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ABSTRACT

For low temperature hydrogen fuel cells to achieve widespread adoption in transport
applications, it is necessary to both decrease their cost and improve the range of environmental
conditions under which they effectively operate. These problems can be addressed, respectively,
by either switching the catalyst from platinum to a less expensive metal, or by reducing the
polymer exchange membrane‘s reliance upon water for proton conduction. This work focuses on
understanding the chemistry and physics that limit cation stability in alkaline environments and
that enable high proton conductivity in anhydrous polymer exchange membranes.
Polystyrenic 1H-azoles (including 1H-tetrazole, 1H-1,2,3-triazole, and 1H-imidazoline)
were synthesized to investigate whether pK a and pKb of an amophoteric, proton-conductive group
have a systematic effect on anhydrous proton conductivity. It was discovered that the 1Htetrazole (PS-Tet) exhibited distinct phase separation not seen in its carboxylic acid analog (PSHA) or reported for other 1H-azole–containing homopolymers in literature.

The resulting

microstructured polymer, hypothesized to be the result of regions of high and low clustering of
azoles, analogous to the multiplet-cluster model of ionomer microstructure, resulted in proton
conductivity coupled with simultaneous rubbery behavior of the polymer well above its glass
transition (Tg ). Phase separation was similarly observed in PS-Tri and PS-ImH2 (the triazole- and
imidazoline-containing polymers); soft phases with similar Tg s and hard phases with varying Tg s
lend support to this hypothesis of aggregation-driven phase separation.
Electrode polarization exhibited in the impedance spectra of PS-Tet and PS-HA was
modeled to determine the extent of proton dissociation in undoped 1H-tetrazoles and carboxylic
acids. Dry polymers (0% relative humidity) retained ~1% by weight residual water, which was
observed to act as the proton acceptor in both cases. Despite doping by residual water molecules,

iv
the extent of 1H-tetrazole dissociation in PS-Tet (~0.02–0.08%) was found to be the primary
factor limiting proton conductivity, suggesting that further doping should substantially increase
proton conductivity. Although small molecules can provide this doping, polymer–polymer doped
blends were investigated to prevent evaporation and leeching of dopant over time.
It was found that the pK a and pKb of the 1H-azoles do not directly have an effect on
proton conductivity, but instead play a large role with respect to dopants. Polymers containing
low pKa or pKb azoles (e.g. 1H-tetrazole, 1H-imidazoline) were more easily doped by residual
acceptors / donors (e.g. water, acetic acid), leading to high conductivity compared to counterparts
with high pKa and pKb (e.g. triazole). Doping PS-Tet with poly(styrenesulfonic acid) lead to
conductivities higher by an order of magnitude than those in undoped PS-Tet, but which
originated from water of hydration associated with the strong acid. Although acidic PS-Tet and
alkaline PS-ImH2 might represent an ideal combination of 1H-azoles to improve mobile proton
density, the presence of strongly interacting, residual small molecules (e.g. water, acetic acid)
prevented full association of tetrazole and imidazoline moieties in their blends.
Finally, N,N‘-symmetrically disubstituted imidazoliums with bulky alkyl substitutents
were synthesized to determine how substituents and substitution patterns improve alkaline
stability of these species. Although literature often cite rates of reaction (and thus stability) as
being trivially linked to orbital energies, it was found that stability in practice was more strongly
correlated with steric bulk of the imidazolium substituents, consistent with traditional chemical
intuition.

Both isopropyl and neopentyl groups significantly slowed degradation compared to

benzyltrimethylammonium (a control compound), with substitution at the N and N‘ positions
improving stability more significantly than substitution at the 2-position in their absence. 1,2,3Triisopropylimidazolium

and

N,N‘-bis(neopentyl)-2-isopropylimidazolium

were

found

exclusively to be more stable than benzyltrimethylammonium in ex situ, high temperature
alkaline degradation experiments.
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Chapter 1
Introduction

1.1

Motivation

1.1.1

Power Production and Storage

One of the pressing problems facing developed and developing nations is the production,
storage, and supply of the large quantities of energy that enable agriculture, industry,
transportation, and the everyday conveniences expected by modern society.

Developing

renewable sources of energy, including solar, wind and hydropower, promises to both mitigate
the environmental impact of human activities and reduce national reliance upon imported fuels.
However, these power sources are intermittent in nature, requiring a scalable, efficient, and
inexpensive mechanism to store energy locally in chemical form. Hydrogen and its chemical
derivatives are promising candidates, delivering energy densities of up to 120 MJ·kg-1 .1 Hydrogen
is readily produced by various techniques, including high temperature chemical reformation
(from hydrocarbons, ammonia, and other small molecule feedstocks) and water electrolysis
(Equation 1.1). The latter is especially suitable for its ease of coupling to electricity production
from renewable sources. 2
2H2 O(l) → 2H2 + O2

E° = -1.23 V

(1.1)

Electrolytic storage of an equivalent amount of energy, as hydrogen, to the average
yearly output of a nuclear power plant (approximately 5.4 × 109 kW-h) requires only 5000 m3 of
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water (not including water involved in the generation of the electricity used for electrolysis). 3
This is equivalent in volume to two Olympic swimming pools, or only 15 m3 per day. The
amount of water required to generate hydrogen equivalent the yearly global consumption of
energy (approximately 3.7 × 1014 MJ between all fuel sources) is only 0.1 km3 , a tiny fraction of
the 2300 km3 per year of fresh water consumed for the sum of human activity. 4,5 Since
electrolysis is also feasible using water acquired from brackish, saline, or otherwise non-potable
water sources, hydrogen as a medium for the chemical storage of energy remains attractive even
in parched locales.

1.1.2

Fuel Cells

Hydrogen as a grid energy storage medium, however, is not yet widely deployed.
Despite its potential advantages over batteries, supercapacitors, flywheels, and pumped hydro
storage (alternative technologies for grid energy storage), a primary drawback of hydrogen is
difficulty in transport and achieving controlled combustion, preventing it from serving as a dropin replacement for hydrocarbon fuels. 6–12 Due to its simple chemistry, hydrogen is instead
amenable to electrochemical oxidation in a fuel cell, the chemical reverse of electrolysis
(Equation 1.1). The ‗hydrogen economy‘ – switching from carbonaceous fuels to hydrogen as a
fuel source – requires fuel cells that can rapidly convert large quantities of hydrogen back to
electrical energy (and water) at high efficiencies and low cost. 8,13,14
Commercial fuel cells are complex systems, consisting of thermal, humidification, and
reactant / product (water and carbon dioxide) management systems, electronics, and the
membrane electrode assembly (MEA).

The membrane electrode assembly is the

electrochemically active portion of the cell, containing an ion-permeable but electrically non-
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conductive electrolyte sandwiched between an anode and cathode at which oxidation of fuel and
reduction of oxygen occur (Figure 1.1). By feeding fuel (e.g. hydrogen, methanol) and oxidant
(i.e. oxygen) across opposite sides of the membrane, reaction occurs only when an external circuit
connecting anode and cathode allows electron flow. In this way, little fuel is wasted as its
consumption is tied directly to the generation of electrical current. Organic ionic liquids, molten
salts, and strong acids / bases can all be utilized as the electrolyte separating anode and cathode.
However, to minimize corrosion and gas diffusion and to improve the mechanical robustness of
fuel cells, solid oxide (high temperature) and polymer electrolyte (low temperature) membranes
are the predominant separators in modern systems. Although engineering of the complete fuel
cell, including its support systems, is an important task in its own right, questions of materials and
chemistry are focused on the electroactive MEA.15–18
Resistive Load

e-

Ion-conductive
electrolyte

e-

O2 (air)
H+
H2
Minimal permeation
of reactants
Anode

Cathode

H2O + unused O2

Figure 1.1 Cartoon schematic of a hydrogen fuel cell, with an emphasis on the membrane
electrode assembly (enclosed by dashed line). Hydrogen is consumed at the anode to generate
electrical current and protons, which diffuse through the electrolyte and react with oxygen and
electrons at the cathode to produce water.
Where low weight and / or operating temperatures (< 200 °C) are required, e.g.
automotive applications and water electrolyzers, MEAs relying on hydrated polymer electrolytes
dominate the market. A membrane electrode assembly based upon hydrated polymer electrolyte
and platinum catalyst supported on porous carbon electrodes is illustrated in Figure 1.2 as a
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cutaway schematic showing the microstructure of the electrodes and polymer membrane.
Electrochemical half-cell reactions corresponding to fuel oxidation (Equations 1.2 and 1.3) and
oxygen reduction (Equations 1.4 and 1.5) generate both the electrical current utilized externally
and the mobile ions that diffuse through the separating membrane, coupling one half-cell reaction
to another. Depending on the pH of the environment, the diffusing ion, reaction mechanism, and
half-cell potentials change; under acidic conditions anode and cathode reactions 1.2 and 1.4
operate, while under alkaline conditions reactions 1.3 and 1.5 predominate. For a MEA to
operate efficiently, it requires a membrane exhibiting high conductivity for the diffusing ion (ζ in
S·cm-1 ) and low permeability to fuel and oxidant in addition to catalysts that perform the half-cell
reactions described rapidly under the electrochemical conditions present in the cell. As an added
consideration, the MEA must be mechanically and chemically robust under these conditions.
(acidic) H2 → 2H+ + 2e-

Eox° = 0.00 V

(1.2)

(alkaline) 2H2 + 4OH- → 2H2 O(l) + 4e-

Eox° = +0.83 V

(1.3)

(acidic) O2 + 4H+ + 4e- → 2H2 O(l)

Ered ° = +1.23 V

(1.4)

(alkaline) O2 + 2H2 O(l) + 4e- → 4OH-

Ered ° = +0.40 V

(1.5)

5
carbon black
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electrolyte

water
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Figure 1.2 A hydrogen fuel cell MEA based on carbonaceous electrodes and hydrated polymer
electrolyte membrane. Half-cell reactions occur on the carbon-supported supported platinum
catalyst at the polymer-platinum-air interface. Ionic species migrate from anode to cathode
through aqueous domains (light blue) within the polymer matrix, illustrated by dashed line.
The United States Department of Energy has set targets which serve as useful practical
guidelines for the cost and performance of fuel cells. 19 Out of the many metrics of interest, for
transport applications several key areas for improvement are operational lifetime (≥ 5000 h, vs.
~2500 h currently), cost (≤ $30 per kW, vs. ~$50 per kW currently) and operating temperature
(tolerant to > 95 °C). These must all be achieved while maintaining coulombic efficiencies of
~60% and high power densities.

The best performing commercial systems for transport

applications currently utilize Nafion® (Figure 1.3) or related perfluorinated, sulfonic acid–
containing proton exchange membranes (PEMs) and platinum catalyst. However, reliance on
platinum for catalysis significantly limits the cost effectiveness of these fuel cells. Although
reduction in platinum loadings can mitigate its effect on the cost of a fuel cell stack, it is a
fundamentally limited, precious metal resource that will only become more expensive as dema nd
increases. An orthogonal challenge in the design of fuel cell systems is the reliance of common
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polymer electrolyte membranes on water for ion transport. The high dependence of membrane
conductivity and physical properties on the presence of liquid water (decreasing by ~3 orders of
magnitude in Nafion® on dehydration to 10% relative humidity) places fundamental limits on
operating environments and necessitates humidification apparatus that add cost and bulk to the
system.

Figure 1.3 Chemical structure of DuPont perfluorinated, sulfonic acid–containing polymer,
Nafion®. Repeat unit (structural unit ‗y‘) molecular weights typically vary between 1000 g·mol-1
and 1200 g·mol-1 .

1.2

Synopsis of Research

Although some fuel cell applications are amenable to environmental control of
temperature and relative humidity (RH), transport applications, particularly aerial applications,
require both low system weights (high power densities) and operation in environments where
liquid water is readily lost from the membrane by either evaporation or freezing. The reliance of
proton conductivity in the polymer electrolyte on water is a hindrance to these systems. Water is
an especially attractive medium for proton transport, exhibiting high proton mobility (μ = 3.8 ×
10-7 m2 ·V-1 ·s-1 at 25 °C) which varies little between 0 °C and 100 °C. However, many molecules
with simultaneous hydrogen-bond donor and acceptor properties (amphoteric species) also
display reasonably high proton mobility in the liquid state (e.g. imidazole). If the water in PEMs
can be replaced by non-volatile, non-leaching amphoteric moieties (e.g. polymer-tethered
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species) with high proton conductivity, it will in theory be possible to develop fuel cells with
reduced weight and an improved range of operating temperatures.
A large body of the work that follows is the investigation of proton conductivity in
polymers containing pendent 1H-azoles (where ‗1H‘ refers to species where at least one nitrogen
bears a proton).

This class of moieties (Figure 1.4) is amphoteric, exhibiting simultaneous

proton-accepting and donating properties, making it attractive as a substitute for water. To
prevent these species from being lost to the environment during fuel cell operation, they must be
tethered directly to the polymer backbone; 4-substituted polystyrenic backbones are utilized to
generate model systems for their comparative ease of synthesis (Figure 1.5).

Figure 1.4 Structure of a 1H-azole, where X, Y and Z are CH (methine), N (nitrogen), or another
heteroatom (e.g. oxygen or sulfur). Only azoles containing carbon and nitrogen exclusively are
studied herein.

Figure 1.5 Polymer-tethered 1H-azoles investigated herein, utilizing a polystyrenic backbone.
‗n‘ is of any integer length ≥ 1.
1H-Azoles, particularly triazole and imidazole, have been investigated in literature for
their proton-conducting properties (with respect to PEM applications). The focus of this work is
on understanding how azole structure (coordinating nitrogens, pK a and pKb ) affects proton
transport and physical polymer properties. Particular emphasis is placed on the weakly acidic
1H-tetrazole and the strongly basic 1H-imidazoline, which have been only minimally investigated
to date. In addition to polymer synthesis, some unique properties of these polystyrenic systems
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are explored though spectroscopic techniques and theoretical framework laid out for analysis of
the factors that control and limit proton motion in these materials.
The remainder of this work addresses questions about electrolyte materials that tackle the
orthogonal challenge of reducing fuel cell cost by reducing reliance upon platinum. Under acidic
conditions, only the platinum-group metals effectively catalyze the oxygen reduction reaction
(ORR, Equation 1.4); at loadings of 0.2 g per kW operational capacity, platinum contributes to
nearly half the cost of the full fuel cell stack. By changing conditions from acidic to alkaline,
however, other metals become potentially viable for both hydrogen oxidation (HOR) and oxygen
reduction (ORR). Under these conditions (Equations 1.3 and 1.5) the diffusing ion becomes
hydroxide, and the resulting polymer membranes must be cationic in nature.

These anion

exchange membranes (AEMs), such as ‗Q-RADEL‘ (Figure 1.6), traditionally rely on polymertethered trimethylammonium as counterions for hydroxide. Although conductivities are suitable
for fuel cell use in many of these (hydrated) materials, the chemically aggressive nature of
hydroxide often results in chemical degradation of both cation and backbone, limiting the lifespan
of these materials.

Figure 1.6 Chemical structure of quaternary ammonium–functionalized RADEL® poly(arylene
ether sulfone) (‗Q-RADEL‘) with one cation per repeat unit.
Nitrogen-protected, di- and tri-functional imidazolium cations (Figure 1.7) are
synthesized and characterized to investigate their potential as alkali stable replacements for the
trimethylammonium cations predominantly used in AEMs.

Although superficially similar in

structure to the 1H-azoles discussed separately, the synthesis and origin of favorable physical
characteristics in these two classes of azoles is quite different. Imidazoliums were selected as
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replacements for quaternary ammonium due to their resonance stabilization of positive charge,
reducing the thermodynamic driving force for charge elimination.

Compared to sterically

crowded ammonium, imidazolium can accommodate a wide range of substituent geometries that
additionally allow for tunable steric shielding, potentially slowing degradation kinetics.

The

rational design of substituted imidazoliums and their degradative properties compared to a
trimethylammonium control are utilized to discuss general considerations for improving the
alkaline stability of AEM cations.

Figure 1.7 Structure of di-substituted (left) and tri-substituted (right) imidazolium cations
investigated, where ‗R‘ is an alkyl or aryl group.
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Chapter 2
Literature Review

2.1

Mechanisms of Proton Conduction

For fuel cells, ion conductivity is of paramount importance. Low conductivity results in
either a decrease in power density or increase in system size and cost. Diffusivities (D in m2 s-1 )
and electrochemical mobility (μ in m2 V-1 s-1 , related to D by Equation 2.1) of species moving in
an electric field are controlled by the dynamic viscosity of the medium (η in kg m-1 s-1 ) in which
the species of interest are moving (Equation 2.2). To form mechanically robust electrolytes, twophase materials are attractive, where one phase provides physical strength and the other provides
a fluid medium for conduction.

In discussing ionic conduction, definitions of quantities and

symbols are in order.
(2.1)
(2.2)
In addition to D and μ, the diffusivity and mobility of an ion, q refers to its electrical
charge (Coulombs per ion) and ρ to its number density, or concentration (ions per m3 ). The total
conductivity, ζ in S cm-1 , is the product of mobility, charge and number density, per Equation 2.3.
T refers to temperature (K) and kB to the Boltzmann constant. Other symbols will be defined as
they are introduced; all symbolic definitions can also be found in the front matter of this
dissertation.
∑

(2.3)
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2.1.1

Ion Conduction in Water

Due to its ubiquity in nature, ion conduction in water has been well-studied. Water‘s
strong, directional hydrogen bonding and amphoteric (simultaneously proton accepting and
donating) character lead not only to its unique physical properties among polar liquids, but also to
‗anomalously‘ high rates of proton and hydroxide diffusion, compared to the diffusion of other
dissolved ions.

The mobility of protons (as H 3 O+, or more generally H2n+1 On + species) and

hydroxide ions (OH-) in water is much higher than would be expected from their hydrodynamic
radii (r in Equation 2.2); similarly-sized potassium exhibits a mobility of only 0.76 × 10-7 m2 V-1
s-1 , while hydroxide ions and protons have room temperature aqueous mobilities of 2.0 × 10 -7 m2
V-1 s-1 and 3.6 × 10-7 m2 V-1 s-1 , respectively.20 Understanding the mechanism of this increased
diffusion in water elucidates critical factors in the design of non-aqueous solvents that enable
proton diffusion under anhydrous conditions.
Modern understanding of conduction in water is that charge transport occurs by two
mechanisms. The first, commonly referred to as ‗vehicle‘ transport, is associated with a random
walk of individual charged molecules being physically buffeted by their vibrating neighbors
(Figure 2.1).

This kind of Brownian motion is universal. The Stokes–Einstein definition of

diffusivity (Equation 2.2), involving the hydrodynamic radius of the diffusing species, is
formulated upon this mechanism of transport. The second way ionic charges can diffuse is,
however, unique to amphoteric species. This ‗structural‘ diffusion of charge is the product of
concerted electronic rearrangement and molecular rotation, which results in formal movement of
charge with minimal atomic motion and only electronic (e.g. bond) rearrangements (discussed in
more detail below). As a result, the charge on species involved in extensive hydrogen bonding,
such as hydronium and hydroxide ions, can diffuse faster than solvated molecules might be
expected to due solely to Brownian motion.
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Figure 2.1. Vehicle diffusion of a particle (red) initiated by the vibrational motion of its
neighbors, ultimately resulting in a diffusive ‗random walk‘ of the particle over time (Brownian
motion).
Structural diffusion in aqueous systems is the major contributor to the ionic mobility of
protons and hydroxide ions. Early experimental confirmation that positive charge diffuses faster
than atomic nuclei in aqueous systems was obtained by comparison of 1 H diffusion coefficients,
as measured by pulsed field gradient spin-echo (PFGSE) 1 H NMR spectroscopy, to impedance
measurements of conductivity in hydrated Nafion® membranes.21 Impedance spectroscopy,
discussed in 2.3 Spectroscopy of Ionic Conductors, characterizes the motion of charges, while
NMR

is

sensitive

only to spin-polarizable

atomic

nuclei, making these techniques

complementary.
PFGSE NMR is based on the concept of gradient polarization: Atoms at different
positions within the RF coils are polarized with different intensities, allowed to diffuse for a
variable length of time, and then an opposite polarization applied. The further an ion has diffused
in this time, the more poorly the two applied polarizations cancel. Resonance intensity changes
as a function of delay, gradient strength, and the rate of diffusion, allowing diffusion coefficients
of nuclei to be calculated by fitting intensity data as a function of these variables. The density of
protic charge carriers in strongly dissociated materials, such as hydrated Nafion ®, is well-defined,
making them ideal for studying diffusion; by combining membrane conductivity and Equations
2.1 and 2.3, effective diffusion coefficients of charge carriers are easily calculated.
For the sake of simplicity, charges are typically assumed to be completed dissociated and
uniformly dispersed throughout hydrated polymer electrolytes. While these assumptions permit
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qualitative assessments of proton mobility, true calculations of mobility from conductivity
measurements knowledge of both the exact extent of charge dissociation and the effective path
length for diffusion from one electrode to another, which can be greater than the electrode
spacing in materials with tortuous hydrated domains. Balsara and Fayer recently tested the
assumption that dissociation is nearly quantitative in hydrated Nafion®, using small angle X-ray
scattering (SAXS) to measure counter-ion condensation and pump-probe fluorescence
spectroscopy to measure local proton concentrations directly, respectively. 22,23

Their results

indicate that anywhere from 50-80% of sulfonic acids exist in the condensed form even at high
hydration, giving rise to calculations that could underestimate diffusivity by a factor of 2 – 5.

Figure 2.2 Diffusion coefficients of protons in hydrated Nafion membranes as a function of
hydration, obtained by both PFGSE 1 H NMR spectroscopy and impedance spectroscopy.21
Copyright © 1991 American Chemical Society.
Zawodzinski and co-workers found that the diffusion coefficient measured by impedance
spectroscopy in highly hydrated Nafion® exceeded those obtained from PFGSE NMR
measurements by three times (Figure 2.2). Although not quite approaching bulk diffusivities of a
proton in water (9.3×105 cm2 s-1 ) based on assumptions of complete dissociation, charge clearly
diffuses at a much faster rate than proton nuclei in Nafion® at modest hydrations, signaling that
diffusion is primarily structural in nature. Taking into account Fayer and Balsara‘s assertions,
diffusion coefficients could very well approach those of bulk water in actuality.
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Figure 2.3 Small shifts in the location of hydrogen bonding protons that give rise to
reorganization of bonds and charge. Reactions of neutral dimers (blue) give rise to energetically
unfavorable ion pairs. Reactions of charged dimers (red) are rapid, shifting charge without
changing the energy of the system.
Since these early studies, the nature of both proton and hydroxide transport in aqueous
systems has been extensively investigated by computational methods, providing insight into the
mechanisms and species involved in anomalously rapid charge motion. Structural diffusion is
possible because of the rapid interconversion between covalent bonds and hydrogen bonds in
amphoteric species: shifts in atomic nuclei away from their covalently bound partners and toward
hydrogen bonded partners can result in formal redefinition of the bonding in dimers, as illustrated
in Figure 2.3. In dimers of neutral amphoteric species, this gives rise to self-ionization; when
dimers are charged, the overall composition remains the same, but formal charge is able to
rapidly exchange between species. Formal shifts in covalent- and hydrogen-bonding patterns that
accompany small shifts in position of nuclei underly the mechanism for structural charge
diffusion.

This self-ionization behavior, allowing charge transport in an otherwise electrically

insulating material such as water, was first postulated in 1806 by Theodor von Grotthuss (C. J. T.
de Grotthuss) on observation of fractal images formed from certain aqueous salt solutions on
exposure to an applied voltage (Figure 2.4). He initially reasoned that water must be composed
of positive and negative poled species (which are now, but were not at the time, known to be H +
and OH-) that can undergo decomposition, giving rise to species that interacted with the salts to
form these patterns. 24 Only 100 years later was Grotthuss‘ mechanism of water dissociation
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reasoned to be the origin of the abnormally high diffusion of protons in water. 25 Since that time,
the ‗Grotthuss mechanism‘ has been synonymous with structural proton diffusion. 26

Figure 2.4 von Grotthuss‘ original prediction of the dual positively and negatively charged
character of water. 24 Copyright © 1806 Elsevier.
Significant effort has gone into determination of the precise mechanism (how and in what
order atoms move and bonds reorganize) of proton transfer between species in aqueous
systems.27–35 Water in the liquid state preferrentially adopts a tetrahedral geometry, donating two
hydrogen bonds to neighboring water molecules and accepting two bonds from two more
molecules. This structure is quite stable, and it is defects in hydrogen bonding and molecular
orientation that allow for changes in conformation that give rise to proton hopping between
species. In a systems with excess protons or hydroxide anions, the local geometry in the vicinity
of these species differs from bulk water, providing the structural defect necessary for bonding
fluctuations and transport. As illustrated in Figure 2.5, in the ground state H3 O+ adopts a solvated
trigonal pyramidal configuration known as the Eigen cation (H 9 O4 +).33 When water molecules in
the second hydration shell reorganize, this sets up the conditions for proton transfer through an
H5 O2 + symmetric Zundel cation to an Eigen cation centered on a different oxygen. 31,32 Although
the geometries differ for hydroxide transport (as OH - prefers five-fold ground state coordination,
Figure 2.5d,f), a similar process occurs in aqueous hydroxide diffusion. 27,35 It has been
established that the reorganization of solvating water molecules is the limiting step for proton
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transfer in these aqueous systems. 26 While vehicle transport requires large molecular
displacements to support passage of large nuclei, structural diffusion via a Grotthuss mechanism
requires only small molecular translations and rotations which result in large changes to the
hydrogen bond network.

2.1.2

Amphoteric, Anhydrous Proton Conducting Species

Due to structural diffusion, water exhibits exceptional proton mobility.

In fuel cell

applications, water‘s role is as a solvent and medium for the transport of excess protons or
hydroxide ions typically provided by membrane functionalities (e.g. sulfonic acids, quaternary
ammonium hydroxides). However, even in the absence of excess proton / hydroxide density due
to ionic dopants, water exhibits conductivity as a result of its auto-dissociation.

Although

intrinsic carrier densities in pure, deionized water are small, providing 10-7 M concentrations of
H+ and OH- at room temperature (pH 7 in the absence of dissolved CO 2 ), the mobility of these
species is sufficient to observe conductivity of 5×10-8 S cm-1 .20

Figure 2.5 a-c) Process of structural proton transfer in water, showing Eigen starting condition,
Zundel transition state, and Eigen final state, with a new H3 O+ location. d-f) Analogous process
of hydroxide transport in water; solvated conformations differ from those observed in H3 O+.33
Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KgaA, Weinheim.
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Water has been extensively studied and its dynamics computationally modeled, but it is
by no means the only species to exhibit auto-dissociation and structural diffusion of charges
(phenomena which are fundamentally related, as postulated by Grotthuss 24 and Danneel25 ).
Figure 2.6 illustrates five commonly encountered amphoteric species (triflic acid, sulfuric acid,
phosphoric acid, acetic acid, and imidazole), all observed to conduct protons as pure
compounds.36–41 Analogous to the process observed in water, all five of these compounds are able
to auto-dissociate and the resulting ionic species diffuse by both structural and vehicle means.
For sulfuric acid, phosphoric acid, acetic acid and imidazole, this results in conductivities (at
room temperature) of 10-2 S cm-1 , 10-1 S cm-1 , 10-8 S cm-1 and 10-3 S cm-1 (at its melting point of
90 °C), respectively.

Figure 2.6 Various amphoteric species known to exhibit proton conductivity in their pure form.
From left: trifluoromethanesulfonic acid (‗triflic acid‘), sulfuric acid, phosphoric acid, acetic acid,
imidazole. Proton donors are highlighted in red and acceptors in blue.
Carrier density can be improved in any of these amphoteric proton solvents by addition of
proton defects. For bases (e.g. water, imidazole), these come in the form of proton donors, and
for acids (e.g. sulfuric, phosphoric, acetic), they come as proton acceptors. The factor limiting
the maximum rate of proton diffusion, however, is the structural proton mobility intrinsic to each
species. Unique determination of the carrier density or proton mobility (from which the other can
be calculated using conductivity) is not trivial, and many of the investigations of conductivity in
these amphoteric species were conducted in the early- and mid-20th century, prior to the advent of
PFGSE NMR and impedance spectroscopy. For formic acid and imidazole, however, carefully
determined upper limits of auto-ionization constants enabled the calculation of lower limits to
proton mobility (

). In formic acid (

6×10-5 S cm-1 ),

5×10-9 m2 V-1 s-1 , while in
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liquid imidazole

3×10-7 m2 V-1 s-1 .41,42 The mobility observed in liquid imidazole even

approachs that observed in water, consistent with diffusion dominated by a structural component.
Recent computational studies have elucidated the mechanism underlying structural
diffusion in some of these amphoteric species. In protonated imidazole, charge transport occurs
via a method directly analogous to aqueous transport (Figure 2.10). Bulk imidazole, unlike water,
contains only weak directional hydrogen bonds, exhibiting rapid molecular reorientations and a
shifting hydrogen bond network. 43 The solvated proton, however, exists predominantly in an
Eigen-like 2:1 imidazole/imidazolium complex (Im3 H+) which creates strong hydrogen bonds
with its immediate neighbors. 44 Proton transport occurs rapidly within these short, coherent
chains, proceeding through a short-lived Zundel-like intermediate (Im2 H+) during transfer from
one Eigen-like complex to another. Long-range diffusion is controlled primarily by the rate of
exchange of neutral imidazole species to and from the solvent shell of an Eigen-like complex, in

Figure 2.7 Local structure around a protonated imidazolium molecule involving an Eigen-like
solvation shell and a nearby terminus of another H-bonded chain. Transfer occurs within chains,
and inter-chain diffusion is controlled by the rate of exchange of chain termini.44 Copyright ©
2001 Elsevier.
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analogy to the rate-limiting reorientation of a water molecule in the second solvation shell of
H3 O+ in water.
In several imidazole-containing systems, proton conductivity has also been investigated
by PFGSE NMR and impedance spectroscopies, confirming the results obtained by
computational simulations: structural diffusion is the dominant mechanism of charge transport in
imidazole, as in water. 45–47 These oxyethylene-tethered small molecules and polymers, illustrated
in Figure 2.9, exhibit profound differences between proton self-diffusion (PFGSE NMR) and
charge diffusion (impedance spectroscopy). While ~80% of diffusion comes from structural
transport in bulk water, ~85% is attributable to this mechanism in the oxyethylene tethere small
molecules; in the limit of polymer tethering, this contribution increases to >99.9% (Figure 2.8).

Figure 2.9 Tethered imidazoles used to investigate relative rates of vehicle and structural
diffusion in imidazole-based molecules.45,46

Figure 2.8 Diffusion coefficients from vehicle (D H ) and structural (Dζ) contributions in
oxyethylene tethered imidazole oligomers (left)46 and equivalent conductivities from these
contributions in polymer-tethered oxyethylene imidazoles (right)45 . Copyrights © 2006 WILEYVCH Verlag GmbH & Co. KgaA, Weinheim and © 2001 Elsevier.
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Phosphoric acid, by contrast, exhibits a different mechanism of structural diffusion than
imidazole and water, giving rise to its exceptional anhydrous conductivity. While imidazole and
water favor different coordination geometries as neutral molecules and as charged species,
computational studies show that phosphoric acid favors almost identical coordination in both
neutral and charged states. In the former class of molecules, there is an optimal hydrogen bond
strength: too weak and dimers are unlikely to share protons, too strong and the fluctuations in
geometry that are necessary for proton transport become too energetically unfavorable. Despite
its strongly oriented hydrogen bonding geometry, phosphoric acid is able to transfer charge with
minimal molecular rearrangement. As illustrated in Figure 2.10, charge can even be transferred
via bridging phosphoric acids through several molecules at a time. 48 Although general trends can
be established for the criteria necessary to sustain rapid structural diffusion in amphoteric species,
each species has its own considerations that can affect the ultimate mechanism of conduction.

Figure 2.10 Proton transfer in phosphoric acid involves long-range, concerted charge motion
that occurs due to the similarity of the solvated structures of neutral H3 PO4 and H2 PO4 - / H4 PO4 +
anions and cations.48 Copyright © 2012 Nature Publishing Group.

2.2

Anhydrous, Proton-Conducting Polymers

One of the primary concerns with using water as a proton solvent in polymer electrolyte
membranes is that it is subject to large changes in concentration with changing humidity (see, as a
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representative example, the hydration of Nafion® as a function of RH, Figure 2.11).49 This both
induces mechanical stresses on the polymer during humidity (and temperature) cycling and
results in large changes in conductivity with temperature and RH. To alleviate this problem, the
last two decades have seen substantial research into the development of polymer materials that
can conduct protons under anhydrous conditions.

Figure 2.11 Water uptake of Nafion® 117 perfluorinated sulfonic acid (~8% w/w) membrane as
a function of vapor water activity at 80 °C.49 © 1994 The Electrochemical Society.

2.2.1

Acid- / Azole-Doped Polymer Electrolytes

One popular method to improve the proton conductivity of polymer electrolytes under
high temperature and low humidity (dehydrating) conditions has been to imbibe polymers that
exhibit favorable hydrated properties with small molecule amphoteric species. These molecules
effectively replace the water that would traditionally exist as a proton solvent, enabling proton
conduction under these dehydrating conditions.
Some of the most extensively studied materials of this type are phosphoric acid–swollen
polybenzimidazole (PBI). 50–52 Due to their commercial availability, low cost, and excellent
thermal properties, these polymers (Figure 2.12) have attracted significant interest as fuel cell
membranes materials.

However, the species providing proton transport in these doped
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membranes is ultimately the phosphoric acid; although PBI exhibits some proton acceptor
properties due to its basicity (pK b ≈ 8.4), the polymer acts primarily as a structural support.
While interactions of benzimidazole nitrogens and phosphoric acid clearly do occur (visible in
infrared spectra), the anhydrous conductivities of poly(vinylphosphonic acid)–doped PBI are only
10-9 – 10-6 S cm-1 , six orders of magnitude lower than the small molecule–doped polymer (10-3 –
10-1 S cm-1 ).53 By restricting motion of the proton solvent (the phosphoric acid) with a relatively
immobile polymer backbone, conductivity is greatly suppressed. 52

Figure 2.12
Chemical structure of unsubstituted polybenzimidazole (PBI) (poly-2,2-mphenylene-5,5-bibenzimidazole).
Other encouraging results are exhibited by doping true polymer electrolytes (e.g.
Nafion®, poly(styrenesulfonic acid), poly(vinylphosphonic acid)) with small molecule proton
solvents.54–57 Nafion® membranes imbibed with imidazole, 1,2,4-triazole, amino-1,2,4-triazole
and aminotetrazole have been studied as anhydrous proton conductors at loadings of 2–4 times
excess azole to sulfonic acid. These materials exhibit respectable high temperature (~110 °C)
anhydrous conductivities ranging from 10-5 to 3×10-3 S cm-1 , increasing with basicity of the
dopant and decreasing by only an order of magnitude on cooling to room temperature. 57,58
Sulfonated UDEL poly(arylene ether sulfone) doped with 2:1 benzotriazole:sulfonic acid exhibits
similar anhydrous conductivity of 3×10-3 S cm-1 at 100 °C.56 Poly(vinylphosphonic acid) doped
with 0.9× imidazole and poly(styrenesulfonic acid) (PSSH) doped with 0.5–1.5× 1H-1,2,4triazole / oxyethylene-tethered imidazole have both been shown to exhibit conductivities of
almost 10-2 S cm-1 at 100 °C.54,55 These results are only a sampling of the best performing doped
membrane materials, of the many permutations of polymer electrolyte and small molecule dopant
that have been investigated to date. Conductivities at this level (10-3 – 10-1 S cm-1 ) are sufficient
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for fuel cell operation in practice, making doping of these polymers which are commonly used as
hydrated proton conductors an attractive alternative to developing entirely new materials.
Unfortunately, imbibing polymer electrolytes with small molecule proton solvent does
not completely solve the problem of anhydrous proton conductivity. Phosphoric acid, imidazole,
and other small molecule solvents still evaporate or are washed from the membrane over time.
Also, unlike water, their equilibrium partial pressure in the surrounding atmosphere is negligible;
once they leave the membrane, they are not easy to re-introduce. Even for species large enough
to have negligible vapor pressure / volatility (such as the imidazoles with long tethers illustrated
in Figure 2.9), leeching along with the water that is formed and expelled during fuel cell
operation is a significant challenge, leading to both loss of conductivity with time and potentially
to the corrosion of other parts of the fuel cell.

2.2.2

Intrinsically Conductive Polyazoles

The solution to leeching and other forms of solvent loss is to tether the solvent providing
proton transport (e.g. imidazole, phosphoric acid) directly to a polymer backbone. However, as
hinted at in Figure 2.8, when the proton solvent is part of a large, relatively immobile molecule,
the majority (if not the entirety) of diffusion must be structural in nature. A consequence is that
the connectivity and percolation of solvating species is of paramount importance for conduction
in materials where their long-range diffusion is restricted. The low anhydrous conductivities of
poly(styrenesulfonic acid) and poly(vinylphosphonic acid) are illustrative of this effect. In spite
of this penalty for polymer-tethered species, Figure 2.8 demonstrates that, although challenging,
developing materials with a polymer-bound proton solvent that exhibit measureable proton
conductivity is an achievable feat. 45
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The key to conductivity in systems where the proton solvent is tethered to a backbone is
rotational and translational mobility of the tethered moiety. While imidazole, phosphoric acid,
and sulfuric acid all conduct well as mobile small molecule liquids, the proximity to and stiffness
of the backbone in poly(vinylphosphonic acid) and PSSH significantly limits these acids‘ ability
to form conductive networks. By contrast, the the low T g backbone and flexible tether of the
imidazole-containing polymer illustrated in Figure 2.9 enables proton conductivity in this
material.
1H-Azole–containing polymers are particularly attractive as anhydrous proton conductors
due to their chemical diversity and comparatively small changes in physical properties in the
presence of water. Sulfonic acids form stiff, immobile clusters at low hydration and absorb
significant quantities of water from the atmosphere at high humidity. 59 By contrast, less acidic
moieties, such as carboxylic acids (e.g. Surlyn®, a copolymer of ethylene and methacrylic acid)
hydrate much less strongly, mitigating changes in properties with changing RH. 60 The weak
hydrogen bonding observed in imidazole, and by extension the 1H-azoles in general, likewise
enables polymers containing these moities to remain fluid under anhydrous conditions, a property
that plagues the anhydrous behavior of sulfonated materials. The diversity of these aromatic
heterocycles is illustrated in Figure 2.13.

Figure 2.13 Structures of a variety of common 1H-azoles. From left: pyrazole, imidazole,
benzimidazole, 1,2,4-triazole, 1,2,3-triazole and tetrazole. Acidities and basicities vary over 9
and 14 orders of magnitude, respectively.
Kreuer and coworkers authored early studies on anhydrous proton-conducting polymers
containing 1H-azoles.

Their polysiloxane/oxyethylene–tethered 1H-imidazole was inspired

directly by earlier work on oligomers of similar structures (see Figure 2.9).45–47 Exhibiting an
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anhydrous conductivities of 10-4 – 10-3 S cm-1 at 160 °C and Tg s of 0 – 40 °C, these polymers and
cyclic oligomers were the first to exhibit substantial proton conductivities from combined
structural diffusion within and auto-dissociation of the tethered amphoteric moieties.45
Synthetically, the design of these materials requires a number of steps, first producing a vinylsubstituted, N-protected imidazole as illustrated in Figure 2.14.

Imidazole precursors are

subsequently silylated with platinum catalysis and polymerized / cyclized to give the final
materials, as illustrated in Figure 2.15. This motif of protected azole synthesis has been common
throughout literature.

Figure 2.14 Synthesis of protected oxyethylene imidazole precursors used to make siloxanetethered polymers and cyclic oligomers. 45 Copyright © 2006 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.

Figure 2.15
Silylation of vinyl-tethered imidazole and subsequent polymerization /
oligomerization, followed by imidazole deprotection. 45 Copyright © 2006 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.
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Soon after this report, Coughlin and coworkers synthesized 1,2,3-triazole–containing
polysiloxanes of similar structures to investigate the effects of 1H-azole pKa on proton
conductivity.61 This move was inspired by an earlier study of anhydrous conductivity in 1,2,3triazole– and imidazole–doped sulfonated poly(ether ether ketone)s and in undoped poly(4-vinyl1,2,3-triazole) and poly(4-vinylimidazole).62 The authors postulated that the increased pK a of
triazole compared to imidazole resulted in its polymer‘s 106 -fold greater anhydrous conductivity
than poly(4-vinylimidazole).

The triazole-containing polymers synthesized by an analogous

route to the previous imidazole-containing polysiloxanes (Figure 2.16), however, were found to
exhibit broadly similar anhydrous conductivities to the prior materials (Figure 2.17).

Figure 2.16 Synthesis of N-protected 1,2,3-triazoles, using the following conditions: a)
NaH/DMF, RT, 2 hr. b) PdCl2 (PPh3 )2 , CuI, Et3 N, 36 hr. c) CuSO4 , sodium ascorbate, tBuOH/H 2O
(2:1), and Bu4 NF. These compounds are subsequently silylated, polymerized, and deprotected to
produce anhydrous proton-conducting triazole-containing polymers.61 © American Chemical
Society 2007.
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Figure 2.17 Conductivities of cyclic (open symbols, left) and polymeric (closed symbols, left)
siloxanes with oxyethylene-tethered imidazoles and polysiloxanes with oxyethylene-tethered
imidazoles (open symbols, right) and triazoles (closed symbols, right) as a function of inverse
temperature under anhydrous conditions.45,61 Copyrights © 2006 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim and © 2007 American Chemical Society.
In the last six years, the field of polymeric azole-containing proton has expanded greatly,
with many reports of new polymers and their conductivity. The best performing of the undoped
polymers exhibit high temperature anhydrous conductivities in the vicinity of 10-4 – 10-3 S cm-1 ,
similar to the original siloxane-tethered imidazoles. For undoped materials, pK a is not the only
factor affecting conductivity, evident in the substantial differences between the anhydrous
conductivities of sulfuric acid (pK a = -3), phosphoric acid (pKa = 2) and imidazole (pKa = 14.5).
Among the 1H-azoles, tetrazoles have been a newcomer to the field, and only few homopolymers
of this class have been reported.

It known that azole coordination plays a role in the

conductivities of small molecules, pyrazole exhibiting a higher self-diffusion coefficient than
imidazole, its regioisomer. 63 The potential of 1H-tetrazoles as anhydrous proton transport media,
however, has not been extensively investigated.
The lack of literature investigating 1H-tetrazoles as anhydrous proton conductors
undoubtedly stems in part from the difficulty of harsh conditions required for traditional 1Htetrazole synthesis, compared to the syntheses of imidazole and triazoles. Difficulty of synthesis
may result from thermodynamic differences leading to azide-nitrile cycloaddition being less
facile than that azide-alkyne cycloaddition.

Azide-alkyne click reactions readily produce

unactivated N,C-dialkyl-1,2,3-triazoles under copper catalysis. 64 However, nitrile-azide [3+2]
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cycloadditions to date have been almost exclusively reported for activated aryl-65–69 or
acrylonitriles70–75 with either metal-ligated azide (e.g. Zn2+)65–68,75 , the explosive and toxic
hydrazoic acid (HN3 , typically generated in situ)69–72,76 , or trimethylsilyl azide.

The major

exception to this trend is the commonly cited cycloaddition of polyacrylonitrile (postpolymerization).72,76 Imidazoles and triazoles also lend themselves well to N-H protection and
deprotection, with benzyl and pivaloyl protection respectively leading to soluble intermediates
that are readily cleaved to the 1H-azole in high yields. 45,61,77 Methodologies for tetrazole
protection, however, are not readily found in literature, meaning that cycloadditions result in
polar products with potentially vastly different solubility than the starting materials.
The 1H-tetrazole–bearing polymers that have been synthesized to date consist primarily
of copolymers of vinyltetrazole with styrenic and other vinyl monomers, as well as the
tetrazolated PIMs studied by Guiver and coworkers (Figure 2.18).66,68,71–74,76 In addition to these
polymers, there are several examples of polymers derived from 5-aminotetrazole, due to its
commercial availability and facile reaction with acyl chlorides. 78 Of these material, however, only
one

study has investigated their undoped proton conductivity. 74 Poly(5-vinyltetrazole)

synthesized from polyacrylonitrile was found to have an anhydrous conductivity of 2×10-6 S cm-1
160 °C, but like poly(vinylphosphonic acid), tetrazoles in these systems have limited translational
and rotational mobility.

Figure 2.18 Structures of tetrazolated PIM-1 (left) and various common copolymers of
vinyltetrazole with acrylonitrile / styrene (right).
To synthesize 1H-tetrazole–bearing polymers with more varied structures, it would be
preferrable to be able have access to a synthetic method capable of producing tetrazoles from
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aliphatic nitriles at moderate temperatures (reactions involving sodium azide typically cite
temperatures in excess of 120 °C) in the presence of various functional groups (e.g. electrophiles
that would be attacked in the presence of NaN 3 ). Such a method was published in 2007 by
Aureggi and Sedelmeier, demonstrating the synthesis of a wide variety of aromatic and aliphatic
1H-tetrazoles at low temperatures (50 °C on average) using nonpolar solvents (toluene / hexanes)
and a non-nucleophilic azide source (diethylaluminum azide [Et2 AlN3 ]).79 Reaction of
diethylaluminum chloride in toluene with NaN 3 provides a quick, inexpensive route to the
Et2 AlN3 complex, which is hypothesized to activate both azide and nitrile toward cycloaddition
(as copper catalysis does for azide-alkyne [3+2] cycloaddition) by the mechanism identified in
Figure 2.19.

This synthetic route to 1H-tetrazoles has not yet gained traction for polymer

tetrazolation, but offers significant advantages over prior routes in many situations. Due to the
mild reaction conditions and safety of the reagents involved, cycloaddition of nitriles with
Et2 AlN3 was utilized exclusively for polymer tetrazolation in the following work.

Figure 2.19 Hypothesized mechanism of azide-nitrile [2+3] cycloaddition involving (noncatalytic) Et2 AlN3 as a non-nucleophilic azide source. 79 Copyright © 2007 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.
2.2.3

Conductivity and Polymer–Polymer Doping

Recent trends show research moving toward doped materials which exhibit improved
conductivity in the same fashion as the doped polyacids described in 2.2.1 Acid- / Azole-Doped
Polymer Electrolytes.61,72,77,80–86 Although anhydrous conductivities have been improved by 2–3
orders of magnitude by doping with triflic acid and related small molecules at high (~1:1)
loadings, this methodology still does not solve the problems of solvent loss by evaporation or
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leeching that these polymers were initially developed to avoid. An ideal solution would involve
polymeric dopants.

Polymer–polymer doping can be achieved by using either two miscible

polymers, one containing proton solvent (e.g. siloxane-tethered imidazole) and the other the
complementary acid / base necessary to generate charge carriers, or by synthesis of copolymers
containing both functions.
Several studies have reported the effect of polymer acid doping on poly(4-vinyl-1,2,3triazole) anhydrous conductivity. With both Nafion® and poly(styrene sulfonic acid) as strong
acid dopant, definite increases in anhydrous conductivity were observed, with the greatest
improvements seen at ratios of just under 1× acid per azole. Surprisingly, poly(styrenesulfonic
acid) as a dopant for poly(4-vinyl-1,2,3-triazole) appears to perform better than Nafion®; this may
originate from different solubilities of poly(styrene sulfonic acid) and Nafion® in the
polyvinyltriazole matrix.

Equimolar poly(styrenesulfonic acid)/polyvinyltriazole exhibits a

conductivity of almost 10-1 S cm-1 at 160 °C, while a Nafion® blend of the same ratio exhibits
only 10-3 S cm-1 conductivity at 160 °C. 87,88 By contrast, poly(4-vinyl-1,2,3-triazole) doped with
poly(vinylphosphonic acid) exhibits a maximum proton conductivity of 10-6 S cm-1 at 160 °C at a
1:2 azole/acid ratio, substantially lower than either sulfonic acid doped material.83 While the
difference in sulfonic and phosphonic acids may be attributable to acidity, the measured
‗anhydrous‘ conductivity of poly(styrene sulfonic acid) doped poly(4-vinyl-1,2,3-triazole) is
oddly elevated well below its Tg . It is feasible that, due to the hygroscopic nature of sulfonic
acids, the sulfonic acid–doped materials were not truly anhydrous.
4-Vinyltetrazole copolymerized with vinylbenzene phosphonic acid exhibits similar
conductivity trends to the previous examples, reaching 10-5 S cm-1 at 160 °C.89 However, a recent
example of polysiloxane-tethered 1H-tetrazole / phosphonic acid (Figure 2.20) exhibits
exceptional low humidity conductivity of 4×10-2 S cm-1 at 120 °C (nominally 1.2% RH). 65 These
results are encouraging, but should perhaps be taken with a grain of salt, as the experimental
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description of film preparation suggests that the struture is not as simple as the reported synthetic
scheme (Figure 2.20) suggests. Cross-linked films were prepared by reaction of polysiloxane
containing tethered 1H-tetrazoles with phosphoric acid inside an expanded PTFE support and
subsequently treated with excess phosphoric acid. Undoubtedly, a substantial amount of free
phosphoric acid remains in these materials, which serves to aid proton conductivity.

Figure 2.20 Proposed synthetic scheme and structure for a polysiloxane containing both tethered
1H-tetrazoles and tethered phosphoric acid.65 Copyright © 2013 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim.
Doping of azoles with strong acids can bring about its own problems, including
incorporating some of the undesirable anhydrous properties of these acids (e.g. high water uptake,
physical stiffening of the polymer matrix) into mixed materials. Is it possible to achieve similar
results by blending azoles with azoles, leveraging the differing acidities of different 1H-azoles to
provide charge carrier concentration? Only one study to date has investigated the potential of this
methodology, blending small molecule 1,2,3-triazole with an analogous imidazole (Figure 2.21)
to investigate the effects of blending on anhydrous conductivity compared to the two compounds
alone.90 The imidazole compound exhibits an anhydrous conductivity nearly 3 orders of
magnitude higher than the pure 1,2,3-triazole compound.

However, blended at a 2:1

imidazole/triazole ratio, the mixture showed a modest factor of 2 increase in conductivity at all
temperatures (with other blend compositions exhibiting smaller effects). Although this is only a
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comparatively small effect to those seen in strong acid–doped materials, imidazole and 1,2,3triazole exhibit fairly similar pK a and pKb , as far as the spectrum of azoles allows. Results are
promising, but do not yet utilize the full promise of the variability of 1H-azole properties.

Figure 2.21 Small molecule 1H-imidazole and 1H-1,2,3-triazole used for azole–azole blending
studies.90

2.3

Spectroscopy of Ionic Conductors

To this point, the mechanisms of both aqueous and anhydrous proton conduction have
been extensively discussed and an overview of the relevant leading research in anhydrous protonconducting polymer electrolytes provided.

However, little attention has been given to the

specifics of the methods by which proton conduction is characterized. As discussed briefly in
2.1.1 Ion Conduction in Water, electrochemical impedance spectroscopy (EIS) and pulsed field
gradient spin echo (PFGSE) NMR spectroscopy are the primary techniques used to investigate
charge carrier transport and diffusion of atomic nuclei (both components of proton conduction),
respectively. The principles of PFGSE NMR were discussed briefly; as it is not used in the
following work, it will not be discussed in more detail. For the interested, there are good reviews
on the topic.91–93 Impedance spectroscopy, on the other hand, is in need of a detailed discussion,
as it is the workhorse for the analysis presented herein.
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2.3.1

Impedance and Dielectric Relaxation Spectroscopies

Electrochemical impedance spectroscopy (also known more generally as impedance
spectroscopy) involves at its most basic level the application of a potential (or current) to a
material and monitoring the current (or voltage) response as a function of frequency. Application
of a stimulus at or near the characteristic resonant frequency of a process results in an amplified
response that can be detected.

A frequency range between 10 MHz and 1 mHz (radio

frequencies) is typical for EIS. A number of responses can be seen in this range, including
dipolar reorientations, motion of ionic charge carriers, and a plethora of electrochemical
processes (e.g. adsorption, reaction) from which the technique derives its name. However,
resonant processes extend gradually out to much higher frequencies, as illustrated in Figure 2.22,
giving rise to the molecular rotations characteristic of microwave spectroscopy, the atomic
vibrations characteristic of infrared and Raman spectroscopy, and the electronic rearrangements
characteristic of UV-visible spectroscopy. For the purposes of ionic conduction, frequencies of
10 MHz and lower suffice, but AC electrical techniques can be extended with careful engineering
out to the frequencies in which optical techniques are traditionally used, and provide analogous
results.

Figure 2.22 Illustration of ionic, dipolar, atomic and electronic relaxation processes and the
frequency ranges in which their characteristic resonances typically fall.206 Copyright © 2013
Agilent Technologies, Inc.
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Impedance spectroscopy examines AC current–voltage behavior in terms of complex
impedance, ̂

, where

and

are the real (in-phase, resistance) and

imaginary (out-of-phase, reactance) ratio of current response with respect to an applied voltage.
A quick note on frequencies: frequencies are measured either in Hertz (Hz = s -1 ) or angular
frequency (ω in rad s-1 ); these two quantities are related by

. Complex impedance has

units of ohms (Ω) or ohms per unit length (Ω cm-1 ) in general and specific form, respectively. In
the limit of zero frequency (ω → 0 rad s -1 , f → 0 Hz), the impedance of a system simplifies to its
direct current (DC) resistance.
Analysis of physical processes by impedance spectroscopy typically utilizes an
equivalent circuit model that describes the theoretically frequency response of a system in terms
of simple, commonly encountered components. Although the lumped elements traditionally used
are derived for the description of electrical conductors and insulators, they often have physical
equivalents in ionically conductive systems. The following elements are referred to herein, where
their circuit diagram symbol and text abbreviation (doubling as a characteristic constant) are
listed in parentheses. They are the resistor (
L), constant phase element (

= R), capacitor (

= Q) and Warburg resistance (

= C), inductor (

=

= W), each having the

individual impedance listed in Table 2.1.
Table 2.1 Definition of the common impedance elements
̂

̂

̂

̂

̂

√

Impedance is, however, only one way of visualizing the response of a material. While
impedance highlights frequencies where resistance and reactance (i.e. capacitance) are constant,
complex dielectric constant (̂

, unitless) highlights regions of the spectrum in which

specific relaxation processes take place.
constant are admittance, ̂

The inverse of impedance and complex dielectric
̂

with units of conductance, S or S cm-1 , and
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complex modulus, ̂

̂ , respectively. While admittance and complex modulus

are occasionally utilized in literature, impedance and complex dielectric constant are enountered
much more frequently. Most importantly for the following discussions, impedance and complex
dielectric constant are fundamentally equivalent, and can be interconverted by Equations 2.4.
Each of the above circuit elements thus has an equivalent in complex dielectric form, and
dielectric relaxation spectroscopy (DRS) and impedance spectroscopy are therefore two sides of
the same coin.
̂

2.3.2

⁄

̂
̂ &

⁄
̂

(2.4)

Models for Conduction

In order to understand both relaxation processes and conduction in ionic materials, it is
necessary to have models for their frequency-dependent behavior based on their underlying
physics. The most basic circuit model used by impedance spectroscopists is likely the Randles
circuit, which describes a simple electrochemical reaction in solution (Figure 2.23). It contains a
solution resistance to the diffusion of ions under potential, a resistance to charge transfer at the
electrodes (proportional to reaction kinetics), a Warburg mass-transfer resistance (related to the
diffusion of ions under a concentration gradient), and a double-layer capacitance that results from
a build-up of non-reacting ions at the electrodes at low frequencies.
Cdouble-layer
Rs olution

Rcha rge tra nsfer Wdiffusion

Figure 2.23 Equivalent circuit description of a Randles circuit, involving a solution resistance,
charge transfer resistance, double-layer capacitance, and mass transfer resistance. 207
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Although often also used to model the conductivity of solid ion conductors, this
description is in fact inaccurate. Instead, the ideal model that describes conduction between two
blocking electrodes (where no electrode reactions take place) is illustrated in Figure 2.24,
consisting only of a single solution resistance (R soln ), a double-layer capacitance resulting from
ion buildup near the electrodes (Cdl ), and a capacitance resulting from the electrical charge
buildup within the electrodes, which are separated by a distance and a material of an effective
dielectric constant (Cdiel ). As such,

, where A is the area of the electrodes, L the

spacing between them, ε0 the permittivity of free space (8.854 pF m-1 ), and ε∞ the high frequency
(relative) dielectric constant of the medium in between. C dl is defined similarly, but where the
length is instead the charge screening (Debye) length within the ionic conductor,

√

(using the same definition of variables as defined earlier).
Cdi el

Cdl

Rs ol n

Figure 2.24 Equivalent circuit describing ideal conduction of ions between blocking electrodes.
To determine the total impedance of an equivalent circuit from its parts (the resistors,
capacitors, Warburg elements, etc.), one adds together the individual impedances that are in series
with one another (connected end-to-end) and adds the reciprocal of impedances that are
connected in parallel (both ends joined together). As such, the total impedance of the circuit of
Figure 2.24 is represented by Equation 2.5, below.
̂

(

)

(

)

(2.5)

The characteristic time constants of circuits so defined occur at frequencies where the imaginary
portion of the impedance,

, passes through a maximum. One can obtain these points by

separating impedance into real and imaginary parts and differentiating with respect to ω, but for
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resistor–capacitor combinations in general (which are quite frequently encountered), the time
constant η = RC, in seconds. The most common method of visualizing complex impedance data,
at least with respect to ionic conductor behavior, is in a parametric ‗Nyquist‘ plot of imaginary
impedance vs. real impedance. This form, illustrated in Figure 2.25, strips frequency out of the
data, instead focusing on shapes characteristic of certain elements and models (e.g. semicircles,
characteristic of parallel resistor–capacitor combinations).
In dielectric form, the series resistor–capacitor combination encountered in the bottom of
Figure 2.24 corresponds to a ‗Debye relaxation‘, defined by the lefthand contribution to Equation
2.6. The extra frequency-independent portion, ε∞, is the same as the one previously defined, and
corresponds directly to the dielectric capacitance defined by Cdiel . (This can all be verified by
applying Equations 2.4 to Equation 2.5.) This Debye relaxation and its variants are the staple of
dielectric relaxation spectroscopy; they define dipolar reorientations that occur within a material
below characteristic frequencies (

).94

Figure 2.25 Nyquist plot of the impedance of poly(4-vinyltetrazole) doped with 0.5× imidazole
at 40 °C. The solution resistance of this sample is the point at which the semicircle intercepts the
positive Z‘ axis.208 Copyright © 2012 Society of Plastics Engineers.
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̂

(2.6)

It should be noted that, as might be guessed by comparing the definition of a Debye
relaxation and the equivalent circuit of Figure 2.24, although ion conduction isn‘t a dipolar
relaxation in the traditional sense, it effectively behaves like a macroscopic one occurring on a
much longer timescale. As might also be guessed from the definition of C dl in terms of the Debye
length, an effective charge carrier density, ρ, can be calculated from these equivalent models if
the area of the electrodes and distance between them is well-defined. This can be used, in turn, to
separate contributions of mobility (μ) and carrier density to conductivity (

), which is

indispensable for determining the factors limiting conductivity in ionic conductors. One can also
establish the following relationships between C dl , Rsoln , Δε and η.
(2.7)
(2.8)
These models work well to fit ideal ion conduction, but real systems tend not to be ideal.
To account for these non-ideal systems, non-ideal models of dielectric relaxation corresponding
to ion motion have also been developed. A model that has been deployed successfully for lithium
ion–conducting polymer electrolytes is shown in Equation 2.9.95,96 Effectively, the frequencydependence of the Debye-like relaxation depicted is treated as being sublinear (

),

which fits many real systems fairly well. Although this descripition is empirical, and does not
originate directly from an underlying physical model of why this behavior should occur, it has
been successful. Figure 2.26 illustrates some fits of this model to the dielectric spectra of a
lithium ion–conducting polyurethane.95 This sort of plot, a Bode plot of real and imaginary
dielectric constant vs. frequency, is the most common type of plot used to illustrate complex
dielectric constant data.
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̂

(2.9)

Figure 2.26
Dielectric spectra of a polyethylene oxide–containing, lithium-neutralized
sulfonated polyester at 90 °C. Fits to Equation 2.9 are shown in solid lines and those to Equation
2.6 in dashed lines.95 Copyright © 2009 AIP Publishing, LLC.
An alternative, and perhaps more precise, way of modeling conductivity is to forego
equivalent circuits and empirical models altogether, opting instead to analytically calculate the
current–voltage behavior of a system vs. frequency from the underlying physics governing that
system. The general method to such an analysis involves the solution of the Poisson–Nernst–
Planck (PNP) equations governing the motion of charge under an applied, oscillating electric
field.

This often requires the use of assumptions about limiting behavior (e.g. small

perturbations, Poisson–Boltzmann distribution of charge) to simplify the PNP equations to the
point where there exists an analytical solution, and can be quite challenging for complicated
systems. However, it is often capable of providing analytical solutions that provide direct insight
into underlying phenomena (such as charge mobility, dissociation, and adsorption phenomena).
In some cases, the results of analytical solution of the PNP equations can even be simplified to
equivalent circuit models that can be used in standard fashion. 97–100
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Although not utilized in the following work, there is an extensive body of work on the
solution of the PNP equations with respect to ionic conductors. The work of Macdonald and
collaborators, freely available on http://www.jrossmacdonald.com, is highly recommended for
those who are interested.

2.3.3

Direct Measures of Ion Mobility

Although the electrochemical mobility of ions can be calculated from the density of
charge carriers as described above, it would be ideal to have a direct measure of ion mobility
derived from a different technique in order to cross-check results obtained from measurements of
electrode polarization.
methods.

In principle, this measurement is possible by so-called ‗time-of-flight‘

These methods have been used to determine ion mobilities in electronic

semiconductors, cured/curing epoxy resins, and ionic liquids. 101–105

The principle behind this

method is that, if ionic charge carriers can be completely polarized to the electrodes by
application of a DC voltage, on inverting that voltage, ions will diffuse to the opposite electrode
at a fixed rate, giving a characteristic current maximum as ions reach the opposite electrode. A
typical current–voltage profile for such a measurement is illustrated in Figure 2.27.103 Equation
2.10 is the empirical relationship used to calculate mobility from the distance between the
electrodes, applied voltage, and measured time-of-flight to maximum current.
(2.10)
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Figure 2.27 Typical voltage and current profiles as a function of time for a time-of-flight
measurement of ion mobility in a curing epoxy resin.103 Copyright © 1997 John Wiley & Sons,
Inc.
The downside to these measurements is that the underlying physics is quite poorly
documented. High voltages (> 100 V) that would damage most polymer electrolytes seem to be
required, but there appears to be little theoretically description of the assumptions that go into
these calculations in literature.

2.4

Chemical Degradation in Alkaline Exchange Membranes (AEMs)

Operation of fuel cells under alkaline conditions is an attractive solution to the costs
imparted to a fuel cell stack by the platinum catalyst. Under acidic conditions, platinum is one of
the few metals to catalyze both the hydrogen oxidation reaction (HOR) and oxygen reduction
reaction (ORR), making it a limiting factor in decreasing the cost of fuel cell systems. Under
alkaline conditions, a wider variety of catalysts, including nickel, become available to catalyze
these processes (although platinum still performs excellently under these conditions). 106,107
Unfortunately, alkaline conditions are also more taxing on many organic materials than acidic
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conditions, resulting in a short lifetime of traditional membrane materials under operating
conditions.108

2.4.1

Degradation of Trimethylammonium-Based AEMs

Some of the earliest observations of degradation in anion exchange membranes comes
not from their application in fuel cells, but rather as traditional ion exchange resins. Hatch and
Lloyd observed that their crosslinked poly(4-vinylbenzyl trimethylammonium hydroxide) resins
were unstable above 60 °C, resulting in up to 20% degradation when held at 100 °C for one
month.109 Subsequent research by Tomoi and coworkers indicated that stability of poly(4vinylbenzyl chloride) derived quaternary ammonium hydroxide resins could be improved by
increasing the length of the alkylammonium tether, so long as the ammonium group was
separated from any destabilizing ether functionalities by at least three methylene units. 110 Their
results are depicted schematically in Figure 2.28, showing longer tethers to be most resistant to
thermal degradation.

Figure 2.28 Remaining percentage of intact trimethylammonium group in poly(4-vinylbenzyl)
exchange resins containing quaternary ammonium tethers of the structures specified, after
degradation for 30 days at the temperatures specified.110 Copyright © 1997 John Wiley & Sons,
Inc.
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It wasn‘t until much later, when anion exchange membranes became important in the
field of fuel cells, that more quantitative analyses of trimethylammonium degradation were
performed. Two of the first investigated by ab initio computational calculations the mechanisms
of degradation in tetraalkylammonium hydroxides, including both benzyltrimethylammonium
hydroxide

and

DABCO

(1,4-diazabicyclo[2.2.2]octane)

and smaller

tetramethyl-

and

ethyltrimethylammonium hydroxide equivalents.111,112 These studies determined that Hoffman
elimination of an alkene by abstraction of a β-hydrogen and direct SN 2 attack on an α-carbon are
both feasible mechanisms of dealkylation and loss of charge. The latter (S N 2 attack, Figure 2.29)
is favored by ~17 kJ mol-1 over the former (Hoffman elimination), making Hoffman elimination a
comparatively minor mechanism which is additionally active only for compounds with ethyl and
longer tethers.

Deprotonation of an α-carbon, forming an ylide, appears to be entirely

energetically unfavorable; although this mechanism is possible in theory, in practice it is not
significant enough to warrant consideration.

Figure 2.29 SN 2 attack of benzyltrimethylammonium cation by hydroxide at the benzyllic carbon
(top) and at a methyl group (bottom). The energies for the two transition states are nearly
equal.111 Copyright © 2010 American Chemical Society.
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Figure 2.30 Activation energy (ΔE) and Gibbs free energy (ΔG) of SN 2 dealkylation as a
function of solvent dielectric constant.112 Copyright © 2008 American Chemical Society.
These computational results showed that the free energy and activation energy for
dealkylation should not vary as a function of tether length, as expected based on chemical
structure. Instead, solvation of hydroxide and dielectric constant of the solution (Figure 2.30)
were predicted by DFT to exhibit the most profound effects on degradation. This result was in
stark contrast to the effects observed by Tomoi and coworkers, and subsequently suggests that,
while electronic effects can play a role in the stabilization of charge, solvent effects and sterics
around the charged center may be most important in determining the kinetics of charge loss.110,111
Recently, degradation of various polymers and small molecules containing the
benzyltrimethylammonium cationic moiety has been examined in situ by time-resolved 1 H NMR
spectroscopy.113 These studies have allowed degradation mechanisms to be investigated in actual
systems, and appear to confirm the hypothesis that solvation and steric effects play a huge role in
the degradation of trimethylammonium cations. As illustrated in Figure 2.31, degradation of the
trimethylammonium headgroup in four different compounds (three polymers and pmethylbenzyltrimethylammonium hydroxide) differs substantially over the course of 13 hr in
potassium deuteroxide–containing solution. Although each compound is dissolved in its entirety,
local solvation effects and polymer conformation in solution likely alter the observed rates of
degradation, with more flexible, hydrophobic polymers exhibiting less degradation than stiffer,
more hydrophilic ones (polystyrene < poly(phenylene oxide) < poly(arylene ether sulfone)).
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Figure 2.31 Compounds studied for alkaline degradation by in situ 1 H NMR methods. Although
the ammonium cation is identical in each case, degradation at 80 °C in 1 M KOD in 3:1
methanol/water for 13 hr differs substantially.113 Copyright © 2013 American Chemical Society.

2.4.2

Alternative Heteroatom Cations

To attempt to improve the stability of anion exchange membranes, a slew of alternative
heteroatom cations has been investigated, including imidazoliums, pyridiniums, guanidiniums,
phosphoniums, sulfoniums, and even metal-containing cations (ruthenium bisterpyridyl). 114–124
An attempt to find consensus on the relative stability of these cations is difficult, however.
Rarely are different cations examined for stability on the same polymer backbone, and as
previously mentioned, polymer backbone plays a large role in degradation. Cations attached to
different polymers are going to exhibit different alkaline stability simply by virtue of the
polymer‘s behavior in solution (or swollen with solvent). Pyridinium, though investigated early
on for in membranes for electrodialysis applications, has since been determined to be one of the
least stable of the ammonium-type cations, being an excellent leaving group in SN 2 reactions.118
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For guanidinium, imidazolium, and trimethylammonium cations, at least one study has
been published that compares the conductivities and alkaline stabilities of membranes with the
same backbone structures that contain these ions, directly. Hibbs investigated the properties of
hydrophobic poly(phenylene) polyelectrolytes containing these ions, with the structures
illustrated in Figure 2.32, in addition to a trimethylammonium poly(phenylene) with a hexyl
(instead of methylene) tether. 125 The results, surprisingly, suggested that both guanidinium and
imidazolium

substituents

were

less

stable

under

alkaline

conditions

than

either

trimethylammonium group; the hexyl-tethered ammonium was, however, more stable than the
methylene-tethered group, consistent with the earlier work of Tomoi and coworkers. Although
both guanidinium and imidazolium provide resonance stabilization of charge, their planarity leads
to poor steric shielding when substituted only with methyl groups, and thus relatively rapid
degradation kinetics.

Figure
2.32
Poly(phenylene)
polymers
containing
trimethylammonium,
125
pentamethylguanidinium, and methylimidazolium cationic moieties.
2012 Wiley Periodicals,
Inc.
In general, larger, more hindered ions exhibit improved alkaline stability, at the cost of
ion exchange capacity (as greater amount of the polymer repeat unit are taken up by bulky
protecting groups). Several key examples of this sort of stabilization are triarylphosphoniums,
triarylsulfoniums, and large phosphazenium cations. 114,115,126 Although phosphorus is particularly
susceptible to oxygen attack (phosphorus oxides being quite stable), kinetic stabilization of
charge is possible by use of highly hindered 2,4,6-tris(methyoxy)phenyl substituents, as
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illustrated in Figure 2.33.115 Although the stability of the phosphonium cations in this polymer
membrane to alkaline conditions is not investigated directly, the membrane as a whole exhibits
only a 40% decrease in conductivity over the course of 200 hr exposure to 1 M sodium hydroxide
at 60 °C.

This performance may not be exceptional compared to the best anion exchange

membranes, but is a significant improvement for phosphonium-cation materials.

A similar

triarylsulfonium-containing poly(arylene ether sulfone) has also been synthesized (Figure 2.34),
although only qualitative analysis of its alkaline stability has been performed. 114 At 60 °C in 1 M
sodium hydroxide, membranes remained intact over the course of 240 hr; how this performance
compares to state-of-the-art materials still requires investigation.

Figure 2.33 Poly(p-phenylene oxide) with pendent tris(2,4,6-tris[methoxy]phenyl)phosphonium
cations.115 Copyrights © 2012 SIOC, CAS, Shanghai & WILEY-VCH Verlag GmbH Co. KGaA,
Weinheim.

Figure 2.34 Triarylsulfonium-containing poly(arylene ether sulfone) (UDEL). 114 Copyright ©
2012 Royal Society of Chemistry.
Two classes of cations that exhibit both electronic and steric stabilization effects are the
aminophosphonium and phosphazenium families of cations, as well as various metal-centered
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cations (which by virtue of the stability of metal cations are less susceptible to nucleophilic attack
and charge loss). 116,126 The phosphazenium cations illustrated in Figure 2.36 exhibit exceptional
stability due to both the extensive delocalization of charge across phosphorus and nitrogen
centers and the bulk provided by alkyl substituents. 126 Good packing of the substituents makes
the resulting cations roughly spherical in nature and prevents access of hydroxide ions to the
cationic centers, although the synthesis and incorporation of these types of cations in AEMs has
been challenging.

By contrast, the ruthenium(II) bisterpyridyl cation reported by Tew and

coworkers relies exlusively upon the stability of the metal-centered cation for stabilization of
charge (Figure 2.35).116 Quantitative analysis of degradation over time has not yet been published
for the resulting polymer, but UV-vis spectroscopy shows stability of the ruthenium-centered
cation over the course of 48 hr in 1 M sodium hydroxide at 80 °C.

Figure 2.35
Synthesis of norborenyl ruthenium(II) bisterpyridyl monomer, which is
subsequently copolymerized with cyclohexene by ROMP to yield polymers with varying ion
exchange capacity.116 Copyright © 2012 American Chemical Society.
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Figure 2.36 Phosphazenium cations with various sizes and substitutents. 126 Copyright © 2006
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

2.5

Imidazolium

Of the heterocyclic compounds discussed so far, imidazolium deserves further discussion,
as it has by far the most attention in literature and the most varied reported performance. Hibbs
reported a true comparison of the stability of benzyl imidazolium compared to quaternary
ammonium,

suggesting

poorer

stability

of

trimethylammonium under alkaline conditions. 125

the

N‘-methylimidazolium

compared

to

Simliar results were also produced with

poly(arylene ether) backbones and quaternary ammonium / methylimidazolium substituents. 124
However, literature is abound with references of supposedly stable imidazolium-containing
polymers. The reported stability of these polymers likely arises from differences in test methods,
polymer conformation, and water uptake / solvation. Differences in the experimental conditions
and outcomes of these prior studies, many of which test molecules with similar chemistry,
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suggest that such factors have a substantial effect on stability. However, they are rarely discussed
as possible causes for positive stability results in new materials.

2.5.1

Alkaline Stability of Lightly Substituted Imidazolium

Although imidazolium has been studied extensively in literature as a direct replacement
for trimethylammonium, the vast majority of studies have been performed only on the N‘-methylN-alkyl(tether) variant. Studies of the stability of N‘-methyl-N-alkyl imidazoliums compared to
trimethylammonium are perhaps misleading.

Although these are the simplest imidazolium

substitutents to introduce into an anion exchange membrane, they by no means utilize the full
diversity of possible imidazolium structures for charge stabilization. Steric effects likely have a
significant role in protecting ammonium cations from dealkylation, and the same most certainly
applies to imidazolium; although charge is stabilized by delocalized, the planarity of the bare
imidazolium ring makes it much more susceptible to attack.

A solution is to substitute

imidazoliums with bulky substitutents to increase their kinetic resistance to charge loss.
Only four studies have been performed to date which attempt to address issues of
imidazolium substitution and kinetic stabilization.

The earliest study investigated the alkaline

stability phase transfer catalysts based on an imidazolium / guanidinium motif (illustrated in
Figure 2.37) with respect to varying nitrogen substituents. 127 Kunetskiy and coworkers found that
their neopentyl-substituted variants were most stable, followed by the cyclohexyl variants and
finally the isopropyl-substituted compounds. Although the neopentyl groups appear to have an
easy site for SN 2 nucleophilic attack, the geometry of the neopentyl group actually prevents
backside access, making this substitutent surprisingly stable.

Additionally, the neopentyl

substitutent has no β-carbons to provide a pathway for Hoffmann elimination, and the physical
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bulk of the group is capable of providing a substantial degree of steric hindrance around the rest
of the cation. It was this early study that inspired the N,N‘-disubstituted imidazolium structures
that are investigated in the following work.

Figure 2.37 Structures of various cations for phase transfer catalysis that were examined for their
alkaline stability.127 Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
Since this early report, only Yan and coworkers have investigated the mechanisms of
degradation in variously N‘-substituted and C2-substituted (N‘-methyl) imidazolium variants. 128–
130

Using similar 1 H NMR techniques to those described by Nuñez in conjunction with DFT

computational calculations of HOMO / LUMO and transition state energies, they have studied
degradation in imidazolium compounds with the structures illustrated in Figure 2.38.

In

summary, their results show isopropyl, followed by long alkyl, substituents in both C2- and Nsubstituted positions to impart the greatest stabilization, with electron withdrawing phenyl
substituents universally decreasing the stability of both small molecules and substituted polymers.
One unexpected result of both NMR and computational studies is that ring opening by attack of
OH- on the C2 carbon, resulting in charge loss and subsequent rearrangement to an amide (Figure
2.39), appears to the be dominant mechanism of degradation in substituted imidazoliums. Unlike
trimethylammonium cations, no mention of observation of either SN 2 attack on an α-carbon or
Hoffman elimination of a β-hydrogen is made. This same sort of degradation was proposed
previously by Elabd and coworkers for N-methylimidazolium substituted polyacrylates. 131
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Figure 2.38 The various substituted imidazolium species investigated by Yan and coworkers. 128–
130

Figure 2.39 Likely mechanism of imidazolium degradation, involving charge loss by attack of
OH- on C2 carbon. Subsequent intramolecular electron rearrangements form a stable amide.
The results of Yan and coworkers are promising, suggesting that stabilization of
imidazoliums by substitution can be a viable route. However, they rationalize improved stability
on the basis of HOMO–LUMO gaps between imidazolium and hydroxide, which approximately
correlate with an associated transition state energy. However, these rationalizations ignore steric
components to transition state energies. As steric effects likely have an equal, if not greater,
effect on stability than electronic stability of the cation, it would be prudent to investigate
substitutents of the same sort that Kunetskiy and coworkers investigated previously. This is the
focus of the imidazolium stability / degradation work that follows.
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2.5.2

Synthesis of Symmetrical, Substituted Imidazolium

Imidazoliums with multiple substituents are traditionally synthesized by various
concerted condensation / cyclization reactions of amines with aldehydes.

Symmetric N,N‘-

disubstituted imidazoliums are the simplest to synthesize, and the subject of the following work.
For aliphatic substituents, even sterically hindered groups like tert-butyl, the methodology of
Arduengo and coworkers can be utilized to synthesize the disubstituted imidazolium in one pot. 132
This general methodology is illustrated in Figure 2.40, involving condensation and cyclization of
alkylamine, glyoxal, and paraformaldehyde in the presence of hydrochloric acid, which acts as
catalyst and chloride donor. Refluxing toluene allows Dean–Stark distillation of water, driving
the reaction to complextion.

Figure 2.40 One-pot synthesis of N,N‘-dialkylsubstituted imidazolium from glyoxal, amine,
paraformaldehyde, and hydrochloric acid. 132
N,N‘-Diaryl-substituted imidazoliums are most efficiently synthesized in a two-pot
reaction, isolating the intermediate 1,2-diimine illustrated in Figure 2.41.133–135 This methodology
improves yield over prior methods by isolating the aromatic diimine intermediate, reducing side
reactions that may otherwise happen in second step by reaction of paraformaldehyde with the
aromatic ring.

Mesityl, 2,6-diisopropylphenyl, and 2,6-xylyl imidazoliums have all been

prepared by this procedure.
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Figure 2.41 Two-step synthesis of N,N‘-diarylimidazolium from glyoxal, substituted aniline,
paraformaldehyde and chlorotrimethylsilane. 133–135
Although substitution of the 4- and 5-positions of the imidazolium ring is theoretically
feasible by substitution of the α-diketone starting compound (glyoxal when both substituents are
hydrogen), in practice even 2,3-butanedione is too sterically hindered to favor the formation of
the diimine, preventing isolation of the 4,5-substituted imidazolium by either of these routes.
Instead, 4,5-dimethyl-N,N‘-dialkylimidazoliums

have

been reported by condensation of

disubstituted thiourea with acetoin (2,3-butanedione).

After loss of water, the intermediate

imidazole-2-thione is formed (Figure 2.42), which can be subsequently reduced with Na/K alloy
to the imidazolylidene and either isolated as the netural carbene under inert atmosphere or reacted
with acid (e.g. HCl, HBF4 ) to yield the target imidazolium product. 127

Figure 2.42 Condensation of disubstituted thiourea and acetoin with loss of water to yield 4,5dimethyl-N,N‘-dialkyl imidazole-2-thione.127
N,N‘-Diphenylimidazolium, however, cannot be synthesized by the method depicted in
Figure 2.41.

Side reactions of the unsubstituted aromatic ring (derived from aniline) lead to

unidentifiable products that likely consist of phenolic compounds.

One synthesis of this

compound, however, has been reported, and relies on several steps with interesting chemistry. 136
Although the first step (cyclization of N-phenylglycine and phenyl isothiocyanate) is quite low
yield (c.a. 10%), the subsequent steps proceed in rather high yield. Perhaps of greatest interest is

55
the reduction of the imidazole-2-thione to the cationic imidazolium by reaction with dilute nitric
acid. This method is a direct reduction to imidazolium, and compared to reaction with Na/K alloy
is likely a safer and less expensive alternative to the reduction of imidazole-2-thiones. However,
this reaction appears only to have been reported for in the synthesis of N,N‘diphenylimidazolium, to date.

Figure 2.43 Synthesis of N,N‘-diphenylimidazolium in three steps from phenyl isothiocyanate
and N-phenylglycine.136
In addition to N,N‘-disubstituted imidazoliums, where the 2-, 4- and 5-positions are
hydrogen-substituted, C2-substituted imidazolium species are of interest. Prior work by Yan and
coworkers has shown that both methods of substitution (C2- and N-) result in stabilized materials,
but few combinations of simultaneous C2- and N- substitution have been investigated to date. 128–
130

Although it is theoretically possible to synthesize C2-alkylated compounds by condensation

of amines and glyoxal with substituted aldehydes (instead of paraformaldehyde), added steric
hindrance in this step significantly reduces the yield of these reactions.
Instead, C2-substitution of imidazoliums is typically performed after synthesis of the Nsubstituted compound, requiring generation and reaction of an Arduengo carbene intermediate at
this position.

At the most basic level, this carbene chemistry can be utilized for one-pot

isopropylation at the C2 position using three equivalents of sodium hydride and excess methyl
iodide.137–139 Although this reaction has been reported primarily for straight chain (unhindered)
alkyl imidazoliums (Figure 2.44), it has potential for simple C2-protection of a variety of
disubstituted imidazolium species. Alkylation with longer chain electrophiles (e.g. bromobutane)
was also reported using an excess of both NaH and alkylating agent, creating the potential for the
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the synthesis of C2-functional imidazoliums by this method, as well. Steric hindrance, however,
is a significant consideration, as secondary alkyl halides did not react under these conditions.

Figure 2.44 Schematic illustrating overalkylation of an imidazolium to C2-isopropyl substitution
by excess sodium hydride and methyl iodide, proceeding through the C2-methyl and C2-ethyl
intermediates.137
An extension of this method involves the isolation of the imidazol-2-ylidene (Arduengo
carbene) intermediate, followed by reaction with para-substituted benzyl bromides (methyl-,
bromo-, or nitro-), yielding the C2-benzyl product. This was demonstrated by Knappke and
coworkers for a variety of highly substituted (e.g. mesityl) imidazoliums. 134,135 Figure 2.45
illustrates the general reaction scheme, while Figure 2.46 shows the various products isolated in
high yields, along with their associated yields. This methodology could be potentially useful for
to produce substituted imidazoliums which can subsequently be coupled to a polymer backbone
by metal catalysis.

Figure 2.45 Schematic for the reaction of imidazol-2-ylidene with p-bromo-, nitro-, or methylbenzylbromide, resulting in either C2-benzyl imidazolium or imidazol-2-ylidene after
deprotonation.135
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Figure 2.46 C2-Benzyl imidazoliums and imidazol-2-ylidenes isolated in moderate to high
yields by the method illustrated in Figure 2.45.135
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Chapter 3
Experimental

3.1

Materials

3.1.1

Reagents and Methods

Reagents.

All solvents were purchased from the Aldrich Chemical Co. or EMD

Millipore and used without further purification. Except where solvent drying is explicitly noted
in the experimental procedure, anhydrous solvents were purchased in anhydrous grade from their
respective vendors and used without further drying. Deuterated solvents were purchased from
Cambridge Isotope Laboratories, Inc. Organic reagents (purities denoted in parentheses) were
purchased from the following locations and used without further purification, except where
otherwise noted. The abbreviations ‗w/w‘ and ‗w/v‘ are used for weight percent and percent
weight per volume, respectively.
Aldrich Chemical Co.: benzyltrimethylammonium bromide (97%), 6-bromohexanenitrile
(95%), diethylaluminum chloride (25% w/w in toluene), N,N‘-dimethylethylenediamine (99%),
1-methylimidazole (99%), iodomethane (99% with Cu stabilizer), isopropylamine (99%), phenyl
isothiocyanate (98%), potassium tert-butoxide (95%), tert-butylamine (98%), .

TCI (Tokyo

Chemical Industries) Co.: acetoin (> 95%), 6-chloro-1-hexyne (95%), 2,6-diisopropylaniline (>
90%), 1,3-diisopropylthiourea (> 99%), 2,6-dimethylaniline (> 99%), neopentylamine (> 97%).
Alfa Aesar: bromine (99.8%), copper(I) iodide (99.998%), glyoxal (40% w/w in water),
paraformaldehyde (97%), 1-pentanol (98+%), phenol (99.5%), N-phenylglycine (97%),
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tetramethylammonium chloride (97% with 3% silica).

Acros Organics: azidotrimethylsilane

(97%), diisobutylaluminum hydride (1.2 M in toluene), ethylenediamine (99+%), methyl 6bromohexanoate (96+%), sodium azide (99%).

Fisher Chemical Co.: acetic acid (glacial),

hydrochloric acid (12.1 N), potassium carbonate (powder, 99%), sodium hydroxide (99%),
sulfuric

acid

(technical

hexafluorophosphate (99%).

grade,

93–98%).

Oakwood

Products,

Inc.:

potassium

Mallinckrodt, Plc.: sodium iodide, potassium iodide.

Strem

Chemicals, Inc.: copper(I) acetate (99%), sodium borohydride (98%).
UDEL poly(arylene ether sulfone) (UDEL P-3500 NT LCD) was donated by Solvay
Chemicals, Inc. (Alpharetta, GA).

Poly(4-vinylphenol) (Mw ~ 11,000 Da) and poly(4-

vinylpyridine) (Mw ~ 60,000 Da) were purchased from Aldrich Chemical Co., and poly(4-sytrene
sulfonic acid) (Mw ~ 75,000 Da) was purchased as a 30% w/v aqueous solution from Alfa Aesar.
Poly(4-vinylpyridine) and poly(4-styrene sulfonic acid) were purified as described in 3.1.3.4 Film
Casting and Polymer Blends.
Synthetic Methods. Standard air- and water-free synthetic techniques were used for the
syntheses herein.

Except where otherwise noted, reactions were performed using standard

Schlenck line / vacuum manifold techniques. Reactions performed ‗under inert atmosphere‘ were
blanketed with nitrogen after deoxygenation by three subsequent freeze (in liquid N 2 ) – pump (on
vacuum manifold) – thaw cycles. Reactions performed under pressure were carried out in glass
pressure vessels sealed with Teflon screw caps. Transfers of reagents ‗under inert atmosphere‘
were carried out in either a N 2 -filled glovebox or glovebag, as appropriate for the reaction.
Products ‗dried over P 2 O5 ‘ were dried by storage in a desiccator equipped with phosphorus
pentoxide desiccant.
Precautions were taken when handling azides to limit their exposure to metals, mitigate
possible shock sensitivities, and to avoid hydrolysis, which results in formation of hydrozoic acid.
Caution was exercised when using halogenated solvents with sodium azide, taking care to form
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the non-nucleophilic dialkylaluminum azide prior to introduction of 1,2-dichlorobenzene to an
azide-containing reaction mixture. All reactions containing azides were safely quenched in situ
by addition of NaOH and NaNO 2 (forming NaN3 ), followed by slow addition of HCl. HNO 2
formed in situ reacts with NaN 3 to form water, N2 and NO, eliminating excess azide safely.

3.1.2

Characterization

3.1.2.1

General Methods

Spectroscopy and Elemental Analysis. All products were characterized by solution 1 H
and

13

C NMR spectroscopy, obtained on a Bruker AC-300 NMR spectrometer operating at 300

MHz and 75 MHz, respectively. Deuterated solvents were typically DMSO-d 6 or CDCl3 , and are
specified for each product.
deuterated solvent.

Chemical shifts were calibrated to residual resonances of the

Solid state 1 H NMR spectra were acquired using magic angle spinning

(MAS) on an Agilent NMR spectrometer operating at 500 MHz with sample spinning at 22 kHz.
Chemical shifts for solid-state spectra were calibrated to an external adamantane standard.
Reported temperatures were adjusted upward by 12 °C from the recorded temperature to account
for frictional heating of the sample and rotor due to spinning. Second moments (line widths) of
proton resonances were calculated by fitting spectra to a set of Lorentzian peaks equal in number
to the number of unique proton resonances and summing the Lorentzians associated with each
band.

Chemical shifts (δ) are reported in ppm and coupling constants (J) in Hertz. Peak

multiplicities are given by the following abbreviations: s, singlet; d, doublet; t, triplet; q, quartet;
dd, doublet of doublets; dt, doublet of triplets; tt, triplet of triplets, qq, quartet of quartets; bs,
broad singlet; bm, broad multiplet. Where depicted graphically, spectra are replotted in Microsoft
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Excel after exporting phased and baseline-corrected data as X-Y points to a text file using
SpinWorks 4.0.
Elemental analysis was performed by Galbraith Laboratories, Inc. on selected products to
determine residual salt content (Na, Al) in addition to a standard organic assay (H, C, N and O).
Small angle X-ray scattering (SAXS) was measured on thick (~100 μm) polymer films cast and
annealed on a 50 μm thick Kapton® support in an identical fashion to that described in 3.3.2
Sample Preparation and Electrode Cleaning. 1D scattering patterns of polymer film and Kapton®
support (background) were collected for one hour each on a Rigaku SAXS/WAXD spectrometer
using copper Kα x-rays and a 1D detector.
Size Exclusion Chromatography. Molecular weights (Mn , Mw ) and polydispersities
(PDI) of poly(4-vinylphenol)s were characterized by size exclusion chromatography (SEC /
GPC). Due to limited THF solubility of tetrazole- and carboxylic acid–functionalized polymers,
only the starting materials were characterized by GPC. For this analysis, a Waters system
consisting of Waters Breeze software, a Waters 1515 isocratic HPLC pump, Styragel columns,
and a Waters 2414 refractive index detector was utilized. Tetrahydrofuran was used as eluent at
35 °C and the system was calibrated to polystyrene standards.
Thermal Analysis. All polymers were characterized by differential scanning calorimetry
(DSC), performed on a TA Instruments DSC Q100 Modulated thermal analyzer at heating and
cooling rates of 10 °C min-1 under a N2 purge of 25 cm3 min-1 . Samples were prepared in
preweighed, crimped (but not hermetically sealed) aluminum pans. Polymers found to absorb
water were equilibrated at 120 °C under N 2 flow for 30 minutes prior to each run. Thermograms
were run in triplicate after initial equilibration at -150 °C. Glass transition temperatures (Tg ) were
determined as the minima in the temperature derivative of heat flow. Thermal gravimetric
analysis (TGA) was performed on a TA Instruments SDT2960 TGA-DTA at a heating rate of 10
°C min-1 under an air or N2 purge of 100 cm3 min-1 . Plots of TGA and DSC thermograms are
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constructed in Microsoft Excel using X-Y data exported from TA Instruments Thermal Analysis
software.
Hydration.

The baseline hydration of polymers (λ0 = moles of water per moles of

functional group at 0% relative humidity [RH]) was calculated from 1 H NMR spectra taken of
polymers dried over P 2 O5 and dissolved in anhydrous DMSO-d 6 under inert atmosphere.
Quantitative differential water uptake of was determined by relative humidity-controlled TGA
(RH-TGA) on a TA Instruments TGA Q5000SA.

Masses were recorded at 10 humidities

between 90% and 10% RH at 30 °C with 1 hr equilibration time between steps and used to
calculate differential hydration as a function of RH (λΔ) per Equation 3.1. Uptake is the fractional
change in sample mass from dry (~10% RH) to the humidity of interest.

) (

(

)

(

)

(3.1)

Differential hydration was fit to as a function of RH with a quartic interpolation function to
determine water content at intermediate humidities, depicted in Figure 3.1.
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Figure 3.1 Quartic interpolation of differential hydration data (λΔ in units of moles of H2 O per
moles of azole / acid) for polystyrenic alkoxy 1H-tetrazole and polystyrenic hexanoic acid.177
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In addition to as-synthesized materials, DSC and 1 H NMR were performed on polymers
as-cast for impedance spectroscopy; RH-TGA was performed only on polymers as-cast for
impedance spectroscopy. For ‗as-cast‘ measurements, sample preparation was identical to the
procedure described in the following Impedance Spectroscopy section, substituting cleaned glass
microscope slides for electrodes. Prepared films were physically removed from their slides and
either redissolved in deuterated solvent for NMR or used as-is for DSC and RH-TGA.

3.1.2.2

NMR Spectroscopy of Residual Salts

Polymers used in impedance studies were sent to Galbraith Laboratories, Inc. for
analytical determination of residual sodium and aluminum content, to ensure that impedance
response due to ionic motion does not arise from high levels of salt contaminants. Despite being
an accepted technique for confirming the composition of purified materials to part-per-million
(ppm) levels of select contaminants, elemental analysis is neither fast nor inexpensive, typically
requiring outsourcing to an external company. To quickly monitor salt content in samples over
the course of purification, 23 Na and 27 Al NMR spectroscopy were utilized. Although both nuclei
are quadrupolar, fast T1 relaxation times (0.1 s and 0.03 s, respectively), 100% natural abundance,
and solubility of their hydroxide salts in DMSO enable semi-quantitative use of solution NMR
spectroscopy. Quantitative NMR down to 0.1 μg mL-1 (0.1 ppm by mass) has been demonstrated
previously for 23 Na using an internal 23 Na standard.140
Spectra of NaCl and Al(NO 3 )3 in D2 O were acquired to establish lower detection limits
(LDL) for

23

Na and 27 Al under typical NMR conditions. These limits were subsequently used to

establish maximum concentrations of sodium and aluminum in polymer samples dissolved at
20% w/w in DMSO-d 6 . Spectra were acquired at 79 MHz for

23

Na and 78 MHz for

27

Al on a
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Bruker Avance 300 spectrometer, averaged over 1024 scans, with acquisition times and
relaxation delays of 0.1 s, where 30° pulses were used for

23

Na and 90° pulses for 27 Al. Sodium

chloride and aluminum nitrate solutions down to 10 μM concentration were prepared by serial
dilution of 1 M solutions in D 2 O. Under these conditions, detection limits (where
signal could still be distinguished from noise) were determined to be ~10 μM in

23

23

Na or

27

Al

Na and ~100

μM in 27 Al, respectively. Figure 3.2 shows the overlaid spectra used to make this determination.
The broad aluminum peak at δ ≈ 66 ppm in all aluminum spectra arises from aluminum in the
NMR probe.
Using this knowledge, polymers to be used in impedance studies were reprecipitated
(during workup) into water until sodium and aluminum contents in 20% w/w DMSO solution
were below detection limits.

Comparison to elemental analysis confirmed aluminum

concentrations in all purified solid samples (~5× NMR concentration) to be below the NMR
detection limits. Elemental analysis of sodium proved much less precise than

23

Na NMR, with

lower detection limits c.a. 100–200 ppm, depending upon the mass of sample used; all sodium
concentrations were below this elemental analysis detection limit.

Figure 3.2 Sodium (a) and aluminum (b) solution NMR spectra of serially diluted calibration
solutions of NaCl and Al(NO3 )3 in D2 O after 1024 scans of signal averaging. 177
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3.1.2.3

Calculation of Solubility Parameters

Knowledge of solubility parameters (δ in MPa ½) of molecules is important for predicting
a priori the miscibility of one component with another, and thus whether and how phase
separation should occur. They can either be treated as lumped quantities (such as the Hildebrand
solubility parameter, δt ) or separated into contributions from dispersive, dipolar, and hydrogen
bonding components (Hansen solubility parameters, δ d , δp , and δH , respectively).141,142 The total,
Hildebrand, solubility parameter, δt , is the root mean square of the Hansen solubility parameters
δd , δp , and δH , per Equation 3.2. As solubility parameters approximately correspond to the square
root of cohesive energy density (J cm-3 ), components are expected to be soluble in each other
when their solubility parameters are similar. Empirically, Hansen found a modified ‗Euclidean
distance‘, Ra, between solubility parameters (treated as x, y and z coordinates on a Cartesian
plane) to be a reasonable predictor of miscibility, per Equation 3.3. Differences in Ra are used
herein to predict relative solubilities of one component within another. The observed R a cutoff
for empirical miscibility varies from system to system, differing for small molecules and
polymers, most likely due to entropic factors that are not accounted for by the nature of this
method.
(3.2)
(

)

(

)

(

)

(3.3)

For many common organic molecules and polymers, these parameters have been
calculated by observing solubility in a variety of solvents experimentally.

However, such

experiments are time consuming and this data not readily available for newly synthesized
materials. Solubility parameters of previously uncharacterized species may also be calculated
from group contribution methods, which treat the properties of a molecule as the sum of its
constituents (groups of atoms). 143 Empirical contributions from different groups (e.g. methyl,
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methylene, phenyl, etc.) are calculated by observing the actual properties of compounds
containing these groups and fitting empirical models containing these functional group
contributions to the observed behavior. A wide range of well-characterized molecules with a
variety of structures is typically necessary to calculate contributions from their functional groups
with a reasonable degree of accuracy.
Individual dispersive (δd ), dipolar (δp ) and hydrogen bonding (δH ) contributions to the
solubility parameters of polymer components were calculated from parameterized force (F d and
Fp in J1/2 cm3/2 mol-1 ), energy (EH in J mol-1 ) and volume (V in cm3 mol-1 ) contributions using the
methodology of Hoftyzer and van Krevelen and the parameterizations of Breitkreutz, et al. 144,145
The technique of Hoftyzer and van Krevelen specifies calculations of δ d , δp and δH by Equations
3.4, 3.5 and 3.6, below. Table 3.1 lists the individual force, energy and volume parameterizations
taken from the work of Breitkreutz, et al. that were used to make calculations of solubility herein.
∑
∑
√∑

(3.4)

(3.5)

∑
∑
√
∑

(3.6)
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Table 3.1 Group contributions for the calculation of solubility parameters. 144,145
Fd

Fp

EH

V

(J1/2 cm3/2 mol -1 )

(J1/2 cm3/2 mol -1 )

(J cm3 )

(cm3 mol -1 )

234.6 (270)

0

0

16.1

132.6 (80)

0

0

-1.0

1173 (1270)

63.7 (110)

40.4

52.4

76.5 (100)

1225 (400)

101 (3000)

3.8

561 (530)

833 (420)

14645 (10000)

28.5

-56.7 (70)

20 (0)

0

-5.5

380

100

250

5.0

122.4 (160)

700.7 (210)

1500 (3100)

4.5

5-mem. ring

142.8 (190)

0

0

16.0

double bond

15

14.3

83.5

-2.2

Group

Although van Krevelen and te Nijenhuis provide their own set of force, energy and
volume parameterizations in Properties of Polymers (displayed in grey underneath Breitkreutz, et
al.‘s values), they lack contributions from specific, important groups used to model azoles (e.g.
=NH–). The values of van Krevelen and te Nijenhuis are grey (in parentheses) in Table 3.1. The
recent work of Breitkreutz, et al. makes parameterizations (which are roughly in line with the
values presented by van Krevelen and te Nijenhuis) based specifically on solubility trends of
pharmacologically important compounds (which often contain heterocycles, including azoles) in
various solid polymer solvents.

These conditions more accurately represent the solid state

environment and polymer components for which solubility parameters are used herein to predict
the tendencies of polymers to phase separate.
Traditionally, solubility parameters of individual monomers are used to predict phase
separation in polymer blends and block copolymers; monomer units provide convenient
‗fragments‘ that have physically well-defined boundaries. For side chain solubility in a polymer
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backbone, however, fragmentation for the purpose of calculating solubility parameters is less
straightforward, as it is unclear a priori where side chain and backbone diverge from a
morphological perspective.

Herein, fragmentation is made on the basis of translational and

rotational degrees of freedom; groups of atoms that rotate and translate together (low degree of
freedom) are treated as a single fragment.

3.1.3

Styrenic and Phenolic Materials

The research on anhydrous proton conduction in polymer electrolytes that follows utilizes
polystyrenic 1H-azoles and a carboxylic acid derived from poly(4-vinylphenol) 2. This section
describes the synthesis of these amphoteric materials, their synthetic intermediates, and related
species. Preparation of polymer blends is also discussed.

3.1.3.1

Poly(4-vinylphenol)

Poly(4-vinylphenol) (compound 2) is used universally as the starting material for the
synthesis of the amphoteric polymers presented herein. In addition to commercially sourced
polymer of moderate molecular weight (Sigma–Aldrich; Mn , 6900 Da; Mw , 9500 Da; Tg , 171 °C;
see 3.1.1 Reagents and Methods), low molecular weight polymer was synthesized by cationic
polymerization.146 Unless otherwise specified, poly(4-vinylphenol) 2 used in the following
synthetic procedures refers to the commercially sourced material.
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1

4-Vinylphenol.

To a Schlenk flask fitted with a stirbar under N 2 were added 4-

acetoxystyrene (15.0 mL, 15.9 g, 98.0 mmol) and 100 mL tetrahydrofuran. 100 mL of a 5 M
aqueous NaOH solution (0.500 mol) were sparged with nitrogen, added too the Schlenk flask, and
the reaction mixture stirred at room temperature for 1 hr. The reaction mixture was chilled to 0
°C and aqueous HCl slowly added until pH 5. The product was extracted with ethyl acetate and
washed three times with distilled water, then dried over MgSO4 and concentrated by rotary
evaporation.

The resultant crude, oily product was precipitated into hexanes as a white,

crystalline solid (9.99 g, 85%).

1

H NMR (300 MHz, DMSO-d 6 ) δ: 9.53 (s, 1H), 7.28 (d, 2H, 3 J =

8.7 Hz), 6.75 (d, 2H, 3 J = 8.4 Hz), 6.61 (dd, 1H, 3 Jtrans = 17.7 Hz, 3 Jcis = 10.8 Hz), 5.57 (d, 1H, 3 J =
17.7 Hz), 5.03 (d, 1H, 3 J = 11.1 Hz).

13

C NMR (75 MHz, DMSO-d 6 ) δ: 157.4, 136.5, 128.3,

127.5, 115.4, 110.7.

2 (PVP)

Poly(4-vinylphenol) [PVP]. A Schlenk flask under N 2 was fitted with a stir bar and
charged with 4-vinylphenol 1 (5.02 g, 41.8 mmol) and 10 mL ethanol. A second Schlenk flask,
also under N2 , was charged with 15 mL ethanol and 17.5 mL 12 M HCl (0.210 mol). Both flasks
were deoxygenated and backfilled with N2 , after which the HCl solution was transferred to the
solution of 4-vinylphenol 1 by syringe. The reaction mixture was stirred at room temperature for
72 hr, until momomer consumption was complete by TLC (SiO 2 : Rf = 0.7, 3:7 ethyl
acetate/hexanes). The product was precipitated into deionized water and rinsed until neutral pH,
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then redissolved in acetone, dried over MgSO 4 , and concentrated by rotary evaporation, followed
by drying under vacuum. Poly(4-vinylphenol) 2 was isolated as an off-white powder (3.80 g,
78%).

1

H NMR (300 MHz, DMSO-d 6 ) δ: 9.02 (s, 1H), 6.52 (bm, 4H), 2.3–0.9 (bm, 3H).

NMR (75 MHz, DMSO-d 6 ) : 155.4, 135.9, 128.9, 115.1, 43 (broad).

13

C

Mn , 2990 Da;

Mw , 3960 Da; Tg , 158 °C.

3.1.3.2

Williamson Ether Reactions of Phenols

The Williamson ether synthesis is used to functionalize phenol and poly(4-vinylphenol) 2
with side chains that can undergo a variety of transformations to provide the amphoteric species
of interest.

3 (PS-CN)

Poly(4-vinylphenyl 6-cyanopentyl ether) [PS-CN]. A Schlenck flask was fitted with a
stirbar under N2 and to this flask added poly(4-vinylphenol) 2 (9.96 g, 82.9 mmol),
6-bromohexanenitrile (12.2 mL, 21.3 g, 91.9 mmol) and 200 mL anhydrous DMF. The mixture
was deoxygenated, backfilled with N 2 , and heated to 65 °C. Anhydrous, powdered K 2 CO3 (59.0
g, 0.355 mol) was added to the reaction vessel under flowing nitrogen and the mixture was stirred
for 16 hr. The reaction mixture was subsequently chilled at 0 °C and neutralized by slow addition
of concentrated HCl. After addition of deionized water, the product was extracted with ethyl
acetate and washed successively with 1 M HCl, brine, and deionized water until neutral pH. The
organic layer was dried over MgSO 4 and concentrated by rotary evaporation. The crude product
was stirred over hexanes to remove excess 6-bromohexanenitrile, which were subsequently
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decanted. To remove color, the product was dissolved in ethyl acetate and carbon black added,
then gravity filtered through Celite. After rotary evaporation and drying under vacuum, polymer
3 was isolated as an off-white solid (15.85 g, 89%).

1

H NMR (300 MHz, CDCl3 ):  6.58 (bm,

4H), 3.89 (bs, 2H), 2.37 (bs, 2H), 1.75 (bm, 4H), 1.32 (bs, 3H) and (300 MHz, DMSO-d 6 )  6.55
(bm, 4H), 3.83 (bs, 2H), 2.45 (bs, 2H), 1.67 (bs, 2H), 1.56 (bs, 2H), 1.47 (bs, 2H), 2.3–0.9 (bm,
3H).

13

C NMR (75 MHz, DMSO-d6 ):  156.6, 137.2, 128.1, 120.5, 113.8, 67.0, 44 (broad), 28.1,

24.9, 24.6, 16.2. Elemental analysis, calculated: C, 78.10; H, 7.96; N, 6.51; O, 7.43; found: C,
77.54; H, 8.03; N, 6.16; O, 7.59. Tg , 19 °C.

4 (PS-Hexyne)

Poly(4-vinylphenyl hex-5-ynyl ether) [PS-Hexyne]. To a Schlenk flask fitted with a
stirbar under N2 , added poly(4-vinylphenol) 2 (3.05 g, 25.4 mmol), KI (0.406 g, 2.44 mmol),
anhydrous K2 CO3 (14.09 g, 0.1019 mol) and 30 mL DMF. Added 6-chlorohex-1-yne to a
separate Schlenk tube (3.64 mL, 3.49 g, 30.0 mmol). Deoxygenated both vessels and backfilled
with N2 , then transferred 6-chlorohex-1-yne to flask containing reaction mixture and heated to 80
°C

for 16 hr while shielded from light.

Chilled reaction mixture in to 0 °C and slowly

neutralized with concentrated HCl. Extracted product with ethyl acetate and washed sequentially
with dilute HCl and deionized water until neutral pH.

Dried organic layer over MgSO 4 ,

concentrated by rotary evaporation, and stirred over hexanes to extract remaining 6-chlorohex-1yne. Decanted off hexanes and dried under vacuum to isolate polymer 4 as an orange powder
(4.36 g, 86%).

1

H NMR (300 MHz, DMSO-d 6 ) δ: 6.60 (bm, 4H), 3.84 (bs, 2H), 2.70 (bs, 2H),

2.18 (bs, 2H), 1.74 (bs, 2H), 1.57 (bs, 2H), 2.3–0.9 (bm, 3H).
156.9, 137.4, 128.6, 114.3, 84.6, 71.6, 67.2, 28.4, 25.2, 18.0.

13

C NMR (75 MHz, DMSO-d 6 ) δ:
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5
Methyl 6-phenoxy hexanoate.

Added to a stirbar-equipped Schlenk flask under N 2

phenol (4.20 g, 44.6 mmol), KI (0.625 g, 3.7 mmol), methyl 6-bromohexanoate (6.00 mL, 7.90 g,
37.8 mmol) and 40 mL anhydrous DMF.

Deoxygenated, backfilled with N 2 , and added

anhydrous K2 CO3 (26.8 g, 0.194 mol) under N2 flow, then heated to 80 °C and stirred reaction
mixture for 16 hr. Chilled reaction mixture and added CH 2 Cl2 and deionized water. Washed
aqueous layer successively with dilute aqueous HCl, dilute aqueous K 2 CO3 and deionized water
until neutral pH, then dried over MgSO4 and concentrated by rotary evaporation.

Column

chromatographed crude product on silica in 3:17 ethyl acetate/hexanes, collecting first fraction
(Rf = 0.7). Concentrated by rotary evaporation and dried on vacuum line, yielding colorless (offwhite) oil 5 (7.76 g, 92%).

1

H NMR (300 MHz, DMSO-d 6 ) δ: 7.26 (t, 2H, 3 J = 8.0 Hz), 6.90 (m,

3H), 3.92 (t, 2H, 3 J = 6.3 Hz), 3.58 (s, 3H), 2.31 (t, 2H, 3 J = 7.3 Hz), 1.70 (tt, 2H, 3 J = 7.3 Hz),
1.58 (tt, 2H, 3 J = 7.5 Hz), 1.40 (tt, 2H, 3 J = 7.2 Hz).

13

C NMR (75 MHz, DMSO-d 6 ) δ: 173.23,

158.62, 129.37, 120.29, 114.33, 67.06, 51.09, 33.20, 28.37, 25.07, 24.19.

6 (PS-MeO)

Poly(methyl 6-hexanoic 4-vinylphenyl ether) [PS-MeO]. Added poly(4-vinylphenol) 2
(4.96 g, 41.3 mmol), KI (0.711 g, 4.28 mmol), methyl 6-bromohexanoate (7.30 mL, 9.61 g, 46.0
mmol) and 100 mL anhydrous DMF to a N 2 filled Schlenk flask fitted with a stirbar.
Deoxygenated, backfilled with N2 , and added K2 CO3 (28.9 g, 0.209 mmol). Stirred reaction
mixture at 70 °C for 16 hr. Chilled to 0 °C, slowly added concentrated HCl until neutral pH, and
extracted product with ethyl acetate. Washed organic layer sequentially with dilute HCl and
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deionized water until neutral pH, then dried over MgSO 4 , concentrated by rotary evaporation, and
stirred over hexanes to remove excess methyl 6-bromohexanoate. Decanted off hexanes and
dried under vacuum, yielding polymer 6 as a viscous, red-orange solid (8.73 g, 85%).

1

H NMR

(300 MHz, DMSO-d 6 ) δ: 6.54 (bm, 4H), 3.82 (bs, 2H), 3.54 (bs, 3H, CH 3 ), 2.28 (bs, 2H), 1.65
(bs, 2H), 1.56 (bs, 2H), 1.38 (bs, 2H), 2.3 – 0.9 (bm, 3H).

13

C NMR (75 MHz, DMSO-d 6 ) δ:

173.1, 156.5, 136.6, 128.2, 113.9, 67.0, 51.1, 43 (broad), 33.2, 28.6, 25.2, 24.3.

Elemental

analysis, calculated: C, 72.55; H, 8.12; O, 19.33; found: C, 71.80; H, 8.23; O, 19.65.

3.1.3.3

Amphoteric Materials

7 (PS-Tet)

Poly(4-vinylphenyl 5-[1H-tetrazolyl]pentyl ether) [PS-Tet]. A Schlenk flask fitted
with a stir bar was charged with diethylaluminum chloride (25% w/w in toluene, 34.0 mL, 62.5
mmol) under inert atmosphere. The Schlenk flask was chilled to 0 °C and NaN3 (4.06 g, 62.4
mmol) subsequently added under N 2 flow. The reaction was warmed to room temperature and
stirred for 16 hr, producing a cloudy white mixture, signaling precipitation of NaCl and formation
of diethylaluminum azide [Et2 AlN3 ].79 A separate Schlenk flask under N 2 was also fitted with a
stirbar, charged with PS-CN 3 at a 1:3 molar ratio of nitrile to Et2 AlN3 (4.46 g, 20.72 mmol) and
200 mL anhydrous 1,2-dichlorobenzene added. The contents of the flask were deoxygenated and
subsequently backfilled with N 2 . The diethylaluminum azide mixture and the solution containing
PS-CN 3 were separately warmed to 80 °C, after which the nitrile solution was slowly transferred
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to the azide mixture by cannula. The reaction mixture was stirred at 80 °C for 18 hr, after which
the flask was chilled to 0 °C and an aqueous solution of NaOH (3.7 M) and NaNO 2 (3.7 M)
solution added until a pH of 11 was reached. To this mixture 6 M HCl was then added dropwise
until foaming had died down and a pH of 3 reached. Excess deionized water was added and the
solid polymer product obtained by gravity filtration and washed with excess water until neutral
pH. The crude product was dissolved in DMSO, precipitated into dilute HCl, filtered and washed
with deionized water until neutral pH. This process was repeated until the content of both
aluminum and sodium salts was below NMR detection limits (see 3.1.2.2 NMR Spectroscopy of
Residual Salts), after which the product, PS-Tet (7), was dried under vacuum and isolated as a
light tan powder (4.75 g, 89%) and stored in a dessicator.

1

H NMR (300 MHz, DMSO-d 6 ): 

16.20 (bs, 1H), 6.61 (bm, 4H), 3.81 (bs, 2H), 2.85 (bs, 2H), 1.72 (bs, 4H), 1.40 (bs, 2H), 2.3 – 0.9
(bm, 3H).

13

C NMR (75 MHz, DMSO-d 6 ):  156.9, 155.9, 137.5, 128.6, 114.3, 67.5, 41 (broad),

28.9, 27.3, 25.5, 23.1.

Elemental analysis, calculated: C, 65.09; H, 7.02; N, 21.69; O, 6.19;

found: C, 64.80; H, 6.99; N, 21.31; O, 6.69; Al, 68 ppm; Na, <117 ppm. T g , 46 °C / 73 °C.

8 (PS-Tri)

Poly(4-vinylphenyl 4-[1H-1,2,3-triazolyl]butyl ether) [PS-Tri]. To a N2 fill Schlenk
flask, added PS-Hexyne 4 (2.027 g, 10.35 mmol), 18 mL DMF and 2 mL methanol.
Deoxygenated contents of flask, then backfilled with N 2 . Fitted 350 mL glass pressure vessel
with stirbar and added CuOAc (58.1 mg, 0.474 mmol) under inert atmosphere. Under inert
atmosphere, added solution of PS-Hexyne 4 and trimethylsilyl azide [TMS-N3 ] (4.00 mL, 3.47 g,
30.1 mmol) to pressure vessel and sealed tightly with Teflon screw cap. Shielded vessel from
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light and heated to 80 °C with vigorous stirring for 60 hr. Under N 2 flow, added aqueous solution
of NaOH (3.7 M) and NaNO 2 (3.7 M) until a pH of 11 was reached, then added concentrated HCl
until pH 5. Filtered off gelatinous, dark green solids and washed with deionized water until
eluent was neutral pH. Stirred crude product in hot DMSO for 16 hr to extract soluble
components, gravity filtered and collected DMSO solution, and precipitated into deionized water.
Gravity filtered off solid, washed with diethyl ether and dried under vacuum, isolating PS-Tri 8 as
a brown powder containing ~0.75 mol % Cu and x = 0.76 (0.200 g, 8.8%). The DMSO-insoluble
portion appears to be mostly converted from hexyne to 1,2,3-triazole by 1 H NMR of DMSO-d 6 –
swollen gel, but is not useful in practice, due to its insolubility.

1

H NMR (300 MHz, DMSO-d 6 )

δ: 14.65 (bs, 1H), 7.53 (bs, 1H), 6.58 (bm, 4H), 3.85 (bs, 2H), 2.64 (bs, 2H), 1.69 (bs, 4H), 2.3 –
0.9 (bm, 3H).

13

C NMR (75 MHz, DMSO-d 6 ) δ: 156.6, 146.5, 137.1, 131.6, 128.3, 114.0, 67.0,

43 (broad), 28.4, 25.6, 24.1. Elemental analysis, calculated (x = 1): C, 68.54; H, 7.81; N, 17.13;
O, 6.52; calculated (x = 0.76): C, 70.58; H, 7.00; N, 14.94; O, 7.49; found: C, 65.70; H, 7.08; N,
14.37; O, 9.62; Cu, 0.36; Na, <185 ppm. Tg , 41 °C / 97 °C.

9
N-Aminoethyl 6-phenoxy hexanamide. To a stirbar-equipped, N2 filled Shlenck flask,
added methyl 6-phenoxy hexanoate 5 (4.00 g, 18.0 mmol) and 50 mL ethylenediamine.
Deoxygenated, backfilled with N 2 , equipped flask with a reflux condenser, and heated to 130 °C
(reflux) for 16 hr. Diluted reaction mixture with deionized water, added brine, and extracted
organics with three aliquots of THF. Washed combined organic layer three times with water and
brine, then concentrated on rotary evaporator (without drying over MgSO4 !). After concentration,
added acetonitrile and continued rotary evaporation to azeotrope off remaining water, then added
diethyl ether, precipitating white solids. Filtered off solids, washed with diethyl ether, and dried
under vacuum to yield compound 9 as a white, crystalline solid (2.48 g, 52%).

1

H NMR (300

76
MHz, DMSO-d 6 ) δ: 7.79 (bm, 1H), 7.27 (t, 2H, 3 J = 8.0 Hz), 6.90 (m, 3H), 3.93 (t, 2H, 3 J = 6.5
Hz), 3.02 (q, 2H, 3 J = 6.2 Hz), 2.54 (t, 2H, 3 J = 6.5 Hz), 2.09 (t, 2H, 3 J = 5.7 Hz), 1.70 (tt, 2H, 3 J =
7.0 Hz), 1.54 (tt, 2H, 3 J = 7.4 Hz), 1.37 (tt, 2H, 3 J = 7.8 Hz).

13

C NMR (75 MHz, DMSO-d 6 ) δ:

172.05, 158.65, 129.45, 120.33, 114.37, 67.15, 42.22, 41.41, 35.37, 28.50, 25.26, 25.09.

10
2-(6-Phenoxy pentyl) imidazolinium acetate. To Schlenk flask fitted with stirbar,
added N-aminoethyl 6-phenoxy hexanamide 9 (2.04 g, 7.71 mmol) and 80 mL glacial acetic acid.
Added 50 mL anhydrous toluene to separate Schlenk flask and deoxygenated both flasks,
backfilling with nitrogen. Fit flask containing reaction mixture with Dean–Stark trap under N2
and added 20 mL degassed toluene to flask via trap. Heated reaction to reflux (135 °C) and
stirred for 60 hr, periodically removing water from trap. Distilled off volatiles under vacuum and
precipitated liquid into diethyl ether. Washed off-white, crystalline solid with ether and dried
under vacuum, isolating compound 10 (1.49 g, 63%).

1

H NMR (300 MHz, DMSO-d 6 ) δ: 7.94

(bm, 2H), 7.27 (t, 2H, 3 J = 8.0 Hz), 6.90 (m, 3H), 3.93 (t, 2H, 3 J = 6.5 Hz), 3.06 (t, 4H, 3 J = 2.6
Hz), 2.07 (t, 2H, 3 J = 7.3 Hz), 1.78 (s, 3H), 1.69 (tt, 2H, 3 J = 7.4 Hz), 1.54 (tt, 2H, 3 J = 7.3 Hz),
1.37 (m, 2H).

13

C NMR (75 MHz, DMSO-d 6 ) δ: 172.19, 169.31, 158.65, 129.47, 120.35, 114.38,

67.14, 38.45, 38.31, 35.37, 28.51, 25.24, 25.01, 22.65.

11 (PS-Amide)

Poly(4-vinylphenyl 6-[N-aminoethyl hexanamide] ether) [PS-Amide]. Transferred
PS-MeO 5 (2.68 g, 10.8 mmol) to a Schlenk flask equipped with a stirbar. Added 36 mL

77
ethylenediamine, heated to dissolve polymer, then deoxygenated and backfilled with nitrogen.
Heated to 135 °C and stirred for 16 hr, then precipitated solution into chilled diethyl ether. After
decanting off ether and drying under vacuum, isolated PS-Amide 11 as an off-white solid (2.83 g,
95%).

1

H NMR (300 MHz, DMSO-d 6 ) δ: 7.85 (bs, 1H), 6.56 (bm, 4H), 3.82 (bs, 2H), 3.05 (bs,

2H), 2.56 (bs, 2H), 2.09 (bs, 2H), 1.66 (bs, 2H), 1.55 (bs, 2H), 1.37 (bs, 2H), 2.3 – 1.1 (bm, 3H).
13

C NMR (75 MHz, CD3 OD) δ: 176.2, 158.5, 139.0, 129.7, 115.2, 68.8, 49.7, 42.9, 42.0, 37.1,

30.4, 26.9.

12 (PS-ImH2)

Poly(4-vinylphenyl 5-[1H-2-imidazolinyl]pentyl ether) [PS-ImH2 ].

Added to a

Schlenk flask fitted with a stirbar PS-Amide 11 (1.76 g, 6.38 mmol), 70 mL glacial acetic acid
and 20 mL anhydrous toluene. Deoxygenated reaction mixture and backfilled flask with N 2 , then
attached a Dean–Stark trap under N2 flow and heated to reflux (~120 °C) for 60 hr. Precipitated
solution into chilled diethyl ether, decanted off liquid, and dried under vacuum. PS-ImH2 12 was
isolated as its acetic acid complex (x = 1.6) as a tan solid (1.90 g, 84%).

1

H NMR (300 MHz,

DMSO-d 6 ) δ: 7.94 (bs, 1.7H), 6.57 (bm, 4H), 3.82 (bs, 2H), 3.72 (bs, 0.3H), 3.08 (bs, 3.4H), 2.44
(bs, 0.3H), 2.08 (bs, 2H), 1.88 (s, 2.2H), 1.78 (bs, 2.6H), 1.65 (bs, 2H), 1.54 (bs, 2H), 1.36 (bs,
2H), 2.2 – 0.9 (bm, 3H).

13

C NMR (75 MHz, DMSO-d 6 ) δ: 172.6, 172.3, 170.7, 169.5, 156.6,

137.0, 128.1, 113.8, 67.3, 44.6, 38.5, 38.4, 35.4, 28.8, 25.4, 25.2, 22.6, 21.7. Elemental analysis,
calculated (x = 0): C, 74.38; H, 8.58; N, 10.84; O, 6.19; calculated (x = 1.6): C, 65.06; H, 8.07; N,
7.90; O, 18.95; found: C, 64.71; H, 8.01; N, 7.14; O, 17.78. T g , 36 °C / 64 °C.
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13
6-Phenoxycaproaldehyde. Added to a Schlenk flask fitted with a stirbar and blanketed
with N2 6-phenoxy methyl hexanoate 5 (0.246 g, 1.11 mmol) and 4.0 mL anhydrous toluene.
Deoxygenated and backfilled flask with N 2 . Chilled reaction mixture to -78 °C and added 1.00
mL diisobutylaluminum hydride (1.2 M in toluene, 1.20 mmol) to reaction mixture, stirring for 30
min. After this period, TLC (SiO 2 : Rf = 0.8, 3:7 ethyl acetate/hexanes) showed the reaction to be
complete.

Added 10 mL saturated, aqueous NH 4 Cl to quench remaining diisobutylaluminum

hydride and let reaction mixture warm to room temperature. Diluted with water, dilute HCl and
brine, then extracted product with CH2 Cl2 . Washed organic layer with deionized water until
neutral pH, then dried over MgSO4, concentrated by rotary evaporation, and dried under vacuum,
yielding 6-phenoxycaproaldehyde 13 as an off-white, translucent oil (0.111 g, 52%).

1

H NMR

(300 MHz, CDCl3 ) δ: 9.64 (t, 1H, 3 J = 1.7 Hz), 7.18 (t, 2H, 8.0 Hz), 6.81 (m, 3H), 3.84 (t, 2H, 3 J
= 6.3 Hz), 2.34 (dt, 2H, 3 Jalk = 7.2 Hz, 3 Jald = 1.6 Hz), 1.70 (tt, 2H, 3 J = 7.4 Hz), 1.59 (tt, 2H, 3 J =
7.6 Hz), 1.40 (m, 2H).

13

C NMR (75 MHz, CDCl3 ) δ: 202.40, 158.96, 129.37, 120.53, 114.42,

67.36, 43.72, 29.02, 25.67, 21.76.

14 (PS-HA)

Poly(4-vinylphenyl 6-hexanoic acid ether) [PS-HA]. PS-MeO 6 (1.27 g, 5.10 mmol),
30 mL THF and 10 mL deionized water were added to a stirbar-equipped Schlenk flask. The
reaction mixture was deoxygenated and backfilled with nitrogen, after which freshly crushed
NaOH (0.46 g, 11.4 mmol) was added and the mixture heated to 50 °C and stirred for 5 hr. After
cooling to room temperature, the crude polymer was precipitated from the reaction mixture into 1
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N HCl, followed by vacuum filtration.

The crude material was reprecipitated from 1:1

THF/acetone into 1 N HCl, washing with deionized water until neutral pH, yielded PS-HA 33
(1.01 g, 84%) as an off-white powder after drying under vacuum.

1

H NMR (300 MHz,

DMSO-d 6 ) δ: 12.05 (s, 1H), 6.65 (bm, 4H), 3.84 (bs, 2H), 2.22 (bs, 2H), 1.55 (bs, 2H), 1.40 (bs,
2H), 1.16 (bs, 2H), 2.3 – 0.9 (bm, 3H).

13

C NMR (75 MHz, DMSO-d 6 ) δ: 174.5, 156.6, 136.6,

128.1, 113.8, 67.2, 43 (broad), 33.7, 28.7, 25.3, 24.4. Elemental analysis, calculated: C, 71.77; H,
7.74; O, 20.49; found: C, 71.86; H, 7.62; O, 19.54; Na, < 171 ppm. T g , 56 °C.

3.1.3.4

Film Casting and Polymer Blends

Commercial poly(styrene sulfonic acid) (PSSH) and poly(4-vinylpyridine) (P4VPy)
utilized in polymer blends were purified prior to use, as described below. Blends were prepared
by dissolution of each component in DMSO, followed by gravimetric addition of one solution to
another, heating, and vortex mixing to ensure homogeneous solutions. After cooling to room
temperature, solutions were drop cast at 120 °C under air flow onto either microscope slides
cleaned successively with soap and water, CH 2 Cl2 , acetone and isopropanol or interdigitated gold
electrodes (IDEs), prepared as described in 3.3.2 Sample Preparation and Electrode Cleaning.
After drying for 16 hr at 120 °C, prepared films were further dried under vacuum at 120 °C for 2
hr. Films were physically removed from microscope slides by excision with a clean razor blade
and characterized by 1 H NMR spectroscopy and DSC to confirm stoichiometry, the absence or
presence of residual DMSO, and Tg of polymers as prepared for impedance spectroscopy.
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(PSSH)

Poly(styrene sulfonic acid) [PSSH]. Commercial poly(styrene sulfonic acid) in aqueous
solution (Alfa Aesar, Mw ~ 75,000 Da, 30% w/v in H 2 O) was added to a round bottom flask and
water distilled off at room temperature under vacuum until a viscous, red-orange liquid resulted.
Added ethanol to the liquid and azeotroped off the remaining water by rotary evaporation, then
dissolved condensed solid in methanol and dried under vacuum, giving PSSH monohydrate as a
brown powder in 90% yield. Tg , 131 °C.

(P4VPy)

Poly(4-vinylpyridine)

[P4VPy].

Commercial

poly(4-vinylpyridine)

(Aldrich,

Mw ~ 60,000 Da) was dissolved in methanol and precipitated dropwise into diethyl ether to
remove small molecule impurities with the following signatures in 1 H NMR (300 MHz, DMSOd 6 ) δ: 4.42 (d, J = 5.0 Hz), 3.77 (m), 3.41 (s), 1.03 (d, J = 6.1 Hz), 1.4 – 0.7 (m). After drying,
P4VPy was isolated as a white powder in 84% yield with no visible small molecule impurities.
Tg , 152 °C.
As-Cast Polymers. Solutions of pure polymers were prepared by dissolution in DMSO
with heating and vortex mixing. Table 3.2 lists both the weight percent of polymer in these
solutions, which were used for casting and preparation of polymer blends, and polymer glass
transition(s) after casting.
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Table 3.2 Concentrations of DMSO solutions of pure polymers used for film casting and to
prepare polymer blends.
PSSH

PS-Tet

PS-HA

P4VPy

PS-Tri

PS-ImH2

casting conc. (wt %)

20.0%

30.1%

25.9%

20.4%

19.8%

28.1%

Tg (°C)

131°†

27° | 60°

56°†

152°†

41° | 97°†

38° | 65°

†

Values only obtained for dried polymers prior to casting

Table 3.3 lists the following properties for all polymer blends: polymer concentration on casting,
residual DMSO contents and fractions of each polymer component from 1 H NMR, and glass
transition(s) from DSC.
Table 3.3 Properties of polymer blends and their solutions in DMSO
PS-Tet + PSSH

PS-Tet +
P4VPy

PS-Tet + PS-ImH2

casting conc. (wt %)

25.2%

27.3%

26.5%

29.0%

29.7%

res. DMSO (wt %)†

10%

6%

8%

1.0%

2.8%

mol % ‡

55% | 45%

83% | 17%

51% | 49%

53% | 47%

85% | 15%

wt % ‡

61% | 39%

87% | 13%

72% | 28%

53% | 47%

85% | 15%

Tg (°C)

14° | 72°

5° | 53°

61°

39° | 65°

30° | 59°

†
‡

As a fraction of total film mass
As a fraction of polymer content

PS-ImH2 warrants special consideration, as it exists as a strong complex with acetic acid, which is
potentially volatile. The mole percentages of acetic acid (with respect to sum of 1H-azoles) and
neutral (uncomplexed) imidazoline for pure PS-ImH2 and its blends with PS-Tet are listed in
Table 3.4, as determined by 1 H NMR spectroscopy of the cast films.
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Table 3.4 Acetic acid and fraction neutral imidazoline present in PS-ImH2 and its blends with
PS-Tet
PS-ImH2

PS-Tet + PS-ImH2
(1:1)

PS-Tet + PS-ImH2
(5:1)

mol % AcOH†

115%

40%

12%

wt % AcOH‡

21%

8%

2.6%

0.0

0.0

frac. uncomplexed
0.1–0.15
imidazoline
†
With respect to total imidazoline + tetrazole content
‡
As a fraction of total film mass

3.1.4

Substituted Imidazoliums

Synthetic

protocol that gives access to symmetrically N,N‘-disubstituted and

subsequently C2-substituted imidazolium compounds enable the investigation of the relative
effects of substituent geometry and position on steric and electronic stabilization of these
compounds under alkaline conditions. The following imidazolium compounds were synthesized
to investigate degradative stabilities in alkaline solution as a function of N-protecting group, with
and without C2-protection.

15 (Me2 Im)
N,N’-Dimethylimidazolium iodide [Me 2 Im]. To a N2 -blanketed round bottom flask
fitted with a stirbar, added 1-methylimidazole (16.47 g, 0.201 mol) and 20 mL anhydrous CH 2 Cl2 .
Chilled reaction mixture to 0 °C and added iodomethane (20.0 mL, 45.6 g, 0.321 mol) dissolved
in CH2 Cl2 (20.0 mL) dropwise via addition funnel. After 1 hr, rotary evaporated off volatiles and
washed viscous, pale yellow oil with cyclohexane to precipitate product. Washed hygroscopic
solid with diethyl ether and dried under vacuum, yielding Me 2 Im 15 as an off-white solid (44.1 g,
98%). Discoloration to orange over time is typical, but with no visible effect on the compound‘s
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purity as measured by NMR.
(s, 6H).

3.1.4.1

13

1

H NMR (300 MHz, DMSO-d 6 ) δ: 9.05 (s, 1H), 7.69 (s, 2H), 3.85

C NMR (75 MHz, DMSO-d 6 ) δ: 136.75, 123.14, 35.92.

N,N’-Dialkylimidazoliums

Symmetric dialkyl imidazoliums can typically be synthesized in one-pot reactions of
alkylamine, glyoxal and paraformaldehyde, as demonstrated by Arduengo. 132 Diisopropyl, bistertbutyl and bis-neopentyl imidazolium chloride were synthesized by this method.
General Procedure (N,N’-Dialkylimidazolium). Under inert atmosphere, add 2 molar
equivalents of alkylamine (5 M in anhydrous toluene) dropwise to solid paraformaldehyde at
room temperature.

Chill reaction mixture to 0 °C and slowly add 1 molar equivalent of

concentrated (12 M) aqueous HCl. Gently heat reaction mixture to 40 °C and stir overnight, then
dilute with saturated aqueous NaHCO 3 to neutralize any unreacted HCl. Extract aqueous layer
with diethyl ether to remove unreacted organics, remove water under vacuum, and extract
imidazolium from resulting solid with CH 2 Cl2 .

Wash powder with polar nonsolvent (diethyl

ether, THF, acetone, etc.) to remove any remaining impurities, then dry under vacuum.

16 (i Pr2 Im)
N,N’-Diisopropylimidazolium chloride [i Pr2 Im]. Added paraformaldehyde (2.25 g,
74.9 mmol) to a round bottom flask fitted with a stirbar and addition funnel. Under N 2 , added
isopropylamine (13.0 mL, 8.94 g, 0.151 mol) dropwise to paraformaldehyde with stirring,
forming hazy solution over time. After 30 min, added 30 mL anhydrous toluene to solution,
chilled reaction mixture to 0 °C, and added 6.3 mL 12 M HCl (76 mmol) dropwise to flask.
Stirred for 15 minutes and added glyoxal (40% in water, 8.60 mL, 75.3 mmol) dropwise. After
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reaction for 30 minutes, diluted with saturated aqueous NaHCO 3 and washed aqueous layer with
diethyl ether.

Distilled off water by rotary evaporation, extracted product from solid with

isopropanol, concentrated by rotary evaporation, and dried under vacuum, yielding i Pr2 Im 16 as a
beige, crystalline solid (5.75 g, 41%).

1

H NMR (300 MHz, DMSO-d 6 ) δ: 9.85 (s, 1H), 8.06 (s,

2H), 4.69 (qq, 2H, 3 J = 6.7 Hz), 1.48 (d, 12H, 3 J = 6.7 Hz).

13

C NMR (300 MHz, DMSO-d 6 ) δ:

134.91, 121.56, 53.02, 23.27.

17 (t Bu2 Im)
N,N’-Bis(tertbutyl)imidazolium chloride [tBu2 Im]. To a round bottom flask fitted with
a stirbar and addition funnel, added paraformaldehyde (3.00 g, 0.100 mol) under N 2 . Via addition
funnel, added one aliquot of tert-butylamine (10.5 mL, 7.31 g, 0.100 mol) dropwise to
paraformaldehyde, then chilled mixture to 0 °C and added second aliquot of tert-butylamine (10.5
mL, 7.31 g, 0.100 mol). Subsequently added glyoxal (40% in water, 11.5 mL, 0.101 mmol)
dissolved in 30 mL of toluene dropwise to flask. After 1 hr, added 8.4 mL 12 N HCl (0.108
mmol) dropwise via addition funnel and heated to 40 °C for 16 hr.

Diluted solution with

saturated NaHCO3 , washed aqueous layer with diethyl ether to extract unreacted organics, and
distilled off water from aqueous layer under vacuum. After washing resultant solid with diethyl
ether, extracted twice with CH 2 Cl2 . Concentrated organic layer by rotary evaporation, then dried
under vacuum and washed with acetone, yielding t Bu2 Im 17 as an off-white, crystalline powder
(6.64 g, 31%).

1

H NMR (300 MHz, DMSO-d 6 ) δ: 9.52 (s, 1H), 8.20 (s, 2H), 1.62 (s, 18H).

NMR (300 MHz, DMSO-d 6 ) δ: 133.82, 121.38, 60.55, 30.09.

13

C
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18 (n Pn2 Im)
N,N’-Bis(neopentyl)imidazolium chloride [nPn2 Im]. Added paraformaldehyde (2.25 g,
74.9 mmol) to a round bottom flask equipped with an addition funnel and stirbar. Under N 2 ,
added neopentylamine dropwise via addition funnel (17.5 mL, 13.0 g, 0.150 mol) followed by 30
mL toluene. After 30 minutes, chilled reaction vessel to 0 °C and added 6.3 mL 12 N HCl (76
mmol) dropwise, followed by glyoxal (40% in water, 8.60 mL, 75.3 mmol). Stirred for 16 hr,
then diluted with saturated NaHCO 3 , extracted aqueous layer with diethyl ether to remove
unreacted organics, and distilled off water under vacuum. Extracted solid product with CH 2 Cl2 ,
rotary evaporated, and washed solid with THF, yielding n Pn2 Im 18 as a white, crystalline powder
(5.73 g, 31%). 1 H NMR (300 MHz, DMSO-d 6 ) δ: 9.66 (s, 1H), 7.80 (s, 2H), 4.10 (s, 4H), 0.91 (s,
18H).

3.1.4.2

13

C NMR (300 MHz, DMSO-d 6 ) δ: 138.41, 124.30, 60.20, 32.84, 27.56.

N,N’-Diarylimidazoliums

Symmetric N,N‘-diarylimidazoliums are readily synthesized in a two-step, two-pot
reaction analogous to the previous syntheses of dialkylimidazoliums. For best yields, the 1,2diarylimine is synthesized first from reaction of glyoxal and amine, followed by ring closure of
the purified intermediate in a separate reaction with paraformaldehyde using trimethylsilyl
chloride as a chloride donor.
General Procedure (N,N’-Diaryl-1,2-diiminoethane): Add to a round bottom flask
equipped with a stirbar substituted methanol, substituted aniline (1.5 M) and 2 mol % glacial
acetic acid. Heat to 50 °C, add 0.5 molar equivalents of glyoxal (aqueous solution), stir for 1 hr,
then filter off solids. Chill filtrate to -20 °C to precipitate remainder of product, vacuum filter off
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solid, combine with previous batch, and wash with ethyl acetate and diethyl ether before drying
under vacuum.
General Procedure (N,N’-Diarylimidazolium): Add to round bottom flask equipped
with a stirbar ethyl acetate (distilled from K2 CO3 to remove traces of acetic acid), N,N‘-diaryl1,2-diiminoethane (0.1 M) and 0.5 molar equivalents of paraformaldehyde. Heat to 70 °C and
add 0.5 molar equivalents of chlorotrimethylsilane (2.0 M in ethyl acetate) dropwise to reaction
mixture, then stir for 4 hr. Chill reaction mixture to -20 °C, vacuum filter off solids, wash with
ethyl acetate and diethyl ether, then dry under vacuum.

19
N,N’-Bis(2,6-dimethylphenyl)-1,2-diiminoethane.

Added to a round bottom flask

equipped with a stirbar 2,6-dimethylaniline (19.6 g, 0.162 mol), 100 mL methanol and 160 μL
glacial acetic acid (2.79 mmol). Heated to 50 °C and added glyoxal (40% in water, 9.30 mL, 81
mmol) to flask, stirring for 1 hr.

Vacuum filtered off solid, concentrated filtrate by rotary

evaporation, and chilled to -20 °C to crystallize remainder of product. Vacuum filtered off
second batch of crystallized solid, combined with first portion, washed with chilled methanol, and
dried under vacuum, resulting in diiminoethane 19 as a bright yellow powder (15.4 g, 72%).

1

H

NMR (300 MHz, DMSO-d 6 ) δ: 8.15 (s, 1H), 7.11 (d, 4H, 3 J = 7.2 Hz), 6.99 (t, 2H, 3 J = 7.4 Hz),
2.12 (s, 12H).

20 ((Me2 Ph)2 Im)
N,N’-Bis(2,6-dimethylphenyl)imidazolium

chloride

[(Me 2 Ph)2 Im].

Added

paraformaldehyde (1.50 g, 50.0 mmol), diiminoethane 19 (13.19 g, 49.9 mmol) and 500 mL ethyl
acetate distilled from K 2 CO3 (to remove traces of acetic acid) to stirbar-equipped round bottom
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flask. Heated to 70 °C and added chlorotrimethylsilane (2.0 M in ethyl acetate, 25.0 mL, 50.0
mmol) dropwise via addition funnel. Stirred reaction mixture for 4 hr, then chilled dark red
solution to -20 °C overnight. Filtered off precipitated solid, washed with ethyl acetate and diethyl
ether, and dried under vacuum, yielding (Me 2 Ph)2 Im 20 as a pale magenta powder (10.95 g,
70%).

1

H NMR (300 MHz, DMSO-d 6 ) δ: 9.84 (s, 1H), 8.38 (s, 2H), 7.50 (t, 2H, 3 J = 8.0 Hz),

7.41 (d, 4H, 3 J = 8.0 Hz), 2.19 (s, 12H).

21

N,N’-Bis(2,6-diisopropylphenyl)-1,2-diiminoethane.

Added

stirbar,

2,6-

diisopropylaniline (16.3 g, 91.9 mmol), 75 mL methanol and 100 μL acetic acid (1.75 mmol) to
round bottom flask. Headed to 50 °C and added glyoxal (40% in water, 5.40 mL, 47.1 mmol) to
reaction mixture, quickly turning solution yellow in color. After 1 hr of stirring, cooled to room
temperature, then filtered off solid, and chilled filtrate at -20 °C. Collected second batch of solid
by vacuum filtration, combined with the first, and dried under vacuum, yielding diiminoethane 21
as a yellow powder (13.8 g, 80%).
3

1

H NMR (300 MHz, DMSO-d 6 ) δ: 8.14 (s, 2H), 7.20 (d, 4H,

J = 6.8 Hz), 7.13 (t, 2H, 3 J = 7.8 Hz), 2.87 (qq, 4H, 3 J = 6.7), 1.15 (d, 24H, 3 J = 6.8 Hz).

22 ([(i Pr2 )Ph]2 Im)

N,N’-Bis(2,6-diisopropylphenyl)imidazolium chloride [[( i Pr2 )Ph]2 Im]. Added to a
round bottom flask equipped with a stirbar paraformaldehyde (0.751 g, 25.0 mmol),
diiminoethane 21 (9.41 g, 25.0 mmol) and 300 mL ethyl acetate distilled from K 2 CO3 (to remove
trace acetic acid). Heated to 70 °C and added chlorotrimethylsilane (2.0 M in ethyl acetate, 12.5
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mL, 25.0 mmol) dropwise to reaction mixture. Stirred for 4 hr, then vacuum filtered off solid,
washed with ethyl acetate and diethyl ether, and dried under vacuum, resulting in a an off-white,
crystalline powder of [(i Pr2 )Ph]2 Im 22 (8.89 g, 84%). 1 H NMR (300 MHz, DMSO-d 6 ) δ: 10.21 (s,
1H), 8.58 (s, 2H), 7.69 (t, 2H, 3 J = 8.0 Hz), 7.53 (d, 4H, 3 J = 8.0 Hz), 2.35 (qq, 4H, 3 J = 6.8 Hz),
1.26 (d, 12H, 3 J = 6.8 Hz), 1.16 (d, 12H, 3 J = 6.8 Hz).

13

C NMR (75 MHz, DMSO-d 6 ) δ: 144.82,

139.34, 131.85, 130.06, 126.22, 124.62, 28.64, 24.12, 23.11.

3.1.4.3

Symmetric Imidazoliums with Other Substitution Patterns

Diphenyliimidazolium, unlike its more highly substituted aromatic counterparts, is not
accessible by simple reaction of aniline with glyoxal; the attempted reaction leads to a brownblack tar that likely results from various reactions on the aromatic ring.

Likewise, 4,5-

dimethylimidazoliums, while known, are not readily accessible by condensation of alkylamines
with 2,3-butanedione, due to high steric hindrance in their intermediates that drives the reaction
equilibrium toward reactants.

Alternative syntheses of diphenylimidazolium and 4,5-dimethyl-

N,N‘-diisopropylimidazolium are presented as examples of alternative reactions that can lead to
derivatives inaccessible by prior means.

23

N,N’-Diphenyl-2-thiohydantoin. Added a stirbar, KOH (11.8 g, 0.211 mol), 100 mL
ethanol and 50 mL deionized water. Subsequently added N-phenylglycine (30.2 g, 0.200 mol),
attached addition funnel, and chilled dark red reaction mixture to 0 °C.

Added phenyl

isothiocyanate (25.1 mL, 28.4 g, 0.210 mol) dissolved in 30 mL ethanol dropwise to reaction
mixture. After stirring for 0.5 hr, added 130 mL 6 M HCl (0.780 mol) dropwise and continued
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stirring for 1 hr, resulting in precipitation of bright yellow solid. Gravity filtered suspension to
collect solids (yellow powder and brown tar), redissolved in acetone, and stirred for 36 hr with 20
mL concentrated H2 SO4 at room temperature. Neutralized acid in flask by slow addition of a
saturated NaHCO3 solution, rotary evaporated off volatiles, and stirred solids with deionized
water. Vacuum filtered off orange solid, washed with deionized water and isopropanol, then
dried under vacuum, yielding thiohydantoin 23 (5.32 g, 9%). 1 H NMR (300 MHz, CDCl3 ) δ: 7.62
(d, 2H, 3 J = 8 Hz), 7.53 (m, 5H), 7.41 (d, 7.2 Hz), 4.65 (s, 2H).

13

C NMR (75 MHz, CDCl3 ) δ:

182.32, 169.28, 138.21, 133.34, 129.61, 129.52, 129.42, 128.66, 128.18, 125.57, 55.29.

24
N,N’-Diphenylimidazole -2-thione.

Added to round bottom flask equipped with a

stirbar and reflux condenser thiohydantoin 23 (4.69 g, 17.5 mmol) and 70 mL anhydrous CH 2 Cl2 .
Purged with N2 and heated to 55 °C, then added NaBH 4 (1.0 M in anhydrous ethanol, 21.0 mL,
21.0 mmol) and stirred for 3 hr before increasing temperature to 65 °C, with 2 hr additional
stirring. Cooled reaction mixture to room temperature and added 40 mL 4 M HCl (0.160 mol)
dropwise, precipitating solid.

Diluted reaction mixture with water, extracted product with

CH2 Cl2 , and washed aqueous layer with deionized water and brine. Dried organic layer over
MgSO4 , concentrated by rotary evaporation, and dried under vacuum, yielding thione 24 (3.50 g,
80%) as a yellow solid. 1 H NMR (300 MHz, CDCl3 ) δ: 7.68 (d, 4H, 3 J = 9.5 Hz), 7.55 (t, 8H, 3 J =
9.9 Hz), 7.46 (t, 2H, 3 J = 9.7 Hz).
126.79, 119.15.

13

C NMR (75 MHz, CDCl3 ) δ:164.23, 138.73, 129.63, 128.98,
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25 (Ph2 Im)
N,N’-Diphenylimidazolium hexafluorophosphate [Ph2 Im]. Added thione 24 (2.51 g,
10.0 mmol), 25 mL deionized water and 34 mL 3 M HNO 3 (0.102 mol) to round bottom flask
equipped with a stirbar. Heated to 80 °C after purging with N 2 and stirred for 3 hr. Cooled to
room temperature, neutralized excess acid with saturated NaHCO3, gravity filtered off solids, and
added KPF6 (36.8 g, 0.200 mol) to filtrate, precipitating product. After washing with deionized
water and drying under vacuum, isolated Ph2Im as a pale yellow solid (2.63 g, 72%).

1

H NMR

(300 MHz, DMSO-d 6 ) δ: 10.35 (s, 1H), 8.58 (s, 2H), 7.94 (d, 4H, 3 J = 8.0 Hz), 7.73 (t, 4H, 3 J =
7.7 Hz), 7.65 (t, 2H, 3 J = 7.4 Hz).

13

C NMR (75 MHz, DMSO-d6 ) δ: 135.57, 135.42, 130.93,

130.89, 122.92.

26
N,N’-Diisopropyl-4,5-dimethylimidaole-2-thione.

Added

a

stirbar,

N,N‘-

diisopropylthiourea (12.02 g, 75.0 mmol), acetoin (6.60 g, 74.9 mmol) and 75 mL n-pentanol to a
round bottom flask equipped with a Dean–Stark distillation trap. Heated to reflux (~140 °C) for
16 hr, then chilled flask to -20 °C to precipitate crystalline rods. Vacuum filtered off solid and
washed with chilled methanol, then dried under vacuum, yielding thione 26 as off-white crystals
(8.95 g, 56%).
6.8 Hz).

13

1

H NMR (300 MHz, DMSO-d 6 ) δ: 5.40 (bs, 2H), 2.17 (s, 6H), 1.37 (d, 12H, 3 J =

C NMR (300 MHz, DMSO-d 6 ) δ: (thione C not visible), 121.90, 49.31, 21.14, 10.71.
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27

N,N’-Diisopropyl-4,5-dimethylimidazolium hexafluorophosphate. Added thione 26
(7.40 g, 34.8 mmol) and 100 mL deionized water to a round bottom flask, purged with N 2 and
added 115 mL 3 M HNO 3 (0.345 mol). Heated suspension to 80 °C and stirred for 16 hr, after
which solution was cooled and NaHCO 3 added to neutralize any unreacted HNO 3 . Added KPF6
(13.1 g, 71.2 mmol) to solution, vacuum filtered off precipitated solid, washed with deionized
water, redissolved in CH 2 Cl2 , and dried over MgSO4 .

Concentrated solution by rotary

evaporation, then dried under vacuum, yielding imidazolium 27 as an off-white solid (8.02 g,
70%).

1

H NMR (300 MHz, DMSO-d 6 ) δ: 9.09 (s, 1H), 4.55 (qq, 2H, 3 J = 6.7 Hz), 2.28 (s, 6H),

1.47 (d, 12H, 3J = 6.8 Hz).

13

C NMR (300 MHz, DMSO-d 6 ) δ: 131.23, 126.85, 50.50, 23.04,

8.66.
General Procedure (Reduction of Thione to Imidazolium):

N,N‘-Disubstituted

imidazole-2-thione is suspended in deionized water and to this suspension is added dilute aqueous
HNO3 (10 molar equivalents). The suspension is heated to 80 °C and stirred overnight; on
completion, no suspended solids remains, as product imidazolium nitrate / sulfate is highly water
soluble.

After cooling, NaHCO 3 is added to neutralize the remaining HNO 3 and 2 molar

equivalents of solid KPF6 (or saturated KPF6 solution) are added to precipitate product from
solution.

The product is vacuum filtered off, washed with deionized water, redissolved in

CH2 Cl2 , and dried over MgSO4 . Rotary evaporation of solution and drying under vacuum yields
imidazolium hexafluorophosphate.
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3.1.5

Imidazolium C2-Isopropylation

One-pot isopropyl substitution of N,N‘-disubstituted imidazoliums provides a convenient
method to protect the acidic 2-position from both nucleophilic attack and proton abstraction.
Deprotonation of an imidazolium by a sufficiently strong base (NaH or potassium tert-butoxide)
generates an Arduengo carbene in situ, which then undergoes facile reaction with methyl iodide.
This methyl group is readily deprotonated and reacted with further equivalents of methyl iodide
twice more, resulting in isopropyl substitution in a single reaction.
General Procedure (C2-Isopropylation):

A stirbar, THF, and N,N‘-disubstituted

imidazolium salt (0.2 M) are added to a Schlenk flask and the solution deoxygenated and
backfilled with N2 . 4.5 molar equivalents of potassium tert-butoxide are added under N2 flow and
the reaction miture stirred for 1 hr to generate carbene. Iodomethane (5 molar equivalents) is
added and the reaction mixture stirred for 16 hr, after which it is diluted with CH2 Cl2 and filtered
through a Celite plug to remove insoluble salts. The resulting solution is concentrated by rotary
evaporation and precipitated into diethyl ether to isolate the solid product. This is isolated by
vacuum filtration, washed with diethyl ether, and dried under vacuum.

28
N,N’-Dimethyl-2-isopropylimidazolium iodide [Me 2 i PrIm]. Deoxygenated 25 mL
anhydrous THF, then transferred 5 mL to a Schlenk flask under N 2 . Added a stirbar, Me 2 Im 15
(0.206 g, 0.921 mmol), and potassium tert-butoxide (0.468 g, 4.17 mmol) to this flask under N 2
flow and stirred at room temperature for 1.5 hr to generate carbene in situ. Added iodomethane
(0.28 mL, 4.5 mmol), rapidly forming a suspension of fine white particulate; stirred reaction
mixture for 16 hr. Evaporated off volatiles under vacuum, extracted product with CH2Cl2, and
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filtered through Celite to remove solids.

Concentrated solution by rotary evaporation, then

precipitated into ethyl acetate and vacuum filtered off solid. Washed with ethyl acetate and dried
under vacuum to yield Me 2 i PrIm 28 as an off-white, crystalline solid (70.8 mg, 29%).

1

H NMR

(300 MHz, CD3 CN) δ: 7.32 (s, 2H), 3.82 (s, 6H), 3.55 (qq, 1H, 3J = 7.4 Hz), 1.39 (d, 6H, 7.2 Hz).
13

C NMR (75 MHz, CD3 CN) δ: 145.99, 122.82, 35.94, 17.55.

29
1,2,3-Triisopropylimidazolium iodide [i Pr3 Im]. In a Schlenk flask, deoxygenated 20
mL THF and backfilled with N 2 , then added i Pr2 Im 16 (0.747 g, 3.96 mmol) and potassium tertbutoxide (2.48 g, 22.1 mmol). Heated to 40 °C and stirred solution for 1 hr to form carbene in
situ. Chilled reaction mixture in ice bath, added iodomethane (1.48 mL, 23.8 mmol), causing
milky white precipitate to form, and let mixture warm to room temperature. Stirred for 16 hr,
then diluted reaction mixture with CH 2 Cl2 , filtered through Celite to remove solids, concentrated
solution by rotary evaporation, and precipitated into diethyl ether. Vacuum filtered off solids and
washed with diethyl ether, then dried under vacuum, yielding i Pr3 Im 29 as pale yellow crystals
(0.700 g, 55%).

1

H NMR (300 MHz, DMSO-d 6 ) δ: 7.99 (s, 2H), 4.85 (qq, 2H, 3 J = 6.6 Hz), 3.78

(qq, 1H, 3 J = 7.2 Hz), 1.44 (d, 12H, 3 J = 6.6 Hz), 1.40 (d, 6H, 3 J = 7.3 Hz).

13

C NMR (75 MHz,

DMSO-d 6 ) δ: 147.34, 119.19, 50.12, 23.65, 22.48, 18.95.

30
N,N’-Bis(neopentyl)-2-isopropylimidazolium iodide [nPn2 i PrIm]. Added to a Schlenk
flask equipped with a stirbar n Pn2 Im 18 (0.977 g, 3.99 mmol) and potassium tert-butoxide (2.53 g,
22.6 mmol), then purged flask with N 2 . Added to flask 20 mL deoxygenated, anhydrous THF,
stirred for 1 hr, and chilled to 0 °C. Added iodomethane (1.53 mL, 24.6 mmol) to reaction
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mixture, causing milky white precipitate to form, then allowed suspension to warm to room
temperature and stirred for 16 hr. Diluted reaction mixture with CH 2 Cl2 , filtered through celite to
remove solids, concentrated by rotary evaporation, and precipitated into diethyl ether. Vacuum
filtered off solid, washed with diethyl ether, and dried under vacuum, yielding n Pn2 i PrIm 30 as an
off-white solid (0.316 g, 21%).

1

H NMR (300 MHz, DMSO-d6) δ: 7.67 (s, 2H), 4.10 (s, 4H),

3.81 (qq, 1H, 3 J = 7.2 Hz), 1.37 (d, 6H, 3 J = 7.2 Hz), 0.98 (s, 18H).

13

C NMR (75 MHz, DMSO-

d 6 ) δ: 150.23, 123.05, 57.66, 32.51, 27.21, 24.23, 20.00.

3.1.6

Aromatic Halogen Exchange of Polymers

Electrophilic aromatic bromination of polymers is a well-known process, where degree of
bromination is easy adjusted by controlling reaction temperature or time, or by the addition of
catalyst (e.g. ferric chloride). 147 While aryl bromides are useful in a variety of catalyzed coupling
reactions (e.g. Suzuki–Miyaura, Negishi, etc.) and lithiations, aryl iodides are typically much
more reactive, requiring shorter reaction times and lower temperatures. Bromine–iodine and
bromine–chlorine exchange catalyzed by copper(I) were demonstrated on dibrominated UDEL
poly(arylene ether sulfone) (Solvay UDEL P-3500 NT LCD) as a substrate. This process likely
represents the first report of such an exchange on an aromatic polymer post-polymerization.
These materials have the potential to serve as useful polymer scaffolds on which stable,
functionalized cations can be tethered by coupling reactions, decoupling the synthesis and
purification of polymer and cation.
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31-2X

Bromination of UDEL Poly(arylene ether sulfone). Added to a round bottom flask
UDEL poly(arylene ether sulfone) (20.0 g, 45.2 mmol) and a stirbar, then predried polymer at
170 °C under vacuum for 16 hr. Separately, dried ~250 mL CHCl3 over 10 g P 2 O5 . Distilled 220
mL CHCl3 directly into flask containing UDEL, heated to 30 °C to dissolve polymer, then
sparged with N2 , attached reflux condenser, and added Br 2 to vessel (31.0 g, 0.194 mol).
Precipitated small aliquots of reaction mixture into 1:19 water/methanol taken over the course of
12 hr. After 24 hr, precipitated entirety of reaction mixture into methanol. Decanted off liquid,
took solid up in DMF, and reprecipitated once more into methanol. Washing all solids with
methanol and water, then dried under vacuum. Fully dibrominated UDEL (31-2.0) was isolated
as a fluffy, off-white solid (20.1 g, 74%); reaction times and degrees of functionalization for
aliquots are listed in Table 3.5.
UDEL: 1 H NMR (300 MHz, CDCl3 ) δ: 7.87 (d, 4H, 3 J = 8.8 Hz), 7.60 (d, 4H, 3J = 8.8 Hz), 7.02
(d, 4H, 8.8 Hz), 6.96 (d, 4H, 8.8 Hz), 1.71 (s, 6H).
31-2.0: 1 H NMR (300 MHz, CDCl3 ) δ: 7.88 (d, 4H, 3 J = 8.8 Hz), 7.54 (d, 2H, 4 J = 2.0 Hz), 7.18
(dd, 2H, 3 J = 8.4 Hz, 4 J = 2.0 Hz), 7.00 (d, 2H, 3 J = 8.4 Hz), 6.98 (d, 4H, 3 J = 8.8 Hz), 1.71 (s,
6H).
Table 3.5 Reaction times and degrees of functionalization for brominated UDEL 31-2X
time (hr)

0.5

1.4

2.4

3.5

4.3

5.4

6.4

8.2

10.4

12.3

29.2

DF

0.00

0.75

1.46

1.67

1.78

1.84

1.91

1.92

1.97

1.98

2.00
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32-2X

Bromine–Iodine Halogen Exchange of UDEL 31-2.0. Dibrominated UDEL 31-2.0
(2.54 g, 4.23 mmol) and a stirbar were added to a pressure vessel and predried under vacuum at
85 °C overnight. Separately, 75 mL 1,4-dioxane was dried over sodium–benzophenone and 25
mL N,N‘-dimethylethylenediamine dried over powdered KOH. After drying, added to vessel
containing 31-2.0 NaI (2.52 g, 16.8 mmol) and 50 mL dried dioxane.
backfilled

with

N2 ,

then

transferred

CuI

(0.162

g,

0.851

Deoxygenated and
mmol)

and

N‘N‘-

dimethylethylenediamine (0.20 mL, 1.86 mmol) to flask under inert atmosphere. Sealed vessel
tightly with stopper and septum, then heated to 130 °C and stirred for 90 hr, taking aliquots for
NMR analysis periodically.

Aliquots were filtered through Celite plugs to remove salts and

precipitated into methanol. The resulting off-white polymers, 32-2X, were washed with methanol
and dried under vacuum. This reaction was used only to determine kinetics, and thus isolated
yields were not determined. Table 3.6 lists the times at which aliquots were taken and their
resulting conversion from bromine to iodine substitution (DF = 2 is complete exchange).
UDEL 32-2.0: 1 H NMR (300 MHz, DMSO-d 6 ) δ: 7.89 (d, 4H, 3 J = 8.8 Hz), 7.76 (d, 2H, 4 J = 2.0
Hz), 7.19 (dd, 2H, 3 J = 8.4 Hz, 4 J = 2.0 Hz), 6.99 (d, 4H, 3 J = 8.8 Hz), 6.92 (d, 2H, 3 J = 8.4 Hz),
1.70 (s, 6H).
Table 3.6 Reaction times and degrees of bromine–iodine exchange for UDEL 32-2X
time (hr)

0.0

1.0

2.1

2.9

4.2

5.1

6.2

8.5

10.0

13.7

20.4

45.6

88.1

DF

0.00

0.32

0.78

1.00

1.29

1.43

1.53

1.60

1.62

1.74

1.78

1.81

1.87

97

33-2X

Bromine–Chlorine Halogen Exchange of UDEL. Dried dibrominated UDEL 31-2.0
(2.49 g, 4.15 mmol) and tetramethylammonium chloride (1.71 g, 15.6 mmol) at 70 °C under
vacuum in a pressure vessel equipped with a stirbar overnight. Separately, dried 75 mL 1,4dioxane over sodium–benzophenone. Transferred 50 mL dry dioxane into reaction vessel, then
deoxygenated, backfilled with N 2 , and added CuI (0.280 g, 1.47 mmol) and N,N‘dimethylethylenediamine (predried, 0.32 mL, 3.0 mmol) under inert atmosphere. Sealed tightly
with stopper and septum, then heated reaction mixture to 130 °C and stirred for 34 hr, taking
aliquots periodically. Aliquots were filtered through Celite plugs and precipitated into methanol.
The resulting off-white polymers were further washed with methanol and dried under vacuum.
This reaction was used only to determine kinetics, and thus isolated yields were not determined.
Table 3.7 Table 3.6lists the times at which aliquots were taken and their resulting conversion
from bromine to chlorine substitution (DF = 2 is complete exchange).
UDEL 33-2.0: 1 H NMR (300 MHz, DMSO-d 6 ) δ: 7.87 (d, 4H, 3 J = 8.4 Hz), 7.36 (d, 2H, 4 J = 2.0
Hz), 7.13 (dd, 2H, 3 J = 8.8 Hz, 4 J = 2.0 Hz), 7.02 (d, 2H, 3 J = 8.4 Hz), 6.97 (d, 4H, 3 J = 8.8 Hz),
1.71 (s, 6H).
Table 3.7 Reaction times and degrees of bromine–chlorine exchange in UDEL 33-2X
time (hr)

0.0

0.6

1.0

1.9

3.1

5.1

8.0

23.2

30.4

33.3

DF

0.00

0.16

0.27

0.42

0.60

0.78

1.02

1.49

1.60

1.61
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3.2

Imidazolium Degradation

3.2.1

Experimental Design

In Situ Experiments. To best identify what makes a cation stable and how it degrades
under alkaline conditions, it is optimal to perform in situ studies of its degradation under
accelerated degradative conditions. Nuñez and Hickner previously developed a methodology for
observing the degradation of cationic polymers and model compounds by in situ 1 H NMR
spectroscopy of alkaline solutions at high temperature. 113 This method was initially adopted for
preliminary

evaluation

of

di-

and

tri-substituted

imidazolium

cation

stability.

Benzyltrimethylammonium bromide was used as a control compound to which rates of
degradation in imidazoliums were compared.
To prepare each sample for degradation, 0.025 mmol imidazolium or control, 2.0 μL 1,4dioxane, 0.75 mL CD3 OD, 0.15 mL D2 O and 0.10 mL NaOD (Acros Organics 40% w/w in D 2 O,
99+% D) were added successively to a small vial. The solution was vortex mixed and 0.25 mL
transferred by syringe to a pressure-capable, heavy-walled NMR tube equipped with a Teflon
screw cap and Aegis (tetrafluoroethylene–perfluoromethyl vinyl ether crosslinked copolymer) Oring (Figure 3.3). These tubes were purchased from New Era Enterprises, Inc. (part number NEPCAV5-H-130) and are nominally rated for up to 20 atm internal pressure (tested to 40 atm). The
resulting 3:1 CD3 OD/D2 O solutions are thus 1.00 M in NaOD and 25.0 mM in imidazolium or
benzyltrimethylammonium. The 1,4-dioxane serves as an internal integration and chemical shift
reference.
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Figure 3.3 Pressure-capable NMR tubes used for in situ NMR degradation studies without (top)
and with (bottom) ceramic spinner attached.
Filled NMR tubes were pressurized with 1.5 atm argon to establish positive internal
pressure, then loaded into the NMR spectrometer. Internal pressure helped prevent reflux and
bumping of solution on heating. The sample was locked to CD 3 OD, shimmed, and the probe
tuned at room temperature, and one 1 H NMR spectrum acquired for 64 scans with a 2 s
acquisition time and 0.25 s relaxation delay. The sample was subsequently heated to 80 °C (by
heating the internal N2 ballast) under spinning. Over the course of heating to 80 °C, the sample
was periodically reshimmed and the probe retuned due to large shifts in both with temperature.
Spectra were then acquired over 14 hr at 0.5 hr intervals with the same acquisition parameters.
Ex Situ Experiments. Degradation of benzyltrimethylammonium control compounds
and n Pn2 i PrIm 30 was inconsistent over the course of several in situ trials. Difficulties were
observed in maintaining sample spinning of > 1–3 Hz (due to the mass of the spinner and NMR
tube and maximum N2 flow rate allowed) and obtaining / retaining solvent lock using the
experimental procedure described.

Additionally, solution pH was observed to change

substantially over the course of reaction, which was occasionally concomitant with formation of a
stubborn gel in the bottom of the NMR tube. Any of these factors could be associated with the
observed inconsistency of degradation results, which is discussed in a future chapter.
To alleviate these challenges at the expense of automated, frequent monitoring of
degradation, ex situ experiments were also conducted. For these experiments, machined Teflon
round bottom flasks (Cowie Technology Co., 10 mL, 14/23 ST neck) sealed tightly with rubber
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septa (Aldrich Suba-Seal, size 25 for 14 mm I.D. neck) were used as pressure vessels. Solutions
were prepared by addition of 0.30 mmol imidazolium or control, 3.75 mL methanol
(undeuterated), 0.75 mL D 2 O and 0.50 mL NaOD (40% w/w in D 2 O) to Teflon round bottom
flask equipped with a stirbar. The solution was spared for 60 s with N2 , the flask sealed tightly
with a septum, and a 0.1 mL aliquot taken by syringe and dissolved in 0.6 mL DMSO-d6 for
NMR. The reaction mixture was heated with stirring to 100 °C and aliquots taken at 1, 2, 4, 8
and 24 hr, with additional aliquots taken every 24 hr thereafter until the reaction was stopped.
NMR spectra were acquired at room temperature, locking to DMSO-d6 . Spectra were averaged
over 64 scans, using an acquisition time of 4 s and a relaxation delay of 1 s. The large methanol
and water solvent peaks did not obscure most 1 H resonances and allowed for larger reaction
volumes, given the availability and cost of deuterated methanol.

13

C NMR spectra were acquired

for 32k scans using 1 s acquisition times and 0.125 s relaxation delays for each initial aliquot and
for the final aliquots of reactions exhibiting significant degradation.

3.2.2

Computation

To aid in the analysis of factors that might play a role in the degradation of the
substituted imidazoliums species studied, computational calculations of highest occupied
molecular orbitals (HOMOs) and lowest unoccupied molecular orbitals (LUMOs) of the species
of interest (imidazoliums, benzyltrimethylammonium and hydroxide) were conducted.

By

Koopmans‘ theorem, HOMO and LUMO energies correspond to a species‘ ionization energy and
electron affinity, respectively. 148 Based on frontier molecular orbital theory, the HOMO–LUMO
gap between nucleophile (OH -) and electrophile (imidazolium or benzyltrimethylammonium) is
taken to be proportional to the energy of the transition state, and thus the expected rate of
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reaction.149 This relative difference in transition state energies between cations is the focus of
these calculations. All calculations were performed in the absence of a counterion to simplify
computations.

Although the omission of the counterion affects the total energy of solvated

species, weakly interacting counterions should not affect calculated HOMO and LUMO energies.
The following procedure was carried out for each ion of interest. The ion was first drawn
in CambridgeSoft ChemBio3D Ultra 13.0 and an approximate geometry optimization performed
by molecular mechanics (MM) energy minimization using default settings. For all subsequent
quantum chemical calculations, the Gamess software package (included as a part of the
CambridgeSoft ChemBio Ultra Suite) was used. Molecular symmetry was utilized explicitly for
all calculations.

A self-consistent field (SCF) energy convergence of 10-6 Ha and gradient

convergence of 5 × 10-4 Ha Å-1 were specified.
Energy minimization using the semi-empirical PM3 level of theory was performed on the
MM minimized ion and the resulting structure exported to MOL file format. For qualitatively
symmetric molecules, SYMMOL (a command-line program) was used to detect the point group
of the exported molecule and symmetrize approximately symmetric atomic coordinates.
Molecules with coordinates that appear symmetric visually after preliminary geometry
optimization may have atomic locations that differ by small fractions of an Angstrom due to the
approximate character of the energy minimization. 150 A DFT calculation of approximate
molecular orbitals (MOs) (in the point group determined) was carried out on this structure using
the B3LYP functional and MINI basis set (B3LYP/MINI), and this set of MOs was used for a
subsequent B3LYP/6-31++G(d,p) energy minimization of the ion (in vacuum). Using the MOs
and geometry from energy minimization, a calculation of MOs with implicit solvent effects was
performed using B3LYP/6-31++G(d,p) functional and basis set and a COSMO solvent model
with ε = 29 (the approximate dielectric constant of a 3:1 methanol/water mixture at 100 °C). 151
Frequency calculations were performed using B3LYP/6-31++G(d,p) on the energy minimized
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structure (in vacuum) to ensure that the structure was indeed an energy minimum (no imaginary
frequencies).
Due to the degeneracy and near-degeneracy of many orbitals in these aromatic molecules,
this procedure (MINI basis set calculations, energy minimization in vacuum using B3LYP/631++G(d,p), then full calculation of MOs with COSMO solvent model) was helpful to obtain
qualitatively sensible HOMOs and LUMOs. Attempting to directly perform energy minimization
and calculate MOs on a structure not optimized in stages typically resulted either in a lack of
convergence or in MOs with non-sensical shapes. The free program MacMolPlt was used to
visualize MOs, energies, and geometries directly from Gamess output files. 152

3.3

Impedance Spectroscopy

Ionic conductivity, electrode reactions, and electrolyte density produce characteristic
signatures visible in both electrochemical impedance spectroscopy (EIS) and dielectric relaxation
spectroscopy (DRS), enabling (in theory) determination of these behaviors by either technique.
Although EIS is typically associated with the characterization of electrochemical reactions and
DRS with the characterization of dipolar reorientation in materials, characteristic of relaxation
modes, the two techniques are fundamentally the same. The mathematical transformation of
impedance (as acquired from a potentiostat) can be utilized to readily interconvert impedance
(̂

) and dielectric relaxation (̂
̂

⁄

) data and models.
̂
̂ &

⁄
̂

(2.4)

Polymer ionic conduction was measured by EIS of solution cast polymer films. Analysis
of this raw data herein is performed in both impedance and dielectric domains, by application of
Equation 2.4. The primary differences between EIS and DRS in practice stem from differences in

103
the systems they were designed to study, leading to differences in current and voltage ranges,
frequencies, and cell designs.

The following discussion considers cell design, sample

preparation, and analysis. Assumptions about impedance / dielectric response that are perfectly
valid for certain kinds of materials, cells, or operating conditions are often invalid in other
regimes, thus these considerations are also discussed.

3.3.1

Electrodes

When measuring dielectric relaxation, electrodes in a parallel plate configuration are
typically preferred to produce homogeneous electric fields that simplify Maxwell‘s equations.
For insulating (‗dielectric‘) materials, stainless steel electrodes are typically suffient to
characterize polymer relaxation modes. When measuring electrochemical reactions, platinized
platinum electrodes are standard and geometries varied, allowing for investigation of reactions
under different limiting regimes (e.g. transport-limited). For each material and property being
measured, different considerations affect the ‗ideal‘ cell design.
The work herein is concerned with ionic (specifically proton) conduction in solid
polyelectrolytes. For the most precise determination of ionic conductivity, an electrode geometry
with a homogeneous, well-defined area and path length is optimal (e.g. parallel plate). For newly
synthesized materials, however, the volume of material required to obtain a measurement and
conditions under which it can be solution or melt processed are also significant. Additionally,
when investigating low frequency phenomena such as electrode polarization, it is necessary to
eliminate all reactions at and interactions with the electrodes, requiring judicious choice of
electrode material. For this purpose, gold serves as a nearly ideal ‗blocking‘ (preventing surface
charge transfer) and non-interacting electrode surface.

With these considerations in mind,
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interdigitated, planar gold electrodes (IDEs) were fabricated to make the bulk of the impedance
measurements herein. In-plane, two-point electrodes with variable path length and through-plane
parallel plate electrodes of fixed geometry were also fabricated to demonstrate the equivalence of
these three geometries for specific measurements.

3.3.1.1

Design and Fabrication

All electrodes herein were fabricated at the Naval Research Laboratory Nanoscience
Institute (NSI) using glass microscope slide substrates cleaned successively with soap and water,
deionized water, CH2 Cl2 , acetone and isopropanol, then dried under N 2 . Gold electrodes (100 nm
thick) on a chromium adhesion layer (10 nm thick) were e-beam evaporator onto the cleaned
slides after patterning by photolithography. Using microscope slides as a substrate produces
electrodes that are easily attached to instrument leads and readily interchangeable.
Interdigitated Electrodes (IDEs). Using a Heidelburg Pattern Generator, an IDE mask
was fabricated for use with a positive photoresist on chromium-coated soda lime glass. A batch
of microscope slides were cleaned as described, dried under N 2 and baked at 120 °C to drive off
any remaining liquid, then spin coated with S1811 photoresist at 4000 rpm for 60 s. After baking
at 90 °C for 120 s, they were exposed under UV light on an ABM Mask Aligner for 1 s using a 5
A, 450 W source and the IDE soda-lime mask. Exposed photoresist was developed in MF-319
developer, rinsed with deionized water, dried under N 2 , and slides were inspected for defects
(particularly in the IDE geometry).

Slides without defects in photoresist development were

loaded into Temescal e-Beam Evaporator and a 10 nm layer of chromium and 100 nm layer of
gold sequentially deposited. Slides were soaked in acetone to dissolve remaining photoresist and
sonicated in fresh acetone to remove metal the regions unexposed to UV irradiation. Rinsed
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slides with acetone, deionized water and methanol, dried under N2 , and inspected for damage and
/ or adhered metal particulate.

Figure 3.4 Schematic of interdigitated electrode with accurate geometry (top) 160 and photograph
of actual IDE as fabricated (bottom). Copyright © 2014 American Chemical Society.
Figure 3.4 shows the geometry of the resulting interdigitated electrodes. Due to the
electrode geometry, measurements on an IDE are fundamentally neither in-plane nor throughplane, but a convolution of both. As illustrated in Figure 3.5, electric field lines (and electric
potential) under applied voltage pass through both the substrate (borosilicate glass) and air, in
addition to the material of interest. Although the electrode area is well-defined, the length of field
lines vary, resulting in an range of ‗effective‘ path lengths. From both empirical observation and
mathematical calculations, it has been shown that when the thickness of a film on top of the
electrodes (t) is greater than the periodicity of the electrodes (s), the average path length that can
be measured is approximately constant. 153–155 This is known as the ‗semi-infinite‘ regime, and all
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measurements using IDEs were made in this regime (film thicknesses > 100 μm for electrodes
with a 40 μm periodicity) in order to ensure that calibrations of cell constant (effective path
length divided by electrode area) were valid.
air

t

-

-

-

-

+ + +

-

-

glass substrate

½s

Figure 3.5 Schematic of electrical field lines emanating from an interdigitated electrode array,
where red electrodes are positively charged and blue negatively charged. Field lines pass through
both the material of interest (grey) as well as the substrate and air. ‗t‘ is the film thickness and ‗s‘
the period of the electrodes.
Due to the nature of field lines passing through both film and substrate in an IDE
configuration, there is a contribution to the capacitance (and thus the high frequency dielectric
constant) from the substrate that cannot be ignored. However, for a substrate such as borosilicate
glass, which is non-conductive and exhibits negligible dielectric relaxation in the frequency range
of interest (MHz – mHz), this additional contribution can be calibrated out of impedance
measurements. Although the non-uniform shape of field lines potentially complicates analysis of
physical models (introducing a range of relaxation times), the short spacing between electrodes
and low thickness required for operation in the semi-infinite regime means that sample volumes
as low as 10 μL can be used to obtain EIS spectra. Working with such small volumes of sample
in a parallel plate configuration requires small electrode dimensions that can be difficult to work
with. In addition to this advantage, the open-faced nature of an IDE and thinness of the film
being measured means that equilibration of the sample with the environment is facile compared to
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parallel plate geometries (which are typically sealed on all sides). For the purposes of this work,
this is a favorable trait.
In-Plane Two-Point Electrodes. Another option for planar electrodes (having the same
advantage of rapid equilibration of sample with the environment) is a two-point, in-plane
configuration, as depicted in Figure 3.6. Such a design can also be used in a four-point electrode
configuration. These electrodes were fabricated by an analogous process to the IDEs described
above. After baking cleaned glass slides (see above) at 120 °C, photoresist S1811 was spin
coated onto slides at 5000 rpm for 60 s, then baked at 90 °C for 120 s. Slides were exposed on
ABM mask aligner with a two-point soda-lime glass mask for 3.5 s at 5 A, 450 W intensity. The
exposed slides were developed, metal deposited, and photoresist lifted off as previously
described.

Figure 3.6 Schematic (top) of planar two-point electrode with variable electrode spacing, along
with a picture of a fabricated electrode (bottom).
Much like interdigitated geometries, the field lines of an in-plane two-point electrode
design penetrate both substrate and air, in addition to the material of interest. However, instead
of operating in the semi-infinite regime, films on a such a two-point electrode design are made to
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be significantly thinner than the distance between electrodes, such that all field lines except those
running nearly parallel to the surface can be neglected. Thus, the area of the film with regards to
conduction is not the area of the electrodes, but rather the thickness of the film multiplied by the
width of the electrodes.

As will be discussed later, this complicates analysis of electrode

polarization (since the area with respect to conductivity and the area with respect to polarization
differ). However, for highly conductive materials, combining a thin film with a long distance
between electrodes increases film impedance and can push the characteristic frequency of
electrode polarization to low frequency, enabling accurate measurement of solution resistance.
High solution resistances also tend to make lead inductance and contact resistance negligible,
aiding in accurate determination of film conductivity.

Figure 3.7 Two parallel plate electrode configurations. Stripe configuration (left) and square
configuration (right) are designed to be paired with an identical electrode and O-ring,
sandwiching the material of interest with a defined spacing and electrode area. The pad at the
edge of the square electrode (right) is used to connect leads.
Parallel Plate Electrodes. Both interdigitated and in-plane two- and four-point electrode
configurations have been used extensively in literature for measuring ionic conductivity. It is
accepted that, for the purposes of measuring conductivity, both geometries produce results
equivalent to those obtained by parallel plate measurements, where electric potential is
homogeneous and well-defined across the whole of the material being probed. However, nontrivial geometry of electric potential throughout a film has a greater probability of qualitatively
affecting relaxation processes and electrode polarization than phenomena in the bulk, such as
conductivity. To determine how IDE and in-plane geometries cause electrode polarization to
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deviate from parallel plate behavior (in which most behavior is theoretically modelled), parallel
plate electrodes were fabricated.
The electrodes depicted in Figure 3.7 were fabricated by masking microscope slides
(cleaned as above) with Kapton tape and thermally evaporating chromium and gold (as above).
Since the electrode features are much larger and less complicated than either the IDE or in-plane
electrodes described, it was not necessary to fabricate a mask and perform photolithography to
prepare these parallel plate electrode configurations.

3.3.1.2

Calibration and Assumptions

Interdigitated Electrodes. The area of the interdigitated electrodes is well-defined
based on their geometry (1.6 × 10-6 m2 ). Calibration of cell constant (κ in m-1 ), where solution
resistance

, was performed by measuring the impedance of large drops (> 1 mm

height, thus semi-infinite regime) of KCl solutions of known conductivity (see 3.3.2 Sample
Preparation and Electrode Cleaning).

Solution resistance was obtained by fitting the high

frequency response to a Randles circuit and the resulting values regressed with

to

obtain the cell constant, κ. Based on the theoretically work of den Otter et al., κ = 0.106 cm-1 was
expected for the fabricated electrode geometry. 154 Calculated from Rsoln of KCl solutions, κ =
0.115 cm-1 was typical. An alternative, one-point method to calculate cell constant utilizes the
measured high-frequency capacitance (Cdiel ) / dielectric constant (ε∞). The high frequency limit
of capacitance should obey

⁄ , where Cdiel is obtained by parallel subtraction of the

high frequency impedance of an empty cell (accounting for both glass substrate and air). Values
of κ = 0.129 cm-1 were typical using this analysis (and ε∞ = 80 for water at 25 °C), agreeing
reasonably well with theoretical and KCl-calibrated values.
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A primary assumption in analyzing the behavior of a material on an IDE is that its current
response to an applied voltage can be approximately modelled with a single resistive element
corresponding to an average solution resistance, and thus path length.

When electrode

polarization is dominant, it is also assumed that the electric potential in the vicinity of the
electrodes is effectively homogeneous (behaving as if electrodes were in a parallel plate
configuration) due to screening of potential beyond the Debye length. Additionally, contributions
to response from the substrate are either assumed to be negligible or invariant with temperature,
such that they can be subtracted from the overall impedance response in a simple manner. One
key assumption that applies to all electrode geometries, which will be discussed in a future
chapter, is that electrodes are non-interacting and that minimal rms surface roughness (on the
order of nm – Å) does not influence electrode polarization.
In-Plane Two-Point Electrodes. In the thin-film limit, the geometry of in-plane twopoint electrodes is well defined. As a result, no additional calibration of the cell constant was
necessary outside of measurement of film thickness, which was controlled by an O-ring spacer
and capping microscope slide (defining a flat upper surface). As with IDE measurements, it is
assumed that response from the glass substrate is negligible or invariant with temperature, such
that subtraction is possible.

+ + + + +

-

-

-

-

-

Figure 3.8 Schematic illustrating the potential leakage of field lines (electric potential) around
electrodes of a parallel plate capacitor, leading to unexpected area / effective path length.
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Parallel Plate Electrodes. The cell geometry of parallel plate electrodes is also welldefined, and thus should not need calibration. However, when using an O-ring as a spacer and
electrodes that are smaller than this area, leakage of electrical field lines (Figure 3.8) is possible.
The dielectric constant of water (ε∞ = 80) was used to calculate the apparent surface area of both
stripe and square parallel plate electrodes at a well-defined (3.0 mm) spacing, per
⁄ . For the stripe geometry, the apparent area of 5.3 × 10-5 m2 was significantly larger than
the area of the square patch formed by the cross-section of the electrodes (0.9 × 10-5 m2 ). The
square electrodes, however, exhibited an apparent area (1.12 × 10-4 m2 ) that was much closer to
the expected value (0.81 × 10-4 m2 ). Qualitatively, however, both cell designs resulted in similar
impedance spectra and identical conductivities when using calibrated surface areas.

3.3.2

Sample Preparation and Electrode Cleaning

As described in later discussion, electrode cleaning has a large impact on electrode
polarization behavior (but not on measured solution resistance). Prior to casting polymer films,
electrodes were cleaned for 150 s under oxygen plasma to remove any adventitious organics.
After use, electrodes were immediately cleaned by first heating to 100 °C in concentrated sulfuric
acid to dissolve majority of polymer, then soaked in 7:1 sulfuric acid/hydrogen peroxide (30%
w/w in water) piranha solution at 80 °C until bubbling at electrodes ceased.
Polymer films for impedance spectroscopy were prepared by drop casting of 25–30%
w/w solutions of polymer in DMSO onto IDEs at 120 °C (heated on a hot plate). Solutions were
prepared as described in 3.1.3.4 Film Casting and Polymer Blends. After 16 hr heating under air
flow, films were dry enough for further drying under vacuum. Films were dried at 120 °C for an
additional 2 hr under vacuum, eliminating remaining solvent without causing bubble formation
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within the film. Film thicknesses after drying were measured on a KLA Tencor Alpha-Step 500
Surface Profilometer stylus profilometer to ensure that thicknesses were greater than 100 μm, and
thus in the semi-infinite regime, over the entire electrode surface. Prior to acquisition of EIS
spectra, films were equilibrated under the desired environmental conditions for 0.75 hr. By RHTGA, this time was sufficient to allow equilibration of water content in all films.
For calibrations and studies of differences in electrode polarization as a function of
electrode geometry, KCl solutions of nominally: 1 M, 0.25 M, 62 mM, 15 mM, 3.9 mM, 0.99
mM, 0.24 mM, 62 μM, and 15 μM concentration were prepared by serial dilution of a 1.0 M
solution of KCl in deionized water. Conductivities of these solutions were measured with a κ =
1.0 cm-1 conductivity probe (YSI Inc.) and used to calculate the actual molarity by a fit to actual
conductivity data.20 Actual solution concentrations thus calculated were: 1.00 M, 0.241 M, 55.0
mM, 14.5 mM, 4.07 mM, 1.23 mM, 0.366 mM, 0.142 mM, and 85.0 μM.

3.3.3

Instrumentation

A Gamry Reference 600 potentiostat (Figure 3.10) was used to make impedance
measurements. For all measurements, the reference and counter electrodes were connected
together and working and sense electrodes connected together, providing two-point operation.
The provided cable was attached by banana plugs to a 6-way, dual pole rotary switch, to which 6
pairs of stranded copper leads were soldered. Rotary switch and exposed ends of cable were
housed in a Faraday cage attached to the floating ground of the potentiostat. Leads were
terminated in gold-plated SEM clips, which were soldered to the copper leads and held in place
by gold-plated screws on a home-made cell holder, depicted in Figure 3.11. Temperature and
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humidity control of sample cells was provided by an ESPEC SH-240 relative humidity and
temperature control chamber (Figure 3.9), which simultaneously served as a Faraday cage.

Figure 3.9 ESPEC SH-240 relative humidity and temperature control chamber, containing
sample holder and cells connected to Reference 600 potentiostat by gold-terminated copper leads.

Figure 3.10 Gamry Reference 600 potentiostat and connection to 6-way rotary switch (top),
housed in Faraday cage. Floating ground of cable is connected to Faraday cage.
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Figure 3.11 Connections of copper leads to IDE pads by soldered, gold-plated SEM clips. Clips
hold cells in place on holder and simultaneously provide electrical connection to Gamry
Reference 600 potentiostat by way of rotary switch.
Gamry Framework software (v. 5.50) was used to acquire impedance spectra, Gamry
Echem Analyst 5.50 to view and export spectra and provide circuit modeling capabilities, and
Omega Engineering OM-CP software (v. 2.07) to acquire data from an external Omega RH and
temperature logger (OM-CP-RHTemp-101A).

This logger was used to verify the RH and

temperature of the chamber (in the range of 30 °C – 80 °C). Impedance spectra were acquired
potentiostatically from 1 MHz to 0.1 Hz (except where a lower frequency was specified
explicitly) with 20 points per decade using a 100 mV rms applied voltage.

Rms voltages in

excess of 300 mV were found to cause permanent changes to impedance spectra of ionically
conductive polymer films.
The presence of the rotary switch, which enables consecutive measurement of up to 6
samples without the need for opening (and thus re-equilibrating) the chamber, and soldered
connections serve to introduce a stray capacitance on the order of 40–100 pF into all
measurements.

Although this capacitance is exceptionally small from the perspective of the
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analysis of electrochemical reactions, it is significant with respect to the expected high frequency
capacitance observed for a cell with κ ≈ 0.1 cm-1 and a dielectric with ε∞ ≈ 2 (~ 2 pF). This
capacitance is large enough that it cannot be effectively subtracted from the full impedance
response, thus analytical tools (described below) are necessary to account for this behavior
introduced by the potentiostat and connections.

3.3.4

Analysis

Conductivity Models. Conductivity and charge carrier density were extracted from raw
spectra (impedance / dielectric) by fitting data to mathematical models describing the expected
frequency-dependent behavior of the system. Models concerning the impedance of a system are
typically constructed of empirical components describing the lumped behavior of various
physical processes (e.g. an ohmic resistance for conductivity, a frequency-independent dielectric
term for film capacitance, etc.). The resulting circuit models consequently have the tendency to
be empirical in nature, but are readily constructed and fit by a variety of software packages
(including Echem Analyst), making them attactive for analysis of electrochemical processes.
Figure 3.12 illustrates the ‗Randles-like‘ circuit model (Figure 3.12a), an empirical
modification (Figure 3.12c) thereof, and a model including external signals (Figure 3.12b) which
can give rise to deviations from ideal behavior. The circuit model depicted in Figure 3.12a is
often confused for the Randles circuit, which can produce a similar Nyquist plot and has a similar
form, but fundamentally describes an electrochemical reaction, where C dl is instead a Warburg
resistance corresponding to diffusion-limited mass transport; Cdiel is actually Cdl ; and Rsoln is
actually a charge transfer resistance, R ct . This circuit instead corresponds to a simple Debye
model of conduction and electrode polarization, and is the simplest model of conduction between
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two blocking electrodes. It is used where possible to obtain conductivity from solution resistance
(

).

Qstray
Cdiel

b)

a)

Rcell

Cdiel

c)
Rsoln

Rsoln Cdl

Qdl

Rcell

Qdiel

Rsoln

Qdl

Rleak

Figure 3.12 Equivalent circuit models describing a) conduction of point-charges between
blocking electrodes; b) added contributions from the connections (grey) including stray
capacitance (Qstray ), cell resistance (Rcell ), and leakage current (Rleak ), and non-ideal double-layer
behavior (Qdl ); c) simplified empirical behavior in the conductive regime. Elements in grey
illustrate components of the response extrinsic to the material being probed. The circled
combination of Qstray and Cdiel can simplify to Qdiel over a range of frequencies. 177
However, real systems tend to be non-ideal, making fits of data to a Randles circuit poor
at best. This non-ideality often manifests itself as apparent transformation of purely capacitive
behavior to constant phase element behavior (‗Q‘ representing the prefactor of this element and
‗n‘ its exponent).

Although constant phase elements strictly have no basis in real physical

phenomena, they are often good approximations of behavior over a finite frequency range. The
corresponding empirical modification of the Randles circuit illustrated in Figure 3.12c often
reproduces observed impedance behavior well. 156 The transformation of the dielectric capacitance
to a constant phase element (Cdiel → Qdiel ), unlike the modification to double-layer capacitance
(Cdl → Qdl ), has not previously been justified on the basis of theory. Figure 3.12b illustrates how
contributions to impedance associated with cell connections and the potentiostat may simplify in
certain frequency ranges to result in the empirical behavior observed and modeled by Figure
3.12c. At mid-range frequencies, where Rcell

Ztotal

Rleak , Qstray and Cdiel effectively add in

parallel to a Qdiel term. When calculating only the conductivity of a sample, the precise nature of
these empirical modifications is not strictly important.
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As described in the Literature Review, the Randles-like circuit of Figure 3.12a is
mathematically equivalent to a dielectric Debye relaxation in parallel with a high frequency
dielectric capacitance, Equation 2.6.
̂

(2.6)

The impedance of the dielectric relaxation component, which corresponds to the series resistor–
capacitor pair, is represented in mathematical form by Equation 3.7.
̂

Rsoln Cdl

(

)

(3.7)

Transformation of Equation 3.7 by Equation 2.4 results in Equation 3.8, which is equivalent to
the frequency-dependent part of the dielectric form of electrode polarization, Equation 2.6. This
also shows how R and C are related to Δε and η.
̂

(

)

(3.8)

It is important to understand the equivalence of models, as analysis may be easier in
impedance form or dielectric form for any particular system or parameter being determined.
While a wider variety of empirical models have been vetted in the complex dielectric domain for
the description of solid state polymer behavior, the impedance domain offers the advantage of
utilizing potentiostat software for model construction and analysis, which allows for rapid
development and testing of circuit models that can accommodate electrical behavior extraneous to
the sample (e.g. stray capacitances and inductances, leakage currents, etc.). In general, circuit
models are amenable to analysis of multicomponent systems exhibiting standard behavior, while
dielectric models better accommodate atypical / non-ideal behavior in simple systems through
empirical components.
Determination of electrolyte density (ρ), and consequently charge carrier mobility (µ),
has been traditionally performed in the complex dielectric domain, as described in the Literature
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Review. As a result, models of non-ideal behavior have been vetted and are widely accepted in
dielectric form, while impedance models of non-ideal behavior tend to lack substantiation. The
correspondence of the Macdonald model of non-ideal ion conduction in the dielectric domain and
the non-ideal circuit model of Figure 3.12c is demonstrated. Additionally, the model and analysis
used in this work are adapted to account for the observed stray capacitance that would otherwise
render the model inaccurate.

The following impedance analysis was performed using only

Microsoft Excel and the modeling and fitting routines provided by Gamry Echem analyst.
The electrode polarization resulting from ionic conductivity is frequently observed to
deviate from purely Debye behavior (Equation 2.6), and an empirical modification to this
behavior has been used effectively to model conduction in various polyelectrolytes
(Equation 3.9).96,157
̂

(3.9)

Transformation of this model by Equations 2.4 results exactly in the impedance of a series R–Q
(resistor–constant phase element) combination (Equation 3.10), identical to the two components
of Figure 3.12c intrinsic to the conductor. This equivalence, which has not previously been
discussed, is in direct analogy to the equivalence of Figure 3.12a and a Debye relaxation. It
justifies analysis of several derived properties, including electrochemical mobility (μ) and charge
carrier density (ρ), using the empirical model of Figure 3.12c.
̂

(

)

(

)

(3.10)
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Figure 3.14 Complex dielectric spectra of an ideal (dashed) and non-ideal (solid) conductor
between blocking electrodes. Spectra calculated for the following parameters, based on
Equations 2.6 & 2.9: ζ = 10-5 S cm-1 , ε∞ = 2, μ = 10-5 cm2 V-1 s-1 , Leff = 10-3 cm, κcell = 0.1 cm-1 .
Shifts from ideal to non-ideal spectra as a result of specific changes are illustrated by arrows.
Grey region contains information about electrode polarization and Debye length.177
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Figure 3.13 Complex impedance spectrum (Nyquist plot) of an ideal (dashed) and non-ideal
(solid) conductor between blocking electrodes. Spectrum calculated between 1 MHz and 1 Hz
for the following parameters, based on Equations 3.7 & 3.10: ζ = 10-5 S cm-1 , ε∞ = 2, μ = 10-5
cm2 V-1 s-1 , Leff = 10-3 cm, κcell = 0.1 cm-1 . Shifts from ideal to non-ideal spectra as a result of
specific changes are illustrated by arrows. Grey region contains information about electrode
polarization and Debye length. 177
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Changes to spectra resulting from a transition to non-ideal materials and cells are
illustrated schematically in Figure 3.14 and Figure 3.13 for example material and cell parameters
specified therein. The derived relationships between Rsoln , Qdl , ηζ and Δεζ are given in Equations
3.11 and 3.12, noting that when n = 1, Qdl → Cdl .
(3.11)
(3.12)
Ion Mobility and Density. Solution resistance provides a first order description of
conduction in ionic conductors.

However, kinetic and thermodynamic considerations both

contribute to conductivity in the form of ion mobility (μ) and concentration (ρ), per Equation 2.3.
∑

(2.3)

It is mobility and concentration to which an experimentalist should refer when addressing how
best to design better materials. Whether mobility or charge density is limiting determines if
efforts should be directed primarily toward improving mobility (e.g. decreasing polymer T g , or
inclusion of a low Tg phase) or concentration (e.g. acid / base doping or dielectric modification).
As described in the Literature Review, screening of the electric field by mobile charges
manifests as an increase in apparent dielectric constant and measured capacitance on
accumulation of charge at the electrodes, per Equation 3.13, where LD is the Debye (charge
screening) length and Leff is the effective distance between electrodes.
(3.13)
In a plane parallel electrode configuration, Leff is simply equal to the measured distance between
electrodes. For interdigitated and other more complex geometries, L eff is approximately equal to
the average length of a field line passing from one electrode to another. If a single species is the
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dominant contributor to conductivity (   q 1  1  1 ), it is effectively the sole determinant of the
Debye length within a material (Equation 3.14).
(3.14)
Equation 3.14 makes the approximation that the activity coefficient of the mobile ions
(γ±, unitless) is approximately unity. This approximation is typically valid for dilute solutions,
but can become quite inaccurate at high ion concentrations, where ion–ion and ion–solvent
interactions become significant. With independent determinations of L eff, temperature, Δεζ and ε∞
(or Cdl and Cdiel ), and assuming LD

Leff, carrier density and ion mobility can thus be calculated

from Equations 3.15 and 3.16 using data fit to Equation 3.9 or 3.10 (where n = 1).
(
(

)
)

(

)
(

(3.15)
)

(3.16)

These determinations are in principle simple to make for systems that exhibit ideal and
non-ideal behavior given spectra encompassing a sufficiently wide frequency range to observe
both dielectric capacitance (ε∞ / Cdiel ) and electrode polarization (Δεζ / Cdl ). However, as
illustrated in Figure 3.12b, real systems often present non-ideal behavior and responses
extraneous to the sample. Analyses of systems with non-ideal electrode polarization have been
successfully performed in the DRS literature using Equation 3.9 (where n ≠ 1), coupled with the
complex dielectric forms of Equations 3.15 and 3.16.
These equations can only be used, however, if C diel (and ε∞) can be accurately
determined. As described above, stray capacitances on the order of 100 pF effectively mask the
high frequencies of the polymer using the experimental design described. This precluded the
determination of absolute mobilities and charge carrier densities, though values can be
approximated if the magnitude of ε∞ is assumed. Even the absence of a well-determined ε∞,
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changes in mobility and carrier density across temperature, pressure, and other environmental
variables that affect ε∞ negligibly can still be accurately compared.
The following ε∞-normalized quantities (Equations 3.17 and 3.18) were derived in the
same manner as Equations 3.15 and 3.16, where n was allowed to vary between 0 and 1. They
were utilized to make approximate analyses of mobility and density in the presence of factors that
masked the high frequency dielectric constant. Fits were made to the circuit model described in
Figure 3.12b and the resulting parameters utilized to calculate normalized charge densities and
mobilities.

Mobility and density can vary over many orders of magnitude within a material,

while ε∞ typically varies only to a small degree (the largest changes in polymers likely arising
from absorption / desorption of water as relative humidity changes). Thus, in many cases the
qualitative behavior of density and mobility should be relatively independent of small concurrent
changes in ε∞.
(
(

)
)

(
(

)

(3.17)

)

(3.18)
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Chapter 4
C-Alkyl-1H-Tetrazole–Bearing Polymers

4.1

1H-Tetrazole Synthesis

Of the simple (i.e. unsubstituted) azole heterocycles, 1H-tetrazole is the most acidic (pK a
= 4.9158,159 , see Figure 2.13). It is also rather difficult to synthesize by traditional means. As
described in 2.2.2 Intrinsically Conductive Polyazoles, syntheses traditionally require high
temperatures, strongly dipolar solvents (DMF or water), and either nucleophilic salts of the azide
ion (e.g. NaN3 , Zn(N3 )2 ) or the explosive hydrazoic acid (HN3 , typically generated in situ).
Additionally, with few exceptions [2+3] cycloaddition of azide and nitrile to form a 1H-tetrazole
only proceeds in satisfactory yields on electron withdrawn aryl- or vinyl-nitriles. While many
recent examples of anhydrous proton conducting polymers utilize members of the azole family as
proton solvents, few tetrazoles have been studied to date due in part to the synthetic limitations of
available techniques.
In prior reports of 1H-tetrazole–bearing polymers, this moiety is directly bound to the
backbone and is thus highly dependent on backbone flexibility for anhydrous proton transport.
The nature and length of the side chain connecting 1H-tetrazole to the polymer backbone,
however, is likely to have a great impact on material properties through both its electronic effects
and effects on the local environment of the tethered tetrazole. Due to the complexities involved
in synthesis and increasing the spacial distance between the polymer backbone and tetrazole
moiety, the post-polymerization synthesis of polymers bearing pendent C-alkyl-1H-tetrazoles has,
thus far, not been reported. However, 1H-tetrazoles of varied structure are particularly attractive
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for proton conducting applications due to their high potential degree of coordination and acidity,
making them potentially useful in doped materials where both proton donor and acceptor are an
azole. An alternative synthesis of 1H-tetrazoles inspired by the work of Aureggi and Sedelmeier
(see 2.2.2 Intrinsically Conductive Polyazoles)79 and prior work at the Naval Research
Laboratory160–162 is presented herein and extended to a styrenic, random-coil polymer with alkoxy
nitrile side chain (Figure 4.1).

3 (PS-CN)

Figure 4.1 Polystyrenic alkoxy nitrile precursor polymer.

4.1.1

Prior Small Molecule Studies

Aureggi and Sedelmeier proposed a general, two-step synthetic scheme for the
preparation of 1H-tetrazoles from nitriles as illustrated in Figure 4.2. This synthetic procedure
bypasses the polar solvents and hazardous reagents typically used for [3+2] azide–nitrile
cycloaddition (i.e. tetrazolation) reactions. Although water is a convenient solvent in many cases,
for the largely hydrophobic polymers used for anhydrous proton conduction, it is a hindrance.
Reaction times and temperatures vary widely depending upon the reactant nitrile, with times as
short as 1 hr at room temperature or as long as 72 hr at 110 °C for more hindered, less activated
starting materials.
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Figure 4.2
General scheme for the tetrazolation of small molecule nitriles using
dialkylaluminum azide generated in situ from dialkylaluminum chloride and sodium azide in
toluene.79
In prior work at NRL investigating the attachment of 1H-tetrazole–containing side chians
to polymers, 5-(6-bromohexyl)-1H-tetrazole 34 was synthesized per the methodology of Aureggi
and Sedelmeier. 160 The initial synthetic pathway attempted to react this small molecule with
phenol under Williamson ether conditions to form a resulting tetrazole-bearing compound
directly (Figure 4.3). Although the ease of synthesis of 34 showed Et2 AlN3 to be tolerant of
electrophilic moieties (something that was not mentioned or demonstrated directly by Aureggi
and Sedelmeier), the attempted Williamson ether reaction did not proceed, instead resulting in
isolation of the bicyclic structure 1,5-pentamethylene tetrazole. Although diethylaluminum azide
is a convenient, non-nucleophilic source of azide, tolerant of a variety of functional groups, the
Brønsted acidity of the resulting 1H-tetrazole (pKa ≈ 5.8)158 caused its selective deprotonation,
leading to an intramolecular SN 2 reaction of tetrazolate with the ԑ-carbon of compound 34.
Protection of 1H-tetrazole likewise lead to undesired side products. Thus, to achieve polymers
with 1H-tetrazoles containing intact N-H protons, formation of the acidic tetrazole was required
to proceed after reaction of polymeric phenolic group with halo-alkyl nitrile, necessitating a
modified tetrazolation methodology.
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Figure 4.3 Synthesis of 5-(6-bromohexyl)-1H-tetrazole 34 and attempted reaction to form 5-(6phenoxy)-1H-tetrazole 35. Pentylenetetrazol (bottom), a known pharmaceutical compound, is
formed from base-catalyzed cyclization, instead. 160 Copyright © 2014 American Chemical
Society.
Initial attempts at functionalization of the polymer nitrile illustrated in Figure 4.1 (PSCN) also resulted in low degrees of functionalization, however, noting that functionalization was
directly proportional to one less than the number of equivalents of Et 2 AlN3 used (equivalents –
1).160,162 The conclusion that was drawn from this was that Et2 AlN3 complexes strongly with
Lewis acids, such as the ether oxygen, inactivating it toward cycloaddition. Despite this barrier,
the excess of azide was easily quenched by sequential addition of NaOH (to prevent HN 3
formation) and NaNO2 (to generate HNO2 in situ), followed by HCl. This sequence cleaves
aluminum from both tetrazole and azide, forming various aluminum salts, and subsequently
quenchs remaining azide (as NaN 3 ) via the reaction

. Although

the use of excess Et2 AlN3 reduces the atom economy of the reaction, both Et2 AlCl and NaN3 are
relatively inexpensive. Additionally, no side reactions were observed despite the presence of
excess reagent. 160–162
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4.1.2

Polymer Synthesis and Tetrazolation

In light of these results, a two-step strategy was employed for the synthesis of PS-Tet,
first forming the ether linkage between poly(4-vinylphenol) (Mw ≈ 11,000, Sigma–Aldrich) 2, and
6-bromohexane nitrile (Figure 4.4).160,161,163 PS-CN 3 resulted when K2 CO3 was used as base and
DMF as solvent. To obtain lower molecular weights, 4-vinylphenol 1 was synthesized from 4acetoxystyrene, and subsequently polymerized in the presence of HCl to yield poly(4vinylphenol) 2 of variable molecular weight and narrow PDI.

1

H and

13

C NMR spectra of

commercial and in-house synthesized poly(4-vinylphenol)s were virtually identical.

Figure 4.4 Synthesis of PS-Tet 7 from poly(4-vinylphenol) 2. Both commercial and low
molecular weight poly(4-vinylphenol) synthesized in-house were utilized. 160 Copyright © 2014
American Chemical Society.
Tetrazolation commenced on addition of PS-CN 3 dissolved in 1,2-dichlorobenzene
(DCB) to a solution of diethylaluminum azide in toluene, followed by heating and stirring of the
reaction mixture overnight. After chilling the solution, diethylaluminum was cleaved from the
tetrazole nitrogen by addition of aqueous NaOH and NaNO 2 , as previously described.
Subsequent acidification formed the 1H-tetrazole and quenched remaining azide. The entire
process was conducted under an inert atmosphere, as the exposure of small molecule reagents to
air under alkaline conditions was previously observed to cause noticable darkening of the
solution. Conversion of PS-CN 3 to PS-Tet 7 was confirmed by the growth of a broad 1Htetrazole N-H peak at 16 ppm and shifting of the terminal CH 2 protons from 2.4 ppm to 2.9 ppm
in solution 1 H NMR (DMSO-d 6 , Figure 4.6).

Although the 1H-tetrazole proton is broad in

solution NMR and often exhibits reduced intensity due to exchange with residual water, the full
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integrated intensity of this peak could be observed in solid state 1 H NMR of the polymer,
illustrated at 100 °C in Figure 4.5. Due to changes in tetrazole environment and interactions in
the solid state, the N-H proton shifts to ~12 ppm at high temperature.

Figure 4.6 Solution 1 H NMR spectra of parent PS-CN 3 and resultant PS-Tet 7 in DMSO-d 6 ,
with peaks labeled.160 Copyright © 2014 American Chemical Society.

Figure 4.5 Solid state 1 H NMR spectrum of PS-Tet 7 at 100 °C, showing raw data and 12
component Lorentzian peak fits.160 Copyright © 2014 American Chemical Society.
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For initial tetrazolation attempts, toluene was used as solvent, based on the prior work on
small molecules. 160–162 However, under these conditions PS-Tet 7 precipitated from solution as
swollen solid particulate, most likely due to the disparate solubility of the backbone and tetrazolecontaining pendent moieties. Nevertheless, conversions in excess of 90% were achieved in the
swollen solid, showcasing the facile nature of this reaction. To attain quantitative conversion,
DCB was used as co-solvent to maintain solubility of polymer product and facilitate complete
removal of residual azide and aluminum salts upon quenching. As noted above, at least two
equivalents of dialkylaluminum azide were required for complete conversion of nitrile to
tetrazole; three equivalents typically resulted in reasonable reaction times. The various properties
of polystyrenic alkoxy 1H-tetrazole 7 reported herein were measured only for samples with
quantitative (100%) conversion to prevent nitrile content from becoming an additional variable in
the analysis of polymer properties.

The methodology described demonstrates a safe and

synthetically convenient reaction pathway to obtain 1H-tetrazoles with labile protons that are
covalently tethered by an alkyl substituent to a polymeric backbone.

4.2

Physical Properties

This class of polymers bearing alkyl-tethered 1H-tetrazoles is of interest for its potential
anhydrous proton conducting capability.

Proton conduction in tethered systems can only be

structural in nature (see 2.2.2 Intrinsically Conductive Polyazoles), due to the lack of long-range
translational diffusion in a solid polymer, and should thus be strongly coupled to polymer motion.
As all synthetic methods to convert nitriles to 1H-tetrazoles generate high levels of salts (e.g.
aluminum, sodium, tetraalkylammonium), care must be taken to rigorously exclude them from
the final product. To ensure that measured conductivity could arise only from dissociated azoles,

130
sodium and aluminum salt concentrations were monitored by

23

Na and 27 Al NMR in deuterated

dimethylsulfoxide (DMSO-d 6 ), as described in 3.1.2.2 NMR Spectroscopy of Residual Salts.
Samples were re-precipitated from DMSO into 1 N HCl, then repeated rinsed with distilled water
until neural to reduce salt concentrations below detection limits. Despite the explosive nature of
many small molecule tetrazoles, PS-Tet 7 was thermally stable under both nitrogen and air to 210
°C. The 14 % weight loss observed from 210 °C to 280 °C by TGA (Figure 4.7) was controlled
under both nitrogen and air, and presumably corresponds to off-gassing of N2 and HN3 by
retrocyclization of 1H-tetrazole.71

Figure 4.7 Thermal gravimetric analysis of polystyrenic alkoxy 1H-tetrazole 7 under N2 and air.
Weight loss of 1% is observed by 210 °C and 5% by 250 °C.160 Copyright © 2014 American
Chemical Society.
More surprising than the (relative) thermal stability of this material, however, is its
differential scanning calorimetry (DSC). DSC of 7 (Figure 4.8) shows two distinct Tg s at 49 °C
and 74 °C, suggesting unexpected, but unambiguous, two-phase behavior. This polymer was
extensively purified and verified by NMR to be free of residual solvents, thus this behavior
cannot be explained by molecular impurities, and must arise from some aspect of the polymer
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structure.

The precise nature of this phase separation is currently unknown, but possible

structures are hypothesized in Chapter 5 based on additional information about its properties.

Figure 4.8 Differential scanning calorimetry thermogram of PS-Tet 7, illustrating two distinct
Tg s at 49 °C and 74 °C.160 Copyright © 2014 American Chemical Society.
However, atomic force microscopy (AFM, Figure 4.9) and rheology (Figure 4.10) have
been performed on the polymer cast from DMSO and rigorously dried, both of which confirming
the existence of two phases. 164 The loss modulus of PS-Tet 7 as measured by rheology at 1 Hz in
oscillatory shear (Figure 4.10) shows two maxima at ~32 °C and ~67 °C, occurring at slightly
lower temperatures than the Tg s measured in the as-synthesized material. AFM taken in tapping
mode at 28 °C shows quite distinct, but surprisingly large, phases, with a random structure and
dimensions ranging from ~10–100 nm (Figure 4.9).

Although this morphology was initially

found on the surface of samples cast from DMSO, Figure 4.9 was taken from a cross-sectioned
sample obtained by casting on Teflon and sectioning the somewhat brittle polymer with a razor
blade. Thus, this morphology extends throughout the sample.
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Figure 4.10 Storage (𝐆 ) and loss (𝐆 ) moduli of PS-Tet 7 measured in oscillatory shear at 1 Hz
at a cooling rate of 0.1 K min-1 .164 Copyright © 2014 American Chemical Society.
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Figure 4.9 Atomic force micrographs of PS-Tet 7 measured at 28 °C in tapping mode, at two
different magnifications (left and right). Height images are depicted on top and phase images on
bottom.164 Copyright © 2014 American Chemical Society.
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The observed decrease in apparent Tg of the cast film most likely results from the
presence of a small amount of residual DMSO from casting. Although all polymers are dried
under vacuum at 120 °C, as described in 3.3.2 Sample Preparation and Electrode Cleaning.
DMSO has an exceptional boiling point (189 °C at atmospheric pressure) and PS-Tet exhibits
poor flow characteristics well above its higher T g , illustrated by its sublinear dependence of
storage modulus on frequency at low frequencies (Figure 4.11). The sublinear dependence of
modulus on frequency could be the result of physical crosslinking imparted by tetrazole–tetrazole
interactions, causing the polymer to behave in a rubbery fashion above its T g s. The net result is
that films cast and annealed at 120 °C under vacuum and subsequently taken back up in DMSOd 6 for 1 H NMR spectroscopy show c.a. 3% w/w DMSO (undeuterated) left over from casting.
Small quantities of residual DMSO give rise to a shift in Tg s of the cast film to ~27 °C and
~60°C, respectively, illustrated in Figure 4.12. These values fall closely in line with those from
rheology (which are expected to be 5–10 °C higher than values measured by DSC).

Figure 4.11 Dependence of storage (𝐆 ) and loss (𝐆 ) moduli of PS-Tet 7 on frequency at low
frequencies.164 Copyright © 2014 American Chemical Society.

134

Figure 4.12 DSC thermogram of PS-Tet 7 after casting from DMSO solution and drying at
120 °C under vacuum, showing a slight depression in both Tg s due to small amount of residual
DMSO.
The duals Tg s of this material are unlike other polymers containing pendent 1H-azoles
reported in literature, which characteristically exhibit only one glass transition temperature. This
behavior is especially unusual given this material‘s short side chains and homopolymer nature,
which would suggest by conventional wisdom that any phase separation must occur on extremely
small length scales. Small angle x-ray scattering (SAXS) showing phase contrast would be ideal
to further solidify and characterize phase separation, especially given PS-Tet‘s unconventional
behavior. However, attempted collection of scattering profiles as described in 3.1.2.1 General
Methods resulted in a complete lack of scattering intensity arising from PS-Tet, as illustrated in
Figure 4.13. Lack of SAXS intensity might arise due to a lack of electron density contrast
between the phases, which are both amorphous and consist solely of carbon, nitrogen, hydrogen
and oxygen. SAXS on a synchrotron source or small angle neutron scattering (SANS) may
resolve features in this material. However, although useful to probe morphology with greater
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detail, in light of the DSC, AFM and rheology data, these techniques should not be necessary to
prove the existence of phase separation.
Although exhibiting generally unexpected behavior, the properties of PS-Tet 7 measured
as-synthesized (free of all solvents and salts) and as-cast are consistent from batch-to-batch and
measurement-to-measurement.
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Figure 4.13 SAXS scattering intensity vs. d-spacing collected from 50 μm thick Kapton film and
100 μm thick film of PS-Tet 7 cast on Kapton (50 μm) and annealed at 120 °C as described for
other samples. In the range of 1–100 nm, there is negligible intensity resulting from the film of
PS-Tet.177

4.3

Anhydrous Proton Conductivity

The primary reason PS-Tet was synthesized was to investigate the anhydrous
conductivity of polymer-bound 1H-tetrazoles where azole and backbone are separated by a

136
flexible chain.

Anhydrous proton conductivity was measured by electrochemical impedance

spectroscopy (EIS) as described in 3.3 Impedance Spectroscopy. Applied sinusoidal potentials
were kept at 100 mV rms voltage in order to ensure linear behavior; above 300 mV, spectra
became non-linear and irreversible changes to sample behavior were observed. Temperature
control, from 120 °C to 30 °C, was provided by an ESPEC SH-240 Humidity and Temperature
Chamber under a flow of dry nitrogen (0 % RH) and verified by an Omega Humidity and
Temperature Data Logger. Interdigitated gold electrodes on glass microscope slides chosen and
fabricated to a) accurately characterize materials with low conductivity, b) limit the volume of
sample required, and c) facilitate sample drying and equilibration with the environment. The
IDEs used exhibited calibrated cell constants of κ = 0.115 ± 0.003 cm-1 , calibrated as described in
3.3.1.2 Calibration and Assumptions. Raw impedance data was fit to an empirical circuit model,
both shown in Figure 4.14, and conductivies calculated from solution resistance (R soln ) as
.
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Figure 4.14 Typical Nyquist plot of reactance ( 𝐙 ) vs. resistance (𝐙 ) as a function of
frequency for PS-Tet (left, inset is full spectrum from 1 MHz to 1 mHz). Empirical circuit model
used to fit data (red line) is illustrated on the right.160 Copyright © 2014 American Chemical
Society.
The anhydrous conductivity of PS-Tet 7 between 30 °C and 120 °C is illustrated in
Figure 4.15, averaged over three batches. The large, non-Arrhenius dependence of conductivity
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on temperature fits well to a Vogel–Fulcher–Tammann (VFT) empirical relationship, where
T0 = -33 °C. At 120 °C, polymer 1 exhibits conductivity on the order of 10-5 S·cm-1 , which is
reasonable for an undoped, azole-containing polymer well above its Tg . In this way, PS-Tet
exhibits broadly similar behavior to the various 1H-1,2,3-triazole and 1H-imidazole–bearing
polysiloxanes of Granados-Focil and coworkers, and much higher conductivity than poly(5vinyltetrazole) at the same temperature. 61,74,77
Tg = 74 °C

Tg = 49 °C

Figure 4.15 Anhydrous conductivity of PS-Tet 7 between 30 °C and 120 °C, averaged over three
separate films, with standard deviations (log10 weighted). Line is VFT fit to conductivity where
T0 = -33 °C.160 Copyright © 2014 American Chemical Society.
Traditionally, VFT dependence of conductivity on temperature suggests coupling of
conduction to motion of the polymer backbone. However, temperature dependent solid-state 1 H
NMR spectroscopy, illustrated in Figure 4.16, showed proton conductivity to occur with a similar
activation energy, and in a similar temperature range, to side chain motion. The onset of side
chain mobility, observed as an increase in the slope of log10 line width vs. inverse temperature,
occurs at ~47 °C. Noting that NMR transitions occur at higher temperatures than DSC transitions
due differences in the time scales of the processes being probed, side chain motion onsets prior to
segmental relaxation of the soft phase. Segmental motion at a similar time scale to side chain
motion would additionally be visible as a change in the line width of the aryl protons of 7, which
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remain relatively broad, and thus immobile, over the range of temperatures investigated. The
coupling of proton motion to side chain dynamics, which appear to be independent of backbone
dynamics, may explain the VFT behavior of conductivity observed above and below both T g s.

Figure 4.16 Average solid state 1 H NMR line widths of alkyl, aryl and azole protons in PS-Tet 7
vs. inverse temperature. Inset depicts representative, full polymer spectrum at 92 °C, from which
peaks are fit.160 Copyright © 2014 American Chemical Society.
If proton mobility is truly decoupled from segmental motion, changes in polymer T g
should not significantly affect conductivity. Aside from modifying the backbone structure, T g
can be decreased by either plasticization or reduction of polymer molecular weight. Obtaining a
poly(4-vinylphenol) with a lower molecular weight than commercially available was synthetically
achievable in only a few additional steps (see Figure 4.4). Acid polymerization of 4-vinylphenol
with concentrated aqueous HCl was attractive, producing a low molecular weight with a narrow
molecular weight distribution and no side products. HCl-polymerized poly(4-vinylphenol) was
found to have a Mw of 3960 Da and a PDI of 1.33, compared to the commercial poly(4vinylphenol) used for prior syntheses, which was determined to have a M w of 9500 Da and PDI
of 1.37. The lower molecular weight polystyrenic alkoxy 1H-tetrazole derived from this polymer
also exhibited two distinct Tg s, shifted to 26 °C and 44 °C in the as-synthesized sample,
compared to 49 °C and 74 °C in the higher molecular weight material. Although conductivity of
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the low molecular weight polystyrenic alkoxy 1H-tetrazole was found to increase uniformly by a
factor of two compared to the higher molecular weight polymer, illustrated in Figure 4.17, this
effect is much lower than might be expected for a decrease in T g of approximately 25 °C.
Synthetically, glass transition can be easily varied in this material. The physics governing both
phase separation and proton motion are probed further in Chapter 5.

Figure 4.17 Anhydrous proton conductivity of low and high molecular weight PS-Tet 7, derived
from in-house polymerized (low Mw ) and commercial (high Mw ) poly(4-vinylphenol). Color
coded vertical lines illustrate Tg s of the respective materials.160 Copyright © 2014 American
Chemical Society.
Despite the apparently VFT behavior of conductivity, common to most azolefunctionalized polymers, side chain motion and conductivity appear to be decoupled from
segmental motion, according to solid state NMR spectroscopic measurements. Decoupling of
conductivity and backbone motion is supported by observation of only a factor of two increase in
anhydrous proton conductivity on decreasing the Tg s of both phases by ~25 °C. Neither the dual
Tg behaviour nor decoupling of polymer segmental motion and conductivity has been explicitly
reported in other 1H-azole–containing homopolymers, making these phenomena warranting
further investigation in related materials.
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4.4

Conclusions and Directions for Future Research

In Chapter 5 and Chapter 7, the unusual physical characteristics of PS-Tet and its ability
to dope / be doped by other polymers for increased anhydrous conductvity are further explored.
The synthetic procedure presented also opens several directions for future research in polymertethered 1H-tetrazoles that were not previously possible due to synthetic limitations. One of these
possibilities is the investigation of 1H-tetrazole conductivity (when polymer-bound) as a function
of side-chain structure and length. As described in Literature Review, the conductivities of
polymer-tethered imidazoles and triazoles vary substantially depending upon T g and length of the
side chain. This is likely a combined result of azole density (percolation) and fluidity (side chain
and backbone mobility). Although anhydrous conductivity of

10-5 S cm-1 in PS-Tet is

promising, the polymer structure presented is by no means optimized; instead, it was chosen for
ease of synthesis, to determine tetrazolation conditions and prove the general utility of the
synthetic method. That it exhibits the anhydrous conductivity and physical properties that it does
was happily unexpected, based on its design.
Another synthetic possibility that deserves future exploration is the extension of this
synthetic method to different polymer structures, functionalities, and solvent systems.

As

described in the early work performed on small molecules to determine some of the necessary
reaction conditions, Et2 AlN3 does reversibly complex with certain moieties, including Lewis
acids and alkynes. On the other hand, electrophilic functional groups including alkyl bromides
appear to be tolerated, in contrast to the methods that utilize NaN 3 directly. What other functional
groups and solvents are amenable to this reaction? This question is outside scope of this research,
but may be fruitful work for others to pursue.

141

Chapter 5
Phase Separation and H+ Transport in PS-Tet via Comparison to a
Carboxylic Acid Analog

5.1

Selecting an Appropriate Comparison to PS-Tet

Undoped, polystyrenic alkoxy 1H-tetrazole, PS-Tet 7, was synthesized and its conductive
and physical properties investigated as described in Chapter 4. Although exhibiting a similar
temperature-dependent conductivity to side chain tethered triazole and imidazole homopolymers,
PS-Tet behaves physically as a phase separated system exhibiting non-Newtonian flow well
above even the higher of its two Tg s.164

Neither this flow behavior, nor the dual Tg s, nor

conductivity which appears to be relatively independent of polymer segmental motion have been
reported for other azole-containing polymers.
Phase separation is predicted and observed in many homopolymer blends and block
copolymers of various structures (diblock, multiblock, graft, etc.). 165–170 Immiscibility arises in
polymers due to reduced conformational freedom and lower entropy of mixing compared to small
molecules.

However, the conformational entropy within individual polymer chains is not

negligible. Each site of phase separation within a chain (e.g. the boundary between blocks in a
block copolymer) is conformationally restricted, and thus entropically unfavorable. Polymers
with large blocks experience a minimal loss of conformational entropy on phase separation. With
decreasing block size, phase separation becomes increasingly unfavorable due to an increased
density of conformationally restricted locations. As a result, microphase separation involving the

142

side chains in non-ionic, short side chain polymers is rare, requiring large positive enthalpies of
mixing to balance conformational restriction in many monomer units. Nafion® is one of the few
examples of a polymer with short side-chains which exhibits distinct phase separation of
backbone and side chain. It exhibits this behavior due to the hugely different character of the
strongly aggregating sulfonic acids in its side chains and weakly interacting fluorinated side
chains and backbone. 170–172 Is microphase separation in PS-Tet indicative of similarly strong 1Htetrazole interactions, or does this behavior arise even in the presence of weak side-chain
interactions?
Although anhydrous proton conductors are designed to operate in the complete absence
of water, changing environmental conditions can result in water uptake and altered material
properties. While PS-Tet has been determined to absorb less water than sulfonic acids of similar
ion density at the same relatively humidity (see Literature Review Figure 2.11 and the following
discussion), it retains a small, but non-negligible, amount of water when dried. This absorbed
water may be the predominant mediator of proton conductivity, instead of the presumed 1Htetrazole mediated mechanism. Conduction relying on the azole only under strictly anhydrous
conditions would have broad implications for material design, considering the difficulty in
achieving a truly anhydrous system. Few studies have investigated the role that water plays in
materials designed for anhydrous conduction, and the following work suggests that most of these
materials may retain non-negligible quantities of water.
It is important to experimentally determine the properties of PS-Tet that arise specifically
from its pendent 1H-tetrazoles. Morphological comparisons require substituents of similar size,
shape and electronic structure; assessment of how water content affects conductivity requires
substituents with similar acid-base characteristics. Both assessments are performed herein by
comparing the properties of PS-Tet and an analogous polymer substituting a carboxylic acid for
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1H-tetrazole, PS-HA, synthesized as described in 3.1.3 Styrenic and Phenolic Materials and
summarized in Figure 5.2. Carboxylic acids and 1H-tetrazoles exhibit similar aqueous chemistry
and electronic structure, resulting in bioisosterism that permits the use of 1H-tetrazoles in a
wealth of pharmaceutical applications. Studies have been performed that address the origins of
this bioisosterism, and some of the applicable properties of 1H-tetrazoles compared to carboxylic
acids are summarized in Figure 5.1.158,159,173–176 Methyl-substituted acetic acid and 5-methyl-1Htetrazole are chosen as representative compounds due to their chemical similarity to the acid and
azole found in PS-HA and PS-Tet.

Figure 5.2 Synthesis of PS-Tet and PS-HA from poly(4-vinylphenol) via nitrile (PS-CN) and
ester (6) intermediates, respectively. Names are color coded and comparisons of materials
properties in this chapter utilize the same color coding where possible. 177
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Figure 5.1 Properties of acetic acid and 5-methyl-1H-tetrazole, as representative molecules.
From top: molecular weight, pKa,36,158 pKb,209 and solution dipole moment159,176 .177
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The characterization of PS-Tet 7 and its carboxylic acid analog PS-HA 14 is discussed
herein, with emphasis on trends in proton mobility (μ), carrier density (ρ), activation energies
(Ea), and polymer motion. Taken together, these measurements show remarkable differences in
both the physical and conductive properties of polymer-tethered carboxylic acids and 1Htetrazoles. As a result, the unexpected properties observed in PS-Tet can be directly attributed to
the unusual characteristics of alkyl tethered 1H-tetrazoles in the solid state.

5.2

Conduction in the Presence of Water

5.2.1

Measuring Polymer Hydration

Quantification of hydration and polymer behavior as a function of λ (the hydration
number, or moles of water per moles of functional group) is important for these materials.
Although designed for anhydrous operation, most applications will experience at least temporary
exposure to atmospheric humidity. The resulting water content, which does not completely leave
the polymer under anhydrous conditions, is shown later to play an important role in ionization
and conduction, even at substoichiometric concentrations.
Absorbed water content is composed of a bound component retained under anhydrous
conditions (λ0 at 0% RH) and a component that is responsive to changes in humidity (λΔ as a
function of RH). Water content is expressed in terms of hydration number (λ) as defined by
Equation 6.1.
(6.1)
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Strongly bound water content (λ0 ) and differential water content as a function of RH (λΔ) were
measured as described in 3.1.2.1 General Methods.
Residual water content can be quantified by both solution and solid state 1 H NMR
spectroscopy. Proton exchange between water and acid or azole is occasionally too rapid to
provide a distinct, integrable water resonance in solution state NMR. The already broad tetrazole
N-H proton readily smears and exhibits reduced solution intensity in the presence of
stoichiometric quantites of water. However, the averaged resonance occurs at an intermediate
chemical shift equal to the weighted average of the participating resonances, defined by Equation
6.2, where Ni is the number of exchanging protons associated with species ‗i‘ and Xi the mole
fraction of this species in solution.
(6.2)
In solid state NMR, protons exchange less freely between water and azole, causing this averaged
resonance to appear sharper than in solution. From the averaged location of this peak, which is
weighted by the number of protons in each exchanging species, ratios of water to acid / azole can
be calculated from Equation 6.2.

Figure 5.3 Solution 1 H NMR spectrum of PS-HA in DMSO-d 6 . See 4.1.2 Polymer Synthesis
and Tetrazolation, Figure 4.6 for solution spectrum of PS-Tet.
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PS-HA contains low levels of tightly bound water at λ0 ≈ 0.15 by solution NMR, in
which the water and COOH resonances are clear and distinct (Figure 5.3). In solution, PS-Tet
over a few weeks old (even when kept over P 2 O5 ) does not exhibit a distinct water resonance,
instead exhibiting a broad 1H-tetrazole peak shifted to low frequency (δ ≈ 12 ppm), due to rapid
proton exchange. Although the baseline hydration of PS-Tet is indeterminate based on solution
NMR, proton exchange suggests it to be non-zero. Solid state NMR places an upper limit on
hydration of λ0 ≤ 0.2, assuming the shift to lower frequency with increasing temperature
illustrated in Figure 5.4 is due to exchange of water and the 1H-tetrazole proton (~3 ppm and 16
ppm, respectively). Exchange averaging is demonstrated clearly at high hydration by an abrupt
change in the tetrazole chemical shift at ~25 °C, consistent with a maximum hydration number ≈
0.6.

Although clear plateaus are not exhibited in the solid state NMR of PS-HA, the shift

observed from low temperature to high temperature in this polymer is consistent with λ 0 ≥ 0.1.

Figure 5.4 Solid state NMR chemical shifts of acidic proton in PS-Tet (–CN4 H) and PS-HA (–
COOH) vs. inverse temperature in both anhydrous and hydrated atmospheres.177
Increasing temperature typically increases the rate of proton exchange between species,
shifting resonances of species involved to intermediate values. While the gradual shift to lower
frequency observed in anhydrous PS-HA is consistent with solution NMR measurements, its shift
to higher frequency when hydrated is atypical and suggests weaker interaction with water at
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higher temperatures. Although the shift of the COOH resonance to higher frequency could in
theory be attributed to gradual loss of water from the sample over the course of a measurement,
this feature is reproducible on multiple temperature cycles.
Trends in differential hydration number (λΔ) vs. RH were calculated and measured as
describe above and in 3.1.2.1 General Methods, and are repeated below (Figure 3.1) for reference.
PS-Tet and PS-HA show similar trends in λΔ with hydration, with neither material absorbing
nearly as much water as Nafion® (see Literature Review, Figure 2.11) or other sulfonated
polymers.

Instead, their water uptakes are closer to values reported for H-form Surlyn® (a

copolymer of ethylene and methacrylic acid).60 Although the absolute values of hydration
calculated from RH-TGA results are greater than those calculated from NMR measurements of
the hydrated materials at high temperature and humidity, results are qualitatively similar. The
possibility that not all absorbed water interacts with acid / azole would easily account for the
slight differences in uptake calculated from solid state NMR and RH-TGA.
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Figure 5.5 Quartic interpolation of differential hydration data (λΔ in units of moles of H2 O per
moles of azole / acid) for polystyrenic alkoxy 1H-tetrazole and polystyrenic hexanoic acid.177
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Carboxylic acids are clearly suitable analogs for 1H-tetrazoles with regards to water
uptake. Neither melting nor crystallization of water was detectable in the DSC of either PS-Tet
or PS-HA between -150 °C and 150 °C (Figure 5.6), providing confirmation that water does not
form a distinct phase in either material.

Solid state NMR observations provide preliminary

evidence, however, that water behaves differently in PS-Tet and PS-HA. This behavior is evident
in the atypical shift of the PS-HA carboxylic acid peak in Figure 5.4 to higher frequency with
increasing temperature, suggesting an enthalpic driving force for reduced water-acid interactions
in this material. By contrast, PS-Tet behaves as expected; 1H-tetrazole protons freely exchange
with water above ~25 °C, resulting in a signal-averaged peak and a maximum hydrated water
content qualitatively consistent with gravimetric water uptake measurements.
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Figure 5.6 DSC of PS-HA and PS-Tet. Two broad Tg s are exhibited by PS-Tet, while PS-HA
exhibits one distinct Tg . Derivatives of heat flow are included to highlight thermal transitions.
(PS-HA heat flow is shifted -25 mW g-1 for clarity.)177
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5.2.2

Proton Conductivity

As described previously, a primary application of 1H-azoles as anhydrous, solid
polyelectrolytes is for anhydrous proton conduction. Although PS-Tet and PS-HA hydrate only
to a low degree (λ ≈ 0.1–1.2), they both retain substoichiometric quantities of tightly bound water
under anhydrous conditions. Water may thus play a significant role in their proton conductivity.
NMR spectroscopy suggests that the role water plays in 1H-tetrazoles and carboxylic acids may
differ significantly, but this cannot be quantified by NMR alone. Given that carboxylic acids and
1H-tetrazoles have similar aqueous pK a (4.8 for acetic acid and 5.6 for 5-methyl-1H-tetrazole,
respectively), it follows that if residual water provides significant charge carrier mobility
independent of acid, PS-Tet and PS-HA should exhibit similar conductivities as a function of
water content.
Rcell
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Figure 5.7 Empirical circuit model used to fit EIS data as a function of frequency, accounting
for the response from the cell and connections, in addition to the sample. (Repeated from
Chapter 4.)
Conductivity was determined for PS-Tet and PS-HA as a function of temperature under
both anhydrous and hydrated conditions using electrochemical impedance spectroscopy (EIS), as
described in 3.3 Impedance Spectroscopy and 4.3 Anhydrous Proton Conductivity. As before,
spectra were fit to the empirical circuit model illustrated in Figure 5.7, which accounts for nonideal electrode behavior and stray resistances and capacitances often found in electrochemical
cells. From the solution resistance (R soln ) and cell constant (κcell , calibrated as described in 3.3.1.2
Calibration and Assumptions), conductivity was calculated as

.
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Figure 5.8 Anhydrous conductivities of PS-HA and PS-Tet as a function of inverse
temperature.177
Within the limits of the frequency range and aforementioned cell design, conductivities
between 10-4 S cm-1 and 10-12 S cm-1 were resolvable. The anhydrous conductivities of PS-Tet
and PS-HA differ dramatically, as illustrated in Figure 5.8. As 1H-azoles are known to be
strongly amphoteric, the two to four order of magnitude increase of conductivity in PS-Tet
compared to PS-HA is not unexpected. This is qualitatively similar to the observed difference in
the conductivity of anhydrous acetic acid (6×10-9 S cm-1 at 25 °C) compared to molten
(anhydrous) imidazole (10-3 S cm-1 at 75 °C) (see 2.1.2 Amphoteric, Anhydrous Proton
Conducting Species). One observation to note is the apparent change in the slope of conductivity
vs. inverse temperatuer in PS-Tet around 80 °C, near its upper Tg , suggesting a mechanism that
changes once the higher Tg phase becomes mobile.
While operationally anhydrous conduction mirrors that of 1H-azole and carboxylic acid
small molecules, how water contributes (by providing either proton mobility or charge carrier
density) remains uncertain. Conductivity as a function of hydration, illustrated in Figure 5.9,
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where numbers in the legends describe the associated λΔ, shows major differences in the effects of
water on PS-Tet and PS-HA. Initial absorption of water by PS-Tet has a significant effect on
both the magnitude and slope of its conductivity. This initial change likely relates to the an initial
increase in the percolation of the 1H-tetrazole / water network. After this initial hydration, the
effects of increased water uptake are marginal, improving conductivity only by an order of
magnitude at λΔ ≈ 1. By contrast, PS-HA experiences increased gains in conductivity with each
mole of water absorbed, suggestive of water playing a large role in the conductivity of PS-HA
and a decreased role in PS-Tet. As NMR shows that water interacts only weakly with carboxylic
acids in the solid state, increases of conduction in PS-HA are consistent with gradual percolation
of a water network. By contrast, the 1H-tetrazole network in PS-Tet appears to already be near
percolation. After an initial increase in percolation on absorption of water, marginal increases in
conductivity associated with further hydration are consistent with 1H-tetrazoles‘ continued
participation in proton conduction.
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Figure 5.9 Conductivity of PS-HA and PS-Tet as a function of inverse temperature and
hydration (λΔ). Dashed lines correspond to exponential fits of conductivity vs. inverse
temperature.177
Assuming that proton transfer has a rate-limiting, thermally activated step that governs
proton mobility (μ), the activation energy (Ea, kJ mol-1 ) associated with this step is indicative of a
specific process that governs the system.

Differences in E a between materials and across
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hydration provide an indication of differences in the underlying nature of proton conduction.
While conductivities are macroscopic and do not account for tortuosity and other morphological
effects, activation energies provide a comparison of behavior more closely related to the local,
microscopic environment associated with the conductive moiety.
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Figure 5.10 Activation energy (kJ mol-1 ) for conduction in PS-HA and PS-Tet as a function of λΔ
between 80 °C and 40 °C.177
Activation energy for conduction as a function of hydration, illustrated in Figure 5.10,
was calculated assuming Arrhenius behavior between 80 °C and 40 °C, using error bars on
calculated conductivities to weight each data point in the calculation. While PS-HA exhibits
relatively constant activation energy with changing hydration, PS-Tet shows a consistent,
dramatic decrease with increasing hydration. Even in the absence of information about mobility
and carrier density in these materials, this suggests a mechanism of proton conduction that
changes strongly as a function of hydration in PS-Tet, but weakly, if at all, in PS-HA across the
conditions studied. Coupled with conductivity, these data support the hypothesis that conduction
in PS-HA is reliant upon water even at low hydration.

As the hydrated activation energy
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observed in PS-Tet resembles its anhydrous activation energy at high temperature (≈ 76 kJ mol-1 ),
it is additionally possible to hypothesize that above the T g of the hard phase, this phase serves a
similar purpose as water: to increase the percolation of the 1H-tetrazole network in the polymer
film.

The lack of a plateau in activation at high hydration supports the hypothesis that 1H-

tetrazoles continue to participate in proton motion, the mechanism of proton transport that
varying continuously with hydration, involving both tetrazoles and water.
In all cases, activation energies remain substantially higher than related bulk liquids (10.3
kJ mol-1 for H2 O and 22 kJ mol-1 for imidazole). However, while changes in activation energies
can be indicative of changes in mechanism, absolute values do not indicate a specific mechanism.
As supported by the complete lack of crystallization / melting peaks in the DSC of these materials
(Figure 5.6), even water does not behave as in the bulk. In the presence of absorbed water, the
conductivity of PS-Tet remains driven by the amphotericity of pendent 1H-tetrazoles, answering
in part the question posed earlier: does conduction in PS-Tet arise solely from residual water?
Water likely aids in bridging 1H-tetrazoles, allowing protons to diffuse through the network with
only minimal polymer motion, which would otherwise be required to bring tetrazoles into each
others‘ vicinities.

5.2.3

Carrier Densities and Mobilities

Comparisons of conductivity and activation energy are useful and suggest that 1Htetrazole, not water, is the dominant contributor to conductivity in PS-Tet at low hydration.
However, at modest hydration PS-Tet and PS-HA exhibit similar activation energies for proton
motion. From activation energy alone, it is not possible to assess whether water is providing the
majority of proton transport at these water contents. To make this assessment, it is necessary to
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directly characterize the density and mobility of charge carriers (‗free‘ protons) in both polymers
as a function of temperature and hydration.

Although aqueous acidities were used to pair

carboxylic acid with 1H-tetrazole, in low dielectric constant media, differences in observed
acidity alone may account for the differences in observed conductivity when hydrated.
Charge carrier densities can be determined via the double-layer capacitance observed at
low frequencies in AC impedance between blocking electrodes, as described in 2.3.2 Models for
Conduction and 3.3.4 Analysis. Free charges result in Debye screening of the electric field with a
characteristic Debye length, LD , based on the density of charges, which determines the magnitude
of this capacitance (Q dl in Figure 5.7). Based on the Macdonald model of non-ideal electrode
polarization and the subsequent impedance analysis presented in 3.3.4 Analysis, a dielectric
constant–normalized charge carrier density (ρn , m-3 ) can be expressed uniquely in terms of Rsoln ,
Qdl and other externally defined parameters (e.g. temperature, cell constant) per Equation 5.3.
(

)

(5.3)

By normalizing for polymer dielectric constant, stray capacitances that are frequently
present in electrochemical cells (on the order of 10 pF) can be tolerated in this analysis. Unique
determination of ε∞ (and thus the absolute carrier density) requires knowledge of the high
frequency ‗static‘ capacitance due to the polymer, which is often small enough to be masked by
small capacitances in the cell and leads.
As conductivity is composed of a carrier density term and a mobility term (Equation 2.3),
a normalized mobility (µn , m2 V-1 s-1 ) can be calculated in a similar fashion, per Equation 5.4.
∑

(2.3)
(

)

(5.4)
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A detailed description of how these expressions are derived from dielectric models commonly
used in the literature, and how they correspond to common circuit diagrams and cell designs, is
provided in 3.3.4 Analysis. Figure 5.11 depicts the normalized carrier density (ρn ) of PS-HA and
PS-Tet as a function of temperature under anhydrous conditions (filled symbols) and at high
hydration (RH ≈ 90%, open symbols). These values were calculated by application of Equation
5.3 using Rsoln , Qdl and n as calculated by fitting impedance spectra to the circuit depicted in
Figure 5.7.
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Figure 5.11 Dielectric constant–normalized charge carrier density of PS-HA and PS-Tet under
anhydrous conditions and at 90% RH.177
For PS-HA, calculated values are absent under anhydrous conditions at low temperature.
In low conductivity materials, electrode polarization (Q dl ) is visible only at extremely low
frequencies, and many spectra of PS-HA exhibited only minimal electrode polarization at
frequencies above 10 mHz. However, both anhydrous and hydrated trends show that carrier
density changes only minimally with temperature for both PS-HA and PS-Tet. Likewise, changes
with hydration are small enough (less than a factor of four) that trends calculated with respect to
conductivity (i.e. activation energy) correlate well with changes only in mobility. As normalized,
not absolute, values are calculated for charge carrier density, the small calculated changes in

156

density may arise from changes to local high frequency dielectric constant (which should be
expected on hydration of a film) and related phenomena.
Activation energies for conductivity have two multiplicative components: the component
associated with ion mobility and that associated with free ion density. As ρ n in PS-Tet and PSHA changes only minimally in comparison to μ n , the trends in Ea calculated and presented in
Figure 5.10 can be attributed primarily to changes in the character of mobility.
Typically, it would be assumed that activation energy for proton transfer should decrease
in the presence of increasing water content, but clearly PS-HA behaves atypically in this regard.
This atypical behavior is, however, consistent with the hydrated behavior of PS-HA observed in
solid state NMR spectroscopy, which exhibits both an increase in –COOH chemical shift with
temperature while hydrated and a lack of backbone plasticization (see below, Figure 5.16). The
apparent decrease in ρn with λΔ in PS-HA may also help to explain the increase in E a with λΔ.
This evidence points to structuring of water in the vicinity of the carboxylic acids in such a way
as to hinder both –COOH proton exchange and dissociation.
A lower observed acidity of –COOH than –CN4 H in the solid state might explain PSHA‘s lower hydrated conductivity by charge carrier density considerations alone. However, as
Figure 5.11 shows, at even modest hydrations the aqueous pK a of carboxylic acids and
1H-tetrazoles (≈ 4.8 and ≈ 5.6, respectively) appear to be reasonable predictors of acidity, despite
the odd interactions of carboxylic acid and water observed in PS-HA. Only under anhydrous
conditions do these values become poorer predictors of dissociation, and even then they provide
reasonable estimates. At a nominal density of 1H-tetrazoles and carboxylic acids of 2×1027 m-3 ,
ρn for PS-HA suggests dissociation on the order of 0.6–3%, compared to 0.02–0.08% for PS-Tet.
Charge carrier density in PS-HA surpasses that in PS-Tet by an order of magnitude. From pK b
(carboxylic acids ≈ 20 and 1H-tetrazoles ≈ 16), auto-dissociation (inversely proportional to pKa +
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pKb ) would be assumed to be much higher in 1H-tetrazoles than in similar carboxylic acid–
containing materials. Thus, even at low water content, water most likely acts as the dominant
proton acceptor in both PS-Tet and PS-HA. This is unexpected, given the substoichiometric
quantity of tightly bound water and the observation that in PS-Tet water provides only a small
contribution to proton motion in the anhydrous state.
The observed charge carrier densities in PS-Tet and PS-HA make differences in μn even
more dramatic than predicted from conductivity alone. Mobilities follow the same general trend
as the conductivities illustrated in Figure 5.9, but with an increased separation between PS-Tet
and PS-HA of 1–2 orders of magnitude. The factor of 105 increase of μn in PS-Tet over PS-HA
under anhydrous conditions shows 1H-tetrazoles to have a significantly greater propensity for
proton exchange than carboxylic acids, even while hydrated. Given the observed trends in E a on
hydration, it is possible that both hard and soft phases of PS-Tet contribute to its proton
conductivity, with the dominant phase changing from soft to hard at high temperature under
anhydrous conditions. Additionally, decreases in Ea values below those observed in PS-HA with
increasing hydration suggests synergistic behavior between 1H-tetrazoles and water, enabling
conduction with a lower barrier to proton transfer than in a poorly percolated aqueous phase alone
(e.g. PS-HA).
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Figure 5.12 DSC thermogram (with derivative to highlight Tg ) of PS-CN 3.177

5.3

Morphology and Microstructure

5.3.1

Insights from Glass Transition

The phase separated behavior previously observed via DSC, rheology, and atomic force
microscopy (AFM) in PS-Tet was unexpected (see Chapter 4) due to the homopolymer structure
of this material.

Phase separation of side chains from the backbone is highly entropically

unfavorable in short side-chain homopolymers. However, the aforementioned indicators of twophase behavior are unambiguous. The precise nature of phase separation is uncertain, and may
involve regions of aggregation, analogous to crystalline regions in semi-crystalline polymers or
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the multiplet/cluster type behavior seen in sulfonated ionomers. 59 Unfortunately, perhaps due to
the similar electron density of 1H-tetrazole moiety and the styrenic polymer backbone, small
angle X-ray scattering (SAXS) patterns of thick (100 µm) films cast on Kapton were
indistinguishable from the background, as discussed in Chapter 4.
Both PS-Tet and PS-HA were annealed at 120 °C under N 2 flow prior to acquisition of
DSC (Figure 5.6) to drive off loosely bound water and achieve reproducible morphology. While
both hydrogen bond, which is evident in positive Tg shifts of 25–35 °C versus the analogous
nitrile (PS-CN, Tg = 19 °C, Figure 5.12), only in PS-Tet is there evidence of phase separation,
suggesting that the 1H-tetrazole moiety indeed provides the driving force for the phase separation
of PS-Tet.

5.3.2

Predicting Immiscibility of Side Chain and Backbone

Is the observation of phase separation exclusively in PS-Tet (via Tg ) reasonable? An
appropriate theory to predict a priori the type of phase separation that should be observed in
polymers of this structure has not been identified.

However, solubility parameters can be

calculated for each component and relative solubilities of the various components predicted using
group contribution methods, as described in 3.1.2.3 Calculation of Solubility Parameters. Using
group contributions parameterized for a wide range of pharmaceutical compounds dissolved in
solid matrices, the Hildebrand total and Hansen partial solubility parameters (δ, in MPa 1/2 ) for the
backbone, aliphatic side chain, and weak acid were calculated for both PS-Tet and PS-HA,
illustrated in Figure 5.13.145

Hildebrand solubility parameters were calculated from Hansen

components per Equation 3.2, and the ‗Euclidean distance‘ (Ra) between fragments per Equation
3.3.
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(3.2)
(

)

(

)

(

)

(3.3)

Species exhibit increased miscibility if the ‗distance‘ between their solubility parameters
(Ra) is small, representing similar cohesive energy densities.

Observation of solubility or

insolubility in practice also accounts for entropic effects, so comparisons can only be made on the
relative solubility of compounds unless an external calculation of the entropy of mixing is
provided. While the Hildebrand solubility parameter (δ t ) acts as a reasonable first approximation
of cohesive energy, it does not account for the nuances of hydrogen bonding and dipolar
interactions between dissimilar molecules. The three Hansen solubility parameters, measuring
dispersive (δd ), dipolar (δp ) and hydrogen bonding (δH ) interactions, together provide a more
accurate reflection of the solubility properties of fragments.

Figure 5.13 Hildebrand (bold, δt) and Hansen (italics; δd , δp , and δH from left to right) solubility
parameters calculated for the displayed molecular fragments (δ in MPa 1/2 ).177
Determination of where to fragment the styrenic monomer in Figure 5.13 is somewhat
ambiguous, as the nature of phase separation is currently unknown. For the purposes of this
analysis, the styrenic unit in blue was chosen as an individual fragment due to its planarity and
lack of flexibility (backbone methylene units aside).

In the same manner, 1H-tetrazole and
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carboxylic acid were grouped as individual fragments. As calculated, the backbone–1H-tetrazole
and backbone–carboxylic acid pairs exhibit Euclidean distances of R a = 63.9 MPa 1/2 and Ra =
25.2 MPa 1/2 , respectively, with acid–side chain interactions following the same trend. These pairs
are illustrated schematically in Figure 5.14. Thus, decreased solubility of 1H-tetrazole within the
backbone matrix compared to carboxylic acid is predicted, consistent with DSC observation of
only one Tg in PS-HA (Figure 5.6).
It should be noted that if the aliphatic side chain were to be included with the azole and
acid in calculating fragment solubility parameters, R a trends would reverse (Ra → 12.4 MPa1/2 for
PS-Tet and Ra → 19.5 MPa 1/2 for PS-HA). This suggests that incompatibility of the strongly
interacting acids / azoles with the side chain is perhaps as important to phase separation as their
incompatibility with the styrenic backbone.

Figure 5.14 Schematic illustration of the differences in Ra between backbone / side chain and
acid (left) / azole (right) as calculated by group contribution methods. Based on these
calculates, 1H-tetrazoles are substantially more likely to segregate away from both backbone
and side chain than are carboxylic acids.210

5.3.3

Characterizing the Motion of Polymer Functionalities

Two-phase behavior is observed in PS-Tet but not PS-HA (consistent with calculated
solubility parameters), so 1H-tetrazoles and carboxylic acids clearly exhibit different interactions
in these polymers. Proton resonance line widths in the solid state (inversely proportional to T 2
relaxation time) as a function of temperature and hydration can be used to determine the
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relaxation rates of chemically distinct parts of a polymer, distinguishing side chain from
backbone motion. Since DSC and mechanical spectroscopies are dominated by behavior of the
polymer backbone, solid state 1 H NMR spectroscopy is indispensable for examining side chain
motion independent of segmental relaxation.
Baseline 1 H line widths vary based on both chemistry and local structure. This makes
drawing conclusions about the properties of different materials simply by making comparisons of
absolute line widths vs. temperature dubious, at best. Changes in line width within a single
material as a function of temperature, however, are a good indicator of changes in molecular
motion. For a well-behaved, ideal molecular relaxation mode, a proton resonance‘s line width
exhibits a sigmoidal shape vs. inverse temperature, with finite plateaus at high and low
temperature. Line width narrows as protons begin to reorient faster than the frequency of the
dominant magnetic coupling interaction (on the order of 10 kHz for methylene –CH2 – protons).
The slope of this transition region additionally correlates with the activation energy of the
reorienting process, assuming Arrhenius behavior.
Several processes are also known to introduce line broadening independent of this
sigmoidal behavior. For side chain methylenes, the primary process involved in extraneous line
broadening is the reorientation of these groups near the rate of sample spinning (22 kHz), which
temporarily counteracts the effects of magic angle spinning (MAS). This causes apparent line
broadening near temperatures where reorientation and spinning occur at similar rates, and is
visible as a peak in line width vs. inverse temperature. This spike in line width can be an
additional indicator of the rate of side chain motion where sigmoidal behavior is not clear (e.g. in
a plateau region or in the presence of multiple overlapping relaxations that smear the ideally
sigmoidal curve).
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Figure 5.15 Aliphatic methylene (–CH2 –) proton line widths for PS-Tet and PS-HA vs. inverse
temperature, calculated as average peak second moment (in Hz). 177
The average line widths of the side chain methylene protons measured in PS-Tet and PSHA are illustrated in Figure 5.15. These were calculated by fitting full solid state spectra at each
temperature to 12 Lorentzian peaks (reproducing the spectra well) and taking the average of the
second moments of the peaks associated with side chain methylenes, as described in 3.1.2.1
General Methods. An example of a full spectrum for PS-Tet (including Lorentzian peak fits) is
given in 4.1.2 Polymer Synthesis and Tetrazolation, Figure 4.5. Sigmoidal behavior appears
indistinct for the methylene protons in Figure 5.15, perhaps due to averaging of motion in many
methylene units with varying transition temperatures.

However, peaks in line width

(corresponding to relaxation on the order of 22 kHz) for PS-Tet and PS-HA under anhydrous and
hydrated conditions show much slower side chain relaxation (occurring at higher temperature) in
PS-Tet than PS-HA.
From DSC (Figure 5.6), two regions with distinct Tg are expected in PS-Tet. It might be
naïvely hypothesized that side chains segregate into a soft phase and backbone into a hard phase
based on this observation and the polymer structure. However, NMR spectra are inconsistent
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with this behavior.

Where both slow and fast relaxations occur at the same chemical shift, the

slow relaxation (broader peak) is expected to dominate the spectrum. Side chain protons in PSTet have wider line widths, on average, than those in PS-HA. Therefore, a substantial proportion
of side chains must be relaxing more slowly in PS-Tet than in PS-HA, and thus present in the
higher Tg phase of PS-Tet, invalidating the hypothesis of a side chain–rich soft phase.
(Dominance of slow-moving species is also the reason that only the higher Tg of PS-Tet is given
for reference in Figure 5.15.) The two Tg s may instead allude to regions of strong vs. weak
hydrogen bonding in PS-Tet, depending on the local structure of 1H-tetrazole aggregates. This
sort of microstructure is not commonly documented in short side chain homopolymers, but would
be analogous to the multiplet/cluster model of morphology in random ionomers (or to regions of
crystallinity in semi-crystalline polymers). 59
Individual tetrazole–tetrazole interactions that are weaker than carboxylic acid
interactions give rise to a diminished increase in soft phase T g . The high Tg of the hard phase can
be explained by the formation of extended networks of 1H-tetrazoles in some regions of the
polymer. Extended aggregates would give rise to a stronger overall interaction and restriction of
both backbone and side chain motion. While carboxylic acids lend themselves to dimerization
based on their structure, the H-N-C bond angle in 1H-tetrazoles, coupled with the presence of
multiple hydrogen bond acceptor locations, should favor an extended hydrogen bond network
where kinetics allow for its formation during film preparation. 178–180
Comparison of side chain flexibilities suggests decreased plasticization of the aliphatic
side chains in PS-Tet on hydration compared to those in PS-HA. However, as shown in Figure
5.16, the aromatic backbones appear to exhibit the opposite trend; the backbone in PS-HA shows
almost no plasticization on hydration.

165

PS-Tet (anhydrous)
PS-HA (anhydrous)

Line Width (Hz)

2500

PS-Tet (97% RH)
PS-HA (97% RH)

Tg(PS-HA)

Tg(PS-Tet)

2000
1500
1000
500
2.6

2.8

3.0

3.2
3.4
1000/T (K)

3.6

3.8

Figure 5.16 Aromatic (=CH–) proton line widths for PS-Tet and PS-HA vs. inverse temperature,
calculated as average peak second moment (in Hz). 177

5.4

Hypothesizing Structural Differences between PS-Tet and PS-HA

It is possible to reconcile the observed differences in side chain vs. backbone
plasticization by water by hypothesizing that water preferentially disrupts 1H-tetrazole
aggregates, but has little effect on the lability of carboxylic acid groups. While backbone motion
is strongly controlled by the degree of hydrogen bonding, preventing segmental motion, side
chain methylenes can relax by crankshaft-type motion, hindered primarily by dense local packing.
Segregation of water to 1H-tetrazole clusters but not carboxylic acids should be favored by the
weak directionality and multiple acceptor character of 1H-tetrazole hydrogen bonding. In PSHA, water may be loosely dispersed in the vicinity of the carboxylic acids and aliphatic side
chain, frustrating side chain packing, resulting in increased side chain motion without breaking up
carboxylic acid clusters that slow backbone motion.

The differences in NMR transition
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temperatures and shifts on hydration can be explained by the combined higher order aggregation
of tetrazoles, their diffuse hydrogen bonding, and resulting preferential association with water.
Comparison of the physical and conductive properties of PS-Tet and PS-HA has shown
that, despite their similar aqueous chemistry, 1H-tetrazoles and carboxylic acids exhibit
drastically different behavior in polymer electrolytes. Water likely serves as the dominant proton
acceptor in both materials even at low relative humidity, which is a potentially important
consideration for the design of anhydrous conductors in general. Based on calculated charge
carrier densities, aqueous pK a remains a reasonable predictor of dissociation even at low water
content. Despite the higher dissociation of carboxylic acid than 1H-tetrazole, at high hydration
PS-HA still exhibits poor conductivity due to low proton mobility (10-12 m2 V-1 s-1 at 80 °C and
λΔ = 1). By contrast, PS-Tet exhibits a maximum proton mobility of 10-8 m2 V-1 s-1 under the
conditions studied (at 80 °C and λΔ = 1). In neither system does proton motion appear to correlate
with backbone motion, which exhibits a dramatically lower activation energy for relaxation by
NMR spectroscopy.
Trends in activation energy with hydration suggest that even in the presence of water
1H-tetrazoles contribute to proton mobility, whereas carboxylic acids rely completely on water
for proton transport, illustrated schematically in Figure 5.17.

Proton mobility has complex

origins; the 4–5 order of magnitude difference observed between PS-Tet and PS-HA, particularly
at high hydration where water plays a significant role in both, is difficult to predict on the basis of
acid–base characteristics alone. There are additional factors at play that affect proton mobility in
both the water network and acid / azole network that differ significantly between 1H-tetrazole and
carboxylic acid. Acidity and basicity aside, these factors make 1H-tetrazole, and perhaps other
azoles, particularly effective media for proton transport.
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Figure 5.17 Schematic representation of proton conduction mechanism in PS-Tet (left) and PSHA (right). 1H-Tetrazole remains involved in conduction even when PS-Tet is hydrated, while
PS-HA relies exclusively upon water.177
Some of this synergy between 1H-tetrazole and water, and the lack thereof in carboxylic
acids, may be attributable to both an expanded propensity for hydrogen bonding (three accepting
nitrogens vs. one accepting oxygen) and an extended hydrogen bond network facilitated by
geometry. This hypothesis could perhaps be verified by future computational studies of model
1H-tetrazole and carboxylic acid systems. In the interim, comparisons of DSC, solid state NMR,
and EIS have shown that not only does water behave differently from the bulk in these materials,
but 1H-tetrazoles also exhibit strong enough hydrogen bonding to drive microphase separation.
Phase separation was initially unexpected in both systems, due in part to the chemical
homogeneity of the polymer backbones and short length of the alkoxy tethers. An appropriate
physical model that predicts this behavior has not been identified (the closest systems being bottle
brush copolymers or randomly sulfonated ionomers), but all physical characterization performed
to date support this observation. As the hydrogen bonding moieties of PS-HA and PS-Tet appear
to drive much of their physical behavior, it is plausible that observed microphase separation is
characteristic of differences in aggregation of 1H-tetrazoles throughout the sample, illustrated
schematically in Figure 5.18.
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100 nm

Figure 5.18 Plausible depiction of differences in 1H-tetrazole aggregation throughout a PS-Tet
sample, resulting in large, polydisperse regions with different properties. 177

5.5

Conclusions and Directions for Future Research

Comparing both the hydrated and anhydrous behavior of PS-Tet and PS-HA results in a
variety of hypotheses about the microstructure and nature of conductivity in these materials.
Although preliminary evidence suggests that 1H-tetrazoles in PS-Tet exhibit both clustered and
dispersed local microenvironments, the precise nature of these environments could be the subject
of a large body of future work. Determining such structure unambiguously would require the use
of computational modeling, small angle scattering (either using high intensity X-rays or neutrons
with selective deuteration), and spectroscopic techniques (such as correlational solid state NMR)
in tandem.
Additionally, it may be informative to perform similar analyses on other 1H-azoles
tethered to polystyrene by alkoxy chains in the same manner as PS-Tet. Do these moieties induce
similar morphologies to the 1H-tetrazole in PS-Tet? How do hydrogen bonding between azoles
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and their local microenvironments change? An additional question one might ask is how does
morphology change with side chain length. Is there a critical length necessary to observe phase
separated behavior? Below a certain tether length, are azoles too rigidly bound to the backbone
to form differing local morphologies?

With increasing tether length, does dilution of azoles

decrease their ability to percolate? These questions, naturally resulting from the conclusions that
were drawn from the work presented in the previous and current chapters, could likely form the
basis of an entirely new body of work.
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Chapter 6
Validating Models of Electrode Polarization in Varying Geometries

6.1

Carrier Density and Mobility from Electrode Polarization

In 5.2.3 Carrier Densities and Mobilities, a modified version of the Macdonald model of
non-ideal electrode polarization, described in 3.3.4 Analysis, was used to experimentally
determine relative charge carrier densities and proton mobilities as a function of temperature and
hydration in PS-Tet and PS-HA.95,96 Although analysis was carried out in the impedance domain
(using calculated resistances and capacitances) instead of the complex dielectric domain, where
such analysis has been performed in the past, the mathematical transformation of fits from one
form to another should not pose any problems. The model in dielectric form and its subsequent
transformation to impedance are repeated below, respectively, for reference. The only real
differences between the analyses performed in this work and those performed in the past are a)
normalization by the high frequency dielectric constant (ε∞) to work around stray capacitances in
the cell design and b) use of an interdigitated, instead of parallel plate, electrode geometry.
̂
̂

(

̂

(3.9)
)

(

)

(3.10)

Figure 6.1 illustrates typical fits, with parameters, of PS-Tet and PS-HA impedance to
this model. As depicted, fits are quite good out to reasonably low frequency (past the initial
region of electrode polarization).

Transformation of data and fits to the complex dielectric

domain, illustrated in Figure 6.2, shows both data and fits to be quite similar in form to analyses
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performed on the lithium-conductive polyelectrolytes (Figure 6.4) on which this analysis was
modeled, as expected. 95,96 Based on these observations alone, this analysis of normalized carrier
mobility and density would appear to be valid for proton-conductive PS-Tet and PS-HA (so long
as gold, proton-blocking electrodes are used) in an IDE geometry.

Figure 6.1 Full impedance spectra of PS-Tet (top) and PS-HA (bottom) at 80 °C and 94% RH.
Open circles are experimental data and solid lines are fits.
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Figure 6.2 Full complex dielectric spectra of PS-Tet (top) and PS-HA (bottom) at 80 °C and
94% RH. Open circles are experimental data and solid lines are fits.

Figure 6.3 Complex dielectric spectra of PS-Tet at 120 °C (anhydrous) out to low frequency (10
mHz). What appears to be a secondary relaxation / electrode polarization is present at low
frequencies.
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Figure 6.4 Complex dielectric spectra of lithium-conducting polyester with varying lithium
contents at 90 °C. Solid lines are fits to non-ideal Macdonald model (Equation 3.9) and dotted
lines to original Macdonald model (Equation 3.9 where n = 1).96 Copyright © 2009 American
Chemical Society.
However, one question that has not yet been answered is whether Macdonald-type
analysis of electrode polarization is quantitatively, not just qualitatively, correct in an IDE
geometry. Since models are not unambiguous, it is possible in theory that data could fit well to
the model described by Equations 3.9 and 3.10 without actually describing the processes that the
model assumes. An additional question is raised on examination of the dielectric spectra of PSTet at high temperature to low frequency, illustrated in Figure 6.3: is the apparent secondary
relaxation present at low frequency an artifact of the IDE geometry? This sort of relaxation
appears not to have been reported before when making analyses of carrier density and mobility.
To make these assessments, the analysis of non-ideal electrode polarization previously discussed
was performed using IDEs, parallel plate electrodes, and in-plane two-point electrode geometries
on a well-studied model system: aqueous potassium chloride. This system was chosen for its
wide range of conductivities and well-parameterized properties (e.g. ion mobility, activity
coefficient, dielectric constant), which can be used to cross-check the values calculated from DRS
/ EIS using the cells described.
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6.2

Criticality of Electrode Preparation

Electrodes were prepared as described in 3.3.1.1 Design and Fabrication. For reference,
photographs of IDE, in-plane two-point, and parallel plate electrodes are repeated below (Figure
6.7, Figure 6.5, and Figure 6.6, respectively).
3.3.1.1 Design and Fabrication.

Schematics with dimensions can be found in

KCl solutions were prepared as described in 3.3.2 Sample

Preparation and Electrode Cleaning, in the following molarities: 1.00 M, 0.241 M, 55.0 mM, 14.5
mM, 4.07 mM, 1.23 mM, 0.366 mM, 0.142 mM, and 85.0 μM.

Figure 6.7 Photograph of gold IDE fabricated on microscope slide.

Figure 6.5 Photograph of gold in-plane two-point electrode with variable electrode spacing,
fabricated on microscope slide.

Figure 6.6 Photograph of two kinds of gold parallel plate electrodes: stripe (left) and square
(right). Used in conjunction with another electrode of the same type to form sandwich with Viton
spacer.

175
Initially, all electrodes were cleaned first by dissolution of organics in hot H 2 SO4 and
subsequently with warm acid piranha solution (7:1 sulfuric acid/30% hydrogen peroxide) after
use. This procedure appears to be standard in literature, and is expected to clean all adventitious
organics and monolayers off the electrodes. 181 However, during calibration of IDE cell constants,
it was quickly noted that even after piranha cleaning (and rinsing with isopropanol and deionized
water to remove any remaining acid solution) 14.5 M KCl solution exhibited an unexpectedly low
electrode polarization, suggestive of only 0.2% dissociation based on the non-ideal Macdonald
model (using ε∞ = 78.5, from literature 182 ). As the Debye length in a 14.5 M KCl solution should
only be 3 Å, any non-conductive monolayer of reasonable thickness could artificially increase the
penetration of the electric field, per Figure 6.8, thereby decreasing measured double-layer
capacitance.

Figure 6.8 Persistence length of electric field away from electrodes based on charge screening
(Debye) length in the adjacent ionic conductor and any interstitial insulator. Double-arrowed line
depicts total length of charge penetration.
As a result of this observation, electrodes were subsequently submitted to 240 s of UVozone cleaning, spectra re-acquired, and then to 150 s of oxygen plasma cleaning and spectra
acquired again. Neither UV-ozone nor oxygen plasma was found to significantly damage the
electrodes on examination under optical microscope and by stylus profilometer. (In fact, plasma
cleaning appeared to reduce surface roughness slightly, from ~1 nm rms roughness to ~3–4 Å rms
roughness). However, as illustrated in Figure 6.9, these different cleaning procedures were found
to have significant effects on the dielectric (and thus impedance) spectra of aqueous salt
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solutions. This general trend was exhibited when testing deionized water and 1.00 M KCl, as
well (spectra not shown). For 14.5 mM KCl, only after oxygen plasma cleaning did analysis of
electrode polarization give reasonable results for charge carrier concentration. Conductivity, on
the other hand, remained unchanged under all three conditions, as might be expected.

Figure 6.9 Real part of complex dielectric constant of a 14.5 M aqueous KCl solution at 25 °C
measured on an IDE after sequential acid piranha treatment, UV-ozone treatment of electrodes,
and oxygen plasma treatment of electrodes.
It was with this observation in mind that all electrodes were oxygen plasma treated after
cleaning in piranha solution for the studies reported in this work. It was, however, surprising that
this treatment was necessary, given the ideally non-interacting nature of gold electrodes.
Although electrode preparation was clearly important for these studies, it is not routinely covered
in literature. This again raises the question of whether there is something unique about IDEs that
causes cleaning to become critical for measurements of electrode polarization.
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6.3

Accuracy of Carrier Density Measurements in KCl Solutions

To test whether interdigitated, in-plane, and parallel plate geometries result in similar
calculations of charge carrier density and mobility, impedance spectra were measured on the
previously described aqueous KCl solutions from 1 MHz to 100 mHz at room temperature, using
electrodes that had been oxygen plasma treated immediately before measurements.

For

interdigitated electrodes, the meniscus of a KCl droplet was sufficient to sustain a thickness of ~1
mm, much larger than the 40+ μm necessary to be considered in the semi-infinite regime. For inplane measurements, aqueous solutions were sandwiched between the gold electrodes and a
cleaned glass microscope slide using a Viton spacer and clamps to provide a uniform film
thickness of 2.1 mm. Top and bottom parallel plate electrodes were skewed by 180° and aqueous
solutions sandwiched between them using a Viton spacer and clamps to provide an electrode
spacing of 3.0 mm.

In this way, the active dimensions for each geometry were carefully

controlled. Open circuit capacitance and closed loop resistance and inductance were measured
for each geometry and subtracted (in parallel and series, respectively) from raw impedance data
to remove any contributions to the spectra from the cell and leads. Although this procedure was
not feasible for measurements of polymer impedance, the high dielectric constant of aqueous
solutions made it possible to subtract contributions from the cell and connections with some
degree of accuracy.
Conductivities calculated by fitting impedance data to the empirical circuit model
described previously (3.3.4 Analysis, Figure 3.12c; 4.3 Anhydrous Proton Conductivity, Figure
4.14; and 5.2.2 Proton Conductivity, Figure 5.7) were mostly consistent between all geometries to
within experimental error. Only in-plane two-point electrode geometry exhibited slightly skewed
conductivities at 1.00 M (too low) and 85.0 μM (too high), respectively. These values are
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summarized in Figure 6.10 and simply confirm what has already been demonstrated in literature:
for measurements of conductivity, electrode geometry is largely unimportant.

Figure 6.10 Conductivity of KCl solutions vs. molarity for three different electrode geometries.
With regards to the shape of impedance spectra in the high frequency region, and thus the
form of non-ideality in this frequency range, IDE and parallel plate geometries surprisingly
exhibited similar behavior, as shown in Figure 6.12 and Figure 6.11. These figures show Nyquist
plots of the normalized impedance (real and imaginary impedance divided by solution resistance)
of various KCl solutions. Although it might be expected that the IDE, by virtue of the highly
curved nature of its electric field lines, should exhibit much less ideal electrode polarization than
parallel plate geometry, both geometries result in very similar values of n, the exponent on Q dl .
The IDE also seems to exhibit more consistent behavior as a function of concentration than does
the parallel plate geometry; however, this may also be a function of the comparatively crude
nature of the parallel plate electrodes, compared to commercial electrodes.
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Figure 6.12 Nyquist plot of high frequency portion of the impedance of KCl solutions measured
using an IDE, normalized by the solution resistance of each solution.

Figure 6.11 Nyquist plot of high frequency portion of the impedance of KCl solutions measured
using parallel plate electrodes, normalized by the solution resistance of each solution.
By contrast, in-plane two-point electrodes appear entirely unsuitable for producing
consistent electrode polarization behavior, as illustrated in Figure 6.14. The nature of electrode
polarization varies quite strongly with solution concentration, going to very low (n ~ 0.5)
exponents at low solute concentrations. Due to this behavior, in-plane two-point electrodes have
been deemed unsuitable for analysis of carrier mobility and concentration on the basis of analysis
of electrode polarization.
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Figure 6.14 Solution resistance–normalized Nyquist plot of various KCl solutions measured on
in-plane two-point electrodes.
When attempting to calculate solute concentrations for KCl solutions using both parallel
plate and interdigitated electrodes, the results were entirely unexpected. As illustrated in Figure
6.13, calculated molarities were, for all electrode geometries, approximately independent of the
actual molarity of the KCl solution. No explanation has been suggested, to this point, as to the
origin of this behavior. Electrodes were non-interacting (gold), blocking, and rigorously cleaned.

Figure 6.13 Molarity as calculated from electrode polarization (via charge carrier density) and as
calibrated on the basis of conductivity for three electrode geometries using non-ideal Macdonald
analysis of electrode polarization.
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Although this methodology for calculating carrier density and mobility is grounded in
electrochemistry / physics and has found traction in studies of various materials, KCl solutions
clearly produced anomalous behavior.
It was be verified that IDE and parallel plate geometries are roughly equivalent in terms
of spectral shape and qualitative response, but it is unknown why these qualitatively similar
responses resulted in vastly inaccurate measures of carrier density. The real parts of complex
dielectric constant measured as a function of molarity for IDE and parallel plate geometries are
overlaid in Figure 6.15 and Figure 6.16, respectively, for reference.

Figure 6.16 Overlaid dielectric constant (real part) of KCl solutions with increasing molarity
measured on oxygen plasma cleaned, gold parallel plate electrodes.

Figure 6.15 Overlaid dielectric constant (real part) of KCl solutions with increasing molarity
measured on an oxygen plasma cleaned, gold IDE.
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It should be noted again that measurements taken in an IDE geometry exhibited a second,
lower-frequency relaxation / polarization not observed in a parallel plate geometry. This may be
due simply to the shorter electrode spacing of the IDE, or due to some other artifact of the IDE
geometry. For the purposes of carrier density analysis, the first plateau, contiguous with the
conductive region of the spectra, was taken as being associated with electrode polarization. None
of the calculated carrier densities were reasonable (versus molarity) when using this plateau.
However, when associating the second plateau, observed only in IDE geometry, with
double-layer capacitance (Qdl ), molarities calculated from electrode polarization began to follow a
reasonable trend with actual molarity of the KCl solutions (Figure 6.17). The correspondence is
not perfect, and is indeed better at high carrier densities than low ones. It is doubtful that this
trend is coincidental, but the weak observed correspondence is insufficient to confidently utilize
this second plateau to determine carrier density in other materials. Additionally, although this
plateau is observed in PS-Tet at high temperature, the frequency at which it falls is inaccessible in
practice for most materials exhibiting only moderate conductivity.

Figure 6.17 Molarity calculated from electrode polarization (via carrier density) versus molarity
calibrated from solution conductivity, associating second (low frequency) plateau in ε‘ with
electrode polarization in IDE geometry.
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6.4

Conclusions

The previous analysis of charge carrier density and mobility in PS-Tet and PS-HA relied
upon assumptions that have been utilized for other anhydrous ion-conductive solids. Because
these assumptions have been successfully utilized in other systems, it is plausible that the results
obtained in Chapter 5 are still reasonable for these materials. However, the analysis that was
initially supposed to validate the use of IDE geometries for these calculations has instead called
into question the general applicability of these methods.

Is this behavior an artifact of the

properties of water on gold (gold being quite hydrophobic)? Is it a result of the (minimal) surface
roughness of the electrodes? Does this behavior result from the two-mobile condition present in
KCl solutions?

These questions should be answered before further applying the previously

discussed carrier density and mobility analysis to more complicated materials. Further analysis
and parametric calibration of these methods were outside the scope of this work, but most
certainly warrant further investigation. In light of the factors discussed in this chapter, electrode
polarization analyses are not utilized in Chapter 7 for studies of doped polymer-tethered 1H-azole
proton conductors.
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Chapter 7
1H-Azole Polymer Conductivity versus pKa and Doping

7.1

1H-Azoles with Varying Acid–Base Properties

Of the various amphoteric moieties that might be utilized as anhydrous proton solvents,
azoles have received the most attention (phosphonic acids being the second most widely
investigated class).

As described in 2.2.2 Intrinsically Conductive Polyazoles, several early

attempts were made to determine if pK a had an effect on anhydrous conductivity in undoped
polymers.61,62,77 These studies were motivated by vast differences in the conductivity of poly(4vinyl-1,2,3-triazole) and poly(4-vinylimidazole), but found evidence for the opposite: tethered to
polysiloxanes, there was little difference in the conductivities of triazole and imidazole. Despite
the contradictory results of these two studies, no further studies investigating correlations of azole
pKa / pKb with anhydrous conductivity have been reported.
Two potential factors affecting the differing outcomes of these studies were glass
transistion temperatures and ether oxygen contents (influencing dielectric constant) of the
polymers being compared.

The original study on poly(4-vinyl-1,2,3-triazole) and poly(4-vinyl-

imidazole) did not report the Tg of either material, calling their attribution of increased
conductivity in triazole to its increased pK a into question. To a lesser degree, the studies of
polysiloxane-tethered materials were perhaps influenced by both T g and oxygen content in the
polymers. As a result of the differing synthetic routes to tethered 1,2,3-triazole and imidazole,
imidazole-containing polymers had greater oxygen contents than the corresponding triazole
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polymers with the same tether length (Figure 7.1); the best performing of these undoped azoles
contained the highest oxygen content and exhibited the lowest T g .45,61,77

Figure 7.1
literature.61

Structures of polysiloxane-tethered imidazoles and 1,2,3-triazoles investigated in

To obtain a better comparison of the effects of azole structure on conductivity, a set of
1H-azoles with a wide range of pK a and pKb and as similar structures as possible were
synthesized. The compounds of interest are illustrated in Figure 7.2, with the compounds as
isolated illustrated in Figure 7.3.

Figure 7.2 Prospective structures of PS-Tet, PS-Tri, PS-Im, and PS-ImH2 , target polymers for
study of the effects of acidity on conductivity.

Figure 7.3 Structures of PS-Tet, PS-Tri and PS-ImH2 as-isolated.
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The polystyrenic backbone was retained to facilitate ease of synthesis, allowing for qualitatively
similar side chain structures to be achieved. PS-Tet was synthesized as discussed in 4.1.2
Polymer Synthesis and Tetrazolation.

PS-Tri and PS-ImH2 were prepared via similar post-

polymerization polymer functionalization techniques, as described below.

7.1.1

Synthesis of 1H-1,2,3-Triazole

Traditionally, 1H-1,2,3-triazoles have been synthesized by copper-catalyzed [2+3]
cycloaddition of terminal alkyne and azidomethyl pivalate, followed by cleavage of the pivaloyl
protecting group under alkaline conditions to yield the unprotected product. 45,61,183 An alternate
route was investigated to synthesize the 1H-1,2,3-triazole directly, foregoing using of a protecting
group.

As described in 3.1.3.2 Williamson Ether Reactions of Phenols, the terminal hexyne

precursor to PS-Tri (PS-Hexyne 4) was synthesized via standard techniques. The synthetic
methodology for [2+3] cycloaddition of trimethylsilyl azide (TMS-N3 ) and alkyne, depicted in
Figure 7.4, was inspired by earlier work on this reaction involving various small molecules.184

Figure 7.4 Synthesis of PS-Tri 8 from PS-Hexyne 4 via copper(I) acetate-catalyzed [2+3]
cycloaddition of alkyne and HN 3 generated in situ.
It is expected that the actual reaction that occurs is cycloaddition of alkyne with
hydrazoic acid generated in situ by reaction of methanol and trimethylsilyl azide. A 9:1 mixture
of N,N‘-dimethylformamide and methanol was found to best balance polymer solubility and
methanol content (necessary for reaction with TMS-N3 ).

Due to the low boiling points of
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methanol, TMS-N3 , and hydrazoic acid, reactions were carried out in a sealed pressure vessels.
Additionally, reactions were quenched with NaOH / NaNO 2 and HCl in the same manner as
described previously for the synthesis of PS-Tet, to safely dispose of excess of azide and
hydrazoic acid.

Early on, several different copper(I) catalysts were screened for activity,

including CuCl, CuBr, CuI, and CuBr(PPh3 )3 . With the unligated cuprous halides, conversions of
alkyne to triazole of only up to 55% were observed (with the remainder of repeat units containing
unfunctionalized alkyne), CuI being the most effective. The CuBr(PPh3 )3 complex, on the other
hand, appeared to exhibit no conversion at all, instead producing an unidentified, but soluble,
product.
Cuprous acetate (CuOAc) was ultimately found to be a reasonably effective catalyst for
the cycloaddition reaction.

However, it was necessary to carefully balance temperatures and

reaction times when using this procedure to obtain 1H-1,2,3-triazoles. To achieve quantitative
conversions of the alkyne, relatively high temperatures and long reaction times (several days)
were required. It was observed, quite unexpectedly, that under these conditions cleavage of the
side chain at the phenolic ether also tended to occur. The 1:3 phenol/triazole-polymer depicted in
Figure 7.4 was the result of several trials using CuOAc as catalyst; further optimization of
reaction conditions could would undoubtedly be helpful in future work.
One side effect of foregoing protecting groups was that copper catalyst ligated strongly to
the resulting products. In small molecule analogs, copper could only be removed by preparative
TLC. Washing with common ligands such as EDTA was insufficient to reduce copper contents
in these samples. The effects of even substoichiometric amounts of copper are seen in proton and
carbon NMR spectra, with complete quenching of the two triazole peaks in

13

significant broadening of the triazole C-H in 1 H NMR of the small molecule analog.

C NMR and
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Figure 7.6 1 H NMR spectrum of PS-Tri in DMSO-d 6 . Peaks arising from vinylphenol units in
PS-Tri overlap with those arising from triazole units (i.e. Ha and Hb ); phenolic OH not visible due
to presence of water (broad baseline around δ = 2.5 ppm).

Figure 7.5

13

C NMR spectrum of PS-Tri in DMSO-d 6 .

Luckily, sufficient copper was removed from PS-Tri on precipitation from DMSO into
water (analogous to the reprecipitation of PS-Tet and PS-HA) that all peaks were visible in both
1

H and 13 C NMR spectra of the final product (Figure 7.6 and Figure 7.5, respectively). Elemental

analysis showed, however, that copper was not completely eliminated, existing at a level of ~1.2
mol % (0.36% w/w) in the sample.

Although this product contained phenolic groups and
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remaining copper, it was otherwise free of impurities. The precise vinylphenol content was
calculated from the 1 H NMR spectrum and matched well with results from elemental analysis.
Due to the strong binding of copper to 1,2,3-triazole, it was expected that copper should exhibit
negligible mobility, and thus contribution to conductivity, in cast films of PS-Tri (the primary
concern with regards to salt impurities). PS-Tri as-synthesized provided at least a qualitative
measure of anhydrous proton conductivity in polystyrenic 1H-1,2,3-triazoles.

7.1.2

Synthesis of 1H-Imidazoline

Previous reports of anhydrous proton conducting polymers with side-chain–tethered
imidazole have relied upon substitution chemistry (for the C2-position) that results in not an
aliphatic tether, but rather a tether containing ethoxy units. 45,61,77 One straightforward way to
synthesize long chain alkyl imidazoles is by proceeding through the imidazoline (ImH 2 )
intermediate. For small molecules, there is a reasonable body of work studying both cyclization
of aminoethyl amides to imidazoline and the subsequent dehydrogenation thereof to 1Himidazole substituted in the C2-position. The general procedure found in literature is presented
schematically in Figure 7.7.185–187

Figure 7.7 Schematic for preparation of C2-alkylimidazoles from esters by conversion to
aminoethyl amide, thermal cyclization (with loss of water), and dehydrogenation with Raney
nickel.
As described in 3.1.3.2 Williamson Ether Reactions of Phenols, methyl ester terminated
PS-MeO 6 was synthesized from poly(4-vinylphenol) according to standard procedures. This
polymer readily reacted with ethylenediamine when using the latter as both solvent and reagent;
after reflux overnight, concentration of solution by vacuum distillation of ethylenediamine and
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precipitation of polymer into diethyl ether readily afforded the desired product. To test the
cyclization of aminoethyl amide to imidazoline, a variety of reaction conditions were attempted
utilizing the N-aminoethyl 6-phenoxy hexanamide 9, with the understanding that reactions of
polymer must ideally be carried out in a solvent.

Literature reports of cyclization typically

utilized temperatures in excess of 200 °C and neat conditions, relying upon distillation of water to
drive the reaction to completion (and subsequently distillation of the desired product under
vacuum). Since this is clearly not practical on a polymer (where crosslinking reactions might also
be a concern), uncatalyzed cyclization was attempted in DMSO at reflux using calcium oxide
(CaO) as a dessicant.

This reaction was unsuccessful, and attempts at catalysis with p-

toluenesulfonic acid, phosphoric acid, and other acids in DMSO, with and without Dean–Stark
distillation of water using toluene as an entrainer, also proved unfruitful.

Figure 7.8 Synthesis of C2-substituted benzimidzole from p-amidoaniline type starting material.
On seeing an example of the acetic acid–catalyzed cyclization of a o-amidoaniline to the
resulting C2-substituted benzimidazole, cyclization of 9 was attempted using acetic acid as
solvent with Dean–Stark distillation of water using toluene as an entrainer.

Despite the

fundamental differences in benzimidazole and imidazole structures, the cyclization of 9 in acetic
acid was successful. The same reaction performed on PS-Amide 11 afforded 100% cyclized
product in high yields. This reaction is illustrated schematically in Figure 7.9.
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Figure 7.9 Synthesis of PS-ImH2 12 from PS-MeO 6 via PS-Amide 11 intermediate.
Although these conditions were surprisingly effective for cyclization, small molecule
imidazoline could only be isolated as its 1:1 complex with acetic acid. Stirring with strong bases
(e.g. KOH, KO t Bu) in dipolar solvent followed by aqueous extraction (to remove) salts, resulted
only in recovery of the complexed product. Likewise, the complex did not run on silica or
alumina TLC plates in common polar solvents (e.g. methanol, THF, ethyl acetate). For polymer
samples, the stoichiometry of the complex exhibited a slight excess of acetic acid, which was not
readily removed by either reprecipitation into ethyl ether, stirring over non-solvent, or drying
under vacuum. As such, this complex, PS-ImH2 , was used as-is for the following studies. The
precise ratio of acetic acid to imidazoline, and the resulting degree of complexation (percentage
of imidazolines present as imidazolinium cations vs. neutral imidazoline moieties), was
determined by 1 H NMR spectroscopy (Figure 7.11, Table 3.4). The amount of acetic acid present
in NMR analysis was consistent with the mass fractions of carbon, hydrogen, nitrogen and
oxygen from elemental analysis.
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Figure 7.11 Proton NMR spectrum of PS-ImH2 taken in DMSO-d 6 . Peaks are present for the
following distinguishable species: imidazoline, imidazolinium, acetic acid and acetate.
Despite an excess of acetic acid being present in the isolated polymer, not all of the
imidazoline is present as the imidazolinium cation (i.e. complexed). As described in Table 3.4,
about 15% of the imidazoline exists as the neutral species according to 1 H NMR spectroscopy.
This is consistent with

13

C NMR (Figure 7.10), which exhibits exactly enough peaks to account

for complexed and uncomplexed imidazoline plus complexed and free acetic acid.

Figure 7.10 Carbon NMR spectrum of PS-ImH2 in DMSO-d 6 , showing distinct peaks for
complexed and uncomplexed species.
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7.2

Anhydrous Conductivity vs. pKa and pKb

Anhydrous conductivities of PS-Tri and PS-ImH2 were measured in the same fashion as
the measurements performed on PS-Tet and PS-HA, described previously. A fresh batch of PSTet, prepared at the same time as PS-Tri and PS-ImH2 was also characterized by EIS to ensure
consistency of measurements. The anhydrous conductivities of these three polymers as a function
of inverse temperature are depicted below, in Figure 7.12.

Figure 7.12 Anhydrous conductivities of PS-Tet 7, PS-Tri 8, and PS-ImH2 12 measured by
impedance spectroscopy.
While PS-ImH2 exhibits anhydrous conductivity only an order of magnitude lower than
PS-Tet at the same temperature, PS-Tri surprisingly exhibits anhydrous conductivity that is both
Arrhenius in nature and not substantially higher than PS-HA (see Figure 5.8) under the same
conditions.

Examination of the glass transitions of these three 1H-azole–containing polymers

(Figure 7.13) shows that all polymers have a soft phase and a hard phase, with the soft phase
exhibiting a Tg of 38 – 42 °C. Although the relative proportions of soft phase to hard phase differ
between materials, the material with the largest proportion of soft phase is not the most
conductivity.

The observed differences in conductivity in these materials cannot result from

194
differences in glass transition alone.

Indeed, these polymers were designed with similar

structures in the hope that they would exhibit similar glass transitions.

Figure 7.13 DSC thermograms of PS-Tet, PS-Tri, and PS-ImH2 , along with derivative heat flow,
illustrating the two Tg s in each of these materials. PS-Tet: 42 °C / 73 °C; PS-Tri: 39 °C / 94 °C;
PS-ImH2 : 38 °C / 65 °C.
Doping is the most likely cause of the differing conductivities of these samples, PS-Tet –
containing residual water, as described previously, and PS-ImH2 containing complexed acetic
acid. By contrast, the small amount of copper present in PS-Tri is unlikely to cause any great
dissociation of charge or be particularly mobile itself, leading to low carrier densities in PS-Tri.
Although this hypothesis would be strengthed by analysis of carrier density and mobility in these
polymers, the analysis performed in Chapter 5 is foregone here in light of the results discussed in
Chapter 6.
Glass transitions in PS-Tet, PS-Tri and PS-ImH2 , however, are informative of material
properties. In Chapter 5, it was hypothesized that the dual glass transitions observed in PS-Tet
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originated from regions with differing local tetrazole clustering and microstructure. Determining
unambiguously if clustered microstructure is present would admittedly require characterization by
scattering techniques, computational modeling, and correlational NMR spectroscopy. However,
if this hypothesis is indeed true, it could explain the similar T g s of the soft phases in these
materials, the differing Tg s of the hard phases, and their varying proportions in PS-Tet, PS-Tri
and PS-Im. If one assumes that soft phases consist of unaggregated 1H-azoles (i.e. dispersed in
the polymer matrix), glass transitions should be relatively independent of 1H-azole in this phase,
since azole–azole interactions are minimal and side chain structures are (nearly) identical. On the
other hand, free 1H-tetrazoles, acetic acid–complexed imidazolines, and copper-complexed
triazoles should exhibit both greatly different propensities to associate and characteristics in
associated clusters. If the hard phase is composed of regions exhibiting clustering of azoles, the
morphology and quantity of these clusters should determine its T g and relative proportion,
respectively. Although circumstantial, this evidence lends support to the hypothesis of PS-Tet
(and more generally, PS-Azole) structure previously stated.

7.3

Conductivity in Polymer–Doped Materials

Blending of polymer-tethered azoles with different acid–base characteristics to improve
carrier density, and thus conductivity, was one of the original goals of the work presented in this
chapter. Due to the low isolated yields of PS-Tri (a result of gelation of large portions of the
reaction mixture), blending with PS-Tri was not performed. Instead, polymer blends of PS-Tet
with poly(styrene sulfonic acid) (PSSH, pK a = -3), poly(4-vinylpyridine) (P4VPy, pKb = 10), and
PS-ImH2 (pKb[free imidazoline] ~ 16) were prepared to determine if increases in conductivity could be
achieved and which dopants (acidic or basic) were most effective. Blends were prepared as
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described in 3.1.3.4 Film Casting and Polymer Blends, and consisted of PS-Tet and PSSH in 5:1
and 1:1 molar ratios, PS-Tet and P4VPy in 1:1 molar ratio, and PS-Tet and PS-ImH2 in
(nominally) 5:1 and 1:1 molar ratios. Samples were cast on IDEs as described in 3.1.3.4 Film
Casting and Polymer Blends, polymer films recharacterized by NMR and DSC, and anhydrous
conductivities measured by EIS as previously described.
Despite the high Tg s of pure PSSH and P4VPy (131 °C and 152 °C as measured by DSC,
respectively) and their disparate structures compared to PS-Tet, blends appeared homogeneous.
DSC of blends showed no Tg characteristic of PSSH or P4VPy bulk phases, suggesting mixing of
polymers at the molecular level. Blends of PS-Tet and PSSH / PS-ImH2 exhibited two Tg s, as
might be expected, while blending with P4VPy resulted in only a single glass transition. DSC
thermograms of PSSH, P4VPy and PS-ImH2 blends are illustrated in Figure 7.14, Figure 7.16 and
Figure 7.15, for reference.

Figure 7.14 DSC thermograms of PS-Tet 7 and PSSH blends, exhibiting glass transitions of
14 °C / 72 °C for 1:1 and 5 °C / 53 °C for 5:1 ratios.
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Figure 7.16 DSC thermogram of PS-Tet 7 + P4VPy 1:1 blend, illustrating single glass transition
at 61 °C.

Figure 7.15 DSC thermograms of PS-Tet 7 and PS-ImH2 12 blends at 1:1 and 5:1 ratios,
illustrating dual glass transitions at 39 °C / 65 °C and 30 °C / 59 °C respectively.
While little plasticization was evident in blends with poly(4-vinylpyridine) and PS-ImH2 ,
glass transition temperatures decreased by a surprising amount in blends with PSSH.

As
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poly(styrene sulfonic acid) is a high Tg polymer, it is plausible that this behavior results from
residual water that is carried with the sulfonic acid into the blend. Poly(styrene sulfonic acid) is
hygroscopic and as-prepared exists as a monohydrate. It is possible that this water was lost on
annealing of blended films at high temperature under vacuum, but complete loss of water is
unlike due to the strength of both water–sulfonate and water–tetrazole interactions. The precise
quantity of water remaining in the blended films, unfortunately, could not be determined by
NMR. While blends of PS-Tet with P4VPy and PS-ImH2 redissolved in deuterated DMSO after
casting, drying of PSSH blends rendered them insoluble, only swelling mildly in DMSO on
heating.

Figure 7.17 Anhydrous conductivity of PS-Tet 7 and its 1:1 blend with P4VPy.
Nominally anhydrous conductivities of the blends of PS-Tet with P4VPy, PSSH, and PSImH2 are illustrated with comparisons to pure PS-Tet in Figure 7.17, Figure 7.18 and Figure 7.19,
respectively. The first observation to be made is that poly(4-vinylpyridine), perhaps by virtue of
its only weakly basic nature, had little effect on the conductivity of its 1:1 blend with PS-Tet.
Although conductivity in the blend appeared more Arrhenius in nature than in pure PS-Tet, this
could result from suppression of the formation of a second phase. In a two-phase system, two
Arrhenius conduction mechanisms with different activation energies can give rise to a curve that
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appears VFT in nature in the temperature region in which the dominant mechanism changes (near
the Tg of one of the phases).

Figure 7.18 Anhydrous conductivities of PS-Tet 7 and its blends with PSSH (1:1 and 5:1 molar
ratios).

Figure 7.19 Anhydrous conductivities of PS-Tet 7 and its blends with PS-ImH2 12 (1:1 and 5:1
molar ratios).
Conductivity also becomes more Arrhenius in both blends of PS-Tet and PSSH, but
likely for different reasons. As noted previously, PSSH carries water in its monohydrate form
into the blends with PS-Tet. When one examines the conductivity of hydrated PS-Tet, it is
apparent that conductivity is also purely Arrhenius as a result of the absorbed water, which is not

200
dictated by the dynamics of the polymer backbone and shares the burden of conduction with 1Htetrazoles. At low levels of doping, PSSH brings along enough water and provides enough extra
carrier density (by generation of sulfonate–hydronium pairs) to increase the conductivity of the
PS-Tet blend by nearly an order of magnitude over pure PS-Tet. As doping levels increase,
however, 1H-tetrazoles are diluted by the PSSH backbone, decreasing their ability to form a
percolated conduction pathway. An increasing Tg suggests greater sulfonate clustering at higher
PSSH concentrations, preventing the increased overall water content from bridging 1H-tetrazoles
at increasing dilution by being confined to sulfonate-rich domains, reversing the effect on
conductivity that was seen at lower PSSH concentrations.

Figure 7.20 Proton NMR spectrum of 1:1 PS-Tet 7 + PS-ImH2 12 blend redissolved in
deuterated DMSO after casting. Tetrazole NH proton is shifted from 16 ppm to 9.8 ppm,
indicative of interaction with neutral imidazoline.
Although the blends of PS-Tet with PS-ImH2 do not show substantial changes in
conductivity, it is worth noting that the concentration of free imidazoline present in the PS-ImH2
dopant is low (c.a. 15 mol % of the total function group incorporation).

From 1 H NMR

measurements, interactions of free imidazoline and 1H-tetrazole are substantial, causing complete
disappearance of the neutral imidazoline peaks and shift of the 1H-tetrazole peak from 16 ppm to
~9.8 ppm, as illustrated in Figure 7.20 (see Figure 4.6 and Figure 7.11 for spectra of pure PS-Tet
and PS-ImH2 ). Although blending with PS-ImH2 serves to dilute the 1H-tetrazole network, at
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low levels of doping, a minimal, but non-zero increase in conductivity can be seen, likely from
the interactions of tetrazole and imidazoline. At 5:1 PS-Tet to PS-ImH2 , this corresponds only to
a 1:25 ratio of neutral imidazolines to 1H-tetrazoles, so this marginal increase in conductivity is
not unexpected (especially given the presence of residual water, which acts as the dominant
acceptor for tetrazole protons at low concentrations of dopants). At higher doping levels, effects
of dilution outweigh any minimal effects of increased dopant concentration, causing the reduction
in conductivity to an intermediate value (at all temperatures) between pure PS-Tet and pure PSImH2 .

7.4

Conclusions and Directions for Future Research

Combined with results cited in literature, the results discussed in this chapter suggest that
doping in 1H-azole–containing polymers is a superlative factor in controlling their conductivity.
PS-Tri, by virtue of its weak acidity and basicity, is a relatively poor acceptor for both acidic and
basic dopants, exhibiting a much reduced conductivity compared to PS-Tet and PS-ImH2 , which
are doped by tightly bound water and acetic acid, respectively. Due to these strong interactions in
PS-Tet and PS-ImH2 , the dopants present in these materials are extraordinarily hard to remove; as
a consequence, conclusions cannot be drawn from this work alone about fundamental differences
in azole-azole interactions that might drive small differences in conductivity between the pure
materials. To answer this question, these studies should ideally be repeated for tetrazole, triazole,
and imidazoline in the complete absence of water or any other doping species. Performing these
studies would necessitate development of different synthetic procedures to make these materials
and operation in a glove box for rigorous exclusion of water at all stages.
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However, even in the absence of this information, insight was gained into the factors
affecting conductivity in these materials, which was, at the outset, the goal of this work.
Polymer–polymer doping indeed appears to be a viable route to improving conductivity in 1Hazoles. In future work aimed at optimizing conductivity in these systems, it is suggested that
developing a protocol for the synthesis of polymer-bound imidazoline free of complexed acid
would create an ideal basic dopant for PS-Tet. Even in the presence of large amounts of
complexing acetic acid, reducing the available imidazoline to interact with 1H-tetrazole,
measurable gains in conductivity were observed in the 5:1 PS-Tet to PS-ImH2 blend. In the
complete absence of acetic acid, it is expected that only small quantities of imidazoline or other
suitable amidine base would be necessary to observe order of magnitude or greater boosts to
anhydrous conductivity.
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Chapter 8
Synthesis and Alkaline Stability of Multisubstituted Imidazoliums

8.1

Imidazolium Synthesis

Sterically protected imidazoliums have only recently been investigated as alkaline stable
cations for anion exchange membranes (AEMs). Although N‘-methyl-N-alkylimidazoliums, the
easiest with which a polymer can be functionalized, are common in literature, their stability is
poor due to the lack of steric shielding. The same planarity of the imidazole ring that makes
unprotected imidazoliums prone to nucleophilic attack, however, also provides enough space to
functionalize all positions with bulky protecting groups, something that is difficult to accomplish
more crowded ammonium, phosphonium and sulfonium cations. As described in 2.5.1 Alkaline
Stability of Lightly Substituted Imidazolium, the early studies by the Yan group of stabilization
with substitution are promising, showing improved alkaline stability with only minor structural
modifications.128–130

However, the imidazoliums investigated to date have consisted only of

species with at least one, if not two methyl substituents, and only one ‗bulky‘ (non-linear /
branched) group per cation (see Figure 2.38).

Figure 8.1
(right).

Schematic illustrating SN 2 nucleophilic attack (left) and Hoffmann elimination
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Although SN 2 attack and Hoffmann elimination of side chains (Figure 8.1) were initially
postulated to be the dominant modes of degradation, results from literature (and reported herein)
show the primary mode of degradation to be nucleophilic attack at the C2 position. Thus, it is
hypothesized that significant gains in stability can be gained by achieved by substituting
imidazoliums with only bulky substituents.

In light of the different possible locations of

substitution, the following question is raised: how much steric bulk is necessary to prevent
degradation by C2 attack, and at which locations does bulk provide the best shielding of this
locus? The imidazoliums presented in Figure 8.2 were synthesized to investigate this question
and demonstrate the wide range of substitutents that can be installed by synthesizing
imidazoliums from the ground up, instead of functionalizing pre-constructed imidazole rings.

Figure 8.2
Symmetrically disubstituted (top) and trisubstituted (bottom) imidazoliums
synthesized to demonstrate general utility of building these species from the ground up and to
investigate improvements to alkaline stability with steric bulk.

8.1.1

N,N’-Disubstituted Imidazoliums

Synthesis of the disubstituted imidazoliums illustrated in Figure 8.2 drew primarily from
the literature methods described in 2.5.2 Synthesis of Symmetrical, Substituted Imidazolium
without significant changes to literature procedures. 127,132–136 Experimental details are covered in

205
3.1.4 Substituted Imidazoliums.

Methyl imidazolium was synthesized by alkylation of

commercially available N-methylimidazole, whereas isopropyl-, neopentyl- and tert-butylimidazoliums were synthesized by Arduengo-type condensation of amine, glyoxal, and
paraformaldehyde (2.5.2 Synthesis of Symmetrical, Substituted Imidazolium, Figure 2.40).132

Figure 8.3 General schematic for the synthesis of N,N‘-dialkylimidazoliums from glyoxal,
paraformaldehyde and alkylamine. [Repeated from Figure 2.40]
To synthesize the 4,5-dimethyl variant of diisopropylimidazolium, it was necessary to
instead utilize the condensation of a thiourea (N,N‘-diisopropylthiourea) with acetoin (3hydroxybutanone) in order to overcome steric hindrance that otherwise drives condensation of
diisopropylamine with 2,3-butanedione toward reactants (2.5.2 Synthesis of Symmetrical,
Substituted Imidazolium, Figure 2.42).

As described in 2.5.2 Synthesis of Symmetrical,

Substituted Imidazolium, one notable feature from the synthesis of diphenylimidazolium was the
use of nitric acid to reduce the imidazole-2-thione directly to the imidazolium.

The same

procedure as was used for diphenylimidazole-2-thione was successful when used on 4,5dimethyl-N,N‘-diisopropylimidazole-2-thione, as described in 3.1.4.3 Symmetric Imidazoliums
with Other Substitution Patterns. This methodology bypassed sodium/potassium alloy and the
intermediate carbene, facilitating isolation of imidazolium in high yields.

Although the same

procedure was attempted on 1,3,4,5-tetramethylimidazole-2-thione (synthesized by analogy to
4,5-dimethyl-N,N‘-diisopropylimidazole-2-thione), no product was be isolated from its reaction
with nitric acid. The reaction appeared to proceed in identical fashion to the diisopropyl analog,
so it is unlikely that degradation was the cause of this product to be unisolable. Instead, it is most
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probable that solubilities of BF4 - and PF6 - salts of this highly symmetric imidazolium ion in water
are simply too high to result in precipitation of product from aqueous solution.

Figure 8.4 Synthesis of 4,5-dimethylimidazoliums from acetoin and N,N‘-dialkylthioureas.
(Repeated from Figure 2.42)
N,N‘-Diarylimidazoliums were synthesized precisely as described in literature (2.5.2
Synthesis of Symmetrical, Substituted Imidazolium). Specific procedures are given in 3.1.4.2
N,N‘-Diarylimidazoliums and 3.1.4.3 Symmetric Imidazoliums with Other Substitution Patterns.
Due

to side reactions when condensation of glyoxal with aniline was attempted,

diphenylimidazolium was synthesized by a route sharing few similarities to the other methods
described (2.5.2 Synthesis of Symmetrical, Substituted Imidazolium, Figure 2.43). The first step,
as illustrated in Figure 8.5, resulted in low yields, similar to the values reported in the original
paper.136 Surprisingly, however, despite the low yield of this step, it was not particularly difficult
to isolate thiohydantoin 23 as pure compound without the need for column chromatography.
Although starting materials are relatively inexpensive, the low yield of this first step does limit
the general utility of this kind of cyclization reaction. For diphenylimidazolium, however, it is
effectively unavoidable.

Figure 8.5 Three-part synthesis of diphenylimidazolium from phenyl isothiocyanate and Nphenylglycine.
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8.1.2

2-Protection of Disubstituted Imidazoliums

The variety of methods presented allow synthesis of highly substituted imidazoliums with
a

variety of

structures.

For

the

purpose

of

testing stability, 4,5-dimethyl-N,N‘-

diisopropylimidazoilum is not likely to exhibit higher stability than N,N‘-diisopropylimidazolium
due to the lack of added steric hindrance near the 2-position.

4,5-unsubstituted N,N‘-

alkylimidazoliums were chosen as the sole candidates for stability testing, to attempt to decouple
electronic effects from steric effects on stability.

Due to electron withdrawing effects and

potential conjugation with the imidazolium ring, the N,N‘-diarylimidazoliums are likely to
exhibit different thermodynamic (vs. kinetic) stabilities.
To determine whether 2-substitution is more or less important for increased stability than
N,N‘-disubstitution, dimethyl-, diisopropyl-, bis(tert-butyl)- and bis(neopentyl) imidazoliums
were subjected to 2-isopropylation using an excess of potassium tert-butoxide and methyl iodide
in THF at room temperature. This reaction, illustrated in Figure 8.6, was a modification on prior
procedures which employed sodium hydride as the base. 137,138,188 Although hydrides are ideal due
to lacking reactivity toward methyl iodide, it was observed that none of the symmetrical
imidazoliums investigated cleanly isopropylated in the presence of NaH, even with heating. The
less sterically hindered compounds exhibited some mixed methylation and ethylation, but
diisopropyl- and bis(tert-butyl)-imidazoliums showed no reactivity whatsoever.

As such,

potassium tert-butoxide was chosen as a soluble base, and appeared to work modestly in most
reactions.

Only the highly sterically hindered N,N‘-bis(tert-butyl)imidazolium failed to react

even under these conditions.
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Figure 8.6 Schematic for the 2-isopropylation of symmetric N,N‘-dialkylimidazoliums by
reaction with potassium tert-butoxide and methyl iodide. Reaction proceeds in one pot via three
sequential deprotonation and addition steps.
The primary drawback to utilizing potassium tert-butoxide is that it exhibits nonnegligible reactivity toward methyl iodide, consuming the methylating reagent over time in a
completing side reaction. Under the right conditions (see 3.1.5 Imidazolium C2-Isopropylation),
N,N‘-dimethyl-2-isopropylimidazolium (Me 2 i PrIm), 1,2,3-triisopropylimidazolium (i Pr3 Im) and
N,N‘-bis(neopentyl)-2-isopropylimidazolium (n Pn2 i PrIm)

were

isolated in modest yields.

Degradation was, however, observed during some reactions (particularly of the dimethyl variant),
resulting in less-than-optimal yield. The presence of side products could be a result of the choice
of base, and future work utilizing 2-isopropylation methodology is encouraged to explore other
soluble strong bases for in situ generation of the reactive carbene.
Based on the results of these isopropylation reactions, dimethyl (Me 2 Im), diisopropyl
(i Pr2 Im) and bis(neopentyl)- (n Pn2 Im) imidazoliums, along with their 2-isopropyl variants and
benzyltrimethylammonium (as a control) were carried into the subsequent degradation studies.

8.2

Predictions of Stability

Even for alkylimidazoliums, the local electron densities differ slightly between
compounds, as reported by Yan and coworkers. 128–130 Arylimidazoliums were ruled out of the
current investigation so that these electronic effects would be minimal. The previous studies
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proposed that the observed alkaline stability of the various imidazoliums studied could be directly
correlated with their LUMO energies; the HOMO–LUMO gap between nucleophilic hydroxide
and electrophilic imidazolium should correspond approximately to the energy of the transition
state based on frontier molecular orbital theory, and thus the activation energy of this degradative
process.
It is hypothesized herein, however, that sterics play a larger role than electronics in
determining alkaline stability.

To determine the relative effects of electronic structure on

degradation and to benchmark these results versus prior studies, molecular orbital (MO) energies
were calculated for all of the compounds used in the following alkaline degradation experiments,
as described in 3.2.2 Computation.

Additionally, MOs were calculated for 1,2,3-

trimethylimidazolium (a compound tested in prior work) to provide a common benchmark and
diphenylimidazolium to illustrate any effects the phenyl rings may have on imidazolium
electronic structure.
After geometry optimization at the B3LYP/6-31++G(d,p) level of theory in vacuum,
electronic structure was calculated for all compounds implicitly solvated by 3:1 methanol/water
(the conditions used for the following alkaline degradation experiments) using the COSMO
implicit solvent model.

Specifics of the geometry optimization procedure and calculations in

general are given in 3.2.2 Computation. The resulting optimized geometries, HOMO shapes,
HOMO energies, and chemical structures for the species on which computations were performed
are presented graphically in Figure 8.7 and Figure 8.8. For convenience, compounds are split into
C2-unsubstituted species (plus hydroxide, for which the LUMO is the structure and energy given)
in Figure 8.7 and C2-substituted species (plus the benzyltrimethylammonium control) in Figure
8.8.
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Figure 8.7 LUMO energies of select C2-unsubstituted imidazoliums and HOMO energy of
hydroxide calculated with implicit solvation in 3:1 methanol/water at 100 °C (𝛆
29).
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Figure 8.8 LUMO energies of trisubstituted imidazoliums and benzyltrimethylammonium
control compound, calculated with implicit solvation in 3:1 methanol/water at 100 °C (𝛆
29).
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One immediate observation that is made from these calculations is that N,N‘diphenylimidzolium is far less stable (electronically) than any of the other compounds
investigated (even N,N‘-dimethylimidazolium).

Although diarylimidazoliums exhibiting broken

π–π conjugation between imidazolium and phenyl rings due to out-of-plane twisting are unlikely
to have such a significantly reduced stability, calculation of N,N‘-diphenylimidazolium‘s LUMO
energy provides concrete justification for excluding these compounds from degradation analyses.
Diphenylimidazolium aside, the general trends that can be gathered from Figure 8.7 and
Figure 8.8 are that the order of stabilization of N-protecting groups is isopropyl > tert-butyl >
neopentyl >> methyl, while both isopropyl and methyl groups appear to provide similar
electronic stabilization in the C2-position. All C2-substituted compounds show similar electronic
stabilities to benzyltrimethylammonium, with triisopropyl- and trimethylimidazoliums (i Pr3 Im
and Me3 Im) exhibiting the best stabilities of the group. More importantly, it appears from Figure
8.8 that C2-stabilization is electronically more important than N-stabilization; only in 2-H
imidazoliums do N-protecting groups appear to exert a significant effect on LUMO energy.
Greater stabilization at the C2 position is best understood by a hyperconjugation argument. The
LUMO of all imidazoliums is heavily localized (based on the size of orbital lobes) on the C2position; groups directly attached to this position are therefore more capable of donating electron
density to stabilize it against nucleophilic attack. While N‘-substitutents can exhibit the same
effect, they must do so by indirectly affecting the electron density of the adjacent nitrogens.
The HOMO and LUMO energies calculated and displayed in Figure 8.7 and Figure 8.8
are assumed to be reasonably accurate. They were performed at a commonly utilized level of
theory and had solvent effects taken into account by a commonly used (implicit) solvent model.
As far as can be gathered from Yan and coworkers‘ publications, the analysis presented here was
performed under the same conditions as those in literature for this class of compounds. 128–130 The
sole difference was the choice of a different solvent dielectric constant due to the different

213
environment of literature degradation and the degradation experiments discussed as follows.
However, the HOMO and LUMO energies calculated herein and calculated in prior work for
1,2,3-trimethylimidazolium (Me 3 Im), benzyltrimethylammonium, and hydroxide actually differ
substantially. Literature cites the LUMO energy of Me 3 Im 5.5as being -1.547 eV and that of
benzyltrimethylammonium as being -1.776 eV, compared to values calculated here of -0.865 eV
and -1.042 eV, respectively. 130 Since values for the electron affinity of these imidazoliums are
not readily available from literature, it is uncertain where this difference arises from and which
calculation is more accurate. Values from literature are also complicated by being taken in
different solvents (water and methanol, respectively). Differences in LUMO energy, at least,
appear to be qualitatively consistent between literature and the current work, although the slight
differences of < 0.01 eV between compounds that are cited in literature as rationalization for
differing stabilities are questionable, at best. (The accuracy of the calculations is likely no better
than this, 0.01 eV corresponding to 1 kJ mol-1 , or 40% of kBT at room temperature.)
More critically, the value of (aqueous) hydroxide HOMO energy of -3.081 eV
significantly differs from the value of -5.513 eV calculated herein. This difference cannot be
justified as a function of dielectric constant, either, as Yan and coworkers calculated the
hydroxide HOMO energy in methanol to be -3.282 eV; the value calculated in a mixture of the
two solvents should lie between these values. The value of HOMO energy cited by Yan is close
to the value cited for the ionization energy of a lone hydroxide in vacuum, while the value
calculated herein is reasonably close to the adiabatic ionization potential of hydroxide in aqueous
solution.189,190 This brings into question the techniques that were used to calculate HOMO and
LUMO energies in previous reports. Was the hydroxide energy simply a fluke, or was there
something left out of experimental discussion that would be critical to reproducing these
calculations?
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Nevertheless, values as calculated and presented in Figure 8.7 and Figure 8.8 will be used
as-is for comparison of electronic and steric effects on alkaline stability. If calculations cannot be
accurately reproduced, this would call into question use of HOMO–LUMO gaps to predict the
stability of imidazoliums under alkaline conditions just as much as would degradation results that
contradict predictions made on the basis of quantitatively accurate measurements of HOMO and
LUMO energies.

8.3

Alkaline Degradation

8.3.1

In Situ Degradation Studies

Initial degradation studies were performed on benzyltrimethylammonium bromide
(BnTMA) and N,N‘-bis(neopentyl)-2-isopropylimidazolium iodide (n Pn2 i PrIm) using NMR
pressure tubes and the in situ techniques described in 3.2.1 Experimental Design. The technique
described in Experimental was adapted from the earlier work of Nuñez.113 However, as described
in 3.2.1 Experimental Design, inconsistent results were observed over the course of multiple trials
for both BnTMA and n Pn2 i PrIm. Although both appeared relatively stable over the course of 14
hr at 80 °C, some reactions showed degradation (albeit minimal), while others exhibited none.
Additionally, large shifts in the deuteroxide residual peak at ~6 ppm were observed in all samples
(Figure 8.9), with the occasionally formation of a stubborn, insoluble gel that appeared to have no
effect on the concentrations of reactants / products in the reaction mixture. This gel was, on
cleaning the NMR tubes, insoluble in organics, aqueous phase, and acid, dissolving only in hot,
strongly alkaline solutions. It is hypothesized that this gel consisted of various organosilicates
that dissolved from the NMR tubes at high temperature and reprecipitated gradually as a gel over
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the course of reaction. While difficulty in obtaining and maintaining deuterium lock when using
these pressure tubes was a more minor concern, this contributed to the difficulty of performing in
situ reactions.

Figure 8.9 In situ degradation of p-methylbenzyltrimethylammonium bromide. Large shift in
HOD peak is seen from start (red, δ = 5.45) to 14 hr (blue, δ = 4.25 ppm), indicative of a change
in pH.

8.3.2

Ex Situ Degradation

To combat gelation and changes in alkalinity over the course of reaction, experiments
were subsequently performed ex situ in machined Teflon round bottom flasks, as described in
Experimental.

Solutions of 0.025 M imidazolium (or BnTMA) and 1.00 M NaOD in 3:1

methanol:water were heated to 100 °C with stirring in oil baths and aliquots taken at ~1 hr, 2 hr, 4
hr, 8 hr, and every 24 hours thereafter until completion of the experiment.

Due to the

comparatively large volumes of the Teflon flasks (~10 mL), it was necessary to prepare a large
quantity of degradation solution. To save on deuterated solvents (particularly on CD 3 OD, which
is rather expensive), solutions were prepared using undeuterated methanol.

Locking was

achieved by dissolution of aliquots in deuterated DMSO, which also helped to maintain solubility
of some products. Although this introduced large methanol and water peaks into the spectra,
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potentially obscuring peaks of interest, most important peaks for imidazolium compounds
occurred outside this chemical shift region. The figures following, illustrating spectra at start of
the reaction and at the last aliquot taken, are zoomed into the regions of interest to highlight
proton resonances that would otherwise appear small compared to the background of the water,
methanol, and DMSO resonances.
Spectra for benzyltrimethylammonium (Figure 8.10), Me2 Im (Figure 8.12), i Pr2 Im
(Figure 8.11), n Pn2 Im (Figure 8.14), Me2 i PrIm (Figure 8.13), i Pr3 Im (Figure 8.16) and n Pn2 i PrIm
(Figure 8.15) are illustrated below.

Red traces correspond to the reaction mixture before

degradation and blue traces to the reaction mixture taken at the last aliquot, respectively.
Degradation of n Pn2 i PrIm was stopped early, due to evaporation of solvent (weak the result of a
weak rubber septum). Ideally, all degradation experiments would be performed on larger scales
(to use larger sample volumes to improve signal-to-noise) and for longer times, reagents and time
permitting. However, even these relatively short experiments were able to address the questions
a) where is steric bulk most important and b) are HOMO–LUMO gaps between cation and
hydroxide reasonable predictors of stability?

Figure 8.10 Characteristic peaks for benzyltrimethylammonium bromide, showing spectra at
start of experiment (red) and after 43 hr (blue).
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Figure 8.12 Characteristic peaks for Me 2 Im and its amide degradation product. Spectra taken at
0 hr (red) and 21 hr (blue) reaction time. Hb experiences deuterium exchange that reduces its
intensity.

Figure 8.11 Characteristic peaks for i Pr2 Im and its amide degradation product. Spectra taken at
0 hr (red) and 66 hr (blue) reaction time. Isopropyl 1 H quintets of amide below signal-to-noise.
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Figure 8.14 Characteristic peaks for n Pn2 Im and both dealkylation and amide degradation
products. Spectra taken at 0 hr (red) and 50 hr (blue).

Figure 8.13 Characteristic peaks for Me 2 i PrIm and its amide primary degradation product.
Spectra taken at 0 hr (red) and 21 hr (blue). Due to small amounts of 2-methyl and 2-ethyl
impurities in starting material, a number of small, spurrious peaks are present throughout the
spectrum.

219

Figure 8.16 Characteristic peaks for i Pr3 Im and its amide degradation produce. Spectra taken at
0 hr (red) and 96 hr (blue). Only minimal levels of degradation were observed in this compound.

Figure 8.15 Characteristic peaks for n Pn2 i PrIm. Spectra taken at 0 hr (red) and 7 hr (blue);
experiment was stopped early due to solvent evaporation.
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8.3.3

Comparisons with Literature Results

From HOMO energy calculations, the expected order of stability of the compounds
investigated would be: i Pr3 Im > Me 2 i PrIm > i Pr2 Im > BnTMA > n Pn2 i PrIm > n Pn2 Im > Me2 Im.
Based on the ex situ alkaline degradation experiments conducted, however, the order of stability
is closer to: i Pr3 Im ≈ n Pn2 i PrIm > BnTMA > i Pr2 Im ≈ n Pn2 Im >> Me2 i PrIm > Me 2 Im. With the
exceptions of the most and least sterically crowded imidazoliums, i Pr3 Im and Me 2 Im,
respectively, observed stabilities are almost entirely out of order from HOMO energy predictions!
On the other hand, stability appears to follow two very clear, simple trends: a) steric bulk
increases stability, with isopropyl and neopentyl groups providing similar amounds of hindrance
and b) shielding of the imidazolium nitrogens has a much greater effect on stability than shielding
at the C2-position.
The latter was particularly unexpected. Although the 2-position is the dominant site of
nucleophilic attack, protecting groups on the nitrogens appear to hinder reaction at this location
(without changing electronics) greatly. For all but one of the examples studied ( n Pn2 Im), SN 2
attack was also all but nonexistant. In N,N‘-bis(neopentyl)-imidazolium, it did appear that some
dealkylation occurred, competing with C2-attack and ring opening, which was unexpected due to
the steric hindrance around the CH 2 portion of the neopentyl moiety. Experiments at longer
degradation times would be useful to verify this outlying result.

221
In retrospect, it should perhaps not be surprising that sterics are the primary factor
controlling degradation. Aside from relying on intuition alone to explain this effect, it is useful to
examine a computational result that Yan and coworkers published as part of supporting
information in one of their papers. 130 For several small, substituted imidazolium compounds out
of the ones that were studied, calculations of reaction coordinate and transition state energies
were performed explicitly, in addition to simple calculations of MO energies (Figure 8.17).

Figure 8.17 Reaction energy profile calculated for the reaction of N-substituted 1,2dimethylimidazolium species with hydroxide. A neutral intermediate results, followed by the
observed retrocyclization to an amide product.130 Copyright © 2014 American Chemical Society.
Degradation by C2-attack happens in two distinct steps, the first being formation of a
neutral secondary alcohol intermediate, illustrated in both Figure 8.17 and Figure 2.39. The
transition state energies for formation of this intermediate appear to correspond reasonably well
with HOMO energies of the imidazolium starting materials. However, this intermediate is fairly
low-lying in energy. To reach the product, this intermediate must undergo cleavage of a C-N
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bond, proton transfer from oxygen to nitrogen, and restructuring of the resulting amide to move
any bulky substituents into a low energy geometry. The calculated transition state energies for
this second step were much higher than for the first, so, in theory, the second step should be the
rate-limiting step of the reaction; for all intents and purposes, the neutral alcohol intermediate is
in equilibrium with imidazolium over the course of the reaction, its concentration determined
solely by differences in the ground state energy of imidazolium and neutral alcohol.
Thus, it is somewhat surprising that HOMO energies were previously used to predict
stability given the presence of more precise calculations of reaction pathways that suggest the
second step to be rate-limiting. However, this observation corresponds well to the observation of
steric bulk at the nitrogen positions increasing conductivity; bulky groups in this location likely
disfavor the ring opening reaction, which is required to proceed through a significantly ringstrained geometry.

8.4

Conclusions and Directions for Future Research

The conclusions of the degradation studies presented in this chapter are that a) steric
hindrance around imidazoliums is most effective at the N-position, b) HOMO energies are poor
predictors of alkaline stability, and c) isopropyl groups are at least as effective at steric shielding
as bulkier neopentyl moieties.

These results should inform the design of future stable

imidazolium species, and add to previous results that suggest that imidazoliums have the potential
to be alkali stable cations (with the right substituents). By synthesizing imidazoliums from the
ground up, via condensation and cyclization reactions, it is possible to install a wide variety of
protecting groups at varying locations on the ring.
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Future studies should expand upon this research and the transistion state studies of Yan
and coworkers to investigate how bulky groups affect the energy of the rate-limiting (2nd )
transition state for the degradation of imidazoliums by C2-attack. Computational calculations of
these effects would add support to the experimental observation that have already been made, and
would allow selection of the best protecting groups a priori. With this knowledge in hand, it
should be feasible to functionalize AEMs with these stable imidazoliums either by incorporation
of a functional moieties (e.g. alcohol) into one of the N-protecting side groups, or by synthesis of
C2-(4-bromobenzyl) substituted imidazoliums by the carbene chemistry of Knappke and
coworkers, followed by cross-coupling with brominated / iodinated polymer backbones (see
Appendix A).134,135

N,N‘-Disubstituted and 1,2,3-trisubstituted imidazoliums clearly show

promise as alkali stable cations, but more work is necessary to develop a reliable synthetic means
by which they can be incorporated into AEMs.
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Appendix A
Catalytic Aromatic Halogen Exchange Reactions of Polymers

A.1

Review of Aromatic Halogen Exchange

Exchanges of both alkyl and aryl halides has, for a long time, been an important synthetic
tool to increase the reactivity of less expensive and more readily accessible chlorides and
bromides. The Finkelstein substitution of alkyl chlorides / bromides with iodine has been known
since the early 20th century, and is widely used for its general synthetic utility. 191 This reaction
involves the kinetic exchange of halides (mild nucleophiles) in solution, and is fundamentally an
equilibrium process (Figure A.1); driving the reaction to completion relies upon differential
solubility of the reactant and product halide salts in the solvent/solution of choice. For some
reactions, such as Williamson ether reactions of alkyl chlorides, the alkyl iodide is formed in situ
in small amount from reaction of chloride with potassium iodide, generating sufficient
concentrations of reactive iodide for the reaction to proceed (see 3.1.3.2 Williamson Ether
Reactions of Phenols).

Figure A.1 Finkelstein exchange of an alkyl bromide or chloride with iodine, resulting in alkyl
iodide and precipitated alkyl halide salt.
Although this reaction is useful for alkyl halides, it is has particular utility with aryl
halides. For most metal-catalyzed coupling reactions of aryl halides, such as the Sonogashira,
Suzuki–Miyaura, Kumada and Negishi coupling reactions, aryl iodides are by far more reactive
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than bromides or chlorides, allowing for less harsh reaction conditions and fewer side
reactions.192–196 Aryl iodides, however, are relatively difficult to access directly, making these
reagents expensive and limited in available structures.

By contrast, electrophilic aromatic

bromination is a facile reaction, taking place either catalyzed by metal halides or uncatalyzed
when the aromatic moieties is electron-rich.147,197
In 2002, Buchwald and coworkers published the first report of an aromatic ‗Finkelstein‘
reaction, exchanging and aryl bromide to an aryl iodide in the presence of NaI. 198 Their reaction
was not truly analogous to the Finkelstein reaction of alkyl halides, requiring a copper(I) catalyst,
but did similarly rely upon the principle of differing solubility of salt reactants and products to
drive the reaction in the direction of iodination. Through use of diamine ligand, CuI catalysis,
and NaI as an iodine donor in either dioxane or xylenes / diglyme solvent, high conversions of a
variety of aryl bromides to aryl iodides were achieved (Figure A.2). To enable cross-coupling
reactions of a varity of aryl halides, this methodology is exceptionally useful. Recently, nickelcatalyzed methods in a similar vein have also been developed. 199

Figure A.2 Bromine–iodine exchange of a variety of aryl bromides in dioxane, using CuI
catalyst, NaI iodine donor, and diamine ligand.198 Copyright © 2002 American Chemical Society.
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A quick search of literature shows that this reaction has yet to be performed on
brominated polymer substrates, perhaps due to solubility or reactivity conerns. The prototypical
way to iodinate polymers in literature remains bromination, lithiation, and reaction with iodine
(I2 ), generating the resulting aryl iodide.147,197 However, this reaction has significant drawbacks,
requiring stoichiometric quantities of butyllithium, low reaction temperatures, and complete
intolerance to even moderately acidic functional groups (which are deprotonated by butyllithium).

A.2

Bromine–Iodine and Bromine–Chlorine Exchange on UDEL

Figure A.3 Chemical structure of UDEL poly(arylene ether sulfone).
As described in 3.1.6 Aromatic Halogen Exchange of Polymers, UDEL poly(arylene
ether sulfone) (Figure A.3) was dibrominated by standard literature methods. 147,197 To investigate
whether catalytic bromine–iodine exchange on a polymer was feasible under Buchwald (or
modified) conditions, dibrominated UDEL 31-2.0 was dissolved in anhydrous dioxane and
subjected to the conditions described in 3.1.6 Aromatic Halogen Exchange of Polymers and
summarized in Figure A.4.

Reactions were performed in pressure vessels to accommodate

reactions above the boiling point of 1,4-dioxane (101 °C).

Figure A.4 Reaction conditions for complete conversion of dibrominated UDEL 31-2.0 to
diiodinated UDEL 32-2.0 using CuI catalysis.
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Although this reaction required higher temperatures and longer times than the small
molecule reactions of Buchwald and coworkers, quantitative bromine–iodine exchange was
indeed

achieved.

Slower

kinetics

probably

results

from

a)

choice

of

N,N‘-

dimethylethylenediamine (2b in Figure A.1) instead of its cyclohexane analog (1b in Figure A.1)
and b) substantial steric hindrance around the aryl bromide. N,N‘-Dimethylethylenediamine was
chosen as the ligand for CuI due to its cost-effectiveness compared to the diaminocyclohexane
analog. Full kinetics were obtained for this reaction to determine the minimum reaction times
necessary to achieve quantitative conversion.

These were performed by periodically taking

aliquots of the reaction mixture and measuring degree of bromine–iodine exchange by 1 H NMR
spectroscopy; the results for each time step are listed in 3.1.6 Aromatic Halogen Exchange of
Polymers Table 3.6. This analysis was possible because aryl proton resonances are sharp in this
polymer, and shift substantially as a function of halogen, as illustrated in Figure A.5.

Figure A.5 Aromatic region of 1 H NMR spectra of brominated and iodinated UDEL, illustrating
the changes in chemical shift of Ha and Hc that make quantification of degree of conversion
possible.
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Although aryl chlorides are less interesting from the perspective of cross-coupling
reactions than aryl iodides, they are similarly difficult to access by lab-scale halogenation
reactions (requiring the use of chlorine gas). As degree of iodine exchange appears to be simple
to control by controlling reaction time, the same may be possible of bromine–chlorine exchange
reactions.

While not particularly useful alone, aryl chlorides could potentially be used in

conjuction with aryl iodides to perform two sequential cross-coupling reactions on the same
polymer backbone, installing, effectively, randomly placed functional units of different types.
The method for bromine–chlorine exchange that was utilized is illustrated in Figure A.6, with
individual 1 H NMR results of aliquots taken over time listed in 3.1.6 Aromatic Halogen Exchange
of Polymers Table 3.7.

Figure A.6 Reaction conditions for complete conversion of dibrominated UDEL 31-2.0 to
chlorinated UDEL 33-1.6 using CuI catalysis. Over the course of the reaction, some bromides
appear to undergo reduction to hydrogens.
As before, aliquots were taken over time to quantify the rate of reaction. This reaction
only proceeded to ~80% conversion, unlike the bromine–iodine exchange reaction previously
investigated.

Non-quantitative conversion was not a direct result of the poor solubility of

tetramethylammonium chloride in dioxane, as initial attempts in DMF were, surprisingly,
unfruitful. One possibility is that the 80% converted product, the 1 H NMR spectrum of which is
illustrated in Figure A.7, is actually a thermodynamic equilibrium condition, given the 4:1 ratio of
chloride to bromide present in the reaction mixture. As Table 3.7 shows, reaction proceeds to
80% conversion rather rapidly, and then stops changing over time. Unlike in the exchange of
bromine and iodine, where NaBr is less soluble in dioxane than NaI, tetramethylammonium

229
bromide should exhibit greater solubility in dioxane than tetramethylammonium chloride, leading
to this behavior.

Nevertheless, this reaction is clearly feasible using relatively inexpensive

solvents and reagents. To drive the reaction to completion would likely require either a larger
excess of chloride or multiple chlorination steps.

Figure A.7 Aromatic region of 1 H NMR spectra of brominated and chlorinated UDEL,
illustrating the changes in chemical shift of Ha and Hc that make quantification of degree of
conversion possible.
These two halogen exchange reactions, as demonstrated on brominated polymers, offer a
great deal of potential for cross-coupling reactions on said polymers. It is rather surprising that
this has not yet been reported.

The primary difficulty that may be encountered with these

reactions is the solubility of polymer and halides in the various solvents that could be used. 1,4Dioxane was chosen as solvent due to its reasonable affinity for NaI and poor affinity for NaBr;
not all polymers (e.g. RADEL, the 4,4‘-biphenol variant of UDEL) are soluble in this solvent.
However, with trial and error, this methodology can likely be extended to a wider range of
brominated polymer backbones.
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Appendix B
Aldehydes from Esters and Their Application to the Preparation of Neutral
Imidazolines

B.1

Preparation of Neutral Imidazolines from Aldehydes

In Chapter 7, it was discussed that neutral imidazolines, with their low pK b (high
alkalinity) but propensity to conduct protons, may be ideal dopants for acidic 1H-azoles such as
1H-tetrazole.

However, cyclization by acetic acid catalysis results in a strong complex with

acetic acid, yielding very little free imidazoline in the resulting products.

Cyclization in the

absence of catalyst at high temperature (> 200 °C) is a possibility to avoid formation of this
complex.

However, these relatively harsh conditions are likely to cause side reactions in

polymers with sensitive functionalities.
In literature, low temperature synthetic routes to neutral imidazolines (and subsequently
to imidazoles on dehydrogenation) involve the reaction of aldehydes with ethylenediamine. 200–203
The common theme of these reactions is illustrated in Figure B.1. Ethylenediamine readily reacts
with aldehydes with mild heating and loss of water to give the aminal (which would, in most
cases, be considered a protecting group). Reaction of this terminal aminal with an appropriate
radical reductant

(e.g.

N-bromosuccinimide, elemental iodine, hydrogen peroxide, t-

butylhypochlorite) results in 1,2-dehydrogenation to give imidazoline in moderate to high yield.

Figure B.1 General schematic for the synthesis of imidazolines from aldehydes. 200–203
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The first step in this series of reactions to synthesize a neutral imidazoline is synthesis of
a polymer containing aliphatic aldehydes tethered to the backbone by an appropriate side chain.
In theory, it would be attactive to synthesize an ω-functional aldehyde (e.g. bromo-, chloro-) and
use a Williamson ether synthesis of the type described in 3.1.3.2 Williamson Ether Reactions of
Phenols to attach this aldehyde-terminal side chain to a polymer backbone. In practice, however,
the aldehyde is readily enolizable under alkaline conditions, requiring a protecting group that is
simultaneously base stable and non-nucleophilic (in order to accomodate the electrophilic ωfunctionality). Thus, a method for synthesizing aliphatic aldehydes from groups that are tolerant
to Williamson ether synthesis was sought out.

B.2

DIBAL-H Reduction of Esters to Aldehydes

Methyl 6-bromohexanoate is readily available and tolerant of Williamson ether
conditions; as this compound was utilized already in the synthesis of both PS-HA 14 and PSImH2 12, it would be an ideal starting point for the synthesis of an analogous aldehyde.
Reduction of esters to alcohols is readily achieved by reaction with hydride sources, such as
lithium aluminum hydride (LiAlH 4 ). Although this reaction proceeds through an intermediate
aldehyde, the aldehyde is more reactive toward hydrides than the starting ester, making it difficult
to isolate the intermediate by use of only one equivalent of hydride.
Diisobutylaluminum hydride (DIBAL-H), however, serves as a relatively nonnucleophilic hydride source that, at low temperatures, is capable of selectively reducing esters to
the resultant aldehyde. 204,205

Compared to other hydride sources, DIBAL-H has been

hypothesized to exhibit this selectivity for reduction of esters and acids to aldehydes due to
formation of a hemi-acetal–like intermediate that remains stable and unreactive at low
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temperatures, preventing addition of a second hydride from another molecule of DIBAL-H
(Figure B.2). Thus, this relatively accessible reagent was chosen to test if methyl 6-phenoxy
hexanoate 5 and PS-MeO 6, in turn, could be successfully reduced to the corresponding
aldehydes in high yields.

Figure B.2 Postulated mechanism of aldehyde stabilization during DIBAL-H reduction of ester.
Initial reactions of methyl 6-phenoxy hexanoate 5 with DIBAL-H under the conditions
depicted in Figure B.3 proved fruitful, resulting in 55% isolated yield of the product 6phenoxycaproaldehyde 13. Although yields appear low, this was likely the result of the small
size of the test reaction and losses experienced on workup, as TLC (SiO 2 : Rf = 0.8, 3:7 ethyl
acetate/hexanes) showed the reaction to proceed to completion, exhibiting only one product.
Solvent, however, did appear to be quite important for this reaction, as earlier attempts using THF
as a solvent resulted in a 55/45 mixture of starting material and product. Addition of extra
equivalents of DIBAL-H to attempt to drive these reactions to completion, however, resulted only
in further reduction of aldehyde to alcohol; this is likely due non-polar solvents (e.g. toluene)
stabilizing the alumino acetal. Careful maintenance of reaction temperature was also cricital, as
alcohol was readily formed in small yields when adding DIBAL-H fast enough to cause local
increases in the temperature of the solution.
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Figure B.3 Reduction of methyl 6-phenoxyhexanoate 5 to 6-phenoxycaproaldehyde 13 with
DIBAL-H in anhydrous toluene. Despite modest isolated yields, TLC shows complete
conversion without starting material or side products.
With the complete conversion (as observed by TLC) of 5 to 13 in mind, this reaction was
attempted under the same conditions on PS-MeO 6. Immediately, however, problems were
encountered when attempting DIBAL-H reduction of the polymer. The challenges when working
with the polymer were two-fold in nature. Most importantly, the reaction mixture readily gelled
on stirring at -78 °C with DIBAL-H. Even lowering polymer concentrations to 0.05 M (~1%
w/v) only served to delay gelation, not get rid of it entirely. It was possible to precipitate, wash,
dry, and take NMR spectra of chunks of the gel (which swelled greatly in deuterated DMSO,
giving reasonable 1 H NMR spectra). However, under even the most optimized conditions, only
55% conversions of ester to aldehyde (with no other side products) were observed.
It is entirely possible that ether oxygens in the polymer backbone exist at a high enough
local concentration to induce the same behavior that is seen in the small molecule on reduction in
THF. It is likely not coincidental that the 55/45 ratio of aldehyde to ester observed is the same in
small molecule and product, given that different product ratios were rarely observed. This could
be a fundamental limitation of this reaction on polymer backbones that contain polar (Lewis
acidic) functionalities. Gelation, however, is a more immediate problem. During lithiation of
polymers, gelation is often observed at modest concentrations due to insolubility of the lithiated
backbone. When using DIBAL-H, it is more likely that aluminum centers coordinate to multiple
ester / aldehyde oxygens, forming physical crosslinks between chains, inducing the observed
gelation.
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In the future, any work in this area will have to focus on both bypassing gelation and
improving reaction yields. While use of a polar solvent like THF may aid in preventing gelation,
it is likely to reduce yields. Although it would require more synthetic steps, the most likely
pathway to achieving alkyl aldehydes tethered to a polymer backbone would involve reaction of
functional, protected small molecule aldehydes (e.g. acetals) with the polymer backbone (e.g.
Williamson ether synthesis). Unless a non-coordinating hydride source capable of reacting esters
selectively to aldehydes in polar organic solvents can be identified, the small molecule protection
route is the most likely to prove successful.
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