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SUMMARY

This thesis focuses on thikesign and synthesis of novel semiconductor materiaighly suited

for bioelectronics applications. The prototype of bioelectronics device studied haregasic
electrochemical transtors (OECTs)his thesis also studigbe physicochemicaprocesses in
OECTs based on conjugated polyelectroly@REs)rhe standardloped semiconductolayers in
OECTs lead to devices operating in depletion mode. For applicasanb,as sensors, the
devices operating in accumulation mode are preferred, as the power consumption is reduced.
Nevertheless, materials that function in accumulation mode are,rsirece the charge transport
mobility and conductivity of undoped systems under low voltagessigally very low One
promising material, which has been already published as active layer in OECTs, is the conjugated
polyelectrolyte poly(§thiophene3-yl)hexanel-sulfonate) tetrabutyhmmorium (PTHSBA).

This materiatequires further structural stdies to improve itperformance.

To improve the performance of PTHBA, first the processes in OEQTaed to be understood in
detail, which constituteshe first part of this thesisThe influence of counteriorasttached to the
anionic CPEsn the propertiessuch asoptical characteristics, solubility, spectroelectrochemical
behaviour, ionization potentials, capacitances, swelling capalaility the device performance
was investigated.Three different CPEs with thesame polythiophene backbonebut with
different counter ions were synthesized. The counter ions varied in size: ftbe bulky
tetrabutylammonium (TBA) over tetraethylammonium (TEA) to the smallest tetramethy
ammonium(TMA) ion. Recorded absorbance and spectroelectrochemipatsa of the pristine

as well as of the crodiked CPEs showed thRTHIMA' led to a higher aggregation degree, a
faster diffusion of ions into the film and a faster recovery from oxidized state than the other two
CPEs. Electrochemical impedance smsctopy and cyclic voltammetry revealed tHREHI MA’
converted more dopant ions to electrical charges. ConsequeRfli}HIMA' led to the best
performing OECT devices.

This result brings up the questiomhichions of theCPE and liquidlectrolyte influence theon-
diffusion inanionic CPEs such BYHSC or what the fundamental steps of physicochemical
processesare once the CPE film comes into contact with aqueous medium under Wias
combination of spectroelectrochemical and elen@nanalysis, this question was addressed in
this thesis. Crosknked CPE films on ITO were immersed in different electrolytitis and
without bias Spectroelectrochemical spectra were used to detect the redox processes in the

films. Afterwards, the eleental composition of thdilms was investigated vianergy dispersive



Summary

X-ray spectroscopyHEDX. These measurements showduht ion exchange between the CPE and
the electrolyte happesas soon as both gotto contact. Application of additional bias and the
immersion time did not influence the ion exchange process. Nevertheless, an influence of the
nature of the electrolytemediumon the degree and kinetics of the CPE oxidation was noticed.
The results contributed to a better understanding about redox preess ion diffusion
mechanism and the influence of the electrolyte solutmmtheseandthis allows future research

to optimize materialelectrolyte combinations fomore efficientOECTSs.

A further approach to improve the performance BTHIBA in OECTsvas done by blending a
conductingand a semiconducting CPE. The blend was rendered hydrophobic by counter ion
exchange in theconducting CPE with the bulky dioctylammoniuroation Due to the
hydrophobicity of the blended film, it showed an increased ditgbin aqueous environment.

The electronic states of the blend were unaffected. Conductance measurements revealed that
the threshold voltage was modified by the blending and tieion exchange. In OECTSs the
blends achieved transconductances up to 1% Sand switching times of around s (ON) and
11ms (OFF). Consequently, an improvement of OECT stability and device performance was
obtained by the blending of the CPEs and ¢hton exchange.

In the second part of this thesis thgynthesisof new materalsto be usedas semiconductor

layer in OECTs waise main focusFor example, immembranes as active layers in OECArs
give a deeper insight into biological processes, e.g. the activity of ion channels. Therefore, the
biomembrane has to beoupled with conducing/semiconductingCPEswithout changing its
assembledstate. This can be verified by a photonic probe. Contrary to already known photonic
probes, a hydrophobic blenadf two CPEsvas developedwhich could be incorporated into the
hydrophobic lipidshell of the biomembrane. The physical state the different assemblies of
membranesand CPEwere recorded via absorption measurements. As afighe CPEshowed

good emissiomproperties the blend was suitable for imaging different physitates in vesicles

via confocal microscopy experiments.

Further, the synthesiof an active material for4type OECTs was demonstrated. To achieve high
electron mobility, good swelling in aqueous conditions and processability fromtaxio
solvents, swhow-tail oligo ethylene glycol groupsere attachedto Gy and G, cores via Bingel
Hirsch reaction. Optimization of the reaction conditions led to a malonate to fullerene ratio of
0.7 to 1 and to iodine as halogenating reagent to obtain a good yieldamfoadducts. The
monoadducts showed a high solubility in polar solvents. Nevertheless, the fullerene derivatives
were insoluble in waterwhich is suitable for bioelectronic¥herefore, no crosknker will be

needed to stabilize films in aqueous environmeThe electron mobility of the derivatives were
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determined by space charge limited current method ameé obtained values up to
2.80-10 cn? V's'. Thus the modified fullerene derivatives are promising candidates for
bioelectronic applications.

In sammary, this thesis paves the way to improve the performanc€Pinaterials in OECTSs, as

the processes in these devices are closely investigatedfundamental physicochemical insight

is elucidated Beside an approach to tune the operating mode of an OECT, new materials were
synthesized and characterized, which constitwery promising candidates for bioelectronic

applications.



ZUSAMMENFASSUNG

Die vorliegende Dissertation beschaftigt sich mit dentwicklung und Synthese neuer
Halbleitermaterialien, die fur bioelektronische Anwendungen geet sind. @ganiscle elektro-
chemische Transistoren (OE@)lwurden dabei al®rototyp \erwendet Dartber hinaus wurden

die physikochemische®rozesse in OEE, die auf konjugierteriPolyelétrolyte (KPE)pasieren,
untersucht. Bisher wurdemgedopte Halbleitermaterialien als Standard in OECTen verwendet.
Diese fuhren a Bauteilendie eine Verarmungsschicht aufweisen. Fir viele Anwendungen, z.B.
fur Sensorenjst jedoch ein Transistor mit Angdierungsschicht von Vorteil, da diese weniger
Energie verbrauchen. Allerdings sind Materialien, die ei@aivhungsschicht bilden, selten, da
die Mobilitdt der Ladungstrager und die Leitfahigkeit ungedopter Materialien in der Regel bei
geringer Spannung ke niedrig ist.Ein bereits publiziertesvielversprechendes Material stellt
der konjugierte PolyelektrolytTetrabutylammonium Poly{@hiophen3-yl)hexanl-sulfonat)
(PTHIBA) dar.Um die Leistung dieses Materials aktive Schicht in OECAsverbessm, sind
jedoch weitere Untersuchungen notwendig.

Um eine Listungssteigerung von auf PTHBA basierenden OECTen zu erzielen, ist es
notwendig zunachst dian OECdn ablaufenden Prozessen Detail zu versteherDies wird im
ersten Teil dieserDissertation behandelt. & Einfluss der Gegenionedes anionischen
konjugierten Polyelektrolyte auf desen Eigenschafterwie optisches undspektroelektre
chemischesVerhalten Loéslichkeitlonisationspotential, Kapazitat, Schwellung ureistungals
aktive Schichtin OECTerwurde betrachtet. Hierfir wurden drei KPEs synthetisiert. Diese
bestanden ausdemselben Polythiophenriickgrat wiesen aber in der Grol3e variierende
Gegenionen auf: vom sterisch anspruchsvollen Tetrabutylammonium ) TBiéber
Tetraethyhmmonium (TEA zum kleinsten Tetramethylammonium (TKIA Gegenion.
Absorptions und spektroelektrochemische Messungen sinen und vernetzen KPEImen
zeigten, dass PTHMA' den hochsten Aggregationsgrad, die schnellste lonendiffusion in den
Film sowie die schnellstRegeneratiorvom oxidierten in den Grundzustaima Vergleich zu den
anderen beiden KPEserreichte. Dartber hinaus wurde mit elektrochemisher
Impedanzspektroskopie und zyklischéoltammetrie nachgewiesen, dass PTIVB\ ebenfalls

die meisten dotierenden lonen in elektrische Ladungen umwandeln korviie. PTHIMA'
wurde somitdie beste Leistungn OECTearzielt.

Diese Ergebnisse warfen die Frage auf, ob die im Elektrolyten vorhemteren einen Einfluss

auf die lonendiffusion in mionischen KPEs wieTH haben und was die grundlegenden
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physikochemischen Schritte sind, sobald der KPE Film mit wassriger Losung unter Spannung in
Berthrung kommt. Dieser Frage wurde hier mittels Kombination von spektroelektrochemischen
und elementare Analyse auf den Grund gegangen. Vernetzte KPE Filme wurden higrfliiCa
Substraten aufgebracht und anschlieend in unterschiedliche Elektrolytldsungetaucht.
Einige Filme wurden zusatzlich durch das Anlegen eifgrannung oxidiert.
Spektroelektrocemische Aufnahmen detektierten die ablaufenden Redoxprozesse in den
Filmen. AnschlieBend wurde die elementare Zusammensetzung der Filme mittels
energiedispersiveRontgenspektroskopie untersucht. Auf diese Weisgde gezeigt, dass ein
lonenaustausch zachen Film und Elektrolyt beKontakt sofort stattfindet. Weder ein
zusatzlicher Stromfluss noch eine Verédnderung dgntauchdauer beeinflusste diesen
lonenaustauschprozessAllerdings konnte ein Einfluss der Elektriigung auf den
Oxidationsgrad unddie Oxidationskinetik festgestellt werdenDiese Ergebnisse tragen
wesentlich zu einembessere Verstandnis der Redoxreaktionen, der lonendiffusion
mechanismenund des Einflusses der Elektrédgungbei und bereiten somit den Weg fur

weitere Optimierungen der MaterialElektrolytZusammensetzuntijir noch effizientere OECTen

Ein weiterer Ansatz zirerbesserung KPiasierter OECTen bestand aus der Vermischung eines
halbleitenden mit einem leitenden KPBieser Blend wurde durch Gedeneraustausch der
Protonen imleitendenKPE gegen Dioctylammonium hydrophdlfgrund der Hydrphobizitat
wurde eine hohere Stabilitdt in wassrigen Losungen erhaln. elektronische 8tktur des
Blends wurde dabei nicht beeinflusst. Die Schwellenspannung konnte tadHizierung der
Blendzusammensetzung und durch lonenaustausch beeinflusst werden. Der optimierte Blend
lieferte OECTen mit Transkonduktanzen von bis zZ8 1% und Schakiten von 79 ms (ON) und

11 ms (OFF). Durch Mischung der beiden KPE und dogensch wurde schlie3lich eine
Verbesserung der Leistung als auch der Stabilitdt von OECTen erzielt.

Derzweite Teil dieser Dissertation beschéftigte sich mit Sgnthese von neuen Materialien fur
den Einsatzals aktive Schicht in OECTen. Um biologisclizeBsewie beispielsweise die
Aktivitat von lonenkandleresser zu verstehen, sind Biomembranen als aktive Schighten
OECTerbesonders interessantHierfir ist es nétig, die Biomembranen mit leitenden/halb
leitenden KPEzukoppeln ohne deren physisch&lustand zu beeinflussererandern.Dies kann
durch photonische Sonden verifiziert werdenlm Gegensatz zu den gebrauchlichen
photonischen Sonden, wurde ein hydrophober Blend aus zwei KPEs entwickely den
hydrophoben Lipidkermer Biomembrarpositioniert werden kann.Der physische Zustangbn

Biomembranen konnte durch die jeweiligen Absorptionsspektren des eingebauten Blends sicht
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bar gemacht werden. Da der halbleitende KPE Emission aufwéegjer Blend zusatzlich zur

Abbildung verschiedener physischer ZomeWNesiklerdurch konfokale Mikroskopigeeignet

Daruiber hinaus beschaftigt sich diese Dissertation mit der Synthiess aktiven Materials fur
elektronenleitendeOECTen. Um hohe Elaktienmobilitdt, gutes Schwellverhalten in wassriger
Lésung und Verarbdiarkeit aus ungiftigen Ldsungsmitteln zu gewahrleisten, wurden
Schwalbenschwanz Oligitylenglkolgruppen mittels BingelHirsch Reaktioran Gy und G
addiert. Als optimaleReaktionbedingungerwurde einMalonatzu Fulleren Verhaltnis von 0zu

1 unddie Verwendung voriod als Halogenierungsmitt@rmittelt. Unter diesen Bedingungen
konnten hohe Ausbeuten an Monoaddukterzielt werden Die synthetisierten Monoaddukte
zeigten eine hohd_oslichkeit in polaren Losungdteln. In Wasser zeigtesie jedoch keine
Léslichkeit. Dies ist fur bioelektronische Anwendungen von Vortekeiate zusatzliche Vernetz
ungnotwendig ist um die Filman wassriger Losurngu gabilisieren. Die Elektronenmobilitader
Fullerenderivatewurde mit Messungen des durch Raumladung begrenzten Stroms bestimmt
und lieferte Were bis zu 2,80-10 cn? V' s’. Demzufolge sind diehier untersuchten
Fullerenderivate vielvesprectende Materialien fii bioelektronischeAnwendungen.
Zusammenfassend tragt diese Dissertation durch das hinzugewonnene Verstandnis der
OECTen ablaufendgrnysikochemischeRrozesse zu einer Leistungssteigerung von konjugierten
Polyelektrolyten in OECTen bei. Dariiber hinausde eine Methode gefunden, die Betriebsart
von OECTen anzupass@noRerdem wurdenvielversprechendeslektronenleitendeMaterialien

fur bicelektronischeAnwendungn synthetisiertund charakterisiert.



1 INTR@UCTION

1.1 OrganicBioelectronics

The fieldofo A 2 St SOGNRBYAOa Ol y 06 S faiodexpeiiRents in hg 17802
at the University of Bologndn thoseexperimentshe showed that application of electricity on a
detached leg muscle ofi frog induce muscular activity. Galvani suggested that this
phenomenomrequiresd 2 YS aF YA Y £ St SridsickeoDiaiti gresent idnimas2 N
On the contrary Alessandro Volta, a physicist at the University of Pavia, claimed that the
muscular movement was inducedby external electricityoriginating frommetal contacts This
controversy between Volta andsalvani countsas one of the most important scientific
disagreements in historywhich end in the invention of the electrical battery bfolta and the
basis of electrophysiology by Galvamhe crucial experiments, which turned Galvani to the
founder of electrophysiology, were performed in 1794 and 17BY corroborate his theory of
aFryAYFt St SOGNROAGEE
and musclesvithout any metal involvedFigurel-1 A). However Volta was not covinced and
claimed that dissnilar bodiesthat are brought in contactanalsogenerate electricityFinally
Galvaniproofed his hypothesi2 ¥ & | Y A Y I by céhestiddichidegpandirg herves of the

same frogas there were nalissimilar bodiegnvolved(Figurel-1 B). -2

.
sk,
s
T
(LhPt)
oy

o
:.—;g\ﬂhg:g

b

Figurel-1: Experiments of Galvani on a detached frog leg. (A) Nerve sections brought in contact with the leg muscle
leaded to contraction of the frog leg. This experiment was performed in 1794. I(Bjhe experiment of 1797,
Galvani connected sciatic nerves dfie legs of the same frog resulting ima contraction of both legs.Figure
reproducedfrom Ref.[1].

Latez DI fth@dryok ad éntrinsic electricity in animaisverified by subsequent studies and
the field of bioelectronicsarose™? Bioelectronics can be seen as translator between

biomaterials and electronic elemen{&igure 1-2). On the one hand, biological systenmend
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Introduction

reactionscan berecorded andstudied by electronic elements, which convert the signals into
electronially dispbyable values. On the other hand, electronic elements can be used to
influence the biochemical processes happening in biological systeigsre1-2).®! Therefore,
bioelectronics can improve the quality of life of patients, enhance clinical diagnostics ani help
understandbiological processesmplantable cardioverterslefibrillators (ICDsf! pacemakers!

and cochlear implantd are examplesfor bioelectronics which are alreadyin clinical use
Applications such as electroencephalogram (EEG), which records brain activities, helps to
understand the functioning of the brain and to diagnose tumors or epil€pg§iectrical
stimulation is successfully used for treatiepilepsy and I NJ A y & 2 {8 BiosénsoiisSite & S @
a special part obioelectronics Here, a biological element, e.ghzymeor tissue, reacts with a
target analyte and producesn electical, thermal or opticasignal, whiclcan bedetectedand
depends on the concentration of the analftd Bicsensorscan be used for clinical diagnoSf,
analysis of environmental samplEand food quality™ control of industrial process&d and
detection of pathogen&® A well-studied example for biosensors is the glucose sensor, which

helps diabetics to have a better control on their blood sugar IE{el.

Recording of biological signals
and converting into electronic
display values

Biomaterials Electronic elements

Neurons PP

A
| ( "Translator" ]
.J

Proteins/Enzymes

QQ?QQ ectroaes
99991 Flectrod

hv
Tissues ) ii

OLEDs

influencing biochemical
processes

Figure 1-2: Schematicillustration of bioelectronics as transkar between biomaterials and electronic elements.
Biological signals are recorded and converted into electronic signals by electronic elements. Furthermore, electronic
elements can influence biochemical processéfgure adapted fronRef.Fl.

Viruses




Introduction

The electrical contact between the abiotic side.(electrodes, devices and components) and the
biotic side é.g. cells, tissug organs) is a crucial factor for bioelectronic applicatidfs.
Therefore, naterials for bioelectronig are limited to the ones which are able to transduce
signals across the biotibiotic interfacd’® Conventional usednaterialsfor electronicssuch as
metals,cannot efficientlyconvertionic signals used in biological signalingelectrical signals or
vice versaThe impedance israindicator for tleseconversiows. Conducting polymers were used

as electrode coatingsas theyincrease the accessible interfacial area and can be easier
infiltrated by ions.

This leads to a decreased impedanemd thereby to an improved conversion?%?4
Consequentlyneural depthprobescoated withconducting polymergaineda higher signalo-
noise ratiocompared to conventional electrodé&s®” A decrease of impdancealsoreduces the
needed voltages for electrical stimulation and as a resultthe likeliness of harmful
electrochemical side reactio®$:?? Inflammations, triggered by insertion of a device, can be
reduced by the coatingasit is alle to deliveranti-inflammatorydrugs'?®?° Finally a trend from
organic coatings to organic devica®se A main advantage of organsemiconductomaterials
compared toclassicalnorganicmaterialssuch assilicon is their ability to conduct electrons as
well as ion$® This ability derives from their soft nature and compatibility with biological
systemslnorganic layers consist of a covalently bound network and an oxide top layer, through
which hydrated ions cannot easily diffuse. In contrary, organic semiconductor materials build
networks, which are hold together only by weak van der Waals interactinabliag an efficient

ion diffusion through the films. Asrganic magrials do not form oxide layers, they furthermore
provide direct contact with the biological environme(figure 1-3). As the soft mechanical
properties of organic electronic materials mimic those of biological structures, the formation of

scar tissue by mechanical stress is reduted>
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Figure 1-3: Schematic omparison ofiondiffusion through an inorganic and an organic semiconductor layer.pA

type siliconlayerand a PEDOT:PSS layedirect contact with biological environment are used as examplés. the

silicon layer consists of a covalently bound network and an oxide top layer, hydrated warenot easily diffuse
through the silicon layer. In contrast, PEDOT:PSS forms a network, which is hold together by weak van der Waals
interactions, which enables the ions to diffuse through the networkigurereproducedfrom Ref.[19].

The tansparency of organic materials enables tise wf optical analysis techniquaad imaging
applications® Organiomaterials can be deposited at roetemperature and can bsynthesized
costeffectivdy. This isnot possible for conventional electronitd The conductivityof organic
electronic materialsan be tuned from semiconducting to semetallicor evenmetallic**3334

The biological properties can be tailored by functionalizing the compounds with molecular side
groups such asproteins or anchoring group®®! By means of chemical synthesis also the
mechanical and electronic properties can be influenc&die to their versatility, organic
electronic materials face a lot of potential applications in thédfigf bioelectronics. In 200the
terma 2 NHI yA O 0 A 2 Sdinéddpil thePrgbdaroii déf biaklecironics based on organic
9% |n the next partbioelectronic application®f organic semiconductors will be

electronic

consideredn more detail.
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1.2 Bioelectronicapplicationsof organic semiconductors
1.2.1 Organic electrochemicaransistor (OECTdevices

2 NRA 3K G 2 yrépartedieRirdimhrdianic electrochemical transistoDECYin 1984 in which
transistor geometry of a device is achieved by biasing through an electrolyte with a reference
electrode as gate electrod&he setupconsists of three gold electrodes coated with polypyrrole

and immersed in an electrolyte. It is a fundamental property of a transistor to amplify a signal,
that varies the resistance between two contatfs®® Based on polyaniline, this OECT acted as a
sensor for redox reagents and pH value, as both parameters change the conductivity of the
polymer®”! Different conjugated polymers were tested as active material in OECTs, like
polythiophene§%*?  and  polycarbazole$®***  Nowadays,  poly(3:4thylenedioxy
thiophene):poly(styrene sulfonic acid) (PEDOT:PSS) is the most common active material used in
OECTs, as it combines high environmental stability with isguaro processability and

perfo rmancelt8-36.43]

Gate l

L ]
Ve Electrolyte/
Analyte

Parylene Parylene

— Source Active material Drain

Fused silica

Vp

Figurel-4: Crosssectional schematic of an OECT.

A crosssectional schematic of a typical OECT is shoWwigimel-4. The active material is cast in

the channel located between the source and the drain electrodes. The gate electrode is
separated from the channel through the electrolyte. Application of s gailtage causes ion
motion between the electrolyte and the active layer of the device. This ion motion influences the
conductivity of the active layer due to redox proces$&4s it is presumed that the ions diffuse
into the active layer via application of a gate voltage, the geometry (width, length and volume)
of the channel has a high impact on the transistor performdHfc¢€.For instance, a smadized
channel will lead to a faster response dowo several millisecondd“*® However, the
modulation of the drain current will be less obvious than for devices with larger chBfftél.

The material used for the gate electrode is also crucial for the performanae GECT. Lin et al.
showed that OECTs with the same geometry and active layer, but different gate electrode

materials, differ in their characteristics. Reason for that are the altered properties of the

11
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electrode/electrolyte interface and the associatedfeiences in the potential drop at these
interfaces!*

The electrolyte in an OECT can be a solid, a liquid or ®'gfe. the ions within the electrolyte
modulate the conductivity and consequently the draiarrent, b, of the OECT, the transistor
characteristics depend on the ion concentration in the alelgte, as well*! By increasing the

ion concentration, the current modulation will be more drasti€.

As ionto-electron transducers, OECTs enable the translation of a biological (ionic) into an
electronic signal’™ The transonductanceg is the figureof-merit for this transduction and is

defined as

—a

- 10
Q —-

—a

with Ip as the drain current anddas the gate voltagé® As the dedoping/doping of the active

layer takes place within the bulk of the material, the whole material is involved inugiod

signal and therefore the transconductance is among the highest in all transistor techndidgies.
The low operational gate voltage (below 1 V) and thus the possibility to use OECTs in aqueous
environment render this type of transistor suitable for applioagin biology. Biological systems
require low voltages to avoid redox reactions of water or biomolect{éd.OECTs can act as
sensor for ioné>*3 DNA, bacteri&®, enzym8®*") cell§¥!S G Od CdzNI KSNY¥Y2NBsx (KS@
2y I OKALX &aeé ®é &vyily iftegtatdd infoknficiofluii¢ ofiann€f.Due to the
possibility to fabricate OECTs on flexible substrates, stretchable devices for wearable electronics
and implantable devices can be produc®d It was shown that even after mechanical
deformation of a flexible OECT, the transistor characterisgosain unchanged?* % Besides,

the integrity of tissues can be examined with OE&¥3his is useful for screening of drugs as

the ability of dugs to cross a barrier tissue can be read through the OECT cliff&ht.

As demonstrated by Fromherz et al., transistors can record electrical signals of neurons and
stimulate them extracellularly. Using field effect transistors (FET) bassdicon, in vitro signals

from neuronal cell cultures could be detect&d®™ Compared to classical electrodes that are
passive elements, an increased sigtmahoise ratio was obtained with FETs. This is due to the
ability of the FET to ampfi small changes in electrical field generated by neurons. Further
improvement of the signatlb-noise ratio can be achieved by the use of OECTs due their high
transconductance. In silicon based FETSs, an oxide layer separates the active layer from the cells
and ions can interact only with a thin layer of the film. In OECTs, on the other hand, the
electrolyte (cell culture) is in direct contact with the channel, which enables excellent

amplification!®®
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Figurel-5: a) Opticalmicroscopy photos of an ECoG probe based on a PEDOT:PSS OECT and electrode (Scale bar: 10
pum). The source (S), drain (D) and the electrode pad (E) consist of gold (Au). b)y<ertemal schematic of the

OECT and c) the electrode nearby. PEDOT:PSSitagar 200 nm in both devices. d) Neural recordings of the OECT,

the nearby electrode and a penetrating iridium electrode. Figure reproduced from REf.

A comparison ofelectrocorticography (ECoGgcordings obtained fronthe somatosensory

cortex of ratsusing PEDOT:PSS based electrodes and OECTs is sloguia-5.° With an

OECT based on PEDOT:PSS, a high local amplification of neural signals is achieved leading to an
excellert signatto-noise ratio. Moreover, theslectrophysiological signalobtained from an #r
penetrating electrode are shown iRigurel-5 d. The quality of the signals abbed using the

OECT from the surface of the brain is superior compared to that obtained with an electrode
which penetrates the braiff®

OECTs can operate in two different modes: the depletion mode and the accumulation mode. Up
to date most OECTs work in depletion moltethis mode, when no bias is applied, the OECT is

in the ON state (highplvalues) and can be turned OFF (low or negligible valueg) diyl
application of gate voltage. PEDOT:PSS, is the golden standard of doped semiconductor used in
OECTs. OECTs baseditowork in depletion mode. To operate a PEDOT:PSS based OECT, a
positive gate voltage has to be applied (cations penetrating into the channel deplete R8les).

An example forlp- V transfer characteristics and transconductance of an OECT operating in
depletion mode is shown irFigure 1-6 a. Here,a modified form of PEDOT:PSS, namely
PEDOT:PSTFSILi, wasd as active material, in whidithium is used as counter ion arttle
sulfonate side groups of the dopant polynme83s replaced by(trifluoromethylsulfonyl)sulfonyl

imide (TFSK” For accumulation mode OECTS, on the other hand, the channel material should

exhibit low conductivity in its pristine state (no applieg).\Consequentlythe device is initially
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OFF, while a negative (pos#) bias at the gate creates holes (electrons) in the semiconductor
and switches the device O Accumulation mode OECTSs are still rare and typically, need high
operation voltages due to high barriers of ion injections and energy levels of the pdRihiére

first example of an accumulation mode OECT with high transconductance was shavjoint
work between Malliaras group and our group.Figurel-6 b the I- V, transfer characteristics

and the transconductance of this accumuteti mode OECT based gmoly(6-(thiophene3-

yl)hexanel-sulfonate)tetrabutylammoniumis shown*"
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Figure1-6: Examples ofg Vj transfer characteristics and transconductances of an (a) depletion mode and an (b)
accumulation mode OECT. The OECT in figuréWa¥ 100 um, L=10 um, d =200 nm V, =-0.8 V) is based on
PEDOT:PSTFSLi, a modified form of the golden standard PEDOT:PSSyeprddaced from Ref”. Figure b)
shows the results for an OECT based on crosslinkedy(6-(thiophene-3-yl)hexanel-sulfonate) tetrabutyl-
ammonium comprising 5 vol% ethylene glycol (W = 250 um, L =5 pm, d = 6&##%0.6 V), which was published

in a joint work between Malliaras group and our grodflo.

Since the focus of scientific research has traditionally been -oyp@ semiconductors (most

likely due to their presence), the OECTs rely on hole trahspaterials. In fact, a major problem
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for the use of Aype materials in OECTSs is the agueous operation regime, which often leads to
degradation of the material and readily oxidatih®” Just recently, Giovannitti et ashowed

the first stable rtype OECT based or2g-dibromonaphthalenel,4,5,8tetracarboxylic diimide
(NDI)polymer!®!

1.2.2 Photonic probe for biomembranes

As lipid bilayers are the fundamental structure of all biological membranes, they are typically
used as modesystems for bioimaging” Lipid bilayers are built of phospholipids, which consist
of two hydrophobic tails @l chains) and a hydrophilic head with a phosphate grdtgufe

1-7). The hydrophobic tails are normally fatty acids and differ in their saturation degree and

length"
A/\/\/\/\/\/\)OJ\ (II;IJ ®N/ °
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Figure1-7: Chemical structures of three phospholipids, which vary only in the saturation degree of the fatty acids
(drawn in black). The phase transistion tempetae T, of these phospholipids are changing with the degree of
saturation in the hydrophobic tails: The saturatet],2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) has g of

41 °C 1-palmitoyl-2-oleoyl-sn-glycera3-phosphocholine(POPC) (one unsaturategroup) of-2 °C andL,2-dioleoyl-
snglycera-3-phosphocholing(DOPC) (two unsaturated groups) €f7 °C. The blue marked part build together with
the red and the green box the hydrophilic phospholipid head. The blue marked structure is glycerol, in thbaed
the phosphate group and in the green a choline group can be found.

Due to their amphiphilic (also called amphipathic) nature, phospholipidsasseéimble in polar
solvents to form vesicles called liposomdag(re 1-8). The hydrophilic head is orientated
towards the polar media, whereas the hydrophobic tails interact with each other and try the
keep the surface with the polar media as small as pos&leipid bilayers functio as barrier

for ions, as ions have trouble to diffuse through the hydrophobic core of the bilayer. The

permeability of bilayers towards sodium and potassium ions is in the order*dfirhds and for
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chloride around 18 nm/s. Liposomes can be classifietbi small unilamellar vesicles (SUV) 20
100 nm), large unilamellar vesicles (LU¥ 100 nm) and gant unilamellar vesicles (GUV)
(> 1000nm). Furthermore multilamellar vesicles (LMV) (> 500 nm) can be formed, in which the

bilayers are separated Bgyers of polar mediur{*"

unilamellar vesicles

multilamellar vesicles
Figurel1-8: Structure of a phospholipids arranged as uand multilamellar vesicle.

Lipid bilayers can be in the liquid disordered, fluigs @r Ly) state or in the solid orderedel
phase (Sq0r S). Dependent a the lipid type (degree of unsaturation and length of the acyl
chain, type of the head group) the phase transition will take place at a different temperature

(Figurel-7). This temperature is called the phase transition or melting temperatyr&T

HO

Figure1-9: Chemical structure of cholesterol.

Furthermore, small molecules areaqp of biomembranes. These molecules also influence the
physical state of the bilayer. Cholesterbigurel-9) is an important component, which will keep
biomembrane fluid independent of temperature variations. As example a phase diagram of

DPPC in dependence of cholesterol content is showfigarel-10. At high cholesterol cuent,
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the DPPC will be in a liquid ordered statgq(hr L,). Furthermore, membrane microdomains can

exist, such asylbesides Lor S besides L. "
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Figure 1-10: Phase diagram of DPPC plotted as a function of cholesterol content amdp&rature. Figure
reproducedfrom Ref!"".

Additiondly, the affinity of cholesterol varies for different phospholipi®.Consequently, in
model membranes consisting of various phospholipids, microscopic domains can be obtained.
These domains, that are called rafts, wereposed just in 199%7% They are supposed to induce
several membrane processes, like cell motility and polarization, signal transduction, protein
cluster formation and:ndocytosis!®*%!

But still membrane rafts are controversial discussed. The mechanism behind the formation of
such rafts and how they influence membrane processes are still not understood, as the
detection methods are long way off to ideal. Thus, new techniques were developed to enable
the examination of 4 and lys phases. Especially optical techniques are relevant, as they are
noninvasive, fast and sensitive. Furthermore, optical methods can be used in sitte arells.
Besides the improvement of microscopy techniques, new fluorescent probes were investigated

to optically image the physical states of membraff&g”
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i
L

Figure 1-11: Schematic scheme illustrating the principle of pi@ioning probes. 1 and 2 representing lipophilic

fluorescent molecules. Molecule 1 preferences partition in the liquid ordered phase, whereas molecule 2 prefers

the disordered phaseFigurereproducedfrom Ref..

Due to photonic probes, that are staining the membe with a fluorescent material, the
physical state of the liposomes can be visualized. Visualization is based on selective partitioning
or on the sensitivity of the fluorescent material towards changes in polarity of its environment.
Probes, based on theelective partitioning, consist of lipophilic fluorescent molecules that have

a preference to partition either into the liquid ordered or the liquid disordered phase. There
they provide their specific staining and indicate the respective phigpiel-11). Generally,

most probes are segregated from the liquid ordered phase, as the requirements on the spatial

structure of the probe are high to fit into the tightly pgeed L, phase 238889

£
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Figure 1-12: Schematic ilistration of solvent relaxation. The little arrows symbolize the dipol moment of
surrounded solvent molecules. In the excited state \8uorophores exhibit a larger dipole than in ground state}S
Solvent relaxation, i.e. the reorientabn of the solvent dipoles, leads to a decrease of the excited stateaSd
therefore to a shift in the emission spectrum. The excitation (absorption) occurs in less that? 80 Normally,
solvent relaxation is finished within 1¢°s. #%%4

On the contrary, probes, based on environmaensitive fluorescent molecules, partition into

both phases. Due to changes in the environment, the color, intensity or the lifetime of the
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obtained fluorescence iV vary. The changes can be of solvatochromic nature: In general,
fluorophores exhibit a larger dipole moment in their excited state than in their ground state. As
fluorescence occurs for a relatively long timescale, polar solvent molecules can reaarangd

the dipole created by excitation. This reorientation leads to a decrease of the energy of the state
and therefore to a shift of the emission spectrum to longer wavelendtigu(el-12). As water
molecules possess dipoles, the presence of water will lead to such a solvent relaxation. Given
that lipid bilayers in s phase will absorb more watergdand l,,q phases can be distinguished by

a shift of the emissio spectrum. A famous example for an environmeansitive fluorescent
molecule is Zdimethylamine6-lauroylnaphthalene, which is better known as Laurdan and
belongs to the first used probes in lipid biomembrangig(rel-13). In the liquid ordered phase,

the emission maximum of Laurdan occurs at a wavelength of 440 nm, whereas in the liquid

disordered phase the maximum can be found at 490 Rigurel-13).1264270.27274
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Figurel-13: Emission spectra of laurdan in gel phase (i.g¢)Land in fluid phase (i.e.s) reproducedfrom Refl®,

The inset shows the chemical structure of Laurdan.

Beside smalfluorescent molecules, fluorescent proteins and quantum dots (QD) have been used
as photonic probe. However, the application of proteins and small molecules was restricted by
their low photobleaching threshold>°”! Whereas, QDsh®w good photostability, but introduce
cytotoxic heavy metals like cadmium or selenium into the biological system and are therefore
not suitable for in vivo bioimagifd® On the contrary, CPEs show low cytotoxicity, high
sensitivity and versatile surfaces. They possess good photostability, which enables the use of
confocal microscop{>*"*°?Because of the amphiphilic nature of CPEs, they can be added to
lipid bilayers from aqueous solution and can be incorporated to a certain degree into the lipid

bilayer. So far, only few examples for the usage of CPEs as photobé&for biomembranes are
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presented in literature!’®®® In membranes in the disordered phase, the conjugated backbone of
CPEs will be twisted, leading to a decrease in conjugatimgtieand thus to a blushift of the
emission maximum (see chaptér3.2 for more detail). Contrary, a planarization of the CPE

backbone in ordered phase membranetl lead to a reeshift of the emission spectrd0%2!

1.3 Organic semiconduar materials

EPBI
CuPc
Pentacene ©
P3HT SO;H SO;H SO;H SO;~ SO3H

C14H29

PEDOT:PSS

N
/N >
S \/n
Nl \N

NN

PCDTBT

Figure 1-14: Chemical structures of commonly used organic seomductors: copper phthalocyanine (CuPc)
fullerene Gy b Z ibiskl-ethylpropyl)perylene3,4,9,10bis(dicarboximide)  (EPBI) pentacene, poly(3
hexylthiophene) (P3HT)Roly(3,4ethylenedioxythiophene):poly(styene sulfonic acid) (PEDOT:PS3)ly(2,5bis(3
tetradecylthiophen-2-yl)thieno-[3,2,-b]thiophene) (PBTTT), poljdrheptadecanyi2,7-carbazolealt-5,50 n -diZ2T
thienyl-H  Z-wenZothiadiazole) (PCDTBT).

Organic semiconductors can be classifie ipolymer and smalinolecule semiconductorsAll
of these materials have in common that they are based mainly on carbon ateime€1-14).
Alternation of single and double bonds between the atoms lead t@@njugated system with

delocalized electronsn ~ -orbitals among the sp hybridized atoms. This delocalization is
responsible for thecharge transport, oxidizability ar@bnductivity of the materia The degree

of electrical conductivity of an organic semicouthr is influenced by theharge carriemobility
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and the density of charge carriers and can therefore cover a wide range. As the charge carriers
can be either holes or electrons, organic semiconductors can be furthersubdividedas
electron-donor (hole transporting)or electronracceptor(electron transportingsemiconductor.
In the next sectionconjugated polymers are described, followed by a sectiarthe smalt

molecule organic semiconductor fullerene and its derivatives.
1.3.1 Conjugatedpolymers

In 2000 Alan J. Heeger, Alan G. MacDiarmid and Hideki Shiraleaeyawardedhe NobelPrize

for the discovery and development of conducting polym&¥&.In the 1970s, ¥ doping the
semiconductor polyacetylen¢Figure 1-15) with halogens,Heeger et alinduced permanent
charges intothe O 2 y 2 dz3dysieffirning the semiconductor conductiv®® The halogen
removed an electrorfoxidation)of the polymer backboneleaving apositive chargedole. This
hole can be transported along the conjugated chdintramolecular)as well as between
different chains(intermolecular)****° The intermolecular transport of chargesaiso referred

to ashopping processAs conjugategholymers can be doped to a high density of charge carriers,
an increase of conductivity over several orders of magnitude can be obtgfAgd:**"In most
cases, doping of conjugated polymers is induced either chemically, like Heeger et al. did, or
electrochemicallyThe molecular structures of some of tfiest developedconjugatedpolymers

are shown irFigurel-15.

Polyacetylene (PA)  Polypyrrole (PPy)  Polythiophene (PT)

- >—H—< —N=(  =N—( >_H'>E
Polyaniline (PANI)

Figure1-15: Molecular structures of somef the first conjugated polymers: Polyacetylene (PA), polypyrrole (PPy),
polythiophene (PT) and polyaniline (PANI).

Although, the doping processes in inorganic and organic semiconductors are different,
conjugated polymers are categorized ingnd ntype semiconductos in analogy toinorganic
semiconductorsPolymers, which can be oxidized (electidaonor), are therefore often referred

as ptype, whereas polymers, which are easier lie reduced, are called rtype (electron
acceptor) semiconductorsConjugated polymeras p-type materiak, are more widely known
than the ntype counterparts**?**Neverthelessa fewconjugated polymersvith high electron

affinity canacceptand conduct electrongn-type).4%!
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Figure1-16: Chemicalstructures for PA (a), PPy and PT (b). PA possess two geometric structures, which have the
same energy. They differ from each other by the position of the single and double bonds. PA is a degenerated
polymer. On the contrary, PPy and Rkistin aromatic sructure or in quinoid stucture. The aromatic structure is

the state with less energyand therefore forms the ground state geometry. PPy and PT are riegenerated
polymers.

Additionally, conjugated polymers are classified ing@ometrical structure feattes such as
degenerate(of equal energyand nordegenerateelectronic structures A polymerpossesses
degeneratestructures if the polymer has two identical geometrical ground state structures with
the same energy. A common example for a degenerate palysiructure is polyacetylene
(Figurel-16 a). Nondegenerate polymers possess two different structures, which have different
energies™***"Ipolypyrrole and polythiophene are common used polymers of this categdty.
As in this thess derivatives of polythiophenare usedthe followingpart will concentrate on the
dopingprocesses of nodegenerate aromatic structuresPolymersconsisting of ringstructures
can be existent inhe aromatic grounestate or in quinoidike geometric structure, whichas a
higher total energy(Figure 1-16 b). By removing one electron from the backbonetype
doping),a radical cation with a spiof ¥ is createdAs the quinoid structure possessa lower
ionization potential as well as a larger electron affinity than the grestade, the structure of
the chain change$o the quinoidlike structure locally aroundthe introduced charge(Figure
1-17).1*" 18 Thisdistortion of the lattice results itocalized electrom statesin the energy gap
which are termed polaron state@igure 1-18). Further oxidation of the polymer creates a
sphlessbipolaron(a dication in the case aixidation/p-type doping).Thelocal lattice distortion

of a bipolaron is stronger than for polarons. Téfere, the distance ofthe electronic statedo

the band edges are smaller for polarons than for bipolar@figure1-18).**1 The formation of
subbands isaccompanied with a reduction of the energy gap leading to a change in absorbance
and color of the polyme™?'#12% The combination of spectroscopy with electrochemistry,
which is called spectroelectrochemistry, is a powerful technigue to study the ddpsagx)
behavior and creation of electronic stateaectroelectrochemistry will be discussed in detail in

chapterl.3.4
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Figure1-17: Chemical structure of PT in ¢hundoped grounestate, with a positive polaron and a positive bipolaron
after[ p-]type doping. A" denotes the introduced counteranion to preserve charge neutralifyigure adapted from
Ref.[M8]

conduction
band

valence
band
ground state positive polaron positive bipolaron

Figure1-18: Schematic energy level diagram for a conducting polymer in ground state, and with the formed sub
bands in a positive polaron and a positive bipolaron afteitype doping. The polaron has a spof ¥2, whereaghe
bipolaron is spinless.

To preserve chargeeutrality during doping processes, introduced charges are neutralized by
counterions, which diffuse into the polymer during charg{dgping)and out of the polymer
during dischargingdedoping)***??The irsertion of counterions leads toreosmotic expansion

of the polymer matrix as well as to a changeha bond lengths and in the conformatiai the
backboné’®! Thus,a volumetric change (swelling/deswelling) istained As the ions diffuse
inside the polymer matrix, conjuted polymers are able toonduct not only electrons bulso
ions.

During doping conjugated polymers retain flexiltity and light weight Nevertheless, the
relatively strong interchain electretransfer inteactions (hopping of electrons) renddve first
reported conjugated polymers insoluble ardifficult to process. Introductiorof sidechains,
which are covalently bound to the conjugated backbone, leads to an increase of the entropy and
wealens the interchain interactions makitigesepolymers solublé®**??with the possibility to

fabricate semiconductor films from solution, organic electronics have gained increasing
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attention. Conjugated polymers are used in orgdight emitting diodes (OLEB¥**?® organic

photovoltaics (OPVW?"*?® organic fieldeffect transistors (OFE¥f**?and sensor§32 As

these polymers are electrochromic, they can functiod 2 OF f £ SR aGwhighcldbe 3t F aaSa
switched electrochemically betweetwo states (colored and colorless), which allow the tuning

of light transmissionor reflection. Smart glasses can hsedin a variety of applications like

eyeglasse8®! seltdarkening windows in buildingS* anti-glare rearview mirror$**! and

flexible electrochromic display$>® The volumetricchange enables the usages actuatordike

artificial muscles$*"**® Furthermore, theyfunction as corosion protectio* and coatings for

electrodes**4!

Synthesif conjugated polymers

The first reportedconjugated polymer was polyacetlyene, which wasynthesized via an 4ll
defined ZiegleiNatta polymerization Later, aromatic conjugated polymers likmlypyrrole and
polythiophene, which showed higher stability, wesgnthesized andnvestigated?*? In 1979
Gardini et al. successfully synthesizetighly conducting plypyrrole (in its oxidized stateyia
oxidative electropolymertation as thinfilms in an onestep reaction*® Polypyrrole is very
reactive in its neutral state, as it reacts even with a tiny amount of ox{}§&@n the contrary,
polythiophenes, both in doped and undoped state, showed a good stability at ambient
conditions™® Therefore, polythiopheng became the model polymer for charge transport

#2147 and oxidative

studies of conjugated polymef$® Besides electropolymerizati&
polymerizatiof?*®, polythiophenes were synthesized by creating an active Grignard reagant of
2,5-dibromothiophenemonomer in combination with a transition metahtalyst like [NiG{bpy)]

6 6 LJ& Yoipyrdme'td or the better soluble Ni(acac) (acac = acetylacetonaté¥®. Using

Kumada crossouplindg™” reaction 2,5coupling of the monomer units is observed
predominantly™™*? Solubility of polythiophene was gained by introduction of adydinson the

thiophenes****%¥ Due to the asymmetry o$ubstitution of thiophene using alkyl groups at

position 3,the resulting poly(2alkylthiophene)have regioisomer8®! Figure 1-19 shows the

possible regiochemical couplingehe carbon atom on position 2 ofadkylithiophene is termed

GKSIFRéE 0103 ¢KSbBh A 40 K& { X ySR  in gonetal difietent L2 & A (0 A 2
regioisomeric polymers can be obtaine@pending on the control of sequence of H and T

couplings If the polymer backbone is completely regioregular, all monomer units are coimpled

H-T fashion In contary to regioirregular polymers, regioregular pokgl&ylthiophenes) remain

planar like polythiophene. In irregulésomers the steric repulsion of the alkyl chains in position

3 lead to twists in the backbon&he planar egioreguar poly(3alkylthiopheres) enablesan

S T T A Gstaskihg of the chainsuitable for crystallization, which leads to red shift of
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absorption.Both factors are responsible for the highenarge carrier mobilityf regioregular

compared to irregular poly¢alkylthiophenespnd the different optical characteristid&®5%*%"!

HT-HH coupling TT-HH coupling

Figurel-19: Possibleregiochemical couplings in poly{&8lkylthiophenes).

The first synthesized poly@kylthiophenes) were irregular, as the so far used polymerization
reactions (Kumada crossupling*?******® oxidative polymerizatidi?®**"! and electrochemical
polymerizatiort*®**3 did notcontrol the coupling of the monomer unitén 1992 McCullough
and Lowe wre the first to present a synthesis route, which leadhigh regioregular poly¢3
alkythiophenes) with 91 % HT colipgs in their polymer backbon&®® Although the
polymerizationis based on the Kumada cressupling reaction as well, here a control of
regioregularity isobtained bya selective metalation of the monomez-bromo-3-alkylthiophene.

In the same year Rieke and Chen claimed to have synthesized a completely regioregular HT
coupled poly(3alkylthiohene) viaan alternativesynthesisroute (Negishi couplingtontaining
hight @ NBI Ol A J'® Adiboth SiétHdds lark gefdrmed under cryogenic temperatures
6a0/ dzt f 2 dz3600&E Y S S S ara °E¥GafidkneeR long reaction timeshey
were not suitable for large scale production of poka{Rylthigphenes).In 1999 McCullough et
al. developed a synthetic routfr regioregular poly(&lkylthiophene), which does not need
cryogenic temperatures or expensiveagents like Zngi®***!and MgBg**® On top of this the
polymerization is fast and polygkythiophenes) are obtained in high yield®) Even though &
the polymersobtained in this wayhad reasonable moleculamweights (M, of 20£35 kDa,
polydispersity indeXPDI) o1.20to 1.47), andvery highHT-HT couplingsthe real mechanism of
this reaction was not cleaat that time and the broad PDI and end group analyiggesteda
typical Nicatalyzed steggrowth polymerization mechanisH" It took some yearso getaclear
evidence for the mechanism, which was first suggested in 2004 independently by
McCullaigh®'8® and Yokozaw@d” 3 NB dzLJa | -ranstefpblycdndedsation with a chain
growthY S O K | y"A Tlerndechanism of the reaction is showrFigurel-20.
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Figurel-20: Mechanism ofthe Gringard methathesis polymerization gfoly(3-alkylthiophene).Figure adapted from
Ref. 117!

The first stegnvolves a Gringard methathesi§GRIM)of 2,5dibromo-3-alkylthiophene with one
equivalent alkylmagnesium chloride RMgC). Due to the exchange of bromide against
magnesiumchloride two regisomersm | YR MQ I NE 200 aAbp8@5, it KS NI (A
prepared at room temperature. The nickedtalyst Ni(dppp)&l(dppp: 1,3diphenyphosphine
propang reacts with twoequivalentsof the monomer 2bromo-5-chloromagneisun8-alkyt
thiophene (1) to a bis(organo)nickel compound (2). Here the less sterical hinderddiltail

conformation is builtNi(0) (3) and a dimer (4) is obtaineid reductive elimination of nickeThe
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initiator compound of the polymerization (5% created by widative addition of the dimer (4) to

the Ni(0) (3). Now multiple cycles containing transméditibn, reductive elimination and intra
molecular oxidative additiorgenerate the polymer chain. As the inserti@f the undesired
NEIA2A42YSN) MQ A& &0GSNAOIffte KAYRSNBR:E 2vyfeé
Consequently, just one tail to tail coupling per polymer chain is created leading to a high

regioregularity of around 98 %8>+
1.3.2 Conjugated polyelectrolytes

As a natural consequee of synthesis afonducting polymers, it waalsotried to realize water
or alcohol soluble conjugated polynserProcessing from these nooxic and ecefriendly
solvents would pave the way for largeale production like rotb-roll process. Furthermore,
water compatibleconjugated polymersvould be ofgreatinterest for applications in biological
systems.The frst water-soluble cofugatedpolymers were synth&ized by Heeger et al. in 1987
(Figure 1-21), in which an ionic side chain was introduced to a conjugated polymeadi

repeating unit to get conjugated polyelectrolytes (CPES)

o, 0° ®
\S\ Na
N
o. O@ @ o}
<7~ Na
N
(0]
/ \ / \
S n S n
P3-ETSNa P3-BTSNa

Figure1-21: Structures of the first watersoluble corugated polymers: poly(3(2-ethanesulfonatejhiophene) (P3
ETSNa) and poly{@!-butanesulfonatejhiophene) (P3ETSNa).

CPE can be classified io anionig cationicand zwitterionicCPEs ependent on thenature of
the attached groups. Typical ionic groups of anionic CPEs inclusiéfonates:’?"!
carbaxylates > and phospbnates®'® whereas quaternary ammoniufd and
pyridiniunt'®®*® salts are used for cationic CPEsiitterionic CPEs contain anionic as well as
cationic groups. In contrast to anionic and cationic CPEs, zwitterionic CPEs do not have mobile
counter ions, as all ions are covalently bound to ploéymer backboneTherefore, during doping

of neutral conjugated polymers or zwitterionic CPEs ambient counterions have to diffuse in and
out of the polymer matrix to ensure neutrality of charges. On the contrary, created charges in
anionic or cationic CBEcan becompensated byexpulsionor insertion of their ionic bound

counterions (inFigure1-21 Na).*#'% Thys cationic and anionicCPEs are also termed self

27



Introduction

doped polymers if oxidation or reduction of the conjugated backbone takes pl&¢eSome

examples foanionic, cationic andwitterionicCPEsire shown irFigurel-22.

@
SO}Na® 0
I
IP(ONalz
CO,H 0
’ = = )
/ Ve VaO=W, C)r—=—=]
n n A
HO,C 0
o]
A carboxylated PPP f(ONa)Z
0]
MPS-PPV PPE-PO,"

50,

2 \/N/\ /\N\/
~
n
PPPB O n

P-NEt,* PFNSO

P3TOPA

Figure 1-22: Chemical structures of some conjugated anionic (MPBV: sodium poly(5-methoxy-2-(3-sulfoprop-
oxy)-1,4-phenylenevinylen)*”® carboxylated PPP:poly(p-quaterphenylene2,2-dicarboxylic acid)"¥ PPEPQ;:
sodium poly(l,4—bis(2—phosphonoethoxy)p-phenyleneethynylene[m}), cationic (P3TOPA: poly3j-thienyloxy)-
propyltriethylammonium) chloride™® P-NEt": poly(2,5bis(3{N,N,Ntriethylammonium}-1-oxapropyl}1,4-phenylene
alt-1,4-phenylene) dibromid™” PPPB:poly(propargyl pyridinium bromide}®®) and zwitterionic polyelectrolytes
(PRNSOpoly(9,9-bis((N-(3-sulfonate-1-propyl)-N, N-diethylammonium)hexyl)-2, 7-fluorene) ).

In general, there are two ways to synthesize CP&s:ionic monomer can be directly
polymerized"®®® or functional groups on the side chainof a polymer precursor can be
converted into ionic groups(postpolymerization functionalizatiod}’>*®”! Most CPEs are
synthesizd using thelast described method, as any polymerizations are sensitive to the
presence of ionic groups and solvents suitable for polyelectrolytes, like waighermore, the
neutral precursopolymerfacilitates the purification of the product and cée characterized by
well-known techniques in common organic solveh&!?°)

Interactions of CPEswith the solvent as well as electrostatic correlations influence the
aggregation and therefore the optical propertié® In polar solventsuch as \ater, mostCPEs
tend to aggregate. Consequently a relift of the absorption bandand fluorescence quenching
can be traced dudo the obtained™ -~ A y i S Nth&agdredjafedl stdteDepending on the

chemical structurein solventssuch as DMSO onethanol, the polymer chaingre dissolved on
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molecular level Therefore,just limited intermoleclar interactions are possihldeading toa
blue-shifted absorption maxim&®<'%®l As theionic groups of CPE=sn interact with ambient
chemical or biological compound$eir presencecan be detected bghanges in the absorption
and fluorescencepectrumof the CPEConsequentlyCPEdunction as optical sensor for those
compounds™ Because of the sensitivity ofEPEs to the ambient conditions, also the
temperature, the pH value ofthe solution andthe concentration of CPE influence the
aggregaion and theabsorption and fluorescence spectt&:**>**Moreover, CPEs havbeen
studied as interfacial layer in organic devices, like solar, @& Ter OLED8"?% Theycause a
reduction ofthe energy barrier for charge injectiomttraction This effect is induced by a
combination of two processe€On the one hand, permanent interfacial dipoles are created
between the electrode and the CR&yer resultingin a reduction of the work function of the
electrode. On the other hand external electric fields cause ion migratioor molecular
reorientationin the CPE laydeadingto aninternal fieldredistributionwithin the devicg!®®2°%
1% As the organiphotoactive layer igypicallysoluble in nonpolar organic solvents, Ce&s be

deposited withoutre-dissolution of theunderlying photactive layer

1.3.3 Fullerene and its derivatives

Figurel-23: Chemicaktructure of the two widely studied fullerenes: g and Go.

Fullerenesand their derivativesre an important group of organecceptorsemiconductes. At
their discovery in September 1985, Curl, Kroto and Smalley meraware of the versatility of
potential applications which evolved out laterDuring an experiment, in which graphite was
heated and evaporated by a laser, the scientists obtained aakigna stable molecule the
mass spectraThis molecule had the weight of 60 carbon atoms. they were not able to
identify this molecule with the known structures and modifications of carltbey proposed a
closed polyhedral structureTheoretical ckulations ofJones (1966) an@®sawa(1970) had

already shown that this structure should be possible and staliie.development of a process
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which enablel the production ofGs in gram quantities, resukd in the proof of the structure
and built the baséor further researchin this field 2%

Fullerenecan consist of 20 up to several 100 carbon atoriihe carboratoms arearranged in
pentagons and hexagons, which assemble polyhedral structure(Figure1-23). Contrary to
graphene, fullerenes are completely closed systembauit free bounds According to Euler, a
polyhedron composed of pentagons and hexagons must contain exactly 12 pentagons to build a
closed system. Consequently,o@ the smallest possible fullereneonsistingof exactly 12
pentagons.Depending on the nuflver of additional hexagons, molecules of different sizes are
obtained. Strong surface flection accompanied by warping of the bouwith neighbored
pentagonsis responsible for the instability ofmany fullerenes. @ is the smallest stable
fullerene, as it consists of completely surrounded pentagdims combination of2 pentagons

and 20 hexagon&**#+7:2!8]

[6,6]-bond
0.138 nm
localized double bond

[5,6]-bond
0.145 nm
localized single bond

Figure 1-24: Most stable Kekulé structure of & A pentagon and a hexagon are highlighted in red to show the
different bonding characteristics.

In fullerenes two differeh chemical bonds can be noticed: On tbee hand a [6,6}bond
between two hexagons, on the othéand a [5,6Jbond between a pentagon and a hexagon. Via
X-ray crystal structurestudies,a bond length ofaround0.145 nm for [5,6}bonds and 0.18 nm
for [6,6]-bonds were determined.Therefore, localization of double bondsetween two
hexagons and of single bonfising apentagon witha hexagon lead to the most stable Kekulé
structure for Gy (Figure1-24).2%??2 ¢, molecules crystalize in a facentered cubic latticeAs
just Vander-Waals interactions are effective between thengle molecules fullerenes are
expected to besoluble in many solventsHowever, the energy whichis needed to break
intermolecular linkages of solvent molecules, cannot be compensated time interaction of
solvent with fullerene Furthermore, dissolved fullerene molecules hinder fbenation of an
intermolecular structure in the solveniyhich arecreated by intermolecular interactions such as
hydrogen bonds. Hencegfds not soluble in polar solvents like acetone, tetrahydrafu or
water. 5 dzS (2 -a iint&t&cybas with aromatic units fullerenes arebetter soluble in

aromaticthan polar aliphatic solvenf&*#*4
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Figure1-25: Cyclic voltammogram of &gin a solvent mixture of 180 vol% of acetonitrile in toluene at10 °C and a
scan rate of 100 mV/s. Figure reproduced from R&f.

Despite thdow solubility, fullerenes are interesting for different applications due to their unique
electrochemical properties.¢gis amoleculewith high electron affinityand can collect up to six
electrons (Figure 1-25). Reason for that is the lowest unoccupied molecular orbital (LUMO),
which is degenerated triply and has a comparable small enefgy successive deiction
processeshow an invariablepotential distance of around 450 + 50 mV in cyclic voltammetry
measurementsFullerene anions arexceedingly stabland enable charge separated stateg, C

is difficult to oxidizeThe difference between the firgtxidation and the first reduction potential
amounts 2.32 VThe highest occupied molecular orbital (HOMO#ivefold and has eclosed

shellconfiguration #2522

H

a) 0,,=90° HnQ A).H b) 0,,=109.5° A
'H
H H HON,

' A H

) 0,,=101.6° d) 6,,=110.9°
\ = =

Figure1-26: Comparison of the an§la 2F &AYLIE S OF Nb 2 y-I YRt SWdz YSSwitkdthg'S I i KSy S
angles inc) pristine GoF dzf f SNB YISy B * R0 I T S NJ. AddRtidri ofi AHRIghds 20TconVetsiondof sp
into spshybridized carbon atoms and to reduction of cyclic ass in the fullerene.

Gso moleculesare more reactive than other saturated systems. Reason for that are the

geometrical requirements. Double bonds have to deviate from their usually pl&ngure

31



Introduction

1-26a) to a pyramidal structuréFigurel-26b). This leads to a huge stress in the moleclrie.
most chemgal reactions of fullerenes a conversion of 8o sp; hybridized carbon atoms
occurs(Figurel-26d).230231

Generally fullerenes undego redox or addition reactionshé stress relaxabn in the fullerene
cage is the major driving force for chemical reactioAs. carbanions favor a tetrahedral
geometry, reduction of fullerenes also cause energy releaseVia reduction reactions fullerene
salts are obtained(Figure 1-27a), whereas addition reactions lead to covalertlyund,
exohedral adducts (Figure 1-27b). Further conersions of activated adducts vyield

heterofullerenes (Figure 1-27c), endohedral fullerenegFigure 1-27d), fullerenes with open

230,231]

structure (Figurel-27e) or degradation productgFigure1-27f). |

Figure1-27: Possible g derivative types: a) fullerene salt, b) exohedral adduct, ¢) heterofullerene, d) endohedral
fullerene, e) fullerene with open structure and f) degradatigproducts Figure adapted from Ref?,

Additions to fullerene cages usually take place on double bonds, that is orbf§)8. The
generation of a [5,6flouble bond would need energy input afound 8.5 kcal/mof**?*!Figure

1-28 shows the possible isomers ofy@fter monoaddition Unfavorable structure elements are
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marked in red color. The most stable isoniemring-closed sgtem with a bridged [6,6hond.

Also [5,6]-open structures can be found in reaction mixturesthe [5,6]-open structureis

6 kcal/molless stable than th¢6,6]-closed oneHere the double bonds, which have to be built
next to the bridgeheads, a8y SNAE S G A OF f £ @ dzy Tl @2 NIAGiIySmourd 02 NRA Y
of [5,6}closed structures can also be found in some reaction mixtures. This structure is
21kcal/mol less stable than the most stable [6¢g6psed isomerFullerenes aim to have as less
double bonds between pentagons and hexagons as possible to be eigatlyefavourable. In
[5,6]-closed structures, howevetwo double bondsat those position have to be createdrhis
leads to the less stability compared with the [6gidsed isomer. Another possible isomer is a
[6,6] ringopened structure. Here, evethiree double bonds between pentagsrand hexagons
have to be built. Furthermore, twdouble bonds need to be created next to the bridgeheads. As
the [6,6}open isomer is energetically unfavorable, it could not be found in reaction mixtares

far [231.235,236]

[6,6]-closed [5,6]-open [5,6]-closed
+ 6 kcal/mol +21 kcal/mol

decreasing stability

Figure1-28: Possible isomers of ggafter monoaddition. For the isomers [5,69pen and [5,6]closal the relative
energies to the most stable isomer [6,€Josed are given. Unfavorable structure elements are marked in red color.
Figure adapted from Ref*

In 1993 Bingelpublished an efficient method to synthesize and isolatgclopropamted
fullerenes’®” Because of good yields, mild reaction conditions, and the tolerance towards
various funcional groups, this method is still the most used for functionalizatibfullerenes In

the first step of the initidy reported Bingel reactionsodium hydrideNaH RSLINR (2 ¥y I G Sa |
bromomalonate Figure1-29, 10 @ ¢ KS Midraoezrhadioyi B is added to the & cage

(3) and intramoleculdy substituted by the created anionic centrum of the fullerene cagje (

Using the Bingel reaction elusively [6,6klosed isomersare obtained?>23-23
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Figurel-29: Mechanism of thecyclopropanation of G, via Bingel Figure adapted from Ref!.

As the synthesis and isolation of more complex halageshmalonates is difficult due to their
instability, Hirscret al. modified the synthesisTheyd Sy’ S NJ (i-8aRgelinf@iBnate in situ in
the preserte of tetrabromomethane or iodine andreauxiliarybase. It is important that the base
is not nucleophilic to woid addition reactions of the base on the fullerene cade8
Diazabicyclo[5.4.0Jundetene (DBU) is often used here. Using this modified reaction,
nowadays called Bingélirsch reaction, god vyields of 3060 % of monoadduct are
obtained!?3!23%240]

As (g provides 30 reactive [6,6double bonds also multiadduts are possibleThat is the
reason, whycomplex mixtures of monoadducts and several multiple adducts are obtdored
addition reactions on & With increasing number of additions, also the number of possible
isomers increases. These isomers are venyjlainm their chromatographic properties. Thus,
they cannot be separated very easily. Normally, reactions are aimed for monoadducts, as they
do not possess isomers and can be separated from higher addition products and unregcted C
by chromatography For each added group, the conjugated system of the fullerene cage is

reduced, which leads to an increase of the LUMO enehgyaddition, each added group

decreases the number of potential reduction steps by okea result, the easiness of reduction

34



Introduction

drops fom mono to hexakis adduct®epending on theype and amount ohdded groupsthe
d.221'234'24l]

solubilityand other characteristicsf fullerenescan be influence

Hummelen et al. Sgndergaard et al.
PC4,BM

Figure1-30: Chemical structures of the wst famous fullerene derivative PC61BM and the THF soluble ph&a
2-(2-(2-methoxyethoxy)ethoxy)ethyl butanoate.

The most famous fullerene derivative is phe@@tbutyric acid methyl ester (RBM), which is
commonly used as electron acceptor material for organic photovaitdft Hummelen et al.
aimed for the addition of a functional group to tli&, cage, which enables the attament of a

big range of different molecules. It is important that the functional group does not react with the
electronegative € cage. Thecarboxylgroup is one of the few groups, which comply that.
Furthermore, it is one of the most versatile functionaroups As a resultHummelen et al.
decided to addthis group as the handle ro a spacer.As spacer the flexible and inert
trimethylene was used, as it is long enough to solubilize the product. A phenyl ring is added on
the spacerbecause a phenyl ketorie more stable and easier to synthes#d.PG,BM provides

a good solubility in organicsolvents such as chloroforn§28.8mg/mL) chlorobenzene
(59.5mg/mL)and dichlorobenzen&2.1 mg/mL}***!

For largescale processing in industry a large amount of solventsuaesl. Because of the bad
environmental compatibility of aromatic and chlorinated solvents, fullerene derivatives, which
are sufficienly soluble in relatively nonhazardous solvents such as dimethyl sulfoxide (DMSO),
acetone, etlyl acetate or tetrahydrofuan (THFare interesting Solubility of fullerene derivatives

in water is especially interesting for applications in medicine and biolSgndergaard et al.
prepared a fullerene derivative similar to {M, which obtained instead of themethyl ester
subdgituent a triethyleneglycol mono methyéster. This phenyC612-(2-(2-methoxyethoxy)
ethoxy)ethyl butanoate s highly soluble in DMSO and THF. This fullerene derivative is not

soluble in water itself. Nevertheless, it can be processed in aqueous sumgsHdt
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OH

OHO

Brettreich and Hirsch

Figurel-31: Water-soluble dendro[60]fullerene developed bRrettreich and Hirsch.

A water soluble fullerene derivate was developed by Brettreich and HifSigure 1-31). By
addition of a dendrimer containing 18 carboxyl greuthey preserve the easiness of reduction

of monoadducs, but still havea sufficient amounbf soluble groups attached to the fullerene.
This dendro[60]fullerene has a solubility of 34 mg/mL in aqueous solution with a pH value of 7.4.
In basic solutiongH 10) the solubility increases to at least 254 mghffl.

Fullerenes can be used aee&ron acceptor in solar cells. Mosbmmonlyused are PEBM and
PG,BM ! Derivatives 0fG,, are not very common compared to derivatives@jf, because of

the high cost and less availabiliof Go. Fa the application in solar cellsmostly moneadducts

are used, tomake use of their favorable electronic properties and charge transpoiot of
fullerene derivatives were tested in bulk heterojunction organic solar é@lisesamoorthyet al.

just pubished a good reviewabout, showing a variety of used fullerene derivatiVés,
Furthermore fullerenes and fullerene derivatives can be used as chromatographic stationary

phase.Strong™ -~ interactions between the fullerenes arttie analytes lead to retention and
therefore to separationof polycyclic aromatic hydrocarbons (PAMBg fullerenes are
immobilizedfor exampleon silica, which acts just as support material. Only the fullerenes take
place in the separation proce$8’?*% Due to its extraordinary characteristics, fullerenes and
their derivatives can be used in biological and medicinal applications, asAsdhe fullerenes
can be reduced easily, they mawith free radical specie®\s radicakcavengers they can be
used against apoptosis and neurodegenerative dised3&8* Antibacterial and antiviral
activity of fullerenes and their derivatives are wtiown nowadays®>?® Furthermore,
fullerenes can block the receptor site of human immunodeficy virusl (HI\A1) protease due

to its spherical shape and hydrophobic surface. Consequently, HIV replication and infection is
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stopped, as the cleavagsf proteins isprevented®%%3 Because of the ability of fullerenes to
generate singlet oxygen after irradiation, fullerenes can be used to cleave nucleic acitts and
[251.264]

oxidize lipid In addition,application of fullerenes as drug delivery carsiex discussed.

Foley et al. showed that fullerenes and their derivatives cessscell membranes andan

deliver drug molecules to the target cefi$12°®!

1.3.4 Characterizatiormethods

Determination of dargecarrier mobility via space charge limited current method

The bulk charge transport properties of organic semiconductors depend on the utalec
structure as well as on intermolecular interactions. It is moreover dependent on the charge
RSyaAride 2F GKS al YLIX Sdn ainftérial &fcdrélaieddo OHarge cardey R dzO (i A
mobility as

A TRAG
with n is the number of charge carriers, e the electronic charge and p the charge carrier mobility.
The charge carrier mobility as a material property plays a key role in defining the switching time
of electronic devices. Charge carrier mobility values ds &gl criv's®have been reported for
organic semiconductors. Nevertheless, these charge carrier niebiire much lower than the
ones in single crystalline inorganic semiconductors. In organic materials charge carriers are
transported both via intramiecular and intermolecular pathways, where the transfer rate is
much slower than the band transport in inorganic semiconductors. The charges in organic
materials hop from one molecule to another. Thus, amongst others, the molecular packing,
impurities, degee of disorder, extend and depth of charge trap states and the temperature have
influence on the charge carrier mobil#fy®**>26**! The charge carrier mobility can be written

as
74N

L%
6 KSNB A rigradrift etoSity ahtl Eihe applied electric field. Hence, the charge carrier
mobility defines the distance, over which the charge carriers can be transported due to the
electric field E. p can be determined by various techniques. Practically, thedé&teimined
charge carrier mobility values depend on a method, geometry and the thickness of the sample.
For measurements with timef-flight (TOF) and space charge limited current (SCLC) method, the
sample is sandwiched between two electrodes. Thus, thergeh carrier mobility is determined

in bulk in a perpendicular direction to the substrates. In contrast, in an organic field effect
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transistor (OFET), the lateral charge carrier mobility values along the plane of substrates over
some pum are measurdgf’ 2!

The electric current of a single carrier organic device is limited either by the space charge
developed inside the device (SCLC) or by the nundfecharge carriers (injecticlimited
current) injected from the electrodes. Consequently, the injection barrier height of the electrode
to the organic semiconductor is crucial. If the barrier at the interface is greater than 0.3 eV,
injectionlimited curent is observed. Contrary, SCLC appears for injection barriers less than
0.3eV. In this case, charges are injected efficiently into deeice!?®®’*?"2l A typical current
densityvoltage (}V) curve of a norinjection limited device contains three differemégions
(Figure 1-32): At low voltages, the currentlensity increases linearly (ohmic region), as the
current densityis limited by the background charge carrier concentration. The SCLC region is
reached for higher voltages. Here, tleirrent densityis quadraticallydependent on the voltage.
Usually in this region, enough carriers are injected from the electrode than the material can
transport. In the trapfree region all traps in the material areldifl. As high voltages are needed

to reach this region, the trafree region is generally not detected as heat dissipation in the

device can destroy the organic semiconducfdr?”

L | Ohmic ]
- | regime e
JaV
_t SCLC ]
2+ regime | ¢ -
e JaV SCLC
i trap-free | ]
i regime | |
! JaV?
log (V) Vi,

Figurel-32: Schematic of dypical currentdensity-voltage curve ofof a noninjection limited device. The ohmic and
the SCLC regimes are indicated. VTFL indicate the-fitlgal limit voltage. Figure reproduced from Ref273].

For determination of the charge carrier mobility via SCLC method, the organic semiconductor is
sandwiched between two suitable electrodes. The curremitage characteristics of such a
device are recorded in the dark. The resultifg ¢urve depends on the charge carrier mobility
and concentration of charge carriers as well as on the electric field. The choice of the electrodes

is crucial for the SCLC methothe injecting electrode must form an ohmic contact with the
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respective energy level of the semiconductor. In hotdy devices, in which the mobilities of
holes are investigated, the highest occupied molecular orbital (HOMO) of the semiconductor has
to be considered for the charge injection. Likewise, in electaly devices the electrode must

be able to inject required electrons into the lowest unoccupied molecular orbital (LUMO). As
already mentioned, the injection barrier height should be smaller tha&heV to ensure SCLC
conditions. The counter electrode should be selected in such a way, that the charge carriers can
leave the organic semiconductor without hindrance and opposite charge carriers cannot enter
from it. In this manner, the transport of elge carriers is limited by the charge carrier mobility

of the organic semiconductor. As the injection of charge carriers is not restricted, the number of

injected carriers will reach a maximum as soon as their electrostatic potential prevents the

injection of further charge carriers. Because of the accumulation of charges at the injecting
St SOGNRRS: (KAa YSGK2R Aa OFff SR "@8EHI*®E OKI NAH

272,274]

}"Au

PEDQOT:PSS

Electron-only device Hole-only device

Figurel-33: Schematics of an electreanly and a holeonly device.

In Figure1-33, schematics of an electreonly device and a holenly device are shown. Here,
common electrode pairs were chosen: zinc oxide and calcium for the elestigndevice,
PEDOT:PSfd gold (Au) for the holenly device. Nevertheless, the selection of the electrode
should be considered for each organic semiconductor individually.

If the concentration of traps is low compared to the amount of free charge carriers and the
charge catier mobility is not a function of electric field (at very low fields), the charge carrier
mobility can be calculated from the Me@urney equation:

W
W
where J isthe current densitys, 0 KS @ Odzdzy LigNDélactrici dostant &the

*

6
R R JO—

organic semiconductor, V the applied voltage and L the layer thickness of the semiconductor
between the electrodes. As the charge carrier mobility and density can depend on the electric

field, Murgatroyd modified the MotGurney equation to:
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* %’:n:nq e N -

Where wAa (GKS OKFNBS OFNNARSNI Y20AftAGe G T SN
parameter'?°®27>2781Tg ensure SCLC conditions, several devices, which vary in the thickness of
the organic semiconductor layer, shoulst considered. As charge injection becomes more
crucial in thin films, a minimum layer thickness exists, at which reliable results can be
achieved?™ For every device based on the same organic semiconductor, the same charge
carrier mobility pu should result independent from the film thicknessAdditionally, the
quadratic dependence of J and V as well as thddpendence have to be valid for a carte
evaluation of / curves using the SCLC metH88Furthermore, a builin potential (\}), which
originates from the different work functions of the two electrode, should be considered for the
calculation of p. The effective voltage V across a device is given by

6 6 6

where \4,pis the applied voltag8%®*™

Spectroelectrochenstry

Spectroelectrochemistry (SEC) combines the reaatitented electrochemistry with the
speciesfocused spectroscopy. Conventional electrochemistry provides information about
concentrations, redox potentials and reaction kinetics. In combination wjtactsoscopy,
unknown species formed during the redox reactions and their structural details can be
spectroscopically identified. Depending on the requirementffebnt spectroscopic methods

can beusedin spectroelectrochemistry: absorption spectroscapythe U\visregion is used for

the examination ofelectronictransitions, inthe infrared (IR)region for vibrational transitions.

Also Raman scattering can be uded vibrational transitions. Unlike IR spectroscopy, it can be
used also for aqueoumedia, which is important for the measurement of bioelectronic systems.
Hectron paramagnetic resonance (ER&&n be used to obtain information about unpaired
electrons during electrochemical redox processes. Furthermore, these methods require different
radiation energies and differ in their timescales. In general, absorption spectroscopy in the UV
VisNIR (near infrared) region is used for the examination of electronic structures and changes
due to redox processed. %%

Spectroelectrochemical measurementan be executed in twelectrode mode, composed of a
working electrode and a counter electrode, or threlectrode mode, in which a reference
electrode is accessorily added. In the thieectrode mode, the applied potential on the
working electrode isagulated in relation to the reference electrode, which leads to an accurate

potential control. In contrary, the twelectrode setup may simulate practical applications more
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faithfully. If the spectroelectrochemical characteristics of a film should be examthe film is

directly prepared on a transparent, conductive substrate, which functions as working electrode.
Typically, quartz slides coated with indium tin oxide (ITO) are used. A platinum wire can act as
working electrode for measurements of solut®rThe counter electrode should have a surface

area, which is equal or larger than the one of the working electrode. This ensures that the
reaction at the counter electrode is fast enough and is not a limiting factor of the
electrochemical reactiorat the working electrode, at which the crucial reaction takes place.
Therefore, the use of a platinum mesh, which comprises a huge surface area, would be a good
choice. In a threelectrode setup typical reference electrodes are the saturated calomel
electrode SCE) or an Ag/Ag@ire. To affect any electrochemical phenomena charge transport
between the working and the counter electrode has to be possible. If flms are measured, usually
dissolved ionic salts are used. For spectroelectrochemical measurementiiobrssy addition

of conductive salts is necessary, only if the conductivity of the solution is not sufficient. The
solvent has to enable the spectroscopic measurement in the desired region without influencing

the results?7%280-2%3

If the spectroscopic response is recordedile the electrical potential is applied between the
workingtk YR G KS O2dzy i SNJ St SOGNRRS aAaydz FyS2dzate:x
spectroelectrochemical measurements, the working electrode is removed from the
electrochemical cell before it is spectroscopically examined. On the one hand, ex sit
measurements enable characterizing the film with various methods without considering the
geometrical issues. On the other hand, the nature of the film (swelling, incorporated ions etc.)
may change upon removal from the electrochemical cell. Hence,unm&asurements are more
commonin practice!?342¢°

Time resolved spectroelectrochemical measuremestiew the switching timesbetween the
undoped and highly doped state created by redox reactidihg switching timelepends among
others on the film thickness, the used electrolyte, the applied potentiad, in the case of

£&287 | nformation about the electroactivity of a material can be

polymers the molecular weigh
obtained, as well. Electroactive materials can transduce ionic to electronic signals due to redox
processes. Therefore, an intdiffusion of ions or biological media into the mateniaider study

is requirad. The interdiffusion leads to doped/dedoped states in the material, which can be
recordedspectroscopicall{?®?®¥For conducting polymers in general, a broad bipolaron band is
obtained, as the chairdength, the packing and the conformational order are not sharply

defined®3! For small weltlefined molecules, such as fullerenes, shansorption peaks can be
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obtained?” Isobestic points indicate the rexaibility of doping processes, as they represent the

transition from undoped to doped statég?2

Energy / eV
3.11 207 155 124 104 089 0.78

0.44 potential change B
from O mV to 1300 mV
0.2 -
®
<
v 0.
&
<° 1 — 100 mV — 900 mV
-0.24 —— 400 mV — 1000 mV L
500 mV —— 1100 mV
1 —— 600 MV 1200 mV r
-0.44 700mV.~ —— 1300 mV L
— 800 mV

D o e I e e e |
400 600 800 1000 1200 1400 1600
Wavelength / nm
Figure1-34: In situ measured gectroelectrochemical data of P3HT pted as difference spectravith the undoped,
pristine spectrum as referenceThe dectrochemical oxidationof P3HTwas created by application of a potential

from 0 to 1300mV. The spectrum at 0 mV is taken as reference spectrum. The direction of spectaaigels is
indicated by an arrowThe isobestic point is located at around 600 nFigure reproduced from Ref118].

Spectroelectrochemical data are in general presented as multispectral graph, where the changes
in the absorption areshown in dependence of the applied voltage. Another common way is
plotting difference spectra with the undoped, pristine spectra as referéfit&® In Figure1-34
spectroelectrochemical data of an in situ measured P3HT are shown as an example for a
difference spectra plot as well as for tH@oad bipolaron bansg obtained for conducting

polymers.
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2 OBJECTIVE OF THEJIBE

The research field of organic electrochemical transistors (OECTSs) is growing rapidly, since the
discovery in 1984. OECTs can function as sensors or aigpliier for a variety of applications.
Nowadays, PEDOT:PSS, a dispersion of two polymers, is mainly used as active material in
depletion mode OECTs. The main focus of current research was on the optimization of device
setups and on PEDOT:PSS layers tm @a better performance, such as an improved
GNF yaO2yRdzO0GF yOS 2NJ aK2 NI S NIconNiatedpglgelSctrolyte, Y S® wS O
namely poly(6-(thiophene3-yl)hexanel-sulfonate) tetrabutylammonium PTHIBA), was
synthesized in our research groupdasuccessfully applied as active layer in an OECT. Contrary

to PEDOT:PSS, this nevwiype material functions as active material for OECTs in accumulation
mode. Accumulation mode devices have the advantage of lower power consumption compared
to depletion male devices.

However, devices based on PTHEX were not able to reach the good performance of
PEDOT:PSS based OECTs, which are highly optimized in different groups. To improve OECTs using
CPEs as active layer, the knowledge about the processes processlisgon as CPEs are
immersed in aqueous media, with and without applied biagrucial. So a detailed study of ion
diffusion is planned in this thesis. Furthermore, the influence of ions in the electrolyte as well as
the counterions ofthe CPE has to beonsidered.Especially, the influence of a systematic
variation of the counter cations from tetramethylammonium to tetraethylammonium and
tetrabutylammonium on transconductance and response time of OECTs will be undertaken.
Another question is the tuningf hydrophobicity/hyrophilicity as well as the mode of operation
(depletion vs. accumulation moda) blends of two CPEs @itu doped and undoped).

Therefore, the aims of the first part of this thesis are to contribute to a better understanding of
the processes in CPE based OECTs and to systematically optimize the device performance.
OECTs function as interface between electronic elements and biomaterials. But the active layers
in OECTs are in general based etyge semconductors. To improve the connection between
biology and electronics, the use of biomembranes as active material is desirable. This enables
the sensing and stimulation of biologigatocessedike the activity of ion channeldzor this
purpose, the transdiction of ionic to electronic currenbhas to be enabledhrough the
biomembrane. As pristine biomembranes have insulating properties, their conductivity has to be
modified. This could be obtained by incorporation of an electric conductive material. GPEs ar

perfectly matching the mechanical properties of lipid membrabesause of their hydrophobic
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Obective of the thesis

backbone. It is crucial, that the polymer backbones are near enough to each other inside the
membrane to enable intermolecular hopping process of charges am$equently, conduction.

The visualization of the conductive material in the membrane as well as the imaging of occurring
changes in the lipid core of the membrane are further aims of this thesis. This can lead to the
usage of CPEs as photonic probes, whiebuld pave the way for the application of
biomembranes as active layers in OECTSs.

As the usage of only-fype materials hinders the variety of OECTs and their applications, water
compatible ntype materials will also be synthesized and studied in thésith The first 4#ype

OECT was recently published in 2016. Here, the active material was a semiconducting polymer,
which can transport holes as well as electrons along its backbone. Typically orgspie n
materials are fullerene derivatives, which possehigh electron mobilities and are already
discussed for medical applications. To obtain a putgpe OECT, the last part of this thesis aims

for designing water compatible fullerene derivatives for the application in bioelectronic devices.
Overall, ths thesis will contribute to a better understanding of OECTs based on CPEs and pave

the way for new semiconductor materials for OECTS, such as conductive biomembranes and

water-compatible organic 1#tlype semiconductors.
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3 OVERVIEW OF THE TISES
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Figure3-1: Schematic overview of the thesiShe thesisan be divided into three main parts: The investigation of
accumulation mode OECTs based on dype CPE, the study of photonic probes for biomembranes and the
synthesis of rtype materials for the use as active layers in OECTSs. In the first main partirtfieence of CPE
counterions and electrolyte ions under bias on the performance of the CPE were studied. Furthermore, the blend of

a semiconducting and a conducting CPE was tested in OECTs. The second main part includes the investigation of CPE
blends asphotonic probefor biomembranes The last part deals with the synthesis and characterizationnefv n-

type semiconductor materials for the application in bioelectronics. Hefellerene derivativesare presentedwhich

met the demands of an active materié OECTs under ageous conditions.

This thesis focuses on the investigation of theic and electronic processegcurringin CPE
based OECTsMoreover, blends of CPEs will b&udied to use them as conductive

biomembranes anctew n-type semiconductorswill be synthesizeduitable for bioelectronic
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applications. The cumulative thesiensists of five papers: Treeof them are already published
and two areprepared for sbmission.

As shown in the schematic overview Fiigure3-1, the thesis can be divided into three main
parts: the study of the working principle and improvement of already known accumulation mode
OECTs based on atype CPE, investigation of tunable CPE blends as photonic probe for
biomembranes, and the syntheséd characterization of type semiconductors suitable for
bioelectronic applications. Furthermore, the first part is subdivided into three chapters:
Investigation of the influence of counterion (chapt#rand themechanism of doping and ion
diffusion in presence oflectrolyte (chapters) on the characteristics of the materiahd OECT
performance, as well as improvement of OECTSs via blending of two CPEs (6hapter second

part consists of a chapter about CPEs as photonic probé&pidrbilayers (chaptei”) and the

third part of a chapter on the synthesis and characterization of wetenpatible ntype
semiconductors, which are suitable foioelectronic applications (chapt®). The main parts of

this thesis are briefly outlined in the following.

Investigation of accumulation mode OECTSs based dgpge CPEs

In the first part of this thesis, the processes happening-iype accumulation mode OECTs were
studied. Therefore, conjugated polyelectrolytes based on Phat&bonewas used as channel
material, as PTHEBA was the first CPE presented as active layer in OECTs. The knowledge
about processes will help to improve the performance of those OECTSs.

Up to now, it was not completely understood, if the counter ions in CPEs have an impact on the
characteristics (e.g.optical characteristics, solubility, spectroelectrochemical behaviour,
ionization potentials, capacitances, swelling capability) and thus, on their performance in
electronic devices. To answers these questions, the influence of the counter ionPTHX'

was studiedn chapter 4. Besides the already knoRMHIBA, two more CPEs, namely PTHS
TEA with tetraethylammonium and PTH®/A with tetramethylammonium as counter ions,
were synthesized. Thus the counter iohwéas varied in size and, hence, in fdi§ion ability,
whereas the PTH®ackbone remained unchanged. Differences in aggregation, swelling and
electronic properties were examined. A clear tendency of the dependence of the device
performance on the size of the ions could be observed. The regudtsded the explanation,

why the CPE with the smallest counter ion led to the best performing OECT.

After investigation of the counter ion influence on the characteristicP®HSC, chapter 5
addresses the question, if there is an influence of exteinas and applied bias voltage in
electrolyte onPTHI BA films, as well. By combination of spectroelectrochemical and elemental

analysis, the ion composition of the film was determined after different treatments. Beside
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immersion of the film in differeinelectrolyte solutions with various durations, the application of
bias was studied. Our results led to the conclusion, that ion exchange between the CPE and the
electrolyte took place as soon as they were brought in contact and that the exchange is
independent of the application of bias. However, the degree and kinetics of the exchange
depends on the used electrolyte. These fundamental basics will pave the way for the

optimization of semiconductor layalectrolyte combinations for forthcoming OECT reskarc

Another approach to diversify the applicationPTHI BA based OECTis presentedn chapter

6. PTHIBA was blended with the conducting CP&y§4-(2,3-dihydrothieno[3,4b]-[1,4]dioxin
2-yl-methoxy)1-butanesulfonic acid) (PED&), which is highly doped. PTHSA based OECTs

are working in accumulation mode, whereas PEI3OJased OECTs are typically operating in
depletion mode. The blend of both CPEs tedccumulation mode OECTSs, as well. As shown in
chapter 4, counter ion exchange in CPEs influences the characteristics, such as solubility. This
knowledge was used to increase the stability of OECTs based on blends: as bofiTERERA

and PEDOF, ae watersoluble, the counter ion protons in PEDSWere exchanged with an
alkyl ammonium salt to render it insoluble in aqueous media. Besides the stability of the blended
OECT, this also influences the threshold voltage. Testing different CPE ratioangvitvithout
cation exchange in PED@T the influence of seHissembly on the device performance was
investigated. This knowledge will contribute to an improvement of OECT performance and
stability.

Overall, the first part of this thesis accounts for thaderstanding of the redox processes in
OECTs, which are based otype CPEs. Considering the acquired knowledge, the first part of

the thesis presents possibilities to improve the performance of OECTSs.

Investigation of unable CPE blend as photorpecobe for biomembanes

The usage of conductive biomembranes as active layer opens the way for a lot of promising
applications, as it can stimulate the activity of ion channels. First, the intrinsically nonconductive
biomembrane have to be rendered condw&i This could be obtained by incorporation of a
semiconducting oconductingCPE. The CPE backbones have therefore be near enough to each
other to enable the intermolecular hopping of charges. To visualize, where the conductive
material in the membrane ikcalized, the already mentioned blend of PTHER and PEDOS

was tested as photonic probe. The optical properties of CPEs depend on the backbone
conformation, which is dependent on the interactions with the surrounding media. Thus,
absorption and emissn spectra of CPEs change due to interaction with biological systems. The

exchange of counter ions in PED®With alkylammonium salt rendered the blend hydrophobic
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and enables the incorporation of the blend in the core of lipophilic membranes. The ofage
pristine PTHSBA led to a photonic probe with only limited sensitivity to changes in the
biomembrane, whereas pristine PEDOTacks of fluorescence. The optimal stoichiometry of the
blend to obtain an efficient photonic probe was investigated@hager 7. This photonic probe is
planned to be inserted in biomembranes for OECTs and enables the visualization of the physical

state of the lipid biomembrane core.

Synthesis of new materials as semiconductor layers

In chapter 8the synthesis and characterizatioof n-type semiconductordor bioelectronic
applications is reported. A welknown electron acceptor class are fullerenes and their
derivatives. A high eleatn mobility, but also a bad solubility, are significant for these
semiconductors. For the usage in OECTSs, however, the materials have to beomfstible

and should be soluble in nemxic solvents. Via Bingelirsch reaction, oligo ethylene glycol
chains were attached to &gand G, fullerene cores. The oligo ethylene glycol groups provide a
good swelling behaviour in aqueous conditions. To test the applicability for OECTSs, the fullerene
derivatives were tested regarding their solubility, thermal sighilelectron affinity and charge
carrier mobility in bulk. The obtained results are very promising for the application of those
fullerene derivatives as active layers iftype OECTShe final step of testing the materials in

OECT devices is still onggpiand will not be presented herein.

The most important results of each chapter are summarized in the following. A detailed
description of the experiments, the results and the conclusions are given in the individual

chapters 48, which aresither published submitted or prepared for submission.

Influence ofcounter catiors and surrounding electrolytes on electronic properties and

oxidation of anionic conjugated polyelectrolytegchapter 4and chapters)

As already shown by a joint work of our research gramd Malliaras groupPTHIBA" is a
promising material for the application as semiconductor in accumulation mode OECTs. But still
the performance of those OECTs cannot reach the ones of heavily doped PED@RVIESES
which work in depletion mode. To improve the OECT devices basedld&BA’, it is necessary

to understand the redox processes proceeding in those devices. In these redox processes two
different ion sources can participate: on the one hand tharter ions of the CPE, on the other

hand ions present in the electrolyte solution.
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Figure3-2: Kumada catalyst transfer polycondensation of the precursor polymer, polggd®romohexyl) thiophene)
(P3BrHT)and the post polymerization reaction to poly(§thiophen-3-yl)hexanel-sulfonate) PTHX with
tetrabutylammonium (X = TBA), tetraethylammonium (X = TEA and tetramethylammonium (¥=TMA) as
counter ions Furthermore, the synthesis dhe correspondingammonium salts from dimethylsulfi¢ are illustrated

Chapter 4 is dealing with the influence of counter cations of the anionic conjugated
polyelectrolyte on transconductance and response time in applications. Therefore, three
different CPEs with differerdounter cations were prepared from the same precursor polymer.
For this, a precursor polymeroly(3-(6-bromohexyl) thiopheneP3BrHT) was converteda
polymer analogous substitution of the bromine group by reacting with the respective
tetraalkylammoniumsulfite saltsto PTHIBA", PTHIEA" and PTHIMA', where TBA, TEA and
TMA represent tetrabutyl, tetraethyl and teramethyl ammonium catiorspectively Figure
3-2). The conversion was performed on the same precursor polymer, saathainfluence of
chain length (or molecular weight) can be neglected on comparison and #mg detected
difference inperformance of the different CPEsn be attributed to the change in cation size
U\Lvis spectroscopy and spectroelectrochemistry showed tRIE-HIMA"™ was the most
aggregated of the three CPEs and the easiest to be oxidized ardueed. FurthermorePTHS
TMA"was not as soluble in agueous solutionREEHIEA" and PTHIBA'". Addition of the cross
linker (3-glycidyloxypropyl)trimethoxysilane (GOPS) (1 wi8 common way to stabilize the
active layer in OECTs against dissolution in aqueous media, sSiH&'FIPEs are usually highly
soluble in water. Independent of the CPE counter ion, similar trends for all BifétX" were
observed in the absorption spectra due to crlisking: The aggregation was decreased, which

could be detected by a blughift of the maxima and the intensity reduction of the shoulder.
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Figure 3-3: Transfer characteristics and transconductance),j of a crosdinked on PTHIMA" based OECT
measuredatVol bLpnn Yz

As OECTs are electronic transducers, the ion uptake of the active layer is crucial for their
performance. The ion uptake can be quantifieg the measurement of the electrochemical
capacitance PTHIMA, here the CPE with the smallest counter ion, possessed the highest
value with 82 Fcm All three CPEs showed oxidation by applying negative bias to the OECT. This
led to an increase of therdin current and switched the device ON. Consequently, all tested
CPEs operate in accumulation mode. A 0.1 M J&Glution was used as electrolyte and an
Ag/AgCl electrode as gate. The best performance was obtainé@idE MA" based OECTs with

a transonductance of 45.5 uS, ap of -350-10° pA, a response time of 0.2 seconds and an
ON/OFF ratio of 250The larger the counter ion is the lesser is the performance of device.
Therefore, on comparison, PTHABA showed the worst performance of the testedPEs. An
addition of ethylene glycol as &wlvent led to an improvement of the performance of OECTs
based onPTHIBA'". As reason for that, the formation of fibdike features was identified. The
charge carrier mobiliesof the CPEs were estimated frotmetvolumetric capacitance values and

the OECT performance. According to tREHIMA possessed the highest hole mobility among

the tested CPEs. This conformed to the densest & { lafdlth® gidt observed aggregation.

In summary, chapter 4 identified that the counter ion in a CPE has a big influence on the
properties and the performance in OECTSs.

Up to now, the mechanism of the redox processes taking place in CPE based OECTIs was stil
unclear, even though different suggestions have been made. The appdigative gate bias
induces anoxidation ofthe CPE. The next step can dither ejection of couter ionsor injection

of electrolyte anions or both t@btain charge balanceTo detect which step is following what
conditions, ion exchange and oxidation of PTB& were closely studied in chapter 5.

Therefore, a combination of spectroelectrochemical measurementsesmedgydispersive Xay
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spectroscopy for elemental analysis (ERXJe used. The ion diffusion in a PTHSA film was
analyzedafter immersion in different electrolytes. The films had to be cilogsad with GOPS to

be stable in aqueous media. After a defined time, the film was removed from the electrolyte
solution and rined with Millipore water. Some of the filnvere additionally biased, to examine,

if bias has an influence on then diffusion as well. The absorption spectra were recorded
simultaneously to gain an insighttinthe createdredox species. An example for @me-
dependent spectroelectrochemical measurement of films, which were immersed for 120
minutes in different electrolytes, is shown kigure3-4a. Hre, the oxidation of the films was
recorded by application of 600 mV for 60 minutes, as well as tiredwaction over the duration

of 60 minutes. The elements present in the films were determined by EDX. An EDX spectrum of a
film, which was immersed 2 h NaCJ, solution without any applied bias, is shown as example in
Figure3-4b. However, EDX analysis exhibits some uncertainties, for which reasaitotime%
values could not be used as absolute values. Instead untreated films were used to determine the
ratio of Si (component of GOPS) to S (part of PIB#3. As both elements are immobile, the
ratio has to remain the same, independent from differergetments. Consequently, this ratio

was used as reference to verify the correctness of the meadoidalues
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Figure3-4: a) Timedependent gectroelectrochemicalabsorption measuremenbf a drop-cast, crosdinked PTHS
TBAT A Yo Pl ¢ €S @l fisded asl1.(andother values araormalized accordinglyThe absorption was
recordedfor 120 minutes In The first 60 minutes a voltage 600 mVapplied, followed by 60 minutes ata voltage
set to 0 mV b) Example of a obtained mergy-dispersive Xray spectrum measured on a rectangular space af
crosslinked PTHSBA film (here: a film, which was immersed for 2 hours in 0.1 M NaGiolution and
subsequently rinsed with Milliporewater).

Our investigations showed that ion exchangetweena CPHilm and anaqueouselectrolyte
solution occurred, as soon as they were brought in contact. In contrast to the common
assumption, the ion exchange happened independent from the applicafidias. As shown in
chapter 4, counter ion exchange in a CPE can result in modification of its properties. As the ions
of the electrolyte functions as new counter ions, the choice of the electrolyte modifies the

kinetics and the degree of CPE oxidatiom @éptimized CPElectrolyte combination can
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therefore improve the performance of OECTs. According to our results, an injection of anions
(here chloride) from the electrolyte into the CPE film can be precluded, as no electrolyte anion
could be found withirthe volume of the film via EDX. To preserve electrical neutrality, in return
the counter ions, here TBAhad to diffuse into the electrolyte solution. On application of bias
the determined electrolyte cation content inside the PTHEX film as per EDX ntieod did not
change. Consequently, the ejection of counter ions due to oxidation (in this case the sodium ions
of the electrolyte, which already diffused into the film) can be excluded, as well. As a result, we
propose the formation of an electrical doubleyer in operating OECTs between the surface of

the active film and the electrolyte as well as between the electrolyte and the electrode.

Improvement of the performance and stability of CPE based OECTSs via blending and ion

exchange (chapte6)

The performance of OECTs can also be improved by blending a semiconducting CPE with a
metallic CPE. PTHBA was used as semiconducting CPE, since it already showed good
performance in OECTs. The highly doped metallic PED®Wds used for blending. Both PTHS

TBA and PEDOF are soluble in water. Thus, the pristine blend would dissolve in aqueous
solutions. Exchanging the counter ion of PEEBQ@ proton) with dioctylammoniuf{OcthNH,)

leads to a PEDGH:(Oct)NH, complex. This is soluble in methanol and chloroform but not in

water (Figure3-5). At the same time the electronic conductivity remained unchanged.
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Figure 3-5: Chemical structures of the hydrophilic blend PTHS:PEDOT:Shentlydrophobic blend PTHEEDOT
S:(Oct)NH,).

The combination of methanol soluble PTHSA and [PEDO®B:(Oct)NH;] formed a blend, that

was insoluble in water. Accordingly, crdsking was not necessary for biological environment.
To observe a homogeous film of a blend, phase separation has to be prevented. Comparison
of the absorption and emission spectra of pristine CPE films and the blended film during drying

can give important information about the microstructure formation. In general, the eamss
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intensity of the CPE films decreases during drying because of solvent evaporation leading to an
aggregation of the CPE backbones. PTBISPEDO® films prepared from water showed
complete quenching of PTHS emission after drying, indicating a higgeselof aggregation. On

the contrary, PTHEBA:[PEDOT:(Oct)NH,] films from methanol showed a red shift of PTHS
emission maximum without any quenching, that notified a change in the nature of aggregation.
The difference between the two blends can be explained by the steric hindrance in the PTHS
TBA:[PEDOT:(Oct)NH,] film due to the bulky (OctNH," counter ion, which leads to a bigger
distance between the backbones. Spectroelectrochemical investigations of the CPEs films
showed that the electronic states built in PTHSA:PEDO®B and PTHEBA:[PEDOT
S:(OctNH] films upon application of potential did not differ from each other.
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Figure3-6: Conductance measuremerspectra forpristine PTHS and pristine PED@Tiilms as well as fahe blends
PTHSBA:PEDOTS1:1and PTHIBA:[PEDOTS:(Oct)NH,] 1:1.

Conductance measurements illustrated that both blends are in a semiconducting form and can
be used to fabricate accumulation mode organic electrochemical transisteiré 3-6).
Whereas the threshold voltage of PTHBA:PEDOT lies between the ones for the pristine
CPEs, the one of PTHBA:[PEDOT:(Oct)NH,] was at slightly higher voltage. Consequently,
the threshold voltag can be modified by blending and ion exchange. The blends were
furthermore tested as active materials in OECTs, which provided better performance with
respect to OECTs fabricated using films of the pristine CPEs. OECTS basedl@RRRFESOT
S:(Oct)NH;] achieved the highest maximum transconductance of 15.3 mS and short switching
times of around 79 ms for ON and 11 ms for OFF. Due to the counter ion exchange, the stability
upon fast pulsed cycles was increased compared to FBAREDOT based OECTRTHS
TBA:[PEDOT:(Oct)NH,] based OECTSs retained 88 % of the original ON current afte? 2-10
ON/OFF cycles of 134 ms, whereas PTBSPEDOT based OECTSs retained only 59 %. In

conclusion, our results demonstrate that the optical properties and OE@drmance can be
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tuned due to blending two CPEs with semiconducting and metallic properties, respectively.
Furthermore, the influence of counter ion exchange on the optoelectronic properties of CPE

blends and the stability of their OECTs was presented.

Photonic probe for biomembrane organization based on CPE blend via tuning the stoichio

metry of blending (chaptei7)

As described in chaptet.2.2 CPEs can be used as photonic probes to study biomembrane
organization. Their amphiphilic nature provides both a partly integration into the hydrophobic
lipid bilayer as well as agressing form aqueous solution. So far, wateluble CPEs were used

to study biomembrane organization. Consequently, most previous reports focused on the
examination of hydrophilic parts of cells or model membrane systems. We aimed at a blend of
CPEs thacan be incorporated into the hydrophobic core of the lipid bilayer to get insight into
the local changes within the lipid packing in model membrane syswmmgposed ofDOPC
POPCDPPGnNd cholesterolTherefore, we investigated blends consisting of PEB@nd PTHS.

To render the blend hydrophobic, dioctylammonium chloride (((DE8#C) was added. The
sensitivity of the PEDGS backbone towards changes in the lipid bilayer as well as the emission

properties of PTHS remained unchanged compared to the pristine materials by blending.
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Figure 3-7: a) Fluorescence emission spectra and b) normalized excitation/absorption spectra of blend
(PTHS:PEDET 1:3):(OCtNHA Y f A LR A2 Y Saflen2 Fp Bhbdl DEE M VYO I thid=/654 5t t/ 6<
Y'Y Znax &= 542 nm) and compositions containing cholesterol (DOPC:Chol 60:40 and DPPC:Chol 60:40).

To verify the sensitivity of the blends the absorption and emission spectra in aqueous solution,
chloroform and in DORIiposomes were recorded. Furthermore, differerppdsomes (DOPC,

DPPC and POPC) and different DOPC:cholesterol and DPPC:cholesterol compositions were tested
(Figure 3-7). Spectral shifts in the absorption spectratbé blends indicated changes in the
physical states of the lipid bilayers. The emission spectra also varied by changing the lipids and

cholesterol content. Thus, the (blends:(Q&HtCl) can be used for fluorescence imaging of
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biomembranes. Testing diffené blend ratios, the blend PTHS:PEEEXOct)NH with a
PTHS:PEDH ratio of 1:3, showed the largest shifts in the absorption spectra at the lowest
blend concentration and is thus the most suitable composition for photonic probes. Confocal
microscopy experiments were used to examine the segregatiomaehof the blend. The blend

1:3 was incorporated into giant unilamellar vesicles composed of DOPC/DPPC/cholesterol. As
cholesterol shows a different affinity to phospholipidgs &nd L,,q phases will be coexistent in

this system. The hydrophobic blepdssesses no preference for thg r L,y phase. Therefore,

no partition of the probe into a specific phase occurred. The teaexistingphases were
identified by the different emission behavior of the blend depending on the physical state of the

lipid bilayer Figure3-8).

Figure 3-8: Confocal microscopy image of giant unilamellar vesicles (GUV). The vesicles amposed of
DOPC:DPPC:Chol and were incorporated by the (PTHS:REDIO3):(OcgpNH, blend. The greeryellow region
represents the L phase (excitation wavelength: 488 nm), whereas the red region represents the pthase
(excitation wavelength: 555 nm).

Synthesis and characterizatioof n-type semiconductors for application as active layer in

OECTs (chapter 8)

To date almost exclusivelytppe semiconductor materials were studied as eleeiative layers

in OECTs. Fullerene and its derivatives are thendstal ntype (electron acceptors)
semiconductors for the usage in solar cells due to their high electron mobilities. Nevertheless,
most of them have to be processed from toxic solvents, such as dichlorobenzene, because of
their insufficient solubility in plar solvents. For an application in bioelectronic devices, materials
should be processible from neoxic solvents. Furthermore, it is advantageous, if the material
swells in aqueous environment to improve the performance in OECTs. However, the material
should not dissolve in water, as this would cause stability problems in the device. The
development of new fullerene derivatives, that exhibit these requirements, is reported in

chapter 8.
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Figure3-9: Schenatic s for the synthesis of the water compatible fullerene monoadducts.

Via BingeHirsch reactionswallowtail oligo ethylengglycolgroupswere attached to ¢ and G,

(Figure 3-9). The ratio of malonate to fullerene was optimized as 0.7:1 to achieve mainly
monoadducts. In addition, the usage of iodine in combination with DBU as halogenating reagent
instead of tetrabronomethane improved the yield. The newly synthesized fullerene derivatives
showed a very high solubility in polar solvents, such as ethyl acetate and acetone, enabling an
ecofriendly processing. The electron mobility was determined in bulk via space clivaitgsl
current method. The new fullerene derivatives exhibited electron mobilities up to 2.8@hd

V! s™. This value is two orders of magnitude higher than for the reference materigBMC
which is the most used fullerene derivative. Correspoghjinin chapter 8 fullerene derivatives

are highlighted, which are very promising candidates for bioelectronic applications.
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Individual contributions to joint publications

The results of this thesis were @aihed in cooperation with other groupsnd arepublished
submitted or prepared as manuscripts for submission as denoted below. In the following the

individual contributions of all authors are summarized and specified.

Chapter4

This workis published inMacromolecular Chemistry and y&ics(2017,1700374)under the title
oSmallerCounter Cation for HigherTransconductance iAnionic ConjugatedPolyelectrolytes

by Martina M. SchmidtMohammed ElMahmoudy, George G. Malliaras, SahikaNM#urdan
Thelakkat

| synthesized and characterized all ypokrs and prepared all films except of the ones for the
QCM without the cesolvent EG. | performed and analyzed the-WUS/IR absorption and
spectroelectrochemical measurements, as well as the cyclic voltammetric investigations.
Furthermore, | performed ah analyzed all transistor measurements, calculated the hole
mobility and wrote the publication.

Mohammed EIMahmoudy prepared thin films for the QCM measurement without tkeok@nt

EG. Furthermore, he performed the QCM measurement of these films, addhyee and wrote

the corresponding part of the manuscript.

George G. Malliaras supervised the project.

Sahika Inal performed and analyzed the electrochemical impedance spectroscopy, corrected the
manuscript and supervised the project.

Mukundan Thelakkat gervised the project and corrected the manuscript.

Chapter5
This manuscript is ready for submissiorder the title
oConjugated polyelectrolytes in ionic solutions: mechanism of ion exchange and oxédation

by Martina M. SchmidtBeate Forster, Mukundahhelakkat

| synthesized and characterized the polymer and prepared all films. | performed and analyzed
the spectroelectrochemical measurements. Furthermore, | measured the conductivity of the
electrolytes, analyzed all EDX spectra and wrote the puldicat

Beate Forster performed the EDX measurements and corrected the manuscript.

Mukundan Thelakkat supervised the project and corrected the manuscript.
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Chapter 6

This workis published irChemistry of Material2017, 29, 42931300 under the title

G/ 2y2dza3lr GSR t2feStSOGNRtedGS . fSyRa F2NJ | AIKE ¢
Transistors

by Erica ZeglioMartina M. SchmidtMukundan Thelakkat, Roger Gabrielsson, Niclas Solin, and

Olle Inganés.

| synthesized and characterized the polymer (GRELDITOF, NMR), wrote the corresponding

part and corrected the manuscript.

Erica Zeglio, Roger Gabrielsson, Niclas Solin performed the fluorescence and absorption
spectroscopy measurements. Furthermore, they measureevid\spectroelectrochemistry and
conductance of the single compounds as well as of the blends. They fabricated and characterized
electrochemical transistors and wrote the manuscript.

Mukundan Thelakkat and Olle Inganas supervised the project and corrected the manuscript.

Chapter7

This wak is published irChemistry Sele¢016, 1, 434344 under the title

G/ 2y2dza3r GSR t2t&StSOGNRfedS .ftSyR a tK2G2y A0
by Erica ZeglioMartina M. SchmidtMukundan Thelakkat, Roger Gabrielsson, Niclas Solin, and

Olle Irganas.

| synthesized and characterized the polymer (GPC, MAOB] NMR), wrote the corresponding

part and corrected the manuscript.

Erica Zeglio, Roger Gabrielsson, Niclas Solin performed the spectroscopic, the fluorescence
lifetime, the dynamic light sttering and the confocal microscopy measurements. Furthermore,
they prepared the PTH&mplexes, characterized them spectroscopically and wrote the
manuscript.

Mukundan Thelakkat and Olle Inganas supervised the project and corrected the manuscript.

Chapter8

This manuscript is ready for submissiarder the title

GECGTNA Sy Rt & LINPOS&aalofS FdzZ ft SNEYyS RSNAQGI GAQPSa ¢
by Martina M. SchmidtChetan R. SingiMukundan Thelakkat
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The optimization of the synthesis fogc@OEG)}1, the U\Vis spectra in THF offOEG) 1, Go-
(OEG)2 and PGBM and the cyclic voltammograms of;QOEG)1 and Gy-(OEG)2 were
already done in my master thesis. | synthesized(GEG)1 and new material of (OEG)}1

and Go-(OEG)2, characterized the materials by means ®, “GNMR and MALBTOF
spectroscopy and prepared all films. | measured and analyzed the optical propeftigs
(OEG}1 and the cyclic voltammograms ofQOEG)1 and PgBM. | determined the solubility

and the thermal characteristics of all materials. | prepared and performed the SCLC
measurements of all materials and measured and analyzed the film thicknesses as well as the
film roughness by AFM. | wrote the manuscript.

Chetan R. Singh analyzed the GQlata, wrote the corresponding part and corrected the
manuscript.

Mukundan Thelakkat supervised the project and corrected the manuscript.
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Smaller counter cation for higher transconductance in anionic conjugated polyelectrolytes

Abstract

Conjugated polyelectrolytes (CPEs) ardocus of researctbecausethey combineinherent
electrical conductivity and the ability to interact with ions in agueous solutions or biological
systems However,it is still not understood to wiat degree the counter ion in CPEs influences
the properties of the CPE itself and the performanceetsctronic transducers. In order to
investigate this, three different conjugated polyelectrolytgmly(6(thiophene3-yl)hexanel-
sulfonate)s (PTHSC), are synthesizedwhich hae the same polythiophene backbone but
different X counter ions the bulky tetrabutylammonium (TBR tetraethylammonium (TERA
and the smallest tetramethylammonium (TMAAt the interface with biological systems, thin
CPE films have to be stable am agueous environment and should allow the inward and
outward flowof ions from the electrolyte. Since the studied PTHBavedifferent solublities in
water, the optical properties of pristine PTMSas well as of crosslinked PTXSsia U\vis
absorption spectroscopgre investigated additionalyPTHIMA' exhibits better aggregation,
fast intediffusion of ions and fast recovery from the oxidized state. Additionally,
spectroelectrochemical and cyclic voltammetric as well as electrochendaphkcitance
investigations showhat PTHIMA' can be oxidized to a higheregjree. This leads to a better

performance of PTHEMA-based organic electrochemical transistors.

1. Introduction

Water-soluble conjugated/conducting polymers are very interesting for applications in biological
systems. Heegemnd coworkers obtained solbility of these polymers in water through
implementation of ionic sidechains on the conjugated backb8nAs ionic groups, either
negatively charged sulfonates, carboxylates, phosphates or positively charged groups like
tetraalkylammonium have been repmd for the synthesis of conjugated polyelectrolytes
(CPESY}? In addition to the water compatibility, these CPEs are able to interact with ions or
charged biological compounds, like DRA Moreover, CPEs can be used to record electrically
the changs in ionic atmosphere when integrated in organic electrochemical transistors (OECTS).
In these devices, the current flow in a CPE film can be controlled by a gate voltage applied via an
electrode immersed in an aqueous electrolyte in direct contact with @PE filft! CPEs are
highly sensitive to the ion motion between the electrolyte and the polymer film, which strongly
influences the performance of OECTSs. Still the role of the used counter ion in CPEs is not
completely understood regarding their influence on the pedjes of CPEs as well as the OECTSs.

It is generally assumed that the optical and electronic properties are controlled by the
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conjugated backbonE! For example, Yang et al. reported that cationic polyelectrolytes based
on poly([(9,9bis-6 eN,N,Ntrimethylammoniumhexyl)fluorene] with different counter ions
showed almost identical absorption spectra in solution. Nevertheless, they obtained different
optical and electrical properties in filffl. On the contrary, McCullough et al. showed in
carboxylated ptythiophenes in aqueous solution that by choosing large counter cations the
F3aNBIALdAz2y 27F (-K&king tadhedidryp®ed wHerézS snialPcounter cations
promote aggregation of the polymef¥.¢ & LJIA O f f & = &tdcHrg of #hé BLRbBNSs i? T
favorable for a lot of applications, since the charge transport mobility increases with the degree
of aggregation/crystallization of the polymer chaltfs.For polyelectrolytes with the same
backbone but different counter ions, different ioation potentials(IPs)and electron affinities

were reported by Nguyemnd coworkers using ultraviolet photoelectron spectroscopy (UPS)
studiest*?

Many of the reported CPEs were synthesized by oxidative methods in a noncontrolled fashion.
However wih poly(6(thiophene-3-yl)hexanel-sulfonate) tetrabutylammonium, we have
recently reported a weltlefined CPE exhibiting a high bulk charge transport mobility, which led
to OECTs operating in accumulation mode with high transconduct&ieTo further
investigate electrochemical and optical properties of CPEs with the same backbone but different
counterions, we synthesized three different polf{Biophere-3-yl)hexanel-sulfonate)s (PTHS

X") with tetrabutylammonium (X= TBA), tetraethylammonium (X= TEA) and tetramethy
ammonium (X=TMA) as counter ion. Via absorption measurement in solution and films, we
examined the optical behavior in dependence of the counter cation sizes. As thin films have to
be stable in aqueous environment for biologicabhcations,we stabilized them with a cross
linker against dissolution and analyzed how the optical properties are influenced through cross
linking. Using spectroelectrochemistry, we investigated the redox behavior of the CPE films after
crosslinking in aer to understand the influence of intdiffusion of ions. Cyclic voltammetry
(CV) gave information about the ionization potentials of the synthesized CPEs and the
reversibility of the oxidation of the conjugated backbones. Via impedance spectroscopy, we
determined the intrinsic wet capacitance of the CPE films before and after oxidation. A quartz
crystal microbalancdQCM)was used to test the swelling capability in aqueous media, which
enhance the drift mobility of ions in the film. All the PTX¥Sweretested in OECTs to compare

and elucidate the impact of the different counterions on device performance.
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2. Results and Discussion
2.1. Synthesis an&olubility

In this work, we synthesized three different anionic PXH&rying in their counter cation size
from tetrabutylammonium over tetraethylammonium to the smallest tetramethylammonium
cation. All the CPEs were obtained from the precursor polymer, p{Bomohexyl)
thiophene) (P3BrHT), whose synthesis was repoineal previous work™ One third of a newly
synthesized P3BrHTside exclusion chromatography, M: 18 kg mof, polydispersity index
(PD): 1.14) was converted to poly{@hiophere-3-yl)hexanel-sulfonate) tetrabutylammonium
(PTHIBA),™ one third to poly(6(thiophere-3-yl)hexanel-sulfonate) tetraethylammonium
(PTHIEA), and the last third to poly(hiophere-3-yl)hexanel-sulfonate) tetramethyd
ammonium (PTHBMA) via polymer analogous substitution of the bromine group by reacting
with the respetive tetraalkylammonium sulfite salts. For all three compounds, the same P3BrHT
was used with an average of 75 repeating units (calculated franix assisted laser desorption
ionizations timeof-flight, MALDITOF) and a PDI of 1.14 (obtained bye exdusion
chromatography). Thus, any detected difference in characteristics between FAAPTHS
TEAand PTHSMA can be attributed to the change in cation siEégure4-1 shows a scheme of

the synthesis.

Br (CxHayxs1 N \
1. t-BuMgClI
2. Ni(dppp)Cl; [(Cx H2x+1 )aN]zSOg
Br /S\ Br  THF Br THF, 40°C
P3BrHT PTHSX*

S + 2 ONICH) ©0H ————=  [(CyH5)4N];SO3
oo (CoHiohe -2 MeOH
o
-S. + 2 ON@CHy), PO @ ——— = [(CHaNL,SO
~o0-° 0" (CH3)q 2 MeOu 3)aNS0O4

Figure 4-1: Scheme of Kumada catalyst transfer polycondensation for the synthesis of the precursor polymer,
poly(3-(6-bromohexyl) thiophene) (P3BrHT) and its popblymerization reaction to obtain poly(&thiophene-3-
yl)hexanel-sulfonate) PTHS" with tetrabutylammonium (X = TBA), tetraethylammonium (X = TEA) and
tetramethylammonium (X = TMA") as counter ions as well as the reactions to obtain the correspogdimmonium
salts fromdimethylsulfite.
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PTHSBA and PTHSEA show very good solubility in water (2.5 wt % soluble), whereas PTHS
TMA" is not very solublef( 1 wt% solubility). TMAitself is known as a hydrophilic cation
referring to the standard molar Gibbs energy of transtrWith increasing size of the alkyl
chain, the hydrophobicity usually increases, which in turn should lead to a decrease of solubility
in water. Otherwisewater molecules and counterions can diffuse between the hydrocarbon
arms of TBAions, whereas the small TMAons cannot be penetrateﬂ?] Thus, the attractive

forces between the positively charged nitrogen of tetraalkylammonium and the negatively
charged sulfonate group on the hexyl side chains should be the strongest fof, EHslfhe center

of the charge is less shielded due to bulky alkyl chains and diffusing water molecules. This leads
to a decreased solubility of PTRBIA in water compared to the ther two polyelectrolytes with

bulkier tetraalkylammonium counter cations.
2.2. UWVis/IRAbsorption in AqueousSolution and FIm

a) . . . ; b)

——PTHSTBA' | PTHSTMA®

g i — pristine L
——PTHSTEA' o N - - +GOPS
——PTHSTMA’ : ! -+ +GOPS+EG

normalized absorbance
normalized absorbance

T T T T T T T T
400 500 600 700 400 500 600 700

Figure4-2: a) Normalized absorption of PTHBA, PTHIEA and PTHFMA' in aqueous solution (concentration of
8.30-10" mol I_'l) and b) in thin films spin coated on quartz substrates from aqueous solutions of FIHS, PTHS
TMA" with 1 wt% GOPS and PTHBIA" with 1 wt% GOPS and 5 vol% EG. Comparable spectr® TotIBA and
PTHSEA films can be found irFigure 42 in the Supporting Information

To examine the influence of the counter ion on the opticedperties, we performed UWis
absorption measurements of the three synthesized polyelectrolytes in aqueous solBtgne
4-2a). All the samples exhibit features of isitu doping (absorption in the range of 650
1100nm) as obtained after synthesis. We observed a redshift of the absorption maximum for
PTH&C 9 ! ac0542nm) and PTHBMA' 0.5 549nm) in comparison to PTHBA 0 sx
529nm). Furthermore, the polyelectrolytes show a shoulder at around 580 nm, which is most
pronounced for PTHBVMA. The normalized absorption spectra of thin films spiated from
agueous solution also feature the vibronic fine structure (mainly for PFEASand PTHSMA)

and the trend of the absorption maxima: PTHSA 6 s 499 nm) < PTHEEA 0 5, 540 nm) <
PTHIMA' 6 %, 549nm) (Figure 4Sl1, Supporting Information For PTHSBA, a distinct red
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shift of 30y Y 2 F o dAK/S a<@ f.dxi ARwd 6 Y0 Aada 200FAY SR 02 YLI N
499nm).

The excitonievibronic couplingcausing fine structure of absorption and emission, obtained in
a2tdziAzy Fa ¢Sttt & Ay Fidavknd®h@polgriervasdentbies, T2 NJ LI f
intrachain throughbond interactions lead to -dggregate behavior, whereas interchain

Coulombt interactions lead to tdggregate behavior. The photophysics of common emissive
conjugated polymer films is determined by a competition between intrachaiiavaring

interactions and interchain, 4avoring interactions'® TMA' ions are less bulky thahEA and

TBAA 2y ao / 2y a Slstakiyigiof teehydidghébic polythiophene backbones in PTHS

TMA may be less hindered which leads to a stronger aggregation compared toTERHSd

PTHIBA. A rechift of the absorption maxima due to the exclygnof the bulkier TBAons to

the less sterically hindered TMAons was also reported by McCullough et al. for a-2,5
poly(thiophene3-propionic acidf’ and by Hostnik et al. for an aqueous poly(thiopbeh

ylacetic acid) solutioff”

2.3. UWVis/IR Absorption of Cros$inked Polyelectrolyte HIms

Since devices for biological applications have to be-teng stable in aqueous environment, we

need to stabilize the highly wateoluble PTHE' films with a crosslinker. Therefore, we added
(3-glycidyloxypopyl)trimethoxysilane (GOPS) (1 wt%) as crosslinker to a solution ofXPTHS
deionized watel(DI) Including GOPS in PEDOT:PSS dispersions is a common strategy to prevent
the dissolution and delamination of films in an aqueous mé&dfd Moreover, & we have
already shown in a previous work that ethylene glycol (EG) improved the OECT performance of a
PTHSBA, we also prepared films spirpated from a solution containing 5 vol% E.
Unfortunately, the addition of additives may change the aggregabehavior of conjugated
backbones. Since a larger volume of ordered conjugated polymer chains leads to a higher charge
carrier mobility, the degree of aggregation is important for most applicatfdf8.To evaluate

the effect of the addition of GOR®Sd EG on the aggregation behavior of PXH&e compared

the U\vis absorption spectra of thin films containing GOPS and containing both GOPS and EG,
with the ones of pristine PTHSfilms. InFigure4-2b the absorption spectra for the PTHBIA

films are shown as a typical example. The respective spectra forTBEiSd PTHSEA can be

found inFigure 422 in the Supporting mformation. Byadding GOPS to the spioating solution,

the absorption spectra of the films of all PTXI@re blueshifted. PTHEBA is shifted by 45 nm,
PTHIEA by 48nm and PTHBMA only by 8 nm due to addition of the crosslinker. Still PTHS
TMA' is redshifted in comparison to PTHBA and PTHSBA. A closer examination of the
spectra for PTHBMA and PTHSEA containing GOPS reveals that there is still a tiny shoulder
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visible around 600 nm. PTHBA does not show a shoulder any more. The supplemental

I RRAGAZ2Y 2F 9D R2Sa afAdakate aKAFTG (KS5-F 0a2 NL
15nm).

The bueshift of the absorption spectra by addirGOPS indicates that the criasker changes

the nature of the aggregation of the polythiophene backbones. In aqueous environment GOPS is
forming methanol and (@lycidyloxypropyltrimethoxysilanol, which build atlevated
temperature siloxane bonds with each other or with a methoxy group of another GOPS molecule
during drying?®?? In this way a crosslinked network is built. Furthermore, the epoxy group of
GOPS is unstable in water and could react to a diolchwban interact with an acidic sulfonic
group ofpolystyrene sulfonateRS¥or in our case a sulfonate group on a hexyl siiain of
PTH' B Dye to the formed network and the hydrogen bonds to the polymer, the solubility

of the film is decreased\evertheless, the aggregation of the polythiophene backbones may be

simultaneously changed.

2.4. Spectroelectrochemic@fleasurements

To determine whether the hydrated ions interact with the conjugated backbone in our
polyelectrolyte films, we proceededith testing the electroactivity of the crosslinked films in
presence of electrolyte$? An electroactive material is able to record the influence of the ions in
the surroundings on its electrical signal. Thus this material transduces ionic to eledligmats.

For this, ions should be penetrating and drifting inside the thin film. By applying a varying bias
(0 -600 mV in steps of 100 mV) between the CPE film castéadium tin oxide (TQ substrate

and a Picounter electrode, while both are immersed a 0.1IM NaCl, electrolyte solution,
oxidation of the polyelectrolyte is induced. These processes can be simultaneously monitored
with UMvis spectrometer as the charges formed on the polymer backbones lead to a structural
and electronic distortion andonsequently to a change in the spectfaFigure4-3a shows the
resulting plot for crodsnked PTHSMA' as a typical example. Similar spectra for PTB& and
PTHS EA are given irFigure 433 a, cin the Qupporting Information, respectively To render the
results even more comparable, the relative difnce between the spectra achieved by applying

a bias and the initial spectrum without applied biaBafy is also plotted Kigure 43 b, d, {

Supporting Informatioh
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Figure 4-3: a) Normalized(with respect to <n. at 0 mV)spectraof a PTHIMA' film (+ 1wt% GOPS) due to
electrochemical oxidation (doping) by applying varyingbias from 0 to 600 mV in steps of 10@V (Spectra of all
CPEfilms containing GOPS can be found kigure 4S3, Supporting Information. b) Monitoring of change in
absorption at the wavelength of the respective ground state maximum (PTIB® at 482 nm, PTHSEA at 497 nm,
and PTHIMA" at 545 nm).For this measurement 600 mV was applied for one hour, followed by 0 mV for an
additional hour for all the samplesc) Cyclic voltammogram ofrosslinkedPTHIBA, PTHIEA and PTHIMA’
films cast on ITO substrates measured in DCM. d) Bode plot (impeglasc frequency) of a thicrosslinkedPTHS
TMAfilm recorded with and without 550mV applied bias (The same plots for PTHBA and PTHSEA films are
shown inFigure 434, Supporting Information.

For all crosslinked PTB&ilms, similar trends were observed. On increasing the applied bias,
the absorption maxima of the films decrease and get slightly blueshifted. Furthermore, two
additional bands appear, one be#en 650 and 110A8m, and a second one starting at 110

and extending beyond 130fm. Due to the absorption of the ITO substrate at higher
wavelengths than 1300 nm, we were not able to measure this peak at higher wavelength range.
When the applied bias as reversed stepwise back to 0 mV, the absorption at higher energies
once more became dominant and the whole spectrum shifted back to the initial version at 0 mV
(not shown). Thus, the two additional absorption bands due to oxidation at 650 and 1100 nm
bleached. For each of the polyelectrolyte films, an isosbestic point exists, through which all their
ALISO0NF LI i@sidsic SBK NRIOZB KIEBRE sospesic 603 NM for PTHEEAS isosfestic
625nm for PTHEMA). The appearance of clemosbestic points are hints for the formation of

a new species due to oxidation and also for the reversibility of the oxid&fidfor comparison,
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the spectra obtained at 0 mV are normalized (to avoid inaccuracies due to possible thickness
variations) ad differential spectra for each applied voltage with respect to the respective
normalized spectra are plotted iRigure 4S3 in the Supporting Informi#on. The easiness and
degree of oxidation can be evaluated by comparing either the decrease in absorption maximum
of the unbiased samples or the increase in radical cation absorption1660 nm). If the
differential spectra are compared at absorptionha YI 2 F GKS LINAaGAYS &l YL
is obvious that PTHBVIA" favors the fastest oxidation. On the other hand, if the absorption
maxima for the radical cations are considered, the difference in oxidizability betweerTERHS

and PTHSMA is smdl. Anyhow, PTHBBA seems to get oxidized very slowlfigure 4S3,
Supporting Informatioh

A similar behavior in spectroelectrochemical measurataeis wellknown for poly(3hexyt
thiophene) (P3HT> *! As the electronic and optical properties are mainly determined by the
conjugated backbong! this is hardly surprising. The two simultaneously arising absorption
bands, seen for all three pollgetrolyte films, represent the oxidized polythiophene backbone
with polarons as charge carrigfd. This was demonstrated for P3HT experimentally as well as
via quantum chemical calculatiofi3.3* The conversion of the undopedmple into the oxidized
speciesis denoted by the isosbestic poifif As the polythiophene backbone is an electron
donor, a positive bias has to be applied to obtain a change in the absorption spectrum. In
contrast, poly(3,4ethylenedioxythiophene) polystyrene sulfonateEDOPS§ which is a wide
spread material for bioelectronics, is a doped system. Thus, a negative bias (with respect to the
reference electrode) has to be applied to induce dedoping of PEDOT:PSS and to observe a
change in the absorption spectrum. Overall, kbelectrical oxidation was proven for all three
polyelectrolytes by spectroelectrochemical measurements. All the films containing GOPS were
stable in the aqueous electrolyte, even with applied bias. Furthermore, oxidation of the films
was reversible and wiin the electrochemical window of aqueous solutions, which is important
for bioelectronic applications utilizing devices such as OECTSs.

To get a deeper insight in the electroactivity of the three polyelectrolytes and also in their
stability over time, weapplied 600 mV bias on thin films dipped in an electrolyte for one hour
and examined the extent of oxidation by measuring the absorption at the wavelength of the
respective ground state maximum (PTHSR at 482 nm, PTHBEAat 497 nm and PTHRMA' at

545 nm, Figure4-3b). All three polymers show immediately a decrease in absorption maxima
under the applied bias. Most pronounced is the oxidation for PTWA&, for which absorption is
reduced to 38 % of the initial value withdmin and is decreasing further to 35 % over time. The

absorption of PTHBEA is reduced to 53 % and the one of PTIHR to 56 %. When we applied
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0 mV, the ground state absorption started reesing. PTHEMA' is the only one of the
examined polyelectrolytes which exhibits a fast and efficient oxidation followed by recovering
fully to its initial absorption maximum. PTHEA reached 93 % of its initial absorption
maximum, whereas PTHBA only 85 %. For the recovery, as PTIBX reached a plateau after
around 20 min with no applied bias, PTHSA and PTHSMA' continue increasing till the
measurement was ended after 60 min.

These results clearly indicate that in PTIBN more thiophenesare oxidized than in PTHEA

or PTHIBA for the same applied voltage and duration of oxidation. The radical cations created
by electrochemical oxidation seem to be stable over time to a certain degree, as the reduction at
zero voltage was relativelyasl. The maximum degree of oxidation of PTIBN seems to be
completed in about 10 min (reduction of absorption at 545 nm to 40%) and after that it
continues monotonously during the whole 60 min, reaching 35% of the original absorption. Also
the recovery vas at a slow rate reaching 100% after 60 min. PIB#S on the other hand,
shows a fast recovery to reach a stable rereduction level at only about 85%. Thus, the degree of
oxidation and its recovery are the best for PTHEX, which shows the most packetructure

among all the discussed polyelectrolytes (ségure4-2).

2.5. Cyclie/oltammetry

To study the reversibility of the redox reactions and the electrocherbielahvior of PTHS, we
performed cyclic voltammetry (CV) measurements. The polyelectrolyte filmsepird on ITO
served as working electrodeSigure4-3c shows the obtained cyclic voltammograms. PTBS,
PTHIEA and PTHSMA exhibit reversible oxidation behavior. Values calculated from the half
wave potential of the oxidation are often inappropriately referred to as highest occupied
molecular orbital(HOMO). As suggested by Bredas, we are using the term ionization potential
(IP) heré®” To calculate the IP values, ferrocene was used as standard and the influence of the
solvent was taken into accoufit>® The haliwave potentials used for calculati are averages

of several measurements to minimize the inaccuracy. Hereby, we obtained arSB2DEV for
PTHIBA, -5.50 eV for PTHEEA and -5.43eV for PTHEMA". The polyelectrolyte with the
smallest counterion, PTHB/A, is therefore relativeleasier to be oxidized. IP values obtained
from CV measurements should be taken with caution for their absolute values, since they give
approximations based on calculations assuming the HOMO value of ferrocene §5teiis.
interesting to note that Ngyen and coeworkers reported for cationic polyelectrolytes with

different counter anions the same trend for IP values as determined by UPS in solid*state.
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2.6. ElectrochemicdimpedanceSpectroscopy(ESI)

The result of the ion uptake of a redextive material could be quantified by the electro
chemical capacitancé” Since the ions are able to penetrate the films in aqueous media, we
compared the volumetric capacitance as reported by Rivnay &t!ale recorded the
electrochemical impedance spectdd the films cast on gold substrates (635 x 635°um a
frequency range of 1 Hz and 100 kHz. The spectra were acquired as the film was exposed to a DC
voltage of 0 and 550 mV with respect to the reference electrddgure4-3d and Figure 434,
Supporting Information We modeled the data using an establisheduigglent circuit
comprising serially conméed impedance elements; the resistance of the electrolyte and the
impedance of the polymer represented by a resistor arzhpacitorG, in parallef*? As the films

get doped with the applied bias, the impedandelow 1000 Hz decreases, with an increase in
the extracted capacitance valueBigure4-3d and Figure 44, Supporting Informatioj*® The

films can be assumed to have bulk doping, therefore, it is reasonable to assume a volumetric
interaction of ions with the polymer. A clear trend in the obtained volumetric capacitances
(C=@ayV, V (volume)) for the three polyelectrolytes was recognized: By decreasing the size of
counter ion on the polymer backbone, the C* increases considerdhlyl¢4-1). The volumetric
capacitance of PTHEA at V= 550 mV (5 Fcfpisapproximatelyfour times larger than for the

most bulky PTHEBA (22 Fcrit), whereas for PTHBVA', the CPE with the smallest counter ion,

it is the highest (82 Fci). Taken together witlthe fast and efficient switching of the spectral
properties under applied bias, PTHEA constitutes a CPE having the highest potential for ion

response.
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Table 4-1: The OECT characteristics and materidigure of merit for the PTHX' films studied in this work.
Transconductanceg,), drain current (p) at Vg=-600 mV andvp=-500 mV, ON/OFF ratio and response timgy) at
V=-600 mV andvp=-400 mV. All the OECT parameters are averaged values nethfrom two to five devices. All
films contain GOPS (1 wt%). Also given is the volumetric capacita@tec@lculated at an offset potentiaversus
Ag/AgCIl of 550 mV, and the hole mobility)Y calculated using Equatio(l). Note thatu and C* are extractd from
single samples and under one biasing condition and might therefore be prone to error because of ion accumulation
at the film/electrolyte interface andVg dependent channel mobilities.

OECT - .
sample o ° oMo -on [Flen?]  [10%cn?V's’]
LS  [107pA]Y [s]”
PTHIBA 013 256 372 33 5 8.18
PTHIEA 216  -1450 8750 08 22 8.21
PTHIMA 4550  -350 25 02 82 267
PTHIBA+EG 230 -2810 19 14 15 288
PTHIEA+EG 116 879 170 08 13 53.7
PTHIMA+EG 369  -276 523 04 - :

¥ Average atVe=600 mV andVp=500 mV;” At \;, = -400 mV, for a step of;= 0 mV to
V,=-600mV.

2.7. SwellingCapability

To a large volumetric capacitance, the capability of a film to take up water and swell also
contributes*! We, therefore, examined the swelling capacity of the CPEs @@1g Figure 4

S in the Supporting Informatiorshows the changes in QCM signals (immediate drop in
oscillation frequencyf] and increase in dissipatioD@)] for the quartz crystals coated with the
polymers as the filmare exposed tdI| water and NaCl solution. This changé aeccompanied

with an increase in dissipatioD with the inflow of water/NaCkolution is translated into an
increase in the mass of the film, i.e., swelling due to uptake of water/hydrated ions. We treated
our data with Sauerbrey model which directly correlates the changetanswelling (see the
Experimental Sectiod}”! When we calculate the swelling percentages, we see that for PTHS
TMA, PTHIEA, PTHIBA is 2 %, 2 %, 3 % in DI water, and 3.4 %, 3.5 %, 6.3 % in NaCl
respectively as shown inTable 4Sl in the Supporting InformationWith the addition of EG,
swelling of the three polymers does not seem to be affected. Previous studies have shown that
swelling of OECT materials is correlated with ion mobility and/or OECT perforfffar@er
current findings demonstrate that the CPEs swell less than PBB&&T materials, presumably

due to the lack of a polyionic phase. Although swelling is limited, the capacitance measured at
the oxidation potential is higher for PTHIBA than for PEDQPSS, indicating the ease of ion

access to the conjugated backbone in the fori&r.
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2.8. Performance in OECTs
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Figure4-4: a) Crosssectional schematic of an OECT. b) Transfesiracteristics and corresponding transconductance
(gm) of a crosslinked PTHBVA-based device aWsf bpnn Y+® hdziLdzi FyR OGN} y&aFSNI OKI
given inFigure 46 ¢ S9in the Supporting Information

OECTs are electronic transducers that also enable studies of mixed (ionic and electronic)
transport of redoxactive films. The counterion effect on mixed transport could be finally studied
using the CPEs in the channel of OECTs. A-seotienal schematiof the used structure is
shown inFigured-4a. The channel length was n and the width 100 um. We prepared OECTs
from six different solutions: PTABA, PTHIEA and PTHSMA' containing GOPS as cress
linker as well as the same CPE solutions containing EG as the cosolvent. For all solutions, the
same spircoating conditions were used, resulting in thin layers of 20 nm. A series of drain

(Vp) and gate voltagsteps Vg) were applied at room temperature, while recording the resulting
drain current [p). The transfer characteristic for such an OECT is shokigune4-4b as a typical
example. All the output characteristics are showirigure 4%, Supporting Informationjevices
without EG and Figure 433, Supporting Information,devices with EG. The transfer
characteristics and corresponding transconductance of ABASand PTHSEA devices are

also shown inFigure 4S7, Supporting Informationwithout EG andFigure 43, Supporting
Information, with EG. lpon applying a negative voltage at the gate electrode, the current
between the source and the drain electrode increases, showing that the channsips ploped
(Figure4-4b). The negative bias triggers the doping of the polymer via oxidation (along with
possible ejection of the counter cation and/or injection of thé @&lthe electrolyte), which
increases thecurrent flowing in the channel and switches the device #INsince we use an
aqueous electrolyte, the gate potentials to be applied are limited due to the possible electrolysis
(at 1.23 eV at pH 0) and a lack of stability of the oxidized CPE in{agrch accumulation

mode transistors are in fact attractive for sensing applications as they consume low pdwer.
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When defining the performance of OECTs, an important parameter is the transconductance
"Q — , quantifying the magnitude of a chge inly as a smallMg is applied at the gate.

Table4-1 summarizes the OECT characteristics and the crucial thin film parameters for our CPEs.
Comparing the three polymers of similar thicknesses, we see that whenMAISs in the
channel, the dvice exhibits the best performance compared to other films: highest valugg of

(F 45.5 uS),d (-350-107 pA) and ON/OFF (250) with the fastest switching speed (0.2 s). These
results are in good agreement with the observed rate of oxidation and itsrsibigy in
spectroelectrochemicaSE¢measurements.

Devices with EG treated samples showed in general higher ON/OFF ratios than their respective
devices without EG. Addition of EG improves the performance of PBE®ased devicesg(

2.30 pS/p: -28.1-10% pA). This improvement with EG is similar to that reported in a previous
work!™ In the earlier report, fibetike features were observed iatomic force microscopy
(AFM images of the E®eated films, whereas the films without EG exhibited noclsu
features™ In contrary, PTHBEA (g: 1.16uS,Ip: -8.79-10° pA) and PTHBMA' (g: 36.9 pSlp: -
276-10° pA) based devices perform worse when containing EG compared to the ones without.
However, PTHBMA is the best performing CPE among the three polymers independent of the
cosolvent additive.

In order to determine the temporal response of the devidgsvas recorded while the voltage is
pulsed at the gate electrode. The pulses were 1éng with ampliude of -600 mV and applied

with an interval of 45 sThe ON response timedy) is defined as the time required to reach 90 %

of the maximall, of the resp. puls&® PTHIMA shows the fastest response with 0.2 s,
followed by PTHSEA and PTHSBA which have a oy of 3.8 and 3.3, respectively. Repeating

the pulses several times, we noticed that temporal response stays the same for each applied
pulse (not shown). However, the current does not reach the maximum value obtained for the
first pulse. Here PTHIMA shows the best stability, while PTHEA and PTH$BA degrade

with time. Moreover, as with steady state characteristics, EG improves the response time of the
PTHI BA-based devices. For the case of PTHS and PTHIMA', on the other hand, there

was almost no difference in the response time, induced by the cosolvent. As mentioned above,
the accumulation mode transistors are switched ON by doping the polymer in the channel due
to application of a positive {type, reducton) or like in our case, negative-fype, oxidation)

gate biad?® Negative gate bias can induce the oxidation of a polyelectrolyte followed by either
ejection of counter ions (here TBATEA and TMA) or by injection of electrolyte anions (here
chloride anions) or both to have charge baladté® As TMA s the smallest and less sterically

hindered counter ion among the polymers tested, its ejection might be much easier than the
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bulky TBAcation. This could hint the fastest temporal response antitta of TMA. Response
time and the stability of the OECT might be related to the mobility of ions inside the polymer
film, which is governed by the swelling behavior. Our results, however, do not show any trend
between the two, presumably due to the resmse times not ranging widely. In addition to the
C*, the charge carrier mobilityl) is another material related parameter governing thand can

be determined using the following equation for OB&T

29 P06 @ (1)

whereW is the chanel width,d isthe film thicknessl.isthe length of the channebnd V;isthe
geometryindependent threshold voltagé" When C values extracted from electrochemical
impedance spectra are plugged into this equation, we find that the hole mobiliBTefIMA’
(267-10 cn?V's?) is orders of magnitude higher than the other two films (for PTIBZ, p:
8.18-10 cn?V's?; and for PTHBEA, p: 8.21-10 cn?V'sh). Although, these values are just
rough approximations calculated at oM and using &* extracted from one impedance plot,

the trend is clear and correlates with the aggregation behavior of the polymers revealed-by UV
vis absorption measurements: as PTH&A shows the most aggregation and with that the
RSyasa@idl O Ay o havé a higher HHIE mabildyiititan the less aggregated PTHS
TEA and PTH$BA. The mobility values for PTHS may be less than for neutral
polythiophenes, if the aggregation is hindered due to the incorporation of charged units on side
chainst*** Moreover, the addition of crosslinker disturbs the aggregation of the conjugated
backbones. This also can lead to a decrease of electronic coupling and consequently to lower
electronic charge mobility. Garcand Nguyerobtained a similar effect by addimplyethylene
glycol PEGto an anionic CPE! A drop in electrical conductivity due to addition of GOPS is well
known for PEDOT:PSS, as &>

3. Conclusion

In conclusion, we showed that the selection of counter ion in CPEs playspartant role in
determining the thin film characteristics and OECT performance. We synthesized three different
CPEs from the same precursor polymer which differ only in the size of counter ions. The used
counter ions varied in size from the bulky tetraflammonium, over tetraethylammonium to

the smallest tetramethylammonium ion. According to -U¥ absorption studies in aqueous
solution as well as in thin films, the CPE with the smallest counter ion showed the highest degree
of aggregation. Crosslinkingf the materials with GOPS hindered the aggregation of the

conjugated backbones independent of the used counter cation. Spectroelectrochemical
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investigations revealed that the CPE with the smallest counterion can be oxidized to a higher
degree than the CBEwith bulkier counter ions. As evidenced by CV and electrochemical
impedance spectroscopy measurements, the CPE with the smallest counter ion was able to
convert more dopant ions to electrical charges. These results has a direct implication on the
performance of an OECT utilizing the CPE in the channel, as the CPE with the smallest counter

ion led to best performing devices.

4. Experimental Section

The salts tetran-butyl, tetraethyl and tetramethyl ammonium sulfite were prepared by adding

one equivalent dmethyl sulfite to a solution ofwo equivalents of tetran-butyl, resp. tetraethyl,

resp. tetramethyl ammonium hydroxide in methanol. All other chemicals were received from
commercial suppliers. The synthesized polyelectrolytes were analyzéd-MsIR uing a Bruker

Avance 250 spectrometer at 300 MHz. For calibration of the spectra the respective solvent signal

was used. Matrix assisted laser desorption ionizations spectroscopy witkofifight detection

mass spectroscopy (MALDDF MS) of the precunspolymer P3BrHT was measured on a Bruker

Reflex Ilin linear mode. Trang-[3-(4-tert-butylphenyl}2-methyl2-propenylidene]malononitrile

(DCTB) was used as matrix and a matrix to PTHS ratio of 1000:1.

Size exclusion chromatography of P3BrHT was peddmtilizing a Waters 515 HPLC pump with

stabilized THF as the eluent at a flow rate of 0.5 mL/min. Into a column setup consisting of a

Jdzr NR O2ftdzYy oO6+xFNRAFYS>S pn P ndtpy OYZ wSait 2NB
columns (Varian, 300 x 0.758 & wSaAt 2NB ISt LI NIAOES aiai s o >
(concentration of approximately 1 mg/mL) was injected. With a Waters 2489 tunable UV
detector at 254 nm the polymer size distribution was monitored. For calibration Polystyrene was

used as exdrnal and 1,Adichlorobenzene as an internal standard.

4.1 Synthesis

The syntheses of the precursor polymer P3BrHT and PBKSire already published® The
molecular weight of P3BrHT was analyzed by MAIGHR MS (M= 18.5 kg madi, M,, = 18.9 kg
mol*, average 75 repeating units) and Size Exclusion Chromatography1B12 kg mél, M,, =
20.8 kg mot, PDI: 1.14).

PTHSEA was prepared according to the procedure reported for PTH&." Instead of tetra
n-butyl ammonium sulfite tetraethyl ammoniunsulfite (0.83 mol t in MeOH, 11 mL,
9.13YY2f 0 61 & (2B Rz DMS@Y1.061.20 (12 H, t, N-CH-CH),), 1.301.47
(4 H, m, CHCH-CH-CH-CH-CH-S), 1.561.75 (4 H, m, GFCH-CH-CH-CH-CH-S ), 2.372.48
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(2 H, m, CHCH-CH-CH-CH-CH-S), 2.62.90 (2 H, m, G:CH-CH-CH-CH-CH-S), 3.123.27

(8 H, g, N-CH-CH),), 7.147.26 (L H, S, &)

PTHSMA" was also prepared according to the procedure reported for PTB#™ using a
solution of 0.14 g of poly{@8-bromohexyBthiophene) (0.008 mmol) in 38 mL dry THF. Instead
of tetra-n-butyl ammonium sulfite tetramethyl ammonium sulfite (1.29 mdlih MeOH, 6 mL,
TOTH YY2f0 6 300 RHE STRIFDOL 2A1Ww1Y301446 (4 H, m, GFCH-CH-CH-
CH-CH-S), 1.551.69 (4 Hm, CH-CH-CH-CH-CH-CH-S), 2.62.85 (4 H, m, G-CH-CH-CH-
CH-CH-S), 3.073.19 (12 H, s, XCH),), 6.957.07 (1 H, S, ).

4.2 Absorption Measurements

The polyelectrolyte films were prepared from 2.5 wt% solutions of ABASand PTHSEA,

and 1 wt% solution of PTHMA' in ultrapure water (MiliQ). Before spitoating the solutions

on cleaned quartz substrates, the solutions were filtered using polyamide syringe filters. For the
crosslinked films a solution of 1 wt% polyelectrolyte inrapure water (MilliQ) was prepared

and 1 wt% GOPS was added. For the films containing EG 5 vol% of this solvent was added. After
filtration and spircoating of the solutions on quartz substrates, the films were annealed at 90 °C
for 1.5 h.

The films forspectroelectrochemical measurements were prepared like the ones for absorption
measurements but on ITO substrates. Spectroelectrochemical measurements were performed in
a 1 cm quartz cuvette containing 0.1 M Ng@hd using a platinum wire as counter efi®de.

The film and the platinum wire were connected to a source meter to apply bias. Every bias was
applied for seven minutes, consisting of five minutes waiting time and two minutes for recording
the spectra. The bias was changed by steps of 100 m\th&dime dependent measurements,

the extent of oxidation was recorded by measuring the absorption at the wavelength of the
respective ground state maximum. First, a bias of 600 mV was applied for one hour. Afterwards,
the bias was removed and the assoetichanges in the spectra were recorded for one hour. All

absorption spectra were recorded using a Jasco V670 spectrophotometer.

4.3 CyclicVoltammetry

The cyclic voltammetry measurements were performed using a standard three electrode
assembly under nitrgen with a scanning rate of 100 mV. §he assembly was connected to a
potentiostat model 263A from EG&G Princeton Applied Research. The measurements were
performed in a 0.1 M tetrdoutylammonium hexafluorophosphate solution in dichloromethane.
A platinum wire in a 0.1 M tetrebutylammonium hexafluorophosphate solution in

dichloromethane served as counter electrode, whereas an Ag wire in a 0.1 M;Agh@on in
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acetonitrile was used as reference electrode. The working electrode was the polyelectilatyte
spincoated on an ITO substrate. The measurements were calibrated with
ferrocene/ferrocenium as external standard. Considering the solvent effects the IP values were

calculated as already publish&8.

4.4 Electrochemical Impedance Spectroscopy

Eled¢rochemical Impedance Spectroscopy (EIS) was performed in aqueous NacCl solutidh (0.1
using an impedance spectrometer (potentiostat/galvanostat, Metrohm Autolab B.V.) with a
three electrode configuration. The polymeoated gold electrdode (4.03-f@&n?) was the
working electrode, a Pt mesh was the counter, and Ag/AgCl is used as a standard reference
electrode. EIS was performed over a range of 1182 kHzwith an AC 10 mV sine wave, and a

DC offset of 550 mV and 0 V (the potential on the working eddet with respect to the
reference). In order to extract capacitancg @nd volumetric capacitance (C*) the spectra of

doped films (DC offset=at 550 mV) were fit to R@(equivalent circuit using NOVA software.

4.5QCM

The swelling of the thin polymeilrhs was studied using QCM (QSense, from Biolin Scientific).

The polymer solutions were spun cast on clean plasma activatedcgatéd Qsensors. They

were kept under vacuum overnight to ensure complete drying of the film. Filtered DI water and
afterwards aqueous NaCl solution (M) were flown over the samples at 24 °C at a flow rate of
socMmnn SYO2WAIWER £ f SR 6& | LISNA & | ) ivds @stimdtzy frddh ¢ K S
nfusing the Sauerbrey equatio¥ #y_ whereCis the mass sensitivitgonstant (17.7

ng-cmi?Hz atf'  p a | ifus the ¢ghRngeanin resonance frequencyndt overtone!! The
34 5" and 7" overtones were used for the calculations. Given the initial thickness of the dry
films, the water and NaCl uptake could be estied. The error was due to variation in the

measurement of the films thickness.

4.6 OECPerformance

OECT devices were prepared as described previously, fabricated photo lithographically using a
paryleneC liftoff process™ The patterned channels of ¢htransistors had a width of 100 pm

and a length of 10 um. 1 wt% CPE was dissolved in deionized water and 1 wt% GOPS was added.
Films containing EG hadvbl% of the cesolvent. The films were sptpated at 1500 rpm for

30sec. Afterward, the substratesare annealed at 90 °C for 1.5 h. Thickness measurements of

the polyelectrolyte films were performed using a Dektak profilometer. All measurements were
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performed using an Ag/AgCl wire (Warner Instruments) as the gate electrode and NacCl solution
(0.1 M) as he electrolyte. The steadstate measurements of the OECT (output and transfer
curves) and the pulsed gate experiments were performed using a Keithley 2612A with

customized LabVIEW software.

Supporting Information

Supporting Information is available fratime Wiley Online Library or from the author.
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Figure 4Sl: Normalized absorption of thin films spin coated on quartz substrates from aqueous solutions of PTHS
TBA, PTHIEA and PTHSMA".
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Figure 432: Normalized absorption of thin films spin coated on quartz substrates from aqueous solutions of pristine
PTHSX, with 1 wt% GOPS and with 1 wt% GOPS and 5 vol% EG for ayBAH®d b) for PTHSEA.
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Figure 43: a), c), e) Normalized spectral changes and b), d), f) relative difference between the spectra recorded
with bias (0 mV to 600 mV in steps of 160V) and the initial spectrum without bia®f a PTHFBA (a and b), a
PTHSEA (c and d) and a PTHA' (e and f) film containing GORPS
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Figure 434: Impedance measurements of thin crodimked a) PTHEBA and b) PTHSEA film with 0 and 550 mV
applied bias against the reference electrode.
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Figure 4%5: a) 5" overtone frequency and dissipation curves of crelisked PTHIBA, PTHIEA, and PTHSMA
films, as well as of a pristine reference sensasing QCMD, and b) swelling percentage of croisked PTHIBA,
PTHSEA, and PTHSMA' in both deionized water (in black) and NaCl (in red).

Table 4S1: { dzY' Y I NB

27T

iKS OKIFy3as Ay

NaCl, with standard deviation based on three different thickness measurements.

i KA OVayied in @eiodize® (@) wageiandO 2 NNB & LJ

Initial thickness nR n R Swelling Swelling
Material (d) (Di water) (NacCl) (DI water) (NacCl)
[nm] [nm] [nm] [%] [%]
PTHIBA 16.7 £ 13 05+022 1.05+x0(4 29+0.2 6.3+0.5
PTHIEA 183+ 24 0.36 006 0.6+02 2 3505
PTHIMA 66 = 107 1.3x£07 22+x0M4 2x0.3 34+05
PTHIBA+ EG 42.2 + 56 22+12 22+13 46+1.7 5206
PTHIEA+EG 793+576 26+ 15 3+16 58+ 25 6+34
PTHIMA + EG 144,7 +11,6 29+16 31+16 2,3+20,5 21+0,2
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Figure 43: Output characteristics of crosknked PTHIBA (a), PTHSEA (b), and
with Vgof 0 mV, 400 mV, 500 mV and 600 mV.
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Figure 4S7: Transfer characteristics and corresponding transconductance of a elinked PTHIBA (a) and PTHS
TEA (b) based device at 5500 mV.
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