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“Every chemistry student, faced by almost any
treatise, should be aware that on one of those
pages, perhaps in a single line, formula, or word,
his future is written in indecipherable characters,
which, however, will become clear “afterward”:
after success, error, or guilt, victory or defeat.”
Primo Levi
“The Periodic Table — Carbon”
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Abstract
Self-doped conjugated polyelectrolytes (CPEs) are a class of conducting
polymers constituted of a π-conjugated backbone and charged side
groups. The ionic groups provide the counterions needed to balance the
charged species formed in the CPEs backbones upon oxidation. As a result, addition of external counterions is not required, and the CPEs can be
defined as self-doped. The combination of their unique optical and electrical properties render them the perfect candidates for optoelectronic
applications. Additionally, their “soft” nature provide for the mechanical
compatibility necessary to interface with biological systems, rendering
them promising materials for bioelectronics applications. CPEs solubility,
aggregation state, and optoelectronic properties can be easily tuned by
different means, such as blending or interaction with oppositely charged
species, in order to produce materials with the desired properties. In this
thesis both the strategies (blending and counterion exchange) have been
explored to produce new functional materials that can be deposited to
form a thin film and, therefore, used as an active layer in organic electrochemical transistors (OECTs). Microstructure formation of the films as
well as influence on devices operation and performance have been investigated. We also show that these methods can be exploited to produce
materials whose unique combination of self-doping ability and hydrophobicity allows incorporation into the phospholipid double layer of
biomembranes, while retaining their properties. As a result, self-doped
CPEs can be used both as sensing elements to probe the physical state of
biomembranes, and as functional ones providing them with new functionalities, such as electrical conductivity. Integration of conductive electronic biomembranes into OECTs devices has brought us one step forward on the interface of man-made technologies with biological systems.
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Populärvetenskaplig sammanfattning
Självdopade konjugerade polymerer är en klass av elektroniska polymerer med en pi-konjugerad huvudkedja och laddade sidokedjor. Dessa laddade grupper utnyttjas då polymeren dopas till hög ledningsförmåga, och
kompenserar injicerade elektroner eller hål. På grund av närvaron av
laddade grupper behövs inga externa motjoner, och därför kan sådana
polymerer kallas självdopade. Kombinationen av optiska och elektriska
egenskaper gör konjugerade polyelektrolyter (CPE) lämpade för användning inom optoelektronik. Deras mekaniska egenskaper gör dem lämpliga
för kombination med biologiska system, och de kan därför användas inom
bioelektronik. Möjligheten att manipulera deras löslighet, aggregation och
elektroniska struktur, i blandningar och med hjälp av joner eller ytaktiva
substanser, kan ge många olika materialegenskaper. I avhandlingen
beskrivs hur CPE’s i blandningar och I kombinationer med ytaktiva ämnen kan forma tunna filmer som studeras i organiska elektrokemiska
transistorer. Mikrostrukturens inverkan på transistorns funktion och
prestanda har studerats. Vi har också visat hur kombinationen av CPE’s
och ytaktiva substanser ger självdopade och hydrofoba material som kan
integreras i tunna bilager av fosfolipider, vilka bildar liposomer. På så sätt
kan halvledande och lysande CPEs integrerade i biomembran av fosfolipider användas som sensorer för biomembraners struktur, och med metalliska CPEs ge biomembran elektronisk ledningsförmåga. Med hjälp av
sådana strukturer har ytterligare ett steg tagits i integrationen mellan
elektronik och biologiska strukturer.
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Introduction

Chapter 1
Introduction
Organic electronics is a field of research concerning the use of conductive organic materials for the production of electronic devices. One of the
technological developments introduced by this field is the manufacturing
of low-cost devices using printing techniques. This has been rendered
possible by the easy processability of organic materials from common
solvents. Nowadays many electronic components can be printed and are
already found on the market. However, a limit is represented by the lower
efficiencies of organic materials with respect to their inorganic counterparts. More research efforts are, therefore, needed to improve existing
technologies or introduce new ones. Research in organic electronics comprise many aspects, such as the development of new organic materials,
understanding the processes behind device function, and introduction of
new fabrication strategies. Therefore, combined efforts are required from
the worlds of chemistry, physics and engineering.
Organic electronics at its early stages didn´t include the field of biology.
In the past decade, though, an idea developed hundreds years ago could
be revived leading to the encounter of the fields of organic electronics and
biology. In the middle 1750, an Italian scientist, Luigi Galvani, performed
the first experiments in animal electricity, by connecting nerves of frog
legs to metal wires. Stimulation by an electrical impulse lead to muscles
contraction, and represented the first evidence of bioelectricity. In the
present days, the advances obtained in the field of organic electronics
could be exploited to develop new interfaces with biological system.
Bioelectronics takes advantage of the mixed ionic/electronic conductivity of organic materials to interface the world of the living, where messages are exchanged via ions, with electronics, where signals are exchanged
via electrons. The soft nature of these materials enables a better match to
the softness of tissues and cells with respect to their inorganic counterparts. This work has been focused on a special class of organic materials
called “conjugated polyelectrolytes” (CPEs). In the first part of this thesis I will introduce you to the world of conjugated polyelectrolytes: what
they are made of and which are their properties. Then, I will demonstrate
that tuning CPEs properties from solution via self-assembly is an effective
1
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method to formulate new materials with desired properties. These properties have been exploited in chapter 3 for the fabrication of high performance devices in form of organic electrochemical transistors. In chapter 4 I will demonstrate that the same strategies can be used to produce
materials with required properties for integration with biological systems. The molecular nature of CPEs has been exploited to create interfaces with bio-systems and tune their functions at the nanoscale. Then, in the
last chapter, I will show that the two different concepts (CPEs for devices
and CPEs for bio-related applications) can be reunited to lead to the production of original and exciting ways to interconnect electronics with
biology.

2
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Chapter 2
Conjugated Polymers
This chapter is dedicated to a sub-class of polymers, called conjugated
polymers. The word “polymer” derives from the Greek poly-, “many” and mer, “parts”, as they are molecules composed by many repeating units
linked together by covalent bonds.
Depending on their origin, polymers can be classified into natural or
synthetic. Natural polymers are commonly synthesized by living
organisms; some examples are silk, DNA, and cellulose. Synthetic
polymers are synthesized by mankind through organic synthesis
strategies. Due to their tunable physical and chemical properties, and
simple processability, synthetic polymers have found great use in our
everyday life. Moreover, their mechanical properties, such as softness
and flexibility, can be adjusted according to the specific application. All
these properties, combined with the possibility to render them
biodegradable, make them the perfect candidates for healthcare and
biomedical applications.1,2 Conjugated polymers are synthetic polymers
possessing alternating single and double bonds in their chemical
structure. They share all the above described properties with one
interesting addition: electrical conductivity.3 This property has been
exploited for several applications, from production of devices able to
harvest solar energy (solar cells)4 to devices able to produce light
(organic light emitting diodes)5 or even communicate with biological
systems (electrochemical transistors).6 However, conjugated polymers
cannot be electrically conductive if they are not doped, meaning that
electrons shall be extracted or injected into their backbone to produce
charge carriers and achieve conductivity. As we will see, the molecular
structure of conjugated polymers plays a significant role in their ability to
conduct charges. CPs molecular structure is mainly composed by carbon
and hydrogen atoms with the addition of other elements, such as oxygen,
sulfur and nitrogen, which are present in a lower extent.

3
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2.1 Carbon – Conjugated Polymers Building Block
The most important constituent of polymers is a chemical element
belonging to the 14th group of the periodic table: carbon. This element is
so significant that chemists decided to devote to it an entire branch of
chemistry, named “organic chemistry”. The name “organic” date back to
the time when scientists used to believe that compounds could be
classified as organic or inorganic, depending on whether they were
extracted from living matter or minerals, respectively. Even though today
many organic compounds can be synthesized, the appellative remained
unchanged.
Carbon is a nonmetal having electronic configuration 1s22s22p2. The
electronic configuration of an atom determines the distribution of the
electrons around the nucleus, and plays a central role in atom reactivity
and molecules formation. Electrons are arranged around the nucleus in
atomic orbitals, which are wave functions ψ describing the state of the
electron. Through the value ψ2, they define the probability to find an
electron in the space. Atomic orbitals are classified by three quantum
numbers. The principal quantum number n defines the energy of the
electrons and it can assume integers n = 1, 2, 3… The orbital angular
momentum quantum number l describes the shape of the orbitals (l = 0,
1…n-1), while the magnetic quantum number ml describes the possible
orientations of a certain orbital (ml = 0, ±1…±l). One more quantum
number, called spin quantum number ms, describes electrons quantum
state and can assume values -½ or +½. The electronic distribution into
atomic orbitals is described by Pauli Exclusion Principle, which states
that “only two electrons can occupy an atomic orbital, and to do so they
must have opposite spins”. Therefore the electronic configuration of
carbon would be as depicted in Figure 2.1.

Figure 2.1 Electronic configuration of a carbon atom.
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Electrons possess same charge, therefore, due to repulsive forces, p
electrons occupy two different degenerate 2p orbitals, as described by
Hund’s rule. The particular electronic structure of an atom determines
its possibility to form chemical bonds with other atoms. A covalent bond
is a chemical bond that forms when two atoms share an electron pair. To
do so, the atomic orbital of an atom should overlap with the one of
another atom, each of them containing a single electron. This will lead to
the creation of a molecular orbital shared between both the atoms and
containing the two electrons. Considering the above described electronic
structure, it would be expected that carbon can form only two bonds, as
only two single electrons are available. However, this is not the case.
Atomic orbitals can, in fact, superimpose to form hybrid orbitals. The
total energy of the newly formed orbitals is lower with respect to the
energy of the originals orbitals. Depending on the number of orbitals
involved in the hybridization process, carbon can have hybridization sp3,
sp2 or sp (Figure 2.2).

Figure 2.2 Electronic configuration of sp3. sp2, and sp hybrid orbitals of a carbon atom.

Consequently, depending on its hybridization, carbon will be able to form
four, three or two covalent bonds with a corresponding number of atoms.
The newly formed molecular orbitals will arrange in space in a way that
minimizes the electronic repulsion, which means as far away from each
other as possible (Figure 2.3).

Figure 2.3 Possible hybridization geometries of a carbon atom.
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When the two atomic orbitals overlap on the line joining the two nuclei,
the resulting molecular orbital is called sigma (σ bond). Carbon atoms
form σ bonds with hybrid orbitals. When the overlapping between the
two atomic orbitals occurs perpendicularly with respect to the line
joining the nuclei, the formed molecular orbital is called pi (π bond).
Carbon atoms form π bonds with p orbitals. For example, in the molecule
of ethylene (Figure 2.4) two carbon atoms are bonded together by a σ
bond and a π bond. The electronic structure of a molecule can be
predicted by a method called linear combination of atomic orbitals
(LCAO). For each bond two molecular orbitals will be formed: a bonding
orbital, having low energy, and an antibonding orbital. The latter, if
occupied, leads to a reduction of cohesion forces between the atoms.
From the diagram it can be also noticed that the π bond is weaker
(possess higher energy) than the σ bond, due to less overlap of atomic
orbitals.

Figure 2.4 Chemical structure of ethylene molecule and corresponding molecular orbital
diagram.

The C=C distance in ethylene (1.34 Å) is lower with respect to the C-C
distance in ethane (1.55 Å), as the double bond held the two atoms more
closely than the single bond.7 Another important difference is that,
despite π bond, σ bond allows free rotation of the atoms around the bond
axis. Rotation of the atoms bonded by a π bond will, in fact, preclude
overlap between the atomic p orbitals and lead to bond breakage. The
molecule of ethylene is the simplest member of a family of molecules
called alkenes or olefins, which distinguishing feature is the presence of
double bonds in their chemical structure.
Conjugated polymers (CPs) are polymers possessing alternating single
(σ) and double (π) bonds in their backbone. One of the first
representatives of this class of polymers is linear polyacetylene, which
was synthesized for the first time in 1958. The chemical reaction involved
olefins as a precursor and the use of a novel metal-based catalyst, for
which the two scientists Karl Ziegler and Giulio Natta won the Nobel Prize
6
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in 1963. However, only in 1977, when Heeger, McDiarmid and Shirakawa
demonstrated that exposures of polyacetylene films to halogens vapors
increased their conductivity 109 times, the potential of CPs was revealed.
The discovery was awarded the Nobel Prize in 2000 and resulted in a
paradigm shift from the idea of plastic as insulating or low conductive
material to the new concept of highly conductive plastic for uses in
electronics. The new field of organic electronics was born.

2.2 Electronic Properties

Conjugated molecules like polyacetylene can be described by structures
having same nuclear configuration, but different electronic
configurations. The real structure is a hybrid between all the possible
structures and it is called resonance hybrid of the molecule. The total
energy of the hybrid is lower than the energy of the contributing
structures, due to electrons delocalization through the whole conjugated
chain (Figure 2.5).

Figure 2.5 Two resonance forms and resonance hybrid of polyacetylene.

When only few monomer units (<10) are connected to each other the
molecule is termed oligomer, where oligo- derives from the greek ”few”.
Increase of number of monomers in the conjugated chain leads to an
increase of atomic orbitals with slightly dissimilar energy overlapping to
form molecular orbitals. As a result, two bands will form: a valence band,
formed by overlapping of bonding orbitals, and a conduction band,
formed by overlapping of antibonding orbitals (Figure 2.6).

7
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Figure 2.6 Formation of bands in conjugated polymers. N = number of interacting units.

The difference in energy between the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) determines the
polymer band gap (Eg). Depending on the magnitude of the band gap,
materials are generally classified as insulator, semiconductor or
conductor. CPs, like the above mentioned polyacetylene, are insulators,
meaning that the band gap is too high and electrons cannot be promoted
to the conduction band. However, they can be rendered conductive
through doping.
There are two main forms of doping. N-type doping occurs when the
neutral chain of a polymer is easily reduced to form carbanions, which
charge is compensated by the insertion of cations into the polymeric
matrix. P-type doping, instead, occurs when the neutral polymeric chain
is easily oxidized to form carbocations, which charge in compensated by
anions insertion into the polymeric matrix. The doping process can be
accomplished in different ways. Chemical doping involves the addition
of molecules that can act as dopant, meaning that they act as electronacceptor or electron-donor and remove or give electrons to the polymer
backbone to form the so-called charge carriers. Another approach is to
dope a polymer electrochemically: in this case, a potential difference
generated between two electrodes leads to CP oxidation/reduction, and
formed charges are compensated by ions from the electrolyte, as it will be
shown in section 2.5.
This thesis mainly focuses on p-type CPs. For these materials the main
charge carriers are radical cations or di-cations. In the world of physics,
a radical cation delocalized over a polymer segment is called polaron,
while a delocalized di-cation is called bipolaron. Those terms take into
account also the lattice distortion caused by the presence of the charges
into the polymer backbone.8 The first charge carriers that form at low
doping levels are polarons. Being radical cations, they possess spin ½ and,
therefore, their electronic signature can be studied using electron spin
8
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resonance spectroscopy (ESR), as shown in Paper 1.9 When doping level
increases to intermediate doping the ESR signal starts to decrease, due to
recombination of polarons to form bipolarons, which are spinless.
Further increase in doping levels results in overlap between the bipolaron
energy levels to form bipolaron bands (Figure 2.7).

Figure 2.7 Band structure of a p-type conjugated polymer a) undoped, b) in a polaron
state, c) in a bipolaron state.

2.2.1 Interchain Charge Transport
The above described band theory relates to transport of charges between
monomers of the same CP chain. However, conduction at the macroscale
is not only determined by intrachain transport, but also by the ability of
charge carriers to move from one CP chain to another one. In contrast
with inorganic materials, where conduction is based on charges
delocalization through the lattice, in CPs interchain charge transport
occurs via “hopping” (Figure 2.8).10

9
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Figure 2.8 Transfer of a charge carrier between CPs chains.

This process possesses an activation energy and it is, therefore,
temperature dependent: higher the temperature, larger the hopping
probability.11 Moreover, factors affecting chains organization, such as selfassembly or aggregation phenomena, are of importance in the ability of
charges to travel between CPs chains.12 As we will see in section 2.8, the
supramolecular interactions occurring between CPs chains in solution
affect the morphology of the deposited films: e.g. if the CPs chains form
aggregates in solution, casting on a substrate results in a thin film made of
large domains.

2.3 Conjugated Polyelectrolytes
The main disadvantage of the first generations of CPs was their poor
solubility, which rendered them difficult to process. For example,
polythiophene possesses extremely low solubility. Synthetic strategies
have therefore been employed to improve CPs solubility and
processability. Synthesis of derivatives comprising side chains covalently
bonded to the π-conjugated backbone allows dissolution in organic
solvents, due to increase of dissolution entropy. One of the most relevant
examples is poly(3-hexylthiophene-2,5-diyl) (P3HT). However, devices
development has rendered desirable CPs processability from polar and
environmentally friendly solvents, such as water. Perhaps the most
successful example of high performance water soluble material is the
polymeric dispersion poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate PEDOT:PSS (Figure 2.9).

10
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Figure 2.9 Chemical structure of PEDOT:PSS.

While PEDOT alone shows poor solubility, complexation with PSS leads to
a material with high water solubility. Moreover, PSS provides sulfonate
groups able to stabilize positive charges formed on the PEDOT backbone
upon doping, leading to a material with high conductivity, above 1000
S/cm.13 Another possible approach consists in synthesizing CPs having
electrolyte groups covalently attached to their backbone: the so-called
conjugated polyelectrolytes (CPEs). CPEs can be divided into two main
groups depending on the net charge of their side groups: anionic and
cationic. This thesis mainly concern work on anionic conjugated
polyelectrolytes, with a special focus on self-doped conjugated
polyelectrolytes.

2.4 Self-doped Conjugated Polyelectrolytes
The concept of “self-doping” was firstly reported in 1987 by Wudl et al. as
a method to improve the doping kinetics.14 In fact, the doping process
involves diffusion of charged species to balance charges formed upon
oxidation/reduction of the polymer backbone. In self-doped CPEs the
potential counterions are readily available, as they are covalently bonded
to the backbone. Three different kinds of self-doped CPEs have been used
in this thesis: PEDOT-S, PTEB-S, and PTHS (Figure 2.10).

11
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Figure 2.10 Chemical structure of the self-doped conjugated polyelectrolytes used in this
thesis.

The presence of sulfonate groups covalently attached to their backbone
guarantees them high water solubility. Moreover, the acid-base
equilibria of these groups determines existence of the CPEs in an acid or
conjugated base form. PEDOT-S exists in a protonated form in its pristine
state, while PTEB-S and PTHS are found in a salt form. The acid-base
equilibria of CPEs can be shifted by varying the pH of the solution, by
addition of acids or bases. A decrease in pH will lead to a particular kind
of chemical doping, called acid doping; where H+ act as a dopant, by
protonating the CPEs backbone.15 As a consequence, the doping level of
CPEs can be tuned by pH, as we will see for PEDOT-S in section 2.6.1.
Sulfonate groups are negatively charged and, thus, able to stabilize
formation of positive charges in the backbone upon oxidation. These CPEs
are, therefore, p-type materials. However, structural differences in CPEs
backbones determine dissimilar behaviour toward oxidation. PEDOT-S is
found in a metallic, highly conductive state, in its pristine form, while
PTEB-S and PTHS exist in a semiconducting state. This is due to the
presence of two oxygens in PEDOT-S backbone, whose lone pairs can
stabilize the positive charges formed in the conjugated backbone by
electron donating effect.16 Another structural difference is represented by
the number of monomer units. PEDOT-S is made of ~12 monomer units
and, due to repulsion of negative charges of sulfonate groups, a single
PEDOT-S chain is likely to assume a rod-like conformation. PTEB-S and
PTHS possess ~3500 and ~75 monomer units, respectively. Therefore,
single chains of these two CPEs in a good solvent are likely to assume a
coiled conformation (Figure 2.11).
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Figure 2.11 Possible conformations adopted by single molecules of a) PEDOT-S and b)
PTHS or PTEB-S chains in a good solvent.

2.5 CPEs Electrochemistry
The redox states of CPEs can be conveniently modified by means of
electrochemistry. Here, the redox equilibria of a redox species is altered
by application of a potential difference between a working electrode
(W.E.) and a counter electrode (C.E), which are brought in contact by
means of an electrolyte. A reference electrode (R.E.) is frequently used in
order to quantify potentials of the electrochemical cell. In this thesis, two
techniques have been used for CPEs characterization: cyclic voltammetry
and four-terminals electrochemical setup (Figure 2.12).

Figure 2.12 Schematic representation of a) cyclic voltammetry and b) 4-terminals
electrochemical setups used in this thesis. The sample is constituted by a polyelectrolyte
film casted on top of an indium tin oxide (ITO) working electrode or gold interdigitated
microelectrodes array (IMEA) on glass.
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In cyclic voltammetry (CV) potential sweeps lead to a current response
generated by the doping/de-doping of the active material. Voltammetry
response of PEDOT-S films shows a large capacitive behavior (Figure
2.13, a). An anodic peak occurs at +0.2 V while, in the reverse scan, a
cathodic peak is found at -0.03 V. PTEB-S, instead, show an indistinct
anodic process due to film oxidation and a cathodic band at +0.55 V
(Figure 2.13, b). It can also be noticed that the PEDOT-S oxidation
potential is much lower than PTEB-S. As mentioned in section 2.4, this is
due to the structural differences in CPEs backbones.16

Figure 2.13 Cyclic voltammetry responses of a) PEDOT-S and b) PTEB-S films drop casted
on ITO-coated substrates, measured in LiClO4 (0.1 M in CH3CN) at 0.05 V/s scan rate.

In the case of the four-terminals electrochemical setup, a small
potential difference is applied between two working electrodes (W.E.1
and W.E.2) connected by means of a CPE/CP film. The voltammetric
response is dominated by the currents flowing into the channel. If the
measured currents are divided by the applied bias, it is possible to derive
a conductance response as function of the applied potential (Figure
2.14).17 As formation of charge carriers is determined by CPE oxidation,
the conductance response of the CPE film is governed by the oxidation
potential of the CPE. For example, PEDOT-S shows a single sigmoidal
response starting at E = -0.3 V. PTHS, instead, exhibits a rise in
conductance at E = 0.35 V. Like PTEB-S, in fact, it possesses a
semiconducting nature and, therefore, it is oxidized at higher potentials.
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Figure 2.14 Conductance responses of PEDOT-S and PTHS, acquired for voltage bias of 0.05 V using a four-terminals electrochemical setup.

2.6 Optical Properties
Optical properties of CPEs are determined both by backbone
conformation and by backbone oxidation state. Therefore, in one hand
changes in optical properties can be used to probe changes in physical
state of CPEs,18 or supramolecular interaction with other molecules, as
we will see in section 2.7.19 On the other hand, they can also be exploited
to investigate the chemical states formed upon oxidation, as well as for
the production of electrochromic devices.20

2.6.1 Chromism
Chromism is defined as any process leading to a color change, as a result
of an alteration of the electronic states of a molecule. Different kinds of
chromism are found, and can be classified depending on the stimuli
leading to the color changes. Electronic states of CPEs can be modified by
changes in their oxidation state or in their conjugation length.
Undoped CPEs generally possess an absorption maximum a low
wavelengths (<700 nm), generated by electronic π-π* transitions from the
valence to the conduction band. Formation of a polaron state leads to an
absorption band at higher wavelengths (~700-1100 nm), due to the
presence of mid-gap transitions involving both electrons in the valence
band as well as unpaired electrons. Bipolaron state is characterized by
absorption in the near-IR region, due to transitions from the valence to
the bipolaron bands (Figure 2.15).
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Figure 2.15 Band structure of a p-type CPE, with highlighted electronic transitions: ωI =
bandgap π- π* transition, and ω1-3 = mid-gap transitions.

As previously discussed in section 2.4, changes in pH determine
modifications in the oxidation state of self-doped CPEs in water solution.
As a result, these CPEs are halochromic. PEDOT-S in its pristine state, for
example, possesses a broad absorption over all the Uv-visible and near-IR
spectra, due to electronic transitions associated to a bipolaron state.
Addition of HClO4 to pH = 2 does not lead to any spectral differences, as
PEDOT-S is already in a highly doped state. Addition of NaOH to pH = 14
leads to formation of two bands at 560 nm and 931 nm, associated to π-π*
transition and polaron transitions, respectively (Figure 2.16).

Figure 2.16 Absorption spectra of PEDOT-S in water solution (0.1 g/L) in its pristine form
(black, solid), pH = 2 (red, dashed), and pH = 14 (blue, dot-dash).
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When changes in oxidation state (and color) are triggered by an external
voltage or current, the phenomena is named electrochromism. The most
common technique to study electrochromic properties of CPEs is Uv-vis
spectroelectrochemistry.21 With this method, changes in optical
properties of the electrochromic materials in solution or in film form are
monitored in situ, for application of external voltages. In Papers 1, 2 and 3
this technique has been exploited to study the chemical species formed
upon oxidation in CPEs as well as CPEs blends (Figure 2.17).

Figure 2.17 Uv-vis spectroelectrochemistry of PEDOT-S:PTEB-S 1:1 film, acquired for a)
negative and b) positive potentials (vs Ag/AgCl reference electrode).

Changes in absorption spectra of the films determine variations in
observed colors that can be exploited for the production of displays or
electrochromic windows. For example, in Paper 1 it has been
demonstrated that blending of PEDOT-S with PTEB-S leads to films
exhibiting electrochromic changes within the RGB (red-green-blue) color
model (Figure 2.18).

Figure 2.18 Pictures of a PTEB-S:PEDOT-S 1:1 film acquired at three different applied
potentials (vs Ag/AgCl reference electrode).

As previously mentioned, chromism can also be due to changes in CPEs
conjugation length. Increase of molecular weight of CPEs generally leads
to red shifts (shifts at longer wavelengths) of spectroscopic maxima. In
fact, extension of the conjugation length leads to an increase of the
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number of π electrons participating to the resonance structure. As
previously described in Section 2.2, this generates a stabilization effect,
and a consequent decrease of the energy difference between the ground
and excited states. Instead, decrease in conjugation length results in blue
shifts (shifts at shorter wavelengths) of spectroscopic maxima. CPEs
conjugation length is not only determined by the chemical structure of
CPEs backbone, but also by CPEs conformation. The main factors
influencing CPEs conformation in solution are supramolecular
interactions within CPEs chains and with the surrounding environment,
as we will see in sections 2.7 and 2.8.

2.6.2 Emission Properties

Photoluminescence is a physical phenomenon consisting in emission of
photons from a molecule previously excited by means of light. After an
electron is excited, the energy may be dissipated in a variety of ways,
which are summarized by the Jablonski diagram (Figure 2.19).

Figure 2.19 Jablonski diagram.

The word “photoluminescence” describes two different processes:
phosphorescence and fluorescence. Transitions from triplet to ground
state are forbidden, therefore, phosphorescence has very long lifetime
(from milliseconds to seconds). As no phosphorescence has been detected
for the CPEs used in this thesis, I will focus on fluorescence. Most of
thiophene-based CPEs, such as PTEB-S and PTHS, exhibit emission in the
Uv-vis region. However, PEDOT-S possesses intermediate bipolaron
states (as previously shown in Figure 2.15), which offer non-radiative
decay paths. As a result, PEDOT-S is not luminescent.
The emission spectra of CPEs are characterized by three distinctive
features: the vibrational structure, the position of the emission
maxima, and the intensity of the emission. The origin of the vibrational
structure is described by the Frank-Condon principle, which states that
during electronic transitions the nuclei are in a fixed position. As the mass
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of nuclei is higher than the one of electrons, the movement of nuclei is
slow if compared to electrons. Therefore, nuclei do not have time to
rearrange their position during fast electronic transitions. As a result, a
straight transition occurs from the ground S0 to the excited S1 state. If the
nuclear distances of the ground and excited states are similar, the most
probable transition is the ν = 0 → ν´ = 0, and transitions to higher
vibrational states are less probable. If nuclear distances of ground and
excited states are different, higher vibrational states are excited during
the electronic transition (Figure 2.20). Differences in intensity of the
observed vibrational peaks are due to different probabilities of the
transitions to occur.

Figure 2.20 Profile of the bands of the ground (S0) and excited (S1) states. E is the energy,
R is the displacement coordinate, Rgs is the coordinate of the nuclei in the ground state.

The positions of the emission maxima are determined by CPEs
conjugation length, as described in section 2.6.1. As for absorption
spectra, emission maxima are defined by the bandgap energy. A third
factor of interest is the emission intensity. Quenching is defined as any
phenomena that decrease the emission intensity of a substance. This
process can be classified as dynamic or static depending on its nature.
Dynamic quenching is due to collision between molecules, while static
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quenching occurs when the fluorophore and the quencher form a
complex in the ground state.

2.7 Self-assembly of CPEs
As defined in section 2.3, CPEs are constituted by a hydrophobic
backbone and hydrophilic side groups and are, consequently, amphiphilic
molecules. The conjugated backbones are, therefore, soluble in non-polar
solvents and can undergo supramolecular interactions such as π-π
stacking. In contrast, the side groups provide solubility in polar solvents.
Their charges give the possibility of attractive electrostatic interactions
with oppositely charged species, as well as repulsion with species
possessing the same charge. The electronegativity of atoms composing
the side groups leads to the possibility of forming hydrogen bonds with
polar protic molecules, such as water. As a consequence, it is not
straightforward to predict behaviors of CPEs such as solubility or
formation of supramolecular assemblies. Early studies of CPEs behavior
in solution lead to the conclusion that CPEs dissolution in polar solvents,
such as water, does not leads to simple solutions of isolated chains, but
rather to CPEs aggregates surrounded by solvent molecules.22

2.7.1 Aggregation of CPEs in Solution
Due to their amphiphilic nature, when several CPE molecules are
dissolved in polar solvents, they have the tendency to form aggregates.
These aggregates are supramolecular structures where the
hydrophobic backbones are shielded from the surrounding solvent, while
the charged groups are exposed to the solvent molecules. The shape and
dimensions of these aggregates depend on several factors, such as
backbone structure, nature and length of the side chains, atoms
composing the side groups, and on the type of counterions. As anticipated
in section 2.6, changes in absorption and emission spectra can provide
useful information on the aggregation state of CPEs. In Paper 3 it has been
shown that PTHS conformation in solution can be tuned by dissolution in
solvents having different polarity (such as water and methanol).23 When
PTHS is dissolved in polar solvents, such as water, red shifted emission
and absorption maxima are observed with respect to less polar solvents,
such as methanol (Figure 2.21). This is due to stronger aggregation of
hydrophobic PTHS backbones in highly polar solvents. Formation of
aggregates in water also leads to inter-chain quenching and decrease of
observed emission intensity.
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Figure 2.21 a) Absorption and b) emission spectra of PTHS in water (black, dash) and
methanol (blue, solid). PTHS concentration was 0.0613 g/L for absorption and 0.00613
g/L for emission.

Variation of optical properties as function of chosen solvent is named
solvatochromism. The aggregation behavior of CPEs in solution can be
tuned by different means such as addition of additives in form of small
molecules, co-solvents or surfactants,24 or by blending with other CPEs.22

2.7.2 Tuning CPEs Solubility by Counterion Exchange

As mentioned in previous section, different counterions can affect
conformation and aggregation of polymer chains. In particular, bulky
counterions inhibit interactions among CPEs chains and prevent
aggregates formation.25 In Papers 2, 3, and 5 it has been shown that the
hydrophilic/hydrophobic character of CPEs or CPEs blends can be
modified by counterion exchange with positively charged surfactants.
Electrostatic interaction of a self-doped CPE (PEDOT-S) with certain
ammonium salts leads to formation of PEDOT-S:ammonium salts. The
produced complexes are the result of the electrostatic interaction
between the negatively charged sulfonate groups of PEDOT-S and the
positively charged ammonium groups of the surfactants (such as
dioctylammonium, (Oct)2NH2+), leading to the following equilibria:
PEDOT-S-H+ + (Oct)2NH2+Cl-

PEDOT-S-:(Oct)2NH2+↓ + HCl

The key point of this strategy is the PEDOT-S:ammonium
hydrophobicity, which leads to product precipitation from water (Figure
2.22). The water-soluble excess of ammonium salts can be easily removed
by centrifugation/washing cycles. The dried complexes can then be redissolved in organic solvents such as chloroform or chloroform:methanol.
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Figure 2.22 Schematic representation of three major steps leading to PEDOT-S:(Oct)2NH2
preparation and dissolution in organic solvents.

In Paper 4 the concept has been extended to another self-doped CPE
(PTHS) and to PTHS:PEDOT-S blends. PTHS interaction with
dioctylammonium chloride results in the formation of a water-soluble
complex. Therefore, a more hydrophobic ammonium salt
(trioctylammonium chloride) has been chosen, which leads to complex
precipitation. Blending PTHS and PEDOT-S from water solutions leads,
instead, to complex precipitation in presence of (Oct)2NH2Cl. Dissolution
of [PTHS:PEDOT-S(1:1)]:(Oct)2NH2 in chloroform leads to a solution
possessing very different optical properties with respect to PTHS:PEDOTS blend in water, which can be attributed to a different conformation of
CPEs chains (Figure 2.23).

Figure 2.23 Schematic representation of the complexation process of PTHS:PEDOT-S
blend 1:1 with dioctylammonium chloride and consequent complex dissolution in
chloroform.

2.7.3 Blending

CPs solubility in common solvents enables the preparation of composite
materials by simply mixing solutions of the single components. Previous
observations on the behavior of conjugated polymers blends have
revealed that phase separation can occur when two different CPs are
mixed together. The reason is a low dissolution entropy of the CPs chains
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if compared to small molecules, which hinders CPs mixing.26 When
polymer blends are casted to form a thin film, phase separation can lead
to macroscopic features that decrease devices efficiency, due to poor
contact between the CP phases. Control of phase separation in polymer
blends is, therefore, essential for production of homogeneous films for
high performance devices.27 In paper 1 it has been demonstrated that
blending two CPEs (PTEB-S and PEDOT-S) from aqueous solutions can be
used as a strategy to produce homogeneous CPEs mixtures. The blends
have been consequently used to produce films having enhanced
electrical and optical properties with respects to films from pure
polyelectrolytes (Figure 2.24).

Figure 2.24 Schematic representation of blending PTEB-S and PEDOT-S from water
solution to form a PTEB-S:PEDOT-S blend 1:1.

In Paper 3 the concept of blending has been combined with the one of
“counterion exchange” (explained in section 2.7.2), in order to produce
new PTHS:PEDOT-S blends with the desired properties. The blends
casted from water or methanol have been exploited for the production of
films for organic electrochemical transistor devices, as it will be discussed
in chapter 3.

2.8 Film Formation
Device fabrication requires the deposition of CPEs to form a thin film.
Various deposition techniques are available, depending on the desired
characteristics of the films, as well as thicknesses and homogeneity. In
this thesis, solution processing techniques have been used to form CPEs
thin films. For electrochromic characterisation of the films, where high
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film thickness (in the micrometres range) is of importance to evaluate the
absorption signature, drop casting has been used. This technique
involves the deposition of CPEs solution on a substrate to produce a film.
However, drop casting is not the best technique for devices production, as
the produced films does not have homogeneous thicknesses. Spin
coating has therefore been used to generate homogeneous films for
devices fabrication. When solution processing techniques are used, the
properties of the formed films strictly depend on the aggregation state of
the species in solution. Therefore, as mentioned in section 2.7.3, control
of aggregation of the CPEs in solution is of primary importance in order to
produce films having desired properties. In order to study films formation
and morphology, two techniques have been used in this thesis:
spectroscopy and atomic force microscopy (AFM).

2.8.1 Drying Films Characterization
The deposition process can be followed by monitoring the emission
spectra of the components while films are drying from wet to solid state.
Decrease in emission intensity is generally observed during the drying
process, due to inter-chain quenching as the solvent evaporates and the
polymer chains come in contact with each other. Shifts in emission
maxima and/or appearance of vibronic fine structures can give useful
information on the microstructure formation of the films. In Paper 1 this
method has been used to appreciate differences in microstructures of
PTEB-S and PTEB-S:PEDOT-S films. PTEB-S deposition from solution to
wet films leads to a red shift in emission maxima. This can be attributed
to π-π stacking of the conjugated PTEB-S backbones in the wet film. Films
drying did not lead to any changes in emission maxima, meaning that
PTEB-S conformation is unchanged from wet to solid state. A blue shift in
blend emission has been observed for PTEB-S:PEDOT-S films, attributed
to the formation of mixed aggregates during the drying process (Figure
2.25).
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Figure 2.25 Normalized emission spectra of a) PTEB-S and b) PTEB-S:PEDOT-S 1:1 films
while drying.

2.8.2 Film Characterization
Spectroscopic methods have been used to investigate the properties of
the formed films. Absorption and emission spectroscopies have been used
in Papers 1, 3 and 4 to monitor the optical properties of the formed films.
In Paper 3, for example, it has been shown that changes of the PEDOT-S
counterion lead to PTHS:PEDOT-S blends, where cast films from water or
methanol have different spectroscopic properties (Figure 2.26). In
particular, a red shift has been observed in PTHS:PEDOT-S films cast from
water, which can be related to the increase of PTHS conjugation length in
aggregate form. Emission data shows, instead, a blue shift and quenching
of PTHS:PEDOT-S films, if compared with PTHS:[PEDOT-S:(Oct)2NH2]
films cast from methanol. The difference could be related to higher
counterion steric hindrance in PTHS:[PEDOT-S:(Oct)2NH2] blend, which
causes an increase in distance between CPEs backbones.
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Figure 2.26 a) Absorption and b) emission data of spin coated films of PTHS:PEDOT-S 1:1
(black, 8.14 g/L) from water solution, and PTHS:[PEDOT-S:(Oct)2NH2] 1:1 (red, 1 g/L)
from methanol. Excitation wavelength was 450 nm.

Electron spin resonance spectroscopy (ESR) has been exploited in
Paper 1 for the characterization of the polaron states formed in PEDOT-S
and PTEB-S:PEDOT-S films upon PEDOT-S oxidation. As mentioned in
section 2.2, PEDOT-S is found in a polaron state, possessing an unpaired
electron. PTEB-S, instead, show no ESR signal, as it is directly oxidized
from a neutral to a bipolaron state. In ESR, the differences in resonance
energies observed for different molecules are expressed by variations of
g-factor, which is a parameter characteristic of the molecule where is
located the unpaired electron. For PEDOT-S, the g-factor is very close to 2,
which is the value observed for organic radicals (Figure 2.27, a).
Moreover, g-factor anisotropy has been recorded for different positions of
PEDOT-S films (parallel or perpendicular with respect to the applied
magnetic field), which can be attributed to the preferential orientation of
PEDOT-S chains in a film form.
Moreover, ex situ ESR spectroelectrochemistry has been used to record
differences in signal magnitude as function of the applied voltage (Figure
2.27, b).
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Figure 2.27 ESR data of a) PEDOT-S film positioned parallel (red) or perpendicular (blue)
to the magnetic field and b) PEDOT-S film as function of the applied potential (vs Ag/AgCl
reference electrode).

Atomic force microscopy (AFM) has been exploited in papers 1, 3 and 5
to study the morphology of formed films. The data show interesting
differences in film morphology upon blending. Fibril-like structures have
been observed for films of the blends, which are probably due to mixed
aggregates formation (Figure 2.28). These changes have been related to
different ion transport ability of the CPEs films and differences in device
characteristics, as we will see in the next chapter.

Figure 2.28 AFM topography images of a) PTEB-S, b) PEDOT-S, and c) PTEB-S:PEDOT-S
1:1 spin-coated films.

Moreover, in Paper 6 AFM measurements have been performed on films
of spin-coated phospholipids both in air and water, in order to assess
structural differences connected to biomembranes formation from dried
to wet state.28
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Chapter 3
Electrochemical Transistors
Transistors are electrical devices capable of signal amplification and/or
transduction. Different types of transistors can be fabricated, and they are
classified depending on the nature of their components as well as their
working mechanism. This work is focused on a particular class of
transistors called organic electrochemical transistors (OECTs). As we
will see, these are three terminal devices that comprise a conjugated
polymer (CP) or conjugated polyelectrolyte (CPE), and an electrolyte as
devices components.
Due to easy fabrication and CPs processability, OECTs found application
in printed electronics, for the production of displays and biosensors.29-32
Additionally, low operating voltages, stability in aqueous environment,
and capability of interfacing ionic and electronic signals make them
suitable devices for bioelectronics and healthcare applications.33,34
However, despite their great success, OECTs currently suffer of many
drawbacks, which limit their use for practical applications. The main
challenges regard increase of active materials redox and water stability
for prolonged devices operation as well as for the use of water-based
electrolytes, which is a requirement to interface with biological systems.
Moreover, decrease of switching times, and increase of signal
amplification are also desired.

3.1 OECTs Building Blocks
OECTs are made of three terminals, named the drain, the source and the
gate. The drain and the source are connected to each other by a redox
active specie, called the active material. All the OECTs produced so far
have CPs or CPEs as active material components. The active material is
then connected to the gate electrode by means of an electrolyte (Figure
3.1).
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Figure 3.1 Schematic representation of an organic electrochemical transistor device.

In order for the device to work, a drain voltage (VD) is applied between
source and drain to enable the flow of charge carriers (electrons or holes)
through the channel. The gate modulates the redox state of the active
material by injecting or extracting ions from/to the electrolyte and,
therefore, shifting active material redox equilibria toward the conductive
(ON) or non-conductive (OFF) form. OECTs function depends both on the
efficiency of the active material to transport electrical charges, and on
the ability of the gate to supply the channel with ions and, thereafter, to
modulate the equilibria of the redox active specie. The latter feature
hinges on the area and on the kind of material composing the gate
electrode,35,36 and on the mobility of the ions composing the electrolyte.37
Another factor influencing devices performance is the morphology of the
active material.38 Changes in films morphology affect both the electronic
and the ionic transport ability of the CPs constituting the active material.
Therefore, understanding the relation between the state of the materials
in solution and films morphology, as shown in section 2.8, is the key to
produce materials having the desired properties and leading to devices
possessing the desired performance.

3.2 OECTs Characterization
Mainly three kinds of measurements are required in order to characterize
transistor devices (Figure 3.2).39 Steady-state, output characteristics
are acquired by measuring the drain current (ID) for drain voltage (VD)
sweeps, at fixed gate bias (VG). Negative drain voltages have been applied
for all OECTs characterization. In fact, as previously discussed in section
2.4, all the produced devices comprise p-type CPEs as active material,
whose main charge carriers are holes. Application of positive drain
voltages would also be possible, but would require higher gate voltages to
switch OFF the devices.39,40 Output curves delineates the limits between
linear and saturated regimes of devices operation, and allow selection of
the lowest drain voltages necessary to have best device performances
without compromise active materials redox stability. Transfer
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characteristics are, instead, acquired by measuring the ID at constant VD,
for VG sweeps. Shape and hysteresis of the curves are useful to
understand transient processes such as ions insertion/ejection or
overcharging effects in the active material.41 The first derivative of the
transfer curve leads to a parameter called transconductance (gm =
δID/δVG), which is a measure of devices amplification. The best
transconductance value reported so far is 20 mS/cm for drop casted
semiconducting materials.42
Transient responses are measured by recording the drain current for
gate voltage switches at fixed drain voltage. This measurements allow to
appreciate the switching ability of the devices and the amount of time
required to oxidize and reduce the active material, and therefore switch
ON and OFF the devices, respectively.

Figure 3.2 Output, transfer and switching characteristics acquired for devices having
PTHS as active material.

3.3 Operation Modes of OECTs
OECTs can mainly operate in two modes, depending on the nature of the
active material: depletion or accumulation mode. In depletion mode
devices the active material is in a doped, highly conductive state in its
pristine form, and the device is ON at zero gate bias (Figure 3.3).
Application of positive gate biases drives positive ions from the
electrolyte into the active material, and switch OFF the device. Devices
having PEDOT:PSS or PEDOT-S as active material work in depletion
mode, according to the follow equilibria:
PEDOT+S- + M+ + e-

PEDOT0S-:M+
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Figure 3.3 Transfer characteristics (solid) and related transconductance (dashed) of
PEDOT-S OECTs.

Currently, most of the produced devices operate in depletion mode. The
main reason is that most of devices produced so far comprise PEDOT:PSS
as active material, due to its superior features in terms of stability and
conductivity.
In accumulation mode devices, the active material is in a neutral, nonconductive state and the device is OFF at zero gate bias (Figure 3.4).
Application of negative gate biases leads to either positive ions extraction
or negative ions insertion into the active material, and switch ON the
device. PTEB-S and PTHS devices work in accumulation mode according
to the following equilibria:
PTEB0S-:Na+ PTEB+S- + Na+ + e-,
PTEB0S-:Na+ +X- PTEB+S- + Na+:X- + eand
PTH0S-:t-butN+ +X- PTH+S- + t-butN+:X- + e-

Figure 3.4 Transfer characteristics (solid) and related transconductance (dashed) of
PTEB-S OECTs.

32

Electrochemical Transistors

The main advantage of accumulation mode devices is their low power
consumption, as they are normally switched OFF, and can be switched ON
on-demand. These kinds of OECTs are particularly interesting for sensing
applications, where a “switching ON” event is more easily detectable than
a “switching OFF” one. However, most of the produced devices could not
find practical applications, as they could not meet the high standards
imposed by depletion mode devices. Only recently, synthetic efforts have
been spent on the development of new semiconducting materials with
improved characteristics for the production of better accumulation mode
OECTs.38,42

3.3.1 Tuning OECTs Operation Mode

Fine tuning of devices operation can be achieved by careful choice of the
gate material or by modifying the channel geometry.43 In Paper 1, it has
been demonstrated that, with similar gate material and channel
geometry, OECTs operation mode can also be tuned by blending materials
having different properties. In particular, blending two CPEs having
metallic and semiconducting behavior has been used as an approach to
produce devices showing a hybrid accumulation/depletion operation
mode (Figure 3.5). PEDOT-S and PTEB-S have been mixed together from
water solutions, in presence of a surfactant, to form CPEs blends (as
shown in section 2.7.3). Films of the blends have shown enhanced
characteristics with respect to films made from single components, such
as enhanced electrochromic properties, as previously demonstrated in
section 2.6.1.

Figure 3.5 Transfer characteristics (solid) and related transconductance (dashed) of
PTEB-S:PEDOT-S 3:2 OECTs.

The operation mode of devices could be tuned by modification of blend
stoichiometry. OECTs showed also improved characteristics with
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respect to devices made by single components, possessing better stability
as well as lower switching times, as we will see in the next section.
In Paper 2 PEDOT-S devices have been fabricated, however, the choice of
the gate electrode (Ag/AgCl instead of PEDOT:PSS) influenced the
operation mode of the devices, which now operate in an hybrid
accumulation/depletion mode. Moreover, the threshold voltage of OECTs
could also be tuned by counterion exchange with certain ammonium
salts, as shown in section 2.7.2, demonstrating that also CPEs counterions
play a role in devices operation (Figure 3.6).

Figure 3.6 Transfer characteristics (solid) and related transconductance (dashed) of
PEDOT-S:(Oct)2NH2 OECTs.

The two above described concepts have been combined in Paper 3,
where blending PEDOT-S with PTHS has been accomplished from water
or methanol, depending on the nature of PEDOT-S counterion.
Accumulation mode devices have been produced, operating at different
gate voltages and exhibiting enhanced properties with respect of devices
made with single components (Figure 3.7).

Figure 3.7 Transfer characteristics (solid) and related transconductance (dashed) of a)
PTHS:PEDOT-S 1:1 and b) PTHS:[PEDOT-S:(Oct)2NH2] 1:1 OECTs.
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3.4 Switching Times in OECTs
Fast switching is a desirable property for sensors, logic circuits and
displays applications.29,44 Therefore, a great effort has been spent on
improve OECTs switching times.45 In this work time constants for ON and
OFF processes have been defined as the time required for reach the 90%
(τON) and the 10% (τOFF) of the maximum currents, respectively.46
Mobility of the charge carriers within the active material combined with
insertion/ejection processes of ions from the electrolyte, as well as the
length of transport are the rate determining step for switch ON and OFF
of devices. The mechanism of ions diffusion from/to the active material is
still a matter of debate, and can be influenced by several factors. As
discussed in the previous section, film morphology plays an important
role, as it determines the interface between the redox active species and
the ionic ones from the electrolyte. In previous reports, it has been
observed that changes in morphology upon additive addition has an effect
on ion transport of the films, and consequently on devices performance.38
In paper 1 blending PEDOT-S and PTEB-S leads to devices having shorter
switching times with respect to devices made by pure components
(Figure 3.8).

Figure 3.8 Switching times for a) OECTs made of pure PEDOT-S and PTEB-S components
and b) OECTs having PTEB-S:PEDOT-S blends as active materials.

The effect has been attributed to improved ion transport of the blends,
which could be related to changes in morphology of the films. In fact,
films made of pure components show very homogeneous features, while a
distinct fibrillar morphology could be observed for films of the blends, as
shown in section 2.8.2. Similar results on switching times have been
observed in Paper 3.
In Paper 2 it has been demonstrated that the chosen electrolyte has a
great impact on OECTs switching times. Devices made by the same active
material (PEDOT-S:(Oct)2NH2) and possessing same Ag/AgCl gate and
same channels geometry exhibit very different switching times when 1,135

Electrochemical Transistors

butyl-3-methylimidazolium tetrafluoroborate (BMIMBF4) ionic liquid or 1
M KCl in water are used as electrolytes (Figure 3.9). Differences in ions
mobility and dimensions are likely to play a role in switching processes.
However, further investigations would be needed to evaluate the
importance of the nature of electrolyte ions in gate/electrolyte and
electrolyte/polymer processes.

Figure 3.9 Switching times for PEDOT-S:(Oct)2NH2 devices comprising 1 M KCl in water or
BMIMBF4 ionic liquid as electrolytes.

3.5 OECTs Stability
The properties of the active material have an impact on devices stability.
The redox stability of the electroactive specie is of importance for long
time operation of the devices, while its physical-chemical properties
define which electrolyte can be used for devices fabrication. For example,
if the active material is a water-soluble specie, a non-aqueous electrolyte
should be used to prevent film dissolution. The properties of the
electrolyte and the active material should also match the specific
application. Water-based electrolytes are used for printed electronics,
but are not a requirement. On the other hand, interface electronics
devices with the biological world necessitates the use of water-based
electrolytes, due to biological systems compatibility.

3.5.1 Stability towards Cycling
An important limiting factor for the use of OECTs in practical applications
is their poor stability upon cycling, indicated by a decrease of the
observed drain currents. Degradation processes can be attributed to
several causes. Poor redox stability of the active material can lead to its
degradation
by
oxidative
processes.47
Non
reversible
insertion/ejection of ions from/to the active material can affect the
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switching processes, and can be related to ions trapping into the
polymeric matrix as well as poor morphology of the active material. To
avoid active material degradation it is important to choose polymeric
materials that show high redox stability and that can be oxidized at very
low voltages.48 The nature of the conjugated backbone is a key factor for
CPs redox stability.49 Conjugated polymers based on EDOT monomers
have shown very good redox stability and low oxidation potentials, and
currently represent the most used materials for OECTs production. In
Paper 1 it has been demonstrated that blending a conjugated
polyelectrolyte (PTEB-S) having low redox stability with a highly stable
one (PEDOT-S) has a positive effect in devices stability upon switching
(Figure 3.10).

Figure 3.10 Switching characteristics of a) PTEB-S, b)PEDOT-S, and c) PTEB-S:PEDOT-S
3:2 based devices.

The ionic species constituting the electrolyte are also very important to
produce devices that can be operated for long time without currents loss.
Comparison of PEDOT-S:(Oct)2NH2 devices having KCl in water or ionic
liquid as electrolytes (Paper 2) clearly showed that choice of the
electrolyte have a great impact on devices stability towards cycling
(Figure 3.11). This can be related to trapping of ions into the active
material, leading to both a diminution of maximum drain currents and an
increase of the OFF currents, due to a decrease of device switching speed
with time.
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Figure 3.11 Stability measurements upon switching for PEDOT-S:(Oct)2NH2 devices
comprising a) 1 M KCl, and b) BMIMBF4 ionic liquid as electrolytes.

Therefore, use of electrolytes comprising small ions will be desirable for
future development of stable devices. For this reason, it is important to
tune the properties of the active materials to render them compatible
with water-based electrolytes.

3.5.2 Stability in Water-based Electrolytes

CPEs possess high water solubility due to their ionic functionalities.
Moreover, addition of dopants, like in the case of the polymeric dispersion
PEDOT:PSS, leads to materials having pronounced water solubility, as
discussed in section 2.3. As a consequence, fabrication of OECTs
comprising a water-based electrolyte is not possible due to films
degradation. Additives and cross-linking agents have been extensively
employed to promote film adhesion and prevent dissolution. However,
these components are typically insulating and generally lead either to a
decrease of electronic properties of the active material or changes in
morphology affecting ion processes.50,51 Change of the fabrication
strategies and the substrate resulted in additive free PEDOT:PSS films
exhibiting good stability in water.52 Hydrophobic semiconducting
materials could also be used to produce accumulation mode OECTs.42 In
Paper 2 it has been shown that hydrophobic PEDOT-S:ammonium salts
can be used to prepare films exhibiting high stability in water solution.
The hydrophobic CPEs could, therefore, be incorporated as additive-free
active materials for OECTs comprising a water-based electrolyte (Figure
3.12).
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Figure 3.12 Schematic representation of an organic electrochemical transistor device
comprising a water-based electrolyte (1 M KCl) and Ag/AgCl as gate electrode.

As discussed in the previous sections, PEDOT-S:ammonium devices
exhibit very high stability towards cycling, high transconductance (in the
mS range) and fast switching times, rendering it suitable candidates for
practical applications in printed electronics and bioelectronics.

3.6 OECTs and Bioelectronics
Organic electrochemical transistors have proved to be suitable devices for
biological applications.33 Stability in aqueous environment is one of the
main characteristics that render OECTs compatible with biological
systems. Moreover, these devices can be fabricated on a variety of
substrates and using different techniques, rendering possible to match
the manufacturing processes with the desired application. Their
versatility is combined with the high amplification, which is essential for
the readout of biological processes. OECTs function at very low voltages
(< 1 V), which can be reduced even further by tuning the channel
geometry, as shown by Malliaras et al.,43 or by modifying the properties of
the active material, as demonstrated in Paper 2. Operate at gate voltages
around zero is desirable for applications where prolonged use of biases
may lead to damaging effects, like in the case of in vivo applications.
OECTs capability of translating flows of ions from the gate to the active
material into flow of electrons/holes within the active material can be
used as a means to transduce biological events into electronic ones, as
we will see in chapter 5. In fact, communication in biological systems such
as cells is based on ion processes and, in particular, on the transfer of ions
across biomembranes, as we will see in the next chapter.
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Chapter 4
Electronic Membranes
Biological membranes or biomembranes are defined as structural
elements dedicated to develop or contain certain organs, and to segregate
certain fluids. The most classical example of biomembrane is the cellular
membrane. The main functions of the cellular membrane are to isolate
the cell from the outward environment and to exchange information,
substances and energy with the outside. The main focus of this chapter is
to investigate the physical structure of model biomembranes, and to
demonstrate that self-doped conjugated polyelectrolytes can be added as
a functional element, able either to report changes in model
biomembranes organization or to provide model biomembranes and cell
membranes with new functionalities.

4.1 Biomembranes Constituents
Cell membranes are made of many components, which vary depending on
the exact nature of the cell. In 1972 a fluid-mosaic model was proposed,
describing cell membranes as a phospholipid double layer, where
proteins and cholesterol are embedded and all the components are free to
move laterally within the biomembrane. In the recent years, the model
has been revised and new concepts have been included to better describe
biomembranes dynamics.53 Due to biomembranes complexity, simpler
model systems have been developed to study their working
mechanism.54 The advantage resides on the great precision in which the
shape, the size, and the composition can be precisely controlled. Model
systems are not only a useful means of study, but can be also used to
deliver information to living cells, as we will see in section 4.5.

4.1.1 Phospholipids – Biomembranes Building Blocks
The principal components of biomembranes are phospholipids, which
are organized to form a bilayer structure. Phospholipids are amphipathic
molecules, composed of a hydrophilic head (which contains a phosphate
group) and two hydrophobic tails. When amphipathic molecules are
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dissolved in a polar solvent, such as water, they spontaneously selfassemble to form supramolecular structures. The hydrophilic heads
maximize their interactions with polar water molecules, while their
hydrophobic tails interact with each other, minimizing their interactions
with the water phase. The resulting geometry will depend both on the
shape of the amphipathic molecules and on the balance between
hydrophilic and hydrophobic domains. As phospholipids have a
“truncated cone” shape, in water solution they will self-assemble to form
vesicles called liposomes (Figure 4.1).55

Figure 4.1 Representative picture of a phospholipid having truncated cone shape, and
self-assembly of several phospholipids to form a liposome.

Liposomes are generally classified in base of their lamellarity, meaning
the number of bilayers composing the liposome, and in base of their size
Figure 4.2).56

Figure 4.2 Representative picture of liposomes having different dimensions and
lamellarity. The reported dimensions are average values.
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Large multilamellar vesicles (LMV) are composed by several lipid
bilayers separated by water layers (Figure 4.3). They can be produced by
hydration of a dried lipid film, which is accomplished by addition of an
aqueous media (e.g. distilled water or buffer solution) followed by
agitation.

Figure 4.3 Confocal image of large multilamellar vesicles made of DOPC phospholipid (see
below) and comprising 10% (PTHS:PEDOT-S 1:3):(Oct)2NH2 as a fluorescent membrane
probe.

Smaller vesicles sizes can be formed by disruption of LMV by sonication
or extrusion. Sonication leads to the production of small unilamellar
vesicles (SUV) having dimensions of < 100 nm.57 Extrusion is used to
produce large unilamellar vesicles (LUV) having diameter 0.1 μm-1.0
μm.58 A suspension of LMV is forced through a filter (polycarbonate
membrane) having defined pore size. The resulting LUV will have a final
diameter similar or slightly larger than the filter pore size. Giant unilamellar vesicles (GUV) having a diameter 25-100 μm can also be prepared
by several methods depending on the experimental conditions.59 In this
thesis gentle hydration has been chosen as a preparation method due to
its simplicity and no requirement of special equipment.60 However, for
successful GUV preparation by this method, small amounts of a charged
phospholipid (such as POPG, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho(1'-rac-glycerol) (sodium salt)) should be added to stabilize vesicles formation.
Another important parameter used to classify biomembranes is their
physical state. This depends first on the kind of phospholipids
composing the biomembrane. Each phospholipid is characterized by a
parameter called “phase transition temperature” or “melting
temperature” Tm, which is defined as the temperature at which the
physical state of the lipid undergo a transition from solid ordered-gel
phase (Sord) to liquid disordered (Ldis) state. The Tm primarily depends
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on the number of unsaturated C-C bonds in the lipid alkyl chains, but also
on hydrocarbon length, headgroup specie and charge. For example, 1,2dihexadecanoyl-sn-glycero-3-phosphocholine (DPPC), 1-palmitoyl-2oleoyl-sn-glycero-3-phosphocholine (POPC), and 1,2-dioleoyl-sn-glycero3-phosphocholine (DOPC) have two, one and zero unsaturated C-C bonds
in their alkyl chains, respectively. Therefore, DPPC has a phase transition
temperature of 41°C, POPC of -2°C, and DOPC of -17°C (Figure 4.4).

Figure 4.4 Chemical structure of a) DPPC, b) POPC, and c) DOPC phospholipids.

4.1.2 Cholesterol – Regulator of Biomembrane Fluidity
Another factor effecting the state of the biomembrane is the presence of
small molecules in the double layer, such as cholesterol (Figure 4.5).

Figure 4.5 Chemical structure of cholesterol.

Presence of cholesterol leads to formation of a crystalline liquid ordered
phase (Lord). The main role of cholesterol in biomembranes is to maintain
their fluidity upon temperature fluctuations. As a consequence, for
cholesterol contents higher than a certain percentage, biomembranes will
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be in a Lord state independently of temperature, as shown in DPPC phase
diagram (Figure 4.6).61

Figure 4.6 Phase diagram representing the temperature vs cholesterol content of the
biomembrane. The biomembrane was composed of cholesterol and DPPC phospholipid.
Reproduced with permission from 61.

Moreover, cholesterol exhibits different affinity for different
phospholipids. This can lead, in certain conditions of temperature and
composition, to the coexistence of macroscopic domains. For example,
three components model membranes made of DOPC:DPPC:cholesterol
display coexistence of Ldis and Lord phases, due to a major affinity of
cholesterol for DPPC.62 Domain coexistence has great implications in
more complex biological systems such as cells membranes, where they
are found to have a role in regulating proteins function.63 However,
mechanistic insights of the role of the so-called lipid rafts in
biomembranes is still matter of debate.64 Intense effort has, therefore,
been placed in developing new methods able to investigate formation of
phase separated domains in biological membranes.65 In one hand, efforts
have been spent in improving microscopy techniques in order to obtain
sub-micrometers images.66 In the other hand, production of new
fluorescent probes able to sense membranes organization is imperative
to provide qualitative information as well as image membranes physical
state.67
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4.2 Probes for Membranes Physical State
Hydrophobic membrane probes have been introduced for the first time in
1979 by Gregorio Weber, with the synthesis of Laurdan (6-lauroyl,1-2dimethylamino naphthalene).68 Most of the existing probes are small
molecules whose working mechanism is based on dipolar relaxation.69
Molecules such as Laurdan possess, in fact, a dipole moment, which
increases upon excitation. If the probe is surrounded by polar molecules,
such as water, reorientation of the surrounding solvent dipoles causes
a decrease of the energy of the excited state of the probe, which leads
to a shift of Laurdan emission maximum at higher wavelengths (red
shift, Figure 4.7).

Figure 4.7 Schematic representation of dipolar relaxation in polarity sensitive probes.

If the probe is located in a Sord phase (such as DPPC at 25 °C), the tight
packing of the membrane prevents water molecules to enter into the lipid
bilayer, therefore, no or little probe relaxation occurs. Conversely, when
the probe is located in Ldis phase (such as DOPC at 25 °C or DPPC at 55
°C), more solvent molecules can penetrate into the lipid double layer. As a
consequence, a red shift in emission is observed, due to a decrease of the
energetic gap between excited and ground states.
Other probes can be found whose mechanism is not based on dipolar
relaxation; for example, mechanosensitive membrane probes.70
Belonging to the latter class of probes, oligothiophenes have been
introduced as probes whose sensing mechanism is based on both
polarization and backbone planarization.71,72 The latter mechanism is
based on changes in rotational freedom of the conjugated backbone in
different environments, which have an impact on the conjugation length,
as shown in section 2.6.1. If the probe is located in S ord phase, the tight
packing limits the rotational freedom of the conjugated backbone, and
46

Electronic Membranes

leads to higher conjugation length. Phase transitions from a Sord to a Ldis
phase results in blue shifts of the emission spectra, together with
modifications in the vibrational fine structure. This kind of mechanism
apply also for conjugated polyelectrolytes.

4.3 Conjugated Polyelectrolytes as Membrane Probes

Conjugated polyelectrolytes have been tested in paper 5 as membrane
probes. In contrast with previously described probes, CPEs are highly
water soluble. As a consequence, CPEs are commonly added to
biomembranes from water solution.73-75 A certain degree of
internalization, due to the hydrophobic nature of the conjugated
backbones, guarantees sensing of biomembranes physical state, as a
result of changes in CPEs backbone planarization. In Paper 5 it has been
shown that blends of two conjugated polyelectrolytes (PTHS and PEDOTS) combine the sensitivity provided by PEDOT backbone and the emission
properties provided by PTHS. As described in section 2.7.2, the blends can
be
rendered
hydrophobic
by
counterion exchange
with
dioctylammonium salts. Blends hydrophobicity has been exploited for
incorporation in phospholipids double layers of liposome model
membranes. Direct observation of the biomembranes physical state has
been rendered possible by changes in absorption spectra of the blends.
Variations in emission spectra have also been recorded, rendering the
blends suitable candidates for imaging applications (Figure 4.8).

Figure 4.8 a) Excitation and b) emission spectra of blend (PTHS:PEDOT-S 1:3):(Oct)2NH2
incorporated into liposomes composed of DOPC (black), POPC (red), and DPPC (green).

Similar optical effects have been observed for blends in DPPC liposomes,
where increase of temperature above the phase transition temperature
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leads to blue shifts in absorption and emission maxima, as described in
section 4.1.1. In order to evaluate blends ability to simultaneously
report phase separation in vesicles, giant unilamellar vesicles have been
produced containing the blend (PTHS:PEDOT-S 1:3):(Oct)2NH2. GUV made
of DOPC:DPPC:cholesterol, containing 10% POPG, have been prepared as
described in section 4.1.2.
The produced GUVs have been studied using confocal microscopy. Two
channels, having two different excitation and acquisition wavelengths,
have been simultaneously used in order to differentiate between Ldis
phase (signal acquired < 555 nm, green) and Lord phase (signal acquired >
600 nm, red), Figure 4.9.

a)

b)

Figure 4.9 Confocal images of the blend (PTHS:PEDOT-S 1:3):(Oct)2NH2 incorporated into
a) a two-phases GUV exhibiting coexistence of a Ldis phase (green-yellow) and Lord phase
(red). b) Two GUVs displaying different Ldis and Lord phases. Excitation wavelengths: 488
nm for the green channel and 555 nm for the red channel.

The images have been useful to validate the potential of CPEs blends as
probes of biomembranes organization, and exclude preferential partition
of the probe into a specific phase. This work has the potential to be
exploited for both probing biomembranes organization and validation of
the physical state of synthetic biomembranes.76

4.4 Biomembranes and Ion Transport
Another component of biomembranes is represented by membrane
proteins. These proteins are embedded into the phospholipid double
layer and provide biomembranes with certain functionalities, such as
recognition and transport. Ion channels constitute a special class of
proteins able to transport ions across the membranes as a response of an
48

Electronic Membranes

external input. For voltage-gated ion channels the input is a change in
voltage across the membrane of the cell (Figure 4.10).

Figure 4.10 Schematic representation of closed (left) and open (right) ion channels.

Every kind of channel is specifically designed for a certain ionic specie,
and it is expressed in the plasma membrane of cells. Voltage-gated ion
channels, such as potassium channels,77 play a key role in the working
mechanism of different kinds of cells, such as neural cells, cardiac cells,
and muscle cells. Therefore, to be able to connect functions of ion
channels to electronics at the nanoscale is a great opportunity to produce
active interfaces between the biological and the electronic worlds.78
However, many technical difficulties have somehow prevented a
straightforward connection between the two. The major challenge resides
in the different ways in which the information are processed in the two
worlds. Biological systems use ions, while electronics rely on electrons for
information exchanges.79

4.5 CPEs as an Interface to Ion Channels

So far, the most explored way to interface with ion transport across
biological membranes has been to produce synthetic nanopores and
nanochannels able to mimic the behavior of biological channels. Synthetic
systems would, in fact, offer simpler pathways to alter the transport of
ions across biomembranes.80,81 In Paper 5, we aim to offer a different
approach, by interfacing biological voltage-gated ion channels with an
electronic conductor located inside the membrane double layer. It has
been previously reported that CPEs can be introduced in biomembranes
double layers, and used to modify cells surface charge.82
PEDOT-S:(Oct)2NH2 preserves PEDOT-S electrical conductivity while
being soluble in hydrophobic solvents, as shown in section 2.7.2. In Paper
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2, this combination of properties has been exploited for the production of
water-based OECTs. In Paper 5 the same material has been selected for
incorporation into model membrane systems. The produced liposomes
have been used as a means for the delivery of PEDOT-S:(Oct)2NH2 to
biomembranes of Xenopus oocytes. Expression of Shaker K+ channels on
oocytes membranes allowed to evaluate the effects of PEDOT-S:(Oct)2NH2
on channels activity. The two-electrode voltage clamp method has been
used to record the transmembrane current as function of the applied
voltage, showing increase of currents upon opening of ion channels.
Results have demonstrated that PEDOT-S:(Oct)2NH2 produces a shift at
lower potentials of ion channels opening (Figure 4.11,a). A doseresponse dependence has been observed for increased amounts of
PEDOT-S:(Oct)2NH2 (Figure 4.11,b).

Figure 4.11 a) Steady state measurements of K+ conductance (G) as function of membrane
voltage. b) Dose-response behavior of the observed conductance shift for increasing
PEDOT-S:(Oct)2NH2 concentrations. Reproduced with permission from 83.

This work has opened up for new communication routes with biological
systems that can be exploited in different ways, as will be demonstrated
in the next chapter.
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Chapter 5
Bioelectrochemical Transistor
The potential of organic electronics devices as tools for the study and
monitoring of biological systems, as well as for providing them with
external stimuli has been discussed in chapter 3.6. Among electronic
devices, OECTs are extremely suitable for incorporation with biosystems. They operate at very low voltages, enabling to interface with
cells and tissues in aqueous environments. The polymeric active
materials can be easily functionalized as well as deposited on desired
substrates, making it possible to match devices mechanical properties
with the softness of tissues. Moreover, in OECTs the mixed
electronic/ionic conductivity of the polymeric materials is fully
exploited, rendering these devices an optimal platform for interface
electronics with biology. In the previous chapters it has been shown that
the same conjugated polyelectrolytes can be used for two very different
purposes: to produce tunable and highly stable active materials for
OECTs fabrication, and to provide biomembranes with luminescence or
electronic conductivity. The aim of this chapter is to show how these two
concepts can be combined, leading to new opportunities to interface
electronics to the biological reign.

5.1 Biomembranes and Cells in OECTs
As shown in the previous chapter, biomembranes are electronic
insulators. Therefore, until now they could only be integrated into OECTs
as impedance components. First reports on the topic date back to 2006,
where a lipid bilayer has been inserted as a blocking layer between the
gate and the channel to control the gating of the OECT.84 However, the
main drawback to this method is the poor stability of black lipid
membranes, which limit their use for long term recordings (Figure 5.1).85
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Figure 5.1 Schematic representation of a black lipid membrane. The lipid bilayer is
formed across a plastic (teflon) hole, separating two chambers filled with water.

Recently, partial formation of supported lipid bilayers (SLBs) has been
achieved by vesicles fusion on top of PEDOT:PSS based OECTs.86 The
advantage with respect to the previous method is the higher stability of
SLBs. Inclusion of ion channels into the SLBs lead to the possibility to use
OECTs as sensing platforms for the recording of transmembrane proteins
activity. Further advances involved the introduction of cells and tissues
into the OECTs geometry. PEDOT:PSS biocompatibility enabled the
culture of cells directly on top of the active material. OECTs have been
successfully used to monitor barrier tissues integrity, as well as
impedance sensors useful for toxicology studies.87-89 Recently, PEDOT:PSS
based OECTs have been exploited for monitoring action potentials from
cardiac cells, expanding the range of signals that can be recorded with
these devices.90

5.2 Preparation of Supported Lipid Bilayers (SLBs)
Supported lipid bilayers (SLBs) are model membranes systems used for
the study of the chemical and physical properties of biomembranes.
Different from liposomes, SLBs possess a planar geometry and sit on a
substrate (Figure 5.2).
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Figure 5.2 Schematic representation of a supported lipid bilayer (SLB) formed on top of a
solid support.

Several methods can be used for the preparation of SLBs on various
substrates.91 As previously mentioned in section 5.1, a popular method to
prepare SLBs involves the spreading and fusion of SUVs on the desired
substrate.92 Even though this method is conceptually simple, it presents
practical issues when it comes to OECTs fabrication. The reason is that
the existence of the lipid bilayer is strictly correlated to the presence of
water. As we saw in chapter 4, biomembranes form by self-assembly of
phospholipids in presence of water. Removal of water causes the
delamination of the lipid bilayer, and loss of its supramolecular
structure.93 Therefore, once hydrated, the SLB shall remain immersed in
water all the time to preserve its properties. Formation of SLB by vesicles
spreading on top of an OECT, therefore, requires a microfluidic setup.
Moreover, successful formation of a SLB by this method is connected to
careful choice of several parameters such as kind of substrate, lipids
composition, presence of cations etc. Another method consists in spincoating lipids from organic solvents, and subsequently hydrate the film
with the desired buffer or electrolyte.28,94,95 This method can be used on a
variety of substrates and has been successfully used in Paper 6 for the
production of multilayers on top of interdigitated microelectrodes arrays
on glass (IMEA).

5.3 Electronic Membranes
In the previous chapter it has been shown that a hydrophobic electronic
conductor can be inserted into the lipid bilayer of liposomes or cells to
provide them with electrical conductivity. In Paper 6 this concept has
been applied to supported lipid bilayers.
Cyclic voltammetry has been previously exploited in chapter 2 to study
CPEs in film form. The same technique can be used to study the
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electrochemical activity of supported lipid bilayers deposited on top of a
glassy carbon working electrode. The method is based on the presence of
an electroactive specie in solution (like potassium ferricyanide), whose
electrochemical reaction is monitored. The lipid bilayer acts as a blocking
layer, preventing the electroactive specie to reach the electrode surface
and the reaction to occur. When an electronic conductor is added into the
phospholipid bilayer, it acts as an intermediate between the redox specie
and the electrode, allowing the redox processes to occur. The charge
transport ability of the electronic conductor is then monitored by the
magnitude of the currents produced by interconversion of the redox
specie in solution. These measurements have been used to evaluate the
charge transport ability of DOPC bilayers comprising increasing amounts
of PEDOT:S:(Oct)2NH2 (Figure 5.3).

Figure 5.3 Voltammetric characterization of a) DOPC SLB formed on top of glassy carbon
electrode (black), with respect to bare GC (orange), PEDOT-S:(Oct)2NH2 film (green), and
PEDOT-S:(Oct)2NH2/DOPC 25/100 SLB, and b) DOPC SLB containing 0%, 1%, 5%, 10%,
and 25% of PEDOT-S:(Oct)2NH2.

The data provided indication of increased charge transport ability of the
biomembrane in presence of increased concentrations of the electronic
conductor. However, the transport of charges can be due also to
formation of synthetic ion-channels by the CPEs chains aggregation.96
Electrochemical measurements using a 4-terminal setup have been
performed, as described in section 2.5, to exclude the pure ion-channel
behavior of the biomembranes. As no intermediate is required to perform
the measurements, the only currents recorded derives from oxidation of
the electroactive specie within the biomembrane (Figure 5.4).
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Figure 5.4 Four-electrodes conductance measurements of SLBs deposited on top of IMEAs
and containing 0%, 5%, 10%, and 25% of PEDOT-S:(Oct)2NH2.

The conductive chains shall, therefore, be close enough in space to allow
the hopping of charges. The conductance thus increases as a function of
concentration. The measurements clearly demonstrate the conductance
properties of the biomembrane, which is not an insulating element
anymore.

5.4 A Bioelectrochemical Transistor

Preparation of biomembranes possessing an electronic conductor lead us
to the fantastic opportunity to build a fully integrated bioelectrochemical
transistor (bio-ECT) comprising electronic biomembranes as active
materials (Figure 5.5).

Figure 5.5 Schematic representation of a bioelectrochemical transistor. The number of
bilayers is indicative.
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Bio-ECTs characterization show that the devices work at very low VD
and exhibit currents in the mA range. Moreover, the maximum
transconductance gm,max = 1 mS is quite high considering that the
PEDOT:S:(Oct)2NH2 concentration is only 0.2 g/L (Figure 5.6, a). All the
devices show a clear switching behavior, indicating that the K + ions can
efficiently penetrate/leave the biomembrane (Figure 5.6, b).

Figure 5.6 a) Transfer and b) switching characteristics of the bioelectrochemical
transistor acquired for VD=-0.1 V.

The device possess all the properties of an electrochemical transistor,
with the main difference that the electronic conductor is integrated
within a biomembrane. This element can help us to build new soft
interfaces with biological systems, such as cells.

5.4.1 Monitor Ion Channels in Oocytes

In chapter 4 it has been shown that PEDOT:S:(Oct)2NH2 can be used to
modify the activity of ion channels. In this chapter the bioelectrochemical
transistor has been used to monitor the expression of ion channels into
the cell membrane of Xenopus oocytes. This has been accomplished by
placing an oocyte on top of an electrochemical transistor and monitoring
the device response (Figure 5.7).
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Figure 5.7 Schematic representation of a bioelectrochemical transistor with a Xenopus
oocyte placed on top.

Devices transfer curves recorded in presence and absence of an oocyte
on top show very big differences in drain currents (Figure 5.8, a). These
results may be due to the addition of an impedance element on top of the
electronic membrane, preventing ions to reach the active material, as well
as a merging of oocyte and devices biomembranes and consequent
dilution of the electronic conductor. Transfer curves have also been
acquired in presence of an oocyte with/without overexpressed K+-gated
ion channels into its cell membranes. In this case oocytes expressing ion
channels showed higher currents, probably due to the restored flux of
ions from the gate to the active material (Figure 5.8, b).

Figure 5.8 Transfer curves (solid) and related transconductance (dash) for
bioelectrochemical transistors a) without (black) and with (red) oocyte on top, and b)
with oocyte without (red) and with (blue) overexpressed K+ ion channels.
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Chapter 6
Conclusions and Future Outlook
This thesis has been focused on self-doped conjugated
polyelectrolytes. Self-assembly strategies have been used to modify the
physical-chemical properties of synthesized CPEs, while preserving
desired features, such as conductivity. The produced materials have then
been exploited for two very different purposes.
Papers 1, 2 and 3 have been mainly focused on the production of active
materials for OECTs. CPEs have been used to prepare thin films with the
desired optical, physical-chemical and electronic properties. In one hand,
blending two CPEs possessing different optical and electronic properties
allowed fine tuning of OECTs operation mode, as well as the production of
films with the optical characteristics suitable for electrochromic
application. In the other hand, counterion exchange allowed both to
explore blending from different solvents and to deposit a CPE from a
hydrophobic solvent. The produced devices exhibit unprecedented
cycling stability and gave the opportunity to incorporate an aqueous
electrolyte as device component.
In papers 4 and 5 hydrophobic CPEs and CPEs blends could be integrated
into biomembranes providing them with new functionalities. Blending
two CPEs possessing luminescence and environmental sensitivity, has
been exploited in paper 5 to produce new hydrophobic probes able to
report changes in biomembranes organization. In paper 4, a hydrophobic
CPE has been used to deliver electronic conductivity to cell membranes,
and modify the activity of K+ gated ion channels. Integration of an
electronic conductor within biological membranes and demonstrating
interaction with voltage gated ion channels opened up for several
opportunities of interface electronics with biology.
In the last chapter of the thesis, and in paper 6, the lessons learned from
these two different projects have been merged in order to produce
electrochemical transistors integrating electronic biomembranes as
channel components. The bioelectrochemical transistors represent the
first example of device whose working mechanism is based on an
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electronic conductor located within the biomembrane. The produced bioECT could be successfully exploited to monitor the presence of ion
channels into biomembranes of cells. With this work, a new
communication pathway has been introduced between electronics and
biology, which can be exploited both as a sensing platform and as a tool to
study/modify biomembranes components.
For the future it would be very interesting to exploit further the
possibility of tuning CPEs and CPs properties by synthetic strategies as
well as self-assembly. In one hand, tuning materials properties would
offer the possibility to play with fabrication conditions and lead to a
better understanding of the basic principles of devices operation. In the
other hand, materials engineering will offer the possibility to tailor
devices characteristics for the desired application.
Another part of this work has been focused on the integration of CPEs
within biomembranes. In particular, ion channels are important machines
for the correct functioning of our body, and to being able to
control/influence their mechanism is a step forward in the use of organic
electronics as a biomedical tool. The future efforts shall be spent in
understanding CPEs/channels interaction, as well as optimizing CPEs
physical-chemical properties in order to render them more specific for
the desired target.
The overall vision behind the last part of this work is that incorporation of
biological elements within devices will lead one step closer to the use of
bioelectronics in healthcare; the so called electroceuticals.97 Intimate
connection between electronics and biology has the future goal to
interface technology with diagnostics and therapeutics, as well as
produce better platforms for drugs screening.
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