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We investigate the effects of clay proportion and nanoscale dispersion in the dielectric response of poly�vi-
nyl alcohol�-bentonite nanocomposites. The dielectric study was performed using the thermally stimulated
depolarization current technique, covering the temperature range of the secondary and high-temperature relax-
ation processes. Important changes in the secondary relaxations are observed at low clay contents in compari-
son with neat poly�vinyl alcohol� �PVA�. The high-temperature processes show a complex peak, which is a
combination of the glass-rubber transition and the space-charge relaxations. The analysis of these processes
shows the existence of two segmental relaxations for the nanocomposites. Dielectric results were comple-
mented by calorimetric experiments using differential scanning calorimetry. Morphologic characterization was
performed by x-ray diffraction �XRD� and transmission electron microscopy �TEM�. TEM and XRD results
show a mixture of intercalated and exfoliated clay dispersion in a trend that promotes the exfoliated phase as
the bentonite content diminishes. Dielectric and morphological results indicate the existence of polymer-clay
interactions through the formation of hydrogen bounds and promoted by the exfoliated dispersion of the clay.
These interactions affect not only the segmental dynamics, but also the secondary local dynamics of PVA.
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I. INTRODUCTION

Polymer-inorganic nanocomposites have attracted great
interest due to their improved properties in comparison with
neat polymer or microscale composites like polymer-
polymer blends or networks. There is a broad diversity in the
inorganic nanofillers used depending on the intended appli-
cation. This variety ranges from metal to insulators and in-
cludes spherical, cylindrical, and flake shapes �1–3�. Due to
the nanoscale dispersion of the inorganic phase, very small
filler content is enough to affect several properties on the
polymer matrix. In polymer-clay nanocomposites the nano-
filler is a smectite-type layer silicate with an interlayer spac-
ing between individual sheets of about 1 nm thick. These
individual silicate sheets with lateral dimension of about
1 �m are piled up parallel to each other and coupled with
weak electromagnetic forces of dipolar or van der Waals ori-
gin. The interlayer coupling in natural smectites usually in-
volves inorganic cations �such as Li+, Na+, K+, Ca2+, and
Mg2+� attached to the negatively charged silicate surface �4�.
Depending on the experimental technique used, as well as on
the compatibility between the clay and the polymer matrix,
three basic types of clay dispersion are possible: �a� a
microphase-separated compound with tactoids formation, �b�
a clay-polymer intercalation with an increase in the interlayer
spacing, and �c� an exfoliated morphology with individual
silicate sheets dispersed within the polymer matrix �4�. In
order to provide detailed microstructural information about
clay dispersion in polymer nanocomposites, a combination

of x-ray diffraction �XRD� and transmission electron micros-
copy �TEM� is needed �5,6�. Different experimental tech-
niques have been developed to produce intercalated and ex-
foliated polymer-clay morphologies. Typically the first step
involves the improvement of clay-polymer compatibility,
usually through organic modification of the clay via a cation-
exchange process in which the inorganic cation is replaced
with a higher-molecular-weight organic cation �7�. The next
step for nanocomposite preparation is related to the clay
blending in the polymer through monomer polymerization,
melt blending, or solvent casting procedures �5–8�. In water-
soluble polymers such as poly�ethylene oxide� or poly�vinyl
alcohol�, it is possible to obtain a good clay dispersion with-
out the organic modification of the clay through the solvent
casting method in water because of the hydrophilic character
of most natural smectites �9�. Earlier studies of polymer-clay
nanocomposites have focused on preparation, structural in-
formation, and thermal or mechanical improvements of the
polymer matrix �4�. Over the last years attention has centered
on understanding how the polymer-clay interaction and mor-
phology correlate with the dynamic behavior of the polymer
matrix at different scales. Because of the high surface-to-
volume ratio of clays, it is expected that even for low filler
content, a highly dispersed configuration allows a high frac-
tion of polymer-clay interphase, and depending on the inter-
molecular interactions, a modification of the polymer mo-
lecular mobility appears �10�. For intercalated morphologies
the modification in chain dynamics is associated with nano-
confinement caused by dimensional restrictions of nanomet-
ric scale �11,12�. As a consequence of the cooperative nature
of the glass-rubber transition, usually the study of macromol-
ecules dynamics in polymer-clay nanocomposites is re-*mahernan@usb.ve
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stricted to the segmental mobility associated with the glass
transition temperature of the polymer. Several studies about
molecular dynamics in these systems have been performed
including mechanical �5,7,12�, dielectric �10,11,13� and ther-
mal analysis �14�. For materials with dielectrically active
segments, the use of techniques such as dielectric spectros-
copy or thermally stimulated depolarization current �TSDC�
are of great interest to explore intra- and intermolecular in-
teractions in polymer nanocomposites. Due to its low equiva-
lent frequency, the TSDC technique is particularly effective
resolving polymer dynamics at different scales ranging from
segmental and high-temperature cooperative relaxations
�15–17� to local secondary relaxations �18–20�. Besides, a
wide variety of systems such as copolymers �18�, polymer
blends �19�, liquid crystals �21�, and polymer nanocompos-
ites �13,22,23� have been recently studied with the TSDC
technique. The high resolution and sensitivity obtained with
the TSDC technique makes it important for the exploration
of polymer dynamics in nanocomposites �24�. The effects on
molecular mobility around the glass-rubber transition when a
nanoscale clay dispersion is present are far from being elu-
cidated. Several studies report an increase of the glass tran-
sition temperature—i.e., a slowing down of the segmental
relaxation—in intercalated and exfoliated morphologies �14�
and silica nanocomposites �25�. This behavior has been ex-
plained as a consequence of the restricted molecular mobility
of attached chains on the clay surface. In contrast, similar
morphologies show a speedup �decreasing on Tg� of the
glass-rubber relaxation with the addition of silicate clay
�10,12� which is ascribed to local free-volume changes or
dimensional restrictions. In complex systems with different
molecular dynamics it is possible to observe two different
segmental relaxations. In polymer-nanoparticle composites
the appearance of two separate glass-rubber transitions has
been reported in a variety of materials. Usually one of the
glass transitions is associated with the bulk polymer matrix
while the other is related to polymer-inorganic interactions in
the interphase zone around the nanofiller. The new glass-
rubber transition is observed both above �14,23� and below
�11� the bulk polymer segmental relaxation in clay and silica
nanocomposites. These behaviors are explained as the ap-
pearance of a new zone near the polymer-clay interphase in
which the polymer-filler interactions produce dramatic
changes in polymer dynamics. It is expected that strong
polymer-clay interactions also affect the noncooperative sub-
glassy relaxations. Detailed studies of the effect of nanoscale
inorganic dispersion on local dynamics are rarely reported
�22�. A comprehensive understanding of the local and coop-
erative dynamic behavior near the polymer-clay interphase is
incomplete and requires further investigation. In the present
work a study of the polymer-clay interactions and morphol-
ogy effects in the polymer dynamics at different scales is
presented for a series of poly�vinyl alcohol�-bentonite �PVA-
be� nanocomposites. We use a high-resolving-power and
high-sensitivity dielectric technique �TSDC�, which allows
us to resolve the molecular mobility on different scales: from
local secondary relaxations to cooperative segmental and in-
terphase processes. The dynamic characterization of the
amorphous phase was complemented by and correlated with
polymer-clay effects on the crystalline phase through calori-

metric results �differential scanning calorimetry �DSC��. In
addition, morphology studies with XRD and TEM character-
ization were also performed. These complementary studies
allow a more complete picture of the effects of the polymer-
clay interaction and morphology on the dynamical behavior
of the amorphous and crystalline polymer phases.

II. EXPERIMENT

A. Materials

The clay used is a natural montmorillonite �bentonite�
obtained from Minersis �Santiago, Chile�, under the trade
name of W-140P. The poly�vinyl alcohol� (PVA,
�–CH2CH�OH��n–) is a product of Fluka with a degree of
hydrolysis of 98% and a Mw=47,000 g mol−1.

B. Sample preparation

The PVA-be nanocomposites were prepared by a solvent
casting procedure. The bentonite was suspended in distilled
water at room temperature and sonicated for 30 min in an
ultrasonic bath; the PVA is diluted in distilled water and
stirred for the same time in a magnetic hot plate stir at a
temperature of 85 °C. Both solutions are then mixed in a
common beaker, stirred for additional 60 min at 85 °C, and
poured onto a glass plate. The nanocomposite film formed
was left to dry out at room temperature for several days. The
film preparation for the neat PVA is identical, except for the
absence of the clay blending step.The PVA-be nanocompos-
ites studied have a bentonite content of 0, 1, 2, and 5 wt % in
PVA.

C. X-ray diffraction

For the x-ray diffraction �XRD� analysis, a Bruker AXS
model D8 was used, covering in the diffractograms the 2�
range from 1.5 to 13, with a Cu K� radiation of �
=1.5406 Å.

D. Transmission electron microscopy

A JEN-1220 was used for TEM studies; samples were
prepared using pieces of film from each composition that
were cast in epoxy used as a matrix. Films were microtomed
into 100–200-nm slices and placed on a copper grid and
imaged with an accelerating voltage of 100 kV.

E. Thermally stimulated depolarization current

TSDC experiments are performed in a high-vacuum cell
and measuring system designed in our laboratory. The
sample is disk shaped, 18 mm in diameter and 200 mm thick,
located inside the TSDC cell between two parallel-plate ca-
pacitors, with sapphire disks of 20 mm diameter placed be-
tween the sample and the plates. In order to prevent moisture
effects, all samples were carefully dried in a high-vacuum
environment at room temperature for several days. In the
polarization protocol a voltage Vp=400 V is applied at the
polarization temperature Tp during a time tp �typically 3
min�, long enough to reach the equilibrium polarization at

HERNÁNDEZ et al. PHYSICAL REVIEW E 77, 051801 �2008�

051801-2



this temperature. In the course of polarization a pure nitrogen
atmosphere is used. Once the time tp takes place, the sample
is quenched and the equilibrium polarization is frozen in; at
the final temperature of 80 K, the voltage is turned off and
the depolarization protocol begins. In this protocol, the cell is
filled with helium gas, the sample is connected to an elec-
trometer �Cary Vibrating Reed model 401 M�, and the depo-
larization current is automatically recorded as the tempera-
ture rises at a constant rate of b=6 K min−1. The
polarization conditions are chosen to properly separate sec-
ondary sub-Tg relaxations from the glass-rubber transition
and higher-temperature relaxations.

F. TSDC analysis

The low-temperature secondary relaxations are studied by
the direct signal analysis �DSA� method �26�. This method is
a numerical deconvolution of a global TSDC spectrum in N
elementary Debye processes, each of them described by the
Arrhenius equation for the relaxation time ��T�. The basic
idea is to decompose a complex spectrum in N elementary
relaxations equally spaced in an energy interval whose com-
bination best fits the whole experimental TSDC data, without
any assumption about the distribution of the relaxation times.
This method has been successfully used in studies of
hydrogen-bonded effects in moisture nylon-6 �27�, triblock
copolymers �18� and blends of
policarbonate-poly��-caprolactone� at different extents of
miscibility �19�. The high-temperature TSDC spectra may
show a complex behavior with important modifications in
profile and position depending on the polymer interactions
and nanoheterogeneities. Within this zone it is expected to
observe the glass-rubber transition and the space-charge re-
laxation. To characterize the glass transition relaxation peak,
the dipolar contribution is described by the Williams-Landel-
Ferry �WLF� zeroth-order approximation for the temperature
dependence of ��T� �28�. According to this model the dipolar
contribution to the current density can be expressed as

J�i�T� = J0i
exp��i�T − Tgi��

exp��i�T − Tgi�/T� + 1
, �1�

where �i, �i, J0i, and Tgi are constants that characterize the
shape and position of the glass transition relaxation. The
charge redistribution relaxation peak, the conduction part of
the current density, can be described with the expression

JQ�T� = Q0f�T��� +
1

T
�exp�− f�T�� , �2�

with f�T�= T
b�0

exp���T−Tg�� where b is the heating rate, �
and �0 are constants related to the WLF approximation for
��T�, and Q0 is proportional to the intensity of the charge
peak. This model has been successfully used to study the
effects of structural relaxation on the glass transition tem-
perature and charge redistribution peak for tyrosine-derived
polycarbonates �15� and polyarylates �29�.

G. Differential scanning calorimetry

In order to determine the differences in thermal properties
of the polymer and nanocomposites samples, studies of DSC

were employed using a Perkin-Elmer DSC-7; sample
weights of 5.0–7.0	0.1 mg were used. The samples were
sealed in aluminum pans under a nitrogen atmosphere of
high purity. The rank of temperatures studied went from 273
to 523 K and heated at the scanning rate of 20 K min−1; at
least two samples of the same composition were used for
each run. The temperature was controlled with a precision
not less than 	0.1 K over the whole measured temperature
interval. Tg measurements were determined using the mid-
point inflection method. First scans were used in order to
obtain Tg, Tm, Tc, and 
Hf. The heat of fusion, 
Hf, is de-
termined by the area under the melting peaks by integration
of melting exotherms and is directly proportional to the de-
gree of crystallinity �Xc�, which can be calculated by

Xc =

Hf

�1 − wb�
H�
� 100, �3�

where wb is the weight fraction of the filler in the nanocom-
posite and 
H� is the heat of fusion for an infinitely large
crystal. In the case of PVA �30�, 
H� was reported to be
138.6 J g−1.

III. RESULTS AND DISCUSSION

A. XRD and TEM results

Figure 1 presents the XRD curves for all nanocomposites.
The main diffraction peak of bentonite around 2�=6 corre-
sponds to the basal interlayer distance with d�100�be=14.7 Å.
For the PVA-be 5%, a broad and small peak can be observed
at 4.5�2��5, with a mean interlayer distance of d�100�be5
=18.7 Å. This shift to lower angles of the basal spacing
from natural bentonite to the PVA-be 5% is consistent with
partial polymer intercalation into the clay galleries at this
composition. This diffraction peak is absent for the low-clay-
content samples PVA-be 2% and PVA-be 1%, indicating an
important exfoliated morphology at these compositions.

In order to complement the XRD results, TEM micro-
graphs of all samples were made and are presented in Fig. 2
as �a�, �b�, and �c� for PVA-be 5%, PVA-be 2%, and PVA-be
1%, respectively.

FIG. 1. XRD spectra of bentonite, PVA, and PVA-be nanocom-
posites: �solid line� bentonite, ��� PVA-be 5%, ��� PVA-be 2%,
��� PVA-be 1%, and ��� PVA.
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TEM results show an important fraction of exfoliated clay
dispersed in PVA. XRD results, together with TEM charac-
terization, indicate that at the PVA-be 5% composition, par-
tially intercalated arrays are formed, and when the clay con-
tent decreases, the exfoliated extent is improved as the

individual sheets of clay are more dispersed within the poly-
mer matrix.

B. DSC results

The effect of the content of bentonite in the crystallization
behavior of PVA was studied. The relevant thermal transi-
tions and enthalpies are listed in Table I.

Figure 3 shows representative data concerning the influ-
ence of bentonite content on the crystallization temperature
of PVA. As can be seen, the Tc of PVA increases with the
presence of bentonite. This result indicates the nucleation
effect of the surface of the bentonite, which may be driven
by the strong specific interactions between the PVA and the
silicate. Specifically, the vinyl alcohols of the PVA form hy-
drogen bonds with the surface oxygen of silicates �31�. This
behavior is not dependent on the final morphology of the
nanocomposite—i.e., exfoliated and/or intercalated. The in-
fluence on the degree of crystallization of PVA due to the
presence of bentonite is shown in Fig. 4. The increase in the
amount of clay reduces the extent of the bulk crystallization
of PVA. There is a reduction of almost 20% in crystallinity
as can be seen in the graph. In spite of being a good nucle-
ating agent, the increase in the content of clay reduces the
extent of the crystallization, as shown in Fig. 3. This result
may be explained on the basis of different interactions of the
surface of the clay with the polymer, independently if the
interactions occur with exfoliated surfaces or intercalated
surfaces. In particular, the main interaction would correspond
to the formation of hydrogen bonds between the PVA hy-
droxyl groups and water adsorbed on bentonite surface. This
contributes to the reduction of the crystallinity of PVA due to
the reduction of the interchain hydrogen bonds responsible

(a)

(b)

(c)

PVA/be 5%
200 nm

PVA/be 2%
200 nm

PVA/be 1%
200 nm

FIG. 2. �Color online� TEM micrographs: �a� PVA-be 5%, �b�
PVA-be 2%, and �c� PVA-be 1%.

TABLE I. Calorimetric results of PVA and PVA-be nanocomposites.

Sample Tg	1 �K� Tm	1 �K� Tc	1 �K� 
Hf �J /g� Xc

poly�vinyl alcohol� 320 492 450 76.5 0.552

PVA-be 1% 301 493 462 65.0 0.474

PVA-be 2% 303 496 458 53.2 0.392

PVA-be 5% 297 493 462 49.3 0.374

bentonite content (wt%)
0 1 2 3 4 5

T
c

(K
)

445

450

455

460

465

FIG. 3. Crystallization temperature as a function of bentonite
content.
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for the crystallization of PVA. Studies of the crystalline
phase of similar PVA-MMT nanocomposites have been done
by Strawhecker and Manias �9,32�.

These investigations demonstrate the nucleating nature of
bentonite, driven by the strong specific interactions between
the PVA and the silicate. These authors affirm that the crys-
tals grown on the MMT surface are associated with hydrogen
bonds between PVA groups and the silicate oxygen atoms
�32�. The decrease in the heat of fusion as the clay content
increases has been reported in PVA-MON blends �33� and is
associated with the reduction of PVA crystallinity by well-
dispersed montmorillonite. The study of polymer crystalliza-
tion in clay nanocomposites and its comparison with the in-
organic phase morphology is a subject far from been
elucidated. In particular, for PVA nanocomposites the influ-
ence of clay dispersion and hydrogen-bonding interactions
introduce additional complications to the analysis.

C. TSDC results

Figure 5 shows �as symbols� the TSDC spectra between
80 and 230 K, corresponding to the secondary relaxations of
neat PVA and the PVA-be nanocomposites studied.

The spectra were polarized at Tp=220 K with a normal-
ization of 1 MV m−1. In this figure it is possible to appreci-
ate broad multicomponent relaxations with three main com-
plex modes �, �1, and �2, around 100, 160, and 200 K,
respectively� whose relative contribution modifies substan-
tially the spectra profile for each sample. The weaker spec-
trum corresponds to the PVA homopolymer, while the stron-
ger spectra correspond to the lower-clay-content samples
�PVA-be 1% and PVA-be 2%�. These latter samples also ex-
hibit a low-temperature shift of the �1 mode. The differences
observed indicate important changes in the reorientable di-
polar species responsible for the processes that originate lo-
cal molecular dynamics as the clay dispersion is improved.
In order to quantify the local relaxations effects of clay dis-
persion, a numerical decomposition of these spectra is made
and the relaxation time distribution is obtained �26�. This is
performed assuming the existence of 30 elementary Debye
processes �enough to guarantee an adequate convergence�,
with a temperature dependence of the relaxation time de-
scribed by the Arrhenius equation. The parameters obtained
for the fitting procedure are the preexponential factor �0i, the
activation energy E0i, and the elementary contribution to the
total polarization, P0i. The result of the relaxation time dis-
tribution for a typical analysis is presented in Fig. 6 for neat
PVA.

In Fig. 6�a� the experimental data �open circles� and nu-
merical fit �solid line� are presented. The excellent fit ob-
served corresponds to a sum of squared residuals of �2

�10−10. Similar fitting results are obtained for the rest of the
samples and plotted as solid lines in Fig. 5. The polarization
corresponding to each elementary Debye peak as a function
of its activation energy is shown in Fig. 6�b�. In Fig. 6�c� is
presented the dependence of the preexponential factor with
the activation energy of each elementary process. The energy
histogram was fitted to three main relaxations, assuming
Gaussian profiles, labeled as , �1, and �2 and shown in Fig.

FIG. 4. Amorphous phase fraction as a function of bentonite
content. Solid line is drawn to guide the eye.

FIG. 5. Low-temperature TSDC spectra of PVA and PVA-be
nanocomposites: ��� PVA, ��� PVA-be 1%, ��� PVA-be 2%, and
��� PVA-be 5%. Solid lines correspond to the fitting results.

FIG. 6. DSA results for the PVA secondary relaxations: �a� ���
experimental data and �solid line� fit. �b� Energy histogram with the
contribution of each elementary Debye process to the total polar-
ization. �c� Preexponential factor dependence with the activation
energy.
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6�b� as solid lines. Secondary relaxations in PVA are related
to noncooperative rotation of OH side groups and local twist-
ing motions about the main chain �crankshaft motion� �34�.
The presence of hydroxyl groups originates strong effects on
the polymer properties due to the formation of inter- and
intramolecular hydrogen bonds between OH groups or be-
tween OH and absorbed moisture; the formation of H bonds
between neighboring OH groups can be used to explain the
existence of a high crystalline phase in this polymer without
any specific stereoregularity �34�. Investigations of the low-
temperature relaxations of PVA consist of both mechanical
�34–37� and dielectric �34,35,38,39� studies. The mechanical
results include the appearance of two distributed processes,
named as  and � modes �34,35�, or one very broad second-
ary relaxation labeled as � �36,37�. Dielectric results in the
frequency domain only show a single broad relaxation
identified as � relaxation �34,35,38,39�. As a consequence
of its low equivalent frequency, the TSDC technique
allows one to resolve three distributed processes , �1, and
�2, with mean activation energies of Ea = �27 	 8�
kJ /mol ��0.28	0.08� eV�, Ea�1= �46	9� kJ /mol ��0.48
	0.09� eV�, and Ea�2= �60	4� kJ /mol ��0.62	0.04� eV�
for pure PVA. Here the Gaussian distribution width for each
process is used as an overestimated uncertainty for compari-
son with previous results. The activation energies reported
for the � mode in frequency dielectric experiments per-
formed in PVA, including dry samples at different crystal-
linities, are the following: Ea�= �55	3� kJ /mol �34�, Ea�

=52 kJ /mol �35�, and Ea�=59 kJ /mol �38�. Our TSDC re-
sults reveal that the � mode is composed of two overlapping
processes �1 and �2, which could not be resolved at the
frequency domain. The activation energies reported for the �
mode would be an average of the �1 and �2 modes clearly
resolved by TSDC. In fact, an attempt to resolve numerically
this overlapping is made by De La Rosa et al. �38�, finding
two processes with activation energies of 40 and 66 kJ/mol.
On the other hand, to our knowledge, there are no previous
mechanical or dielectric experimental results reporting sec-
ondary  relaxation for PVA. This mode, due to its low ac-
tivation energy, could be associated with localized rotations
of small lateral groups �hydroxyl groups� or absorbed mol-
ecules. Numerical simulations of PVA dynamics using atom-
istic models �40� give an estimation of Ea

= �11	4� kJ /mol for local reorientation movements of hy-
droxyl groups, which should be used as the lower limit for
the activation energy of this relaxation. Some comparison
has been done between vinyl polymers and polysaccharides,
in order to elucidate the common origin of local conforma-
tional changes of polar side groups �37,38�. Dielectric results
on dextran and cellulose �41� report for the hydroxyl groups
rotation in dextran, an activation energy of Eadex
= �32	9� kJ /mol, and a numerical deconvolution of sec-
ondary dielectric results in cellulose gives the same activa-
tion energy Eacell=32 kJ /mol for the hydroxyl group rota-
tion. These activation energies are in good agreement with
our results for the  relaxation in PVA. The former discus-
sion allows us to assume a common origin for the noncoop-
erative conformational changes in side OH for dextran, cel-
lulose, and poly�vinyl alcohol�, with similar activation
energy. To quantify the effect of clay dispersion on the sec-

ondary relaxations of PVA, a comparison of the mean acti-
vation energy �Fig. 7�a�� and polarization �Fig. 7�b�� for each
component as a function of clay content is made.

As contrasted to neat PVA, the activation energy of the 
mode for all the nanocomposites shifts to lower energies
with a nearly constant value of �0.23	0.01� eV. The acti-
vation energy of the �1 and �2 modes for PVA-be 5% is
almost the same as that obtained for equivalent modes in
neat PVA. For the PVA-be 1% and PVA-be 2% samples a
shift to lower energies of the �1 mode and a slight shift to
higher energies for the �2 mode are observed in comparison
to neat PVA. The relative contribution of each mode to the
polarization of the secondary relaxation is presented in Fig.
7�b�. The trend observed indicates an important promotion of
the main process, the �1 mode, with the addition of dispersed
clay. This effect is improved at the lower bentonite content
�PVA-be 1% and PVA-be 2%� where the clay dispersion is
enhanced. The same trend is observed for the  mode, with a
factor of approximately 3 between the relative polarization
of neat PVA and PVA-be 2% samples. The �2-mode contri-
bution to polarization does not show a noticeable variation
with bentonite content. Contrasting the results presented in
Figs. 7�a� and 7�b�, it can be affirmed that the �2 mode is
almost insensitive to the addition of clay in PVA. As this is
the higher-energy mode, the �2 process could be a partially
activated relaxation related to the Johary-Goldstein Tg pre-
cursor. A different behavior is observed by the  and �1
modes in which a plasticization effect—i.e., a reduction of

FIG. 7. DSA analysis for the PVA and PVA-be nanocomposites:
�a� mean activation energy and �b� contribution to the polarization,
as a function of bentonite content. Solid line is drawn to guide the
eye.
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the activation energy and improvement of chain mobility—is
produced at the lower clay content. This behavior could be
associated with water firmly attached to specific polar sites,
probably by forming hydrogen bonds �42�. Due to the hydro-
philic character of the natural bentonite used, the presence of
water attached at the clay surface is expected. As the samples
studied are all carefully dried before their characterization, it
is reasonable to state that any moisture effects on polymer
dynamics come from this firmly bound clay-attached water.
In PVA the hydrogen bonds are the dominant interaction re-
sponsible for both structure and molecular dynamics. As a
consequence of these bonding interactions, water is capable
to destroy inter- and intrachain hydroxyl bounds, affecting
crystalline regions in PVA and acting as a plasticizer by in-
ducing the rise in the free-volume size in the amorphous
phase �43�. A possible interpretation of the results obtained
indicates that at the PVA-bentonite interphase, clay-attached
water induces a rupture in the inter- and intrachain hydrogen-
bonded hydroxyl groups, forming a new H bond with one of
the OH groups. The remained free hydroxyl group is now
able to contribute to the polarization with local OH confor-
mational motions �origin of the  mode� or with a more
cooperative relaxation associated with local motions of chain
segments ��1 mode�. The small lowering of the activation
energy observed in both relaxations suggests a slight increase
in the free volume around the polymer-clay interphase, indi-
cating a disruption of polymer chain packing around the in-
organic phase; a similar behavior has been reported in
polymer-fumed silica nanocomposites �44�. In our PVA
nanocomposites the effect over the  and �1 relaxations is
enhanced at the lower clay content, when the clay dispersion
is mostly in the exfoliated state and a larger area of the clay
is exposed to the polymer matrix. Dielectric studies of sec-
ondary relaxations in polymer nanocomposites are scarcely
reported. In PMMA+SiO2 nanocomposites �22�, the ob-
served effects on the side-chain relaxation of PMMA are
associated with hydrogen-bonded interactions between silica
and ester carbonyls. In contrast, in PVA nanocomposites
�35�, no effects on the  and � relaxations have been re-
ported in both mechanical and dielectric characterizations.
Therefore to the best of our knowledge, the presence of this
effect is being discussed for the first time in this work. The
TSDC characterization of the high-temperature relaxations,
between 200 and 310 K, is presented in Fig. 8 �as symbols�
for PVA-be nanocomposites and neat PVA.

The polarization temperature was Tp=296 K, and the
spectra were normalized to 1 MV m−1. Similar TSDC ex-
periments performed at a polarization temperature of 345 K
demonstrate the absence of relaxation processes between 300
and 345 K for all samples measured. The relaxations ob-
served in this figure show a complex behavior with important
modifications in profile and peak positions for all samples
studied. Within this temperature range, it is expected to ob-
serve the dielectric manifestation of the glass-rubber transi-
tion �segmental relaxation�, as well as the contribution of the
space-charge redistribution peak due to the presence of
blocking electrodes �15,29�. In order to properly quantify the
contribution of each relaxation process to the TSDC spectra,
a combination of Eqs. �1� and �2� is used, by means of a
standard nonlinear fitting procedure. To obtain reliable re-

sults, the existence of two segmental relaxations must be
considered. Within these assumptions the high-temperature
TSDC relaxations can be expressed as

J�T� = J�1�T� + J�2�T� + JQ�T� , �4�

the high-temperature segmental relaxations, and JQ is the
conduction contribution to the depolarization current. The
solid lines in Fig. 8 show the fitting results for all samples
studied using Eq. �4�. It is important to note that for the neat
PVA spectrum, the numerical analysis applying Eq. �4� pro-
duces only one segmental relaxation; i.e., the contribution of
J�1 to the TSDC spectra is neglected in this sample. Figure 9
presents a typical deconvolution of the high-temperature
TSDC spectrum for the PVA-be 5% nanocomposite; in this
figure, the solid line represents the low-temperature segmen-
tal relaxation J�1, and the high-temperature segmental relax-
ation �J�2� is represented as a dotted curve.

FIG. 8. High-temperature TSDC spectra of PVA and PVA-be
nanocomposites: ��� PVA, ��� PVA-be 1%, ��� PVA-be 2%, and
��� PVA-be 5%. Solid lines correspond to the fitting results.

FIG. 9. Deconvolution of the high-temperature TSDC spectrum
for the PVA-be 5% nanocomposite: ��� experimental data, �solid
line� J�1�T�, �dotted line� J�2�T�, �dashed line� JQ�T�, and �dot-
dashed line� total.
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This analysis shows the existence of two segmental dy-
namics as a consequence of clay dispersion. Therefore, there
are two glass-rubber transition temperatures associated with
this complex segmental relaxation process. Figure 10 shows
the split of the two glass transition temperatures �plotted as
Tg�2−Tg�1� as a function of clay content.

The trend observed in Fig. 10 demonstrates the existence
of two clearly distinguished molecular dynamics at the scale
of the segmental relaxations, which separate in temperature
as the clay dispersion is improved �i.e., as the extent of ex-
foliated bentonite increases�. Figure 11 presents the glass
transition temperatures obtained dielectrically �Tg�1 and
Tg�2� and its comparison with DSC results as a function of
the amorphous phase.

In this figure the solid triangles �Tg mean� are obtained av-
eraging the two glass transitions observed dielectrically. The
Tg mean in Fig. 11 shows that both calorimetric and dielectric
measurements present the same trend as a function of the
amorphous phase. The possibility of distinguishing two seg-
mental dynamics with the TSDC results �observed as one
mean Tg by DSC� is related to the high resolving power of
this dielectric technique, associated with its low equivalent
frequency. Similar results are reported in miscible blends
where nanoheterogeneities produce two different segmental

dynamics observed dielectrically by the TSDC technique
�17,45�, but detected as one glass-rubber transition by DSC.
In polymer nanocomposites, the observation of different seg-
mental dynamics, depending on the resolution of the experi-
mental technique, is discussed in poly�methyl acrylate� with
fluoromica �46� comparing spin-label electron spin reso-
nance and DSC. As observed in Fig. 11 all the calorimetric
glass transitions are above the dielectric Tg mean in about 40
K. The differences in heating rates of both techniques �20
K/min for DSC and 6 K/min for TSDC� might explain in part
this variation �47�. In addition, as the dried process for both
techniques is different, a lower content of residual water
molecules is expected in samples used for the calorimetric
studies. In PVA water contents below 5% could plasticize in
more than 30 K, the glass transition temperature �43�. In
order to complement the analysis of the high-temperature
relaxations, Fig. 12 presents the TSDC area of each relax-
ation process as a function of the amorphous phase.

For the segmental relaxations two different trends are ob-
served: the area of the low-temperature relaxation �1 �open
triangles� increases as the amorphous phase diminishes �with
the improvement of bentonite dispersion�; by the other side,
the high-temperature relaxation �2 �open squares� diminishes
its J�T� area with the decrease of the amorphous phase. The
charge redistribution relaxation area �solid circles� shows an
important reduction with the addition of the inorganic phase.
This behavior for the charge relaxation is consistent with
changes in the amorphous-crystalline interphase with the
presence of the inorganic phase. For dipolar processes, the
areas under a J�T� curve are representative of the number of
dipoles in the amorphous phase whose reorientation contrib-
utes to the total polarization. Comparing Figs. 11 and 12, the
existence of two distinct dynamics in the amorphous zone at
the scale of the cooperative molecular motions associated
with the segmental relaxation is clear. The low-temperature
segmental relaxation �1 �open triangles in Figs. 11 and 12�
shows a shift to low temperature of Tg �around 20 K in
comparison to neat PVA�, and an increase of the number of
reorientable molecular chains as the bentonite dispersion im-
proves �i.e., as the fraction of polymer-clay interfacial region

FIG. 10. Split of the segmental relaxations as a function of
bentonite content.

FIG. 11. Glass transition temperatures as a function of the amor-
phous phase: ��� Tg�1, ��� Tg�2, ��� Tg mean, and ��� Tg DSC.
Straight lines are drawn to guide the eye.

FIG. 12. High-temperature TSDC area of each relaxation pro-
cess as a function of the amorphous phase: ��� JQ�T�, ��� Tg�1, and
��� Tg�2. Straight lines are drawn to guide the eye.
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increases�. These results are consistent with the presence of
important polymer-clay interactions responsible for this new
segmental dynamics at the amorphous zone surrounding in-
dividual clay palettes. The enhancement in molecular mobil-
ity associated with the shift to lower temperatures of the Tg�1
suggests that polymer-clay interactions in this zone induce an
increase in the free volume. This explanation is consistent
with the results obtained on the  and �1 modes for the
secondary relaxation and interpreted as the results of
hydrogen-bonded interactions between hydroxyl groups and
firmly bonded clay-attached water. In our results, the same
mechanism responsible for the plasticization of the local
modes may be used to explain the results obtained for the
low-temperature segmental relaxation. As the scale of mo-
lecular movements is larger in segmental modes, the effects
of such hydrogen-bonded assisted polymer-clay interactions
are more evident at the high-temperature relaxations. Similar
results on exfoliated poly�propylene-graft-maleic anhydride�
organophilic clays with local free-volume enhancement have
been reported �10�. The high-temperature segmental relax-
ation ��2� is presented in Figs. 11 and 12 as open squares and
shows a rise in the glass transition temperature among a drop
in the number of reorientable molecular chains as crystallin-
ity increases. Assuming that this relaxation is related with the
bulk amorphous phase, the areas for all nanocomposites fall
bellow the linear dependence between peak area and amor-
phous content �18� when a comparison with neat PVA is
made. These results are consistent with a strong hindering
effect on the cooperative motions for this relaxation as a
consequence of crystal-amorphous interactions �48�. The
presence of a rigid amorphous phase for the nanocomposites
must be a consequence of constraints imposed by the crys-
talline phase and the clay morphology as the intercalated
dispersion increases.

IV. CONCLUSIONS

The effects on the amorphous and crystalline phases due
to clay dispersion and polymer-clay interactions have been
studied in PVA-bentonite nanocomposites using a whole va-
riety of experimental techniques such as DSC, XRD, TEM,
and TSDC. Morphologic results reveal an important presence
of exfoliated morphology for all compositions with an im-
provement in clay dispersion as bentonite content dimin-
ishes. Even though in the crystalline phase the clay acts as a
nucleating agent, the overall PVA crystallization diminishes
with increases of the clay content. This behavior is the result
of two types of hydrogen-bonded polymer-clay interactions
in competition. For the amorphous phase of PVA, the TSDC
results reveal important effects on polymer dynamics with
the addition of bentonite. For the low-temperature secondary
relaxations, better clay dispersion promotes local modes with
a plasticization effect. This behavior is explained as the re-
sult of polymer-clay hydrogen-bonded interactions mediated
by firmly bonded clay-attached water. TSDC results at the
high-temperature relaxations reveal the existence of two seg-
mental dynamics for the nanocomposites: a low-temperature
segmental relaxation associated with the fraction of polymer-
clay interfacial region which is influenced by hydrogen-
bound interactions with firmly bounded clay-attached water
and a high-temperature segmental relaxation driven by the
crystalline phase and clay morphology.
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