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ABSTRACT: The present work studies the mechanisms controlling the energy
barrier for ion hopping in conducting polymers. Polymer electrolytes usually show
Arrhenius-like temperature dependence of the conductivity relaxation time
(characteristic time of local ion rearrangements) at temperatures below their glass
transition T,. However, our analysis reveals that the Arrhenius fit of this regime
leads to unphysically small prefactors, 7, < 107" s. Imposing a value of 107"* s for
this parameter renders the fairly unexpected result that the energy barrier for charge
transport in these polymers has strong temperature dependence even below T,. Our
study also reveals significant temperature variations of the dielectric permittivity and
the instantaneous shear modulus in the glassy state of these polymers. Using the
Anderson and Stuart model, we demonstrate that these variations provide strong
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justifications for the temperature variation of energy barrier for ion hopping. Most importantly, the proposed approach reveals that
the energy barrier controlling ion hopping in polymer electrolytes is significantly (~30—40%) lower than that estimated using
traditional Arrhenius fit. These new insights call for revisions of many earlier results based on apparent Arrhenius fits, and the newly
proposed approach can provide more accurate guidance for the design of solid-state electrolytes with enhanced ionic conductivity.

B INTRODUCTION

Significant breakthrough in electrical energy storage is
expected with the development of solid-state batteries due to
their great potential toward high energy density, long cycle life,
and safety benefits.' " One of the major bottlenecks in the
large-scale deployment of these batteries is the absence of a
solid electrolyte with good conductivity, electrochemical
stability, mechanical flexibility, and adhesion to electrodes.
Polymer electrolytes might provide a good solution due to
their flexibility, good adhesion, and easy processability.”®
However, the conductivity of dry (with no solvent) polymer
electrolytes remains rather low,””” and understanding the
detailed microscopic mechanism controlling ion transport in
polymers is critical for the development of novel electrolytes.

In classical polymer electrolytes, such as poly(ethylene
oxide) (PEO), the lithium ions are coordinated by the
backbone ether oxygen atoms; hence, the conductivity is
dynamically coupled to the segmental rearrangements of the
polymer."”"" In this case, reaching desired conductivity levels
of 107*~107% S/cm requires extremely fast segmental
relaxation times ~107°—107'" 5,"* not achievable in ambient
conditions for dry polymers at high ion concentrations.
Additionally, PEO-based electrolytes also suffer from low
cation transference number t" and a limited electrochemical
stability window."

The problem of low t" can be solved using single-ion
conducting polymers (SICPs), such as polymerized ionic
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liquids (PolyILs), that have t* ~ 0.8—1."*~"” However, SICPs
also exhibit relatively low conductivities at ambient con-
ditions.”' "' Many of them have conductivity decoupled
from segmental dynamics, with characteristic rates of ion
transport significantly (~10°—10° times) faster than that of
their segmental motions close to their glass transition
temperature Tg.zo‘21 In the glassy state of these electrolytes,
the ions perform hopping in a dynamically frozen polymer
structure, resembling the ion motion in “superionic”
ceramics.”>*® Exhibiting strong degrees of dynamical decou-
pling and with only one type of charge carrier governing their
conductivity, the SICPs are good model systems for the study
of ion dynamics in glassy polymers.

Traditionally, the energy barrier E for ionic transport in
glassy materials is estimated based on the apparent Arrhenius-
like temperature dependence of steady-state conductivity or
characteristic conductivity relaxation time:”'>"*

7 = 7,exp(E/RT) (1)
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where 7, is the prefactor. For the latter, values between 107
and 107" s, typical for molecular vibrations and non-activated
short time relaxation processes, are usually reported for
supercooled liquids,**** polymer melts,*® and glassy materi-
als.”” Tt was argued that a targeted conductivity higher than
10™* S/cm at ambient temperature in the ion hopping regime
requires E ~ 20—30 kJ/mol."* Therefore, understanding the
microscopic mechanisms controlling this energy barrier might
provide guidance for the design of polymer electrolytes with
required conductivity.

About 7 decades ago, Anderson and Stuart (AS) suggested a
fairly simple model for describing the energy barriers for ion
motions in silicate glasses. The model assumes two major
contributions:**
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The first term accounts for the electrostatic attractive
interaction, which depends on the material permittivity & and
the radii R; and R, of ion and counterion, respectively. The
second describes the elastic energy for creating a passage of the
size comparable to the cross-section of the mobile ion, which
depends on the instantaneous shear modulus G, of the matrix
and on the ion jump length L. The additional parameter R}, in
eq 2 represents an effective radius of a preexisting doorway and
can be considered as a measure of the matrix’s “free volume”.
Note that in this approach the shear modulus corresponds to
very high frequencies, far above the rate of ion rearrangements.
The idea is that the ion jump itself is very fast (about
picosecond time scale), while the waiting time between
consecutive jumps (ie, the relaxation time) can be long.
During the jump, the ion “shoves” aside its surroundings,
justifying the choice of shear, instead of bulk elastic
modulus.””*® The AS model describes ionic conductivity in
network glasses very well,”*" and recently it was demon-
strated to work reasonably well also for SICPs in their glassy
state.””” These latter studies revealed large values for the
activation energy of Li* transport in SICPs, of about 150 kJ/
mol, far above the 20—30 kJ/mol values required for technical
applications.

Here, we present a detailed analysis of the parameters
controlling the energy barrier of ion hopping in SICPs. This
analysis revealed that the traditional approach (eq 1) for
estimating the energy barrier below T, results in unphysically
small Arrhenius prefactors 7o, below 1072° s. This is in contrast
with results for superionic ceramics where the expected 7, ~
1072—107"* s holds. We demonstrate that this short 7, in
SICPs is the consequence of a temperature-dependent
activation energy even at T < T, as predicted theoretically
for neat polymer glasses.”® As a result, the apparent Arrhenius
approximation significantly overestimates the energy barrier for
ion hopping. Based on these results, we propose a different
approach, to estimate the temperature dependence of the
effective activation energy E*(T) and to provide experimental
support for the existence of this variation. Guided by the AS
model, our analysis revealed that indeed both & and G, vary
significantly with the temperature even below T, in the studied
SICPs and that the temperature variation of these parameters
describes well E*(T). Moreover, the so-estimated energy
barriers appear significantly (~30—40%) lower than the ones
estimated from the apparent Arrhenius slope.
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B RESULTS AND DISCUSSION

To analyze details of ion hopping in SICPs, we chose systems
with small (Li*, Na*), intermediate (Br~), and large (TFSI")
mobile ions. As discussed below, systematically increasing the
size of the free ions is important for tuning the type of
interaction between the ions and the matrix. The investigated
materials are poly[methacrylate-bis(trifluoromethane)-
sulfonimide-lithium] [P(MTFSI)-Li], poly[styrene-bis-
(trifluoromethane) sulfonimide-lithium] [P(STFSI)-Li], poly-
[methacrylate-bis(trifluoromethane)-sulfonimide-sodium] [P-
(MTFSI)-Na], poly[imidazole-vinyl bromide] [P(IMV)-Br],
and poly[methacrylate-imidazole-bis(trifluoromethane) sulfo-
nimide] [P(MIM)-TFSI]. These polymers were synthesized at
the Oak Ridge National Laboratory (details provided in the
Supplemental Material), and their chemical structures are
presented in Figure 1. As described there, the samples were
carefully dried to remove all traces of solvents prior
measurements.

P(MTFSI)-Na P(MTFSI)-Li

P(IMV)-Br

{ P(MIM)-TFSI

Figure 1. Chemical structure of the investigated single-ion conducting
polymers. The dashed line separates materials with mobile cations
(left) from those with mobile anions (right). The unlabeled atoms
colored with gray, blue, red, orange, and cyan represent carbon,
nitrogen, oxygen, sulfur, and fluorine, respectively (hydrogen atoms
not shown).

To gain access to glass transition temperatures, time scales
of ionic motion, permittivity, and the instantaneous shear
modulus of the studied materials, we employed a combination
of differential scanning calorimetry, dielectric spectroscopy,
and Brillouin light scattering techniques, respectively. Details
of the experiments and data analyses are provided in the
Methods and Analyses section.

Effective Activation Energy for Charge Transport in
Glassy Polymers. The crossover between the AC and DC
conductivity regimes identified in the dielectric spectra has
been used to estimate the characteristic time of ions crossing
from localized, sub-diffusive motion to a regular diffusion®*?
(see the Methods and Analyses section for details). These
conductivity relaxation times 7 together with the DC
conductivities o, of the investigated materials are presented
in Figure 2 as a function of inverse temperature. As observed
there, the temperature variations of both 7 and o, for
P(MTESI)-Li, P(MTESI)-Na, P(IMV)-Br and P(MIM)-
TESI change around T, (Table 1) from a strongly non-
Arrhenius, Vogel—Fulcher—Tammann-like behavior, to a
weaker, Arrhenius-like form at lower T. This behavior is
often observed for ion conductors with strong decouplin
between charge transport and structural relaxation.”'”'®’
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Figure 2. (a) Conductivity characteristic time and (b) DC
conductivity as a function of reciprocal temperature for the systems
investigated in this work. The solid lines are interpolations of sub-T,
data with eq 1.

Table 1. Glass Transition Temperatures and the Apparent
Arrhenius Parameters Extracted with Eq 1 for the Materials
Discussed in This Work”

material T, (K) logz, E, (kJ/mol)

P(STESI)-Li 507 -22 159
P(MTESI)-Na 433 -19.7 124
P(MTESI)-Li 435 -17.8 123
P(IMV)-Br 353 -21 107
P(MIM)-TFSI 285 -28 136
polyEtVIm-TESI® 344 224 116
polyEGVIm-TESI’ 261 -33 159
PolyEGVIm-Br’ 348 -18 74

PolyEGVIm-PF6’ 296 -22.6 118
PolySTE-K’ 500 -19.7 105
PolySTE-Cs’ 470 -17.1 87

CKN* 333 115
LLTO* -13.1 324
Li3B* -14 76.7
Sz -15 103

“See text for details.

Since P(STFSI)-Li has been investigated only at T < T, its

corresponding parameters exhibit only the Arrhenius-like
temperature variations (Figure 2). We note that the values of
7 and g, may change at T < T, due to the physical aging of the
materials.>”>° However, in our investigations, the samples
have not been aged.

Fits of conductivity relaxation times using eq 1 at
temperatures below T, (Figure 2, solid lines) revealed apparent
activation energies E s comparable to those reported earlier for
other SICPs (Table 1) %29 Table 1 also includes the fit results
for the prefactor 7, a parameter which was neglected in
previous related studies, including our own. 12172929 Thege
values reveal that for SICPs, in general, 7, is unphysically short,
with variations around 1072°—107 5. In contrast, the expected
relation 7, ~ 107'2=10""* s holds well for crystalline and glassy
superionic conductors,”’ as demonstrated for several systems
in Table 1 and Figure 3. These results are not entirely
unexpected given that glass-forming polymers are “fragile”
corresponding to a significant change of structure with
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Figure 3. Conductivity characteristic times as a function of reciprocal
temperature for ceramic Liy gLage TiO; (LLTO), crystalline yttrla—
stabilized zirconia (ZrO,-Y,03, YSZ), and Li,0-3B,0; (Li3B) glass.*®

temperature and super-Arrhenius relaxation in the deeply
supercooled state, in contrast to ceramics, which are “strong”
glasses with little configurational changes of structure and
(nearly) Arrhenius relaxation over a wide range of temper-
atures. Indeed, even in pure polymers below T, an apparent
Arrhenius behavior is observed for the alpha relaxation
time.""** An extrapolation of this behavior to 1/T — 0
often results in an unphysically small prefactor.

To better illustrate the peculiar relaxation behavior of glassy
polymers, the data from Figure 2 are presented in Figure 4a
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Figure 4. Characteristic times of the conductivity relaxation process
as a function of T,/T for (a) the systems 1nvest1gated in this work and
(b) other SICPs accordmg to literature data.” The vertical dotted line
corresponds to T,/T = 1. In panel (), the solid lines are examples of
interpolations of sub-T, data with eq 1 and the dashed lines are
Arrhenius laws with a prefactor of 107" s, see text for details.

using a logr axis extended down to —14 (as in Figure 3) as a
function of T,/T extended down to zero. In this way, one may
directly observe that Arrhenius approximations (eq 1)
indicated by the solid lines will result in the intercept values
for 7, much smaller than 10™'* s. To check the generality of
this observation, we included in Figure 4b the conductivity

relaxation times reported in ref 9 for other SICPs. They reveal
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that the classical Arrhenius description of glassy polymer data
generally provides unphysically short 7,. Note that this
observation holds even for systems with large degree of
decoupling, which have been experimentally explored in
considerable 7 and T ranges in their glassy state.

In this work, we propose another viewpoint for the
temperature evolution of charge dynamics in glassy polymers,
based on the broad overview provided by Figure 4. Note in this
plot that the dashed lines suggests the possibility that the
“true” Arrhenius behavior, with a physically reasonable
prefactor of the order of 107" s, is asymptotically approached
only at very low temperatures, deep in the glassy state of these
materials. In other words, the activation energy barrier may not
be constant, but continuously changes with temperature, even
below T,. A theoretical basis for this behavior in pure polymer
glasses has been previously developed and confronted with
experiments.”’ The weak evolution of the effective barrier
below T, has been predicted for polymers without ions to
reflect the continuous increase of the density or a decrease in
dimensionless amplitude of long wavelength density fluctua-
tions (called S, which in equilibrium is the thermodynamic
dimensionless isothermal compressibility) probed in small-
angle scattering measurements and sometimes interpreted as
the mean square fluctuation of free volume.”’ These weak
changes should lead to a growth of the energy barrier with
cooling even in a glassy state.’”*”

Imposing in eq 1 a value of 107" s for 7,, one may estimate
the expected temperature evolution of the effective energy
barrier for ion hopping according to

E*(T) = RTIn[z(T)/10™"s]. (3)

For the hereby-studied systems, the so-estimated E*(T)
appears in the range 40 to 100 kJ/mol (Figure S), significantly

100

P(MTFSI)-Li DSTRSIL
P(MTFSI)-Na O owy (STFSIHL

80| %, T*o

60 -

E* (kJ/mol)

P(IMV)-Br
P(MIM)-TFSI

LLTO

400 450 500

T/K

20 . L

250 300 350
Figure S. Effective activation energy E* extracted for the presently
investigated single ion conducting polymers (open symbols) and
using literature data for CKN (crosses), Li3B (dashed line), and
LLTO (solid line). The arrows indicate the corresponding glass
transition temperatures. The error bars (for clarity reasons included
only at the low and high limits of the investigated temperature range
for each material) indicate the variation range for E* when 7, changes
between 1072 and 107" s.

smaller than the apparent activation energy E, (Table 1). For
example, for the same material P(STFSI)-Li, the Arrhenius fit
provides a constant activation energy of ~150 kJ/mol (and 7,
~ 107** 5), while the newly proposed approach (imposing 7, =
107" s) suggests that this barrier is much smaller, reaching
~90 kJ/mol only at the lowest investigated temperature. Note
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in Figure S that for all polymers, E* values change within
+10% when 7, is varied between 1072 and 107" s.

In the same figure, we included for comparison the E*(T)
estimated for the prototypical ionic melt calcium potassium
nitrate (CKN).** As observed here and also in Figure S5 in the
Supplemental Material, this material displayed behavior similar
to that of conducting polymers: The temperature variation of
energy barrier persists well below its calorimetric T, (333 K).
These CKN results indicate that T-dependent energy barriers
may be a characteristic for a broader range of glassy
conductors, not only polymers.

Figure S also reveals that at variance with glassy SICPs and
CKN, the analysis with eq 3 provides a relatively constant
E*(T) for the ionic glass Li3B and superionic ceramic LLTO.
For these materials E*(T) can be identified with E, from eq 1;
hence, they may be considered to have reached the “true”
Arrhenius behavior in the investigated temperature range
corresponding to their deep glassy state. Based on this behavior
of Li3B and LLTO one may presume that all ionic conductors
will reach an Arrhenius limit with 7, close to 107" s at
sufficiently low temperatures.

This analysis suggests that the observed unphysically short 7,
is the consequence of the temperature variations of the energy
barrier for ion hopping. Let us assume a linear T dependence
of the energy barrier, E*(T) = E, — A*RT, at least in some
limited temperature range below T, (Figure S). This form can
be qualitatively motivated by prior theoretical work where the
barrier depends on density, which grows (or S, decreases)
roughly linearly with cooling over a sufficiently narrow range in
a polymer glass.”® Moreover, this functional form is identical to
recent experimental measurements of the alpha time of vapor-
deposited ultrastable polymeric glasses.*” Then, eq 1 can be
rewritten as

7 = 1yexp(—A)exp(E,/RT) (4)

with the effective prefactor that can be much shorter than 7,
depending on the strength of the temperature dependence of
E*. Most importantly, the apparent activation energy E = E, is
not the real energy barrier in the given temperature range but
reflects linear extrapolation of its temperature dependence to T
= 0 K. This extrapolated value might not have any physical
implication because the temperature dependence of E* is
expected to saturate at low temperatures, as will the density
and S,. The presented analysis (Figure S, eq 4) demonstrates
that the apparent Arrhenius-like temperature dependence of
the relaxation time may be misleading and might provide
wrong estimates of the activation energy barrier. Unphysically
short values of 7, obtained from the Arrhenius fit (eq 1)
provides a clear indication of the problem for this traditional
analysis. Below, we reveal the mechanisms of the observed
temperature dependence of the energy barrier for ion hopping.

Factors Controlling the Energy Barriers for lon
Hopping. The question arises if one can find any experimental
evidence to confirm the temperature variations of the
activation barriers for ion hopping in glassy polymers. We
can safely exclude the role of segmental dynamics in these
variations because in the studied systems here, the conductivity
relaxation at T, is several orders of magnitude faster than the
segmental motions, ie., ion hopping occurs while structural
relaxation (alpha process) is essentially frozen. As mentioned
above, the Anderson—Stuart model (eq 2) suggests that the
energy barrier for ion hopping is controlled by the dielectric
permittivity € and the instantaneous shear modulus G,. The

https://doi.org/10.1021/acs.macromol.3c00879
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Coulombic interactions controlled by & dominate the energy
barrier for small ions, while the elastic forces controlled by G,
dominate the energy barrier for large ions.”>*” In the following,
we will consider these two limiting situations to check the
impact of these parameters on the temperature dependence of
the ion hopping activation barrier in glassy SICPs.

Large Mobile lons. According to the AS model, the
activation energy for relatively large ions is proportional to the
instantaneous shear modulus G, of the matrix; hence, our
approach implies that this relationship will be preserved upon
changing temperature, E*(T) & G4(T). To check the validity
of this relation, we focus on P(MIM)-TFESI and P(IMV)-Br,
with the radii of mobile anions TFSI™ and Br™ being 0.33 and
0.18 nm, respectively. As previously shown,” for TESI™, the
Coulombic term in eq 2 is fairly negligible, whereas for Br~,
both elastic and Coulombic contributions are comparable. We
reiterate that for testing the AS model predictions G, must be
determined at very high frequencies, much higher than those
accessed by classical rheological techniques. For this reason, we
employed Brillouin light scattering (BLS) to access the G
parameter in the GHz frequency range, as described in the
Methods and Analyses section.

BLS indeed revealed significant temperature dependence of
G, in these systems (Figure 6a,b). Moreover, direct
comparison to the effective activation energy E*(T) taken
from Figure S demonstrates that E*(T)xG,(T) holds well for
P(MIM)-TFSI in the entire studied temperature range, both
above and below T,. However, for P(IMV)-Br, an additional
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G, K,
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& sof 9 $ 2 ()
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Figure 6. Temperature dependences of effective activation energies
extracted for (a) P(MIM)-TFSI and (b) P(IMV)-Br are compared
with those of their instantaneous shear modulus G, and for (c)
P(MTEFSI)-Na and (d) P(STFSI)-Li with that of the inverse of
permittivity & corresponding to the characteristic frequency of ion
rearrangements. To overlap the datasets, we employed the following
scaling: in panel (a), G, multiplied with K| = 3.5 X 107 kJ/(mol-Pa),
in panel (b), G, multiplied with K, = 1.7 X 107 KJ/(mol-Pa)
summed with 1/&*(T) multiplied with K3 = 135 kJ/mol, in panel (c),
1/¢*(T) multiplied with K, = 870 kJ/mol, and in panel (d), 1/¢*(T)
multiplied with K, = 420 kJ/mol. The dashed vertical lines
correspond to 1000/T, K
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contribution to the energy barrier of ~30 kJ/mol. As discussed
in ref 29, both elastic and Coulombic interactions are expected
to provide comparable contributions to the energy barrier for
hopping of this intermediate size ions. We note that in the
P(IMV)-Br case, even the change in the temperature
dependence of E* occurring at T, is also reflected in G(T)
results. Significant temperature variations of the shear modulus
in polymers even at temperatures below T, were reported in
several earlier publications.**™** In comparison with ceramics
and network glasses, polymers also display a significant change
in density in this low temperature regime. This may result in a
significant change of other parameters, including elastic
constants, and consequently in a significant temperature
dependence of the energy barriers for ion hopping.

Small Mobile lons. For small ions, elastic forces become
negligible and E*(T) «1/&(T) is expected (eq 2).”’ We note
that it is not obvious which permittivity parameter should be
used in this case of highly concentrated electrolytes. It seems
reasonable to consider that for ionic rearrangements, the static
permittivity (probed at frequencies lower than the ion hopping
rate) might be not important, and the dielectric constant at
frequencies of the conductivity relaxations or even higher
should be used. Nonetheless, the permittivity spectra for
P(MTFSI)-Na (Figure 7a) reveal that the overall magnitude of

15 T T T T

o' (S/cm)

P(MTFSI)-Na |

1 1 1 1 1 1 1
10° 102 10 108
frequency v (Hz)

Figure 7. Frequency-dependent (a) ¢’ and (b) ¢’ responses of
P(MTFSI)-Na probed at several indicated temperatures. The vertical
dashed lines indicate the characteristic frequencies of conductivity
relaxation processes extracted with the random barrier model (see
Methods and Analyses). The black solid line corresponds to the
inverse of E* data of this material shown in Figure S, scaled by a
vertical factor. Note that the temperature dependence of 1/E*
matches well that of &’ values corresponding to the characteristic
frequency, see text for details.

the dielectric strength of the conductivity process decreases
upon cooling. Although for P(MTFSI)-Li, the interference of
an artifact (see Methods and Analyses section) does not allow
for a direct extraction of the conductivity relaxation
contribution, we note that our previous works on SICPs*
and other non-crystalline electrolytes*”™>” indicate that this
anti-Curie-like behavior of dielectric strength appears to be a
hallmark of the conductivity relaxation process. According to
the AS model, this decrease should be qualitatively reflected in
a monotonic increase in the activation energy upon cooling, as
indeed observed in Figure S for PolyILs. Of course, such an
increase could also arise to some extent from other factors such

https://doi.org/10.1021/acs.macromol.3c00879
Macromolecules 2023, 56, 6051—-6059


https://pubs.acs.org/doi/10.1021/acs.macromol.3c00879?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00879?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00879?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00879?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00879?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00879?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00879?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00879?fig=fig7&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.3c00879?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

as an increase of density or decrease of S, in the glass, per prior
theoretical analysis*****” and X-ray scattering studies.””"

Figure 7a provides a comparison of the inverse of E*(T)
values (black solid line) for P(MTFSI)-Na (from Figure S),
scaled by a vertical factor, with the values of &(T). The
temperature variation of 1/E* appears to be in relatively good
agreement with the &’ probed at the characteristic frequency of
the conductivity relaxation process (indicated by the vertical
dashed lines). In analogy with the instantaneous shear
modulus, it appears that the dielectric constant should be
taken at frequencies comparable to the rate of ion rearrange-
ment or even higher. Therefore, we collected in Figure 6¢ the
inverse of the permittivity value &£* at v = 1/(2a7) and
compared its temperature dependence with that of E* for
P(MTFSI)-Na. The same procedure has been applied to
P(STFSI)-Li in Figure 6d. These comparisons reveals that
indeed E*(T) « 1/&(T) holds well for PolylLs with small
cations.

We note in Figure 7b that at the lowest investigated
temperatures, the conductivity spectra signals the presence of
an additional feature at frequencies between 10' and 10° Hz.
This situation resembles that of other ionic conductors and is
generated by the interference of secondary processes.’”*”>®
Interestingly, these relaxation features are faster than the
conductivity relaxation (the latter itself being much faster than
the alpha process) and hence differ from the Johari—Goldstein
f-processes in the sense that they relate to the decoupled ionic
motions.

The analysis presented in this section demonstrates the good
applicability of the AS model to polymer electrolytes. Most
important, this analysis provides strong support for the validity
of the proposed picture: The activation energy of the charge
transport in ion conducting polymers is not constant even deep
in the glassy state because the elastic and dielectric properties
(and perhaps density and S,) of these materials continuously
change with temperature even below T,.

B CONCLUSIONS

In summary, the present analysis of new and previously
published data demonstrates that the traditional Arrhenius
description of charge dynamics in glassy single-ion conducting
polymers provides unphysically small prefactors 7. The newly
introduced approach of imposing a value of 107" s for this
parameter reveals that the effective energy barrier E* for ion
hopping is temperature-dependent even deep in the glassy
state of these ion conductors. Most important, the so-
estimated energy barrier appears significantly (30—40%)
lower than the barrier extracted from the apparent Arrhenius
dependence. Moreover, our study of the evolution of dielectric
permittivity £(T) and the instantaneous shear modulus G, (T)
provides good estimates for the evolution of E*(T) consistent
with the predictions of the Anderson—Stuart model. The
observed variations of the dielectric constant and instanta-
neous shear modulus may be partially connected with an
increase in the density of these polymer glasses upon cooling.

The present analyses revealed similar behavior also in glassy
CKN, suggesting that temperature dependence of the ion
hopping barrier may be general not only for polymers but also
for many other ion conducting glasses. This calls for a revision
of many earlier data and approaches that assumed a
temperature-independent activation energy for ion transport
in solid-state electrolytes. In this regard, particular attention
should be paid to values of 7,. Unphysically short 7, (<107"*

s) might indicate the temperature-dependent energy barrier for
ion hopping, and the Arrhenius analysis might significantly
overestimate the latter. We stress that this approach might be
applicable not only to ion transport but to many other
relaxation and transport phenomena in glassy materials.

We would like to additionally emphasize that the
Anderson—Stuart approach uses continuum approximations
(elastic and dielectric) and microscopic discrete models are
needed for a correct description of highly concentrated ionic
materials. Extension of prior theoretical works for activated
relaxation in pure polymer glasses’’ in conjunction with recent
theory of molecular penetrant activated transport in polymer
liquids®**” may be a promising approach in this direction.

B METHODS AND ANALYSES

Differential Scanning Calorimetry. The calorimetry tests were
performed using a Q000 analyzer from TA Instruments. The
samples were measured in aluminum pans with a volume of 40 uL,
with a heating rate of 10 K/min. During the experiments, the flow of
nitrogen was maintained at 60 mL/min. No signs of crystallization
were noticed in the fully investigated temperature range. The glass
transition temperatures T, have been estimated from the recorded
thermograms as the position at which the heat flow step reaches half
from its melt value upon heating. The corresponding T, values are
reported in Table 1.

Dielectric Spectroscopy. The dielectric results were acquired in
a 1072—10° Hz frequency range using an Alpha-A spectrometer from
Novocontrol. The samples were placed in spacer-free dielectric cells
consisting of two parallel electrode disks of 10 mm in diameter and
separated by 0.2 mm. For warranting the linearity of the response, the
measurements were performed using electric fields below 0.1 kV/cm.
Prior to each spectrum acquisition, the temperature was stabilized
within 0.1 K by a Quattro temperature controller, also from
Novocontrol. The samples have been initially cooled down to 150
K and investigated upon heating. At the end of the temperature
sweep, a spectrum has been remeasured near room temperature to
check that the sample did not experience irreversible changes during
heating.

Figures 7 and 8 present examples of dielectric spectra for
P(MTFSI)-Na and P(MTFSI)-Li, respectively. Our choice was to
present the dielectric response in terms of ¢’ and &’ representing the
real parts of complex conductivity 6* and permittivity ¥, respectively,
probed as a function of frequency v. These two functions define the
complete dielectric compliance of these materials, since ¢’ is directly

10?

i

e o (TSI )]

102 10° 10> 10* 10°
frequency v (Hz)

Figure 8. Frequency-dependent (a) & and (b) ¢’ responses of
P(MTFSI)-Li probed at several indicated temperatures. The solid
lines are predictions of the RBM according to eq S, see text for details.
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related to the dielectric loss ¢” (imaginary part of £*) as ¢’ = 27veye”,
with &, denoting the vacuum permittivity.

As observed in Figure 8a, P(MTFSI)-Li exhibits a relaxation
process at low frequencies and low temperatures. Its relatively large
amplitude at low T and its absence at high T indicate that this may be
an artifact occurring due to the inhomogeneous filling of the dielectric
cell. We note that this material has a very high T,, above 500 K (Table
1), and it is quite possible that its lack of fluidity even at high T might
have led to an incomplete filling of the cell space, especially near the
edge of the bottom electrode. As can be recognized in Figure 8b, this
feature occurs at frequencies lower than those characterizing the ionic
relaxation (alternatively referred to as conductivity relaxation) process
genuine to ionic conductors. This conductivity relaxation process
marks a crossover from a “sub-diffusive” ion motion (AC-conductivity
regime) governed by local ion hopping between the local minima of
the energy landscape, to a regular diffusion at low frequencies (the
DC-conductivity plateau).*® The amplitude of this plateau defines the
steady-state conductivity 6, and its frequency onset 1, can be
interpreted as the characteristic rate with which the ions escape from
their local Coulombic cage formed by neighbor counterions. One
should note that in strongly decoupled materials such as P(MTFSI)-
Li or any other SICP considered in this work, this relaxation process
does not reflect the structural rearrangements (alpha process) of the
polymer matrix, being several orders of magnitude faster than the
latter.

As observed in the double-logarithmic representation of Figure 8b,
a moderate cooling induces a strong decrease of both 6, and v,
parameters. At the highest investigated temperatures, the decrease in
o'(v) at low frequencies is caused by the so-called electrode
polarization.>® The latter is the manifestation of the finite separation
between the probing electrodes; hence, it is also not intrinsic to the
investigated material.

For the parametrization of the conductivity response of the
presently considered conducting polymers, we employed the refined
solution of the random barrier model (RBM)

— —1-1/3
o= iZ|1+ 37|

gl 37 ©)
connecting normalized conductivity 6 = 6%/6, to the normalized
frequency 7 = v/1,*° This theoretical approach generates a ¢'(v)
curve with a unique (material and temperature invariant) shape and
relies on only two variables, 6, and v,,. These can be simply extracted
as the vertical and horizontal shift factors, respectively, superimposing
the numerical solution of eq S on top of the experimental ¢'(v) data.
As observed in Figure 8b, the RBM reproduces fairly well the spectral
shape corresponding to the AC-DC crossover in ¢’ (v).

Brillouin Light Scattering (BLS). For these investigations,
P(MIM)-TFSI and P(IMV)-Br were prepared using a hot press as
films, which were sandwiched between two sapphire windows. A
Tandem Fabry—Perot interferometer (JRS Scientific Instruments,
Table Stable Ltd) with 8 mm mirror spacing and scan amplitude of
250 nm was employed to cover a frequency range up to 8.5 GHz.
Both polarized (vertical-vertical, VV) and depolarized (vertical-
horizontal, VH) spectra were utilized to measure the longitudinal
(L) and transverse (T) acoustic modes. The measurements were
conducted using a solid-state laser (Verdi, A = 532 nm), in
symmetric geometry at a 90° scattering angle. The power of the
incident laser beam was ~0.2 mW. The samples were placed in a Janis
ST-100 cryostat, with a Lakeshore controller providing a T
stabilization of 0.2 K, which was achieved in about 1 h after each
temperature step.

The BLS spectra recorded for P(MIM)-TFSI at temperatures
varying between 250 and 323 K are included in Figure 9. Clear
transversal modes (most relevant for the present context) are visible
at frequencies below 3 GHz. Similar results have been obtained for
P(IMV)-Br at temperatures between 293 and 373 K.

The positions of T modes in the spectra have been extracted by fit
of the scattered intensities to the damped harmonic oscillator model:
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Figure 9. Light scattering spectra recorded for P(MIM)-TFSI at the
temperatures indicated by numbers in Kelvin units. The inset depicts
the interpolation of the spectral region including the transverse mode
at 250 K using eq 6.

I(w) = background + Ip/[(wpy — @*)* + &*y*]. (6)
Here, the first, “background” term represents the sum of a constant
(as baseline) and a power law, while the second term is the relevant
contribution of a damped harmonic oscillator. The latter is expressed
using the amplitude I, the angular frequency wrpy, related to the
characteristic frequency vpy = wpy/(27), and the damping factor y.
The inset of Figure 9 presents an example of such a fit performed for
the Stokes T mode (corresponding to positive frequency shifts in the
main frame) recorded at 250 K. For better statistics, at each
temperature both Stokes and anti-Stokes T modes have been
analyzed, and the average of the two corresponding vy values was
used in further analysis.

The advantage of symmetric scattering geometry used in our
experiments is the compensation of refractive index that enables
estimates of sound velocity V based on the Brillouin peak frequency
vy without the prior knowledge of the refractive index.’’ For 90°
scattering

V= Z/TMJ’Iaser/\/z (7)

In a final step, the instantaneous shear modulus G, has been
calculated using the relation

(8)

where p is the density of the material, considered in this work for both
P(MIM)-TFSI and P(IMV)-Br to be 1.4 g/cm’.
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