Macromolecules

ARTICLE

Macromolecules 2010, 43, 643-651 643
DOI: 10.1021/ma902379t

Molecular Dynamics of Natural Rubber/Layered Silicate Nanocomposites
As Studied by Dielectric Relaxation Spectroscopy

Marianella Hernandez,* "+ Javier Carretero-Gonzalez,* Raquel Verdejo,i
Tiberio A. Ezquerra,’ and Miguel A. Lépez-Manchado**

Umve; sidad Simon Bolivar, Departamento de Mecanica, Valle de Sartenejas, Caracas 1081, Venezuela,
nstituto de Ciencia y Tecnologia de Polimeros, CSIC, Madrid 28006, Spain, and *Instituto de Estructura de la
Materia, CSIC, Madrid 28006, Spain

Received October 26, 2009, Revised Manuscript Received December 4, 2009

ABSTRACT: The segmental chain dynamics in nonvulcanized and vulcanized natural rubber/layered
silicate nanocomposites has been studied by dielectric relaxation spectroscopy. Special consideration has
been devoted to the effect of clay type and loading on the time scale of the relaxation processes. Results reveal
that the type and concentration of clay do not have an effect on the segmental mode of the NR matrix, while
the vulcanization reaction slows down the segmental dynamics. A new mode, slower than the segmental
dynamics but faster than the normal mode associated with the chain dynamics, has been observed for both
vulcanized and nonvulcanized nanocomposites with fillers having high levels of intercalation. We attribute
the new mode to a restricted segmental dynamics of natural rubber chains located at the clay/rubber

interfacial regions.

1. Introduction

Nanotechnology is recognized as one of the most promising
fields of research of the 21st century. The beginning of nano-
technology and nanoscience research can be traced back over
40 years. However, it was in the past decade that the world
witnessed bigger strides of this technology from both academic
and industrial points of view.! ™

The term “nanocomposite” refers to every type of composite
material having fillers in the nanometer size range, at least in one
dimension. For such nanocomposites the total interfacial phase
becomes the critical parameter, rather than the volume fraction of
the filler.>~” Because of their nanofillers dispersion, nanocompo-
sites exhibit markedly improved mechanical, thermal, electrical,
and gas barrier properties, when compared to pure polymers or
their traditional composites. The most common nanosized fillers
are inorganic clay minerals consisting of nanolayered silicates.
The stacking of the layers of ~1 nm thickness by weak dipolar
forces leads to interlayers or galleries between the layers These
galleries are occupied by cations such as Na* and Ca®" which can
be replaced by organic cations such as alkylammonium cations
via ion exchange reaction rendering to obtain hydrophobic
surfaces. This ion exchange produces organophilic clays called
organoclays which are more compatible with the polymer.®” The
literature search shows that several research groups have pre-
pared nanocomposites based on plastics and rubbers with nano-
clays. In particular, rubber/layered silicate nanocomposites are
increasingly attracting scientific and technological attention
because of the high reinforcing efficiency of the nanosilicate,
even at very low loading (<10 wt %).'°""* Without the filler,
rubber formulations would yield resilient products having elastic
properties but very little strength. So, strength properties are
introduced by the addition of rigid entities such as nanosilicates,
and the inclusion of these nanofillers to rubber formulations
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results in optimization of properties, especially to meet given
application or sets of performance parameters. The high specific
surface area is believed to be one of the reasons why the nature of
reinforcement is different in composites based on nanofillers. It is
expected to provide enhanced interphase effects and tensile
strength. Nevertheless, there is yet no satisfactory theoretical
explanation for the origin of 1mprovement of the propert1es
of polymer nanocomposites.'*!*> Results obtained by various
experimental techniques, as well as by theory and computer
simulations, indicate the presence of an interfacial polymer layer
around the filler, with structure/morphology and chain dynamics
modified with respect to the bulk polymer matrix.”!>!

Broadband dielectric spectroscopy is a powerful tool for the
investigation of molecular dynamics of polymers and composites.
Dielectric property analysis of filled polymers contributes to a
better understanding of the structure—property relationships at
the morphological level. More specifically, in order to relate the
macroscopic properties of nanocomposites with molecular con-
cepts, one must understand the molecular motions or dynamics
of these materials in response to various applied fields.

When placed in an electric field, nanocomposites are subjected
to ionic, interfacial, and dipole polarization. These polarization
mechanisms have considerable different time and length scales,
making dielectric spectroscopy uniquely suited for the study of
nanocomposite dynamics.'® Therefore, motional processes which
take place for polymeric systems on extremely different time
scales can be investigated in a broad frequency and temperature
range. Such motional processes can be localized fluctuations
within a backbone segment or local rotational fluctuations of a
short side chain. On a larger spatial and longer time scale and for
temperatures above the glass transition the so-called segmental
motion or a-relaxation becomes relevant. At more extended
length scale, for polymers with a component of the dipole
moment parallel to the chain, a further process can be observed
called normal-mode relaxation, in which the translational motion
of the whole chain characterized by the end-to-end vector takes
place. In this case, the molecular dipole vectors that are parallel to
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Table 1. Technical Characteristics of the Layered Silicates Employed

in This Work
organic modifier concn  basal spacing,
clay modifier (mequiv/100 g clay) d (nm)
Cloisite Na™ (CNa+)  none 1.1

Cloisite 15A (C15A) 2M2HT* 125 ~3.0

“2M2HT: dimethyl, dehydrogenated tallow, quaternary ammonium.
The tallow consists of ~65% of Cyg, ~30% of C;¢, and ~5% of Ci4and a
chloride anion.?

the repeating unit are summed up over the chain, and therefore
the normal-mode relaxation is related to both the shape and the
dynamics of the macromolecule.' %!

Several authors have extensively studied the dynamics of 1,4-
cis-poly(isoprene) (PI) by using dielectric spectroscopy.'®?*2
Because of the lack of symmetry in its chemical structure, PI has
nonzero components of the dipole moment both perpendicular
and parallel to the chain contour. Thus, two dielectric relaxation
processes, the segmental- and the normal-mode process, are
present. Moreover, Mijovic et al.'® have studied nanocomposites
of organically modified clay nanoparticles and a nonvulcanized
PI matrix prepared by solution-mediated intercalation. A direct
comparison of dielectric relaxation spectroscopy and dynamic
mechanical spectroscopy results, made by deconvolution of
dielectric and viscoelastic spectra, showed excellent agreement
between the average relaxation time for both segmental and
normal mode relaxation.Nonetheless, to our best knowledge no
in-depth study of the dielectric properties of natural rubber (NR)
nanocomposites has been undertaken, analyzing the relaxation
spectra and correlating the molecular motion of chains with its
structure.

Therefore, the aim of this paper is to study the effect of the
presence of the filler on the local and global motions of polymer
chains in NR/nanolayered silicate composites. At first, we report
results from dielectric spectroscopy, examining how the segmen-
tal and normal modes of these polymer chains are affected by the
presence of silicate particles. In addition, we show the effect of the
concentration of clay on the time and length scale of the
relaxation processes, plus a comparison between nanosilicates.
We also discuss on the influence of the vulcanization and how the
cross-linking process affects the dielectric spectra of the nano-
composites.

2. Experimental Section

2.1. Materials. Natural rubber (NR) was kindly supplied by
Malaysian Rubber (Berhad, Malaysia) under the trade name
CV 60 (Mooney viscosity: ML(1 4+ 4) 100 °C = 60). Two layered
silicates were employed in this study, in particular, a natural
sodium montmorillonite described as Cloisite Na* (CNa+) and
this montmorillonite modified with a quaternary ammonium
salt, Cloisite 15A (C15A). Both samples were provided by
Southern Clay Products Inc. (Gonzales, TX). The structural
characteristics of the clays are reported in Table 1.

2.2. Preparation of NR Nanocomposites. Nonvulcanized
nanocomposites were prepared consisting of the pure gum and
the layered silicate (1, 2.5, 5, 7.5, and 10 phr (parts per hundred
of rubber)). The samples are referred to as NR/xy, where x and
ycorrespond to the amount and type of clay, respectively. With
respect to the vulcanized samples, the formulation of natural
rubber compounds expressed as (phr) is as follows: sulfur
(2.5), zinc oxide (5), stearic acid (1), MBTS (benzothyazyl
disulfide) (1), antioxidant PBN (phenyl-#-naphthylamine) (1),
and layered silicate (5 and 10). The nanocomposite samples were
prepared in an open two-roll laboratory mill at room tempera-
ture. The rotors operated at a speed ratio of 1:1.4. Rubber
compounds were vulcanized at 150 °C in an electrically heated
hydraulic press using the optimum cure time (9o) derived from
the curing curves previously determined by means of a rubber
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process analyzer (RPA2000 Alpha Technologies). These sam-
ples are referred to as vuleNR/xy, following the same nomen-
clature as for the nonvulcanizates. Identical methodology was
applied to both layered silicates nanocomposites (NR/C15A
and NR/CNa-+), thus affording a quantitative comparison of
their dynamics.

2.3. Characterization. Broadband dielectric relaxation spec-
troscopy (DRS) measurements were performed on an ALPHA
high-resolution dielectric analyzer (Novocontrol Technologies
GmbH, Hundsangen, Germany). Film samples prepared from
the nanocomposites were mounted in the dielectric cell between
two parallel gold-plated electrodes. The complex permittivity *
of'a given sample can be calculated from the measurement of the
complex impedance Z* given by

U*(w)

740) = J; M

where U* and I* are the voltage and current circulating through
the sample at a certain angular frequency w. Once the impedance
has been measured, €* can be calculated by means of

1
" iwZ*(w)Cy

e*(w) = ¢ —ie"

(2)

where ¢ and ¢ are the real and imaginary part of the complex
permittivity and C, corresponds to the capacity of the empty
sample holder. The complex permittivity of the nanocomposites
was measured over a frequency window of 10~' < F/Hz < 10’
(F = w/2m is the frequency of the applied electric field) in the
temperature range from —150 to 150 °C in 5 °C steps.

The imaginary part of the obtained dielectric permittivity was
analyzed by the phenomenological Havriliak—Negami (HN)
function'®’

D - 3)

[] + (ia)rHN)b}‘

where Ae = &g — e..; €., and &g are the unrelaxed and relaxed
values of the dielectric constant and 7yN 1S a characteristic
relaxation time. In eq 3, b and ¢ are shape parameters (0 < b,
¢ = 1) which describe the symmetric and the asymmetric broad-
ening of the equivalent relaxation time distribution function,
respectively.

Differential scanning calorimetry (DSC) measurements
(Perkin-Elmer DSC7) in the temperature range from —75 to
75 °C were also employed to investigate thermal transitions.

3. Results and Discussion

3.1. Broadband Dielectric Relaxation Spectroscopy (DRS)
of NR Nanocomposites. Figure 1 describes the dielectric loss
spectra for neat NR and its nanocomposites over a wide
range of frequency at different temperatures. In all the
spectra, the loss peaks are shifting to higher frequencies with
increasing temperature. This shift in the frequency of the
maxima is characteristic of thermal activated processes.

Similarly to synthetic 1,4-cis-poly(isoprene) (PI),'8-2%:23:23
two relaxation modes are present in the NR (Figure 1a). For
temperatures above the glass transition temperature (7, =
—64 °C) the segmental mode related to the segmental mo-
tions of the polymer chain is observed. At higher tempera-
tures, a more intense process which can be assigned to the
normal mode is clearly detected. In both nanocomposites
(Figure 1b,c) the segmental mode, or a-relaxation, is still
detectable and appears located in the same temperature
range as for neat NR. A second process appears at higher
temperatures in the NR/5C15A composite (Figure 1b) which
apparently differs from the normal mode of neat NR.
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Figure 1. Dielectric loss ¢’ vs frequency for (a) neat NR, (b) NR/
SCI5A nanocomposite, and (c) NR/5CNa+ nanocomposite.

We will refer to this process hereafter as the “new mode”
which will be further discussed. This new mode seems to be
absent in the NR/5CNa+ nanocomposite (Figure 1c) which
only exhibits the segmental mode and an additional process
at low temperatures most likely due to the electric dlrl)ole
rotations of the absorbed water in the silicate gallery.'®?
Moreover, at high temperatures conductivity dominates the
low-frequency tail of the spectrum of the NR/5CNa+ com-
posite; thus, no defined relaxation process can be appreciated.

In order to better examine the different relaxations present
in all compounds, the discussion of our results will be divided
into low- and high-temperature processes.
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Figure 2. Frequency dependence of dielectric loss ¢ of the NR nano-
composites indicated on the plot in the region of the segmental mode.
Solid lines correspond to HN fitting.

Table 2. HN Parameters of Segmental Mode of NR and Its

Nanocomposites
compound T (°C) Ae b ¢ TanN (8)
—55 0.150 0.492 1 6.093 x 1072
neat NR —50 0.145 0.493 0.987 7.557 % 107*
—45 0.140 0.557 0.683 2.383x 107
—55 0.314 0.522 0.832 1.031 x 1072
NR/5C15A —50 0.308 0.497 0.924 1.032x 1073
—45 0.292 0.505 0.938 1.537 x 107*
—55 0.140 0.439 0.937 1.001 x 1072
NR/5CNa+ =50 0.143 0.448 0.749 1.863 x 1073
—45 0.142 0.433 0.811 2261 x 107

3.1.1. Low-Temperature Process: Segmental Relaxation.
Figure 2 shows selected dielectric loss spectra at T = —50 °C
for NR and the NR/5CI5A and NR/5CNa+ nanocompo-
sites. From the spectra hereby presented, we can notice that
the segmental mode process (o-relaxation) is well resolved in
the frequency domain and shows a relatively broad and
asymmetric peak regardless the type of filler incorporated
in the nanocomposite if compared to the spectrum of neat
NR. These results suggest the independence of the glass
transition process with the silicate incorporated. Besides,
the invariance of the glass transition has been verified when
the silicate type content varies from 1 to 10 phr. Thus, no
significant changes on the segmental molecular dynamics of
the NR come into sight by the addition of layered nanosili-
cates in the bulk state.

One can also see that all three spectra can be well described
by the HN function. The characteristic parameters of this
function (see eq 3) such as Ae, b, ¢, and TN were obtained.
Table 2 shows these parameters for temperatures in the
region of the segmental mode.

We corroborated that the position of the segmental mode
was independent of silicate type and content by analyzing
the temperature dependence of the relaxation time (Tyax)
obtained from the HN fitting parameters

L1 ba 17N bem 1 @
T 2 P 24+2¢ 24 2¢

The corresponding values for 7,,,,, shown in Figure 3, reveal
the Vogel—Fulcher—Tamman (VFT) dependence of 7.
with the reciprocal temperature as

B
Tmax = T0 eXp(T _TO) (5)

= THN [sin
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Figure 3. Temperature dependence of the average relaxation time for
the segmental mode of NR and its nanocomposites with clay loading as
a parameter.

where 7y and B are empirical parameters, and T is the
so-called ideal glass transition or Vogel temperature, which
is generally 30—70 K below T g.20 To reduce the effect of data
fitting to the VFT equation over a limited frequency range, a
value of log 7y ~ 14 s was assumed according to previous
work.

In Figure 3 we can clearly see that neither an increase in
nanosilicate loading nor the type of filler added has an effect
on the time scale of the segmental mode process of the NR
matrix.

3.1.2. High-Temperature Processes: New and Normal
Modes. Figure 4a shows selected dielectric loss spectra at
T = 40 °C for NR and the NR/5CI5A and NR/5CNa+
nanocomposites in the temperature region where the “new
mode” is observed for the NR/SC15A. From the spectra
presented in this figure, we observe that neither NR nor
NR/5CNa+ exhibit this new mode, being only detectable for
the nanocomposite with the additive C15A. The nanoclay
C15A is a montmorillonite modified with a quaternary
ammonium salt. This modification results in a more pro-
nounced intercalation of the NR chains, as corroborated by
previous studies.'"!%!* According to the X-ray diffraction
(XRD) spectra presented in Figure 5, it is clear that a
pronounced intercalation is achieved by the incorporation
of the C15A clay. In fact, the high-intensity characteristic
peaks at 20 = 3.2° and 26 = 7.1° of the C15A disappear,
providing a strong evidence of the insertion of the elastomer
into the silicate galleries, disrupting the regular stacked-layer
structure of the organoclay and giving rise to an exfoliated
structure. In the case of the CNa+ nanocomposite, the
characteristic peak at 26 = 7.8° also disappears. None-
theless, this result might be a consequence of the low intensity
of the diffraction peak of the CNa+ and low content of clay
present in the composite and not to the intercalation of NR
chains. Transmission electron microscopy (TEM) images
presented in Figure 5 confirm that the C15A silicate layers
are better exfoliated and randomly dispersed throughout the
elastomer matrix as monolayers, while the incorporation of
the unmodified clay CNa+ only gives rise to a conventional
composite at a microscopic scale.

Therefore, we could expect a restricted mobility of the
polymer chains close to the polymer/filler interface due to an
enhanced interaction of the NR chains with the clay surface.
These interactions should not be present in the unfilled NR
matrix or conventional NR composites with poorer inter-
calation as in those based on unmodified clay (CNa+).
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Figure 4. (a) Dielectric loss ¢’ and (b) dielectric loss modulus M"’ in the
frequency domain for neat NR and its nanocomposites.

In order to better understand the physical nature of the
new mode, the dielectric modulus formalism was employed
(see Figure 4b). The permittivity and modulus formalisms
describe the same electrical relaxation phenomena; however,
under different conditions a specific formalism could allow
to extract more information with respect to the occurring
physical processes. In this study, the recorded dielectric data
were initially expressed in terms of real and imaginary part of
permittivity and then transformed, via eq 6, to the electric
modulus formalism:

e 1 1 4 e
- 87* T —jell T g2 T2 L
=M +iM" (6)

where M’ is the real and M” the imaginary part of the electric
modulus. In particular, the interpretation of relaxation
phenomena via the electric modulus formalism offers some
advantages upon other treatments, since large variations in
the permittivity and loss at low frequencies and high tem-
peratures are minimized. Further, difficulties occurring from
the electrode nature, the electrode—specimen contact, and
the injection of space charges and absorbed impurities can be
neglected. Arguments and examples for the resulting benefits
of the electric modulus presentation have been presented
elsewhere.*"!

The modulus spectra of nanocomposites offer an added
insight into their dynamics because high conductivity makes
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Figure 5. Top left: XRD patterns of (a) CNa+ and (b) NR/SCNa+. Top right: XRD patterns of (a) C15A and (b) NR/5C15A. Bottom left: TEM
image of NR/5CNa+ nanocomposite. Bottom right: TEM image of NR/5C15A nanocomposite. The scale bar corresponds to 500 nm.

identification of relaxation processes in the permittivity
spectra difficult, though not impossible.** Figure 4b shows
the dielectric modulus spectra of the pure gum, NR, and its
nanocomposites (NR/5CI5A and NR/5CNa+). In the low-
frequency region, a relaxation process can be observed in the
nanocomposites regardless of the type of clay added, while
this process is absent in the pure NR. The incorporation of
nanoclay caused additional relaxation dispersion due to an
interfacial polarization at the nanoclay/polymer interface,
the so-called Maxwell—Wagner—Sillars (MWY) effect. The
MWS relaxation refers to the frequency dependence of
interfacial polarization (ion accumulation) that occurs at
the interface between materials with differing dielectric con-
stants, such as polymer and layered silicate. The MWS
transition is expected at the low-frequency range and in-
volves rather high ¢’ and &” values.>® Interfacial polarization
is always present in materials comprised of more than one
phase. This kind of polarization arising at the interfaces is
due to the migration of charge carriers through different
phases of the composite material resulting in differential
charge accumulation at the interfaces. When these charges
are made to move by the application of an external electric
field, the motion will be hindered at various points of the
composite material differently, causing space charge to
appear. The appearance of such space charge can distort
the macroscopic field and appears as polarization to an
external observer.

Figure 4b also reveals for the NR/SC15A nanocomposite
the presence of the “new mode” reflected in Figure 4a
accompanied at lower frequencies by the MWS interfacial
polarization.

Some interesting features can be noted regarding the
influence of clay content on the “new mode” by representing
the dielectric strength of the “new mode” as a function of the
filler content (Figure 6) for the NR/CI5A nanocomposites.
Here we can notice a slight increasing tendency in dielectric

25
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Z 10-

< o
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004 =

-0.5

T=30°C
-1.0 T T T T v T

0 2 4 6 8 10
Filler content [phr]

Figure 6. Relaxation strength as a function of clay loading for the
NR/CI5A nanocomposites.

strength (Ae) with clay loading. This behavior could induce
us to assign the “new mode” to a phase of the polymer close
to the polymer/filler interface.

The average relaxation times of the “new mode” observed
for the NR/C15A nanocomposites have been represented in
Figure 7 as a function of the reciprocal temperature for
different filler contents. The data presented in Figure 7 reveal
that this new relaxation becomes faster with increasing filler
content. In order to illustrate this effect, Figure 8 shows the
temperatures at which the average relaxation time of the new
mode reaches a value of 0.1 s. It becomes evident the “new
mode” speeds up with filler content and levels off for
loadings higher than 5 phr. In principle, one would expect
confinement effects to be increasingly important as filler
content increases. In general, segmental dynamics may
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parameter.
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Figure 8. Temperature dependence of the “new mode” at 7, = 107"'s
for NR/CI15A nanocomposites with clay loading.

become faster by confinement when the confinement volume
becomes comparable to that of the cooperative rearranging
regions.*”

In our case, the fastening of the “new mode” dynamics
with increasing filler content can be understood as due to a
reduction of volume available for the polymer chains inter-
calated within the galleries formed by the silicate layers. This
would imply that an increasing number of layered silicates
accommodate NR chains in the central area of the inter-
gallery without expanding the basal spacing, thus resulting in
increased relaxation rate.'®3%3¢ Interestingly, however,
when higher content of clay is added (up to 10 phr), one
could presume that a percolated network of nanoparticles
that can influence relaxation could be formed, resulting in
additional restriction effects. Nevertheless, this issue awaits
more detailed and systematic study.

In order to further characterize the “new mode” present in
the NR/C15A nanocomposites, DSC measurements were
performed. Figure 9 shows DSC heating thermograms of
neat NR and four nanocomposites with the clay content (in
phr) indicated on the plot. A single glass transition around
—70 °C is observed for all samples. This evidence that the
thermodynamic glass transition of NR/CI5A nanocompo-
sites corresponds to the NR matrix, in agreement with the
dielectric data shown in Figure 2 for the segmental mode.
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7
= Segmental mode NR
6 < Segmental mode NR/SC15A
7 e New mode NR/5C15A
# Normal mode NR \
5
cy N
PE 4+ TSegmentaI \
=)
T
3 34 T New &
T Normal q\ -\Q
2 .
I \
. \ s
0 T T T T T
20 25 3.0 3.5 4.0 45 5.0

1000/T[K "]

Figure 10. Temperature dependence of the average relaxation time for
normal, new, and segmental mode of neat NR and its nanocomposites.
Solid lines are fits to the VFT functional form.

At first glance, there is no evidence of a second thermody-
namic 7, which could be directly related to the “new mode”.
However, it has been recently demonstrated using computer
simulations that a continuous distribution of relaxation
times as we approach a solid interface can lead to a double
loss peak in the susceptibility, and this has been proposed as
an alternative interpretation for this kind of response.'®37-3

Normal mode was examined next. If we analyze the
spectrum of neat NR (Figure la), we can clearly see that
the normal mode process is present at high temperatures
at frequencies below the oa-process and overlapped with
the electrical conductivity contribution. The overall chain
dynamics is reflected by this process.

A careful analysis of the VFT temperature dependence of
the high-temperature processes (Figure 10) evidence that the
global chain dynamics (normal mode) of NR is slower than
the segmental mode and exhibits weaker temperature depen-
dence than that of the a-relaxation. This can be understood
by considering that the segmental motion proves smaller
length scales than those proven by the normal mode pro-
cess.'? In between the normal and the segmental modes of the
NR matrix, lays the “new mode” of the NR/CI5A nano-
composites. For the sake of clarity in Figure 10 only data for
the NR/SC15A nanocomposite have been shown. The “new
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Figure 11. Frequency dependence of dielectric loss ¢ for vulcanized
samples of NR and NR/5C15A and NR/5CNa+ nanocomposites in the
temperature region of the segmental dynamics. The corresponding
spectrum for neat NR is also shown.

mode” is clearly slower than the segmental mode but faster
than the normal mode process of NR.

Petychakis et al.>* have investigated the effect of con-
finement on the global chain dynamics of polyisoprene in
controlled porous glass media. They found that for high
molecular weights (7K and 10K) the normal mode speeds
up due to the effective shorter chains which flow out
from the pores. In a similar way, Serghei et al.*’ studied
the dynamics in thin films of cis-1,4-polyisoprene. They
found that if the thickness of the polymer layer becomes
comparable to the radius of gyration of the chain, a
confinement-induced mode is detected being assigned to
fluctuations of terminal subchains, which develop due to
immobilization of polymer segments in interaction with
a confining interface. This confinement-induced mode
becomes faster with decreasing film thickness. These two
interpretations could lead us to think that the “new mode”
present in the NR/C15A nanocomposite could be a faster
normal mode. Nonetheless, in order to complement the
analysis about the nature of the “new mode” observed in
the NR/C15A nanocomposites and to confirm whether or
not the above interpretations are a possible explanation to
our findings, we will evaluate the vulcanized NR/silicate
nanocomposites.

3.2. Vulcanized NR Nanocomposites. The dielectric mea-
surements have been proven to be useful for studying
vulcanization of various kinds of rubber. The most common
method of vulcanizing rubber is to mix it with sulfur and heat
it up to 100—150 °C. This procedure results in cross-linking
of the polymer chains by mono- or polysulfide bridges. A
side reaction is also known to proceed along cross-linking,
leading to formation of heterocyclic groups in the polymer
chains. In sulfur vulcanizates correspondingly the following
polar groups are found: (a) the carbonyl groups present in
the unvulcanized rubber and those formed during vulcaniza-
tion; (b) mono- or polysulfide cross-links; (c) S—C bonds in
the heterocyclic groups in the main chains.* In particular, in
vulcanized NR, the change in the segmental mobility is
generally observed as a shift of the glass—rubber transition
to higher temperatures and an increase in the dispersion
amplitudes.®® Additionally, the normal mode vanishes due to
the cross-linking.

In the following sections, the relaxation phenomena pre-
sent in sulfur vulcanized NR and in vulcanized NR/layered
silicate nanocomposites are discussed.
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Figure 12. Temperature dependence of the average relaxation time of
the segmental mode corresponding to vulcanized samples of NR and
NR/CI5A and NR/CNa+ nanocomposites.

3.2.1. Effect of Vulcanization on the Segmental Dynamics.
For the sake of comparison, Figure 11 shows the dielectric
loss data for the vulcanized samples of NR, NR/5C15A, and
NR/5CNa+ in the temperature region of the segmental
dynamics. The corresponding spectrum for nonvulcanized
NR is also shown. The results indicate that vulcanizing by
sulfur induces a slowing down of the segmental dynamics
and a significant increase of the dispersion amplitudes. The
later effect indicates that the side reaction resulting in
heterocyclic groups is effective because they would hinder
the segmental motion, and they would increase the total
number of polar groups involved, with a subsequent increase
of the dispersion amplitude or the loss maximum.*?

Figure 12 shows the relaxation times of the segmental mode
corresponding to vulcanized samples of NR, NR/5CI15A,
NR/I0C15A, and NR/5CNa+. The relaxation times for
nonvulcanized NR have been also included. The observed
increase in the average relaxation time due to the vulcaniza-
tion reaction can be interpreted straightforward considering
the network formation. It is evident that the formation of
polysulfide cross-links and cyclic sulfide structures cause
restrictions on the segmental motions of the polymer chains.
Moreover, this high-frequency process exhibits almost no
dependence on the degree of filling (5 and 10 phr of C15A).
With respect to the relaxation time for the vulcanized NR/
5CNa+ nanocomposite, a further detailed comparative study
will be reported in the future.

3.2.2. Effect of Vulcanization on the New and Normal Mode
Dynamics. For the sake of comparison, Figure 13a shows the
dielectric loss data for the vulcanized samples of NR, NR/
5CI15A, and NR/SCNa+. The selection of the spectraat T =
90 °C was made with the intention of studying the tempera-
ture region where the normal mode of unvulcanized NR and
the “new mode” of unvulcanized NR/5C15A were pre-
viously detected. It is clear the absence of a normal mode
in the vulcanized samples. It is known that the normal mode
of vulcanized NR becomes broader and decreases in ampli-
tude upon vulcanization due to suppression of large-scale
motions of the dipole oriented parallel to the polymer back-
bone.'” However, the process corresponding to the “new
mode” is present for the vulcanized NR/5C15A nanocom-
posite. Once again, we used the modulus formalism to better
analyze this relaxation.

Figure 13D illustrates the dielectric modulus spectra of
vulcanized NR and its nanocomposites. The peak at low
frequencies corresponds to the MWS relaxation. In particular,
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Figure 13. (a) Dielectric loss ¢ and (b) dielectric loss modulus M in
the frequency domain for vulcanized samples of NR and NR/5C15A
and NR/5CNa+ nanocomposites.

in the vulcanized NR compound, this peak can be a conse-
quence of the ingredients (sulfur, accelerators, activation
complex, etc.) added to the rubber matrix so the cross-linking
reaction can take place. The addition of these components
makes the polymeric material to be a heterogeneous media
consisting of different phases with different dielectric permit-
tivities and conductivities.*' * While for the vulcanized
nanocomposites, the presence of the MWS peak has the same
explanation as for the nonvulcanized nanocomposites: the
interfacial polarization (ion accumulation) that occurs at the
interface between materials with differing dielectric constants,
such as rubber and layered silicates.

At high frequencies the spectrum of the vulcanized NR/
5C15A nanocomposite has similarities with that of the
nonvulcanized NR/5CI5A nanocomposite, since we note
the presence of a second peak associated with the “new
mode”.

The relaxation times of the segmental mode and “new
process” for the vulcanized samples are shown in Figure 14
as a function of the reciprocal temperature. One can clearly
see that the “new mode” is also slower than the segmental
one for the vulcanized samples. Similarly as previously
discussed for the nonvulcanized samples, this effect can be
understood by assigning the “new mode” as being caused by
a restricted segmental dynamics. Accordingly, the “new
mode” can be associated with cooperative movements of
polymer chains in the interface layer around the clay parti-
cles. The “new mode” is present independently of whether or
not the rubber matrix has been vulcanized. We can notice
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Figure 14. Temperature dependence of the average relaxation time for
the segmental and “new” modes of nonvulcanized and vulcanized
samples of NR/SC15A nanocomposites.

that both segmental and new mode exhibit equivalent shifts
in temperature with vulcanization. Thus, this fact further
supports the assumption drawn from the nonvulcanized
nanocomposites study suggesting that the “new mode” pre-
sent in the NR/C15A compounds corresponds effectively to
a restricted segmental relaxation. We believe that part of the
polymer chains are partially immobilized as an interface
layer around the clay particles, and so the interfacial effects
dominate the bulk properties of the material.

4. Conclusions

1. Dielectric relaxation spectroscopy has been proven to be a
powerful technique for investigating molecular dynamics in a
series of nanocomposites consisting of NR and C15A and CNa+
layered silicates.

2. Dielectric measurements show that neither an increase in
nanosilicate loading nor the type of filler added has an effect on
the segmental mode process of the nonvulcanized NR matrix.

3. The Maxwell—Wagner—Sillars effect is present in all nano-
composites and is attributable to the interfacial polarization at
the nanoclay/polymer interface.

4. A new mode ascribed to a restricted segmental mode appears
in the NR/C15A nanocomposites regardless of the vulcanization
of the NR matrix. This “new mode” has been attributed to the
segmental dynamics of polymer chains at the interfacial polymer—
particle regions.

5. The absence of the “new mode” for the NR/CNa+ nano-
composites suggests that the appearance of this mode will be
associated with silicate fillers with high degree of intercalation.
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