| nf | uesnaal ckkefat alr e s
Pol ythi ophenes and
on Ori e@hartge nTanads:;

MI xX@xdnducti on

DISSERTATION

zur Erlangung des akademischen Grades
eines Doktors der Naturwissenschaften (Dr. rer. nat.) in der
Bayreuther Graduiertenschule fur Mathematik und Naturwissenschaften (BayNAT)

der Universitat Bayreuth

vorgelegt von

Florian Meichsner

geboren in Ludwigshafen am Rhein
Bayreuth, 2024






|l nfl uénacgacdfur al f e
Pothophenes and t hel
on Or il e@hartge nTands:f

MI xed conducti o

DISSERTATION

zur Erlangung des akademischen Grades
eines Doktors der Naturwissenschaften (Dr. rer. nat.) in der
Bayreuther Graduiertenschule fur Mathematik und Naturwissenschaften (BayNAT)

der Universitat Bayreuth

vorgelegt von

Florian Meichsner

geboren in Ludwigshafen am Rhein
Bayreuth, 2024



Die vorliegende Arbeit wurde in der Zeit von Juli 2019 bis Dezember 2024 in Bay-
reuth in der Arbeitsgruppe Angewandte Funktionspolymere der Universitat Bayreuth

unter der Betreuung von Herrn Prof. Dr. Mukundan Thelakkat angefertigt.

Vollstandiger Ausdruck der von der Bayreuther Graduiertenschule fiir Mathematik
und Naturwissenschaften (BayNAT) der Universitat Bayreuth genehmigten Disserta-
tion zur Erlangung des akademischen Grades eines Doktors der Naturwissenschaf-

ten (Dr. rer. nat.).

Form der Dissertation: Monographie

Dissertation eingereicht am: 13.12.2024

Zulassung durch das Leitungsgremium: 13.01.2025
Wissenschaftliches Kolloquium: 11.06.2025

Amtierender Direktor: Prof. Dr. Jurgen Koéhler

Prifungsausschuss:

Prof. Dr. Mukundan Thelakkat (Gutachter)
Prof. Dr. Georg Papastavrou (Gutachter)
Prof. Dr. Jirgen Senker (Vorsitz)

Prof. Dr. André Grodschel



Die vorliegende Arbeit ist als Monographie verfasst.

Teile der Arbeit sind bereits in folgenden Publikationen erschienen:

Controlling Crystal Orientation in Films of Conjugated Polymers by Tuning the Surface
Energy
Dolynchuk, O.; Kahl, R. T.; Meichsner, F.; Much, A. J.; Pechevystyi, A.; Averkova, A.;
Erhardt, A.; Thelakkat, M.; Thurn-Albrecht, T. Macromolecules 2024, 57 (21), 103991
104009.

DOI: 10.1021/acs.macromol.4c01819

Reprinted with permission from Macromolecules 2024, 57, 21, 103991 10409
(https://doi.org/10.1021/acs.macromol.4c01819). Copyright 2024 American Chemical

Society.

Diese Publikation ist in der Arbeit mit der Literaturstelle 162 zitiert.


https://doi.org/10.1021/acs.macromol.4c01819

»Betrachte die Natur der Dinge, und Du wirst alles verstehen«

-Mark Aurel

Vi



Danksagung

Ich mbchte mich an dieser Stelle herzlich bei allen Personen bedanken, die mich in
den letzten Jahren auf meinem Weg begleitet haben und einen maf3geblichen Anteil

am Gelingen meiner Promotion haben.

Zuallererst mochte ich meinem Doktorvater Prof. Dr. Mukundan Thelakkat danken,
welcher mir die Moglichkeit gegeben hat meine Doktorarbeit auf einem fordernden,
interdisziplinaren und spannenden Themengebiet, in sehr gut ausgestatteten Chemie-
und Messlaboren, anzufertigen. Fur Dein Vertrauen in mich, die wissenschaftlichen
Diskussionen, fachliche und persénliche Ratschlage mochte ich mich bei Dir bedan-
ken. Durch viele gemeinsame Freizeitaktivitaten wie Adventssingen oder Biergarten-
besuche, auf die Du auch immer viel Wert legtest, waren wir innerhalb der Arbeits-

gruppe nicht nur Kollegen, sondern auch gute Freunde.

Ein besonderer Dank, innerhalb der MCI gilt auch der AFuPo Arbeitsgruppe, in welcher
man sich zu jeder Zeit der fachlichen und privaten Unterstiitzung seiner Kollegen und
Freunde sicher sein konnte. Des Weiteren, danke ich der ganzen MC | fir die sehr
gute Arbeitsatmosphare und das grofRartige Miteinander. Hierbei mochte ich beson-
ders Petra und Christina danken, die bei jeglichen Problemen immer eine schnelle,
unkomplizierte Lésung parat hatten. AuRerdem mdochte ich mich besonders bei Jutta,
Sandra, Martina und Alex fur die Bereitstellung von destillierten Losungsmitteln, die
Instandhaltung diverser Messgeréte, sowie die gute Zusammenarbeit an der GPC be-
danken. Einen besonderen Dank mdchte ich an Philip Schmode aussprechen, der
mein langjahriger Labornachbar war und mich schon in diversen Praktika wahrend
meines Masterstudiums in den Lehrstuhl integriert und bei samtlichen fachlichen The-
men unterstitzt hat. Auch bei Julian Hungenberg, Adrian Hochgesang und Andreas
Erhardt mochte ich mich fir zahlreiche fachliche Diskussionen, sowie (meistens) lus-
tige und erfolgreiche, aber dennoch gerate- und materialbedingt, nervenaufreibende
Mess-Sessions bedanken. Auch bei all den zahlreichen Personen, welche lhre Zeit fur
die Durchfiihrung verschiedenster Messungen fur mich aufgewendet haben, méchte
ich mich bedanken. AuRerdem mdchte ich Fabian Eller aus der Experimentalphysik
danken, der meine Doktorarbeit mit GIWAXS-Messungen unterstitzt hat.

Ein grofRer Dank geht auch an Prof. Dr. Georg Papastavrou und den Lehrstuhl PC I,
insbesondere an Steffen Trippmacher, Lukas Baindl, Matthias Engelhardt und Nicolas

Vi



Helfricht, fur die Moglichkeit EQCM-D Messungen durchzuftuhren und Unterstitzung

bei Problemen mit dem Gerat.

Ein besonderer Dank geht auch an meine Kooperationspartner von der Universitéat
Halle Prof. Dr. Thomas Thurn-Albrecht, Dr. Oleksandr Dolynchuck, Robert Kahl und
Alexander Much fir die erfolgreiche Zusammenarbeit, wissenschaftliche Diskussionen

und Einblicke in das Feld der Rontgenstreuung.

Vielen Dank an den Freistaat Bayern der mich in der Anfertigung dieser Arbeit finanzi-

ell unterstitzt hat.

Der grof3te Dank gebihrt nicht zuletzt, meinen Freunden und meiner Familie, die mich
auf meinem Weg stets begleitet und unterstitzt haben und ohne die ich nicht dort wére,
wo ich heute bin. Besonders mochte ich mich hier bei Annika, Birthe, Pascal, Julian,
Markus, Quirin, Philip, Gert, Domi, Jannik, Julian, Simon und Andos bedanken, ihr seid
fur mich in den letzten Jahren Freunde fiirs Leben geworden. Ohne die vielen Unter-
nehmungen, wie gemeinsame Urlaube, Wanderungen, Biergarten- und Stadionbesu-

che ware die Zeit in Bayreuth nicht annahrend so schon geworden.

Meinen Eltern und Geschwistern mochte ich fur die bedingungslose Unterstitzung und
das Vertrauen in mich, wahrend meines Studiums und meiner Promotion danken, die
mir ein enormer Ruckhalt waren und maRRgeblich zum Erfolg dieser Arbeit beigetragen

haben.

VIl



Table of Contents

YU [ 10 4= Y PP 1
ZUSAMMENTASSUNG ....uuiie e e e e e e e e e e e e e e e e e e e e e e et e e e e e e e e e eeannnnnas 5
S 011 o Yo [ o 1o o SRR 9
1.1 Organic Semiconductors - Conjugated Polymers...........cccccvvveviiiiiiiinnnnnnnns 10
1.2 POIYNIOPNENES ...t 13
1.3  Structure formation and structural analysis of conjugated polymers by X-ray
RS- 11 (= ] o S 21

1.4  Charge transport in conjugated POlYMErS.........cooovuiiiiiiieeeieeeeciee e, 27
1.5 Organic mixed ionic-electronic conductors for organic electrochemical
EFANSISTONS .. 39

2 Objective Of the theSIS..........uuiiiiiiiiii e 55

3 Control of Crystal Orientation in Films of Poly(3-alkylthiophenes) by Tuning the

SUIMACE ENEIGY ..o 59
3.1 MONOMET SYNENESIS ... 61
3.2 POlYMEr SYNENESIS ... 64
3.3 Surface Energies of Model SAMs and Investigated Polymers..................... 73
3.4 Thermal Characterization ..............uueeeiiieiiiiiiii e 76
3.5 Structure Formation of the Investigated Polymers...........cccccooeieiieiiiiiiinnnnnnn. 78
3.6 CONCIUSION ...ttt e e e e e e 93
3.7  EXperimental SECHON.......cccceiiiiieece e 94

4 Polythiophene-Based Organic Mixed lonic-Electronic Conductor Block

Copolymers for Improved Device Stability and Controlled Swelling through

COPOIYMETIZALION ... 105
4.1 MONOMEr SYNTNESIS ...coiiiiiiiiiiiiieeiee e 106
4.2 Polymer Synthesis and Characterization...............cooeviiiieeiiiii e, 109
4.3 Polymer Characterization ............coouuiiiiiiiiii e 115
4.4 Investigation of the Electronic and Mixed lonic-Electronic Properties........ 122

IX



A5 CONCIUSIONS ...t e e e e e abaaas 145
4.6 EXperimental SECHON.........coiiiiiiice e 147

5 Study of the Influence of the Polymer Architecture on the Mixed Conduction

Properties in Polythiophene Organic Mixed lonic-Electronic Conductor

COPOIYMEIS ... 165

5.1 Synthesis of the functional monomers for the copolymers ........................ 167
5.2 Synthesis and Characterization of the block and gradient copolymer ....... 168
5.3 Investigation of the Mixed lonic-Electronic Conduction Properties............. 186
5.4 CONCIUSION ... 200
5.5 Experimental SECON..........cooiiiiiiieee 202

T N o] 1= [0 | RPN 211
T RETEIENCES. ..o 221
8 (Eidesstattliche) Versicherungen und Erklarungen ...........ccccccceeeeeiieeiiieeiiinnnnnn. 238



Summary

Conjugated Polymers, especially polythiophenes, are well-known organic semiconduc-
tors utilized in manifold electronic applications like organic photovoltaics, thermoelec-
trics, bioelectronics, etc. just to name a few examples. Depending on the application
field in which polythiophenes are used, there are different prerequisites these func-
tional polymers need to fulfill. For the application in organic photovoltaics, crystallinity
and crystal orientation play a significant role for their charge carrier transport proper-
ties. On the other hand, the application of polythiophenes in advanced bioelectronic
devices, like organic electrochemical transistors (OECTS), focuses predominantly on
mixed ionic-electronic conduction properties. Therefore, such polymers exhibit struc-
tural features that enable them to readily solvate ions and water.In this work, the high
structural flexibility of poly-(3-alkylthiophenes) was exploited, to tailor functional mate-
rials by using the well-controlled Kumada Catalyst Transfer Polymerization (KCTP) as
a synthetic tool. Chemical modification and copolymerization of thiophene building
blocks were used as powerful synthetic tools for the design of functional materials for

different applications.

In chapter 3 of this thesis side chain engineering and copolymerization were used to
tune the surface energy of poly-(3-alkylthiophenes) (P3ATSs). Starting from the methyl-
group (P3HT) to a bromine group (P3BrHT), to a trifluoromethyl-group (P3CF3HT) and
a cyano-group (P3CNHT) and additionally, by copolymerization of the 3HT- and
3CNHT-building block, the surface energy of the resulting homopolymers and the co-
polymer could be gradually increased. It was elaborated that crystal orientation in pol-
ymer thin films is strongly influenced by different crystallization processes taking place
at the interfaces with vacuum and the substrate. Our studies furthermore demon-
strated, that prefreezing and surface freezing are strongly dependent on the interfacial
energies. We used polymer surface energy as a powerful tool to influence crystalliza-
tion processes at different interfaces. This concept can be considered a major contri-
bution to tailored design of polythiophenes (and probably other conjugated polymers)
for applications which profit from either lateral or vertical charge transport, since full
control of the crystal orientation could be achieved. When both crystallization pro-
cesses induced from the different interfaces compete, the crystal orientation could be

directed towards edge-on or face-on, by utilization of the crystallization kinetics.



The well-known organic mixed ionic-electronic conductor (OMIEC) PSMEEET shows
some disadvantages like a high threshold voltage and excessive swelling which is
ought to be a root cause for poor device stability.!'3 In chapter 4 of this thesis the
oligoethylene glycol functionalized, mixed conductor building block SMEEET was co-
polymerized with the hydrophobic building block EDOT-CsCs using sequential KCTP
to synthesize the block copolymers PSMEEET-block-PEDOT-CsCs 1-3 in a controlled
manner. The block copolymers P3MEEET-block-PEDOT-CeCs 1-3 contained different
molar ratios of the hydrophobic EDOT-CesCs building block (8 %, 27 % and 50 %). By
the introduction of EDOT-CeCs excessive passive swelling of PSMEEET was com-
pletely suppressed and therefore also the operational stability in OECTs improved.
However, if 50 mol% EDOT-CeCs are incorporated in the block copolymer, surprisingly
passive swelling is evident again thus device stability is reduced. The correlation of the
results of the swelling experiments with the cycling stability tests showed a clear de-
pendence of device stability on swelling. While it was shown that passive swelling was
detrimental for device stability, a lower total degree of swelling (active + passive swell-
ing) also led to improved device stability. For the overall OECT performance of the
block copolymers P3MEEET-block-PEDOT-CeCs 1-3 however there seems to be a
sweet spot at a built-in ratio 8 mol% of the hydrophobic EDOT-CesCs for which uC* as
well as the volumetric capacitance are the highest in the series of investigated block
copolymers and even higher as in the PSMEEET homopolymer. A further increase to
23 mol% or even 50 mol% EDOT-CeCs led to a decrease in said properties.

In chapter 5, the controlled polymerization method KCTP was employed to synthesize
a block and a gradient copolymer, made of the first building block 3-hexylthiophene
(3HT) (which is known for its excellent hole mobility and high crystallinity) and the sec-
ond building block 3-[2-(2-methoxyethoxy)ethoxy]thiophene (3MEET) (amorphous with
the capability for ion solvation). The gradient copolymer was synthesized in a one-pot
KCTP, the gradient character of the copolymer was verified by monitoring of the mon-
omer consumption during polymerization with tH-NMR. The block copolymer was pre-
pared by sequential KCTP, both copolymers showed a built-in ratio of 50 % 3HT and
50 % 3MEEET. The gradient copolymer showed a significantly higher ion uptake and
swelling than the block copolymer which are of utmost importance for the performance
of an OMIEC in OECTs. This leads to a significantly higher figure of merit (uC*) of the
gradient copolymer and therefore an increased performance in OECTs. GIWAXS stud-

ies suggest that - other than in the gradient copolymer - almost no crystallization of the
2



3MEET building block was present in the block copolymer so, charges are only accu-

mulated in the amorphous domains in which charge transport is poor.






Zusammenfassung

Polythiophene sind in der Materialklasse der konjugierten Polymere, wohl eine der am
weitest verbreiteten Vertreter. Polythiophene finden in einer Vielfalt verschiedener An-
wendungsbereiche, wie z.B. in organischen Solarzellen, thermoelektrischen Bauteilen,
in der Bioelektronik, etc. Verwendung. In Anbetracht der diversen Anwendungsfelder,
werden jeweils andere Anforderungen an die funktionellen Polymere gestellt. Dabei
spielen unter anderem Kristallinitat, Kristallorientierung und Ladungstragertransport im
Anwendungsbereich organischer Solarzellen eine grof3e Rolle, im Bereich bioelektro-
nischer Anwendungen sind allerdings auch ionisch-elektronische Mischleitung, Oxi-
dierbarkeit sowie lonen- und Wasseraufnahme entscheidend. Im Rahmen der vorge-
legten Arbeit wurde die hohe Flexibilitat von Poly-(3-alkylthiophenen) (P3ATs) und des
zugrunde liegenden Syntheseverfahrens, der Kumada Catalyst-Transfer Polymeriza-
tion (KCTP), ausgenutzt. Hierbei wurden die chemische Funktionalisierung von Thio-
phen-Bausteinen, sowie Copolymerisation verschiedener Thiophen-Bausteine als
Werkzeuge fur eine ma3geschneiderte Synthese neuer funktionaler Polythiophene fur

verschiedene Anwendungsbereiche angewandt.

Im 3. Kapitel dieser Dissertation wurden Seitenketten-Modifikation und Copolymerisa-
tion zur Einstellung der Oberflachenenergie verschiedener P3ATs angewandt. Ein be-
kannter Vertreter der Polythiophene, Poly-(3-hexylthiophen) (P3HT) diente hierbei als
Startpunkt. Durch gezielte Anderung der End-Gruppen der Seitenketten von der Me-
thylgruppe bei P3HT hin zu einer Bromid-Gruppe in P3BrHT, einer Trifluormethyl-
Gruppe in P3CF3HT und einer Cyano-Gruppe in P3CNHT, genauso wie einer Copoly-
merisation des 3HT-Bausteins mit dem 3CNHT-Bausteins konnten die Oberflachen-
energien der resultierenden Polymere schrittweise erhdoht werden. Des Weiteren,
konnte ausgearbeitet werden, dass die Kristallorientierung stark von den Kristallisati-
onsprozessen an den verschiedenen Grenzflachen mit Vakuum und dem Substrat be-
einflusst wird. Unsere Studien ergaben, dass die Kristallisationsprozesse (surface free-
zing und preefreezing) in starker Konkurrenz zueinanderstehen und maf3geblich von
den Oberflachenenergien abhangen. Die konkurrierenden Kristallisationsprozesse an
den verschiednen Grenzflachen konnten wir durch die Kontrolle der Oberflachenener-
gien der P3ATs beeinflussen. Dieses Konzept kann als maf3geblicher Beitrag zur mal3-
geschneiderten Synthese neuer P3ATs (und mutmallich auch anderer konjugierter

Polymere) gesehen werden, welche entweder von lateralem oder vertikalem
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Ladungstransport profitieren. Fir die konkurrierenden Kristallisationsprozesse konn-
ten wir aul3erdem zeigen, dass durch das Ausnutzen der Kristallisationskinetiken, die

Kristallisation in Richtung edge-on oder face on beeinflusst werden kann.

Der organische Mischleiter (OMIEC) P3MEEET, zeigt einige Nachteile wie eine hohe
Schwellspannung und eine Ubermafige Quellung in Wasser. Eine unkontrollierte Quel-
lung, steht im Verdacht die Stabilitat der elektronischen Bauteile maf3geblich negativ
zu beeinflussen.' 3 Im 4. Kapitel dieser Arbeit wurde der oligoethylenglykol-funktiona-
lisierte Thiophen-Baustein 3SMEEET, welcher als organischer Mischleiter bekannt ist,
mit dem stark hydrophoben EDOT-CsCs-Baustein unter Verwendung sequenzieller
KCTP zu Blockkopolymeren umgesetzt. Die Blockcopolymere P3MEEET-block-PE-
DOT-CsCs 1-3 enthielten unterschiedliche molare Anteile des hydrophoben EDOT-
CesCs-Bausteins (8 %, 27 % und 50 %). Durch die Einfiihrung von EDOT-CsCs konnte
die Ubermalige, passive Quellung des P3MEEET-Homopolymers vollstandig unter-
driickt werden, was auch zu einer Verbesserung der Stabilitat des Materials beim Ein-
satz in OECs fuhrte. Wird jedoch ein hoher molarer Anteil EDOT-CsCs eingesetzt (50
mol%) lasst sich Gberraschenderweise wieder eine starke passive Quellung feststel-
len, die mit einer Verschlechterung der Materialstabilitdt einhergeht. Durch die Korre-
lation der Ergebnisse der Quellungsexperimente mit den Cycling-Stabiitatstests konnte
ein deutlicher Zusammenhang zwischen Quellung und Materialsstabilitat in OECTs
gezeigt werden. Es zeigte sich, dass vorallem die passive Quellng der Materialien
nachteilig fur die Materialstabilitat ist, wobei sich auch ein niedrigerer Gesamtquel-
lungsgrad (aktive + passive Quellung) als vorteilhaft fir die Materialstabilitdt heraus-
stellte. FUr die Performance der Materialien in OECTs konnte gezeigt werden, dass es
einen Sweet Spot bei einer Einbaurate von 8 mol% EDOT-CsCs zu geben scheint, bei
welcher uC* und die volumetrische Kapazitat maximal innerhalb der Serie von Block-
copolymere und sogar hoher als beim PSMEEET-Homopolymer sind. Eine Erh6hung
der Einbaurate auf 23 oder 50 mol% fiihrte hingegen zu einer Abnahme der genannten

Eigenschaften.

In Kapitel 5 wurde die kontrollierte Polymerisationstechnik KCTP angewandt, um ein
Block- und ein Gradientencopolymer, aus den Bausteinen 3-Hexylthiophen (3HT) (be-
kannt fur seine ausgezeichnete Lochmobilitdt und hohe Kristallinitat) und 3-[2-(2-Me-
thoxyethoxy)ethoxy]thiophen (3MEET) (amoprh und besitzt die Fahigkeit lonen zu sol-

vatisieren), zu syntehtisieren. Das Gradientencopolymer wurde Uber eine one-pot
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KCTP hergestellt, hierbei wurde mittels *H-NMR-Spektroskopie, der Gradientencha-
rakter des Copolymers Uber den Monomerverbrauch wéhrend der Polymerisation
nachgewiesen. Das Blockcopolymer hingegen wurde durch sequenzielle KCTP her-
gestellt. Sowohl das Gradienten- als auch das Blockcopolymer zeigten ein Einbauver-
haltnis von 50 % 3HT und 50 % 3MEET. Durch die deutlich htéhere lonenaufnahme
und Quellung des Gradientencopolymers, welches beides esenzielle Parameter fur O-
MIECs in OECT sind, zeigte dieses auch eine hohere Figure of Merit (UC*) und ist
damit besser fur die Anwendung in OECTs geeignet. Die GIWAXS-Studien an den
Copolymeren haben gezeigt, dass im Blockcopolymer - anders als im Gradientenco-
polymer - quasi keine Kristallisation des BMEET Bausteins stattfindet, sodass sich La-
dungen nur in den amorphen Domanen anreichern in denen Ladungstransport schwer

maglich ist.






1 Introduction

During recent decades polymeric materials evolved into a prominent material class for
many different applications. The biggest class of polymers are commodity plastics like
polyolefines (polyethylene (PE), polypropylene (PP)), polyesters (poly(ethylene ter-
phtalate) (PET), poly(butylene terphtalate) PBT), polycarbonates and polystyrene
which are widely used in the packaging industry, automotive engineering, construction,
the medical sector and many more. In the medical sector, beyond the well-known com-
modity plastics like PE, PVC, also new biodegradable polymer (i.e. poly(lactic acid)
(PLA)) systems experience an increasing interest.* Vinyl monomers like acrylates or
styrene and unsaturated polyester resins, forming polymer networks, are commonly
used in coating applications.®' 8 A major advantage of polymeric materials, is the ability
to tune the materials properties, like i.e. mechanical strength, chemical resistivity, etc.,

by synthetic design, enabling precise adaption to different application areas.

Beyond these above named electrically insulating polymers, the material classes of
conducting and semiconducting polymers based on conjugated polymers play an im-
portant role towards novel applications. Conjugated Polymers have diverse application
potential in different fields like photovoltaics, organic light-emitting diode (OLED) dis-
plays, thermoelectrics and organic bioelectronics.® 12 This thesis concerns with the un-
derstanding of the influence of structural features in polythiophenes, - a prominent rep-
resentative of the material class of conjugated polymers 7 on mixed ion-electron
transport as well as crystalline alignment on different substrates. Focus is set espe-
cially on synthesis, characterization and structure formation towards application in or-

ganic electronics and in-depth analysis of structure property relationships.



1.1 Organic Semiconductors - Conjugated Polymers

With the discovery of trans polyacetylene (PAc) in 1977 conjugated polymers became
a continuously developing field in material science.*® In following years many other
conjugated polymers like i.e. polypyrrole (PPy), polyaniline (PANI), poly(p-phenylene
vinylene) (PPV) and polythiophenes were intensively studied (often termed as first-

generation conjugated polymers,

Figure 1).2417 Most of the above-mentioned polymers were studied in their doped
states as conducting polymers, and often are poorly soluble and show a lack of stabil-
ity. A breakthrough could be achieved by the development of the conducting polymer
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS). Here the
doped (PEDOT)"™ chains are stabilized by (PSS)™, achieving stable aqueous disper-
sions. PEDOT:PSS is commercially available as an aqueous dispersion and exhibits
extraordinary high conductivities up to 4700 S cm™ in highly doped states.'® Among
other conducting polymers PEDOT:PSS has the advantage that it is easily processable

from aqueous dispersions, while the other mentioned polymers lack processability.®

PAc PPy PANI
%Qxl m
PPV P3AT PEDOT:PSS

Figure 1: Chemical structures of first-generation conjugated polymers. PAc (polyacetylene), PPy (polypyrrole),
PANI  (polyaniline), PPV (poly(p-phenylenevinylene)), P3AT (poly(3-alykithiophene)), PEDOT (poly(3,4-
ethylenedioxythiophene)).

For applications like organic photovoltaics, organice field-effect transistors (OFETS) or

in organic light-emitting diodes (OLEDs) however solution processable (soluble) pris-

tine (non-doped) conjugated materials are of great interest as active layers. In those

applications poly(3-alyklthiophenes) (P3ATs) are the most prominent and best studied
10



materials of the first-generation conjugated polymers. Poly(3-hexylthiophene (P3HT)
is the most famous example for P3ATs since it cannot only be synthesized by oxidative
polymerization, but also via highly controlled Kumada Catalyst-Transfer Polymerization
(short: KCTP) yielding P3HTs with high regioregularity, defined molecular weight, with
narrow dispersity and well-defined end groups. This method allows precise structural
control playing an important role in charge transport e.g. in bioelectronics or organic

photovoltaics.®12:20122

Besides these so-called first-generation conjugated polymers, there are also second-
generation conjugated polymers, which are also known as low band gap polymers.
These low band gap polymers consist of alternating donor (D) and acceptor (A) moie-
ties, and are also often referred as D-A-copolymers. These polymers achieve low band
gaps due to the orbital overlap of the electron rich donor and the electron deficient

acceptor moiety resulting in new frontier orbitals.??

Today conjugated polymers play an important role in many different application fields
such as organic photovoltaics, OLEDs, thermoelectrics and bioelectronics.®10.12.23125
The commercially most relevant application nowadays are OLEDs which are widely
used in TVs, smart phones and monitors. However, in recent years bioelectronics are
an emerging field of research, in which conjugated polymers play an important role.
The big interest in organic semiconductors based on conjugated polymers arose since
they are low-cost materials, easily processable and structurally tunable. In bioelectron-
ics the compatibility of the material with the biological environment is one of the key
issues. For example, inorganic materials are hard and rigid in comparison to the soft
tissue furthermore there is also difference regarding their chemical structure compared
to tissue (which is organic). Additionally, inorganics often are only capable of electronic
conduction whereas in biological environments also ion transport and ion-electron cou-
pling play an important role. Therefore in recent years conjugated polymers became
an emerging material class in the research field of bioelectronics, since they are soft

organic materials whose properties can be tuned by synthetic design.1?26
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1.2 Polythiophenes

Thiophenes are the building units for the synthesis of polythiophenes, they can be syn-
thesized by the Paal-Knorr thiophene synthesis:

R14<_>— 235y, R1 R, — R1—/§_)—R2 —> R1\Q/R2 ?&\@/ 2
) -2
H

1 2 3 4 5

Scheme 1: Paal-Knorr thiophene synthesis.

Starting from the 1,4-diekton (X) by addition of de-hydrating phosphorus pentasulfide
leads to the formation of a thioketone (X). The oxygen of the remaining keto group is
protonated in a subsequent step resulting in cation X. In a subsequent nucleophilic
attack of the sulfur atom at the carbonyl C of the keto group, followed by deprotonation
i n-poition to the thioketone leads to the formation of a thio hemiacetal (X). In the last
step there is a cleavage of water from the thio hemiacetal leading to the formation of a
2,5-disusbtituted thiophene.

Polythiophenes as organic semiconductors have a long history, in 1980 the groups of
YAMAMOTO and LIN AND DUDEK presented two routes for the synthesis of unsubstituted
polythiophenes (Scheme 2) for the first time. Both routes start from 2,5-dibromothio-
phene which was treated with Mg in THF and then polymerized with nickel(bipyridine)
in the Yamamoto route and with palladium-, nickel-, cobalt- or iron(acetylacetonate) in

Lindos and D¥W8ekods rout e

Yamamoto route

_MoITHF
/ \
Br/Q\Br Ni(bipy)Cl, /|}O\<_7;|/

Lin and Dudek route

Mg/THF
), e
Br S Br M(acac),

M= Pd, Ni,
Co, Fe

Scheme 2: First chemical synthesis of polythiophene shown by YamamoTo and LiN AND DUDEK.?°
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YAMAMOTO has also shown that polycondensation polymerization of 2,5-dibromothio-
phene in the presence of Ni® also results in the formation polythiophenes (Scheme
3).%0 However due to its poor solubility neither high molecular weight materials nor

processable materials can be obtained from unsubstituted thiophenes.?®

Ni(cod),/PPhj

) T Y s

Br— g~ “Br  DMF, s N\
60-80 °C

n

Scheme 3: Polycondensation polymerization of 2,5-dibromothiophene in the presence of Ni(cod)2.%°

To achieve processable and soluble materials, research focused on the polymerization
of alkylthiophenes. The first synthesis of stable and and soluble poly-(3-alkylthio-
phenes) (P3ATs) was reported in 1985 by ELSENBAUMER (Scheme 4) and WupL.3%:32
Poly-(3-alkylthiophenes) with alkyl chains longer than butyl can be melt- as well as
solution-processed.?® First P3ATs were prepared via Kumada cross-coupling as
shown by ELSENBAUMER Vvia ‘condensation’ polymerization of Grignard reagents ob-
tained from 2,5-dihaloalkylthiophenes. In 1986 SuGIMOTO ET AL. presented a method
for the polymerization of 3-alkylthiophenes using iron(iii)chloride which was the first
method to prepare high molecular weight P3ATs up to 300 kDa and dispersities rang-
ing from 1.3 to 5.3 P3ATSs can also be prepared by the above mentioned polyconden-
sation polymerization presented by YAMAMOTO (Scheme 3).3034 Furthermore CURTIS
and co-workers developed a polymerization technique called demercuration polymeri-
zation (Scheme 4) which starts from 2,5-bis(chloromercurio)-3-alkylthiophenes which
are heated together with copper and catalytic amounts of PdCl2 in pyridine to yield
polythiophenes. This method generates polythiophenes with alkyl substitution or esters
in the 3-position. The demercuration method allows for carbonyl groups whereas most

of the above mentioned methods do not tolerate many functional groups.®
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ﬂ\ Mg/THF . /@\(Sﬁ/
I >g” 1 Ni(dppp)Cl, S \l/
R dn
R
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S CHCl3 S \\/
P

R
Cu/PdCl, S
/ \ — > \ /
ClHg s HgCl pyridine,A \
R Jn

Scheme 4: Synthesis of Poly-(3-alkylthiophenes).3%:33:35

However, all of the above-mentioned polymerization techniques for P3ATs lead to re-
giorandom polythiophenes. For 3-alkylthiophenes there are three possible orientations
of two coupled thiophene rings, head-to-tail (HT), head-to-head (HH) and tail-to-tail
(TT) (Figure 2).

head-to-tail (HT) head-to-head (HH) tail-to-tail (TT)
Figure 2: Regiochemical coupling options between two 3-alkylthiophene repeating units in P3ATs.

For both HH and TT coupled rings, the thiophene rings are twisted due to steric hin-
drance which leads to a stereoirregular chain, whereas in fully HT coupled thiophenes
the steroregularity is maintained leading to planar orientation and, therefore HT cou-
pled P3ATs are highly conjugated systems with small torsional angles leading to
smaller bandgaps and high charge carrier mobility.?® For HT coupled, regioregular
P3ATs two prominent methods are known. The first route presented by McCULLOUGH
generates 2-bromo-5-(bromomagnesio)-3-alkylthiophenes from 2-bromo-3-alkylthio-
phenes which are then subsequently polymerized using Ni(dppp)Cl2 employing Ku-
mada cross-coupling yielding P3ATs. This method reaches 98-100 % HT-HT couplings

(Figure 3).%%37 In the Rieke method the starting monomer is 2,5-dibromo-3-
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alkylthiophene which is added to a solution of Rieke zinc leading to the formation of
two isomers, 2-bromo-3-alkyl-5-(bromozincio)thiophene and 2-(bromozincio)-3-alkyl-
5-bromothiophene. The ratio of these isomers is determined by reaction temperature
and the steric influence of the alkyl substituent. Therefore, the reaction needs to be
conducted at low temperatures (-78 °C). Alternatively, 2-bromo-3-alkyl-5-iododthio-
phene can be used as a starting compound leading solely to the formation of 2-bromo-
3-alkyl-5-(iodozincio)thiophene when added to a Rieke zinc solution. The activated
species is then polymerized with Ni(dppe)Clz yielding regioregular HT-coupled P3AT
(Figure 3).3839

McCullough method

R R R

/U\ LDA/THF | /U\ MgBr,eOEt, /@\
H™ g~ ~Br -40 °C Li— g~ "Br  -60to-40°C BrMg™ g7 TBr
R R R
Ni(dppp)Cla o\ s 7\
—>
I\ s s
BrMg S Br -5-25 °C \W
n
R

~100 % HT P3ATs

Rieke method

R
—_—
Br s Br -78 °C BrZn Br Br ZnBr

~ 100 % HT P3ATs

R R R R

. Ni(dppe)Cl
/@\ Zn /'I;HF /U\ i(dppe)Cl, s Y
| Br -/8°C 1Zn Br s s

S S \ /

R

~100 % HT P3ATs
Scheme 5: McCullough and Rieke method for the preparation of highly regioregular HT connected P3ATSs.

The McCullough route was later modified by changing the starting compound to 2.5-
dibromo-3-alkylthiophene and employing a Grignard metathesis reaction to obtain the
active monomer (Grignard-Metathesis polymerization or GRIM polymerization).2%:40
Parallel to this, YokozawA obtained similar polymers starting from 2-Brom-3-alkyl-5-

iodothiophene.?? In both cases, the polymerization mechanism was elucidated as a
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chain growth Kumada Catalyst-Transfer Polymerization (KCTP). KCTP also shows liv-
ing character since one catalyst molecule initiates one chain. Due to this, by adjusting
the monomer to catalyst ratio an excellent control over molecular weight can be
achieved in KCTP. KCTP also leads to poly(3-alkylthiophenes) with narrow dispersity
and well-defined end groups. The most prominent example for a controlled synthesis
of poly(3-alkylthiophenes) via KCTP is poly(3-hexylthiophene) (P3HT). However be-
sides homopolymers like P3HT it is also possible to achieve more complex polymer
architectures like gradient copolymers, block copolymers or even polymer brushes by
surface-initiated KCTP.?141

Monomers for KCTP are in general dihalides of the respective thiophene monomer,
which however need to be converted to a Grignard reagent first in a metathesis reac-
tion. The formation of the active monomer is done by the reaction of the 2,5-dihalothi-
ophene with a Grignard reagent. The formation of this active monomer is normally
done in situ. There are mainly two approaches to achieve this active Grignard mono-

mer, the Yokozawa and the McCullough route (Scheme 6).20122

Yokozawa route:

CeH1s , CeH13
i-PrMgCl
[\ — |\
I S Br CiMg s Br
A

McCullough route:

CeHis CeHi3 CeHi3
Br s Br CiMg s Br Br S MgCl
A B
75 % 25 %

Scheme 6: Metathesis reaction to form the active Grignard monomer via Yokozawa and McCullough route. Ex-
emplary for 3-hexylthiophene.?0:??

As seen in Scheme 6 for the Yokozawa route 2-bromo-3-hexyl-5-iodothiophene is

used as a starting monomer which reacts with iso-propylmagnesium chloride (i-

PrMgCl) to form the active monomer A only.?? This is due to the higher reactivity of

iodine compared to bromine.?! In the McCullough route however, the dibrominated
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starting monomer 2,5-dibromo-3-hexylthiophene is employed, also with tert-butyl-
magnesium chloride (t-BuMgCl) a different Grignard reagent is used. The drawback of
this route is evident, as two different regioisomers A and B are formed. Due to the use
of the sterically hindered Grignard reagent t-BuMgCl and the hexyl side chain of the
thiophene monomer, the ratio of the two active Grignard monomers is not the same. In
fact, only 25 % of monomer B is formed whereas 75 % of monomer A is formed, due
to steric hindrance. However in the polymerization via KCTP, the sterically hindered
monomer B is unable coordinate to the Ni-catalyst and therefore does not participate

in the polymerization.2%-21

The polymerization follows a chain growth mechanism and is initiated by the addition
of a catalyst, namely dichloro(1,3-bis(diphenylphosphino)propane)nickel (Ni(dppp)Cl2)
to a THF solution containing the active Grignard monomer. During initiation two active
monomers coordinate to a catalyst molecule forming a nickel inserted dimer followed
by an intramolecular transfer reaction, the tail-tail connected species is formed. The
chain growth then proceeds in consecutive cycles of transmetallation, reductive elimi-
nation and oxidative addition. After complete consumption of monomer A the chain
end is still active which allows for the introduction of end groups by choice of the re-
specting quenching agents. Whereas quenching with HCI leads to Br/H end groups,
guenching with ethinylmagnesium bromide allows the introduction of an alkyne end
group. Quenching with methanol leads to chain-chain coupling therefore leading to

Br/Br end groups and double the molecular weight.?0' 22

18



CeHi3 CeHi3 CeH1z Ni(dppp)Cl I\SlBr
t-BuMgCl Ilappp L
I I o R SN
Br S Br ClMg S Br Br s MgClI v S
Q\Br
0, 0
75 % 25 % L= PPh,

CeHi3

nickel inserted dimer

CeHi13 intramolecular

CeHu1s CeH1s e
ransfer
BYENYA ﬂ
N CiMg S Br

L /

N7 T\ )T ST

L Br n transmetallation
) CeH13
intramolecular MgCIBr CH
oxidative addition chain 6113

growth (\L, ]\ S.__Br
_ _ NT™s”

CeHu3

Cefle Coftra (A s e
7\ S I\ L/Ni S \ / initiating species
/ S

Br S \ / S Br
n =

Br
CeH1s
L CeH13
< \Ni(O) reductive
L/

_ elimination

CeHu1s

CeHi3

associated pair

Scheme 7: Mechanism of the Kumada Catalyst-Transfer Polymerization (KCTP) starting from 2,5-dibromo-3-hex-
ylthiophene via a McCullough metathesis reaction and Ni(dppp)Cl2 as a catalyst. Adapted from ref. 2

After in-depth discussion about the developments in polythiophene synthesis, also the
development of the different polythiophene materials should be considered. As briefly
mentioned above, the material class of P3ATs were the first soluble and therefore eas-
ily processable polythiophene compounds. The by far most prominent example among
all P3ATs is poly-(3-hexylthiophene) (short: P3HT).The reason for this is not only the
ability to synthesize P3HT via well-controlled KCTP, but also the optimum solubility
and crystallinity in the case of hexyl side chains..?%22:42145 P3HT is a prominent exam-
ple of a donor material which was for example widely used in bulk heterojunction (bhj)
solar cells in the 2000s. P3HT had several advantages over other conjugated poly-
mers; such as its easy processability, a reduced band gap, high hole mobilities, fur-
thermore the absorption edge of P3HT is shifted to circa 650 nm and therefore in the
range of the maximum photon flux of the sun (650-700 nm).*¢ In early research on
P3HT:PCBM blend solar cells ScHILINSKY ET AL.4” presented devices with a ratio of 1:2
and 1:3 of P3HT and PCBM, later CHIRVASE found that maximum PCE can be achieved
by ratios between 1:1 and 1:0.9.48 A balanced mobility of holes and electrons, owing
to a higher order in the blend structure, is assumed to be the reason for the increase
in PCE.* To further increase the performance of the PSHT:PCBM solar cells several
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studies about thermal and solvent vapor annealing - in order to increase the crystallinity
of the film - can be found.#85%"54 Annealing leads to the formation of PCBM aggregates
and therefore P3HT crystallization can be enhanced resulting in a better electron
transport and increased absorption.>> PCEs up to 5 % were reported for P3HT:PCBM

solar cells.52:56

Before the breakthrough of P3HT in organic photovoltaics research it also attracted
great interest in organic field-effect transistor (OFET) research. Due to the solution-
processability and high hole mobility of P3HT it was widely used in OFET research.
Whereas the first PBHT-OFETSs using regiorandom P3HT, showed only low mobility
values (10 cm?/V s) the application of regioregular P3HT increased the mobility of the
devices dramatically up to 101 cm?/V s.5758 The increase in mobility can be explained
by an i necrsaekimganhd a preferably edge-on orientation of the polymer
chains in regioregular P3HT compared to the regiorandom P3HT which is mainly ori-

ented face-on.>7:8

Recently new generation polythiophenes carrying ionic or polar side chains i.e. oligo
ethylene glycol side chains gained vast interest in the research community in new ap-
plications like ionic-electronic mixed conduction, which will be discussed later (section
1.5).
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1.3 Structure formation and structural analysis of conjugated poly-

mers by X-ray scattering
The structure formation in conjugated polymers is a key issue in applications as it has
a decisive influence on the charge carrier transport. X-ray (and neuron) scattering tech-
niques such as small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering
(WAXS) have been demonstrated as powerful tools for getting structural information
(molecular packing, crystallization, crystal orientation and size) about semicrystalline,
conjugated polymers in the bulk.5%% SAXS measures relatively long correlation dis-
tances (> 10 nm), therefore it is for example used for the determination of domain sizes
of ordered samples, whereas WAXS is generally used to study short range order of a
material, since it probes smaller distances (0.1-10 nm).%1'63 A difference in the meas-
urement setup for WAXS and SAXS is also the detector-sample distance. The detec-
tor-sample distance is high for SAXS measurements therefore it has to be operated
under high vacuum to avoid scattering with air molecules, for WAXS on the other hand
the detector-sample distance is very small, therefore it can also be measured under
ambient conditions. For WAXS usually point or 2 D-detectors are employed. The res-
olution of the 2 D-detector can be adjusted by the sample-detector distance and the

sample size.5364

However, X-ray scattering from thin films of conjugated polymers can be challenging,
due to the weak scattering strength of carbon, a small amount of scattering planes and
a relatively high amount of disorder.62-62 For structural analysis of thin films of conju-
gated polymers therefore specular scattering methods, precisely grazing incidence
small-angle scattering/grazing incidence wide-angle scattering (GISAXS/GIWAXS),
are powerful characterization tools (Figure 3). With grazing incidence X-ray scattering
it is possible to examine the scattering planes oriented perpendicular to the substrate
surface, furthermore it is also possible to measure depth dependent by variation of the
incident angle of the X-ray radiation.?35 |f the incident angle U is lower than the critical
angle k=(209°( G: di spersive aactivpimexefihe samgle) thehXe
rays are totally reflected and the transmitted wave is evanescent. This evanescent
wave is scattered by the thin film and can be used to vary the penetration depth, so

not only the surface but also deeper layers of the film can be analyzed. The scattered

r ef

wave exits the pol ymad hitdtheldabector] réstitinggima neom g | e

phology dependent scattering pattern.51:63
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The advantage of X-ray analysis of thin films over imaging methods like for example
SEM, or AFM is that they offer statistically averaged information of large sample ar-
eas/volumes whereas the imaging methods only give information about the local sur-

face morphology.>%6163

Figure 3: Schematic drawing of a grazing incidence X-ray scattering measurement setup. A X-ray beam Q hits the
sample surface with the angle of incidence U and is scattered there. The scattered beam Q has an exit angle U
and a horizontal scattering angle d and hits an area detector which is located at a distance of approx. 10-20 cm
from the sample for GIWAXS measurements, for GISAXS measurements, the detector distance is increased to 2-

5 m. On the detector a 2 D-scattering pattern dependent on the sample morphology is visible. Adapted from refs.
64,66

If X-ray radiation interacts with a crystalline solid, most of the radiation will get absorbed
or pass through the material, a small part however is scattered at the lattice planes of
the crystal. These scattered X-ray beams will undergo interference. Dependent on the
incident angle and the distance of the lattice planes this interference can be destructive
or constructive. When the path difference (2d sin d) of the diffracted X-ray beams from
different lattice planes is equal to an integral number (n, diffraction order) of the wave-
length (8) of the X-ray beam, constructive interference occurs. The Bragg condition is

satisfied.5”
£ CQXOEF (1)

WAXS operates at higher incident angles and allows to make statements about inter-

molecular spacings (lamellar distance, " -" -distance) as well as the orientation of
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crystallites relative to the substrate which play an important role for charge transport in
organic electronics.%8 70 The majority of conjugated polymers consist of stiff, semirigid
backbones and flexible side chains (i.e. alkyl chains) and therefore are considered to
be hairy-rod polymers. Thus, it has conjugated and non-conjugated domains. Intra-
chain transport, referring to charge transport along the polymer backbone should be
facile due to the conjugation, charge transport between different polymer chains (inter-
chain transport) can occur through the * -" -stacked polymer backbones, therefore the
" -" -distance and direction plays a crucial role in charge transport in conjugated poly-
mers. However, interchain transport in the lamellar direction is poor due to poor elec-

tronic coupling and long distance between the conjugated backbones (Figure 4).6*

Citg §°”'= h*
CaH '
S—
s & /w
e’
His
Gty
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Figure 4: Charge transport in a crystallite of a conjugated polymer (here: P3HT). Intrachain transport takes place
along the conjugated backbones whereas interchain transport occurs between the stacked backbones. Interchain
transport in the lamellar direction between two backbones separated by side chains is not occurring. Adapted from
ref. 61,

In the case of poly-3-alkylthiophenes like P3HT a strong electronic coupling between
neighboring chains can lead to the formation of 2D conductive sheets separated by the
hexyl side chains (Figure 4). The formation of such layered structures is known to lead

to high charge carrier mobility in organic field effect transistors (OFET) (section 0).5®

However, for efficient directed charge transport, not only the ~ -" -distance and good
charge delocalization play an important role, but also the orientation (alignment) of the
polymer chains/lamellar crystallites relative to the substrate is important. The polymer
chains in thin films typically show one of the three different orientation types which are
end-on, edge-on and face-on. In the edge-on orientation the side chains of the polymer
are in vertical contact with the substrate so the a-axis is oriented perpendicular to the

surface (Figure 5), whereas for the face-on orientation the * -conjugated backbone is
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in contact with the substrate meaning the b-axis is oriented perpendicular to the sur-
face (Figure 5). The end-on orientation is the by far most rare orientation, here the
polymer chains are oriented with the * -plane (c-axis) oriented perpendicular to the

substrate (Figure 5).%°

edge-on face-on

Figure 5: Polymer chain alignment (here: P3HT) relative to the substrate along the crystal axes. Edge-on orientation
(left), face-on orientation (middle) and end-on orientation (right).

Depending on the application, a certain alignment might be beneficial. In organic solar
cells (sandwich devices with top and bottom contacts) vertical charge transport is im-
portant, for which a face-on orientation of the polymer is favorable. In thin film transis-
tors like OFETs (with lateral contacts) lateral charge transport is important therefore
the edge-on orientation of the chains is beneficial.>*772 Alignment can be influenced by
various factors i both material as well as process dependent - such as the polarity/di-
pole effects of the polymer, the solvent from which the thin films are cast of, directed
crystallization/epitaxial growth and interaction between the polymer and the substrate.
For P3HT for example the alignment could be controlled by crystallization on highly
oriented, ultrathin polyethylene films, highly oriented pyrolytic graphite or on graphene
sheets.? ¢ However not only processing parameters as mentioned above influence the
structure formation and orientation but also material properties like molecular weight,
dispersity, regioregularity and non-covalent intra- and intermolecular interactions are
an decisive factor.s From the scattering patterns obtained by GIWAXS measurements,
statements about the orientation of the polymer chains relative to the substrate can be
made (Figure 6).””
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Figure 6: Reciprocal space maps of the GIWAXS patterns of the two extreme cases of edge-on crystals (top) and
face-on crystals (bottom). If an edge-on orientation is present the (h0O0) reflexes are seen in the gz-direction and the
(0kO) reflexes can be seen in the q-direction. Adapted from ref. 77.

From Figure 6 above it can be seen that if the polymer chains align edge-on, the (h00)
reflexes, which can be attributed to lamellar stacking, in the scattering pattern appear
in the gz-direction. The “ -* -stacking, here the (020) reflex, for an edge-on aligned
polymer is present on the gr-axis. For face-on oriented polymer chains, the (h00)
reflexes appear in the gr-direction and the (020) appears in the q.-direction.’’

Very often mixed (isotropic) orientation of both face-on and edge-on is observed.
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1.4 Charge transport in conjugated polymers

Early work on conjugated polymers focused on increasing the electric conductivity 0 of
these materials by doping the pristine form.

. €9 )

In the case of polyacetylene, polyaniline and polythiophene high conductivities could
be achieved by strong doping and stretch or
polymeric thin film transistors (TFTs) were reported for the first time. In TFTs the con-
ductivity of the channel material is strongly modulated to switch the transistor between
the ON and the OFF state, either in the depletion or accumulation mode. Therefore,
materials with high conductivity were less desirable since high gate voltages need to
be applied to lower the channel conductivity or it was even difficult to switch the system,
since it showed high ohmic behavior. With the rise of TFTs attention started to shift
away from conductivity 0 of the conjugated polymer to its charge carrier mobility p
which is as it can be seen directly related to the electric conductivity and described by
the charge carrier drift velocity 3 per unit electric field F:
C 3)
0

The charge carrier mobility in inorganic materials is independent of the charge carrier
density, in organic materials however charge carrier density and field has a strong
influence on the charge carrier mobility.”® VISSENBERG AND MATTERS presented a theory
describing the charge transport in disordered organic films by a hopping or thermally
activated tunneling of carriers between localized states. According to this model a
charge carrier can either hop over a small distance with a high activation energy or a
long distance with a low activation energy, referred to as variable range hopping.’® Due
to the disorder present in conjugated polymers the mobility compared to inorganic,
highly ordered materials is rather low. The charge carrier mobility can be determined
by various methods such as time-of-flight (TOF) measurements, space-charge-limited-
current diode measurements or the measurement of TFT characteristics from which
the mobility can then be extracted. Organic thin film transistors (OTFTs) can be subdi-
vided in two categories which are the organic field-effect transistors (OFETS) and the
organic electrochemical transistors (OECTS). Since in the scope of this work, OTFTs
played an important role in characterizing the synthesized materials, the physical pro-

cesses in OTFTs will be discussed further in detail in the following section.
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OFETs

Organic field-effect transistors also known as OFETSs consist of source (S) and drain
(D) electrodes (usually gold) in between which the active layer (organic semiconductor)
is patterned. A dielectric (i.e. SiO2) separates the semiconductor film from the gate (G)

electrode, usually n-doped Si(Figure 7).8°

y

¥ Semiconductor m
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Figure 7: Schematic of a bottom-gate/bottom-contact OFET. In an OFET the organic semiconductor film is pat-
terned in between gold source (S) and drain (D) electrodes and is separated by a dielectric from the gate electrode.
The channel of an OFET is described by its channel length (L) and its channel width (W).

If a gate voltage is applied in OFET, the dipoles in the dielectric are polarized, creating
an electric field which causes the accumulation of free charge carriers in the organic
semiconductor at the interface with the dielectric. The amount and nature of free
charge carriers (positive or negative) which are injected, can be controlled by the am-

plitude of the gate voltage and the bias polarity.&

For an ideal, trap-free, organic semiconductor, the injected charges are homogenously
distributed in the channel. By application of a drain voltage Vo in an ideal system, a
drain current Io would be able to flow between source and drain electrode. However,
in a real system charge traps are present, so during application of a gate voltage the
first charges which are injected are used for trap filling. If the gate voltage is above a
certain voltage, the so-called threshold voltage Vth all traps are filled. In fact, mobile
charges only can be obtained at an effective gate voltage of Ve-Vth. Supposing the

drain voltage Vbis zero the mobile charge per unit area is defined as:8°
0 0t w o (4)

By application of a negative bias between source and drain electrode, holes are mov-
ing towards the drain electrode and create a gradient of charge carrier concentration.
The number of charges per unit area in a distance x from the source electrode is then
given as:
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0 Bto o o (5)

The potential V(0)=0 at the source electrode and at the drain electrode the potential is
Vp.Aslongasthet r ansi st or cur r e @o<<\Mc&1n) adingar incelasad s | aw
of the drain current can be observed with increasing drain voltage, one says the tran-
sistor operates in the linear regime (Figure 8 (a)). When Vb=Ve-Vh the charge carrier
concentration reaches zero at a certain distance x=L from the source electrode, the
transistor is pinched-off. At the pinch-off point the potential is equal to Ve-V1h (Figure
8 (b)). When the drain voltage is increased so it exceeds Ve-Vh, the pinch-off point is
moving closer to the source electrode which is causing a depletion zone at the drain

electrode, the transistor is in the saturation regime.8°

a) I 4
—,_7 S D—— vp<<vevy,
= Ve > Vo,
Vo
b) Ip.s
—,_7 Vp = V-V,
= Ve > Vo
Vo
c) Ip .
r D—— vp>Vevy,
= Ve > Vo,
Vo

Figure 8: OFET operation at different drain voltages Vo. Transistor in the linear regime (a); at pinch-off point (b)

and in the saturation regime (c). Adapted from ref. &,

In the saturation regime, the narrow depletion zone between the pinch-off point and
the drain electrode still allows charges to be dragged across, resulting in a saturation
current, Ipsat. A further increase in drain voltage does not result in an increase in the
drain current when Ve-Vh is held constant because the potential drop between the

source electrode and the pinch-off point regulates the saturation current.°
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The gradual channel approximation is applied, to describe the current-voltage charac-
teristics of the transistor in the different operation regimes. It assumes that the electric
field is perpendicular to the plane of the transistor (Ec>>Epbs) and is only valid if the
channel length is 10 times bigger than the thickness of the dielectric. The drain current
then can be described by the following equation:

0 w0 00 (6)
The gradual channel expression for the drain current is given by:
0 -0 o w teo Mo (7)
In the linear regime the following expression for the drain current is obtained:
T 06w o (8)
In the saturation regime the drain current can be described as follows:
O —0 6w W 9)

To describe the transistor characteristics output and transfer characteristic are used.
In the output characteristic the drain current as a function of the drain voltage is shown,
this is done for several gate voltages which are kept constant. The output characteris-
tics shows two regimes, the linear and the saturation regime. When plotting the drain
current as a function of the gate voltage the transfer characteristics are obtained. The
transfer characteristics are either recorded in the linear or the saturation regime of the
transistor. The drain current is plotted linearly against the gate voltage (linear regime)
or both the linear plot and a plot of the square root of the drain current is plotted against
the gate voltage (saturation regime). In the saturation regime from a linear fit of the plot
of & d vs Ve the charge carrier mobility can be obtained from the slope. From the ab-
scissa intercept the threshold voltage can be determined. The ON/OFF ratio is also

extracted from the current values in the transfer curve.8°

A special case of OFETs are electrolyte-gated organic field effect transistors (EGO-
FETs). In EGOFETSs the gate and the organic semiconductor film are separated by a
liquid electrolyte which can be polarized by the application of a gate voltage. This po-
larization leads to the formation of an electrochemical double layer at the electro-

lyte/semiconductor interface. In an EGOFET the ions from the electrolyte are not able
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to access the semiconductor film but only form an electrochemical double layer at the
interface, creating mobile charge carriers only at the interface. Due to the higher inter-
facial capacitance of EGOFETs compared to traditional OFETS, they can be operated

at lower gate voltages (< 2 V).
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Figure 9: Schematic drawing of an EGOFET (right) and the formation of the electrochemical double layer at the

semiconductor/electrolyte interface upon gate voltage application (left). The organic semiconductor is inaccessible
for ions.

If the organic semiconductor film takes up the ions from the electrolyte when a gate
voltage is applied the device is not called EGOFET, but organic electrochemical tran-
sistor (OECT). The operating principle and applications of OECTs will be discussed in

the subsequent section.
OECTs

In the 1980s the group of WRIGHTON reported the Organic Electrochemical Transistor
(OECT) for the first time.®! Their OECT consisted of a thin film of the conjugated poly-
mer polypyrrole, patterned onto three gold microelectrodes (source, drain, gate). Gat-
ing in this new type of transistor was achieved through an electrolyte solution sitting on
top of the polypyrrole film.8* A modern OECT consists of gold source and drain elec-
trodes, in between which an organic semiconductor film is patterned representing the
channel. Gating is achieved by the immersion of a Ag/AgCl electrode into an electrolyte
solution which is in direct contact with the channel material (Figure 10).82'84
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Figure 10:Schematic of an Organic Electrochemical Transistor (OECT). It consists of gold source (S) and drain (D)
electrodes between which an organic semiconductor film is patterned. The gate contact is established by an
Ag/AgCl electrode immersed into an electrolyte which is in direct contact with the organic semiconductor film. lons
can penetrate into the organic semiconductor film. A parylene C protection layer is processed on top of the gold
electrodes to avoid electrochemical reactions with the electrolyte.

In an OFET as described above when a gate voltage is applied, the dipoles in the
dielectric are getting polarized, and at the interface of the dielectric and the channel
material a charge accumulation takes place. This changes the channel conductivity,
however, only in the interfacial region. In an OECT the solid dielectric is replaced by a
liquid electrolyte and the organic semiconductor used in the channel also can take up
and store ions. This special class of organic semiconductors are called organic mixed
ionic-electronic conductors and will be discussed further in the following chapter.8%'84
Upon application of a gate voltage charges do not only accumulate at the interface, but
ions start penetrating the film stabilizing the free charge carriers. Therefore, in an
OECT charge accumulation takes place throughout the entire volume of the film, re-
sulting in high channel capacitances enabling operation at low gate voltages (< 1 V)
and providing a strong amplification ability for the OECT. The number of ions injected
into the film is determined by its doping level which is controlled by the amplitude of
the applied gate voltage (between gate and source).3 8 To avoid a large drop in gate
voltage at the interface of the gate electrode and the electrolyte, the capacitance of the
gate electrode must be considerably higher than the capacitance of the channel.
Therefore, large dimension gate electrodes or non-polarizable gate electrodes, like
Ag/AgCl electrodes, are used.8'8 The application of a drain voltage (between drain

and source), induces a current across the channel. The amplitude of the drain current
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depends on the amount of free charge carriers, therefore in OECTs similar to FETs the
drain current is dependent on the gate voltage (more precisely the doping state of the
semiconductor) and OECTs can operate as switches.??'8 The switching behavior of
the OECT can be described by two modes of operation, it has to be distinguished
between accumulation mode and depletion mode (Figure 11). In a p-type accumula-
tion mode OECT for example a pristine, undoped semiconductor is used (i.e. a conju-
gated polymer) as the channel material, therefore without the application of an external
gate voltage, only few free charge carriers (here: holes) are present in the channel of
the OECT. If a drain voltage is applied no drain current can be measured, the transistor
is in the OFF state. By application of a negative gate voltage (oxidation potential), the
semiconductor film gets doped (oxidized), meaning the number of mobile holes in the
channel increases. To compensate this newly created charge carriers, anions from the
electrolyte are dragged into the film. If now a drain voltage is applied a drain current
across the channel can be measured, the OECT is now in the ON state (Figure 11
a)).%° In depletion mode OECTSs on the other hand, an intrinsically doped semiconduc-
tor is used as the channel material. Therefore, a high amount of free charge carriers is
present without the application of an external gate voltage. If a drain voltage is applied,
a current flow across the channel is observed, the OECT is in the ON state. The most
prominent example for such a depletion mode channel material is PEDOT:PSS. Here,
the PEDOT chains are intrinsically p-doped leading to mobile holes, which are com-
pensated by the PSS counter ions. Upon application of a drain voltage at zero gate
voltage, a drain current can be measured. When now a positive gate voltage is applied
the PEDOT chains are de-doped (reduced) and cations are injected into the film com-
pensating the PSS anions. The de-doping leads to a decrease of mobile holes which
results in a decrease in drain current until the OECT eventually reaches the OFF state
(Figure 11 b)).8283.85
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a) Accumulation mode

Figure 11: a) Accumulation mode operation using a pristine organic semiconductor with few mobile holes when no
gate voltage (Va) is applied, the OECT is in the OFF state. Upon application of a negative gate potential the semi-
conductor gets p-doped and mobile holes, which are compensated by anions injected from the electrolyte, start
accumulating in the semiconductor. If a drain voltage (V) is applied a drain current (Ip) can be measured, the device
is in the ON state. b) Depletion mode operation using a intrinsically doped organic semiconductor (i.e PEDOT:PSS),
at zero gate voltage a large amount of mobile holes are present which are compensated by anions (in PEDOT:PSS
negatively charged PSS chains) and a drain current can be measured upon application of a drain bias, the OECT
is ON. When a positive gate voltage is applied the semiconductor gets de-doped and the mobile holes are getting
depleted, the anions will be compensated by cations injected from the electrolyte. The drain current starts decreas-
ing until it eventually reaches zero, the OECT is in the OFF state. Adapted from ref. .

To physically describe the processes taking place in an OECT the Bernards model is
often used which is rather similar to models used to describe FETs. It assumes as
mentioned above that ions from the electrolyte inject into the semiconductor and there-
fore the doping in OECTs does not only occur in an interfacial layer but throughout the
whole volume of the semiconductor film, describing its steady-state and transient be-
havior.8? The model divides the OECT into two circuits (Figure 12). There is an ionic
circuit describing the ion flow in the gate-electrolyte-semiconductor structure which is
described by a capacitor in series with a resistor in series with another capacitor. The
resistor describes the ion flow in the electrolyte, the first capacitor represents the gate
capacitance, whereas the second capacitor describes ion storage in the channel which
is defined as the channel capacitance. The second circuit is an electronic circuit which
describes the flow of free charge carriers from the source to drain electrode in the
channel. The electronic circuit is treated as a resistor which describes the charge drift
under the influence of a local potential (Figure 12). According to the model no electro-

chemical reactions between electrolyte and channel material take place, the ions
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injected into the film only compensate oppositely charged charge carriers meaning this

is a purely capacitive process.82' 8490
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Figure 12: Schematic of the ionic and electronic circuit of an OECT according to Bernards model. The ionic circuit
is described as a capacitor, representing the capacitance of the gate Cg, in series with a resistor, with a resistance
Re attributed to the electrolyte resistance and another capacitor, depicting the channel capacitance Cc. It describes
the ion flow in the gate-electrolyte-channel structure, the electronic circuit can be described as a resistor and depicts
the flow of charge carriers from source to drain. The resistance R is gate voltage dependent. Adapted from ref. 83,

The ability of an OECT to transduce gate voltage alterations in a drain current response
(amplification ability) is given by the transconductance gm (equation 10) which is de-

fined as the first derivative of the drain current;83.84.91
o o) vz , ,
Q — —J000w w (10)

The transconductance gm is dependent on different parameters, such as the device
geometry determined by the channel width W, the channel length L and the thickness
of the semiconductor film d. Furthermore, the charge carrier mobility p and the volu-
metric capacitance C* which are material constants, as well as an operation term de-
pendent on the devi creaddthetappliee gate voltade Vis, sthnd
in a proportional relationship to the transconductance.?3848%91.92 This equation is al-
most identical to the one for FETSs, only the interfacial capacitance is replaced by the
product dC*. For example in a typical OFET with a 100 nm SiO:2 dielectric, the interfa-
ci al capaci tla0mEcen?, in san EGOFEET the double layer capacitance is
aroundl0QEcm3 compar ed t o2foC®183GrNahicOFED@T:PSS
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OECT. This volumetric effect leads to a much higher transconductance of OECTs com-

pared to other transistors.83.93

From the above equation (10) it is obvious that one way to enhance the transconduct-
ance of an OECT device is to tune the channel geometry. The easiest way to do so, is
to increase the film thickness d of the channel material.®>%? However, the increase in
transconductance by an increase of the film thickness comes at the cost of response
time. From the Bernards model the time response of the drain current to a gate voltage
alteration can be fitted exponentially with the Resistor-Capacitor (RC)-time constant
z 2 # oftheioniccircuit. Withé | wQland'Y| w0 8 itis observed thatthe

time constant is directly proportional to the channel geometry T | Qw0 8. 829194798

Another way to optimize the transconductance independently from the device geome-
try, is to tune the product of the material constants uC* and the threshold voltage Vtn.%°
Whereas high charge carrier mobilities p are normally achieved by highly ordered,
crystalline, hydrophobic conjugated polymers, a high volumetric capacitance C*, which
is a measure for ion uptake and storage, requires swelling of the material and is com-
monly achieved in less ordered or even amorphous materials.?%%° So, materials which
are designed for application in OECTSs require a fine balance between charge carrier
and ion transport, while operating at very low gate voltages (< 1 V) and are called
organic mixed ionic-electronic conductors (OMIECs) which will be further discussed in

the subsequent section (section 1.5).26:83

Research interest in OECTs grew drastically in the recent years, due to the manifold
application possibilities. The most prominent application of OECTs are bioelectronic
devices like biosensors. For example PEDOT:PSS based OECTs have successfully
been used for the measurement of brain activity in rats. The signal-to-noise ratio of the
recorded brain activity with the OECT was drastically improved compared to classical,

penetrating metal electrodes and PEDOT:PSS surface electrodes. 83100

Besides this application in rats there are also several applications known for the appli-
cation of OECTs to record electrophysiological signals from human brain, heart and
muscles.®191.102 They can for example measure action potentials from cardiomyocytes
and spatially resolve electrophysiological activity.03194 OECT sensors can also inter-
act with cells (i.e. epithelial cells) whereas for example by the growth of a monolayer
of cells the OECTs characteristics are altered.'%51% Recently GUO ET AL. also published
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a COVID-19 sensor based on a PEDOT:PSS OECT. In this sensor a gold gate elec-
trode was functionalized with a nanobody receptor unit which can selectively bind with
the SARS-CoV-2 antigen, therefore leading to a drain current response.1%’ Besides
these more complex applications OECTs can also act as transducers for the detection
of electrolytes or metabolites.1%81%° |n the case of metabolite detection, a selective in-
teraction between a redox enzyme (which is usually immobilized on the gate electrode)
and the metabolite leads to an electron transfer at the gate electrode.?3119.11 This elec-
tron transfer results in a change in drain current, the amplitude of the drain current
alteration is dependent on the concentration of the metabolite.'*?> The application of
OECT biosensors in body fluids and cell growth media was already presented in sev-
eral studies thus rendering OECT relevant for clinical applications.'13' 116 Besides the
sensor and other bioelectronic applications, OECTs are also used as components in
logic circuits, neuromorphic and memory devices, due to their high transconductance
and ON/OFF ratio.1171124
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1.5 Organic mixed ionic-electronic conductors for organic electro-

chemical transistors

Organic mixed ionic-electronic conductors (OMIECS) are organic semiconducting ma-
terials, which are able to transport electronic (holes or electrons) and ionic charges and
moreover enable coupling between electronic and ionic species.?® Based on their elec-
tronic structure and majority charge carriers, OMIECs are categorized in donor and
acceptor materials suitable for p-type and n-type devices respectively. An important
material requirement for these materials is their ability to take up hydrated ions, which
can be achieved by equipping conjugated backbones (like i.e. polythiophene) with po-
lar side chains like oligo ethylene glycol groups or ionic groups in the side chain.!25126
The conducting polymer poly(3,4-ethylendioxythiophene):polystyrene sulfonate (PE-
DOT:PSS) is probably the most famous p-type (doped) organic mixed ionic-electronic

conductor.12?

As mentioned above, three fundamental physical processes underlying the mixed con-
duction properties of OMIECs are ionic-electronic coupling, charge carrier transport
and ionic transport. In OMIECs ionic transport and electronic transport cannot be con-
sidered as independent processes, but are interrelated due to ionic-electronic cou-
pling.?® Free electronic charges (e.g. holes) in p-doped OMIECs are counterbalanced
by ionic charges (i.e. anions) to maintain charge neutrality. This process of introducing
charges into conjugated systems and consequently increasing charge density, nor-
mally referred to as doping, leads to an increase in conductivity. Depending on the
OMIEC structure the counterbalancing of free charge carriers can be achieved by mo-
bile ions. If the p-doped polymer is reduced back to pristine state, those ions are re-
moved, the OMIEC is de-doped. On the other hand, if charged groups attached to the
backbone counterbalance the free charge carriers, the OMIEC is self-doped. If the self-
doped OMIEC gets de-doped by application of a bias, those charged groups are coun-
terbalanced by oppositely charged, mobile ions. Direct charge transfer, for example
the protonation of polyaniline, which stabilizes the electronic charge, can also facilitate
ionic-electronic coupling in OMIECs. When an OMIEC material is in direct contact with
an electrolyte while an external doping potential is applied there will be pairs of elec-
tronic charges counterbalanced by excess ionic charges. The concentration of these
pairs is determined by the molecular orbitals of the OMIEC, for example if the material
has a high HOMO it can get oxidized, therefore creating a hole on the OMIEC. The
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hole then is counterbalanced by an excess anion, referred to as p-type doping. If the
OMEC has a low lying LUMO, the material gets reduced therefore an electron on the
OMIEC is stabilized by an excess cation, which is referred to as n-type doping. By
application of an external bias to the OMIEC material in contact with an electrolyte,
more free charge carriers are generated on the OMIEC, which need to be counterbal-
anced by excess ionic charges from the electrolyte (the OMIEC is doped, the degree
of doping is modulated by the number of free charge carriers which are generated).
The pairs of free charge carriers and excess counter ions can be considered as a
capacitor with the potential-dependent capacitance C* which is a measure for the
strength of the ionic-electronic coupling per volume. In the case of PEDOT:PSS (which
is p-doped) for example, there are several (sulfonate) anion/hole pairs which now are
referred to as sites. The application of a negative bias leads to de-doping of the poly-
mer and cations are injected into the film, migrating to one of these sites compensating
the anion. After hole extraction a double layer capacitor is formed. In pristine films of
p-type OMIECSs the capacitance arises from the formation of sites between an injected
anion and a hole on the backbone which is introduced by application of a bias.*® Con-
clusively a high density of sites is required to achieve a high volumetric capacitance
C* and therefore strong ionic-electronic coupling.?6°° A method to quantify the strength
of the ionic-electronic coupling or measure electronic and ionic transport is electro-
chemical impedance spectroscopy (EIS), with EIS it is also possible to deconvolute

electronic and ionic contributions. 28 130

OMI ECs -eonjuwated, disordered organic materials. The conjugation leads to a
high electron delocalization which allows easy transport of charge carriers along the
molecule, if free charge carriers are present. If there is additionally a sufficiently high
o v e r | a-prbitasfof neighboring molecules, intermolecular charge transport can
occur. In OMIECs the thermally activated hopping transport is the main mechanism of
charge transport, due to the high degree of disorder. In non-doped systems the charge
carrier density and the state density are usually very low and therefore also conductiv-
ity is low. However, OMIECs can be easily electrochemically doped due to ionic-elec-

tronic coupling, when in contact with an ion-containing medium.

However, OMIECs are not only capable of electronic charge transport but also are able
to take up and transport ions. To achieve this, in most cases, the OMIEC needs to be

water compatible, meaning that in contact with an aqueous electrolyte it starts swelling
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thus allowing for ion incorporation into the material. There are also exceptions such as
poly(benzimidazobenzophenanthroline) (BBL) which has no polar groups, but its po-
rous morphology allows the infiltration of water and ions into the bulk.*3! For ionic
transport it is necessary to differentiate between OMIECs containing ionic groups
(polyelectrolytes) and non-ionic groups. In polyelectrolytes one kind of charged species
is fixed to the substituent of the backbone and therefore only the reversibly charged
ions are moveable and transported in the material. It can also get exchanged with the
corresponding ions of the liquid electrolyte added. In non-ionic OMIECSs cations or an-
ions of the added electrolyte move in and out of the OMIEC film, as it is reduced or
oxidized. Based on the swelling state of the OMIEC thin film it needs to be distin-
guished between different transport mechanisms. For films which exhibit no or only a
low degree of swelling, ion transport mainly takes place by ion hopping enabled
through segmental motion of i.e. oligo ethylene glycol side-chains, which are known to
coordinate ions. As the degree of swelling is increasing, also the transport mechanism
changes. If the water content in the OMIEC material is increasing, also the solvation of
ions increases which leads to a solvated ion vehicle type transport which is a much
faster transport mechanism. In doped PEDOT:PSS, cation mobilities ranging to the

electrophoretic mobilities of cations in water are reached.3?

As we saw in equation 10, the transconductance gm, for the OECT is not only depend-
ent on material properties such as p and C*, but also dependent on device geometry
(Wd/L) and the gate voltage offset (Vth-Vg), therefore it cannot adequately be used to
describe the mixed conduction properties of an OMIEC material. To overcome this
issue in 2017 INAL ET AL. proposed a figure of merit for OMIECs for OECT application,
the so-called pC* product which captures the mixed-conduction properties of an
OMIEC material under operation in an OECT. Here [ is the charge carrier mobility
which describes the electronic transport and C* which was introduced earlier as volu-
metric capacitance. The volumetric capacitance C*, as earlier discussed, is a measure
of the strength of ionic-electronic coupling and the ability of the OMIEC to take up and
store ionic charges. The authors therefore proposed the pC* product as a materials
figure of merit to evaluate the mixed conduction properties of an OMIEC. The uC*
product is commonly used as a benchmarking value for OMIECs to compare them
regarding their ability to enable ionic-electronic mixed conduction and can be obtained

from the slope of a plot @nﬁversubeg:)(d)ECﬂbﬁ.%
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Most of the OMIEC materials are conjugated polymers, only a small amount are small
molecules or radical polymers.33 135 A further categorization of OMIECs in two classes
which either contain ionic charges (polyelectrolytes) or can take up mobile ions has to
be made (ion solvating groups attached to the backbone). One type of OMIEC materi-
als are blends of conjugated polymers and polyelectrolytes, in which the conjugated
polymer is responsible for charge carrier transport and the polyelectrolyte facilitates
ionic conduction. The most prominent OMIEC of this class is PEDOT:PSS. Further-
more, there are blends of conjugated polymers (facilitating charge carrier transport)
and polymer electrolytes (which are uncharged but able solvate and transport ionic
charges). A drawback of the blend systems is the fact that the materials can demix
leaving behind mainly ionic conducting and mainly electronic conducting domains. The
blend OMIEC are thus called heterogenous OMIECs. A second class of heterogene-
ous OMIECs are block copolymer systems. They consist other than blends not of two
components but of a single molecule consisting of one block, which facilitates elec-
tronic transport, and a second block that either carries an ionic group (polyelectrolyte)
or readily solvates ionic species (polymer electrolyte) thus facilitating ionic interactions.
The ion transporting block can also be conjugated (P3MEEET, PTHS-TMA+).125136
Block copolymers also tend to phase separate into different microstructures like lamel-
lae, cylindric or gyroid phases dependent on the length of the distinct blocks. Besides
heterogenous systems like the above mentioned, there are also homogenous, single-
component OMIECs. These single-component systems are either ionically charged
(conjugated polyelectrolytes) or carry polar groups like oligo ethylene glycol groups in

the side chains, which up to now is the most common side chain in terms of OMIECs.

Similar to classical organic semiconductors, for OMIECs donor materials are way more
common and accessible than acceptor OMIECs. Early donor OMIEC materials were
polypyrrole and polyaniline i.e. however due to their tendency to overoxidize, poor sou-
bility and instability, investigation of other materials became essential.12?6 A wide
range of polythiophene OMIECs in OECT applications have been published in recent
years.1251371140 The most prominent doped OMIEC is the PEDOT:PSS, it is commer-
cially available as an aqueous dispersion and stable against overoxidation,.'? PE-
DOT:PSS is applied in a depletion mode OECT, meaning the device is at zero gate
bias is already in its ON state. PEDOT is insoluble and the PEDOT segments have a
relatively low molecular weight compared to the PSS which is water soluble and stabi-

lizes the doped PEDOT chains.'214! Different publications also presented strategies to
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improve the performance of PEDOT:PSS in OECTs based on solvent annealing steps.
KIM ET AL. recently presented solvent assisted annealing of PEDOT:PSS OECTs with
sulfuric acid and compared it to ethylene glycol treated PEDOT:PSS OECTSs. They
found that similarly to ethylene glycol treated PEDOT:PSS after annealing with sulfuric
acid the crystallinity of the PEDOT increased, however way more drastically. The in-
creased crystallinity reflected directly in a drastically increased transconductance, vol-
umetric capacitance and operational stability compared to the ethylene glycol treated
sample. 142 KEeNE ET AL showed PEDOT:PSS OECTs working in enhancement mode
after molecular de-doping with aliphatic amines.'4* PEDOT:PSS also was reported
many times as a material in biosensing devices for the detection of either biologically
relevant analytes, bacterial pathogens and viruses or neural signals,100:104,109,144i147
Many other PEDOT derivatives are available where dopants other than PSS are pre-
sent (Figure 13) however most of them lead to a decreased mixed-conduction perfor-

mance in transistors compared to PSS, 991481150
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Figure 13: PEDOT-based OMIECs for p-type depletion mode OECTSs containing different anionic species.148 150

However, due to the drawbacks of depletion mode devices such as high required
power, the focus recently was shifted on the development of new materials for accu-
mulation mode devices. Polythiophenes and polydiketopyrrolopyrroles are prominent
examples for p-type accumulation mode devices. In the material class of polythio-
phenes for example conjugated polyelectrolytes such as PTHS"M* and oligoethylene
glycol functionalized polythiophenes like p(g2T-TT) are prominent examples (Figure
14).126:136,137.151 gome of these OMIECs are water soluble (eg. PTHS"M*) or the films
tend to delaminate (e.g. PEDOT/PSS) in aqueous electrolytes and therefore need to

be cross-linked and fixed to the substrate to improve their stability. SCHMIDT ET AL.
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showed that the size of the M* counterion in PTHS'M* plays an important role in the
mixed conduction performance of the water soluble, conjugated polyelectrolyte. An de-
crease in the size of the counterion (M*, Figure 14) from tetrabutylammonium (TBA*)
over tetraethylammonium (TEA™) to tetramethylammonium (TMA®) led to an increase
in transconductance from 0.13 uS (TBA*) to 2.16 uS (TEA*) and 45.5 uS for (TMAY).136
INAL ET AL. reported uC* values of 5.5 F cm™* V! st for PTHS TBA* when ethylene
glycol was used as a co-solvent in the processing solution.®® ScHMODE ET AL. further-
more copolymerized PTHS TMA* with 3-hexylthiophene in a gradient fashion (Figure
14). A series of three copolymers with increasing PTHS TMA® content (23 %, 51 %, 70
%) was prepared and investigated towards their mixed conduction properties. The co-
polymer with the lowest amount of PTHS TMA* however did not show OECT behavior.
A thickness normalized transconductance of gm = 23.44 S/cm was reported for the
copolymer containing 70 % PTHS TMA* and gm = 70.49 S/cm for the copolymer con-
taining 50 % PTHS TMA*. The respective uC* products were uC* =0.97 F cm? v-1 st
(70 % PTHS TMA*) and pC* = 1.7 F cmt V1 st (50 % PTHS TMA*).138 The group of
McCuLLOCH presented a variety of polythiophene based copolymers for OECTs. The
investigated copolymers were bithiophenes (2T) or benzodithiophenes (BDT) which
were functionalized with triethylene glycol (TEG) side chains in combination with either
thiophene or thienothiophene comonomers.8%137 The alternating copolymer p(g2T-TT)
showed the most promising results with a figure of merit uC*= 261 F cm™ V-1 §1,99.137
ScHMODE ET AL. furthermore reported oligoethylene glycol functionalized polythiophene
homopolymers with varying side chains (P3MEET, PSMEEMT, P3AMEEET) and inves-
tigated the influence of the spacer length (no spacer, methyl spaced, ethyl spaced)
between the oxygen and the thiophene core (Figure 14), on the mixed conduction
properties. It was found that for PSMEEET (ethyl spacer) the thickness normalized
transconductance gm = 20.4 S/cm and the uC* product with a value of uC* = 11.5 F
cm? V1 st were the highest among the investigated polymers. P3MEET (no spacer)
showed the poorest mixed conduction behavior in OECTs in this series, with values for
gm = 0.02 S/cm and pC* = 0.04 F cm™ V! s'1. However the oxidizability in aqueous
media shows reversed results, here the oxidation onset as well as the threshold volt-
age of P3MEET is lower than for PSMEEET which can be attributed by the higher
ionization potential of PBMEET.?®> On oligo ethylene glycol functionalized polythio-
phenes a tremendous amount of studies was conducted. For example the influence of

the position, the length and the distribution of ethylene glycol side chains on
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polythiophenes was investigated regarding their electronic and mixed conduction prop-
erties.139:140.152 MosgR ET AL. investigated the influence of the ethylene glycol content
by increasing the OEG side chain length in a polythiophene copolymer (p(gxT2-T),
x=2, 3, 4, 6), Figure 14) by increasing the number x of OEG repeating units.
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Figure 14: Polythiophene-based OMIECs for p-type accumulation mode OECTSs,125:126,136i 140,151,152

A strong increase of uC* was found when increasing the number of OEG repeating

units in the side chain from 2 to 3 leading to an increase from puC*pg2t2m=9 F cm™? V-
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1s1to0 pC*p(g3t2-m = 135 F cm® V-1 s'1 and also the volumetric capacitance is increasing
from 8 F cm=to 211 F cm3. However, a further increase of the ethylene glycol content
(4 OEG repeating units) led to a reduction of uC* (54 F cm V! s1), whereas for
p(@6T2-T) no measurement could be conducted due
aqueous environment. Increasing the ethylene glycol content however did not lead to
an increase in the volumetric capacitance (C*pgat2-m) = 192 F cm3), the decrease in
MC* thus was explained by a decrease in hole mobility. The authors find that an in-
creasing amount of ethylene glycol content in polythiophenes is not necessarily pref-
erable for their mixed conduction, instead there seems to be a sweet spot of ethylene
glycol content.*4® MoseR ET AL. furthermore investigated the impact of side chain redis-
tribution on a series of polythiophenes, in which the ethylene glycol content is kept
constant, however the number of OEG side chains on neighboring thiophene repeating
units is changed (p(gxT2-gyT2), Figure 14). In order to achieve the redistribution one
repeating unit of ethylene glycol in the side chains of one bithiophene unit was removed
while it was added to the successive bithiophene moiety thus keeping the amount of
ethylene glycol constant. While p(g3T2) in which both bithiophene repeating units carry
the same number of ethylene glycol repeating units in their side chain was used at the
starting point with a uC* = 161 F cm* V! s1, and a volumetric capacitance and a vol-
umetric capacitance C* = 156 F cm. When redistributing the OEG side chains an
increase in UC* is observed for all polymers, the volumetric capacitance C* however
remains rather constant, meaning that redistribution of the OEG side chains leads to
an strong increase in hole mobility poect (Table 1). The uC* values for p(g2T2-g4T2)
(522 F cmt V1 s1) and p(g1T2-g5T2) (496 F cm™ V 1s1) are currently the highest re-
ported figures of merit for p-type polythiophene OMIECs.39
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Table 1: Mixed Conduction properties of some polythiophenes with different OEG side chains as determined from

OECT measurements.13°

Polymer C*Fcm?3 poect/cm?V1ls!l uC*Fcmtvist Io/1p,0/%

p(g3T2) 156 0.9 161 15
p(g2T2-g4T2) 187 1.72 522 87
p(glT2-g5T2) 133 2.61 496 98
p(g0T2-g6T2) 74 2.95 302 98

Furthermore a redistribution of the OEG side chains also leads to a drastic increase in
cycling stability, when measuring Io/Ip,0 during constant electrochemical cycling for 120
mi nut es ( a TZble).'¥ plsolthe mfluence of the regiochemistry of OEG
side chain linkage on the mixed conduction behavior was investigated by HALLANI ET

AL. They moved the OEG side chains of the well-established p(g2T-T T) f r om

position to the 4,Fgare p4pvehich leddonan iocpeésg B Thail ) |,

planarization which in terms led to a drastically increased uC* = 496 F cm™ Vs com-

pared to 261 F cm™ V1stfor p(g2T-TT) which was reported earlier by GIOVANNITTI ET
AL.99‘137

Another class of donor OMIEC material is for example poly(diketopyrrolopyrroles)
(PDPP). KrAUSS ET AL. presented the synthesis and performance of different PDPP
derivatives with increasing ethylene glycol content (Figure 15). In their studies it be-
came clear that oligo ethylene glycol substitution of the DPP core is of upmost im-

portance to achieve sufficient mixed conduction.
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PDPP[T],{TEG}-EDOT PDPP[T],{TEG}-3MEET p(gDPP-TT)

0% 0%

Figure 15: Examples of Polydiketopyrrolopyrrole (PDPP) OMIECs for p-type accumulation mode OECTs.153.154

Furthermore an increase of ethylene glycol content from 40.3 wt% (PDPP[T]2{TEG}-
EDOT) to 52.3 wt% (PDPP[T]2{TEG}-3-MEET) (Figure 15) per repeating unit lead to
a drastically improved mixed conduction in OECT vyielding pC* products of
14 Fcm?Visifor PDPP[T]{TEG}-EDOT and 45 F cm™ V1!s?for PDPP[T]{TEG}-
3-MEET. That increase can be explained by the increase in hole mobility pu as well as
volumetric capacitance C*. Both PDPP derivatives also show good cycling stability with
over 80 % current retention after 1200 consecutive cycles.'>3 MOSER ET AL. presented
glycolated PDPPs with thiophene flanking units and thienothiophene, bithiophene and
dimethoxybithiophene. In this series the PDPP with bimethoxythiophene (Figure 15)
showed a low ionization potential and threshold voltage. The volumetric capacitance
of all three PDPPs is rather similar, indicating a comparable charging ability for all pol-
ymers. However, the degree of molecular ordering, determined by GIWAXS, in the
PDPPs with thienothiophene and bithiophene flanking units is considerably higher than
for the dimethoxybithiophene flanked PDPP. Furthermore, DFT calculations showed a
stronger polaron localization in the dimethoxythiophene flanked PDPP. GIWAXS and
DFT findings suggest a higher hole mobility thus an improve in mixed conduction (UC*)
for the PDPPs with thienothiophene and bithiophene flanking unit.>
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WANG ET AL. presented another donor-acceptor copolymer material class, consisting of
an isoindigo building blocks as acceptors and EDOT building blocks as donor units. A
series of different copolymers with varying side chains of the isoindigo unit was inves-
tigated (Figure 16). In the course of this study the side chains were altered from ex-
clusively alkyl side chains (PIBET-A), over hybrid alkyl-OEG side chains (PIBET-AO)
to linear OEG side chains (PIBET-O) and finally branched OEG side chains (PIBET-
BO & PIBT-O) (Figure 16). With only hydrophobic alkyl side chains (PIBET-A) a poor
transconductance during OECT operation was obtained, when increasing the ethylene
glycol content with either hybrid side chains or linear OEG side chains, a drastic in-
crease in transconductance was observed, however under long term operation current
retention of the hybrid side chains is strongly increased compared to linear OEG func-
tionalization. When further increasing the OEG content by incorporating branched
OEG side chains, transconductance was lowered, as well as a significant decrease in

operational stability upon cycling was observed even in the short term.1%®
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Figure 16: Hybrid side chain isoindigo p-type OMIECs.1%°
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Recently PARR ET AL. published isoindigo (IG) and thienoisoindigo (TIG)-based p-type
OMIECs with thiophene (T) or benzothiadiazole (BT) comonomers (Figure 17).
Whereas the thienoisoindigo copolymers showed good and reversible oxidizbility and
therefore are well suited for OECT applications, both isoindigo-based copolymers
showed no oxidation (IG-BT) or irreversible oxidation (IG-T). The OECT measure-
ments revealed high threshold voltage and low currents for the IG-T copolymer leading
to very low transconductance and also the uC* product (uC*= 0.20 Fcm?V1's?)is
remarkably low, indicating a poor mixed conduction which can be attributed to a low
degree of backbone planarity and a weak ordering leading to a low hole mobility. The
irreversible oxidation of the material also leads to a poor cycling stability of the IG-T
copolymer. The thienoisoindigo copolymers show a strongly decreased threshold volt-
age and strongly increased current output, which also reflects in an increase in trans-
conductance and uC* product. For TIG-T the figure of merit is more than doubled com-
pared to TIG-T (UC*= 132 Fcm* V1stlvs uC*= 55 F cm? V!s?) stemming from an
increase in volumetric capacitance of more than 50 % and an almost doubled hole
mobility. The investigated thioisoindigo copolymers also show a high current retention
>90 %. The TIG building block other than the IG building block, features a good elec-
tronic delocalization with a higher coplanarity and low ionization potential, also a
strongly increased -ostagking and gn inciedsdd cahéremce e

length. 156
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Figure 17: Isoindigo and thienoisoindigo p-type OMIECs.5¢

Similar than for common organic semiconductors in OMIECs n-type materials (Figure
18) are way less common, due to issues with their stability in the doped state. N-type
materials are far more susceptible to parasitic side reactions with water and oxygen
during application of a potential leading to charge trapping, resulting in low charge
carrier mobilities.*>” Furthermore, the side products (i.e. H202) generated can lead to
material degradation. A common design strategy for n-type materials to avoid these
side reactions and enable reversible reduction is to lower the reduction potential
(LUMO) to values below -4 eV.1%81160 The most common OMIEC n-type conjugated
polymers are based on naphthalene-1,4,5,8-tetracarboxylicacid diimide (pNDI), Gio-
VANNITTI ET AL. reported pNDI random copolymers of NDI with alkyl and oligoethylene
glycol side chains (Figure 18). They varied the built-in ratio of the OEG side chain NDI
repeating unit and studied mixed conduction in OECTS, they found that below a built
in ratio of 75 % of the oligoethylene glycol building block, the copolymers did not show
mixed conduction behavior. With an increase of oligoethylene glycol side chain content
from P75 to P90 thickness normalized transconductance increased from gm=
0.141 S/cm to gm= 0.21 S/cm, whereas a further increase to a pNDI carrying only eth-
ylene glycol side chains (P100) did not lead to a further increase of gm=0.204 S/cm.
Volumetric capacitance for the series of the three pNDIs (P75, P90, P100) is similar

with values for C* around 190 F cm. The electron mobility for all three polymers is
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also in the same order of magnitude (pe= 1-2.5 x 10 cm? V-1 s'1). The figure of merit
HC* was not determined directly but can be obtained from the measured values for C*
and pe.. The highest uC* product can be calculated for P90 with a value of pC*=
0.0472 Fcmt V1s1 followed by P100 with uC*= 0.0376 F cm* Vst and P75 with
MC*= 0.0274 F cm? V151,161 OHAYON ET AL. reported copolymers of NDI and bithio-
phene (p(NDI-Cx-T2)) (Figure 18) as n-type OMIECs and their applications in OECTSs.
On the one hand they were studying the influence of the substituent of the bithiophene
unit on mixed conduction behavior and on the other hand the influence of the distance
of the OEG side chain from the NDI core on the mixed conduction properties. They
found that substitution of the T2 unit the mixed conduction properties of the OMIECs
were poor, which could be attributed to a decrease in electron mobility due to the sub-
stitution. However, a decrease in threshold voltage could be achieved by substitution.
When changing the spacer length between the NDI core and the OEG side chain, an
increase in electron mobility was observed which led to an overall improvement of the
mixed conduction, with a sweet spot of six methylene groups between the backbone
and the OEG side chain leading to a pC*= 1.29 F cm™ V151,159 Guo and coworkers
recently presented a donor-acceptor copolymer based on a fused bithiophene imide
dimer (f-BTI2) as an acceptor and a thienylene-vinylene-thienylene (TVTCN) as a do-
nor (Figure 18). They reported a record uC* for n-type materials reaching a value of
uC*=41.3 F cm™ V1s? which originates from high volumetric capacitance and excel-
lent electron mobility of pei= 0.24 cm? V-1 s1. PARR ET AL. found that using diazaisoin-
digo (AIG) (Figure 18) n-type organic mixed conduction could be achieved. Where in
the common isoindigo derivate p-type behavior for the thiophene (T) aswell as for the
benzothiadiazole (BT) comonomer was observed, for AIG only the AIG-BT showed n-
type mixed conduction. The transconductance of AIG-BT is compared to the p-type
isoindigo derivates drastically lower with gm= 29 mS/cm, the figure of merit uC*=
0.12 Fcm™ V!slis also considerably lower than for the p-type analogues, caused by
a low electron mobility.15¢ Another prominent example of n-type OMIECs is the rigid
ladder-type polymer poly(benzimidazobenzophenanthroline) (BBL) (Figure 18), sur-
prisingly it does not carry any side-chains which would facilitate ion uptake and stor-
age, however it is still among the top performing n-type OMIECs in OECTS. SURGAILIS
ET AL. presented a thickness normalized transconductance of gm=0.815 S/cm for BBL,
with extraordinarily high volumetric capacitance C*= 731 F cm and good electron mo-
bility pe= 2.14 x 102 cm? V1 s'1. From the measured electron mobility and volumetric
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capacitance, they determined puC*= 1.57 F cm V! st which is three orders of magni-
tude higher than for the widespread pNDI OMIECs.1%’

P75/P90/P100 70 p(NDI-C,-T2)

n=0.75; 0.90; 1

m= 1-n
(e} N (6]
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]
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C1oH21
f-BTI2g-TVTCN AIG-BT
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Figure 18: A selection of acceptor OMIECs based on poly(haphtalenediimides) (P75, P90, P100, p(NDI-Cx-T2)),
fullerenes (Ceo-TEG), diazaisoindigo-benzothiadiazol (AIG-BT) and poly(benzimidazobenzophenanthroline)
(BBL).
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2 Objective of the thesis

As discussed conjugated polymers are of great interest for diverse applications in opto-
electronics. Polythiophenes, especially poly(3-alkylthiophenes) are light absorbing in
the visible range, soluble and easy-to-process compared to many other first-generation
conjugated polymers, like polyacetylene, polypyrrole, polyaniline, etc. This led to poly-
thiophenes being working horses in organic opto-electronics research, where they
have been applied in - to only name a few - organic photovoltaics, organic light-emitting
diodes and bioelectronics. Such a wide range of applications, of course require that
the materials properties are finely adjusted with respect to the desired application. In
the case of polythiophenes targeted synthesis allows an adjustment of their physical,
chemical and electronic properties. For the application in organic photovoltaics, for ex-
ample, strong light absorption in the visible range, and an efficient separation of charge
carriers are needed. Additionally, the nature of polymer chain orientation (edge-on,
face-on etc.) and consequently crystallite orientation with respect to the substrate plays
an important role. The orientation can be influenced either by molecular engineering
or by developing suitable processing methods for thin films.16? In this thesis, the influ-
ence of side-chain substitution of polythiophenes on chain alignment for a possible
later application in organic solar cells was first studied.

Since molecular orientation is important for electronic charge transport, a variety of
attempts has been made to control alignment of conjugated polymers on different sub-
strates. Whereas for applications in organic thin film transistors, edge-on alignment is
desirable, for OPV applications a face-on orientation is beneficial.>®72163 The orienta-
tion of various conjugated polymers could be achieved by directional crystallization on
a substrate. For poly(3-hexylthiophene) (P3HT) and many other conjugated polymers,
however, completely face-on (or edge-on) oriented crystals could not be achieved up
to date, but always a mixture of edge-on and face-on crystals. This is attributed to two
effects called prefreezing and surface freezing. While prefreezing at the substrate-in-
terface leads to face-on aligned P3HT crystals, surface freezing induces edge-on crys-
tallization. In an earlier work, in 2021, in cooperation with the group of THURN-ALBRECHT
we presented that by introducing a polar bromine group at the end of the P3HT side
chain (P3BrHT), fully face-on oriented films with a thickness of 26 nm could be ob-

tained.”7.164
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In this work (Chapter 3), the concept for favoring prefreezing and suppressing surface
freezing was further developed by a continuous increase in the polarity of the side
chain, presuming a further increase of the interfacial energy, in cooperation with the
group of THURN-ALBRECHT. To verify this hypothesis novel poly-(3-alkyl)thiophenes
with highly polar end groups of the side chains were synthesized. The synthesized
polymers are characterized using standard techniques like size exclusion chromatog-
raphy, MALDI-ToF-MS, *H-NMR and IR. Thermal stability and melting and crystalliza-
tion behavior is studied using thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC). To study the orientation and chain alignement on different sub-
strates grazing-incidence wide angle X-ray scattering (GIWAXS) is employed. The ap-
proach presented in this thesis may allow to synthetically tailor polythiophenes regard-
ing their application purpose for i.e. organic photovoltaics or organic thin film transis-
tors.

For application of poly(3-alkylthiophenes) in bioelectronic devices, especially, organic
electrochemical transistor (OECTs) however additional requirements, for example
charge transport, ion uptake, swelling and oxidizability, in agueous medium at very low
applied bias become relevant. In the third and fourth chapter, mixed ionic-electronic
conductors (OMIECSs) are to be developed as active material for OECTSs, through side

chain engineering and copolymerization.

In 2014 our group established the conjugated polyelectrolyte poly[6-(thiophen-3-yl)
hexane-1-sulfonate tetra alkyl ammonium] (short: PTHS -M*) as a polythiophene poly-
electrolyte OMIEC with a first application in an OECT. In subsequent studies the influ-
ence of the size of the M* counterion was studied which led to the conclusion that the
small tetramethyl ammonium counterion favors a high transconductance in OECT ap-
plications.136:165.166 However, the conjugated polyelectrolytes PTHS'M* are water solu-
ble, which calls for the necessity of a crosslinker in the presence of an aqueous envi-
ronment (similar to PEDOT/PSS) as it is the case in OECT applications and many other
bioelectronic applications. It can be assumed that these electrically insulating cross-
linkers dilute the active material, therefore reducing its mixed-conduction.®” Therefore,
in 2019 our group presented a copolymerization approach in which gradient copoly-
mers of water-soluble PTHS M* and insoluble P3HT (PTHS M*-grad-P3HT) were syn-
thesized in a controlled manner and studied for their mixed conduction properties. The

inclusion of 30 mol% of 3HT monomer reduced the amount of crosslinker needed by
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50 %, increased the hole mobility while simultaneously maintaining ion uptake & stor-
age and significantly reducing threshold voltage compared to PTHS"M*. This renders
the copolymerization approach as a powerful tool for the optimization of two orthogonal
properties of ionic and electronic (mixed) conduction in polythiophenes. In 2020 we
also presented a study on non-ionic polythiophene OMIECs carrying oligoethylene gly-
col side chains. Here the spacer length between the thiophene core and the diethylene
glycol side chain was varied from no spacer (PSMEET) to methyl spacer (P3MEEMT)
and ethyl spacer (P3SMEEET). The mixed conduction properties of this three polythio-
phenes was investigated in OECTSs. Here the highly crystalline P3MEEET polymer ex-
hibited the best mixed conduction properties, whereas the amorphous P3MEET poly-
mer showed low ionization potential and threshold voltage in the OECT. Furthermore,
all three polymers were insoluble in water and so no external crosslinker is needed in

bioelectronic applications.

Recently it was also reported that extensive swelling can reduce the materials stability
under operation.'* The OMIEC PSMEEET showed excellent mixed ionic-electronic
conduction properties, however it also showed excessive swelling and a high threshold
voltage.'%® To control or dampen the excessive swelling and to reduce the threshold
voltage of PSMEEET, block copolymerization with a second building block is con-
ducted in Chapter 4 of this thesis. The second building block - which was also recently
presented by our group - is a solution processable PEDOT derivative with hydrophobic
side chains and a low ionization potential (IP= -4.48 eV).1%° To verify the hypothesis,
block copolymers with different built-in ratios of the hydrophobic comonomer are syn-
thesized and the influence of the amount of hydrophobic on the mixed conduction prop-
erties in OECTs are studied. The oxidizability and ion uptake in dependence on the
ratio of hydrophobic building block is also studied in spectroelectrochemical absorption
spectroscopy (SEC), electrochemical impedance spectroscopy (EIS) and (electro-
chemical) quartz-crystal microbalance with dissipation monitoring ((E)QCM-D). In
(E)QCM-D measurements especially the active and passive swelling are studied and

correlated to operational stability of the materials in OECTSs.

In this thesis (Chapter 5), we capitalize and build up on the findings of the above-
mentioned research works. As described above, our group found copolymerization to
be a powerful tool for tailoring the properties of OMIECs. The findings of this study

however are revolving around gradient copolymers!3® and to the best of my knowledge
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up to date, no fundamental studies of the influence of copolymer architecture on the
mixed ionic-electronic conduction properties in OMIECs are published in literature. As
significant differences in the mixed conduction of copolymers of different architecture
are expected, the influence of the copolymer architecture on structure formation in
OMIECs and mixed ionic-electronic conduction is elaborated in this thesis. The gradi-
ent and block copolymers in this study are designed to consist of orthogonal building
blocks (one building block for the introduction of ionic conduction and one building
block for the introduction of electronic conduction). Here the hydrophobic, crystalline
P3HT building block was chosen to establish electronic transport, whereas the hydro-
philic, amorphous PSMEET building block was introduced to enable ion uptake and
oxidizability. Structure formation is studied in TGA, DSC and GIWAXS measurements.
The oxidizability and ion uptake of the copolymers is studied using ultraviolet photoe-
lectron spectroscopy (UPS), spectroelectrochemical absorption spectroscopy (SEC),
electrochemical impedance spectroscopy (EIS) and (electrochemical) quartz-crystal
microbalance with dissipation monitoring ((E)QCM-D). Mixed ionic-electronic conduc-

tion is investigated in OECTSs.
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3 Control of Crystal Orientation in Films of Poly(3-alkylthi-
ophenes) by Tuning the Surface Energy

Parts of the results of this chapter originate from a joint work with the Martin-Luther-

Universitat Halle and are part of the following publication:

Dolynchuk, O.; Kahl, R. T.; Meichsner, F.; Much, A. J.; Pechevystyi, A.; Averkova, A.;
Erhardt, A.; Thelakkat, M.; Thurn-Albrecht, T. Controlling Crystal Orientation in Films
of Conjugated Polymers by Tuning the Surface Energy. Macromolecules 2024, 57 (21),
103991 10409.

Reprinted with permission from Macromolecules 2024, 57, 21, 103991 10409
(https://doi.org/10.1021/acs.macromol.4c01819). Copyright 2024 American Chemical
Society.

The Xray scattering experiments, AFM, microscopy studies as well as the contact an-
gle measurements and surface energy calculation on polymer thin films and interpre-
tation of the results of the aforementioned experiments were conducted by the collab-
orators of the Martin-Luther-Universitat Halle. Monomer and Polymer synthesis as well
as its characterization (SEC, NMR, IR, UV/VIS, TGA/DSC) and result interpretation
was conducted by me. The fabrication of self-assembled monolayers, contact angle
measurements on SAMs as well as calculation of the surface energy of SAMs and
interpretation of the results were conducted by me. MALDI-ToF-MS measurements
were conducted by Andreas Erhardt and interpretation of the results was conducted

by me.

Electronic properties of conjugated polymers strongly depend on key parameters such
as frontier orbital energies and bandgap. However, also morphological features such
as crystallinity, molecular packing, and crystal orientation were shown to be of utmost
importance since charge transport along the backbone is limited by the molecular
weight of the conjugated polymer while charge transport across the crystal domains
(i.e. along the * -" -direction) has a far longer reach.’%' 172 |n several studies it has been
shown that especially the crystal orientation has a strong influence on the charge car-
rier mobility of conjugated polymers.173'176 Understanding what influences crystal ori-
entation and how to control the crystal alignment in conjugated polymer thin films would
be a major achievement to increase the efficiency of organic electronic devices. As an
intensively studied conjugated polymer, P3HT played a major role in the correlation
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between the molecular orientation, the fundamental properties and consequently the
suitability in organic photovoltaics. Due to the sandwich-type device geometry in solar
cells, , a face-on crystallite orientation is normally assumed to be optimal for efficient
charge transport.1’2174175 |n general, both molecular structural features and the
method of processing of thin films influence the crystallite orientation. In the past, sev-
eral studies have addressed strategies, like mechanical stretching, rubbing, treatment
with low-boiling solvents, and the use of specific substrates to induce a face-on orien-
tation in P3HT.Y717® However, in all those studies the face-on orientation was rather
limited to small film thickness and they often produced crystal structures which are not
in the equilibrium and tend to reorganize upon heating. When P3HT is melt crystallized,
besides heterogenous nucleation, also prefreezing, and surface freezing are taking
place. While heterogenous nucleation is induced at the surface of a solid below melting
temperature, prefreezing and surface freezing are equilibrium processes occurring
above the melting temperature. In earlier studies on P3HT prefreezing, which is in-
duced by the interface between the polymer melt and the substrate, lead to the for-
mation of face-on crystals in the case of a graphene. Simultaneously, surface freezing
was induced at the interface with vacuum and it led to the formation of edge-on oriented
crystals in P3HT.”” Since both prefreezing and surface freezing are occurring at the
competing interfaces with the substrate and vacuum and are strongly dependent on
the surface and interfacial energies a full substrate-induced crystallization (i.e. face-on
orientation induced by graphene) might be hard to achieve in thick films.8%181 Qur
hypothesis is: To direct the crystal orientation to a face-on alignment, the surface en-
ergy of P3HT at the interface with air/vacuum has to be varied in order to suppress
edge-on orientation induced by this interface and achieve a substrate directed orien-
tation. In the past, tuning the dipole moment of the monomer units has been proven as
a versatile strategy for the variation of the surface energy of conjugated polymers.18?
184 Therefore in this study the tuning of the surface energy of poly-3-alkylthiophenes
(P3ATs) should be addressed by a systematic synthetic approach to vary the side
chain architecture.

In the following study, a systematic variation of the P3HT side chain end-group was
conducted, to achieve a variation in the dipole moment of the side chain end-groups
and therefore the surface energy of the resulting polymer. In an earlier work, we have
shown that via the modification of P3HT to P3BrHT the surface energy can be changed

which lead to a suppression of edge-on oriented crystals. However, the effect was
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limited to very thin films below 30 nm.”” This study is intended to expand on these
previous results and to have a generalized statement in two ways: The surface energy
of the respective P3AT is ought to be dependent on the side-chain dipole moment. The
orientation effect observed for P3BrHT then is aimed to be maximized for polymers
with side chains with even higher dipole moments, with respect to thick films. In GlI-
WAXS studies of the different P3ATs the influence of the polymer surface energy on

the crystal orientation on graphene and silicon substrates is studied.

3.1 Monomer synthesis

Altogether, three homopolymers P3BrHT, P3CNHT, and P3CFsHT and a gradient co-
polymer P3HT-grad-P3CNHT were synthesized in a controlled manner using Kumada
Catalyst-Transfer Polymerization (KCTP). The synthesis of the functional monomers
for KCTP, 2,5-dibromo-3-(6-bromohexyl)thiophene (3) and 2,5-dibromo-3-(6,6,6-tri-

fluoro)thiophene (6) started from 3-bromothiophene (1) in both cases (Scheme 8).

Br Br
1.) n-BuLi, THF/hexane,
-50 °C
Br 2.) 1,6-dibromohexane,
THF/hexane, -10 °C-RT NBS, THF/AcOH (1/1), RT
14 \§ > I\ |\
S s Br s Br
2 3
FsC Fs;C
1.) Mg, Et,0, 0 °C-RT
2.) 3-bromothiophene,
Ni(dppp)Cla, Et,0,
Br\/\/\/CFs 0 °C-50°C » /] \ NBS, THF/AcOH (1/1), RT> T
s Br s Br
4 5 6

Scheme 8: Two-step synthesis of the monomers 2,5-dibromo-3-(6-bromohexyl)thiophene (3) (top) and 2,5-di-
bromo-3-(6,6,6-trifluoro)thiophene (6) (bottom) for Grignard metathesis reaction followed by controlled polymeriza-
tion via KCTP.185 Adapted and reproduced with permission from Macromolecules 2024, 57, 21, 103997 10409.162

3-Bromothiophene (1) was converted with the respective alkyl halide to obtain the 3-
alkylthiophene. Synthesis was conducted according to literature in the case of 2,5-
dibromo-3-(6-bromohexyl)thiophene (3).18> In the first step 3-bromothiophene (1) un-
derwent lithiation in the presence of n-BuLi; subsequently, a significant excess of 1,6-

dibromohexane was added. The large excess and fast addition of 1,6-dibromohexane
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is vital to avoid bifunctionalization on both sides of the alkyl halide. The resulting 3-(6-
bromohexyl)thiophene (2) was then dibrominated in the presence of N-bromosuccin-
imide to obtain the functional monomer 2,5-dibromo-3-(6-bromohexyl)thiophene (3) for
KCTP.

In Figure 19, the *H-NMR spectra of the compounds are shown. Upon dibromination
with NBS, the signal of the protons g in the spectrum of 3-(6-bromohexyl)thiophene
(2), in 2- and 5-position on the thiophene ring, vanishes indicating a successful dibro-
mination. The signal of the thiophene proton in the 4-position (signal a) is also shifted
towards the high field due to the introduction of the bromine atoms in the 2,5-position.
Furthermore, a slight shift of the signal of the protons b of the protons in the side chain

is observed since they are in the vicinity of the dibrominated thiophene ring.
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Figure 19: 'H-NMR spectra of 3-(6-bromohexyl)thiophene (2) (black) and 2,5-dibromo-3-(6-bromohexyl)thiophene
(3) (orange) with signal assignment, measured in CDCls.

The second monomer 2,5-dibromo-3-(6,6,6-trifluoro)thiophene (6) started from 1,1,1-

trifluoro-6-bromohexane (4), which in the first step was converted to the Grignard rea-

gent (1,1,1-trifluorohexyl)magnesium bromide. The route via a Grignard reagent is pos-

sible here due to the low reactivity of alkyl fluorides in Grignard reactions. Usually, alkyl

fluorides are not capable of forming Grignard reagents. The in-situ prepared Grignard

reagent (1,1,1-trifluorohexyl)magnesium bromide was then added to a dispersion of 3-
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bromothiophene and Ni(dppp)Clz and 3-(6,6,6-trifluorohexyl)thiophene (5) was formed
via a Kumada cross-coupling reaction. 3-(6,6,6-Trifluorohexyl)thiophene (5) was sub-
sequently converted to 2,5-dibromo-3-(6,6,6-trifluorhexyl)thiophene (6) by the reaction
with N-bromosuccinimide.
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Figure 20: H-NMR spectra of 3-(6,6,6-triflurohexyl)thiophene (5) (black) and 2,5-dibromo-3-(6,6,6-
trifluorohexyl)thiophene (6) (pink) with signal assignment, measured in CDCls. Adapted and reproduced with per-
mission from Macromolecules 2024, 57, 21, 103991 10409.162

After the Kumada cross-coupling of 3-bromothiophene with the in-situ formed (1,1,1-
trifluorohexyl)-magnesium bromide in the low field, at a chemical shift of U= 7.24 ppm
and U0=6.96 ppm the signals of the aromatic protons of the thiophene ring (a, g) are
visible. The signal b (= 2.67 ppm) can be assigned to the protons of the methylene
group in the direct vicinity of the thiophene ring. In contrast, the signal ¢ (= 2.08 ppm)
is attributed to the methylene group in the vicinity of the trifluoro group. The thiophene
ring has a more substantial de-shielding effect on the protons than the CFs group;
therefore the protons b show a stronger low field shift. The signals d, e, and f (li= 1.72-
1.25 ppm) can be assigned to the protons of the remaining methylene groups in the
aliphatic side chain. Upon dibromination of the compound, the signal g from the spectra
of 3-(6,6,6-trifluorohexyl)thiophene (5), accounting for the thiophene protons in 2,5-

position, vanished and the signal a of the thiophene proton in 4-position is strongly
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shifted (lGi= 6.79 ppm) indicating a successful dibromination of compound 5. The pro-
tons b which are attached to the methylene group in direct vicinity of the thiophene ring
also show a slight high field shift upon dibromination. The protons in the aliphatic side

chain remain unchanged at the same chemical shift.

3.2 Polymer synthesis

Br Br CN

1.) t-BuMgCl, THF (0.5 M), 4 h

2.) Ni(dppp)Cl,, THF (0.1 M), 1 h KCN, THF/DMSO (4/1)
I\ 3.) HCI » / \ reflux, 24 h - / \
Br S Br Br S nH Br S nH
P3BrHT P3CNHT
CF4 CF3
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4.) KCN, THF/DMSO (4/1), reflux,
B BN T e dl S
» Br rad H
Br S Br Br S Br S 439 S 43

P3HT-grad-P3CNHT

Scheme 9: Synthesis of the three homopolymers P3BrHT (red), PSCNHT (blue), P3CFzHT (green) and the gradient
copolymer P3HT-grad-P3CNHT (purple). All polymers were prepared by Kumada Catalyst-Transfer Polymerization
(KCTP). The cyano group in the side chain was introduced by polymer analogous substitution of the bromine group
in P3BrHT or P3HT-grad-P3BrHT with KCN. Adapted and reproduced with permission from Macromolecules 2024,
57, 21, 103991 10409.162

For the synthesis of the polythiophenes investigated in this study, Kumada Catalyst-
Transfer Polymerization (KCTP) was employed. The resulting polythiophenes show a
narrow molecular weight distribution, controlled molecular weight, defined end groups
as well as an extraordinary regioregularity which is beneficial for the application in or-

ganic electronics such as i.e. organic photovoltaics.?! In Scheme 9 the synthesis of
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poly-3-(6-bromohexyl)thiophene (P3BrHT), poly-3-(6-cyanohexyl)thiophene
(P3CNHT), poly-3-(6,6,6-trifluorohexyl)thiophene (P3CFsHT) and a gradient copoly-
mer P3HT-grad-P3CNHT is shown. Poly-3-hexylthiophene which was also investi-

gated in this study was purchased from BASF SE and used as such.

Br Br Br
t-BuMgCl,
B N B
Br S Br Br S MgCl CiMg S Br
A B
25 % 75 %

Scheme 10: Grignard metathesis reaction following the McCullough route for 2,5-dibromo-3-(6-bromohexyl)thio-
phene, yielding the active monomers in a ratio of 25 % (A) to 75 % (B).15

For KCTP, in the first step, the active monomer was prepared via a Grignard metathe-
sis reaction from the dibromide of the respective thiophene monomer. In this work, the
McCullough route, using t-BuMgCl, was employed to prepare the active Grignard mon-
omer.2?° The McCullough route employs dibrominated thiophenes. Therefore, always a
mixture of two active Grignard monomers is formed. In the case of 2,5-dibromo-3-(6-
bromohexyl)thiophene (3) it was reported that the ratio of the two active monomers,
formed during the Grignard metathesis, is 25 % (A) and 75 % (B) and is identical to
the ratio for the active monomer formation of unsubstituted 2,5-dibromo-3-hexylthio-

phene.?1185

t-BuMgCl,
THF (0.5M)
MgCl CIMg

38 % 55 %

Scheme 11: Determination of the ratio of active monomers C and D for the metathesis reaction of 2,5-dibromo-3-
(6,6,6-trifluoro)thiophene.

Since P3CFsHT is reported the first time in this study, the Grignard metathesis as well
as the ratio of the formed active monomers was not yet investigated. Therefore, after
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the metathesis reaction, an aliquot was taken from the reaction vessel and quenched
with deionized water. The Grignard monomers (C & D) hydrolyze upon the addition of
water and in the position of the MgCl a proton is introduced yielding compounds C @nd
D 6To determine the ratio of species C @nd D 3H-NMR spectroscopy was employed.
The ratio of C D &an then be directly correlated to the two species C and D formed

during Grignard metathesis (Scheme 11).%*

In Figure 21 the *H-NMR of the quenched aliquots taken out from the Grignard me-

tathesis reaction after 4h reaction time are shown.
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Figure 21: Investigation of the active monomer formation for the metathesis reaction of 2,5-dibromo-3-(6,6,6-tri-
fluoro)thiophene. Determination of the ratio of the active monomer C and D.

The signal located at a chemical shift (1=6.84-6.79 ppm can be assigned to the protons
a and -Eosition on thetthiophene ring and therefore is calibrated to an integral of
1. The coupling constants of the two overlapping doublets are J=5.5 Hz and J= 1.5 Hz.
The coupling constant of J= 5.5 Hz can be found again for the doublet arising at a
chemical shift of G= 7.2 ppm which can be assignedtothepr ot on b ® pédnd peci e s
shows an integral of 0.55. In species D @uenching led to the introduction of a proton
in 5-position and represents the, for KCTP, desired monomer species D. At a chemical

shift of U=6.87 ppm a second doublet is arising with a coupling constant of J= 1.5 Hz
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which can be assigned to the proton b (species C pwith an integral of 0.38. In species
C &he proton is introduced in 2-position on the thiophene ring therefore it represents
the sterically hindered, (undesired due to irregular H/T incorporation) species C which
cannot be incorporated by the catalyst during polymerization. The molar ratio of the
two active monomer species C and D formed during Grignard metathesis of 2,5-di-
bromo-3-(6,6,6-trifluoro)thiophene was determined to be 38 % (C) to 55 % (D). Fur-

thermore, 7 % of the 2,5-dibromo-3-(6,6,6-trifluoro)thiophene remained in the mixture

unreacted.
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CeH1zBr CGH1zBr C5H1zBr Ni(d i \ N Br
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Scheme 12: Mechanism of the Kumada catalyst-transfer polymerization (KCTP) for 2,5-dibromo-3-(6-bromo-
hexyl)thiophene via the McCullough route utilizing t-BuMgCl as a Grignard reagent in the metathesis reaction.?*

After complete Grignard formation of the monomer, KCTP was initiated by the addition
of a nickel catalyst (here: Ni(dppp)Cl2) which in the initiation step coordinates two active
monomers leading to the formation of the tail-tail-coupled initiating species. In the sub-
sequent chain growth phase, the catalyst coordinates new active monomer in a
transmetallation process before it undergoes reductive elimination and oxidatively
adds to the chain end again. The catalyst is now again available for the coordination
of active monomer. During chain growth this cycle of transmetallation, reductive elimi-

nation and oxidative addition continuously takes place until the active monomer is
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completely consumed (Scheme 12). Since the polymerization of 2,5-dibromo-3-(6,6,6-
trifluorohexyl)thiophene (6) via KCTP was not yet studied, the polymerization kinetics
of the novel monomer were investigated. To do so, at different time intervals during the
polymerization, aliquots were taken out, and quenched with 0.1 M HCI to determine
the molecular mass by SEC as a function of reaction time (Figure 22). The evolution
of the molecular weight vs. time during polymerization clearly indicates a plateauing
after 60 minutes reaction time. After that, no significant increase in molecular weight
was observed. Accordingly, for the preparation of P3CFsHT a polymerization time of

60 minutes was chosen.
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Figure 22: Polymerization kinetics of KCTP of 2,5-dibromo-3-(6,6,6-trifluorohexyl)thiophene (6). During the
polymerization aliquots were taken out of the polymerization solution, quenched with diluted HCI and the molecular
weight of the resulting polymer was determined via SEC (THF, polystyrene calibration).

Since the polymerization of 2,5-dibromo-3-(6-bromohexyl)thiophene (3) was investi-
gated in earlier works no kinetic studies were conducted here. According to these stud-
ies, a polymerization time of 60 minutes for the precursor polymers P3BrHT was cho-

sen.'® After 60 minutes, the polymerization was quenched with 0.1 M HCI.

The precursor polymer P3BrHT was then converted to P3CNHT in a polymer analo-

gous substitution reaction (Sn2 substitution). Therefore, the precursor material P3BrHT
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was dissolved in a mixture of THF/DMSO (4/1), then potassium cyanide (KCN) was
added, and the reaction mixture was heated to 80 °C for 24 hours. The gradient copol-
ymer P3HT-grad-P3CNHT was also prepared via a precursor route. For this, in the first
step, the gradient copolymer P3HT-grad-P3BrHT was prepared by KCTP in a one pot
reaction for 90 minutes'® and followed by a polymer analogous conversion with KCN
as described above. Molecular weight determination was conducted via size exclusion
chromatography (SEC) with THF as eluent and a polystyrene calibration, the determi-
nation of the absolute molecular weight was conducted via MALDI-ToF mass spectros-
copy (Figure 23).
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Figure 23: Molecular weight determination of the polymer series P3HT, P3BrHT, P3CF3HT, P3CNHT and P3HT-
grad-P3CNHT by size exclusion chromatography (eluent THF, polystyrene calibration, a)) and MALDI-ToF-MS (b)).
Adapted and reproduced with permission from Macromolecules 2024, 57, 21, 103997 10409.162

The molecular weight distribution obtained from SEC show relatively narrow dispersi-
ties of Ppasrt= 1.22, BracrsHt= 1.11, N P3HT-grad-P3cnHT= 1.28 and Ppescnyr= 1.39, com-
pared to the commercially acquired P3HT which showed a dispersity of Dpssrr= 1.62.
The molecular weights determined by SEC were between 10,300 i 18,000 g/mol. The
gradient copolymer P3HT-grad-P3CNHT shows a Mn= 23,600 g/mol. The exact values
can be found in Table 2. It must be noted, that SEC only gives the relative molecular
weight of the polymers, to determine the absolute molecular weight MALDI-ToF spec-
troscopy was employed. The MALDI-ToF-MS measurements delivered peak molecular
weights of MpwaLbI-Tor-Ms)= 12,300 g/mol for P3BrHT, MpmaLbi-Tor-ms)= 13,300 g/mol for
P3CF3HT and MpmaLbi-tor-ms)= 11,100 g/mol for P3CNHT. in the case of P3HT, proba-
bly due to its high dispersity and large amount of low molecular weight fraction as it
was observed in SEC (Figure 23 a) black curve), only the low molecular weight fraction
(Maps= 3,800 g/mol) could be detected in the MALDI-ToF-MS measurements. From the

absolute molecular weights the degree of polymerization of all polymers was
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determined, since for P3HT only the low molecular weight fraction could be detected,
the absolute molecular weight was calculated with the help of a published correlation
curve between MALDI-ToF-MS and SEC molecular weights of P3HT.*® The peak mo-
lecular weight calculated from the calibration curve was MpMALDI-ToF-MS),calc= 9,800
g/mol. For P3HT-grad-P3CNHT the MALDI-ToF-MS experiments revealed a peak mo-
lecular weight of MpaLbI-Tor-ms)= 15,400 g/mol. The degree of polymerization (DP) for
all polythiophenes was determined from the MALDI-ToF-MS spectra and is compara-
ble ranging from 50 to 60 repeating units, with exception of P3HT-grad-P3CNHT which
showed a degree of polymerization of 86 repeating units.

Table 2: Molecular weight characteristics of the investigated polymers P3HT, P3BrHT, P3CF3HT and P3CNHT.
Adapted and reproduced with permission from Macromolecules 2024, 57, 21, 103997 10409.162

Mp(MALDI-ToF-

Mn,sec V!
b MS) DP
/g mol? /DP)
/g molt

P3HT 15,600 1.62 9,8009 60 0
P3BrHT 12,100 1.22 12,300 50 1.81
P3CFsHT 18,000 1.11 13,300 56 2.32
P3CNHT 10,500 1.39 11,100 57 3.92

P3HT-grad-
23,600 1.28 15,400 86 2
P3CNHT

a) calculated from SEC/MALDI molecular weight correlation published by Schmode et al.'®, b) dipole moment of the small
molecule analogous of the side chain end-group (for P3HT-grad-P3CNHT the average of acetonitrile and ethane was
used)

The success of the polymer analogous conversion of P3BrHT to P3CNHT was proven
by 'H-NMR spectroscopy. The H-NMR spectra of the three synthesized ¥ -side chain
functionalized polythiophene homopolymers and the gradient copolymer of P3HT and
P3CNHT are shown in Figure 24.

70



\ \ a V4
d po d \ e\
f(f a'( f u(c F\/d
E/ { e /{ ./f' g
a,a Br’<s\ “H Br""": Br{~g”[H Bf‘(ﬁsﬁkgfaﬂ ‘J’RS)\FH
AI 3 N 43
— — H — H
2.00 4.07 2.03 2.0512.233.02
a c' e f
LA \
o | - —_
1.00 2.04 2.02 6.12
4 a b c" d"ef
coct, |
H — — —
1.00 2.01 2.05 6.07
a C b d,ef
1 | S VY U
[ | o | o | o | ey |
1.00 1.96 1.99 1.973.93
T T T T T T T T T T T T T
7 6 5 4 3 2 1

d/ppm

Figure 24: 'H-NMR spectra of the ¥ -side chain functionalized polythiophenes. P3BrHT (red), PSCFsHT (green),
P3CNHT (blue) and P3HT-grad-P3CNHT (purple). All spectra were recorded and calibrated to CDCI3 (U= 7.26
ppm). Adapted and reproduced with permission from Macromolecules 2024, 57, 21, 103997 10409.162

The protons of the methylene group in direct proximity of the bromo-side chain end

group(c,i= 3.43 ppm) shifts (=02.36ppm)érthe gppectrumwofa | u e s
P3CNHT indicating a successful exchange of the side chain end groups, in the gradient
copolymer the proton c¢c6 arises at the same i
P3CNHT and P3HT-grad-P3CNHT at a chemical shiftdi = 3. 43 ppm no si gn;
observed anymore indicates full conversion. The signal d in the spectrum of P3BrHT

is also shifted from = 1.90 ppm to a | ower
spectrum of P3CNHT and the gradient polymer, thus overlapping with the other ali-

phatic side chain protons of PSCNHT and P3HT, in the case of the gradient copolymer.

The other side chain protons, such as the protons in direct proximity of the thiophene

ring do not change in chemical shift due to the spatial distance to the side chain end

group. The same applies for the thiophene proton, which also remains at the identical

position after polymer analogous conversion. For the calculation of the built-in ratio of

3HT in the gradient copolymer, the following equation is employed:
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80 -~ & T8 o) (11)

Here the relative integral of the protons g
the 3HT building block and the relative integral of the prot ons c¢6 (U= 2. 35 p
the 3CNHT building block are used for the calculation of the built-in ratio (Figure 24,

purple spectrum). The built-in ratio in the gradient copolymer equals 50 % of each

building block which corresponds to the feed-in ratio. In the spectrum of P3CF3sHT the

thi ophene proton is visible at a chemical s |
polythiophenes. The -positiohty thecthiophene ringarsesimi-i n U
larly to P3BrHT and PSCNHT atach e mi c a | shift of i= 2.85 pp
di stance to the end group, whereaendgrbup pr ot c
appear high field shifted (U= =2343@pmpapdn) com
P3CNHT/P3HT-grad-P3CNHT (c @= 2.36 ppm). The signals of the aliphatic side chain

protons arise in the same range as for the other polythiophenes.

The IR spectra and the determination of the peak distance in the MALDI-ToF spectra
of P3BrHT and P3CNHT gave further proof of the successful polymer analogous con-

version (Figure 25).
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Figure 25: a) IR-spectra of P3BrHT, P3CFsHT and P3CNHT. The IR spectrum of P3CNHT shows a vibrational
band at 2244 cm™ b) magnification of the MALDI-ToF spectra (Figure 23) in the range from 11700-12500 g/mol.
The peak distance in the MALDI-ToF spectra reflects the molecular weight of the repeating unit of the respective
polythiophene. IR spectra are translated vertically for better visibility. Adapted and reproduced with permission from
Macromolecules 2024, 57, 21, 103991 10409.162

In Figure 25 a) the IR spectra of the end-group functionalized polythiophenes are
shown. In the case of P3CFsHT only the C-H valence vibrations of the thiophene proton

and the aliphatic side chain protons are visible at wavenumbers of 3000-2800 cm™.
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The same applies to P3BrHT for which also only the C-H valence vibrations are visible.
In case of PBCNHT however, additionally to the C-H valence vibrations, a vibrational
band at 2244 cm* arises which can be assigned to the CI N-valence vibration of the
cyano (nitrile) group, thus indicating a successful polymer analogous conversion of the
bromo end group to a cyano end group. Figure 25 b) shows a magnification of the
MALDI-ToF spectra (Figure 23) from which the peak distance for the polymers was
determined. The main series of P3CF3HT shows a peak distance of 220 g/mol which
exactly reflects the molar mass of one repeating unit. The main series of the spectrum
of P3BrHT shows a peak distance of 245 g/mol which corresponds to the molar mass
of its repeating unit, upon polymer analogous conversion to P3CNHT the peak distance
reduces to 191 g/mol which also reflects the molar mass of the repeating unit of

P3CNHT, further confirming a successful polymer analogous conversion.

3.3 Surface Energies of Model SAMs and Investigated Polymers
The influence of the dipole moment of the side chain end-groups on the surface energy
of edge-on oriented P3AT thin films, as well as in self-assembled monolayers (SAMs)
of small molecules which served as model compounds, was studied by contact angle
measurements. The dipole moments of the side chain end groups were assumed to
be similar to ethane derivatives such as ethane, ethylbromide, ethylnitrile and trifluro
ethane. Therefore, dipole moments were calculated for these small molecules and as-
sumed to be those of the side chains of the polymers. For example, for P3HT we as-
sumed the dipole moment of ethane, for P3BrHT 1-bromoethane was assumed as
simplified side chain moiety, etc. (see Table 2 for dipole moment values).

Additionally, the contact angle on SAMs were measured and the surface energy were
calculated from them. For this SAMs from trimethoxypropylsilane, trimethoxy(3-bromo-
propyl)silane, trimethoxy(3,3,3-trifluoropropyl)silane and trimethoxy(3-cyanopro-
pyl)silane were prepared on glass slides. The functionalized substrates were subse-
quently rinsed with toluene and isopropyl alcohol to remove physiosorbed silane and
dried in the nitrogen jet.*® For the SAMs the contact angle was measured at room
temperature with deionized water, diodomethane and ethylene glycol. The contact an-
gles measured for P3ATs and the SAMs were used to calculate the surface energy
according to the Neumann method and for the SAMs additionally according to the Ow-
ens-Wendt-Rabel-Kaelble-method (OWRK-method).
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Scheme 13: Procedure for SAM fabrication for contact angle measurements. Adapted and reproduced with per-
mission from Macromolecules 2024, 57, 21, 103991 10409.162

For the SAMs the Owens-Wendt-Rabel-Kaelble-method (OWRK) with water, diiodo-

methane and ethylene glycol as well as the Neumann method (with water only) was
employed to determine the surface energy.
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Figure 26: Linear regression for the determination of the polar and disperse contributions of the surface energy of
SAMs carrying CH3-head groups (a)), Br-head groups (b)), CF3-head groups (c)) and CN-head groups (d)). The
surface energy of the SAM carrying the respective end group determined by the OWRK with water, diiodomethane,
and ethylene glycol (e)) and the Neumann methods from the contact angle measurements with water (f)). Adapted
and reproduced with permission from Macromolecules 2024, 57, 21, 103991 10409.162

In Figure 26 a)-d) the surface energies of model SAMs obtained from measured con-
tact angles are plotted. The small molecules possess head groups that are identical to
the side chain end groups of the P3ATs and can therefore be considered representa-

tive for the polymers. Figure 26 a)-d) shows the linear regression for the determination
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of the surface energy according to the OWRK-method for SAMs with a CH3 head
group, a Br head group, a CFs head group, and a CN head group. Figure 26 e) shows
the surface energy determined from the linear regressions by the OWRK-method while
Figure 26 f) displays the surface energy determined from contact angle measurements
with water on the SAMs according to Neumann. While slight differences in the surface
energies of the SAMs determined between the Neumann and the OWRK-method are
observed, the general trend is identical with CN head groups leading to the highest
surface energy. The SAM with the CN head groups, shows the highest surface energy
exactly like P3CNHT which shows the highest surface energy in the series of P3ATs.
The SAM with the CFs head groups, seems to be an exception here which shows the
lowest surface energy, while in the series of the P3ATs, P3CF3HT lies in between
P3BrHT and P3CNHT. The reason for this remains unclear. (Figure 26, Figure 27).
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Figure 27: Correlation of the surface energy (Neumann) of the different P3ATs to the dipole moment of the side
chain end-group (a)) and the correlation between the contact angle with water and the side chain end-group dipole
moment (b)). Adapted and reproduced with permission from Macromolecules 2024, 57, 21, 103997 10409.162

Since the P3ATs were soluble in diiodomethane the static contact angle measure-
ments were conducted with water and the determination of the surface energy was

conducted via a numerical solution of the equation of state (Neumann method).&’

In Figure 27 a) the results shown for P3ATs indicate an increase of the surface energy
with an increasing dipole moment of the side chain end group. P3HT, which has a very
small dipole moment close to 0 D, shows the lowest surface energy of 18.8 mJ m-
which is gradually increasing with an increasing dipole moment to a surface energy of
31.3 mJ m?for PBCNHT which shows the highest dipole moment of the side chain end
group of almost 4 D. As expected, the contact angle is decreasing with increasing di-
pole moment resulting in higher surface energies (Figure 27 b)).
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3.4 Thermal Characterization
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Figure 28: Thermal characterization of P3HT, P3BrHT, P3CF3HT. Dynamic thermogravimetric analysis (TGA)
measurements (N2, 10K/min) (a)) , isothermal TGA measurements (b), Adapted and reproduced with permission
from Macromolecules 2024, 57, 21, 103997 10409.162), Differential Scanning Calorimetry (DSC), (endo up, Nz,
10K/min, 2" heating and cooling run is displayed) of P3HT (c)), P3BrHT (d)), P3CF3HT (e)), P3CNHT (f)) and
P3HT-grad-P3CNHT (g)).

In Figure 28 the thermal characterization of the investigated polyalkylthiophenes
P3HT, P3BrHT, P3CFsHT, P3CNHT, and P3HT-grad-P3CNHT are displayed. Dy-
namic TGA (Figure 28 a)) shows a high thermal stability (Tse O300 °C) for all investi-
gated polymers, P3BrHT shows the lowest thermal stability among the investigated

polymers with Tse%= 300 °C, it furthermore shows a two-step degradation. P3HT-grad-
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P3CNHT also shows a two-step degradation, the thermal stability however is much
higher than for P3BrHT with Ts»= 397 °C. P3HT, P3CFsHT, and P3CNHT on the other
hand show a one-step degradation and exceptionally high thermal stability with Tse >
400 °C. In addition to the dynamic TGA experiments, isothermal TGA measurements
(Figure 28 b))) were carried out to investigate long-term thermal stability. Here, the
same trends are observable as for the dynamic TGA measurements where P3BrHT
shows a two-step degradation and the overall lowest thermal stability. The first degra-
dation step at lower temperatures can be assigned to the thermal cleavage of bromine
(a mass loss of 32 % is observed which is the mass ratio of bromine in the repeating
unit).*® Furthermore, it is to note that in isothermal measurements the 5 % degradation
benchmark is reached at lower temperatures compared to the dynamic measurements
because the thermal stress applied to the polymers is increased. For P3BrHT
T5%,is0=230 °C, for P3HT, P3CF3HT, P3CNHT and P3HT-grad-P3CNHT Ts%,iso >

350 °C. The exact temperatures are summarized in Table 3.

Subsequently, differential scanning calorimetry (DSC) measurements were conducted
on the polymers to investigate their thermal transitions (Figure 28 c)-g)), and their
crystallization behavior. In the DSC measurements, all investigated polymers show a
melting and a crystallization transition. The melting point however is strongly influenced
by the side chain substitution, P3HT shows a melting point of 230 °C which gets sig-
nificantly reduced by functionalization of the side chain. For P3BrHT a decrease in
melting temperature to a melting point to Tm= 132 °C is observed, presumably due to
the bulky bromine group which hinders efficient * -* -stacking of the polymer chains.
An indication for an overall lower crystallinity of P3BrHT is the strong reduction of the
melting enthalpy (qHm,p3s+t=6.83 J g!) in comparison to P3HT (gHm,p3nt=18.23 J g
1). The same is observed for P3CNHT, here the melting point is decreased to Tm= 194
°C and the melting enthalpy (gHmp3cnHT=9.93 J gt) is also significantly reduced com-
pared to P3HT. In the case of P3CF3HT, melting point (Tm= 212 °C) and melting en-
thalpy (gHm,p3crant=13.85 J g!) are almost identical with P3HT, indicating higher crys-
tallinity compared to the other two side chain functionalized polythiophenes P3BrHT
and P3CNHT. This is presumably due the fact that the atomic radius of the fluorine
atoms is drastically smaller compared to bromine and the size of the cyano group,
therefore the " - -stacking of the P3CFsHT chains is more efficient. The melting point
and melting enthalpy of P3HT-grad-P3CNHT is between those of the respective ho-

mopolymers with Tm=201 °C a n dHmg3HT-grad-P3cnHT=13.85 J g, indicating a reduced
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crystallinity compared to P3HT. When comparing the melting enthalpies, which give
an indication about crystallinity with the aggregation behavior of the polymers observed
in UV/VIS spectroscopy in thin films, the same trend could be observed with P3HT
showing the highest degree of ordering, followed by P3CFsHT, P3HT-grad-P3CNHT,
P3CNHT and P3BrHT which shows the lowest degree of ordering in both measure-
ments. In Table 3 the thermal transitions for all polymers are summarized. As it is
observed from Table 3 the thermal stability for all four investigated polythiophenes is
higher than their melting point, this confirms that upon high temperature scattering ex-
periments as they were conducted during this study no degradation of the materials

was observed.

3.5 Structure Formation of the Investigated Polymers

In Figure 29 the powder WAXS for all investigated P3ATs exhibit rather similar scat-
tering patterns. The curves feature equidistant (h00) reflection stemming from the
stacking of the backbones along the side chain axis as well as (020) reflections from
the " -” -stacking of the thiophene backbone. The intensity of the (h0O0) reflex is different
for the different P3ATs due to different electron density distributions along the side

chains.188
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Figure 29: Powder WAXS patterns of P3HT, P3BrHT, P3HT-grad-P3CNHT, P3CF3HT and P3CNHT (a)). WAXS
patterns for P3HT, P3CNHT and P3HT-grad-P3CNHT. The WAXS pattern of P3HT-grad-P3CNHT shows only one
crystal structure with the (100) reflex between the (100) reflexes of P3HT and P3CNHT (b)). These findings indicate
a cocrystallization of 3HT and 3CNHT in a common crystal lattice. The WAXS patterns were vertically translated for
better visibility. Note that always the (020) reflex was assigned since for P3HT it is known that the unit cells
comprises two chains form a unit cell, for the other P3ATs it is assumed that they show a similar behavior.1?>
Adapted and reproduced with permission from Macromolecules 2024, 57, 21, 103997 10409.162

From Figure 29 a) the lamellar distance (dioo) as well as the * -" -stacking distance
(do20) could be determined. From Table3i t i s o0 b s e r-'v-gagking distaice t h e
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(do20) exhibits only minor differences while the differences in the lamellar stacking dis-
tance (dioo) are more pronounced. The degree of crystallinity determined from Figure
29 a) goes well in line with the melting enthalpy determined by DSC measurements
(Table 3). In Figure 29 b) the WAXS patterns for P3HT, P3CNHT, and P3HT-grad-
P3CNHT are displayed, here it is observed that the 3HT and 3CNHT building block
cocrystallize in a common crystal lattice which is indicated by only one (100) reflection

(see inset Figure 29 b)).

Table 3: Thermal & crystal properties of P3HT, P3BrHT, P3CFsHT and P3CNHT obtained from TGA and DSC
measurements. Adapted and reproduced with permission from Macromolecules 2024, 57, 21, 103991 10409.162

Tsw/  Ts%,isol oHm/ d1oo/
Tm/°CP  Tc/°CP Gc/%° doz2o/nme®
°ca  °ca Jgth nme

P3HT 435 385 230 203 18.23 81 1.68 3.8
P3BrHT 301 235 132 98 6.83 43 1.77 3.88
P3CFsHT 427 365 212 200 17.35 67 1.73 3.89
P3CNHT 419 365 194 155 9.93 52 1.82 3.76

P3HT-
grad- 397 363 201 158 1385 62 178 3.8
P3CNHT

a: determined from TGA, b: determined by DSC, c: extracted from WAXS patterns.

In order to investigate the aggregation behavior of the four different polythiophenes,
UV/VIS spectroscopy was measured, the spectra in solution and in thin films are shown

in Figure 30.
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Figure 30: UV/VIS spectra of P3HT, P3BrHT, P3CF3HT and P3CNHT in solution (THF, a)), in thin films (as cast,
b)) and in melt crystallized thin films (c)). Adapted and reproduced with permission from Macromolecules 2024, 57,
21, 103997 10409.162

In THF solution for P3HT, P3BrHT, P3CF3HT, PSCNHT and P3HT-grad-P3CNHT only
one absorption peak without any further spectral features can be observed at a wave-
length amax= 440-450 nm (Figure 30 a)). This absorption peak can be attributed to the
polythiophene chains which are present in the random coil conformation in THF solu-
tion. Since THF is a good solvent for these polythiophenes, there is no tendency for
the polymer chains to aggregate and minimize interaction with the solvent molecules.
In the spectra of the as-cast thin films of the polymers the situation is different, how-
ever. SPANO postulated earlier that in thin films, P3HT will be present in the form of
weak H-aggregates. The presence of these aggregates is indicated by a bathochromic
shift of the main absorption as well as the presence of further absorption peaks. These
peaks are assigned to different vibrionic transitions respectively the 0-2, 0-1 and 0-0
transition. The ratio of the absorbance of the 0-0 transition to the 0-1 transition (Ao-o/Ao-
1), can be approximated as an indication of the quality of the formed aggregates, the
higher Ao-o/Ao1 the more order is present in the thin film.18%192 For P3BrHT (red),
P3CNHT (blue) and P3HT-grad-P3CNHT (purple) a bathochromic shift of the main
absorption is observed (amax= 525-535 nm), as well as a slight broadening of the ab-
sorption peak (Figure 30 b)). However, besides the 0-2 transition no distinct peak or
shoulder can be observed for P3BrHT, P3CNHT and P3HT-grad-P3CNHT in the as
cast films, indicating a low degree of aggregation in the thin films of those polymers. In
Figure 30 b) in the absorption spectrum of the P3HT thin film (black) three peaks are
clearly visible. The 0-2 transition is visible as a slight shoulder of the absorption maxi-

mum at a wavelength ae-2= 524 nm. The absorption maximum can be attributed to the
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0-1 transition which arises due to the aggregation of the polythiophene chains and can
be observed at a-1= 559 nm, whereas the 0-0 transition, which is also arising as a
distinct peak due to P3HT aggregation, can be observed at even lower energies (2e-0=
604 nm). The ratio Ao-o/Ao-1= 0.79 indicating the presence of ordered H-aggregates in
the P3HT thin film. In the UV/VIS spectrum of the as cast film of P3CFsHT the 0-2

transition is faintly visib | e as a shoul der of the=5l8hnsor pti ¢

and can be attributed to the polymer chains in the random coil conformation. The ab-
sorption maximum which can be attributedtothe0-1 t r ansi t i 0 n o1F 538
nm, as well as the aggregation shoulder which is attributed to the 0-0 transition and
ar i s eos=53a9%tnm,andicate a relatively pronounced aggregation of P3CF3HT (Fig-
ure 30 b)). The ratio of Ao-o/Ao-1= 0.76, which indicates the presence of ordered H-

aggregates in the P3CF3HT thin film.

Together those results indicate that P3HT and P3CFsHT show a strong tendency to
aggregate (or: crystallize) even in the as-cast films whereas the as-cast films of
P3BrHT, P3CNHT and P3HT-grad-P3CNHT are comparably disordered. A common
strategy to induce crystallization in polymers is to crystallize them from the melt. To
further study the aggregation behavior of the polythiophenes, UV/VIS measurements
on melt crystallized films were conducted (Figure 30 c)). Therefore, thin films of all
polymers were heated 5 °C over their melting temperature for 10 min under an argon
atmosphere before they again are slowly cooled down to room temperature. After melt-
crystallization the three peaks which indicate aggregation are visible in all polythio-
phenes P3HT, P3BrHT, P3CFsHT, P3CNHT, and P3HT-grad-P3CNHT. However, the
ratio of the peaks arising due to aggregation (0-1 and 0-2 transition) shows a significant
difference for the different polythiophenes, thus also suggesting a significant difference

in their aggregation behavior, precisely their degree of aggregation. In the spectrum of

oOobser v

P3BrHT,the 0-2 t ransi ti on peak o2 828 nnbaad replesertsthee d a't

absorption maximum, additionally, the 0-1 and 0-0 transitions are visible at lower en-

ergies as shoulders of ocaibEh&5dDb & oo @6 ). ®hema x i mu

ratio Ao-o/Ao-1= 0.46 indicates still a relatively low degree of order in the film even after
melt crystallizing when compared with as cast films of P3HT. For P3CNHT, the peak
of the 0-2 transition can be observed at @o-2= 520 nm, the aggregation-induced peaks
of the 0-1 and 0-0 transition are visible at lower energies and the 0-1 peak represents
the absorption maximum (8e-1= 550 nm and ae-0= 598 nm). Here also a comparatively

low ratio Aoc-o/Ao1= 0.65 can be observed. In the absorption spectrum of melt
81



crystallized P3HT, the0-2 transition is VvisibleosaS3a pror
nm, whereas the absorption maximum which can be assigned to the 0-1 transition
ar i s eom= 580 nmaThe peak of the 0-0 transition can be observed as a distinct
peak in the spectr uotr6@rtnm.ahewatioledAer §.90hs fuof o
ther increased compared to the as cast film, indicating a higher degree of ordering in
the melt crystallized film. Considering the absorption spectrum of the thin film of the
gradient copolymer of P3HT and P3CNHT, the 0-2 transition can be observed as a
shoul der of the alpsd22mm) The absogtion maximum (iseat-
tributed to the 0-1 t r a n s o1F $5@ Nnm aad the -0 transition is observed as a
di st i nc too=po@2ank. Thetrati®@Ao-o/Ao1 of P3HT-grad-P3CNHT with a 50/50
composition is Ao-o/Ao-1= 0.77 and therefore in the middle of the P3HT and P3CNHT
homopolymers. In the spectrum of P3CF3HT the 0-2 transition peak is visible as a slight
s houl de2x 51anm, whereas the absorption maximum is assigned to the 0-1
transi ti on @*n532 ranrandsthe §-0 teahsitian can be observed as a dis-
tinct but | ess poo=cbd5mm.nrbeeatio Ap-&la-ic 0.82tof PECF3HT
is also increased compared to the as-cast film, indicating a higher degree of ordering
in the melt crystallized film. When comparing the thin films of P3HT, P3BrHT,
P3CF3HT, P3CNHT, and P3HT-grad-P3CNHT a significant difference in their degree
of ordering is observed. The thin films of P3HT and P3CFsHT show already a certain
degree of ordering in their as-cast films which is strongly increased upon melt crystal-
lization when comparing their Ao-o/Ao-1 ratio. P3BrHT, P3CNHT and P3HT-grad-
P3CNHT however do not show any signs of aggregation in their as cast films and
therefore are most likely disordered after film preparation. After melt crystallization of
the respective films however spectral features - indicating an aggregation of P3BrHT,
P3CNHT and P3HT-grad-P3CNHT - are evolving which can be attributed to the 0-0
and 0-1 transitions. The ratio Ao-o/Ao-1 in the two homopolymers however is drastically
lower than for the melt crystallized and as cast films of P3HT and P3CFsHT, therefore
indicating a lower degree of ordering in P3BrHT and P3CNHT. The ratio Ao-o/Ao-1 of
the gradient copolymer lies directly in between that of P3HT and P3CNHT.
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Figure 31: 2D-GIWAXS scattering patterns of a 46 nm thick P3HT (a)), 46 nm thick P3BrHT, 55 nm thick P3CFsHT
(c)), 60 nm thick P3HT-grad-P3CNHT (d)), 44 nm (e)) and 193 nm (f)) thick P3CNHT film on graphene measured
at incident angles U=0.18 ° (a), c)-f)) and 0.20 ° (b)) above the critical angle U= 0.163-0.165 ° for all polymers

except P3BrHT (U= 0.174 °). From the 2D GIWAXS scattering patterns the ratio of intensities 'O O  of the

(100) reflections in edge-on and face-on direction (see Figure 6) for all P3ATs were extracted and plotted as a
function of surface energy (g)). Adapted and reproduced with permission from Macromolecules 2024, 57, 21,

103997 10409.162
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In Figure 31 the 2D scattering patterns from GIWAXS measurements for all P3ATs
are displayed. In the GIWAXS scattering patterns of the P3ATSs, the (100) reflection
represents the most intense reflection except for P3BrHT in which the (200) reflection
is the most intense. In the GIWAXS patterns of P3HT, P3BrHT, and P3HT-grad-
P3CNHT (Figure 31 a), b), d)) a mixed orientation of edge-on and face-on crystals can
be observed which is indicated by a distribution of the (h0O0) reflections along the gz as
well as the gp (gxy) axis. From surface-sensitive GIWAXS measurements in P3HT-grad-
P3CNHT it could be observed that the interface with graphene is dominated by face-
on crystals, while the interface with vacuum is dominated by edge-on crystals. This
follows the theory of two competing crystallization processes taking place at the two
interfaces which was postulated earlier.”” For P3CFsHT mostly a face-on orientation is
observed, although the intensity of the reflections stemming from edge-on oriented
crystals is very low it cannot be neglected (Figure 31 c)). However, in P3CFsHT the
edge-on alignment of the crystallites was strongly suppressed. In Figure 31 e) & f) the
(h0O0) reflections are exclusively visible along the gp (gxy) axis indicating fully face-on
oriented crystals in films of P3CNHT. In contrast to previous studies with P3BrHT,
phase purity is observable even in thick films up to ~200 nm. The isotropic scattering
peak of the (100) reflection in Figure 31 e) is split which indicates that it results from
crystals at the substrate edge. In a previous work the ratio of the intensities scattered
by edge-on and face-on oriented crystals @ﬂ%mnwﬁas been proven an appropriate
parameter to approximate the relative fraction of the crystal orientations.”” In Figure
31 g) the ratio @%%wfﬂ@ plotted against the surface energy of the different P3ATs
previously determined by the Neumann method. It is to note that P3BrHT was excluded
from this plot as the (100) reflection showed a very low intensity, and analysis was
therefore not reliable. From the plot, it is observed that the ratio @)QT[ £ “;[‘*,’4% decreas-
ing with an increasing surface energy, indicating a strong suppression of edge-on crys-
tallization with increasing surface energy. In the case of P3CNHT the ratio @,?T £ ‘*;[‘*;[Q

reaches 0 indicating a complete suppression of edge-on crystallization and full face-
on orientation throughout the full thickness of the film. As mentioned above, this full
face-on orientation in P3CNHT is also observed in films up to a thickness of 200 nm,

which is in a range relevant for applications like organic photovoltaics.

In Figure 32, the surface morphology of P3AT films crystallized on graphene sub-
strates was depicted by AFM. In the AFM images the crystallites of all P3ATs, except
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P3HT-grad-P3CNHT which shows a grain-like surface morphology, exhibit a lamellar

structure.
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Figure 32: AFM height (left column) and adhesion (right column) images of P3HT, P3BrHT, P3CFsHT, P3HT-grad-
P3CNHT and P3CNHT films on graphene substrates. Image area displayed varied between 1.5x1.5 um and 0.5x0.5
um for better visibility of the features. Adapted and reproduced with permission from Macromolecules 2024, 57, 21,

103997 10409.162



In thin films of P3HT and P3BrHT randomly oriented, short lamellae are visible. In the
AFM images of P3CNHT an epitaxial crystallization of the P3CNHT lamellae on gra-
phene can be observed, the resulting out-of-plane face-on orientation of the material,
as well as an in-plane orientation of the lamellae, is induced by the graphene substrate.
For P3CF3HT a different morphology is observed, which stems from de-wetting of the
film upon melt crystallization (see Figure 33 optical microscopy images). The de-wet-
ting led to the formation of droplets on the surface, one of those droplets is shown in
the AFM images. When taking a closer look at the AFM images of the P3CF3zHT film,
a continuous polymer film surrounding the droplet can be observed. This continuous
polymer film consists of long, epitaxially crystallized lamellae like P3CNHT which con-
firms the influence of graphene on the crystallization of P3CFsHT. Interestingly, this
also suggests that the molten P3CFsHT is de-wetting from its own epitaxially aligned
crystals, reflecting an autophobic de-wetting process. The morphology of the polymer
on top of the droplets resembles the morphology formed in P3HT and P3BrHT films. It
can be concluded that the fraction of edge-on crystals formed in P3CF3HT films are
formed at the interface to the vacuum while the face-on aligned crystals are formed at
the melt/graphene interface as reported earlier for P3HT and P3BrHT.””

Figure 33: Optical microscopy images of a de-wetted P3CF3HT film on graphene after melt crystallization recorded
with open (a)) and crossed polarizers (b)). Adapted and reproduced with permission from Macromolecules 2024,
57, 21, 103991 10409.162
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In conclusion, the observations made from these experiments confirm a strong influ-
ence of the higher surface energy of P3CF3sHT and P3CNHT on the crystal alignment

and surface morphology induced by the graphene substrate.

Since graphene is not a common substrate in devices, it is reasonable to repeat the
studies on a more widespread material like silicon, to further elaborate its influence on
the crystallization of P3CFsHT and P3CNHT. For P3HT it was already demonstrated
that silicon has no impact on crystal alignment, compared to graphene and orientation
is dominated by the surface to vacuum. Figure 34 displays the GIWAXS patterns of
P3HT, P3HT-grad-P3CNHT, P3CF3sHT and P3CNHT.

87



b) P3HT-grad-P3CNHT

-10 5 0
q, [hm]

c) P3CNHT
/ 4

e) P3CF;HT f) P3CF3HT
9, [nm™']
29nm
15
= )
| Il
0 -20 ~-15 -10 5 0 5

q, [m™}

Figure 34: 2D GIWAXS patterns of P3HT (120 nm, a)), P3HT-grad-P3CNHT (128 nm, b)), P3CNHT (95 nm, c))
and P3CFsHT (85 nm, (d)), 29 nm (e)) and 126 nm (f))) prepared on silicon substrates, measured at an incident
angle of U= 0.18 ° above the critical angle of the polymers (U= 0,163-0.165 °). Adapted and reproduced with
permission from Macromolecules 2024, 57, 21, 103997 10409.162

In Figure 34 a) & b) the (h00) crystal reflections are distributed along the gz axis indi-
cating an edge-on orientation for P3HT and P3HT-grad-P3CNHT, furthermore for both
polymers a strong isotropic signal can be observed in both polymers which are repre-
sented by strongly visible rings in the scattering pattern. Furthermore, it is to be noted
that the intensity of the (h00) reflections of P3HT-grad-P3CNHT along the g: axis is
significantly lower than in P3HT pointing out a lower degree of edge-on orientation in
the gradient copolymer. In Figure 34 c) the 2D scattering pattern of P3CNHT is dis-
played, like it was observed in films on graphene the (h00) reflections are exclusively
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visible along the qp axis indicating a complete suppression of edge-on crystallization,
therefore forming a completely face-on oriented film on silicon. In films of P3CFsHT a
strong face-on orientation can be observed as well (Figure 34 d)), in contrast to
P3CNHT however an additional, weak (100) reflection resulting from edge-on crystals
can be observed. From optical microscopy (Figure 35 d)) it can be observed that
P3CF3HT shows partial de-wetting on silicon forming non-birefringent islands on the
substrate. In the corresponding AFM images, which show the transition from a birefrin-
gent to a non-birefringent zone, it is apparent that the lamellae present show no pre-
ferred in-plane orientation as observed in the de-wetted droplets on graphene (Figure
33). P3HT and P3HT-grad-P3CNHT on silicon are also weakly birefringent and the
AFM images also show this unoriented lamellar structures (Figure 35 a) & b)). To
further elaborate the crystal orientation in the thin, non-birefringent and the thick, de-
wetted, birefringent areas, films with different thickness were studied by GIWAXS (Fig-
ure 34 e) & f)). The thickness-dependent GIWAXS reveals that in fact the thin, non-
birefringent areas show a strong edge-on orientation (Figure 34 e)) while the birefrin-
gent, thicker areas exhibit solely face-on oriented crystallites (Figure 34 f)). These
findings suggest that on silicon, as well as observed on graphene, the formation of
edge-on and face-on crystals is initiated by two competing crystallization processes
induced by the interfaces with vacuum and the substrate. In the optical microscopy
images of P3CNHT (Figure 35 c)) also a strong birefringence as well as spherulitic
structures can be observed, the arrangement of the lamellae in the AFM images further
confirms the formation of spherulitic PSCNHT crystals. From these findings it can be
concluded that both P3CNHT and P3CFsHT crystallize on silicon via heterogeneous

nucleation.180.181
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optical microscopy adhesion

P3HT-grad-
P3CNHT

Figure 35: Optical microscopy, AFM height and adhesion images of P3HT (120 nm, a)), P3HT-grad-P3CNHT (128
nm, b)), P3CNHT (95 nm, c)) and P3CFsHT (85 nm, (d)) prepared on silicon substrates. The optical microscopy
images are displayed with open (left) and crossed polarizers (right). While P3HT and P3HT-grad-P3CNHT exhibit
only weak birefringence, for PSCNHT and P3CFsHT strong birefringence and the formation of spherulitic structures
can be seen. For the AFM images the image area displayed varied between 1.5x1.5 um and 0.5x0.5 um for better
visibility of the features. In P3HT unoriented lamellae are visible while P3HT-grad-P3CNHT again shows a grainy
morphology. In P3CNHT AFM images the lamellae form spruce-like structures resulting from the spherulitic crystal
growth, while in P3CFsHT a mix of unoriented and oriented lamellar structures is observed. Adapted and reproduced
with permission from Macromolecules 2024, 57, 21, 103991 10409.162

The different crystal morphologies observed in Figure 35 leave room for the assump-
tion that the crystallization processes taking place at the two interfaces follow different
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kinetics. Therefore, to further elucidate the influence of the crystallization kinetics on
the crystal orientation of P3CFsHT, P3HT-grad-P3CNHT, and P3CNHT, melt crystal-
lized films at different cooling rates were investigated using GIWAXS (Figure 36). In
Figure 36 a) it can be observed that when cooling the P3CFsHT film with a cooling
rate of 1 °C/min, a strong face-on orientation is induced by heterogeneous crystalliza-
tion at the silicon interface can be observed, while by cooling the P3CF3HT film with a
high cooling rate of 10 °C/min the heterogeneous nucleation at the interface with the
silicon substrate is completely suppressed, leading to a complete edge-on crystalliza-
tion, promoted by the interface of the melt with the vacuum (Figure 36 b)). In films of
P3HT-grad-P3CNHT on silicon (Figure 36 c) & d)) the opposite observation can be
made, here a high cooling rate (10 °C/min) suppresses the edge-on crystallization,
induced by the vacuum interface. On graphene this effect is even more pronounced
(Figure 36 e) & f)). During slow cooling (Figure 36 e)) a mixed orientation of the crys-
tals is observed, while at faster cooling rates (Figure 36 f)) the edge-on crystallization
is fully suppressed. For P3CNHT on silicon, no influence of the cooling rate on the
crystal orientation was observed. The crystal orientation of P3CNHT is always face-
on, irrespective of the cooling rate since the interface of vacuum has no impact on the

crystallization.
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Figure 36: 2D GIWAXS scattering patterns of P3CF3sHT on silicon (85 nm, a), b)) P3HT-grad-P3CNHT on silicon
(128 nm, c), d)) and graphene (60 nm, €), f)) and P3CNHT on silicon (95 nm, g), h)). The GIWAXS patterns in the
left column were obtained by melt crystallization with a cooling rate of 1 °C/min while the right column shows the
GIWAXS patterns with a cooling rate of 10 °C/min. Adapted and reproduced with permission from Macromolecules
2024, 57, 21, 103997 10409.162
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3.6 Conclusion

In this chapter 4 different P3AT were synthesized in a controlled manner using Kumada
Catalyst-Transfer Polymerization. Here two novel polythiophenes, P3CFsHT and
P3CNHT were successfully prepared in a controlled manner. While P3CFsHT was pre-
pared directly from its monomer (2,5-DiBr-3CF3sHT), P3CNHT was prepared via a pre-
cursor route by polymer analogous conversion of P3BrHT with KCN. It was further
proven that by diligent side chain engineering the dipole moment of the side chain end-
group and therefore surface energy of the resulting P3ATs could be systematically
varied It was shown that by increasing the surface energy of P3ATSs the crystal orien-
tation could be directed towards a face-on alignment. Our approach showed that the
surface freezing processes at the interface with vacuum could be completely sup-
pressed in P3CNHT, due to its high surface energy. Thus, crystallization at the inter-
face with vacuum became thermodynamically unfavorable leading to its complete sup-
pression and therefore a full face-on alignment of films up to 200 nm thickness on
graphene was achieved. To the best of our knowledge, this has not been accomplished
to this day. Face-on alignment plays an important role in organic electronic applications
which need vertical charge transport such as organic photovoltaics. Even in films of
P3CNHT on silicon, which is known to have no impact on crystal orientation in other
conjugated polymers, such as P3HT, a full face-on alignment was achieved. Addition-
ally, it was demonstrated that if competing crystallization processes are present in
P3ATs, i.e. in P3CFsHT and P3HT-grad-P3CNHT, the crystallization kinetics can be
utilized to direct the crystallization towards one of the interfaces and therefore to gain
control over the crystal orientation in the resulting film. Therefore, by changing the
crystallization conditions in such P3ATs their crystal orientation can be adjusted for

applications that require either lateral or vertical charge transport.
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3.7 Experimental Section

Materials and Methods

All reactions were carried out under the exclusion of air and moisture in an argon at-
mosphere in a baked out Schlenk apparatus. Anhydrous solvents dried over molecular
sieve which were purchased from AcrosOrganics were used for all reactions. 3-Bro-
mothiophene was purchased from abcr GmbH. 1,6-dibromohexane, n-BuLi, N-Bromo-
succinimide and potassium cyanide (KCN) were purchased from Sigma Aldrich. 6-
bromo-1,1,1-trifluorohexane was purchased form Fluorochem Ltd. Dichloro[1,3-bis(di-

phenylphosphino)propane]nickel and t-BuMgCl were purchased from AcrosOrganics.
'H-NMR spectroscopy

All proton NMR spectra were recorded in CDCI3, on a Bruker Avance 250 spectrometer
with a frequency of 300 MHz. All spectra were calibrated to the respective solvent sig-

nal (7.26 ppm). The NMR spectra were examined with SpinWorks.
Size exclusion chromatography

Size exclusion chromatography (SEC) was performed utilizing a Waters 515 HPLC

pump and THF as eluent at a flow rate of 0.5 ml/ mi n. A v ol lwihpelymerf 100
solution (1-2 mg/ml) was injected with a 707 Waters auto-sampler into a column setup
comprising a guard column (Resi Pore Guard, 5
separation columns (ResiPore, 30 I 0.75 c¢cm,
butions were monitored with a Waters 998 photodiode array detector at 254 nm and a

Waters 414 refractive index detector. Narrow distributed polystyrene standards were

used for calibration and 1,2-dichlorobenzene as an internal reference.
MALDI-ToF mass spectroscopy

For the Matrix assisted laser desorption ionization spectroscopy with time of flight de-
tection (MALDI-ToF) measurements a Bruker Reflex Ill mass spectrometer was em-
ployed. As a matrix trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malono-
nitrile (DCTB) was used. The matrix:polymer ratio was 750:1.

IR spectroscopy

Infrared transmission spectra were recorded on a Perkin EImer Spectrum 100 FTIR-spec-

trometer in ATR mode.
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Preparation of functional SAMs & contact angle measurements

Contact angle was measured by the sessile drop method using a Dataphysics OCA 20
opitcal contact angle measurement system. For the P3ATs 20-30 nm thick, melt-crys-
tallized films were measured with deionized water at room temperature. The glass sub-
strates were cleaned by ultrasonification in Hellmanex 2%, water, acetone, isopropyl
alcohol for 5 min each, followed by 15 min, 50 °C Ogs treatment. The pre-treated glass
slides were immersed to 1 wt% solutions of the respective silane in toluene at 100 °C
for 60 min to obtain the respective SAMs.

UV/VIS-spectroscopy

The UV/Vis spectra of the grafted polymer films were recorded with a Jasco V-670
spectrophotometer. For solution measurements 0.02 wt% polymer solutions were
used, for the film spectra the polymer was spincoated from 0.1 wt% solutions at 1000
rpm for 60 seconds.

TGA measurements

TGA was carried out on the copolymers with ~10 mg of sample using a Mettler Toledo
TGA/SDTA 851, in a temperature range between 3071 700 °C, with a heating rate of 10

K min-t under continuous nitrogen flow.
DSC measurements

DSC measurements were carried out on the copolymers with ~7 mg sample on a Met-
tler Toledo DSC 3+ in a temperature range from 30-250 °C with a heating rate of 10 K

min-t under continuous nitrogen flow.
Grazing Incidence Wide Angle X-ray Scattering (GIWAXS)

Thin films of P3ATs were prepared by spin coating from 0.25-1.5 wt% solutions in
chloroform or THF onto graphene and silicon substrates. Film thickness was measured
utilizing X-ray reflectivity and measurement of a mechanical scratch via AFM. The spin
coated films were crystallized from melt on a Linkam hot stage HFS350 in vacuum
directly in the GIWAXS apparatus. If not stated differently, the molten films were cooled
at a rate of 1 °C/min to 120 °C which is below the crystallization temperature for all
P3ATs and the cooled down to 20 °C with a cooling rate of 10 °C/min. WAXS and
GIWAXS experiments were conducted on a SAXSLAB laboratory setup (Retro-F)

equipped with an AXO microfocus X-ray source and AXO multilayer X-ray optics as a
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monochromator for Cu- Koy radiation (e= 0.15418 nm). Recording of the 2D GIWAXS
scattering patterns was conducted using a DECTRIS PILATUS3 R 300K detector.
Powder and thin film measurements were performed using a reflection and transmis-
sion geometry with a sample-detector distance of 92 mm, in the vacuum at room tem-
perature. GIWAXS detector images were converted into reciprocal space maps with
two components gz and gp (gxy) which are respectively perpedicular and parallel to the
surface of the P3AT films. Due to the measurement geometry a certain area along the
gz axis was not accessible and appeared as a blank arc. Two further blank vertical
strips arose at positions were different parts of the detector meet and were therefore

inactive regions.
Optical Microscopy

Microscopy images were recorded on an Olympus BX51 microscope with magnifica-
tions of 50x and 200x in reflection. The polarizers were either open or crossed during
recording of the images.

Atomic Force Microscopy (AFM)

AFM images were recorded on a Bruker MultiMode 8 AFM with a Nanoscope V con-
troller equipped with a Bruker ScanAsyst-Fluid+ cantilever (fo= 150 kHz, k= 0.7 N/m)
in peak force tapping mode. The cantilever was operated at the excitation frequency

of 2 kHz. Images were edited with Gwyddion.
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Synthesis
Synthesis of 3-(6-bromohexyl)thiophene (3BrHT)

Br

/\
S

3-Bromothiophene (5.75 ml, 61.335 mmol) was dissolved in dry hexane (83 ml) in a
dry schlenk flask and cooled to -50 °C. Subsequently n-BuLi (1.6 M in hexane, 5.78
ml, 61.335 mmol) was added dropwise via syringe, afterwards the solution was stirred
for further 10 minutes before dry THF (~ 6 ml) was added until a white solid precipitates.
The reaction mixture then was stirred for further 60 minutes before it was warmed up
to-10 °C, dry THF was added (10 ml) and 1,6-dibromohexane (37.74 ml, 245.34 mmol)
was added to the solution in one shot. The reaction was allowed to stir at room tem-
perature for further 2 hours before it was extracted with diethyl ether against water.
The organic phase was collected dried over Na2S0O4 and the solvent was removed
under reduced pressure. The product was purified by vacuum distillation (Toil=152 °C;
Tv= 85-93 °C; p= 2.2-102 mbar). The product appeared as colorless oil. The product
was obtained in a yield of 7.58 g (50 %, 30.663 mmol).

HHNMR (300 MHz, 26-DZ2Ip@Bn)(1H, ni);6.95¢6.90 ppm (2 H, m); 3.45-
3.37 ppm (2 H, m); 2.67-2.60 ppm (2 H, t); 1.91- 1.80 ppm (2 H, m); 1.70-1.58 ppm (2
H, m); 1.53-1.20 (4 H, m).
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Synthesis of 2,5-dibromo-3-(6-bromohexyl)thiophene (2,5-DiBr-3BrHT)

Br

/\
Br s Br

The reaction was conducted under the exclusion of light. 3-(6-bromohexyl)thiophene
(7.50 g, 30.340 mmol) was dissolved in a mixture of THF/acetic acid (1/1) (75 ml) and
N-bromosuccinimide (12.42 g, 69.782 mmol) was added under argon reverse flow. The
reaction mixture was stirred for 2 hours before diethyl ether was added and the solution
was extracted against water, sodium bicarbonate and sodium hydroxide. The organic
phase was collected, dried over Na2SO4 and the solvent was removed under reduced
pressure. The product was purified by column chromatography with hexane followed
by vacuum distillation (Toei= 210 °C; Tv= 127-133 °C; p= 3.2-:102 mbar). The product
was obtained in a yield of 8.33 g (68 %, 20.568 mmaol).

H-NMR (300 MHz, CDCI 3): 1-33762H7t)2.552.48 ppni(2
H, t); 1.92-1.80 ppm (2 H, qunit.); 1.64-1.23 ppm (10 H, m).

Synthesis of 3-(6-trifluorohexyl)thiophene - 3CFsHT

F5C

/ \
S
Mg (0,544 g, 22.4 mmol) and ether were added to a dry Schlenk flask and activated
with a few drops of Br2C2Hz. Afterwards 1/10th of the 1,1,1-trifluoro-6-bromohexane
(0.3 ml, 2.05 mmol) was added dropwise before the residual alkylhalide (2.7 ml,
17.95 mmol) dissolved in diethyl ether (ca. 5 ml) was added slowly. The reaction solu-
tion was allowed to stir for 3 h. In a separate Schlenk flask, 3-bromothiophene (1.75
ml, 18.676 mmol) and Ni(dppp)Clz2 (101 mg, 0.18676 mmol) were dissolved in diethyl
ether (5 ml). After complete dispersion of Ni(dppp)Cl2 the Grignard reagent was
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injected slowly, while cooling with an ice bath, and the reaction mixture was allowed to
stir over night at 50 °C before it was quenched with ice and 1 M HCI. The mixture was
extracted with diethyl ether and the organic phases were combined and dried over
Na2SOa4 before solvent was evaporated and the product was purified by vacuum distil-
lation ( 1 . 6 AMdag Tv = 40 °C). The product was obtained in a yield of 2.26 g (54 %,
10.167 mmol).

'H-N MR :1 (300 MHz; ppm, CDCl3): 7.27-7.24 (m, 1 H), 6.96-6.93 (m, 2 H), 2.7-2.62
(t, 2 H), 2.17-1.99 (m, 2 H), 1.73-1.53 (m, 4 H), 1.48-1.30 (m, 2H).

Synthesis of 2,5-Dibromo-3-(6-trifluorohexyl)thiophene i 2,5-DiBr-3CF3HT

F3C

/ \
Br S Br

3-(6,6,6-trifluorohexyl)thiophene (2.221 g, 9.992 mmol) was dissolved in a mixture of
THF/acetic acid (v:v 1:1, 22 ml) under the exclusion of light. Subsequently NBS (4.091
g, 22.982 mmol) was added to the solution and the solution was stirred for 2 h. The
reaction mixture was extracted with ethyl acetate against water, sodium bicarbonate
and NaOH, the organic phase was collected, dried over Na2SO4 and the solvent is
removed under reduced pressure. The crude product was purified by column chroma-
tography (silica, eluent hexane). The product was obtained in a yield of 2.93 g (77 %,
7.709 mmol).

IH-N MR : 1 (300 MHz; ppm, CDCl3): 6.8 (s, 1 H), 2.59-2.50 (t, 2 H), 2.18-1.98 (m, 2
H), 1.67-1.53 (m, 4 H), 1.47-1.33 (m, 2 H).
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Synthesis of Poly-(3-(6-bromohexyl))thiophene - P3BrHT

Br

/ \

Br S nH
2,5-Dibromo-3-(6-bromohexyl)thiophene (3.047 g, 7.523 mmol) was dried in high vac-
uum for 30 mins and dissolved in dry THF at a concentration of 0.5 M (15 ml). Subse-
qguently t-BuMgCl (1.416 M in THF, 5.1 ml, 7.222 mmol) was added and the reaction
mixture was allowed to stir for 20 h under the exclusion of light. The reaction mixture
was diluted with dry THF (60 ml) to 0.1 M before a dispersion of Ni(dppp)Clz (41.37
mg, 0.075 mmol) in 2 ml THF was added in one shot to start polymerization. After 2 h
the polymerization was quenched with 1 M HCI and the polymer was precipitated in
MeOH. The polymer was purified by soxhlet extraction with MeOH and hexane and

dried in vacuum.

1H-N MR :1 (300 MHz; ppm, CDCls): 7.00 (s, 1 H), 3.5-3.35 (t, 2 H), 2.92-2.72 (t, 2 H),
2.00-1.81 (m, 2 H), 1.8-1.64 (m, 2 H), 1.58-1.38 (m, 4 H).

SEC: Mn=12,100 g/mol, n=1.35.
MALDI-ToF: 12,300 g/mol
Synthesis of Poly-(3-(6-trifluorohexyl))thiophene - P3CFsHT

FsC

/\
Br S nH
In a dry Schlenk flasks the 2,5-dibromo-3FHT (1.513 g, 3.98 mmol) was dissolved in
dry THF (8 ml, 0.5 M) and t-BuMgClI (1.342 M in THF, 3 ml, 3.821 mmol) was added.
After complete Grignard monomer formation (5 h), the reaction solution was diluted
with dry THF (32 ml, 0.1 M) and the polymerization was initiated by the addition of a
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dispersion of Ni(dppp)Clz (21.5 mg, 0.0398 mmol) in 2 ml THF to the reaction mixture
in one shot. The polymerization was quenched with 1M HCI, the solution was concen-
trated and precipitated in methanol. The polymer is dried in vacuum and purified by

Soxhlet extraction with MeOH and hexane.

1H-N MR : 1 (300 MHz; ppm, CDCl3): 6.99 (s, 1 H), 3.00-2.74 (t, 2 H), 2.21-1.99 (t, 2
H), 1.82-1.58 (m, 4 H), 1.57-1.31 (m, 2 H).

SEC: Mn= 22,000 g/mol, n=1.26.
MALDI-ToF: 13,300 g/mol
Synthesis of Poly-(3-(6-cyanohexyl))thiophene - P3CNHT

CN

/ \
Br S H

n

P3BrHT (300 mg, 1.214 mmol.) was dissolved in THF/DMSO (v/v: 4/1, 15 ml) and KCN
(632 mg, 9.712 mmol) was added. The reaction mixture then was stirred under reflux
(80 °C) for 12 h. The polymer was precipitated in MeOH and washed with CHCIz in a
soxhlet apparatus to ensure complete removal of remaining KCN. The polymer was

dried in vacuum.

1H-N MR :# (300 MHz; ppm, CDCla): 7.00 (s, 1 H), 2.92-2.72 (t, 2 H), 2.4-2.3 (t, 2 H),
1.87-1.6 (M, 4 H), 1.57-1.37 (m, 4 H).

IR: 2244 cm*CI[ N
SEC: Mn= 10,100 g/mol, n = 1.35.

MALDI-ToF: 11,100 g/mol
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Synthesis of Poly-3-hexylthiophene-gradient-Poly-(3-(6-bromohexyl))thiophene -
P3HT-grad-P3BrHT

Br

/ \ / \

grad
Br S" /a3 S™ /43 H

In a dry Schlenk flasks the 2,5-dibromo-3-HT (1.013 g, 3.107mmol) and 2,5-dibromo-
3-BrHT (1.234 g, 3.047 mmol) were added and dissolved in dry THF (12 ml, 0.5 M)
before t-BuMgCl (4.4 ml, 5.908 mmol) was added. After complete Grignard monomer
formation (4 h), the reaction solution was diluted with dry THF (49 ml, 0.1 M) and the
polymerization was initiated by the addition of a dispersion of Ni(dppp)Clz (33 mg,
0.061 mmol) in 2 ml THF to the reaction mixture in one shot. The polymerization was
allowed to run for 90 mins. The polymerization was quenched with HCI, the solution
was concentrated and precipitated in methanol. The polymer was dried in vacuum and

purified by Soxhlet extraction with MeOH and hexane.

1H-NMR: & (300 MHz; ppm, CDCls): 7.00 (s, 1 H), 3.50-3.40 (t, 2 H), 2.98-2.65 (t, 4
H), , 1.84-1.66 (m, 2 H), 1.65-1.23 (m, 10 H), 1.00-0.82 (t, 3 H).

SEC: Mnh= 21,600 g/mol, n=1.18.
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Synthesis of Poly-3-hexylthiophene-gradient-Poly-(3-(6-cyanohexyl))thiophene -
P3HT-grad-P3CNHT

CN

/ \ / \

grad
Br S" /a3 S™ /43 H

P3HT-grad-P3BrHT (400 mg, 1.617 mmol) was dissolved in THF (16 ml) and DMSO
(4 ml) before KCN (843 mg, 12.945 mmol) in was added to the solution which then was
heated under reflux and stirred overnight. The product was precipitated in methanol
and purified by Soxhlet extraction with CHCIs to ensure complete removal of residual

KCN. The polymer was precipitated in MeOH and dried in the vacuum.

1H-NMR: &1 (300 MHz; ppm, CDCls): 7.00 (s, 1 H), 2.98-2.65 (t, 4 H), 2.44-2.30 (t, 2
H), 1.84-1.66 (m, 2 H), 1.65-1.23 (m, 10 H), 1.00-0.82 (t, 3 H).

SEC: Mn= 23,600 g/mol, n = 1.28.

MALDI-ToF: 15,400 g/mol
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4 Polythiophene-Based Organic Mixed lonic-Electronic
Conductor Block Copolymers for Improved Device Stabil-

ity and Controlled Swelling through Copolymerization

The polythiophene-based P3MEEET was reported as an OMIEC material with similar
ion uptake and ion storage capability as champion p-type OMIECs like p(g2T-
TT).137.168 However, a high threshold voltage VT in the range of -0.57V was reported
for PBMEEET which is disadvantageous since devices will show high power consump-
tion under operation and for biological applications very low bias voltages are a neces-
sity. Device operation at higher voltages also renders the channel material prone to
degradation due to parasitic side reactions with water, the electrolyte, or dissolved ox-
ygen. The excessive swelling of PSMEEET shown via (electrochemical) quartz crystal
microbalance with dissipation monitoring ((E)QCM-D) studies might further contribute
to device degradation under continuous operation, since it might distort the morphology
of the material upon swelling and brings in a higher amount of dissolved oxygen.193.194
To address the shortcomings of PSMEEET, copolymerization with a second monomer,
that can both decrease the threshold voltage and swellability, can be a promising ap-
proach. For this, we chose an substituted EDOT derivative, EDOT-CsCs as a comono-
mer that has an increased electron affinity and essentially no water affinity to comple-
ment the properties of PBMEEET.169

In the following chapter, the synthesis and characterization of the mixed conduction of
a series of block copolymers consisting of the building blocks SMEEET and EDOT-
CesCs and their comparison to the respective homopolymers PSMEEET and PEDOT-
CeCs is presented. In the series of block copolymers, the built-in ratio of EDOT-CsCs
was increased while mixed conduction in OECTSs, electrochemical impedance spec-
troscopy (EIS) and spectroeloctrochemical absorption spectroscopy (SEC) as well as
the swelling in (E)QCM-D measurements and the cycling stability were studied. The
stability of the different materials under OECT operation was investigated in cycling
experiments. Furthermore, the low ionization potential of EDOT should reduce the on-
set of oxidation, therefore allowing device operation under reduced bias. The influence
of EDOT-CeCs built-in ratio on onset voltage was investigated in OECT, SEC, and EIS
studies. Thus, in this chapter a comprehensive study of the influence of a hydrophobic

building block on mixed conduction as well as device stability is presented.
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4.1 Monomer synthesis

The synthesis of the two monomers, 2,5-Dibromo-3-(2-(2-(2-methoxyethoxy)eth-
oxy)ethyl)thiophene (2,5-DiBr-3MEEET) and 5,7-Dibromo-2-hexyl-2,3-dihy-
drothieno[3,4-b][1,4]dioxine (5,7-DiBr-EDOT-CsCs) which were chosen as building

blocks is shown in Scheme 14 a) and b) respectively.
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Scheme 14: Synthetic routes for the monomers 2,5-Dibromo-3-(2-(2-(2-methoxyethoxy)ethoxy)ethyl)thiophene (a))
and 5,7-Dibromo-2-hexyl-2,3-dihydrothieno[3,4-b][1,4]dioxine (b)).!H-NMR spectra of the intermediates are shown
in the appendix.

2,5-Dibromo-3-(2-(2-(2-methoxyethoxy)ethoxy)ethyl)thiophene was prepared in a
three-step synthesis according to literature.’®® To introduce the oligoethylene glycol
side chain in the first step the tosylate of diethylene glycol monomethylether was pre-
pared using tosyl chloride. 3-Thiopheneethanol was deprotonated in the presence of
sodium hydride to form the respective alcoholate, which was then able to react with

the diethylene glycol monomethylether tosylate in a Sn2 reaction to form 3-(2-(2-(2-
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methoxyethoxy)ethoxy)ethyl)thiophene (3MEEET). SMEEET was subsequently con-
verted to 2,5-Dibromo-3-(2-(2-(2-methoxyethoxy)ethoxy)ethyl)thiophene by dibromin-
ation in the presence of N-bromosuccinimide (NBS) (Scheme 14 a)).1%8 The 'H-NMR
spectra of the relevant compounds in the synthesis of 2,5-Dibromo-3-(2-(2-(2-methox-
yethoxy)ethoxy)ethyl)thiophene are shown in Figure 37, the NMR data of the tosyla-

tion reaction can be found in the experimental section.
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Figure 37: 'H-NMR spectra of 3-(2-(2-(2-methoxyethoxy)ethoxy)ethyl)thiophene (3MEEET, black) and 2,5-Di-

bromo-3-(2-(2-(2-methoxyethoxy)ethoxy)ethyl)thiophene (2,5-DiBr-3MEEET, orange) with signal assignment,
measured in CDCls.

In Figure 37, the protons of the oligoethylene glycol side chain of SMEEET arise in the
high field at chemical shifts between = 3.75-2.90 ppm and are only slightly influenced
by the bromination. Only, the protons b from the methylene group in direct vicinity of
the thiophene ring are shifted towards the low field (l= 2.86-2.78 ppm). In the low field
at chemical shifts of U= 7.25-6.98 ppm the protons directly attached to the thiophene
ring are visible. The signals of the protons g and f in the spectrum of BMEEET, in 2-
and 5-position of the thiophene ring vanished and the signal of the thiophene proton a

is shifted to a lower chemical shift (li= 6.92 ppm) and appears as a singlet after
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conversion with NBS. From Figure 37 a successful conversion from 3MEEET to 2,5-
DiBr-3MEEET is evident.

For the preparation of 5,7-Dibromo-2-hexyl-2,3-dihydrothieno[3,4-b][1,4]dioxine (5,7-
DiBr-EDOT-CsCs) the side chain 3-hexylundecane-1,2-diol was prepared in a four-step
reaction starting from 2-hexyldecanol. The synthesis of 3-hexylundecane-1,2-diol was
described in literature earlier.'%® However, the synthetic route was optimized in this
work to increase the yield. In the first step 2-hexyldecanol was oxidized to 2-hexylde-
canal via a Swern Oxidation using DMSO, oxalyl chloride, and triethylamine. 2-Hex-
yldecanal is subsequently converted to 7-vinylpentadecane via a Wittig reaction. The
phosphorylide prepared from methyltriphenylphosphonium bromide (MePPhsBr) and
potassium tert-butoxide (KOt-Bu), is undergoing Wittig reaction with 2-hexyldecanal
yielding 7-vinylpentadecane. In a subsequent Prilezhaev epoxidation of 7-vinylpenta-
decane with meta-perchloroperoxybenzoic acid (m-CPBA) 2-(pentadecan-7-yl)oxirane
was formed which underwent acid-catalyzed ring opening in the presence of water and
catalytic amounts of H2SO4 yielding 3-hexylundecane-1,2-diol. 3,4-dimethoxythiopene
and 3-hexylundecane-1,2-diol underwent a transetherification reaction in the presence
of para-toluenesulfonic acid (p-TsOH) to vyield 2-(pentadecan-7-yl)-2,3-dihy-
drothieno[3,4-b][1,4]dioxine (EDOT-CsCs). Finally, EDOT-CesCs was converted to the
final monomer 5,7-DiBr-EDOT-CsCs by dibromination in the presence of NBS. In Fig-
ure 38 the 'H-NMR spectra of the relevant compounds in the synthesis of 5,7-DiBr-
EDOT-CeCs are shown. The NMR data of the intermediate compounds can be found

in the experimental section.
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Figure 38: 'H-NMR spectra of prepare 2-(pentadecan-7-yl)-2,3-dihydrothieno[3,4-b][1,4]dioxine (EDOT-CsCs,
black) and 5,7-Dibromo-2-hexyl-2,3-dihydrothieno[3,4-b][1,4]dioxine (5,7-DiBr-EDOT-CesCs, grey) with signal
assignment, measured in CDCla.

The protons h, directly attached to the thiophene ring, in the spectrum of EDOT-CsCs
arise in the low field (U= 6.30 ppm) as a singlet. The aliphatic side chain's protons e, f,
and a appear significantly high field shifted at G= 1.76-0.76 ppm. The protons attached
to the dioxine ring appear at chemical shifts of t= 4.23-3.91 ppm and show a complex
multiplicity because of the presence of a stereocenter at the 2-position. After dibromin-
ation with NBS, the signal corresponding to the thiophene protons is not visible any-
more in the spectrum of 5,7-DiBr-EDOT-CesCs and the protons of the dioxine ring are

slightly shifted, indicating successful conversion.

4.2 Polymer Synthesis and Characterization

The two homopolymers PSMEEET and PEDOT-CsCs as well as a series of three block
copolymers PEDOT-CsCs-block-P3MEEET 1-3 with different compositions were syn-
thesized in a controlled way via sequential Kumada Catalyst-Transfer Polymerization
(KCTP) of the respective monomers.'68169 The synthesis of the homopolymers is
shown in Scheme 15 and those of block copolymers in Scheme 16.
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Scheme 15: Kumada Catalyst-Transfer Polymerization of PSMEEET (black) and PEDOT-CsCs (purple).

To investigate the polymerization time needed for high conversion of each monomer,

the polymerization kinetics were studied. For the kinetics study, aliquots were taken

out of the polymerization solution and quenched with deionized water, at different times

during the polymerization and the molecular weight of the samples was measured by

SEC. These are plotted against the reaction time t as shown in Figure 39.
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Figure 39: Polymerization kinetics of the KCTP of PSMEEET (a)) and PEDOT-Ce-Cs (b)). During the homopoly-
merization aliquots were taken out of the polymerization solution, and quenched with H20. The molecular weight of
the resulting polymer was determined via SEC (THF (0.25 wt% tetrabutylammoniumbromid (TBAB)), polystyrene

calibration).

The monomer to Ni catalyst ratio ([M]/[Cat]) which determines the molecular weight of

the polymer were chosen 1/0.01. These corresponds to theoretically achievable
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molecular weights of 17,100 g/mol for PSMEEET and 26,400 g/mol for PEDOT-CsCs.
The actual molecular weights of the obtained polymers are lower than the theoretical
molecular weights (14,900 g/mol for PSMEEET and 18,100 g/mol for PEDOT-CeCs).
However, for molecular weights obtained from SEC it has to be considered that SEC
is a relative method and since the molecular weight was determined using a polysty-
rene calibration no absolute values for molecular weight can be obtained. Furthermore,
the results from the kinetic studies indicate a significantly slower polymerization in the
case of PEDOT-CesCs compared to PSMEEET. From Figure 39 a) it can be observed
that the molecular weight of P3MEEET is reaching a plateau after a polymerization
time of 90-120 minutes, with a higher polymerization time no further increase in mo-
lecular weight could be observed. Consequently, PBMEEET in this study was prepared
with a polymerization time of 120 minutes. In Figure 39 b) the molecular weight of
PEDOT-CesCs does not reach a plateau after 4 hours of polymerization time, but seems
to slowly approach a constant molecular weight. To ensure complete polymerization of
all active monomer a polymerization time of 6 h was chosen for PEDOT-CeCs investi-

gated in this chapter.

In Scheme 16, the general procedure for the preparation of the block copolymers PE-
DOT-CeCs-block-P3MEEET 1-3 is shown. The synthesis of the block copolymers was
achieved by sequential polymerization of 5,7-DiBr-EDOT-CesCs and 2,5-DiBr-SMEEET.
Due to the quasi-living character of KCTP, it poses as a powerful tool for the synthesis
of block copolymers. In the first step the less reactive monomer, 5,7-DiBr-EDOT-CsCs
was converted to its Grignards derivative and the polymerization was initiated by the
addition of Ni(dppp)Cl2. After 6 h of polymerization, the metathesis solution of SMEET
containing the active Grignard reagent of the more reactive monomer of 2,5-DiBr-
3MEEET was added to the still active chain ends and the polymerization was pro-

ceeded for further 2 hours before it was quenched with deionized water.
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Scheme 16: KCTP for the synthesis of PEDOT-CesCs-block-P3MEEET block copolymers. The Grignard metathesis
for both monomers was conducted in separate flasks, before at first the polymerization of EDOT-CsCsg was initiated
with Ni(dppp)Clz and allowed to react for 6 h. Subsequently the active Grignard metathesis solution of the SMEEET
monomer was added, after 2 h the polymerization was quenched with water.

In this work, three block copolymers PEDOT-CsCs-block-P3MEEET 1-3, with an in-
creasing built-in molar ratio of EDOT-CeCs, were synthesized via sequential KCTP.
Three different molar feed-in ratios of the functional monomers 5,7-DiBr-EDOT-
C6Cs:2,5-DiBr-3MEEET of 10:90, 25:75 and 50:50 were chosen. The resulting block
copolymers with built-in compositions are shown in Scheme 17.
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Scheme 17: Chemical structures of the three block copolymers PEDOT-CsCs-block-P3MEEET 1-3 synthesized via
sequential KCTP showing the built-in composition of the monomers obtained from *H-NMR spectroscopy.
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The copolymer composition was determined using *H-NMR spectroscopy (Figure 40),
therefore the built-in ratio of the EDOT-CeCs building block was calculated from the
relative integrals of the protons of the side chain methyl groups of both building blocks
(0= 3.25 ppm for PSMEEET and U= 0.85 ppm for PEDOT-CsCs).
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Figure 40: Aliphatic region of the *H-NMR spectra of PEDOT-CsCs-block-P3MEEET 1-3. The integrated signals
represent the methyl groups of the ether group in the P3MEEET side chain (U= 3.25 ppm) and the methyl groups
of the branched alkyl side chain in PEDOT-CsCs (U= 0.85 ppm). The built-in ratio of EDOT-CesCs was determined
from the integrated signals. The methyl group of the PSMEEET building block was calibrated to an integral of 3.

The calculation of the built-in ratio of EDOT-CsCs is shown exemplary below PEDOT-
CeCs-block-P3MEEET 1.:

8
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From the calculation a built-in ratio of EDOT-CsCs: SMEEET of 8:92 was determined
for PEDOT-CsCs-block-P3MEEET 1. For PEDOT-CsCs-block-P3MEEET 2 a built-in ra-
tio of 27:73 and for PEDOT-CesCs-block-P3MEEET 3 a built-in ratio of 50:50 was ob-
served. The built-in ratios obtained for PEDOT-CesCs-block-P3MEEET 1-3 are well in
line with the feed-in ratios (Table 4). The full tH-NMR spectra of all synthesized block
copolymers and the homopolymers are shown in the experimental section. Molecular
weights of the synthesized polymers were investigated using SEC (eluent: THF (0.25
wt% TBAB), polystyrene calibration) and MALDI-ToF as an absolute method (Figure
41).

Table 4: Built-in molar ratio of EDOT-CsCs and 3MEEET and number average molecular weight Mn for PEDOT-
CeCsg, PBMEEET and PEDOT-CsCsg-block-P3MEEET 1-3. For SEC, THF (containing 0.25 wt% TBAB as eluent) with
a polystyrene calibration was used. Mp (vaLpi-Tor-ms) are peak molecular weights determined using MALDI-ToF mass
spectroscopy.

Built-in ra- Feed-in Mn,epc/g molt  MpMALDI-ToF-
tio ratio (D) ms)/g mol?
P3MEEET : - 12,600 (L17) 10,300
PEDOT-
CeCs-block- 8:92 10:90 12,000 (1.45) 7,100
P3MEEET 1
PEDOT-
CeCs-block- 27:73 25:75 12,600 (1.34) 7,300
P3MEEET 2
PEDOT-
CeCs-block- 50:50 50:50 15,800 (1.47) 6,500
P3MEEET 3
PEDOT-CsCs . : 18,800 (1.32) 3,500

The molecular weights obtained from SEC range from Mn= 12,000-19,000 g/mol. The
synthesized polymers show dispersity of D in the range of 1.17 to 1.47 (Figure 41 a)).
Exact values for Mn and D can be taken from Table 4. Peak molecular weights deter-
mined by MALDI-ToF mass spectroscopy (Figure 41 b)) vary from 10,300 g/mol for
the PBMEEET homopolymer to 3,500 g/mol for the PEDOT-CsCs homopolymer, how-
ever, it has to be mentioned that the molecular weight of PEDOT-CesCs might be un-
derestimated due to mass discrimination effects in the MALDI-ToF measurements. In

MALDI-ToF experiments smaller ions are traveling faster in the measurement chamber
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and therefore the detector might get saturated with lower molecular mass ions origi-
nating from oligomers or matrix ions. Therefore, ions of higher molecular are not able
to reach the detector before it is occupied by the oligomers and matrix molecules.195:1%
In highly disperse samples a high amount of these small molecular weight ions origi-
nating from oligomers is present which leads to discrimination of higher mass mole-
cules. Additionally, size exclusion chromatography showed a relatively high dispersity
b > 1.3 for the block copolymers and PEDOT-CsCs, presumably leading to strong mass
discrimination effects in MALDI-ToF and therefore most probably an underestimation

of the molecular weight.
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Figure 41: Molecular weight determination of the synthesized polymers P3MEEET (black), PEDOT-CesCs (purple),
PEDOT-CeCs-block-PSMEEET 1 (BCP 1, blue), 2 (BCP 2, green) and 3 (BCP 3, red) by size exclusion chromatog-
raphy (eluent THF (0.25 wt% TBAB), polystyrene calibration, a)) and MALDI-ToF-MS (b)). Note that the MALDI-
ToF curves are vertically translated for better visibility.

4.3 Polymer Characterization
Due to the different chromophore and side chains of the two incorporated monomers,
a variation of the optical properties and aggregation behavior, as a function of the

comonomer ratio, is expected.

The aggregation behavior of the two homopolymers P3AMEEET and PEDOT-CeCs as
well as of the block copolymers PEDOT-CesCs-block-P3SMEEET 1-3 (BCP 1-3) was
studied in UV/VIS absorption measurements (Figure 42). Absorption spectra of all pol-
ymers in THF solution and thin films were recorded. The absorption spectra of the two
homopolymers in THF (Figure 42 a)), which is commonly referred to as a good solvent
for polythiophenes, differ significantly. In the absorption spectrum of PSMEEET only
one absorption feature at a wavelength of a= 434 nm is visible. It can be assigned to
the absorption of the polythiophene chains in the random coil conformation without
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indication for aggregate formation. In contrast, the absorption spectrum of PEDOT-
CsCs shows several absorption features with a maximum is arising at a wavelength of
amax= 629 nm and a second peak at a= 578 nm. A third absorption feature is visible as
a low intensity shoulder at = 533 nm. The two absorption features at low energy can
be assigned to the 0-0 transition (629 nm) and the 0-1 vibronic transitions of the elec-
tronic excitation transition (578 nm). As already introduced earlier the ratio of the ab-
sorbance of the 0-0 transition peak and the 0-1 transition peak can be used as a rough
approximation to estimate the quality of the formed aggregates.8%'192 The 0-0 transi-
tion is symmetry-forbidden in ideal H-aggregates however, it might become weakly
allowed in the presence of disorder. On the other hand, the intensity of the 0-0 transi-
tion in PEDOT-CeCs is very high and therefore might be an indication for the presence
of J-aggregates in which the 0-0 transition is allowed leading to a bright 0-0 transition
peak in the absorption spectrum.1°%:1°7 A high ratio of Ao-o/Ao-1= 1.35 indicates the pres-
ence of ordered aggregates in THF solution of PEDOT-CeCs.1%° The shoulder at a=
533 nm can be assigned to the 0-2 transition of PEDOT-CsCs chains. In the absorption
spectra of the block copolymers PEDOT-CesCs-block-P3MEEET 1-3 (BCP 1-3), de-
pending on the copolymer composition, the spectral features of both building blocks
P3MEEET and PEDOT-CsCs in different intensities are visible. In the absorption spec-
trum of PEDOT-CeCs-block-P3SMEEET 1 (BCP 1, blue curve) in THF the absorption
maximum is observed at a wavelength a= 438 nm, which can be assigned to the 0-2
transition of the PBMEEET block (erameeet= 434 nm). At lower energies, two additional
peaks with a very low intensity are observed. These peaks are presumably arising from
the 0-1 and 0-0 transition of the PEDOT-CsCs block at a wavelength of @-1= 570 nm
and ae-0= 615 nm. The low intensity of the transitions originating from the PEDOT-CsCs-
block is in line with the observed built-in ratio of 8 % for PEDOT-CsCs in PEDOT-CeCs-
block-P3MEEET 1. In the absorption spectrum of PEDOT-CsCs-block-P3MEEET 2
(BCP 2, green curve) also three absorption features are visible, the absorption maxi-
mum which can be assigned to the 0-2 transition of the P3MEEET block is observed
at ae-2= 439 nm. The 0-1 and the 0-0 transition of the aggregated PEDOT-CesCs block
again can be observed at lower energies as-1= 574 nm and a-0= 620 nm. The ratio Ao-
o/Ao-1= 1.03 is again > 1 therefore might be an indication for J-coupling. Since the built-
in ratio of PEDOT-CeCs is increased to 23 % in PEDOT-CeCs-block-P3MEEET 2, the
intensity of the peaks assigned to PEDOT-CsCs is also increased compared to PE-
DOT-CesCs-block-P3MEEET 1 The absorption spectrum of PEDOT-CsCs-block-
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P3MEEET 3 (BCP 3, red curve) shows its absorption maximum at lower energies and
in fact can be assigned to the 0-0 transition of the PEDOT-CsCs block (8e-0= 628 nm).
The 0-1 transition can be observed at a wavelength @e-1= 578 nm and also shows a
lower intensity than the 0-0 transition (Aoc-o/Ao-1= 1.33) due to possible J-type aggrega-
tion. The 0-2 transition of the PSMEEET block is arising at @e-2= 448 nm.

_ _solution ' as-cast films melt-crystallized films
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Figure 42: UV/VIS spectra of PBMEEET (black), PEDOT-CsCs (purple), PEDOT-CsCs-block-P3MEEET 1 (BCP 1,
blue), 2 (BCP 2, green) and 3 (BCP 3, red) in solution (THF, a)), in thin films (as cast, b)) and in melt crystallized
thin films (c)).

In Figure 42 b) the absorption spectra of thin films of the polymers directly after spin
coating are shown. The absorption spectrum of the PSMEEET thin film comprises of
three absorption features, besides the 0-2 transition peak, the 0-1 and 0-0 transition
peaks are present indicating aggregation of the PSMEEET in thin films. The 0-1 tran-
sition is observed at a wavelength of as-1= 557 nm representing the absorption maxi-
mum, the 0-0 transition is observed as a distinct peak at lower energies a-0= 604 nm.
The ratio Ao-o/Ac-1= 0.75 here is < 1, indicating the presence of weakly ordered H-ag-
gregates as observed for P3HT.18% 192 The 0-2 transition, which is visible as a shoulder
of the absorption maximum, is also shifted to lower energies (8e-2= 526 nm) compared
to the spectra of PBMEEET in solution (8e-2,HF= 434 nm) which is also a common ob-
servation in H-aggregates, since an enhanced molecular planarization is observed.1?°
In the absorption spectrum of the second homopolymer PEDOT-CsCs also the 0-2, O-
1, and 0-0 transitions are visible. However, as observed in the solution spectrum the
absorption maximum is represented by the 0-0 transition peak at @-0= 654 nm. The
absorption maximum shows a small bathochromic shift compared to the solution spec-
trum (8e-0,7HF= 526 Nm). The second distinct peak can be assigned to 0-1 transition

arising also slightly red shifted compared to the solution spectrum of PEDOT-CsCs (2e-
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1,THF= 578 nm) at @-1= 594 nm. The ratio Ao-o/Ao-1= 1.42 again indicates the presence
of J-aggregates in the PEDOT-CsCs homopolymer. A shoulder of the 0-1 transition
peak can be observedatesa= 550 nm and c¢an £ w®anstiensindigated t o
ing the presence of disordered PEDOT-CesCs. The absorption spectrum of PEDOT-
CsCs-block-P3MEEET 1 with only 8 mol% PEDOT-CesCslooks similar to the absorption
spectrum of the PAMEEET homopolymer, also comprising of three absorption features
with the absorption maximum representing the 0-1 transition arising at @-1= 558 nm.
The 0-0 transition appears as a distinct peak at @-0= 605 nm. The ratio Ao-o/Ao-1= 0.77
in the thin film of PEDOT-CsCs-block-P3MEEET 1, indicates the presence of weakly
ordered H-aggregates. The 0-2 transition peak is also arising as a shoulder of the ab-
sorption maximum at @-2= 523 nm and therefore shows a strong bathochromic shift
compared to the solution spectrum (&e-2,tHF= 434 nm) further indicating the presence
of H-aggregates. The absorption maximum in the spectrum of the of PEDOT-CeCs-
block-P3MEEET 2 can be assigned to the 0-1 transition and arises at @-1= 559 nm,
whereas the 0-0 transition arising at lower energies (8e-0= 603 nm) showing a lower
intensity resulting in a Aoc-o/Ao-1 ratio of Ao-o/Ac-1= 0.83, indicating H-coupling for PE-
DOT-CesCs-block-P3MEEET 2 opposing the aggregation behavior in solution where a
J-coupling of the PEDOT-CsCs block was observed. In thin films however, it seems
that the P3MEEET block directs the aggregation behavior of the block copolymer lead-
ing to H-aggregates. A red shift of the 0-2 transition (8e-2= 524 nm) compared to the
solution spectrum (8e-2,tHF= 439 nm) further supports the hypothesis of H-coupling in
PEDOT-CsCs-block-P3MEEET 2.1%0 In the absorption spectrum of PEDOT-CeCs-
block-P3MEEET 3 the same trend can be observed, despite a built-in ratio of 50 % for
PEDOT-CeCs. In the absorption spectrum the absorption maximum also is represented
by the 0-1 transition at a wavelength of @-1= 581 nm with a secondary maximum at
lower energies representing the 0-0 transition (2e-0= 632 nm). The ratio Ao-o/Ao-1= 0.80
suggests a H-aggregation of PEDOT-CsCs-block-P3MEEET 3, therefore in this block
copolymer it also seems as if PBMEEET is directing the aggregation. A strong batho-
chromic shift of the 0-2 absorption (2e-2= 548 nm) is observed in comparison to the
solution (8e-2,THF= 448 nm) of PEDOT-CeCs-block-P3MEEET 3. Further UV/VIS studies
on the aggregation behavior on melt crystallized thin films of the polymers were con-
ducted (Figure 42 c)). In the absorption spectrum of the melt crystallized thin film of
P3MEEET a further red shift of the absorption features is observed (8o-2= 527 nm, 2e-
1= 559 nm, @-0= 609 nm) while also the ratio Aoc-o/Ao-1= 0.78 is slightly increased,
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indicating a higher degree of ordering compared to the as cast film. The 0-2 transition

is now also appearing as a distinct peak.

In the absorption spectrum of melt crystallized PEDOT-CesCs the absorption features
remain at the same positions as in the as cast films, while the ratio Ao-o/Ac-1= 1.21 is
still indicating J-coupling for the PEDOT-CeCs, the decrease in the Ao-o/Ao-1 ratio as
well as the increase of the intensity of the 0-2 transition, originating from disordered
chains in the random coil conformation, might unexpectedly indicate a slightly lesser
degree of ordering in the melt crystallized film. After melt crystallization of the thin film
of PEDOT-CesCs-block-P3MEEET 1, the ratio Ao-o/Ao-1, of the transition peaks indicating
aggregation, is increased to Ao-o/Ao-1= 0.82 implying a higher degree of ordering after
melt crystallization. A more pronounced redshift of the absorption maxima (&e-2=
528 nm, as-1= 562 nm, ae-0= 612 nm) further underlines the stronger aggregation in the
melt crystallized film of PEDOT-CeCs-block-P3MEEET 1. In the absorption spectrum
of PEDOT-CesCs-block-P3MEEET 2 the spectral features remain at the same positions
as in the as cast films, while also the ratio of Ao-o/Ao-1= 0.83 is staying constant there-
fore melt crystallization did not lead to an improvement of the order in the PEDOT-
CeCs-block-PSMEEET 2 thin film. The absorption spectrum of PEDOT-CeCs-block-
P3MEEET 3 after melt crystallization shows no shift of the spectral features as it was
observed in PEDOT-CsCs-block-P3MEEET 2. The ratio of the two aggregation peaks
corresponding to the 0-1 and 0-0 transition also does not change upon melt crystalli-
zation and remains constant at Ao-o/Ao-1= 0.80, suggesting no increased ordering in the
thin film of PEDOT-CesCs-block-P3MEEET 3. In conclusion, after melt crystallizing the
films of the block copolymers PEDOT-CesCs-block-P3MEEET 1-3 the aggregation is
still directed by the PBMEEET block, therefore showing H-coupling as observed in the
P3MEEET homopolymer, while the PEDOT-CsCs homopolymer showed the presence

of J-aggregates.

In Figure 43 the thermal characterization of the two homopolymers P3MEEET,
P3MEEET, PEDOT-CsCs, and the block copolymers PEDOT-CsCs-block-P3MEEET 1-
3 using TGA and DSC is shown. Thermogravimetric analysis (TGA, Figure 43 a))
shows high thermal stability (Tsw% > 315 °C) of all polymers. For PEDOT-CeCs-block-
P3MEEET 3 a two-step degradation can be observed.
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Figure 43: Thermal characterization (TGA and DSC) of PBMEEET (black), PEDOT-CsCs (purple), PEDOT-CsCs-
block-P3SMEEET 1 (blue), 2 (green), and 3 (red). Dynamic thermogravimetric analysis (TGA) measurements (N2,
10K/min) (a)). Differential Scanning Calorimetry (DSC), (endo up, N2, 10K/min, 2" heating and cooling run is dis-
played) of P3BMEEET (b)), PEDOT-CeCs-block-P3MEEET 1 (c)), PEDOT-CsCs-block-P3MEEET 2 (d)), PEDOT-
CsCs-block-P3MEEET 3 (e)) and PEDOT-CeCsl (f)).

Furthermore, differential scanning calorimetry (DSC) was performed on all polymers to
investigate their thermal transitions and the 2" heating and cooling curves are depicted
in Figure 43 b)-f). The DSC measurements indicate melting and crystallization transi-
tions for all polymers. PBMEEET shows a melting point of Tm= 111 °C with a melting
enthalpy gHm= 11.77 J/g, the second homopolymer PEDOT-CesCs shows a melting
point of Tm= 192 °C with a significantly lowered melting enthalpy gHm= 2.39 J/g, indi-
cating a presumably lower crystallinity in comparison with PSMEEET. The block copol-
ymers PEDOT-CesCs-block-P3MEEET 1-2 show only single melting and recrystalliza-
tion peaks with melting temperatures of the block copolymers PEDOT-CesCs-block-

P3MEEET 1-2 lying in between the melting transition of the two homopolymers (Table
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5). This is a first indication that under the DSC heating protocols, no phase separation
occurs in these two block copolymers. On the other hand, for PEDOT-CesCs-block-
P3MEEET 3 having equal molar ratios of the both segments, it is to be noted that two
melting and crystallization transitions could be observed, one at high temperatures
(Tm=193 °C, Tc= 187 °C) and a second one at lower temperatures (Tm=91 °C, Tc=45
°C). The thermal transitions at high temperatures can most likely be assigned to the
PEDOT-CsCs block, since the transition temperatures are similar to the respective ho-
mopolymer, with also a relatively low melting enthalpy (gHm= 1.36 J/g) in the range of
that of the PEDOT-CesCs homopolymer (qHm= 2.39 J/g) can be observed. The thermal
transitions at lower temperature can likely be assigned to the second P3MEEET build-
ing block, however Tm and gHm are significantly decreased compared to the homopol-
ymer. The two distinct thermal transitions in PEDOT-CesCs-block-P3MEEET 3 could be
originating from micro-phase separated domains, however, this remains speculative
without further investigation in small angle x-ray scattering studies. For the melting
enthalpy of the block copolymers, a clear trend, depending on the copolymer compo-
sition can be observed. The melting enthalpy is decreasing with an increasing PEDOT-
CeCs content, indicating a decrease in crystallinity. The thermal data of all investigated

polymers is again shown in Table 5.

Table 5: Thermal properties of PSMEEET, PEDOT-C6C8, PEDOT-CsCs-block-P3MEEET 1-3 obtained from TGA
and DSC measurements.

Tsw/°C Tm/°C Tol°C oHm/J g1
P3MEEET 378 111 71 11.77
PEDOT-CsCs-
block- 359 128 79 11.60
P3MEEET 1
PEDOT-CsCs-
block- 359 120 65 9.21
P3MEEET 2
PEDOT-CsCs-
block- 316 193/91 187/45 4.36/1.36
P3MEEET 3
PEDOT-CsCs 317 192 164 2.39

121



4.4 Investigation of the Electronic and Mixed lonic-Electronic Prop-

erties

For the application in p-type OECT devices, electrochemical oxidation (p-doping) in an
electrolyte media is required. The respective p-doping process of the polymers in con-
tact with aqueous electrolyte (0.1 M NaCl) was studied in spectroelectrochemical ab-
sorption measurements (SEC). Therefore, thin films of the polymers coated on indium
tin oxide (ITO) were immersed as working electrode in a 0.1 M NacCl electrolyte solution
and biased from 0-0.8 V in reference to an Ag/AgCI electrode while the absorption
spectra were recorded. A Pt-wire served as a counter electrode. In the absorption
spectra of the polymer films, electrochemical doping can be verified by a bleaching of
the " -~ *absorption along with the simultaneous formation of a polaron peak at lower
energies. The evolution of the UV/VIS/NIR absorption of all polymers under applied
bias is depicted in Figure 44 (left column, a), c¢), e), g), and i)). For all polymers a
bl eachi n g *abdorptiohaf the pristine polymer can be observed, while a new
broad absorption feat ur d425@nm) i arising,rwhich oreir
nates from polaron formation. The formation of a polaron peak indicates the formation
of radical cations (polarons) on the polymer backbones, due to the electrochemical
doping. The bleaching of the main absorption is accompanied by a blueshift as well as
a progressing loss of the vibronic features with increasing doping potential. The spec-
tral evolution indicates that the more ordered domains of the thin films are getting
doped first during the application of an external doping potential.1% SEC shows that all
polymers can be electrochemically doped in the presence of an aqueous electrolyte
when applying an external bias. Difference spectra were generated by subtracting the
absorption spectrum at a potential of 0 V from the absorption spectrum at respective
doping potentials (Figure 44 right column). From the difference spectra, it could be
observed that for all polymers which are containing the hydrophilic building block
P3MEEET polymer oxidation (doping) sets in at low doping potentials between 300-
400 mV, whereas for the PEDOT-CesCs homopolymer the onset of oxidation is shifted
towards higher potentials (500-600 mV). From the difference spectra of PEDOT-CesCs-
block-P3MEEET 1-3 it becomes also apparent that with an increasing built-in ratio of
PEDOT-CeCs, the intensity of the polaron absorption and the bleaching of the " - *
absorption is decreasing. At wavelengths > 1200 nm absorption is also increasing with
increasing doping potential, this might be attributed to the formation of bipolaronic spe-

cies.
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Figure 44: Spectroelectrochemical absorption spectroscopy measurements of thin films (on ITO) in 0.1 M NaCl.
Absorption spectra (left column) and difference absorption spectra (right column) of PSMEEET (a), b)), PEDOT-
CsCs-block-P3MEEET 1 (c), d)), PEDOT-CsCs-block-P3MEEET 2 (e), f)), PEDOT-CsCs-block-P3MEEET 3 (g), h))
and PEDOT-CeCs (i), j)) at doping potentials ranging from 0-0.8 V vs Ag/AgCl. Absorption data was normalized to
thickness (dpameeeT= 47.67 nm, dpepoT-cecs-block-P3MEEET 1= 27.64 nm, dpepoT-cecs-block-P3MEEET 2= 54.90 nm, dpepor-

c6C8-block-P3MEEET 3= 56.00 nm, drepot-cecs= 101.23 nm).

In Figure 45 the spectral evolution of all polymers as a function of the applied doping
potential is depicted. For all polymers, an increasing doping potential effects the de-
crease of the " -” *absorption intensity while concomitantly the polaron absorption in-
creases. Surprisingly, the incorporation of EDOT-CsCs does not decrease the oxidation
onset. Instead, the functionalization of the polymer backbone with oligoethylene glycol
side chains, i.e. the increase of the MEEET content, leads to a reduction of the onset

potential of doping. The oxidation onset for PSMEEET and the three block copolymers
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is at around 300 mV while for PEDOT-CsCs the onset of oxidation is at significantly
higher potential of around 500-600 mV.

In the series of the block copolymers PEDOT-CsCs-block-P3MEEET 1-3 it also be-
comes evident that the integral of the polaron absorption is decreasing with the built-
in ratio of the EDOT-CsCs building block, with PEDOT-CeCs-block-P3SMEEET 1 oppos-
ing this trend, thus showing a strong increase in polaron absorption compared to
P3MEEET. A higher built-in ratio of PBMEEET leads to a stronger polaron absorption
across the whole oxidation window (300-800 mV), here also the P3MEEET homopol-
ymer being an exemption. In the series of block copolymers, it is furthermore observed
that with an increasing built-in ratio of EDOT-CesCs the slope of the polaron absorption
plotted against the doping potential is decreasing, presumably indicating a slower oxi-
dation process with increasing EDOT-CsCs content.53
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Figure 45: Spectral evolution of the * -" *-absorption and the polaron absorption for PSMEEET, PEDOT-CeCs, PE-
DOT-CesCs-block-P3MEEET 1-3 (BCP 1-3) in thin films (on ITO) as a function of the applied doping potential. Due
to the complex vibronic structure, integrals of the polaron absorption difference (filled spheres) and the " -" -absorp-

tion difference (triangles) at different doping potentials are displayed.
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Since in the SEC measurements, all investigated polymers show successful electro-
chemical doping in aqueous electrolyte at low doping potentials < 1 V, organic electro-
chemical transistors (OECTS) were fabricated, to study the mixed conduction behavior
of the synthesized polymers. Thin films of each polymer were fabricated on a micro-
structured electrode array. The polymer-coated OECT substrates were then immersed
to 0.1 M NaCl aqueous electrolyte while the gate contact was established via an
Ag/AgCI pellet electrode immersed into the electrolyte. The transistor characteristics
of all polymers except PEDOT-CsCs are displayed in Figure 46. For PEDOT-CsCs no
transistor characteristics could be obtained, presumably due to its strong hydrophobi-
city which prevents swelling and in consequence any ion uptake. The other polymers
all show saturation at high drain voltages in output characteristics (Figure 46, left col-
umn). However, when comparing the output curves (recording source-drain current as
a function of gate voltage and plotting against drain voltage) of the polymers with the
transfer curve (measuring drain current as a function of drain voltage and plotting of Ip
vs Vp) of the respective polymer it becomes apparent that the current in the output
curves is significantly lower than in the transfer curve. During OECT measurements
the transfer curve was measured first, followed by the measurement of the output char-
acteristics. Therefore, when comparing absolute drain current values, it is referred to

as the drain current extracted from the transfer curves.

The transfer curves for PSMEEET and PEDOT-CeCs-block-P3SMEEET 1-3 are shown
in Figure 46, right column. Transconductance gm which is also displayed, was deter-

mined by the first derivative of the drain current Ip.
Q — —000w w (12)

When comparing absolute drain current and transconductance across the series of
block copolymers, it is observed, that with an increasing built-in ratio of PSMEEET
drain current and transconductance are increasing. While PEDOT-CesCs-block-
P3MEEET 3, containing 50 % of the water-compatible PSMEEET, shows a maximum
drain current Ipmax= 13.6 HA and a maximum transconductance gmmax= 0.18 mS, PE-
DOT-CesCs-block-P3MEEET 2, with a built-in ratio of PSMEEET of 73 %, shows
Ipmax= 16 A and a maximum transconductance gmmax= 0.18 mS and therefore only a
small increase in those values. However, when comparing Ip,max and gm,max of PEDOT-
CeCs-block-P3SMEEET 1, which has a built-in ratio of 92 % P3MEEET, with the two

125



other block copolymers, a strong increase in drain current (Ipo,max= 58.65 pA) and max-
imum transconductance gmmax= 0.51 mS could be observed. Since the increase in
P3MEEET built-in ratio was accompanied by a strong increase in drain current and
transconductance one might expect that the P3MEEET homopolymer shows even
higher transconductance and drain current, however, this is not the case. Considering
Figure 46 b) a lower drain current ((Iomax= 25.21 pA) and transconductance (gmmax=
0.26 mS) are observed for PBAMEEET. When comparing these findings with the obser-
vations made in SEC, they are well in line. In spectroelectrochemical absorption meas-
urements, P3MEEET also showed a decreased intensity in polaron absorption com-
pared to PEDOT-CesCs-block-P3MEEET 1, which also features the highest polaron
content in the series (Figure 45). The higher drain current and transconductance as
well as the higher polaron absorption might be an indication of a higher degree of oxi-
dation in PEDOT-CeCs-block-P3SMEEET 1.

126



Io/MA

'I'I'I'_ O1OOI'I'I'I'I
-0,8-0,6-0,4-0,2 0,0 -0,8-0,6-0,4-0,2 0,0

VIV VgV

Figure 46: OECT characteristics of PBMEEET (a), b)) and PEDOT-CesCs-block-P3MEEET 1 (c),d)), PEDOT-CeCs-
block-P3MEEET 2 (e), f)) and PEDOT-CsCs-block-P3MEEET 3 (g), h)). Output curves for all polymers were meas-
ured at Ve=0 V to -0.8 V in 0.05 V steps (left column a), c), e), g)). Transfer curves and transconductance gm of all
polymers (right column, b) d), f), h)) were obtained at Vb= -0.8 V. Channel dimensions were channel width W= 1
mm and channel length L= 5 pm. Note that no curves for PEDOT-CeCs are displayed since no transistor character-

istics could be obtained.

However, as it can be seen from the equation above (equation 12), drain current as
well as transconductance are dependent on channel geometry. While channel width
W and channel length L are constant in all devices, the channel thickness d can vary.
Therefore, the figure of merit for mixed conduction uC* which is a material constant
and independent of the channel geometry, for all OECT materials was determined. To

obtain uC* the transconductance of the OECTs is plotted versus the operation
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(voltage) and the device geometry term, Wd/L. The uC* is then determined from the

slope of a linear fit of the plot (Figure 47).
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Figure 47: Plot of transconductance gm vS geometry and operation voltage term of the transistor equation for
P3MEEET (black) and PEDOT-CsCsg-block-P3MEEET 1 (blue), 2 (green) and 3 (red). The figure of merit uC* can
be extracted from the slope of the linear fit of the transconductance. The data is displayed in a double logarithmic
scale for better visibility.

As it is observed from the plot in Figure 47 the block copolymer PEDOT-CsCs-block-
P3MEEET 1 has the highest figure of merit out of all investigated polymers. When
increasing the ratio of the hydrophobic comonomer in the block copolymers a strong
decrease in the figure of merit can be observed. On the other hand, when employing
the PBMEEET homopolymer in the absence of any hydrophobic components, the fig-
ure of merit also decreases. The observations from the OECT studies correlate de-
cently with the degree of oxidation, which was observed in the SEC experiments, the
integration of a small amount of EDOT-CsCs (8 %) into the polymer structure leads to
an increase in the oxidation level compared to PSMEEET and therefore transconduct-
ance, drain current and pC* are increased. A further addition of EDOT-CesCs on the
other hand, led to a deterioration of the aforementioned values and the oxidation level

which was observed in SEC.
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From both SEC and OECT studies, a non-linear relationship between the monomer
ratio and polymer properties is apparent: Instead of a steady decrease in the oxidation
onset and OECT threshold voltage, a general increase is observed. Through the intro-
duction of higher amounts of EDOT-CsCs the oxidation process seems to be hindered,
which presumably can be attributed to the hydrophobicity of the building block which
hinders ion uptake. However, only a small amount of EDOT-Cs-Cs does affect the a

priori anticipated changes:
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Figure 48: Determination of the threshold voltage for PSMEEET (a)) and PEDOT-CsCs-block-P3MEEET 1 (b)),
PEDOT-CeCs-block-P3MEEET 2 (c)) and PEDOT-CsCs-block-P3MEEET 3 (d)). The threshold voltage Vth is ex-
tracted from the abscissa intersection of the linear fit (solid line) of the slope of &lp vs Ve.

When comparing threshold voltages (extracted from the linear slope of alo vs Vg) for
P3MEEET and PEDOT-CeCs-block-P3MEEET 1-3 it is observed that when introducing
a small amount of the hydrophobic EDOT-CsCs building block, threshold voltage actu-
ally decreases from Vthpameeer= -0.545 V t0 V1h,pEDOT-C6C8-block-P3MEEET 1= -0.533 V.
However, this decrease is not significant and if the built-in ratio of the hydrophobic
building block is further increased, threshold voltage is increased again, to even higher

values of Vth pepoT-cecs-block-P3MEEET 2= -0.556 V and VTh pEDOT-C6C8-block-P3MEEET 3= -0.61
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V. A likely explanation for this discontinuity is that a small content of EDOT-Ce-Cs eases

oxidation without changing the generally hydrophilic nature of the MEEET matrix.

For reusability and repeated use of OECT devices, long-term stability of the channel
material under operating conditions is of upmost importance, especially when biologi-
cal applications are considered. As already a strong depression of the drain current in
the classical OECT measurement of a single transfer curve and a single output curve
was observed (Figure 46), the operational stability of the devices consisting of
P3MEEET and PEDOT-CeCs-block-P3SMEEET 1-3 was further critically studied in cy-
cling experiments. To simulate long-term operation, the OECTs were operated in the
saturation regime at a drain voltage of Vp=-0.8 V while the gate voltage was altered
every 2 s between Vo= 0 V (OFF) and -0.6 V (ON) for 30 minutes (~450 cycles). During
cycling, the drain current response of the devices was continuously recorded. In Figure
49 the current response over the course of the cycling experiments for PSMEEET and
PEDOT-CeCs-block-P3MEEET 1-3 are displayed. The PSMEEET homopolymer (Fig-
ure 49 a)) showed only 6 % current retention after cycling for 30 minutes. By copoly-
merization with the hydrophobic building block PEDOT-CsCs, the current retention
could be improved to 23 % for PEDOT-CsCs-block-P3MEEET 1 (Figure 49 b)) and
even up to 41 % for PEDOT-CeCs-block-P3MEEET 2 (Figure 49 c)), however in PE-
DOT-CesCs-block-P3MEEET 3 current retention is decreased to 11 % again (Figure 49
d)). Despite the significant increase of current retention upon copolymerization, overall
current retention is still rather low with only 41 % for PEDOT-CeCs-block-PSMEEET 2,
having a built-in ratio of 23 % of EDOT-CeCs, when compared to published p-type
OECT materials like poly(diketopyrrolopyrroles).t53 The overall low current retention of
the investigated materials makes it necessary to find further improvements to obtain
polythiophene materials that are viable for long-term use in OECT devices. To under-
stand if there are dependencies between the cycling stability and the degree of swell-

ing, (E)QCM-D studies on the materials were conducted.

130



Figure 49: OECT cycling stability over 30 minutes (~ 450 cycles) at Vo= -0.6 V and Vp=-0.8 V in aqueous 0.1 M
NaCl electrolyte During the cycling process the drain voltage was kept constant (Vo= -0.8 V), while every 2 s the
gate voltage was altered between Ve=-0.6 V and Ve=0 V.

To understand the mixed conduction properties of the different polymers in OECT, the
differences in their operational stability, E-QCM(D) measurements and electrochemi-
cal impedance spectroscopy (EIS) were conducted. A thorough understanding of these
fundamental processes is vital, as they directly influence the material performance and

stability.

The swelling properties (water and ion uptake) of the polymer series were investigated
by (E)QCM-D studies. In QCM measurements a quartz crystal resonator, excited to its
resonance frequency, is used to determine changes in film mass. In QCM mass
changes can be detected directly by monitoring the frequency change gf of the quartz
crystal resonator, i.e., if a polymer-coated quartz crystal resonator is brought in contact
with an aqueous electrolyte, uptake of ions and water can be recognized as a sharp

drop of the frequency, according to the Sauerbrey equation (equation 13):
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