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a b s t r a c t

Ternary blends of poly(ethylene oxide) (PEO), poly(bisphenol A-co-epichlorohydrin) (PBE) and poly(vinyl
ethyl ether) (PVEE) were obtained as films and characterized by differential scanning calorimetry (DSC)
and vibrational spectroscopy (FTIR). From the DSC results, phase diagrams for the ternary blends were
determined, where the variation of the viscoelastic phase extent as a function of the polymers
composition was determined. The DSC results also indicated miscibility of the system, exhibiting only
one glass transition temperature (Tg) and decrease in the crystallinity of the system, as well as decrease
in the crystallinity of PEO present in the blends. Vibrational spectroscopy (FTIR) provided information on
the intermolecular interactions between the pairs PBE/PEO and PBE/PVEE, via hydrogen bond interaction.
From the FTIR analyses, molecular model systems of equilibrium among the interacting structures were
proposed as a molecular basis for the miscibility of the system.

Polymer electrolytes based on the ternary blend containing 60/25/15 (PEO/PBE/PVEE) mass percent
and lithium perchlorate (LiClO4) were obtained and characterized by DSC, FTIR, optical microscopy and
electrochemical impedance spectroscopy (EIS). Solid electrolytes containing up to 10 wt% LiClO4

exhibited a single-phase behavior, evidenced by the DSC results. For these electrolytes, FTIR spectra
indicated the formation of polymereion complexes, in which the cation (Liþ) acts favoring the polymere
polymer miscibility. Electrolytes containing LiClO4 higher than 10 wt% exhibit a multiple phase behavior,
in which a PEO-rich, salt-containing phase is present in equilibrium with PBE or PVEE-rich phases.
Maximum ionic conductivity at room temperature, for the electrolyte containing 20 wt% LiClO4,
reached 4.23 � 10�3 U�1 cm�1, while all samples exhibited conductivity of approximately 10�1 U�1 cm�1

at 80 �C.
� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The development, optimization and production of a wide range
ofdevices, fromportablephonesandnotebooks toelectrical vehicles
and residential power stations, dependsmainly on the development
of more efficient materials for application as electrodes and elec-
trolytes,whichare thekeycomponents in lithiumbatteries [1].More
recently, the commercialization of electrical vehicles, especially the
ones poweredby lithium-ion batteries, has promoted evenmore the
interest in the development of materials, power devices and auxil-
iary systems for such technology. As important as the scientific and
technological aspects, there is an urgency to reduce the fossil fuel
consumption which, in the last two centuries, has markedly influ-
enced on the global climate change [2].
All rights reserved.
PEO-salt electrolytes present highly crystalline structures [3],
which induce the decrease of ionic mobility [4], since the conduc-
tion takes place primarily in the non-crystalline regions. However,
some structural order in these non-crystalline regions is advanta-
geous for increasing ionic conductivity, as pointed out by Bruce and
co-workers [5]. PEO possesses a relatively simple structure and is
capable of packing into crystals, serving as a model polymer for
a wide variety of studies, including theoretical calculations [6,7],
polymer blends [8e10], solid electrolytes [11], structural and
nanostructural characterization [12], among others. Since PEO
exhibits high crystallinity and, consequently, restricted segmental
motion, blending is considered an alternative to decrease the
overall crystallinity, keeping part of the structural order of the
crystalline phase in the solid [13], also lowering melting point as
well as the crystallinity degree and optimizing the nanostructure of
such materials, which enhances the conductivity of the electrolyte
[14]. The incorporation of a low-molecular weight polymer, which
can induce a plasticizer effect, can favor the chain mobility and,
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consequently, the applicability of the blend as a host for ion-
conductive systems. Binary blends often exhibit multiphase
behavior [15], which may compromise the properties of the system
and limit its applicability and, in this regard, the addition of a third
component to a binary blend can be considered an alternative to
obtain miscible polymer matrices with optimized properties
[16,17]. The fine tuning of the miscibility between polymers can be
obtained, for instance, with the addition of a component which is
able to interact specifically with both chains, via hydrogen bonding
or other interactions.

Poly(bisphenol A-co-epichlorohydrin) (phenoxy or PBE) is
a widely studied polymer and is considered as a model of epoxy
resin [18,19]. Robeson and co-workers [20], studying blends of PBE
with water-soluble polymers showed that PBE could act as a proton
donor, due to the presence of a hydroxyl group in the polymer
chain. Blends of PEO of high molecular weight with PBE of high
epoxy equivalent were studied spectroscopically, thermally and
morphologically earlier [21] and exhibited miscibility over the
entire range of compositions. Thermal and morphological proper-
ties of this system were evaluated and a model for interactions
between the PEO and PBE was established by vibrational spec-
troscopy (FTIR). Analysis of the spectroscopic fractions from FTIR
spectra provided quantification of the specific interactions via
hydrogen bonding between the polymers and its dependence on
the blend composition.

The dielectric relaxation behavior of poly(vinyl ethyl ether)
(PVEE) binary blends with poly(vinylphenol) (PVPh) [22], studied
by Painter and co-workers, indicated that blend compositions
with sufficiently large hydrogen bond fractions exhibit a single
relaxation process. Similar systems without specific interactions
present more than one relaxation process, evidencing the key
role of hydrogen bonding to the miscibility of the PVEE-based
systems.

Ternary blends such as PBE/PMMA/PEO [23], PVPh/poly(vinyl
acetate)/PEO [24], and poly(styrene-co-acrylic acid)/PMMA/PEO
[25] have been studied and presented phase separation caused by
the difference in the interaction energy of the binary systems. As
pointed out by Lin and co-workers [26], the differences between
inter- and intra-association equilibrium constants (the “DK” effect)
in PVPh-b-PMMA/PEO blend can lead to phase diagrams containing
a closed-loop phase separated region, whereas the system PVPh-r-
PMMA/PEO is completely miscible.

So far, a small number of ternary polymer blends have been used
as host matrices in solid electrolytes, mostly due to miscibility
issues, since these materials operate in a temperature range in
which phase segregation may occur. In these multiphase systems,
the lithium salt may be confined in one phase or distributed
unevenly through the solid, leading to conductivity fluctuations
which prevent the correct operation of the device inwhich the solid
electrolyte is assembled. Studying and controlling the miscibility of
such complex systems is a key issue in the application of ternary
polymer blends as host for solid electrolytes.

In a previous work [27], a solid electrolyte based on a binary
PEO/PBE blend was obtained, with miscibility independent of the
salt (LiClO4) concentration. However, there existed an optimum
salt concentration where conductivity of the system reached
a maximum of 10�5 U�1 cm�1, probably due to the high Tg of PBE
(which influences on the Tg of the solid electrolyte) and insufficient
number of basic oxygen sites for Liþ coordination. In the present
work, the addition of PVEE to the PEO/PBE blend aims the decrease
of Tg of the polymer matrix and an increase in the number of basic
oxygen sites, in order to obtain an optimized matrix for solid
electrolyte applications. The present work focuses on the proper-
ties of ternary PEO/PBE/PVEE blends, where low-molecular weight
PVEE is added to a PEO/PBE binary blend.
2. Experimental

2.1. Materials

PEO (Mw ¼ 4 � 106 g/mol), PVEE (Mw ¼ 3800 g/mol), PBE
(800e950 g equiv�1) and LiClO4 were supplied by Aldrich Chem.
Co., acetone (PA), supplied byMerck, was distilled and stored under
molecular sieves. All the chemicals were utilized after drying under
vacuum at 80 �C.
2.2. Samples preparation

2.2.1. Blends
Solutions of polymers in acetone were stirred for 24 h. Films of

the binary PEO/PVEE, PBE/PVEE and the ternary PEO/PBE/PVEE
blends were prepared by casting from these solutions onto glass
plates and dried until constant weight in a desiccator under
vacuum. In this study, the blends are designated by the weight
percentage of their components: PEO, PBE and PVEE. As an
example, the sample 70/20/10 corresponds to a ternary blend
containing 70 wt% PEO, 20 wt% PBE and 10 wt% PVEE.

2.2.2. Electrolytes
Solutions of polymers and salt in acetonewere stirred for 24 h at

35 �C. Electrolyte membranes were prepared by casting from these
solutions onto glass plates and dried until constant weight in
a desiccator under vacuum. In the present work, the PEO/PBE/PVEE
mass (percent) ratio was kept constant in 60/25/15 and the salt
concentrationwas varied from 5 to 30 wt% of the total mass. All the
membranes were stored in a dry box in order to avoid humidity and
all the electrochemical determinations were also performed in
a dry box. Macroscopic photographs of membranes containing 10,
20 and 30 wt% LiClO4 are represented in the Supplementary
material, Fig. S1.
2.3. Differential scanning calorimmetry (DSC)

To evaluate the miscibility and thermal behavior of the samples,
DSC measurements were performed on a General V4.1C DuPont
2100 apparatus. Samples were first heated from 25 to 150 �C at
a heating rate of 10 �C min�1 (run I). After a 5 min isotherm,
samples were cooled to �100 �C at 10 �C min�1 (run II) and then
heated at 10 �C min�1 to 100 �C (run III). The melting temperatures
(Tm) and apparent melting enthalpy (DHm) were determined from
the maximum and the area of the endothermic peaks, respectively,
scaled by the mass of the samples, in the DSC curves on the run III.
Glass transition temperatures (Tg) and glass transition widths (DTg)
were determined as described earlier [8]. The crystallinity degree of
the sample (Xc for either blends or electrolytes) and of the PEO
present on each sample (Xc,PEO) was calculated from Equations (1)
and (2), respectively:

Xc ¼ DHm

DHo
PEO

(1)

Xc;PEO ¼ DHm

f $DHo
PEO

¼ Xc

f
(2)

Where f is the mass fraction of PEO present in the electrolyte (the
only crystallizable polymer in the system), and DHPEO

o is the heat of
melting per gram of 100% crystalline PEO, 188 J g�1 [28].



Table 1
Thermal properties of PBE/PVEE, PEO/PVEE, PEO/PBE/PVEE blends and pure
polymers.

Blend
(PEO/PBE/PVEE)

DCp

(�10�2 J/g �C)
DTga

(�C)
Tga

(�C)
Tg
(calc)
(�C)

Tma

(�C)
DHm,

blend

(J/g)

Xc,

blend

(%)

Xc,PEO

(%)

100/0/0 2.4 15.0 �45 �45 72 136.0 72 72
0/100/0 9.0 24.0 33 33 e e e

0/0/100 7.0 16.5 �49 �49 e e e

0/85/15 9.0 23.8 8 11 e e e e

0/90/10 10.0 23.6 23 18 e e e e

0/95/5 11.0 29.2 15 25 e e e e

95/0/5 2.6 7.1 �45 �45 73 134.8 72 76
90/0/10 2.9 4.9 �46 �45 69 132.4 70 78
80/0/20 3.1 5.8 �46 �46 67 113.7 61 76
70/0/30 3.5 9.3 �45 �46 63 110.5 59 84
60/0/40 4.8 12.7 �42 �47 61 93.1 49 82
90/5/5 2.1 17.0 �44 �41 72 130.0 69 76
80/10/10 1.0 11.0 �44 �38 62 121.0 64 80
70/15/15 1.5 11.0 �44 �34 67 72.0 38 54
70/20/10 1.1 9.7 �42 �30 66 79.8 42 60
70/25/5 1.3 10.2 �43 �26 65 74.6 40 57
60/20/20 2.0 10.0 �43 �30 65 61.0 32 53
60/25/15 1.3 8.6 �43 �26 65 61.5 33 55
60/30/10 0.5 9.2 �42 �22 66 68.7 36 60
60/35/5 1.0 8.5 �43 �23 66 77.6 41 68

a Temperature precision of �1 �C.
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2.4. Vibrational spectroscopy (FTIR)

For the vibrational spectra, samples were prepared by casting
directly onto KBr pellets and films dried under vacuum. FTIR
spectra were obtained on a Nicolet 760 FTIR spectrometer at room
temperature, employing 128 scans with a resolution of 1 cm�1 and
optimized gain for all samples. The humidity control was done by
obtaining FTIR spectra of PEO samples prepared concomitantly and
treated in the same manner as the samples of the blends.

2.5. Quantitative determinations from FTIR spectra

The perchlorate anion exhibits different infrared spectra when
associated in ionic pairs as compared to the dissociated state,
allowing one to separate different contributions from ‘‘free’’
(dissociated) and ‘‘bound’’ (ionic pairs or larger clusters) forms
according to the mathematical treatment employed to the n(ClO4

�)
band by Wieckzoreck and co-workers [29]. Assuming that only
these two forms (free and bound) are distinguishable in IR spectra,
a decomposition treatment was employed, using Gaussians as
primitive functions. The total areas were then normalized and the
ratio of free and associated forms was taken from the relative areas
associated with each form. The hydroxyl stretching region varies
markedly with hydrogen bonding, also allowing to separate
different contributions from ‘‘free’’ (non-hydrogen bonded) and
‘‘bound’’ (hydrogen bonded) hydroxyl forms. Assuming these forms
as the only distinguishable in the vibrational spectra, a similar
decomposition treatment was employed for the n(OH) band.

2.6. Electrochemical impedance spectroscopy (EIS)

Stainless steel electrodes were used for electrochemical imped-
ance measurements, which were performed under dry atmosphere
utilizing an EcoChemie Autolab PGSTAT30/FRA potentiostat. The
range of analyzed frequencies was 106 to 10�2 Hz. Each sample was
allowed to equilibrate for 1 h at a certain temperature before
measurement, between 25 and 90 �C.

2.7. Cyclic voltammetry (CV)

Electrochemical stability was evaluated by cyclic voltammetry
from �0.5 to 5.5 V vs Li with a scan rate of 1 mV s�1 and at
a temperature of 60 �C under dry atmosphere. In order to obtain the
cyclic voltamograms, the membranes were sandwiched between
a stainless steel electrode and Li sheet.

3. Results and discussion

3.1. Polymer blends

3.1.1. Thermal analysis
The DSC curves (Supplementary material, Fig. S2) for binary

PBE/PVEE blends do not exhibit crystallinity, as expected, since
both PBE and PVEE are non-crystalline polymers. A clear and well
defined single Tg for each binary PBE/PVEE blend was observed and
presented a progressive decrease from the Tg of PBE (33 �C) with
the PVEE concentration, which are indicatives of miscibility
between PBE and PVEE. The Tg dependence on the blend compo-
sition is almost linear for high PBE concentrations, which can be
associated with the nearly ideal behavior of dilute systems [30]. As
noted for other PBE/polyether blends (e.g. with PEO), the observed
Tg behavior is a consequence of the intermolecular interactions
between the components. Additionally, since the low-molecular
weight (viscous liquid) PVEE sample used in the present work has
a Tg value of �49 �C, a nearly linear compositional dependence can
be expected, especially at high concentrations.

Each of the ternary PEO/PBE/PVEE blends studied in this work
present one endothermic peak (Supplementary material, Fig. S3),
which is associated to the melting of the PEO crystalline phase. The
apparent melting enthalpy and temperature for each sample were
determined from the area and the maximum of these peaks,
respectively. A slight decrease in the area of the melting peak is
observed with the increase of both PBE and PVEE, which is asso-
ciated with the decrease of the melting enthalpy and, consequently,
the crystallinity of the system. The melting temperature of the
blend also presents variations depending on the non-crystalline
polymer added and the concentrations on the blend. Melting and
crystallization of pure PEO samples were already described by
different authors, including the paper of Pielichowski and co-
workers [31], in which the step-scan alternating DSC (SSA-DSC)
technique was employed to determine the reversing and non-
reversing components of the heat flow. In the present work, the
presence of PBE and also PVEE induces changes on the blend
crystallizationwhich can be monitored by DSC (linear scan) and are
closely related to the PBE interactions with both PEO and PVEE.

In Table 1, heat capacity change during the glass transition (DCp),
glass transition temperature (Tg), glass transition width (DTg),
melting temperature (Tm), melting enthalpy (DHm,blend), and crys-
tallinity degree (Xc,blend, Xc,PEO) for all samples are shown. The
degree of crystallinity of the blend decreases from 72% (pure PEO)
to 41% (blend 60/35/5), which can be a result of the miscibility
among the components or a dilution effect as the PEO concentra-
tion decreases in the blend. Additionally, the degree of crystallinity
of PEO present in the blend (Xc,blend corrected by the amount of PEO
in the blend) decreases to 53% for the blend 60/20/20. This indicates
that the decrease in the blend global crystallinity is not only related
to a dilution effect, as the crystalline structure of PEO is also
affected by the presence of PBE and PVEE. Crystallization and
melting of PEO blocks have also been studied by techniques such as
small [32] and wide [33] angle X-ray scattering (SAXS/WAXS) and
DSC. These studies show the influence of confinement on the
crystallization of PEO blocks. In the present work, the decrease in
PEO crystallinity is due to structural changes induced by the
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presence of two non-crystalline polymers and the intermolecular
interactions among the blend components. Ethylene oxide block
copolymers with butadiene (PEO-b-PB) and PEO-b-PB/PB blends
presented confined crystallization (with formation of cylindrical
and spherical vesicles) without changing the crystallization
mechanism of PEO (homopolymers), according to Chen and
co-workers [34]. In PEO/PBE/PVEE blends, intermolecular interac-
tions may be responsible for some degree of confinement on the
crystallization of PEO, leading to the results obtained. As a param-
eter for comparison, in PBE/PEO interpenetrating networks (IPN),
the balance between intermolecular interactions involving
PBEePBE and PBE-PEO chains induce structural confinement
effects at the nanometer scale, affecting both crystallization and
miscibility, as concluded from the paper of Kalogeras and
co-workers [35].

Single Tg values were observed for all blends, with a clear
dependence on the polymer concentrations, which is an indicative
of miscibility. For the binary PBE/PVEE and PEO/PVEE blends, the
dependence of Tg with composition was studied by the Fox Equa-
tion (3) [36]. Tg-composition dependence for the ternary blends
was studied by a linear weight-average model, expressed in
Equation (4), used by Goh and Ni [37] and Woo and Wu [38].

1
Tg

¼
X
i

wi

Tg;i
(3)

Tg ¼
X
i

wiTg;i (4)

In Equations (3) and (4), wi and Tg,i are the weight fraction and
the Tg of the component i, respectively. The calculated Tg values are
listed in Table 1, based on the Tg values of pure polymers PEO, PBE
and PVEE, which are �45, 33 and �49 �C, respectively.

PEO/PVEEblends can be consideredmiscible, due to the presence
of a single Tg for the compositions studied in the present work, as
mentioned. Due to the close Tg values of PEO and PVEE, the
dependence of this parameter on the composition in their binary
blends can not be easily evaluated, however, there is a god agree-
ment between the experimental andpredicted (by the Foxequation)
values, except for the system containing 40 wt% PVEE, which
exhibits Tg ¼ �42 �C. The DTg values for these blends are smaller
than those detected for the pure polymers, which indicates that the
non-crystalline (glassy) fraction is highly homogeneous and
corroborates the hypothesis of miscibility. Themelting temperature
exhibits a decrease as the PVEE concentration increases in the blend,
from72 �C (PEO) to 61 �C (40wt% PVEE), suggesting the formation of
smaller or imperfect crystalline structures due to the presence of
PVEE. The decrease in Tm is followed by a decrease in DHm values,
fromwhich the crystallinity degrees of the blend (Xc,blend) and of the
PEO fraction in the blend (Xc,PEO) were calculated. In PEO/PVEE
blends, the crystallinity decrease observed from 72% (PEO) to 49%
(40 wt% PVEE) is clearly a consequence of a dilution effect, since the
Xc,PEO values followan inverse tendency, increasing up to 84% (30wt
% PVEE) and 82% (40wt% PVEE). Combining the trends in Xc,blend and
Xc,PEO values, considering also the miscibility of the system, one can
conclude that PVEE chains form a miscible phase with PEO, which
preferentially occupies the non-crystalline regions of the solid,
inhibiting the crystal growth of PEO chains. In order to evaluate the
crystalline formations in PEO/PVEE binary blends, optical micro-
graphs are presented for this system in Supplementary material,
Fig. S4. PLOM images evidence the formation of a partially crystal-
line structure, due to the presence of the characteristicMaltese cross
patterns,which are clearlyaffected by the addition of PVEE. Addition
of PVEE from 5 to 40 wt% to PEO strongly inhibit the formation of
larger crystalline structures, as those seen in pure PEO micrograph,
indicating that the crystal growth step is affected by the presence of
an increasing PVEE concentration in the blend [39]. This behavior is
coherentwith theDSCmeasurements interpretation,whichpointed
to the formation of smaller or imperfect crystalline structures as the
PVEE concentration increases in the PEO/PVEE blend, compared to
pure PEO. For the sample containing 40 wt% PVEE, this behavior is
more evident, as the formation of a larger number of crystal centers
with smaller diameter than those observed for pure PEO is detected.
From the PLOM images interpretation, based on the DSC discussion,
amiscible PEO/PVEEnon-crystalline phase is detected, inwhich PEO
crystalline centers, smaller than those observed in pure PEO, are
dispersed.

From the data listed in Table 1, the measured and calculated Tg
values for PBE/PVEE blends can be compared and small differences
are observed between the calculated and experimental values. For
the PBE/PVEE blend containing 5 wt% PVEE, the experimental Tg
exhibits a negative deviation of about 10 �C from that calculated by
the Fox model. For the blends containing 10 and 15 wt% PVEE,
however, the deviation observed is positive. Both deviations
(positive and negative) suggest strong interactions between the
blend components, since the Fox model describes the Tg behavior
for ideal mixtures, where no effective interactions take place [40].
For the binary PBE/PVEE blends, DTg values are in the range
between 23.6 and 29.2 �C. If these DTg values are taken into account
on the comparison between calculated and experimental Tg values,
a good agreement is found for this system. It is not expected that
a Tg vs composition plot would exhibit a linear dependence for
ternary blends, however, the linearity suggested by Equation (4)
was used as a standard to measure the deviation between the
calculated and experimental Tg values [37,38]. A very interesting Tg
behavior was observed for the ternary PEO/PBE/PVEE blends, for
which these values present only a small dependence on the blend
composition, not greater than the experimental error of the
measurement. Even for 40 wt% on total non-crystalline polymers
(PBE or PVEE) added to the blend, the Tg remains between �42 and
�44 �C. Some of the calculated Tg values for the ternary blends
present a good agreement with the experimental ones, especially if
DTg is taken into account in the comparison. This stands for blends
with PEO/PBE/PVEE compositions 90/5/5, 80/10/10 and 70/15/15.

There are three factors which determine the miscibility of
a ternary polymer blend:

(i) at least two of the three pair wise interaction parameters (c12,
c13 and c23) must be smaller than ccrit (Equation (5), where Ni
is the degree of polymerization), i.e., two of three of the
polymer pairs must be miscible and the last one should be
only marginally immiscible, in order to obtain a miscible
ternary mixture;

(ii) the component ratios and
(iii) themolecular weight of the polymers (which also influence on

the miscibility of the ternary blend [41]).

ccrit ¼ 1
2

�
N1=2
1 þ N1=2

2

�
(5)
The symmetry of the interaction parameters ðDc ¼ jc12 � c13jÞ
between the two miscible binary pairs can provide a guide to
miscibility. If there is any asymmetry in the interaction parameters
(c12 s c13), the so-called “Dc” effect promotes a phase separation.
Even if each of the binary pairs is miscible, in combination theymay
produce an immiscible ternary blend provided that the value of Dc
is sufficiently large [42]. In the PEO/PBE/PVEE blend, there may be
a Dc effect for higher PBE or PVEE concentrations, since the values
of c for the binary miscible PBE blends are cPEO/PBE ¼ �1.90 and
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cPBE/PVEE ¼ �1.74 [23,37]. The main goal of the present work is the
study of PEO-rich ternary blends, due to the possible application of
this system as host matrices in solid electrolytes. Miscibility is an
important characteristic of a polymer blend for application as host
in electrolytes, and can also be affected by the presence of a metal
salt dissolved in the solid [43]. In PEO/PBE/PVEE blends with PEO
concentrations of 60 wt% or more, only one glass transition was
found, which is a strong indicative of miscibility among the
components.

DCp is associated with the changes of degree of freedom in the
glass transition resulting from the free volume changes in this
temperature. For the PBE/PVEE binary blends, DCp is greater than
that of the pure polymers (Table 1), which represent a non-linear
dependence with the blend composition, including low PVEE
concentrations. The composition dependence of DCp is expected to
be linear if no strong interactions take place, e.g., in ideal binary
blends, for which volume additivity is also expected and, in this
case, DCp would reflect only changes of the conformational
arrangement and, consequently, in the system entropy. The
dependence of DCp on the blend composition, listed in Table 1,
clearly reflects the non-additivity of volume, which indicates
intermolecular interactions between PBE and PVEE. For the ternary
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Fig. 1. (a). Dependence of Tm and Tg with PBE and PVEE concentration for PEO/PBE/
PVEE blends containing 60% wt in PEO. (b). Dependence of Tm and Tg with the system’s
composition for PEO/PBE/PVEE blends containing equal amounts of PBE and PVEE.
PEO/PBE/PVEE blends, DCp is lower than the value observed for the
pure polymers, which indicates that the non-crystalline phase is
structurally similar to the viscoelastic phase, since the free volume
changes in the glass transition are smaller than that observed for
the pure polymers [44].

Fig. 1 shows the phase diagrams of the ternary blends contain-
ing (a) 60 wt% PEO, and (b) equal contents of PBE and PVEE. In both
diagrams, the glassy, viscoelastic and melt regions are well defined.
Above the Tm line the system is a miscible liquid phase; below Tg
line, is a vitreous phase and between Tm and Tg lines, there is one
viscoelastic phase. A large temperature extent of the viscoelastic
phase is a requirement for the application of the polymeric matrix
as a host for solid electrolytes. In the ternary blends containing
60 wt% PEO (Fig. 1 (a)), the temperature extent of the viscoelastic
phase is increased with the addition of PVEE, since the Tg values of
the ternary blends are lower than that of the binary 60/40 (PEO/
PBE) blend [21], strongly influenced by the Tg of PVEE. From Fig. 1
(b) it can be seen that the addition of both PBE and PVEE induces
no suitable variation in the temperature extent of the viscoelastic
phase, but represents a decrease of more than 50% in the crystal-
linity of the system. As observed by Kuo and co-workers [45] for
ternary blends of PBE, poly(vinyl acetate) (PVAc) and poly(vinyl
pyrrolidone) (PVP), the presence of PBE tends to increase the
miscibility of the pair PVAc/PVP shifting the miscibility window to
the PVP-rich region of the phase diagram, mainly due to Dc and DK
effects. In the present work, PVEE is added to the miscible PEO/PBE
blend in order to obtain a ternary miscible blend with higher chain
mobility and extent of the viscoelastic phase for application as host
in solid electrolytes. The DSC analysis thus indicates achievement of
these two major characteristics.

3.1.2. Vibrational analysis
Hydrogen bonding between PBE and PEO was determined to

be the intermolecular interaction that takes place in the binary
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Fig. 2. FTIR spectra of PBE/PVEE blends in the region of 3900e3100 cm�1 n(OH).
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PEO/PBE blends and is responsible for the miscibility of the system,
as well as the decrease in the crystallinity of the system, as shown
previously [21]. In ternary PEO/PBE/PVEE blends, FTIR is used to
describe the spectroscopic behavior of the system, aiming to
elucidate the specific interactions among the polymers.

In order to characterize the interactions between the polymers
in the ternary blend, it is important to describe the behavior of the
binary pairs to attain a wider understanding about the system. As
mentioned, the PEO/PBE blend was previously studied and, in the
present work, results on the PBE/PVEE blend are reported, as a part
of the ternary system characterization.

FTIR spectra of PBE/PVEE blends in the OH stretching region
(3800e3100 cm�1) is shown in Fig. 2. There are two main contri-
butions on the OH stretching spectra, associated with spectroscop-
ically “free” (not interacting via hydrogen bonding) and “bound”
(interacting via hydrogen bonding) hydroxyl groups. Additionally,
the maximum of this band presents a shift from 3475 cm�1 (pure
PBE) to 3425 cm�1 (blend containing 15% wt PVEE), indicating the
formation of hydrogen bond interactions involving the hydroxyl
groupof PBE (as acid) and theether groupof PVEE (as base). A similar
interacting system, formed by PEO and poly(hydroxyether sulfone)
(PHES), was studied by Lu and co-workers [46], in which specific
hydrogenbond interactionswere foundbetweenhydroxyl groups in
PHES self-association (eOH.eOH), as well as hydroxylesulfonyl
interactions. In theirwork, the free hydroxyl groupswere associated
with the vibrational band centeredat 3570 cm�1, and awavenumber
shift (Dn) of 221 cm�1 (to 3349 cm�1) was attributed to the
eOH.eOH interaction. The shoulder at 3487 cm�1 (Dn ¼ 83 cm�1)
was assigned by the authors as the interaction between hydroxyl
and sulfonyl groups. In the presentwork, the quantitative evaluation
of the spectroscopic forms of hydroxyl groups was carried out by
decomposing theband into twoGauss functions, in order to separate
the free and bound spectroscopic contributions. The variation of
spectroscopically free and bound forms of hydroxyl groupswith the
amount of PVEE in the PBE/PVEE blend is exhibited in Fig. 3.

The spectroscopically bound form of hydroxyl group in pure PBE
can be associated with the sum of vibrational contributions of local
structures represented by: (i) PBE(OH).(COC)PBE; (ii) and PBE
(OH).(OH)PBE, which were described as the spectroscopic forms
present on the n(OH) spectral region in pure PBE [21]. In PBE/PVEE
blends, another spectroscopic contribution can be represented by
the structure (iii) PBE(OH).(COC)PVEE. As the ratio of PVEE
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Fig. 3. Spectroscopic fractions of “free” and “bound” hydroxyl groups in binary PBE/
PVEE blends.
increases in the blend, the bound form of OH group increases, which
is associatedwith an increase on the concentration of structure (iii).
Different from PEO/poly(4-vinylphenol-co-2-hydroxyethyl meth-
acrylate) blends [47], in which there is a change in the preferential
hydrogen binding site with PEO concentration, the hydrogen bonds
formed in PBE/PVEE blend (as the PVEE concentration increases) is
a result of the interaction between the freeOHgroups in PBE and the
ether groups in PVEE, andnot a competition among the binding sites
on PBE (COC and OH) with the one on PVEE (COC). The structure
represented as (iii) is confirmed by the spectroscopic fractions and
also by the miscibility and Tg-composition behavior. In Fig. 4, the
equilibrium among the interacting structures in PBE/PVEE blends is
represented. Combining the DSC and FTIR data, it is found that
structure (iii) is progressively increasing with the concentration of
PVEE on the blend, as the free hydroxyl form decreases and the
equilibrium involving structures (i) and (ii) are not strongly affected
by PVEE in concentrations up to 20 wt%.

Based on the knowledge of the intermolecular interactions
between PBE and PVEE, it is possible to suggest that, in the ternary
system, PEO and PVEEwill compete for the interaction sites (eOH) on
the PBE chains, affecting the equilibrium described for the PBE/PVEE
blend. Since the interactions in the ternary blend can not be easily
determined and, due to the complexity of the system, the PEO/PBE
and PBE/PVEE descriptions are used in the present work to allow an
adequate characterization of the intermolecular interactions among
PEO, PBE and PVEE in the ternary blends.

FTIR spectra of the PEO/PBE/PVEE blends are represented in
Supplementary material, Fig. S5. The FTIR spectra of the blends in
the region between 1400 and 1300 cm�1 (Supplementary material,
Fig. S6) show the presence of two contributions centered 1359 and
1343 cm�1, associated to the CH2 wagging mode of PEO [48]. The
presence of these bands at 1359 and 1343 cm�1 indicates that part
of the PEO chains exhibit a helical 7/2 conformation, which is
present in its crystalline phase. Despite the presence of these
spectroscopic contributions indicate the partial crystallinity of PEO
chains, a change in the relative intensity is observed, accompanied
by a slight broadening, as the blend composition varies. This
behavior corroborates with the other spectroscopic and thermal
observations which indicate the crystallinity decrease of the
samples with the increase in PBE and/or PVEE concentration. In
complete non-crystalline PEO samples, these two bands should
merge into a broad contribution centered at approximately
1349 cm�1, reflecting the absence of preferential chain conforma-
tion, as pointed out by other authors [49]. As other localized
vibrational modes, the n(CH2) may present variations depending on
the chain conformation [6] and the nanostructure of the solid [50].

In Fig. 5, the vibrational spectra from 1250 to 900 cm�1 of
ternary PEO/PBE/PVEE blends and the pure polymers are shown.
Acrystalline PEO phase is confirmed by the presence of the triplet
peak of the COC stretching vibration at 1148, 1110, and 1062 cm�1

with a maximum at 1110 cm�1 [6,50]. Changes in the intensity,
shape, and position of the COC stretching mode can be associated
with the interaction between PEO and PBE. Addition of both PBE
and PVEE induces a shift in the central peak of this band, without
a clear tendency with the polymers concentration. A broadening is
also observed in this band, indicating the participation of the ether
group of PEO in intermolecular hydrogen bond interactions. The
broadening of this band also reflects the decrease in the crystal-
linity of the sample [51], which is in agreement with the DSC
measurements.

In order to elucidate the hydrogen bond interactions among
PEO, PBE and PVEE, the FTIR spectra of the ternary blends in the OH
stretching region (3900e3000 cm�1) were studied and are shown
in Fig. 6. In these spectra, the number of spectroscopic contribu-
tions presents a dependence on the blend composition. Hydroxyl



Fig. 4. Molecular model for the hydrogen bond interactions between PBE and PVEE in equilibrium.
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stretching band of pure PBE presents two spectroscopic contribu-
tions, from free and bound OH forms. All the ternary blends, except
90/5/5, present, with one central peak and two spectroscopic
contributions of lower intensity, one at higher wavenumbers and
other at lower. These contributions can be associated with the
different molecular structures resulting from the intermolecular
interactions via hydrogen bonding among the polymers. These
structures can be described as:

(i) PBE(OH).(COC)PBE;
(ii) PBE(OH).(OH)PBE;
(iii) PBE(OH).(COC)PVEE and
(iv) PBE(OH).(COC)PEO,
And can be considered the molecular basis for the miscibility of
the system, where PBE interacts with both PEO and PVEE, inducing
a transient crosslinking via hydrogen bonds. The wavenumber
shifts (Dn) between the free and the hydrogen bonded hydroxyl
stretching vibration can be interpreted as an average measure of
the intra- and/or intermolecular strength interactions [52,53]. Each
equivalent spectroscopic contribution presents a characteristic Dn
as seen in Fig. 6, associated with the mentioned interacting
structures. The number of different interactions between polymers
is determined by the stoichiometry and by the balance of
thermodynamic energy terms in the blend, namely enthalpy,
combinatorial and non-combinatorial entropy, which in turn are
related to the energy of the various interactions and to the
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Fig. 5. FTIR spectra of PEO/PBE/PVEE blends in the region of 1250e900 cm�1 n(COC).
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Fig. 6. FTIR spectra of PEO/PBE/PVEE blends in region of 3900e3000 cm�1 n(OH).
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backbone and steric hindrance [54]. Due to the number of spec-
troscopic contributions observed in the hydroxyl stretching band,
originated by free eOH, eOH.OCC and eOH.OH interactions,
these can be interpreted as groups of structures in equilibrium.
Since eOH.OCC interactions are energetically equivalent (as
observed by the Dn values), PBE/PVEE and PBE/PEO interactions are
probably randomly distributed along the solid, consisting the
molecular basis for the miscibility of the ternary blend, as detected
by thermal analysis.
3.2. Polymer electrolytes

3.2.1. Thermal analysis
Among the compositions studied, the 60/25/15 (PEO/PBE/PVEE)

ternary blend exhibited a low crystallinity degree, as evidenced by
both Xc,blend and Xc,PEO values. The utilization of 15 wt% PVEE (in
mass of the polymers) in the system aims to obtain a partial plas-
ticizer effect in the matrix. From the considerations about chain
rigidity, low crystallinity PEO-based blends are usually pointed as
the most promising systems to be used as host in solid electrolytes.
In the present work, in addition to the low crystallinity observed for
the 60/25/15 blend, a synergic effect is intended, combining the
contributions of PBE and PVEE, which act increasing the chain
mobility, promoting the miscibility and also coordinating lithium
ions, with specific cation-binding sites (ether and hydroxyl oxygen
atoms).

An endothermic peak, associated with the melting of the PEO
crystalline phase is observed in the DSC curves of electrolytes
containing up to 10 wt% LiClO4 (Supplementary material, Fig. S7).
The apparent melting enthalpy and temperature for each sample
were determined from the area and the maximum of these peaks,
respectively. A slight decrease in the area of the melting peak is
detected with the salt increase, which is associated with the
decrease of the melting enthalpy and, consequently, the crystal-
linity of the system. The melting temperatures (Tm) of each elec-
trolyte also present variations depending on the salt concentration.
The crystallinity behavior of the present system is similar to the
electrolytes based on the binary PEO/PBE blend [27], where
a decrease in the overall crystallinity is detected with the increase
of salt content. This decrease in the electrolytes crystallinity with
the salt content can be attributed to the coordination of cations by
basic sites of the polymers in the matrix, which restricts certain
chain segment translations and inhibit the crystallization [55].
Coherent with this hypothesis, recrystallization peaks are found for
electrolyte samples containing 5 and 10wt% LiClO4. The presence of
these exothermic peaks in the heating curves indicates that PEO
present in the electrolyte samples exhibits difficulty to crystallize
during the cooling scan and corroborates with the hypothesis of
cation coordination by the polymers in the matrix.
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Table 2 lists the Tg, DTg,DCp, Tm, DHm, Xc and Xc,PEO values for the
electrolyte samples.

Electrolytes exhibited a multiphase behavior, dependent on the
lithium perchlorate concentration. Samples containing up to 10 wt
% LiClO4 presented a single glass transition temperature, indicating
that the salt addition (up to 10 wt%) to the blend does not induce
phase separation. The increase in salt concentration in these
miscible electrolytes, despite not causing phase separation, inter-
feres in chain mobility, as detected by the increase in Tg,1 from
�42 �C (ternary blend) to �31 �C (10 wt% LiClO4). Additionally, for
these miscible samples, DTg,1 is observed to increase from 9 to
35 �C, suggesting the existence of a progressively larger number of
chain arrangements in the miscible phase, also coherent with the
increase in DCp,1. While Tm values for these miscible compositions
do not exhibit a considerable variation (ranging between 68 and
62 �C), the melting enthalpy (DHm) decreases from 61.5 to
34.5 J g�1, reflecting crystallinity degrees of 33 and 18%, respec-
tively. The crystallinity decrease in miscible polymer electrolytes
has been extensively reported [56] and is usually attributed to the
formation of polymer-cation coordinated (Lewis) structures with
lower structural order at long range, which induces lower crystal-
linity. The crystallinity associated with the PEO fraction present in
the electrolytes (Xc,PEO) also undergoes a decrease, from 50%
(ternary blend) to 28% (10 wt% LiClO4), indicating an actual crys-
tallinity decrease and not merely a dilution effect. The miscibility
and crystallinity behavior in these miscible (one-phase) electro-
lytes can be interpreted by means of a molecular interaction model
in which lithium cations act as a “transient crosslinking” agent
among the polymer chains, inducing the increase in Tg,DTg andDCp.
One example of increasing Tg with salt concentration is found for
the solid electrolyte based on a polymeric blend PEO/PPO/PMMA/
LiClO4, studied by Wieczorek and Stevens [11], in which Liþ acts as
transient crosslinking centers, decreasing chain mobility. Electro-
lytes containing from 15 to 30 wt% LiClO4 exhibited more than one
glass transition, associated with PEO-rich (Tg,1) and PBE-rich (Tg,3)
phases. The PBE-rich phase behaves almost independently, exhib-
iting Tg and DTg increase with the salt concentration. The phase
associated with Tg,2 presents a more complex behavior, probably
due to composition fluctuations between PEO-rich and PBE-rich
phases. Other electrolytes have presented similar behavior, passing
from a miscible system at lower salt concentrations to an immis-
cible one at higher salt contents [29]. This behavior can be associ-
ated with the preferential formation of a PEO/Liþ/PEO phase at
higher salt concentrations, with consequent phase separation of
one or two of the polymer components.

3.2.2. PLOM
Fig. 7 depicts the Polarized Light Optical Microscopy (PLOM)

of the electrolyte samples and a pure PEO film obtained under
similar conditions. The crystallization pattern of PEO is clearly
seen, marked by the Maltese cross-extinction pattern and a fine
Table 2
Thermal properties of the PEO/PBE/PVEE/LiClO4 samples.

LiClO4

(wt%)
Tg,1a

(�C)
DTg,1a

(�C)
DCp,1
(�10�2 J g�1 �C�1)

Tg,2a

(�C)
DTg,2a

(�C)
DCp,2
(�10�2 J g�1 �C

0 �42 9 1.3 e e e

5 �35 25 2.3 e e e

10 �31 35 9.5 e e e

15 �41 16 1.5 16 26 7.5
20 �43 20 9.6 e e e

25 �46 16 1.3 �6 30 7.7
30 �35 12 1.7 43 15 2.6

a Temperature precision of �1 �C.
spherulitic texture. The ternary blend, which contains 60 wt% PEO,
also exhibits the typical spherulite formation for the crystalline
PEOphase, however distorted due to the presence of PBE and PVEE.
The interaction between PEO and these non-crystalline polymers
partially inhibits the formation of a crystalline phase, leading to an
overall crystallinity decrease (as noted in Table 1), which is mainly
a consequence of two structural factors: (i) the formation of
smaller crystalline domains and (ii) the formation of defective PEO
spherulites. The crystallinity decrease can be inferred mostly from
the irregularities present on the crystalline phase formation than
from the extension of such phases. The addition of non-crystalline
polymers to PEO, forming blends in which intermolecular inter-
actions take place, usually induces a crystallinity decrease, also due
to changes in the crystallization mechanism from pure PEO to its
blends [13,39].

Irregular spherulites can be clearly seen in the optical micro-
graph of electrolyte samples containing 5 wt% LiClO4, despite the
coarseness and lack of boundary definition between the crystalline
domains, while samples containing 10 wt% LiClO4 exhibit small,
highly dispersed spherulitic formations through the film.
Increasing the salt concentration in the electrolytes induces the
formation of less regular structures, due to a coarseness of crys-
talline lamellae [57]. The morphological changes observed by
optical microscopy corroborate with the DSC results, which showed
a crystallinity decrease as a function of salt concentration. The
increase in the number of spherulites per area, observed more
clearly for the sample containing 10 wt% LiClO4, is a direct conse-
quence of an increase in the kinetics of the nucleation step, which
reflects in a greater number of nucleation centers formed but
smaller spherulites [58]. As in other polymer electrolytes, the
lithium cations act as transient crosslink points among the polymer
chains, reducing their mobility, which results in smaller spherulites
due to reduced chain diffusion during crystallization. The
progressive increase in salt concentration leads to evident
morphological changes, especially for samples containing salt
concentrations higher than 10 wt%, in which no crystalline
formation can be detected with the current magnification. For
a high LiClO4 concentration (30 wt%), however, a phase separation
is clearly seen, induced by the formation of a PEO-rich, salt-con-
taining phase, as detected by the DSC measurements.

3.2.3. FTIR
The n(COC) vibrational mode of PEO is highly sensitive to the

polymer chain conformation, which, by its turn, is dependent on
both crystallinity and local arrangements [6]. The local structure of
PEO, as reported in the literature [59], is markedly affected by
cation coordination, which is able to change the electron density at
the ether oxygen atoms and, consequently, the carbon-oxygen
bonds and vibrations. The FTIR spectra in the region between 1300
and 900 cm�1, depicted in Fig. 8, clearly show the effect of
increasing salt concentration in the electrolytes on the n(COC)
�1)
Tg,3a

(�C)
DTg,3a

(�C)
DCp,3
(�10�2 J g�1 �C�1)

Tma

(�C)
DHm

(J g�1)
Xc

(%)
Xc,PEO

(%)

e e e 65 61.5 33 50
e e e 68 53.5 28 43
e e e 62 34.5 18 28
38 5 1.1 e e e e

35 8 1.4 e e e e

42 7 1.3 e e e e

45 9 1.0 e e e e



Fig. 7. Polarized light optical microscopy (PLOM) of PEO (a), the ternary PEO/PBE/PVEE 60/25/15 blend (b) and electrolyte samples containing (c) 5, (d) 10, (e) 15, (f) 20, (g) 25 and
(h) 30 wt% LiClO4. Scale bars indicate 0.5 mm.
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vibrational mode of PEO. Blending PEO with PBE and PVEE leads to
broadening of this triplet, as a consequence of crystallinity decrease
and specific interactions, as discussed. The salt addition to the
blend induces a more pronounced broadening, with overlapped
spectroscopic contributions, as seen in the series of spectra in Fig. 8.
The observed broadening is proportional to the salt concentration,
in which the band linewidth increases from 28 to 83 cm�1, as
a result of the increase in the individual spectroscopic contributions
from different local arrangements involving the COC and eOH
groups and Liþ. As observed by other authors in Ref. [60], lithium
cations are preferentially coordinated by ether oxygen atoms from
ethylene oxide (EO) chains. In PEO/PBE/PVEE/LiClO4 electrolytes,
the changes in n(COC) vibrational mode as a function of salt
concentration evidences the cation coordination by ether oxygen
atoms and corroborates the decrease in crystallinity, detected by
DSC measurements.

The hydroxyl stretching bands in the FTIR spectra of the ternary
PEO/PBE/PVEE (60/25/15) blend and of the solid electrolytes
(Supplementary material, Fig. S8), as well as the perchlorate
vibrational mode, were studied by mathematical decomposition
into Gaussian functions, as described earlier [27]. The ionepolymer
interactions can interfere in the polymerepolymer miscibility and,
particularly, cations can act as transient crosslink points, enhancing
or reducing the miscibility of the system. These interactions are
mainly determined by the balance between enthalpic and entropic
contributions, associated with local arrangements around the
cation, specific polymerepolymer interactions, chain mobility and
free volume rearrangement.
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The FTIR spectra of the solid electrolytes in the region between
1400 and 1300 cm�1 are represented in Supplementary material,
Fig. S9. The CH2 wagging bands of PEO at 1343 and 1360 cm�1,
associated to its crystalline conformation are still present in the
FTIR spectrum of the 60/25/15 blend and the electrolytes contain-
ing 5 and 10 wt% LiClO4, despite the small changes on the relative
intensity and on the shape of these contributions, indicating the
presence of some extent of a crystalline PEO conformation and,
also, a non-crystalline fraction, as discussed previously. The relative
intensity and bandwidth of these contributions are progressively
affected by the salt addition and the two bands merge into a single
and broader contribution centered at 1351 cm�1 for samples con-
taining more than 10 wt% LiClO4. This spectroscopic behavior is
another evidence of the crystallinity decrease and subsequent
suppression as the salt content increases in the solid electrolytes. As
described by other authors in Ref. [61], changes in chain configu-
ration induced by molecular interactions involving PEO (such as
cation complexation) markedly affect the CH2 wagging bands,
especially in systems in which the crystallinity decreases, resulting
in the observed behavior.

Spectroscopic fractions associated with “free” and “bound”
hydroxyl groups were obtained from the n(OH) spectral region and
are represented in Fig. 9. The salt addition drastically changes the
equilibrium between free and bound hydroxyl spectroscopic
contributions,which is also a consequence of PBE chains distribution
among thephases in the solid. In the current approach, for simplicity,
hydroxyl groups were simulated considering only spectroscopic
contributions involving free groups and those participating in
hydrogen bonding. However, in the PEO/PBE/PVEE/LiClO4 electro-
lyte, there are, additionally, contributions from the interactions: (a)
ReO(H).Liþ; (b) ReOH.ClO4

� and (c) a combination of the two
previous structures, as described for PEO/PBE/LiClO4 solid electro-
lytes [27]. Despite the polymereion interactions, the miscibility
among the components can be interpreted by the analysis of the
PEOePBE and PVEEePBE interactions, which can be conducted by
the spectroscopic fractions associated with free and bound eOH
groups.

The ternary blend exhibits a bound hydroxyl spectroscopic
fraction of about 0.4 and this value increases to 0.83 and 0.79 for the
electrolytes containing 5 and 10 wt% LiClO4, respectively. This
increase can be associated with the number of PBEePEO and
PBEePVEE interactions, resulting from the chains approximation
imposed by the lithium cation coordination by the ether oxygen
atoms of PEO. Additionally, the cation coordination imposes chain
movement restriction, which may favor the polymerepolymer
interactions in highly homogeneous systems. Since the electrolytes
containing up to 10 wt% LiClO4 are miscible and the presence of
a single Tg implies homogeneity in the range of 2e15 nm [62,63],
the combined effects of motion restriction and homogeneity lead to
an increase in the number of hydrogen-bonded hydroxyl groups. In
addition, cation coordination by the hydroxyl group would induce
a similar effect on the electron density of the oxygen atom,
resulting in the intensification of the observed hydroxyl spectro-
scopic fractions dependence on the salt concentration. Electrolytes
containingmore than 10wt% LiClO4 exhibit multiphase behavior, as
detected by DSC measurements, which reflects in a more complex
spectroscopic behavior, concerning particularly the PBE hydroxyl
groups. The progressive decrease observed for the spectroscopi-
cally bound hydroxyl group in electrolytes containing LiClO4
between 5 and 25 wt% can be associated with the replacement of
eOH.OCC by eOH(free) þ CCO.Liþ interactions, as represented
in Fig. 10.

The perchlorate vibrational mode n(ClO4
�) is frequently used to

distinguish between associated (ion pairs or aggregates) and
dissociated forms of the salt dissolved in solid electrolytes and,
from these spectroscopic contributions, mobile ion fractions can be
inferred. The FTIR spectra representing the n(ClO4

�) spectroscopic
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Fig. 11. Spectroscopic fractions of “dissociated” (dissolved) and “associated” (ion pairs
or large clusters) perchlorate ions as a function of salt content.
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region are depicted in Supplementary material, Fig. S10. According
to Grondin and co-workers [64], dyglyme/LiClO4 samples contain-
ing fully dissolved salt exhibit only one spectroscopic contribution
of the n4(ClO4

�) mode at 623 cm�1. In the present work, the band
associated to the n(ClO4

�) vibrational mode exhibits contributions at
623 and 634 cm�1, which correspond to dissociated and associated
perchlorate anions, respectively. Fig. 11 depicts these spectroscopic
fractions dependence on the salt concentration. High salt dissoci-
ation (fractions higher than 0.78) is observed for the entire range of
concentrations studied, exhibiting only a small decrease as the
concentration increases, except the electrolyte containing 15 wt%
LiClO4, which exhibits nearly 100% of salt dissociation. This
behavior is more likely a consequence of the multiphase structure
already discussed, in which a PEO-rich phase containing highly
dissolved LiClO4 is formed. While the dissociated spectroscopic
fraction represents the ion-separated fraction of salt, the associated
spectroscopic fraction can be interpreted as a sum of ion pairs and
other aggregates, such as trimmers (Li2ClO4

þ and Li(ClO4)2�) and
larger clusters. In general, ionic clusters exhibit lower mobility due
to the small charge-to-mass ratio and do not significantly
contribute to the overall conductivity of solid electrolytes. In the
present system, as can be observed in Fig. 11, the dissolved salt is
highly dissociated and, even in large concentrations, up to 30 wt%,
there is no evidence of formation of aggregates.

3.2.4. Electrochemical characterizations
Fig. 12 depicts the electrochemical impedance spectra obtained

for the electrolytes containing 5, 10 and 20 wt% LiClO4 at room
temperature. The impedance spectra exhibit, for all samples, an
inclined line in the region of lower frequencies, with constant
slopes as a function of temperature. Under the conditions of these
experiments, the semicircles represent the resistance of the ion
transport in the electrolyte bulk and the inclined lines indicate the
resistance against ion passage in the electrolyte/electrode interface.
The use of blocking electrodes for the impedance spectra results in
a polarization phenomenon in the electrolyte bulk, since there is no
ion source or sink. The electrical double layer at each interface
possesses infinite resistance against ion transfer, which, in the
Nyquist plot of impedance spectra, would result in a straight line,
parallel to the ordinate, associated with a limiting capacitance [65].

Ionic conductivity (s) values were calculated using Eq. (6) from
the resistance (R) obtained at the semicircle intercept point in real
axis of the impedance spectra and studied as a function of salt
concentration and temperature. The Arrhenius model was
employed for describing the temperature dependence of s (Eq. (7)).
Fig. 10. Schematic representation of the change in specifi
s ¼ L
AR

(6)

logðsÞ ¼ logðA0Þ �
Ea
RT

(7)

Where L and A are the thickness and the (geometrical) area of the
sample, respectively; A0 is a pre-exponential term related to the
number of charge carriers in the system; Ea is the apparent acti-
vation energy for the conduction process; R is the gas constant and
T is the temperature.

The impedance spectra were obtained in temperatures
between 25 and 90 �C and the conductivity dependence on the
temperature was studied by the Arrhenius model, represented in
Fig. 13. As observed, the conductivity values increase as a function
of temperature, evidencing the influence of both chain relaxation
effect and activation energy for lithium conduction. The Arrhenius
model was employed, assuming two conduction regimes: one at
lower temperatures and other at higher ones. The only exception
is the electrolyte containing 30 wt% LiClO4, which exhibits only
one conduction regime at the temperature range studied. The
temperatures for which the conduction regime changes are
c interactions as a function of the salt concentration.
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Fig. 12. Electrochemical impedance spectra of samples containing 5, 10 and 20 wt%
LiClO4 recorded at room temperature.

Table 3
Apparent activation energy values (Ea) and ion conductivity (s) at room temperature
for PEO/PBE/PVEE/LiClO4 samples.

LiClO4 (wt %) Ea (kJ mol�1) s (U�1 cm�1) at
room temperature

High temperature Low temperature

5 8.87 27.15 3.34 � 10�4

10 11.72 46.25 2.49 � 10�3

15 7.44 44.00 3.01 � 10�3

20 0.72 33.07 4.23 � 10�3

25 28.38 46.34 3.42 � 10�3

30 32.27 1.43 � 10�3
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coherent with the phase transitions observed for each sample. For
the electrolytes exhibiting a crystalline phase, this temperature
corresponds, approximately, to the temperature at which the
melting of the crystalline phase starts. For the completely non-
crystalline electrolytes (with LiClO4 higher than 10 wt%), this
temperature is close to the glass transition of each sample. In both
cases, the temperature increase reflects on higher chain mobility,
with consequent higher conductivities. A similar behavior was
described for PEO/LiClO4 electrolytes, which exhibited reproduc-
ible conductivity vs temperature curves during heating and cool-
ing scans [66], with two conduction regimes, limited by the
melting temperature, in highly crystalline and semi-crystalline
electrolytes.

Table 3 lists the activation energy (Ea) values and the conduc-
tivities at room temperature for the studied electrolytes. The
calculated Ea values for the low temperature conduction regimes
were found to be higher than the ones for the high temperature
regimes. This behavior more likely reflects the chain mobility at
higher temperatures, which accounts for the decrease in the
energy associated with the ion transport inside the polymer
matrix. There are evidences that ion transport in crystalline
Fig. 13. Dependence of s with temperature for PEO/PBE/PVEE/LiClO4 samples.
regions does not contribute significantly to the overall conductivity
[67] and, since ion transport takes place primarily in non-crystal-
line phases [68], the temperature increase above melting results in
higher conductivity and lower activation energy values. Ea values
for the low temperature regime are found between 27.15 and
46.34 kJ mol�1 and the increase observed from 5 wt% to electro-
lytes with higher salt content is more likely a consequence of the
ion coordination by the polymers in the blend, which increases
chain rigidity, proportional to the number of coordination sites.
The Ea values do not increase progressively with the salt concen-
tration, due to the phase separation observed for electrolytes
with LiClO4 concentration higher than 10 wt%, but rather reflect
the activation energy values of intermediary concentration
electrolytes.

Conductivity values at room temperature were found between
10�4 and 10�3 U�1 cm�1, exhibiting a progressive increase with salt
concentration up to 20 wt%. The maximum s value at room
temperaturewas obtained for this electrolyte, 4.23�10�3U�1 cm�1.
Since there is no significant change in the spectroscopic fractions of
the perchlorate anion, the increase in conductivity is directly related
to the increase in the salt concentration and, for instance, the
number of charge carriers. For electrolytes containing higher salt
amounts, the conductivity decreases, most probably due to a phase
separation effect, since the concentration of ion pairs remains
almost unchanged with salt content in the electrolyte. The s values
found for the PEO/PBE/PVEE/LiClO4 electrolytes are among the
higher described in the literature, even considering other systems
with higher mobility, containing ionic liquids and aprotic solvents
[69]. This result is mainly due to the high salt solubility in the
polymer matrix and to the presence of ion-coordinating sites in the
chains of PEO, PBE and PVEE, associated with the partial miscibility
of the system and low crystallinity. The obtained conductivity
values, in the order of 10�3 U�1 cm�1 for electrolytes containing
LiClO4 higher than 5 wt%, are reported as sufficiently high for
practical applications of the current electrolyte [70]. Comparison
between the PEO/PBE/LiClO4 and PEO/PBE/PVEE/LiClO4 electrolytes
indicate that the addition of PVEE induces a conductivity increase of
approximately 102, mainly due to its small chain length, which
contributes with a plasticizing effect to the polymer matrix.

The application of solid electrolytes in electrochemical devices is
dependent on the thermal and electrochemical properties, among
which: conductivity, its dependence on temperature and the elec-
trochemical stability window. This information is accessible through
the cyclic voltammogram (CV) of the material (Supplementary
material, Fig. S11), in which the current density moduli recorded
during the potential scan do not exceed 1.3 � 10�6 A cm�2, even at
the higher potential limits imposed to the cell, E w5.5 V (vs Li/Liþ).
The absence of oxidation or reduction processes in the potential
range studied (�0.5e5.5 V vs Li/Liþ) indicates that the solid elec-
trolyte developed exhibits electrochemical stability wide enough for
application is devices such as lithium ion batteries, electrochemical
capacitors, artificial muscles, electrochromic devices and others.
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4. Conclusions

The PBE/PVEE and PEO/PBE/PVEE blends presented only one
glass transition temperature (Tg) and were found to be miscible, as
suggested by DSC studies. The Tm values do not present significant
changes with the blend composition, however, the degree of crys-
tallinity of the blend decreases from 72% (pure PEO) to 41% (blend
60/35/15), which is coherent with the hypothesis of miscibility. The
molecular basis of the miscibility in PEO/PBE/PVEE blends can be
associated with the interaction via hydrogen bonds among the
polymers in the blend, as shown by FTIR analyses. The miscibility
and lower crystallinity, compared to pure PEO, as well as the inter-
molecular interactions in the present system, provide an optimized
material for application as host in electrolytes, as evidenced by the
characterizations performed on the PEO/PBE/PVEE/LiClO4 system.

From the thermal and spectroscopic characterizations, the
lithium ions in the polymer electrolytes were found to play the role
of transient crosslink centers, enhancing the miscibility of the
system and inducing a more pronounced decrease in the crystal-
linity. The solid electrolyte obtained with the 60/25/15 ternary
blend as host matrix exhibited conductivity values of about
10�3 U�1 cm�1 (20 wt% LiClO4) at room temperature, which are
among the highest cited on the literature for polymer/Liþ electro-
lyte systems. These systems also exhibited, at 80 �C, conductivity
values of about 10�1 U�1 cm�1. This high conductivity was attrib-
uted to the low crystallinity of thematrix, which induces high chain
mobility, combined to the presence of a large number of Lewis basic
sites, especially oxygen atoms.
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