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The behavior of polymer fluids in restricted space can be
very different from that in the bulk, especially when the
molecules are confined to dimensions comparable to their sizes.
The dynamics of macromolecules in thin films or in porous
media has attracted the scientific interest for more than a decade
with the general trends in the data and the outstanding issues
highlighted in a number of reviews.1-5 There has been consider-
able experimental evidence for significant reductions in the glass
transition temperature,Tg, of thin polymer films with decreasing
film thickness, indicative of enhanced segmental motion. It is
recognized that a free surface and/or a nonwetting hard interface
play the key role in these effects,6,7 whereas a strongly attractive
surface may alter the behavior. The effects of confinement on
the motion of entire macromolecules are less clear2,5 and are
not further discussed herein.

Besides planar polymer films, other experimental geometries
have been utilized to study the effect of confinement on the
segmental motion. Dispersion of polymer nanospheres in a
medium8 or of nanoparticles in polymer matrices9 have been
used likewise. The equivalence in the behavior between polymer
nanocomposites and thin polymer films has recently been
quantitatively verified for silica/polystyrene nanocomposites.10

Utilizing polymer/layered silicate nanocomposites has been
proven particularly advantageous in this respect. Mixing poly-
mers with layered silicates leads to the formation of organic/
inorganic hybrids with enhanced properties.11 Three different
types of structures can be identified in these systems: the phase-
separated microcomposites, where polymer and silicate are
immiscible, the intercalated nanocomposites, where the polymer
chains reside between the layers of the inorganic material
forming 0.8-2.5 nm thin films, and the exfoliated ones, where
the silicate layers are dispersed in the polymer matrix.12 The
intercalated nanohybrids are especially interesting since they
offer the opportunity to investigate the static and dynamic

properties of macromolecules in nanoconfinement utilizing,
however, macroscopic samples and conventional analytical
techniques.13-17

The segmental motion of poly(methylphenylsiloxane), PMPS,
in intercalated nanocomposites, with PMPS confined within the
1.5-2.0 nm spacing between organically modified silicates, was
studied by dielectric spectroscopy.15 Very fast dynamics was
observed in confinement with a very weak, yet non-Arrhenius,
temperature dependence that extends well below the bulk
polymerTg. At the same time, quasi-elastic neutron scattering
showed a significant acceleration of the effective mean-square
displacement in confinement17 near the bulk PMPSTg. Quad-
rupole spin-echo2H NMR on polystyrene/organosilicate hybrids
showed a wide distribution of relaxation times whereas Si-H
cross-polarization NMR attributed the fast relaxations to seg-
ments located near the middle of the 2 nm layer.16

Hydrophilic polymers, like poly(ethylene oxide), PEO, can
intercalate within hydrophilic silicates such as sodium or lithium
montmorillonite, Na+MMT or Li +MMT. These materials, in
which a polymer electrolyte/cation system is confined between
inorganic layers, exhibit interesting electromechanical responses,
rendering them potential candidates for applications as electro-
lytes in solid-state batteries.18 Investigation of PEO intercalated
within Li+MMT by solid-state 2H NMR13 and thermally
stimulated depolarization current14 revealed rich dynamics over
a broad temperature range with fast relaxing segments existing
even at such low temperatures where the bulk PEO shows a
completely solidlike response. Moreover, an increase of ionic
conductance at room temperature was observed in PEO/Li+-
MMT18,19 when compared to more conventional PEO/Li+BF4

systems.
In this paper, a dielectric spectroscopy investigation is

presented, aiming to probe the role of nanoconfinement on both
the polymer and the cation dynamics utilizing intercalated
polymer/layered silicate nanocomposites with∼1 nm PEO films
residing within the galleries of hydrophilic Na+MMT. Confine-
ment results in a speed-up of the PEO segmental relaxation
dynamics, which display an Arrhenius temperature dependence
and persist for temperatures much lower than the bulkTg.
Moreover, the ionic mobility is found to be enhanced in the
nanocomposites.

PEO/Na+MMT nanocomposites were synthesized by direct
melt mixing of PEO homopolymer (Mw ) 100 000,Tg ) -67
°C andTm ) 65 °C, Aldrich) with Na+MMT (Southern Clay)
in compositions that covered the range from pure polymer to
pure clay. The presence of hydrated Na+ makes the galleries
hydrophilic so that polar polymers can mix without the need of
modification of the silicate hosts. The two components were
mixed in the appropriate amounts, grinded in a mortar to get a
fine powder, annealed in a vacuum oven at 100°C for 2 days,
grinded again, and pressed in a form of a pellet. The structure
of the hybrids was investigated by X-ray diffraction (RINT-
2000 Rigaku diffractometer; 12 kW rotating anode generator,
Cu KR radiation,λ ) 1.54 Å), polarizing optical microscopy
(POM), and differential scanning calorimetry (DSC). Figure 1
shows the X-ray diffraction patterns for the pure components
and the nanohybrids. The pure Na+MMT shows a main (001)
diffraction peak at 2θ ) 8.8°, which corresponds to an interlayer
spacing of 1.0 nm. As the PEO concentration increases, the Na+-
MMT diffraction peak disappears and two other peaks emerge
at 6.8° and 4.8° that correspond to interlayer distances of 1.30
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and 1.85 nm and whose relative intensities depend on the PEO
content. At concentrations up to 20 wt %, the PEO chains within
the galleries form either a single- or a double-layer structure of
disordered liquidlike chains, in accordance with simulation
results.19 Further increase of the PEO concentration reveals only
double layers of intercalated PEO chains. Moreover, for PEO
content below 70 wt % no peaks are observed that can be
assigned to the crystalline structure of PEO. Indeed, DSC and
POM measurements on these hybrids reveal that the PEO chains
remain amorphous, in agreement with the XRD data. It is only
for PEO concentrations higher than 70 wt % that two peaks at
18.9° and 23.2° emerge, which agree with the diffraction peaks
of bulk PEO due to its monoclinic crystal structure (with a unit
cell parameter of 1.93 nm along the helix axis). This indicates
crystallization of the excess polymer outside the completely full
galleries.

Dielectric spectroscopy (DS) was used to investigate the
collective dynamics of PEO in the frequency range 10-2-106

Hz (Novocontrol BDS with a Solatron-Schlumberger frequency
response analyzer FRA 1260). The measured complex dielectric
permittivity, ε*(ω) ) ε′(ω) - iε′′(ω), is given by the one-sided
Fourier transform of the time derivative of the dipole-dipole
correlation functionC(t); for nonzero dipole moment perpen-
dicular to the chain contour,C(t) probes local motions. The
sample was residing between two gold-plated stainless steel
electrodes (diameter 20 mm) in a cryostat. Theε*(ω) data were
analyzed with the empirical Havriliak-Negami (HN) function
ε*(ω) ) ε∞ + ∆ε/[1 + (iωτHN)R]γ, whereτHN is the character-
istic relaxation time,∆ε ) ε′0 - ε′∞ is the relaxation strength
of the process, andR, γ (0 < R, Rγ e 1) describe the symmetric
and asymmetric broadening of the distribution of relaxation
times. An additional ionic conductivity contribution at low
frequencies and high temperatures is accounted for by anω-1

dependence. Alternatively, the electric modulus,M*, representa-
tion of the dielectric data was used, whereM*(ω) ) 1/ε*(ω);
this allows extracting the ionic mobility in addition to the
polymer mobility. Herein we have employed analysis in both
representations, but the reported relaxation times are from the
M* representation.20 Νote that in the analysis of bothε* and
M* the fitting procedure involved fitting theâ-relaxation at low
temperatures to a single Havriliak-Negami process and extract-
ing the shape and dielectric strength parameters. At higher
temperatures, both theR′- and R-processes (see below) were
fitted using fixed shape parameterγ (γ ) 1) for both processes

together with the shape parameters for theâ-process obtained
at low temperatures.

Figure 2 shows representative plots of the imaginary part of
the electric modulus,M′′(ω), as a function of frequency for pure
PEO and two different PEO/MMT nanohybrids at a pair of
temperatures. At these temperatures, a localâ-process and a
segmentalR-process are evident in the spectrum of bulk PEO
(Figure 2e,f). A process appears, however, in the nanocompos-
ites at intermediate frequencies (Figure 2a-c), which is termed
R′; this process is present in all composite spectra (together with
the â-process) whereas theR-process is observed only in the
polymer-rich composites, i.e., in nanohybrids with both inter-
calated and in-excess PEO chains outside the galleries (e.g.,
for the 80 wt % hybrid in Figure 2c,d). The various processes
are illustrated in Figure 2 together with the complete fit to the
M′′(ω) data.

The most probable relaxation times of the PEO/Na+MMT
hybrids with 50, 70, and 80 wt % PEO are shown in Figure 3
as exemplary cases of the rich nanocomposite dynamics. The
solid line corresponds to theR-process and the dashed one to
theâ-process of pure PEO. The relaxation times of theR-process
for bulk PEO conform to the Vogel-Fulcher-Tammann (VFT)
equationτ ) τ0 exp[B/(T - T0)], with τ0 ) 1.0 × 10-11 s the
high-temperature intercept,B ) 2700( 300 K the activation
parameter, andT0 ) 112 ( 10 K the “ideal” glass transition
temperature. The relaxation times for theâ-process of the pure
PEO follow an Arrhenius dependenceτ ) τ0 exp[E/RT] with a
single activation energyE ) 35 ( 0.5 kJ/mol and aτ0 ) 6 ×

Figure 1. Wide-angle X-ray diffraction patterns for the PEO/Na+MMT
nanocomposites as a function of PEO content (weight percent). The
lines indicate the interlayer distances of galleries composed of single
and double layers of PEO (at low angles) and the characteristic peaks
of monoclinic PEO. The inset shows the interlayer distance,d001, of
Na+MMT (2) and nanocomposites with single (9) and double (b)
layers of PEO.

Figure 2. Imaginary part of the electric modulus for the PEO/Na+-
MMT composites with PEO weight content of 50% atT ) 183 K (a;
upper left) andT ) 223 K (b; upper right), 80% atT ) 193 K (c;
middle left) andT ) 235 K (d; middle right), and for pure PEO atT
) 193 K (e; lower left) andT ) 233 K (f; lower right). The processes
needed for the deconvolution of the spectra are shown with dash-
dotted (â), dashed (R′), and dotted (R) lines, whereas the solid lines
are the summations of the processes (together with the conductivity at
high temperatures, which is not shown).

Macromolecules, Vol. 39, No. 16, 2006 Communications to the Editor5171

CDV



10-15 s characteristic of a local process (R is the gas constant).
For the 50 wt % hybrid as well as for all hybrids with lower
PEO content, the usual PEOR-process is not observed at all.
The PEO segments are all confined within the galleries and relax
with the fasterR′-process, which exhibits an Arrhenius tem-
perature dependence with a single activation energy. The fast
local â-process is observed with a rate comparable to that of
bulk PEO21 due to its local character. In contrast, for the
composites with 70 and 80 wt % PEO, where excess PEO exists
outside the galleries, both theR- andâ-processes are observed
almost identical to those of pure PEO. ThisR-process is due to
the segmental motion of the amorphous regions of the PEO
chains that reside outside the galleries and crystallize similarly
to bulk PEO. TheR′-process, with dynamics intermediate
between theR- andâ-processes, is observed in these systems
as well, with Arrhenius dependence and a dielectric strength
that is an increasing function of the clay content, i.e., of the
ratio of confined to unconfined chains. The process is due to
PEO confined within the galleries. The activation energies of
theR′-process vary from 28( 3 kJ/mol for the 80 wt % to 17
( 2 kJ/mol for the 70 wt %, 13( 3 kJ/mol for the 50 wt %,
and 12( 2 kJ/mol for the 30 wt % in PEO.

The main finding on the effect of confinement on polymer
mobility is the appearance of a dielectric process, intermediate
between theR- and â-processes, which exhibits Arrhenius
temperature dependence. For low PEO content, the PEO chains
are intercalated within the galleries and the singleR′-process
reflects the accelerated segmental dynamics. For high PEO
content (above 50 wt %), a fraction of the PEO chains are
intercalated with the remaining chains residing outside the
galleries and being able to crystallize. The coexistingR- and
R′-processes originate from the unconfined and confined
amorphous PEO segments, respectively (PEO segments lying
in the vicinity of the outer clay surface may also contribute to
the R′-process22,23).

In addition to the polymer mobility, the effect of confinement
on the ionic mobility is investigated. It is well-known that the
negatively charged silicate sheets contain charge-compensating

mobile cations (Na+) within the galleries. Figure 4a shows the
real and imaginary parts of the electric modulus for bulk PEO
and for three PEO/Na+MMT nanocomposites. The characteristic
relaxation times of the conductivity relaxation, obtained from
the maximum ofM′′ and shown in Figure 4b, display the
common VFT dependence and a characteristic speed-up at the
bulk melting temperature,Tm, for all samples with excess PEO
outside the galleries; no jump is observed for the 50 wt %
composite where the PEO does not crystallize. When compared
under isothermal conditions, the presence of Na+MMT clay
promotes ion transport both below and above the bulkTm, and
the higher the percentage of confined PEO, the faster is the ion
mobility. This should be related to the noncrystalline structure
of the confined PEO.24 It is noted that computer simulations of
PEO/Li+MMT intercalates19 showed that the ion hopping
through the local energy minima of the MMT surface is assisted
by the faster PEO segmental motion, thus enhancing ionic
mobility.

The effect of confinement will, in general, depend on the
way monomers pack near a “wall” and on the strength of the
monomer-wall interactions. Simulations show25 that chains
adopt a preferentially parallel configuration near a wall with
oscillations in the monomer density profile, which lead to
enhanced monomeric mobilities extending over distances, which
increase with supercooling in excess of the chain dimensions.
Under severe confinement this “interphase” may extend over
the whole film, thus leading to faster relaxation. Alternatively,
the argument of a characteristic length scaleê of cooperatively
rearranging regions has been invoked in studies of low-
molecular-weight glass-formers and polymers. Within this
argument one may think that at very high temperaturesê is
smaller than the interlayer spacingd; thus, no difference can
be expected between bulk and confined PEO. As temperature
decreases, the bulk dynamics deviate from the Arrhenius
dependence at the onset of cooperativity andê increases
unhindered. Thus, the bulk dynamics can be increasingly
retarded compared to that within the galleries, whered places
a limit on ê. This qualitative argument is supported by
quantitative comparisons of the data for the confined PMPS15

with the primitive relaxation time of Ngai’s coupling model.26

The Arrhenius dependence of theR′-process in PEO/Na+-
MMT should be contrasted with the VFT one of the fast process
in confined PMPS.15 This may reflect that bulk PEO is less
fragile than PMPS with a steepness indexm () d[logτ(Tg)]/

Figure 3. Arrhenius relaxation map for the PEO/Na+MMT nanocom-
posites with 50 wt % (a), 70 wt % (b), and 80 wt % (c) PEO. The
â-process (filled symbols), theR′-process (half-filled symbols), and
the R-process (open symbols) in the composites are shown together
with the R-process (solid line) andâ-process (dashed line) for bulk
PEO. The error bars are comparable to the size of the symbols.

Figure 4. (a) Real (O, 4, 3, 0) and imaginary (b, 2, 1, 9) parts of
the electric modulus at 303 K for pure PEO (O, b) and PEO/Na+-
MMT composites with 95 wt % (4, 2), 80 wt % (3, 1), and 50 wt %
(0, 9) weight fraction of PEO. (b) Temperature dependence of the
ionic relaxation times of the samples in (a) with the vertical line
denoting theTm of bulk PEO.
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d(Tg/T) at τ(T ) Tg) = 1 s) of 22 compared to 73 for PMPS.
Second, it may be due to the different intermolecular cooper-
ativities of PEO and PMPS: PEO, with the small monomeric
volume and flexible backbone, is expected to be predominantly
intramolecularly cooperative27 whereas PMPS, bearing a bulky
side chain, more intermolecularly cooperative.28 Thus,êPEO <
êPMPS, giving rise to the observed Arrhenius dependence.

In conclusion, it is shown that the main effect of the
confinement of PEO within the silicate layers is to significantly
enhance the segmental mobility expressed via theR′-process
with an Arrhenius temperature dependence and a single activa-
tion energy. Moreover, increased ionic mobility compared to
that of bulk PEO was observed. The results are discussed on
the basis of current views on local dynamics in confinement
within both the cooperativity arguments and the layering ideas.
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