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ABSTRACT: Natural rubber (NR), polyurethane rubber
(PUR), and NR/PUR-based nanocomposites were prepared
by adding a pristine synthetic layered silicate (LS; sodium
fluorohectorite) in 10 parts per hundred parts rubber, fol-
lowing the latex compounding route. The dispersion of the
LS latices in the composites was studied by means of X-ray
diffraction (XRD) and transmission electron microscopy
(TEM). The morphology-dependent dielectric properties of
the produced nanocomposites were examined using broad-
band dielectric spectroscopy (BDS) at ambient temperature.
Besides the glass/rubber transition of the polymer matrices,

interfacial polarization (IP) is evident in the produced nano-
composites. The a-relaxation, as well as the b-mode, in the
PUR-containing nanocomposites proved to be less affected
by the presence of LSs. The obtained experimental data sug-
gest that the LS is more compatible with and thus better
intercalated by the PUR than by the NR which was prevul-
canized in this case. � 2007 Wiley Periodicals, Inc. J Appl
Polym Sci 106: 1405–1411, 2007
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INTRODUCTION

Polymer-based nanocomposites contain nanometer
size fillers usually in rather small amount. The phys-
ical, mechanical, and electrical properties of nano-
composites can be tailored by their preparation
routes (incorporation of ‘‘preformed’’ particles or in
situ production of the latter) and formulations (e.g.,
types and content of nanoinclusions). Nanocompo-
sites can be used in diverging sectors as structural
and functional materials (e.g., coatings, packaging to
medical or biomedical products, electronic and pho-
tonic devices, dielectrics and electrical insulators,
smart materials).1,2 Rubber nanocomposites incorpo-
rating layered silicates (LSs) as reinforcement are
attracting increased scientific and technological inter-
est. This is due to the high reinforcing efficiency of
the LS, even at very low loading. Note that the aver-
age thickness of LS is 1 nm and its aspect ratio
(length to thickness ratio) may be as high as 2000 for
some man-made LSs.3–6 LSs in the polymer matrix
usually attain intercalated and exfoliated structures.
In the first structure, the polymer molecules are
inserted between the silicate layers expanding the

basal spacing, while in the second one individual sil-
icate platelets are dispersed randomly in the poly-
mer matrix.3 In the present study, natural (NR) and
polyurethane rubbers (PUR) as well as their blend
are used as matrices for the production of a set of
nanocomposites. Nanocomposites were prepared by
adding a pristine synthetic LS (sodium fluorohector-
ite) in 10 parts per hundred parts rubber (phr), fol-
lowing the latex compounding route. The dispersion
of the LS in the composites was studied using X-ray
diffraction (XRD) and transmission electron micros-
copy (TEM). The morphology-dependent dielectric
properties of the produced nanocomposites were
examined by using broadband dielectric spectros-
copy (BDS) at ambient temperature.

EXPERIMENTAL

Materials

As LS a synthetic sodium fluorohectorite (Somasif
ME-100) from Co-op Chemicals (Tokyo, Japan) was
selected. This LS had a cation exchange capacity of
100 meq/100 g and an intergallery distance of 0.95 nm.
Note that this LS exhibits a very high aspect ratio,
� >1000. Sulfur prevulcanized NR latex was pro-
cured from the Rubber Research Institute of India
(Kottayam, Kerala, India). This concentrated, high-
ammonia (1%) NR latex contained 60% dry rubber.
For prevulcanization, this latex was mixed with
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sulfur and zinc dimethyl dithiocarbamate under
slow stirring as described elsewhere.5 The com-
pounded latex was then heated to 708C in a water
bath with low stirring for 4 h. The prevulcanized la-
tex obtained was cooled to room temperature and
the initial ammonia content was restored by adding
ammonia solution. The NR latex was then stored in
tight plastic bottles until use. PUR latex (Impranil
DLP-R) containing � 50% polyester-based poly-
urethane was supplied by Bayer AG (Leverkusen,
Germany).

Film casting

The prevulcanized NR latex was mixed with the
aqueous dispersion of LS (10%) and stirred well. The
dirt and coarse particles were removed by filtering
through a sieve (opening 250 lm) and the latex com-
pound was cast in a mold build of glass plates
(dimensions: 130 mm 3 100 mm 3 2 mm). The cast-
ing was allowed to dry in air till transparent and
post vulcanized at 1008C for 30 min in an air circu-
lated oven. Fully vulcanized samples were then
cooled and packed in sealed polyethylene bags for
testing. Aqueous dispersion of LS was added to the
PUR latex stirred and cast as indicated above and
air dried till transparent. Note that PUR has not
been cured and the LS amount in the related compo-
sites was 10 phr.

Latex blends of PUR/NR with and without LS
were produced in a similar way as described above.

Morphology detection

The dispersion of LS in the latex films was studied
using XRD and TEM. XRD spectra were obtained in
transmission mode using Ni-filtered CuKa radiation
(k 5 0.1542 nm) by a D500 diffractometer (Siemens,
Munich, Germany). The samples were scanned in
step mode by 1.58/min rate in the range of 2y < 128.
For comparison purpose, the XRD spectrum of the LS
powder was also registered, however, in reflection.

Thermal characterization

A Diamond (Perkin–Elmer, Shelton, USA) differen-
tial scanning calorimeter operating at a scan rate of
108C/min was used to characterize thermal transi-
tions in pure and reinforced PUR, NR, and PUR/NR
systems. Samples were placed in an aluminum cruci-
ble and an empty aluminum crucible served as refer-
ence. Temperature was varied from 280 to 608C.

Dielectric response

Broadband dielectric measurements were performed
in the frequency range of 1023 to 107 Hz, by means

of Alpha-N Frequency Response Analyser (Novocon-
trol Technologies GmbH, Hundsangen, Germany) at
RT (�208C). The employed test cell was a two elec-
trodes plate capacitor, BDS 1200 supplied also by
Novocontrol, which was suitably shielded. Samples
were placed between parallel electrodes without any
surface treatment.

RESULTS AND DISCUSSION

Morphology

Morphology of polymer matrix/LS nanocomposites
exhibit three different configurations: (a) micro-
phase-separated composites, where polymer matrix
and LSs remain immiscible; (b) intercalated struc-
tures, where polymer molecules are inserted
between the silicate layers; and (c) exfoliated struc-
tures, where individual silicate layers are dispersed
in the polymer matrix.3,7,8 Furthermore, the coexis-
tence of two or more configurations in a nanosystem
cannot be excluded. XRD patterns and TEM images
are the two most frequently used techniques for
identifying the intercalation/exfoliation of LS in poly-
meric composites.3,8 Results from the XRD spectra
of the LS and the LS-containing films of various
compositions are presented in Table I. The LS spec-
trum includes three peaks. According to Bragg’s
equation these peaks correspond to the following
interlayer distances: 1.22, 1.10, and 0.96 nm; so, the
LS used contained some small fractions with higher
intergallery distance than the bulk material.5 The
intercalation of LS by NR, in the related compound,
becomes evident since the interlayer distance of the
LS increased to 1.19–1.31 nm. The position and
shape of the related XRD peak suggested that the
degree of NR intercalation is rather poor and various
NR-intercalated LS populations exist.5 Considerably
better intercalation of LS has been achieved by the
PUR latex. The relative XRD spectrum exhibits two
well-separated peaks, where the major peak indi-
cates that the interlayer distance of the LS widened
to 1.73 nm from the initial 0.95 nm. This effect can
be assigned to the higher polarity of PUR compared
to NR, which favors the compatibility with LS.5 The
response of the reinforced blend (PUR/NR 1 10 phr
LS) includes also two peaks, corresponding at some-
how higher interlayer distances with respect to those
of PUR. The absence of the characteristic peak of LS
in the XRD spectra of the nanocomposites has been
used as a first hand indication for the exfoliation of
the clay platelets.8 However, as the XRD intensity at
low angles and at partial exfoliation of the silicate is
strongly reduced, the missing peak in the spectrum
does not necessarily mean exfoliation. At this point
the inspection of TEM images could provide useful
information for the exfoliation or not of silicates. TEM
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images shown in Figure 1 give evidence for the good
dispersion of LS, mostly in intercalated stacks, in
PUR. The high aspect ratio of LS is clearly recogniz-
able by considering some flat-on laying LS platelets.

The TEM pictures in Figure 2 show the dispersion
of LS in the PUR/NR latex blend. Since, NR and
PUR are not compatible (amplified by the prevulca-
nization of NR), and the intercalation of LS by NR is
poor,5 the LS stacks are preferentially located in the
PUR phase.5 The LS is mostly intercalated by PUR,
but few exfoliated silicate platelets can also be found
on the related TEM pictures. In a previous study,5 it
was shown that silicate layers and aggregates cover
the NR particles, resulting in a skeleton (house of
cards) structure. This peculiar morphology is rather
specific for NR nanocomposites produced by the la-
tex route if the length of the LS is commensurable
with that of the rubber particle size in the latex.

Thermal analysis

Figure 3 shows the DSC thermographs of all the
tested samples. In all cases a glass/rubber transition
is recorded. In the heating traces of PUR/NR and
PUR/NR 1 10 phr LS samples, two distinct steps
are present, corresponding to the glass transition of
each polymer constituent. Glass transition tempera-
tures were determined by using suitable software
supplied by Perkin–Elmer, via the point of inflection
of the transition (Table II).

Dielectric response

BDS has been proved to be a powerful tool for the
investigation of molecular mobility, phase changes,
conductivity mechanisms, and interfacial effects in
polymers and complex systems.9,10 Dielectric data
can be analyzed by means of different formalisms
such as dielectric permittivity mode or electric mod-
ulus mode. In the present study, all dielectric data
and the related relaxation processes are investigated
via the electric modulus formalism. Electric modulus
is defined as the inverse quantity of complex permit-
tivity by the following equation:

M� ¼ 1

e�
¼ 1

e0 � je00
¼ e0

e02 þ e002
þ j

e00

e02 þ e002
¼ M0 þ jM00

(1)

where e0, M0 are the real and e00, M00 the imaginary
parts of dielectric permittivity and electric modulus,

TABLE I
Peak Position and Interlayer Distance as Derived

from the XRD Spectra of the LS-Reinforced
Rubber Nanocomposites

Peak position (2y, 8)
Interlayer

distance (nm)

LS 7.25/8.04/9.31 0.95/1.10/1.22
NR 1 10phr LS 6.75/7.43 1.19/1.31
PUR/NR 1 10phr LS 4.23/6.75 1.31/2.09
PUR 1 10phr LS 5.11/7.19 1.23/1.73

For comparison reason results from the XRD spectrum
of LS are also included.5

Figure 1 TEM images at two magnifications for the PUR 1 10 phr LS nanocomposite.
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respectively. Electric modulus formalism offers some
advantages in the interpretation of bulk relaxation
phenomena in complex systems.11–13 Because of its
own definition, large variation in the permittivity
and loss at low frequencies is minimized. Further,
difficulties occurring from the electrode nature and
electrode/specimen contact, and conduction effects
owing to the injection of space charges and absorbed
impurity can be neglected.11–13

Figure 4 depicts the dielectric response of the
employed rubber matrices at room temperature. The
highest values for both real and imaginary part of
electric modulus are recorded for NR, implying via
Eq. (1) that NR is a material of low dielectric permit-

tivity and loss. Considering the variation of the real
part of electric modulus (M0) as a function of fre-
quency [Fig. 4(a)] one can notice a common feature
for all three specimens: the onset of a step-like tran-
sition from low to high values of M0 at a given fre-
quency. NR exhibits only one transition in the low-
frequency edge, while in the spectra of PUR and
PUR/NR samples three distinct transitions have
been recorded (indicated by arrows). These transi-
tions imply the presence of relaxation processes and
should be accompanied by relative loss peaks when
plotting the imaginary part of electric modulus (M00)
versus frequency [Fig. 4(b)]. The electric modulus
loss index (M00) for NR attains high values in the
low-frequency range and only its course suggests
that here a peak may be present. In pure NR, the ab-
sence of a reinforcing phase excludes all interfacial
relaxation phenomena. As NR has no polar side

Figure 2 TEM images at two magnifications for the PUR/NR 1 10 phr LS nanocomposite. Note: the vulcanized more or
less spherical NR particles are well resolved.

Figure 3 DSC thermographs for all the examined sys-
tems.

TABLE II
Glass Transition Temperatures (Tg) and Conductivity

(s)a of all the Examined Systems

Tg (8C) r (S cm21)

NR 264.1 8.56 3 10216

NR 1 10 phr LS 264 4.71 3 10215

PUR 21.1 1.11 3 10213

PUR 1 10 phr LS 21.8 1.90 3 10212

PUR/NR 26.4/265.0 3.56 3 10213

PUR/NR 1 10 phr LS 26.6/265.4 5.28 3 10214

a Conductivity values correspond to the lowest mea-
sured frequency of 1023 Hz.
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groups the recorded electrical relaxation must be
attributed to the glass/rubber transition (namely a-
relaxation). However, the corresponding loss peak is
not completely recorded due to the low value of the
glass transition temperature, Tg 5 264.18C (cf. Fig.
3). Full recording of the a-relaxation peak requires
measuring at lower frequencies or higher tempera-
tures. On the other hand, in the PUR and PUR/NR
spectra three relaxation modes appear. From the
low-frequency edge to the high one, the relaxation
mechanisms are attributed to interfacial polarization
(IP) or Maxwell–Wagner–Sillars (MWS) effect, glass/
rubber transition (a-mode), and polar side groups
motion (b-mode). IP has been detected in the dielec-
tric spectrum of PUR systems in previous stud-
ies.14,15 Its occurrence was ascribed to ionic polariza-
tion at the interface of hard and soft regions and to
variations of morphology between amorphous and
crystalline segments. The corresponding peak of the
PUR/NR blend is formed at higher frequencies; it is
broader and acquires an increased maximum value
of modulus loss index. Since PUR and NR are not
compatible,5 it is possible that the observed changes

are introduced by the presence of the two polymer
phases within the same system. Loss peak position
of a-mode for both the pure PUR sample and the
PUR part of the blend is recorded at the same fre-
quency, while the glass/rubber transition of the NR
part of the blend appears to be absent in the exam-
ined frequency range. Finally, at higher frequencies
a faster relaxation process occurs. This can be
assigned to the motion of PUR polar side groups
imposed by the applied electric field.

The real (M0) and the imaginary (M00) parts of elec-
tric modulus as a function of frequency for the LS-
reinforced specimens are shown in Figure 5. Just like
NR, the NR 1 10 phr LS specimen attains higher
values and in the low-frequency region exhibits a
step-like transition from low to high values of (M0).
However, this transition appears to be broader and
less sharp than for the pure NR. The existence of a
second phase (viz., LS) in the NR 1 10 phr LS nano-
composite is expected to give rise to IP or MWS
effect. Plotting the imaginary part of electric modu-
lus (M00) as a function of frequency [Fig. 5(b)] results

Figure 4 Real (a) and imaginary (b) part of electric modu-
lus for the (&) NR, (*) PUR, and (!) PUR/NR systems.

Figure 5 Real (a) and imaginary (b) part of electric modu-
lus for the (n) NR 1 10 phr LS, (l) PUR 1 10 phr LS, and
(!) PUR/NR 1 10 phr LS nanocomposites.
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in the formation of a broad or double peak in the
low-frequency range. Ascribing the recorded loss
index trace to specific relaxation process or processes
cannot be carried out unambiguously. It is reasona-
ble to suggest that the presence of the LS filler shifts
the glass transition temperature to somewhat higher
value, and at the same time, facilitates the formation
of large dipoles at the interface of the system. Inter-
calation of polymer molecules within parallel solid
layers has been considered7,16–19 as responsible for
changing the dynamics of the polymer chains. Seg-
mental relaxation of confined chains is faster than
that of the bulk polymer.7,18,19 Isolated polymer mol-
ecules within the galleries are not involved in coop-
erative molecular motions. This results in higher
relaxation rate or lower glass transition temperature.
Considering that both processes (IP and chain relax-
ation) are slow, it is thus possible to resolve them in
the same, relative narrow, frequency range. In that
case, the two modes are overlying to each other and
their deconvolution requires the investigation of
temperature effect upon the recorded dielectric
response.

On the other hand the PUR/NR 1 10 phr LS sam-
ple is characterized by the presence of, at least two
transitions, while the PUR 1 10 phr LS system ex-
hibit a rather complex behavior. Plotting the imagi-
nary part of electric modulus (M00) as a function of
frequency [Fig. 5(b)] indicates the corresponding
peaks. The presence of PUR a-relaxation mode is
evident in both systems and it is recorded in the
same frequency region as for the pure PUR. At
higher frequencies the b-relaxation process is
detected. In the low-frequency range, the PUR/NR
1 10 phr LS spectrum resembles to the response of
PUR and thus the corresponding peaks should be
originated by the same physical process. Shape, in-
tensity, and maximum locus of both peaks are
almost identical and thus they are attributed to IP.

The situation becomes different in the case of the
PUR 1 10 phr LS sample, where its low-frequency
peak is very broad, shifted to higher frequency and
its intensity is significantly lower. IP or MWS effect
is observed in heterogeneous systems because of the
accumulation of mobile charges at the constituents
interface. One of the characteristics of MWS effect is
the high values of dielectric permittivity in the low-
frequency range, which vanish rapidly with fre-
quency.11–13 Furthermore, increasing the heterogene-
ity of the system yields enhanced values of the
dielectric loss index (e00). At this point, it should be
noted that expressing the same data in the electric
modulus formalism via Eq. (1) will provide reducing
values of modulus loss index (M00) with the increase
of the intensity of IP. So, it is reasonable to suggest
that the lower values of the modulus loss index (M00)
is a strong indication for the existence of pronounced

interfacial phenomena in the PUR 1 10 phr LS sys-
tem. In addition, the broadness of the corresponding
peak should be related to interactions occurring
between the constituents of the system. It is evident
from Figures 4 and 5 that the dielectric response of
the PUR 1 10 phr LS system, especially in the low-
frequency range, is essentially different from the cor-
responding behavior of all the other nanocomposites.
This suggests significant differences in their mor-
phologies. Recalling the XRD data for the PUR 1 10
phr LS nanocomposite, there are two intercalated LS
populations (cf. Table I). Thus, it is reasonable to
suggest that these two geometries of the intercalated
entities contribute to interfacial relaxation phenom-
ena with slightly different dynamics or relaxation
times. Keeping also in mind that a possible partial
exfoliation, produces isolated silicate layers causing
additional interfaces in the system. The formation of
dipoles at the interfaces, with varying geometrical
characteristics, of the PUR 1 10 phr LS nanocompo-
site gives rise to relaxation processes. Such differen-
ces in the geometry are reflected by the rate of
dielectric response or relaxation time of each contrib-
uting entity. Superposition of all interfacial effects
leads to the formation of the broad peak, whose
maximum locus is recorded at a frequency higher
than that of the pure PUR. This shift intimates a
faster overall relaxation process (shorter relaxation
time) caused by the induction of, reduced in size,
dipoles at the intercalated (or exfoliated) LS interfa-
ces. Resolving the complex form of dielectric spec-
trum and evaluation of the relaxation time of each
process requires measuring the same effects with
temperature as a parameter, which will be the sub-
ject of a forthcoming study. Loss peak positions for
the a and b relaxation modes of the PUR seem not
be influenced by the presence of LS filler. In a previ-
ous study, concerning PUR latex/water dispersible
boehmite alumina nanocomposites, it was found that
their dielectric spectrum displays three distinct and
well-separated relaxation processes (IP, a-mode, and
b-mode).20 This is an indirect support for the above
argumentations. Hence since PUR-based nanocom-
posites exhibit a complex dielectric response only in
the presence of LS.

For comparison, the dielectric behavior of all
tested systems is given in the Cole–Cole plot (cf. Fig.
6). The suppressed semicircles correspond to the
relaxation processes occurring in each of the speci-
mens. Variation of the semicircles radius as well as
the position and amplitude of the recorded proc-
esses, express the influence of composition and rein-
forcement. With the exception of the NR sample, the
traces of all other specimens are passing from the or-
igin of the M00 5 f(M0) diagram indicating that no
other relaxation process is present in their dielectric
spectra at lower frequencies. It is noteworthy that
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conductivity values for all specimens was low (Table
II), and thus no considerable contribution to the elec-
trical response of the systems is expected to subsist.
Conductivity relaxation is a slow electrical process
characterized by enhanced relaxation time, com-
pared with that of IP. The coincidence of the begin-
ning of the semicircles with the origin of the dia-
gram provides secondary support to the conclusion
that the slower recorded process corresponds to IP.
The uncompleted semicircle trace of NR is in accord-
ance with its low glass transition temperature.

CONCLUSIONS

The morphology-dependent dielectric response of
NR-, PUR-, and PUR/NR-based nanocomposites,
prepared by adding a pristine synthetic LS (sodium
fluorohectorite) in 10 phr, following the latex com-
pounding route, was investigated in the present
study. From the experimental data the following
conclusions can be drawn. IP is detected in the low-
frequency region of the dielectric spectra for all
nanocomposites. In the high-frequency edge the
PUR-containing systems exhibit b-relaxation mode
resulting from the motion of polar side groups. LS
appears to be more compatible and thus better inter-
calated by the PUR than by the NR. NR is a material
of low dielectric permittivity and loss, and its a-
mode is not fully recorded due to its low glass tran-
sition temperature. The presence of LS as reinforce-

ment modifies its performance due to the occurrence
of IP and possible variation of the dynamics of con-
fined/intercalated polymer chains. The dielectric
spectrum of PUR/NR 1 10 phr LS exhibits three
relaxation processes attributed to IP, glass/rubber
transition of PUR, and b-mode. The complex form of
the dielectric spectrum of the PUR 1 10 phr LS was
attributed to the superposition of interfacial relaxa-
tion phenomena considering two intercalated popu-
lations of LS in PUR. Finally, the a and b relaxation
modes of PUR were less significantly affected by the
presence of LS.
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