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Abstract. Dielectric measurement in the range 0.1 Hz to 1 MHz were used to study the motions of polymers
and ions in an ion-conducting polymer, polypropylene oxide containing small quantities (on the order of
1%) of lithium ions (LiClO4), confined as a sandwich of uniform thickness between parallel insulating mica
surfaces. In the dielectric loss spectrum, we observed three peaks; they originated from the normal mode
of the polymer, segmental mode of the polymer, and ion motions. With decreasing film thickness, the
peak frequencies corresponding to the normal mode and ion motion shifted to lower frequencies, indicating
retardation due to confinement above 30 nm. This was accompanied by diminished intensity of the dielectric
normal-mode relaxation, suggesting that confinement diminished the fluctuations of the end-to-end vector
of the chain dipole in the direction between the confining surfaces. On the contrary, the segmental mode
was not affected at that thickness. Finally, significant retardation of the segmental mode was observed
only for the thinnest film (14 nm). The different dynamical modes of the polymer (segmental and slowest
normal modes) respond with different thickness and temperature dependence to confinement.

PACS. 82.35.Gh Polymers on surfaces; adhesion – 61.25.Hq Macromolecular and polymer solutions; poly-
mer melts; swelling

1 Introduction

The classic, long-standing problem of the glass transi-
tion [1–3] has been revitalized by the idea that some kind
of cooperativity length enters naturally into the statement
of this problem [4–9]. This has motivated a great deal of
experimental work to study shifts of the glass transition
when a glass-forming liquid is confined in one or more di-
rections [10–12]. In this study, we focus for what we believe
to be the first time on an ion-conducting polymer.

Several issues render the problem of Tg more prob-
lematical in a confined geometry than in bulk systems.
Specific boundary effects (a curved pore-space or a paral-
lel geometry; attractive or repulsive surface; “hard” solid
boundary or “soft” boundary comprised of air or vacuum)
are one difficulty. In these systems where a large portion
of the sample is necessarily in intimate contact with its
boundary, it is not evident that a universal answer (in-
dependent of the specific boundary) should be expected.
Indeed, different measures of Tg sometimes do not agree
when it comes to specifying the point of glass transition
in these anisotropic thin films. These methods include,
for example, thermal expansivity, translational diffusion,
and segmental mobility measured by dielectric or rheolog-
ical methods [12]. But in bulk systems, these methods do
agree.
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A third problematical point is the limited availabil-
ity of suitable experimental systems. This is a particu-
lar problem when one seeks to eliminate strong attraction
of a sample to its boundary. It is true that the study of
free-standing polymer films, thin strips positioned in an
environment of air or vacuum, has presented a refresh-
ing simplification, leading to major advances [13,14], but
their study is limited to situations in which the films can-
not, owing to high viscosity, bead up to minimize their
surface area. This limits their study to temperatures be-
low the glass transition temperature. The present study,
in contrast, focuses on behavior at temperatures above Tg.
Confinement between partially wetting solid surfaces can
be used to study kinetically stable films in which strong
surface attraction is avoided [15,16].

Turning specifically to the problem of ion-conducting
polymers, we note that it is well known that polyethers
such as polyethylene oxide, polypropylene oxide, and poly-
tetramethylene oxide show high DC conductivity after ad-
dition of alkali metal ions. The polyether dissolves alkali
metal salts and it is reasonable to suppose that its dis-
sociated alkali metal ions are tetrahedrally coordinated
by polyether oxygen. Although the conduction mecha-
nism is unclear, it is generally accepted that the disso-
ciated metal cations contribute to DC conductivity by
achieving mobility through the micro-Brownian motion
of polymer segments [17,18]. Conversely, the dissociated
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anions move independently of the polymer motion [19].
These ion-conductive polymers have been studied exten-
sively mainly because of their importance in industrial
applications such as a polymer battery. That is why most
studies to date have focused on the motion of ions [20–25],
not on the motion of the polymer within which the ions
are embedded.

Among the polyethers, polypropylene oxide (PPO) has
some interesting features. It is an amorphous flexible poly-
mer that possess a strong dipole along the chain dipole and
another significant component perpendicular to it. There-
fore it displays characteristic relaxation peaks in both di-
rections when an electric field is applied [26]. The back-
bone relaxation, so-called normal-mode relaxation, is usu-
ally hidden by segmental-mode relaxation especially if the
molecular weight is less than 1000 g mol−1. Also, the glass
transition temperature of polypropylene oxide is unusually
insensitive to molecular weight; it shows no dependence on
molecular weight down to 400 g mol−1 [26]. This absence
of free ends effect is attributed to the hydrogen bonding
which reduces the mobility of free ends. This hydrogen
bonding effect was confirmed by replacing oxygen with
sulfur, which is incapable of hydrogen bonding [27]. Un-
like polypropylene oxide, polypropylene sulfide shows the
expected significant decrease of glass transition tempera-
ture for lower mass.

These interesting properties of polypropylene glycol
led to previous studies of its dynamics not only in the
bulk but also in confined states [28]. However, we are not
aware of any previous study of confinement effects on the
normal-mode relaxation; previous concern has been with
segmental motions. Most previous experiments have used
porous materials to confine the pure liquid [29,30]. In this
case, samples were usually low-molecular-weight liquids
because it is so difficult to impregnate high-molecular-
weight polymers into a porous substrate.

Recently, our group introduced methods to study the
dielectric response of thin films confined between atomi-
cally smooth surfaces of mica [15,16]. The enabling idea
was to employ spin casting to produce thin films on atom-
ically smooth mica sheets whose backside was coated with
silver so that surface separation could be determined us-
ing multiple beam interferometry. This method has many
advantages. First of all, the geometry is flat and there
is no ambiguity about the geometry, unlike the case of
porous substrates in which porosity and pore filling are
nonuniform. Secondly, spin casting is a very efficient way
to produce a thin film of high-molecular-weight polymer.
Third, film thickness can be very accurately measured,
±0.2–0.5 nm, by multiple-beam interferometry. Finally,
mica surface can be easily modified chemically to study
the effects of changing the surface chemistry.

Here, we used broadband dielectric relaxation spec-
troscopy to study the influence of film thickness on the
dielectric relaxation of polypropylene oxide thin films,
confined in sandwich geometry, and containing small
amounts of LiClO4. The confining surfaces conditions,
freshly cleaved muscovite mica, comprised partially wet-
ting solids between which kinetically stable films could be

produced, although dewetting cannot be eliminated com-
pletely. The main results are as follows. First, both ion re-
laxation and normal-mode relaxation showed retardation
when they were confined, and this effect was observed, in
films as thick as 0.1 µm, starting at ∼ 100 K above Tg. Sec-
ond, local segmental dynamics appeared to be unaffected
down to 30 nm thickness. However, as the film thickness
decreased further, segmental dynamics were also retarded
and the glass transition temperature increased.

2 Experimental

2.1 Sample and methods

The PPO samples were purchased from Aldrich with
molecular weights Mn = 3, 500 g mol−1. Unfortunately,
the supplier had not characterized the molecular weight
distribution and methods to do so were not available in our
laboratory. Samples of lesser molecular weight were not
studied because dewetting was too rapid (see the discus-
sion below). Samples of larger molecular weight (had they
been available) would have been unattractive because of
the need to capture both the normal-mode and segmental-
mode dielectric relaxation peaks within the same window
of frequency. For the sample studied in this paper, the
glass transition temperature was around 200 K.

The PPO and LiClO4 (Aldrich) were dissolved in
methanol, then mixed together. The concentration of
LiClO4 was 1% (one Li+ ion per 100 PPO segmental
units). After complete dissolution, this mixture was kept
in a vacuum oven at 333 K for 6 h in order to remove
the solvent. In working with atomically smooth mica, film
thickness was defined with precision. Sufficiently thin mica
allowed Ag electrodes to be sputter-deposited onto the
backside, using methods standard in the surface forces
apparatus technique [15], enabling the sample thickness
to be measured by multiple-beam interferometry, while at
the same time enabling dielectric response to be measured
over a broad range of frequency.

The samples were prepared by spin-coating onto one
mica sheet (from methanol 0.1 to 2 wt.% depending on
the desired film thickness). Capillary forces pulled a sec-
ond mica sheet onto the underlying spin-coated sample,
creating a sandwich geometry.

A detailed description of the experimental technique
was reported previously [16]. The measurements employed
a Solartron 1260 Gain-Phase Impedance Analyzer con-
nected to a Solartron 1296 Dielectric Interface.

The temperature uniformity at the sample was ±0.1 K.
Briefly, temperature was controlled over a wide range by
placing the sample within an insulated chamber contained
within a Dewar flask through which there passed gas from
evaporation of liquid nitrogen that had been preheated as
needed. The fractional change of thickness between our
lowest measurement temperatures and room temperature
(the preparation temperature), owing to thermal expan-
sion, was approximately 4.5%. The range of measurement
temperatures that we report below was dictated by the
need to keep dispersions within the available frequency
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range: > 1 Hz to avoid distortion from polar surface im-
purities and <∼ 3 MHz by instrumental limitations.

Dielectric measurements were usually made in the or-
der of descending temperature but control experiments
verified reversibility when the temperature was raised to
293 K and then lowered back to 210 K for repeat measure-
ment. About 10 min were required for measurements after
about 30 min to equilibrate at each temperature. Thick-
ness measured by multiple-beam interferometry would
usually show uniform thickness over a spot size of 1 cm.

2.2 Analysis of dielectric measurements

Elsewhere it was discussed that when the response to si-
nusoidal input electric field at frequency f is decomposed
into one component in-phase with the field, and a second
component in-phase with its rate of change, the former
(real) component is dominated by the mica buffer sheets
between the electrodes and sample, and the latter (loss)
component, C ′′(f), contains an immeasurably small con-
tribution from the mica sheets and reflects only the PI
sample [15]. Specifically, for the measurement of polymer
sample between two parallel sheets of mica the complex
capacity C∗ is given as

C∗ =
[

1
Cm

+
1

C∗
PI

]−1

= Cm

[
1 +

tPIεm

tmε∗PI

]−1

, (1)

where C∗
PI is complex capacitance of the polymer inter-

face, Cm is the capacitance of the two mica layers, tm
is the total thickness of the two mica layers, and εm is
the (ω-insensitive) dielectric constant of mica, and tPI is
the thickness of the thin, spin-coated PI layer. For this
setup, Cm is identical to the capacity measured for the
bare mica-mica contact, and tm and tPI are known from
optical interferometry. The quantity εm can be calculated
from Cm (if the electrode area is known), or can be re-
placed by a literature value. Thus, in principle it is possi-
ble to evaluate εPI* from experimentally measured values,
but the method requires accurate calibration of the empty
cell (bare mica capacitance).

In our current experimental setup it was not possible
to perform these experiments in an atmosphere sufficiently
dry to obtain a sufficiently reliable evaluation of Cm (mica-
mica contact). The influence of moisture condensed on the
mica surfaces became plain when measurements were per-
formed in nominal mica-mica contact (two cleaved mica
sheets placed in contact). The ratio C ′′/C ′ was variable
between experiments, as discussed elsewhere [15]. There
then resulted a large uncertainty in the capacitance of the
two mica layers, Cm, and it was not possible to be con-
fident that Cm measured for mica-mica contact remained
the same after spin-coating with PI. Therefore in the re-
sults that follow, the raw data C ′′(f) will be presented.
Because the out-of-phase contribution of the sample cell
(mica) to C ′′(f) was negligible, its frequency dependence
is believed to have been the same as for the polyisoprene
sample of interest.

3 Results

3.1 Reliability of measurements

Although it is an interesting question to consider by what
mechanism the films were able to dewet when confined
between the two rather rigid solid boundaries of mica, in
practice they often did. Dewetting was easily visible in an
optical microscope. Our attempts failed to perform analo-
gous experiments with the same PPO sample but without
added LiClO4. We attribute our greater success ratio with
LiClO4 added to the higher viscosity of those samples.
Enhanced viscosity is known to inhibit dewetting [31]. In
attempts to study dependence on molecular weight we
also investigated other samples, but in those samples the
dewetting problem was even more severe. Therefore this
study is confined to a single sample, of the largest available
molecular weight.

Spot control experiments verified reversibility when
the samples were quenched to a low temperature soon af-
ter spin-coating. After dielectric measurements were made
at low temperature, the temperature was raised to 25 ◦C
and then lowered back to −40 ◦C for repeat measure-
ment. Because of reversibility, because measurements in
the range −40 to 0 ◦C were stable (time independent over a
period of hours), and because of quantitative reproducibil-
ity between independent experiments with different time
and temperature histories, it was concluded that dewet-
ting processes did not contribute to the results described
below.

3.2 Identification of relaxation modes

The PPO molecule has dipole moments both parallel and
perpendicular to the chain direction. The parallel com-
ponent contributes to the dielectric relaxation through
an overall motion of chain molecules, because its vector
sum is proportional to the end-to-end distance of each
chain. On the contrary, the perpendicular component con-
tributes through the local fluctuation of individual seg-
mental units. To obtain the characteristic peak positions
of PPO used in this study, dielectric measurement were
performed. The peaks corresponding to normal and seg-
mental modes were observed with peaks at around 25 Hz
and 25000 Hz at 228.0 K, respectively.

It would have been ideal to be able to analyze the raw
data for these peaks according to the Havriliak-Negami
equation, classical in the study of glasses, but this contains
4 parameters. Robust fits were possible for bulk samples
but for the samples of limited thickness, the limited signal
to noise precluded robust fits. Therefore the data were fit
to simpler Gaussian expressions, to which it was possible
to make robust comparison.

Figure 1 shows the frequency dependence of the imag-
inary part of the capacitance for the PPO-LiClO4 com-
posite measured at 231.2 K as a sample of bulk thick-
ness. The out-of-phase capacitance is plotted against fre-
quency on log-log scales. It can be resolved into three
peaks as shown in Figure 1, and we assign these peaks
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Fig. 1. For a bulk sample, the out-of-phase capacitance is plot-
ted against applied frequency on log-log scales for PPO con-
taining 1% LiClO4 at 231.2 K. This concentration of LiClO4

corresponds approximately to one lithium ion per polymer re-
peat unit. The peaks at low and high frequency are assigned
to ion motion and to segmental motion of the polymer, respec-
tively. Curve-fitting with Gaussian fits (dotted lines) identified
the middle peak, which we ascribe to normal-mode relaxation
of the polymer.

to the ion mode, normal mode and segmental mode of
PPO. The intensity of the peak observed at lowest fre-
quency increased with increasing salt concentration. This
shows clearly that this peak can be assigned to ion mo-
tion. Considering the remaining peaks, it is obvious that
the segmental peak should fall at higher frequency than
the normal-mode peak, and therefore that the normal-
mode peak must fall in the middle of the data in Fig-
ure 1. On this basis the three peaks, identified in Fig-
ure 1, were assigned. The normal-mode peak was inferred
by curve-fitting. Note that in the samples whose thickness
was limited by confinement between mica sheets, the rela-
tive dielectric strengths were not meaningful because the
thickness of these spacer layers (on the order of 2-5 µm)
was not standardized.

Figure 2 shows the frequency dependence of capaci-
tance of the PPO-LiClO4 composite as concerns a sample
of bulk thickness and a sample of thickness 30 nm, mea-
sured at 273.0 K and 270.1 K, respectively. The out-of-
phase capacitance is plotted against frequency on log-log
scales. Two peaks are observed here and they were fitted
with multiple Gaussian functions. As in Figure 1, the ion
mode relaxation appears at lower frequency than normal-
mode relaxation. In the thin film, both the ion mode and
the normal mode appear at lower frequency than for the
bulk sample.

3.3 Intensity of the relaxation peaks

It is well known that the intensity of normal-mode dielec-
tric relaxation in chains whose dipole lies preferentially
along the chain backbone is proportional to the square of

Fig. 2. Illustration of dependence on film thickness. The out-
of-phase capacitance is plotted against applied frequency on
log-log scales for PPO containing 1% LiClO4 as concerns a
sample of bulk thickness (◦) and 30 nm thickness (•) mea-
sured at 270.3 K and 273.0 K, respectively. The ion peaks and
inferred normal-mode peaks (indicated by dotted lines from
Gaussian fits to the data) are shown by dotted lines.

the end-to-end distance, but also that the segmental re-
laxation mode is independent of the end-to-end distance.
In PPO without added salt, the dielectric strength of the
segmental mode is larger than for the normal mode, but
this tendency changes when salt is added. The ratio of
normal-mode to segmental-mode peak intensity is a use-
ful approach to deduce polymer conformations in the thin
films.

The data for thin films, relative to bulk samples,
showed considerable reduction of the normal-mode fluc-
tuations relative to the segmental mode. Extensive quan-
titative analysis cannot be made at this time because
the limited signal to noise in thin-film samples precluded
studying the temperature dependence. The temperature-
averaged results were as follows. For bulk samples, the
intensity of the normal-mode peak dominated; the ratio
to the segmental-mode peak was ≈ 1.35 at 240 K. For the
thin-film samples the relative intensity was reversed. For
thickness 100 nm the ratio was 0.7. For thickness 30 nm
it was 0.5.

The suggestive implication is that fluctuations of the
end-to-end vector, in the direction normal to the confining
surfaces, were considerably less in the thin-film samples
than in the bulk. The statement is tentative because we
cannot, at present, exclude the possibility that salt con-
centration in the thin-film samples was enhanced during
the spin-coating process, although we have no direct rea-
son to expect this to have been the case. More work is
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Fig. 3. The peak frequency of the relaxation modes of ion
motion (◦ bulk, � 100 nm, � 30 nm thickness) and normal-
mode motion (• bulk, � 100 nm, � 30 nm thickness), inferred
from data of the kind illustrated in Figure 2, are plotted against
inverse absolute temperature. ♦, 14 nm thickness, refer to the
combined normal-mode and ion peak. Volger-Fulcher fits were
made to this data, as indicated by the solid lines.

needed to test this difficulty of interpretation, and also to
quantify this data as a function of temperature.

3.4 Temperature dependence of relaxation peaks

Figure 3 shows the dependence on film thickness and tem-
perature of the fitted peak frequencies of normal-mode
and ion mode relaxation for these PPO-LiClO4 compos-
ites for a) bulk samples, b) films 100 nm thick, c) films
30 nm thick, and d) films 14 nm thick. The most inter-
esting point here is that these peak frequencies evidently
shifted to lower frequency as the film thickness decreased.
However, the signal to noise at 14 nm thickness was too
low to separate the peaks of normal mode and ion motion
by curve fitting, so the peak frequency of their combined
relaxation mode was analyzed.

Figure 4 plots the peak frequencies of the segmental-
mode relaxation, logarithmically against inverse absolute
temperature. It is obvious that the temperature depen-
dence of segmental relaxation was unaffected by confine-
ment for thickness � 30 nm. But, surprisingly, retardation
was observed for the film thickness of 14 nm.

3.5 Confinement-induced shifts

In Figure 3, one sees that at a given temperature, the peak
frequency in the thin films was lower than for the bulk
samples, and that the discrepancy was larger, the lower
the temperature, though even the lowest temperatures ex-
amined were considerably above the glass transition tem-
perature. However, retardation of segmental mode was
not observed except at the smallest thickness, 14 nm.
The insensitivity of the segmental mode to film thick-
ness, but larger dependence of the normal mode to film

Fig. 4. The peak frequency of the segmental mode (◦ bulk,
� 100 nm, � 30 nm, ♦ 14 nm thick), inferred from data of the
kind illustrated in Figure 1, is plotted against inverse absolute
temperature at various film thicknesses.

Fig. 5. The ratio of the bulk relaxation peaks, to those in the
thin films, for the films of thickness 100 nm (triangles) and
30 nm (squares), plotted against absolute temperature. This
ratio, shown for the normal-mode peak (filled symbols) and
the ion peak (open symbols), was calculated from the Volger-
Fulcher fits to the raw data, shown in Figure 4.

thickness, was also observed by us in a different system,
cis-polyisoprene [16].

The thickness dependence of these modes is summa-
rized in Figure 5, where the ratio of the peak relaxation
frequency, in the bulk and in the thin films, is plotted
against temperature. To make this calculation, the data in
Figure 3 were fitted with the Volger-Fulcher curves drawn
in Figure 3. It is evident that retardation began at higher
temperatures, the thinner the film.

4 Discussion and outlook

There are several surprising aspects to these phenomeno-
logical findings. First, it is amazing to observe thickness-
dependent relaxation modes for samples that were so thick
relative to the molecular dimension. The end-to-end di-
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mension of PPO can be estimated as RETE ≈ 3 nm —far
less than the thickness, ≈ 100 nm, at which these effects
were first observed.

Secondly, in mainstream theories of polymer dynamics
there is supposed to be no difference between the temper-
ature dependence of normal-mode and segmental relax-
ations; both are proportional to the monomeric friction
coefficient [3]. The relaxation rate of the chain is separated
into the product of the monomeric friction coefficient and
geometrical factors that describe the chain itself, and the
differences according to the degree of polymerization (N)
depend on factors of N . The success of this interpretation
is the basis of time-temperature superposition [3]. The
data presented above can be interpreted as showing sig-
nificant breakdown of time-temperature superposition in
these thin films.

While there is some precedent for discrepancy when
a bulk sample approaches Tg [32,33], for bulk samples
those effects are observed only in much closer proximity to
Tg, closer to Tg by an order of magnitude of temperature
Kelvin [3,32,33]. We emphasize that all of these experi-
ments concern temperature at least 30 K above the bulk
Tg.

We have given much thought to possible mechanisms
by which it might be possible to explain these findings
trivially. First, concerns have often been expressed, re-
garding the case of much higher-molecular-weight chains
than in the present study, that anomalous behavior related
to the glass transition in thin polymer films might be in-
troduced by orientation induced by spin-coating. In those
samples it might not be possible to anneal spin-induced
orientation completely, but this would not be reasonable
to argue here. The anomalies reported here were largest
for the samples of lowest molecular weight, whose relax-
ation time was the most rapid, and furthermore the sam-
ple preparation times far exceeded the longest relaxation
times (≈ 1/fmax), measured directly in these experiments.
Therefore the chain configurations in these thin-film sam-
ples appear to have been equilibrated. Secondly, it is not
reasonable to explain these findings by supposing that the
sample became partitioned into two populations, one with
the same properties as a bulk sample, and a second with
surface-modified properties, as has been done for fluids
confined within curved pores [34,35]; the thickness of a
surface-bound layer, on the order of the end-to-end dis-
tance, was too much less than the total thickness. There-
fore, the preponderant contribution to the measured re-
sponses should come from chains in the interior of the
confined geometry. Third, it does not seem reasonable to
dismiss these results as a trivial outcome of dewetting.
While it is true that some small amount of dewetting was
always present, metastable thin films could be produced,
and reversibility of these measurements was confirmed (as
discussed in Sect. 2).

Therefore, all things considered, we take these phe-
nomenological measurements to be legitimate challenges
for theoretical understanding. This study differs from
most studies in this area in that the confinement was sym-
metric and without strong attraction to the walls. In this

respect it resembles the study of free-standing films [36],
but unlike that case the approach to study dielectric re-
sponses after confinement between dewetting solid sur-
faces makes it possible to study normal-mode responses
significantly above the bulk glass transition temperature.
Whether the rigidity of the walls might influence chain
relaxation times owing to mechanical interaction with vis-
coelastic eigenmodes [37] is an interesting recent sugges-
tion. Indeed, it remains an open question whether these
confinement-induced effects have a fundamental relation
to the glass transition problem, or perhaps stem for other
reasons from geometrical confinement.

It is worth emphasizing that recently we measured
qualitatively similar slowing down of the normal mode,
but not the segmental mode, when cis-polyisoprene was
confined between (dewetting) mica sheets [16]. To observe
the same in this second system of flexible polymer chains
suggests that the phenomenon is not system-specific.
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