEGB-MEET with 40 wt.% and 52 wt.% ethylene glycol, respectively, exhibited
well-defined output characteristics even atny low gate voltages of abot.3 V with highds
currents reaching the range of 0¢®.7 mA at a gate voltage €5.8 V. In Figure 4 ), output

and transfer characteristics of these polymers are shown. For the polymers, PRFEGE]
EDOT, havingddwt.% EG and PDPR[TEGB-MEET with 52 wt.% EG content, the threshold
voltage of W¥n = -0.32 V and-0.37 V, respectively, were measured. In terms of the
transconductance, the polymer with 52 wt.% EG content a higher value {® mS at §/=-

0.8 V) ompared to the polymer with 40 wt.% EG content, g 1.4 mS at &/=-0.8 V) was
reached. When normalized to the filthickness, the transconductances amount to 394 and
340 Scrt for PDPP[B{TEGRB-MEET and PDPPHMEGEDOT, respectively. Even though the
maximum draircurrents and thresholgroltages are similar, an increased amount of ethylene
glycol leads to an improvement in transconductance by 50 'S@&acause the increasing EG
content manifested a higher volumetric capacitance as discussed aboweergenterested

in the impact of the EG content on ion transport within the polymer. We have therefore
measured the transient response times of the OECTs by applying sgasaespotentials to
both, the gate and the souredrain electrodes and concomitantiyeasuring the temporal
response in the drain current. Figure S1éhe tim- dependent measurements are shown and

it is found, that the ion transport in the polymer containing 52 wt.% EG is distinctively faster
G0 = 6 ms), than in the one containing 400 @ ¢09=01 nds). The figure of merit (UC¥)
extracted from fitting the linear regime of the linear plot of transconductance vs. the
geometric parameter Wdi(\rirVe) (Figure S1B Both polymers exhibit very high
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transconductance values; for the mostlar polymer PDPP[XTEGB-MEET, a three times
higher figure of merit of uC* = 45 Fém!s! was obtained, compared to PDPR[TEGEDOT

(14 Fcmit\t1st). From the values of the volumetric capacitance measured by EIS at 0.8 V, 338
Fcm? and 167 Fcm for PDPP[BR{TEGB-MEET and PDPP{NEGEDOT, respectively, the
OECTmobility poecwere calculated asgecr= 0.084 and 0.133 ci!s?, respectively. These
values are similar to those of other PDPPs reported in aqueous media in théulieesuch as
p(gPyDP#MeOT2) (LC* =57 F ctV-1s1), whereas p(gDPPT) (uC* =125 F eiv-1s1 and
p(gDPPT2) (UC* =342 F citiv-1s-1) exhibit improved parameters due to the presence of
other comonomers (TT and T2) which favor polaron delocalizatiolmancke improved pOECT
values?!

Comparing the hole mobility in the dry state, as obtained by @R&Asurements with the
OECTmobility in the swollen state (Figure 4 f), allows for conclusions to be drawn about die
influence of the swelling on the chargransport. The fact that the polymer PDPRB{TEGE-

MEET with the highest ethylergdycol content of 52 wt.% EG showed one order of magnitude
higher OFEhole mobilities (0.008 cAv's?!) as compared to PDPPHMEGEDOT with 40

wt.% EG (0.0008 évt's?) in dry state and that the charge carrier mobility in the wet state,
Hoectfor the former (with higher active swelling of 7.8 %), lies very similar to the latter
indicates that the charge transport can suffer upon very high swelling. In other terms, the
higher degree of active swelling in the former does not facilitate an improved charge carrier
Y20AfA0d@ Ay h9/ ¢ RSOAOSEADP ¢KAA AofclApDOHUEtSE (I KS
is to be improved further. This also suggests that an increadegeste glycol content leads

to both, an increased volumetric capacitance, as discussed earlier, along with a higher degree
of swelling, which shows an extreme interdependency towards the charge transport in OECTSs.
This also makes it clear that an unconliedl high degree of swelling is not required for the
OECT performance.

2.4.2. Cycling Stability

Since longerm cycling stability is a crucial requirement for the successful repeated use of a
material in devices, especially in everyday applications, weewsrrious to study the
cyclability of our OECT materials. To do so, we subjected the OECT devices to 3 x 400 simulated
measuremencycles comprising of 30 minutes of continuous operation in each cycle under a
particular gate voltage (three sets of cycleghe saturation regime corresponding to specific
Voand\Vsg SNBE aSt SOGSRO YR Y2yAi2NBR (KS OKFy3aSsS
drain current. The measurements were conducted consecutively and on the same device and
therefore, the measuremets at the highest gate voltage & =-0.7 V reflect an overall

cycling for a time span of 1.5 hours or 1200 cycles. Details regarding the exact procedure are
given in the supporting information and the cychplpts of are displayed iRigure Sbelow.

Bath polymers with 40 and 52 wt.% EG content show no deterioration of the drain current at
longterm operation in the first 400 cycles und®g =-0.5 V, which is highly promising. On

further cycling at higher gate potential{=-0.6 V), for the next 400 cycles, they retain 87 and
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91 % of their initial drain currents. Even after another 400 cydles (0.7 V), the 97 and 82

% drain current a& maintained. We assume that these small differences on stability after
prolonged cycling can be arising out of the differences in the comonomers of the polymers; 3
MEET compared to EDOT since this is the only difference between the two polymers. The fact
that there is only a very small decrease in drain current even after 1200 cycles at high gate
voltages speaks for polydiketopyrrolopyrrole systems for applications in biosensors.

OO YV UTV UV —— TV
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Figure & Longterm cycling tests of the polymePDPP[R TEGEDOTred) and PDPP[HTEGRB-MEET (lue)
at different appliedsourcedrainand gatevoltages using aq. OM NaCl as the electrolytéVith a simulated
cycle consisting of 2 s of applied gate and drain potential, followed by 2 s of bias free conditions, the same
samples were subjected to 3 x 400 cycles with increasing potentials.

2.4.3. Operation in a C&Browth Medium

Up to here, we achieved an appreciable performance of the two polymers in OECT devices
using sodium chloride solution as the electrolyte. We now wanted to extend our work into a
more realistic regime of operation, and thus, tried to replace the NaCl elgtgrsolution with
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a commonly used cell culture medium. For this, we chose the standardized commercial DMEM
as the electrolyte. DMEM contains different inorganic salts such as NaCl {9,/NgHC®

(3.7 gtd) etc., amino acids, vitamins;@ucose (4.gL') as major ingredients. By using DMEM
instead of 0.1 m Na& the OECperformance was evaluated for both the polymers,
containing 40 and 52 wt.% of ethylene glycol. The outpud transfer characteristics are
shown inFigure 6a)-b) andFigureS14 Both the systems showed very low thresholmtages

in the range 0f0.34 t0-0.37 V, which is comparable to the values observed in sodium chloride
solution. Similarly, the transconductangalues were also maintained in the range between
2.1 and 1.8mS (or 326 to 368 Sch normalized to the film thickness). The excellent
performance of these two polymers in a standardized-gedwth medium without any loss in
transconductance and maintaining a very low threshold potential is highly promising towards
real biosensing applications in in vitro and in vivo bioelectronics.

67



5| PolydiketopyrrolopyrrolesCarrying Ethylene Glycol Substituents as Efficient Mixed lon
Electron Conductors for Biocompatible Organic Electrochemical Transistors

b) -0.8
-0.61
<
£ -0.41
_O
-0.21
Y v =08V
0.8 Ve="0.
: : : 0.0 . .
08 06 04 02 00 08 06 04 02 00
Vo V] Vg VI

[-]
o
1

@

S

]
Viability %

Viability %
=S
o
1

N
o
1

o

g 5
= a
(23] (1T
L -z
1) T]
i w
= =
iy ey
E =
. -9
o (-9
a [a]
o o

PDPP[T],{TEG}-3-MEET
PDPP[T],{TEG}-EDOT

0-

Figure 6c a) OECToutput andb) transfer curves with the corresponding transconductaipecegression®f
PDPP[RTEGEDOTusing DMEM as electrolyte. Qualitative and quantitativeasurements of the cytotoxicity
effect of the polymers on fibroblasts celty - d) Fluorescent images of cells taken after live dead assay, where
calcein AM (green) represents live cells, and ethidium homodimer (red) represents dead cells in cohtect wit

PDPP[R[TEGEDOT and) PDPP[HTEGEB-MEETe) - f) quantitative measurement of cell viability usiag

CellTiterBlue® Cell Viability Assay dhtive deadassay. Blank (cells with no contact to materials), HDPE

(negative control), and ZDEC (jtis® control). Data are presented as the meastandard deviation*** P

value <0.001, ** P value <0.01and * P value < 0.05

2.4.4. Invitro cytotoxicity tests

Next, we conductedn vitro cytotoxicity tests based on the ISO 1093009 standard. The
indirect contact (agar tesfrigure S1pand extract testsHigure 6 c) f)) allow studying the
interaction of any leachable byproducts or dissolved polymers with the cell monolayer without
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direct contact of the material. We observed normal morphology of fibroblast cells after being
incubated with polymeric films while they had agar layer as an interface (Figure S15). Their
morphology was comparable with negative control (HDPE) and BlarkWa#ilno materials
contact) while the positive control clearly showed changes in morphology from adherent and
spread cells to the round shape cells. Cells exposed to a polyurethane film containing Zinc
diethyldithiocarbamate (ZDEC) as the positive contltdarly were less spread compared to
cells in the negative and blank control and detachment of the cell monolayer could be
observed. Live dead staining and fluorescent imaging, after extract test, also confirmed that
the confluent cell monolayer was inthand the normal morphology of cells was preserved
while cells in contact with positive control (ZDEC) did not survive and few dead cells were
imaged (Figure 6 and S15). Quantitative analysis of CelBlile® assay (Figure 6 e) and live
dead assay (Figa 6 f) confirmed high viability percentage of cells for both PDEFHEG}
EDOT and PDPPETEGE-MEET. Interestingly, despite the high viability of the cells in contact
with both of them, after analyzing the live dead images, a significant differeasenveasured

in viability of the cells in contact with PDPR{TEGEDOT (99%) in comparison with
PDPP[BRITEGEB-MEET (94%). This observation was also confirmed by CeBliterassay®.
However, we can clearly observe that in none of the extract andtaggrafter 24 h of culture,

any cytotoxic response was detected: the morphology of fibroblasts was preserved and the
observed high viability showed that the leaching products from the casted films are nontoxic.
These studies encourage the applicatiortfase two polymers in bioelectronics.

3. Conclusion

In conclusion we have presented a systematic and comprehensive study of-aloreptor
polymers based on polydiketopyrrolopyrroles with increasing hydrophilicity for the
application as mixed ierlectronconductors (MIEC). With an increasing content of ethylene
glycol substitution, the MIEC properties improve drastically and, concomitantly, the
performance in organic electrochemical transistors. Up to an ethylene glycol content of 13
wt.% no OECHehavioris observable and beyond 40 wt.%, excellent OECT properties such as
a very high volumetric capacitance in the range of 170 to 330%famd a uC* product of 14

to 45 Fcmt\1s! are obtained. These polymers do not require a crosslinking step or any other
additives after the filmfabrication, to sustain prolonged immersion into water. Moreover, we
could show a cyclability up to 1200 simulated measurement cycles. Finally, we have shown
successful OECT operation under a-gedivth medium for the first time, eémonstrating its
potential for future in vitro and in vivo bioelectronics. This work is one of the few studies,
where PDPPs were purposefully tailored, comprehensively studied from the dry to the wet
and swollen state and successfully employed as matefalsioelectronic applications.
Furthermore, the extract of the films after 24 h in contact with fibroblasts did not cause any
toxicity and cells maintained their normal morphology as well as a high viabilgp94%.
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4. Experimental Section

Materialsand Methods

Reactions sensitive toward humidity and oxygen were conducted under argon atmosphere in
Schlenk apparatuses which were previously flasned under highvacuum. Anhydrous
solvents were purchased from Sigma Aldrich / Acros Organics in sextkss vith molecular
sieves. All other solvents, e.g. for workups or Soxékttactions were freshly distilled 4n
house.

5dzf 65002Qa a2RATASR 91 3tSa aSRAdzy 65a9a0 gl :
were used as received from commercial sourcesoff stated differently. Reactions under
microwaveirradiation were carried out using a Biotage Initiatsghthesismicrowave. NMR
spectra were recorded on a Bruker Avance spectrometer (300 MHz) at room temperature,
using deuterated solvents, purchasedrt Deutero. The chemical shifts are reported relative

to the residual solvent signal in the unit [ppm]. Mass spectra were recorded using a Finnigan
MAT 8500 (Thermo Fischer Scientific) mass spectrometer (70 eV ionization energy) using the
direct ionizationprobe (DIPMS) method. Gas chromatography was conducted on an Agilent
7890 A G&ystem with flameonization detection. UV/Vis spectra in the SEC measurements
were recorded on a Jasco-670 spectrophotometer in quartz cuvettes with an internal
diameter of 10 mm and a Gamry Interface 1010T as the potentiostat. Thermogravimetric
analysis was carried out using a Mettler Toledo TGA/SDTA 851, in a temperature range
between 30¢ 700 °C, with a heating rate of 10 Knhimnder continuous nitrogen flow. Flash
differential scanning calorimetry measurements were performed on a Mettler Toledo Flash
DSC system, the temperature ranges and heating rates are given in the respective section
below. Differential pulse polarography measurements were carried out using an
electrochemical micrecell kit from Ametek Scientific Instruments and a Gamry Interface
1010T as potentiostat.

OFETDevice Fabrication and Characterization

Substrates for organic field effect transistors with a bottom gate bottom contact (BGBC)
geometry were purchased from Fraunhofer IPMS Dresden (OFET Gen. 4). Both, substrate and
gate-electrode consisted of heavily-doped silicon and 230 nm of thermally grown silicon
oxide was the gate dielectriC€ 1.501 - 18F-cn?). Interdigitated electwdes were patterned

from gold (30 nm) and used as sowesd drain contacts, the channelidths were varied
between 5 pum and 20 um. The substrates were thoroughly cleaned by sonication in
isopropanol and acetone for 10 min each, followed by ozone plasesdment (15 min / 50

°C). Subsequently, a selsembled monolayer of hexamethyldisilazane (HMDS) was
deposited by submerging the substrates in HMBRBor for 2 h. The substrates were
thoroughly rinsed with isopropanol, dried in a nitrogen stream and plodymers were
deposited by spirtoating from 5 mg mk solutions at 1000 5000 rpm under ambient
conditions. Afterwards, the devices were transferred into a nitroféed glovebox and the
transistor characteristics were measured using the Agilent Tdolres B1500A

70



5| Polydiketopyrrolopyrroles Carrying Ethylene Glycol Substituents as Efficient Mixed lon
Electron Conductors for Biocompatible Organic Electrochemieaisistors

Semiconductor Device Analyzer. The mobilities were extracted from the slope of thes|
VG ¢ plots in the saturation regime, using eq. 3 below.

0 —iMMteo o (equation 3)

Wherelp: drain currentW: channel widthL: chamel length,C capacitance per unit areg,;
charge carrier mobilityye: gatevoltage andvry threshold voltage. Annealing was conducted
on a hotplate under a nitrogen atmosphere, a minimum number of four devices were
averaged per data point.

OECTDevie Fabrication and Characterization

Micro structured substrates for OECTs were developed together with, and purchased from
Fraunhofer Institute for Electronic Nano Systems, Chemnitz, with an architecture consisting of
a silicon oxide wafer, 10 nm chromiwsdhesion layer and 100 nm patterned gold electrodes
and two parylene C layers with a thickness of 2 um each. The chaidibs were varied
between 5 um and 15 um. The polymer solutions were-spiated with a concentration of 5

mg mL! at 1000 rpm, yieldig filmthicknesses of around 50 nm. The film thicknesses were
measured using a DEKTAK 150 stylus profilometer. The Ag/AgCl gate electrode was activated
before the measurement by dipping into a diluted bleach solution (e.g. Domestos) for 15 min,
followed by thorough rinsing with deionized water. A clean custorade PDM$iolder was

placed onto the substrate and its cavity was filled with the electrolyte solution, the gate
electrode was placed in the electrolytioplet and the sourceand drain electrodes we
contacted. Transistor characteristics were measured using a Tektronix Keithley 2636B source
meter and the Keithley KickStart Software. The transconductaggesere obtained by
numerical derivation of the drain current with respect to the gate voltages figure of merit
OMC*LINR RdzOG ¢ 0 61 & SEGNI OGSR o6& Ligeva tvida: G KS
Vg), and fitting the linear regime. According to eq. 1 below, the slope of the linear fit equals
MC*,

N —tAd'to W (equation 1)

With gm: transconductanceyV: channel widthd: film thicknessl: channel lengthp: (OECT)
charge carrier molity, C* volumetric capacityyrn threshold voltageVe: gate voltage. The
thresholdvoltage was determined by theaxis intersect of the linear regime of th&||®°vs.
Ve

Electrochemical QuarZrystal Microbalance with Dissipation Monitoring

EQCM experiments were conducted on a QSense Explorer QCMD unit with an
electrochemical cell (QE 401) using ag. 0.1 m NaCl solution as the electrolyte. For the
measurement, first the gold sensors (QSX 338 Au, titanium adhesion layer) in air and in the
electrolyte were measured. Thereatfter, films of each polymer were prepared on the same
previously measured quartz crystal sensor by spin coating from a 5 nigsuolution from
chloroform or 1,1,1,3,3Biexafluoroisopropanol solution in ambient conditions. The puy
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deposited sensors were measured subsequently. The obtained data of thedrateoated
sensors in air and electrolyte were compared using the data stitching tool of the QSoft
software package to exclude the influence of the density of the differentlin€air and
electrolyte). By combining the data sets of the bare and the coated-@&idors, the shift in
frequency and dissipation can directly be attributed to the shift caused by the polymer. For
the EQCMD experiments a Zahner Zennium potentiostat gosing a threeelectrode setup

with Ag/AgCl reference and platinum counter electrode was used and the polyoated
sensor served as working electrode. For the stepp€IMD experiments, voltage pulses of
200 mV magnitude were applied to the working @lede from 0 to 800 mV for 5 minutes
each, followed by 5 minutes of open circuit potential. In order to obtain the swelling from the
frequency shifts, the Sauerbrey model using the 7th overtone of the oscillation could be
applied, as the dissipation chaegwere negligible upon swelling.

Ultraviolet Photoelectron Spectroscopy

UPS measurements were carried out on a PHI 5000 VersaProbe IIl system fitted with a He
discharge light source providing stable and continuous He | and He Il lines, ultndbigh
vacuum (ca. 1% mbar). Polymer samples for UPS measurements were spin cast on clean ITO
(15 ohm sq?) substrates using dry chlorobenzene solutions (5mg)ritLa N filled glovebox.

The thickness of the spun films is ca. 30 nm, measured Ing s dummy sample in a
profilometer. The samples were directly transported to the UPS instrument by usifglady

sealed stainless steel transport vessel without exposing them to the ambient conditions.

Electrochemical Impedance Spectroscopy

EISmeasurements were carried out using a Metrohm Germany PGSTAT 204 analyzer module
and a NOVA 2.1 software package for analysis. For the measurement, a butylene rubber gasket
with a circular aperture of 1 cm diameter was placed on top of the OECT substrates an
mechanically pressed onto the substrate with an UHMWPE microcell of 2 mL capacity. The
cavity was filled with 1.5 mL aqueous 0.1 M NaCl solution and allowed to settle for 5 min. The
underlying planar electrode was used as the working electrode and skmseof the
potentiostat. An aqueous Ag/AgCI reference electrode and platinum wire counter electrode
were dipped into the electrolyte solution, completing the threkectrode setup. See figure

S10 for the sketch of the set up. Up to 0.8 V vs. Agkhdlid impedance was recorded in a
frequency range of 1 kHz to 100 kHz in 30 discrete potential steps with an equilibration time
of 5 s between each step. The system was excited with kvgdhd measured with a
resolution of 10 frequency steps per decade. Paeters for fitting and extraction of the
capacitance values are given in the supporting information.

Cell culture studies

M-MSVBALB/3T3 fibroblasts (ECACC: 90030802) suggested by ISO Standard 18893

used as cell line and obtained from Public He&tigland (UK). Cells were cultured per the
YIydzFl OGdZNBEND& &LISOATAOL GA2Y & highylucbsez(DMEM) O 2 Q &
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supplemented with Fetal Bovine Serum Gold Plus (FBS, Serena USA), GlutaMAX, HEPES buffer
and Gentamycin all from Sigafddrich (USA). Trypsin/EDTA (0.05%), Tryj@dne reagent
nem>s YR 5dZ 605002Qa tK2AaLKIGS . dzF ARRB R { | f
(USA). Agarose NEEO ultra quality was purchased from Roth.

Cytotoxicity Assays

Cells were plated and grown to sgbnfluency prior to initiating the assays. Cells cultured
under normal conditions and without any contact with materials were used as a blank control
(Blank). For all assays, high density polyethylene film (HDPE, Hatano Research Institute) was
used as a ngative, or noncytotoxic, control and ZDEC polyurethane (ZDEC, Hatano Research
Institute) was used as a positive or cytotoxic control. Following ISO standard-20988
different culturing methods were implemented to evaluate whether there is a cytotoxic
response to polymers in terms of indirect contact (agar test), and extract tests. For the indirect
contact test (agar test), after sedonfluency of cells, a layer of sterilized agarose gel (0.5 % in
DMEM) containing all complete medium ingredient was edsin the top of cell monolayer

and after one hour of gelation, the sterilized polymeric films were laid down on the gel facing
the cells. The materials and cells were incubated at 37 °C and 5%r@@ h after which the
morphology of the cells was monited using optical microscopy. For the extract test, similarly,
cells were plated and grown to sutonfluency prior to initiating the assay. The materials
(PDPP[TI2{TEEDOT and PDPP[T]2[TB@JEET) as well as positive and negative controls
were incubate at 37 °C and 5% CO2 with the 500ul culture media for 24 h. After 24 h, the cell
culture media was removed and replaced with the 500 pl of extract media. Cells were then
incubated at 37 °C and 5% £for 24 h prior to cytotoxic evaluation. For extract tes
cytotoxicity of the material was evaluated qualitatively using fluorescence microscopy and
guantitatively through the CellTiteBlue® Cell Viability Assay (Promega) and live dead assay
(Thermo Fisher Scientific Inc). The detail of these assays is f@dsensupplementary
information.

Statistics

The data were expressed as the mean + standard deviation (SD) (3 replicates were conducted).
Oneway analysis of variance (ANOVA) were performed to analyze the differences between 2
and more than 2 experimenktegroups, respectively. A value of p < 0.05 was considered
statistically significant.
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1. Monomer Synthesis and Characterization

1.1. Diketopyrrolopyrrole monomers

o] /\l(
ON

S
\ a
VA + EtOY\)LOEt _ T
4h/100°C

2-Methylbutan-2-ol

K,CO, / [18]crown-6
4+ RBr ————=

DMF
100°C/42h
CeHi3
2:R=2-HD
R: ~ or .~ /\/O\/\ -~
T ety ° " 3:R=TEG

N-Bromosuccinimide
CHCl,, dry
=
24h/RT
dark

4:R=2-HD
5:R=TEG

Figure Sk Synthetic route toward th@-hexyldecyl and triethylene glycol substituted diketopyrrofwyrrole
monomers.

3,6-di(thiophen2-yl)-2,5-dihydropyrrolo[3,4c]pyrrole-1,4-dione (1):

In a threenecked 500 mL rounbtottom flask sodiun2-methylbutan2-oleate (19 g / 172
mmol) was dissolvedh dry 2methylbutan2-ol (70 mL) at 100 °C. ThiopheB&arbonitrile

(12.5 g/ 115 mmol) was added in one part and diethyl succinate (10 g / 57 mmol) were added
slowly (3 mL ) using a syringpump and the resulting dark red mixture was stirred ovenhig

at 100 °C. Thereatfter, it was cooled to 65 °C and methanol (200 mL) was added carefully. Acetic
acid (11 mL) were added to neutralize the mixture and precipitate the crude product which
was filtered off, while still warm. The crude solid was washed migthanol and water, dried

at 40 °C in vacuo and used as obtained. Yield: 8.8 g (29 mmol / 51 %) of a dark red solid.
'HNMR (30QMHz, DMS@ls> 1039 (br. s., 2 H), 7.35 (d#53.86, 1.22 Hz, 2 H), 7.10 (dd,
JF4.90, 1.13 Hz, 2 H), 6.44 (dd4.90, 3.7 Hz, 2 H). DIRIS: 300 [M], 272, 244, 216, 188, 163,

135, 111.

3,6-di(thiophen2-yl)-2,5-bis(2hexyldodecybpyrrolo[3,4c]pyrrole-1,4-dione (2):

A 250 mL threenecked round bottom flask was charged with compodnd0 g / 33 mmol),
potassium carbonate @4 g / 133 mmol) and 18&own-6 (0.62 g / 2.3 mmol) and kept under
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HV for some time and flushed with argon. Then, dry DMF (111 mL) was added and the mixture
was heated to 130 °C andh2xyldecylbromide (25.4 g / 83 mmol) were added slowly and
stirred 42 hat 100 °C. Thereafter, water (100 mL) were added, stirred for 30 min and extracted
with chloroform. The combined organic layers were washed with water, dried over Mg8O
concentrated in vacuo. The raw material was purified via silica flash chromatogflagxanes

: DCM =1 : 1) and subsequent recrystallization from ethanol. Yield: 10.1 g (13 mmol / 40 %).
IH NMR (300 MHz, CHLOROF@RM 0 vy de4d4 Hr, R H), 7.22 @4.14 Hz, 2 H), 3.92
(d,xE7.72 Hz, 4 H), 1.78.97 (m, 2 H), 1.071.41 (m,48 H), 0.770.93 (m, 12 H).

2,5-bis(2(2-(2-methoxyethoxy)ethoxy)ethy3,6-di(thiophen2-yl)pyrrolo[3,4c]pyrrole-
1,4(2H,5Hdione 3:

A 1 L threenecked round bottom flask was charged with(15 g / 50 mmol), potassium
carbonate (20.7 g / 150 mmol) ari@-crown-6 (660 mg / 2.5 mmol) and kept under HV for
some time before flushing with argon. Dry DMF (500 mL) were added under argon counter
flow and the mixture was heated to 125 °C for 45 min, then cooled to 0 °C:twonio-2-[2-
(2-methoxyethoxy)ethoxylthane (28.3 g / 125 mmol) were added dropwise under argon
counterflow and the icebath was removed, stirred for 15 min at RT and 24 hat 130 °C. The
solution was allowed to come to RT, poured into 500 mL water and stirred for 30 min, the
mixture was extraied with chloroform and the combined organic layers were washed with
water, dried over MgS£and concentrated in vacuo. The crude product was dissolved in a
small amount of chloroform, poured into 500 mL methanol and store@at’C to encourage
crystallzation. Yield: 5.6 g (9 mmol / 19 %) of bright shiny red crystdlNMR (300 MHz,
CHLOROFOR#t 0 Y vy @&8.96, 161832 H), 7.63 (de4.90, 1.13 Hz, 2 H), 7.23.28

(m, 2 H), 4.27 (16.31 Hz, 4 H), 3.78 (t, 4 H), 3:4667 (m, 16 H), 34 (s, 6 H).

3,6-di(5-bromothiophen2-yl)-2,5-bis(2hexyldodecybhpyrrolo[3,4-c]pyrrole-1,4-dione (4) and
2,5-bis(2(2-(2-methoxyethoxy)ethoxy)ethy},6-di(5-bromothiophen2-yl)pyrrolo[3,4
c]pyrrole-1,4(2H,5Hdione (5):

A Schlenfflask was wrapped with laminium foil and charged with the respective
diketoyrrolopyrrole substrate or 3)(1 eq.), kept under HV for 5 min and flushed with argon,
before dry chloroform was added until a concentration of 50 mM was reached. The solution
was cooled to 0 °C and-idomosuccinimide (2.2 eq.) were added portion wise under argon
counter flow. The ice bath was removed after 5 min and stirred overnight at RT. Afterwards,
the mixture was poured in 300 mL methanol and stored2& °C for crystallization. The
product was iftered and dried at 45 °C in vacuo.

Yield(4): 54 % of fine red shiny crystalsl NMR (300 MHz, CHLOROF@RM + 0Y vy ®c m
Hz, 2 H), 7.20 (d, J=4.14 Hz, 2 H), 3.91 (d, J=7.54 Hz, 4 H), 1.86 (br. s., 2 H421(6V 51
H), 0.76-0.92 (m,12 H). DIMMS: 906 [M], 682, 458, 392.
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Yield(5): 78 % of a regburple powderH NMR (300 MHz, CHLOROF@R®#): 8.49 (d,4.14
Hz, 2 H), 7.21 (#=4.33 Hz, 2 H), 4.17 (55.93 Hz, 4 H), 3.78 (t, 4 H), 3:4%67 (m, 16 H),
3.35 (s, 6 HDIRMS: 75(M], 663, 648, 604, 502, 458.

1.2. EDOdmonomer

0 0 N- Bromosuccmlmlde n-Buli, Me,SnCl

——
Z/ \S THF/HAC 1:1 ,ﬁ\ THF, -78 °C U\
S ! Me;Sn SnMe,

Figure Sz Synthetic route of 2 His(trimethylstannyh3,4-ethylenedioxythiopheneBisstannylated EDOT was
synthesized following a procedure published by our group. [1]

Yield: 5.6 g (87 %). 1H NMR (30z, CHLOROFORME + O Y n ®mP.46(m, I8HYL | 0 =

1.3. 3SMEETmonomer

Br NaH, Cu(l)Br IOH
{/ \S + HO/\/ ~ TN 0

s 4 h/110°C, DMF 4/—\S 7

O— 1) Lithiumdiisopropylamide O—

—~ 2.) Me,SnCl —~
OIO ’ - OIO

4_\5 THF,,, / -20°C-RT U\ 8
M63sn SI’IM93

S S

Figure S& Synthetic route toward 2 bis(trimethylstannyl) 42-(2-methoxyethoxy) ethoxy]thiophene.
3-[2-(2-methoxyethoxy)ethoxy]thiophené3-a 9 9 (7
Compound7) was synthesized following a procedure published by our gf8up.

Yield: 17.8 g (88 mmol / 71 %) of a colorless'diNMR (300 MHz, CHLOROFQRUW): 7.16
(dd, J=5.27, 3.20 Hz, 1 H), 6.78 (dd, J=5.27, 1.51 Hz, 1 H), 6.25 (dd, J=3.20, 1.51 Hz; 1 H), 4.08
4.16 (m, 2 H), 3.803.88 (m, 2 H), 3.533.74 (m, 4 H), 3.39 (s, 3 H). GC showed 99 % purity.

2,5-bis(trimethylstannyh3-[2-(2-methoxyethoxy)ethoxy]thiophenéB):

A flamedried 250 mL Schlerkask was charged with diisopropylamine (4.5 mL / 32 mymol

dry tetrahydrofuran (144 mL) and cooled to 0 °@utyl lithium was added dropwise and the
solution was stirred 1 h at 0 °C and the-h was replaced with a NaCl frigorific mixture to
reach-20 °C. HMried compound7) (3 g / 15 mmol) was addedropwise and the solution

was allowed to react 15 min a20 °C, 30 min at 0 °C and 1 h at RT before being cooled back
to 0 °C. Trimethyltin chloride (6.2 g / 31 mmol) was added in some portions under argon
counterflow. The solution was stirred for 2 h@t°C and 2 h at RT. The reaction mixture was
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washed with brine (containing 0.5 % triethylamine) and extracted with diethyl ether and
tetrahydrofuran. The solution was concentrated in vacuo without drying over MgSO
affording a brown oil. The crude oil@a LJJZNA FA SR 0@ @l=Q2EH28 °CRA=a (G A f f
4 . 16 mbar). Yield: 2.4 g (4.5 mmol / 30 %). GC showed 95 % pttityMR (300 MHz,
CHLOROFOR#/d): 7.03 (s, 1 H), 4.144.19 (m, 2 H), 3.763.82 (m, 2 H), 3.523.73 (m, 4

H), 3.40 (s, 81), 0.10-0.56 (m, 18 H). DiMIS: 513 [MCH], 409, 351, 319, 275, 165, 132, 59.

2. Polymerizations

All polymerizations were conducted following a general procedure for Stille-copsding
polycondensation reported in the literaturé.

A 5 mLmicrowavevial was charged with an equimolar amount of the respective brominated
DPPBr-monomer and the stannylated thiophen@r EDOT(SnMg monomer (0.2 mmol
each), tri(etolyl)phosphine (6.7 mg / 0.02 mmol) and chlorobenzene (4.8 ml) and the mixture
was degassed by bubbling with argon for 15 min. Tris(dibenzylideneacetone)dipalladium(0)
(5.3 mg / 0.01 mmol) was added under argmunter flow and the vial was sealed. The
headspace was flushed with argon and the polymerization mixture was stirred £CL&8r

45 min. Enecapping was performed by addition of(Ributylstannyl)thiophene (32 pL / 0.1
mmol), flushing the headspace with argon and heating for 5 min at 180 °C. Next, 2
bromothiophene (64 puL / 0.67 mmol) was added, the headspace was flushedrmreeand

the mixture was heated to 180 °C for 15 min. The viscous solutions were dissolved with some
mL of chlorobenzene and precipitated in an excess of methanol. Reactipnodycts,
catalyst, ligand and unreacted monomers were removed by SerRteaction with methanol,
followed by a consecutive series of Soxketractions with acetone, hexane,
dichloromethane, chloroform, chlorobenzene to isolate the polymer.

3. Polymer Characterization
3.1.'H-NMR

PDPP[F]2-HD}EDOT(300 MHz, CHLOROFO®MI) 822-9.57 (br., 2 H), 5.856.89 (br., 2
H), 3.71-5.11 (br., 4 H), 0.14.2.71 (br., 66 H).

PDPP[RITEGEDOT: insoluble in NMR solvents / not measured.

PDPP[RITEGB-MEET(300 MHz, CHLOROFO#®&M) 8.59-9.13 (br., 2 H), 6.4417.15 (br., 3
H), 284-5.09 (br., 41 H).

PDPP[$]2-HD}3-MEET(300 MHz, CHLOROFO®MI) 8.76- 9.27 (br., 2 H), 6.677.22 (br.,
2 H), 3.53 4.76 (br., 8 H), 3.283.51 (br., 3 H), 0.442.14 (br., 66 H).

3.2. Gelpermeation chromatography

GPC measurement was perfoeth on an instrument having an SDV linear XL gel column
(particle size = 5 um) with separation range from 100 to 3 000 000 Da (PSS, Mainz, Germany)
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together with a refractive index detector (1200 Series, Agilent Technologies); EHRCIC
grade) was used alvent (for dissolving polymer and as eluting solvent) with a flow rate of
0.5 mL/min at room temperature. As internal standard toluene (HPLC grade) was used. The
calibration was done with narrowly distributed polystyrene (PS) h@olgmers (PSS
calibraion kit). An injection volume of 20 puL was used for the measurements. The sample was
dissolved in CHEANd filtered through a 0.22 pm PTFE filter before analysis. The Polymers
PDPP[B][2-HD}EDOT, PDPPHTEGR-MEET and PDPP{BHD}3-MEET were meased

using this setup. The polymer PDPR{TEGEDOT was insoluble in Chloroform and therefore
measured on an instrument having a PFG precolumn and twd?P&Sel columns (particle

size = 7 pm) with porosity range from 100 to 300 A (PSS, Mainz, Gerrogeaier with a
refractive index detector (Gynkotek). HFIP (HPLC grade) with potassium trifluoroacetate (4.8
in 600 mL HFIP) was used as solvent (for dissolving polymer and as eluting solvent) with a flow
rate of 0.5 mL/min. As internal standard toluen#RLC grade) was used. The calibration was
done with narrowly distributed poly(methyl methacrylate) (PMMA) homopolymers (PSS
calibration kit). The sample was dissolved in HFIP with potassium trifluoroacetate and filtered
through a 0.22 um PTFE filter befaralysis. An injection volume of 20 pL was used for the
measurement and the GPC columns were maintained at room temperature. The molar masses
reported are in reference to PMMA standards. The obtained values are given below.

PDPP[B][2-HD}EDOT: M=25kgnol's 7 I o0 ®H ®
PDPP[BJTEGEDOT:M=9kgmotz 7 I mMO®MD
PDPP[BITEGB-MEET: M=22kgmotz 7 I H®p ®

PDPP[B{2-HD}3-MEET: M= 14 kgmotf 7 I H O
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3.3. Thermal properties (TGA and FlashDSC)

100

80 1

PDPP{2-HD}-EDOT:
60+ Ty, = 402.1°C
PDPP{TEG}-EDOT:
40+ T.,=3278°C .
PDPP{TEG}-3-MEET:
20 Ty, = 337.0 °C
PDPP{2-HD}-3-MEET:
T..=3711°¢C

100 200 300 400 500 600 700
Temperature [°C]

Weight [%]

Figure S4& Thermogravimetric analysis (TGA) measurement under nitrogen atmosphere, with a hedroj
10 K mint within a temperature window between 30 °C and 700 °C.
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Figure S& Flash Differential Scanning Calorimetry (FlashDSC) measurements undemétogsphere with
scanning rates between 50Kand 1000 K& a) PDPP[HR-HD}EDOT, b) PDPP{MEGEDOT, c)
PDPP[B{TEGB-MEET, d) PDPPHZ-HD}3-MEET.

84



5| Polydiketopyrrolopyrroles Carrying Ethylene Glycol Substituents as Efficient Mixed lon
ElectronConductors for Biocompatible Organic Electrochemical Transistors

3.4. Hole mobility measurement in organic fieleffect transistors (OFETS)
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Figure S& OFEJoutput and transfer characteristics of the polymers a) and b) PDRRHD}EDOT, c) and d)
PDPP[BTEGEDOT, e) and f) PDPR{TEG}3aVEET and g) and h) PDPEPFHD}3-MEET.

The annealing conditions yielding the highest charge camrilities are listed below:

PDPP[B[2-HD}EDOT: 20 min at 250 °C.PDPP[H{TEGEDOT: 5 min 150 °C.
PDPP[B[2-HD}3-MEET: 5 min at 150 °CPDPP[HTEGB-MEET: 20 min at 250 °C.

3.5 Ultraviolet Photoelectron Spectroscopy

All measurements reported irhits study were carried out with the He | (21.22 eV, 40 W) line
with -5V sample biasing and the corresponding photoemission with 90%dtikengle was
collected at the multichannel analyzer. The Fermi level §8d vacuum level (&) were
determined usiig a sputter cleaned gold foil. lonization potential of the polymers is calculated
as the energy difference betweerskand the leading edge of the HOMO peaks. The resolution
of the UPS measurements is = 0.15 eV, calculated using the Fermi edgedtiodhalf-
maximum of the gold spectrum and the presented work function and IP values are
reproducible within £ 0.05 eV, consistent with the resolution limit.
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-
7
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Figure ST Ultra-violet photoemission spectra showing the valence band maximum (right) and secondary
electron cutoff (left) regions of PDPPR{2-HD}EDOT (black), PDPR{TEGEDOT (red), PDPF{ID}[T}-3-
MEET (magenta) and PDPR[TEGB-MEET (blue), scaled with respect to the Fermi level (vertical grey dashed
line).
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3.6. Differential pulse polargraphy

Figure S& Differential pulse polarography in thin films on platinum coated indiinroxide (ITO) glass using a
three-electrode setup in acetonitrile with Oxi tetrabutylammonium hexafluorophosphate as supporting
electrolyte. a) ferrocene (Fcyaxternal reference, b)e) differential pulse polarograms of the four polymers.
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