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ABSTRACT: The results of detailed studies of the ionic conductivity, ultrastructure, and morpholgy of
polyether-poly(N,N-dimethylacrylamide)-LiClO4 electrolytes are presented and discussed. These
composite electrolytes have been studied using differential scanning calorimetry (-110-150 °C), with
FT-IR spectroscopy (20-85 °C) and impedance analysis (-20-100 °C). Room temperature FT-Raman
spectroscopy, SEM, and X-ray energy dispersive studies have also been performed. Highly crystalline
poly(ethylene oxide) and amorphous or low-crystalline oxymethylene-linked poly(ethylene oxide) are used
as polyether matrices for composite electrolytes. It is shown that interactions of lithium cations with
polyether oxygens and the carbonyl oxygens of the “filler” poly(N,N-dimethylacrylamide) lead to the
formation of various types of complexes. These interactions can be classified as Lewis acid-base reactions.
The formation of different types of complexes modifies the ultrastructure and enhances the subambient
and ambient temperature ionic conductivity of these electrolytes in comparison to the pure polyether-
LiClO4 electrolyte. The increase in the conductivity is attributed to the presence of a highly flexible
uncomplexed polyether phase surrounding filler particles. The temperature dependence of ionic
conductivity is Arrhenius at ambient and subambient temperatures and VTF at higher temperatures.
The order-disorder transition temperature calculated on the basis of a semiempirical model is found to
be equal to the onset temperature of the melting peak of the crystalline poly(ethylene oxide) for these
semicrystalline electrolytes or equal to 1.2 times the glass transition temperature of the polyether-
LiClO4 electrolyte for the corresponding amorphous systems. Assuming that the enhanced conductivity
of these composite polymer electrolytes is associated with interphase phenomena, the conductivity results
were analyzed in terms of a model based on effective medium theory.

Introduction
Polymer solid electrolytes based on polyether matrices

have recently attracted considerable attention1-3 due
mainly to the possibility of their application in various
electrochemical devices such as alkali metal batteries,
electrochromic displays and sensors, and fuel cells
working at ambient and moderate temperatures. It has
been found that the polymer and ion motions are
coupled,4 and hence the presence of a flexible, amor-
phous polyether phase is essential for high ionic con-
ductivity in polymeric electrolytes.5 Several attempts
have been made to obtain amorphous polyether matrices
which exhibit good mechanical properties and stability
over a wide temperature range.2-3 The utilization of
polymer blends and composites in which high molecular
weight polymers or inorganic (ceramic) powders are
added to the polyether-alkali metal salt complex seems
to be the easiest way to achieve these polyether conduc-
tors.2 It has been demonstrated that the addition of
finely divided inorganic filler powders leads to an
increase in the conductivity of polyether-based
electrolytes.6-8 This increase was suggested to be due
to a decrease in the degree of crystallinity of the poly-
(ethylene oxide) (PEO) phase in these electrolytes which
are semicrystalline at ambient temperatures.7-8 Un-
fortunately the addition of ceramic particles stiffens the
polyether host thus limiting the increase in conductiv-
ity.8

Substantial increase in the electrolyte conductivity
can be obtained by the addition of polyacrylamide
(PAAM).9,10 Results from DSC studies, FT-IR spectros-
copy, and EDX spectroscopy indicate that the increase
in conductivity is due to enhanced segmental flexibility
at the interface of the filler with the polymer matrix in
the presence of alkali metal salts. This is due to the
formation of complexes involving the filler and salt
which results in a reduction of the number of transient
cross-links between polyether oxygens and alkali metal
cations. The addition of PAAM to the semicrystalline
PEO-based electrolytes results in a decrease in crystal-
linity which also enhances the ionic conductivity.
We have proposed11 that polymer-ion coordination

phenomena occurring in these composite systems are
governed by equilibria between the various Lewis acid-
base reactions occurring between Lewis base centers of
the polyether host, Lewis base centers on the PAAM
chain, and alkali metal cations which can be treated as
Lewis acids. The interpretation of these phenomena in
the polyether-PAAM-alkali metal salt systems is
however complicated by the possibility of the formation
of hydrogen bonds between protons of NH2 amide groups
and oxyanions (such as ClO4

-) or polyether oxygens. The
competition between Lewis acid-base complex forma-
tion and hydrogen bonding leads in some cases to the
lowering of the electrolyte conductivity.10 In order to
eliminate the possibility of hydrogen bonding, the
organic filler was changed from PAAM to poly(N,N-
dimethylacrylamide) (NNPAAM)12 because NNPAAM
lacks an amidic hydrogen. The reason for using poly-
acrylamides comes from the high donicity of the Lewis
base centers (carbonyl oxygens and amide nitrogens) of
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the polyacrylamides which for low molecular weight
analogues is comparable to or even slightly higher than
that of low molecular weight polyether analogues.13-14

Preliminary results12 show that there are strong inter-
actions between NNPAAM and LiClO4 leading to changes
in the ultrastructure and conductivity of oxymethylene-
linked PEO (OMPEO)-NNPAAM-LiClO4 electrolytes.
In this report comprehensive studies of conductivity,

phase structure, and morphology of PEO-NNPAAM-
LiClO4 and OMPEO-NNPAAM-LiClO4 electrolytes
are described. The results obtained for highly crystal-
line PEO-based systems are compared with those ob-
tained for amorphous or low-crystalline OMPEO-based
electrolytes. The changes in the structure and morphol-
ogy are studied by the FT-IR, FT-Raman, and energy
dispersive X-ray (EDX) spectroscopies and SEM tech-
niques. These results are correlated with conductivity
studies performed using impedance spectroscopy and
DSC evidence for phase transitions in these composite
polymeric electrolytes. The observed changes are dis-
cussed in view of Lewis acid-base type interactions
occurring in the composite systems studied. It has also
been shown previously9,10 that the conductivity of the
composite polymeric electrolytes can be modeled using
effective medium theory (EMT) approaches. In the
present paper an EMT approach which models the
conductivity of polyether-NNPAAM-LiClO4 composite
electrolytes will be presented and discussed.

Experimental Section

Sample Preparation. NNPAAM (Mw ) 1.3 × 105; Poly-
sciences, reagent grade) and PEO (Mw ) 5 × 106; Aldrich,
reagent grade) were used without further purification after
drying under vacuum at 50-70 °C for 48 h. The synthesis of
OMPEO followed that of Nicholas et al.15 The resulting
transparent elastomers were dried under vacuum for 48 h
before synthesizing the polymer electrolyte. Acetonitrile (Al-
drich, reagent grade) was distilled twice and stored over type
4 Å molecular sieves. All of the steps in the preparation
procedure were performed in an argon-filled drybox (moisture
content lower than 20 ppm). LiClO4 (Aldrich, reagent grade)
was dried under vacuum at 120 °C prior to incorporation. The
concentration of LiClO4 was equal to 10 mol % with respect to
the ether oxygen concentration. The solid components were
mixed in appropriate amounts in a small glass reactor and
then acetonitrile was added to form an ca. 5 mass % suspen-
sion with respect to all solid components. The mixture was
magnetically stirred until an homogenous suspension was
obtained. Excess acetonitrile was removed by vacuum distil-
lation. The composite electrolytes obtained were dried under
vacuum for 48-72 h at 60 °C. The concentration of NNPAAM
in the composite electrolytes varied between 5 and 50 vol %.
All samples were equilibrated at ambient temperature for at
least 1 month before undertaking any experiments. EDX
studies (performed for all synthesized composite polymeric
electrolytes) indicated through Cl or N that both ClO4

- and
NNPAAM are homogenously distributed in these composite
electrolytes.
DSC Studies. DSC data were obtained between -110 and

150°C using a DuPont TA 2910 scanning calorimeter with a
low-temperature measuring head and liquid nitrogen-cooled
heating element. In run 1, 15 mg samples in aluminum pans
were stabilized by slow cooling to -110 °C and then heated at
10 °C/min to 150 °C. Run 2 was performed after annealing
the same samples used in run 1 at 150 °C (for ca. 10-15 min)
and then following the same procedure as for run 1.
Conductivity Measurements. Ionic conductivity was

determined using the complex impedance method in the
temperature range -20-100 °C. The samples were sand-
wiched between stainless steel blocking electrodes and placed
in a temperature-controlled furnace. The impedance measure-
ments were carried out on a computer-interfaced HP 4192

impedance analyzer over the frequency range 5 Hz-13 MHz.
The peak to peak voltage in impedance experiments was equal
to 1 V.
FT-IR Spectroscopy. Infrared absorption spectra were

recorded on a computer-interfaced Nicolet FT-IR system 4.4
instrument with a wavenumber resolution of 2 cm-1. The
temperature dependent FT-IR studies were performed in the
temperature range between 25 and 85 °C. Thin-film electro-
lyte foils were sandwiched between two NaCl plates and placed
in the FT-IR temperature-controlled cell; the accuracy of the
temperature was estimated to be (1 °C. Attenuated total
reflectance (ATR) infrared spectra were recorded at 20 ( 1 °C
using a Bruker IFS 66 spectrometer with a resolution of 2
cm-1. For the ATR spectra, the sample was positioned on a
ZnSe crystal and illuminated at a 45o angle thus allowing for
multiple internal reflections.
FT-Raman Spectroscopy. FT-Raman spectra with a

wavenumber resolution of 2 cm-1 were recorded at 25 °C with
the temperature stability in the sample estimated to be (0.3
°C. The spectra were recorded with a Bruker IFS 66 spec-
trometer with a Raman module (FRA 106) and a continuous
Nd:YAG laser (1064 nm) using a 180° backscattering geometry.
During measurements, the sample cell was placed in an
evacuated thermostat.
SEM Studies. SEM studies were carried out on an Hitachi

S-570 scanning electron microscope. Thin electrolyte films
prepared by a solvent cast technique were mounted onto 1 cm
diameter aluminum plates. Samples were sputter-graphite-
coated (20 nm). All specimens were examined at a working
voltage of 10 kV.

Results

Conductivity. Figure 1 presents the conductivity
isotherms obtained for PEO-NNPAAM-LiClO4 elec-
trolytes at 0, 25, and 100 °C. At ambient and sub-
ambient temperatures, a considerable increase in the
conductivity in comparison to the conductivity measured
for the PEO-LiClO4 electrolyte is observed for compos-
ite systems containing up to 30 vol % of NNPAAM. A
maximum in the conductivity is found for the sample
containing 15 vol % of NNPAAM. This conductivity
exceeds 10-5 S/cm at 25 °C which is 20 times higher
than for the PEO-LiClO4 system at 25 °C. At 100 °C
conductivities measured for the composite electrolytes
are lower than for the PEO-LiClO4 electrolyte.
Figure 2 presents the conductivity isotherms obtained

for the OMPEO-NNPAAM-LiClO4 composite electro-
lytes at -20, 0, 25, and 100 °C as a function of vol % of

Figure 1. Isotherms of ionic conductivity of PEO-NNPAAM-
LiClO4 versus volume fraction of NNPAAM with 10 mol %
LiClO4: (b) 0 °C, (1) 25 °C, (9) 100 °C.
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NNPAAM. At -20, and 0 °C conductivities measured
for all of the composite systems are higher than those
measured for the OMPEO-LiClO4 electrolyte. A con-
ductivity maximum is obtained for the sample contain-
ing 25 vol % of NNPAAM and is over 1 order of
magnitude higher than the conductivity of the
OMPEO-LiClO4 electrolyte at -20 and 0 °C. At 25 °C
only the conductivities measured for samples containing
20 and 25 vol % of NNPAAM are higher than those
measured for the pure OMPEO-LiClO4 system, whereas
at 100 °C the conductivity obtained for the OMPEO-
LiClO4 system is the highest (see Figure 2). At this
temperature a decrease in the conductivity with an
increase in the NNPAAM concentration is observed. At
25 °C the conductivity decreases slightly for samples
containing up to 15 vol % of NNPAAM and then reaches
a maximum at 20-25 vol % of NNPAAM followed by a
decrease in the conductivity for higher NNPAAM con-
centrations.
Figure 3 shows the temperature dependence of the

conductivity for PEO-NNPAAM-LiClO4 electrolytes

(samples containing 15 and 40 vol % of NNPAAM). For
samples containing between 15 and 25 vol % of
NNPAAM, the temperature dependence of conductivity
follows a VTF empirical form (eq 1) for temperatures
above 55 °C. As can be seen from Figure 3 (data for
the sample containing 15 vol % of NNPAAM), log σ
points below 55 °C can be fit by either VTF (eq 1) or
Arrhenius (eq 2) type equations. We have chosen to use
a VTF form on the basis of DSC evidence which does
not show the presence of a first-order transition around
55 °C for the PEO-NNPAAM-LiClO4 electrolytes
containing 15 and 20 vol % of NNPAAM. For samples
containing higher concentrations of NNPAAM, the
conductivity-temperature behavior is a mixture of
Arrhenius (eq 2) (lower temperatures) and VTF (higher
temperatures).

In eq 1 A is the conductivity preexponential factor, B is
the pseudoactivation energy for conduction, To is the
thermodynamic glass transition temperature which is
usually 30-50 K lower than the glass transition tem-
perature, Tg, determined from the DSC experiments,
and kB is the Boltzmann constant.

In eq 2, σo is the conductivity preexponential factor and
Ea is the activation energy for conduction.
The temperature dependence of conductivity for PEO-

NNPAAM-LiClO4 electrolytes has been analyzed by
fitting the experimental data to eqs 1 and 2. For
concentrations of NNPAAM higher than 25 vol %, the
region where the ionic conductivity-temperature be-
havior changes from VTF to Arrhenius corresponds
roughly to about 60 °C (see Figure 3), close to the
melting point of PEO. The same is also true for samples
containing 5 and 10 vol % of NNPAAM. The slope of
the low-temperature Arrhenius curves increases with
an increase in the NNPAAM concentration (for samples
containing more than 25 vol % of NNPAAM) thus
indicating an increase in Ea.
Figure 4 presents the temperature dependence of

conductivity obtained for OMPEO-NNPAAM-LiClO4
electrolytes (samples containing 5 and 30 vol % of
NNPAAM). The conductivities fit the VTF form at
ambient and moderate temperatures, whereas at sub-
ambient temperatures a clear deviation from VTF
behavior is observed. In this temperature region the
temperature dependence of conductivity follows the
Arrhenius form which suggests that the conductivity is
thermally activated. This is unusual for amorphous
polymer electrolyte systems. A similar temperature
behavior for conductivity has been found for the other
OMPEO-NNPAAM systems studied. The conductivity
data have been fitted to the VTF and Arrhenius equa-
tions. We have observed that generally the high-
ambient and subambient temperature conductivities
(see Figure 2) are associated with low Ea values calcu-
lated on the basis of eq 2.
DSC Studies. Figure 5 presents the DSC curves

obtained for OMPEO (Figure 5a), the OMPEO-LiClO4
electrolyte (Figure 5b), and the OMPEO-NNPAAM-
LiClO4 composite system (samples containing 25 and
50 vol % of NNPAAM) (Figure 5c,d). The DSC curve

Figure 2. Isotherms of ionic conductivity of OMPEO-
NNPAAM-LiClO4 versus volume fraction of NNPAAM with
10 mol % LiClO4: (b) -20 °C, (1) 0 °C, (9) 25 °C, and (2) 100
°C.

Figure 3. Ionic conductivity of PEO-NNPAAM-LiClO4 with
10 mol % LiClO4 as a function of inverse temperature: (b) 15
vol % NNPAAM and (9) 40 vol % NNPAAM. Solid lines display
fits of eq 1 to experimental data, and the dashed line displays
a fit of eq 2 to experimental data.

σ(T) ) A
T1/2

exp(- B
kB(T - To)) (1)

σ(T) ) σo exp(-
Ea

kBT) (2)
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registered for the pure undoped OMPEO (Figure 5a)
shows a crystalline endothermic peak appearing at 10
°C and the liquid-glass transition at -58 °C. DSC
results are summarized in Table 1. As can be seen in
Figure 5b,c the OMPEO crystalline phase vanishes after
the addition of LiClO4 for samples containing up to 40
vol % of NNPAAM. In Figure 5d two endothermic peaks
at -11 and 4 °C are observed for the sample containing
50 vol % of NNPAAM. The exothermic peak occurring
at -33 °C on the DSC trace (Figure 5d) is connected
with the recrystallization of the polyether. The DSC
curves registered for composite systems containing up
to 30 vol % of NNPAAM are similar to these obtained
for the OMPEO-LiClO4 electrolyte. For samples con-
taining up to 25 vol % of NNPAAM, two glass transition
temperatures are observed (see Figure 5c). The lower
one appears in the temperature range -60 to -65 °C
and is very close to the glass transition temperature of
the undoped OMPEO. The higher one appears in the
range -30 to -45 °C which is close to the Tg registered
for the OMPEO-LiClO4 electrolyte. For samples con-

taining more than 25 vol % of NNPAAM, only one Tg is
observed which decreases with an increase in the
NNPAAM concentration dropping to -55 °C for the
sample containing 50 vol % of NNPAAM (approaching
the Tg measured for the undoped OMPEO). There is
no evidence for the Tg of pure NNPAAM (∼89 °C)
indicating that the NNPAAM is microphase separated.
For the sample containing 40 vol % of NNPAAM, traces
of crystallinity are also observed. It should be stressed
that the DSC results obtained from runs 1 and 2 are
very similar.
Figure 6 shows the DSC curves registered for the

pure, undoped PEO (Figure 6a), the PEO-LiClO4
electrolyte (Figure 6b), and the PEO-NNPAAM-
LiClO4 system (samples containing 15 and 50 vol % of
NNPAAM, Figure 6c,d). The DSC parameters calcu-
lated from the DSC curves are summarized in Table 2.
The addition of NNPAAM lowers the degree of crystal-
linity of PEO-LiClO4-based electrolytes. The endo-
thermic peak corresponding to the melting of the
crystalline PEO phase is barely present for the samples
containing 15 and 20 vol % of NNPAAM (see Figure 6c).
For higher NNPAAM concentrations, the amount of the
crystalline PEO phase increases and the position of the
melting peak shifts to higher temperatures. For the
sample containing 50 vol % of NNPAAM (Figure 6d),
the onset temperature of the melting peak is approach-
ing that for the undoped PEO (see Table 2). On the

Figure 4. Ionic conductivity of OMPEO-NNPAAM-LiClO4
with 10 mol % LiClO4 as a function of inverse temperature:
(b) 5 vol % NNPAAM and (9) 30 vol % NNPAAM. Solid lines
display fits of eq 1 to experimental data, and dashed lines
display fits of eq 2 to experimental data.

Figure 5. DSC traces obtained for OMPEO-NNPAAM-
LiClO4 electrolytes: (a) undoped OMPEO, (b) OMPEO-LiClO4
electrolyte, (c) OMPEO-NNPAAM-LiClO4 electrolyte (sample
containing 25 vol % NNPAAM), (d) OMPEO-NNPAAM-
LiClO4 electrolyte (sample containing 50 vol % NNPAAM). Qf
is a heat flow. DSC curves were normalized to same sample
mass.

Table 1. DSC Data for OMPEO-NNPAAM-LiClO4
Composite Polymeric Electrolytes

run 1 run 2

vol
%a

Tg1
(°C)

Tg2
(°C)

Tm
(°C)

Qm
(J g-1)

Xc
(%)b

Tg1
(°C)

Tg2
(°C)

Tm
(°C)

Qm
(J g-1)

Xc
(%)b

0d -58 10 37 18 -57 4 38 18
0 -36 -36
5 -29 -62 -30 -52
10 -34 -64 -31 -65
15 -35 -61 -35 -58
20 -44 -62 -49 -62
25 -39 -65 -40 -55
30 -43 -41
40 -48 6 0.3 0.2 -49 6 0.6 0.5
50c -55 -10, 9 8.5 7.9 -56 -11, 9 13.1 12.2

a Concentration of NNPAAM in vol %. b Xc has been calculated
as described in the text with respect to OMPEO concentration in
composite electrolyte. c Two numbers in the Tm column indicate
onsets of two melting peaks. Qm is calculated as a sum of melting
heats for both transitions. d Undoped OMPEO sample.

Figure 6. DSC traces obtained for PEO-NNPAAM-LiClO4
electrolytes: (a) undoped PEO, (b) PEO-LiClO4 electrolyte,
(c) PEO-NNPAAM-LiClO4 electrolyte (sample containing 15
vol % NNPAAM), and (d) PEO-NNPAAM-LiClO4 electrolyte
(sample containing 50 vol % NNPAAM). Qf is a heat flow. DSC
curves were normalized to same sample mass.
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other hand, the melting peak of the crystalline complex
phase which is observed at 145 °C for the PEO-LiClO4
system (Figure 6b) and PEO-NNPAAM-LiClO4 elec-
trolytes (samples containing up to 15 vol % of NNPAAM,
see Figure 6c) disappears for samples of higher NNPAAM
concentrations (see Figure 6d). The position of this peak
shifts to lower temperatures with an increase in the
concentration of NNPAAM (up to 15 vol %). The
position of Tg found for composite PEO-NNPAAM-
LiClO4 electrolytes is slightly lower for composite sys-
tems than it is for the PEO-LiClO4 electrolyte; for the
sample containing 50 vol % of NNPAAM, Tg drops to
-44 °C. As for the OMPEO-NNPAAM-LiClO4 elec-
trolytes, DSC results obtained for the PEO-NNPAAM-
LiClO4 system in runs 1 and 2 are similar. Here there
is an exception for samples containing up to 15 vol % of
NNPAAM where a shift of Tm to higher temperatures
in run 2 is observed as compared to run 1. It can also
be seen that the melting peak of the crystalline complex
phase is not observed for the composite samples in run
2. This is probably due to the slow recrystallization of
the complex phase which can not be completed during
the fast cooling of the samples between runs 1 and 2.
FT-IR and FT-Raman Spectroscopy. Figure 7

shows a typical room temperature FT-IR spectrum
obtained for polyether-NNPAAM-LiClO4 electrolytes in
the frequency range between 1200 and 900 cm-1. The
1200-1000 cm-1 region corresponds to the position of
the polyether C-O-C stretch bands which consist
mainly of unresolved symmetric and antisymmetric
vibrations. The C-O-C region shows the effect of the
filler and the dopant salt on these vibrations. As can
be seen from Table 3 and Figure 7, the mean position
of the broad C-O-C band reaches a minimum for

samples containing 20, 25, and 30 vol % of NNPAAM
and then increases with further increase in the NNPAAM
concentration. The observed broadening reveals the
amorphous nature of these samples.
There is a similar trend in the behavior of the CdO

moiety (the 1700-1600 cm-1 region) which is more
complex since it is part of the tertiary amide I band
which we have located at 1640 cm-1 for dry NNPAAM.
The spectral feature related to the CdO stretching
vibrations contains two subbands which we interpret
as being related to “free” carbonyl (∼1640 cm-1) and
lithium-coordinated carbonyl (∼1620 cm-1). There is an
interplay between the relative intensities of these two
subbands (Table 3) generally indicating the relative
amounts of “free” carbonyl and lithium-coordinated
carbonyl as the concentration of NNPAAM increases.
The amorphous character of these composite electrolytes
is further confirmed by the presence of a single peak
for C-H wagging vibrations appearing at 1350 cm-1

(see Table 3).
For the PEO-NNPAAM-LiClO4 samples, a decrease

in the position of the CdO mode and a slight increase
in the position of the broad maximum of the C-O-C
mode is observed with increase in NNPAAM concentra-
tion (see Table 4). The presence of the crystalline phase
doublet in the C-H wagging mode region (1343-1360

Table 2. DSC Data for PEO-NNPAAM-LiClO4 Composite Polymeric Electrolytes

run 1 run 2

vol %a Tg (°C) Tm (°C) Qm (J g-1) Xc (%)c Tmc (°C)b Tg (°C) Tm (°C) Qm (J g-1) Xc (%)c Tmc (°C)b

0d 53, 63 158 74 -53 50, 60 110 52
0 -31 42, 54 49.5 23 105, 145 -18 43, 58 49.5 23 110, 150
5 -39 29, 37 9.6 4.7 93, 145 -37 <1
10 -35 38, 46 5.7 3.0 74, 131 -36 49, 55 2.6 1.4
15 -34 <1 66, 129 -32 <1
20 -38 <1 -37 <1
25 -37 31, 46 14 8.9 -38 30, 45 15 9.5
30 -38 43, 57 49 32 -39 44, 58 44 30
40 -37 47, 59 37 29 -37 47, 59 43 34
50 -44 53, 63 46 43 -42 53, 63 52 49
a Concentration of NNPAAM in vol %. b The first number indicates the onset temperature of the transition; the second number indicates

the maximum of the transition peak. c Xc has been calculated as described in the text with respect to PEO concentration in composite
electrolyte. d Undoped PEO sample.

Figure 7. FT-IR spectra obtained at room temperature for
the OMPEO-NNPAAM-LiClO4 electrolytes.

Table 3. Position of the Maxima of IR Bands for
OMPEO-NNPAAM-LiClO4 Composite Polymeric

Electrolytes at 20 °C Obtained by ATR

type of group involved in IR vibration
and position of the maximum of the IR band

NNPAAM
concentration

(vol %)

CdO
(NNPAAM)

(cm-1)

C-O-C
(OMPEO)
(cm-1)

C-H, CH2
(OMPEO)
(cm-1)

0a 1100 1349
0 1074 1349
5 1637b 1080 1349
10 1622 (symmetric peak) 1082 1350
15 1620 (40%) 1082 1350

1640 (60%)
20 1620 (64%) 1079 (broad) 1349

1640 (36%)
25 1620 (82%) 1068 (broad) 1350

1640 (18%)
30 1620 (62%) 1072 (broad) 1349

1640 (38%)
40 1620 (50%) 1083 1350

1640 (50%)
50 1620 (70%) 1089c 1350

1640 (30%)
100 1640

a Undoped OMPEO. b OMPEO has a weak vibration at 1636
cm-1. c NNPAAM has a vibration at 1096 cm-1.

Macromolecules, Vol. 29, No. 1, 1996 Polyether-Poly(N,N-dimethylacrylamide)-LiClO4 147



cm-1) is noted for the samples for which a significant
amount of the crystalline PEO phase has been found in
the DSC experiments described above.
A Galactic Grams 386 software package was used to

separate the ν(ClO4
-) mode into two contributions with

maxima in the 620-624 and 630-635 cm-1 ranges. An
example of this separation is shown in Figure 8 for the
PEO-NNPAAM (10 vol %)-LiClO4 sample. Salomon et
al. suggest that 17 the ν(ClO4

-) band centered at 623
cm-1 can be attributed to spectroscopically “free” ClO4

-,
whereas the band centered between 630-635 cm-1 is
associated with the presence of contact ion pairs.
The “free” anion and contact ion pair bands have been

fitted from the raw FT-IR data. The fractions of “free”
anions and contact ion pairs have been calculated as
the ratio of the area under the peaks attributed respec-
tively to “free” anions and contact ion pairs to the total
area for the ν(ClO4

-) vibrations. All band areas were
normalized to the CH2 stretch of polyethers. The results
are shown in Figure 9 for the PEO-NNPAAM-LiClO4

and OMPEO-NNPAAM-LiClO4 systems. In Figure 9
the fraction of “free” anions is plotted against the
concentration of NNPAAM. For the OMPEO-
NNPAAM-LiClO4 system, the fraction of “free” ions is
very high for samples containing more than 5 vol % of
NNPAAM. For the PEO-based electrolytes containing
up to 15 vol % of NNPAAM, the fraction of “free” ions
is similar to that found for the PEO-LiClO4 electrolyte.
For the higher concentration of NNPAAM, the fraction
of “free” ions is more than 90%. We have also observed
that the fraction of ion pairs increases with an increase
in temperature.
Support for the interpretation that the relative amount

of free charge carriers increases to a maximum with the
concentration of NNPAAM increasing to 20 vol % of
NNPAAM is also given by the FT-Raman data of the
ClO4

- symmetric stretch. According to previous assign-
ments,18 the band at 932 cm-1 corresponds to the “free”
perchlorate anion which is shifted to 939 cm-1 for
Li+ClO4

- contact ion pairs. As seen in Figure 10, the
bandwith of the ClO4

- symmetric stretch decreases
slightly with increasing concentration of NNPAAM to
a minimum for 20 vol % whereafter it increase, the

Table 4. Position of the Maxima of IR Vibrations for
PEO-NNPAAM-LiClO4 Composite Polymeric

Electrolytes (T ) 25 °C)

type of group involved in IR vibration
and position of the maximum of the IR band

NNPAAM
concentration

(vol %)

CdO
(NNPAAM)

(cm-1)

C-O-C
(PEO)
(cm-1)

C-H, CH2
(PEO)
(cm-1)

0a 1116b 1350
0 1092 1350
5 1646 1093 1350
10 1645 1093 1350
15 1650 1097 1350
20 1637 1096 1350
25 1633 1098 1349
30 1628 1099 1343-1360
40 1623 1101 1343-1361
50 1623 1107 1343-1360
100 1640

a Undoped PEO. b A spectrum obtained above the melting point
of the crystalline PEO phase.

Figure 8. Peak fitting for the ν(ClO4
-) FT-IR region for the

PEO-NNPAAM (10 vol %)-LiClO4 sample at 25 °C.

Figure 9. Changes in the fraction of “free” ClO4
- anions as a

function of NNPAAM concentration (vol %) for (O) OMPEO-
NNPAAM-LiClO4 composite electrolytes and (b) PEO-
NNPAAM-LiClO4 composite electrolytes. Data were obtained
on the basis of FT-IR spectra recorded at 25 °C.

Figure 10. Raman intensity (normalized to the 932 cm-1 ClO4
symmetric stretch peak) plotted versus the frequency shift for
OMPEO-NNPAAM-LiClO4 composite electrolytes of various
NNPAAM concentrations.
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change occurring on the high-frequency side of the band.
This result indicates that the relative amount of ion
pairs is reduced upon complexation with the NNPAAM.
The observed initial decrease in bandwith with in-
creased vol % of NNPAAM is further accentuated by
the fact that the Raman spectrum of pure NNPAAM
exhibits a broad feature at ∼940 cm-1 which would
increase the bandwith of this spectral feature if the
fraction of contact ion pairs was constant.
SEM Studies. Figure 11 presents SEM photographs

obtained for the PEO-LiClO4 electrolyte (part a) and
PEO-NNPAAM-LiClO4 composite electrolytes (parts
b-d). Figure 11c,d shows a homogenous distribution
of NNPAAM fillers for samples containing respectively
40 and 50 vol % of NNPAAM. These two pictures also
show that the structure of these composite samples
differs from those found for the PEO-LiClO4 electrolyte
(see Figure 11a) and the PEO-NNPAAM-LiClO4 elec-

trolyte (25 vol % of NNPAAM, see Figure 11b). The
well-defined crystalline PEO lamellae are clearly seen
in Figure 11c,d, whereas Figure 11a,b indicates a rather
amorphous structure for the respective electrolytes. The
thickness of PEO lamellae increases with an increase
in the NNPAAM concentration; compare Figure 11,
parts c and d which have the same magnification.
SEM photographs were also obtained for OMPEO-

NNPAAM-LiClO4 electrolytes containing 25 and 50 vol
% of NNPAAM. The sample containing 50 vol % of
NNPAAM (see Figure 11f) has much more structure
than the one with 25 vol % (see Figure 11e). The SEM
studies are in good agreement with the DSC data
presented in Tables 1 and 2 and the FT-IR data
presented in Tables 3 and 4, confirming that changes
in the structure and morphology of polyether-
NNPAAM-LiClO4 electrolytes can be correlated with
changes in the NNPAAM concentration.

Discussion

From the conductivity results above, it can be con-
cluded that the addition of NNPAAM to both PEO-
LiClO4 and OMPEO-LiClO4 electrolytes enhances their
ambient and subambient temperature ionic conductivi-
ties. Similar to previous studies on the polyether-
PAAM-LiClO4 system,9 we can attribute the changes
in the electrolyte conductivity to Lewis acid-base type
interactions of the polyether matrices and NNPAAM
with LiClO4 leading to the formation of various types
of complexes. Three types can be distinguished.
Type I Complexes: polyether-Li+-polyether com-

plexes involving Lewis base ether oxygens from the
polyether chain. These complexes incorporate transient
cross-links between the polyether chains via alkali
metal cations which stiffen the polyether host and
reduce the electrolyte conductivity. These cross-links
can be either intra- or intermolecular.19-21

Type II Complexes:mixed polyether-Li+-NNPAAM
complexes involving Lewis base ether oxygens from the
polyether chain and Lewis base carbonyl oxygens from
the NNPAAM chain. The possibility of the formation
of complexes involving polyamide nitrogen has been
mentioned in earlier studies.22,23 In our system changes
in the nitrogen environment with changes in NNPAAM
concentration were found to be negligible from FT-IR
studies, whereas the coupling of Li+ cations to carbonyl
oxygens is demonstrated by the shift of the CdO band
to lower frequencies for composite systems containing
NNPAAM (see Tables 3 and 4). Therefore we conclude
that Li+ is preferentially coupled to Lewis base oxygen
centers of the NNPAAM molecule.
Type III Complexes: NNPAAM-Li+-NNPAAM

complexes involving the Lewis base carbonyl oxygens
of NNPAAM. These cross-links can be either intra- or
intermolecular.
These three complexes are schematically shown in

Figure 12. Complexes of similar schematic structure
have been previously reported by Li and Khan24 for
PEO-poly(2(or 4)-vinylpyridine)-LiClO4 systems.
The formation of the type II and III complexes leads

to a lowering of the concentration of the type I complexes
and therefore to a reduction in the density of transient
cross-links. This is manifested for the OMPEO-
NNPAAM-LiClO4 electrolytes by the presence of a
highly flexible polyether phase with a Tg comparable
to that of the undoped OMPEO. The presence of this
phase is probably the reason for an increase in the ionic
conductivity of the composite OMPEO-NNPAAM-

Figure 11. SEM photographs obtained for PEO-NNPAAM-
LiClO4 composite electrolytes containing (a) 0 vol % NNPAAM,
(b) 25 vol % NNPAAM, (c) 40 vol % NNPAAM, and (d) 50 vol
% NNPAAM and for OMPEO-NNPAAM-LiClO4 composite
electrolytes containing (e) 25 vol % NNPAAM and (f) 50 vol %
NNPAAM. (Figure was reduced to 67% of original size for
publication.)
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LiClO4 electrolytes in comparison with the OMPEO-
LiClO4 system. In the case of the PEO-NNPAAM-
LiClO4 electrolytes, the second, low-temperature Tg is
not observed; this is probably due to the higher degree
of crystallinity (Xc) of the PEO-based electrolytes.
However a reduction in Xc for the PEO-LiClO4 system
after the addition of NNPAAM is clear. Also a decrease
in Tg for composite electrolytes in comparison to the
PEO-LiClO4 system is observed (see Table 2).
In Figure 13 changes in Xc for the PEO-NNPAAM-

LiClO4 electrolytes and the undoped PEO-NNPAAM
blends are plotted as a function of NNPAAM concentra-
tion and compared to those obtained respectively for the
PEO-LiClO4 electrolyte and undoped PEO. Xc has been
calculated as a ratio of the heat of melting of the
crystalline PEO phase to the heat of melting of the pure
crystalline PEO (213 J/g).16 The heat of melting of the
crystalline PEO-LiClO4 complex phase was neglected.

As can be seen the Xc obtained for undoped blends is
only slightly lower than that for the pure PEO. A larger
difference is observed between values of Xc for the
composite PEO-NNPAAM-LiClO4 system and the
PEO-LiClO4 electrolyte for NNPAAM concentrations
lower than 25 vol %. It can be assumed that the
presence of the complexes types II and III, which can
act as crystallization retarders, leads to the distortion
of the crystalline PEO structure. Hence the observed
changes in Xc also result from the Lewis acid-base
interactions in the composite electrolyte.
The formation of various types of complexes is con-

firmed by the DSC data obtained for the PEO-
NNPAAM-LiClO4 composite electrolytes. For NNPAAM
concentrations lower than 15 vol %, the presence of the
crystalline PEO-LiClO4 complex phase is observed
together with the presence of traces of the pure crystal-
line PEO phase. The observed lowering of the onset
temperature of the melting peak of the crystalline
PEO-LiClO4 complex follows changes in the morphol-
ogy of this phase, especially following a decrease in
spherulite size. The PEO-NNPAAM-LiClO4 compos-
ite electrolyte containing 20 vol % of NNPAAM is
completely amorphous, whereas for samples of higher
NNPAAM concentration an increase in the fraction of
the pure crystalline PEO phase is observed. A similar
trend is found for OMPEO-NNPAAM-LiClO4 electro-
lytes for which traces of the crystalline OMPEO phase
are seen for samples containing 40 and 50 vol % of
NNPAAM. These observations suggest strong interac-
tions between Li+ and carbonyl oxygens of NNPAAM
confirmed by the changes in the lithium-coordinated
CdO IR absorption band at ∼1620 cm-1. In comparison
with the “free” carbonyl band at 1640 cm-1, this band
has a maximum intensity for the OMPEO-NNPAAM-
LiClO4 electrolyte with 25 vol % of NNPAAM. Thus the
lithium cation has been drawn into the NNPAAM
regions increasing the flexibility of the polyether and
maximizing the conductivity as observed. The 50 vol
% sample (Table 3) is anomalous and indicates a
departure from the earlier trend. In the case of the
PEO-based composite electrolytes, we were unable to
separate out the 1620 and 1640 cm-1 subbands, but the
overall trend leads to the decrease in the position of the
CdO band with an increse in the NNPAAM concentra-
tion. This decrease is significant and confirms strong
coupling of Li+ cation with NNPAAMwhich for samples
containing 40 and 50 vol % of NNPAAM results in lower
ambient temperature conductivities comparable to the
conductivity measured for the PEO-LiClO4 electrolyte.
The interactions between NNPAAM and Li+ cations are
even more significant at temperatures around 100 °C,
leading to a reduction in the conductivity of the com-
posite electrolytes in comparison to the pure polyether-
based systems (see Figure 1).
The formation of various types of complexes is also

confirmed by the FT-IR data in the C-O-C stretch
region. Initial shifts of the C-O-C stretch to lower
frequencies observed for the OMPEO-based composite
electrolytes are connected with the formation of the type
II complexes which further weaken the C-O-C bonds.
An increase in the frequency of the C-O-C stretch
observed for both the OMPEO-NNPAAM-LiClO4 and
PEO-NNPAAM-LiClO4 systems for NNPAAM concen-
trations higher than 30 vol % is due to the formation of
the type III complexes reducing the concentration of the
type I and II complexes and therefore changing the
environment of the polyether oxygens. The strong

Figure 12. Schematic structure of the complexes formed by
Li+ cation with (a) polyether chains (type 1 complexes), (b)
polyether and NNPAAM chains (type II complexes), and (c)
NNPAAM chains (type III complexes).

Figure 13. Degree of crystallinity, Xc, versus NNPAAM
concentration (vol %) for PEO-NNPAAM blends: (O) undoped
PEO-NNPAAM blends and (b) PEO-NNPAAM-LiClO4 com-
posite electrolytes.
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coupling of the Li+ cations to the NNPAAM carbonyl
oxygens is also confirmed by a reduction in the fraction
of contact ion pairs found from the FT-IR data. It is
possible that NNPAAM produces a steric hindrance in
the coordination sphere of Li+ thus making it difficult
to form Li+ClO4

- contact ion pairs; an increase in the
number of Lewis bases per unit volume could also
reduce the number of contact ion pairs. Changes in the
fraction of contact ion pairs observed for the PEO-
NNPAAM-LiClO4 electrolytes correlate with the DSC
data. For samples for which the formation of the PEO-
LiClO4 complex phase is seen from the DSC data (e.g.,
up to 15 vol % of NNPAAM), there is no significant
reduction in the fraction of contact ion pairs. For the
higher NNPAAM concentrations, the PEO-LiClO4 com-
plex vanishes and a significant reduction in the fraction
of contact ion pairs is observed (see Figures 6 and 9).
Changes in the morphology of the composite systems

are confirmed by SEM studies. For the PEO-
NNPAAM-LiClO4 electrolytes (samples containing 40
and 50 vol % of NNPAAM), crystalline PEO lamellae
are observed which confirms crystallization of PEO
chains. Also the OMPEO-NNPAAM (50 vol %)-LiClO4
sample which has the highest degree of crystallinity
among the OMPEO-NNPAAM-LiClO4 composite poly-
meric electrolytes displays higher ordering in compari-
son with other OMPEO-based composite electrolytes as
observed by SEM studies (see Figure 11e,f).
So far the properties described for amorphous (e.g.,

OMPEO-based) or semicrystalline (e.g., PEO-based)
composite electrolytes containing NNPAAM as an ad-
ditive are similar. Some differences in the behavior of
both systems can be found in Figures 3 and 4 displaying
the temperature dependence of their ionic conductivity.
For the semicrystalline PEO-NNPAAM-LiClO4 elec-
trolytes (samples containing less than 15 and more than
20 vol % of NNPAAM), the temperature dependence of
the conductivity follows an Arrhenius form for the
temperature region below the melting point of the
crystalline PEO phase and a VTF form for temperatures
above (see Figure 3). As mentioned above the slope of
the conductivity curve (in the Arrhenius region) in-
creases both with an increase in the concentration of
NNPAAM (for samples containing more than 25 vol %
of NNPAAM) and with an increase in the concentration
of the pure crystalline PEO phase. This can be con-
nected to the presence of a nonconductive phase and
therefore to a higher thermal activation energy being
required for conduction.
The conductivity of amorphous OMPEO-NNPAAM-

LiClO4 composite electrolytes displays a VTF temper-
ature dependence (see Figure 4). However for all of the
samples studied, a deviation from the VTF curve at
temperatures slightly above Tg (usually in the region
1.2-1.4Tg) is observed. Below this temperature range
the temperature dependence of the conductivity is more
Arrhenius in spite of the fact that the systems studied
are nearly amorphous. It should be stressed that in this
temperature region conductivities measured for all the
OMPEO-NNPAAM-LiClO4 composite electrolytes are
higher than for the pure OMPEO-LiClO4 electrolyte.
An Arrhenius type temperature dependence of the
conductivity implies that in the temperature region
below 1.2-1.4Tg the conductivity of amorphous com-
posite electrolytes is a result of thermally activated
hopping. This change in the mechanism of conduction
is reminiscent of the behavior now under intense
discussion for glass-forming liquids. Gotze and Sjor-

gen25 review the development of a theory for the liquid-
glass transition in which the generalized Boltzmann
equation is solved using a mode-coupling approximation.
This mode-coupling theory (MCT) predicts a change in
the dynamics of the liquid at a critical crossover tem-
perature (TC > Tg) around which there is a change in
diffusion mechanism. Above TC an atomic particle
interacts simultaneously with up to 10 or more nearest
neighbors and diffuses as this “cage” opens and closes
due to the locally coupled longitudinal density and
current fluctuations in this collective medium; there is
no potential barrier, and density fluctuations alway
decay to zero. Below TC, in its idealized form, the MCT
envisages the particles of the fluid as being permanently
trapped in cages formed by their neighbors. Because
particles have no chance to escape, density fluctuations
no longer totally decay. The idealized version over
emphasizes the tendency of the fluid to freeze, and
inclusion of thermally activated hopping restores ergo-
dicity in the region of TC. Activated (e.g., Arrhenius)
processes are required for diffusion as the “cage” be-
comes a cavity for the trapped particle which must “hop”
over or “through” a potential barrier to diffuse. This
crossover occurs for viscosities η ∼ 102 Poise or relax-
ation times of ∼10-9 s.
Following the discussion given above, it is noted that

there is a change in the conduction mechanism at
temperatures in the range 1.2-1.4Tg. Above this tem-
perature, which might be indentified with the MCT TC,
the motion of ions is coupled to segmental structural
relaxation of the polyether chain segments. Below this
temperature, ionic motion is a result of activated
hopping and is largely decoupled from segmental mo-
tion. An increase in conductivity measured below
∼1.2Tg for composite systems compared to basic poly-
ether-LiClO4 electrolyte may be due to the creation of
new sites available for hopping. This is consistent with
the creation of different types of complexes when
formation of the type II and III complexes reduces the
number of cations attached to the polyether chain, thus
creating ether oxygens available for coordination with
relaxing cations. Therefore in this temperature range
conductivity occurs via a hopping mechanism involving
jumps of Li+ cations between available (uncomplexed)
polyether oxygens. It has been shown recently26,27 that
for the temperature range below ∼1.2 Tg the contribu-
tion of the cation to ionic conductivity becomes more
significant than above ∼1.2Tg where anions are the
dominant mobile species.
Effective Medium Theory Model: Theoretical

Background. The EMT approach for nonconductive
dispersoids is based on an improved concept developed
originally by Nan and Smith for composite solid elec-
trolytes.28,29 This approach has currently been modified
by us and used to model conductivity data for several
composite polymeric electrolytes.9,10 The development
of our EMT model has been extensively discussed
elsewhere.9,10,30 Below a general overview of the model
is presented.
The model connects an enhancement of conductivity

with the existence of a highly conductive amorphous
layer at the polymer-filler interface. This layer exhibits
a conductivity considerably higher than that for the
matrix polymer electrolyte. Therefore in composite
electrolytes there are three phases with different elec-
trical properties (see Figure 14). These are (1) the
highly conductive uncomplexed polyether interface lay-
ers surrounding the NNPAAM core (component 1 in
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Figure 14), (2) the dispersed insulating NNPAAM-
LiClO4 or polyether-NNPAAM-LiClO4 type III or II
complexes (component 2 in Figure 14), and (3) the
matrix polymer ionic conductor (from the OMPEO-
LiClO4 or (PEO)10LiClO4 system) (component 3 in
Figure 14). In the first step we consider components 1
and 2 as a composite unit and calculate the conductivity
of this unit, σc, according to the Maxwell-Garnett
mixture rule.

Here σ1 and σ2 are respectively the conductivities of the
components 1 and 2 (see Figure 14). Y is the volume
fraction of NNPAAM in each composite unit calculated
as

where t is the thickness of the interface layer, R is the
radius of the filler grain, and spherical symmetry has
been assumed (see Figure 14).
According to the above consideration, the composite

electrolyte can be treated as a quasi-two-phase mixture
consisting of a polymeric ionic conducting matrix (com-
ponent 3) with dispersed composite units. Therefore
after introducing improved conductivity parameters,
calculated according to the method proposed by Naka-
mura31 or Nan and Smith,28,29 into the self-consistent
EMT equation suggested by Kirkpatrick,32 we obtain

In eq 5 σm is the conductivity of the composite polymeric
electrolyte system, pc ()0.2828,29) is a continuous per-
colation threshold for the composite units which are
allowed to overlap, σe is the conductivity of the matrix
polymeric electrolyte, and V2 is the volume fraction of
the dispersed filler in the bulk electrolyte.
According to eq 5 the largest enhancement of ionic

conductivity is obtained when the composite units fill
the total volume of the electrolyte. This occurs for a
special value (V2* ) Y. For dispersed filler concentra-
tions exceeding V2*, the quasi-two-phase system consists
of a mixture of composite units and dispersed bare
insulating grains and no polymer electrolyte other than

that in composite units. For this case eq 5 should be
rewritten in the following form:28,29

Pc is the percolation threshold of the dispersed bare
insulating grains which are not allowed to overlap.
Therefore Pc is different from pc (see eq 5) and was taken
as the percolation threshold for a general random
mixture, equal to 0.15.28,29
Since the structure of the interface layer is highly

amorphous, it is assumed in what follows that the
temperature dependence of its conductivity (σ1) would
follow eq 1. It was also assumed, for the calculation of
the σ1 as a function of the filler concentration, that the
pseudoactivation energy B and the preexponential factor
σo were independent of the dispersed filler concentra-
tion. Therefore the interface layer conductivity is only
dependent on To and decreases with an increase in Tg.
Values of Tg were taken from DSC measurements and
used for the calculation of σ1 for electrolytes with various
concentrations of the NNPAAM.
To generalize our model the variation of Tg as a

function of grain size and concentration should be
considered. It was found that a good fit is obtained
when Tg is approximated by

In this equation (used in fitting our data) the effect of
the salt is included in Ko which for the PEO-NNPAAM-
LiClO4 composite electrolytes is identical to Tg for the
pristine polymeric electrolyte with no dispersed phase.
For the OMPEO-NNPAAM-LiClO4 electrolytes, Ko
corresponds roughly to the Tg of the undoped OMPEO.
K1 describes the influence of the added filler on the Tg
of the composite system, and K2 is connected with the
polymer-filler-salt interaction.
Finally in this model the conductivity (σ1) of the

component 1 in Figure 14 has been calculated using eq
1 in which values of To are related to the Tgs calculated
from eq 7. (The data used for the EMT calculations are
summarized in Table 5.) σ1 obtained from eq 1 is then
introduced into eq 3, and the conductivity of the

Figure 14. Schematic drawing of the morphology of composite
polyether-NNPAAM electrolytes (see text).

σc ) σ1
2σ1 + σ2 + 2Y(σ2 - σ1)

2σ1 + σ2 - Y(σ2 - σ1)
(3)

T ) 1

(1 + t
R)

3
(4)

V2

Y
σc - σm

σc + (1pc - 1)σm
+ (1 -

V2

Y ) σe - σm

σe + (1pc - 1)σm
) 0

(5)

Table 5. Parameters Used for Calculations of
Temperature and Composition Dependence of the

Conductivity of Composite OMPEO-NNPAAM-LiClO4
and PEO-NNPAAM-LiClO4 Polymeric Electrolytes

Using EMT Models

kind of phase A (S K0.5 cm-1) To (K) BkB-1 (K)

OMPEO-LiClO4 26.97 195.0 1204.0
PEO-LiClO4

b 160.6 203.0 1405.0
surface layer (OMPEO-
based electrolytes)

26.97 Tg - 30 K 1204.0

surface layer (PEO-
based electrolytes)

26.97 Tg - 50 K 1204.0

a For VTF parameters, see eq 1. b Calculated form the temper-
ature dependence of conductivity above the melting point of the
crystalline PEO phase. It has been assumed that the conductivity
of component 2 is temperature independent and equal to 10-12

S/cm as measured by us for NNPAAM-LiClO4 (10 mol %)
electrolyte at ambient temperatures. The Tg of the surface layer
has been calculated on the basis of eq 7 using the following
parameters: Ko ) 223.5, K1 ) -82.2, and K2 ) 172.1 for OMPEO-
NNPAAM-LiClO4 electrolytes and Ko ) 240.5, K1 ) -20.2, and
K2 ) 2.3 for PEO-NNPAAM-LiClO4 electrolytes. The conductiv-
ity of PEO-LiClO4 electrolyte below the melting point of the
crystalline PEO phase has been calculating using eq 2 with Ea )
126 kJ/mol and σo ) 9.62 × 1015 S cm-1.

(1 - V2)(σc - σm)

σm + Pc(σc - σm)
+
(V2 - V2*)(σ2 - σm)

σm + Pc(σ2 - σm)
) 0 (6)

Tg ) Ko + K1V2 + K2V2
2 (7)
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composite unit is calculated. The conductivity of com-
ponent 2 was assumed to be temperature independent
and measured as equal to 10-12 S/cm at room temper-
ature. The total conductivity of composite electrolytes
is calculated on the basis of eq 5 or 6 depending on the
filler concentration range. For the calculation of the
temperature dependence of the ionic conductivity, it has
been assumed that the conductivity of component 1
follows eq 1. The temperature dependence of the
conductivity of the OMPEO-LiClO4 electrolyte also
follows eq 1, whereas for the calculation of the temper-
ature dependence of the conductivity for the PEO-
LiClO4 electrolytes, eq 2 is used below Tm and eq 1
above. All the parameters used for these calculations
are summarized in Table 5. The method of calculation
of the t/R ratio as a function of the NNPAAM concentra-
tion in PEO-NNPAAM-LiClO4 electrolytes is the same
as previously used for PEO-PAAM-LiClO4 systems9.
The t/R ratio used in EMT calculations was equal to 0.6.
Figure 15 presents EMT fitting of the isothermal room

temperature conductivities (T ) 25 °C) for the
OMPEO-NNPAAM-LiClO4 electrolytes (Figure 15a)

and the PEO-NNPAAM-LiClO4 electrolytes (Figure
15b). A comparison is made between the experimental
data and calculations on the basis of the EMT approach
(solid lines). As can be seen (Figure 15a) there is a
reasonable fit of the model up to 25 vol % of NNPAAM.
A difference is observed between the experimental data
and the model for samples containing 30 and 40 vol %
of NNPAAM. We suggest that this is the result of
strong interactions between Li+ cations and NNPAAM
leading to the immobilization of Li+ cations and hence
the reduction in the charge carrier density in the
conductive phase. Since the EMT model does not
predict the Lewis acid-base interactions, the conductiv-
ity calculated from the model in this NNPAAM concen-
tration range is considerably higher than the measured
data. This difference between experiment and model
is even more apparent in Figure 15b. For PEO-
NNPAAM-LiClO4 electrolytes, the model fits conduc-
tivity data only up to the maximum in the conductivity
observed at an NNPAAM, concentration of 15 vol %. For
higher concentrations of NNPAAM experimentally meas-
ured conductivities fall below the model. This behavior
is due to the coupling of the Li+ cations to the Lewis
base centers in the NNPAAM chain which leads to the
formation of a considerable quantity of an undoped,
nonconductive PEO phase. Therefore in addition to the
presence of the bare insulating NNPAAM-LiClO4 phase,
an additional nonconductive PEO phase is present
which is not predicted by our EMT model. To modify
our model we suggest that for concentrations of
NNPAAM exceeding V2* the addition of each NNPAAM
molecule causes the creation of an equivalent amount
of volume fraction of an nonconductive, undoped PEO
phase. This would insert the value 2V2 in eq 6 instead
of V2 as the volume fraction of the dispersed insulating
phase. The results of calculations based on these
modifications are shown as triangles in Figure 15b. The
new model qualitatively predicts the abrupt decrease
in the conductivity of the OMPEO-NNPAAM-LiClO4
electrolytes after approaching the conductivity maxi-
mum. However, there are still quantitative differences
between experiment and EMT model.
Figure 16 presents a comparison between the experi-

mentally obtained temperature dependence of the con-

b

a

Figure 15. Comparison of the experimentally measured
isothermal conductivities (T ) 25 °C) with theoretically
calculated conductivities on the basis of the EMT model. Data
are presented for (a) OMPEO-NNPAAM-LiClO4, (b) experi-
mental data and (s) theoretical, and (b) PEO-NNPAAM-
LiClO4, (b) experimental data and (s) theoretical; (3) theo-
retical (corrected model, see text).

Figure 16. Comparison of the experimentally measured (b)
temperature dependence of conductivity for OMPEO-
NNPAAM-LiClO4 electrolyte (15 vol % NNPAAM) with
theoretical temperature dependence of conductivity calculated
on the basis of the EMT model (solid lines).
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ductivity and data calculated on the basis of the EMT
approach for the OMPEO-NNPAAM (15 vol %)-LiClO4.
A similar fit is obtained for the PEO-NNPAAM-LiClO4
systems and other OMPEO-NNPAAM-LiClO4 sys-
tems. Experiment and model are in good agreement
over the entire temperature range studied.
Semiempirical Conductivity Relations. For sys-

tems for which the temperature dependence of the
conductivity follows eq 2, the order-disorder tempera-
ture (TD) is the temperature at which a change in the
conduction mechanism is expected. TD can be calculated
on the basis of a semiempirical approach described
below. The preexponential factor (σo) in eq 2 can be
described as follows

where

Kt is the theoretical cation and anion charge carrier
concentration term. The term z(1 - c) is the fraction
(1 - c) of the z nearest neighbor energetically equivalent
sites that are empty, c is the fraction of the nearest
neighbor energetically equivalent sites that are oc-
cupied, a is the jump distance between energetically
equivalent sites, N is the density of energetically
equivalent sites, q is an electronic charge, T is the
temperature in kelvin, f is a correlation factor, ωo is an
ionic oscillation frequency, and Sa is the activation
entropy for conduction.
Rewriting eq 8a we find that

For many materials Sa and Ea are related by the
following equation,

This equation was originally developed by Dienes to
describe atomic diffusion in metals.33 For metals TD
represents the melting point, but for fast ionic conduc-
tors this temperature usually corresponds to order-
disorder transitions in the electrolyte. By combining
eqs 9 and 10, eq 11 can be obtained; this will provide a
method for calculating TD for the temperature region
in which the electrolytes obey the Arrhenius equation.

where R ) 1/kT and â ) lnKωo. Eq 11 has recently been
used to describe the correlation between preexponential
factors and activation energies calculated from eq 2 for
various solid ionic conductors.34
Figure 17 plots ln σo versus Ea for the subambient

temperature region for OMPEO-NNPAAM-LiClO4
electrolytes (Figure 17a) and the ambient temperature
region for PEO-NNPAAM-LiClO4 electrolytes (Figure
17b; samples containing less than 15 and more than 20
vol % of NNPAAM). In both cases a linear relation
between ln σo and Ea is found. The order-disorder

temperature calculated for the OMPEO based composite
electrolytes is equal to 284 K which is equal to 1.2 times
the Tg found for the OMPEO-LiClO4 electrolyte (see
Table 1). This result highlights the change in the
conduction mechanism indicated above and draws at-
tention to similarities with the MCT. On the basis of
this calculation, it can be assumed that TD ()TC) is a
characteristic temperature for any group of polymeric
electrolytes based on the same polymer matrix. There-
fore it describes properties of the polymer matrix rather
than the charge carriers which are either coupled or
decoupled with individual diffusing segments of the
matrix. For semicrystalline PEO-based composite elec-
trolytes, TD corresponds to the onset temperature of the
melting peak of the crystalline PEO phase. Such
behavior has been previously found for a variety of the
composite electrolytes.35

Conclusions
It has been shown that the addition of the NNPAAM

to polyether-based electrolytes enhances ambient and
subambient temperature conductivities by about 1 order
of magnitude in comparison to the polyether (OMPEO
or PEO)-LiClO4-based system. On the basis of DSC,

σo ) Ktωo exp
Sa

k
(8a)

Kt )
Ng2a2zc(1 - c)

6fkT
(8b)

ln σo )
Sa

k
+ ln Ktωo (9)

Ea

TD
) Sa (10)

ln σo )
Ea

kTD
+ ln Ktωo ) REa + â (11)

b

a

Figure 17. ln σo versus Ea obtained for (a) OMPEO-
NNPAAM-LiClO4 electrolytes and (b) PEO-NNPAAM-
LiClO4 electrolytes; (b) experimental data; solid line fit to eq
11.
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FT-IR, and SEM studies, strong interactions are found
to occur between the NNPAAM and the dopant salt
LiClO4. These interactions in the polyether-NNPAAM-
LiClO4 system are of the Lewis acid-base character and
lead to the formation of different types of complexes.
The formation of type II and III complexes involves the
carbonyl oxygen of the NNPAAMmolecules and reduces
the transient cross-link density in the polyether-LiClO4
system. This leads to the formation of a highly conduc-
tive phase, the reason for the observed increase in
conductivity. It has been demonstrated that the donic-
ity of the Lewis base centers in NNPAAM is comparable
to or even higher than that for the Lewis base oxygens
in the polyether. For low concentrations of NNPAAM,
this leads to a lowering of the degree of crystallinity of
the semicrystalline PEO-based electrolytes. For high
NNPAAM concentrations, most of the Li+ cations are
found to be in the NNPAAM phase leaving the polyether
phase unaffected and freeing the polyether phase to
crystallize. A reduction in the conductivity in this
NNPAAM concentration range results. The tempera-
ture and concentration dependencies of the conductivity
of composite polymeric electrolytes can be described by
an EMT approach which qualitatively predicts the
conductivity behavior. It has been shown that for
OMPEO-NNPAAM-LiClO4 composite electrolytes an
increase in the conductivity in comparison to the
OMPEO-LiClO4 electrolyte is seen particularly in the
subambient temperature region. In this temperature
range a deviation from the VTF form is observed. On
the basis of the semiempirical model, the crossover
temperature TD ()TC) is measured to be 1.2 times the
Tg of the OMPEO-LiClO4 electrolyte which is in agree-
ment with the mode-coupling theory predictions of a
change in the diffussion mechanism in this temperature
range.
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