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ABSTRACT: We have employed broadband dielectric spectroscopy to investigate the ionic conductivity of poly-
(vinyl methyl ether)/polystyrene blend (PVME/PS) doped with lithium perchlorate, i.e., an archetype miscible
polymer blend with large dynamical asymmetry. We have found that the temperature dependence of the ionic
conductivity mimics that of the PVME segmental relaxation in PS. This results in a crossover from super-Arrhenius
to Arrhenius behavior, which can be attributed to the restricted motion of confined PVME chains in PS, in analogy
with polymer nanocomposites. This crossover produces, for some blends with high PS concentration that are
therefore structurally solid, ionic conductivities of the same order as those of liquid PVME. This means that the
miscible polymer blends are appealing candidates for making solid-state electrolytes.

1. Introduction unfavorable, as intercalated polymer chains always assume a
more ordered configuration with respect to the bulk polyfer.

Investigation in the field of solid-state ionics has been recently T i tropic f th h ¢ bl
the subject of intense research. Strong interest in this field has. 0 overcome negative entropic forces through more favoranie

been driven by the appealing idea of obtaining materials with mteractic_)ns between t_he polymer _and the silicate, modification
the mechanical properties of a solid and the ionic conductivity of the silicate surface is often carried out through the introduc-

of a liquid. Nanocomposites made of silicates or other types of tion of a||_<yl ammonium salté.l_:rom a technolog!cal point .Of
ceramic materials, conferring mechanical stability, and a view, the issue of the intercalation of the polymer into the silicate

polymer with high mobility are good candidates for this implies a number of drawbacks which can be challenging.

purposée.—8 The most interesting feature of these systems isthat In an attempt to introduce a new class of solid-state
the intercalation of the polymer into the silicate implies the electrolytes, in this work, we have investigated the ionic
confinement of the polymer at length scales of the order of conductivity of a miscible polymer blend, i.e., poly(vinyl methyl
nanometers. This results in the appearance of a relatively fastether)/polystyrene blend (PVME/PS). This blend represents a
relaxation with a (quasi) Arrhenius-like temperature dependence, model system since its dynamitai’ as well as structural
which has been attributed to the restricted motion of the confined propertie$® have been widely investigated in recent years. It
polymer chains in the silicate matrix1! To obtain an effective presents a very large dynamical asymmetry, i.e., a large
confinement at the length scale of the dynamics associated todifference in glass transition temperatuig)(between the two

the glass transition (the structural dynamics), the intercalation polymers: 249 K for PVME and 373 K for PS. Recent dielectric
of the polymer is required, since a confinement length scale of spectroscopy results on the dynamics of dilute PVME in PS
the order of nanometers is obtained in this case. A length scalehighlight the presence of a low activation energy motion with
between 1 and 3 nm has been found to control the structural Arrhenius-like behaviot® This relaxation, in analogy with
dynamics for both polymets13and low molecular weight glass ~ polymer/nanocomposites systems, has been attributed to the
formers* This means that restricted motion can only occur if restricted motion of PVME chaif% due to the presence of
intercalation of one or two polymer chains (confinement length frozen PS as a consequence of the selective freezing occurring
of the order of 1 nm) is achieved and, therefore, exfoliation, in miscible polymer blend¥’ In particular, a crossover from a
i.e., dispersion of the silicate in a continuous polymer matrix, super-Arrhenius behavior, i.e., an increase of the apparent
should be avoided. In the latter case, no confinement at theactivation energy with decreasing temperature at high temper-
length scale of nanometers is achieved. On the other hand,ature, normally observed in fragile glass-forming systems, to a
compatibility between the polymer and the silicate has to be milder Arrhenius temperature dependence is observed for PVME
guaranteed. In other words, the polymer must be able to dynamics in PS817This crossover is normally observed along
penetrate between silicate layers. This implies that the intercala-the Ty range of the blend, namely, where the rigid component
tion of the polymer into the silicate without exfoliation is the gets frozen. TheT, range of the blend is defined as the
result of a subtle balance between enthalpic and entropic forcestemperature range in which the specific heat jumps from the
the former being dependent on the interaction between thevalue of the glassy state to that of the liquid.

polymer and the silicate and the latter being always energetically Starting from these premises, we have used broadband

dielectric spectroscopy to study the ionic conductivity properties
* To whom correspondence should be addressed. E-mail: swxcacad@ of PVME/PS blends as well as those of the pure polymers. We

Swfggh?rsd de Fica de Materiales CSIC-UPVIEHU have mostly focused on blends highly concentrated in PS,
* Universidad del PaiVasco (UPV/EHU). ' namely, those blends for which the effect of confinement on
8 Donostia International Physics Center. PVME is most prominent. Blends with 10, 20, 30, and 50 wt
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% of PVME have been investigated. In addition, 1 wt % of
lithium perchlorate (LiCIQ) has been added to all blends to PYME/PS 10/90 wt. %

improve the ionic conductivity and perform a straightforward
comparison among their conductivities. Our results suggest that
for blends with PVME less than 30tWb a clear crossover from
super-Arrhenius to Arrhenius temperature dependence of the
ionic conductivity occurs, mimicking the behavior of PVME
dynamics in PS8 This finding strongly supports the idea that

charge transport essentially takes place along mobile paths

within confined PVME chains. The main striking consequence PVME/PS 20/80 wt,
of the crossover to a low-temperature Arrhenius behavior implies
that the ionic conductivity of some structurally glassy PVME/
PS blends is higher than that of pure liquid PVME. In addition,
comparing structurally analogous systems, we demonstrate that
miscible PVME/PS blends display ionic conductivities orders 3
of magnitude larger than those of the pure polymers. J
2. Experimental Method
PVME/PS 30/70 wt.
Poly(vinyl methyl ether), polystyrene, and lithium perchlorate
were purchased from Sigma-Aldrich. The molecular weight of the /
two polymers wereM, = 7300 g/mol /M, = 3) andM, =
140 000 g/mol .,/M, = 1.64), respectively. Lithium perchlorate
had a purity of 99.99%. Poly(methyl vinyl ether)/polystyrene/lithium
perchlorate mixtures were prepared dissolving the three components

in a common solvent, namely, tetrahydrofuran. The solvent was PVME/PS 50/50 wt.

subsequently removed via freeze drying-&80 °C and then in a
vacuum oven above tHE of the blend (to remove any traces left).
Achievement of constant weight was used as the criterion for full
removal of the solvent.

Dielectric measurements were carried out on all mixtures using

a high precision dielectric analyzer (ALPHA, Novocontrol GmbH)
and a Novocontrol Quatro cryosystem for temperature control with
a precision of£0.1 K. Measurements were performed over a wide
frequency (102—10C°f Hz and in some cases down to2(Hz) and 200 250 300 350 400
temperature range in isothermal steps starting for the highest K

temperature. Mainly, the dielectric permittivity was analyzed to
extract the direct current (dc) conductivities, i.e., the low-frequency Figure 1. Specific heat vs temperature plots for all PYME/PS/LI€IO
limit (static) value of the conductivity. The analysis was based on Systems.

the fitting of the complex dielectric permittivity in the frequency . .
domain through a sum of HavriliakNegami (HN) function? plus Table 1. Composition Dependence of th&y for PVME/PS/LICIO 4

P

C (AU)

a conductivity term: Systems
' PVME (%) 0 10 20 30 50 100
Odc Ae Ty (K) 373 355 340 312 275 249
Ho)=—i—Fe +— 1)
€ [1 + (IwTHN) HN] HN

the calorimetric response of the mixtures, the structural equiva-
whereoygc is the dc conductivitygo the permittivity of vacuume., lence between pure PYME/PS blends and those containing 1

is the high-frequency limit value of the dielectric constant, is wt % of LiCIO,. Table 1 summarizes i of all investigated
the dielectric strength of the relaxation process, apnd andyuy systems as a function of PVME wt %.

are the shape parameters of the HN function describing, respec- In Figure 2, the loss (a) and real (b) parts of the dielectric
tively, the symmetric and asymmetric broadening of the complex relative permittivity are displayed for a system with 10 wt %
dielectric permittivity. The dielectric analyzer has a resolution for py/\E at a temperature of 353 K as an example. The fit of the
the loss part of the permittivity higher thaff = 1072 This, at o5 part of the permittivity would suffice to obtain the dc
frequency of the order of 0.1 Hz, corresponds to a resolution higher conductivity, as this term only appears in the loss part of the

thang = 10717 S/cm for the ionic conductivity. o
Calorimetric measurements were carried out by means of a complex permittivity as a power law and mostly detectable at

differential scanning calorimeter (DSC-Q1000) from TA-Instru- 'elatively low frequency. However, we notice that, although the
ments. Measurements were performed in a standard mode at &onductivity term is dominant in the low-frequency side of the
scanning rate of 20 K mirt. These DSC measurements were permittivity loss spectrum, a slow relaxation can be detected in
performed on samples directly cut from the films investigated the real part of the permittivity, manifesting with a dispersion
through dielectric relaxation spectroscopy. of this function at relatively low frequencies. The presence of
a relatively low-frequency relaxation is characteristic of het-
erogeneous systems and is attributed to interfacial polarization
In Figure 1, specific heat vs temperature plots are displayed caused by charges blocked at some internal boundriks.
for all investigated PVME/PS/LiCl@systems. A single specific  take into account this relaxation, we have performed the
heat jump, though broad, indicates the miscibility at the simultaneous fitting of the loss and real parts of the permittivity.
molecular level of the mixture. In addition, the curves are  This procedure allows for a univocal subtraction of any
within the experimental error identical to those of PVME/PS relaxational contribution from the dc conductivity term in the
blends reported in ref 16. This implies, at least for what concerns loss part of the permittivity. As observed in Figure 2, the

3. Results and Discussion
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35t \ N ] shown Figure 3) is practically absent at 313 K, with the polymer
Stow procesi_ being deep in the glassy state at this temperature.
30F ~—~——_— T ] In Figure 4, the experimental data after removing the dc
conductivity are shown at 313 K for all investigated systems.
2.5 ' ' ' ‘ ' ‘ ‘ ' The slow relaxation always present for all investigated systems
102 100 10° 10' 10> 10° 10* 105 105 107 - o - -
los F (except for the system with 10 wt % PVME) with characteristic
og Freq. (Hz) frequency lower than 13 Hz has also been subtracted. From

Figure 2. Dielectric permittivity vs frequency for PYME/PS (10/90  inspection of Figure 4, it is possible to distinguish a relatively
wt %) with 1 wt % of LiCIO, at 353 K: (@) loss and (b) real part. The 4 requency relaxation peak (between-2Cand 1000 Hz
solid lines are datafit to eq 1, whereas the dashed lines are the various : . . .
contributions to the overall fit. depending on the system) that, as discussed, likely arises from
the heterogeneous nature of PVME/PS/Ligkystems, which
is absent in the PVME/LiCI@Qsystem. Apart from this peak, a
relaxation peak at about $610° Hz is present in all spectra.
This can be attributed to the motion of the PVME moieties,
1 with the relaxation time of this process being comparable to
that reported by Lorthioir et 8P for undoped PVME/PS blends.
In addition, the strength of this process increases with PVME
i concentration, thus confirming the close relation between this
process and the PVME motion. It is worth noticing that the
relaxation data reported by Lorthioir et’8lfor the blend with
50 wt % PVME match with those reported in Figure 5 only for
102 L 00% temperatures higher than about 290 K. This is due to the fact
\10% N W 50% that the present relaxation data of PVME/PS (50/50 wt %) blend
'0'310_2 1(‘)_| 10 1P 10 10 10 1 107 correspond to the resolved high frequency shoulder of the whole
response of the blen@.On the other hand, the relatively slow
log Freq. (Hz) process is not visible in our experiments, which is probably

Figure 3. Loss part of the dielectric permittivity vs frequency for  obscured by the high conductivity present in PVME/PS/LICIO
PVME/PS/LICIQ, systems at 313 K with the following PVME weight  gystems.

percentages: 10% (crosses); 20% (down triangles); 30% (diamonds); . . .

50% (up triangles); 100% (circles). Solid lines are experimental data N Figure 4, apart from the aforementioned relatively fast
fit to eq 1. Dashed lines are the dc conductivity contributions to the relaxational process, the system with 10 wt % PVME also
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fits. presents a relaxation peak at about 1000 Hz. We tentatively
agreement between experimental data and the fit by eq 1 isattribute this process to the motion of lithium cations that can
excellent. in principle be present in other PVME/PS/LiCJ®ystems. For

In Figure 3, the experimental data of the permittivity loss vs Systems with a PVME content higher than 10 wt %, this would
frequency for blends at all concentrations as well as those of Not be unveiled in the relaxation spectrum, which is likely due
pure PVME are displayed at 313 K. The dashed lines are the to the presence of stronger relaxational processes.
contributions from the dc conductivity to the fits. From the To look at the ionic conductivity properties of PVME/PS
inspection of the low-frequency part of the plot, it is possible blends in detail and compare them with those of the pure
to conclude that, as expected, the ionic conductivity decreasespolymers, we report the temperature dependence of the ionic
with increasing PS content, with this decrease being more conductivity for PVME/PS/LiCIQ, PVME/LiCIO4, and PS/
marked for the blend with 10 wt % PVME. However, it is LiClO4 systems in Figure 5 (lower panel). The upper panel of
noteworthy that even the blend with only 10 wt % PVME still Figure 5 displays the relaxation time related to the PVME
presents a measurable ionic conductivity. This result is quite motion in all PVYME/PS/LICIQ systems and that related to
remarkable considering that pure PS ionic conductivity (not PVME/LICIO, and PS/LiCIQ systems. For the pure polymers
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with LiClO4, a clear super-Arrhenius behavior, i.e., an increase 18k ]
of the apparent activation energy with decreasing temperature,
can be observed mimicking the temperature dependence of the 20 e .
structural relaxation time. The ionic conductivity of PVME/ 0 10 20 30 40 50 60 70 80 90 100
LiClO4 is in good agreement with that reported by Zhang and PVME wt. %

Runt_?z - . . Figure 6. Composition dependence of the ionic conductivity at two
With regard to the ionic conductivity of PVME/PS/LICIO fixed temperatures, 258 K (lower panel) and 293 K (middle panel),
systems, the following observations can be made: (i) despiteand at theT, values of the PVME/PS/LICl@systems.
the high concentration of PS, the ionic conductivity is closer to
that of PVME/LICIO, system except for the blend with 10 wt  case starts to be strongly affected by the presence of PS matrix.
% PVME; and (ii) systems with less than 30 wt % PVME Itis noteworthy that while for systems with larger concentrations
present a crossover from non-Arrhenius to Arrhenius temper- of PVME the temperature where the ionic conductivity of the
ature dependence. The first issue can be simply explainedblend matches with that of the pure PVME is close to the one
assuming that the ionic transport preferentially occurs along the for which the same matching occurs for the relaxation time this
most rapid paths, which are mainly associated with the relatively does not occur for the system with 10 wt % PVME.
more mobile polymer of the blend (PVME). This result in not The most intriguing result, however, is the crossover from
unexpected, since PVME segmental dynamics in PS, to which non-Arrhenius to Arrhenius temperature dependence, which,
ionic conductivity is correlated, does not decouple too much alike the structural relaxation time, can be attributed to the
from that of pure PYME21516The idea that the ionic transport  confinement of PVME chains by the rigid PS, hindering the
takes place along the PVME percolating mobile channels growth of PVME characteristic length scafe131%We speculate
qualitatively agrees with the decoupling between self- and pair- that this crossover mainly implies that at relatively low
correlation function occurring in binary blends of beagpbring temperatures the ionic conductivity mainly couples to the
polymer chaing? The fact that the ionic conductivity, in the  Arrhenius process displayed in the upper panel of Figure 5. On
case of the system with 10 wt % PVME, is strongly depressed the other hand, at relatively higher temperatures, the ionic
compared to systems richer in PVME also agrees with the loss conductivity would mainly couple to the cooperative motion in
of the aforementioned decoupling in beapring polymer a system still (partly) in equilibrium giving rise to the
blends at a low concentration of the more mobile polyffer. aforementioned super-Arrhenius temperature behavior. It is
For blends with low PVME content, the impossibility of having worth noticing that the crossover from non-Arrhenius to
a complete percolation of the PVME moieties is probably Arrhenius temperature dependence implies at relatively low
responsible for the sudden drop of the ionic conductivity. The temperature, in blends with 20 and 30 wt % of PVME, the ionic
main consequence of this is a partial decoupling between theconductivity matches with that of pure PVME with the same
PVME related dynamics and the ionic conductivity that in this amount of LiCIQ. This means that systems which are preva-
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lently composed of PS, and therefore are structurally solid, restricted motion of the loWwg component. These systems are
present ionic conductivities equal or even larger than those of therefore good candidates to explore the ionic conductivity
liquid PVME. To better highlight this point, in the lower and properties and their possible application in the field of solid-
middle panels of Figure 6, the composition dependence of the state ionics.

ionic conductivity at two fixed temperatures (258 and 293 K)

is displayed. From Table 1, whefig values as a function of Acknowledgment. The authors acknowledge the University
PVME concentration are reported, it is possible to determine of the Basque Country and Basque Country Government (Ref.
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blends with PVME concentration as low as 20 wt %, namely,

for polymer blends mainly composed of glassy PS. It is References and Notes

noteworthy that the PS/LiClIO4 system presents negligible ionic
conductivity at both of the two displayed temperatures.

As a further indication of the improved ionic conductivity
properties of PVME/PS blends, it is interesting to compare the
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(upper panel) using thg, as a criterion for isostructural systems.
As can be observed, the ionic conductivity at Tyef PVME/
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