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ABSTRACT: A physical model of electrode polarization is applied to dielectric (impedance) data from two
poly(methoxyethoxy-ethoxy phenoxyphosphazene) systems with nearly identical chemical structures, one
composed of an ionomer with a single mobile cation and the other composed of a salt-doped polymer with
mobile cation and mobile anion. Quantitative comparison of the ion mobility and mobile ion concentration, based
on chemical structure, is achieved. Both conductivity and ion mobility are reduced to common curves by
normalizingT with Tg, indicating thatTg of the polymer matrix is a major factor controlling ion diffusion. Even
with the use of normalized temperature, both the mobility of ions and the mobile ion concentration in the doped
polymers are∼10 times larger than those in the ionomers. These factors arise from faster diffusion of the anion
and the local environment surrounding ion pairs. Also, Arrhenius and VFT parameters associated with mobile
ion concentration and ion mobility, respectively, reveal differences in activation energies between ionomer and
doped polymer that are due to interactions between the ion pairs and polymer segments.

1. Introduction

Improvement of high-density chemical sources of energy
remains the most significant challenge for mobile technology.
Energy storage devices such as batteries and fuel cells deliver
energy by transport of ions through a polymer membrane.
Improvements in polymer membranes for ion transport have
been achieved in recent years by the engineering of improved
gel polymer electrolytes,1 but the fundamental mechanisms that
govern ion transport through polymers are still not well-
understood after 30 years of research.2,3

Recent simulations of “simple” ion-containing systems and
experiments on carefully designed polymers have improved
understanding of the transport mechanisms. Borodin and Smith
recently presented a detailed molecular dynamics simulation that
predicts three separate lithium transport pathways for lithium
salts in poly(ethylene oxide) (PEO).4 The effects of counterion
size on conductivity, especially in light of the relative mobilities
of the cation and anion, have been investigated by Kato et al.
for a PEO-based ionomer.5 Sadoway and co-workers demon-
strated the intriguing result that chemically distancing ion-
containing groups from PEO-based regions actually enhanced
the overall conductivity.6,7 The strong effect ofTg on conductiv-
ity in plasticized systems with no phase separation was
demonstrated by Zhang et al.8

Despite these advances, the underlying components of
conductivitysion mobility and mobile ion concentrationsmust
be decomposed and understoodindiVidually before theoretical
development can continue. This paper addresses these two
components of conductivity by utilizing a physical model of
electrode polarization,9,10 recently refined and demonstrated to

be valid for ionomers,11 and applying this model to data from
dielectric (impedance) spectroscopy. Equally important to this
study, ionomers (containing a single type of mobile ion) and
polymers doped with salt (containing both mobile cations and
anions) of virtually identical chemical makeup are compared
and contrasted. Because of the nearly identical chemical
structure, quantitative analysis of the conduction parameters
pinpoints the mechanisms and primary factors influencing ion
transport.

This present work, which utilizes poly(methoxyethyoxy-
ethoxy phenoxyphosphazene), also complements previous stud-
ies of poly(methoxyethyoxy-ethoxy phosphazene) doped with
lithium salts, where it was found that the vast majority of ions
exist in a bound state.12 It has also been proposed that lithium
cations are most stable when coordinated simultaneously by one
backbone nitrogen and several pendant ether oxygens.13 In
addition, the present work serves as a valuable continuation of
the study of conductivity parameters of ionomers. Previously,11

measurement of ion mobility and mobile ion concentration for
a simple PEO-based ionomer demonstrated, among other results,
that mobile ion concentration is a tiny fraction of the total ion
concentration. Similar results will be shown for the poly-
(methoxyethyoxy-ethoxy phenoxyphosphazene)-based iono-
mers, and through the use of both a salt-doped polymer with
nearly identical chemical makeup and variations in ion stoichi-
ometry, it is possible to quantify the fraction of mobile ions in
terms of the chemical structure available for coordination.

2. Experimental Method
Two types of conductive poly(methoxyethoxy-ethoxy phenoxy-

phosphazene) are under consideration. One is a doped polymer
where lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) is used
as a dopant (system D). The other is an ionomer, where a small
molecule very similar to LiTFSI is covalently bonded to the
phosphazene backbone (system I). The amount of salt and the
number of anionic groups bound to the main chain were selectively
controlled, thereby establishing two pairs of systems with nearly
identical chemical compositions. Figure 1 provides the chemical
structure, and Table 1 lists the pertinent properties.
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Both polymers were synthesized by methods described in a
previous publication by Allcock et al.14 Species I was prepared by
the following route. The small molecule 4-hydroxy-N-[(trifluorom-
ethyl)sulfonyl]-benzenesulfonamide disodium salt was covalently
attached, via nucleophilic substitution, to the phosphazene backbone.
The sodium ions were then exchanged for lithium ions to produce
the ionomers. The resulting polymers were purified and NMR was
used to confirm the molecular structure. Throughout this paper,
I-17 and I-9 refer to ionomers with 17 mol % and 9 mol % of the
methoxyethoxy-ethoxy segments substituted for ion-containing
groups, respectively. D-15 and D-10 indicate the doped polymer
where 15 and 10 mol % pendant phenoxy groups replace meth-
oxyethoxy-ethoxy segments, respectively, and 15 and 10 mol %
LiTFSI were added. Gel permeation chromatography established
the molecular weights and polydispersity indices. The glass
transition temperaturesTg were obtained from differential scanning
calorimetry. For both the ionomers and the doped polymers, the
addition of ions dramatically influencesTg, which increases from
-84 °C for neat poly(methoxyethoxy-ethoxy phenoxyphosp-
hazene) to the values seen in Table 1. Increases inTg with ion
content commonly appear in polymer-salt mixtures,15 and they are
even more pronounced in ionomers.16,17Further details on measure-
ments of the polymer characteristics are provided in Allcock et
al.14 The chemical composition of the doped polymers is [NP-
((OCH2CH2)2OCH3)x(OC6H5)y]n + yLi+[(CFSO2)2N]-, and the
ionomers contain [NP((OCH2CH2)2OCH3)x(OC6H4SO2N(Li)SO2-
CF3)y]n, as represented in Figure 1.

Dielectric (impedance) spectra were collected isothermally using
a Novocontrol GmbH Concept 40 broadband dielectric spectrometer
in the frequency range 10-2-106 Hz. Temperatures were controlled
to within 0.2 °C and the time-averaged temperature during each
frequency sweep was recorded. Electrodes consisted of polished
brass circular plates coated with gold. Samples for dielectric
spectroscopy were prepared by carefully drying the polymers and
spacers on the electrodes in a vacuum oven at 70°C for at least 8
h and squeezing the electrodes to the desired thickness.

Small-angle X-ray scattering (SAXS) patterns were collected
using a Molecular Metrology instrument equipped with a Cu target
(λ ) 1.542 Å) and a two-dimensional area, proportional counter.
Scattering data were collected for 6 h.

3. Results and Discussion

3.1. Results and Analysis.Dc conductivities were evaluated
from the linear portion (in a log-log plot) of the dielectric loss
ε′′ as a function of frequencyf by

whereεvac is the vacuum permittivity,ω ) 2π f is the radial
frequency, and 0.9< n e1.0 is the conductivity exponent. As
n approaches 1, the ideal ion drift is active, whereas lower values
indicate tortuous conduction paths.18 In the systems under
investigation,n is very close to 1 at higher temperatures, but
close to Tg, the polymer dynamics slow down, constricting
conduction paths and leading to a decrease inn. In the data
sets under consideration,n > 0.9 for T > Tg + 15 K andn >
0.98 forT > Tg + 25 K. σ0 was obtained by fitting eq 1 to the
six data points that maximizedn for a particular temperature.
This region that maximizesn is chosen to avoid the effects of
electrode polarization at low frequency and the ac-to-dc
conductivity transition at high frequency.

Values of dc conductivityσ0 as a function of temperature
for I-17, I-9, D-15, and D-10 are plotted in Figure 2. For these
ion concentrations, higher ion content leads to lower conductiv-
ity at all but the highest temperatures.

As noted above, adding more ions increasesTg, due to
polymer-ion interactions.15-17,19 The first step toward under-
standing the polymer mechanisms that promote conduction is
to remove the effect ofTg. Many previous investigationse.g.,8,20,21

have foundTg to be a central factor controlling conductivity.
As Figure 3 indicates,Tg is a very important factor here as
well: changing the independent variable to the normalized
temperatureT - ∆Tg collapses the ionomer and doped polymer
data sets onto two master curves.∆Tg is the relative difference
in Tgs, defined here asTg - T0, with T0 ) 273.15 K arbitrarily
chosen to avoid distortion in the Arrhenius plots. Far aboveTg,
the presence of more ions becomes a slightly stronger influence
than the concurrent increase inTg, and the conductivities of
I-17 and D-15 respectively surpass those of I-9 and D-10.

To understand the differences between the conductivities of
the ionomers and doped polymers, it is necessary to understand

Figure 1. Chemical structures of poly(methoxyethoxy-ethoxy phe-
noxyphosphazene)-based ionomer (I) and doped poly(methoxyethoxy-
ethoxy phenoxyphosphazene) (D).

Table 1. Important Ionomer (I-17 and I-9) and Doped Polymer
(D-15 and D-10) Properties, Including the Ratio of Ions to Ether

Oxygen Segments, Glass Transition Temperature, Number Average
Molecular Weight, Polydispersity Index, and Stoichiometric

Concentration of Total Lithium Ions 14

sample
ions/(EO)3

mol %
Tg

(°C)
Mn

(kg/mol) PDI
[Li +]

ions/cm3

I-17 17 -32 150 2.8 5.4× 1020

I-9 9 -45 150 2.8 3.0× 1020

D-15 15 -69 130 2.7 4.8× 1020

D-10 10 -73 130 2.7 3.4× 1020

Figure 2. Temperature dependence of conductivity for the ion-
containing polymers under consideration. Error bars are smaller than
the size of the data points.

ε′′ ) ( σ0

εvacω)n

(1)
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the root components of conductivity. Ionic conductivity at its
fundamental level is a function of the speed and number of
active species, and therefore is written

wherep is the positive carrier concentration,n is the negative
carrier concentration, andµ is the carrier mobility for any
particular charged species. Working under the assumption that
there are only two charged species that contribute significantly
to the conductivity, eq 2 simplifies to

In the doped polymers, the assumption that triple ionsse.g.,
(Li 2TFSI)+sdo not contribute to conductivity is rationalized
based on two facts. First, the stoichiometric ion concentration
is ∼1% that of P(EO)4:LiClO4, in which triple ions have been
shown to be responsible for a minor portion of the conductiv-
ity.22 Lower concentrations significantly reduce ion-ion interac-
tions and ionic aggregates.12 Second, the bulky anion TFSI-,
where the negative charge is delocalized across the molecule,
encourages the dissociation of ionic pairs to some degree.23,24

In the ionomer, of course, the negative anionic species are bound
to the polymer, restricting their motion sufficiently so that
µ- , µ+.6

As long as a single ionic species dominates conductivity, and
ion concentrations are relatively low so that diffusing ions do
not strongly interfere with each other, the electrode polarization
that is created upon applying low-frequency fields across
blocking electrodes can be modeled as a simple macroscopic
Debye relaxation, as described in a previous publication.11 Data
in tanδ ) ε′′/ε′ as a function of frequency can then be modeled
by

wheref is frequency andτEP andM are fitting parameters. Ion
mobility µ is then obtained directly as

and mobile ion concentrationp0 from

The fitting of eq 4 to peaks in tanδ of I-9 is shown in Figure
4.

Electrode polarization of the polymer+ salt system would
appear to be more complicated, since at least two ionic speciess
Li+ and TFSI-scan contribute simultaneously to the conductiv-
ity. However, tanδ (f) of both D-10 (Figure 5) and D-15 reveal
no broadening or doublets. There are three possible scenarios
that would result in the behavior seen in Figure 5:µ- ) µ+,
µ- , µ+, or µ- . µ+. On the basis of evidence reported in
previous investigations4,5,21,25that identifies TFSI- as diffusing
much faster than the Li+ cation, the behavior seen in Figure 5
must arise fromµ- . µ+. Thus,µ calculated from fits of tanδ
is associated with anion motion. Values for free ion concentra-
tion via eq 6 are derived from the dominant anion motion, but
since every anion is obtained by separation of an ion pair,
n0 ) p0.

Ion mobility, derived directly from fitting tanδ, is shown
for the four ion conductors in Figure 6. Each data set is fit by
the Vogel-Fulcher-Tammann (VFT) relationship26

Figure 3. Conductivities as a function ofT - ∆Tg for the ionomers
and doped polymers under consideration. Error bars are smaller than
the size of the data points.

Figure 4. Macroscopic relaxations arising from electrode polarization
for I-9 are evident in tanδ (f) for temperatures from-10 to +80 °C.
tanδ for I-17 has a very similar appearance. The solid lines represent
fits by eq 4. Error bars are smaller than the size of the data points.

σ0 ) ∑
positive carriersi

piqµi + ∑
negative carriersj

njqµj (2)

σ ) p0qµ+ + n0qµ- (3)

Figure 5. Macroscopic relaxations arising from electrode polarization
for D-10 are evident in tanδ (f) for temperatures from-50 to
+10 °C. tanδ for D-15 has a very similar appearance. The solid lines
represent fits by eq 4. Error bars are smaller than the size of the data
points.

tanδ )
2π f τEP

1 + (2π f τEP)
2/M

(4)

µ ) qL2

4M τEPkT
(5)

p0 )
σ0

qµ
(6)

µ ) µ∞ exp( -B
T - T0

) (7)
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whereT0 is the Vogel temperature (at which ion mobility goes
to zero),B is a constant with units of temperature, andµ∞ is
the infinite-temperature ion mobility. The VFT parameters
obtained from fittingµ(T) are shown in Table 2, with the
exception ofµ∞, which was fixed at 10-1.3 cm2/(V s), a common
method to increase reliability of the three-parameter model.27

The parameters listed in Table 2 reveal a surprising relation-
ship: the parametersB for the ionomers are ca. 1.5 times that
for the doped polymers.B is representative of the pseudo-
activation energy in the Arrhenius (high-temperature) limit of
the VFT relation, and in the context of the Doolittle-Cohen
free volume theory26

where f* is the relative averaged free volume required for
transport of a molecule andRf is the thermal expansion
coefficient of the free volume. Since the chemical compositions
of ionomers and doped polymers are nearly identical,Rf

I ≈ Rf
D,

and therefore the free volume required for ionic transport is
significantly larger for the ionomers than for the doped
polymers.

On the other hand, values ofT0 in Table 2 do not have
sufficient statistical significance to differentiate between samples.
However,Tg, which is related toT0 and has been measured more
precisely, is very significant to ion mobility. In an improvement
over reducing conductivity with normalized temperature, plotting
µ(T - ∆Tg) reduces the data to two common curves, indicating
the strong influence ofTg (Figure 7).

p0(T) is then obtained by way of eq 6 (Figure 8). An Arrhenius
relation has previously been established as appropriate for fitting
mobile ion concentration:11,28

where p∞ is the cation concentration asT f ∞. At infinite
temperature, virtually all of the ion pairs will be separated, so
p∞ can be regarded as equivalent to the stoichiometric ion
concentration, and therefore fitting by eq 9 used the values of
p∞ in Table 1. The resulting fits are shown in Figure 8. The
fractions of ions involved in conductionp0/p∞ are very small,
approximately 5× 10-4 for the ionomers and 3× 10-3 for the
doped polymers at 20°C. These very small values are in line
with observations for a PEO-based ionomer11 as well as the
result that most of the ions in poly(methoxyethyoxy-ethoxy
phosphazene)-salt mixtures exist in a bound state.12

Finally, the structures of the ionomeric and doped samples
were evaluated by SAXS. The results, shown in Figure 9,
indicate the presence of a small “ionomer peak” in the ionomers
(well-defined for I-17, but also evident as a slight shoulder in
I-9), representing clustering of at least some of the ions in the
system. Of course, clusters in the ionomers are not directly
involved in conduction because anions involved in clusters are
covalently attached to the polymer main chains and therefore
relatively immobile. There is no such clustering in the doped
polymers. SAXS often detects clustering in ionomers with
hydrophobic matrices, but previous investigation of a PEO-based
ionomer, which has approximately the same ion concentration
as the ionomers under consideration here, did not reveal any
ionomer scattering peak.17 The average center-to-center cluster
spacing, calculated fromd ) 2π/qmax, is 39 nm for I-17,
relatively large compared to most ionomers.29 Also, the upturn
in scattering intensity at lowq is significant. Similar behavior

Figure 6. Temperature dependence of ion mobility, obtained from eq
5, with VFT fits by eq 7. Error bars, estimated from duplicate
measurements, are∼50%.

Table 2. VFT Parameters for µ(T) and Arrhenius Activation
Energies for p0(T).

sample B (K) T0 (K) Ea
ion (kJ/mol)

I-17 990( 100 195( 10 19.8( 0.4
I-9 1000( 80 186( 5 17.7( 0.5
D-15 640( 50 189( 5 14.1( 0.8
D-10 670( 50 177( 5 12.9( 0.8

a Errors were established by a combination of error of fitting and
differences between duplicate measurements.

B ) f*
Rf

(8)

p0 ) p∞ exp( - Ea

RT ) (9)

Figure 7. Mobility as a function ofT - ∆Tg. Error bars, estimated
from duplicate measurements, are∼50%.

Figure 8. Mobile cation concentration as a function of temperature.
Error bars, estimated from duplicate measurements, are∼60%.

Macromolecules, Vol. 40, No. 11, 2007 Counterion Effects on Ion Mobility 3993



has been observed previously for ionomers, and it has been
proposed that this is associated with long-range inhomogeneity
of the spatial distribution of the metal ions.30,31

3.2. Discussion.The importance ofTg on ion motion has been
demonstrated in the plots ofµ andσ0 as a function ofT - ∆Tg

(Figures 3 and 7). There are five additional findings that must
be considered, and reconciled, in a broader context: (a)µD/µI

≈ 10; (b) fI
//fP

/ ≈ 1.5; (c)p0
D/p0

I ≈ 10; (d)Ea
I /Ea

D ≈ 1.4; and (e)
ionic clustering is apparent in the ionomers but not in the doped
polymers. Since the chemical structures of the ionomers and
the doped polymers are nearly identical, the differences inµ(T)
andp0(T) must arise from thelocationandmobilityof the anion.

As documented by Kato et al.,5 the cationic transference
number22

of LiTFSI in PEO-based systems is 0.11, orµ-/µ+ ) 8; i.e.,
the anion moves 8 times faster than the cation. This is supported
by other experiments where the anion diffused significantly
faster than the cation in a PEO-based polymer electrolyte.21,25

This explains the larger values of ion mobility in the doped
polymer than the ionomer, as well as clarifying that the Debye-
shaped peak in Figure 5 arises exclusively from TFSI-. The
increase inf* for the ionomer also most likely arises from Li+

in the coordinated state requiring more free volume than TFSI-

to diffuse, since Li+ is surrounded by four to five coordinating
ether oxygens.24

Also, Sadoway and co-workers6,7 synthesized a series of Li+-
containing, block copolymer ionomers, where the counteranion
was located either in the conductive PEO-based block or in a
nonconductive block. Conductivities in the former polymers
were 10 to 100 times lower than in the latter, for equivalent
stoichiometries. These studies strongly suggest that ions orig-
inating near PEO-based regions are held relatively immobile
by virtue of interactions between anion, cation, and ether
oxygens. In the polymeric system, the unbound TFSI- anions
are free to separate from PEO-rich regions, but in the ionomeric
system anions are covalently restricted, and therefore cations
are electrostatically restricted, to PEO-rich regions. The sig-
nificant increase inEa for the ionomers indicates that such a
restriction is energetically less favorable to the formation of
free ions than chemically unrestricted ion pairs.

Furthermore, the lower values of ion mobility and higher
values ofEa present in the ionomers can be partially attributed
to the effect of ion clustering. In ionomers possessing ionic
clusters, the coronal chains that surround clusters are dynami-
cally inhibited.32,33 Clusters of multiple cations-anions will
therefore decrease the local chain mobility and thus the ion
mobility, and the electrostatic effect of adjacent ions will
increase the activation energy for ion pair separation.

4. Summary

By the application of a physical model of electrode polariza-
tion to two systems with nearly identical chemical compositions,
one composed of an ionomer with a single mobile cation, and
the other composed of a salt-doped polymer with mobile cation
and mobile anion, quantitative comparison of the conductivity
parameters was achieved. Both conductivityσ0(T) and ion
mobility µ(T) are reduced to common curves by normalizingT
with Tg, indicating thatTg of the polymer matrix is the primary
variable controlling ion diffusion. However, even with the use
of normalized temperature, the mobility of ions in the doped
system is∼10 times larger than that in the ionomeric system.
As indicated by previous investigations of polymer electrolytes,
this factor most likely arises from the faster diffusion of the
anion TFSI- than the cation Li+.

Furthermore, the VFT parameters associated with ion mobility
reveal that the free volume required for Li+ diffusion is 1.5
times that required for TFSI- diffusion. On the basis of the
molecular interactions found in previous investigations of ether
oxygen-containing polymer-salt complexes, this noticeable
difference in free volume required for diffusion evolves from
the coordination of 4 to 5 ether oxygens to each lithium cation.
The bulky anion does not bond strongly to the polymer and
suffers none of the restrictive bonds of the lithium cation.

Values of mobile ion concentrationp0 also reveal significant
differences between the doped polymer and the ionomer. The
ionomer has about 10 times fewer mobile ions available for
diffusion, and the activation energy is∼1.4 times higher. Since
the analytical method separatesp0 from µ, these differences must
arise from the local environment surrounding the ion pair. This
is supported by the presence of an “ionomer scattering peak”
for the two ionomer samples, indicating at least partial ionic
clustering, whereas no scattering peak is visible in the doped
polymers. The location of the ion pairs in the polymer matrix
has a crucial effect on bothµ, which can be dynamically
restricted by the presence of ionic clusters, andp0, which is
sensitive to the local coordination environment.

These results quantitatively establish that, relative to the doped
ionomer, ionomers suffer significant reductions in conductivity,
mobility, and mobile ion concentration due to the impact of
the fixed cation. In order for ionomers to be utilized as ion
transport membranes in functional devices, dramatic changes
must be made to the chemistry to either decrease theTg, create
an alternate route for ionic transport, or modify the electrostatic
interactions between the covalently bound counterion and the
mobile ion.
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Figure 9. Relative SAXS intensity as a function of scattering vector
q for the four ion-containing polymers under consideration, collected
at 25°C.

t+ )
µ+

µ+ + µ-
(10)
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