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ABSTRACT

The role of ionic interactions on electronic structure and transport in conjugated polymeric
semiconductors
by
Dakota Hanemann-Rawlings

Simultaneous ion and electron conduction is a critical property of many material systems and
is essential for applications ranging from fuel cells to batteries to bioelectronics. Conjugated
polymers are uniquely suited to support both ionic and electronic transport because organic
synthesis and molecular design strategies can be readily implemented to tailor their ionic,
electronic, and structural properties. However, the molecular scale interactions that dictate
simultaneous ionic and electronic transport are not well understood. This work aims to probe the
fundamental physical phenomenon that effect electronic and ionic transport in mixed ion and
electron conducting conjugated polymers. A controlled ion gated transistor model system is first
developed and employed to probe the role of the ion distribution in conjugated polymers on the
mechanism of electron transport on the nanometer crystalline scale. To further probe the role of
interactions on the molecular scale, an electrochemical doping framework is used to change the
charge density of counterions to electronic charges in conjugated polymers, which reveals the
inter-relation between ion-electron Coulomb interactions, structure, and electronic mobility.
Finally, the macroscopic ionic and electronic transport in a bulk conjugated polymeric mixed
conductor is investigated, and the mechanism of transport is characterized via investigation of
the nanoscale structure.
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Chapter 1
Introduction
Simultaneous ion and electron conduction is a critical property of many material systems
and is essential for applications ranging from fuel cells to batteries and supercapacitors to
bioelectronics.1–3 Designing mixed ion and electron conducting materials is challenging because
ion and electron transport follow different design rules.4–7 Electron transport is often higher in
ordered, crystalline materials while ion transport is often higher in structurally dynamic, polar
materials.6,8 Conjugated polymers are uniquely suited to support both ionic and electronic
transport because organic synthesis and molecular design strategies can be readily implemented
to tailor their ionic, electronic, and structural properties. This lends to the possibility of
combining ion conducting and electron conducting properties though the incorporation of
ordered electron conducting domains and polar disordered ion conducting domains. One
important question in the design of mixed conducting conjugated polymers, however, is how
electronic carriers and mobile ions affect the transport of each other. For instance, Coulomb
interactions between mobile ions and electronic carriers have the potential to affect their stability
and mobility. Furthermore, the structure, size, and spatial distribution of ions in a conjugated
polymer likely affects the electronic properties.
Understanding mixed ionic and electronic conduction requires studying ion-electron
transport, structure, and interactions over a range of length scales; from the molecular scale to
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mesoscopic and even macroscopic length scales. On the molecular scale, Coulombic interactions
between ions and electrons effect both the mobility of electronic carriers and the electronic
structure of conjugated polymers, and electronic charges effect the solubility and mobility of
ions.9–12 At the nanoscale, ionic moieties have an intricate connection to the crystallinity and
structural dynamics, where ions can influence the crystalline structure and the polymer
dynamics, and the polymer structure can influence the mobility and transport mechanism of
ions.6,13–15 Finally, on the macroscale, the distribution of ions in a material can influence the
macroscale distribution and mobility of electronic charge carriers.13,16 Utilizing the design of
well controlled model systems, this work aims to probe the structural, electronic,
electromagnetic, and dynamical factors that affect the properties of materials with mobile
electronic and ionic carriers. As a backdrop to this study, an overview of the fundamental
principles of conjugated polymeric mixed conducting materials is outlined in the first section.
The second chapter describes a study that investigates how the charge density of counterions to
mobile electronic carriers in conjugated polymers effects the electronic structure and the material
structure. Chapter three focusses on work that probes the effect of the mesoscale distribution of
ions on the distribution and macroscale transport properties of electronic carriers. Finally, the
fourth chapter provides a detailed characterization of the ion and electron conduction
mechanisms in a model mixed conducting conjugated polymer with ionic liquid side chains by
correlating macroscale transport properties to molecular scale structural and chemical
phenomenon.

2

1.1 Electronic and chemical structure of conjugated polymers
Conjugated polymers are a unique class of organic polymers because they are capable of
transporting electronic charge. This functionality arises from the chemical structure of the
polymer backbone. Semiconducting conjugated polymers possess backbones with alternating
double and single bonds. As a result, atoms along the polymer backbone have sp2 hybridization
with unoccupied p orbitals, which overlap with neighboring carbon atoms to form π-bonds.4,17,18
As with small molecule aromatic systems, this alternating π-bonding structure leads to
delocalized π molecular orbitals, which can span several monomer units on the polymer
backbone.17 This leads to an electronic structure similar to that of a metallic semiconductor,
where the HOMO and LUMO of the polymer span several repeat units and can effectively form
valence and conduction bands analogous to that of inorganic semiconductors.4,18 As a result, the
electronic structure of conjugated polymer systems is tied to these molecular energy levels.

Figure 1.1: Chemical structures of common semiconducting conjugated polymers
(a) One of the simplest conjugated polymers, polyacetylene (PA) was among the first conjugated
polymers to be studied as a semiconducting polymer. (b) poly(3-alkylthiophenes) (P3AT) are one of the
most popular classes of conjugated polymers studied today, and they are the main class of polymer used
in this work. (c) Poly(3,4-ethylenedioxythiophene) (PEDOT) is one of the most popular conjugated
polymers in industry.

The electronic and physical properties of conjugated polymers are intimately related to
the chemical structure. The HOMO and LUMO levels of a conjugated polymer are associated
with the ionization energy (IE) and the electron affinity (EA) of the polymer.18,19 These energy
levels can be tuned to modify optical and electronic properties, and they play a critical role in the
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stability and carrier density modulation. Aromatic units are perhaps the most common backbone
structures, in part because they can be easily functionalized to change the IE and the EA.4,19
However, polymerized aromatics are often difficult to process. As a result, functional groups and
side chains are often added to the repeat units and carefully designed to enhance the solubility
and processability of the polymer while also shifting the IE and EA in the desired direction by
withdrawing or donating electron density.4
Beyond molecular scale structure, the crystalline ordering of conjugated polymers also
plays a role in their transport and optoelectronic properties. Orbital overlap between the planar,
conjugated backbones of many conjugated polymers results in cofacial stacking of the aromatic
groups on the polymer backbone (often referred to as π-π stacking).4,20 π-π stacked regions on the
polymer often form lamellar domains separated by side chain dense lamellar regions. This
structure is commonly referred to as side chain stacking.4,20 Since organic molecules, and
particularly polymers, possess a significant amount of structural disorder, conjugated polymers
often have semicrystalline structure in which crystallites are separated by regions of amorphous
polymer outside of crystallites.8

Figure 1.2: Illustration of multiscale structure in conjugated polymeric materials
(a) Example conjugated polymer with planar backbone capable of pi stacking and covalently attached side
chain groups (b) Illustration of π-π stacking and alkyl stacking, where rectangles represent the polymer
backbone and lines represent side chains (c) Illustration of semicrystalline structure of conjugated
polymers
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The crystalline structure of conjugated polymers can be probed via a number of different
methods, including various types of X-ray scattering, spectroscopy, and microscopy. One of the
most common ways to investigate the crystalline structure conjugated polymers is via grazing
incidence X-ray scattering (GIWAXS).15,21–23 Here, the regular π-π cofacial stacking and the
lamellar alkyl stacking result in coherent scattering of X-rays (in the case of hard X-rays).3,23
Diffraction peaks can thus give direct information about the distance between polymer
backbones in the π-π stacking distance along with the characteristic length scale associated with
side chain stacking.15,22,23 The shape and azimuthal angle of diffraction peaks can also give
information about the degree of disorder within crystallites and the orientation of crystallites in
the case that there is a preferred orientation.22,24 Both the crystalline structure and the interrelated electronic structure of conjugated polymers can also be studied via spectroscopy. HOMO
and LUMO orbitals for organic molecules generally show optical transitions in the UV range,
and accordingly, most conjugated polymers show a characteristic absorbance in this energy
range corresponding to the neutral polymer backbone.25 Orbital overlap and differences in the
conjugation length of the polymer backbone in π-π stacked crystalline regions of conjugated
polymers results in additional shifted electronic transitions in the UV range, which are dependent
on the degree of order.26,27 These different vibronic modes can be resolved in absorbance spectra,
and there are established relationships between the type of ordering and the absorbance spectra
of conjugated polymers.26,27

1.2 Charge transport in conjugated polymers
1.2.1 Principles of charge carriers and charge transport
As synthesized, most conjugated polymers are neutral, and as a result they are fairly
insulating in their neat state. To induce mobile charge carriers, and in turn allow the polymer to
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conduct electronic charge, a redox process must be employed to either add or withdraw electrons
from the backbone. This can be achieved by either adding an electron to the LUMO of the
polymer (n-type doping) or withdrawing an electron from the HOMO (p-type doping).4,17 The
HOMO level of most organic semiconductors is in the range of 4.8 to 5.3 eV, which is above the
LUMO level of many molecular oxidants and well aligned with the work function of gold (which
is commonly used as an electrode).28,29 By contrast, the LUMO level of most organic
semiconductors is generally in the range of 2-3 eV, which is much higher than the work function
of most electrode materials. 28,29 Furthermore, the higher energy level of the LUMO makes
electron addition fairly unstable, particularly at ambient conditions. 28,29 As a result, p-type
doping is much more common in conjugated polymers.
Oxidation of a conjugated polymer backbone results in a vacancy in the form of a
positive charge (or a “hole”) in the HOMO that can propagate along the backbone. This induces
a localized structural perturbation on the polymer backbone that is commonly referred to as a
polaron.17,30 This species is associated with a half-filled localized molecular orbital and has a
spin of one. Increasing the concentration of charge on the polymer backbone can ultimately lead
to the formation of spinless charge carriers, which are associated with a completely vacant
localized molecular orbital with a charge of two and no spin.17,31 As the concentration of
polarons and bipolarons on a polymer backbone increases, the optical absorption of the neutral
polymer is bleached, and a new vibronic transition arises at lower energy corresponding to the
local optical transitions associated with polarons.4
In many semicrystalline conjugated polymer systems, the electronic mobility is, in part,
tied to the degree of crystalline order.32–34 Charges can migrate on a conjugated polymer
backbone because of the molecular orbital overlap afforded by the backbone conjugation. The
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length along the polymer backbone over which the molecular orbital conjugation is unbroken, or
the conjugation length, changes depending on the conformation of the polymer backbone.4 In
semicrystalline conjugated polymers, crystalline domains often have conjugated polymers with
more planar backbones, longer conjugation lengths, and less electronic disorder.4,8 As a result,
crystalline domains often have higher carrier mobilities. Crystalline domains are electronically
bridged by polymer tie chains, which extend between polymer crystallites in the amorphous
region and promote electron transport between crystallites.4,8,34 In many semicrystalline systems,
the mobility can be improved by increasing the crystallinity and by increasing the molecular
weight of the polymer to ensure that individual polymer chains can extend between crystallites.
4,8,34

1.2.2 Inducing charge via molecular doping
The most common way to induce charge in conjugated polymers is by introducing a
molecule that can either add or withdraw electrons from the polymer backbone, which can be
achieved via several different mechanisms.4 Charge transfer doping involves introducing a
molecule that exchanges an electron with the polymer backbone, resulting in the formation of a
charged small molecule that is associated with a charge carrier on the polymer backbone. For ptype doping, this involves adding a molecule with a LUMO that is lower in energy than the
HOMO of the polymer such that electron transfer from the polymer to the dopant is
favorable.14,35–37 Electron exchange with the polymer backbone is also commonly achieved
through a chemical reaction that results in oxidation or reduction of the polymer backbone. This
can be achieved with chemical dopants such as NOBF4, where the nitrosonium ion reacts with
the polymer backbone to form NO gas, leaving the BF4- ion as the counterion to the electronic
carrier on the polymer backbone.4,14
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1.2.3 Inducing charge via field effect doping
Charge carriers can also be induced in conjugated polymers via field effect doping in an
organic field effect transistor (OFET). In an OFET, charges are induced through the application
of a voltage, and as a result, this doping method serve as a controlled framework for
investigating the properties of charge carriers in organic semiconductors.38–40 A field effect
transistor consists of a semiconductor, an electronically insulating dielectric layer, and three
electrodes (source, drain, and gate electrodes).28,38 The semiconductor is in contact with the
source and gate electrodes, which are separated by a known length. An insulating gate dielectric
then separates the semiconductor from the gate electrode, which is only in contact with the
dielectric. 28,38

Figure 1.3: Electrochemical impedance measurements
(a) Schematic of an organic field effect transistor(b) Illustration of a transfer curve for an organic field
effect transistor (c) Illustration of output data for an organic field effect transistor

To induce charge in the semiconductor, a potential difference (Vg) is applied between the
source and the gate electrodes, with the source electrode as the ground. In the case of p-type
doping, a negative gate voltage is applied to the gate electrode. 28,38 Since the source electrode is
more positive than the gate electrode, electrons are withdrawn from the semiconductor which
induces holes in the semiconductor at the interface with the dielectric. The number of charge
induced in the semiconductor is proportional to the capacitance of the dielectric layer (C) and the
gate voltage. 28,38 Not all induced charges are mobile, however, due to the presence of trap states.
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As a result, there is a threshold voltage (VTh) beyond which induced charges in the
semiconductor are mobile. The “effective” gate voltage can thus be expressed as (Vg – VTh). 28,38
The current-voltage characteristics of mobile charges in the semiconductor can be
measured by applying a voltage between the source and drain electrodes (VSD). When no
potential is applied between the source and drain electrodes, there is a uniform charge carrier
concentration in the semiconducting channel between the two electrodes. 28,38 As the VSD is
increased, a linear variation in charge density forms between the source and the drain and the
current increases linearly with VSD (linear regime). 28,38 Eventually, at high enough source-drain
voltages, the VSD can surpass the effective gate, and as a result the current remains constant as
the VSD is further increased because the effective local potential on the semiconductor drops to
null within the channel (saturation regime). 28,38 This can be observed in the output
characteristics of an OFET, where the current in between the source and the drain is measured as
a function of the source-drain voltage at a constant Vg.28 Alternatively, a transfer measurement
can also be performed on the device in which the source-drain current is measured as a function
of the gate voltage at constant VSD. 28,38
One advantage of an OFET is that both the electrical conductivity and the carrier
concentration can be quantified simultaneously, which enables the quantification of the
electronic mobility.41 The amount of charge in a device per unit area (Qi) can be related to the
gate voltage and the capacitance per unit area (Ci) via 𝑄𝑖 = 𝐶𝑖 𝑉𝑔 . 28,38 The relationship between
OFET device characteristics and the mobility of electronic carriers in the device can be
approximated using the gradual channel approximation.28,38 This approximation assumes that the
potential from the gate voltage establishes the charge distribution in the channel with negligible
effects from the perpendicular field from the source-drain potential.28,38 For simplicity, the

9

charge carrier mobility can also be assumed to be constant with carrier concentration. Given
these simplifications the source-drain current (ISD) can be approximated with the following
relation. 28,38
𝐼𝑆𝐷 =

𝑊
1 2
𝜇𝐶𝑖 [(𝑉𝑔 − 𝑉𝑇ℎ )𝑉𝑑 − 𝑉𝑑𝑠
]
𝐿
2

Where W and L are the width and length of the channel. This relationship is useful because it
allows the electronic mobility in the conjugated polymer to be approximated from OFET device
characteristics. 28,38
1.2.3 Inducing charge via electrochemical doping
Electrochemical doping is a useful method for inducing mobile charges that incorporates
aspects of both OFETs and molecular doping. Electrochemical doping is similar to field effect
doping in that it utilizes a potential difference to induce mobile charges through electron
exchange with an electrode, however, mobile charges are compensated by ions that are injected
into the conjugated polymer from an electrolyte.7

Figure 1.4: Schematic of ion injection during organic electrochemical transistor operation
(a) Schematic of electrochemical doping in an organic electrochemical transistor, where circular charges
represent ions and square charges represent electronic carriers.

One useful framework for electrochemical doping in the conjugated polymer field is the
organic electrochemical transistor (OECT). The configuration of an OECT is generally very
similar to that of an OFET, with a source and drain electrode in contact with the semiconductor
and a gate electrode separated from the semiconductor by a dielectric.7 In the case of an OECT,
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however, the dielectric layer consists of an electrolyte with mobile ions. Upon application of a
gate voltage, charge carriers are injected via the source electrode and mobile ions migrate into
the channel to compensate electronic carriers of opposite charge.15,42,43 This results in charge
accumulation throughout the bulk of the semiconductor.15,42
Electrochemical doping in an OECT serves as a useful analogue to chemical doping
because the resulting carrier-ion pair is nearly equivalent to that obtained with chemical doping.
Since the charge injection is modulated via application of a gate voltage, the carrier
concentration can be precisely controlled and quantified.7 Application of a gate voltage induces
a transient current between the source and drain electrodes as ions migrate from the dielectric
into the semiconductor. By measuring this current and integrating it over time, the total charge
𝐼

𝐺
induced in the semiconductor can be determined via 𝑄 = ∫ (𝑑𝑉/𝑑𝑡
) 𝑑𝑉, where IG is the gate

current. The volumetric carrier density can then be determined via 𝑝 = (𝑒𝑉

𝑄

𝑐ℎ𝑎𝑛𝑛𝑒𝑙

) where e is the

fundamental electronic charge and Vchannel is the volume of the channel.44
OECTs have particular utility in studying ion-electron interactions because they enable
control over the doping ion and the carrier concentration simply by changing the dielectric and
the applied gate voltage. The resulting electronic and transport properties can also be easily
measured via the device characteristics, as described with OFETs.15,16,43

1.3 Ion conduction in polymers
Ion conduction in solid polymer systems can be achieved by dissolving salt in a polymer
or by tethering an ionic group to a polymer, leaving only a mobile counterion.45–49 The field of
polymeric ion conductors encompasses a broad and expanding body of research that includes
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many different types of materials and ions. This work focuses on two main classes of polymeric
ion conductors: solid polymer electrolytes and polymeric ionic liquids.
Solid polymer electrolytes operate via the dissolution of a salt into a polymer with a high
enough dielectric constant to dissolve the salt. Polymer electrolytes must be designed such that
the polymer solvates the salt and allows dissociated ions to migrate.45–47,50 This presents a
challenge because the addition of polar groups, which increase the dielectric constant of the
polymer and help to solvate salt, often have specific interactions with ions that decrease their
mobility.47 Solid polymer electrolytes are often employed to conduct a single ion of interest. For
example, in lithium-ion batteries, the transport of lithium in between electrodes is required to
facilitate lithium ion redox reactions between electrodes.47 Here, anion transport is unfavorable
because it creates concentration and potential gradients that can detract from the performance of
the battery. As a result, an important design factor in the design of many polymer electrolytes is
the degree to which an ion of interest contributes to the overall ion conductivity. This
performance metric is often quantified by the transference number, which is defined by the
equation below.45–47
𝑡𝑖𝑜𝑛 =

𝜎𝑖𝑜𝑛
𝜎𝑡𝑜𝑡𝑎𝑙

Where 𝜎𝑖𝑜𝑛 is the contribution to conductivity from an ion of interest and 𝜎𝑡𝑜𝑡𝑎𝑙 is the total ionic
conductivity of the material. 45–47
Polymeric ionic liquids (PILs) are polymeric ion conductors in which an ion is
covalently tethered to a polymer backbone.48,49 By incorporating an ionic moiety into a polymer
backbone, either the anion or the cation can be effectively immobilized, leaving the counter ion
as the only mobile species. PILs generally employ ionic liquid like ionic moieties, which have
large chemical structures that distribute the charge density on the molecule, resulting in more
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diffuse charge. The diffuse charge of ionic liquid moieties serves to weaken ionic associations
and increase ion dynamics without the presence of solvent. Polymeric ionic liquids are useful for
a variety of applications that require unipolar ion conduction. 48,49

Figure 1.5: Polymeric ionic liquid design
Schematic of the common chemical structures that are utilized in the design of polymeric ionic liquids.

1.3.1 Mechanics of ion conduction in polymers
Ion conductivity in polymeric systems is broadly dependent on the concentration and
mobility of ions, which are often interrelated.47 For a given concentration of ion pairs, the mobile
ion concentration depends on the extent of salt dissociation, which is affected by the local
dielectric environment, the interactions between anions and cations, and interactions between the
polymer and the ions.47,51,52 Inclusion of highly polar functional groups and increasing the size
and polarizability of ionic groups serves to increase the dielectric constant, weaken electrostatic
interactions, and promote ion dissociation.49,52–54 By contrast, the mobility of ions generally
depends on the dynamics of the polymer system as solvation sites rearrange to create a
conduction pathway.45,46,50 On the molecular scale, ion motion is often characterized by
successive motion between solvation sites.45,47 The ionic mobility is related to the probability
that an ion will move from one solvation site to the next. This is, in part, governed by the binding
energy of successive solvation sites and the proximity of solvation sites, which is largely affected
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by molecular scale fluctuations in the distance between the sites. As a result, for polymers above
their glass transition temperature (Tg), the ionic mobility is often tied to the segmental dynamics
of the polymer which is related to the distance from Tg.45,46,50 However, ion dynamics are also
affected by the nature of ion–ion and polymer–ion associations, which effect the solvation site
binding energy. Here, ion solvation sites and ion coordinating groups, which help ions dissociate,
can slow ion dynamics.46,47
Interestingly, ionic aggregation can lead to higher ionic conductivity if aggregates
percolate through the material.50,55–57 Ion transport in many polymeric systems can be
characterized by transport through a transient network of solvation sites,58–61 where the mobility
of ions is, in part, connected to the density and connectivity of solvation sites.58 Local ion
transport in aggregated domains is postulated to be higher in some systems due to the close
proximity of solvation sites.50,56,57,62,63 In this case, the ionic mobility is related to the extent to
which aggregates form continuous domains through the material.50,55–57

1.3.2 Measuring ion transport in polymers
Electrochemical impedance spectroscopy (EIS) is one of the most common methods for
measuring the bulk ion conductivity of polymeric ion conductors.47,64 EIS works by applying a
sinusoidal voltage across a material and measuring the resulting current response. By varying the
applied voltage signal across a range of frequencies, the ion dynamics at differing timescales can
be captured.65 Measurements are often performed in a coin cell, where the material is placed in
between two parallel plate electrodes with known separation and known dimensions. In this
work, all EIS experiments are performed with ion blocking electrodes, and as a result, EIS
measurements reflect the sum of all ion motion, including both anions and cations.16,50
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Figure 1.6: Electrochemical impedance measurements
(a) Schematic of the parallel plate electrode setup utilized for EIS measurements in this work (b)
Illustration of a Bode impedance plot (c) Illustration of a Nyquist plot

In an EIS measurement, the sinusoidal input voltage is swept over a range of frequencies,
and the resulting current response is recorded as a sinusoidal response. The impedance (Z) is
analogous to the resistance and is simply the instantaneous voltage (Vt) over the current (It).65
Since the current and the voltage are both sinusoidal, it is convenient to express the impedance as
a complex number.65 This can be expressed with a real component (Z’), which represents the in
phase resistive response, and an imaginary component (Z’’), which reflects the out of phase
capacitive response. Impedance data is commonly plotted in a Nyquist plot, in which the Z’ is
plotted vs. the Z’’.16,47,65 The resistivity of the sample can be extracted by fitting the Nyquist plot
to an equivale circuit model. An alternative method for extracting the “DC ion conductivity”
from impedance data involves plotting the real impedance Z’ as a function of frequency. This
analysis is referred to as a Bode plot.65,66 For a pure ion conductor, the impedance first increases
with frequency due to ion diffusion and accumulation of ions at each electrode. As the frequency
is increased, the impedance plateaus as ions enter the diffusive regime, where ions are
continuously diffusing between electrodes in response to the varying current. This is known as
the DC plateau, and the value of the Z’ at the plateau effectively gives the resistance of the
material.45–47,50
15

Pulse field gradient nuclear magnetic resonance (PFG NMR) is another useful strategy
for measuring ion transport that can be used to determine the diffusion coefficient of certain ions
by measuring the self-diffusion coefficients of NMR active nuclei.47 Briefly, this is done by first
applying a spatially varying magnetic field across a sample, which induces a spatial variation in
the nuclear precession of a nucleus of interest.67 After a set period of time, a second magnetic
field is applied with an opposite gradient to reverse the nuclear precession to the original state.
However, if spins diffuse with respect to the gradient in the time between the two magnetic
pulses, the spin is not fully returned to its original state and still experiences some precession. 67
This residual precession results in a quantifiable change in the NMR signal, which is directly
related to the average distance over which ions have self-diffused in the direction of the gradient
in the time between the magnetic pulses. 67 This can be used to calculate the self-diffusion
coefficient of specific ions of interest in the material, which is useful for quantifying the
contribution of specific ions to the total ion conductivity of a material.47

1.4 Mixed ion and electron conduction in conjugated polymers
1.4.1. Design strategies for mixed conductors
Rational design of mixed conducting organic materials is challenging because ion and
electron conducting materials follow different design rules.6 Ion transport in polymers is
generally correlated to segmental motion and is optimized in polar rubbery materials51,68,69 while
electron transport often relies on structural alignment in highly ordered polymeric systems.6,8,47,70
There are two main classes of polymeric mixed conductors: homogeneous materials in which ion
conducting moieties are incorporated into the chemical structure of an electron conducting
polymer and heterogeneous materials in which an ion conducting material is combined with an
electron conducting material to form a composite of the two.
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Heterogeneous mixed conductors often address this design challenge by establishing
phase separated domains of an electron conducting polymer and an ion conducting polymer. The
most common and widely studied mixed conducting material is PEDOT:PSS, which consists of a
phase separated blend of a doped conjugated polymer poly(ethylenedioxythiophene) (PEDOT)
and the ion conducting polymer poly(styrene sulfonate) (PSS).68,71 While this mixture shows
relatively high performance as a mixed conductor in the presence of water, it has an ill-defined
microstructure and a strong dependence on water content which makes it a difficult model
system for studying the fundamental interactions in a mixed conductor. More controlled
heterogeneous polymer mixtures have been achieved through the incorporation of a conjugated
polymer and an ion conducting polymer into block copolymer architectures.68,72,73 For example,
block copolymers incorporating P3ATs in a block copolymer with the ion conducting polymer
poly(ethylene oxide) (PEO) have been shown to self-assemble into phase separated lamellae of
PEO rich domains and P3AT domains. 68,72,73 Here, the P3AT has been shown to form wellordered crystalline structure necessary for electron transport, while salt addition has been shown
to increase the ionic conductivity of the PEO domain by up to 10-4 S/cm. 68,72,73
Homogeneous mixed ion-electron conductors often achieve mixed conduction by
incorporating ionic moieties into the side chains of conjugated polymers. Conjugated polymers
with oligoethylene glycol side chains have shown both high ionic conductivity (≈10-4 S cm–1)
upon lithium salt addition and evidence of long-range order.1,74,75 The addition of ionic moieties,
such as sulfonate groups, to a conjugated polymer backbone promotes ion transport and ion
injection in electrochemical devices.75–82 Ionic liquid moieties can be tethered to a conjugated
polymer backbone to enable ion conduction without the presence of solvent.7,68,83 Large,
polarizable ionic side-chain moieties serve to weaken ionic associations and increase ion
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dynamics without the presence of solvent, while the conjugated backbone imparts electron
conductivity.84,85 Polythiophenes with imidazolium side chains have shown intrinsic ionic
conductivity up to 10-4 S cm–1 in the neat state, while also showing evidence of significant longrange order in scattering studies.86,87

1.4.2. Knowledge gap in mixed conducting conjugated polymers
While there has been a great deal of work on the development of mixed conducing
materials, there is a significant deficit in the understanding of how ionic and electronic
functionalities in a mixed conductor affect the transport of each other. The hierarchical structure
of polymers necessitates attention to processes at multiple length scales to design new ion–
electron conductors. Phenomena at the molecular scale, such as the local dielectric environment
and molecular architecture, directly impact the degree of interaction between ions and electrons
in conjugated polymers.9,88,89 The low dielectric constant of most single-component mixed
conductors (typically between 3 and 4) results in strong Coulombic interactions between charged
components.68 The dielectric environment in which electrons reside can change the interaction
between carriers leading to either polarons (single charge) or bipolarons (paired charges) in
model semiconducting polymers, although significant questions remain about the origin of this
behavior.90,91 Additionally, the physical degree of separation between ions and electrons is
influenced through molecular architecture. Only when control at the molecular length scale is
achieved can we further understand how the presence of ions and electrons affect mixed
transport. Ionic/electronic interactions also exist at mesoscopic length scales which affect the
resulting properties of the polymeric mixed conductor. Ions and electrons prefer different
morphological environments within a mixed conductor; electronic charge carriers transport
quickly through crystalline domains with long-range order while ions transport more quickly in
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rubbery, amorphous domains.1,68 As a result, the structure of these domains as well as the
boundary between them control the degree of interactions between the ionic and electronic
carriers.
This work leverages the design of well controlled model systems to probe the structural,
electronic, electromagnetic, and dynamical factors that affect the properties of mixed conductors
over a range of length scales. The effect of the structure of the mobile ion and the spatial
distribution of ions on the electronic transport of conjugated polymers is elucidated using an
electrochemical transistor framework with a conjugated polymer and an ion conducting polymer
in a well-defined bilayer. The physical insight from these studies is leveraged in understanding
the ion-electron interactions and the bulk ion-electron transport in a model mixed conducting
material.
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Chapter 2

Carrier transport is dependent on counterion
charge in solid state electrochemically doped
conjugated polymer films
2.1 Abstract
To understand how the counterion charge affects carrier transport in conjugated polymer
films, we have developed a system of single ion conducting dielectrics for organic
electrochemical transistors (OECT) with which the charge (i.e. 1- or 2-) of the counterion can be
tuned. In doped semiconducting films, counterions cause structural perturbations, induce charge
traps, and affect the molecular configuration of the charge carrier. Changing the charge of the
counterion, while keeping the volume of the ion constant, minimizes the required volume
fraction of counterion in the film, and thus the effect on semiconductor nanostructure.
Furthermore, the charge on the counterion will affect the coulombic potential experienced by the
electronic carrier. Leveraging our synthetic expertise, we have developed a novel diion
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conducting OECT dielectric consisting of a cation tethered PIL with a mobile croconate ion. We
find that implementing a diion as the counterion in doped organic semiconducting films can
increase the electronic mobility by over an order of magnitude when compared to singly charged
counterions of similar volume. We posit that this large increase in carrier mobility is not only a
result of the decrease in structural perturbation, but also the difference in the coulombic potential
on the carrier. This represents an important insight into the effect of ion-carrier interactions on
electronic transport, and it establishes a novel model system for tuning such interactions.

2.2 Introduction
In doped organic semiconductors, electronic charge carriers are associated with a
countercharge, often in the form of a small molecule ion. Understanding the relationship between
electronic transport and ion-carrier interactions is critical to understanding and optimizing charge
transport and to the development of new design rules for organic conductors.
On the molecular level, interactions between electronic carriers and their counterions
affect carrier delocalization and the molecular configuration of the carrier on the conjugated
polymer backbone. Coulombic interactions between a polaron and its counterion have a strong
effect on the polaron energetics.11,88,92 Both simulations11 and experiment93 have shown that as
the distance between the polaron and the counterion increases, the polaron becomes more
delocalized.11 The carrier-ion distance also effects the relative energetics associated with forming
a polaron and a bipolaron.94 As the counterion moves closer to the carrier, interactions between
carriers on a polymer backbone become more screened, resulting in a higher propensity towards
bipolaron formation.94
One of the most direct ways to tune the interactions between a charge carrier and a
counterion is to change the size/structure of the counterion. The size of the anion effects the
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delocalization of the polaron14 and in some cases the transport properties in conjugated polymer
films.95,96 Furthermore, since counterions are incorporated into the alkyl stacking region of
crystalline conjugated polymers, 43,44 the ion size effects the degree of structural perturbation and
crystalline strain in the polymer.15,42
The incorporation of diionic counterions tunes coulombic interactions between the carrier
and the counterion and decreases the degree of structural perturbation per unit charge. By
carefully tuning the relative ionization energy and/or electron affinity of the conjugated polymer
and the molecular dopant, some molecular dopants can act as “double dopants”, where each
dopant exchanges two charges with the polymer backbone.97 This reduces the degree of
structural perturbation per unit charge. Additionally, this has been proposed to increase the
number of “free” charges in a polymer film, indicating that electronic charge carriers are less
coulombically bound to diions.97
Electrochemical doping provides a method to dope an organic semiconductor with
precise control over the carrier density and the counterion in a well-defined bilayer geometry. In
an organic electrochemical transistor (OECT), an organic semiconductor is gated with an ion
containing dielectric. In response to a gate bias, carriers are induced in the semiconductor and
mobile ions migrate into the channel to compensate electronic carriers of opposite charge. This
serves as a useful analogue to chemical doping because the resulting carrier-ion pair is nearly
equivalent to that obtained with chemical doping. Further, EC doping allows for the use of neat
semiconducting films without any undesirable processing steps. Ionic liquids (IL) are among the
most effective chemical moieties for ECT dielectrics because their diffuse charge allows for fast
ion dynamics in the neat state.44,98 By incorporating an IL-like moiety into a polymer backbone,
either the anion or the cation can be effectively immobilized, leaving the counter ion as the only
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mobile species. Polymeric ionic liquids serve as an ideal system for OECT dielectrics because
they restrict ion motion to a single ion, thus preventing unwanted ions from infiltrating the
semiconductor.98,99 Polymeric ionic liquid (PIL) dielectrics with a cationic imidazolium group
tethered to a polymer backbone with a mobile bis(trifluoromethylsulfonyl)imide (TFSI)
counterion have been widely studied as ECT dielectrics.15,16,43,100,101
Here, charge neutralization with a dianion in a PIL gated electrochemical transistor is
shown to impart a higher carrier mobility when compared with a singly charged anion. For a
counterion with a charge of 2-, it is expected that the degree of structural perturbation in the
semiconductor will decrease as a function of the charge concentration because less counterions
are required for a given number of carriers. Furthermore, charge neutralization with a dianion has
a significant effect on the Coulombic force felt by the carrier. Utilizing a novel single ion
conducting PIL system with either a PF6 anion or a croconate dianion as the mobile ion, we
achieve a direct comparison between these two cases. Electrochemical doping with a dianionic
counterion is shown to lead to a higher mobility in the polymer film, particularly at high doping
levels

Figure 2.1: Schematic of ion gated transistor device and associated active materials
(a) Schematic representation of the TGBC OFET structure used for electrical measurements. (b) Chemical
structure of the p-type semiconductor (P3HT) used in this work. Chemical structure of (c) the cation
tethered PIL and (d) the anion and dianion counterions used in this work
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2.3 Experimental section
2.3.1 Materials
All reagents for monomer and polymer synthesis were purchased from Sigma Aldrich.
P3HT was purchased from Tokyo Chemical Industry and used as received.
2.3.2 Synthesis of N-(2-(1H-Imidazol-1-yl)propyl)-4-mercaptobutanamide (Im-SH)
The procedure for synthesizing IM-SH was adapted from Sanoja et. al.102 An oven dried
100mL flask with a Teflon coated stir bar was charged with 1-(3-aminopropyl)imidazole (5g, 40
mmol), γ-thiobutyrolactone (4.1 g, 40.1 mmol), and acetonitrile (50 mL). The reaction flask was
equipped with a reflux condenser and heated to 95°C for 12 h. The resulting pale-yellow liquid
was then isolated under reduced pressure
2.3.3 Synthesis of Poly(allyl glycidyl ether) (PAGE)
The polymerization of AGE was adapted from Schauser et. al.50 using anionic ring
opening polymerization with benzyl alcohol deprotonated by potassium naphthalenide for
initiation. The reaction was carried out under argon atmosphere for 24h at 45°C. the resulting
polymer was purified via precipitation in hexane and subsequently dialyzed in methanol for 48 h.
2.3.4 Synthesis of polymer with imidazolium functionalization (PIGE)
Functionalization of PAGE with Im-SH was adapted from Shauser et. al.50 An oven dried
100 mL round bottom flask with a Teflon stir bar was charged with the PAGE polymer, (1.5 g,
4.47 mmol of allyl groups), Im-SH (4.54 g, 11.18 mmol), 2,2-dimethoxy-2-phenylacetophenone
(DMPA, 0.23 g, 0.9 mmol), and methanol (45 mL). The solution was sparged with nitrogen gas
for 30 minutes. Subsequently, the solution was exposed to UV irradiation (λ=365 nm) for 3 h.
The reaction solution was then dialyzed in methanol for 48 h and concentrated. The resulting
viscous liquid was then dissolved in methanol with 1.2 equivalents of bromomethane to
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quaternize the free nitrogen and reacted overnight at 60°C, followed by methanol dialysis for 48h
and concentration under reduced pressure.
2.3.5 Ion exchange to PF6 counterion
To exchange the counterion on PIGE with a PF6 counterion, the polymer was mixed with
10 molar equivalents (eq salt per mol monomer) of LiPF6 and stirred at 50°C in a 50/50 mixture
of acetonitrile/methanol followed by dialysis for 48h in a 50/50 mixture of acetonitrile/methanol
and for an additional 48 h in methanol. The resulting solution was then concentrated to give
PIGE PF6. To confirm quantitative ion exchange, 19F NMR spectra for the sample was taken
with a trichloro-fluoro-methane standard to quantify the PF6 content in the polymer.
2.3.6 Ion exchange to croconate counterion
To exchange the counterion on PIGE PF6 with a croconate counterion, the PIGE PF6 was
mixed with 10 molar equivalents (eq salt per mol monomer) of croconic acid disodium salt and
stirred at 50°C in a 50/50 mixture of water/acetonitrile followed by dialysis for 48h in a 50/50
mixture of acetonitrile/water and for an additional 48 h in acetonitrile. The resulting solution was
then concentrated to give PIGE croconate. To confirm quantitative ion exchange, 19F NMR
spectra for the sample was taken with a trichloro-fluoro-methane standard to confirm the absence
of PF6 ions.
2.3.7 Device Fabrication and Measurements
The procedure for device measurements was adapted from previous work.16 Top-gate
bottom-contact thin film transistors were prepared in a nitrogen glovebox. Source and drain
electrodes (40nm thick, 100-150 µm channel lengths, 2.7mm channel with) were thermally
evaporated onto quartz substrates. A solution of P3HT (10 mg/mL in chlorobenzene) was
spuncast at 1500rpm for 1 min and annealed at 180°C for 10 min, resulting in films with 30nm
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thickness as measured by atomic force microscopy. The PIL solution (50 mg/mL in acetonitrile)
was dropcast in a PDMS mold over the channels and dried under vacuum at 70°C for 24h. The
device was then transferred to a vacuum oven and dried for 24h at ~10-8 torr at 70°C. The
devices were then transferred to a nitrogen glovebox. Gold foil cut to the shape of the channel
was then placed on the PIL to act as the gate electrode. The current as a function of gate voltage
was measured using a Kiethely 2400 and the process was automated using MATLAB
2.3.8 Impedance spectroscopy measurements
All sample preparation was completed in a nitrogen glovebox. ITO-coated glass
substrates were cleaned via sonication for 5 minutes in detergent, deionized water, acetone, and
isopropyl alcohol followed by 5 minutes of UV/ozone treatment. A 1/4 in. hole was punched
into150 µm double sided Kapton and this was placed on an ITO-coated glass substrate. PIL
samples were dropcast into the Kapton well and dried as described above. The sample was then
sealed with a second cleaned ITO-coated glass substrate. The device was then characterized with
a Biologic SP-200 potentiostat. In the frequency range of 1 Hz to 1MHz, a sinusoidal voltage
with an amplitude of 100 mV was applied and the resulting impedance was measured. The real
component of the impedance was used to calculate the conductivity at the frequency at which
tan(δ) peaks.
2.3.9 UV-vis measurements
The procedure for UV-vis was adapted from previous work.16 All sample preparation was
completed in a nitrogen glovebox. ITO-coated glass substrates were cleaned via sonication for 5
minutes in detergent, deionized water, acetone, and isopropyl alcohol followed by 5 minutes of
UV/ozone treatment. A 3/16 in. hole was punched into150 µm double sided Kapton and this was
placed on an ITO-coated glass substrate. PIL samples were dropcast into the Kapton well and
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dried as described above. On a separate ITO-coated substrate, a 5nm layer of gold was
evaporated onto the ITO, and P3HT was spuncast and annealed onto the gold layer as described
in the procedure above. The substrate containing the P3HT and the substrate containing the PIL
were then sandwiched together and heated at 50°C to ensure good contact. Wires were connected
to either substrate and the bias between the two terminals was controlled using a Kiethely 2400.
An Agilent Cary 60 UV-vis Spectrophotometer was used to collect UV-vis spectra at each
voltage. Spectra were taken after 60 s of bias to ensure steady state operation.

2.4 Designing a single ion conducting dianion conductor
Since solvents and small molecule cations can infiltrate the p type semiconductor and
cause structural perturbations, a neat system in which only the anionic species is mobile is
critical to isolate the effect of a diion on the device characteristics. A single ion conducting
polymer with cations tethered to the polymer backbone and mobile anions limits the diffusion of
the cationic species into the semiconductor. Designing a single ion conducting polymer that
conducts dianions is non-trivial because multiple pendant ions on the backbone can form
temporary associations with a diion, leading to the formation of physical crosslinks.102 This can
affect the segmental motion of the polymer and hinder ionic mobility.102 As a result, a polymer
with polarizable groups on the backbone is necessary to increase the dielectric constant, promote
ion dissociation, and decrease the strength of association between pendent ions and mobile ions.
The polymer backbone should also have a low glass transition, which corresponds to higher
segmental mobility and is tied to ion transport.46,47 Here, a polyethyleneoxide (PEO) polymer
backbone was chosen for its low Tg and high dielectric constant; properties that are known to
facilitate ion dissociation and ion motion. Ionic groups with diffuse, polarizable charge are also
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necessary to foster weak physical associations between pendent ions and counterions and thus
promote ion transport. Ionic liquids (IL) are among the most effective chemical moieties for ECT
dielectrics, owing to their diffuse charge and high ionic conductivity in the neat state.44 Here, an
IL-like cationic imidazolium group was selected as the tethered ion group. For the counterion to
the pendant ion, a large polarizable dianion that is stable during electrochemical gating is
essential to prevent physical crosslinks and promote ion motion. Large oxocarbon dianions, such
as croconate, have been reported as stable diionic electrolytes in lithium ion batteries,103,104 and
have been shown to display properties similar to that of conventional ionic liquids when paired
with large cations.105,106 Here, croconate was chosen as the mobile dianionic species, because the
2- charge on croconate is relatively distributed on the molecule which weakens its associations
with polymer tethered ions and promotes ion dissociation. The PIL was also synthesized with a
PF6 counterion as a representative anion. PF6 is a well-studied ion for ionic liquids and
electrochemical doping44,94 and it is similar in size to a croconate ion. Complete counterion
exchange in the PIL was confirmed using quantitative NMR analysis and is detailed in the.
While the croconate diion is expected to have slow dynamics due to the formation of
associations with multiple pendant ions on the PIL, it was designed to have sufficient ion
dynamics to allow for the observation of steady state EC doping. To probe the time scales
associated with ion polarization in the PIL alone, impedance spectroscopy was used to measure
ion conductivity and capacitance. As expected, the PIL displays slower ion dynamics with a
diion compared to that with a singly charged ion. A diion can form associations with multiple
pendant ions, hindering diion motion and leading to the formation of temporary physical
crosslinks. With the croconate counterion, the PIL shows a room temperature conductivity of
2x10-8 S/cm. This is within an order of magnitude of previously reported PIL systems with
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mobile divalent metal ions.46,47 While this conductivity is low compared to many ECT dielectric
systems in the literature,98,100,107 it is sufficient for the formation of a steady state EDL on a
timescale accessible in steady state device measurements. This is apparent in the capacitance
data, which shows an EDL plateau at frequencies lower than 10-2 Hz. As a result, it can be
assumed that a steady state EDL is formed upon biasing for times greater than ~100s. By
contrast, the PIL system with a PF6 counterion shows faster ion motion, with a conductivity of
9x10-7 S/cm, and EDL formation below a frequency of 1 Hz.

Figure 2.2: Conductivity and capacitance of anion and dianion conducting PILs
a) Experimental setup for conductivity and capacitance measurements. (b) Conductivity of PIL as a
function of frequency and (c) capacitance of PIL as a function of frequency for each counterion (d)
Conductivity of PIL as a function of temperature

2.5 Croconate gated devices operate as volumetrically doped electrochemical
devices
When implemented in ECT devices, both the anion and dianion PIL gates dope the entire
volume of the semiconducting channel and induce similar charge densities. To probe the doping
mechanism for ECT devices with each respective gate, optical absorbance spectra of the stacks
of the PIL and P3HT were recorded in situ as a function of gate bias. The spectral signatures
show that both the anion and the dianion devices electrochemically dope the entire
semiconductor channel. The appearance of a broad absorption below 1.9 eV corresponds to the
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polaron with an accompanying loss of the signature for the neutral polymer, centered around 2.3
eV. Figure 2.3 shows the difference spectra for devices gated with either the anion or the dianion
conducting gate as the gate voltage is increased at 3.3 mV/s. For both devices, the neutral P3HT
excitation is bleached as a gate bias is applied due to the accumulation of charge carrier. At high
gate voltages, the peak spectral intensity of both the polaron absorption peak and the neutral
polymer absorption peak plateau at similar values, where the peak absorption of the device with
singly charged anion is roughly twice that of the dianion. We interpret this to be proportional to
the total amount of charge induced in the device, and in turn, to the depth of charge accumulation
in the device.

Figure 2.3: In situ UV-vis of croconate and TFSI gated devices
a) Experimental setup for in-situ spectroscopic measurements. Optical spectra show the difference spectra
(difference between absorbance of a device without a bias and the absorbance of a device with a bias) of
the channel as a gate bias is applied from 0.1 to 3 V at a rate of 3.3 mV/s for b) croconate and c) PF6
gated devices. d) FTIR spectra of doped films. The energy of peak B decreases and the A:B peak ratio
increases with increasing ionic diameter (inset), indicating an increase in polaronic coherence length with
more charge-diffuse counter-ions.

2.6 Doping with a dianion results in higher electronic mobility
Electrochemical doping with a dianion leads to a higher electronic mobility in a P3HT
film when compared to an anion. To quantify the effect of the charge of the counterion in an
electrochemical transistor, the PIL with either the anion and the dianion was implemented as the
dielectric in a top gate bottom contact (TGBC) electrochemical transistor with P3HT as the
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active layer. Here, the effect of the counterion charge on the electronic mobility in the film can
be interrogated independent of the film morphology or processing conditions. The carrier
mobility of the active layer can be quantified by simultaneously measuring the conductivity as a
function of the applied gate bias and estimating the carrier concentration via integration of the
gate current following the application of a voltage. Figure 2.4 shows the device mobility as a
function of the carrier concentration for both a PF6 and a croconate counterion. For both devices,
the data takes a sigmoidal form, where the mobility increases at intermediate carrier densities
and ultimately plateaus as the higher carrier densities. This trend is common in organic OECTs
and is often explained by trap filling at intermediate charge densities. At low carrier densities (<
5x1019carriers/cm3) the mobility of the two devices falls onto a similar curve. At higher carrier
densities (>1020carriers/cm3), however, the croconate device shows a steep increase in mobility,
ultimately plateauing at a value of 10 cm2/Vs. By contrast, the mobility of the PF6 gated device
shows a much more gradual increase, and plateaus at a value of ~0.1 cm2/Vs, nearly two orders
of magnitude below that of the croconate device.

Figure 2.4: Mobility as a function of carrier density for anion and dianion gated devices
Mobility as a function of carrier concentration for devices gated with the PIL with each respective
counterion
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2.7 Croconate induces less structural perturbation per unit charge
Since croconate carries two charges per molecule, electrochemical doping with a
croconate counterion results in a lower volume of ions in the semiconductor and less structural
perturbation at a given carrier concentration. Croconate and PF6 molecules induce a similar
amount of structural perturbation in the semiconductor because they are similar in size. A PF6
ion has an approximate volume of 78 A3 (based on quantum chemical calculations)108 while a
croconate ion has an estimated volume of 102 A3 (based on the density of crystalline croconic
acid). When comparing the volume fraction of ions per charge carrier in the semiconductor film,
however, there is a large discrepancy between the two systems because the croconate diion
compensates more charge. This is apparent in the calculation shown in Figure 2.5, where above
a carrier density of 5x1020 carriers/cm3, the estimated volume fraction of croconate in P3HT is
under half that of PF6 at a given carrier concentration. This suggests that the croconate ion
induces much less structural perturbation in the film, which may contribute to the improved
mobility observed for devices with croconate as the counterion.

Figure 2.5: Calculated volumetric fraction of ions in the semiconductor
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Estimated volume fraction of ions in the semiconductor as a function of electronic carrier density for
croconate and PF6 ions.

2.8 Conclusion
In summary, a direct comparison between electrochemical doping with an anionic
counterion and a dianionic counterion has shown that charge neutralization with a diion leads to
a significant increase in carrier mobility in P3HT. Varying the identity of the mobile counterion
in a PIL gated electrochemical transistor from a PF6 ion to a croconate diion leads to direct
modulation of the counterion that is associated to charge carriers in the semiconductor. Both the
anion and the dianion dope throughout the volume of the channel, as shown by UV-vis
spectroscopy. Device measurements show that the anion and the dianion both lead to a similar
trend in mobility at low carrier densities (<5x1019 cm-3), however, at high carrier densities the
dianion gated device shows mobilities up to an order of magnitude higher. This is proposed to be
a result of a decrease in structural perturbation, because the diion carries more charge per unit
volume. Additionally, the charge of the ion effects the coulombic force experienced by the
carrier, which results in a increase in the polaron coherence length and potentially plays a role in
the carrier dynamics.
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Chapter 3

Controlling the Doping Mechanism in Poly(3hexylthiophene) Thin-Film Transistors with
Polymeric Ionic Liquid Dielectrics
3.1 Abstract
Two disparate modes of operation can occur in an electrolyte gated transistors (EGTs)
depending on the permeability of the semiconductor to ions that are opposite in charge to carriers
in the film. A high permeability to ions promotes volumetric doping and a low permeability
promotes electric double layer (EDL) formation and field effect doping at the
semiconductor/dielectric interface. Here, we present a generalized method to control the mode of
charge accumulation in an EGT with a constant semiconducting layer by gating with anhydrous
polymeric ionic liquids (PILs) of opposite polarity. The polarity of the acrylate-based PILs was
controlled by tethering ionic units of positive or negative charge to backbone. In situ optical
spectroscopy of EGTs with poly(3-hexylthiophene), P3HT reveal that selectively tethering either
the anion or the cation dictates whether ions infiltrate the active layer. Gating with both dielectric
materials results in similar trends in the dependence of mobility and conductivity on carrier
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concentration, despite the difference in doping mechanisms. The EDL (interfacial) doping of the
anion-tethered PIL leads to higher mobilities at low carrier concentrations in P3HT with lower
onset voltages. Optical measurements during gating show that the anion-tethered PIL gate results
in a more even distribution of carriers between ordered and less ordered domains, promoting the
formation of a percolated network in the film.

3.2 Introduction
Electrolyte gated transistors (EGTs) are organic transistors in which the semiconductor is
gated with an ion-containing dielectric. The ionic dielectric can be in solid or liquid state and have
either organic or inorganic salts, where the primary requisite is the ability of ions to rearrange upon
application of a gate voltage74,98,109. The large capacitance of ionic electrolyte relative to
conventional dielectric materials reduces the operating voltage of EGTs without the need for
forming very thin (< 10 nm) dielectric layers.7,74,98 While the desirable device characteristics of
electrolyte gated OTFTs can be, in-part, attributed to the formation of a high capacitance electric
double layer (EDL) in response to a bias,98,99,107,109 the presence of mobile ions in the dielectric
often

leads

to

additional

electrostatic

and

electrochemical

interactions

with

the

semiconductor.7,15,42,43
Two different modes of operation are possible in EGTs depending on the type of electrolyte
and semiconductor. In general, if the semiconductor is impermeable to the ions in the dielectric,
the polarization of ions in response to a bias results in the formation of an EDL at the
dielectric/semiconductor interface. Electrostatic doping from the EDL generates a thin interfacial
charge accumulation layer in the semiconductor, as in the case of a field effect transistor (FET).
Devices operating with this mechanism (termed electric double layer transistors or EDLTs) can
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achieve higher carrier concentrations than standard FETs because of the high capacitance imparted
by the EDL (1-10 µF/cm2).74,98,99,110 In contrast to an EDLT, a disparate mechanism of operation
will occur if the semiconductor is permeable to ions in the dielectric. In these devices (termed
electrochemical transistors or ECTs), ions that are opposite in polarity to the carriers induced can
infiltrate the bulk of the semiconductor.15,42,43 This results in charge accumulation throughout the
bulk of the semiconductor.15,42 Volumetric doping results in an effective capacitance that is higher
than the EDLT case (10-100 µF/cm2), where the charge generated will scale with the ion
penetration depth (generally equal to the semiconductor film thickness) assuming the gate
electrode does not limit the overall capacitance of the device.111 EGTs with semiconducting
polymers generally exhibit EC operation, or mixed EDL and EC operation,112 due to the
permeability of the semiconductor to ions.
While EDL and EC doping both allow for relatively high carrier concentrations and low
operating voltages, it is often unclear which mechanism is desirable for an application. These two
modes of operation are primarily distinguished by the depth of charge accumulation and charge
conduction (interfacial vs. bulk). In principle, EC doping should result in higher source-to-drain
current than EDL doping because ion penetration dopes the bulk of the semiconductor. However,
the infiltration of ions into the semiconductor can disrupt the structure of the film and modify the
electronic properties.15,42,43,113,114 Furthermore, an important consideration in electrolyte gated
OTFTs is the time required for ions in the electrolyte to rearrange in response to a bias. The
switching time in EDLTs is dependent on the time required for ions to diffuse in the dielectric and
polarize at the electrolyte interface, which occurs on timescales of ~1 µs.98,99,107,115 In ECTs
switching times can also be limited by the timescale for ion diffusion into the bulk of the
semiconducting film, which can result in slower switching times on the order of ~1-10 ms.98,116
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The parasitic capacitance of the electrodes also makes a contribution to the temporal response of
the current-voltage characteristics and can be the dominant factor depending on the area of the
electrodes.117 All of these factors should be considered for a given application to determine
whether EDL or EC doping is more desirable.
Studying the effect of the operational mode (EC vs. EDL) on the current-voltage
characteristics of devices is challenging because the degree of ion infiltration is dependent on the
semiconductor. Previous studies have focused on controlling and comparing EDL and EC doping
by changing the identity of the semiconductor to either prevent, or promote, ion
infiltration.74,100,118,119 Many semiconducting polymer systems are semicrystalline, where the
morphology comprises crystalline and amorphous regions. Recent work has shown that ions
readily infiltrate the amorphous region of semiconducting polymers in EGTs, and then infiltrate
crystallites at higher biases.15,42,120 Organic semiconductors with high crystallinity, such as rubrene,
have been shown to be less ion permeable in EGTs.115,119 The dielectric constant of the sidechains
of semiconducting polymers can also be tuned to control the ion permeability and thus the
operation mechanism. For example, the synthetic addition of polar/non-polar functionalities has
been found to affect the degree of ion infiltration in EGTs.74 Changing the identity of the
semiconductor to control ion infiltration complicates the comparison between EC and EDL doping,
however, because the identity of the semiconductor will have a significant impact on the resulting
electrical behavior. Furthermore, completely blocking ion infiltration in an organic transistor is
difficult because even highly ordered organic semiconducting materials have relatively high free
volume and thus allow some ion penetration. As a result, even materials designed to prevent ion
infiltration will often exhibit some degree of EC doping when gated with an electrolyte.74,115,121
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A unipolar polymeric ion conductor allows for the direct control of ion motion within the
dielectric and across the dielectric/semiconductor interface.100,118,122–125 By incorporating an ionic
moiety into a polymer backbone, either the anion or the cation can be effectively immobilized,
leaving the counter ion as the only mobile species. For example, various hydrated polymeric acids,
including poly(styrene sulfonic acid)125 and poly(vinylphosphonic acid),124,126 have been utilized
as dielectrics in p-type EGTs. Here, the acidic proton acts as a mobile cation while the anionic
counter charge is immobilized on a polymer backbone to prevent electrochemical doping. Organic
p-type semiconductors can be doped in acidic environments independent of a gate potential making
the role of static doping unclear on the operation of the device.127,128 Furthermore, acidic polymers
require the presence of water to facilitate ion motion, 13,129 which can lead to side reactions and/or
swelling of the semiconductor with water.74 Polymeric ionic liquid (PIL) dielectrics, such as a PIL
with cationic ionic liquid-like imidazolium group tethered to a polymer backbone with a mobile
bis(trifluoromethylsulfonyl)imide (TFSI) counterion, have also been examined in transistors.100
When this PIL was used in an n-type transistor with a semiconducting polymer, the tethered cations
were prevented from infiltrating the semiconductor to compensate negatively charged carriers,
resulting in pure EDL doping.100 This presents a promising strategy for switching the mode of
operation in an electrolyte gated OTFT by changing the polarity of the gate.
Herein, a direct comparison of EC vs. EDL doping is achieved by changing the polarity of
the mobile ion in a PIL. For a single ion conducting PIL, it is expected that EC doping will only
occur if the mobile ion is opposite in polarity to the dominant carriers in the semiconductor.
Switching the polarity of the dielectric in a unipolar EGT provides a route to achieve a direct
comparison between EDL and EC doping in devices with single ion conducting dielectrics while
keeping the semiconductor constant. We synthesized two polymeric ionic liquids (PILs) of
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opposite polarity and employed them as the dielectric in top gate bottom contact (TGBC) EGTs
with the p-type semiconducting polymer poly(3-hexylthiophene) P3HT (Figure 1). Selectively
tethering either the anion or the cation to a polymer backbone dictates whether ions infiltrate the
semiconductor. These devices reveal that EDL doping results in a more even distribution of
carriers between the ordered and amorphous regions of the film when compared to EC doping.
This leads to a higher mobility at low doping levels for EDL devices. We note that this approach
does not fully capture the behavior of standard aqueous or IL based dielectrics since we are
utilizing PIL-based dielectrics, and thus the comparisons between EC and EDL doping in this
paper are only directly applicable to devices gated with single ion conductors.

3.3 Experimental Methods
3.3.1 Materials
Trifluoromehtanesulfonimide was purchased from Fisher Scientific. All other reagents
for monomer and polymer synthesis were purchased from Sigma Aldrich.
3.3.2 Synthesis of Cation Tethered Polymeric Ionic Liquid
The imidazole tethered polymeric ionic liquid, poly(3-methyl-1aminopropylimidazolylacrylamide) TFSI, was synthesized according to previous reports130 with
slight modifications (see Figure A1). N-acryloxysuccinimide (NASI) was first polymerized by
dissolving NASI in anhydrous DMF (0.5 g/mL) along with the RAFT agent DDMAT and the
radical initiator AIBN. The mixture was added to a 25mL schlenk flask and 5 freeze-pump-thaw
cycles were completed on the solution. The reaction was then performed at 70°C for 24h and
subsequently precipitated in methanol and dried in a vacuum oven to obtain poly(nacryloxysuccinimide) (PASI). In anhydrous DMF, PASI was mixed with 3(aminopropyl)imidazole with 1 equivalent of TEA and stirred for 24h at 60°C. The reaction
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solution was then dialyzed in methanol for 48h and concentrated. The resulting solid was then
dissolved in DMF with 1.2 equivalents of bromohexane to quaternize the free nitrogen and
reacted overnight at 60°C, followed by methanol dialysis for 48h. The resulting polymer was
then mixed with 10 molar equivalents of LiTFSI and stirred at 50°C in methanol followed by
dialysis for 48h in DI water and an additional 48h dialysis in methanol. The resulting solution
was then concentrated to give poly(3-methyl-1-aminopropylimidazolylacrylamide) TFSI as a
rubbery solid. 1H NMR (600 MHz, methanol) δ 8.89 (s, 1H), 7.61 (d, 2H), 4.83 (m, 4H), 4.18 (m,
4H), 3.21 (s, 2H), 1.57 (m, 12H).
3.3.3 Synthesis of Anion Tethered Polymeric Ionic Liquid
To synthesize the TFSI tethered PIL, ethylmethylimidazolium poly(3sulfonyl(trifluoromethane sulfonyl imide) propyl acrylate, the TFSI functionalized acrylate
monomer was first prepared as reported previously.131 Acetonitrile was first added to an oven
dried, degassed 25mL schlenk flask, followed by the addition of oxalyl chloride and DMF. The
solution was reacted for 5h to form an iminium intermediate. The oxalyl chloride solution was
then transferred to a 3-sulfopropyl acrylate dispersion in acetonitrile at 0°C in a separate
degassed schlenk flask. The mixture was stirred at 0°C for 5h followed by 20h at room
temperature, resulting in the 3-sulfonyl chloride propyl acrylate. This solution was then filtered,
and the filtrate was added to a separate degassed 100 mL schlenk flask.
Trifluoromehtanesulfonimide was then added to a separate 25mL schlenk flask and degassed,
followed by the addition of anhydrous acetonitrile and triethylamine. This solution was then
added dropwise to the 3-sulfonyl chloride propyl acrylate solution at 0°C and stirred overnight.
This was then filtered, concentrated, and dissolved in DCM and washed with NaHCO3, 1M
HCL, and brine solution. The resulting product (a brown liquid) was then dissolved in
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acetonitrile followed by the addition of K2CO3 at 0°C and reacted for 4h followed by
subsequent filtration. The resulting solid was then washed successively with DCM and hexanes
and recrystallized 3 times in isopropanol to give potassium 3-sulfonyl(trifluoromethane sulfonyl
imide) propyl acrylate as a white powder. This was then polymerized by mixing the monomer
with the RAFT agent DDMAT and the radical initiator AIBN in DMF in a schlenk flask
followed by 5 cycles of freeze-pump-thaw. The mixture was then reacted for 72h, followed by
precipitation in ethyl ether and dialysis in water for 48h and subsequently freezdried. The
resulting polymer was then dissolved in a 50/50 mixture of acetonitrile and methanol with 10
mol equivalents of ethylmethylimidazolium chloride and stirred at 50°C for 4h to exchange the
K for EMIM. The solution was then dialyzed for 72h in a 50/50 mixture of methanol and
acetonitrile and concentrated to give a rubbery solid. Ion exchange to EMIM was confirmed with
1

HNMR. Small molecule:1H NMR (600 MHz, acetone) δ 6.36 (d, 1H), 6.16 (q, 1H), 5.88 (d,

1H), 4.28 (t, 2H), 3.12 (t, 2H), 2.16 (p, 2H). HRMS calcd for C7H9F3NO6S2K2 (M+2K) 402.47,
found 401.9489

3.3.4 Device Fabrication and Measurements
Top-gate bottom-contact thin film transistors were prepared in a nitrogen glovebox.
Source and drain electrodes (40nm thick, 100-150 μm channel lengths, 2.7mm channel with)
were thermally evaporated onto quartz substrates. A solution of P3HT (10 mg/mL in
chlorobenzene) was spuncast at 1500rpm for 1 min and annealed at 180°C for 10 min, resulting
in films with 30nm thickness as measured by atomic force microscopy. The PIL solution (50
mg/mL in acetonitrile) was dropcast in a PDMS mold over the channels and dried under vacuum
at 70°C for 24h. The device was then transferred to a vacuum oven and dried for 24h at ~10-8 torr
at 70°C. The devices were then transferred to a nitrogen glovebox. Gold foil cut to the shape of
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the channel was then placed on the PIL to act as the gate electrode. The current as a function of
gate voltage was measured using a Kiethely 2400 and the process was automated using
MATLAB.
3.3.5. UV-vis measurements
All sample preparation was completed in a nitrogen glovebox. ITO-coated glass substrates
were cleaned via sonication for 5 minutes in detergent, deionized water, acetone, and isopropyl
alcohol followed by 5 minutes of UV/ozone treatment. A 3/16 in. hole was punched into150 μm
double sided Kapton and this was placed on an ITO-coated glass substrate. PIL samples were
dropcast into the Kapton well and dried as described above. On a separate ITO-coated substrate, a
5nm layer of gold was evaporated onto the ITO, and P3HT was spuncast and annealed onto the
gold layer as described in the procedure above. The substrate containing the P3HT and the
substrate containing the PIL were then sandwiched together and heated at 50°C to ensure good
contact. Wires were connected to either substrate and the bias between the two terminals was
controlled using a Kiethely 2400. A Agilent Cary 60 UV-vis Spectrophotometer was used to
collect UV-vis spectra at each voltage. Spectra were taken after 60 s of bias to ensure steady state
operation.

3.4 Designing a system of polymeric ionic liquids with opposite polarity

Figure 3.2: Schematic of ion gated transistor device and associated active materials
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(a) Schematic representation of the TGBC OFET structure used for electrical measurements. (b) Chemical
structure of the p-type semiconductor (P3HT) used in this work. Chemical structure of (c) the cation
tethered PIL and (d) the anion tethered PIL used as gate dielectrics in this work

Two single ion conducting polymeric ionic liquids (PILs) with opposite polarities were
designed to control the mobility of the ion that is the counter charge to the carriers induced upon
gating a semiconducting polymer. The ionic liquid (IL) 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (EMIM:TFSI) has been used previously in studies of OECTs
either as a neat material, or in a blend with a polymer. We synthesized two unipolar PILs analogous
to EMIM:TFSI where the polarity is controlled by tethering either a TFSI anion, or an imidazolium
cation, to the polymer backbone (Figure 1c and 1d). For the cation tethered PIL (CTPIL), a hexyl
imidazolium was tethered to a polyacrylamide backbone with an associated free TFSI anion
(Figure 1c). Similar imidazolium tethered PILs with mobile TFSI anions have been used as
dielectrics in EGTs,15,43,101 and have shown EDL formation on accessible timescales (>1 Hz) in
dry conditions at room temperature. For the anion tethered PIL (ATPIL), a new polymer was
designed

with

an

analogous

structure.

Here,

a

TFSI-acrylate

polymer

(poly(3-

sulfonyl(trifluoromethane sulfonyl imide) propyl acrylate) was synthesized to emulate a polymeric
version of TFSI (see Figure A1). As synthesized, this polymer has a potassium counterion,
resulting in a glassy material with a Tg above room temperature (35°C as measured by DSC) and
a low ion conductivity (out of instrument range (<10–12 S/cm) at room temperature). By ion
exchanging the potassium for a bulkier EMIM counterion, however, the Tg of the polymer is
lowered significantly to –40°C. The structure of the resulting polymer is shown in Figure 1d. This
anion tethered PIL has a room temperature ionic conductivity of 2x10-5 S/cm (Figure A2), which
is among the highest room temperature ionic conductivity values reported in literature for an
anhydrous anion tethered PIL.134,135 The cation tethered PIL shows a lower ionic conductivity
around 1x10-6 S/cm. These ionic conductivities are lower than triblock copolymers swollen with
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ionic liquids, which have ionic conductivities of ~10–3 S/cm98, and show EDL formation at faster
time scales (~1 kHz) with peak capacitance (~1 μF cm-2).98,99 The maximum capacitance values
for the CTPIL and the ATPIL were measured to be ~1 μF cm-2 below a frequency of 10 Hz (Figure
A2). Despite the slower ion dynamics, the PILs have the benefit that ions cannot leach out of the
dielectric over time.
When employed as dielectrics in EGTs, the dynamics of ion motion in both the PIL and in
the semiconductor will affect the resulting dynamics of the device. To probe the time scales
associated with ion polarization in the PIL alone, impedance spectroscopy was used to measure
the capacitance of the PIL as a function of frequency (Figure A2). The presence of a plateau in
the capacitance at low frequencies is indicative of the formation of an electric double layer.98 Both
the ATPIL and the CTPIL show EDL formation at frequencies below 10Hz, indicating that device
characteristics on timescales >0.1 s should not be affected by the dynamics of ion motion in the
PIL. However, in a p-type EGT architecture, it is also expected that mobile anions will diffuse into
the semiconductor upon application of a bias. As a result, ion motion in the semiconductor will
also play a role in the device dynamics. The diffusion rate of TFSI- into P3HT was estimated from
the change in optical absorbance of electrochemical capacitors under bias and found to be ~1x1012

cm2/s.98 This suggests that TFSI- distributes evenly in ~2 s for a 30 nm film of P3HT. The steady

state characteristics of devices here were measured after holding for 30s at each gate bias to
minimize effects from ion diffusion in both the PIL and the semiconductor. Some sweep rate
dependent hysteresis is observed in the reverse scan of the device transfer characteristics (see
Figure A3). The hysteresis results from a combination of the parasitic capacitances and ion motion
during operation, but the origin was not explored in detail because of our interest in the steady
state behavior.
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3.5 The polarity of the PIL dielectric dictates the doping mechanism
To probe the doping mechanisms for EGT devices gated with the CTPIL and the ATPIL,
optical absorbance spectra of the stacks of the two PILs and P3HT were recorded in situ as a
function of the gate bias. The spectra have signatures that support that EDL doping results in
charge accumulation in the first few monolayers at the P3HT/dielectric interface, while EC doping
induces charge throughout the bulk.’ The appearance of a broad absorption below 1.9 eV
corresponds to the polaron absorption with an accompanying loss of the signature for the neutral
polymer, centered around 2.3 eV.122 Figure 2 shows the difference spectra for devices gated with
either the CTPIL or the ATPIL as the gate voltage is increased at 3.3 mV/s. We determined the
integrated loss in intensity of the neutral excitation of P3HT as a function of gate voltage to
quantify the relative number of charge carriers in each respective device (Figure 2c). For both
devices, the neutral P3HT excitation is bleached as a gate bias is applied due to the accumulation
of charge carriers. At high gate voltages, the integrated loss in intensity of the neutral excitation
reaches a plateau that we interpret to be proportional to the total amount of charge induced in the
device. In turn, this value should be approximately proportional to the depth of the charge
accumulation layer.
The polarity of the PIL dielectric dictates whether the device operates as an EDLT or an
ECT. When the cationic imidazolium is tethered to the polymer backbone in a CTPIL, the TFSI
anion remains free to move in response to a bias. As a result, in devices gated with the CTPIL, the
mobile TFSI anions can infiltrate the bulk of the channel and locally compensate positively
charged holes. In contrast, when a p-type OTFT is gated with the ATPIL, the tethered anionic TFSI
groups cannot migrate across the dielectric interface without movement of the polymer chain.
Positive imidazolium cations migrate towards the gate electrode, resulting in EDL formation at the
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semiconductor/dielectric and the gate/dielectric interface. This behavior is reflected by the
difference in charge capacity between the two devices, as determined by the optical absorbance.
From Figure 2c, the charge capacity for the CTPIL-gated device at the highest applied gate voltage
is approximately 10x higher than that for the ATPIL-gated device. Assuming that ions in the
CTPIL-gated device penetrate the entire thickness of the channel (≈20 nm as measured by
profilometry on gold coated ITO/glass slides) as a reference, the majority of the charge in the
ATPIL gated device is confined to a thin interfacial layer that is about 1/10th of the film thickness
(≈2 nm). This depth is in good agreement with the thickness of a monolayer of a P3HT crystallite,
which is 1.6 nm.23 The spectra therefore confirm that the ATPIL gated device behaves as a pure
EDLT, where charge accumulation occurs via electrostatic doping in one or two monolayers at the
interface. In all device calculations, the accumulation layer thickness for the ATPIL device is
approximated as 2 nm.

Figure 3.2: In-Situ UV-vis data of PIL gated semiconducting film
EDL doping results in a monolayer of charge at the semiconductor/dielectric interface, while EC doping
induces charge throughout the bulk of the channel. Optical spectra show the difference spectra (difference
between absorbance of device without a bias and the absorbance of a device with a bias) of the channel as
a gate bias is applied from 0.1 V to 3V at a rate of 3.3mV/s for (a) the CTPIL and (b) the ATPIL. The
integrated intensity loss for the neutral thiophene excitation as a function of gate voltage are shown in (c).
A schematic of the device used for in situ spectroscopic measurements is shown in (d). The peak intensity
for the CTPIL-gated device at the highest applied gate voltage is approximately 10x higher, indicating
that the carrier accumulation depth for the ATPIL is 1/10th of the channel film thickness.
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3.6 Interfacial doping results in a higher carrier density for a given amount of
charge
For a given amount of charge induced by the gate bias, the charge carrier concentration
(carriers/volume) will vary depending on the spatial distribution of the carriers. The volume
occupied by the accumulated carriers is much larger for the electrochemically doped CTPIL device
when compared to the EDL doped ATPIL device. Integration of the gate current (see Figure A4)
with time upon application of a gate voltage provides the total charge accumulated in the
semiconductor (Figure 3a). As supported by previous studies,15 the depth of accumulation for
the CTPIL electrochemical device is approximately equivalent to the thickness (35 nm as measured
by profilometry on quartz) due to infiltration of the counter ions. For the ATPIL gated device,
however, the majority of charge in the semiconductor is confined to a ≈2 nm layer at the interface
(as suggested by Figure 2). Integration of the gate current shows that the CTPIL gate generates
more charge as a function of voltage because ion injection leads to doping throughout the volume
of the semiconductor. However, assuming approximate charge accumulation depths of 2 nm and
35 nm for the ATPIL and CTPIL devices respectively, the calculated carrier concentration in the
accumulation layer is slightly higher for the ATPIL device as a function of gate voltage (Figure
3b). The difference in carrier concentration between the two devices can be attributed to the higher
electric double layer capacitance of the pure ATPIL than that for the CTPIL (see Figure A2). The
maximum carrier concentration measured for the ATPIL devices approaches 2x1021 carriers/cm3.
To assess if the calculated carrier densities are reasonable, the maximum number of charges per
thiophene ring (charge/thiophene ring =

pVcell
4

) can be roughly estimated by assuming 100%

crystalline P3HT with a unit cell volume (Vcell ) of 9.5x10-22 cm3 and 4 thiophene rings per unit
cell.136,137 Here, the estimated doping level approaches roughly 0.5 holes per thiophene ring at the
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highest gate bias. Previous reports have found a maximum carrier density of 0.5 holes per
thiophene in electrolyte gated P3HT.44 However, devices in this study likely do not reach
maximum carrier densities, as they do not show negative transconductances indicative of band
filling.44 This suggests that the highest doping levels calculated here via current integration are
overestimated. Charge densities measured via integration of the gate current can lead to an
overestimate by as much as 15% due to effects from pseudocapacitive charging and leakage
current.44 Also, the accumulation layer thickness for the ATPIL is estimated to be 2 nm for the
calculation of the charge density. A monolayer of P3HT is ≈1.6 nm thick23, but the accumulation
layer thickness could extend into the 2nd monolayer. This difference would correspond to a lower
maximum carrier concentration of 1.3x1021 carriers/cm3 and a doping level of 0.3 holes per
thiophene.

Figure 3.3: Charge and charge density as a function of gate voltage for cation and anion tethered
gates
The CTPIL dielectric generates more charge as a function of gate voltage due to the volumetric
penetration of ions into the channel, but the significant difference in accumulation volume leads to higher
carrier concentrations for the ATPIL. Figures (a) and (b) show charge and local carrier concentration as a
function of gate voltage for ATPIL and CTPIL gated devices. Each data point represents the average of
measurements from three separate devices, and the standard error is represented by the error bars.
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3.7 Interfacial doping results in a higher electronic mobility
By comparing current-voltage characteristics between the ATPIL and the CTPIL gated
devices, we can determine how the mobility of the semiconductor is affected by ion infiltration.
As ions infiltrate semiconducting polymers, they can induce traps due to Coulomb attraction and
perturb the structural ordering; for example in P3HT the crystalline regions change dramatically
upon electrochemical doping.15,42 As a result, it is not clear that the mobility in the EDL and ECT
cases should have the same dependence on carrier concentration. In previous literature, OTFTs
gated with conventional dielectrics have shown higher mobilities than electrolyte gated devices at
low carrier concentrations (< 8x1019 carriers/cm3).110 This difference has been attributed to the
presence of ions in the bulk of the film in ECTs, which act as Coulombic traps.110 At high carrier
concentrations (> ~1020 carriers/cm3), however, the Coulomb potentials are screened by the high
charge density and trapping becomes less significant.110 It is difficult to compare the two situations
experimentally, however, because conventional dielectrics are generally unable to reach carrier
concentrations above ~1020 carriers/cm3. To compare the mobility (𝜇) between the ATPIL and
CTPIL gated devices, the conductivity (𝜎) of the accumulation layer has been determined as a
function of the gate voltage assuming respective thicknesses of 2 nm and 35 nm for the
accumulation depth of the ATPIL and CTPIL gated devices (Figure 4a and 4b). When plotted
against carrier concentration (𝑝), the mobility, 𝜇 = 𝜎/𝑝, for both devices shows a sigmoidal form.
This trend is in agreement with previous studies on IL and electrolyte gated devices, 44,109 where
the mobility increases with carrier concentration and ultimately plateaus at ~1021 carriers/cm3 as
the semiconductor fills with holes.44,138,139 Below 1020 carriers/cm3 the ATPIL gated device appears
to trend towards a higher mobility than the CTPIL gated device (Figure 4c). At higher carrier
densities, however, the mobility of P3HT for both the ATPIL and the CTPIL gated devices
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converge onto a similar trend. In this regime, the wave function for charge carriers begins to
overlap, and Coulomb potentials are screened by carriers.110 As a result, the mobility of carriers in
the CTPIL gated device becomes equivalent to that in the ATPIL gated device. This suggests that
carrier concentration plays a dominant role in charge transport in the accumulation layer at high
carrier densities when comparing EDL and EC doping.

Figure 3.4: Conductivity and mobility vs. carrier density for cation and anion tethered gates
The mobility of the accumulation layer follows a similar trend as a function of carrier concentration for
both the ECT and the EDLT devices. Figures (a) and (b) show the conductivity and mobility as a function
of gate voltage. Figures (c) and (d) show the conductivity and the mobility as a function of the carrier
concentration. Accumulation layer thicknesses of 2 nm and 35 nm were assumed for ATPIL and CTPIL
gated devices respectively. Each data point represents the average of measurements from three separate
devices, and the standard error is represented by the error bars.

3.8 Interfacial doping results in a more even distribution of charge
The ATPIL gated device likely exhibits a more even distribution of carriers between
crystalline and less crystalline regions of P3HT. P3HT has ordered/crystalline aggregated domains
that are separated by less ordered amorphous and aggregated regions with differing absorption
features.34 Namely, J-type aggregates exhibit a more staggered packing structure and are generally
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found in less crystalline domains of P3HT.140,141 By contrast, H-type aggregates exhibit a more
ordered packing structure and generally exist in crystalline domains.140,141 By analyzing the
relative intensity of the vibrionic transitions between the ground and excited state (i.e 0-0, 0-1, etc.)
in the optical spectra of P3HT, the degree to which the H and J aggregates are doped with gate
voltage can be determined.15,132,133 A lower 0-0:0-1 ratio is generally a signature of H-type
aggregates, and accordingly, an increase in the 0-0:0-1 ratio with doping suggests that the more
crystalline, H-type regions of the film are being preferentially oxidized.15 The ratio between the 00 and 0-1 transitions for the optical spectra of both the ATPIL device and the CTPIL device was
analyzed with a model developed by Spano et al,132,133 (see Figure A8) and plotted as a function
of gate voltage in Figure 5a. The ATPIL exhibits a lower 0-0:0-1 ratio when compared to the
CTPIL, indicating that EDL gating oxidizes a higher fraction of the interconnecting, less
crystalline regions than EC doping.

Figure 3.5: 0-0:0-1 absorbance ratio from fitting UV-vis spectra
(a) Ratio between the 0-0 and the 0-1 transition as a function of gate voltage. A schematic representation
of the CTPIL device is shown in (b), where the aggregated regions are preferentially oxidized. Devices
gated with the ATPIL, shown schematically in (c), exhibit a more even distribution of carriers between
ordered and less ordered domains
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3.9 EDL doping promotes the formation of a percolated charge conduction
network
EDL doping allows for lower ON voltages than EC doping when gating with PIL-based
dielectrics because it leads to a more even areal distribution of carriers, thus promoting the
formation of a percolated conduction network. In P3HT, both amorphous and crystalline domains
must be doped to form a continuous conduction pathway.8,34,142–144 As seen in the transfer
characteristics in Figure 6, the ON voltage (the gate voltage at which the source drain current
becomes linear with gate voltage) is dependent on the doping mechanism (see Figures S5 to S7
for full device characteristics). The ATPIL device has an ON voltage of -0.1V, while the ON
voltage for the CTPIL gated device is much larger at -1.0V. As suggested by Figure 5a, gating
with the CTPIL results in preferential oxidation of the crystalline domains. Thus, at low gate
voltages, the crystalline domains are doped first. At higher gate voltages, less crystalline regions
become doped resulting in the formation of a charge conduction pathway (Figure 5b). Gating with
the ATPIL, however, results in the oxidation of a higher fraction of the interconnecting, lesscrystalline regions (Figure 5c). This is because EDL doping confines carriers to the interface of
the semiconductor, and thus only the surface of crystallites near the dielectric/semiconductor
interface can be doped. By contrast, with electrochemical doping, ions infiltrate the film and can
dope the entire surface of crystalline domains and penetrate crystallites to dope throughout the
bulk. As a result, EDL doping can access a lower fraction of crystalline domains, and thus a higher
fraction of charge is generated in amorphous domains. This promotes the formation of a percolated
network and results in higher mobilities at low biases and lower ON voltages for devices gated
with the ATPIL.
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Figure 3.6: Transfer characteristics of anion tethered and cation tethered devices
Gating with a PIL that is the same polarity as the channel results in ion injection and hysteresis, while
gating with a PIL that is the opposite polarity of the channel leads to field effect doping. Schematic cross
sections are shown to illustrate (a) polarization and ion infiltration for the CTPIL and (b) polarization and
electrostatic doping in the ATPIL. Corresponding device transfer curves are shown for (c) the CTPIL and
(d) the ATPIL. Curves were taken with a source drain voltage of -0.5V and a rate of 3.3 mV/s.

While both EDLTs and ECTs generally induce higher total charge than conventional
dielectrics, EDLT devices can exhibit higher local carrier densities for a given amount of charge.
The amount of charge will depend on the particular characteristics of the device. In an electrolyte
gated transistor, both the capacitance of the electric double layer at the gate electrode (CEDL) and
the capacitance of the semiconductor (Csemi) from charging of the volume will affect the
𝑄

capacitance of the transistor (𝐶𝑇 = 𝑉 𝑇). The contribution of these two components can be modeled
𝐺

in the simplest case as two capacitors in series, where the total capacitance of the transistor (CT) is
1

given by 𝐶 = 𝐶
𝑇

1

𝐸𝐷𝐿

+𝐶

1

𝑠𝑒𝑚𝑖

(see Figure A9). The smallest capacitance will limit the capacitance of

the entire device. If the capacitance of the gate EDL is large (CEDL>>Csemi), then Csemi will
dominate the capacitance of the device (CT≈Csemi). As the thickness of the semiconductor is
increased (thus increasing Csemi), the capacitance of the device will increase proportionally.
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64,111

In practical devices, however, the capacitance of the gate EDL can also be limited by factors such
as the surface area of the gate electrode or the ion density in the dielectric.7 If Csemi>>CEDL, the
gate EDL (CEDL) will determine the device capacitance (CT≈CEDL). In this case, as the thickness
of the semiconductor is increased (Csemi increased), CT will remain constant, and similarly, the
total charge in the device at a given voltage (QT=VGCT≈VGCEDL) will be constant. This will result
𝑄

𝑇
in a decrease in the charge density (𝑝 = 𝑉𝑜𝑙𝑢𝑚𝑒
) as the thickness is increased. For example, if we

consider a device with an EDL capacitance of 1 μF/cm2 and a gate electrode surface area equal to
the area of the channel, CEDL will limit the capacitance of the device when the channel is thicker
than 200 nm (assuming a maximum carrier density of 1x1021 carriers/cm3 at 3 V). In contrast to
EC doping, EDL doping confines most of the charge to a thin layer at the interface and C semi is
effectively independent of the thickness of the semiconductor. Thus, the local charge density in
the accumulation layer at a given voltage should be independent of the semiconductor volume for
an EDLT (see Appendix A for more discussion).
For a given amount of induced charge, the difference in charge density between EC and
EDL doping can result in a significant increase in mobility for EDLT devices. In highly ordered
materials, such as single crystalline semiconductors, the carrier mobility should be constant with
carrier concentration. However, for many organic semiconductors, which are often less ordered,
trap filling causes the mobility to increase significantly with carrier concentration and ultimately
plateau at a high carrier concentrations as the conduction band becomes filled with
charge.15,44,109,110 As a result, for a given amount of induced charge, it is expected that EDL doping
will result in higher mobilities than EC doping because EDL doping concentrates charge at the
interface. EDLTs will thus exhibit higher currents with charge, particularly at low carrier
concentrations where mobility has a steep dependence on carrier density.
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The role of charge concentration on the device characteristics of EDLTs and ECTs can be
modeled based on the functional form of the carrier mobility with charge concentration (Figure
7). Here, we use a sigmoidal form for carrier mobility that is commonly reported for
semiconducting polymers15,44,109 (Figure 7c). To reflect the scenario in which the capacitance of
the device is limited by the area of the gate electrode, a constant capacitance is assumed. The
threshold voltage (Vth) for the device is assumed to be proportional to the thickness of the
semiconductor (Figure 7d). Calculated transistor curves have been approximated in Figure 7a
using a modified form of the gradual channel expression28 in the linear regime that should be valid
at low source-drain bias:
𝑊
𝜇(𝑉𝐺 )𝐶(𝑉𝑔 − 𝑉𝑇ℎ )𝑉𝑑𝑠
𝐿
where 𝜇(𝑉𝐺 ) is the mobility as a function of gate voltage and the ratio of W/L is assumed
𝐼𝑑 =

to be 10 (Figure 7c). While an increase in accumulation depth results in slower device operation
in practice, steady state operation is assumed here for simplicity. As seen in Figure 7, the higher
mobility and lower ON voltage that results from decreasing the accumulation volume leads to
higher source-drain currents at lower gate biases. This illustrates the utility of EDLTs for
applications that require low voltage operation.
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Figure 3.7: Simulated transfer curves as a function of accumulation layer depth
For a given amount of charge, decreasing the thickness of the accumulation layer results in higher
currents, particularly in the low voltage operation regime. (a) Model device curves showing the sourcedrain current as a function of gate voltage for several different accumulation layer thicknesses in the
linear regime. (b) Plot of carrier concentration as a function of gate voltage for several different
thicknesses assuming a constant capacitance. (c) Plot of the sigmoidal function assumed for mobility as a
function of carrier density. (d) Dependence of the ON voltage on the thickness of the accumulation layer
based on a threshold carrier concentration of 1020 carriers/cm3

3.10 Conclusions
In summary, a generalized method has been developed to control the operating mechanism
in a unipolar OTFT gated with a single ion conductor. Two single ion conducting polymeric ionic
liquids with opposite polarity have been synthesized, where either the anion or the cation is
tethered to a polymer backbone. When employed with a p-type active layer, gating with the CTPIL
results in EC doping because the mobile anion can infiltrate the active layer to compensate
positively charged holes. By contrast, the ATPIL gate results in interfacial EDL doping, where the
polymer tethered anions are unable to infiltrate the semiconductor and the mobile cations migrate
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towards the gate electrode. Transfer characteristics for the two devices reflect the difference in
operating mechanism, where the CTPIL gated device shows significant hysteretic behavior due to
slow ion diffusion in the semiconductor, while the ATPIL gated device shows minimal hysteresis.
Optical spectroscopy shows that the accumulation layer thickness for the ATPIL is roughly 2 nm,
while that for the CTPIL is equal to the film thickness. Measurement of the carrier concentration
via integration of the gate current reveals that the CTPIL gated device has a lower carrier
concentration as a function of gate bias despite inducing a larger total amount of charge carriers.
This is because volumetric doping in the CTPIL increases the accumulation layer volume and
effectively dilutes charge carriers. Analysis of the optical spectra associated with the neutral
excitations of P3HT aggregates suggest that the ATPIL gated device has a greater tendency to
dope less ordered, interconnecting regions of the film. This likely promotes the formation of a
percolated conduction network at lower doping levels. Conductivity measurements as a function
of gate bias reveals that the CTPIL device has lower mobility in the low carrier density regime
(<1020 cariers/cm3), however, the mobility of the two devices collapses onto a similar trend at
higher carrier densities. The increased mobility and decreased ON voltage associated with EDL
doping leads to higher currents in the low gate voltage regime. This suggests that devices that
operate with an EDL (interfacial) doping mechanism have significant promise for applications that
require low voltage operation. By contrast, electrochemical doping generally allows for a higher
overall charge capacity for a given semiconductor64,111,145, suggesting that this doping mechanism
may be preferred for applications that require high currents.

3.11 Appendix A
3.11.1 Synthetic scheme for ATPIL and CTPIL
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Figure A1: Synthetic schemes for ATPIL and CTPIL used in this work
(a) Synthesis of anion tethered PIL, EMIM poly(3-sulfonyl(trifluoromethane sulfonyl imide) propyl
acrylate (b) Synthesis of cation tethered PIL, poly(3-methyl-1-aminopropylimidazolylacrylamide) TFSI

3.11.2. Impedance Measurements

Figure A2: Electrochemical impedance spectroscopy of ATPIL and CTPIL
a) Experimental setup for conductivity and capacitance measurements. b) Conductivity of the PILs as a
function of frequency, where the ATPIL shows a plateau at 1.5x10-5 S/cm and the CTPIL shows a plateau
at 1.6x10-6 S/cm at high frequencies. c) Capacitance of PIL as a function of frequency. At low frequencies
the ATPIL shows a plateau at 3.4x10-6 S/cm and the CTPIL shows a plateau at 8.6x10-7 F/cm2.

3.11.3. Sweep Rate Dependence of Current-Voltage Characteristics
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Figure A3: Sweep Rate Dependence of Current-Voltage Characteristics
a) Transfer curves measured at several different scan rates for a) the CTPIL and b) the ATPIL. All curves
are taken with VSD= –0.5V.

3.11.4 Gate Current Relaxation Measurements

Figure A4: Gate Current Relaxation Measurements
Representative plots of gate current as a function of time upon applying a bias of –2.0 V at time t=0 for a)
an ATPIL gated device and b) the CTPIL gated device

3.11.5. Transistor characteristics
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Figure A5: Representative output curves in linear regime
Representative output curves in linear regime measured for a) the CTPIL and b) the ATPIL in the linear
regime

Figure A6: Representative output curves in linear regime
a) Representative output curves measured for a) the CTPIL and b) the ATPIL showing current saturation

Figure A7: Representative transfer curves in the saturation regime
a) Representative transfer curves measured for a) the CTPIL and b) the ATPIL in the saturation regime
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3.11.6. Analysis of optical absorption data
To understand the relative degree of oxidation of H and J type aggregates in P3HT films
upon application of a bias, optical absorption data was analyzed with a model developed by Spano
et al,3,4 which describes the absorption spectra (A) of a P3HT thin film using the following model.3–
5

𝑒 −𝑆 𝑆 𝑚
𝐴=𝐶∑(
) (1
𝑚!
𝑚=0
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∑
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exp (−
2𝜎 2

2

𝜎√2𝜋

𝑛≠𝑚

(

)

Here, S represents the Huang-Rhys factor which is assumed to be unity. C, the proportionality
constant, W, the excitonic bandwidth, σ, the Gaussian width, and E0-0, the 0-0 intrachain transition
are varying parameters. For P3HT, the characteristic C=C phonon stretch is taken to be 0.179 eV.
MATLAB was utilized to perform a least squares fit for the 0-0, 0-1, 0-2, 0-3, and 0-4 transitions.
Example fits for optical spectra are shown in Figure A6. The 0-0:0-1 intensity ratio was calculated
based on these fits and shown in the main text only for low doping levels, since the model is not
valid for high doping levels.
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Figure A8: 0-0 and 0-1 absorbance ratio fits
Fit of P3HT using the model developed by Spano et al.3,4 The fitted intensity of the 0-0 and 0-1 transitions
were compared for devices at low doping levels. Example fits are shown here for a) the CTPIL and b) the
ATPIL devices at a bias of –1.0 V

3.11.7. Role of the Capacitance of Active Materials

Figure A9: Diagram of the role of the capacitance of active materials
Illustration of the role of the capacitance of the gate electrode on the overall capacitance of the device for
a given semiconductor and gate voltage. (a) Circuit model that represents the relative contributions from
the capacitance of the EDL at the gate electrode (CEDL) and the capacitance of the semiconductor (Cseimi) on
the overall capacitance of the transistor (CT). (b) Schematic of the case in which the capacitance of the gate
EDL is sufficiently large such that the capacitance of the device will be determined by the volume of the
channel. (c) Schematic of the case in which the capacitance of the gate EDL is small, and in turn limits the
capacitance of the device.
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In an electrolyte gated transistor, both the capacitance of the electric double layer at the
gate electrode (CEDL) and the capacitance of the semiconductor (Csemi) will affect the total
capacitance of the transistor (or the amount of charge at a given voltage). We note that Csemi is
determined by the volumetric capacitance of the semiconductor when ions can penetrate the
semiconductor leading to bulk charging whereas if the ions cannot penetrate then the capacitance
is that of a conventional insulator. The contribution of Csemi and CEDL on the capacitance of the
device can be modeled as two capacitors in series, where the capacitance of the transistor (CT) is
given by:
1
𝐶𝑇

=𝐶

1

𝐸𝐷𝐿

+𝐶

1

𝑠𝑒𝑚𝑖

(S1)

Here, the unit with the smallest capacitance will limit the capacitance of the entire device.
𝑄

If we take the capacitance to be equal to the charge (Q) per unit voltage (V), 𝐶 = 𝑉 , we can
restate equation S1 with respect to the total charge in the device (QT) :
𝑄𝑇 =

𝑉𝐺
1
)
+
𝐶𝐸𝐷𝐿 𝐶𝑠𝑒𝑚𝑖

(

1

(S2)

As a result, if CEDL>>Csemi, the total capacitance of the device will be limited by Csemi
(CT≈Csemi). In this regime, if the thickness of the semiconductor is increased (thus increasing
Csemi), the total charge in the device will increase proportionally. On the contrary, if Csemi>>CEDL,
the capacitance of the gate EDL will limit the total charge in the device (CT≈CEDL). Here, if the
thickness of the device (or equivalently the semiconductor volume) is increased (thus increasing
Csemi), the total charge in the device (QT) will remain constant since QT=VGCT≈VGCEDL. This
𝑄

𝑇
will result in a decrease in the charge density 𝑝 = 𝑉𝑜𝑙𝑢𝑚𝑒
.
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Chapter 4

Concurrent Li+ and Oxidant Addition to
Control Ionic and Electronic Conduction in
Ionic Liquid Functionalized Conjugated
Polymers
4.1 Abstract
Conduction of ions and charge (electrons) often follow distinct materials design rules,
presenting a significant challenge for the development of homogeneous materials that are good at
both. Growing interest in solvent-free electrochemical devices, including all solid-state Li+-ion
batteries, has led to demand for such mixed-conducting materials. Here, we describe a class of
mixed polymeric conductors in which ionic liquid groups are tethered to an electron conducting
conjugated polymer backbone. The model conjugated polymeric ionic liquid, poly{3-[6’-(Nmethylimidazolium)hexyl]thiophene}BF4– (P3HT-IM), is synthesized and shown to have
significant long range ordering. Chemical oxidation of the polymer results in an electronic
conductivity of 10–2 S cm–1. The polymer is also capable of dissolving Li+ salt up to a concentration
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of r = 1 [moles of salt]/[moles of monomer]. The polymer displays a monotonic increase in ionic
conductivity with salt concentration, reaching a maximum ionic conductivity of 10–5 S cm–1 at the
highest concentration of r = 1. All-atom molecular dynamics simulations indicate that the
imidazolium side chains promote the formation of a percolated network of solvation sites at high
salt concentrations, which facilitates ion transport. Pulsed-Field Gradient NMR diffusivity
measurements and MD indicate a lithium transference number around 0.5, suggesting that the
percolated solvation network promotes lithium transport in a way that is unique from many ion
conducting systems. These results suggest that the addition of diffuse, ionic liquid-like groups to
a conjugated polymer backbone serves as an effective design approach to facilitate simultaneous
lithium-ion conduction and electronic conduction in the absence of solvent.

4.2 Introduction
Simultaneous ion and electron conduction is essential in all electrochemical devices and
is particularly important for applications in energy storage and conversion.7,68 Rational design of
mixed conducting organic materials is challenging because ion and electron conducting materials
follow different design rules.6 Ion transport in polymers is generally correlated to segmental
motion and is optimized in polar rubbery materials51,68,69 while electron transport often relies on
structural alignment in highly ordered polymeric systems.6,8,47,70 Conjugated polymers are
particularly promising in the field of mixed conductors because their electronic, ionic, and
structural properties can be readily tuned through conventional synthetic design strategies.6
Ion conductivity in polymeric systems is dependent on the concentration and mobility of
ions, which are related to the polarity and the segmental dynamics of the polymer.47 For a given
concentration of added salt, the mobile ion concentration depends on the extent of salt
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dissociation, which is affected by the local dielectric environment, the interactions between
anions and cations, and interactions between the polymer and the ions.47,51,52 Inclusion of highly
polar functional groups and increasing the size and polarizability of ionic groups serves to
increase the dielectric constant, weaken electrostatic interactions, and promote ion
dissociation.49,52–54 Additionally, the mobility of ions generally depends on the dynamics of the
polymer system as solvation sites rearrange to create a conduction pathway.45,46,50 For polymers
above their glass transition temperature (Tg), the ionic mobility is often tied to the segmental
dynamics of the polymer which is related to the distance from Tg.45,46,50 However, ion dynamics
are also affected by the nature of ion–ion and polymer–ion associations, where ion solvation sites
and ion coordinating groups, which help ions dissociate, can slow ion dynamics.46,47
Paradoxically, ionic aggregation can lead to higher ionic conductivity if aggregates
percolate through the material.50,55–57 Ion transport in many polymeric systems can be
characterized by transport through a transient network of solvation sites,58–61 where the mobility
of ions is, in part, connected to the density and connectivity of solvation sites.58 Local ion
transport in aggregated domains is postulated to be higher in some systems due to the close
proximity of solvation sites.50,56,57,62,63 In this case, the ionic mobility is related to the extent to
which aggregates form continuous domains through the material.50,55–57
In contrast to ion conduction, electron transport in semicrystalline conjugated polymers is
often related to the degree of long-range order in the polymer and the degree of ionization.8,34,146
Electronic conductivity is directly proportional to the carrier density and the electronic
mobility.8,44,146–148 The carrier density in conjugated polymers is commonly modulated via the
introduction of a reductant (in the case of a n-type material) or an oxidant (in the case of a p-type
material).71,149–155 In the case of a p-type conjugated polymer, the polymer backbone undergoes
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electron exchange with the oxidant, resulting in the formation of an ion pair between the charge
carrier on the polymer backbone and the ionized oxidant.30,90,156 The mobility of the charge
carriers depends on a number of structural and molecular factors. Generally, for semicrystalline
conjugated polymers, crystalline domains are dispersed in an amorphous matrix.32 Charge
transport predominates in ordered regions, where co-facially stacked conjugated backbones have
strong π-orbital interactions.32 As a result, a general heuristic to increase electronic conductivity
in semicrystalline conjugated polymers is to increase the degree of crystallinity and long-range
order, however, the relationship between structural order and mobility is not welldefined.27,34,148,157
The incorporation of ion-conducting moieties into conjugated polymers serves as a route
to provide conduction pathways for both ions and electrons. Optimization of ionic and electronic
conduction in conjugated polymers requires a system with both highly ordered domains and
polar domains with high segmental mobility. Conjugated polymers with oligoethylene glycol
side chains have shown both high ionic conductivity (≈10-4 S cm–1) upon lithium salt addition
and evidence of long-range order.1,74,75 The addition of ionic moieties, such as sulfonate groups,
to a conjugated polymer backbone promotes ion transport and ion injection in electrochemical
devices.75–82 These systems have also been used to improve the performance of bioelectronics
due to their water solubility and ion conductivity.70,80,81
Ionic liquid moieties can be tethered to a conjugated polymer backbone to enable ion
conduction without the presence of solvent, which is particularly important for solvent-free
electrochemical devices.7,68,83 Mixed conducting conjugated materials are commonly employed
as protective coatings and binders for cathode materials in batteries due to their easy
processability and facile ion and electron transport in the presence of liquid electrolyte.3,5,72,158–
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Increasing interest in solvent-free battery construction, however, has created a demand for

materials that can conduct both ions and electrons without the presence of solvent.3,59,72,159
Conjugated polymers with ionic liquid-like side chains have considerable promise in the field of
solvent-free mixed conduction.86,161 Large, polarizable ionic side-chain moieties serve to weaken
ionic associations and increase ion dynamics without the presence of solvent, while the
conjugated backbone imparts electron conductivity.84,85 Polythiophenes with imidazolium side
chains have shown intrinsic ionic conductivity up to 10-4 S cm–1 in the neat state, while also
showing evidence of significant long-range order in scattering studies.86,87 While Ionic liquid
functionalized conjugated polymers show potential as solvent-free mixed ion and electron
conductors, to this point there have been few studies that investigate lithium-ion conduction in
ionic liquid functionalized conjugated polymers. Furthermore, very few studies have
characterized mixed conduction in conjugated systems upon simultaneous salt addition and
oxidant addition.
Herein, simultaneous ionic and electronic conduction is achieved through the addition of
salt and oxidant to a conjugated polymeric ionic liquid. A semicrystalline polythiophene based
system with ionic side chains was developed as a model mixed conductor. The addition of both
salt and oxidant to the polymer induces mobile ionic and electronic carriers without significantly
disrupting the crystalline structure of the polymer, resulting in a simultaneous increase in the
ionic and electronic conductivity. Surprisingly, the polymer solvates added salt up to a
concentration of r = 1 [mole of salt]/[mole of monomer] and displays a monotonic increase in
ionic conductivity with salt concentration. MD simulations and PFG NMR diffusion
measurements suggest that a percolating network of solvation sites forms at high concentrations,
which facilitates lithium-ion conduction over a wide range of salt concentrations.
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4.3 Experimental Section
4.3.1 Synthesis of Poly[3-(6’-bromohexyl)thiophene] (P3BrHT)
Dibromo-3-(6-bromohexyl)thiophene was synthesized according to previous literature.10,11
An oven-dried Schlenk flask containing 2,5 dibromo-3-(6-bromohexyl)thiophene was placed
under vacuum for 2 hours. Dry, degassed THF was added via syringe and the mixture was sparged
with Nitrogen. Isopropylmagnesium chloride was added dropwise and the mixture was stirred for
1 h at ambient temperature under Nitrogen. The desired amount of Ni(dppp)Cl2 was added via
syringe. The polymerization was stirred for 1 h at 60◦C and quenched by rapid addition of 5 N
HCl, and precipitated into methanol. The polymer was purified by washing in a Soxhlet apparatus
with methanol, ethyl acetate, and hexanes before extraction with THF. The product was
concentrated under vacuum, redissolved in a small amount of THF, and precipitated into rapidly
stirring, cold methanol. The isolated product, a purple solid, was dried at 65◦C under vacuum to
remove any remaining solvent. 1H NMR (600 MHz, CDCl3) δ 7.18 − 6.92 (m, 1nH), 3.53 − 3.37
(m, 2nH), 2.93 − 2.55 (m,2nH), 2.04 − 1.81 (m, 2nH), 1.80 − 1.58 (m, 2nH), 1.57 − 1.30 (m, 4nH)
SEC (CHCl3, 35◦C) Mn: 36750 g/mol, Mw: 38200 g/mol, Ð: 1.04
4.3.2 Synthesis of Poly{3-[6’-(N-methylimidazolium)hexyl]thiophene}
The P3BrHT polymer was post-functionalized through an amine quaternization reaction.
The polymer was first dissolved in THF. 1 methylimidazole (10 eq.) was added to the solution in
ambient conditions. The solution was then stirred for 24 h under reflux. After 12 h, some polymer
precipitate was observed int eh flask. A small amount of methanol was added to fully dissolve the
resulting polymer and the solution was stirred for an additional 24 hours to help achieve
quantitative conversion. The polymers were then dialyzed using 10 kDa cutoff dialysis membranes
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against a mixture of methanol and THF, with the dialysate replaced every 12 h. The resulting
polymer was then mixed with 10 molar equivalents of LiBF4 and stirred at 50°C in methanol and
acetonitrile followed by dialysis for 48h in a 50:50 mixture of methanol and acetonitrile and an
additional 48h dialysis in acetonitrile. The isolated product was obtained as a red solid after
removing the solvent under reduced pressure. Complete counterion exchange from a bromine
counterion to the desired counterion was confirmed using quantitative XPS analysis, following
procedures from our previous work.12 1H NMR (600 MHz, CD3OD) δ 7.78 − 7.60 (m, 1nH), 7.17
− 6.82 (m, 3nH), 4.43 − 4.10 (m,4nH), 2.97 − 2.55 (m, 2H), 2.03 − 1.14 (m, 14nH), 1.10 − 0.82
(m, 3nH)

4.4 Designing a conjugated polymeric ionic liquid for mixed ion and electron
conduction

Figure 4.1: Chemical structure and experimental x-ray scattering of the CTPIL
a) Schematic structure of the thiophene-based conjugated polymeric ionic liquid used in this study b)
Azimuthally integrated GIWAXS patterns for neat P3HT-IM. c) Illustration of the polymer model used in
MD simulations. d) MD snapshot of the simulation box used for the crystalline polymer.

A semicrystalline polythiophene-based conjugated polymer with ionic side chains was
developed as a model mixed ion and electron conductor (Figure 1a). Polythiophene serves as an
ideal model conjugated polymer backbone because it belongs to a well-studied class of
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semicrystalline conjugated polymers with reasonable mobility and long-range order. To promote
ion solvation, the polymer was synthesized with charged side chains. An ionic liquid like
cationic imidazolium group was selected as the tethered ion group because the diffuse,
polarizable charge on the imidazolium fosters weak physical associations between ions. The
structure and the transport properties of the polymer will also be influenced by the counterion to
the pendent imidazolium group. Larger, polarizable counterions lead to weaker ionic associations
and faster segmental dynamics due to the increase in free volume, however, the resulting
increase in the side-chain volume fraction also disrupts long range ordering.161 UV-vis
spectroscopy reveals information about the degree of aggregation of the polymer as a function of
counterion chemistry (Figure A10). Absorption peaks in UV-vis indicated a decrease in ordered
structure as the ion size increased (Figure A10). Tetrafluoroborate (BF4–) was chosen as a model
counterion for mixed conduction studies because the intermediate size imparts a low Tg (20°C) in
the amorphous domain of the polymer (Figure A11) while still allowing for a high degree of
long-range order in the crystalline domains. Complete counterion exchange from a bromine
counterion to the desired counterion was confirmed using quantitative XPS analysis. The
resulting polymer, Poly{3-[6’-(N-methylimidazolium)hexyl]thiophene}BF4– (P3HT-IM) is
shown in Figure 1a. A high degree of semicrystalline order is evident in the grazing incidence
wide angle X-ray scattering (GIWAXS) patterns for drop cast films of P3HT-IM shown in
Figure 1b. A series of peaks starting with a first order peak at q = 0.247 Å-1 and higher order
peaks at integer multiples indicate a lamellar side chain stacking structure, while a peak at
q=1.674 Å-1 corresponds to π-π stacking.58,59,87,88,173
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4.5 Ionic and electronic carriers can be induced without perturbing the long
range structure

Figure 4.2: UV-vis and GIWAXS of the CTPIL as a function of oxidant and salt addition
a) UV-vis spectra as a function of NOBF6 oxidant addition. b) Integrated GIWAXS patterns for neat
P3HT-IM and P3HT-IM with added LiBF4 (r = 1.0)

The addition of LiBF4 and NOBF4 to P3HT-IM introduces ionic and electronic carriers,
respectively, without significantly perturbing the long-range ordering. To induce mobile
electronic carriers and increase the electrical conductivity, an oxidant was added to P3HT-IM in
solution state before casting. Nitrosonium tetrafluoroborate (NOBF4) serves as a model oxidant
because upon oxidizing the polymer, NO is released as a gas. This leaves BF4– as the counterion
to the electronic carrier, which ensures that all mobile anions in the sample are the same. Optical
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spectra shown in Figure 2a have signatures which demonstrate that the polymer is ionized by
NOBF4. The appearance of a broad absorption below 1.9 eV as NOBF4 is added to the polymer,
corresponds to polaronic charge carriers in the film. This is accompanied by the loss of the
spectral signature for the neutral polymer, centered around 2.3 eV.
Grazing-incidence wide-angle X-ray scattering (GIWAXS) studies indicate that the
addition of lithium salt to the polymer causes some disruption to the crystallinity, however, the
polymer still retains crystalline order. (Figure 2b). Dropcast samples of P3HT-IM show
scattering features indicative of crystalline ordering. Since the samples are relatively thick (≈ 5
μm), no substrate-induced texturing is observed. Small peaks at q = 1 Å-1 and q = 2 Å-1 appear in
both the neat polymer and the polymer with added salt, likely corresponding to a crystalline
impurity in the sample. For the neat polymer sample, a series of peaks at low q correspond to
side-chain stacking, with a first order reflection at q = 0.247 Å-1 (d = 2.54 nm), and two higher
order peaks at integer multiples of the first peak (q = 0.504 Å-1 and q = 0.754 Å-1). This is
indicative of a lamellar structure with domains comprised of the π-stacked conjugated backbone
and the side chains.86,161 Note that the charge side groups are nanophase-separated from the
thiophene backbone, and confined to a lamellar domain. As a result, it is likely that added salt
will partition into the more polar side-chain stacking region. A peak at q = 1.674 Å-1 (indicated
by the arrow in Figure 2b) corresponds to π-stacking of the thiophene backbone,86,161 while the
amorphous halo around q = 1.5 Å-1 likely corresponds to disordered π-stacks in the amorphous
regions of the film. Ionic aggregation in polymers with ionic liquid side chains often results in a
broad reflection in this region as well.54–56 Lithium tetrafluoroborate (LiBF4) salt was added as
the mobile ionic component, and scattering patterns for the polymer with added salt are shown in
Figure 2b. For samples with the highest concentration of added salt (r = 1.0), both π-stacking
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peaks and side-chain stacking peaks are still present. Lamellar stacking peaks appear at (q =
0.240 Å-1, q = 0.497 Å-1 and q = 0.741 Å-1), indicating only a small increase in the alky stacking
distance. As expected, some peak broadening is observed as the added salt introduces
defects/disorder to the crystalline structure. While the addition of salt expectedly results in a
decrease in crystallinity, these scattering studies indicate that samples with added salt retain
semicrystalline order.

4.6 Ionic and electronic conductivity are independently modulated via oxidant
and salt

Figure 4.3: Ion conductivity and electron conductivity as a function of salt and oxidant addition
a) Electronic conductivity as a function of NOBF4 oxidant addition. The electronic conductivity of the
polymer with both NOBF4 and LiBF4 is indicated by the red x. b) Ionic conductivity as a function of
lithium salt addition at room temperature, where r is the ratio of the moles of salt to the moles of
monomer. c) Ionic conductivity as a function of temperature for P3HT-IM with different added salt
concentrations. Measurements performed in collaboration with Dr. Dongwook Lee

The electronic conductivity and the ionic conductivity of P3HT-IM can be
simultaneously tuned through the addition of salt and oxidant. Upon oxidation of the thiophene
backbone via electron exchange with NO, both ionic charge carriers (mobile BF4– counterions)
and electronic charge carriers are present in the polymer. To understand the dynamics of ions and
electrons in the polymer, electrochemical impedance spectroscopy (EIS) was performed on the
bulk polymer with added salt and oxidant. Nyquist plots exhibit two overlapping semicircles
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corresponding to ionic and electronic relaxation modes (Figure A13). To distinguish the ionic
and electronic contributions to the signal, an equivalent circuit was fit to the Nyquist plot to
account for ionic, electronic, and contact resistances.174 More details on the fitting process and
the selection of an equivalent circuit can be found in Appendix B (Figure A13). Electronic
conductivity values were also confirmed using linear current voltage measurements, as detailed
in Figure A13. The electronic conductivity (𝜎𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐 ) of the polymer is plotted as a function of
oxidant concentration in Figure 3a. As expected, the electronic conductivity increases with
oxidant concentration up to r = 0.6 (r = [NOBF4]/[monomer] = 1) as the electronic carrier
concentration increases. As the oxidant concentration approaches r = 0.8, however, 𝜎𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐
reaches a maximum before decreasing at higher concentrations. This behavior is observed in
many conjugated polymer systems44 and is attributed to “over charging” of the thiophene
backbone at high ionization levels, in which the HOMO level becomes empty, preventing charge
hopping along the backbone.44,119,121 The ionic conductivity of P3HT-IM, shown in black in
Figure 3a, also increases with oxidant addition because the oxidant introduces mobile anions in
the polymer which are associated with holes on the thiophene backbone. Since the electronic
signal overwhelms the ionic signal in the Nyquist plot at higher oxidation levels, the ionic
conductivity was not measured beyond an oxidant concentration of r = 0.1. To show that both
salt and oxidant can be added to the polymer to independently tune the ionic and electronic
conductivity, LiBF4 and NOBF4 were added simultaneously, both at a concentration of r = 0.8
(r = [additive]/[monomer] = 1). As suggested by the peak broadening in the GIWAXS (Figure
2b), LiBF4 does affect the crystalline order of the polymer at high concentrations, which in turn
affects the electronic conduction pathways in the polymer. This accounts for the decrease in
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electronic conductivity for the polymer with both NOBF4 and LiBF4 when compared to the
electrical conductivity with only NOBF4 added (Figure 3a).
P3HT-IM is capable of solvating and transporting LiBF4 over a wide range of salt
concentrations. The lack of diffraction peaks specific to crystalline LiBF4 in GIWAXS patterns
for P3HT-IM with added salt (Figure 2b) suggests that salt does not precipitate out of the
polymer, and thus the salt is well solvated by the polymer even at high concentrations. Notably,
at this concentration the sample is roughly 22% salt by mass. Since the addition of salt alone,
without NOBF4 addition, does not introduce a significant number of electronic charge carriers to
the polymer, only ionic charge carriers are present in significant concentrations following LiBF4
addition. This is supported by the presence of a single semicircle with a capacitive tail in
impedance measurements (Figure A12). Surprisingly, the ionic conductivity of the polymer
shows a monotonic increase up to the highest salt concentration of r = 1.0. By contrast, most
polymeric ion conductors with ion coordinating groups are incapable of solvating salt at
concentrations higher than r = 0.5,12,46,47,50,55,56,175,176 and often show a maximum in conductivity
at intermediate salt concentrations (generally r = 0.1 to r = 0.2) due to salt aggregation and
physical cross-linking.12,51,177,178 It is also worth noting the stark jump in conductivity observed at
r = 0.6. This suggests that there is a structural/mechanistic change in the system beyond this salt
concentration that aids ion transport, the mechanism of which can be investigated in detail via
detailed diffusion measurements and MD simulations.

4.7 Ionic side chains stabilize the formation of a percolated solvation network
for ion transport
Molecular dynamics (MD) simulations were performed to provide mechanistic insights
on ion solvation and transport in both crystalline and amorphous phases of P3HT-IM. For
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simulations of the crystalline domains of the polymer, the crystalline structure of the polymer
remained stable as a stacked configuration characteristic of most thiophene based polymers, in
which clear π-π stacking and lamellar alkyl spacing were observed. This agrees with the
structural features observed experimentally via GIWAXS (Figure 2). Addition of salt to the
simulation enables a detailed characterization of the solvation environment for both Li+ and BF4–
in the polymer. For MD simulations of the crystalline polymer, both Li+ and BF4– ions segregate
in the confined lamellar regions formed by the charged side chains (see Figure A6 and our
previous work60 for the detailed analysis on Li-ion solvation environment characterization). At
low salt concentrations, a fraction of Li+ in the system is solvated (in part) by thiophene while
most ions are coordinated by three BF4– counterions. At high salt concentrations Li+ ions are
almost exclusively coordinated by four BF4– counterions. A similar analysis for BF4– reveals that
BF4– is solvated by the imidazolium and Li+ ions. As the salt concentration is increased, the
imidazolium contributes less to BF4– solvation, and the counterion becomes coordinated by up to
two lithium ions in its first solvation shell. Overall, the observed shift in the nature of Li+ and
BF4– solvation with salt concentration indicates that the solvation structures are becoming more
independent from the polymer backbone, where mobile ions are mainly interacting with other
mobile ions of opposite charge.
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Figure 4.4: Characterization of solvation environments and relative abundances
MD simulation results for the ion solvation environment in crystalline P3HT-IM polymers at different salt
concentrations at 300 K (detailed analysis is reported in recent work60) a) Snapshots of representative
BF4– solvation environments in P3HT-IM and c) their abundance as a function of salt concentration b)
Snapshots of representative Li+ solvation environments in P3HT-IM and d) their abundance as a function
of salt concentration. Simulations performed by Dr. Ioan-Bogdan Magdau

Ion-solvation structures in P3HT-IM become more interconnected as the salt
concentration is increased. Ion transport in the polymer network is, in part, dependent on the
distance between solvation sites.3,60,61 Accordingly, the density and connectivity of solvation
environments in the polymer influences the ion dynamics. The spatial distribution of Li+
solvation in MD simulations is illustrated in Figure 5a and 5b for the amorphous polymer and
Figure A2 for the crystalline polymer. At low salt concentrations, Li+ solvation sites are
dispersed in the polymer matrix and are characterized by localized ion-pairs between Li+ and
BF4–. At high salt concentrations, however, the ion solvation sites form transient interconnected
networks, percolating throughout the simulation box (Figure 5c and see Appendix B for the
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details). In the amorphous phase, pendent imidazolium side chains stabilize a percolated
solvation network throughout the amorphous domain. In the crystalline P3HT-IM polymer, these
percolating solvation networks are planar and confined to the inter sidechain region, which is
delimited by high dielectric sheets formed by the charged imidazolium groups. The segregation
of ions in these confined regions is more energetically favorable than a uniform distribution
throughout the lattice which would destabilize the π-π stacking. This mechanism is supported by
GIWAXS experiments which found that π-π stacking remains intact upon the addition of salt
even at the highest concentration, indicating that the salt is predominantly located in the interside-chain stacking region.

Figure 4.5: Illustration and quantification of percolation through MD simulated amorphous
polymer
Simulation results for ion solvation and transport in the amorphous P3HT-IM polymer at 400 K. a)
Dispersed localized ion pairs of Li+ and BF4– at low salt concentration (r = 0.2) b) Percolating network of
Li+ and BF4– at high salt concentration (r = 0.8). c) Probability, Pperc, that the largest ionic network in the
amorphous P3HT-IM polymer percolates the simulation box at several salt concentrations. d) Calculated
diffusion coefficients for Li+ and BF4– as a function of salt concentration in both the amorphous (open
symbols) and crystalline polymer (solid symbols) at 400K. The color code for a) and b) is as follows: Red
spheres represent Li+; blue spheres represent BF4–; and yellow surfaces represent imidazolium groups;
green lines connect neighboring Li+ and BF4– within 4 Å. Simulations performed by Dr. Ioan-Bogdan
Magdau and Dr. Jeongmin Kim.
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The increased ion network interconnectivity at high salt concentrations leads to faster ion
dynamics. Long MD trajectories (50 to 100 ns) were used to monitor the dynamics of ions in the
polymer and understand how the change in the ion network connectivity affects ion transport.
The average contact duration between Li+ and BF4– is plotted in Figure A2f for the amorphous
polymer and Figure A2c for the crystalline polymer. This reveals that the average contact
duration between ions is shorter at higher salt concentrations, which suggests that the formation
of a percolated solvation network decreases the time scale of ion-ion interaction and thereby
increases ion mobility. In this system, ion transport can be characterized by a hopping motion
between solvation sites in a transient network. The increased proximity and connectivity of the
solvation network at high salt concentrations aids ion hopping dynamics, leading to a lower
average contact duration.63,179 This supports the monotonic increase in ion conductivity observed
in experimental impedance measurements (Figure 3). The discontinuous change in conductivity
observed in the experiment at around r = 0.6 could be understood as a transition into the
percolating regime (Figure 5c).
Experimentally measured ion dynamics align closely with ion dynamics in MD
simulations. To further investigate ion transport, mean squared displacements (MSD) for both
Li+ and BF4– were calculated in the MD simulation to estimate the diffusivity of different ion
species over a range of salt concentrations (Figure A3). A jump in the diffusion constants for
both ions is observed at intermediate salt concentrations for both the crystalline and amorphous
simulations (Figure 5c), in agreement with the experimentally measured jump in conductivity
shown in Figure 3. Furthermore, the calculated diffusivities of Li+ and BF4– are similar over the
entire range of salt concentrations (Tables S1 and S2) with a transference number of
approximately 0.5. To further corroborate the ion dynamics observed in MD simulations with the
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experimental polymer system, pulsed-field-gradient (PFG) NMR was used to measure the selfdiffusion coefficients of 7Li and 19F in P3HT-IM upon salt addition at a concentration of r = 1.0.
The measured self-diffusion coefficients were .0145 Å2/ns for 7Li and .0101 Å2/ns for 19F at
353K. As detailed in Appendix B, this results in a lithium transference of tLi = 0.59, which is in
close agreement with the transference numbers found in MD simulations. In contrast, lithium
transference numbers in polymers with ion coordinating groups, such as PEO, PAN, and PVA,
generally display transference numbers between 0.1 to 0.3347. This suggests that the ion transport
mechanism in P3HT-IM deviates from that of standard ion-conducting polymers and further
supports the formation of a percolating ionic network as the main mechanism for ion transport.
The agreement between PFG NMR, conductivity, and MD simulations on the trend in ion
diffusivity and transference number in P3HT-IM supports the ion transport mechanism observed
in simulations.

4.8 Conclusion
Poly{3-[6’-(N-methylimidazolium)hexyl]thiophene}BF4– (P3HT-IM) serves as an
effective solvent-free mixed ion and electron conducting model system in which the ionic and
electronic charge carrier concentration can be modulated through the addition of salt and oxidant.
The polymer shows evidence of significant π–π stacking and side-chain stacking, even after the
addition of salt at high concentrations (r = 1). This long-range ordering facilitates electron
transport, and upon oxidant addition, the polymer displays electronic conductivity up to 10-2 S
cm–1. P3HT-IM is also capable of solvating LiBF4 salt up to a concentration of r = 1, as
evidenced by the lack of peaks for the crystalline salt in scattering studies. Surprisingly, the
polymer displays a monotonic increase in ionic conductivity up to this concentration. MD
simulations indicate that this is enabled by the formation of a percolated network of solvation
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sites at high salt concentrations, which facilitates ion transport. Furthermore, experimental PFG
NMR diffusivity measurements and MD calculations indicate a lithium transference number of
approximately 0.5, suggesting that the percolated solvation network promotes lithium transport
in a way that is unique from many ion conducting systems. These results suggest that the
addition of diffuse ionic liquid like groups to a conjugated polymer backbone serves as an
effective design approach to facilitate simultaneous lithium-ion conduction and electronic
conduction in the absence of solvent, which has significant utility in the field of cathode binders
and cathode coatings for solvent-free lithium-ion batteries.

4.9 Appendix B
4.9.1 Molecular dynamics model
All-atom molecular dynamics simulations were carried out to provide molecular-level
mechanistic insights into ion solvation and ion transport. Simulations for P3HT polymers with
charged imidazolium side chains were carried out in both crystalline and amorphous phases. Initial
configurations of crystalline polymers were generated by stacking 16 straight polymer chains into
two separate adjacent stackings (8x2 grid), where each chain consisted of 10 monomers. A BF4counterion was added in the proximity of each imidazolium+ moiety to balance the positive charge.
Additionally, an equal number of Li+ and BF4- ions were added in random positions in the
simulation box to study the effects of salt concentration. The Li-free polymer (r = 0) was
equilibrated for 5 ns. The additional salt was added in gradually, 32 ion pairs at a time (r = 0.2),
and at every stage the simulation was equilibrated for an additional 1 ns. Amorphous polymers at
each salt concentration were prepared by annealing the crystalline polymers at a higher
temperature of 600 K for at least 2 ns, followed by an additional 10 ns equilibration at 400 K.
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The OPLS force field,1 a non-polarizable and all-atom model, was used to describe the
potential energy functions of all molecules. Interactions between atoms were described using both
electrostatic and Lennard-Jones (LJ) interactions. The cross terms of LJ interaction were obtained
using the geometric mixing rule. Intramolecular interactions were described using harmonic
potential energy functions for bonds and angles, and the sum of cosine functions for dihedral and
improper angles. Bonding and non-bonding coefficients were obtained using the online generator
LibParGen.2 To incorporate the effects of polarizability for ionic species, all atomic charges were
multiplied by a constant scalar (0.7) as previously suggested in the MD literature.3,4 All simulations
were conducted using the LAMMPS simulation package.5
In all cases during both equilibration and production runs, the MD trajectories were
integrated using the velocity-Verlet algorithm with a timestep of 1 fs. Both LJ and Coulomb
interactions were cut at 12 Å, and particle-particle particle-mesh Ewald summation6 was used to
compute Coulomb interactions beyond the cutoff distance. Periodic boundary conditions (PBC)
were applied for both crystalline and amorphous polymers. The Nosé-Hoover thermostat (100 fs
relaxation) and the Nosé-Hoover barostat (1000 fs relaxation) were applied in all simulations to
control the temperature (300 K or 400 K) and the pressure (1 atm). All transport properties reported
here were averaged using simulation trajectories over at least 80 ns after at least 20 ns long
equilibration.
4.9.2 Calculation of Ion-Transport Properties
Charge mean-squared displacement, (t), is calculated via the Einstein relation7 as follows:
𝑁

𝑁

1
Σ(t) =
∑ ∑ 𝑧𝑖 𝑧𝑗 〈[𝑟⃗𝑖 (𝑡) − 𝑟⃗𝑖 (0)][𝑟⃗𝑗 (𝑡) − 𝑟⃗𝑗 (0)]𝛿(|𝑟⃗𝑖 (0) − 𝑟⃗𝑗 (0)| − 𝑟𝑐𝑢𝑡 )〉
𝑘𝐵 𝑇 〈𝑉〉
𝑖=1 𝑗=1
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where N is the total number of ions including Li cations, BF4 anions, and nitrogen atoms of
imidazolium pendants, zi (either +1 e or -1 e) is the charge of ith ion, 𝑟⃗𝑖 (𝑡) is the position of ith ion
at time t, 𝑉 is the volume of a system, and 〈∙∙∙〉 represents the ensemble average. For faster
computation, we consider only ion pairs within a cut-off distance, rcut (=8 Å), at an initial time.
This (t) is a collective property that takes
all correlations into account, whose slope with respect to time is the ionic conductivity. The ion
conductivity (𝜎𝐺𝐾 ) were estimated using the slope between two points of (t) at t1=10 ns and
t2=100 ns:
1 Σ(t2)-Σ(t1)

𝜎𝐺𝐾 = 6

𝑡2−𝑡1

,

where GK represents Green-Kubo formula. Note that in the simulated time window, (t) is not
linear with time but sub-diffusive, i.e., (t) ~𝑡 𝑏 with an exponent b≈0.8-0.9, indicating that the
ionic correlations do not fully decay on timescales less than 100 ns, regardless of salt
concentration. Use of different values of time for t1 and t2 did not qualitatively change these
findings. When all correlations (off-diagonal terms) are negligible, it becomes the same as the
Nernst-Einstein (NE) equation:8
𝜎𝑁𝐸

𝑒2
=
𝑁
[𝑟𝐷𝐿𝑖 + (1 + 𝑟)𝐷𝐵𝐹4 + 𝐷𝑁 ],
𝑘𝐵 𝑇 〈𝑉〉 𝑚𝑜𝑛𝑜𝑚𝑒𝑟

where D is ion self-diffusion coefficient (Li, BF4, or N), 𝑁𝑚𝑜𝑛𝑜𝑚𝑒𝑟 is the total number of
monomers, and r is the number ratio of LiBF4 to the monomers. The ion self-diffusion coefficients
(D) were estimated using the slope between two points of mean-squared displacement as for 𝜎𝐺𝐾 :
1 𝑀𝑆𝐷(𝑡2)−𝑀𝑆𝐷(𝑡1)

D=6

(𝑡2−𝑡1)

.

Lithium transference number (tLi) is calculated using diffusion coefficients of the ions without
taking other correlations into account except for self-correlations9: 𝑡𝐿𝑖 =𝑡𝐷𝐿𝑖 /(𝐷𝐿𝑖 +𝐷𝐵𝐹4 ).
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Contact duration, H(t), is calculated for a pair of Li and BF4 as follows:
𝐻(𝑡) = 〈

ℎ(𝑡)ℎ(0)
〉,
ℎ(0)ℎ(0)

where h(t) = 1 if a pair of Li and BF4 is within 4 Å at time t, or h(t) = 0, otherwise, based on the
first plateau in the cumulative distribution of BF4 around a central Li in Fig. S 5. The average
contact duration,
𝑒

1/𝑏𝐻

𝜏 = 𝜏 𝐻 (𝐴 )
𝐻

,

was estimated using a fit to a stretched exponential function: 𝐻(𝑡) ≈ 𝐴𝐻 exp[−(𝑡/𝜏𝐻 )𝑏𝐻 ]. All
the transport coefficients for ionic species in both amorphous and crystalline polymers are given
in Table S1 and S2.
4.9.3 Percolating behavior of the ionic network
To quantify the percolation transition of the ionic network as a function of salt
concentration, we construct a graph whose nodes are Li ions and B atoms of BF4 ions. Edges
between the nodes are defined if the distance between Li and B is less than 4 Å. We use
NetworkX (https://networkx.org) to find the largest cluster in the graph. We define the largest
cluster to percolate the simulation box if the longest distance between two Li ions in the cluster
is larger than the simulation box size. In this calculation, all the Li ions in the cluster are in the
primitive simulation cell, and the longest distance is calculated without periodic boundary
conditions applied. Then, the probability of forming a percolating ionic network, Pperc, is
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calculated: 𝑃𝑝𝑒𝑟𝑐 = 〈𝑝〉, where 𝑝 = 1 if the largest cluster percolates the simulation box, or 0
otherwise.

Figure A1: MD snapshots for the crystalline polymers at r=0.2 (left) and r=0.8 (right).
MD snapshots for the crystalline polymers at r=0.2 (left) and r=0.8 (right). The color code is as follows:
Red spheres represent Li; blue spheres represent BF4; yellow spheres represent imidazolium nitrogen
atoms; grey spheres represent sulfur atoms of thiophene rings; and green lines connect neighboring Li and
BF4 within 4 Å. Simulations performed by Dr. Ioan-Bogdan Magdau and Dr. Jeongmin Kim

Figure A2: Simulation results for ion solvation and transport in the polymer
Figures a) through c) show results for the crystalline P3HT-IM polymers at 400 K. Planar view of a 30 Å
thin lamellar region at (a) r=0.2 and (b) r=0.8. (c) Li-BF4 contact duration. The color code for (a) and (b)
is as follows: Red spheres represent Li; blue spheres represent BF4; yellow spheres represent imidazolium
groups; and green lines connect neighboring Li and BF4 within 4 Å. Figures d) through f) show
simulation results for ion solvation and transport in the amorphous P3HT-IM polymer at 400 K. d)
Dispersed localized ion pairs of Li+ and BF4– at low salt concentration (r = 0.2) e) Percolating network
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of Li+ and BF4– at high salt concentration (r = 0.8). f) Contact duration between Li and BF4– at several
salt concentrations. Simulations performed by Dr. Ioan-Bogdan Magdau and Dr. Jeongmin Kim

Figure A3: Mean-squared displacement of ions
Mean-squared displacement of ions in the amorphous (left column) and the crystalline (right column)
polymers at several salt concentrations. Simulations performed by Dr. Ioan-Bogdan Magdau and Dr.
Jeongmin Kim

Figure A4: Charge mean-squared displacements
Charge mean-squared displacement, GK(t), in the amorphous (left) and the crystalline (right) polymers.
Simulations performed by Dr. Ioan-Bogdan Magdau and Dr. Jeongmin Kim

88

4.9.3 Synthesis of P3HT-IM Br

Figure A9: Synthetic scheme for P3HT-IM Br

4.9.4 Selection of the optimum counterion for mixed conductivity

Figure A10: Counterion selection for P3HT-IM
a) Chemical structure of (poly{3-[6′-(N-methylimidazolium)-hexyl]thiophene}, P3HT-IM. b) Optical
spectra show the absorbance of P3HT-IM with different counterion species. c) Fit of P3HT spectra using
the model developed by Spano et al.13,14 The fitted intensity of the 0-0 and 0-1 transitions were compared
for P3HT-IM with different counterions to determine which system had the most ordered aggregate
structure
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4.9.5 Glass transition measurements via dynamic scanning calorimetry
Polymer samples were cast as described above into standard aluminum pans. The samples
were sealed and characterized with a PerkinElmer DSC 8000 to measure the glass transition
temperature (Tg) on second heating at 20 °C min−1 using the onset method.

Figure A11: Tg of P3HT-IM with both LiBF4 and NOBF4 additives measured via DSC

4.9.6 Pulsed Field Gradient NMR measurements
Pulsed Field Gradient (PFG) NMR measures the self-diffusion coefficients of any NMR active
nuclei. 7Li and 19F are both NMR active, and correlate to the cation and anion in our system,
respectively. Operating under the assumptions of Dilute Solution Theory, the lithium
transference number (tLi+) can be calculated, as shown in the following equation

𝑡+ =

𝐷+
𝐷+ + 𝐷−

The PFG NMR sample was prepared at a molar salt concentration of r=1.0 in the same manner as
described for the AC Impendence samples. Here, dropcasting was performed into a quartz trough
that facilitated approximately 100 mg of material to be loaded into the center of the standard
5mm NMR tube. All sample preparation was done in a nitrogen glovebox, and the NMR tubes
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were sealed before removal from the glovebox to maintain an oxygen and water free
environment during measurement.

Measurements were performed on a 300 MHz Bruker Avance III super-wide-bore
spectrometer with a Bruker DIFF50 diffusion probe with replaceable 10 mm radio- frequency
(RF) inserts for 7Li and 19F. Due to signal noise and slow diffusion times at room temperature,
measurements were performed at 80 C on both 19F and 7Li nuclei. A stimulated echo pulse
sequence was used to conserve signal from relatively short T2 values, and the attenuation of the
intensity (I) was fit to equation:

𝛿
𝐼(𝐺) = 𝐼(0)ex p [−𝐺 2 𝐷 𝛾 2 𝛿 2 (∆ − )]
3
Where G is the magnetic field gradient strength, I(0) is the intensity of the magnetization when
G=0, γ is the gyromagnetic ratio, δ is the gradient pulse duration, Δ is the interval between
gradient pulses, and D is the self-diffusion coefficient.
Table A1: Experimentally measured diffusion coefficients measured at 80 C using PFG NMR
r
([LiBF4]/[monomer])
1.0

DLi
(Å2/ns)
0.0145
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DBF4
(Å2/ns)
0.0101

tLi
0.59

4.9.7 Impedance Measurements
P3HT-IM was prepared by dissolving the polymer in acetonitrile and casting onto a ¼ inch indium
tin oxide (ITO) substrate with a circular well in a 150 μm Kapton spacer. LiBF4 salt and NOBF4
were added to the acetonitrile at the specified concentrations prior to casting. The samples were
dried under high vac for 24 hours and enclosed with a second ITO substrate. A biologic SP-200
potentiostat was used to perform impedance measurements. To distinguish the ionic and electronic
contributions to the signal, an equivalent circuit was fit to the Nyquist plot which accounts for the
ionic resistance, the electronic resistance, and the contact resistance.

Figure A12: Raw Nyquist plots measured for P3HT-IM
Raw Nyquist plots measured for P3HT-IM doped with a) LiBF4 salt and b) NOBF4 oxidant along with the
c) equivalent circuit used to fit the Nyquist plots and extract the conductivity values
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4.9.8 Electronic conductivity measurements (DC)

Figure A13: Representative electronic conductivity measurements
a) Example Nyquist plot measured for LiBF4 salt doped sample at a molar ratio of r=0.8 along with b) DC
conductivity measurements used to measure the electric conductivity. c) Example Nyquist plot measured
for NOBF4 doped sample at a molar ratio of r=0.8 along with d) the DC conductivity measurement used to
determine the electronic conductivity.

4.9.9 Temperature dependent ionic and electronic conductivity

Figure A14: Temperature dependent ionic and electronic conductivity
a) Temperature-dependent ionic conductivity for P3HT-IM doped with LiBF4 b) Temperature-dependent
electronic conductivity for P3HT-IM doped with NOBF4.
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4.9.10 GIWAXS for salt doped and neat samples

Figure A15: Raw GIWAXS data
a) GIWAXS pattern for neat P3HT-IM b) GIWAXS pattern for P3HT-IM doped with LiBF4 at a molar
ratio of r=1.0.
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Chapter 5

Conclusions and Outlook
In summary, this dissertation leverages the design of well controlled model systems to
probe the structural, electronic, and electrostatic factors that affect the properties of mixed
conductors over a range of length scales. The effect of the structure of the mobile ion and the
spatial distribution of ions on the electronic transport of conjugated polymers was first elucidated
using an electrochemical transistor framework with a conjugated polymer and an ion conducting
polymer in a well-defined bilayer. The physical insight from these studies was then leveraged in
understanding the ion-electron interactions and the bulk ion-electron transport in a model mixed
conducting material.
First, the effect of the charge density of the counterion to electronic charge carriers on the
structure, transport, and electronic properties of a conjugated polymer was investigated in a welldefined electrochemical doping model system. A direct comparison between electrochemical
doping with an anionic counterion and a dianionic counterion has shown that charge
neutralization with a diion leads to a significant increase in carrier mobility in P3HT. Device
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measurements show that the anion and the dianion both lead to a similar trend in mobility at low
carrier densities (<5x1019 cm-3), however, at high carrier densities the dianion gated device
shows mobilities up to an order of magnitude higher. This is proposed to be a result of a decrease
in structural perturbation, because the diion carries more charge per unit volume. Additionally,
the charge of the ion effects the coulombic force experienced by the carrier, which results in an
increase in the polaron coherence length and potentially plays a role in the carrier dynamics.
To understand the effect of the spatial distribution of ions with respect to conjugated
polymer crystallites on electronic transport, Chapter 3 utilizes polymeric ionic liquids with
opposite polarity in an electrochemical doping model system to control the motion of counterions
into the semiconducting film. When employed with a p-type active layer, gating with the cation
tethered PIL results in EC doping because the mobile anion can infiltrate the active layer to
compensate positively charged holes. By contrast, the ATPIL gate results in interfacial EDL
doping, where the polymer tethered anions are unable to infiltrate the semiconductor and the
mobile cations migrate towards the gate electrode. Conductivity measurements as a function of
gate bias reveal that the CTPIL device has lower mobility in the low carrier density regime (<1020
carriers/cm3), however, the mobility of the two devices collapses onto a similar trend at higher
carrier densities. Analysis of the optical spectra associated with the neutral excitations of P3HT
aggregates suggests that the ATPIL gated device has a greater tendency to dope less ordered,
interconnecting regions of the film. This likely promotes the formation of a percolated conduction
network at lower doping levels.
Finally, the insights gained from Chapter 2 and 3 are leveraged in the design and
characterization of a bulk mixed conducting material. By functionalizing a conjugated polymer
with ionic liquid side chains, an effective solvent-free mixed ion and electron conducting model
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system was developed in which the ionic and electronic charge carrier concentration can be
modulated through the addition of salt and oxidant. The polymer shows evidence of significant π–
π stacking and side-chain stacking, even after the addition of salt at high concentrations (r = 1).
This long-range ordering facilitates electron transport, and upon oxidant addition, the polymer
displays electronic conductivity up to 10-2 S cm–1. P3HT-IM is also capable of solvating LiBF4
salt up to a concentration of r = 1, as evidenced by the lack of peaks for the crystalline salt in
scattering studies. MD simulations indicate that this is enabled by the formation of a percolated
network of solvation sites at high salt concentrations, which facilitates ion transport. Furthermore,
experimental PFG NMR diffusivity measurements and MD calculations indicate a lithium
transference number of approximately 0.5, suggesting that the percolated solvation network
promotes lithium transport in a way that is unique from many ion conducting systems.
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