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ABSTRACT
A molecular-level understanding of dynamics in ion-containing polymers is of
considerable interest for electromechanical transduction devices and electrochemical membranes.
One example is the study of ion transport in ionomers which are polymers with one type of ion
covalently bonded to the chain, allowing only the unattached counterions to move rapidly in
response to an applied electric field. Since designing ionomers for facile ion transport is a great
challenge, it is necessary to investigate structures, dynamics, and ionic interactions, giving rise to
better understanding of the generation and transport processes of ionic carriers in ionomers.
Therefore, the goal of this dissertation is to understand in detail the structure-property relations of
single-ion conductors through morphological, electric, dielectric, and mechanical measurements.
Polymerizable imidazolium-based ionic liquids and their polymers were characterized to
study the effect of different pendent structures and different counterions on ionic conductivity,
dielectric constant, and morphology.

The larger counterions (Tf2N-) display higher ionic

conductivity and mobility than the smaller counterions (PF6- or BF4-), owing to a lower glass
transition temperature, as anticipated by ab initio calculations that show that the imidazolium
cation is less prone to aggregation with Tf2N- counterions than with PF6- or BF4- counterions.
This is also observed by rheological measurements, as the terminal relaxation time increases with
decreasing size of counterions, attributed to the increase of ionic interactions. The diethyleneoxy
units on the imidazlium cation afford higher mobility than the butyl or dodecyl terminal Nsubstituents, for both monomers and polymers, owing to a lower binding energy between the
imidazolium cation and the counterions. All monomers and polymers studied exhibit two dipolar
relaxations, assigned to the usual segmental motion (  ) associated with the glass transition and a
lower frequency relaxation (  2 ), attributed to ions rearranging. Both  and  2 processes are
strongly coupled with the ionic conductivity from the observation of a common Vogel
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temperature and BNN correlation. From the analysis of the static dielectric constant using the
Kirkwood g correlation factor, the dipoles in conventional ionic liquids prefer antiparallel
alignment ( g  1 ), whereas the dipoles in the larger ionic liquid monomers show g of order
unity. The ionomers consistently exhibit around 2 times higher static dielectric constant than
their monomers, suggesting the polymerization encourages synergistic dipole alignment, resulting
in g  1 . X-ray scattering shows that the longer (n-dodecyl) tail caused strong ion aggregation
over the whole temperature range studied, while the shorter (n-butyl) tail promoted very little
ionic aggregation, with a significantly larger dielectric constant that agrees reasonably with the
Onsager prediction.
Improving ion solvation and ionic conductivity was investigated in polysiloxane-based
single-ion conductors containing weak-binding borates and cyclic carbonate side chains with
plasticizing poly(ethylene glycol) with Mn = 600 g/mol, PEG600, whose ether oxygens can
coordinate with cations for the effective dissociation of ionic aggregates through ion-dipole
interactions. As PEG600 is added, the conductivity systematically increases by three orders of
magnitude, compared to the host ionomer. A reduction in Tg with increasing PEG600 content
boosts ion mobility, as observed by the analysis of electrode polarization. Further, the PEG600
ether oxygens lower the activation energy of simultaneously conducting ions, significantly
increasing conducting ion content by 100X, suggesting that ion aggregates observed in the host
ionomer are homogenized by PEG600, which is directly reflected through an initial large increase
in dielectric constant as PEG600 is added.
Consequently, understanding the basic properties of single-ion conductors such as
morphology, ion conduction, concentration of charge carriers, their mobility, and dielectric
constant can provide useful insights for the design of advanced ion-containing polymers for
battery membranes, actuators, and electromechanical sensors. In particular, this study should lead
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directly to improve the existing models for counterion motion in single-ion conducting ionomers
and how that motion is correlated with molecular structures or facilitated by changes in charge
density and dielectric constant.
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Chapter 1
Introduction

1.1 Introduction and Motivation

Ionic conduction in ion-containing polymers is of considerable interest from both
fundamental and applied points of view. Since Wright and co-workers1 in 1973 first reported
observations on ionic conductivity in polymeric media with ionic conductivities of 10-8 – 10-9
S/cm at ambient temperatures2 and Armand et al.3 in 1978 suggested that polymer electrolytes
could be used as energy materials in a high energy battery, the developments of ion-containing
polymers have greatly increased.4 The earliest polymer electrolytes consist of alkali metal salts
dissolved in a high molecular weight polymer such as poly(ethylene oxide) (PEO). The presence
of the two lone pairs of electrons on the oxygen atoms of the polyether allows a good solvating
power to well-known formation of crown ether complexes by certain cyclic oligomers of ethylene
oxide.5

Unfortunately, because of crystalline properties, the conductivity of PEO-based

electrolytes is insufficient in comparison with inorganic solid electrolyte systems. Berthier et al.6
reported that such crystalline phases are basically electrical insulators so that ion transport occurs
principally in amorphous regions. Therefore, several strategies have been developed to overcome
this deficiency and produce wholly amorphous systems: crosslinked network structures7 and
comb-branch polymers with oligomeric, ethylene oxide8-11 or propylene oxide12 side chain.
Above Tg, local relaxation as well as segmental motion of the polymer chains occur and these
facilitate the motion of ions through the polymer. The polymer chains are consequently creating
suitable coordination sites adjacent to the ions, into which the ions can then hop. Moreover, the
temperature dependence of the ionic conductivity is described by the Vogel-Fulcher-Tamman

2
(VFT) equation    0 exp   B /(T  T0 )  . This implies that the highest conductivities will be

obtained in amorphous polymers with the lowest Tg, resulting in the highest local segmental
motion and therefore high diffusivity of the ions.
Although ethylene oxide based polymers provide excellent solvation from the viewpoint
of complexing a variety of cations, they do suffer from the significant disadvantage of a low
dielectric constant (   5  7 ). The low dielectric constant leads to strong ion-ion interactions
and the formation of ion pairs and higher aggregates.13 The formation of ion pairs reduces the
concentration of charge carriers and hence conductivity, compared with a fully dissociated salt.
Besides, in the majority of the polymer-salt mixtures, both anions and cations are mobile under a
potential gradient. In other words, the transference number for the cations can be much less than
unity. At the same time, efficient cationic transport is also prevented by the binding of cations by
polar ether oxygens. Generally, the cationic transference number of polyether-type electrolytes is
no more than 0.2 ~ 0.4 at ambient temperature due to ion-dipole interactions14 and faster motion
of anions. Low transference numbers are particularly serious in battery applications, because the
mobile anion will quickly form an impenetrable polarizing layer at the cathode. Therefore,
recharging the cell requires more energy, time, and a larger electrochemical potential.15

1.1.1 Polyanion-Type Single-Ion Conductors

To avoid concentration polarization, the free movement of anions needs to be either
limited or totally eliminated. Hence, one of the interesting fields in polymer electrolytes is
single-ion conductors in which anions are covalently bonded to polymers, thereby only cations
can be mobile under an electric field and hence obviates the concentration polarization caused by
accumulation of anions on the electrode.16,17 This allows the highest power density achievable in
the battery.18

There are three approaches to design single-ion conductors: (1) a blend of

3
polyelectrolyte and ion conducting polymer or oligomer,19,20 (2) copolymerization of
corresponding monomers for ion conduction and for a carrier source,21,22 (3) polymerization of
ion-conductive monomer having a carrier ion source.23,24
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Figure 1-1| Temperature dependence ionic conductivity for (curve A) a mixture of ethylene
carbonate and propylene carbonate (EC:PC) as 50/50 vol% with LiPF6 1 M,25 (curve B)
poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) copolymer incorporating 50 wt%
of the liquid electrolytes in Curve A,25 (curve C) P(EO)8-LiTf2N,26 (curve D) P(EO)8LiClO4Al2O3 (10 wt%) nanocomposite,27 (curve E) branched PEO with poly(ethoxy/methoxyethyl
glycidyl ether),28 (curve F: single-ion conductor) poly(ethylene oxide-co-propylene oxide) with
poly(5-oxo-3-oxy-4-trifluoromethyl-1,2,4-pentafluoro-pentylene sulfonylimide lithium) [P(EOco-PO)-LiPPl],29 and (curve G) P(EO-co-PO)-LiPPl with EC (50/50 wt%).30

A blend of polyelectrolyte with an ion-conducting polymer matrix such as PEO is a typical and
simple approach.19,20 Bannister et al.19 first reported this kind of single ion conductors as the
blend of poly[2-(4-carboxyhexafluorobutanoyloxy)ethyl methacrylate lithium salt] and PEO,
exhibiting ~ 10-5 S/cm at 100 0C. Hardy and Shriver20 reported the sodium ionic conductivity of
~ 10-6 S/cm at room temperature in a mixture of poly(styrene sulfonate sodium) and PEO, having
Tg ~ -40 0C. For this type of approach, it is essential to increase the compatibility between the
two polymers. However, it is not easy to dissolve them homogenously, and gradual phase
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separation occurs which decreases ionic conductivity.

Random copolymers of alkali-metal

methacrylates and oligo(oxyethylene) methacrylate showed conductivities of the order of 10-7
S/cm at room temperature.21,22
A polyether network with an ionizable crosslinking agent is another approach, developed
by both Cheradame31 and Watanabe.32 They reported ionic conductivities of 10-7-10-8 S/cm for
Li+. Likewise, current single-ion conductors exhibit relatively lower conductivity than salt-inpolymers systems (see Figure 1). This is predominantly due to slow polymer segmental motion,
resulting in a decreased ion mobility, and large ion dissociation energy, resulting in a decreased
number of charge carriers.

Increasing the ion mobility can be realized by designing new

polymers with lower Tg such as polyphosphazenes10,33,34 and polysiloxanes.35-37 To increase the
number of charge carriers, extensive efforts have focused on not only the synthesis of new large
anions such as lithium bis(oxaloto)borate,38 tetrabutyl borate,39 and tetraphenyl borate,40 whose
negative charges delocalize to minimize ion binding energy, but also the increase of dielectric
constant of polymer, further promoting ion dissociation.

Moreover, the addition of a low

molecular weight solvating plasticizer allows to improve the conductivity of single-ion
conductors. Use of a plasticizer is expected to increase polymer chain flexibility by reducing
intermolecular interactions thereby increasing free volume and decreasing Tg, and facilitates the
dissociation of ions by solvation, thus increasing the number of available charge carriers.
Therefore, to develop understanding and optimize single-ion conductors for advanced devices, we
will evaluate the number density of conducting ions and their mobility from dielectric
measurement of electrode polarization.

At the same time, we will investigate the role of

plasticizers on the basic properties of single-ion conductors such as glass transition temperature,
morphology, ion conduction, ion and polymer dynamics, and dielectric constant, providing useful
insights for the design of alternative single-ion conductors for energy applications.
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Table 1-1| Basic Characteristic of Ionic Liquids

● Negligible vapor pressure in many cases
Low melting point ● Treated as liquid at ambient temperature
● Wide usable temperature range
● Thermal stability
Non-volatility

● Non-flammability
● Large electrochemical windows (up to 5V)
● High ion density

Composed by ions
● High ion conductivity
● Various kinds of salts
Organic ions
● Unlimited combination

1.1.2 Polycation-Type Single-Ion Conductors

An alternative method of achieving high ionic conductivity in polymer electrolytes is to
use ionic liquids (ILs), which are composed entirely of large cations and anions with weak
interactions. Their unique physical properties, summarized in Table 1, make it possible for ILs to
be used as novel and safe electrolytes for advanced devices such as electrochemical membranes
for capacitors and lithium batteries, and electromechanical transduction devices for actuators and
sensors.41-43 For electromechanical transduction, in particular, large cations can generate higher
strain. As small cations like Li+ and Na+ are replaced with large IL cations, such as tetrabutyl
ammonium and ethyl methyl imidazolium, the free counterion population is expected to increase
(as the binding energy is lowered by having a larger counterion), which will also increase the
actuation strain.

The near-zero vapor pressure and high thermal stability over a broad
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temperature range improve markedly actuator lifetime and also make it possible for them to be
operated at high temperatures. Moreover, the high mobility and large electrochemical window of
ILs can lead to fast actuation speed.44 However, in order to achieve a great increase in the ion
concentration (actuation level) and mobility (actuator speed), it is necessary to develop an
understanding of the ion transport and interaction of mobile ions with the ion-containing
polymers, which require quantifying these two vital quantities (ion concentration and ion
mobility) under various conditions.
Polymer electrolytes incorporating an IL can be classified into two main groups: (i) ion
gels (i.e. polymer-in-IL) whereby the IL is the main conducting medium and the polymer is the
support and (ii) ionomers (i.e. single-ion conductor) prepared via the polymerization of an IL.
The first class of materials has been pioneered by the group of Watanabe45,46 and Forsythe and
MacFarlane.47-50 These materials can be prepared either by swelling a relatively inert polymer
such as poly(1-vinyl pyrrolidone) (PVP), poly(N-dimethyl acrylamide) (PDMAA) and poly(1vinyl pyrrolidone-co-vinyl acetate) [P(VP-co-VA)] with a variety of ILs or by in-situ
polymerization of a monomer such as methyl methacrylate in the IL. The second class of
materials was originally introduced by Ohno.51 In this approach imidazolium and other organic
IL cations can be synthesized with vinyl groups so that they can be easily incorporated into
polymers, so-called polymerized ionic liquids (PILs), which carry an IL species in each of the
repeating units.52-57 The major advantages of using the polymeric forms of ILs are the enhanced
stability and improved mechanical durability resulting from polymerization and the simplification
that only the counterions are able to move large distances rapidly, making PILs single-ion
conductors.

However, the obtained PILs exhibit much lower conductivities (~10-5 S/cm),

compared with the monomers used in the polymerization (~10-2 S/cm). The drop in conductivity
was considerably reduced by tethering PIL chains with -(CH2CH2)6- or -(CH2CH2O)8-.51 The
modification of the chemical structure of the IL, i.e. by tethering the imidazolium functionality
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with oligo(ethylene oxide) or hydrocarbon chain, increased ionic conductivity by almost two
orders of magnitude. Therefore, it is of great interest to understand the general physical picture of
structure-property relations in PILs. In this dissertation, we focus on the effects of varying the
structure of the pendant imidazolium side chain and main chain and of different anions as
counterions on ion migration, aggregation, dielectric constant, and polymer chain dynamics,
which provide a better understanding of conduction in PILs.

1.2 Background

Electrical and dielectric measurements are used to determine ionic conductivity and
polymer dynamics by analysing complex permittivity over a wide frequency range. Information
on relaxing dipoles in materials can be obtained from an analysis of the complex permittivity,
since the appearance of a peak in the imaginary part of the permittivity indicates that energy is
dissipated by motion of dipoles. The relaxation frequency and the strength of the relaxation are
characteristics of the relaxing dipoles. A number of dipolar relaxations are of interest in polymer
electrolytes such as segmental relaxations in the polymer and relaxations due to the complexation
with the ion, e.g. dipoles due to cation-anion pairs or relaxation due to clusters. Therefore, it is
important to clarify the physical origin of relaxations in ion-containing polymers.

1.2.1 Molecular Behavior and Electric Polarization under Electric Field

A polar molecule is one which has a permanent electric dipole moment although the total
amounts of positive and negative charge on the molecule are equal (electrically neutral). The
reason is that the distributions of the two kinds of charge are different so that the positive Q and
negative Q charges are centered at points separated by a distance of molecular dimensions ( d ),
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creating the dipole moment Qd . The magnitude of the dipole moment depends on the size and
symmetry of the molecule. Molecules having a centre of symmetry, such as methane (CH4),
carbon tetrachloride (CCl4), and benzene (C6H6), are non-polar (zero dipole moment), whereas
molecules having no centre of symmetry are polar, for example, water (H2O), methanol
(CH3OH), and Nitrobenzene (C6H5NO2). The temperature dependence of the product of the
dipole moment m and the square root of Kirkwood g correlation factor for various polar
molecules is displayed in Figure 1-2. The dipole moment m of the molecules has an influence
on its permittivity  , and studies of dielectric constant (in particular its temperature-dependence)
can be used to measure the dipole moment of a molecule.
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Figure 1-2| Temperature dependence of the product of dipole moments m and the square root of
Kirkwood g correlation factor for polar molecules, calculated by the Kirkwood and Fröhlich
Equation (Eq. 1-60) using the static dielectric constant in Figure 1-4.

The degree to which a molecule responds to an applied electric field can be easily
appreciated in the case of a parallel capacitor. Suppose that a fixed voltage V is connected
across such a capacitor where the plates with an area A are separated by a distance d , as shown
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in Figure 1-3a. The charges Q on the plates will create a potential difference between the plates
V that is proportional to Q
Q  CV

(1-1)

wherein C is capacitance. By denoting the surface charge density on the plates as  s , the charge
Q can be expressed as
Q  C ( Ed )   s A

(1-2)

wherein E is the electric field, which is equal to V / d . From Eq. 1-2, the capacitance is
C

Q s A
A


V
Ed
d

(1-3)

From this we obtain



s

(1-4)

E

wherein  is the permittivity of the material between the two plates. Assuming that the space
between the plates is vacuum,  s 0 is equal to the electric displacement D0 , i.e.

 s 0  D0   0 E0

(1-5)

wherein E0 is the electric field in the vacuum and  0 is the permittivity of vacuum
(  0  8.854  1012 C  m -1  V -1 ).

For the dielectric material, one portion of  s is used to

compensate the polarization charges on the surfaces of the material in contact with the plates, so
called the bound charge density  b , with its charge opposite in polarity and equal in magnitude to
the polarization charges of the material, as shown in Figure 1-3b.
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Figure 1-3| (a) The electric field E0 and the associated electric displacement D0 produced by the
free surface charges of density  s 0 on the plates in vacuum space. (b) The surface charge of
density  s consists of the bound charge  b and the free charge  s   b . The free charge portion
produces the electric field E and the electric displacement of  0 E , while the bound charge
portion produces polarization P .  and  denote the free charges, and  and  denote the
bound charges.58
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By denoting the number of molecules per unit volume of the material as N , and the average
separation between charge  qd and qd of each dipole as  , the bound charge density can be
given as

 b  N qd 

(1-6)

The other portion  s   b is the free surface charge density, which acts in the same manner as
that in vacuum, creating an electric displacement D0   0 E . Thus, the surface charge of density
is

 s  ( s   b )   b
 D  D0  P

(1-7)

  E   0 E  (   0 ) E
Therefore, polarization P can be expressed as
P  (   0 ) E   b  polarization
Bound charge
 N qb
Surface area
Number of Induced Dipole Moments


N m
Volume


(1-8)


wherein m is the average value of the dipole moment, which is given by



m  qd    Eloc

(1-9)


wherein  is called the polarizability and Eloc is the local field at which the individual particle is
polarized. From Eq. 1-8 and 1-9, the polarizability can be written as



  0
N

[C  m 2  V -1 ]

(1-10)

This indicates that the polarizability  of a particle in a dielectric material is induced by the local
field. It is convenient to use the relative permittivity  r (i.e. the dielectric constant) to describe
the dielectric properties
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r 

  N  
p 
 1 
  1 

0 
0   0E 

(1-11)

The temperature dependence of the dielectric constant for various polar molecules is displayed in
Figure 1-4.
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Figure 1-4| Temperature dependence of static dielectric constants  s for polar molecules.59-68

1.2.2 Mechanisms of Electric Polarization

The polarizability defined by Eq. 1-9 implies that the polarizability  depends not only


on the mechanism of polarization, but also on the strength of the local field Eloc , which is

different from the externally applied field E .
There are three major mechanisms of electric polarization. For materials with a low
conductivity, these mechanisms are governed by electronic polarization (also called optical
polarization), atomic or ionic polarization, and orientational polarization. Both the electronic
polarization and the atomic polarization are due mainly to the elastic displacement of electron
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clouds and lattice vibration within the atoms or molecules. Their interaction is an intramolecular
phenomenon, which is relatively insensitive to temperature, so electronic and atomic polarization
processes are only slightly dependent on temperature. However, orientational polarization is a
rotational process, which encounters the resistance due to thermal agitation. Under an external
force, it tends to change from its original equilibrium state to a new, dynamic equilibrium state,
and when the force is removed, it then relaxes back to its original state. This process is generally
referred to as the relaxation process.

This polarization involves the inelastic movement of

particles as an intermolecular phenomenon, thereby orientational polarizability is strongly
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Figure 1-5| The variation of different types of polarizations with time.58

For materials having a high concentration of charge carriers, on the other hand, polarization due
to the migration of charge carriers to form space charges at interfaces or electrodes becomes
important. This type of polarization is called space charge polarization, for example, Maxwell-
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Wagner-Sillars (MWS) polarization and electrode polarization. Thus, the total polarizability of
material  comprises four contributions

  e  i  o   s

(1-12)

wherein  e ,  i ,  o , and  s are the polarizabilities due to electronic, atomic, orientational, and
space charge polarizations, respectively. The variation of different types of polarization with
time is shown in Figure 1-5.
Electronic Polarization. The electric field causes deformation or translation of the

originally symmetrical distribution of the electron clouds of atoms or molecules. This is the
displacement of the outer electron clouds with respect to the inner positive atomic cores. Suppose
that the electron cloud of charge  Zq is uniformly distributed in a sphere of radius R and that its
centre of gravity originally coincided with that of the nucleus, and suppose that it is displaced by
the field to a distance  from the center of the nucleus, as shown in Figure 1-6.

Eloc

R



Figure 1-6| Displacement of the electron cloud relative to the nucleus of positive charges Zq due

to the polarization by the local field Eloc
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According to Gauss’s law, the coulombic force is only exerted on the electron cloud that
does not surround the positive nucleus charges  Zq . The portion of the electron cloud is
constrained in the sphere of radius  and it is

Q  

Zq(4 3 / 3)
  Zq 3 / R 3
4 R 3 / 3

(1-13)

Thus, the coulombic force is

F

 Zq   Zq 3 / R 3
4 0

2



  Zq   / 4 0 R 3
2



(1-14)

This force must balance the displacement force Fd ,

Fd  ZqEloc

(1-15)

By setting Eq. 1-14 equal to Eq. 1-15, the displacement distance can be obtained as

  4 0 R 3 Eloc / Zq

(1-16)

The dipole moment is given by
me   e Eloc  Zq  4 0 R 3 Eloc

(1-17)

Therefore, the electronic polarizability is

 e  4 0 R 3  3 0Vm

(1-18)

wherein Vm is the volume of the molecule, indicating that  e is proportional to the volume of the
molecules, as shown in Figure 1-8. In addition, based on Bohr’s model of an electron revolving
around a circular orbit about the nucleus, the potential energy of the electron Ee is given by58

Ee  0 

M eq4
(4 0 ) 2  2

(1-19)

and the radius of the ground-state orbit of Bohr’s atom is given by58

R

(4 0 ) 2
M e q2

(1-20)
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wherein   h / 2 and h is Planck’s constant, 0 is a harmonic oscillation frequency, and M e
is the electron mass. By expressing the parameters R and  0 in terms of M e and 0 , and
substituting them into Eq. 1-18, we obtain

 e  4 0 R3 

q2
M e02

(1-21)

Atomic or Ionic Polarization (Vibrational Polarization). The electric field causes the

atoms or ions of a polyatomic molecule to be displaced relative to each other. This is essentially
the distortion of the normal lattice vibration, and this is why it is referred to as vibrational
polarization. Displacement of the ions from their equilibrium sites by x (relative displacement
of positive and negative ions) will generate a force that tends to bring them back to their original
thermal equilibrium sites. Within the approximation of harmonic oscillation (or lattice vibration
frequency 0 ), the elastic restoring force is proportional to the difference between displacements
of neighboring ions. Thus, the induced ionic dipole moment in static fields follows that58
mi  Zqx 

( Zq ) 2 Eloc
M r o2

(1-22)

wherein Z is the number electrons involved and M r  M cation M anion /( M cation  M anion ) is the
reduced mass of positive and negative ions. The ionic polarizability becomes

i 

( Zq ) 2
M r o2

(1-23)

The expression for  i is similar to that for  e because a displacement of ions is accomplished by
a displacement of electrons.

For hydrogen atom,  e  1.39 1041 Cm 2 V -1 .

Taking

q  1.6  1019 C and M e  9.11 1031 kg , the estimated value of 0 from Eq. 1-21 is
4.5  1016 rad/sec . For CsCl with  i  6  1040 Cm 2 V -1 and M r  4.65  1026 kg , on the
other hand, the estimated value of 0 from Eq. 1-23 is 3.03  1013 rad/sec . Therefore, the time
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required for electronic polarization is about 10-16 sec (ultraviolet region), and that required for the
ionic polarization is about 10-13 sec (infrared region), simply because ions are heavier than
electrons by more than 103 times.

E

r

d

x


Figure 1-7| Orientation of a molecular dipole in an applied electric field.58

Orientational Polarization.

This polarization occurs only in materials including

molecules or particles with a permanent dipole moment.

The electric field causes the

reorientation of the dipoles toward the direction of the field. Molecules having a permanent
dipole moment experience a torque in an electric field, tending to orient themselves to the field
direction, but thermal agitation tends to put them back into random orientation. However, the
ensemble of molecules will gradually attain a statistical quasi-equilibrium.

The method of

calculating orientational polarizability was first developed by Langevin69 and later applied to
permanent dipole moments in dielectric materials by Debye.70 Assuming that the permanent
dipole moment mo of the molecule is not affected by the applied electric field and temperature,
and that the density of molecules in the medium as an ensemble is so small that the dipole-dipole
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interaction is very small, compared to the thermal energy kT , the moment of the permanent
dipole in the direction of the applied filed E can be written as
m E  mo cos

(1-24)

wherein  is the angle between the dipole moment and the applied field. If there is no directing
field, the number of dipoles having an inclination of their axes to the axes located between  and

  d , as shown in Figure 1-7, is
dN  N

2 r sin  rd 1
 N sin  d
2
4 r 2

(1-25)

With an applied field E and the effect of termperature, Eq. 1-25 is changed to the following form,
according to Boltzmann’s statistics,
1
dN  A exp(U / kT ) sin  d
2

(1-26)

wherein U is the potential energy of the dipole at  , which is given by

U  m0 E cos

(1-27)

Thus, the average dipole moment in the field direction is

mE 



m0 cos dN



dN

 m0





0

exp(m0 E cos  / kT )cos sin  d





0

exp(m0 E cos / kT )sin  d

 m0 cos

(1-28)

By introducing y  cos  and z  m0 E / kT , we obtain
1

cos  




exp( yz ) ydy

1
1
1

 coth z  1/ z  L( z )

(1-29)

exp( yz )dy

The function L( z ) is called the Langevin function. At low values of z , L( z ) varies almost
linearly, with z following the relation
L( z )  cos   mo E / 3kT

(1-30)
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Thus, substitution of Eq. 1-30 into Eq. 1-24 gives

mE 

mo2 E
3kT

(1-31)

and the orientational polarizability is

o 

mo2
3kT

(1-32)

In general, since  e and  i are practically independent of temperature but  o is strongly
temperature dependent,  o can be easily distinguished from  e and  i by the temperature
dependence measurement of dielectric constant.
Space Charge Polarization (Hopping Polarization)

The induced and orientational

polarizations discussed previously are due to the bound positive and negative charges within the
atom or the molecule itself, which are linked intimately to each other and which normally cannot
be separated. However, electric polarization may also be associated with mobile and trapped
charges. In this case, space charges will be formed, field distribution will be distorted, and hence,
the average dielectric constant will be affected. In a dielectric material, localized charges (ions)
can hop from one site to the neighboring site, creating so-called hopping polarization.71 These
charges are capable of making a jump surmounting a potential barrier to other sites. The hopping
dipole moment appears to be similar to the orientational dipole moment, but they differ in an
important aspect: the orientational dipole moment refers to the permanent dipole moment formed
by bound charges within the particle, while the hopping dipole moment is the moment formed by
the transition of a separate charged particle from one potential well to another potential well. The
hopping dipole moment is
mhE 

q2r 2 E
p'
3kT

(1-33)
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wherein the r is the hopping distance and the p ' is the ensemble average of the probability for a
charged particle to hop from site to site, leaving a charge in one site and placing its opposite
charge in another site to form dipole. Thus, the hopping polarizability is

h 

q2r 2
p'
3kT

(1-34)

1.2.3 Local Fields for Nondipolar Materials

In a gas or dilute solution phase, in which the interaction between atoms or molecules can
be neglected, the local field, Eloc , acting on the atomic or molecular sites, can be assumed to be
the same as the applied field E . However, the local field in condensed phases (solids and
liquids) is higher than E because of the polarization of the surroundings. To understand the
concept of local fields, imagine a small sphere of dielectric material removed, surrounding the
site of an atom or molecule to form a cavity.

The local field Eloc is composed of four

components
Eloc  E0  E1  E2  E3

(1-35)

wherein E0 is the externally applied field in the cavity, which is assumed to be a vacuum, and is
related to the applied field in the bulk E by

D   0 E  P   0 E0 or E0  E  P /  0

(1-36)

E1 is the depolarization field resulting from polarization charges (bound charges) on the surface
of the specimen (see Figure 1-3b), which is given by

E1   P /  0

(1-37)

E2 is the Lorentz field due to polarization charges on the inside surface of the spherical cavity,72
which is given by
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E2 

( r  1)
E
3

(1-38)

E3 is the field of the adjacent dipoles due to the molecules inside the spherical cavity. In general,
we assume that the cavity is ideally formed without disturbing the state of polarization of the
surrounding material, leading to
E3  0

(1-39)

Thus, the Lorentz local field can be written as
Eloc  E0  E1  E2  E3 

r  2
3

E

(1-40)

Clausius-Mossotti Equation. Knowing the local field operating at each molecule from

Eq. 1-40 above, the individual contributions to the polarization can be calculated from Eq. 1-9

 2

m   Eloc   r
E
3

(1-41)

The total polarization is given by substitution in Eq. 1-8,

 2

P  N m  N r
E
3

(1-42)

Again substituting for P from Eq. 1-11, the Clausius-Mossotti equation can be obtained as
( r  1) 0 E  P  N

r  2
3

E 

 r  1 N

 r  2 3 0

(1-43)

Note that the Clausius-Mossotti equation can be used only for a nonpolar matrix (vacuum or
nonpolar solvent) because E3 cannot be assumed to be zero for polar materials.
Lorentz-Lorenz Equation.

The Clausius-Mossotti equation can be used for dipolar

materials in high-frequency AC fields in which orientational polarization cannot follow the timevarying fields but electronic and atomic polarizations are still present. For optical frequencies,
only electronic polarization is dominant, and in this case  r  n 2 , where n is the refractive index.
Thus, the Lorentz-Lorenz equation can be obtained from Eq. 1-43 as
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n 2  1 N

n 2  2 3 0

(1-44)

Using Eq. 1-44,  '   /(4 0 ) can be determined as shown in Figure 1-8 because all other
parameters are generally known or can easily be measured.
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Figure 1-8| Electronic polarizability volume  e'   e /(4 0 ) as a function of molecular volume
for imidazolium-based ionic liquids and ionomers.

1.2.4 Reaction Fields for Dipolar Materials

If a dipolar molecule is located at the center of the cavity of radius a , it produces a field
that polarizes the cavity’s surrounding molecules (see Figure 1-9). The reaction field Er is the
field created inside the cavity by the charges of these polarized molecules on the cavity surface.
Thus, in the absence of the applied field E  0 , the effective dipole moment of a dipolar
molecule in a dipolar material is
meff  mo   Er

(1-45)
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wherein mo is the permanent dipole moment of an individual molecule and  is the total
polarizability of the material.

Figure 1-9| Schematic diagrams illustrating the concept of the reaction field Er , the cavity

internal field Ei , the effective dipole moment of a polar molecule meff , and the effective induced
'
dipole moment of a polar molecule meff
in a polar material.58

This reaction field is given by58
Er  fmeff where f 

2N   r 1 


3 0  2 r  1 

(1-46)

With an applied field E , the field inside the empty spherical cavity is given by58
Ei  hE where h 

3 r
2 r  1

(1-47)

Thus, the effective induced dipole moment of a dipolar molecule inside the cavity due to the
cavity internal field Ei and the reaction field Er in the direction of the applied field E becomes
 

h
'
'
meff
E
  ( Ei  Er )   ( Ei  fmeff
)
1 f

(1-48)

The total dipole moment in the cavity is the sum of the permanent dipole moment and the induced
dipole moment in the direction of E
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'
mE  meff cos   meff

(1-49)

wherein the first term is polarized by the reaction field at E  0 and the second term is polarized
by the cavity field at applied field E . The mean value of mE is given by
mE 


mo2
h 
 
E
1 f 
3(1   f )kT 

(1-50)

Debye Equation. Assuming that  s  0 in Eq. 1-12, the total polarizability is

  e  i 

mo2
3kT

(1-51)

Substituting Eq. 1-51 into the Clausius-Mossotti equation (Eq. 1-43) gives
mo2 
r 1 N 



  i

 r  2 3 0  e
3kT 

(1-52)

This is called the Debye equation. Although the Debye equation is similar to the ClausiusMossotti equation, the only difference is that the former introduces  o  mo2 / 3kT into the
equation. Both equations were derived on the basis of the internal local field Eloc rather than the
reaction field Er . The Debye equation is in poor agreement with experiments for dipolar liquids
and solids, presumably due in part to the fact that for dipolar liquids and solids, the Lorentz
internal field is not applicable. The Onsager equation improves on the Debye equation by using
the reaction field instead of the Lorentz internal local field.
Onsager Equation. At zero and low frequencies, all types of polarization occur. The

polarization is
P  ( s  1) 0 E  N mE

(1-53)

However, in the high frequency, in which orientational polarization does not occur, mo  0 .
Then the polarization becomes
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P  (   1) 0 E  N mE

(1-54)

By subtracting Eq. 1-43 from Eq. 1-42 and using Eq. 1-39, we obtain the Onsager equation as
( s    )(2 s    ) Nmo2

9 0 kT
 s (   2) 2

(1-55)

The Onsager equation was first derived on the assumption that the molecules are spherical in
shape and that there are no interactions between the molecules (or between the dipoles).
However, mo of nonassociating organic compounds (with weak interactions between molecules)
agrees reasonably with those estimated from Onsager equation.

For associating organic

compounds (with strong interactions between molecules), the difference between the measured
and the estimated values of mo is large, indicating that Onsager’s model is inadequate for
associating organic compounds.
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Figure 1-10| Temperature dependence of static dielectric constant for polar molecules. Solid
lines are fits of the Onsager equation (Eq. 1-55).
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Figure 1-10 shows that the Onsager equation (solid lines) works well for polar liquids but others
change their cooperative alignment as temperature changes owing to interactions between their
dipoles.
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Figure 1-11| Static dielectric constant vs. the ratio of the orientational polarizability volume  o'

and the electronic polarizability volume  e' .

In addition, the Onsager equation can be used to estimate the orientational polarizability
volume  o' , which is given by

 o' 

o
1 mo2
3 ( s  n 2 )(2 s  n 2 )


4 0 4 0 3kT 4 N
 s (n 2  2) 2

(1-56)

The electronic polarizability volume  e' can be estimated using the Lorentz-Lorenz equation (Eq.
1-44) as

 e' 

e
3 (n 2  1)

4 0 4 N (n 2  2)

Then, the ratio of  o' and  e' can be written as

(1-57)
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 o' ( s  n 2 )(2 s  n 2 )

 e'
 s (n 2  2)(n 2  1)

(1-58)

By expressing the parameters  s in terms of n ,  o' , and  e' , we obtain

s 

(n 2  2)( n 2  1)  o'
b
2
 e'

(1-59)

From the slope of the correlation, we can determine the refractive index n as shown in Figure 111.
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Figure 1-12| Temperature dependence of g correlation factor for polar liquids, calculated by the
Kirkwood and Frӧhlich equation (Eq. 1-60).

Kirkwood-Frӧlich g Correlation Factor. Both Debye and Onsager used a statistical

method to solve only part of the polarization problem by assuming that there is no correlation
between molecules (molecular interactions) in induced polarization and in orientational
polarization. Statistical-mechanical approaches to the polarization problem, taking into account
the interaction between nearest dipoles, were first used by Kirkwood.73 Kirkwood had taken into
account the short-range correlation in orientational polarization, but he ignored the correlation in
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induced polarization between molecules. Later, Frӧhlich74 developed a more rigorous expression,
taking into account the correlation between molecules in both induced and orientational
polarizations by means of a statistical-mechanical approach. He also treated the internal and
reaction fields in a macroscopic manner, which is more realistic than the Onsager model. The
equations derived by Kirkwood and Frӧhlich include a correlation factor g
g

( s    )(2 s    ) 9 0 kT
 s (   2)
N i mi2



(1-60)

which is related to the effect of molecular interactions. When g  1 , there are no correlations
between molecules and the Kirkwood-Frӧhlich equation reduces to the Onsager equation. For
polar liquids in which dipoles tend to orient with parallel dipole alignments, g  1 ; for instance,
in alcohol, g is large ( g  3 for butyl alcohol at 0 0C) due to the existence of hydrogen bonds,
which leads to the parallel orientation of dipole moments. Replacing the OH radical with a
halogen in butyl alcohol leads to a big change in g ; i.e. g  0.76 for butyl bromide and g  0.85
for butyl chloride at 0 0C. The value of g  1 indicates that the correlation in orientation makes
the dipole moments antiparallel and partly cancel one another. Figure 1-12 displays the study of
g as a function of temperature; polar liquids with no hydrogen bonding have g  1 and follow
the Onsager temperature dependence, while polar liquids with hydrogen bond alignment have
1.8  g  12 and often a strong temperature dependence.

1.2.5 Dielectric Relaxation Phenomena

Orientation of molecular dipoles is a relatively slow process, compared with electronic
transitions or atomic vibrations, which have frequencies generally above 1012 Hz. Only when
sufficient time for the orientation to attain equilibrium is allowed after the application of an
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electric field, the maximum polarization, corresponding to the highest observable relative
permittivity (called the static dielectric constant  s ), will be realised in a material. On the other
hand, if the polarization is measured immediately after the field is applied, allowing no time for
dipole orientation to take place, then the observed instantaneous relative permittivity, denoted

  , will be low and due to deformational (induced) effects alone. Somewhere in between these
extremes of timescale there must therefore be a dispersion from a high to a low relative
permittivity. When an alternating electric field E with amplitude E0 and angular frequency 
is applied across a parallel-plate capacitor,
E  E0 cos t

(1-61)

this will produce polarization, which alternates in direction, and, if the frequency is high enough,
the orientation of any dipoles will inevitably lag behind the applied field with a phase angle  in
the electric displacement

D  D0 cos(t   ),

(1-62)

which is written
D  D1 cos t  D2 sin t
where D1  D0 cos  and D2  D0 sin  .

(1-63)

This leads us to define two relative permittivities

'

D1
and
 0 E0

 '' 

D2
.
 0 E0

(1-64)

It is convenient to combine these two quantities into a complex relative permittivity:

    ' i ''.

(1-65)
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Figure 1-13| Schematic representation of dielectric spectral characteristics of dielectric constant
(  ' ) and dielectric loss (  '' ) for (a) polar non-ionic polymer and (b) ionomer.
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Using the frequency-domain approach, measurements of  '( ) and  ''( ) as functions
of frequency will yield information about relaxation behavior.

Several distinct relaxation

processes are usually present in polymeric materials, and these are dielectrically active if they
incur significant orientation of molecular dipoles. In polar non-ionic polymers, there are mainly
two types of dielectric relaxations such as dipolar segmental relaxation (  ) and dipolar local
relaxation (  ), as shown in Figure 1-13a.
Dielectric losses caused by dipolar segmental relaxation (  ) are associated with the
micro-Brownian motion of segments in polymeric chains, while dielectric losses caused by
dipolar local relaxation (  ) are associated with the localized movement of molecules. In
contrast to the polar non-ionic polymers, additional relaxations (electrode polarization (EP) and

 2 process) in ionomers are observed at lower frequencies in addition to the  and 
relaxations (see Figure 1-13b). EP occurs at low frequencies, where the transporting ions have
sufficient time to polarize at the blocking electrodes during the cycle, while the  2 process is
ionic orientational polarization (or hopping polarization), attributed to ions rearranging (i.e.
exchanging states between isolated ion pairs and aggregates of ion pairs).
Fitting Functions. To assess polymer chain or ion dynamics, the loss peaks of dipolar

relaxation processes can be evaluated. However, electrode polarization and conduction can
obscure the loss peaks of interest that are due to ion motion (  2 ) or segmental relaxation (  ).75,76
Thus, a derivative formalism, developed by Wübbenhorst and van Turnhout, is used to eliminate
the conductivity contribution from loss spectra to elucidate relaxation processes:77

 der  

  '( )
EP
relax
  der
  der
2  ln 

(1-66)
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Figure 1-14| Dielectric loss derivative spectra fit (solid line) to the sum of a power law for EP
(red dashed line) and two derivative forms of the HN function for ion rearrangement (  2 ) and
polymer segmental motion (  ) (blue dashed lines). The solid curve are five-parameter fits of Eq.
1-67 with the value of the EP power law slope ( s  1.91 ) and shape parameters of the two HN
function ( a 2  0.9 , b 2  0.6 , a  1.0 and b  0.2 ).

Those two dielectric relaxations (  2 and  ) are further explored by fitting the derivative spectra
with two Havriliak-Negami (HN) functions (blue dashed lines in Figure 1-14)
'
'

  HN
   
     
relax
 der
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2   ln  
  ln   
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'
with  HN    Real 
b
 1   i / HN a  
 


(1-67)

wherein  is the relaxation strength, a and b are shape parameters, and HN is a characteristic
frequency related to the frequency of maximal loss max by78

33




max  HN  sin

1/ a

a 
2  2b 

ab 

 sin 2  2b 



1/ a

(1-68)

On the other hand, for the EP contribution we fit EP to a simple power law (red dashed line in
Figure 1-14)
EP
 der
 A  s

(1-69)

wherein A and s are constants. In general, the EP contribution to  '( ) can be well described
by the Debye function. Then  EP '( ) is expressed as

 EP '( ) 

 EP
1+( /EP )2

(1-70)

wherein  EP and EP are the relaxation strength and characteristic frequency for the EP
EP
obtained from this express is
process, respectively. The derivative  der

EP
 der


( / EP )2
  EP '( )
  EP
2
2  ln 
1+( /EP ) 2 


(1-71)



Thus, the high-frequency power law behavior of the EP contribution is described by



( / EP )2 
1

  EP 2 2    s with s  2
 EP

2
 / EP
1+( /EP )2  


  EP


(1-72)

Nevertheless, in Eq. 1-69, we set the power law exponent  s for the EP contribution as an
adjustable parameter and use the value of s smaller than 2 in the fitting in Figure 1-14. The
reason is that the actual EP is often slightly broader than the Debye (see Figure 1-15a). Thus, we
fit EP to an asymmetric broader function:75
*
 EP
( ) 

 EP
,
(i / EP )1 n  i / EP

wherein the exponent n is connected with electrode roughness (see Figure 1-15b).

(1-62)
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Figure 1-15| Dielectric loss derivative spectra fit to (a) the Debye function (orange solid line) and
(b) the asymmetric border function75 (red solid line) for EP contribution. Both plots also include
fitting EP to a power law with slope as s  1.91 (blue solid line).
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This could better describe the EP contribution in  der and have an almost similar slope of high-
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Figure 1-16| Temperature dependence of simultaneously conducting ion concentration from
fitting EP to a Debye function (red circles) and fitting EP to an asymmetric function (black
squares).

However, we use the Debye function to analyze the EP to separate ionic conductivity into
the number density of simultaneously conducting ions and their mobility rather than the
asymmetric function in this study. The Debye fitting, which is far simpler, yields results for EP
that are qualitatively identical and nearly quantitatively identical to those from the asymmetric
function. For example, when the asymmetric function is used with slope of 1.9 on the high
frequency side of EP, the conducting ion content p is increased 2.1-fold at all temperatures and
the activation energy Ea was identical, compared with the Debye fitting (see Figure 1-16).

36
1.3 References

(1)

Fenton, D. E.; Parker, J. M.; Wright, P. V. Polymer 1973, 14, 589.

(2)

Wright, P. V. Br. Polym. J. 1975, 7, 319.

(3)

Armand, M.; Chabagno, J. M.; Duclot, M. J. In Second International Conference on Solid

Electrolytes St Andrews, UK, 1978.
(4)

Collongues, R.; Theory, J.; Boilot, J. P. In Solid Electrolyte; Hagenmuller, P., van Gool,

W., Eds.; Academic Press: New York, 1978.
(5)

Blythe, T. Electrical Properties of Polymers; Cambridge University Press: Cambridge,

2005.
(6)

Berthier, C.; Gorecki, W.; Minier, M.; Armand, M. B.; Chabagno, J. M.; Rigaud, P. Solid

State Ionics 1983, 11, 91.
(7)

Cheradame, H.; LeNest, J. F. In Polymer Electrolyte Reviews; MacCallum, J. R., Vincent,

C. A., Eds.; Elsevier Applied Science: London, 1987; Vol. 1.
(8)

Bannister, D. J.; Davies, G. R.; Ward, I. M.; Mcintyre, J. E. Polymer 1984, 25, 1600.

(9)

Xia, D. W.; Soltz, D.; Smid, J. Solid State Ionics 1984, 14, 221.

(10)

Blonsky, P. M.; Shriver, D. F.; Austin, P.; Allcock, H. R. J. Am. Chem. Soc. 1984, 106,

6854.
(11)

Cowie, J. M. G.; Martin, A. C. S. Polym. Commun. 1985, 26, 298.

(12)

Cowie, J. M. G.; Martin, A. C. S. Polymer 1987, 28, 627.

(13)

Armand, M. B.; Bruce, P. G.; Forscyth, M.; Scrosati, B.; Wieczorek, W. In Energy

Materials; Bruce, D. W., O'Hare, D., Walton, R. I., Eds.; Wiley: 2011.
(14)

Matsumi, N.; Ohno, H. In Macromolecules Containing Metal and Metal-like Elements;

Abd-El-Aziz, A. S., Carraher, C. E., Pittman, C. U., Zeldin, M., Eds.; Wiley: 2007; Vol. 8.

37
(15)

Mandal, B. K.; Walsh, C. J.; Sooksimuang, T.; Behroozi, S. J.; Kim, S.; Kim, Y. T.;

Smotkin, E. S.; Filler, R.; Castro, C. Chem. Mater. 2000, 12, 6.
(16)

Thomas, K. E.; Sloop, S. E.; Kerr, J. B.; Newman, J. J. Power Sources 2000, 89, 132.

(17)

Wright, P. V. Mrs Bull 2002, 27, 597.

(18)

Song, J. Y.; Wang, Y. Y.; Wan, C. C. J. Power Sources 1999, 77, 183.

(19)

Bannister, D. J.; Davies, G. R.; Ward, I. M.; Mcintyre, J. E. Polymer 1984, 25, 1291.

(20)

Hardy, L. C.; Shriver, D. F. J. Am. Chem. Soc. 1985, 107, 3823.

(21)

Kobayashi, N.; Uchiyama, M.; Tsuchida, E. Solid State Ionics 1985, 17, 307.

(22)

Tsuchida, E.; Kobayashi, N.; Ohno, H. Macromolecules 1988, 21, 96.

(23)

Tsuchida, E.; Ohno, H.; Kobayashi, N.; Ishizaka, H. Macromolecules 1989, 22, 1771.

(24)

Dou, S. C.; Zhang, S. H.; Klein, R. J.; Runt, J.; Colby, R. H. Chem. Mater. 2006, 18,

4288.
(25)

Stallworth, P. E.; Fontanella, J. J.; Wintersgill, M. C.; Scheidler, C. D.; Immel, J. J.;

Greenbaum, S. G.; Gozdz, A. S. J. Power Sources 1999, 81, 739.
(26)

Armand, M.; Gorecki, W.; Anreani, R. In Polymer Electrolytes; Scrosati, B., Ed.;

Elsevier: New York, 1990, p 91.
(27)

Croce, F.; Appetecchi, G. B.; Persi, L.; Scrosati, B. Nature 1998, 394, 456.

(28)

Watanabe, M.; Endo, T.; Nishimoto, A.; Miura, K.; Yanagida, M. J. Power Sources

1999, 81, 786.

(29)

Watanabe, M.; Tokuda, H.; Muto, S. Electrochim. Acta 2001, 46, 1487.

(30)

Watanabe, M.; Suzuki, Y.; Nishimoto, A. Electrochim. Acta 2000, 45, 1187.

(31)

Lenest, J. F.; Gandini, A.; Cheradame, H.; Cohenaddad, J. P. Polym. Commun. 1987, 28,

302.
(32)

Watanabe, M.; Nagano, S.; Sanui, K.; Ogata, N. Solid State Ionics 1988, 28, 911.

(33)

Ganapathiappan, S.; Chen, K.; Shriver, D. F. Macromolecules 1988, 21, 2299.

38
(34)

Allcock, H. R.; Prange, R.; Hartle, T. J. Macromolecules 2001, 34, 5463.

(35)

Zhou, G. B.; Khan, I. M.; Smid, J. Polym. Commun. 1989, 30, 52.

(36)

Fujinami, T.; Tokimune, A.; Mehta, M. A.; Shriver, D. F.; Rawsky, G. C. Chem. Mater.

1997, 9, 2236.

(37)

Siska, D. P.; Shriver, D. F. Chem. Mater. 2001, 13, 4698.

(38)

Sun, X. G.; Kerr, J. B. Macromolecules 2006, 39, 362.

(39)

Shacklette, L. W. European Patent 122381 A1 19841024, 1984.

(40)

Besner, S.; Vallee, A.; Bouchard, G.; Prudhomme, J. Macromolecules 1992, 25, 6480.

(41)

Xu, W.; Angell, C. A. Science 2003, 302, 422.

(42)

Fernicola, A.; Scrosati, B.; Ohno, H. Ionics 2006, 12, 95.

(43)

Armand, M.; Endres, F.; MacFarlane, D. R.; Ohno, H.; Scrosati, B. Nat. Mater. 2009, 8,

621.
(44)

Bennett, M. D.; Leo, D. J. Sens. Actuators A 2004, 115, 79.

(45)

Shobukawa, H.; Tokuda, H.; Susan, M. A. H.; Watanabe, M. Electrochim. Acta 2005, 50,

3872.
(46)

Ueki, T.; Watanabe, M. Macromolecules 2008, 41, 3739.

(47)

Tiyapiboonchaiya, C.; MacFarlane, D. R.; Sun, J. Z.; Forsyth, M. Macromol. Chem.

Phys. 2002, 203, 1906.
(48)

Sun, J.; MacFarlane, D. R.; Byrne, N.; Forsyth, M. Electrochim. Acta 2006, 51, 4033.

(49)

Winther-Jensen, O.; Vijayaraghavan, R.; Sun, J. Z.; Winther-Jensen, B.; MacFarlane, D.

R. Chem Commun 2009, 3041.
(50)

Winther-Jensen, O.; Armel, V.; Forsyth, M.; MacFarlane, D. R. Macromol. Rapid Comm.

2010, 31, 479.

(51)

Ohno, H. Electrochim. Acta 2001, 46, 1407.

(52)

Ohno, H.; Ito, K. Chem. Lett. 1998, 751.

39
(53)

Yoshizawa, M.; Ohno, H. Chem. Lett. 1999, 889.

(54)

Ohno, H. Macromol. Symp. 2007, 249, 551.

(55)

Green, O.; Grubjesic, S.; Lee, S.; Firestone, M. A. Polym. Rev. 2009, 49, 339.

(56)

Chen, H.; Choi, J. H.; Salas-de La Cruz, D.; Winey, K. I.; Elabd, Y. A. Macromolecules

2009, 42, 4809.

(57)

Lee, M.; Choi, U. H.; Colby, R. H.; Gibson, H. W. Chem. Mater. 2010, 22, 5814.

(58)

Kao, K. C. Dielectric Phenomena in Solids with Emphasis on Physical Concepts of

Electronic Processes; Elsevier Academic Press: New York, 2004.
(59)

Lide, D. R. Handbook of Chemistry and Physics; CRC Press, 2008.

(60)

Timmermans, J. Physico-Chemical Constants of Pure Organic Compounds; Elsevier,

1965.
(61)

Jannelll, L.; Lopez, A.; Salello, S. J. Chem. Eng. Data 1983, 28, 169.

(62)

Dean, J. A. Lange's Handbook of Chemistry; McGRAW-HILL, INC., 2005.

(63)

Bass, S. J.; Nathan, W. I.; Cole, R. H.; Meighan, R. M. J. Phys. Chem. 1964, 68, 509.

(64)

Payne, R.; Theodoro.Ie J. Phys. Chem. 1972, 76, 2892.

(65)

Ding, M. S. J. Electrochem. Soc. 2003, 150, A455.

(66)

Akerlof, G. J. Am. Chem. Soc. 1932, 54, 4125.

(67)

Simeral, L. J. Phys. Chem. 1970, 74, 1443.

(68)

Jannelli, L.; Lopez, A.; Saiello, S. J. Chem. Eng. Data 1980, 25, 259.

(69)

Langevin, P. Ann. Chim. Phys. 1905, 5, 245.

(70)

Debye, P. Polar Molecules; Dover: New York, 1945.

(71)

Jonscher, A. K. Dielectric Relaxation in Solids; Chelsea Dielectric Press: London, 1983.

(72)

Bottcher, C. J. F. Theory of Electric Polarization; Elsevier: Amsterdam, 1973; Vol. 1.

(73)

Kirkwood, J. G. J. Chem. Phys. 1939, 7, 911.

40
(74)

Fröhlich, H. Theory of Dielectrics : Dielectric Constant and Dielectric Loss; Oxford :

Clarendon Press: London, 1949.
(75)

Fragiadakis, D.; Dou, S.; Colby, R. H.; Runt, J. J. Chem. Phys. 2009, 130, 064907.

(76)

Choi, U. H.; Lee, M.; Wang, S.; Liu, W.; Winey, K. I.; Gibson, H. W.; Colby, R. H.

Macromolecules 2012, 45, 3974.
(77)

Wübbenhorst, M.; van Turnhout, J. J. Non-Cryst. Solids 2002, 305, 40.

(78)

Kremer, F.; Schonhals, A. Broadband Dielectric Spectroscopy; Springer-Verlag: New

York, 2002.

Chapter 2
Ion Conduction in Imidazolium Acrylate Ionic Liquids and their Polymers
Polymerizable imidazolium acrylates and their polymers with pendant imidazolium
cations were synthesized with hexafluorophosphate and bis(trifluoromethanesulfonyl)imide
counterions and characterized using calorimetry and dielectric spectroscopy. The ionic polymers
containing a diethyleneoxy unit as an N-substituent on the imidazolium cation display higher
ionic conductivities than the analogous N-n-butyl polymer. Using a physical model of electrode
polarization, we separate the conductivity of single-ion conductors into number density of
conducting ions p and their mobility μ. The monomers invariably possess higher conducting ion
number density than the polymers, owing to the cation being part of the polymer, but p is
insensitive to the N-substituent. In contrast, the diethyleneoxy N-substituent imparts higher
mobility than the n-butyl N-substituent, for both monomers and polymers, owing to a lower
binding energy between the imidazolium and the counteranions, which is not directly reflected in
glass transition temperature.

2.1 Introduction

For the last few decades, the impact of ionic liquids (ILs) on chemical and material
sciences has evolved from “green chemicals” in organic reactions to functional integration into
electromechanical devices and high-performance membranes.1 ILs have been studied widely
because of their unique characteristics, such as low-volatility, non-flammability, large
electrochemical window, and high ionic conductivity.2-11
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Polymerizable ionic liquid monomers and their polymers have been studied for use as
high-performance

single-ion-conducting

membranes.

Polymerizations

of

1-alkyl-3-

vinylimidazolium salts and their conducting properties were studied by Ohno and his
coworkers.12

They also changed the pendant structures of polymers by introduction of

polymerizable (meth)acrylate moieties; imidazolium units placed at the end of longer brush
pendant chains afforded higher conductivities than shorter brush polymers.13,14 Polystyrenes with
phenylimidazolium groups were also studied by Ohno et al. In some cases, the polymer-lithium
salt composites showed higher conductivities than the polymers by themselves, and the ionic
conductivity increased upon addition of up to 1 equivalent of lithium salt per ionic unit.15 A new
class of ionic liquid monomers, formed by neutralization of long chain acids and Nmonoalkylimidazoles, was also prepared and their polymerizations were studied.16,17 Solution
properties of polymerized ionic liquid monomers and electrospun fibers from the polymers were
observed by Elabd et al.18 They also studied the effect of random copolymer compositions from
imidazolium methacrylate and hexyl acrylate on ion conduction.19 The properties of liquid
crystalline imidazolium polymers have also been reported.20-23 Anisotropic conductivities were
observed from homeotropic one-dimensional alignment and photopolymerization of ionic liquid
crystals on modified glass surfaces.23
Herein, we synthesized new polymerizable acrylate monomers with ionic imidazolium
units as shown in Figure 2-1. We polymerized those monomers using free radical methods and
studied both monomers and polymers using DSC to measure the glass transition temperature Tg.
Using dielectric spectroscopy we assessed ionic conductivities of these monomers and polymers;
we also analyzed the macroscopic electrode polarization at lower frequencies in dielectric
measurements to determine the number density of conducting ions and their mobility,24-27 a
method which has recently been utilized with great success for single-ion conductors above Tg.2830
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Figure 2-1| Synthesis of the four imidazolium monomers (3a, 3b, 3c and 3d) and the four
imidazolium polymers (4a, 4b, 4c and 4d).

2.2 Experimental

2.2.1 Materials

2,2’-Azobisisobutyronitrile (AIBN) was recrystallized from chloroform below 40 °C and
dried in a vacuum oven and stored in a freezer (<-10 °C). Acetonitrile (MeCN) for
polymerizations was distilled over calcium hydride. All other chemicals and solvents were used
as received. These polymerizable ionic liquids monomers and their polymers were synthesized
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by Minjae Lee of Professor Harry W. Gibson’s group in the Department of Chemistry at Virginia
Polytechnic Institute and State University.

2.2.2 Spectroscopic and thermal characterization
1

H and 13C NMR spectra were obtained on Varian Inova 400 MHz and Unity 400 MHz

spectrometers. High resolution electrospray ionization time-of-flight mass spectrometry (HR ESI
TOF MS)) was carried out on an Agilent 6220 Accurate Mass TOF LC/MS Spectrometer in
positive ion mode. Differential Scanning Calorimetry (DSC) with heating and cooling rates of 5
or 10 K/min on ~10 mg samples was done using a TA Instrument Q2000 differential scanning
calorimeter. The thermal stabilities of these polymers were studied by TGA under N2 using a TA
Instrument Q500 Thermogravimetric Analyzer at a heating rate of 10 K/min heating under N2
purge. Minjae Lee performed the NMR, TGA and DSC measurements.

2.2.3 Dielectric Spectroscopy

The ionic conductivity measurements of the monomers and polymers were performed by
dielectric spectroscopy using a Novocontrol GmbH Concept 40, with 0.1 V amplitude and 10-2 107 Hz frequency range. Samples were prepared for the dielectric measurements by allowing
them to flow to cover a 30 mm diameter polished brass electrode at 100 oC in vacuo to form a
puddle deeper than 50 μm with several 50 μm silica spacers immersed. Then a 15 mm diameter
polished brass electrode was placed on top to make a parallel plate capacitor cell which was
squeezed to a gap of 50 μm in the instrument (with precise thickness checked after dielectric
measurements were complete). Each sample was annealed in the Novocontrol at 120 oC in a
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heated stream of N2 for 1 h prior to measurements. Data were collected in isothermal frequency
sweeps from 120 oC to near Tg.

Table 2-1| DSC and TGA Thermal Analysis of Monomers and Polymers

Monomers

Tg (°C, DSC)

Polymers

Tg (°C, DSC)

TGA (°C)

∆Tg (K)

5% w/w loss
3a

-49

4a

-23

326

26

3b

-39

4b

-18

334

21

3c

-70

4c

-43

318

27

3d

-69

4d

-50

382

19

2.3 Results and Discussion

2.3.1 Thermal Analysis

The Tg values of the polymers are 20-30 K higher than those of the corresponding
monomers, as reported in Table 2-1. The new homopolymers with imidazolium pendant moieties
are amorphous; the polymers do not display crystallization or melting in the temperature range of
-80 ~ 200 °C by DSC. Replacing PF6- with Tf2N- consistently lowered Tg. Monomers have Tg
values 21-30 K lower with Tf2N-; polymers have Tg values 20-32 K lower with Tf2N-. The Tf2Ncounterion has previously been noted as a plasticizer for imidazolium ionic liquids and their
polymers.18 A significant anion effect on thermal stability occurs only in the polymers with an Nbutyl substituent; TGA 5% weight loss of 4d (Tf2N-) takes place at 382 °C, but takes place at 334
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°C in 4b (PF6-). The N-diethyleneoxy polymers do not show much difference; the TGA 5%
weight loss of 4a (PF6-) is 326 °C and that of 4c (Tf2N-) is 318 °C. The lower thermal stability of
the ethyleneoxy polymers vs. the butyl polymers is due to the presence of the more labile C-O-C
bonds.

2.3.2 Ionic Conductivity

As expected, ionic conductivities are lower for the polymers than the monomers (Figure
2-2). The decreased ionic conductivity in the polymers can be mostly explained by the decrease
in the segmental motion in the polymer relative to the monomer reflected in a change in Tg.13
There is also a significant effect from the diethyleneoxy vs. the butyl terminal N-substituents on
ionic conductivity for PF6- monomers and polymers. The room temperature ionic conductivity of
the N-diethyleneoxy monomer 3a (3.5 x 10-5 Scm-1) is slightly higher than that of N-butyl
substituted monomer 3b (1.3 x 10-5 Scm-1).

After polymerization, the conductivity of the

ethyleneoxy substituted polymer 4a (1.8 x 10-6 Scm-1) is almost 5-fold higher than the butyl
substituted polymer 4b (3.9 x 10-7 Scm-1). For the Tf2N- polymers, the room temperature ionic
conductivity of ethyleneoxy substituted 4c (2.8 x 10-5 Scm-1) is 50% higher than that of butyl
substituted polymer 4d (1.8 x 10-5 Scm-1). The diethyleneoxy units on the imidazolium cation
afford a higher ionic conductivity at low temperature, but a negligible effect at high temperature,
relative to the butyl substituted system as shown in Figure 2-2. Ohno observed with brush
imidazolium Tf2N- polymers that dodecyl spacers possessed slightly higher ionic conductivity
than the ethyleneoxy [(CH2CH2O)8] containing polymer.14 The spacers of his polymers were
placed between the polymer backbone and the imidazolium unit. However, in our polymer the
diethyleneoxy substituent, which is placed far from the polymer backbone, plays a more
important role in the ion conduction below room temperature. These terminal ethyleneoxy
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moieties may have interactions with other imidazolium rings32 and these interactions are more
significant below room temperature.
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Figure 2-2| Temperature dependence of ionic conductivity of (a) PF6- monomers and polymers
and (b) Tf2N- monomers and polymers. Monomers (open symbols) have consistently higher
conductivity than their polymers (filled symbols). Lines indicate fits to Eq. 2-9.

2.3.3 Electrode Polarization Analysis

To better understand the conduction mechanism, it is necessary to distinguish whether the
increase in ionic conductivity is due to a larger fraction of conducting ions or to an increase in ion
mobility, because ionic conductivity is the product of charge e, number density of conducting
ions p and their mobility  .

 DC  ep 

(2-1)

A physical model of electrode polarization (EP) makes it possible to separate ionic
conductivity into the contributions of conducting ion concentration and ion mobility24-27 as has
recently been done for other single-ion conductors above Tg.28-30 Electrode polarization occurs at
low frequencies, where the transporting ions have sufficient time to polarize at the blocking
electrodes during the cycle. That polarization manifests itself in (1) an increase in the effective
capacitance of the cell (increasing the dielectric constant) and (2) a decrease in the in-phase part
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of the conductivity, as the polarizing ions reduce the field experienced by the transporting ions.
The natural time scale for conduction is the time when counterion motion becomes diffusive

 

 s 0
 DC

(2-2)

wherein  s is the static relative permittivity of the sample,  0 is the permittivity of vacuum and

 DC is the d.c. conductivity, evaluated from a roughly 3-decade frequency range over which the
in-phase part of the conductivity  '     "    0 is independent of frequency. At low
frequencies the conducting ions start to polarize at the electrodes and fully polarize at the
electrode polarization time scale

 EP 

 EP 0
 DC

(2-3)

wherein  EP is the (considerably larger) effective permittivity after the electrode polarization is
complete. The Macdonald/Coelho model24-28 treats electrode polarization as a simple Debye
relaxation with loss tangent.

tan  

 EP
1   2   EP

(2-4)

In practice, the loss tangent associated with electrode polarization is fit to Eq. 2-4 to determine
the electrode polarization time  EP and the conductivity time   (see Figure 2-3).

The

Macdonald/Coelho model then determines the number density of conducting ions p and their
mobility μ from  EP

1   EP 
p


 lB L2    



eL2 
2
4 EP
kT

2

(2-5)

(2-6)
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wherein lB  e 2 /  4 s 0 kT  is the Bjerrum length, L is the spacing between electrodes, e is the
elementary charge, k is the Boltzmann constant and T is absolute temperature.
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Figure 2-3| Frequency dependence of loss tangent for (a) 3a and 4a at T=263 K and 3b and 4b at
T=283 K and (b) 3c and 4c at T=243 K and 3d and 4d at T=283 K. Lines indicate fits to Eq. 2-4.
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2.3.4 Conducting Ion Content

The temperature dependence of the number density of conducting ions p calculated from
Eq. 2-5 is plotted as shown in Figure 2-4 for the polymerizable ionic liquid acrylate monomers
(open symbols) and their polymers (filled symbols) and the fraction of ions participating in
conduction (p/p0 where p0 is the total anion number density) is shown in the Figure 2-4 inset. The
temperature dependence of conducting ion concentration for these monomers and polymers is
well described by an Arrhenius equation

 E 
p  p0 exp   a 
 RT 

(2-7)

wherein p0 is the total anion concentration (all anions are in conducting states at all times as
T   ) here estimated from density determined by the group contribution method33 and Ea is

an activation energy for conducting ions. The activation energy of the conducting ions in these
materials is an effective experimental measure of the binding energy of an ion pair (the
electrostatic attraction between cation and anion, mediated by the environment). The activation
energies determined by fitting the data in Figure 2-4 to Eq. 2-7 are listed in Table 2-2. The inset
in Figure 2-4 indicates that the fraction of ions in a conducting state at any instant in time is quite
low, ~0.1 % of at or near room temperatures. This is similar to observations on other single-ion
conducting ionomers with sulfonate ions bound to the chain and alkali metal counterions.28-30
Interestingly, the monomers (3a, 3b, 3c, and 3d) have somewhat higher conducting ion
concentrations than the polymers (4a, 4b, 4c, and 4d). Part of the reason for that is the
monomers are similar to conventional ionic liquids, with both cations and anions participating in
conduction, whereas for the polymers only the anions are mobile. The activation energy is

Ea  15.6 kJ/mol for both PF6- monomers (3a and 3b) and Ea  14.2 kJ/mol for both Tf2Nmonomers (3c and 3d).

Both of these activation energies increase by about 25% on
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polymerization, as the PF6- polymers (4a and 4b) have Ea  19.5 kJ/mol and the Tf2N- polymers
The lower activation energy in Tf2N- monomers and

(4c and 4d) have Ea  17.8 kJ/mol.

polymers indicates a lower binding energy of the larger Tf2N- ions to the imidazolium ions
compared to the PF6- ions.11
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Figure 2-4| Temperature dependence of conducting ion number density p . The inset shows the
fraction of counterions in the conducting state ( p divided by the total anion concentration p0 ).
Monomers (open symbols) have consistently higher conducting ion content than their polymers
(filled symbols). Lines are fits to Eq. 2-7 with the activation energy as the sole fitting parameter
(listed in Table 2-2).

2.3.5 Mobility of the Conducting Ions

The ion mobility determined from the EP model is displayed in Figure 2-5 vs. inverse
temperature. We fit these data to the Vogel-Fulcher-Tammann (VFT) equation
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D T0 

 T  T0 

   exp  

(2-8)

wherein  is the ion mobility as T   , D is the so-called strength parameter related to the
divergence from Arrhenius temperature dependence, and T0 is the Vogel temperature at which
the free volume extrapolates to zero. The fit parameters  , D , and T0 are given in Table 2-2.
The VFT dependence of ion mobility reflects the coupling of segmental motion of polymer
backbone and ion motion. Like ionic conductivity, the ion mobility of the N-diethyleneoxy
substituted monomers (3a and 3c) and polymers (4a and 4c) is higher than that of the N-butyl
substituted monomers (3b and 3d) and polymers (4b and 4d) (Figure 2-5). Watanabe and coworkers34,35 showed that the conductivity/diffusion of ionic liquids deviates from the NernstEinstein approximation, indicating that the effective number of ions available for conduction is
reduced through formation of ion pairs having a zero net charge, that still contribute to diffusion.
Hence, it is a reasonable assumption that under the influence of electrostatic interaction
counterions interacting with ion pairs might form triple ions which contribute to the conductivity.
The fact that the imidazolium cations are attached to the polymer chain suggests that the PF6- and
Tf2N- anions, assisted by the activated motion of the polymer host, could exchange themselves
between one ion pair and a neighboring one. In other words, the mobility will depend not only on
the segmental motion but also an energy barrier for anion hopping. The enhanced ion mobility in
the N-diethyleneoxy substituted monomers and polymers, therefore, may be interpreted as simply
lowering this barrier. The ether-functionalized imidazolium cations have an energetic preference
for the gauche conformation that allows interactions between the ether oxygen atoms and the
hydrogen atoms of the imidazolium ring.32,36 The H-Oether interactions also result in a reduction of
cation-anion pair dissociation energy (effectively stabilizing the cation separated from its anion)
which results in a lower energy barrier for anion hopping. This more rapid dynamics of ionic

53
liquids with ether groups is also observed in viscosity37,38 and ion-diffusion coefficients.39 On the
other hand, the difference in ion mobility between the N-diethyleneoxy and the N-butyl
substituted Tf2N- polymers is smaller than that of PF6- polymers. This is likely caused by the
Tf2N- counterions being better plasticizers (lowering Tg) than the considerably smaller PF6-
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Figure 2-5| Temperature dependence of conducting ion mobility for (a) PF6- monomers and
polymers and (b) Tf2N- monomers and polymers. Monomers (open symbols) have consistently
higher mobility than their polymers (filled symbols). Lines are fits to Eq. 2-8 with fitting
parameters listed in Table 2-2.

On the basis of both ion mobility and conducting ion concentration, we can determine the
temperature dependence of ionic conductivity by combining Eq. 2-1 with Eqs. 2-7 and 2-8;



D T0
 T  T0

  ep  ep  exp  


 Ea 
 exp  

 RT 


(2-9)

Ea was fixed to the activation energy determined by fitting conducting ion content to Eq.
2-7. As a result, we observe that a value of T0 obtained using Eq. 2-9 in Table 2-3 is slightly
higher than using Eq. 2-8 in Table 2-2. Conductivity is measured over a considerably wider
temperature range than mobility, since EP can only be analyzed over a smaller T-range, and in
particular, since conductivity is always measured closer to Tg than mobility, the D and T0
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values from fitting conductivity data to Eq. 2-9, listed in Table 2-3, are more reliable. This result
also points out that larger Tg  T0 always goes with larger D and that both suggest lower
fragility.

Table 2-2| Parameters of the VFT Equation for Conducting Ion Mobility, Eq. 2-8 and the
Arrhenius Equation for Conducting Ion Concentration, Eq. 2-7.

Conducting ion mobility
Compound

log  

(cm2V-1s-1)

D

Conducting ion concentration

T0

Tg  T0

log p0

Ea

(K)

(K)

(cm-3)

(kJ/mol)

3a

0.8

3.3

172

52

21.1

15.5

3b

-0.9

2.1

188

46

21.2

15.7

3c

-0.3

2.4

164

39

21.0

14.1

3d

-0.3

2.4

167

37

21.0

14.3

4a

-0.1

2.3

197

53

21.1

19.4

4b

-0.6

1.7

221

34

21.2

19.6

4c

-0.5

1.7

191

39

21.0

18.0

4d

-0.7

1.7

193

30

21.0

17.6

2.4 Conclusions

Four new polymerizable ionic liquid imidazolium acrylate monomers and their
corresponding polymers, which contain either an N-n-butyl or an N-diethyleneoxy substituent on
the imidazolium unit and either PF6- or Tf2N- counterions, have been synthesized and their
properties have been characterized. The introduction of diethyleneoxy vs. n-butyl units on the
imidazolium cation affected the thermal and electrical properties of the polymers. The effect is
clearly shown in room temperature conductivity; the ionic conductivity of diethyleneoxy
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substituted 4a is 5 times higher than that of the butyl polymer 4b; likewise that of diethyleneoxy
substituted 4c is 50% higher than that of the butyl polymer 4d.
A physical model of EP makes it possible for ionic conductivity to be separated into (1)
conducting ion number density and (2) conducting ion mobility. The reduction in cation-anion
interactions due to the ether tail leads to higher mobility of the ethyleneoxy substituted
imidazolium monomers and polymers, and increased conductivity. Beyond the conductivity time
scale   counterion motion becomes diffusive, with all counterions contributing equally to ion
conduction.

Even though electrode polarization occurs on a much longer time scale, the

conducting ion content evaluated from the EP model is the number density of ions in a
conducting state in any snapshot, which sets the boundary condition for the solution of the
Poisson-Boltzmann equation.

For this reason, only a small fraction of total ions is in a

conducting ion at any given instant in time, in these materials and in other ionomers.

Table 2-3| Fitting parameters for the temperature dependence of d.c. ionic conductivity fit to Eq.
2-9.

Ionic conductivity
Compound
log  ep    (S/cm)

Ea
(kJ/mol)

D

T0

Tg  T0

(K)

(K)

3a

1.6

15.5

2.0

185

39

3b

1.5

15.7

2.1

187

47

3c

1.0

14.1

1.6

174

29

3d

0.9

14.3

1.6

175

29

4a

1.6

19.4

1.9

203

47

4b

1.4

19.6

1.6

221

34

4c

1.1

18.0

1.3

194

36

4d

0.9

17.6

1.3

198

25
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Chapter 3
Dielectric Constant in Imidazolium-based Ionic Liquid Monomers and their
Polymerized Ionic Liquids
Dielectric spectroscopy was used to determine the static dielectric constants (  s ) of
imidazolium acrylates and methacrylates and their ionomers, with different imidazolium pendant
structures containing a combination of alkylene [(CH2)n, n = 5 or 10] and ethyleneoxy
[(CH2CH2O)n, n = 4 or 7.3 (the average of a mixture of n = 1 to 20)] units as spacers between the
backbone and the imidazolium cation.

All monomers and polymers exhibited two dipolar

relaxations, assigned to the usual segmental motion (  ) associated with the glass transition and a
lower frequency relaxation (  2 ), attributed to ions rearranging. From the analysis of the static
dielectric constants using the Kirkwood g correlation factor, the dipoles in conventional
(smaller) ionic liquids prefer antiparallel alignment ( g  0.1 ), lowering  s values (  30 ),
because their polarizability volumes strongly overlap ( V p / Vm  3.5 ), whereas the dipoles in the
larger ionic liquid monomers display g of order unity and 50   s  110 . A longer spacer leads
to higher static dielectric constant, owing to a significant increase of the relaxation strength of the

 2 process, which is directly reflected through an unanticipated increase of the static dielectric
constant with ionic liquid molecular volume ( Vm ). Methacrylate monomers and polymers exhibit
10-40% higher static dielectric constants than their acrylate analogs. Furthermore, the ionomers
consistently exhibit 1.5 ~ 2.3 times higher static dielectric constants (  s up to ~140 at room
temperature) than the monomers from which they were synthesized, suggesting that
polymerization encourages the observed synergistic dipole alignment ( g  1 ).

These
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observations are attributed, at least in part, to the fact that the methacrylates have much higher
syndiotacticity than the acrylates, biasing partial alignment of the dipoles.

3.1 Introduction

A molecular-level understanding of dynamics in ion-containing polymers is of
considerable interest from both fundamental and applied points of view. Recently, ionic liquids
(ILs), composed entirely of large cations and anions with weak interactions, have attracted
significant interest due to their unique physical properties, such as high thermal and chemical
stability, negligible vapor pressure, broad electrochemical window (many are stable up to 5 V),
and high ionic conductivity.1-7 These remarkable characteristics make it possible for ILs to be
used as novel and safe electrolytes for advanced devices such as electrochemical membranes for
capacitors, lithium-ion batteries, fuel cells and electromechanical transduction devices for
actuators and sensors.8-17 However, while the applications of ILs develop, our understanding of
their fundamental physical properties is far from complete. Moreover, the physical properties of
ILs can be significantly altered by modifying the chemical structures of the constituent ions or by
incorporating IL monomers into polymers, so called polymerized ionic liquids (PILs).18-37
The properties of ILs are undoubtedly dominated by the long-range Coulombic
interactions among the ions. Such interactions are difficult to probe by the usual spectroscopic
techniques (NMR, IR, etc.), which are mostly sensitive to localized effects. In contrast, being
responsive to dipolar species, the frequency-dependent dielectric function provides direct access
to molecular-level interactions and dynamics over very wide ranges of molecular sizes and time
scales.38 Weingärtner39-41 and Buchner and Hefter42,43 measured the static dielectric constant  s
for various ILs using microwave dielectric spectroscopy. Weingärtner’s 2006 review40 shows
that most ILs have 10   s  15 with a few ILs having roughly twice as large static dielectric
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constant. Since the dielectric response is sensitive to the square of the dipole moment of any
dipolar species present, dielectric measurements enable not only detection of small concentrations
of ion pairs, but the ability to distinguish among the various types, for example, solvent separated,
solvent-shared and contact ion pairs.44

Weingärtner et al.41 have suggested that the main

relaxation mode observed in ILs is dominated by reorientation of bulky dipolar cations, not by
dielectric relaxation involving ion pairs.

A recent study using both microwave dielectric

measurements and MD simulations suggests that the main relaxation is not only due to cation
reorientation, but also to cooperative motions involving the surrounding ions.45 According to
computer simulations,46,47 dielectric polarization results from the orientational polarization caused
by the molecular dipole moment and polarizability, representing the volume response of dipoles
to an external electric field. The orientational order can be quantified using the Kirkwood g
factor,48 which correlates the mean-square dipole moment of non-interacting isolated dipoles with
neighboring dipoles.

Krossing et al.49 predicted the dielectric constants of ILs with good

accuracy, using a combination of volume-based thermodynamics and quantum chemical
calculations, and other studies demonstrated a strong relationship between the molecular volumes

Vm of ILs and their fundamental physical properties such as viscosity,50,51 conductivity,51 and
dielectric constant.49,52,53
In contrast to the extensive studies on ILs, there have been few studies of static dielectric
constants

of

PILs.

Nakamura

et

al.31

investigated

poly[1-ethyl-3-vinylimidazolium

bis(trifluoromethanesulfonyl)imide (Tf2N)] in the frequency range from 10 mHz to 2 MHz, and
reported its room temperature static dielectric constant to be  s  10 . On the other hand, we
recently reported a significantly larger static dielectric constant (  s  65 at 25 0C) for a PIL with
pendent imidazolium cations and Tf2N- counterions, having much larger molecular volume than
the PIL studied in ref 31.

The high static dielectric constant resulted from an additional
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orientational polarization (referred to subsequently as the  2 relaxation), involving
rearrangement of ions.37
Herein the effects of varying the spacer length between the backbone and the
imidazolium cation and main chain structure (acrylate vs. methacrylate) on the static dielectric
constant are demonstrated. We find that the static dielectric constant increases with ionic liquid
molecular volume and this persists in the polymerized ionic liquids, with the polymer always
significantly more polarizable than its monomer.

3.2 Experimental

3.2.1 Materials

Monomer and polymer syntheses were carried out under inert atmosphere. The solvents,
acid chloride and 2,2’-azobisisobutyronitrile (AIBN) were dried by reported literature procedures
and stored in Schlenk flasks.54 Acetonitrile (MeCN, Aldrich Chemical) for polymerizations was
distilled over calcium hydride.

Unless stated otherwise all chemicals were purchased with

highest purity (or anhydrous) from Aldrich/Alfa Aesar and used as received. Poly(ethylene
glycol) methacrylate (PEGMA) containing MEHQ (monomethyl ether of hydroquinone) was
purchased from Aldrich with a claimed Mn = 360, corresponding to and average of 6.3
ethyleneoxy units; this material is known to contain free poly(ethylene glycol) and the mono- and
di-methacrylate with 1 to 20 ethyleneoxy units.55 Therefore, it was purified by solvent extraction
as reported55 and analyzed by 1H NMR (see Appendix D Figure D-1) by comparison of the
integrals of the ethyleneoxy protons [3.5-3.8 and 4.3 (COCH2) ppm] to those of the signals for the
vinylic (5.6 and 6.2 ppm), COCH2 and methyl (1.9 ppm) protons and found to contain 6.5 ( 0.2 )
ethyleneoxy units on average. A common commercial ionic liquid used in this study [1-butyl-3-
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methylimidazolium bis(trifluoromethylsulfonyl)imide] (C4MIM-Tf2N) was purchased from
EMD Chemicals and used as received.
1-Butyl-3-(10’-carboxydecyl)imidazolium Tf2N¯ (1a). This was prepared as reported

previously.30 A solution of N-butylimidazole (22.0 g, 0.177 mol) and 11-bromoundecanoic acid
(50.45 g, 0.190 mmol) in THF (400 mL) was refluxed for 4-5 days. Upon cooling the reaction
mixture, the precipitated salt was filtered and washed with excess cold THF followed by hexane.
The bromide salt (51.0 g, 0.131 mol) was dissolved in 100 mL of de-ionized water at 60 °C; 46 g
(0.16 mol) of LiNTf2 were added and the mixture, which immediately became an off-white milky
color, was stirred for 24-48 h. Upon decanting the aqueous layer, the precipitated dark oil was
washed with de-ionized water and a large excess of ethyl ether. The viscous liquid was dissolved
in MeCN and treated with anhydrous Na2SO4 and evaporated. Drying in a vacuum oven gave the
Tf2N¯ salt, a dark brown viscous liquid (57 g, 75%). 1H NMR (400 MHz, MeCN-d3): δ 8.43 (s,
1H), 7.40 (s, 2H), 4.13 (t, J = 10, 4H), 2.28 (t, J = 7, 2H), 1.91 – 1.77 (m, 4H), 1.62 – 1.52 (m,
2H), 1.34 (m, 14H), 0.96 (t, J = 7, 3H).
1-Butyl-3-(5’-carboxypentyl)imidazolium Tf2N¯ (1b). This was prepared as reported

previously.30 The procedure above for the analog 1a was followed. Drying in a vacuum oven
gave a pale-yellow viscous liquid (100 g, 70 %). 1H-NMR (500 MHz, MeCN-d3): δ 0.95 (t, J=8,
3H), 1.40 (m, 4H), 1.65 (m, 4H), 1.97 (m, 4H), 2.32 (t, J=8, 2H), 4.36 (q, J=8, 1H), 7.77 (m, 2H),
9.03 (s, 1H).
Tetra(ethylene glycol) monomethacrylate (TEGMA). To 55 mL of MeCN was added

tetra(ethylene glycol) (TEG, 100 g, 0.512 mol) and triethylamine (TEA, 15 mL, 0.10 mol)
dissolved in MeCN (15 mL). Butylated hydroxytoluene (BHT, 2 mg, 9x10-3 mmol) was added as
a polymerization inhibitor. Methacryloyl chloride (MAC, 5 mL, 0.05 mol) dissolved in 25 mL of
MeCN was added dropwise to the reaction flask at 0 oC over a period of 20 min. The mixture
was stirred at 0 oC for 4 h, brought to ambient temperature and stirred for 2 d. Most of the
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solvent was evacuated and the remaining mixture was dropped into 300 mL of cold water. The
compound was extracted using methylene chloride. The combined organic layers were washed
several times with de-ionized water, saturated NaHCO3 and brine, dried over anhydrous Na2SO4,
and filtered. Evaporation of the filtrate gave the crude product, which was purified by column
chromatography over neutral alumina (eluent: ethyl acetate, Rf = 0.18) to give the pure compound
(7.8 g, 60%) as a pale yellow viscous liquid. The monomer was stored in a Schlenk flask at 0-4
o

C in a refrigerator.

1

H-NMR (500 MHz, CDCl3; see Appendix D Figure D-2): δ 6.14 (s, 1H),

5.58 (s, 1H), 4.21 (t, J = 5, 2H), 3.65 – 3.79 (m, 14H), 2.8 (s, 1H), 1.94 (s, 3H). The 1H-NMR
spectral data are the same as reported in the literature.56 HR ESI MS: m/z 262.1423 [M]+, calcd.
for C12H22O6 m/z 262.1416, error 2 ppm.
Tetra(ethylene glycol) monoacrylate (TEGA). Into a 1L two-neck round bottom flask,

equipped with an addition funnel and septum adapter, was transferred TEG (360.2 g, 1.85 mol)
and BHT (2 mg, 9x10-3 mmol) as a polymerization inhibitor. Thereafter, 51 mL of TEA (0.37
mol) were added to an addition funnel using a degassed syringe followed by addition of 150 mL
of dry THF and transferred to the reaction flask. Acryloyl chloride (AC, 15 mL, 0.18 mol)
dissolved in 50 mL of THF was added dropwise to the reaction flask at 0 oC over a period of 20
min. The mixture was stirred at 0 oC for 4 h, brought to ambient temperature and stirred for 2 d.
The reaction was quenched by dropping the mixture into a large excess of cold water. The
compound was extracted using methylene chloride. The combined organic layers were washed
several times with de-ionized water, saturated NaHCO3 and brine, dried using anhydrous Na2SO4,
and filtered. Evacuation under reduced pressure resulted in a crude pale yellow viscous liquid.
Column chromatography over neutral alumina with ethyl acetate as eluent resulted in the pure
compound (11.2 g, 60%). The monomer was stored in a Schlenk flask at 0-4 oC in a refrigerator.
1

H-NMR (500 MHz, CDCl3; see Appendix D Figure D-3): δ 6.47 (m, 1H), 6.23 (m, 1H), 5.58 (m,

1H), 4.31 (t, J = 5.01, 2H), 3.52 – 3.79 (m, 16H), 2.48 (s, 1H).

13

C NMR (126 MHz, CDCl3) δ
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174.83, 166.22, 131.08, 128.34, 100.13, 72.56, 70.43, 69.19, 63.72, 61.79, 60.44, 21.07, 14.25.
HR ESI MS: m/z 248.1266 [M]+, calcd. for C11H21O6 m/z 248.1260, error 3 ppm).
1-[ω-Methacryloyloxy[tetraethyleneoxy]carbonylpentyl]-3-(n-butyl)imidazolium
bis(trifluoromethylsulfonyl)imide, Imidazolium-based Methacrylate Monomer (2a). A one-

neck 250 mL round bottom flask containing 3.53 g (6.80 mmol) of 1b and SOCl2 (5.0 mL, 68
mmol) was stirred for 24-48 h at room temperature under a nitrogen atmosphere. After removing
the excess SOCl2 under vacuum, the residue was washed with anhydrous ethyl ether and dried
under a stream of nitrogen. The flask was equipped with a rubber septum and an oil-bubbler.
Dry MeCN (40 mL) was transferred under nitrogen flow and cooled using crushed ice. Using a
degassed syringe 1.90 g (7.21 mmol) of TEGMA dissolved in 6 mL of MeCN was added and
followed by drop-wise addition of 1.1 equivalents of triethylamine (TEA, 1.0 mL). The reaction
mixture was brought to ambient temperature after 4 h and stirred for 2 days. Thereafter MeCN
was evacuated. After adding ethyl acetate the solution was washed five times with de-ionized
water (10 mL each) until the water layer was clear. The combined organic layer was dried
(anhydrous Na2SO4) and evacuated under reduced pressure to get a dark brown viscous oil (4.10
g, 80%). Before the polymerization, it was rinsed vigorously with diethyl ether twice and dried
under high vacuum. DSC (-70 to 150 °C, heating and cooling rate 10 °C/min., N2): Tg = -55 °C.
1

H NMR (500 MHz, MeCN-d3; see Appendix D Figure D-4): δ 8.44 (s, 1H), 7.38 (s, 2H), 6.06 (s,

1H), 5.63 (s, 1H), 4.27 (m, 4H), 4.17 – 4.09 (m, 2H), 3.71 – 3.53 (m, 14H), 2.32 (t, J = 7 Hz, 2H),
1.93 (s, 3H), 1.82 (m, 2H), 1.63 (m, 2H), 1.33 (m, 6H), 0.94 (t, J = 7 Hz, 3H). HR ESI MS: m/z
483.3101 [M-Tf2N]+, calcd. for C25H43N2O7 m/z 483.3065, error 7.4 ppm.
1-[ω-Methacryloyloxy[tetraethyleneoxy]carbonyldecyl]-3-(n-butyl)imidazolium
bis(trifluoromethylsulfonyl)imide, Imidazolium-based Methacrylate Monomer (2b).

The

procedure was the same as mentioned for 2a except for the amounts of reagents, viz., 1a (6.70 g,
11.4 mmol), SOCl2 (8.2 mL, 0.11 mol), TEA (1.72 mL, 13.1 mmol), TEGMA (3.11 g, 11.88
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mmol). A dark brown viscous oil (7.5 g, 76%) was obtained. Before the polymerization, it was
rinsed vigorously with diethyl ether twice and dried under high vacuum. DSC (-70 to 150 °C,
heating and cooling rate 10 °C/min., N2): Tg = -63 °C.

1

H NMR (500 MHz, MeCN-d3; see

Appendix D Figure D-5): δ 8.43 (s, 1H), 7.38 (s, 2H), 6.06 (s, 1H), 5.63 (s, 1H), 4.23 (m, 4H),
4.17 – 4.08 (m, 2H), 3.72 – 3.53 (m, 16H), 2.29 (t, J = 7 Hz, 2H), 1.93 (s, 3H), 1.81 (m, 4H), 1.62
– 1.52 (m, 2H), 1.38 – 1.25 (m, 12H), 0.94 (t, J = 7 Hz, 3H). HR ESI MS: m/z 856.2935
[M+Na]+, calcd. for C32H53N3O11S2F6Na m/z 856.2918, error 1.9 ppm.
1-[ω-Methacryloyloxy[oligoethyleneoxy]carbonylpentyl]-3-(n-butyl)imidazolium
bis(trifluoromethylsulfonyl)imide, Imidazolium-based Methacrylate Monomer (2c).

The

procedure was the same as mentioned for 2a except for the amounts of reagents, viz., 1a (10.0 g,
16.0 mmol), SOCl2 (13 mL, 0.17 mol), degassed PEGMA (6.06 g, 16.8 mmol) in 6 mL of dry
MeCN and TEA (2.4 mL, 17 mmol) in 5 mL of MeCN. A dark brown, viscous oil was obtained
(3.5 g, 25%). TGA (10 °C/min., N2, 5% wt loss) Td: 252 oC; DSC (-70 to 150 °C, heating and
cooling rate 10 °C/min., N2): Tg = -63 °C.

1

H NMR (500 MHz, MeCN-d3; see Appendix D

Figure D-6): δ 8.42 (s, 1H), 7.38 (s, 2H), 6.34 (s, 1.0H), 5.63 (s, 1.0H), 4.25 (t, J = 7, 2.0H), 4.20
– 4.18 (m, 6H), 3.72 – 3.46 (m, 25.2H), 2.33 – 2.27 (m, 2H), 1.93 – 1.90 (m, 3H), 1.86 – 1.77 (m,
4H), 1.60 – 1.51 (m, 2H), 1.36 – 1.23 (m, 14H), 0.94 (t, J = 7 Hz, 3H). Comparison of the
integrals of the ethyleneoxy signals (3.46 – 3.72, 4.25 ppm) to those of the vinyl (5.63 and 6.34
ppm) protons and taking into account the additional four COOCH2 protons occurring in the range
4.1 – 4.3 ppm, indicated that the monomer contained on average 7.3 ( 0.2 ) ethyleneoxy units.
HR ESI MS: m/z 1037.6628 (0.094%, [M(EO15)-Tf2N]+, calcd. for C52H97N2O18 m/z 1037.6731,
error 9.9 ppm; m/z 993.6378 (0.26%, [M(EO14)-Tf2N]+, calcd. for C50H93N2O17 m/z 993.6469,
error 8.1 ppm; m/z 949.6110 (0.36%, [M(EO13)-Tf2N]+, calcd. for C48H89N2O16 m/z 949.6207,
error 10 ppm; m/z 905.5875 (0.66%, [M(EO12)-Tf2N]+, calcd. for C46H85N2O15 m/z 905.5944,
error 7.6 ppm; m/z 861.5585 (1.2%, [M(EO11)-Tf2N]+, calcd. for C44H81N2O14 m/z 861.5682,
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error 11 ppm; m/z 817.5353 (2.2%, [M(EO10)-Tf2N]+, calcd. for C42H77N2O13 m/z 817.5420, error
8.1 ppm; m/z 773.5106 (2.7%, [M(EO9)-Tf2N]+, calcd. for C40H73N2O12 m/z 773.5158, error 6.7
ppm; m/z 729.4834 (5.3%, [M(EO8)-Tf2N]+, calcd. for C38H69N2O11 m/z 729.4896, error 8.7 ppm;
m/z 685.4578 (9.0%, [M(EO7)-Tf2N]+, calcd. for C36H65N2O10 m/z 685.4634, error 8.1 ppm; m/z
641.4324 (14%, [M(EO6)-Tf2N]+, calcd. for C34H61N2O9 m/z 641.4372, error 7.4 ppm; m/z
597.4063 (25%, [M(EO5)-Tf2N]+, calcd. for C32H57N2O8 m/z 597.4109, error 7.6 ppm; m/z
553.3807 (36%, [M(EO4)-Tf2N]+, calcd. for C30H53N2O7 m/z 553.3847, error 7.2 ppm; m/z
509.3551 (39%, [M(EO3)-Tf2N]+, calcd. for C28H49N2O6 m/z 509.3585, error 6.6 ppm; m/z
465.3286 (40%, [M(EO2)-Tf2N]+, calcd. for C26H45N2O5 m/z 465.3323, error 7.9 ppm; m/z
421.3037 (100%, [M(EO1)-Tf2N]+, calcd. for C24H41N2O4 m/z 421.3061, error 5.6 ppm; m/z
309.2522 (100%, [1a-Tf2N]+, calcd. for C18H33N2O2 m/z 309.2537, error 4.8 ppm.
1-[ω-Acryloyloxy[tetraethyleneoxy]carbonylpentyl]-3-(n-butyl)imidazolium
bis(trifluoromethylsulfonyl)imide, Imidazolium-based Acrylate Monomer (4a).

The

procedure was the same as mentioned for 2a except the amounts of reagents, viz., 1b (5.2 g, 10
mmol), SOCl2 (7.0 mL, 0.10 mol), TEA (1.6 mL, 11 mmol), TEGA (3.0 g, 12 mmol). A dark
brown viscous oil (6.14 g, 82 %) was obtained.

Before the polymerization, it was rinsed

vigorously with diethyl ether twice and dried under high vacuum. DSC (-70 to 150 °C, heating
and cooling rate 10 °C/min., N2): Tg = -64 °C.

1

H NMR (500 MHz, CDCl3; see Appendix D

Figure D-7): δ 8.82 (s, 1H), 7.35 (s, 1H), 7.31 (s, 1H), 6.40 (dd, J = 17, 1 Hz, 1H), 6.12 (dd, J =
17, 10 Hz, 1H), 5.83 (dd, J = 10, 1 Hz, 1H), 4.29 (m, 4H), 4.22 (m, 2H), 3.75 – 3.59 (m, 14H),
2.33 (t, J = 7 Hz, 2H), 1.82 (m, 2H), 1.65 (m, 2H), 1.39 (m, 6H), 0.94 (t, J = 7 Hz, 3H). HR ESI
MS: m/z 772.2009 ([M+Na]+, calcd. for C26H41N3O11S2F6Na m/z 772.1979, error 3.9 ppm.
1-[ω-Acryloyloxy[tetraethyleneoxy]carbonyldecyl]-3-(n-butyl)imidazolium
bis(trifluoromethylsulfonyl)imide, Imidazolium-based Acrylate Monomer (4b).

The

procedure was the same as mentioned for 2a except the amounts of reagents, viz., 1a (6.06 g, 10.3
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mmol), SOCl2 (8.0 mL, 0.10 mol), TEA (1.6 mL, 11 mmol), TEGA (3.06 g, 12.3 mmol). A dark
brown viscous oil (6.9 g, 80%) was obtained. Before the polymerization, it was rinsed vigorously
with diethyl ether twice and dried under high vacuum. DSC (-70 to 150 °C, heating and cooling
rate 10 °C/min., N2): Tg = -68 °C. 1H NMR (500 MHz, MeCN-d3; see Appendix D Figure D-8): δ
8.42 (s, 1H), 7.38 (s, 2H), 6.42 (m, 1H), 6.23 (m, 1H), 5.88 (m, 1H), 4.25 (m, 4H), 4.12 (m, 2H),
3.76 – 3.40 (m, 16H), 2.29 (t, J = 8 Hz, 2H), 1.82 (m, 4H), 1.62 – 1.53 (m, 2H), 1.37 – 1.26 (m,
12H), 0.94 (t, J = 7 Hz, 3H). HR ESI MS: m/z 842.2801 [M+Na]+, calcd. for C31H51N3O11S2F6Na
m/z 842.2761, error 4.8 ppm.
General procedure for polymerization. The monomer (2a-c or 4a-b) was transferred

to a flame dried round bottom flask followed by solvent, MeCN: toluene (8:2 v/v), and 2 mol %
of AIBN with respect to the monomer. The reaction mixture was degassed for 30-60 min with
bubbling nitrogen, and immersed in an oil-bath pre-heated at 60-70 oC for 24 h. The polymer was
precipitated in a large excess of ethyl acetate. Drying in a vacuum oven at 60 °C for 24 h
afforded the highly viscous polymer.
Tetra(ethylene glycol) monotosylate (TEG-MT). To a solution of TEG (200 mL, 1.04

mol) and NaOH (6.58 g, 0.164 mol) in 50 mL of THF and 50 mL of de-ionized water cooled
using ice was added drop-wise a solution of 20 g (0.10 mmol) of p-toluenesulfonyl chloride in 40
mL of THF over a period of 1 h. Thereafter the reaction was stirred overnight at 0 oC. The
reaction mixture was dropped into 300 g of crushed ice and extracted using dichloromethane
(DCM). The combined organic layers were washed several times with de-ionized water; dried
using anhyd. Na2SO4 and evacuated under reduced pressure, resulting in a yellow viscous liquid,
which upon drying in vacuum oven at 40 oC became brown; thus, it was re-dissolved in DCM,
washed with sat. NaHCO3 followed by water and finally passed over activated charcoal. The
solution was dried over anhyd. Na2SO4 and evaporated under reduced pressure, yielding 29 g
(66% with reference to tosyl chloride) of yellow viscous liquid. 1H NMR (400 MHz, CDCl3) δ:
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7.77 (d, J = 8 Hz, 2H), 7.32 (d, J = 8 Hz, 2H), 4.18-4.11 (m, 2H), 3.74 – 3.52 (m, 14H), 2.42 (s,
3H). The NMR spectrum was as reported.57
1-Butyl-3-(2’-(2’’-(2’”-(2’’”-hydroxyethoxy)ethoxy)ethoxy)ethyl)imidazolium
bis(trifluorosulfonyl)imide (C4EO4IM-Tf2N). A solution of 20.05g (63.29 mmol) of TEG-MT

and 9.45 g (76.0 mmol) of N-butylimidazole in 120 mL of acetonitrile was refluxed for 3 days
under nitrogen. Thereafter, the solvent was removed and the residue was washed several times
with diethyl ether. Drying in vacuum overnight resulted in the tosylate salt as a yellow viscous
liquid (28.4 g, 76%). In an extraction funnel the tosylate salt in 200 mL of de-ionized water was
washed with 100 mL of ethyl ether twice. The aqueous layer was stirred at 60 °C with 19.8 g
(69.0 mmol) of LiNTf2 for 48 h under nitrogen. The mixture immediately developed off-white
milky turbidity. After allowing the precipitate to settle, the aqueous phase was decanted and the
residue was washed with deionized water, followed by washing with saturated NaHCO3 solution.
It was dissolved in acetonitrile and washed with hexane. After removal of the solvent the residue
was washed with a large excess of diethyl ether and the resulting Tf2N salt was dried under high
vacuum (17.9 g, 49% overall). 1H NMR (500 MHz, MeCN-d3) δ: 8.59 (s, 1H), 7.46 (t, J = 2 Hz,
1H), 7.39 (t, J = 2 Hz, 1H), 4.32 – 4.21 (m, 2H), 4.14 (t, J = 7 Hz, 2H), 3.84 – 3.75 (m, 2H), 3.58
(m, 11H), 3.52 – 3.48 (m, 2H), 1.86 – 1.78 (m, 2H), 1.38 – 1.29 (m, 2H), 0.94 (t, J = 6 Hz, 3H).
13

C NMR (126 MHz, MeCN-d3) δ: 135.9, 123.2, 122.1, 121.3, 118.8, 117.4, 72.3, 70.2, 69.9,

68.3, 61.0, 49.6, 31.6, 19.1, 12.7. HR ESI MS: m/z 301.2135 [M-Tf2N]+, calcd. for C15H29N2O4
m/z 301.2122, error 4.3 ppm.

3.2.2 Spectroscopic and Thermal Characterization
1

H and 13C NMR spectra were recorded on Varian Inova and JEOL 400 and 500 MHz

spectrometers. High resolution electrospray ionization time-of-flight mass spectrometry (HR ESI
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TOF MS) was carried out with dilute chloroform solutions on an Agilent 6220 Accurate Mass
TOF LC/MS Spectrometer in positive ion mode. Thermal properties (listed in Tables 3-1 and 32) were determined using a TA Instruments Q2000 differential scanning calorimeter (DSC)
(heating rate of 5 or 10 K/min) and a Q500 thermogravimetric analyzer (heating rate of 10 K/min)
with both instruments under N2.

3.2.3 Size Exclusion Chromatography (SEC)

The molecular weight estimation was conducted using a Waters gel permeation
chromatograph (GPC) equipped with three Waters Styragel columns (7.8 x 300 mm, HR1-HR3HR4), an RI detector (Waters 2414) and a Viscotek 270 dual light scattering and viscosity
detector. N-Methylpyrrolidone (NMP), which contained 0.05M LiBr, was the mobile phase (40
o

C, 0.5 mL/min) and calibration was performed with polystyrene standards (Varian Polymer

Laboratories: 0.2-126 kDa). Polystyrene equivalent molecular weights and polydispersity indices
are listed in Table 3-1.

3.2.4 Dielectric Spectroscopy

The dielectric and conductivity measurements of the monomers and polymers were
performed by dielectric relaxation spectroscopy. Samples were prepared by allowing them to
flow to cover a 30 mm diameter polished brass electrode at 100 0C in vacuo. To control the
sample thickness at 50 μm, silica spacers were placed on top of the sample after it flowed to
cover the electrode. A 15 mm diameter polished brass electrode was then placed on top to create
a parallel plate capacitor cell which was squeezed to a gap of 50 μm in the instrument (with
precise thickness checked after the dielectric measurements were complete). The sandwiched
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polymers were positioned in a Novocontrol GmbH Concept 40 broadband dielectric spectrometer,
after being in a vacuum oven at 100 0C for 24 h. The dielectric permittivity was measured using
an ac voltage amplitude of 0.1 V and 10-2 – 107 Hz frequency range. Each sample was annealed
in the Novocontrol at 120 0C in a heated stream of nitrogen for 1 hour prior to measurement to
remove any moisture acquired during sample loading.

Data were collected in isothermal

frequency sweeps from 120 0C to near Tg.

3.3 Results and Discussion

3.3.1 Monomer and Polymer Synthesis

We synthesized imidazolium acrylates and methacrylates and their polymers, with
pendant imidazolium cations having Tf2N¯ counterions (Figure 3-1).

The synthesis of

imidazolium-based monomers 2 and 4 involved three steps: viz., quaternization of Nbutylimidazole with an ω-bromo-n-alkanoic acid, metathesis ion exchange, and esterification with
oligoethyleneoxy (meth)acrylates. The sequence yielded ionic monomers of type [Bu-Im-R-Z(meth)acrylate][Tf2N], namely monomers 2 and 4. The spacers utilized in our study were a
combination of hydrophobic [R = (CH2)n, n = 5 or 10] and hydrophilic [Z = (CH2CH2O)n, n = 4 or
7.3] species; note that methacrylate 2c was prepared from a commercial methacrylate made from
an oligo(ethylene glycol) mixture (containing 1 to 20 ethyleneoxy units), so the n = 7.3 is an
average determined by 1H NMR. These IL monomers are liquids at room temperature and they
are soluble in MeCN, dimethylformamide and dimethylsulfoxide.

The IL monomers were

amorphous, having low glass transition temperatures in the range of -50 oC < Tg < -70 oC. All
monomers were dark brown viscous liquids; they were washed with anhydrous diethyl ether just
before the polymerization to remove the inhibitor (BHT).
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Figure 3-1| Synthesis of imidazolium-based methacrylate monomers (2a-c) and their polymers
(3a-c), and acrylate monomers (4a-b) and their polymers (5a-b).

All the monomers were polymerized free radically using 2,2’-azobisisobutyronitrile
(AIBN) as the initiator in degassed MeCN at 65 ºC. Initial polymerizations in either this polar
solvent or non-polar solvent resulted in insoluble gels. This could be because of the monomer
having hydrophobic and hydrophilic groups. However, a mixture of solvents (MeCN: toluene:
8:2 v/v) proved to be a better choice, since it resulted in fluid homogeneous reaction mixtures.
The polymers were purified by precipitation in a large excess of ethyl acetate and dried in a
vacuum oven at 60 °C for 24 h, affording the highly viscous polymers. Disappearance of vinyl
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protons in 1H-NMR spectroscopy confirmed complete conversion into the homopolymers;
polymer signals were broader compared to monomers (see Appendix D Figure D-9 – D-11 for
3a-c and D-12 – D-13 for 5a-b, respectively). Additionally, protons resonances were sharper for

those that were away from the polymer backbone; most pronounced for longer side chains. Some
properties of these novel monomers and polymers are presented in Tables 3-1 and 3-2.

Table 3-1| TGA Thermal Analyses, Molecular Weights and Distributions, Total Ion
Concentrations p0 and Refractive Indices n of PILs

sample

Td a (°C)

Mn,SEC b (kDa)

Mw/Mn b

p0 c (x1020 cm-3)

nc

3a

332

8.7

1.12

10.3

1.446

3b

333

19

1.22

9.05

1.452

3c

252

36

1.43

6.89

1.449

5a

356

40

1.37

10.3

1.446

5b

291

34

1.88

9.05

1.452

a

TGA (10 °C/min, N2, 5% wt loss).
Polystyrene equivalent molecular weight in NMP (0.05 M LiBr, 0.5 mL/min at 50 0C).
c
p0 and n from group contribution method based on molecular structure.58
b

Figure 3-2| The chemical structures of two model ILs (C4MIM-Tf2N and C4EO4IM-Tf2N).

Two model ILs were also examined: the well known C4MIM-Tf2N and the larger room
temperature

IL

1-butyl-3-(2’-(2’’-(2’”-(2’’”-hydroxyethoxy)ethoxy)ethoxy)ethyl)imidazolium

bis(trifluorosulfonyl)imide (C4EO4IM-Tf2N) (Figure 3-2).
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Table 3-2| DSC and DRS Glass Transition Temperatures of IL monomers (left three columns)
and their PILs (right three columns)

a

sample

DSC Tg (K)

DRSa Tg (K)

sample

DSC Tg (K)

DRSa Tg (K)

2a

218

220

3a

232

230

2b

210

210

3b

235

236

2c

210

223

3c

229

228

4a

209

209

5a

235

225

4b

205

202

5b

234

229

Tg determined from dielectric relaxation spectroscopy (defined at  (Tg )  102 rad/s ).

3.3.2 Static Dielectric Constant

Figure 3-3 displays a representative example of the frequency dependence of the
dielectric permittivity  '( ) for two model ILs (C4MIM-Tf2N and C4EO4IM-Tf2N), an IL
acrylate monomer (4b) and its corresponding polyacrylate PIL (5b). The static dielectric constant

s is defined as the low frequency plateau of  '( ) before the onset of electrode polarization
(EP). However,  '( ) was not clearly observed to plateau before EP, but to decrease gradually
with increasing frequency, indicating underlying relaxations. To display the  s difference among
the ILs, the IL monomer and the PIL, the dielectric permittivity spectra in the inset of Figure 3-3
were horizontally shifted. Remarkably, the PIL exhibited higher  s than either its IL monomer
or the smaller ILs which have significantly higher number density of dipoles. The same result
was also observed for IL methacrylate monomers and polymethacrylate PILs.

This is an

unexpected result: in general, polymerization of non-ionic polar monomers lowers their static
dielectric constant due to lower configurational entropy after polymerization.61-64
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Figure 3-3| Dielectric permittivity spectra of two model ILs (C4MIM-Tf2N at 223 K and
C4EO4IM-Tf2N at 243 K), an IL acrylate monomer (4b at 253 K) and its polyacrylate PIL (5b at
263 K), showing electrode polarization at lower  and ion rearrangement / segmental motion at
higher  . The inset shows the dielectric spectra shifted horizontally to superimpose in the range
103   '  104 and hence compare the static dielectric constant, usually defined as the value of
 ' just above the frequency at which electrode polarization commences (see Figure 3-4).60

The dielectric permittivity  '( ) can be decomposed into frequency-dependent
contributions such as electrode polarization (EP), orientational polarization (  2 and  ), and a
high-frequency contribution   (here taken to be an approximate value of    n 2 , where n is
the refractive index (listed in Table 3-1), since the electronic and atomic polarizations leading to

  are faster than our frequency range),
 '( )   'EP ( )   ' 2 ( )   ' ( )    .

(3-1)

 'EP ( ) can be modeled by an empirical modification of the Macdonald model65 while  ' 2 ( )
and  ' ( ) can be modeled by Havriliak-Negami (HN) functions.38 The static dielectric constant
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 s , shown in Figures 3-4 and 3-5, is given by the sum of the two HN relaxation strengths  and
the high-frequency dielectric constant    n 2 ,

 s  lim  ' 2 ( )   ' ( )        2       .

(3-2)
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Figure 3-4| Dielectric permittivity  '( ) of imidazolium-based IL acrylate monomer 4b (black
circles) at 253 K.  '( ) is decomposed into frequency-dependent contributions from electrode
polarization (  'EP ( ) : blue dashed line), ionic orientational polarization (  ' 2 ( ) : green dashed

line), dipolar orientational polarization (  ' ( ) : orange dashed line), and a high-frequency
dielectric constant (   : purple dashed line). The dark cyan solid line that perfectly describes the
data (black circles) corresponds to the sum of  'EP ( ) +  ' 2 ( ) +  ' ( ) +   , and the red
solid line indicates the static dielectric constant  s , based on Eq. (3-2). Its proximity to  ' 2 is
typical, as the ionic orientational polarization dominates the static dielectric constant of liquid
state polar ionomers.
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Figure 3-5| Temperature dependence of static dielectric constant for two ILs (C4MIM-Tf2N and
C4EO4IM-Tf2N), IL monomers (2a, 2b, 2c, 4a and 4b) and PILs (3a, 3b, 3c, 5a and 5b).

Figure 3-5 displays the  s values, determined60 using Eq. (3-2) from the relaxation
strengths (   2 and   , obtained by fitting the relaxations to HN functions) and the highfrequency dielectric constant (   , estimated from the square of refractive index n ), for the
imidazolium-based PILs, their IL monomers, and the two ILs vs. inverse temperature. The neat
ILs exhibit the lowest static dielectric constants at the temperatures studied.

After

polymerization, the  s of the PILs are 1.9  0.4 times higher than that of their IL monomers.
Furthermore, we observe an influence of backbone structure (acrylate vs. methacrylate) on the
static dielectric constant. The methacrylate IL monomers (2a, 2b and 2c) and their PILs (3a, 3b
and 3c) exhibit 10-40% higher  s than the acrylate IL monomers (4a and 4b) and their PILs (5a
and 5b). In order to identify the origin of the differences in  s for IL monomers vs. PILs and
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acrylates vs. methacrylates, we have carefully explored dipolar relaxations in dielectric loss
derivative spectra66

 der  

  '( )
,
2  ln 

(3-3)

elucidating the relaxation processes by removing the pure-loss conductivity contribution which
obscures the loss peaks of interest (ion rearrangement or segmental relaxation).65,67

3.3.3 Dielectric Relaxations
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Figure 3-6| Dielectric loss derivative spectra fit (solid lines) to the sum of a power law68 for EP
(dashed lines) and derivative forms of the HN function for the  2 and  processes (dashed lines)
of the ILs (C4MIM-Tf2N at 223 K and C4EO4IM-Tf2N at 243 K), an acrylate IL monomer (4b at
253 K) and its acrylate PIL (5b at 263 K).

The derivative dielectric loss curves of the ILs (C4MIM-Tf2N at 223 K and C4EO4IMTf2N at 243 K) exhibit one relaxation (  ), centered at 0.01 – 1 MHz as shown in Figure 3-6. It
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has been shown previously41,43,45,69-71 that imidazolium-based ILs exhibit the same relaxation
process, located at ~ 1 GHz, at room temperature. The process has been reported to originate in
the reorientation of the bulky dipolar imidazolium cation41 (supported by simulation results72 and
a 2H magnetic relaxation study73) or in mesoscale (larger aggregate or cluster) cooperative
motions45 (consistent with computer simulations74 and an optical Kerr effect study75). However,
there is no evidence for contributions of cation-anion pairs in neat ILs to the long-time
component of the dielectric signal.76 In contrast to the ILs, an additional dipolar relaxation (  2 )
is observed in the IL monomers and PILs at lower frequencies, attributed to ion rearrangement37,65
(such as, exchanging states between isolated pairs and aggregates of pairs), in addition to the
segmental relaxation (  ) involving the typical characteristics of the glass transition dynamics at
higher frequencies (see Figure 3-6). It is likely that dielectric constant (  ) relevant for ion
rearrangement is that between segmental motion and ion rearrangement (   14  4 ). For this
dielectric constant range, the Bjerrum length ( lB  e 2 /(4 0 kT ) ) is 4 nm. In this situation, for
ion rearrangement over the scale of a few angstroms to occur, several rearrangements of
neighboring segments must take place. Therefore, it is reasonable that the  2 process is two
orders of magnitude slower than the  process (see Figure 3-9a). On the other hand, the static
dielectric constant (after ion rearrangement) is presumably the dielectric constant relevant to
using our materials in a macroscopic capacitor before EP. In addition, our preliminary rheology
measurements (not shown) support the explanation based on ion rearrangement: i.e., the ion
association / dissociation lifetime obtained using a sticky Rouse model77 is quantitatively
identical to the time scale for the ion rearrangement from dielectric measurements. The full
report of how the association lifetime corresponds to the  2 process will be detailed in a
forthcoming publication.
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The dependence of the dielectric response on sample thickness L was evaluated to aid in
confirming the coexistence of two relaxation processes in the IL monomers and PILs as shown in
Figure 3-7.
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Figure 3-7| Frequency dependence of dielectric permittivity  '( ) , dielectric loss  ''( ) , inphase conductivity  '( ) and out-of-phase conductivity  ''( ) for the acrylate monomer 4b
( L4b = 0.05 and 1.03 mm) and its polyacrylate PIL 5b ( L5b = 0.05, 0.10 and 1.04 mm) with
different specimen thicknesses L at 263 K. The black solid lines indicate the results of an
analysis based on both complex quantities  * ( ) and  * ( ) with the HN function.

There are three primary relaxations observed: (1) EP at lower frequency, (2) ion rearrangement at
intermediate frequency (  2 ), and (3) dipolar relaxation at higher frequency (  ). As expected,
the response from EP exhibited a thickness dependence, while both   ( ) and   ( ) at
intermediate and high frequency are observed to be independent of thickness, because these are
properties of the sample, although the ion motion relaxation is better resolved in the thicker
sample, where EP is pushed to lower frequency. The EP peak shifts to lower frequency with
increasing thickness ( L ). At low frequencies EP is complete on the electrode polarization time
scale37,65,78 (see Figure 3-8)

81

 EP 

 EP 0
L  s 0

,
 DC 2 LD  DC

(3-4)

wherein  EP   s L /(2 LD ) is the effective permittivity after EP is complete,  0 is the permittivity
of vacuum,  DC

is the DC conductivity,

L is the spacing between electrodes,

LD   0 s kT /(e 2 p) is the Debye length, k is the Boltzmann constant, T is absolute
temperature, and p is the number density of simultaneously mobile ions that can respond to the
electric field. Eq. (3-4) clearly shows that  EP ~ L . Consequently, the relaxations still ongoing at
frequencies when EP starts can be more clearly resolved in the thicker sample.
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Figure 3-8| Dielectric response of acrylate monomer 4b at 253 K. The vertical green dashed line
represents the time scale of EP (  EP ), the blue dashed lines are the  2 and  relaxation

processes with peak frequencies (  2 and  ) shown as the vertical blue dashed lines.
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Figure 3-9| Temperature dependence of (a) relaxation frequency maxima  2 and  (and ionic

conductivity  DC in the inset) vs. Tg/T using the DRS Tg (Table 3-2) and (b) relaxation strength
of the  2 and  processes. The dashed horizontal line separates the weaker  relaxation
strengths from the stronger  2 relaxation strengths.
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The peak relaxation frequencies (  2 and  ) and strengths  of the  2 and 
processes can be extracted by fitting the derivative loss spectra with one power law for EP plus
two Havriliak-Negami (HN) functions for the  2 and  relaxations:
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wherein A and s are constants,   is the relaxation strength, a and b are shape parameters
and HN is a characteristic frequency related to the frequency of maximal loss max by38,79,80
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Such fits81 approximate the data quite well (Figure 3-6) and yield max and  for the  2 and 
processes.
The peak relaxation frequencies max follow a Vogel-Fulcher-Tammann temperature
dependence (see Figure 3-9a).82 This finding is similar to that for the conductivity vs. Tg / T
(inset of Figure 3-9a), demonstrating that conductivity is also strongly coupled with the glass
transition temperature.

PILs have consistently much larger relaxation strengths for the  2

process (   2 ) compared to the corresponding IL monomers (Figure 3-9b), and the relaxation
strength for the  2 process (above the dashed line) is much larger than that for the  process.
While   decreases as nearly 1/T as Onsager83 expects,   2 has a strong temperature
dependence, indicating that the stronger  2 process involving ionic rearrangements primarily
determines the temperature dependence of the static dielectric constant  s shown in Figure 3-5.
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3.3.4 Kirkwood Correlation Factor

A common way to understand the origin of  s is that ionic species effectively correlate
neighboring dipoles of ion pairs.

Correlation of neighboring dipoles was considered by

Kirkwood48,84 and Fröhlich85 by introducing a prefactor g into the Onsager equation83 and this
concept is extensively utilized.85-87

For instance, the static dielectric constants for highly

associating liquids such as acids, alcohols and water are underestimated by the original Onsager
theory.84,86 On the other hand, molecules with internal hindered rotation or restricted rotational
degrees of freedom that prohibit alignment with the field cannot fully respond to the field, and,
therefore, the Onsager model overestimates their static dielectric constant.88 If there are no
specific correlations, g  1 and the Kirkwood-Fröhlich equation reduces to the Onsager equation,
as observed for many polar liquids. For polar liquids in which dipoles tend to orient with a slight
parallel bias, g  1 ; for example, hydrogen bonding in water results in g = 2.8 at 0 oC, decreasing
steadily as temperature is increased to g = 2.5 at 80 oC.86 When dipoles either prefer antiparallel
alignment or a significant fraction of dipoles are unable to move in response to the field, g  1 .
Figure 3-10 displays the temperature dependence of the Kirkwood g factors of ILs, IL
monomers and PILs. The correlation factor g was calculated from the measured  s in Figure 35 and the dipole of an isolated ion pair
g

9 0 kT    s     2 s     


2
v pair m 2pair 



2



s



(3-7)

wherein  pair is the number density of ion pairs and m pair is their dipole moment. Assuming89,90
all ions are in the isolated ion pair state ( pair  p0 where p0 is the total anion number density
listed in Table 3-1) with the contact pair dipole from ab initio ( m pair (Debye)  14.1 )37, apparent
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Kirkwood correlation factors are g  1 for PILs, g  1 for IL monomers (except 2c with
g  2.7 ), and g  1 for the smaller ILs, over the entire temperature range studied.
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Figure 3-10| Temperature dependence of the Kirkwood g correlation factor estimated from the
measured static dielectric constant using Eq. (3-7).

Similar small g factors of order 0.1 were also obtained for imidazolium-based ILs in
computational studies,47,91 indicating that dipoles in smaller ILs seem to prefer an overall
antiparallel alignment. However, the dipoles in the larger IL monomers do not show a preference
for correlation with neighboring ones. For monomer 2c, its ethyleneoxy (CH2CH2O)7.3 spacer is
perhaps long enough to allow formation of separated pairs (with larger dipole and smaller g
factor). After polymerization, the dipoles in PILs bias the orientation of surrounding dipoles in
the same direction, leading to much higher static dielectric constants. The last paragraph of this
section discusses a possible rationalization based on tacticity.
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Table 3-3| Tacticities of Polyacrylates and Polymethacrylates as Determined by NMR

Polymer

Tacticity from Triads
Syndio (rr) : Hetero (rm or mr) : Iso (mm)

3a

56 : 35 : 9 a

3b

54 : 42 : 4 b
54 : 43 : 3 c

3c

60 : 37 : 3 a

5a

Not determined

5b

25 : 59 : 16 d

a 1

H NMR by cutting and weighing smoothed signals for the backbone methyl protons; std. dev.
of major syndiotactic component 1.
b 13
C NMR by cutting and weighing smoothed backbone methyl carbon signals; std. dev. of major
syndiotactic component 2.
c 1
H NMR by cutting and weighing smoothed signals for the backbone methyl protons; std. dev.
of major syndiotactic component 2.
d 13
C NMR by integration and triangulation of quaternary backbone carbon signals; std. dev. of
major heterotactic component 5.
In bottle brush polymers92 with methacrylate backbones and large bulky side groups akin
to our PILs, as their side chains increase in length, they repel each other and stretch the backbone
into an extended nearly all-trans conformation. Such a brush-like conformation might account
for the enhanced parallel correlations between dipoles after polymerization. The higher static
dielectric constant in the methacrylate PILs compared to the acrylate ones can be similarly
understood.

Gaborieau et al.93 reported a comparison of the structure of poly(n-alkyl

methacrylate)s and poly(n-alkyl acrylate)s by means of X-ray scattering and NMR. This study
revealed that polymethacrylates (with backbones containing a CH3 group) are more syndiotactic
and display more regular organization than the polyacrylates (with the CH3 group replaced by a
hydrogen atom). Indeed, it is well known that alkyl (CH3 to C6H13) polymethacrylates prepared
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by free radical polymerization in toluene display ~60% rr (syndio-), ~35% mr or rm (hetero-) and
~5% mm (iso-tactic) triads,94-96 while the corresponding acrylates are ~30% syndio-, ~50%
hetero- and ~20% iso-tactic.97-101 We used NMR to examine the tacticities of the polyacrylates
and methacrylates; this was complicated by the presence of two carbonyl units and the
polymethylene linkers. Nonetheless, by 1H and/or 13C NMR tacticity estimates were made for all
but one polymer (see Appendix D Figures D-9 – D-20); these are presented in Table 3-3. The
results demonstrate two relevant points: 1) the polymethacrylates display much more
syndiotacticity than the polyacrylate and 2) the proportion of syndiotactic triads seems to be
highest in the methacrylate with the longest pendant unit (3c). In the syndiotactic structures it
appears that the backbone CH3 of the polymethacrylates encourages a more trans conformation of
the backbone, favoring parallel side group alignment.

3.3.5 Molecular Volume Dependence of Static Dielectric Constant

We will now consider interrelations between the glass transition temperature, static
dielectric constant and molecular volume102 Vm (including anion) of imidazolium-based ILs, IL
monomers and PILs, with Vm taken to be the molecular volume of the repeat unit for the
polymers. Figure 3-11 demonstrates that the Tg of imidazolium-based PILs with various side
chains decreases exponentially with increasing Vm . Similar results were reported for poly(n-alkyl
acrylate)s,105 whereby longer side chains lower Tg . This correlation is indeed independent of the
molecular structure of the anion, as imidazolium salts with five different anions are included in
Figure 3-11.
Another Vm -dependent correlation was found for the static dielectric constant of ILs; that
is, lower static dielectric constants are observed as the alkyl chain length of the cation increases,

88
in the same way as in alcohols.49,106 According to computer simulations,107,108 as the length of the
alkyl chain increases, locally heterogeneous environments emerge, consisting of polar (anion /
cation pairs) and nonpolar (alkyl chain) regions. More recently, X-ray scattering experiments on
1-alky-3-methylimidazolium-based ILs ( 4  Cn  10 ) by Triolo et al.109 provided direct
experimental evidence for such heterogeneous structures: a scattering peak arises from structural
inhomogeneities on the nanometer length scale.

In ILs with longer side chain lengths the

nonpolar domains not only become larger and more connected, but also dilute the polar (ionic)
domains, which should decrease the static dielectric constant.
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Figure 3-11| Correlation between glass transition temperature Tg and repeat unit molecular

volume Vm (including the anion) for imidazolium-based PILs with various side chains and
counterions. Tg for imidazolium-based PILs with different counterions are also added from
literature data: [hexafluorophosphate (PF6-)],30,32,103 [Tf2N-],30-33,103 [trifluoromethanesulfonate
(TfO-)],33,103 [tetrafluoroborate (BF4-)],33,103,104 and [Br-].33,103 The solid line is a fit to guide the
eye, using an exponential curve, with the large Vm limi having Tg = -52 oC.
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Figure 3-12| Correlation between static dielectric constant and (a) molecular volume Vm and (b)
polarizability volume overlap parameter V p / Vm at 298 K for ILs (purple and orange colors) and

at 288 K for the imidazolium-based IL monomers (open symbols) and PILs (filled symbols) with
PF6- or Tf2N- counterions. Static dielectric constants for 1-alkyl-3-methylimidazolium (CnMIM,
where n is the length of the alkyl chain) with two different anions (PF6 and Tf2N) are also added
from literature data.39,40,45 Blue colored symbols represent monomers and polymers with
imidazolium side chains30,37 and green colored symbols with imidazolium main chains.32 The
deviations from linearity for the polymers with n-dodecyl tails (S6-PF6 and S6-Tf2N) are circled:
the n-dodecyl tail results in strong ion aggregation.37 Solid (polymers) and dashed (monomers)
lines are only guides for the eye.

When data from our IL monomers and PILs with significantly longer side chains are
included with the ILs (see Figure 3-12a) it becomes clear that the static dielectric constant
increases linearly with increasing Vm . This finding is consistent with the known effects of
dilution on conventional electrolyte solutions,110 considering that ion aggregates formed by
dipolar interaction between pairs in ILs can form ion pairs when they are diluted. A general
scheme for the dilution of an IL by a molecular solvent has been proposed by Dupont.111 His
simplified two-dimensional model of imidazolium-based ILs showed that a highly structured
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form for the neat IL is gradually broken down into smaller species with increasing dilution,
forming large aggregates, triple ions, contact ion pairs and ultimately free ions, sequentially.
Hunger et al.69,71 experimentally investigated this model by measuring dielectric spectra
of imidazolium-based ILs in dichloromethane (DCM) over a wide composition range. Their
results indicate that the ILs retain their chemical character to high levels of dilution in DCM, that
is, their static dielectric constants decrease with increasing dilution. At even higher dilutions,
where significant formation of distinct ion pairs (an additional relaxation) is observed, however,
the ILs behave as conventional electrolytes, that is, their static dielectric constants increase with
increasing dilution. This was also confirmed in dilute solution by FTIR112 and conductivity113
measurements. This distinction can be understood through overlap of the polarizability volumes,
which force the ion pair dipoles to interact strongly.

Table 3-4| Pair Dipoles and Polarizability Volumes for the 1-Butyl-3-methylimidazolium Cation
with Tf2N- and PF6- Counterions

a

counterion

pair dipolea
m pair (D)

polarizability volumeb
V p (nm3 at T = 298 K)

Tf2N-

14.1

1.611

PF6-

15.1

1.848

m pair calculated ab initio at 0 K in a vacuum using density functional theory methods with the

Gaussian 03 software package.37
b
V p determined from Eq. (3-8) using the dipole of a contact pair at 0 K.

Since our static dielectric constants predominantly result from orientational polarizations
(see Figure 3-9b), the polarizability volume V p can be determined by114
Vp 

1

m 2pair

4 0 3kT

,

(3-8)
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using the dipole m pair from ab initio, listed in Table 3-4. Then, the overlap of polarizability
volume can be quantified as
V p / Vm 

m 2pair
12 0 kTVm

,

(3-9)

and Figure 3-12b displays the static dielectric constant  s as a function of V p / Vm .
In conventional (smaller) ionic liquids, polarizability volumes of ion pairs strongly
overlap (V p / Vm  3.5) : i.e., the ion pairs all interact strongly with their neighbors. Since each
system with the same anion has the same dipole and polarizability volume, the overlap parameter
V p / Vm decreases with increasing Vm . When the dipoles overlap less (V p / Vm  3.5) , the static
dielectric constant increases with Vm owing to the dipoles freely responding to the applied field.
Therefore, Figure 3-12b demonstrates that the ILs, having strongly overlapping ion pairs, exhibit
low static dielectric constants because of hindered rotation of dipoles, while less overlapping ion
pairs in our IL monomers and PILs allow for the presence of dipoles that can rotate or align under
an applied field; consequently their static dielectric constants increase with increasing Vm . In
particular, for the PILs (having a higher g value than the IL monomers) their static dielectric
constants increase more rapidly with increasing Vm .

3.3.6 Correlation Between Conduction and Dielectric Relaxation

The similar temperature variation of  DC and max (Figure 3-9a) in these monomers and
polymers establishes that there is strong coupling between ion transport and ion rearrangement.
Furthermore, the significantly larger relaxation strength for the  2 process compared to that for
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the  process (Figure 3-9b) demonstrates that there can be additional orientational polarization
that is not accounted for by the dipolar polarizabilities of individual molecules in these materials.
DC conductivity of any single-ion conductor is  DC  ep  where e is the elementary
charge, p is the number density of charge carriers,   De / kT is their mobility, with D their
diffusion coefficient and kT the thermal energy, leading to the Nernst-Einstein equation.

 DC  ep  

e 2 Dp
kT

(3-10)
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Figure 3-13| DC conduction rate  DC /  0 vs. the product of static dielectric constant  s and
frequency  2 of the  2 process. The solid line is a fit of the BNN relation (Eq. (3-12)) with

B  7 and the dashed line indicates Eq. (3-12) with B  1 .

The Debye length LD   0 s kT /(e 2 p) is the length scale over which thermal
fluctuations allow ions to move. Our dielectric methods directly determine the time scale for this
ion rearrangement, beyond which counterion motion becomes diffusive.
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D  BLD 2 2  B

where B is a constant.

 0 s kT
e2p

 2

(3-11)

Then, putting this diffusion coefficient into Eq. (3-10), the DC

conductivity can be written as

 DC  B 0 s 2

(3-12)

This is a simple empirical scaling correlation between ionic conductivity  DC and the product of
dielectric constant  s and frequency at the loss maximum max , proposed by Barton, Nakajima,
and Namikawa115-118 (BNN) who suggested that conduction and dielectric relaxation have their
origins in one diffusion process. As shown in Figure 3-13, the conductivity can be successfully
scaled in accordance with Eq. (3-12), demonstrating that conductivity is strongly coupled with
ion motion (the  2 process).

3.4 Conclusions

We have compared the static dielectric constant of imidazolium-based ILs, IL monomers
and their PILs with different spacer lengths and different main chain structures. The PILs are
consistently much more polar than their IL monomers, while conventional ILs having a higher
density of identical dipoles are much less polar.

Although interactions in neat ILs are

undoubtedly dominated by multiple direct cation-anion interactions, neat imidazolium-based ILs
show no strong evidence for ion pair formation. Such species can exist appreciably when the ILs
are substantially diluted by introducing non-ionic parts to the cation and their molecular volumes
become larger. Consequently, both IL monomers and PILs show an additional  2 process,
resulting from ion rearrangements (for example, exchanging states between isolated pairs and
aggregates of pairs) owing to their polarizability volumes overlapping less. The PILs with shorter
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side chains have very restricted motion of imidazolium cations because the cation is attached to
the polymer. On the other hand, combining imidazolium cations with longer non-ionic parts
allows ions to more readily respond to the field because the cation is far away from the backbone.
This results in a significant increase of the relaxation strength of the  2 process in longer chain
PILs, leading to a large increase in static dielectric constant.

This is presumably why

polymethacrylate 3c having the longest spacer exhibits the highest  s among the PILs.
The increases in the static dielectric constant are also discussed in terms of the Kirkwood
correlation factor g . In ILs having high dipole density, dipoles apparently prefer to orient
surrounding dipoles in an anti-parallel fashion ( g  1 ) because their polarizability volumes
strongly overlap. As the molecular volume of the IL monomer becomes larger, the same dipole
becomes increasingly diluted, allowing the ions to form mostly isolated pairs, which do not
interact with each other ( g  1 ).

Although polymerization can restrict dipole motion, the

restriction presumably allows dipoles to have a preference for parallel alignment with
neighboring ones or forming solvent-separated pairs ( g  1 ). This might account for the doubling
of the static dielectric constant after polymerization.
For smaller imidazolium ionic liquids with Vm  0.5 nm3, the dielectric constant  s  15
and the Kirkwood g  0.1 are low because the polarizability volumes of these dipoles strongly
overlap. For larger imidazolium monomers and polymers with Vm  0.5 nm3, the static dielectric
constant increases with Vm and the glass transition temperature decreases, as ion pairs interact
less, eventually levelling off at Tg = -52 oC for Vm  1 nm3.
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Chapter 4
Ionic Conduction and Dielectric Response of Poly(imidazolium acylate)
Ionomers
We use X-ray scattering to investigate morphology, and dielectric spectroscopy to study
ionic conduction and dielectric response of imidazolium-based single-ion conductors with two
different

counterions

[hexafluorophosphate

(PF6¯)

or

bis(trifluoromethanesulfonyl)imide

(F3CSO2NSO2CF3¯ = Tf2N¯)] with different imidazolium pendant structures, particularly tail
length (n-butyl vs. n-dodecyl). A physical model of electrode polarization is used to separate
ionic conductivity of the ionomers into number density of conducting ions and their mobility.
Tf2N¯ counterions display higher ionic conductivity and mobility than PF6¯ counterions, as
anticipated by ab initio calculations. Ion mobility is coupled to polymer segmental motion, as
these are observed to share the same Vogel temperature. Ionomers with the n-butyl tail impart
much larger static dielectric constant than those with the n-dodecyl tail. From the analysis of the
static dielectric constant using Onsager theory, there is more ionic aggregation in ionomers with
the n-dodecyl tails than in those with the n-butyl tails, consistent with X-ray scattering, which
shows a much stronger ionic aggregate peak for the ionomers with dodecyl tails on their
imidazolium side-chains.

4.1 Introduction

Ionic conduction in ion-containing polymers is of considerable interest from both
fundamental and applied points of view. Recently, ionic liquids, which are composed entirely of
large cations and anions with weak interactions (310 kJ/mol for 1-butyl-3-methylimidazolium
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cation with Tf2N¯ counterion at 0 K in vacuum)1, have attracted significant interest due to their
unique physical properties such as high thermal and chemical stability, negligible vapor pressure,
broad electrochemical window (many are stable up to 5 V), and high ionic conductivity.2-9 In
particular, a number of groups have described imidazolium salts in which the geometric packing
constraints of the planar imidazolium ring, its dangling alkyl groups, and the delocalization of the
charge over the N-C-N moiety in the ring together reduce ion-ion interactions.6,9-11

These

remarkable characteristics make it possible for ionic liquids to be used as novel and safe
electrolytes for advanced devices such as electrochemical membranes for capacitors, lithium
batteries, fuel cells and electromechanical transduction devices for actuators and sensors.12-21
There is a wide chemical composition range of ionic liquids, achieved by pairing various organic
cations with numerous anions that allows for fine control of their physicochemical properties.
Moreover, imidazoliums and other organic ionic liquid cations can be synthesized with
vinyl groups so that they can be easily incorporated into polymers, so called polymerized ionic
liquids, which carry an ionic liquid species in each of the repeating units.22-34

The major

advantages of using the polymeric forms of ionic liquids are the enhanced stability and improved
mechanical durability resulting from polymerization and the simplification that only the
counterions are able to move large distances rapidly, making polymerized ionic liquids single-ion
conductors. It is of great interest to understand the general physical picture of structure-property
relations in polymerized ionic liquids. In this paper we focus on the effects of varying the tail
length of the pendant imidazolium side chains and of two different popular anions as counterions.
Computer simulations have been used to investigate the influence of different counterions
and cation chain lengths in imidazolium ionic liquids35-39 that are not polymeric. As tail length
increases, locally heterogeneous environments emerge, consisting of polar (anion / cation pairs)
and nonpolar (tail) regions. Such a morphology has been suggested to affect viscosity, diffusion
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and ionic conductivity. The polar regions form a variety of ionic structures, consisting of ion
pairs and aggregates formed by dipolar interactions between pairs.40
In contrast to the extensive studies on ionic liquids, little is known about the basic
mechanism of counterion transport in polymerized ionic liquids. Here, we demonstrate the effect
of counterion and tail length on ion migration, aggregation, dielectric constant and polymer chain
dynamics, which provide better understanding of conduction in polymerized imidazolium
acrylate polymers. Polymerized ionic liquids are single-ion conductors and this allows not only a
transference number close to unity as required for advanced electrochemical devices, but also the
absence of concentration polarization of cations that is a common problem encountered in the
conventional solid polymeric electrolytes in which both cation and anion are mobile.41
To investigate ion and polymer dynamics, the glass transition temperatures ( Tg ), ionic
conductivities and dielectric constants of these polymers were measured.

The dielectric

measurement is a particularly powerful tool to investigate the motion of molecules or substituent
groups over a broad time range, 10-7-102 s.42-43 Segmental motion of polymers and ionomers are
observed in a wide frequency range (mHz to MHz), allowing study over wide temperature
ranges.43 The macroscopic electrode polarization at lower frequencies in dielectric measurements
can also be interpreted to determine the number density of conducting ions and their mobility,44-46
which has recently been utilized with great success for single-ion conductors above Tg .34,47-49
Our studies of polymer dynamics are complemented by morphology studies using X-ray
scattering.
We also compare two ionic liquid counterions, F3CSO2NSO2CF3¯ (referred to as Tf2N¯)
and PF6¯. Both only bind weakly to imidazolium cations: Table 4-1 compares 0 K energies50-52 of
formation for ion pairs, positive triple ions, negative triple ions and quadrupoles of butyl methyl
imidazolium with Tf2N¯ and PF6¯. Tf2N¯ binds more weakly than PF6¯, particularly for the
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quadrupole energy. Since there is an equilibrium between quadrupoles and two ion pairs, Table
4-1 also lists the ratio of quadrupole energy to twice the pair energy – a useful gauge of the
propensity to aggregate, which is larger for PF6¯ than Tf2N¯. This is important because it
indicates immediately that imidazolium - Tf2N¯ should aggregate less than imidazolium - PF6¯
and this directly affects the glass transition temperature of these ionomers, with resultant effects
on ion conduction.

Table 4-1| Ab initio Interaction Energiesa at 0 K in vacuum for 1-Butyl-3-methylimidazolium
Cation with Tf2N¯ and PF6¯ Counterions.

Aggregation

Ion Pair

Triple (+)

Triple (–)

Quadrupole

Epair

Etr+

Etr–

Equad

(kJ/mol)

(kJ/mol)

(kJ/mol)

(kJ/mol)

PF6¯

320.

417.

440.

732.

1.14

15.1

Tf2N¯

310.

413.

415.

680.

1.10

14.1

Counteranion

Factor
Equad/2Epair

Pair Dipole
mpair
(Debye)

a

All calculations were performed by Wenjuan Liu, using density functional theory methods with
the Gaussian 03 software package. Exchange and correlation were included using the hybridGGA B3LYP functional.50-52

4.2 Experimental

4.2.1 Materials

2,2’-Azobisisobutyronitrile

(AIBN, Aldrich Chemical) was recrystallized from

chloroform below 40 °C and dried in a vacuum oven. Acetonitrile (MeCN, Aldrich Chemical) for
polymerizations was distilled over calcium hydride.

Imidazole, 1-bromodecane, N-

butylimidazole, 11-bromoundecanoic acid and 4-hydroxybutyl acrylate were purchased from
Aldrich Chemical and used as received. These ionomers (3a, 3b, 3c and 3d) and their non-ionic
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polymer (5) were synthesized by Minjae Lee of Professor Harry W. Gibson’s group in the
Department of Chemistry at Virginia Polytechnic Institute and State University, as depicted in
Figure 4-1 and 4-2.

Figure 4-1| Synthesis of poly(N-alkylimidazolium acrylate)s 3a-d.

Figure 4-2| Synthesis of non-ionic polymer 5.
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Figure 4-3| DSC thermograms of 3a, 3b, 3c and 3d. The arrows indicate the DRS Tg , defined at

 2 (Tg )  102 rad/s (dashed arrows) and  (Tg )  102 rad/s (solid arrows). For clarity, the
thermograms have been shifted vertically.

4.2.2 Spectroscopic and thermal characterizations
1

H and 13C NMR spectra were obtained on Varian Inova 400 MHz and Unity 400 MHz

spectrometers (results are in Supporting Information). High resolution electrospray ionization
time-of-flight mass spectrometry (HR ESI TOF MS) was carried out on an Agilent 6220 Accurate
Mass TOF LC/MS Spectrometer in positive ion mode. Differential Scanning Calorimetry (DSC)
with heating and cooling rates of 5 or 10 K/min on ~10 mg samples was done using a TA
Instrument Q2000 differential scanning calorimeter (Figure 4-3). The thermal stabilities of these
polymers were studied by thermogravimetric analysis (TGA) under N2 using a TA Instrument
Q500 Thermogravimetric Analyzer at a heating rate of 10 K/min heating under N2 purge. Minjae
Lee performed the NMR, TGA and DSC measurements.
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4.2.3 Dielectric Spectroscopy

The dielectric measurements of the polymers were performed by dielectric relaxation
spectroscopy. Samples were prepared for the dielectric measurement by allowing them to flow to
cover a 30 mm diameter freshly polished brass electrode at 100°C in vacuo. To control the
sample thickness at 50 μm, silica spacers were placed on top of the sample after it flowed to
cover the electrode. Then a 15 mm diameter freshly polished brass electrode was placed on top to
make a parallel plate capacitor cell which was squeezed to a gap of 50 μm in the instrument (with
precise thickness checked after dielectric measurements were complete).

The ionomers

sandwiched between two electrodes were positioned in a Novocontrol GmbH Concept 40
broadband dielectric spectrometer, after being in a vacuum oven at 100 °C for 24 h. Each sample
was then annealed in the Novocontrol at 120 °C in a heated stream of nitrogen for 1 h prior to
measurements.

The dielectric permittivity was measured using a sinusoidal voltage with

amplitude 0.1 V and 10-2 – 107 Hz frequency range for all experiments. Data were collected in
isothermal frequency sweeps every 5 K, from 120 °C to near Tg .

4.2.4 X-ray scattering

X-ray scattering was performed with a multi-angle X-ray scattering system that generates
Cu-Kα X-rays,  = 0.154 nm, from a Nonius FR 591 rotating anode operated at 40 kV and 85
mA. The bright, highly collimated beam was obtained via Osmic Max-Flux optics and pinhole
collimation in an integral vacuum system. The scattering data were collected using a Bruker HiStar two-dimensional detector with a sample-to-detector distance of 11 cm. To minimize the
exposure of the materials to moisture, previously dried samples were inserted into 1 mm glass
capillaries under vacuum at elevated temperatures from room temperature to 110 °C. As the
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samples flowed into the capillary under vacuum, bubbles were eliminated. The filled capillaries
were cooled to room temperature under vacuum. Scans were performed from RT to 120 0C,
controlling the temperature in situ using a Linkam temperature control stage with a step size of ~
30 K and heating and cooling rates of 10 K/min. Adjustments were made to the set temperature
of the heating device so that the temperature of the sample inside the glass capillary would equal
the desired temperature. The samples were equilibrated at each temperature for 10 min before
starting the X-ray data collection.

The X-ray scattering profiles were evaluated using

Datasqueeze software.53 The intensities were first corrected for primary beam intensity, and
background scattering from an empty 1 mm glass capillary was subtracted. Intensities were not
corrected for sample density. The isotropic 2-D scattering patterns were azimuthally integrated to
yield intensity versus scattering angle. Sharon Wang of Professor Karen I. Winey’s group in the
Department of Materials Science and Engineering at University of Pennsylvania performed the
X-ray measurement.

4.3 Results and Discussion

4.3.1 Thermal Analysis

The new imidazolium pendant homopolymers each have a single glass transition, as
reported in Table 4-2. The polymers do not display crystallization or melting in the temperature
range of -80 ~ 200 °C by DSC. Replacing PF6¯ with Tf2N¯ consistently lowered Tg by ~ 22 K.
The Tf2N¯ counterion has previously been shown to act at a plasticizer for imidazolium ionic
liquids9,18 and their polymers.27,33-34

Since association of ion pairs allows them to act as

temporary crosslinks that raise Tg , the more strongly associating PF6¯ imparts higher Tg than
Tf2N¯ for the poly(imidazolium acrylate)s, as anticipated from the ab initio results of Table 4-1.
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The length of tail also affects the Tg determined by DSC (denoted DSC Tg ): ionomers with ndodecyl tails exhibit slightly (~ 8 K) lower DSC Tg s than those with n-butyl tails. However, the

Tg , obtained by dielectric spectroscopy as the temperature at which the peak segmental relaxation
time was 100 s (denoted DRS Tg ; listed in Table 255), shows no effect of tail length between
ionomers with n-dodecyl tails and with n-butyl tails. TGA under nitrogen at 10 K/min suggests
that all four ionomers are thermally stable at least until 300 °C.

Table 4-2| DSC, DRS, and TGA Thermal Analysis, Total Ion Concentration p0, Refractive Index
n, and Fragility m of Ionomers.

DSC Tg

Sample

DRSa Tg

TGA (○C)

p0b
20

-3

nb

mc ± 6

(K)

(K)

5% w/w loss

(x10 cm )

C4-PF6 (3a)

256

248

341

12.1

1.461

105

C4-Tf2N (3b)

230

222

382

10.3

1.462

115

C12-PF6 (3c)

244

245

340

9.62

1.468

83

C12-Tf2N (3d)

226

221

336

8.46

1.469

88

a

Tg determined from dielectric spectroscopy (defined at a (Tg )  102 rad/s ).

b

Total ion concentration and refractive index from group contribution method based on
structure.55
c
m determined from Eq. 4-15 using the VFT fit parameters for the segmental (  ) peak frequency
(open symbols in Figure 4-11a).

4.3.2 X-Ray Scattering

Figure 4-4a compares the room temperature X-ray scattering profiles for the four
imidazolium-acrylate ionomers with different side chain tail lengths and counterions. Three
distinct peaks are observed: the higher-angle peak at qI  14 nm-1 corresponds to the amorphous
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halo, the more subtle intermediate-angle peak at qII  8 nm-1 is attributed to correlation between
the anions56-57, and the lower-angle peak at qIII  2 nm-1 for the ionomers with n-dodecyl tails
and qIII  4 nm-1 for the ionomers with n-butyl tails indicates the spacing between ion
aggregates.58
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Figure 4-4| X-ray scattering intensity as a function of scattering wavevector q for (a) the
imidazolium-based ionomers at room temperature and (b) C4-PF6 (3a), (c) C4-Tf2N (3b) and (d)
C12-Tf2N (3d), each at four temperatures (30, 60, 90 and 120 oC). The arrows indicate peaks that
correspond to the amorphous halo ( qI ), anion-anion correlations ( qII ), and separation between
ionic aggregates ( qIII ). The intensity of the ionic aggregation spacing peak ( qIII ) increases
enormously as the tail length increases from n-butyl to n-dodecyl, which we interpret to signify
that dodecyl tails favor ion aggregation. The data were shifted on the log intensity scale for
clarity.
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For the amorphous halos at qI , the peak slightly shifts to lower wavevector as the size of anion
increases from PF6¯ to Tf2N¯. A similar shift is also observed for the anion-anion scattering peak
at qII . However, both qI and qII peaks appear at the same position as the tail length increases
from n-butyl to n-dodecyl. In contrast, the ionic aggregation scattering peak at qIII shifts to lower
q and its intensity increases significantly, as the tail length increases from n-butyl to n-dodecyl.

The ionomer peak ( qIII ) intensity arises from both the uniformity of the interaggregate spacing
and the electron density difference between the matrix and the ionic aggregates.59 Both the peak
positions and peak intensities remain nearly the same with increasing temperature as shown in
Figures 4-4b, c, and d. Morphological studies of 1-alkyl-3-methylimidazolium PF6¯ or Tf2N¯
ionic liquids as a function of the alkyl chain length by means of neutron scattering60 and
molecular dynamics simulation38,61 observed quite similar ion aggregation: ionic liquids with long
side chains exhibit a bicontinuous morphology, one region consisting of polar moieties (anion /
cation pairs and aggregates) and the other consisting of non-polar alkyl tails.

4.3.3 Ionic Conductivity

To understand the influence of anions and tail length on ionic conductivity, the
temperature dependence of DC conductivity shown in Figure 4-5 is evaluated from a roughly 3decade frequency range where the in-phase part of the conductivity  '     ''    0 is
independent of frequency as shown in Figure 4-6. The inset in Figure 4-5 shows the strong
correlation between ionic conductivity at 25 °C and Tg for these monomers and their polymers.
As expected, monomers with lower Tg show higher ionic conductivity than the polymers with
higher Tg . There also exists a significant effect from different anions on ionic conductivity for
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these ionomers.

Due to the suppression in the Tg , the larger Tf2N¯ anion raises the ionic

conductivity of C4-Tf2N (3b) and C12-Tf2N (3d) by ~100X at room temperature, compared to the
PF6¯ ionomers (C4-PF6 (3a) and C12-PF6 (3c)). However, an effect from the n-dodecyl vs. nbutyl tail on ionic conductivity is more subtle, that is, ionomers with shorter tail (C4-PF6 (3a) and
C4-Tf2N (3b)) showed slightly higher ionic conductivity in spite of having higher Tg . In order to

better understand counterion conduction, it is necessary to distinguish whether the increase in
ionic conductivity is due to a larger number density of simultaneously conducting ions p or to an
increase in their mobility  .
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Figure 4-5| Temperature dependence of ionic conductivity for PF6¯ and Tf2N¯ ionomers. Tf2N¯
(C4-Tf2N (3b) and C12-Tf2N (3d)) ionomers have consistently higher conductivities than PF6¯
(C4-PF6 (3a) and C12-PF6 (3c)) ionomers. Solid and dashed curves are Eq. 4-16 with all
parameters fixed (values in Tables 4-3 and 4-4): Ea and p are determined by an Arrhenius fit

to simultaneously conducting ion content p (Figure 4-7), while  , D and T0 are determined
by a VFT fit to simultaneously conducting ion mobility  (Figure 4-8). The inset shows ionic
conductivity at room temperature as a function of glass transition temperature for these four
ionomers (3a, 3b, 3c, and 3d) and two monomers (2b and 2d).
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4.3.4 Electrode Polarization Analysis

A physical model of electrode polarization (EP) makes it possible to separate ionic
conductivity into the number density of simultaneously conducting ions and their mobility,44-46,6263

as has recently been done for other single-ion conductors above Tg .34,47-49,64-65 Electrode

polarization occurs at low frequencies, where the transporting ions have sufficient time to
polarize at the blocking electrodes during the cycle.
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Figure 4-6| Dielectric response of imidazolium-based ionomer C4-Tf2N (3b) to applied AC field
at 273 K. The dielectric loss derivative function  der (blue circles) shows two relaxation
processes: segmental motion (  ) at  and ions exchanging states (  2 ) at  2 . After ion

motion becomes diffusive at   , the  2 process not only contributes to DC conductivity  DC ,
noted as the plateau region in the in-phase part of conductivity  ' (red squares), but also
enhances the static dielectric constant  s in the dielectric permittivity function  ' (green
triangles). The peak of the loss tangent tan  (orange diamonds) gives the geometric mean of the
time scales of conductivity and electrode polarization ( EP  )1/ 2 , then determining the number
density of simultaneously conducting ions p and their mobility  .
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Table 4-3| Fitting Parameters (Eq. 4-6) for the Temperature Dependence of the Number Density
of Simultaneously Conducting Ions.

conducting ion concentration

log(p0)

sample

(cm-3)

log(p∞)

Ea

(cm-3)

(kJ/mol)

1-p∞/p0

C4-PF6 (3a)

21.1

20.9

17.5

0.29

C4-Tf2N (3b)

21.0

20.5

14.1

0.68

C12-PF6 (3c)

21.0

20.1

12.8

0.86

C12-Tf2N (3d)

20.9

19.8

10.2

0.93

Table 4-4| Fitting Parameters of the VFT Temperature Dependence of the  2 and  Processes
and Mobility of Simultaneously Conducting Ions.
 2 process

 process

conducting ion mobility
log( )

sample
log( ) (rad/s)

D

log( ) (rad/s)

D

(cm2V-

D

1 -1

s )

T0

DSC Tg  T0

(K)

(K)

C4-PF6 (3a)

8.8

4.3

11.1

4.3

-1.0

3.7

217

39

C4-Tf2N (3b)

8.7

4.1

11.3

4.1

-1.1

3.4

196

34

C12-PF6 (3c)

9.2

5.6

11.0

5.6

-0.8

5.0

207

37

C12-Tf2N (3d)

8.8

5.0

10.8

5.0

-0.8

4.5

189

37
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That polarization manifests itself in (1) an increase in the effective capacitance of the cell
(increasing the apparent dielectric constant) and (2) a decrease in the in-phase part of the
conductivity, as the polarizing ions reduce the field experienced by the transporting ions. The
natural time scale for conduction is the time when counterion motion becomes diffusive.

 

 s 0
 DC

(4-1)

At low frequencies the conducting ions start to polarize at the electrodes and fully polarize at the
electrode polarization time scale

 EP 

 EP  0
 DC

(4-2)

wherein  EP is the (considerably larger) effective permittivity after the electrode polarization is
complete (see Figure 4-6).

The Macdonald and Coelho model44-47,62-63 treats electrode

polarization as a simple Debye relaxation with loss tangent,
tan  

 EP
1   2   EP

(4-3)

allowing a two-parameter fit to determine the electrode polarization time  EP and the
conductivity time   . The Macdonald and Coelho model then determines the number density of
simultaneously conducting ions p and their mobility  from  EP and  

p



1   EP 


 lB L2   

2

eL2 
2
4 EP
kT

(4-4)

(4-5)

2
wherein lB  e /(4 s 0 kT ) is the Bjerrum length, L is the spacing between electrodes, k is the

Boltzmann constant, and T is absolute temperature.
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Conducting Ion Content.

The temperature dependence of the number density of

simultaneously conducting ions p calculated from Eq. 4-4 is plotted in Figure 4-7 and the
fraction of ions participating in conduction ( p / p0 wherein p0 , listed in Table 4-2, is the total
anion number density55) is shown in the Figure 4-7 inset. The temperature dependence of
simultaneously conducting ion concentration for these imidazolium-based ionomers is well
described by an Arrhenius equation
 E 
p  p exp   a 
 RT 

(4-6)

wherein p and Ea , listed in Table 4-3, are the conducting ion concentration as T   and the
activation energy for conducting ions, respectively. The fact that for some ionomers p is
smaller than p0 indicates some of the counterions are too strongly aggregated to participate in
ionic conduction, and 1  p / p0 (listed in Table 4-3), tells us the fraction of counterions that are
trapped and are unable to participate in conduction.65 The observation that ionomers with ndodecyl tails have much higher fraction of trapped ions than ionomers with n-butyl tails suggests
that C12-PF6 (3c) and C12-Tf2N (3d) exhibit stronger ionic aggregation than C4-PF6 (3a) and C4Tf2N (3b), consistent with the stronger qIII peak in X-ray scattering in section 4.3.2 and the

analysis of the static dielectric constant in section 4.3.5. The activation energies for the PF6¯
ionomers (C4-PF6 (3a) and C12-PF6 (3c)) are higher than those for the Tf2N¯ ionomers (C4-Tf2N
(3b) and C12-Tf2N (3d)), indicating a lower binding energy for the imidazolium ions with the

larger Tf2N¯ ions than for the PF6¯ ions,31 as anticipated by the ab initio calculations presented in
Table 1. The length of tail also affects the activation energy; ionomers with n-dodecyl tails
exhibit lower activation energies of the simultaneously conducting ions than those with n-butyl
tails. Without microphase separation, the nonpolar n-butyl tails are included in the dielectric
constant of the surroundings, but when the n-dodecyl tails microphase separate, they no longer
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lower the dielectric constant in the phase where the ions reside. This effectively means that the
dielectric constants (before ions move) are larger for ionomers with n-dodecyl tails than for those
with n-butyl tails, lowering the effective activation energy for ion motion.
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Figure 4-7| Temperature dependence of simultaneously conducting ion concentration p . Solid
(PF6¯ ionomers) and dashed (Tf2N¯ ionomers) lines are Arrhenius fits to Eq. 4-6 with two fitting
parameters ( Ea and p , listed in Table 4-3). The observation that ionomers with the n-dodecyl
tails have much lower p than ionomers with the n-butyl tails suggests that the n-dodecyl tails
aggregate ions. The inset displays the fraction of anions simultaneously participating in
conduction ( p divided by the total anion concentration p0 ).

The inset in Figure 4-7 indicates that the fraction of counterions simultaneously
participating in conduction ( p / p0 ) in these single-ion conductors is quite low, < 0.1% of the
total number of counterions, except at the highest temperatures studied. The conducting ion
content evaluated from the EP model is the number density of ions in a conducting state in any
snapshot, which sets the boundary condition for the solution of the Poisson-Boltzmann equation.
Only a small fraction of total ions is in a conducting state at any given instant in time, similar to
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observations on other single-ion conducting ionomers with alkali metal counterions47-49 or ionic
liquid counterions.34,64-65
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Figure 4-8| Temperature dependence of simultaneously conducting ion mobilities for PF6¯ and
Tf2N¯ ionomers, determined from (1) the EP model (filled symbols) and (2) dividing the DC
conductivity data by the product of the elementary charge e and the Arrhenius fit to Eq. 4-6 of
simultaneously conducting ion number density p (open symbols, referred to as extended
mobility). Both mobility and extended mobility are fit to Eq. 4-7 as solid and dashed curves.
Tf2N¯ ionomers (C4-Tf2N (3b) and C12-Tf2N (3d)) have consistently higher mobilities than PF6¯
ionomers (C4-PF6 (3a) and C12-PF6 (3c)). The inset shows the ionic mobilities with respect to
inverse temperature normalized by T0 , indicating that ionomers with n-butyl tails have higher
mobilities than those with n-dodecyl tails.

Mobility of Conducting Ions.

The temperature dependence of the mobility of the

simultaneously conducting ions determined from the EP model is displayed in Figure 4-8 as the
filled symbols. Since conductivity can be measured over a far wider temperature range, we
divide the DC conductivity data in Figure 4-5 by the elementary charge e and by the Arrhenius
fit to Eq. 4-6 of simultaneously conducting ion number density p to determine an extended
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mobility, plotted in Figure 4-8 as the open symbols. Both mobility and extended mobility are
then fit to the Vogel-Fulcher-Tammann (VFT) equation,



DT0 

 T  T0 

   exp  
wherein

(4-7)

 is the highest temperature limit of the mobility, T0 is the Vogel temperature and D

is the so-called strength parameter (reciprocally related to fragility m ). The ionic mobilities of
Tf2N¯ in C4-Tf2N (3b) and C12-Tf2N (3d) are higher than those of PF6¯ in C4-PF6 (3a) and C12PF6 (3c) because the larger Tf2N¯ anion imparts lower Tg . To understand the effect of tail

length, the mobilities are also plotted against T0 / T (see inset of Figure 4-8). The data do not
merge into a single curve, but instead yield two separate curves. The ionomers with shorter tails
(C4-PF6 (3a) and C4-Tf2N (3b)) have somewhat higher mobilities than those with longer tails
(C12-PF6 (3c) and C12-Tf2N (3d)) for the same T0 / T . Similar results were reported for pure
ionic liquids,11,66 whereby increasing the alkyl chain length from butyl to hexyl to octyl increases
the viscosity of ionic liquids based on 1-alkyl-3-methylimidazolium with a Tf2N¯ anion. Since
the VFT temperature dependence of ion mobility reflects the coupling of segmental motion and
ion transport, the lower ion mobility in our ionomers with C12 is likely caused by their slower
segmental motion due to their stronger ion aggregation, seen in the X-ray data in Figure 4-4.

4.3.5 Static Dielectric Constant

The static dielectric constant  s is defined as the low frequency plateau of  '( ) before
EP begins, shown in Figure 4-6 and calculated using Eq. 4-1 from the measured  DC and  
obtained from fitting EP to Eq. 4-3.47,64-65 Figure 4-9 displays the static dielectric constant for
these imidazolium-based ionomers and the non-ionic polymer 5 vs. inverse temperature. The
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non-ionic polymer 5 having no imidazolium cation nor anion exhibits  s  8 at room
temperature.  s for the ionomers with imidazolium cation and either PF6¯ or Tf2N¯ anion is much
larger, especially for those with n-butyl tails (C4-PF6 (3a) and C4-Tf2N (3b)) with  s  80 at the
lowest temperatures studied. As the tail length increases from butyl to dodecyl,  s in C12-PF6
(3c) and C12-Tf2N (3d) significantly decreases.
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Figure 4-9| Temperature dependence of static dielectric constant  s for imidazolium-based
ionomers and a non-ionic polymer. The lines are predictions of the Onsager equation with fixed
concentration and strength of dipoles: the purple dotted line is Eq. 4-8 for non-ionic polymer 5
with  i vi mi2 /  9 0 k   249 K as the sole fitting parameter and the colored solid and dashed lines

are Eq. 4-9 for the four imidazolium-based ionomers, assuming all ions exist as isolated contact
pairs ( pair  p0 ) with dipoles given by the ab initio estimates in Table 4-1 and assuming the
Kirkwood correlation factor g  1 .
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The temperature dependence of  s for the non-ionic polymer can be understood through
the Onsager equation67-69
      2    
1

s

 s


2
9 0 kT


 s    2 
nonionic

 m
i

2

i

i

(4-8)

wherein  i is the number density of dipoles, mi is their dipole moment, and   is the high2
frequency limit of the dielectric constant (here taken to be an approximate value of    n ,

where n is the refractive index, listed in Table 4-2). The purple dotted line in Figure 4-9 is fit to
Eq. 4-8 with the

 vm
i i

2
i

term as the sole fitting parameter, showing that  s of the non-ionic

polymer 5 is well described by the Onsager equation. The polymerized ionic liquids have an
imidazolium cation attached to each side chain with the associated anion (PF6¯ or Tf2N¯) and for
such ionomers the contribution of the ions to the static dielectric constant can be analyzed49,59 by
simply adding the effect of ion pairs to Eq. 4-8:
      2    
 pair m pair 2    s     2 s     


s
 s




2
2
9 0 kT




 s    2 


 2


s
ionomer
nonionic

(4-9)

wherein  pair is the number density of ion pairs and mpair is their dipole moment. The solid and
dashed lines in Figure 6 are the Onsager predictions of Eq. 4-9 for each ionomer, assuming all
ions are in the isolated ion pair state ( pair  p0 , listed in Table 4-2) with the contact pair dipole
from ab initio listed in Table 4-1. Starting at the top of Figure 4-9 the Onsager prediction for the
ionomers with n-butyl tails, C4-PF6 (3a) and C4-Tf2N (3b) agree reasonably with their measured

 s . The Onsager equation predicts that the dielectric constant decreases as temperature increases
(as 1/T) from thermal randomization. The Onsager prediction for C4-PF6 (3a) is ~13% above the
measured dielectric constant, presumably indicating that the dipole of the ion pairs for
imidazolium-PF6 is overestimated by ~7% in our ab initio calculations (Table 4-1). Although the
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ionomers with n-dodecyl tails exhibit dielectric constants that parallel the Onsager prediction of
Eq. 4-9, C12-PF6 (3c) and C12-Tf2N (3d) show nearly identical dielectric constants across the
entire temperature range, that are more than a factor of 2 below the Onsager prediction of Eq. 4-9.
Those ionomers with n-dodecyl tails are still significantly more polar than the non-ionic polymer
5 but many of their ions are aggregated, analogous to lithium sulfonate-PEO ionomers.59

Another way to view ion aggregation is that this effectively correlates neighboring
dipoles of ion pairs. Correlation of neighboring dipoles was considered by Kirkwood70-71 and
Fröhlich69 by introducing a prefactor g into Eq. 4-9 and this idea is extensively utilized.42,68-69
For example, the dielectric constants for highly associating liquids such as acids, alcohols, and
water are underestimated by the Onsager theory.71 On the other hand, molecules with internal
hindered rotation or restricted rotational degrees of freedom that prohibit alignment with the field
cannot fully respond to the field as expected from their individual dipole moments, and therefore,
the Onsager model overestimates the resulting dielectric constant.72
g
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 pair m 2pair

      2          2    

 s


s

s

s






2
2


 s    2 
 s    2 


nonionic 

(4-10)

If there are no specific correlations, g  1 and the Kirkwood-Fröhlich equation reduces to the
Onsager equation.

For polar liquids in which dipoles tend to orient with parallel dipole

alignments, g  1 . For example, hydrogen bonding in water makes g = 2.9 at 0 oC, decreasing
steadily as temperature is increased, to g = 2.3 at 100 oC. When dipoles either prefer antiparallel
alignment or a significant fraction of dipoles are unable to move in response to the field, g  1 .
The g factor can be calculated from Eq. 4-10 by assuming that all ions are in the isolated contact
pair state ( v pair  p0 where p0 , listed in Table 4-2, is the total anion number density) with the
contact pair dipole from ab initio listed in Table 4-1.
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Figure 4-10| Dielectric loss derivative spectra fit (solid lines) to the sum of a power law for EP
and two derivative forms of the HN function for ion rearrangement and polymer segmental
motion of (a) PF6¯ ionomers (C4-PF6 (3a) and C12-PF6 (3c)) at 303 K and (b) Tf2N¯ ionomers
(C4-Tf2N (3b) and C12-Tf2N (3d)) at 273 K. Two relaxation processes (  2 at lower frequency
and  at higher frequency) are observed and individual contributions of the relaxations are
shown as dashed lines. The solid curves are five-parameter fits to Eq. 4-12 with fixed values of
the EP power law slope76 ( s ) and shape parameters of the two HN functions ( a and b ) for (a)
PF6¯ ionomers: s  1.88 , a 2  1.0 , b 2  0.5 , a  1.0 and b  0.2 and for (b) Tf2N¯ ionomers:

s  1.91 , a2  0.88 , b 2  0.55 , a  1.0 and b  0.2 .
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Our imidazolium ionomers exhibit apparent Kirkwood correlation factors 0.8  g  1.1
for ionomers with n-butyl tails and 0.2  g  0.4 for ionomers with n-dodecyl tails, over the
whole temperature range studied. This can explain the strong increase in intensity of the ionic
aggregate scattering peak in the X-ray data of Figure 4-4, as the tail length increases from n-butyl
to n-dodecyl. Ionic aggregation makes g  1 for the ionomers with n-dodecyl tails while g  1
for the ionomers with n-butyl tails.

4.3.6 Dielectric Relaxations

In addition to ion conduction of these ionomers, to assess the effect of anions and tail
length on polymer chain or ion dynamics, the loss peaks of dipolar relaxation processes are
evaluated. However, electrode polarization and conduction can obscure the loss peaks of interest
that are due to ion motion or segmental relaxation.43 Thus, we use the derivative formalism73
which eliminates the conductivity contribution from loss spectra to elucidate relaxation processes
in the temperature range where EP and conductivity dominate.48-49

 der  
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(4-11)

In the derivative spectra of Figure 4-10, these imidazolium-based ionomers exhibit two dielectric
relaxations designated as  and  2 in the order of decreasing frequency. The dipolar relaxations
were further explored by fitting the derivative spectra with one power law for EP plus two
Havriliak-Negami (HN) functions for those two dielectric relaxations

 der



'
'
  HN


   

    HN   
'
 A 
with  HN    Real 

 

b
a


2   ln  
  ln   
 1   i / HN   
2

s



 

(4-12)

127

10

8

10

6

10

4

10

2

10

0

max [rad/s]

(a)

C4-PF6 (3a)
C4-Tf2N (3b)
C12-PF6 (3c)

10

-2

C12-Tf2N (3d)
2 (filled symbols)
 (open symbols)

3.2

3.6

4.0

4.4

-1

1000/T [K ]

100
(b)

2 (filled symbols)

80

 (open symbols)

C4-PF6 (3a)

60



C4-Tf2N (3b)
C12-PF6 (3c)

40

C12-Tf2N (3d)

20

0
2.6

2.8

3.0

3.2

3.4

3.6

3.8

4.0

4.2

4.4

-1

1000/T [K ]
Figure 4-11| Temperature dependence of (a) relaxation frequency maxima max and (b)

relaxation strengths  of the  (open symbols) and  2 (filled symbols) processes. The solid
(PF6¯ ionomers) and dashed (Tf2N¯ ionomers) curves are fits of the VFT equation (Eq. 4-14)
using T0 from the mobility VFT fits in Figure 4-8.
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wherein A and s are constants,   is the relaxation strength, a and b are shape parameters
and HN is a characteristic frequency related to the frequency of maximal loss max by43,74-75
1/ a




max  HN  sin

a 

2  2b 

ab 

 sin

 2  2b 

1/ a

(4-13)

In each fit of the ionomer derivative spectrum at each temperature, five of the ten parameters in
Eq. 4-12 are fixed (EP power law exponent76 s and the two sets of HN shape parameters a and

b ) to values given in the Figure 4-10 caption and the relaxation strengths are constrained with
  2         s . The peak relaxation frequency max and relaxation strength   of the 
and  2 processes are determined from this fitting and their temperature dependences are
displayed in Figure 4-11. In ionic liquids, dielectric relaxation processes from motions of anions
and cations are observed.77-78 Ionomers exhibit two dipolar relaxations,48-49 assigned to the usual
segmental motion of the polymer (  ) and a lower frequency relaxation that increases in strength
with ion content,49 (  2 ) attributed to ions rearranging, for instance, exchanging states between
isolated pairs and aggregates of pairs.
The peak relaxation frequencies of the  process of glass-forming liquids, polymers and
ionomers follow VFT temperature dependence with the same Vogel temperature T0 as was found
for the mobility of simultaneously conducting ions.
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 T  T0 

max   exp  

(4-14)

The curves in Figure 4-11a are fits to Eq. 4-14 using the T0 from the mobility VFT fits in Figure
4-8 with strength parameter D and high temperature limiting frequency  listed in Table 4-4
for the  and  2 processes. The  process involves segmental motion and hence, is related to
the glass transition. This is why PF6¯ ionomers having higher Tg exhibit slower  processes than
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Tf2N¯ ionomers having lower Tg . Many glass-forming liquids and non-ionic polymers have

 max of the  process ~ 0.01 rad/s at their Tg .79 Here we extrapolate the VFT fits of the 
process (Eq. 4-14 and curves in Figure 4-11a) to 0.01 rad/s to get the DRS Tg listed in Table 4-2.
There is reasonable agreement between DRS Tg and DSC Tg for the ionomers with C12 tails but
those with C4 tails have DRS Tg ~ 8 K lower than DSC Tg and the DRS Tg s of the ionomers
with the same anions (PF6¯ or Tf2N¯) are nearly identical in spite of different tail length (also
evident in Figure 4-11a). The ionomers with C12 tails aggregate most of their ions so the
magnitude of the  2 relaxation involving ion rearrangement is much smaller than for the
ionomers with C4 tails and this is likely why there is a large difference in DRS and DSC Tg s of
the ionomers with C4 tails. Calorimetry sees both  and  2 processes and is more impacted by
the latter, slower process when its magnitude is stronger (see Figure 4-3).
In polymers with polar side groups, generally an  process is assigned to side chain
motion.80 The observation that ionomers with n-butyl tails (C4-PF6 (3a) and C4-Tf2N (3b))
having higher Tg show even faster  process than those with n-dodecyl tails (C12-PF6 (3c) and
C12-Tf2N (3d)) having lower Tg is connected to their fragility m , calculated by

m

d log  



d Tg / T




T Tg
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Tg  ln10  1  T0 / Tg
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,
(4-15)

wherein D and T0 are VFT fitting parameters for  (open symbols in Figure 4-11a). The
estimated fragility m values of these imidazolium-based ionomers are given in Table 4-2 with
error estimates based on the extrapolation of the VFT fit to Tg , discussed above. The 25% higher
fragility of ionomers with C4 tails can be understood by the enhanced aggregation of the ionomers
with C12 tails, reflected in the X-ray data of Figure 4-4. Aggregated ions present a strong
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energetic barrier for segmental motion that always lowers fragility.81-82 Similar reductions in
fragility with increasing side chain length have been reported for poly(n-alkyl methacrylates)83
and poly(α-olefins).84
The peak relaxation frequencies of the  2 processes of these ionomers occurring at
frequencies approximately two orders of magnitude lower than those of the  processes also
follow a VFT temperature dependence. Like the  process, Tf2N¯ ionomers have faster  2
process than PF6¯ ionomers due to Tf2N¯ counterion imparting lower Tg . Ionomers with the same
counterion have almost identical  2 relaxation frequencies in spite of having different tail length.
This suggests that the  2 processes must be primarily related to rearrangements of ions that are
not strongly aggregated, consistent with literature on dielectric spectroscopy of other single-ion
conducting ionomers.48-49,59 In Figure 4-11b, the relaxation strength  for the  2 process is
much larger than that for the  process.

Additionally,  2 has a strong temperature

dependence, but   has no temperature dependence with    8 for all four ionomers. The
stronger  2 process involving ionic rearrangements primarily determines the temperature
dependence of  s shown in Figure 4-9. Interestingly, ionomers with n-butyl tails (C4-PF6 (3a)
and C4-Tf2N (3b)) have much larger  2 than those with n-dodecyl tails (C12-PF6 (3c) and C12Tf2N (3d)), consistent with n-dodecyl tails promoting ion aggregation as seen in X-ray (Figure 4-

4).

The n-butyl tails in C4-PF6 (3a) and C4-Tf2N (3b) allow more ions to participate in

conduction (Figure 4-7) and rearrange in the  2 process, by not having so many aggregated ions.

131
4.3.7 Temperature Dependence of Ion Conduction and Polymer Relaxation

Conductivity is the product of charge e , number density of carriers p and their mobility

 for single-ion conductors, so the temperature dependence of  DC (T ) shown in Figure 4-5 has
already been evaluated by our Arrhenius fit of p (T )  p exp[  Ea /( RT )] , in Figure 4-7 and our
VFT fit of extended mobility  (T )   DC (T ) /[ep (T )] to Eq. 4-7 in Figure 4-8.
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 exp  

 RT 
 T  T0 

 DC  e p exp  

(4-16)

Predictions of Eq. 4-16 with parameters listed in Tables 4-3 and 4-4 are shown as the
solid and dashed curves in Figure 4-5. The fact that  ,  2 ,  and  DC all share a common
Vogel temperature demonstrates strong coupling between motion of counterions and polymer
segmental dynamics.

The Vogel temperature T0 lies 37 K below the DSC glass transition

temperature for each ionomer ( Tg  T0  37 K ). A vital point is that the VFT fit in Figure 4-8 to
extended mobility data calculated from conductivity enables this conclusion because conductivity
is measured with high precision very close to Tg . Independent VFT fits to the significantly less
precise  or  2 would not yield identical T0 to that from extended mobility, but the Vogel
temperature from extended mobility can give a good description of the temperature dependences
of  and  2 (compare curves and data in Figure 4-11a).
Barton, Nakajima, and Namikawa85-87 (BNN) suggested that conduction and dielectric
relaxation have their origins in one diffusion process and proposed a simple empirical scaling
correlation between ionic conductivity  DC and the product of relaxation strength  and
frequency at the loss maximum  max .

 DC  max

(4-17)
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As shown in Figure 4-12, the conductivity can be successfully scaled in accordance with Eq. 417, further demonstrating that conductivity is strongly coupled with both ion motion (  2 process)
and polymer segmental motion (  process).
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Figure 4-12| DC conductivity  DC against the product of relaxation strength  and frequency
 max of the  2 (filled symbols) and  (open symbols) processes. The solid and dashed lines are
fits of the BNN law (Eq. 4-17) with slopes of unity.

4.4 Conclusions

This chapter correlates morphology, ion conduction and dielectric response of
imidazolium-based single-ion conductors with two different anions and with two different
imidazolium tail lengths. The effect of counterions is clearly observed in the glass transition
temperature and ionic conductivity; Tf2N¯ ionomers with lower Tg s have higher ionic
conductivities than PF6¯ ionomers with higher Tg s, as anticipated by ab initio calculations that
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show that the imidazolium cation is less prone to aggregation with Tf2N¯ counterions than with
PF6¯ counterions. The ionic conductivity is also strongly coupled with ion motion (  2 ) and
polymer segmental motion (  ) from the observation of a common Vogel temperature in the VFT
temperature dependence of the mobility of simultaneously conducting ions  , ion
rearrangements (  2 ) and polymer segmental motion (  ).
The n-dodecyl tail results in strong ion aggregation over the whole temperature range
studied, as clearly seen in X-ray scattering and dielectric constant. The n-butyl tail promotes very
little ionic aggregation, with a significantly larger dielectric constant that agrees reasonably with
the Onsager prediction. Significant increase of the relaxation strength of the ion rearrangement

 2 for ionomers with n-butyl tails accounts for the significantly larger static dielectric constants
and higher mobilities for the simultaneously conducting ions.
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Chapter 5
Dielectric and Viscoelastic Behavior of Imidazolium-based Ionomers with
Different Counterions amd Side Chain Lengths
A molecular-level understanding of dynamics in imidazolium-based ionomers with
different counterions and side chain lengths was investigated using X-ray scattering, oscillatory
shear and dielectric spectroscopy. Variations of the counterion size and side chain length lead to
changes in Tg, extent of ionic aggregation and dielectric constant with consequences for ion
transport. A physical model of electrode polarization is used to determine number density of
simultaneously conducting ions, their mobilities and dielectric constants of their medium. The
larger counterion and longer side chain lower Tg, resulting in higher ionic conductivity and
mobility than the smaller counterion and shorter side chain that raise Tg. The ionic mobility is
coupled to ion motions (  2 ), attributed to ion rearrangement, and segmental motions (  ),
associated with the glass transition, as these are observed to share the same Vogel temperature.
Time temperature superposition (tTS) was applied to create linear viscoelasticity master curves
and investigate the delay in chain motion related to ionic associations. tTS works well for these
materials and terminal relaxation time increases with decreasing side chain length and smaller
counterion size. X-ray scattering confirms the extent of ionic aggregation and helps to rationalize
the dielectric constant from dielectric measurements. Larger counterions or longer side chains
diminish ionic aggregation and their ionomers have higher dielectric constants, which agree
reasonably with the Onsager prediction at all temperatures studied. Smaller counterions or
shorter side chains promote ionic aggregation and their ionomers have lower dielectric constants,
which are directly reflected in the lower simultaneously conducting ion content.
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5.1 Introduction

Ionic liquids (ILs) are composed entirely of large cations and anions with weak
interactions, and are highly advantageous because of their unique combination of physical
properties including high thermal and chemical stability, negligible vapor pressure, broad
electrochemical window, and high ionic conductivity.1-4 A common drawback to the use of ILs,
however, is a concern about leakage of ILs in battery technology as well as in other typical
organic electrolyte applications.1 Hence, ILs have been synthesized with vinyl groups so that
they can make polymerized ionic liquids (PILs), which carry an ionic liquid species in each
repeating unit.5-16

The advantages of using the PILs are the enhanced stability, improved

mechanical durability resulting from polymerization, and the simplification that only the
counterions are able to move large distances rapidly. This makes PIL single-ion conductors ideal
polymer electrolytes for advanced electrical energy storage and conversion devices, such as fuel
cells and batteries or electro-active ionic actuators and sensors. However, the ionic conductivity
of ILs containing vinylimidazolium cations decreases considerably after polymerization, because
the glass transition temperature (Tg) increases.5 It is therefore necessary to have a fundamental
understanding of the relationships between chemical structure, morphology, and ion transport
properties, which provide insights for the design of high-conductivity single-ion conductors for
diverse applications.
PILs derived from 1-alkyl-3-vinylimidazolium salts and their conducting properties were
studied in 1998 by Ohno and Ito5 and these materials have been extensively studied since.6,8-14,16-29
The pendant structures of these polymers were varied by introduction of polymerizable
(meth)acrylate moieties; imidazolium units placed at the end of longer brush pendant chains
afforded higher conductivities than shorter brush polymers.17,18

Elabd and co-workers19

investigated the effect of compositions on ion conduction for imidazolium methacrylate and hexyl
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acrylate random copolymers. The copolymers displayed higher conductivity with high Tf2Nincorporation, due to a suppressed Tg, without microphase separation. Green et al.23 and Salas-de
la Cruz et al.27 investigated the morphology and ionic conductivity of alkyl-substituted
vinylimidazolium-based PILs as functions of alkyl chain length and counterion type. As the
counterion size increased, regardless of alkyl substituent length, Tg decreased and ionic
conductivity increased.
Nakamura et al.20,28 studied the dynamics of poly(1-ethyl-3-vinylimidazolium)-based
PILs with various counterions using dielectric and rheological measurements.

In the PILs,

conductivity, and a relaxation process associated with ion pair motion, displayed Arrhenius
temperature dependence at temperatures below Tg and become stronger and non-Arrhenius above
Tg. Nakamura and co-workers20,28 concluded that the ion pair motion, allowing an ion pair to
exchange its counteranion with a neighboring ion pair, is strongly correlated with ionic
conductivity.

They also revealed that from comparison between dielectric and rheological

spectra, the ion pair motion is faster than the segmental motion of the PILs.
We have extensively investigated the effect of imidazolium pendant structures,
particularly tail type21 (N-n-butyl vs N-diethyleneoxy) and length29 (N-n-butyl vs N-n-dodecyl),
on ion migration, aggregation, dielectric constant, and polymer chain dynamics. The introduction
of diethyleneoxy on the imidazolium cation (instead of n-butyl) affected the thermal and ion
transport properties of the PILs: the N-substituent diethyleneoxy imparted higher ion mobility
than the N-substituent n-butyl, for both monomers and polymers, by promoting ion dissociation
and lowering Tg. In addition, n-dodecyl tails resulted in strong ion aggregation, as clearly seen in
X-ray scattering, whereas the n-butyl tails promoted very little ionic aggregation and a
significantly larger dielectric constant, imparting higher mobilities for the simultaneously
conducting ions.29
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Herein, we explore dielectric and viscoelastic response of imidazolium-based PILs with
different counterions and side chain lengths. The glass transition temperatures (Tg), storage ( G ' )
and loss ( G '' ) moduli, ionic conductivities (  DC ), and dielectric constants (  s ) of these ionomers
are reported. The viscoelastic and dielectric measurements are particularly powerful tools for
investigating the impact of associating ion pairs or aggregates and the motion of molecules or
substituent groups over a broad time range.30,31 Electrode polarization (EP) at lower frequencies
in dielectric measurements can also be interpreted to estimate the number density of
simultaneously conducting ions and their mobilities.32-34 EP analysis has recently been utilized
with great success for many single-ion conductors above Tg.21,29,35-37 Our studies of polymer
dynamics are complemented by morphology studies using X-ray scattering.

5.2 Experimental

5.2.1 Materials

2-Bromoethanol (95%), methacryloyl chloride (97%, stabilized with 200 ppm
monomethyl ether hydroquinone (MEHQ)), triethyl-amine (≥99.5%), dichloromethane (ACS
reagent, ≥99.5%, containing 50 ppm amylene stabilizer), magnesium sulfate (anhydrous,
ReagentPlus®, 99%), 1-butylimidazole (98%), 2,6-di-tert-butyl-4-methylphenol (99%), diethyl
ether (anhydrous, ≥99.7%, containing 1 ppm BHT inhibitor), azobisisobutyronitrile (AIBN,
97%), acetone (HPLC grade, ≥99.9%), sodium tetrafluoroborate (NaBF4, 98%), lithium
bis(trifluoromethanesulfonyl) imide (LiTf2N, 97%), acetonitrile (anhydrous, 99.8%), N,Ndimethylformamide (DMF, ACS reagent, ≥99.8% and HPLC grade, ≥99.9%), and methyl
sulfoxide-d6 (DMSO-d6, 99.9%, containing 0.03% v/v TMS) were purchased from Aldrich.
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Figure 5-1 shows the molecular structures of the imidazolium methacrylate with (a) an
intermediate side chain length and Tf2N- counterions (referred to as Intermediate-Tf2N), (b)
intermediate side chain length and BF4- (referred to as Intermediate-BF4), and an imidazolium
acrylate with (c) the longest side chain length and Tf2N- (referred to as Longest-Tf2N). Their
results are also compared with the earlier studies20 of the imidazolium acrylate with (d) the
shortest side chain and Tf2N- (referred to as Shortest-Tf2N). The dielectric and mechanical
responses of acrylate and methacrylate polymers are known to be insensitive to the rigidity of the
main chain,38 while there is a pronounced dependence of the structure and dynamics on the side
chain length.39-42 The ionomers were synthesized as described earlier26,29 (for the Intermediate
ionomers see ref. 26 and the Longest ionomer see ref. 29).
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Figure 5-1| The chemical structures of the imidazolium-based ionomers with (a) intermediate
side chain with Tf2N- counterion,26 (b) intermediate side chain with BF4- counterion,26 and (c)
longest side chain with Tf2N- counterion.29 The results from our ionomers are also compared with
the earlier studies5,10,20,22,28 of ionomers with (d) the shortest side chain with Tf2N- counterion.
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5.2.2 Thermal Characterization

Glass transition temperatures (Tg) were determined using a TA Instruments Q100
differential scanning calorimeter (DSC) using 10 K/min cooling and heating rates on ~ 10 mg
samples. Tg is taken as the midpoint of the heat capacity change on heating.

5.2.3 Linear Viscoelasticity (LVE)

Linear viscoelastic response of the imidazolium-based ionomers was studied in
oscillatory shear using a Rheometric Scientific Advanced Rheometric Expansion System
(ARES)-LS1 rheometer with a force rebalance transducer measuring 0.2 – 2000 g-cm torque. All
samples were dried under vacuum at 80 °C for 72 hours to remove voids and water and then
loaded to parallel plates with diameter of either 7.9 mm at temperature more than 30 K above Tg
or 3.1 mm at temperatures near Tg. Each sample was then annealed in the instrument at 120 °C in
a heated steam of nitrogen for 2 hours prior to measurements, for precise geometry and proper
contact (wetting of the aluminium plates). The storage and loss moduli were measured using 10-2
– 102 rad/s frequency range and small strain amplitudes (linear response) for all experiments.

5.2.4 Dielectric Relaxation Spectroscopy (DRS)

The dielectric measurements of the ionomers were performed using dielectric relaxation
spectroscopy. Samples were prepared for the measurement by allowing them to flow to cover a
30 mm diameter freshly polished brass electrode at 100 °C in vacuo. To control sample thickness,
either Teflon spacers with 200 – 500 μm heights for Intermediate-BF4 and -Tf2N or a silica
spacer with 50 μm for Longest-Tf2N (due to limited sample quantity) were placed on top of the
sample after it flowed to cover the electrode. Then a 20 mm diameter freshly polished brass
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electrode was placed on top to make a parallel plate capacitor cell which was squeezed to a gap of
spacers in the instrument (with precise thickness checked after dielectric measurement was
complete). The ionomers sandwiched between two electrodes were positioned in a Novocontrol
GmbH Concept 40 broadband dielectric spectrometer, after being in a vacuum oven at 100 °C for
24 h. Each sample was then annealed in the instrument at 120 °C in a heated stream of nitrogen
for 1 hour prior to measurements to remove moisture acquired during sample loading. The
dielectric permittivity was measured using a sinusoidal voltage with amplitude 0.1 V and 10-2 –
107 Hz frequency range for all experiments. Data were collected in isothermal frequency sweeps
every 5 K, from 120 °C to near Tg.

5.2.5 X-ray Scattering

X-ray scattering was performed with a multi-angle system that generates Cu-Kα X-rays,
 = 0.154 nm, from a Nonius FR 591 rotating anode operated at 40 kV and 85 mA. The bright,
highly collimated beam was obtained via Osmic Max-Flux optics and pinhole collimation under
vacuum. The scattering data were collected using a Bruker Hi-Star two-dimensional detector
with a sample-to-detector distance of 11 cm. To minimize the exposure of the materials to
moisture, previously dried samples were inserted into 1 mm glass capillaries and dried under
vacuum at 110 °C. As the samples flowed into the capillary under vacuum, bubbles were
eliminated. The filled capillaries were cooled to room temperature under vacuum and sealed.
The X-ray scattering profiles were evaluated using Datasqueeze software.43 The intensities were
first corrected for primary beam intensity and background scattering from an empty 1 mm glass
capillary was subtracted. Intensities were not corrected for sample density. The isotropic 2-D
scattering patterns were azimuthally integrated to yield intensity versus scattering angle.
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5.3 Results and Discussion

5.3.1 Glass Transition Temperature

The imidazolium-based ionomers have a single glass transition, as reported in Table 5-1.
The ionomers do not display crystallization or melting in the temperature range of -80 ~ 200 ˚C.

Table 5-1| Glass Transition Temperatures, Total Ion Concentrations p0 and Refractive Indices n
of Ionomers

Tg

Sample

p0
20

a

na

(K)

(x10 cm-3)

Intermediate-BF4

358

22.0

1.51

Intermediate-Tf2N

288

16.0

1.44

Longest-Tf2N

230

10.3

1.46

a

Total ion concentration and refractive index were determined from a group contribution method
based on molecular structure.44

Table 5-2| Ab initio Interaction Energiesa at 0 K for Butyl Methyl Imidazolium with BF4¯ and
Tf2N¯.

Ion Pair

Triple (+)

Triple (–)

Quadrupole

Aggregation
factor

Epair
(kJ/mol)

Etr+
(kJ/mol)

Etr–
(kJ/mol)

Equad
(kJ/mol)

Equad/2Epair

BF4¯

361

474

470

804

1.114

13.1

Tf2N¯

310

413

415

680

1.096

14.1

Counteranion

Pair
Dipole
mpair
(Debye)

a

All calculations were performed using density functional theory methods with the Gaussian 03
software package.45,46 Exchange and correlation were included using the hybrid-GGA B3LYP
functional.47-49
For the Intermediate-ionomers, replacing BF4- with Tf2N- lowered Tg by ~ 70 K. The Tf2Ncounterion has previously been shown to act at a plasticizer for imidazolium ionic liquids14,50 and
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their polymers.10,19,21 Since association of ion pairs allows them to act as temporary crosslinks
that raise Tg, the more strongly associating BF4- imparts higher Tg than Tf2N- for the imidazoliumbased ionomers.

This is consistent with the higher quadrupole energy (and larger ratio

Equad/2Epair) for BF4- than for Tf2N- from the ab initio calculations (Table 5-2), indicating that
imidazolium-BF4- should aggregate more than imidazolium-Tf2N-. The side chain length also
affects the Tg: ionomers with Tf2N- counterion decrease Tg as the side chain length increases
[Shortest-Tf2N (Tg = 329 K)20,23 > Intermediate-Tf2N (Tg = 288 K) > Longest-Tf2N (Tg = 230
K)].

5.3.2 X-ray Scattering.

Figure 5-2 compares the room temperature X-ray scattering profiles for the three
ionomers with different side chain lengths and counterions. Three distinct peaks are observed:
the higher-angle peak at qI  14 nm-1 corresponds to the amorphous halo, the more subtle
intermediate-angle peak at qII  9 nm -1 is attributed to correlation between the anions27,51-53 and
the lower-angle peak at qIII  4 nm -1 for the Tf2N- ionomers and qIII  5nm-1 for the BF4- ionomer
indicates the spacing between ion aggregates.29,54

For the amorphous halos at qI of the

Intermediate ionomers, the peak shifts to slightly lower wavevector as the anion size increases

from BF4- to Tf2N-. A similar shift is also observed for the anion-anion scattering peak at qII of
the Tf2N- ionomers as the side chain length increases. However, the BF4- ionomer does not
display a scattering peak at qII . This presumably indicates that due to similarities in electron
density of polymer backbone, side-chains, and counterions, the contrast is low in X-ray
scattering.27

148

100000

Intensity (a.u.)

qI

qII

qIII

10000

1000
Intermediate-BF4
Intermediate-Tf2N

100

Longest-Tf2N

0

2

4

6

8

10

12

14

16

18

-1

q (nm )
Figure 5-2| X-ray scattering intensity as a function of scattering wavevector q for the
imiazolium-based ionomers at room temperature. The arrows indicate peaks that correspond to
the amorphous halo ( qI ), anion-anion correlations ( qII ), and separation between ionic aggregates
( qIII ). The ionomer peak ( qIII ) intensity increases as the anion size decreases from Tf2N- to BF4-,
which we interpret to signify that small counterions favor ion aggregation. The data were shifted
on the log intensity scale for clarity.

In contrast, the scattering peak at qIII due to ionic aggregation shifts to higher q and its intensity
increases significantly as the anion size decreases from Tf2N- to BF4-. The increase in the
ionomer peak ( qIII ) intensity suggests that the ionomer with the BF4- counterion has more
extensive ion aggregation than the Tf2N- ionomers because the ionomer peak ( qIII ) intensity
arises from both the uniformity of the interaggregate spacing and the electron density difference
between the matrix and the ionic aggregates.55 The reduction in ionic aggregates for large anions
is also reflected in the Tg values reported in Table 5-1.
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5.3.3 Linear Viscoelastic Properties
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Figure 5-3| Storage ( bT G ' , filled symbols) and loss ( bT G '' , open symbols) moduli for
imidazolium-based ionomers with BF4- or Tf2N- counterions. Master curves referenced to Tg: 358
K (Intermediate-BF4), 288 K (Intermediate-Tf2N) and 230 K (Longest-Tf2N) are then divided
by vertical shift factor, X [Intermediate-BF4 (X = 105); Intermediate-Tf2N (X = 102); LongestTf2N (X =1)], for clarity.

To verify the effect of side chain length and counterion type on Tg and ionic aggregation
in these ionomers, we study their viscoelasticity which allows observation of the impact of
associating ion pairs, or aggregates acting as physical crosslinks between chains.56-67 Figure 5-3
shows the master curves of the storage bT G ' and loss bT G '' moduli on frequency aT  for these
ionomers, constructed using time-temperature superposition (tTS) referenced at Tg and using
time- and modulus-scale multiplicative shift factors aT and bT , respectively. tTS works well for
these materials, consistent with an earlier finding of the success of tTS for imidazolium-based
ionomers with various counteranions.22,28 Longest-Tf2N exhibits terminal liquid response in G '
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and G '' data, with limiting slopes of lim(log G '/ log  ) ~ 2 and lim(log G ''/ log  ) ~ 1 ,
 0

 0

respectively.68 However, Intermediate-Tf2N did not reach terminal response for frequencies
nearly 5 orders of magnitude lower than Longest-Tf2N. For Intermediate-BF4, while its Tg is
only 86 0C, the terminal response was not reached at temperatures up to 200 0C; instead a rubbery
plateau appears at the lowest frequency. Typically, an extensive rubbery plateau is only observed
in the bulk state of polymers when the molecular weight (MW) of the polymer exceeds 106.59
However, Intermediate-BF4 with a MW of 61,100 g/mol26 exhibits viscoelastic behavior that
resembles a crosslinked elastomer. Since Intermediate-Tf2N with a similar MW of 43,100
g/mol26 does not exhibit a plateau, this behavior is attributed to the strong ionic associations that
occur in the ionomer with small BF4 counterions, which is also reflected in the higher Tg (Table
1) and the stronger qIII peak in X-ray scattering (Figure 5-2). These findings that terminal
relaxation time increases with increasing ion content (or decreasing side chain length) and
decreasing counterion size have been observed in other ionomers.62-64,69 The slope of the glass-torubber transition region ( 108  aT   104 rad/s ) of G ' and G '' versus  for IntermediateTf2N is ~1/2, which agrees with the Rouse model,68 while the slope of 2/3 for Longest-Tf2N in

the transition region ( 105  aT   102 rad/s ) is akin to the Zimm model.68
The temperature dependence of the experimental shift factors, aT , used to construct
Figure 3 obeyed the Williams-Landel-Ferry (WLF) equation70 (see Figure 5-4):
log aT  

c1 (T  Tg )
c2  T  Tg



c1 (T  Tg )
Tg  T0  T  Tg

(5-1)

wherein c1 and c2  Tg  T0 are constants and T0 is the Vogel temperature. The fit parameters
c1 , c2 , and T0 are given in Table 5-3. The fact that c1 and c2 increase with increasing ion
content (or decreasing side chain length) is similar to what was found by Weiss et al.69 for
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sulfonated polystyrene ionomers, and indicates that the fractional free volume at Tg decreases
due to strong intermolecular associations, moving Tg to a higher temperature.71
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Figure 5-4| Temperature dependence of shift factors aT for time-temperature superposition of
oscillatory shear data vs. T-Tg. The solid curves are fits of the WLF equation (Eq. 5-1) using T0
from the mobility VFT fits in Figure 5-8.

Table 5-3| Fitting Parameters of the Temperature Dependence of the Shift Factor Fit to the WLF
Equation (Eq. 5-1)

Sample

c1

c2 (K)

T0 (K)

Intermediate-BF4

16.3

130

228

Intermediate-Tf2N

13.3

70

218

Longest-Tf2N

8.8

34

196

152
5.3.4 Ionic Conductivity
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Figure 5-5| Temperature dependence of ionic conductivity for Tf2N- and BF4- ionomers,
including literature data from ref. 20 for Shortest-Tf2N (green triangles). Lines indicate fits to
Eq. 5-15. The inset indicates the DC conductivity at Tg as a function of total ion content p0 . For
comparison,  DC at Tg for glass electrolytes,73 ionenes,74-76 and other imidazolium-based
ionomers29,77 are also added.

Figure 5-5 exhibits the temperature dependence of DC conductivity, evaluated from a
roughly 3-decade frequency range where the in-phase part of the conductivity  '     ''    0
is independent of frequency, as shown in Figure 5-6. There is a significant effect of counterion
type on ionic conductivity for ionomers. Due to the suppression of Tg, the larger Tf2N- anion
increases ionic conductivity of Intermediate-Tf2N by ~1000X at room temperature, compared to
Intermediate-BF4. However, the conductivities of the corresponding neat ILs are similar: 4.6

mS/cm for butyl methyl imidazolium with BF4- and 4.5 mS/cm for that with Tf2N- at 30 0C.72 For
Shortest-Tf2N, Intermediate-Tf2N and -BF4, we observe a change in character near Tg where
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the temperature dependence of conductivity changes from a Vogel-Fulcher-Tammann (VFT)
form ( T  Tg ) to an Arrhenius form ( T  Tg ). This abrupt change in the temperature dependence
of the conductivity has been found at the glass transition temperature in glassy electrolytes.78
However, the temperature dependence of the conductivity for Longest-Tf2N simply follows a
VFT dependence because the DC conductivity below Tg is far too low to be measurable in DRS.
Previous computer simulations indicated that for non-polymeric imidazolium ILs, the distribution
of the charged domains (anion/cation pairs) is not homogenous, but instead consists of a
continuous 3D network of ionic channels, coexisting with the nonpolar (alkyl chain) domains
which form dispersed microphases.79,80 When the PILs have short side chains (high ion content)
the ion domains presumably are continuous, thereby raising the conductivity and allowing
measurement far below Tg with the Arrhenius character seen for inorganic glasses. This is also
reflected in the inset of Figure 5-5, which displays that the DC conductivity at Tg increases with
total ion content p0 for various single-ion conductors. To further understand the conduction
mechanism, we analyze electrode polarization to investigate the temperature dependence of the
number density of simultaneously conducting ions p and their mobility  .

5.3.5 Electrode Polarization Analysis

A physical model of electrode polarization (EP) allows separation of ionic conductivity
into the number density of simultaneously conducting ions and their mobility,32-34,81,82 as has
recently been done for other single-ion conductors above Tg.29,35-37 Electrode polarization occurs
at low frequencies, where the transporting ions have sufficient time to polarize at the blocking
electrodes during the cycle. That polarization manifests itself in (1) an increase in the effective
capacitance of the cell (increasing the dielectric constant) and (2) a decrease in the in-phase part
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of the conductivity, as the polarizing ions reduce the field experienced by the transporting ions.
The time scale for conduction is the time where counterion motion becomes diffusive

 

 s 0
.
 DC

(5-2)

At low frequencies the conducting ions start to polarize at the electrodes and fully polarize at the
electrode polarization time scale

 EP 

 EP  0
,
 DC

(5-3)

wherein  EP is the (considerably larger) effective permittivity after electrode polarization is
complete (see Figure 5-6). The Macdonald and Coelho model 32-35,82 treats electrode polarization
as a simple Debye relaxation with loss tangent
tan  

 EP
.
1   2   EP

(5-4)

In practice, the loss tangent associated with electrode polarization, shown in Figure 5-6, is fit to
Eq. 5-4 to determine the electrode polarization time  EP and the conductivity time   . The
Macdonald and Coelho model then permits determining of the number density of simultaneously
conducting ions p and their mobility  from  EP and  

1   EP 
p


 lB L2    


2

eL2 
,
2
kT
4 EP

(5-5)

(5-6)

wherein lB  e2 /(4 s 0 kT ) is the Bjerrum length, L is the spacing between electrodes, k is the
Boltzmann constant, and T is absolute temperature.
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Figure 5-6| Frequency dependence of dielectric permittivity  ' (green triangles), dielectric loss
derivative  der (dark cyan circles), loss tangent tan  (orange diamonds) and in-phase part of the

conductivity  ' (red squares) for Intermediate-Tf2N at 303 K. The orange solid line represents
the geometric mean of the time scales of conductivity and electrode polarization ( EP  )1/ 2 from
Eq. 5-4 and dark cyan solid line represents the  2 relaxation frequency ( 2 ) from Eq. 5-11.
Master curves of storage ( bT G ' , blue squares) and loss ( bT G '' , cyan circles) moduli and loss
tangent ( tan  , orange diamonds) for Intermediate-Tf2N at the reference temperature of 303 K
are also included. The relaxation time of the monomer ( 0  1/ 0 ) , evaluated as the reciprocal
of the maximum peak frequency in a loss ( bT G '' ) curve around the glassy region, indicates the
segmental relaxation time obtained from rheological measurements.

Conducting Ion Content.

The temperature dependence of the number density of

simultaneously conducting ions p calculated from Eq. 5-5 is plotted in Figure 5-7 and the
fraction of ions participating in conduction ( p / p0 where p0 , listed in Table 5-1, is the total
anion number density) is shown in the Figure 5-7 inset.

The temperature dependence of

simultaneously conducting ion concentration for these imidazolium-based ionomers is well
described by an Arrhenius equation
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 Ep
p  p exp   a
 RT


 ,


(5-7)

wherein p and Eap , listed in Table 5-4, are the conducting ion concentration as T   and the
activation energy for conducting ions, respectively.
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Figure 5-7| Temperature dependence of simultaneously conducting ion concentration p .
Dashed (above Tg) and solid (below Tg) lines are Arrhenius fits to Eq. 5-7 with two fitting
parameters ( Eap and p , listed in Table 5-4). Tg is indicated by arrows; the Longest-Tf2N only
has p above Tg. The inset displays the fraction of anions simultaneously participating in

conduction ( p divided by the total anion concentration p0 ).

The fact that p is smaller than p0 indicates some of the counterions are too strongly aggregated
to participate ionic conduction, and 1  p / p0 (listed in Table 5-4) estimates the fraction of
counterions that are trapped in local environments.29,83 Not only does the BF4- ionomer have
more trapped ions than the Tf2N- ionomers, but also the Intermediate-ionomers have many more
trapped ions than the Longest-ionomer. This suggests that smaller counterion and shorter side

157
chain lead to stronger ionic aggregation, consistent with the viscoelasticity in section C and the
analysis of the static dielectric constant in section 5.3.6. On the other hand, there is no effect of
the counterion size or the side chain length on the activation energy; that is, their activation
energies are almost the same ( Eap ~ 13.8kJ/mol ).

Table 5-4| Fitting Parameters of the Arrhenius Equation for Conducting Ion Content, Eq. 5-7, and
the VFT Equation for Conducting Ion Mobility, Eq. 5-8
conducting ion content
sample

log(p0)
(cm-3)

conducting ion mobility

T > Tg

T < Tg

T < Tg

T > Tg

log(p∞)
(cm-3)

Eap
(kJ/mol)

1p∞/p0

log(p∞)
(cm-3)

Eap
(kJ/mol)

(cm V s )

log(  )
2

-1 -1

D

T0
(K)

(cm V s )

Ea
(kJ/mol)

log(  )
2

-1 -1

Intermediate
-BF4

21.3

19.9

13.9

0.96

18.2

1.3

1.1

8.9

228

7.9

96

Intermediate
-Tf2N

21.2

20.2

13.4

0.90

18.1

1.7

-0.2

4.5

218

19.4

144

Longest
-Tf2N

21.0

20.5

14.1

0.68

-

-

-1.1

3.4

196

-

-

It is evident that Intermediate-BF4 and -Tf2N show a transition point in conducting ion
concentration at Tg. In other words, both ionomers have two p s and Eap s, listed in Table 5-4,
below and above Tg. The values of p below Tg are much lower than those above Tg, suggesting
that ~0.1% ( p / p0 ~ 0.001 ) are not trapped and ~99.9% are trapped below Tg. The fact that
below Tg, the Longest-ionomer has lower p than the Intermediate-ionomers indicates that its
trapped fraction may be even higher than ~99.9%. To explain the results, we propose a simple
model for the conducting mechanism in the glassy state.

At temperatures below Tg, the

conducting species are most likely triple ions of [anion][cation][anion] within ion domains where
a triple ion moves and exchanges its extra anion with an adjacent ion pair without the need for
segmental motion. As a result, in the glassy state, although fewer ions (~0.1%) can participate in
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conduction (lower p ), the few conducting species have a low potential barrier (lower Eap ) that
counterions must overcome to move, suggesting continuous ion domains.
The inset in Figure 5-7 indicates that the fraction of counterions simultaneously
participating in conduction in these single-ion conductors is quite low, < 0.1 % of the total
counterions. The conducting ion content evaluated from the EP model is the number density of
ions in a conducting state in any snapshot, which sets the boundary condition for the solution of
the Poisson-Boltzmann equation. For this reason, only a small fraction of total ions is in a
conducting state at any given instant in time, similar to observations on other single-ion
conducting ionomers with alkali metal counterions35-37 or ionic liquid counterions.21,29,64,83
Mobility of Conducting Ions.

The temperature dependence of the mobility of the

simultaneously conducting ions determined from the EP model is displayed in Figure 5-8 as the
filled symbols. Since conductivity can be measured over a far wider temperature range, we
divide the DC conductivity data in Figure 5-5 by the elementary charge e and by the Arrhenius
fit to Eq. 5-7 of simultaneously conducting ion number density p to determine an extended range
of mobility, plotted in Figure 5-8 as the open symbols. Mobility and extended mobility are then
collectively fit to the VFT equation above Tg and the Arrhenius equation below Tg.



DT0 
 for T  Tg
 T  T0 
 E 
   exp   a  for T  Tg
 RT 

   exp  

(5-8)

wherein  is the high temperature limit of the mobility, T0 is the Vogel temperature and D is
the so-called strength parameter (reciprocally related to fragility m ). The ion mobility of the
Tf2N- ionomers is higher than that of the BF4- ionomer because the larger Tf2N- anion imparts
lower Tg. The lower Tg also explains the higher mobility of the ionomer with longer side chains
than with shorter side chains. Furthermore, the effect of the counterion on ion mobility is clearly
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observed from the mobilities plotted against T0 / T (see inset of Figure 5-8), which accounts for
the difference in T0 among the ionomers. The data do not merge into a single curve, but instead
yield two separate curves. The ionomers with the larger Tf2N- have higher mobility than that with
the smaller BF4- for the same T0 / T . The Arrhenius temperature dependence of ion mobility
below Tg exhibits higher activation energy for ion mobility of the Tf2N- ionomer than BF4ionomer (see Table 5-4). This is presumably due to the larger Tf2N- having a higher potential
barrier in the glassy state, where free volume is insufficient for counterions to move.
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Figure 5-8| (a) Temperature dependence of the mobility of the simultaneously conducting ions,
determined from (1) the EP model (filled symbols) and (2) dividing the DC conductivity data by
the product of the elementary charge e and the Arrhenius fit to Eq. 5-7 of simultaneously
conducting ion number density p (open symbols, referred to as extended mobility). Both
mobility and extended mobility are fit to Eq. 5-8 as solid lines. The inset exhibits the ionic
mobilities with respect to inverse temperature normalized by T0 .
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5.3.6 Static Dielectric Constant

Figure 5-9 displays the frequency dependence of the dielectric permittivity  '( ) for
these ionomers and non-ionic poly(methyl methacrylate) (PMMA) at 283 K. The static dielectric
constant  s is defined as the low frequency plateau of  '( ) before the onset of EP. However,

 '( ) was not observed to clearly plateau before EP, but to gradually decrease with increasing
frequency, indicating underlying relaxations. To display the  s difference with side chain length,
the dielectric constant spectra in the inset of Figure 5-9 were horizontally shifted. The ionomers
with longer side chains exhibit higher  s than those with shorter side chain and PMMA.
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Figure 5-9| Frequency dependence of dielectric permittivity  ' for imidazolium-based ionomers
and non-ionic poly(methyl methacrylate) at T = 283 K. The inset shows  ' shifted horizontally
to compare the static dielectric constant, usually defined as the value of  ' just above the
frequency at which electrode polarization commences (see Figure 5-6).

One possible reason for the lower  s for ionomers with shorter side chains is that the ionomers
have very restricted motion of the imidazolium cations due to the proximity of the ionomer
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backbone. However, combining the imidazolium cations with longer non-ionic segments allows
ions to more readily respond to the field.
Figure 5-10 displays the temperature dependence of the static dielectric constant,
calculated using Eq. 5-2 from the measured  DC and   obtained from fitting EP to Eq. 54.29,35,64,83

The temperature dependence of  s for Longest-Tf2N follows the Onsager

equation29,84,85 across the entire temperature range,

( s    )(2 s    )
1

2
 s (   2)
9 0 kT

 m
i

2
i

(5-9)

i

where  i is the number density of dipoles, mi is their dipole moment,   is the high-frequency
limit of the dielectric constant (here taken to be an approximate value of    n 2 , where n is the
refractive index, listed in Table 5-1),  0 is the permittivity of vacuum, k is the Boltzmann
constant, and T is absolute temperature.
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Figure 5-10| Temperature dependence of static dielectric constant  s for imidazolium-based
ionomers. The solid lines are the Onsager equation (Eq. 5-9) with fixed concentration of dipoles
and their dipole moment.
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This indicates that the static dielectric constant decreases as temperature increases (as 1/ T ) from
thermal randomization. However, for Intermediate-Tf2N and -BF4, the Onsager equation fits
well only at temperatures above Tg  30 K . To explain the non-monotonic decrease in  s as
temperature is lowered towards Tg, we propose ion pair states with respect to temperature in
Intermediate-Tf2N and -BF4. At temperatures below Tg, the ions in the ionomers having high

ion content are expected to form quadrupoles or larger aggregates, which have no dipole moment
and do not contribute to the static dielectric constant.28,64 As temperature is raised, the aggregates
presumably could be broken into isolated pairs, leading to an increase in the static dielectric
constant due to the presence of more pairs that can rotate or align under an applied field.29,64 Far
above Tg, the dipoles face thermal randomization so that the static dielectric constant decreases
with increasing temperature.

There is also a significant effect of anion type on the static

dielectric constant of these ionomers. The ionomer with the smaller BF4- exhibits a significantly
lower static dielectric constant than those with larger Tf2N-, which has been observed for other
ionomers.64,83 This is due to the fact that BF4- binds more strongly than Tf2N-, as anticipated by
the ab initio calculations presented in Table 5-2. This results in more ion aggregation in the BF4ionomer, directly affecting its static dielectric constant (Figure 5-10), morphology (Figure 5-2)
and viscoelasticity (Figure 5-3).

5.3.7 Dielectric Relaxations

To investigate polymer chain or ion dynamics of these ionomers, the loss peaks of dipolar
relaxation processes are evaluated. However, electrode polarization and conduction can obscure
the loss peaks of interest.31 Thus, we use the derivative formalism86, which eliminates the
conductivity contribution from loss spectra, to elucidate relaxation processes36,37:

163

 der  

  '  
.
2  ln 

(5-10)

6

10

Intermediate-Tf2N

T=313 K

5

10

Intermediate-BF4
Longest-Tf2N

4

10

T=273 K

3

der

10

2

10

2

T=358 K

2

1

10

2

0

10



-1

10

1

10

2

10

3

10

4

10

5

10

6

10

7

10

8

10

 [rad/s]
Figure 5-11| Dielectric loss derivative spectra fit (solid lines) to the sum of a power law for EP
and derivative forms of the HN function for ion rearrangement (  2 ) and polymer segmental
motion (  ) of these ionomers. Individual contributions of the relaxations are shown as dashed
lines.

In the derivative spectra of Figure 5-11, Longest-Tf2N exhibits two dielectric relaxations
designated as  and  2 in the order of decreasing frequency, whereas Intermediate-Tf2N and BF4 exhibit one dielectric relaxation designated as  2 at the frequencies studied. The dipolar

relaxations were further explored by fitting the derivative spectra with one power law for EP plus
either one or two the Havriliak-Negami (HN) functions for each dielectric relaxation
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where A and s are constants ( s  1.9 ),   is the relaxation strength, a and b are the shape
parameters and HN is a characteristic frequency related to the frequency of maximal loss max
by31,87,88
1/ a




max  HN  sin

a 
2  2b 

ab 

 sin 2  2b 



1/ a

.

(5-12)

The peak relaxation frequencies max and relaxation strengths   of the  and  2 processes
are determined from this fitting and their temperature dependences are displayed in Figure 5-12.
In ionic liquids, dielectric relaxation processes from motions of anions and cations are
observed.89,90 Ionomers show two dipolar relaxations29,36,37 assigned to the usual segmental
motion of the polymer (  ) and a lower frequency relaxation (  2 ) attributed to ions rearranging,
for example exchanging states between isolated pairs and aggregates of pairs.
The peak relaxation frequencies  max of the  2 and  processes of these ionomers
follow VFT (above Tg) or Arrhenius (below Tg) temperature dependence with the same Vogel
temperature T0 or activation energy Ea as were found for the mobility of simultaneously
conducting ions.29



DT0 
 for T  Tg
 T  T0 

(5-13)

 Ea 
 for T  Tg
 RT 

(5-14)

max   exp  

max   exp  

The solid lines in Figure 5-12a are fits to Eq. 5-13 using the T0 from the VFT fits of mobility in
Figure 5-8 with strength parameter D and high temperature limiting frequency  listed in
Table 5-5. The dashed lines in Figure 5-12a are fits to Eq. 5-14 using the Ea from the Arrhenius
fits of mobility in Figure 5-8 with  .
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Table 5-5| Fitting Parameters of the Temperature Dependence of the 2 and  Processes, Fit to
Eq. 5-13 (T > Tg) and 5-14 (T < Tg)
Dielectric behavior

sample

T0
(K)

Viscoelastic behavior

 2 process

 2 process

 process

(T > Tg)

Ea
(kJ/mol)

(T < Tg)

(T > Tg)

log( )
(rad/s)

D

log( )
(rad/s)

T0
(K)

 process
T0
(K)

log( )
(rad/s)

D

(T > Tg)
log( )
(rad/s)

D

Intermediate-BF4

228

12.4

9.6

96

19.2

-

-

-

228

17.9

9.4

Intermediate-Tf2N

218

10.7

4.5

144

30.2

-

-

-

218

14.5

4.3

Longest-Tf2N

196

8.7

4.1

-

-

196

11.3

4.1

196

10.3

3.9

The peak relaxation frequencies of the  2 and  processes in these ionomers follow similar
temperature dependence as their ionic conductivity (Figure 5-5) and mobility (Figure 5-8).
Below Tg, Intermediate-Tf2N and -BF4 display Arrhenius-temperature dependence of the  2
peak frequencies as their mobilities as well as possess the common activation energy ( Ea ) of  2
process and mobility. This reflects the coupling of ion rearrangement and ion transport and hence
these ionomers can be conductive at temperatures below Tg.
Figure 5-12b shows that the relaxation strength  for the  2 process is much larger
than that for the  process and   2 (triangles) has the stronger temperature dependence,
whereas   (circles) has very weak temperature dependence. This indicates that the stronger

 2 process involving ionic rearrangements primarily determines the temperature dependence of
the total  s shown in Figure 5-10.

The Longest-ionomer has much larger   2 than the

Intermediate-ionomers, and the BF4- ionomer has much lower   2 than the Tf2N- ionomers.

The longer spacers between the imidazolium cation and the polymer backbone provide more
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freedom for ionic side chains to respond to the external electric field, resulting in higher
relaxation strength of the  2 process.
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Figure 5-12| Temperature dependence of (a) relaxation frequency maxima  max and (b)

relaxation strengths  of  2 (triangles) and  (circles) processes. Solid lines are fits of the

VFT equation (Eq. 5-13) using T0 from the VFT fits of mobility in Figure 5-8 and dashed lines
are fits of the Arrhenius equation (Eq. 5-14) using Ea from the Arrhenius fits of mobility in
Figure 5-8. Segmental relaxation frequencies where loss modulus ( bT G '' ) has a maximum from
the rheological measurement are also included as open symbols.
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On the other hand, many aggregated ions hinder motion of the dipole, leading to a significant
decrease of the relaxation strength of the  2 process, which is consistent with small BF4- anion
promoting ion aggregation as seen in X-ray scattering (Figure 5-2).

5.3.8 Comparison between Viscoelastic and Dielectric Behavior

It is of interest to compare the viscoelastic properties with the dielectric properties.
Figure 13 displays the frequency dependence of viscoelastic master curves ( G ' and G '' ) for
Longest-Tf2N (Figure 5-13a) and Intermediate-BF4 (Figure 5-13b) at the indicated reference

temperatures. For comparison, the frequency dependence of the dielectric spectra (  ' ,  der and

 ' ) are also included. According to the Rouse model,68 the relaxation time of the mechanical 
process is related to the relaxation time of the monomer or the shortest stress relaxation time  0 ,
corresponding to the reciprocal of the frequency  0  1/ 0 where the loss modulus G '' has a
peak in the glassy region.22,28 Like the dielectric  process (  , filled circles in Figure 5-12a),
the temperature dependence of the  process from rheological measurements ( 0 , open circles
in Figure 5-12a) is well described by the VFT equation, Eq. 5-13 (solid lines in Figure 5-12a).
In Figure 5-13a, the peak frequency of the mechanical segmental motion estimated from
rheological measurements ( 0 , indicated by the vertical dashed line) is close to that of the
dielectric segmental motion (  , indicated by the vertical solid line), indicating that the fast
dielectric mode should originate from the segmental motion of Longest-Tf2N. This similarity of
the frequency-temperature position of the  process between the viscoelastic and dielectric
measurements has been observed in other polymeric systems.91,92
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In contrast, Figure 5-13b shows that the 0 is about 1000 times lower than the relaxation
frequency of the dielectric mode  2 for Intermediate-BF4 at 100 0C. Intermediate-Tf2N also
shows significantly different 0 and  2 relaxation frequencies (see Figure 5-6). This indicates
that the dielectric mode observed for Intermediate-BF4 and -Tf2N does not originate from the
segmental motion of polymers, and their segmental relaxations are presumably masked by the
strong effect of electrode polarization. Note that the same result has been observed by Nakamura,
et al.22,28 for Shortest-Tf2N from dielectric and rheological measurements.
Intermediate-BF4 and -Tf2N exhibit slower polymer relaxations, whereas for LongestTf2N the ion rearrangement (  2 ) is slower than the polymer (  ). For longer side chains (highly

diluted ions) where ions are temporarily localized in a certain domains, for ion motion over the
scale of a few angstroms to occur, several rearrangements of the neighboring polymer segments
must take place.37 This is why the  2 process occurs at frequency ~300X lower than that of the

 process, but with identical Vogel temperature. At higher ion content, the ion domains become
continuous, allowing ion motion to be faster than the polymer motion. Relaxation processes

attributed to slowed-down segmental motion of complexed polymer segments have been
observed for Polypropylene Oxide(PPO)-LiClO4 mixtures.93 In the dilute regime the “ion mode”
(  2 ) has been observed on the low-frequency side of the segmental mode (  ), while at high salt
concentration the segmental motion of PPO molecules has been significantly slowed down due to
cation coordination.93

5.3.9 Temperature Dependence of Ion Conduction and Polymer Relaxation

Conductivity is the product of charge e , number density of carriers p and their mobility

 for single-ion conductors, so the temperature dependence of  DC (T ) shown in Figure 5-5 has
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already been evaluated by our Arrhenius fit of p (T )  p exp[ Ea /( RT )] , in Figure 5-7 and our
VFT fit of extended mobility  (T )   DC (T ) /[ep(T )] to Eq. 5-8 in Figure 5-8.

 Eap 
DT0 
exp
 
 for T  Tg


T
T
RT
0






 DC  e p exp  
 DC

 E   Eap
 e p exp   a
RT



 for T  Tg


(5-15)

Predictions of Eq. 5-15 with parameters listed in Table 5-4 are shown as the solid curves in
Figure 5-5. The fact that  ,  2 ,  and  DC all share common T0 and Ea demonstrates
strong coupling between motion of counterions and polymer or ion dynamics. A vital point is
that the VFT fit in Figure 5-8 to extended mobility data enables this conclusion because
conductivity is measured with high precision very close to Tg. Consequently, the T0 and Ea
from extended mobility can give a good description of the temperature dependences of  and

 2 .
Barton, Nakajima, and Namikawa94-97 (BNN) suggested that conduction and dielectric
relaxation have their origins in one diffusion process and proposed a simple empirical scaling
correlation between ionic conductivity  DC and the product of dielectric constant  s and
frequency at the loss maximum max .

 DC  B 0 smax

(5-16)

where B is a constant. As shown in Figure 5-14, the conductivity can be successfully scaled in
accordance with Eq. 5-16, further demonstrating that conductivity is strongly coupled with ion
motion (the  2 process).
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5.4 Conclusions

This chapter correlates morphology, viscoelasticity, ion conduction, and dielectric
response of imidazolium-based single-ion conductors with different anions and with different side
chain lengths. The effect of counterions is clearly observed in the glass transition temperature
and ionic conductivity; Tf2N- ionomers with lower Tgs have higher ionic conductivities than BF4ionomers, as clearly seen in X-ray scattering and viscoelastic measurements that show that the
imidazolium cation is less prone to aggregation with Tf2N- counterions than with BF4counterions. The strong ion aggregation in the ionomer with BF4- counterions also significantly
lowers the dielectric constant, which is reflected in the lower number density of simultaneously
conducting ions and their mobilities.
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The shorter side chain boosts the ionic conductivity at Tg and has measurable
conductivity below Tg with the Arrhenius character seen for inorganic glasses. The longer side
chain dilutes ion content, lowers Tg, and allows ionic groups to more readily respond to the
applied field, thereby raising the dielectric constant.
The PIL with Longest side chains has insufficient number of ions to have continuous ion
domains. This ionomer exhibits segmental (  ) and ~300X slower ionic (  2 ) relaxations in DRS
with a polymer relaxation in LVE slightly slower than the  relaxation.

The PILs with

Intermediate side chains have continuous ion domains, exhibiting ionic (  2 ) relaxation in DRS

and significantly slower polymer relaxations in LVE, indicating that counterions transport
without polymer motion, in the continuous ion domains. Presumably, the imdiazolium ions also
move on this slower scale and the polymer segmental motion must be delayed by these attached
ions. In all cases, the coupling between ion and polymer motions is maintained.
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Chapter 6
Influence of Solvating Plasticizer on Ion Conduction of Polysiloxane Singleion Conductor
Lithium ion conduction is investigated for a polysiloxane-based single-ion conductor
containing weak-binding borates and cyclic carbonate side chains, plasticized with poly(ethylene
glycol) (PEG).

The addition of PEG increases the conductivity by up to three orders of

magnitude compared to the host ionomer. A physical model of electrode polarization is used to
separate ionic conductivity of the ionomers into number density of conducting ions and their
mobilities. A reduction in Tg with increasing PEG content boosts ion mobility owing to an
increase in polymer chain flexibility. Further, the PEG ether oxygens lower the activation energy
of simultaneously conducting ions (from 14 to 8 kJ/mol), significantly increasing conducting ion
content by 100X, suggesting that ion aggregates observed in the host ionomer are solvated by
PEG. This is consistent with an initial large increase in static dielectric constant (  s ), upon
addition of PEG, suggesting that ionic aggregation is significantly reduced by a small amount of
PEG. Further dilution with lower dielectric constant PEG gradually reduces  s .

6.1 Introduction

Polymer electrolytes are of great interest as materials in energy storage and conversion
devices, such as lithium ion batteries, fuel cells, solar cells, supercapacitors and actuators. Saltin-polymer systems have been extensively studied using various polymeric matrices and salts.1-5
However, the majority of the polymer/Li salt mixtures reported so far have cationic transference
number less than 0.5.6,7 In an effort to overcome the low transference number, of particular
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interest are single-ion conductors in which anions are covalently bonded to polymers, thereby
only cations are mobile under an electric field and hence obviating the concentration polarization
caused by accumulation of anions at the electrode.8,9 This allows the highest power density
achievable in lithium ion batteries.10 However, current single-ion conductors exhibit relatively
low conductivities, reducing the efficiency of these materials in potential applications. This is
predominantly due to relatively slow polymer segmental motion, resulting in decreased ion
mobility, and large ion dissociation energy, resulting in a decreased number of charge carriers.
Increasing the ion mobility can be realized by designing new polymers with lower glass transition
temperatures ( Tg ); as a result, comb-shaped polyphosphazenes11-13- and polysiloxane14-16-based
polymers have been developed. To increase the number of conducting charge carriers, extensive
efforts have focused on the synthesis of new large anions, fastened to polymer backbones, whose
negative charges delocalize to minimize ion pairing with the lithium cation and thus provide more
mobile lithium ions for conduction. Among the novel anions, the most favored have been borate
anions (such as lithium bis(oxaloto)borate17-20, tetrabutyl borate21 and tetraphenyl borate22,23)
because boron has much lower electronegativity than oxygen, nitrogen, carbon or sulfur. We
have recently established standard methods to evaluate the number density of simultaneously
conducting ions and their mobility from dielectric measurements of electrode polarization of
single-ion conductors that shall be utilized in this study.
Recently, we synthesized polysiloxane single-ion conductors containing two side groups;
polar cyclic carbonates and weak-binding tetraphenyl borate (BPh4-) anions with lithium
counterions.24 Our ab initio calculations showed that the ion dissociation energy of LiBPh4 is
similar to that of LiN(SO2CF3)2,25 and much lower than that of LiClO4,26 which can be attributed
to the four benzene rings around boron greatly delocalizing the negative charge. The polar cyclic
carbonate side chains resulted in a considerable increase in dielectric constant,   52 at 300
K,27,28 which is much higher than that of poly(ethylene oxide)   7 at 300 K. Unfortunately the
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conductivities of these single-ion conductors were low, presumably due to extensive ion
aggregation that in effect ionically crosslinks the polymers, resulting in higher Tg . While the
borate has a weakened interaction with Li+ and the polar carbonate has a strong solvation
interaction with Li+ (roughly half as strong), the carbonates and borates repel each other, leading
to microphase separation that effectively aggregates ions.24

This result is consistent with

expectations from molecular mechanics calculations, suggesting that when an anion is placed in
the vicinity of the solvating group, the solvation of the Li+ would be severely disrupted, i.e., the
negative charge on the anion would cause it to be strongly attracted to and driven toward the
Li+.29
An alternative approach to improving the conductivity of single-ion conductors is the
addition of a low molecular weight solvating plasticizer. Use of a plasticizer is expected to
induce important intrinsic modifications in the heterogeneous polymer. The plasticizer increases
polymer chain flexibility by reducing intermolecular interactions, thereby increasing free volume
and decreasing Tg . A suitable plasticizer also facilitates the dissociation of ions, thus increasing
the number of available charge carriers. The limited number of prior investigations on polymer
electrolytes with plasticizing additives has revealed the roles of concentration and viscosity of the
plasticizer on the enhancement of ionic conductivity.

However, our understanding of

fundamental questions about the plasticized polymer electrolytes with regard to polymer
segmental motion, ionic association, and their role in the conduction mechanism is far from
complete. In the current investigation, we chose a poly(ethylene glycol) oligomer with Mn = 600
g/mol, PEG600 for the plasticizer. PEG600 is a non-volatile, moderately viscous liquid with
dielectric constant of 12. At the same time, the ether oxygens in PEG600 can coordinate with
cations for the effective dissociation of ionic aggregates through ion-dipole interactions, leading
to a relatively high degree of dissociation despite the low dielectric constant.
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Herein, we report results of a systematic investigation of the effect of plasticizer
concentration on the properties of the polysiloxane single-ion conductors (LiPSBC) with the
structure shown in Figure 6-1. The role of plasticizer concentration on the basic properties of
single-ion conductors such as ion conduction, concentration of charge carriers and their mobility,
and dielectric constant has been investigated, providing useful insights for the design of
alternative single-ion conductors for energy applications.

Figure 6-1| The chemical structures of a polysiloxane-based ionomer having lithium tetraphenyl
borate (n = 10 mol-%) and cyclic carbonate (m = 90 mol-%) as randomly placed side chains
(LiPSBC), a polysiloxane with cyclic carbonate (m = 100 mol-%) as the only side chain (PSC),
and the plasticizer, a poly(ethylene glycol) oligomer with Mn = 600 g/mol (PEG600).
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6.2 Experimental

6.2.1 Materials

Diethyl carbonate, potassium carbonate, 4-bromostyrene, 2-(2-(vinyloxy)ethoxy)ethanol,
diethyl

carbonate,

potassium

carbonate,

3-(allyloxy)-l,2-propane

diol,

1-bromo-4-

(bromomethyl)benzene, 1-bromo-pentafluorobenzene, tris(pentafluorophenyl)boron, magnesium,
triphenylboron, toluene, and anhydrous acetonitrile were purchased from VWR and used without
further purification. Platinum divinyltetramethyldisiloxane complex (Pt[dvs]) (3% in xylene)
catalyst, sodium hydride (60% in mineral oil), and polymethylhydrosiloxane (PMHS, Mn = 1700
– 3200 g/mol) were purchased from Aldrich and used as received. Tetrahydrofuran (THF) from
EMD Chemicals was refluxed over sodium metal before use. The single-ion conductor was
synthesized as described earlier.24

Poly(ethylene glycol) (PEG600, Mn = 600 g/mol) was

purchased from Aldrich and dried in a vacuum oven at 80 0C before use.

6.2.2 Sample Preparation and Thermal Characterization

Different ratios of ionomer (LiPSBC) and PEG600 (0, 6, 8, 13, 25, 34, 54, and 70 wt-%
PEG600) were weighted into 10 mL vials. The materials were dissolved in acetone to form a
homogenous solution. The acetone was removed by rotovap and the residue was further dried in
a vacuum oven overnight at 100 °C before evaluation. Glass transition temperatures ( Tg ) and
melting temperature ( Tm ) were determined using a TA Q100 differential scanning calorimeter
(DSC) using 10 K/min heating and cooling rates on ~ 10 mg samples. Tg is taken as the
midpoint of the heat capacity on heating.
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6.2.3 Dielectric Spectroscopy

Samples were prepared for these measurements by allowing them to flow to cover a 30
mm diameter freshly polished brass electrode at 100 °C in vacuo.

To control the sample

thickness at 50 μm, silica spacers were placed on top of the sample after it flowed to cover the
electrode. Then a 15 mm diameter freshly polished brass electrode was placed on top to create a
parallel plate capacitor cell which was squeezed to a gap of 50 μm in the instrument (with precise
thickness, verified after dielectric measurements were complete). The samples were positioned in
a Novocontrol GmbH Concept 40 broadband dielectric spectrometer, after being in a vacuum
oven at 100 °C for 24 h. Each sample was then annealed in the Novocontrol sample chamber at
120 °C in a heated stream of nitrogen for 1 h prior to measurements to minimize water. The
dielectric permittivity was measured using a sinusoidal voltage with amplitude 0.1 V and 10-2 –
107 Hz frequency range for all experiments. Data were collected in isothermal frequency sweeps
every 5 K, from 120 °C to near Tg .

6.2.4 X-ray Scattering

X-ray scattering was performed with a multi-angle X-ray scattering system that generates
Cu-Kα X-rays, λ = 0.154 nm, from a Nonius FR 591 rotating anode operated at 40 kV and 85
mA. The bright, highly collimated beam was obtained via Osmic Max-Flux optics and pinhole
collimation in an integral vacuum system. The scattering data were collected using a Bruker HiStar two-dimensional detector with a sample-to-detector distance of 11 cm. To minimize the
exposure of the materials to moisture, previously dried samples were inserted into 1 mm glass
capillaries under vacuum at elevated temperatures from room temperature to 110 °C. As the
samples flowed into the capillary under vacuum, bubbles were eliminated. The filled capillaries
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were cooled to room temperature under vacuum. The X-ray scattering profiles were evaluated
using Datasqueeze software.30 The intensities were first corrected for primary beam intensity,
and background scattering from an empty 1 mm glass capillary was subtracted. Intensities were
not corrected for sample density.

The isotropic 2-D scattering patterns were azimuthally

integrated to yield intensity versus scattering angle.

6.3 Results and Discussion

6.3.1 Thermal Analysis

Table 6-1 summarizes the glass transition temperature ( Tg ), as well as melting
temperature ( Tm ), and enthalpy ( H m ) of any crystalline component in the ionomer and its
blends with PEG600 during heating. The host ionomer (LiPSBC) has a single glass transition
and does not display crystallization or melting in the temperature range of -100 ~ 150 °C. Adding
PEG600 to the amorphous LiPSBC results initially in a smooth decrease of the observed single
glass transition. This is observed up to 34 wt-% PEG600 as displayed in Table 1. As the
PEG600 content increases to 54 and 70 wt-%, a melting transition appears at around 25 °C,
assigned to the melting of partially crystalline PEG600. The relative crystalline fraction (  c ) is
determined from  c  H m / H 0f and H 0f  203 J/g as the enthalpy of fusion of perfectly
crystalline poly(ethylene oxide) (PEO).31,32

There is a clear and expected increase in PEG

crystallinity for the PEG-rich blends. Although the Tg s determined by DSC (denoted DSC Tg )
for the 54 and 70 wt-% PEG600 mixtures were difficult to detect due to the rapid crystallization
of the PEG, the Tg s can be extrapolated from the amorphous state from dielectric spectroscopy
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measurements as the temperature at which the peak segmental relaxation time is 100 s (denoted
DRS Tg ; listed in Table 6-1).

Table 6-1| DSC, DRS Tg and Fragility m of the Host Ionomer, PEG600, and Their Mixtures

with PEG600
DRSa

DSC
sample

mc

H m
(J/g)

c b

(K)

Tm
(K)

LiPSBC

284

-

-

-

272

104

6%_PEG600

276

-

-

-

262

113

8%_PEG600

269

-

-

-

257

107

13%_PEG600

265

-

-

-

253

99

25%_PEG600

247

-

-

-

243

91

34%_PEG600

239

-

-

-

237

91

54%_PEG600

-

296

57

0.28

232

96

70%_PEG600

-

297

88

0.43

226

93

100%_PEG600

210

301

163

0.80

204

81

a

Tg

Tg

(K)

Tg determined from dielectric spectroscopy (defined at  (Tg )  10 2 rad/s ).

 c  H m / H 0f (with H 0f  203 J/g as the ‘perfect crystal’ enthalpy of fusion of PEO).31,32
c
m determined from Eq. 6-15 using the VFT fit parameters for the segmental (  ) peak
b

frequencies (filled symbols in Figure 6-9a) based on the DRS Tg .

The composition dependence of the blend Tg was compared to predictions from the Fox
equation33 (dashed line in Figure 6-2) and Gordon-Taylor equation34 (solid line in Figure 6-2).
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Fox
Gordon-Taylor (K = 0.30)

280

DRS Tg (filled symbols)
DSC Tg (open symbols)

Tg [K]

260
240
220
200
0.0

0.2

0.4

0.6

PEG600

0.8

1.0

Figure 6-2| Compositional variation in the glass transition temperature Tg for LiPSBC and its

blends with PEG600, where ΦPEG600 is the weight fraction of PEG600. Dashed line from the Fox
Eq. 6-1 and solid line from the Gordon-Taylor Eq. 6-2 with an adjustable parameter K  0.30 .
DSC Tg s with 10 K/min heating and cooling rates are shown as the open symbols; DRS Tg s with
peak segmental time 100 s are shown as the filled symbols.

Figure 6-2 displays large negative Tg deviations from the Fox equation,
1 1  2


.
Tg Tg1 Tg 2

(6-1)

In practice, the plasticizer effect often involves specific interactions or excess volume formation
upon mixing the polymer and plasticizer, which lead to the negative Tg deviation from the Fox
eqn..35,36 The Gordon-Taylor equation reasonably describes the Tg -composition dependence of
the blends,
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Tg 

1Tg1  K  2Tg 2
1  K  2

,

(6-2)

wherein 1 and  2 are the weight fractions of the two components of the blend and K is an
adjustable parameter practically related to the degree of curvature of the Tg -composition curve,
with the best fit K  0.30 , described previously as reflecting the strength of intermolecular
interactions between the blend components.37-40 Therefore, incorporating PEG600 into LiPSBC,
the latter exhibiting high Tg due to ion aggregation, makes it possible to solvate Li+ and
discourage ion aggregates, reducing physical crosslinking and hence Tg decreases rapidly.

6.3.2 X-Ray Scattering

Figure 6-3 compares the room temperature X-ray scattering profiles for LiPSBC and its
blends with PEG600. For LiPSBC, two distinct peaks are observed: the high-angle peak at
q  14 nm-1 and the low-angle peak at q  8nm -1 correspond to packing of the siloxane

backbone41, since Si has by far the most electrons and dominates the scattering. It is inferred that
LiPSBC is completely amorphous as evidenced by the absence of sharp unit cell reflections. This
is consistent with the absence of crystallization/melting peaks in the DSC curve (see Appendix E
Figure E-1). Since the amorphous halo from PEG600 also appears in the vicinity of q  15nm -1
(data not shown), adding PEG600 to LiPSBC results in decreased intensity of the low q
scattering peak ( q  8 nm 1 ) and increased intensity of the high q scattering peak ( q  15 nm 1 )
with increasing PEG600 content due to dilution of LiPSBC with PEG600.

The available

scattering data are insufficient to discuss microphase separation due to scattering interference
with residual catalyst42 at lower scattering angles.
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Figure 6-3| X-ray scattering intensity as a function of scattering wavevector q for LiPSBC and
its blends with PEG600. The data were shifted on the log intensity scale for clarity.

6.3.3 Ionic Conductivity

To understand the influence of plasticizer on ionic conductivity, the temperature
dependence of DC conductivity shown in Figure 6-4 is evaluated from a roughly 3-decade
frequency range where the in-phase part of the conductivity  '( )   '( ) 0 is independent of
frequency as shown in Figure 6-5. The conductivity of LiPSBC is relatively low (  DC ~ 10-8.3
S/cm at 25 °C), which is likely due to a combination of high Tg = 284 K of this ionomer and ion
aggregation discussed previously. Substantial enhancement in ionic conductivity is observed on
addition of PEG600. Figure 6-4 displays the gradual increase in  DC as PEG600 is added. A
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maximum enhancement in conductivity of three orders of magnitude at room temperature is
found for the blends containing 54 and 70 wt-% PEG600 (  DC ~ 10-5.2 S/cm at 25 °C).
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54%_PEG600
70%_PEG600

-5

-7

10

Tg/T
0.6

0.7

0.8

0.9

1.0
-4

-9

10

10

-6

10

-8

10

-11

10

-10

10

-12

10

-13

10

2.4

DC [S/cm]

DC [S/cm]

10

2.8

3.2

3.6
-1

4.0

1000/T [K ]
Figure 6-4| Temperature dependence of ionic conductivity for LiPSBC and its blends with
PEG600 vs. 1000/T (and vs. Tg /T in the inset). The anomalous low  DC in the 54 and 70 wt-%

blends below 290 K are due to crystallization. Solid curves are Eq. 10 with all parameters fixed
(values in Table 6-2): Ea and p are determined by an Arrhenius fit to simultaneously
conducting ion content p (Figure 6-6), while  , D and T0 are determined by a VFT fit to
simultaneously conducting ion mobility  (Figure 6-7).

Their conductivities, however, suddenly decrease below 15 °C.

This abrupt decrease in

conductivity coincides with PEG crystallization. The presence of the crystalline phase very much
hampers the segmental motion of the polymer chains in the amorphous phase, dramatically
lowering conductivity when PEG600 crystallizes. The inset in Figure 6-4 also suggests that the
melting of the crystalline phase, serving as barriers for ion transport, improves the dynamic
properties of the blends, resulting in an enhancement in the ion conduction. The enhanced
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conductivity from incorporation of PEG600 is partly from lowering Tg , enhancing the mobility
of ions, and partly from solvation, as the ether oxygens dissolve ion aggregates by stabilizing Li+
and hence boosting the concentration of simultaneously conducting ions. To demonstrate these
two effects we analyze electrode polarization to determine the number density of simultaneously
conducting ions p and their mobility  .

6.3.4 Electrode Polarization Analysis

A physical model of electrode polarization (EP) makes it possible to separate ionic
conductivity into the number density of simultaneously conducting ions and their mobility,43-45 as
has recently been done for other single-ion conductors above Tg .45-50 Electrode polarization
occurs at low frequencies, where the transporting ions have sufficient time to polarize at the
blocking electrodes during the cycle. That polarization manifests itself in (1) an increase in the
effective capacitance of the cell (increasing the apparent dielectric constant) and (2) a decrease in
the in-phase part of the conductivity, as the polarizing ions reduce the field experienced by the
transporting ions. The natural time scale for conduction is the time when counterion motion starts
to become diffusive:

 

 s 0
 DC

(6-3)

At low frequencies the conducting ions start to polarize at the electrodes and fully polarize at the
electrode polarization time scale

 EP 

 EP 0
 DC

(6-4)

wherein  EP is the (considerably larger) effective permittivity after the electrode polarization is
complete (see Figure 6-5).
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Figure 6-5| Dielectric response of a blend (34 wt-% PEG600) to applied AC field at T = 288 K 
Tg + 50 K. The dielectric loss derivative function  der (blue circles) shows two relaxation

processes: segmental motion (  ) at  and ions exchanging states (  2 ) at  2 . After ion
motion becomes diffusive at   , the  2 process not only contributes to DC conductivity  DC ,
noted as the plateau region in the in-phase part of conductivity  ' (red squares), but also
enhances the static dielectric constant  s in the dielectric permittivity function  ' (green
triangles). The peak of the loss tangent tan  (orange diamonds) represents the geometric mean
of the time scales of conductivity and electrode polarization, ( EP  ) 1/ 2 , determining the number
density of simultaneously conducting ions p and their mobility  .

The Macdonald and Coelho model43-45,51-53 treats electrode polarization as a simple Debye
relaxation with loss tangent,
tan  

 EP
1   2   EP

(6-5)
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allowing a two-parameter fit to determine the electrode polarization time  EP and the
conductivity time   . The Macdonald and Coelho model then determines the number density of
simultaneously conducting ions p and their mobility  from  EP and  
  EP 
p

2 
 lB L    
1



2

(6-6)

eL2 
2
kT
4 EP

(6-7)

wherein lB  e 2 /(4 s  0 kT ) is the Bjerrum length, L is the spacing between electrodes, k is the
Boltzmann constant and T is absolute temperature.

Table 6-2| Fitting Parameters for the Temperature Dependence of the Number Density of
Simultaneously Conducting Ions, Their Mobility and  and  2 Processes
p

sample

p0
(nm-3)

α process

μ

Ea
(kJ/mol)

p∞/p0

T0
(K)

α2 process

log(μ∞)
(cm2V-1s-1)

D

log(ω∞)
(rad/s)

D

log(ω∞)
(rad/s)

D

LiPSBC

0.245

13

0.1

231

-0.9

3.8

13.6

6.4

8.6

4.1

6%_PEG600

0.230

14

0.2

228

-1.4

3.8

12.8

5.1

8.4

4.4

8%_PEG600

0.226

14

0.3

220

-1.3

4.3

13.2

5.8

8.4

4.9

13%_PEG600

0.213

11

0.5

215

-1.8

4.4

12.9

6.0

9.1

5.4

25%_PEG600

0.183

10

0.5

200

-1.6

4.7

14.1

7.9

9.6

6.1

34%_PEG600

0.162

10

0.8

195

-1.7

4.7

13.8

7.8

10.2

6.6

54%_PEG600

0.113

9

1

193

-

-

14.1

7.5

-

-

70%_PEG600

0.074

8

1
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-

-

13.8

7.5

-

-

100%_PEG600

-

-

-

169

-

-

12.0

6.7

-

-
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Conducting Ion Content.

The temperature dependence of the fraction of cations

simultaneously participating in conduction ( p / p0 wherein p0 , listed in Table 6-2, is the total
cation number density) is plotted shown in Figure 6-6. The temperature dependence for these
ionomers is well described by an Arrhenius equation
 E 
p  p exp   a 
 RT 

(6-8)

wherein p and Ea , listed in Table 6-2, are the conducting ion concentration as T   and the
activation energy for conducting ions, respectively. For single-phase ionomers, p  p0 , as has
been reported for many systems.45-47,49 However, two phase materials with trapped ions50 show
p  p0 with only ~ 1/10 of the ions ever able to participate in conduction.
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Figure 6-6| Temperature dependence of the fraction of cations simultaneously participating in
conduction ( p divided by the total cation concentration p0 ). Solid lines are Arrhenius fits to Eq.
6-8 with two fitting parameters ( Ea and p , listed in Table 6-2).
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Although similar fraction of ions participating in conduction is observed on addition of
up to 8 wt-% of PEG600, the value of p / p0 , describing the fraction of counterions that are able
to ever participate in conduction, increases with increasing PEG600 content: p / p of LiPSBC is
0.1, compared to 0.2 and 0.3 for blends with 6 and 8 wt-% PEG600, respectively. Increasing
PEG600 content from 0 to 8 wt% increases the portion of ions participating in conduction by 3X
with a similar activation energy of 14 kJ/mol. Beyond 13 wt-% PEG600, more than 50% of
cations are able to participate in conduction ( p  0.5 p0 ) and the activation energy decreases
gradually from 11 to 8 kJ/mol, suggesting that ion aggregates are solvated by PEG600. At 54 and
70 wt-% PEG600, p / p0 has increased significantly (by 100X relative to LiPSBC) and all ions
are able to take part in conduction ( p  p0 ) with the lowest activation energy of 8 kJ/mol,
although the fraction of Li+ simultaneously participating in conduction is still low, < 10 % of the
total number of counterions in the temperature range we have studied.
Mobility of Conducting Ions.

The temperature dependence of the mobility of the

simultaneously conducting ions determined from the EP model is displayed in Figure 6-7 as the
filled symbols. Since conductivity can be measured over a far wider temperature range, we
divide the DC conductivity data in Figure 6-4 by the elementary charge e and by the Arrhenius
fit to Eq. 6-8 of simultaneously conducting ion number density p to determine an extended
mobility, plotted in Figure 6-7 as the open symbols. Both mobility and extended mobility are
then fit to the Vogel-Fulcher-Tammann (VFT) equation,


DT0 

 T  T0 

   exp  

(6-9)

wherein  is the high temperature limit of the mobility, T0 is the Vogel temperature and D is
the so-called strength parameter (reciprocally related to fragility m ).
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Figure 6-7| Temperature dependence of simultaneously conducting ion mobilities for LiPSBC
and its blends with PEG600, determined from (1) the EP model (filled symbols) and (2) dividing
the DC conductivity data by the product of the elementary charge e and the Arrhenius fit to Eq.
6-8 of simultaneously conducting ion number density p (open symbols, referred to as extended
mobility). Mobility and extended mobility are collectively fit to Eq. 6-9 as solid curves.

Like ionic conductivity, the ionic mobility increases as the PEG600 content increases, which
corresponds to the decrease in Tg . The Vogel temperature T0 (see Table 6-2) lies ~50 K below
the DSC Tg for each ionomer blend. The strength parameter D remains 3.8 on addition of up to
6 wt-% of PEG600. Further increasing PEG600 content increases D up to 4.7, indicating that
the fragility of these blends decreases as PEG600 is added.

This is consistent with the

quantitative analysis of the fragility m (Table 6-1) described in a later section: the higher
PEG600 content leads to a lower fragility of these blends (see Appendix E Figure E-4a).
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The temperature dependence of  DC (T ) shown in Figure 6-4 has already been evaluated
by our Arrhenius fit of p (T )  p exp[ Ea /( RT )] in Figure 6-6 and our VFT fit of extended
mobility  (T )   DC (T ) /[ep (T )] to Eq. 6-9 in Figure 6-7.


DT0 
 Ea 
 exp  

 RT 
 T  T0 

 DC  e p exp  

(6-10)

Fits of Eq. 6-10 with parameters listed in Table 6-2 are shown as the solid curves in Figure 6-4.
An essential point is that the VFT fit in Figure 6-7 to extended mobility data calculated from
conductivity is more reliable because conductivity is measured with high precision very close to
Tg .

6.3.5 Dielectric Relaxations

In addition to ion conduction in these ionomers, to assess the effect of plasticizer on
polymer chain or ion dynamics, we evaluate dipolar relaxation processes.

The pure-loss

conductivity contribution can obscure the loss peaks of interest that arise due to ion
rearrangement or segmental relaxation.54

Thus, we use the derivative formalism55 which

eliminates the conductivity contribution from dielectric loss spectra to elucidate relaxation
processes in the temperature range where EP and conductivity dominate.46,47

 der  

  '( )
2  ln 

(6-11)

In the derivative spectra of Figure 6-8, LiPSBC and its blends with PEG600 exhibit two dielectric
relaxations designated as  and  2 in order of decreasing frequency.

In contrast, a

siloxanepolymer with the cyclic carbonate as the only side-chain (PSC) and its blends with
PEG600 exhibit a single  relaxation (see Appendix E Figures E-2 and E-3), suggesting that the
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 2 process must be primarily related to ions rearrangement47,59 (such as, exchanging states
between isolated pairs and aggregates of pairs), consistent with literature on dielectric
spectroscopy of single-ion conducting ionomers.46,47
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Figure 6-8| Dielectric loss derivative spectra fit (solid lines) to the sum of a power law56 for EP
and two derivative forms of the HN function for ion rearrangement and polymer segmental
motion of LiPSBC and its blends with PEG600 (8 and 13 wt-%_PEG600) at 298 K. Two
relaxation processes (  2 at lower frequency and  at higher frequency) are observed and
individual contributions of the relaxations are shown as dashed lines.

The dipolar relaxations were further explored by fitting the derivative spectra with one power
law56 for EP plus two Havriliak-Negami (HN) functions for the two dielectric relaxations
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wherein A and s are constants,  is the relaxation strength, a and b are shape parameters
and HN is a characteristic frequency related to the frequency of maximal loss max by54,57,58
1/ a

max

a 

 HN  sin

2  2b 


ab 

 sin

2  2b 


1/ a

.

(6-13)

The peak relaxation frequency max of the  and  2 processes vs. Tg / T is displayed in Figure
6-9a.
The peak relaxation frequencies of the  process of glass-forming liquids, polymers, and
ionomers follow VFT temperature dependence with the same Vogel temperature T0 as was found
for the mobility of simultaneously conducting ions.59


DT0 

 T  T0 

max   exp  

(6-14)

The curves in Figure 6-9a are fit to Eq. 6-14 using the T0 from the mobility VFT fits in Figure 67 with high temperature limiting frequency  and strength parameter D , listed in Table 6-2, for
the  and  2 processes. Independent VFT fits to the significantly less precise  and  2
would not yield reasonable T0 , but utilizing the Vogel temperature determined from ‘extended
mobility’ provide a good description of the temperature dependences of  and  2 (see curves
and data in Figure 6-9a). Comparing the extrapolated relaxation temperatures (DRS Tg ) from the
VFT fits of the  process with Tg s from DSC measurements (DSC Tg ), one observes a
reasonable agreement between DSC Tg and DRS Tg for 25 and 34 wt-% PEG600 but 6, 8, and
13 wt-% PEG600 have DRS Tg ~ 13 K lower than DSC Tg . Adding PEG600 reduces the
magnitude of the  2 relaxation (ion rearrangement) due to dilution of ions.
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Figure 6-9| (a) Relaxation frequency maxima max of the  2 (open symbols) and  (filled
symbols) for LiPSBC and its blends with PEG600 and  relaxation frequencies of nonionic PSC
and its blends with PEG600 vs. Tg / T and (b) relaxation strength  at T = 298 K vs.  PEG600 .

Calorimetry sees both  and  2 processes and is more impacted by the latter, slower  2 process
when the magnitude of the  2 process is stronger (see Appendix E Figure E-1 where the
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extrapolated relaxation temperatures from the VFT fits of the  and  2 processes are compared
with Tg s from DSC thermograms).59 This is likely why there is a large difference in DRS and
DSC Tg s for the 6, 8, and 13 wt-% PEG600 blends that have larger relaxation strength for the  2
process than 25 and 34 wt-% PEG600 (see Figure 6-9b).
The VFT fit also makes it possible to calculate the fragility m :60
m

d log( )
d (Tg / T )


T Tg

DT0
,
Tg (ln10)(1  T0 / Tg ) 2

(6-15)

wherein D and T0 are VFT fitting parameters for  (filled symbols in Figure 6-9a). The
estimated fragility m values of LiPSBC and its blends with PEG600 are given in Table 6-1 with
error estimates based on the extrapolation of the VFT fit to Tg . Figure 6-9a shows a fragile-tostrong transition of the  process with increasing PEG600 content. The gradually lower fragility
of these blends with increasing PEG600 content can be understood by the reduced Tg of the
blends (see Appendix E Figure E-4b). According to the usual interpretation for the increase of
Tg with increasing ion content, complexed cations act as transient cross-links slowing down the

relaxation of the polymer chains. Since a decrease in cross-link density in a polymer network
usually results in less fragile behavior,61-63 it is expected that fragility of these blends decreases
with increasing PEG600 content.
The peak relaxation frequencies of the  2 process (open symbols in Figure 6-9a) of these
ionomer blends occur at frequencies lower than those of the  processes and also follow a VFT
temperature dependence. In LiPSBC, owing to ion aggregation, the relaxation strength  for
the  2 process is slightly larger than that for the  process (see Figure 6-9b). Increasing
PEG600 content from 0 to 8 wt-% significantly increases   2 to 100 at 25 °C, suggesting that
ionic aggregation observed in LiPSBC is homogenized by a small amount of PEG600, allowing
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more ions to rearrange in the  2 process. Adding further PEG600 reduces   2 due to dilution
of ions. The  relaxation strengths of these ionomers, which are much lower than the  2
relaxation strengths, also decrease with increasing PEG600 content, consistent with the decrease
of   in nonionic PSC with PEG600.

6.3.6 Static Dielectric Constants

The static dielectric constant  s is defined as the low frequency plateau of  '( ) before
EP begins, shown in Figure 6-5 (also Appendix E Figure E-5) and independently calculated using
Eq. 6-3 from the measured  DC and   obtained from fitting EP to Eq. 6-5.45,49,50

  (open symbols)

100



s

80
60
40

T = 298 K
LiPSBC
6%_PEG600
8%_PEG600
13%_PEG600
25%_PEG600
34%_PEG600
54%_PEG600
70%_PEG600
100%_PEG600
PSC
PSC+8%_PEG600
PSC+13%_PEG600
PSC+34%_PEG600

120
100
80



s (filled symbols)



120

60
40
20

20
0.0

0.2

0.4

0.6

PEG600

0.8

1.0
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Figure 6-10 displays how the static dielectric constant and the sum of the relaxation strengths of
the  2 and  processes compare at room temperature, as a function of composition.  s (filled
symbols) is slightly higher than   2    (open symbols) for these polymers because  s also
includes the high-frequency limit of the dielectric constant   ~ 2 . Ionomers, with 10 mol-% of
the carbonate groups replaced by lithium borates (LiPSBC,  S  40 at 25 °C), exhibit lower
dielectric constant than the siloxane polymer with the cyclic carbonate as the only side-chain
(PSC,  s  52 at 25 °C). When PEG600 is incorporated into LiPSBC up to 8 wt-%, the dielectric
constant significantly increases to ~ 120 at 25 °C. This suggests that adding a relatively small
amount of PEG600 results in ion pairs presumably becoming solvent-separated,64 thus leading to
rapid increase in  s . The solvent-separated ion pairs still exist as electrically neutral, nonconducting species in the blend. Here, the conducting species are most likely triple ions of
Li+BPh4-Li+. Ion hopping is required for ion transport, whereby a triple ion moves by segmental
motion and exchanges its extra Li+ with a nearby ion pair. As PEG600 content is increased from
8 to 13 wt-%, the dielectric constant drops to ~ 70 and the conducting ion content jumps up by a
factor of 5 (Figure 6-6). As ions become more mobile they no longer respond as isolated pairs.
Adding further PEG600 reduces  s and increases p owing to dilution with lower dielectric
constant of PEG600.

6.4 Conclusions

This chapter correlates morphology, ion conduction and dielectric response of
polysiloxane-based single-ion conductors containing weak-binding borates and cyclic carbonate
side chains with plasticizing PEG600. The effect of plasticization is clearly observed in the glass
transition temperature and ionic conductivity; PEG-rich blends with lower Tg have higher ionic
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conductivities than ion-rich blends with higher Tg . The detailed conducting ion contents and
their mobility studies described here also indicate that as increasing PEG600 content, not only do
we observe higher p / p and lower Ea , suggesting more ions participate in conduction with
lower dissociation energy, but also higher mobility and lower fragility, suggesting an increase in
polymer chain flexibility by decreasing Tg .
The substantial improvement in ionic conductivity on addition of PEG is due to three
effects: plasticization, homogenization and solvation. These are clearly seen in a significant
increase of the relaxation strength of the ion rearrangement  2 and static dielectric constant. An
important question is whether further improvement in the conductivity might be expected when a
more polar plasticizer is added. Our preliminary results show that after mixing LiPSBC with
propylene carbonate (   65 at 25 0C), the conductivity was boosted by over 10000X (  DC ~ 104

S/cm at 25 °C).
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Chapter 7
Summary and Suggested Future Work

7.1 Summary

Ionically conducting solid materials display numerous advantages over their liquid
counterparts, ranging from a practical consideration, such as leakage, to a structural factor, such
as ease of miniaturization. Ion-containing polymers were relative latecomers to the field of solidstate ionics, but it was realized as early as 1973 that thin-film polymers would have significant
potential in all-solid-state electrochemical cells.1

However, the ionic conductivity of solid

polymer electrolytes is still insufficient in comparison with inorganic solid electrolyte systems.
Thus, this dissertation presents structure-property relationships in ion-containing polymers,
providing useful insights for the approach to fast ion transport and the design of electroactive
applications such as batteries, actuators, and sensors.
Polymerizable imidazolium acrylates and their polymers were characterized to study the
effect of two different substituents (N-n-butyl vs. N-diethyleneoxy) and counterions
(hexafluorophosphate vs. bis(trifluoromethanesulfonyl)imide) on their ionic conductivity. The
ionic polymers containing a diethyleneoxy unit on the imidazolium cation displayed higher ionic
conductivities than the analogous N-n-butyl polymer. Using a physical model of electrode
polarization allows the conductivity to separate into number density of simultaneously conducting
ion p and their mobility  . The monomers invariably show higher conducting ion number
density than the polymers, owing to the cation being part of the polymer, but p was insensitive
to the N-substituent. In contrast, the diethyleneoxy N-substituent imparted higher mobility than

210
the n-butyl N-substituent, for both monomers and polymers, owing to a lower binding energy
between the imidazolium cation and the counterions, imparting lower Tg. This observation has
important consequences for imidazolium-based ionic liquids and their polymers designed for
rapid ion transport.
In addition to ionic conductivity, we studied the static dielectric constant, which is critical
for understanding solvation dynamics, of polymerizable imidazolium acrylates and methacrylates
and their ionomers with different imidazolium pendant structures containing a combination of
alky and ethyleneoxy units as spacers between the backbone and the imidazolium cation. All
monomers and polymers studied exhibit two dipolar relaxations, assigned to the usual segmental
motion (  ) associated with the glass transition and a lower frequency relaxation (  2 ), attributed
to ions rearranging. From the analysis of the static dielectric constant using the Kirkwood g
correlation factor, the dipoles in conventional ionic liquids prefer antiparallel alignment ( g  1 ),
whereas the dipoles in the larger ionic liquid monomers show g of order unity. A longer spacer
leads to an increase in the static dielectric constant, owing to a significant increase of the
relaxation strength of the  2 process, which is understood through overlap of the polarizability
volumes, forcing the ion pair dipoles to interact strongly. This is directly reflected through an
unanticipated increase of the static dielectric constant with ionic liquid molecular volume. The
ionomers consistently exhibited 2 times higher static dielectric constant than the monomers they
were made from, suggesting the polymerization encourages synergistic dipole alignment,
resulting in g  1 . This understanding of the factors controlling the polarity would facilitate the
design of alternative ionic liquids and ionomers.
One significant concept in the mechanistic understanding of polymer ionics is the issue of
coupling between transport and relaxations. The migration of charge carriers in the presence of
an electric field is known as DC conductivity and dielectric measurement allows an observation
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of the polarization of dipolar molecules. The observation of a common Vogel temperature in the
VFT temperature dependence of the mobility of simultaneously conducting ions  , ion
rearrangements (  2 ), and polymer segmental motion (  ) and a BNN correlation indicate that the
ionic conductivity is strongly coupled with dipole relaxations. X-ray scattering was used to
investigate morphology of imidazolium-based ionomers with two different tail lengths. The
longer (n-dodecyl) tail resulted in strong ion aggregation over the whole temperature studied,
while the shorter (n-butyl) tail promoted very little ionic aggregation, thereby with a significantly
larger dielectric constant that agrees reasonably with the Onsager prediction, exhibiting higher
mobility. This tells us that the association states of the ionic groups (e.g. ion pairs or ionic
aggregation) in ionomers can be understood from the analysis of dielectric constant and the study
of morphology.
Linear viscoelastic response of the imidazolum-based ionomers with different spacer
lengths was studied in oscillatory shear. The time temperature superposition worked perfectly for
these ionomers.

The terminal relaxation time increased with decreasing spacer length (or

increasing ion content). Ionomer with smaller BF4- counterions exhibited a rubbery plateau,
attributed to the strong ionic associations that occurred in the ionomer with small counterions,
which was also reflected in the higher Tg and stronger ionic aggregation peak in X-ray scattering.
From the comparison between viscoelastic and dielectric behaviors, the shorter spacer imparted
the slowing down of segmental motion (  ), while the longer spacer imparted the slowing down
of ion rearrangements (  2 ).
For polyanion single-ion conductors, lithium ion conduction was investigated in a
polysiloxane-based ionomer, plasticized with poly(ethylene glycol) (PEG). As PEG was added
the conductivity increased by three orders of magnitude compared to the host ionomer. The
substantial improvement in the ionic conductivity on addition of PEG was due to plasticization,
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solvation, and homogenization. A reduction in Tg with increasing PEG content boosted ion
mobility, and the PEG ether oxygens lowered the activation energy of simultaneously conducting
ions, significantly increasing conducting ion content by 100X, suggesting that ion aggregates
observed in the host ionomer were homogenized by PEG. The latter was consistent with an
initial large increase in dielectric constant. This investigation of plasticizer effects on the basic
properties of single-ion conductors provides useful insights for the design of alternative single-ion
conductors for energy applications.

7.2 Suggested Future Work

The work on ionic conductivity of single-ion conductors in this dissertation has
demonstrated that ionomers having low glass transition temperatures (Tg) are required to obtain
high levels of ionic conductivity. As a consequence of their low Tgs, these conductive materials
are of limited use at ambient temperature in many electrochemical devices due to a lack of
mechanical strength.
Hence, block copolymers that self-assemble to form physically cross-linked,
mechanically tough, nanostructured polymer electrolytes have attracted increased attention in the
design of polymer electrolytes for electrochemical devices.2

Microphase separated block

copolymers provide an enticing opportunity to develop mechanically robust nanostructured
materials, in which the ionic domains form contiguous paths for ion conduction through a
nonconducting matrix phase. Work in Appendix A explores block copolymers, where first block
is an imidazolium-based polymer and second block is a biodegradable polycaprolactone,
exhibiting higher conducting ion density and dielectric constant than an imidazolium
homopolymer. Simone and Lodge3 studied poly(styrene-b-ethylene oxide) diblock copolymers
swollen with ionic liquid and determined that morphologies having continuous ionic domains
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were significantly more conductive than those in which grain boundaries inhibit ion mobility.
Depending on the fraction of the constituent block chains, the microdomain shape in block
copolymers can be either spherical, cylindrical, gyroid, or lamellar. Among such architectures,
the helical morphology is fascinating morphology for creating pathways of ion transport.
Hierarchical superstructures with a helical sense resulting from the self-assembly of amphiphilic
block copolymers that contain a charged chiral block can be obtained.4,5 If the block copolymers
in which the conducting medium is confined to continuous helical conformation can be extended
with polyethylene oxide (PEO) chains, ether oxygens enable in PEO chains solvating ions
throughout the entire macroscopic sample.6 This result may approach to future ionomeric singleion conductors having higher conductivity and greater mechanical strength for energy storage and
conversion devices.
Not only the morphology, but the orientations of microdomains are also a key factor in
boosting ionic conductivity. The control of orientation for block copolymer microdomains using
external fields, such as mechanical shear, electric fields, and magnetic fields has been studied.7
Russell et al.8 investigated the enhanced alignment of microdomains under an electric field by
addition of lithium chloride into poly(styrene-b-methyl methacrylate) (PS-b-PMMA) copolymers.
They observed a significant increase of dielectric constant, resulting from the formation of
lithium-PMMA complexes, and achieved complete alignment of microdomains in block
copolymers.

Thurn-Albrecht et al.9 studied the effect of interfacial polarization in a self-

assembled ion conductor based on a block copolymer and a lithium salt under an electric field.
They reported that the electric forces on the cloud of ionic polarization charges are effectively
transmitted to the heterogeneous soft matrix, leading to alignment upon application of high
electric fields. Therefore, the ions in a nanostructured polymer electrolyte can not only carry an
electric current but could also be used to manipulate the microstructure.
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In chapter 6, the substantial improvement in ionic conductivity on addition of PEG is
observed in polysiloxane-based single-ion conductors. An important question is whether further
improvement in the conductivity might be expected when a more polar plasticizer is added. This
study is underway in Appendix B. In the mixtures, there is a wide range of possible interactions
between the constituents such as ion-ion, dipole-dipole, and ion-dipole interactions.

The

Kirkwood–Frölich equation takes into account the interactions between dipoles and ions by
introducing the correlation factor, g . Figure 1-4 and 1-9 show the dielectric constants of polar
liquids and their Kirkwood g correlation factors. For example, ethylene carbonate (EC) and
propylene carbonate (PC) have high dielectric constants (  EC ~ 90 and  PC ~ 65 at 25 0C) and
similar Kirkwood g correlation factor ( g EC ~ 1.62 and g PC ~ 1.36 at 25 0C) so that both cyclic
solvents are the most suitable additives for lithium rechargeable batteries. On the other hand,
dimethylformamide (DMF) and ethylene glycol (EG), which are acyclic solvents, show similar
dielectric constants (  DMF   EG ~ 37.7 at 25 0C) but different correlation factors ( g DMF ~ 1.17
and g EG ~ 2.34 at 25 0C). The origin for the effect of molecular structure on the dielectric
constant and correlation factor has been attributed to the intramolecular strain of the cyclic
structures that favors better alignment of molecular dipoles, while the more flexible and open
structure of linear molecules results in the mutual cancellation of these dipoles.10 Nevertheless,
the acyclic formamide (FM) shows higher dielectric constant (  FM ~ 109.5 at 25 0C) and higher
correlation factor ( g FM ~ 1.81 at 25 0C) than the cyclic EC and PC. Therefore, a study of the role
of dielectric constant and g correlation factor of plasticizers in changing the basic properties of
single-ion conductors such as morphology, ion conduction, concentration of charge carriers and
their mobility, and dielectric constant would be appropriate to understand the plasticizer effect on
the mechanism of ion transport in polymer electrolytes and provide useful information for design
in the field of ionomeric energy applications.
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Appendix A

Imidazolium Based Ionic Liquid as Initiators in Ring Opening
Polymerization of -Caprolactone: End-functional Polymers and Block
Copolymers
The potential of imidazolium alcohols as initiators, [R-Im-Z-OH][X], for ring opening
polymerization (ROP) of -caprolactone (CL) is investigated. R and Z represent the groups at the
N-1 and N-3 positions of the imidazolium ring and X is the counter anion [Br- or bis(trifluoromethanesulfonyl)imide]. The imidazolium alcohols (I and III) were successfully utilized as
initiators for ROP of CL at 140 oC. These alcohols are thermally stable and possess low glass
transition temperatures (Tg = -65 oC). Because of their viscous (or gummy) nature, many of the
imidazolium-based ionic liquids (ILs) and their polymers are difficult to process. However,
tethering an IL to a polymer like polycaprolactone (either as end-group from III or as block from
II) combined the properties of the polymer and the IL. Thus the end-functional polymer and the

block copolymer both displayed a melting transition (Tm) and a glass transition (Tg) and were
white solids.

The effect of spacer group Z was also examined.

The conductivity of the

imidazolium alcohol (III) was higher for Z = -(CH2CH2O)3- in comparison to others. The
monomers and the polymers were characterized by NMR, GPC and high resolution ESI MS. The
monomers have lower glass transition temperatures (Tg) than the polymers. The end-functional
polycaprolactone Ia displays the lowest conductivity of all of the polymers, primarily because of
the low concentration of imidazolium moieties. Not surprisingly, the ionic conductivity of the
imidazolium end-functionalized polycaprolactone IIIa is about three orders of magnitude lower
than the monomeric alcohol III across a wide temperature range. However, the conductivity of
IIIa is higher than that of the imidazolium polyester II at temperatures below the melting point of
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the polycaprolactone phase, but lower above that point probably due to phase mixing. The block
copolymer IIa possesses ionic conductivity that is lower than imidazolium polyester II by less
than an order of magnitude across the entire temperature range; this is attributed to the phase
separation in this system.

This result demonstrates clearly that with proper design block

copolymers have the capacity to provide high ionic conductivities combined with good
mechanical strength, key attributes for application of these materials in mechanical actuators.

Figure A-1| Imidazolium-based ionic alcohols as ring-opening polymerization initiators

A.1 Introduction

Homo- and co-polymers of polycaprolactone (PCL) are of tremendous interest to
researchers as well as industrialists. PCL is biodegradable polyester possessing outstanding
permeability, a low melting point (Tm = 60°C), a low glass transition temperature (Tg = -60°C)
and the degradation product is non-toxic and metabolizable.1-7 PCL is generally synthesized by
ring-opening polymerization in the presence of various initiators or catalysts.

Especially a
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versatile catalyst such as stannous octoate (Sn(Oct)2) along with linear alcohols as initiators.
Stannous octoate is the catalyst of choice for polymerizations for a variety of reasons, chief
among them being its low cost, low toxicity, and high efficiency.8-15 The disadvantages of PCL
are its slow rate of degradation and its hydrophobicity, but all these can be overcome by
copolymerization or blending with other polymers, including conducting polymers.16-18

For

example, a novel electrically conducting and biodegradable polymer was synthesized from
oligomers of pyrrole and thiophene connected together via ester linkages.19 Nahrain et al. have
investigated N-heterocyclic carbenes (NHCs) as versatile ring-opening polymerization catalysts
for various polymers including CL and building architectures respectively;20-22 however, not all
NHCs are active catalysts for polymerization of CL. Recently, our group has reported various
imidazolium-based polymerizable ionic liquids (imidazolium in the backbone and pendant
moieties) as ion conductors.23-25 Extending the use of these imidazolium-based ILs, hereby we
report the ROP of CL using imidazolium-based ionic liquid alcohols as effective initiators to
prepare end-functional homo- as well as block co-polymers. Use of imidazolium-based alcohols
as initiators for ROP of CL is not known in literature. These monomers as well as the resultant
polymers have potential applications as ion conductors as revealed by their conductivities. We
hereby report the results of our studies using these initiators.

A.2 Experimental

The ε-caprolactone (CL) from Aldrich was dried over CaH2 for 4 h and then distilled
under reduced pressure. Stannous octoate (Sn(Oct)2, Aldrich) was dried over molecular sieves
(type 4A) and stored under a nitrogen atmosphere before use.

Unless stated otherwise all

chemicals were purchased with highest purity (or anhydrous) from Aldrich/Alfa Aesar and used
as received.

1

H &

13

C NMR spectra were recorded on Varian Inova and JEOL 500 MHz
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spectrometers. High resolution electrospray ionization time-of-flight mass spectrometry (HR ESI
TOF MS) was carried out on an Agilent 6220 Accurate Mass TOF LC/MS Spectrometer in
positive ion mode.
Gel permeation chromatography (GPC) was conducted using a Waters GPC equipped
with three Waters Styragel columns (7.8 x 300 mm, HR1-HR3-HR4), an RI detector (Waters
2414) and a Viscotek 270 dual detector. Chloroform was the mobile phase (30 oC, 1.0 mL/min)
and a universal calibration with polystyrene standards (Varian Polymer Laboratories: 0.2-126
kDa) was performed. Matrix-assisted laser desorption ionization time-of-flight spectroscopy
(MALDI-TOF) was performed using a Kratos Kompact Discovery instrument (SEQ V1.2.1) from
Kratos Analytical. Samples were dissolved in chloroform at a concentration of 1 mg/mL, and 10100 equivalents of 1,8,9-trihydroxyanthracene was used as the matrix. All spectra were recorded
using the linear ion mode, in which samples were irradiated under high vacuum using a nitrogen
laser (wavelength 337 nm, 2 ns pulse). The accelerating voltage was 25 kV. Grid voltage and
low mass gate were 85.0 % and 500.0 Da, respectively. All spectra were collected from 200 laser
pulses and signal averaged to give one spectrum. Thermal properties were observed using a TA
Instruments Q 2000 differential scanning calorimeter (scan rate of 5 or 10 °C/ min heating) and Q
500 thermogravimetric analysis (heating at 10 °C/min) instruments under N2 purge.
The ionic conductivity measurements of the monomers and polymers were performed by
dielectric relaxation spectroscopy. Samples were prepared for the dielectric measurement by
allowing them to flow to cover a 30 mm diameter freshly polished brass electrode at 100°C in
vacuo. To control the sample thickness at 50 μm, silica spacers were placed on top of the sample

after it flowed to cover the electrode. Then a 15 mm diameter freshly polished brass electrode
was placed on top to make a parallel plate capacitor cell which was squeezed to a gap of 50 μm in
the instrument (with precise thickness checked after dielectric measurements were complete).
The samples sandwiched between two electrodes were positioned in a Novocontrol GmbH
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Concept 40 broadband dielectric spectrometer, after being in a vacuum oven at 100 °C for 24 h.
Each sample was then annealed in the Novocontrol at 120 °C in a heated stream of nitrogen for 1
h prior to measurements. The ionic conductivity was measured using a sinusoidal voltage with
amplitude 0.1 V and 10-2 – 107 Hz frequency range for all experiments. Data were collected in
isothermal frequency sweeps every 5 K, from 120 °C to near Tg .

1

Figure A-2| H-NMR spectrum of I in DMSO-d6

A.3 Precursor Synthesis
3-(5’-carboxypentyl)-1-(11’’-hydroxyundecyl) imidazolium bromide (I): A mixture of
1-(11’-hydroxyundecyl)imidazole (7.01 g, 0.029 mol), which was synthesized as reported

previously,23 and 6-bromohexanoic acid (6.28 g, 0.032 mol) in 100 mL of anhydrous MeCN was
refluxed for 3 days. Upon cooling the solid was filtered, washed thoroughly with THF/diethyl
ether and dried in a vacuum oven resulting in an off-white solid (12.0 g, 95%). DSC: Tg = -66.8
°C, Tm = 121 °C.

1

H NMR (500 MHz, DMSO-d6) δ 12.02 (s, 1H), 9.21 (s, 1H), 7.91(m, 2H),
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4.33 (s, 1H), 4.16 (t, J = 4.2 Hz, 4H), 2.21 (t, J = 7.3 Hz, 2H), 1.85 – 1.72 (m, 4H), 1.57 – 1.48
(m, 2H), 1.38 (m, 2H), 1.24 (m, 18H).

13

C NMR (126 MHz, DMSO-d6) δ 174.8, 136.5, 123.0,

61.2, 49.4, 49.2, 33.9, 33.0, 29.8, 29.6, 29.5, 29.4, 29.3, 28.8, 26.1, 26.0, 25.5, 24.2. HR ESI MS:
m/z 353.2833 ([M-Br]+, calcd. for C20H37N2O3 353.2799, error 9.8 ppm) (see Figure A-2).
Synthesis of tetra(ethylene glycol) monotosylate (TEGMT): In a 500 mL two-neck

round bottom flask was transferred THF (30 mL), de-ionized water (30 mL) and NaOH (4.95 g)
followed by addition of 10-fold excess of TEG (168 g, 86.5 mmol). The flask was cooled using
ice and the solution attained an orange-yellow color upon mixing. This was added drop-wise a
solution of p-TsCl (15g, 78.7 mmol) in THF (60 mL) over a period of 1 h. Thereafter the reaction
was stirred for another 3 h at 0 oC. Upon completion, the reaction mixture was dropped over 300
g of crushed ice. The compound was extracted using methylene chloride. The combined organic
layers were washed several times with de-ionized water; dried using anhyd. Na2SO4 and
evacuated under reduced pressure resulting in a yellow viscous liquid. Yield 10 g (66% with
reference to tosyl chloride). The proton NMR was exactly the same as reported.26 1H NMR (400
MHz, CDCl3) δ: 7.77 (d, J = 8.2 Hz, 2H), 7.32 (d, J = 8.2 Hz, 2H), 4.18- 4.11 (m, 2H), 3.74-3.52
(m, 14H), 2.42 (s, 3H).
Synthesis

of

3-butyl-1-(2’-(2’’-(2’’’-(2’’’’-hydroxyethoxy)ethoxy)ethoxy)ethyl)-1-

imidazolium TFSI (III): 20.05 g of TEGMT (63.3 mmol) was mixed with 9.45 g of N-

butylimidazole (76.0 mmol) followed by addition of 120 mL of acetonitrile. The mixture was
refluxed for 3 days under nitrogen. Thereafter, solvent was removed and the residue was washed
several times with diethyl ether. After drying in vacuum overnight a yellow, viscous liquid was
isolated (28.4 g, 76%). 1H NMR (500 MHz, MeCN-d3) δ: 8.92 (s, 1H), 7.61 (d, J = 8.1 Hz, 2H),
7.51 (t, J = 1.8 Hz, 1H), 7.43 (t, J = 1.8 Hz, 1H), 4.33-4.27 (m, 2H), 4.14 (t, J = 7.3 Hz, 2H),
3.80-3.75 (m, 2H), 3.58-3.53 (m, 11H), 3.50-3.47 (m, 2H), 1.83-1.75 (m, 2H), 1.32-1.26 (m, 2H),
0.92 (t, J = 7.4 Hz, 3H) (see Figure A-3).
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1

Figure A-3| H-NMR spectrum of III(OTs) in MeCN-d3

The imidazolium tosylate salt (7.50 g, 12.2 mmol) was dissolved in 60 mL of de-ionized
water. It was washed with 100 mL of ethyl ether twice and the aqueous layer was transferred to a
round bottom flask. At a temperature of 60 °C, 5.25 g of LiTFSI (18.3 mmol) was added. The
reaction mixture immediately became an off-white milky color and was stirred for 48 h. Upon
decanting the aqueous mixture, the residue was washed with deionized water, followed by
washing with saturated NaHCO3 solution; further dissolved in acetonitrile and washed with
hexane and finally rinsed with a large excess of diethyl ether. The solvent was decanted and
resulting viscous oil was dried under high vacuum (4.86 g, 67%). 1H NMR (500 MHz, MeCNd3) δ: 8.59 (s, 1H), 7.46 (t, J = 1.8 Hz, 1H), 7.39 (t, J = 1.8 Hz, 1H), 4.32-4.21 (m, 2H), 4.14 (t, J

= 7.3 Hz, 2H), 3.84 – 3.75 (m, 2H), 3.58 (m, 11H), 3.52 – 3.48 (m, 2H), 1.86 – 1.78 (m, 2H), 1.38
– 1.29 (m, 2H), 0.94 (t, J = 6.3 Hz, 3H). 13C NMR (126 MHz, MeCN-d3) δ: 135.9, 123.2, 122.1,
121.3, 118.8, 117.4, 72.3, 70.2, 69.9, 68.3, 61.0, 49.6, 31.6, 19.1, 12.7. HR ESI MS: m/z
301.2135 ([M-TFSI]+, calcd. for C15H29N2O4 301.2122, error 4.34 ppm) (see Figure A-4).
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1

Figure A-4| H-NMR spectrum of III(TFSI) in MeCN-d3

A.4 Polymerization

Figure A-5| Ring-opening polymerization of -caprolactone using I/II/III as initiators
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A-B monomer to Polyester II: The required amount of hydroxy acid I (1-2 g) was

weighed in a flame dried round bottom flask followed by catalytic amount of p-TSA (0.2-0.3 mol
%) and freshly distilled diglyme or o-dichlorobenzene (7-10 mL). The mixture was degassed for
30 min using a nitrogen sparge, and thereafter immersed in a pre-heated oil bath at a temperature
of 140 oC-160 oC for 2-3 d.

The reaction was quenched by cooling the flask to ambient

temperature. The reaction mixture was passed through the small plug of Celite, followed by
removal of methanol to a small volume, and finally dropped into large excess of acetonitrile. The
residue was discarded; upon concentrating the filtrate a dark brown gummy/thick paste was
obtained. It was dried for 12 h in a vacuum oven at 70 oC.
ε-Caprolactone (CL) to End-Functional Polymer IIIa: All glassware and needles were

dried overnight in an oven prior to use, and reactions were performed under a dry nitrogen
atmosphere. To a flame dried 100 mL tube was weighed the imidazolium initiator III (0.304 g,
0.555 mmol,) followed by Sn(Oct)3 (22.483 mg, 0.055 mmol). The flask was degassed several
times with vacuum and nitrogen cycles. Thereafter, 6.150 g (55.50 mmol) of distilled CL was
introduced to the flask, which was immersed in an oil bath thermostated at 140 °C for 12 h. The
resulting viscous polymer was dissolved in THF and precipitated in cold diethyl ether. The
polymer was filtered and dried in a vacuum oven at 50 oC.
ε-Caprolactone (CL) to End-Functional Polymer Ia: The procedure is same as

reported for IIIa, except for the concentration of imidazolium initiator Ia (0.196 g, 0.45 mmol),
Sn(Oct)3 (18.279 mg, 0.045 mmol) and CL (5.150 g, 45.12 mmol).
ε-Caprolactone (CL) to Block Co-polymer IIa: The procedure is same as reported for
IIIa, except for the concentration of imidazolium initiator IIa (0.300 g, 0.06 mmol), Sn(Oct)3

(2.430 mg, 0.006 mmol) and CL (0.685 g, 6 mmol).
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Table A-1| Polycaprolactones from Imidazolium-Based Alcohols as Initiators
IL

Td

Tg b (oC)

a

o

Tm

c

o

Tc

d

o

Mn,SEC e
(Mn,NMR)f

Mw/Mn e

( C)

monomer

polymer

( C)

( C)

I

nd

-67

-

121

60

-

-

II

140

-

-41

-

-

18.6 (5.3)

1.14

III

nd

-63

-

-

-

-

-

Ia

287

-

-33

53

34

3.0

> 2.0

IIa

287

-

-54g, -32

53

28,18

40.2 (11.4)

> 2.0

IIIa

287

-

-33

54

24

6.0

1.86

(kDa)

I/II/III: [R-Im-Z-OH][X]; I : A-B monomer; II: polyester from A-B monomer; III: alcohol;
Ia/IIa/IIIa are PCL ([CL]: [Initiator]:[Sn(Oct)3] = 100: 1: 0.1) obtained in bulk at 140 oC for 24 h,
respectively; nd: not done
a
TGA (10 °C/min, N2, 5% wt loss); b DSC (-70 to 150 °C, heating and cooling rate 10 °C/min.) in

N2
c

Broad melting endotherm peak temperature; d Broad crystallization exotherm peak temperature

e

GPC (SEC) in NMP (0.05 M LiBr, 0.5 mL/min at 50 C) calibrated with PS standards, Mp =

peak molecular weight; f 1H-NMR performed in CDCl3; g Transition due to PCL.

A.5 Results and Discussion

Polycaprolactone (PCL) homo- and co-polymers are well-known in the literature. Our
approach involves an imidazolium-based IL initiator to polymerize CL. Table A-1 lists the molar
ratios of monomer (CL), initiator (ROH), and catalyst used in a series of polymerizations.
Monoalcohol I, polyester II and monoalcohol III were synthesized as initiators for the ROP of
CL; the counter ions of I & II were bromide, whereas for III it was TFSI [bis(trifluoromethanesulfonyl)imide]. Monomer I was self-condensed to give AB-type polyester II. This is
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the first report to employ imidazolium alcohol-based IL monomers and polymer as initiators for
ROP of CL.
As represented in Figure A-1, the imidazolium-based AB monomer I was prepared by the
quaternization of N-(10-hydroxydecyl)imidazole with 6-bromohexanoic acid. This AB monomer
was self-condensed using step-growth polymerization to form polyester II. Polyester II was used
as the initiator to make block copolymer (IIa) via bulk ROP of CL, wherein first block is an ionic
polymer and second block is biodegradable (as shown in Figure A-5). Additionally, imidazolium
alcohol III was synthesized by quaternization of N-butylimidazole with tetra ethyleneglycol
monotosylate, followed by ion-exchange as shown in Figure A-1. Similarly, the bulk ROP of CL
using AB monomer I and alcohol III resulted in end-functional polymers Ia and IIIa. The
polymerization of lactones is generally carried out in bulk or in solution (THF, dioxane, toluene,
etc.), emulsion,27 or dispersion.28 Bulk polymerizations are generally done in the range of 100150 °C, whereas in solution polymerization, low temperatures have been used (0-25 °C) to
minimize side reactions (inter- and intra-molecular transesterification).

The polymerization

mechanism using imidazolium alcohols as initiators is believed to proceed by activated monomer
mechanism, in which the CL monomer is coordinated with the catalyst and thus activated. The
ROP then proceeds via a nucleophilic attack of the alcohol, leading to the insertion of the
monomer into the metal-oxygen bond. The alcohol functionality and the monomer are both
coordinated to the Sn(Oct)3 complex during propagation.8

However, a possibility of NHC

initiation in these reactions cannot be discarded. Under conditions where there is a competition
between the two mechanisms, it would be difficult to control the molecular mass and side
reactions because the presence of water or other hydroxyl compounds is likely to initiate
polymerization.29
As seen from Table A-1 that the Tgs of the imidazolium alcohols (I, II, and III) are lower
than those of the resulting CL-based polymers (Ia, IIa, and IIIa); however, the Tg of PCL is
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difficult to observe but its Tm is observed in the range of 53-55 oC. TGA analysis showed that the
polymers were stable until 280 oC.

The polymers were studied for end-group analysis by

MALDI-TOF. Samples were dissolved in chloroform and 1,8,9-trihydroxyanthracene was used
as the matrix. A systematic pattern was observed for polymer IIIa that correlated well with the
CL repeat unit and the imidazolium end-group.

An imidazolium IL end-capped by a

biodegradable polymer, PCL, for the first time was characterized by MALDI-TOF as shown in
Figure A-6. The polymers were white solid powders.

Figure A-6| MALDI-TOF spectrum for PCL end-capped by imidazolium IL (III). The inset
provides an expanded view of the main spectrum.

The temperature dependence of the ionic conductivity is displayed in Figure A-7 for the
imidazolium alcohols (I, II and III as open symbols) and the resulting CL-based polymers (Ia,
IIa and IIIa as filled symbols).
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Figure A-7| (a) Ionic conductivity as a function of inverse temperature while cooling (red
squares) and heating (orange squares) combined with DSC cooling (red line) and heating (orange
line) tracers for I and (b) ionic conductivity as a function of inverse temperature while cooling for
imidazolium-based ionic alcohols (open symbols) and their PCLs (filled symbols) with solid lines
indicating fits to Eq. A-1.
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These monomers and polymers reveal conductivities in the range 10-12 to 10-2 S/cm with
discontinuities and changes in slopes at the observed phase transition (listed in Table A-1) except
for II and III which do not display crystallization or melting in the temperature range of -70 to
150 °C by DSC. The result for I shown in Figure A-7 is exemplary in this regard. The
transitions occur slightly below the transitions detected by DSC that are indicated along with the
conductivity results. Interestingly, the conductivities depend on both the end-functional groups
(homo- vs. co-polymers of PCL) and the counterions (Br- vs. TFSI-).
At high temperature the imidazolium alcohols (I, II and III) show higher ionic
conductivity than their CL-based polymers (Ia, IIa and IIIa), owing to a lower Tg (Table A-1).
While this logical trend is maintained at all temperature for the TFSI- monomer (III) and its
polymer (IIIa), at the lowest temperatures, the Br- monomer (I) has lower conductivity than any
of its polymers (II, Ia and IIa) because monomer I crystallizes more that the polymers do. For I
initiator having a melting transition ( Tm ) and its polymer (Ia), the temperature dependence of
ionic conductivity is well described by a Vogel-Fulcher-Tammann (VFT) above Tm and an
Arrhenius equation below Tm



DT0 
 at T  Tm
 T  T0 
 E 
   exp   a  at T  Tm
 RT 

 DC    exp  
 DC

(A-1)

wherein   is the high-temperature limit of the conductivity, T0 is the Vogel temperature, D is
the so-called strength parameter (reciprocally related to fragility) and Ea is an activation energy
for ion conduction. These fit parameters are given in Table A-2. In particular, the activation
energy decreases by about 50% on the ROP of CL, as the I has Ea  200 kJ/mol and the Ia has

Ea  90 kJ/mol .
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Table A-2| Fitting Parameters of the Temperature Dependence of Ionic Conductivity Fit to Eq.
A-1.
VFT (T > Tm)
log(σ∞)
[S/cm]

Arrhenius (T < Tm)

D

T0 [K]

log(σ∞)

Ea

[S/cm]

[kJ/mol]

I

0.5

9.1

184

24.7

200

Ia

-3.3

7.4

171

6.5

90

VFT (T > Tm)
log(σ∞)
[S/cm]

VFT (T < Tm)

D

T0 [K]

log(σ∞)
[S/cm]

D

T0 [K]

II

-0.5

6.3

213

-

-

-

IIa

-1.7

8.3

180

1.0

17.6

160

III

0.2

5.9

174

-

-

-

IIIa

-2.8

5.7

177

-1.8

9.7

166

For II and III initiators not having a melting transition and their polymers (IIa and IIIa),
on the other hand, the temperature dependence of ionic conductivity is well described by the VFT
equation above and below Tm .

After ROP of CL, the strength parameter D increases,

corresponding to a decrease of fragility, and the Vogel temperature T0 decreases below the
melting temperature. To understand the effect of end-functional PCL on the conductivities for
these polymers, the conductivities can be separated into simultaneously conducting ions and their
mobility using a physical model of electrode polarization,30-31 which has recently been utilized
with great success for single-ion conductors.24, 32-33 Figure A-8 compares electrode polarization
analysis results of three of our single-ion conductors (II, IIa and IIIa). For each polymer, the
simultaneously conducting ion mobilities display a VFT temperature dependence as shown in
Figure A-8a. As expected, II with lower Tg exhibits higher ion mobility than IIa and IIIa with
higher Tg . After normalization by Tg , although the IIa with a PCL block still displays lower
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mobility than the II without a PCL block above Tm, the PCL would be beneficial to provide high
ionic conductivity, if Tm can be reduced. Figure A-8b exhibits the temperature dependence of the
number density of simultaneously conducting ion, exhibiting an Arrhenius temperature
dependence
p  p0 exp   Ea / RT 

(A-2)

wherein p0 is the total anion concentration, listed in Table A-3, (all anions are in conducting
states at all times as T   ) here estimated from density determined by the group contribution
method.34 The ionomer IIa above Tm has activation energy Ea  12 kJ/mol , similar to ionomer II
( Ea  17 kJ/mol ). For IIIa, the larger TFSI- counterion significantly lowers the activation energy
( Ea  6 kJ/mol ) compared to the smaller Br- counterion.

Table A-3| Fitting Parameters for the Temperature Dependence of Conducting Ion Content Fit to
Eq. A-2.

log(p0)
-3

Ea

[cm ]

[kJ/mol]

II

21.2

17

IIa

21.1

12

IIIa

20.1

6

Figure A-9 displays the dielectric constant  s for these imiazolium-based polymers and
their non-ionic polymer with the end-functional polycaprolactone vs. inverse temperature. The
non-ionic polymer exhibits the lowest dielectric constant.  s for the ionomers with imidazolium
cation with either Br- or TFSI- (Ia and IIIa) slightly increases.
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Figure A-8| Electrode polarization analysis for II, IIa and IIIa: (a) temperature dependence of
their simultaneously conducting ion mobilities and with respect to inverse temperature
normalized by the Tg , shown in the inset and (b) temperature dependence of simultaneously

conducting ion concentration, including Arrhenius fits (solid lines) to Eq. A-2.
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On the other hand, the imidazolium polyester II without the PCL end-group possesses higher  s
than the Ia and IIIa with much lower ion concentration of imidazolium moieties. After the ROP
of CL using II,  s of the IIa significantly increases. The block copolymer of PCL (IIa) has
much higher dielectric constant than the homopolymers of PCL (Ia and IIIa) and even the
imidazolium polyester (II) allows ions to form less ionic aggregation so as to provide higher
simultaneously conducting ion number density. This clearly demonstrates that properly designed
block copolymers have enormous potential for high ionic conductivity combined with good
mechanical strength.
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Figure A-9| Temperature dependence of dielectric constant for imidazolium-based polymers (II,
Ia, IIa and IIIa) and the non-ionic polymer (with structure specified). The block copolymer IIa
exhibits the highest dielectric constant across the entire temperature range studied.
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A.6 Conclusions

We have identified imidazolium alcohols, [R-Im-Z-OH][X], as initiators for ring opening
polymerization (ROP) of -caprolactone (CL). Monomeric imidazolium alcohols I and III were
successfully utilized as initiators for ROP of CL at 140 oC, leading to end-functional PCLs. ROP
of CL using an imidazolium polyester (II) as initiator at 140 oC resulted in a biphasic block
copolymer with two glass transitions and a melting transition corresponding to the PCL
component. The effect of CL is clearly observed in the ionic conductivity. Although the endfunctional PCL Ia displays the lowest conductivity of all of the polymers, at temperatures below
the melting point of the PCL phase its conductivity is much higher than the monomeric alcohols I
before ring opening polymerization. The conductivity of IIIa is also higher than that of the
imidazolium polyester II at temperatures below the melting point of the PCL phase. While the
block copolymer IIa possesses ionic conductivity that is lower than imidazolium polyester II by
less than an order of magnitude across the entire temperature range, the dielectric constant and
conducting ion density of block copolymer (IIa) are much higher than those of homopolymer
(II). This suggests that properly designed block copolymers have considerable potential for high
ionic conductivity combined with good mechanical strength.
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Appendix B

Influence of Solvating Plasticizer (Polar Copolymer) on Ion Conduction of
Polysiloxane Single-Ion Conductors

Figure B-1| Mixtures of comb polysiloxanes having lithium tetraphenyl borate (n = 14 mol-%)
and cyclic carbonate (m = 86 mol-%) as randomly placed side chains (P-14) and comb
polysiloxanes having tri(ethylene glycol) (PEO3) (n´ = 85, 67, 40, and 20 mol-%) and cyclic
carbonate (m´ = 15, 33, 60, and 80 mol-%) as randomly placed side chains (m´Cn´P) to 80 wt-%
m´Cn´P.
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Table B-1| Glass Transition Temperatures of the Host Ionomer (P-14), Polar Copolymers
(m´Cn´P), and Their Mixtures

Sample

Tg (0C)

Sample

Tg (0C)

P-14

30

15C85P

-68.2

P-14+15C85P

-63.2

33C67P

-62.6

P-14+33C67P

-56

60C40P

-47.1

P-14+60C40P

-43.5

80C20P

-38.9

P-14+80C20P

-35.3
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Figure B-2| Temperature dependence of ionic conductivity for P-14 and its blends with m´Cn´P
vs. 1000/T. The inset exhibits their frequency dependence of ionic conductivity at -80 0C.
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Figure B-3| Temperature dependence of simultaneously conducting ion number density p for P14 and its blends with m´Cn´P. Lines are fits to an Arrhenius equation with the activation energy,
listed in Table B-2.

Table B-2| Activation Energies for the Temperature Dependence of Simultaneously Conducting
Ion Number Density

Sample

Ea (kJ/mol)

P-14

21.7

P-14+15C85P

20.2

P-14+33C67P

10.1

P-14+60C40P

9.8

P-14+80C20P

11.8

240
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Figure B-4| Temperature dependence of simultaneously conducting ion mobilities for P-14 and
its blends with m´Cn´P.

Appendix C

Ion Conduction of Polynorbornene Single-Ion Conductors

Table C-1| Glass Transition Temperatures and Molecular Weight of Norbornene-based
Monomers and Their Single-Ion Conductors

monomer

Tg (0C)

Polymer

Tg (0C)

Mn (kDa)

10033

-53.93

10033

-50.72

34

10037

-57.27

10037

-41.76

70

10038

-44.23

10038

-23.18

44

4c (polymer) in chapter 2
3c (monomer) in chapter 2
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Figure C-1| Temperature dependence of ionic conductivity for norbornene-based monomers
(open symbols) and their polymers (filled symbols), compared with arylate-based monomer (3c)
and polymer (4c) in chapter 2.
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Appendix D

Supporting Information for Chapter 3

Figure D-1| 500 MHz 1H NMR spectrum (CDCl3) of poly(ethylene glycol) methacrylate
(PEGMA) after purification. Integration analysis indicates an average of 6.5 ethyleneoxy units
per methacryl moiety
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Figure D-2| 500 MHz 1H-NMR spectrum of tetra(ethylene glycol) monomethacrylate (TEGMA)
in CDCl3. Note that application of the calculation used in Figure S1 slightly overestimates the
number of ethyleneoxy units (4.3±0.1).
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Figure D-3| 500 MHz 1H-NMR spectrum of tetra(ethylene glycol) monoacrylate (TEGA) in
CDCl3. Note that application of the calculation used in Figure S1 slightly overestimates the
number of ethyleneoxy units (4.1±0.1).
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Figure D-4| 500 MHz 1H-NMR spectrum of methacrylate monomer 2a in MeCN-d3.
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Figure D-5| 500 MHz 1H-NMR spectrum of methacrylate monomer 2b in MeCN-d3.
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Figure D-6| 500 MHz 1H-NMR spectrum of methacrylate monomer 2c in MeCN-d3. An
independently prepared sample yielded similar results. The sample shown in this figure was the
one used to prepare polymer 3c.
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Figure D-7| 500 MHz 1H-NMR spectrum of acrylate monomer 4a in MeCN-d3.
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Figure D-8| 500 MHz 1H-NMR spectrum of acrylate monomer 4b in MeCN-d3.
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Figure D-9| 500 MHz 1H-NMR spectrum of polymethacrylate 3a (prepared from monomer 2a) in
MeCN-d3. See Figure D-14 for the COSY analysis. Integration of the signals afforded rr:mr:mm
= S:H:I = 58:34:8 with estimated error of ±2 in the major fraction. Analysis by cutting and
weighing smoothed peaks from four independent printouts indicated rr:mr:mm = S:H:I =
55.7:35.4:9.0 with a standard deviation of ±0.9 in the major fraction; these numbers are believed
to be more accurate than the values from integration.
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Figure D-10| 500 MHz 1H-NMR spectrum of polymethacrylate 3b (prepared from monomer 2b)
in MeCN-d3. See Figure D-15 for the COSY analysis. Due to the poor baseline in the region of
interest no attempt was made to integrate the backbone methyl proton signals. Analysis by
cutting and weighing smoothed peaks from four independent printouts indicated rr:mr:mm =
S:H:I = 54.1:42.9:3.0 with a standard deviation of ±2.0 in the major fraction. Analysis was also
done using the 13C NMR spectrum, yielding very similar results; see Figure D-18.
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Figure D-11| 500 MHz 1H-NMR spectrum of polymethacrylate 3c (prepared from monomer 2c)
in MeCN-d3. Analysis by cutting and weighing smoothed peaks from four independent printouts
indicated rr:mr:mm = S:H:I = 59.8:37.2:3.1 with a standard deviation of ±1.1 in the major
fraction.
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Figure D-12| 500 MHz 1H-NMR spectrum of polyacrylate 5a (prepared from monomer 4a) in
MeCN-d3. There is too much overlap of signals to determine the tacticity.
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Figure D-13| 500 MHz 1H-NMR spectrum of polyacrylate 5b (prepared from monomer 4b) in
MeCN-d3. There is too much overlap of signals to determine the tacticity; therefore, 13C NMR
was employed (Figure D-19).

258

Figure D-14| 500 MHz COSY NMR spectrum of polymethacrylate 3a in MeCN-d3.
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Figure D-15| 500 MHz COSY NMR spectrum of polymethacrylate 3b in MeCN-d3.
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Figure D-16| 500 MHz COSY NMR spectrum of polymethacrylate 3c in MeCN-d3.
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Figure D-17| Top: 126 MHz 13C NMR spectrum of polymethacrylate 3b in MeCN-d3. Bottom:
Heteronuclear Single-Quantum Multiple-Bond Correlation (HSBC) spectrum.
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Figure D-18| Top: 126 MHz 13C NMR Distortionless Enhancement by Polarization Transfer at
135o (DEPT 135) spectrum of polymethacrylate 3b in MeCN-d3. Bottom: Backbone methyl
region; integration indicates rr:rm:mm = S:H:I = 58:40:2. Analysis by cutting and weighing
smoothed peaks from four independent printouts indicated rr:mr:mm = S:H:I = 54.4:42.0:3.6 with
a standard deviation of ±1.5 in the major fraction. The latter analysis is considered to be more
accurate than the integration method and agrees well with similar analysis of the 1H NMR
spectrum (Figure D-10).
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Figure D-19| Top: 126 MHz 13C NMR Distortionless Enhancement by Polarization Transfer at
135o (DEPT 135) spectrum of polymethacrylate 3b in MeCN-d3. Bottom: Backbone methyl
region; integration indicates rr:rm:mm = S:H:I = 58:40:2. Analysis by cutting and weighing
smoothed peaks from four independent printouts indicated rr:mr:mm = S:H:I = 54.4:42.0:3.6 with
a standard deviation of ±1.5 in the major fraction. The latter analysis is considered to be more
accurate than the integration method and agrees well with similar analysis of the 1H NMR
spectrum (Figure D-10).
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Figure D-20| Top: 126 MHz 13C NMR spectrum of polymethacrylate 5b in MeCN-d3. Bottom:
Heteronuclear Single-Quantum Multiple-Bond Correlation (HSBC) spectrum.
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Figure E-1| DSC thermograms of LiPSBC and its blends with PEG600. The arrows indicate the
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Figure E-2| Dielectric loss spectra as a function of frequency for nonionic PSC at various
temperatures, showing only the  process.
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Figure E-3| Dielectric loss spectra as a function of frequency for PSC-34 wt-% PEG600 at
various temperatures, showing only a broadened  process.
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