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ABSTRACT: For poly(ethylene oxide) (PEO) melts containing lithium perchlorate (LiClO4), angular
frequency ω dependence of the dynamic dielectric properties under steady shear flow was measured using
a rheodielectric instrument. The instrument also enabled measurements of the dielectric properties in
the quiescent state as well as the linear and nonlinear rheological properties. A significant increase in
the zero-shear viscosity η0 was observed upon addition of LiClO4 to PEO, and this increase was attributed
to Li+-mediated intermolecular bridging of the PEO chains formed in the quiescent state. Significant
shear thinning of the steady-state viscosity η(γ̆) was observed with increasing shear rate γ̆, suggesting
the flow-induced breakup of these bridges. The presence of liberated ions was detected directly by dielectric
experiments under steady shear flow. The dielectric dispersion (due to the electrode polarization of the
ions) shifted to higher ω with increasing γ̆, indicating an increase in the ionic conductivity σ. The dispersion
curves for different γ̆ values collapsed onto a single master curve when plotted against a reduced frequency,
{λ(γ̆)}-1ω, where λ(γ̆) was a γ̆-dependent shift factor representing the increase of σ. This result strongly
suggested that the increase of σ under shear flow was due to an increase in the ionic mobility µ by the
factor of λ(γ̆) and not due to a change in the number density of ions. Furthermore, excellent agreement
was found between the η(γ̆)/η0 ratio and {λ(γ̆)}-1. This agreement reflected a strong motional cooperativivity
between the PEO chain segment and ion (Li+).

1. Introduction

There is continuing interest in obtaining a funda-
mental understanding of the physical properties of ion-
containing polymeric systems. These materials have the
potential of affecting a wide range of applications from
batteries to fuel cells.1-23 The performance of polymer
electrolytes in the battery applications depends on three
parameters: electrical conductivity, the fraction of
charge transported by the cation (transference number),
and salt diffusivity. Despite considerable efforts,1-23

many fundamental questions regarding the mechanism
of charge transport in these systems remain unresolved.

A common example of polymer electrolytes is a polar
polymer such as poly(ethylene oxide) (PEO) with a salt
such as lithium perchlorate (LiClO4) mixed in. The
miscibility between the salt and polymer is usually due
to attractive interactions between the polymer and the
ions. Experimental manifestations of these interactions
include an increase in the glass transition temperature
Tg upon addition of the salt and nonmonotonic depen-
dence of the electrical conductivity σ on the salt
concentration.1,5,7,13-15,20,21 Molecular dynamics simula-
tions, indicating that dissociated Li+ ions are sur-
rounded by a cage comprising three to six contiguous
ethylene oxide monomers,17 are consistent with this
experimental observation.

For mixtures containing monovalent salts, σ is ex-
pressed as

where µ+ and µ- are the mobilities of the cation and
anion, respectively, n is the number density of the
dissociated cation (identical to that of the dissociated
anion), and e is the absolute value of the charge of an
electron. Obtaining polymer electrolytes with high elec-
trical conductivity can be thus achieved by increasing
either the number density n or the mobility µ of the ions.

To understand the factors that affect the electrical
conductivity of polymer electrolytes, it is important to
determine n and µ independently. Experimental meth-
ods for accomplishing this include the inversion current
method,8 radioactive tracer method,9 NMR,10 infra-
red/Raman spectroscopy,11,12 and dielectric disper-
sion.14,15,20-23 These experiments suggest that the ions
are more or less bound to neighboring polymer seg-
ments. The motion of ions and polymer segments is thus
cooperative, and the ionic mobility µ decreases with
increasing n. The increase of Tg with increasing salt
concentration is a natural consequence of this retarda-
tion of segmental motion, and the nonmonotonic depen-
dence of σ on the salt concentration reflects a competi-
tion between the increase of n and the resulting
decrease of µ.

While the validity of the qualitative relationships
between the mechanical and electrical properties of
polymer electrolytes described above has been con-
firmed, frameworks that quantitatively predict these
relationships have not been established. The difficulty
stems from the coupled nature of the mobilities of the
segments and ions.
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In this paper we demonstrate that an in situ mea-
surement of the dynamic dielectric properties of polymer
electrolytes under steady shear flow enables the decoup-
ling of these effects. Our experiments were conducted
on PEO melts containing LiClO4, using a specially
designed rheodielectric instrument. The instrument also
enabled measurements of the dielectric properties in the
quiescent state as well as the linear and nonlinear
rheological properties. In the quiescent state, the system
exhibited pronounced dielectric dispersion at low an-
gular frequencies ω attributable to the electrode polar-
ization of the ions, as well-known for similar sys-
tems.1,14,15,22,23 Under fast shear, the dispersion shifted
to higher ω, indicating an increase in the electrical
conductivity σ, while the steady-state viscosity η exhib-
ited strong nonlinear shear thinning. Analysis of the
dielectric data indicated that the shear-induced increase
of σ was due entirely to an increase in the ion mobility;
the dissociation constant of the polymer electrolyte was
unaffected by the shear flow. Furthermore, the shear-
induced increase in the ion mobility was well correlated
to the shear thinning of the viscosity. Details of these
results are presented below.

2. Experimental Section

PEO samples with weight-averaged molecular weights
10-3M ) 1, 10, and 20 and polydispersity index Mw/Mn = 2,
designated as PEO-1K, PEO-10K, and PEO-20K, and LiClO4

were purchased from Aldrich. These materials were used as
received. Polymer/salt mixtures were made by dissolving
predetermined masses of PEO and LiClO4 in excess methanol,
followed by complete removal of methanol, first at atmospheric
temperature and pressure followed by drying in a vacuum oven
at 60 °C for 1 week. The LiClO4 concentration in all of the
mixtures studied was 2.3 kmol m-3, corresponding to a
Li:ethylene oxide molar ratio of 1:10.

The systems described above were subjected to dielectric and
rheological measurements. The neat PEO samples were also
studied for comparison. The dynamic dielectric constant ε′ and
dielectric loss ε′′ were measured as a function of angular
frequency ω in the quiescent state and under steady shear with
automated capacitance bridges (SI 1260 impedance/gain-phase
analyzer and 1296 dielectric interface, Solartron; GR1689,
General Radio): ε′ and ε′′ are defined as the properties relative
to the vacuum having the dielectric permittivity (static dielec-
tric constant) εvac ) 8.854 × 10-12 F m-1.24

The samples were placed between stainless steel, guarded
cone-and-plate-type electrodes mounted on a laboratory rheo-
meter (ARES, Rheometrics). The electrodes are shown sche-
matically in Figure 1. The cone (main electrode) had radius r0

) 13.6 mm and a gap angle θ ) 0.058 rad. The head of the
cone was flattened over an area of radius rc ) 3.6 mm to avoid
an electrical contact between the cone and plate electrodes.
The cone electrode was supported by an insulating block made
of a machinable ceramic and Teflon and mounted on the guard
electrode of outer radius r ) 15.0 mm. The plate electrode
(counter electrode) also had r ) 15.0 mm. During steady shear,
the electrical contact between the impedance analyzer and the
rotating electrode (cone electrode) was made through a stain-
less steel contact ring dipped into a mercury reservoir; see
Figure 1. This reservoir enabled good electrical contact without
mechanical disturbances due to rapid rotation of the elec-
trode.25-31

The frequency-dependent storage and loss moduli in the
linear viscoelastic limit, G′ and G′′, and the shear-rate-
dependent steady-state viscosity η of the samples under steady
shear flow were measured using the cone-and-plate rheodi-
electric cell on the rheometer explained above. The range of
strains over which linear response was obtained was deter-
mined before the linear viscoelastic measurements were
conducted.

3. Results and Discussion

3.1. Dielectric Behavior in the Quiescent State.
For the PEO/LiClO4 mixtures, Figures 2 and 3, respec-
tively, show the dielectric data measured at 60 and 25
°C in the quiescent state (symbols). The PEO-1K/LiClO4
mixture melted at 15 °C, and the PEO-10K/LiClO4 and
PEO-20K/LiClO4 mixtures melted at 50 °C. These

Figure 1. Schematic illustration of the rheodielectric setup.

Figure 2. Dielectric behavior of PEO/LiClO4 systems with a
salt concentration of 2.3 kmol m-3 at 60 °C. Unfilled and filled
symbols denote dynamic dielectric constant ε′ and dielectric
loss ε′′, respectively. For comparison, ε′ and ε′′ of neat PEO
samples are shown with solid and dotted curves: PEO-1K,
PEO-10K, and PEO-20K for the curves from top to bottom.
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mixtures were amorphous liquids at the temperatures
examined in Figures 2 and 3.

The data for the PEO/LiClO4 mixtures are to be
compared with the data for the amorphous liquids of
neat PEO at the same temperatures. However, neat
PEO-1K melted at 40 °C and neat PEO-10K and PEO-
20K melted at 67 °C so that the data in their amorphous
liquid state could not be directly measured at the
temperatures examined in Figures 2 and 3, 60 and 25
°C (except for the neat PEO-1K at 60 °C). For this
reason, we measured the dielectric ε′ and ε′′ data of the
neat PEO samples at several temperatures above their
melting temperatures Tm. These data exhibited Arrhe-
nius behavior and were accurately extrapolated to 60
and/or 25 °C.32 (The extrapolation was not needed for
the data of neat PEO-1K at 60 °C.)

In Figures 2 and 3, the extrapolated data of neat PEO
are shown with the curves. These data, representing the
behavior of neat PEO in the (supercooled) amorphous
liquid state at the temperatures examined in Figures 2
and 3, can be directly compared with the data of the
PEO/salt mixtures. The PEO/salt mixtures melted at
lower temperatures, as explained earlier. Thus, the
mixed salt decreased Tm of PEO, which is indicative of
a strong interaction between the PEO segments and
salt.

Now, we turn our attention to the angular frequency
ω dependence of ε′ and ε′′ data of PEO/salt mixtures.
The PEO/LiClO4 mixtures exhibit significant dielectric
dispersion characterized by the increases of ε′ and ε′′
with decreasing ω (symbols in Figures 2 and 3). This
dispersion is similar to that reported for other mixtures
of salts and polar polymers1,14,15,22,23 and can be at-
tributed to the electrode polarization34 of the dissociated
ions in the PEO matrix. The neat PEO systems have
much smaller ε′ and ε′′ and exhibit only weak dispersion
(curves in Figures 2 and 3). This weak dispersion is
attributable to the electrode polarization of ionic impu-
rities remaining in the polymers (not due to the dielec-
tric relaxation of PEO segments).

Here, a brief comment is needed for the electrode
polarization. (For details, see a summary of the Mac-
donald theory34 for this polarization given in Appendix
A.) The electrode polarization occurs because of inef-

ficient discharging of the ions at the electrodes. Under
the oscillatory electric field, a standing wave is formed
in the ion concentration profile and the ions tend to be
concentrated near the electrodes at low ω. This leads
to an enhanced storage of electric energy and a corre-
sponding increase in ε′ at low ω. The ions also increase
the electrical conductivity, thereby enhancing the high-ω
dielectric loss ε′′ compared to ε′′ of the neat medium,
but this enhancement becomes less significant (and ε′′
exhibits a dispersion peak) at low ω, where the increase
in ε′ due to the electrode polarization is saturated. It
should also be noted that ε′ and ε′′ at such low ω depend
on the gap width L between the electrodes and are not
the simple material properties independent of the
measurement geometry. (L determines the standing
wavelength thereby affecting ε′ and ε′′.) This L depen-
dence, resulting in a decrease of the dispersion fre-
quency with increasing L, has been experimentally
confirmed for polar polymer/salt mixtures14,15 including
our PEO/LiClO4 mixtures.35 However, in the remaining
part of this paper, we focus on the dielectric behavior
under a fixed alignment of the electrodes (constant L)
and make no further discussion of the L dependence.

At high frequencies (ω >103 s-1), the ions in the PEO/
LiClO4 mixtures move without being affected by the
electrodes so that their ε′′ data are independent of L
and proportional to ω-1 (symbols in Figures 2 and 3).
In this range of ω, ε′′ is the material property and
related to the ω-independent electrical conductivity σ
as

where εvac is the dielectric permittivity of vacuum. The
large increase in ε′′ at high ω upon the addition of salt,
seen in Figures 2 and 3, clearly indicates that some of
the salt is in the dissociated state in the PEO matrix to
increase σ.

3.2. Linear Viscoelastic Behavior. Figures 4 and
5 show the ω dependence of G′ and G′′ of our PEO/
LiClO4 mixtures measured at 60 and 25 °C, respectively
(circles). The mixtures were amorphous liquids at these
temperatures. The viscoelastic data for the amorphous
liquids of neat PEO are needed for comparison, but the
neat PEO samples were crystalline solids at those
temperatures (except for the neat PEO-1K at 60 °C).
Thus, G′ and G′′ of the neat PEO samples were
measured at several temperatures above their melting
temperatures Tm, as done for the dielectric data. These
G′ and G′′ data of neat PEO exhibited Arrhenius

Figure 3. Dielectric behavior of the PEO-1K/LiClO4 system
with a salt concentration of 2.3 kmol m-3 at 25 °C. Unfilled
and filled squares denote dynamic dielectric constant ε′ and
dielectric loss ε′′, respectively. For comparison, ε′ and ε′′ of the
neat PEO-1K sample are shown with solid and dotted curves.

Figure 4. Storage and loss moduli G′ and G′′ (shown with
unfilled and filled circles, respectively) obtained for PEO/
LiClO4 systems with a salt concentration of 2.3 kmol m-3 at
60 °C. For comparison, G′ and G′′ of neat PEO samples are
shown with unfilled and filled squares, respectively.

σ ) εvac ε′′ω (2)
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behavior and were accurately extrapolated to 60 and/
or 25 °C.32 The extrapolated data, representing the
viscoelastic behavior of neat PEO in the (supercooled)
amorphous liquid state at these temperatures, are
shown with squares.

In all PEO systems, the G′′ data exhibit the terminal
behavior (G′′ ∝ ω) over the accessible frequency window.
For the PEO-1K system with and without salt at 60 °C
(Figure 4a), G′ was not well detected because the viscous
dissipation dominated the viscoelastic response. How-
ever, for the PEO-1K/LiClO4 system at 25 °C (Figure
5) and PEO-10K/LiClO4 and PEO-20K/LiClO4 systems
at 60 °C (Figure 4b,c), an elastic response was clearly
resolved to give G′. These G′ data exhibit the terminal
behavior (G′ ∝ ω2).

As clearly noted in Figures 4 and 5, G′′ and the zero-
shear viscosity η0 ()[G′′/ω]ωf0) of the PEO/LiClO4
systems are sigificantly larger than those of the neat
PEO liquids at the same T (evaluated after the extrapo-
lation from the melted regime). This can be attributed
to two effects: (1) a retardation of segmental motion
or, equivalently, an increase in Tg, and (2) the binding
of multiple polymer chain segments to the Li+ cation.
Concerning the second effect, we note that the dielectric
data (ε′ and ε′′) of the PEO/LiClO4 systems are only
weakly dependent on the PEO molecular weight M
(Figure 2) while the viscoelastic behavior reflecting the
large-scale motion of the chain drastically changes with
M (Figure 4). This fact suggests the direct motional
cooperativity between the ions and the chain seg-
ments,7,14,15 not between the ions and the whole contour
of the chain.

The steady-state compliance Je
0 ()[G′/{G′′}2]ωf0) is a

measure of the width of the distribution of the terminal
viscoelastic relaxation modes.33,36 The data shown in
Figure 4c give 106Je

0/Pa-1 ) 4.9 and 1.7 for PEO-20K
with and without salt at 60 °C. Namely, Je

0 is larger
for the PEO-20K/salt system than for neat PEO-20K.

For the neat PEO-10K and PEO-1K samples, G′ was
too small to be detected so that Je

0 cannot be determined
experimentally. However, Je

0 of these neat PEOs can
be estimated on the basis of the Rouse relationship,33,36

Je
0 ∝ M, valid for amorphous polymeric liquids having

molecular weights M e Mc′ (characteristic molecular
weight for the compliance) and the same molecular
weight distribution. Mc′ is typically 4-5 times larger
than the characteristic molecular weight Mc for the
onset entanglement effect for viscosity,33 and Mc of PEO
is 4.4 × 103.33 As judged from the corresponding Mc′
value (=20 × 103), the neat PEO-20K, PEO-10K, and
PEO-1K samples have M e Mc′, and we may utilize the

Je
0 data (1.7 × 10-6 Pa-1) of neat PEO-20K to obtain

the estimates: 106Je
0/Pa-1 = 1 and 0.1 for the neat

PEO-10K and neat PEO-1K, respectively. The Je
0 data

of the PEO-10K/salt and PEO-1K/salt mixtures deter-
mined from the G′ and G′′ data in Figures 4b and 5,
106Je

0/Pa-1 ) 4.4 and 4.6, respectively, are significantly
larger than these estimates (in particular for PEO-1K).

The above results indicate that Je
0 of PEO increases

upon the addition of salt. Since Je
0 is quite sensitive to

chain topology (e.g., branching) and insensitive to Tg,33,36

this increase in Je
0 can be exclusively attributed to the

second effect explained above, namely, the binding of
polymer chains by the Li+ cations to create branched
aggregates of the chains: The branch points are not
permanent due to the mobility of Li+. Since these branch
points will occur randomly throughout the system, one
expects to find considerable structural distribution in
the polymer/salt mixtures, e.g., distributions in the
branch length and number. This distribution should be
responsible for the observed increase in Je

0.
These dynamic aggregates, formed in the quiescent

state at equilibrium, are illustrated schematically in
Figure 6a. The Li+ cation has a tendency to form a
bridge between polar groups, as suggested by simula-
tions17 and known for carbanion/Li systems.37 We now
study the effect of steady shear flow on these aggregates.
It is reasonable to expect that the Li+-mediated ag-
gregates will be disrupted under sufficiently fast shear,
as illustrated in Figure 6b. This expectation is examined
through dielectric and rheological tests under shear, as
described below.

3.3. Dielectric and Non-Newtonian Flow Behav-
ior under Steady Shear. The application of fast shear
on high-M homopolymer melts results in shear thinning
due to large distortion of polymer chains away from
their equilibrium configurations.33,36 The application of
shear on our polymer/salt mixtures can, in principle,
lead to disruption of either the Li+-mediated aggregates
or the distortion of the PEO chain configurations. To
distinguish these possibilities, rheological and dielectric
experiments under steady shear were conducted on the
polymer/salt mixtures. The results are summarized
below.

For PEO-1K/LiClO4 and PEO-10K/LiClO4 systems at
25 and 60 °C, respectively, Figure 7 shows changes of
the viscosity growth function33,36 η+(t;γ̆) (transient shear
stress after start-up of flow divided by the shear rate
γ̆) with time t after start-up of flow. The horizontal
dotted lines indicate the zero-shear viscosity η0 evalu-
ated from the linear viscoelastic G′′ data. For both

Figure 5. Storage and loss moduli G′ and G′′ (unfilled and
filled circles) of the PEO-1K/LiClO4 system with a salt
concentration of 2.3 kmol m-3 at 25 °C. For comparison, G′′ of
the neat PEO-1K sample is shown with filled squares.

Figure 6. Schematic illustration of (a) dynamic aggregates
of PEO chains bridged through Li+ at equilibrium and (b)
disruption of the aggregates under fast shear. The dotted lines
indicate binding of Li+ and oxygen in the PEO segment.
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systems, η+(t;γ̆) increases to η0 rapidly (within t ) 0.2
s) irrespective of the shear rate γ̆. Under slow shear at
γ̆ ) 100 s-1, η+(t;γ̆) remains constant (η+ ) η0) at longer
t and the steady zero-shear flow behavior is observed.
In contrast, at γ̆ g 300 s-1, η+(t;γ̆) gradually decays with
t and the steady flow associated with the non-Newtonian
viscosity η(γ̆) ) η+(∞;γ̆) < η0 is achieved only at very
long t g 200 s. The magnitudes of this shear thinning
(η(γ̆)/η0 = 0.5 at γ̆ = 500 s-1) are similar for the PEO-
1K/LiClO4 and PEO-10K/LiClO4 systems.38 At γ̆ e 1000
s-1 (the range of γ̆ examined for the PEO/salt systems),
no thinning was detected within the experimental
accuracy for the neat PEO-1K and PEO-10K at tem-
peratures just above their melting temperature. Thus,
the gradual shear thinning of the PEO/salt systems is
attributable to a flow-induced structural change, as
discussed below.

In the linear viscoelastic regime, η0 is much larger
for the PEO/salt mixtures than for neat PEO (Figures

4 and 5). This increase of η0 upon the addition of salt
was attributed to two coupled effects, the aggregation
of PEO chains mediated by Li+ and the resulting
decrease in the mobility of PEO segments. The decrease
of η+ (from η0) seen in the nonlinear regime under the
fast shear (Figure 7) would then be due to the disruption
of the Li+-mediated aggregates.39 The η+ data strongly
suggest that the extent of the aggregate disruption,
observed as the magnitude of shear thinning, increases
with increasing shear rate. This observation lends
support to the schematic depicted in Figure 6b.

If the Li+ ions are liberated by steady shear, this must
result in an increase in the electrical conductivity.
Dielectric experiments under steady shear were con-
ducted to test this hypothesis. The results are shown
in parts a and b of Figure 8 for the PEO-1K/LiClO4
system at 25 °C and the PEO-10K/LiClO4 system at 60
°C, respectively. The ε′(ω) and ε′′(ω) data obtained at a
given angular frequency ω after the steady shear was

Figure 7. Viscosity growth function after start-up of steady shear measured for (a) the PEO-1K/LiClO4 system at 25 °C and (b)
the PEO-10K/LiClO4 system at 60 °C. The horizontal dotted lines indicate the zero-shear viscosity η0.

Figure 8. Dynamic dielectric constant ε′ and dielectric loss ε′′ under steady shear measured for (a) the PEO-1K/LiClO4 system
at 25 °C and (b) the PEO-10K/LiClO4 system at 60 °C. For comparison, the ε′ and ε′′ data in the quiescent equilibrium state (γ̆
) 0) are also shown.
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commenced changed during the first 100 s and then
reached steady state. The data in Figure 8 were
obtained in this steady state. The data obtained under
the steady shear at γ̆ ) 100 s-1 (circles) are indistin-
guishable from the data in the quiescent state (squares).
However, the application of faster shear clearly results
in increases in ε′(ω) and ε′′(ω). Applying eq 2 to ε′′(ω) at
ω > 103 s-1 (where ε′′ is proportional to ω-1), we can
conclude that the application of fast shear leads to an
increase in the electrical conductivity in both systems.
These dielectric features also support the schematic
illustrated in Figure 6b.

All of the flow-induced changes in the rheological and
dielectric properties of the polymer/salt mixtures were
reversible; i.e., cessation of the flow for a few minutes
resulted in the recovery of G′(ω), G′′(ω), ε′(ω), and ε′′(ω)
to their equilibrium values. Interestingly, this recovery
time (being required for re-formation of the Li+-medi-
ated aggregates of PEO) is comparable in magnitude
with the time (=200 s; Figure 7) necessary to disrupt
the aggregates and achieve the steadily flowing state
under fast shear.

3.4. Analysis of Rheological Data. The PEO-1K/
LiClO4 system at 25 °C and the PEO-10K/LiClO4 system
at 60 °C exhibit the terminal linear viscoelastic relax-
ation tails (G′ ∝ ω2 and G′′ ∝ ω) in our experimental
window; see Figures 4b and 5. From these tails, the
terminal viscoelastic relaxation time 〈τG〉 is evaluated
as33,36

This 〈τG〉 can be assigned as the relaxation time of the
Li+-mediated aggregates in their nondisrupted form.
The corresponding relaxation frequency of the nondis-
rupted aggregates, 〈ωG〉 ) 1/〈τG〉, is on the order of 104

s-1.
In simple high-M homopolymer liquids, the shear rate

at which deviations from the Newtonian behavior are
observed is nearly equal to 〈ωG〉 and the time scale for
the steady state to be achieved is less than 10〈τG〉.36 The
behavior of our PEO/salt mixtures is considerably
different. As noted in Figure 7, the shear thinning of
the PEO-10K/LiClO4 and PEO-1K/LiClO4 systems is
observed at shear rates γ̆ considerably smaller than 〈ωG〉
()O(104) s-1). In addition, the steady-state value of η+

is attained after 102 s, which is 5 orders of magnitude
larger than 10〈τG〉. It is natural that the disruption of
the Li+-mediated aggregates occurs gradually over a
long interval of time (as observed) because the stress
()γ̆η+) causing the disruption decreases as the disrup-
tion proceeds with t.

Concerning this disruption, we note that the viscosi-
ties of the PEO/salt systems under fast shear are
considerably larger than those of the corresponding neat
PEO systems; η ) 6.8 Pa s for PEO-1K/LiClO4 at γ̆ )
1000 s-1 and η0 ) 0.21 Pa s for neat PEO-1K (both at
25 °C; cf. Figures 5 and 7a), and η ) 18 Pa s for PEO-
10K/LiClO4 at γ̆ ) 500 s-1 and η0 ) 5.4 Pa s for neat
PEO-10K (both at 60 °C; cf. Figures 4b and 7b). This
fact suggests that the Li+-mediated aggregates were not
disrupted into individual PEO chains (i.e., some ag-

gregation remained) even under the fastest shear
examined.

3.5. Analysis of Dielectric Data under Shear. We
now analyze the dielectric data obtained under steady
shear using the Macdonald theory for the electrode
polarization of ions.34 Some details of this theory are
given in Appendix A. As explained there, the dispersion
of ε′ and ε′′ in the parallel-plate geometry is determined
by the mobilities of the cation and anion µ+ and µ-, the
number density of cations/anions n, the gap width L
between the electrodes, and the absolute temperature
T. The theory indicates that the increases of µ and n
result in different changes in the dispersion curves. For
simplicity, we assume that the cations and anions have
the same mobility µ. As shown in Appendix A, changes
in µ alone result is a horizontal displacement of the log
ε′ versus log ω and log ε′′ versus log ω curves. In
addition, the displacements of both ε′(ω) and ε′′(ω)
curves along the abscissa (log ω) axis are the same and
equal to the fractional change in µ (e.g., a factor of 10
increase in µ shifts the ε′(ω) and ε′′(ω) curves to the
high-ω side by 1 decade). This implies that a simple
horizontal shift of the ε′(ω) and ε′′(ω) data on double
logarithmic plots will result in a superposed master
curve. In contrast, changes in n result in changes in the
ε′(ω) and ε′′(ω) data along both the abscissa and
ordinate. In this case a shift of the ε′(ω) and ε′′(ω) data
does not result in a single master curve (see Appendix
A). This difference in the dielectric behavior in response
to changes in µ and n, similar in the parallel-plate and
cone-and-plate geometries (Appendix B), arises in theory
because an increase in µ results in an increase in the
dispersion frequency only, while an increase in n leads
to increases of both dispersion frequency and intensity.
The validity or failure of the superposition of the ε′(ω)
and ε′′(ω) data thus indicates the reason for the flow-
induced increase in the electric conductivity σ ()2eµn
for the case of µ+ ) µ-).

The ε′(ω) and ε′′(ω) data given in Figure 8 were
horizontally shifted to test the validity of the superposi-
tion explained above. The results are shown in parts a
and b, respectively, of Figure 9. The same shift factor
was used for the ε′(ω) and ε′′(ω) data at a given shear
rate, and the data obtained in the quiescent state (γ̆ )
0) were used as the reference for the shift. The magni-
tude of the horizontal shift for each set of data was
chosen to obtain the best master curve; this procedure
is similar to the procedure used to conduct the time-
temperature superposition of linear viscoelastic data.33

For both PEO-1K/LiClO4 at 25 °C and PEO-10K/
LiClO4 at 60 °C, Figure 9 demonstrates the excellent
superposition of the dielectric data under steady shear
at various rates. The shift factor λ at each shear rate
gives the flow-induced increase in the average mobility
of the ions µ. In Figure 10, the reciprocal shift factor
λ-1 (circles) is plotted against a reduced shear rate, γ̆〈τG〉,
for convenience of comparison with the nonlinear thin-
ning of the viscosity explained later. As seen in Figure
10, the average ion mobility increases by a factor of λ )
3.2 for PEO-1K/LiClO4 at 25 °C and λ ) 1.5 for PEO-
10K/LiClO4 at 60 °C in the range of the shear rate
examined.

We have also conducted a quantitative comparison of
our dielectric dispersion data and Macdonald theory
under a simplifying assumption of equal mobility of the
ions. For our cone-plate-type electrodes, the change in
the gap width L with the distance r from the cone-plate

〈τG〉 = [ G′
ωG′′]ωf0

)

{2 × 10-4s for PEO-10k/LiClO4 at 60°C

8 × 10-5s for PEO-1k/LiClO4 at 25°C
(3)
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axis was properly accounted for in the calculation of
theoretical ε′(ω) and ε′′(ω); cf. Appendix B. The solid
curves in Figure 9 are the best fits of the Macdonald
theory under this assumption through the data in the
quiescent state. The parameters obtained from the
fitting are

and

The deviation from the Macdonald curve seen at low
frequencies in Figure 9b probably results from an extra
slow dispersion due to thin capacitor layers formed at

the surface of the electrodes, as found for similar
polymer/salt mixtures.1,14,15 Such layers do not severely
affect the quantitative applicability of the Macdonald
theory at high frequencies.

The µ values (eqs 4 and 5) obtained from the fitting
under the above assumption are regarded to be the
mobility averaged for the anion and cation in the PEO-
1K/LiClO4 and PEO-10K/LiClO4 systems in the quies-
cent state at equilibrium. Under steady shear, the
mobility increases from these values by the factor λ
shown in Figure 10. In contrast, the n values are not
affected by the steady shear (as evidenced from the
validity of the superposition after the horizontal shift;
cf. Figure 9).

The above fitting results also suggest that the fraction
of dissociated ions in our systems is very small. The
number density of ions expected if all of the salt was
dissociated is nfull ) 1.4 × 1027 m-3 ()2.3 kmol m-3; total
salt concentration). The n values obtained from the
fitting (eqs 4 and 5) are 4 orders of magnitude smaller,
and the dissociation constant of LiClO4 in PEO is thus
estimated to be =10-4. This is consistent with literature
values for the dissociation constant of LiClO4 in PEO.21

Furthermore, the dissociation constant obtained here
is similar in magnitude to that obtained for LiPF6/PEO19

and LiClO4/poly(propylene glycol)14,15 systems.

Finally, we examine the correlation between the
dielectric and rheological behavior under steady shear.
Figure 10 shows the dependence of two nondimensional
parameters on the reduced shear rate: (1) λ-1(γ̆), the
reciprocal of the fractional increase in the ion mobility
caused by steady shear at the rate γ̆, and (2) the η(γ̆)/η0
ratio, the fractional decrease in the steady-state viscos-
ity caused by the shear (cf. Figure 7). For both the PEO-
1K/LiClO4 system at 25 °C (Figure 10a) and the PEO-
10K/LiClO4 system at 60 °C (Figure 10b), the η(γ̆)/η0
ratio is in quantitative agreement with the λ-1(γ̆) factor.
It should also be noted that both η(γ̆)/η0 and λ-1 begin
to decrease from unity when the reduced shear rate
γ̆〈τG〉 is still smaller than 0.1. This behavior is signifi-
cantly different from the nonlinear thinning behavior
of usual homopolymers (for which η begins to decrease
when γ̆〈τG〉 exceeds unity), confirming the structural
origin (disruption of the Li+-mediated aggregates) of the
nonlinearity of the PEO/salt mixtures.

The quantitative agreement between η(γ̆)/η0 and
λ-1(γ̆) suggests an interesting correlation between the
motion of the PEO segments and the motion of the ions.
Many studies have indicated that the ions, in particular
Li+, move cooperatively with the PEO segment to which
they are bound.1,7,13 The application of steady shear
creates a tension along the PEO chains, leading to the
rupture of the Li+-mediated aggregate. In the ruptured
state, the Li+ ion is bound to the chain less significantly
than it is under the quiescent condition, and this leads
to the increase in the mobility of both the Li+ ion and
the PEO segments in its vicinity by a common factor,
λ(γ̆). This acceleration of the PEO segment motion
results in the acceleration of the motion of the PEO
chain as a whole so that the viscosity η decreases by
the factor λ-1(γ̆). Thus, the observed agreement of the
η(γ̆)/η0 ratio and λ-1(γ̆) appears to be a natural conse-
quence of the motional cooperativity between the Li+

Figure 9. Plots of dynamic dielectric constant ε′ and dielectric
loss ε′′ against reduced frequency λ-1ω for (a) the PEO-1K/
LiClO4 system at 25 °C and (b) the PEO-10K/LiClO4 system
at 60 °C. Symbols are the same as those in Figure 8. The solid
curves denote the fitting with the Macdonald theory for the
data in the quiescent state at equilibrium. The dielectric
constant of the medium (PEO) utilized in the fitting was εm′-
(0) ) 20. For further details, see Appendixes A and B.

Figure 10. Comparison of the normalized non-Newtonian
viscosity η/η0 and the λ-1 factor representing shear-induced
acceleration of ion motion for (a) PEO-1K/LiClO4 at 25 °C and
(b) PEO-10K/LiClO4 at 60 °C. η/η0 and λ-1 are plotted against
reduced shear rate γ̆〈τG〉.

µ ) 1.0 × 10-8 m2 V-1 s-1 and n ) 9.6 × 1022 m-3

for the PEO-1K/LiClO4 system at 25 °C (4)

µ ) 6.0 × 10-8 m2 V-1 s-1 and n ) 2.7 × 1023 m-3

for the PEO-10K/LiClO4 system at 60 °C (5)
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ions and the PEO segments to which the ions are
bound.

4. Concluding Remarks
The dielectric dispersion of PEO/LiClO4 mixtures

under shear flow was examined. The magnitude of shear
thinning, observed in the rheological experiments, was
well correlated with the flow-induced increase in the
electrical conductivity observed in the dielectric experi-
ments. In addition, the increase in the conductivity was
found to be mainly due to the increase in the ion
mobility under shear flow, as revealed from the super-
position of the dielectric data at various shear rates after
shifts only along the frequency axis. These results are
in harmony with the molecular picture of the motional
cooperativity between the PEO segments and the Li+

ions to which they are bound.
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Appendix A: Macdonald Theory for Electrode
Polarization

Macdonald formulated a time-evolution equation for
the concentration profiles of ions in a medium contain-
ing a dissociated monovalent salt, sandwiched between
two flat electrodes used to apply a weak oscillatory
electric field.34 The profiles form standing waves that
oscillate at the angular frequency ω of the applied field.
The amplitudes of these waves change with the distance
from the electrodes. For our PEO/LiClO4 systems sand-
wiched between stainless steel electrodes, we may safely
assume the blocking condition (for which the conduction
current due to the ion motion does not flow across the
electrodes) and neglect the recombination of the cation
(Li+) and anion (ClO4

-). For this case, the complex
admittance yP due to the electrode polarization per unit
area of the electrode, deduced from the Macdonald
theory, can be written in the form

with

Here, n is the number density of the cations (identical
to that of the anions), e is the absolute value of the
electron charge (e ) 1.602 × 10-19 C), µ+ and µ- are
the mobilities of the cation and anion, and L is the gap
width between the flat electrodes.

The parameters ê(, γ(, and ϑ( are given by

with

Here, εvac is the dielectric permittivity of a vacuum (εvac
) 8.854 × 10-12 F m-1), kB is the Boltzmann constant
(kB ) 1.381 × 10-23 J K-1), T is the absolute tempera-
ture, and εm′(0) is the relative dielectric constant of the
medium (PEO) at zero frequency. Since PEO chains
have only type B dipoles,40 they exhibit no dielectric loss
at the angular frequencies ω of our interest (ω < 106

s-1). For this reason, the complex dielectric constant of
the medium at a frequency ω, which is included in the
general expressions of Mϑ and Q, has been replaced by
εm′(0) in eq A8.

The dielectric constant ε′(ω) and dielectric loss ε′′(ω)
(relative to a vacuum) measured for the PEO/LiClO4
system are related to the imaginary and real parts of
the complex admittance yP per unit area:

Note that ε′ and ε′′ at low ω calculated from eq A9
increase with decreasing L and are not the simple
material properties independent of L. At sufficiently
high ω, this L dependence vanishes and ε′ and ε′′
coincide with ε′ and ε′′ of the material itself. At such
high ω, eq A9 gives ε′(ω) ) εm′(0) and ε′′(ω) ) en(µ+ +
µ-)/εvacω.

We may estimate the mobilities µ+ and µ- as well as
the number density n of the ions by fitting the experi-
mental ε′ and ε′′ data with eqs A1-A9 modified for our
cone-plate-type electrodes (cf. Appendix B). The results
of the fitting are shown in Figure 9.

In addition to the estimation of the µ+, µ-, and n
values, the Macdonald theory offers an easy method for
distinguishing two effects of shear on the ionic conduc-
tivity. The conductivity σ ) en(µ+ + µ-) becomes larger
under the shear either through an increase of the ion
number density n or through an increase of the mobili-
ties µ+ and µ-. However, these two types of increases
result in qualitatively different changes in the shape of
the dispersion curves (ω dependencies of ε′ and ε′′), as
demonstrated in Figure 11. (In Figure 11, µ+ and µ- are
assumed to have the same value µ for simplicity.)

For the case where µ increases by a factor of λ but n
remains the same under the shear, the dispersion curve
plotted in the double logarithmic scale shifts horizon-
tally toward the high-ω side by the same factor; see the
top two panels in Figure 11. Thus, the ε′ and ε′′ data

ê( ) 1 + i
(µ+ + µ-)Qω

2µ+µ-
( (1 -

(µ+ + µ-)2Q2ω2

4µ+
2µ-

2 )1/2

with i ) x-1 (A5)

γ( ) 1 + iQω
µ+

- ê( (A6)

ϑ( )
Mϑ

x2
ê(

1/2 (A7)

Mϑ ) ( e2n
2εvacεm′(0)kBT)1/2

L and Q )
εvacεm′(0)

en
(A8)

ε′(ω) ) εm′(0) + L
ωεvac

Im{yp(ω)},

ε′′(ω) ) L
ωεvac

Re{yp(ω)} (A9)

yp )
en(µ+ + µ-)

L
+ en

L
W3

W1 - W2
(A1)

W1 )
(γ+ - 1)(γ- + 1)ϑ-(ϑ+ - tanh ϑ+)

ê+
-

γ+(γ- + 1)ϑ+ϑ- (A2)

W2 )
(γ+ + 1)(γ- - 1)ϑ+(ϑ- - tanh ϑ-)

ê-
-

(γ+ + 1)γ-ϑ+ϑ- (A3)

W3 ) (γ- + 1)(γ+µ- - µ+)ϑ- tanh ϑ+ -
(γ+ + 1)(γ-µ- - µ+)ϑ+ tanh ϑ- (A4)
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horizontally shifted by the factor λ-1 (i.e., those plotted
against a reduced frequency, λ-1ω) are collapsed onto a
master curve irrespective of the µ values.

For the other case where n increases by a factor of λ′
but µ remains the same under the shear, the dispersion
curve around the peak of ε′′ shifts diagonally toward
the high-ω and high-ε′′ side and the horizontal shift of
the ε′ and ε′′ data does not give the master curve; see
the bottom two panels in Figure 11.

This difference between the two cases of the increases
of µ and n, noted not only for the parallel-plate-type
electrodes but also for the cone-and-plate-type electrodes
(utilized in our experiments), allows us to examine a
mechanism of the flow-induced enhancement of the ionic
conduction. Indeed, the enhancement observed for the
PEO/LiClO4 systems is attributed to the increase of µ,
as explained for Figure 9.

Appendix B: Application of Macdonald Theory
for Cone-Plate Electrodes

As shown in Figure 1, the electrodes used in our
experiments were of the cone-and-plate type (to achieve
the uniform shear field between the electrodes). Thus,
the gap width between the electrodes, L, changes with
radial coordinate r:

and

Here rc ()3.6 mm) is the radius of the flattened head
area of the cone electrode, r0 ()13.6 mm) is the radius
of the cone electrode, and θ ()0.058 rad) is the cone
angle. In our application of the Macdonald theory to the

dielectric data, we subdivided the whole area of the cone
electrode into six coaxial sections: the first section is
in a range of r < rc and has L1 ) rcθ (eq B1), and the
remaining five sections are in the range of rc + (j - 2)∆r
< r < rc + (j - 1)∆r (j ) 2-6, ∆r ) (r0 - rc)/5) and have
an average gap width Lj ) {rc + (j - 3/2)∆r}θ. Ap-
proximating that the jth section of the cone electrode is
parallel to the plate electrode and has a constant gap
width Lj, we evaluated a vacant capacitance C0j for this
section as

From these C0j values, a relative contribution φj of the
jth section to the total capacitance of the cell was
obtained as φj ) C0j/∑k)1-6C0k. The complex dielectric
constant ε* ) ε′ - iε′′ (i ) x-1) for our rheodielectric
cell was then given by

where εM,j* is the complex dielectric constant calculated
from the Macdonald theory (eqs A1-A9) for the gap
width Lj. Changes in this ε* with the changes in n and
µ are essentially the same as the changes in εM,j*
explained in Appendix A. Thus, the change in µ alone
results in the horizontal shift of the ε* curve, while the
chain in n alone leads to the diagonal shift.

Figure 11. Dielectric dispersion curves calculated from Macdonald theory (L ) 1 mm, µ+ ) µ- ) µ, εm′(0) ) 20, T ) 298 K). The
top left panel shows the curves for two systems having the same ion number density (n ) 9.6 × 1022 m-3) but different ion
mobilities (10-8µ/m2 V-1 s-1 ) 2.0 and 18.0). The high-µ curve shifted horizontally by a factor of λ-1 ) 1/9 (mobility ratio) is
superposed on the low-µ curve, as shown in the top right panel. The bottom left panel shows the curves for two systems having
the same µ value (6.0 × 10-8 m2 V-1 s-1) but different n values (10-22n/m-3 ) 3.2 and 29.0). For this case, the horizontal shift of
the high-n curve by a factor of (λ′)-1 (ratio of ion number densities) does not achieve the superposition; see the bottom right panel.

L ) rcθ ) 0.209 mm for r < rc (B1)

L ) rθ for rc < r < r0 (B2)

C01 )
εvac

L1
πrc

2,

C0j )
εvac

Lj
[π{rc + (j - 1)∆r}2 - π{rc + (j - 2)∆r}2]

(j ) 2 - 6) (B3)

ε* ) ∑
j)1

6

φjεM,j* (B4)
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The complex dielectric constant can thus be computed
if the parameters µ, n, and εm′(0) are known. We
adjusted these parameters to match the theory and
experiment, and the results of this matching procedure
are shown in Figure 9, parts a and b. The value of εm′-
(0) used to obtain the fit was 20 in both cases, while µ
and n are given in eqs 4 and 5.
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