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’ INTRODUCTION

Styrene�butadiene rubber (SBR) is used extensively in
industry and is often further enhanced by adding fillers. Carbon
black has been the filler of choice due to its low cost, but carbon
black makes the material black (which is undesirable in certain
applications) and a large amount of carbon black is needed to
achieve the desired properties. There have been efforts to replace
carbon black with other fillers such as precipitated silica,1

inorganic fibers,2 organic whiskers,3 carbon nanotubes,4 and
layered silicate clays.5�11 In this study, we compare SBR com-
posites with carbon black, silica, and organically modified mon-
tmorillonite clay (nanoclay), with the focus on SBR�clay nano-
composites. Clay at a concentration of 10 phr in natural rubber
has been demonstrated by Okada et al. as having comparable
tensile properties to 40 phr of carbon black.7

Reinforcement in filled elastomers is not well understood but
is generally attributed to the interactions between the added
particles and rubber. The existence of a glassy layer at the particle�
rubber interface due to the interactions between the particles and
the rubber has been suggested12 to explain early NMR results13

and mechanical14�17 data. Given the possible nanoscale dimen-
sions and high surface to volume ratio of the added particles, the

glassy interphase can comprise a large fraction of the composite
and can strongly influence the mechanical properties of the
composite.18�20 In thin polymer films on inorganic substrates,
the existence of slow dynamics and, thus, an effective glass
transition, Tg, increasing with decreasing film thickness has been
attributed to the existence of attractive interaction between the
polymer and the substrate.21,22 On the other hand, the bulk of the
data on the effective glass transition of thin films weakly inter-
acting with the underlying substrate agree with significant Tg

reductions.23,24 It is noted that the equivalence in the behavior
between polymer nanocomposites and thin polymer films has
been quantitatively verified for silica/polystyrene nanocomposites.25

Copolymer rubbers, such as SBR, have an added complexity in
that there are two polymer components with which filler particles
can interact. In polymer blend nanocomposites, if the particles
interact favorably with only one polymer, then the particles reside
only in that polymer phase.26 However, with copolymer nano-
composites, if the clay interacts favorably with only one polymer,
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ABSTRACT: Dielectric spectroscopy is used to measure polymer relaxation in
styrene�butadiene rubber (SBR) composites. In addition to the bulk polymer
relaxation, the SBR nanocomposites also exhibit a slower relaxation attributed to
polymer relaxation at the polymer�nanoparticle interface. The glass transition
temperature associated with the slower relaxation is used as a way to quantify the
interaction strength between the polymer and the surface. Comparisons weremade
among composites containing nanoclay, silica, and carbon black. The interfacial
relaxation glass transition temperature of SBR�clay nanocomposites is more than
80 �C higher than the SBR bulk glass transition temperature. An interfacial mode
was also observed for SBR�silica nanocomposites, but the interfacial glass
transition temperature of SBR�silica nanocomposite is somewhat lower than that of clay nanocomposites. An interfacial mode
is also seen in the carbon black filled system, but the signal is too weak to analyze quantitatively. The interfacial polymer relaxation in
SBR�clay nanocomposites is stronger compared to both SBR�carbon black and SBR�silica composites indicating a stronger
interfacial interaction in the nanocomposites containing clay. These results are consistent with dynamic shear rheology and dynamic
mechanical analysis measurements showing amore pronounced reinforcement for the clay nanocomposites. Comparisons were also
made among clay nanocomposites using different SBRs of varying styrene concentration and architecture. The interfacial glass
transition temperature of SBR�clay nanocomposites increases as the amount of styrene in SBR increases indicating that styrene
interacts more strongly than butadiene with clay.
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the nanoparticles can still be dispersed throughout the matrix.27

Interactions of each polymer component with the added particles
will affect nanocomposite processing and properties, so it is
crucial that polymer�particle interactions for each polymer
component be quantified within a copolymer and not just with
homopolymers alone.

As crucial as SBR�filler interactions are tomaterial properties,
it is difficult to measure these interactions directly. SBR�filler
interactions have been measured indirectly by measuring the
amount of SBR adsorption from solvent onto carbon black
substrate,28 the cross-link density of composite compared to
unfilled SBR, and the amount of swelling of the composite when
added to solvent.8 More direct measurements of SBR�filler
interaction have included using NMR spectroscopy to probe
SBR mobility close to carbon black particles.29�31 The existence
of the glassy polymer�particle interfacial layer was indeed shown
with NMR measurements whereas the mechanical behavior of
the glassy interfacial layer was also measured by DMA.17,32 In the
present investigation, we probe the SBR�particle interfacial
layer utilizing broadband dielectric relaxation spectroscopy.

Dielectric spectroscopy measures dipolar relaxation of poly-
mers and is useful in studying polymer dynamics. Dielectric
spectroscopy offers a wide range of frequencies and temperatures
such that polymer dynamics can be measured over many
different time scales. In particular, the segmental or R-relaxation
can be measured by dielectric relaxation spectroscopy. The R-
relaxation process is related to the local motion of polymer
segments, which become increasingly slow as the glass transition
is approached; the glass transition temperature is poorly defined
and is conventionally determined as the temperature at which the
relaxation time of the segmental relaxation, τ, is, e.g., 100 s, an
arbitrarily long time. Dielectric spectroscopy measures the relax-
ation times at several temperatures, andTg can be estimated from
the temperature dependence of the relaxation.

In this study, in addition to the bulk segmental relaxation
responsible for the bulk Tg, dielectric relaxation spectroscopy
also showed a second, slower segmental relaxation mode in all
SBR�composite samples. We attribute this slower relaxation
mode to the reduced mobility of SBR at the interface—segments
which are adsorbed on the surface of the nanoadditives due to
attractive interactions. The effective glass transition temperature
associated with this slower relaxation, Tgi (interfacial glass
transition temperature), is more than 80 �C higher than the bulk
glass transition temperature, Tgb. We have also used the esti-
mated interfacial glass transition temperature together with the
obtained dielectric strength of the interfacial relaxation process as
a means to quantify the interaction strength between the poly-
mers and the added nanoparticles. The interaction strength

between SBR and different fillers increases as carbon black e
silica < clay. Lastly, we compare the interactions of two different
clays with SBRs of varying styrene content and structure. The
comparisons show that SBR interacts most strongly with nano-
clay and that the styrene component of SBR is responsible for the
strongest interactions.

’EXPERIMENTAL PART

Materials. For the studies involving copolymers of different com-
positions, the styrene�butadiene rubber (SBR) random copolymers
were provided by Lanxess or obtained from various sources as listed in
Table 1. All copolymers contain at least 50% butadiene to ensure good
dielectric signal as styrene dielectric signal is weak. Also included in
Table 1 are the characteristics of a polystyrene-block-polybutadiene
diblock copolymer that was studied for comparison.

All copolymers were processed similarly. The polymers were ground
to 1 mm particles, mixed with the appropriate amount of clay in a speed
mixer, pressed into 20 mm diameter, 1 mm thick disks at room
temperature with a load of 150 MPa, and annealed in a vacuum oven
above the Tg of the polymer (130 �C for SBR composites) for 24 h.

For the studies involving different fillers, an SBR provided by
Michelin containing 27% styrene by weight, mSBR, was used. Compo-
sites with mSBR were prepared at Michelin. Cured, uncured (but con-
taining curatives), and uncured (with no curatives) were analyzed.
Curatives include 2 phr zinc oxide, 2 parts SAD stearic acid, 1.5 parts
sulfur, and 1.5 parts CBS, a sulfonamide based accelerator. For analysis,
disks were cut from these samples. The sample names and mix com-
ponents are listed in Table 2. In addition to the components listed in
Table 2, it should be noted that there are no silica coupling agents in the
mSBR�silica mix.

Modifiedmontmorillonite clays (Cloisite 93A andCloisite 20A) were
obtained from Southern Clay Products. Cloisite 20A (herein referred to
as C20A) is modified with dimethyl dehydrogenated ditallow alkyl
ammonium and intercalates both polystyrene and polybutadiene. Cloi-
site 93A (herein referred to as C93A), modified with methyl dehydro-
genated ditallow alkyl ammonium is less polar than C20A and intercalates
polybutadiene homopolymer but not polystyrene. The clay powders
were used as received. For dielectric studies, the clay amount was less
than 5% by weight (to minimize complications from clay conductivity),
and the pellets were annealed until complete intercalation was observed

Table 1. Molecular Characteristics of the Styrene and Butadiene Homopolymers and Copolymers of Varying Compositions and
Architecture

reference sample composition wt % styrene source Mw (kg/mol) Mw/Mn Tgb (�C)

PB polybutadiene homopolymer 0 Lanxess 175 1.9 �96

SBR5 styrene�butadiene random copolymer 5 Sp2 380 3.6 �75

SBR23 styrene�butadiene random copolymer 23 Sp2 350 4.6 �63

SBR45 styrene�butadiene random copolymer 45 Sp2 547 5.8 �79

PS polystyrene homopolymer 100 Sigma-Aldrich 192 1.4 107

SB30 polystyrene-block- polybutadiene diblock copolymer 30 Sigma-Aldrich 54 �95, 58

mSBR styrene�butadiene random copolymer 27 Michelin 130 1.7 �48

Table 2. Characteristics of Mixes of SBR with Curing Agents
and Additives

sample 20A clay silica carbon black curing agents? cured?

mSBR�20A 5 phr 0 0 yes no

mSBR�silica 0 5 phr 0 yes no

mSBR�CB 0 0 5 phr yes no
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via X-ray diffraction. The silica and carbon black samples were provided
byMichelin. The BET surface areas for C20A, silica and carbon black are
10, 160, and 30 m2/g, respectively. For consistency, all samples were
processed similarly. Well-dispersed and, in the case of clay, intercalated
nanocomposites were obtained for all samples (see figures in Supporting
Information).
Experimental Methods. Structural characterization of the clay

nanocomposites was performed with X-ray diffraction, using a Scintag
Inc. θ�θ diffractometer. The CuKR radiation was used with wavelength
λCuKR = 1.54 Å. A germanium detector was utilized with a scanning rate of
3�/min.

Bulk glass transition temperatures were measured with differential
scanning calorimetry (DSC) using a TA Instruments Q1000 DSC scan-
ning at 10 �C/min.

Polymer relaxation was measured using dielectric spectroscopy with a
Novocontrol N40 broadband spectrometer. Pellets of the annealed
composite were placed between parallel gold plated electrodes 20 mm
(top) and 30 mm (bottom) in diameter. Measurements swept through a
frequency, f, range of 1 Hz to 106 Hz at isothermal conditions that varied
from �100 to +140 �C.

The rheological properties of the nanocomposites were determined
using a Paar Physica Modular Compact Rheometer 300 (MCR 300)
equipped with parallel plate geometry (diameter 25 mm). Small amplitude
oscillatory shear measurements were performed in a dry nitrogen
atmosphere to suppress oxidative degradation. The isothermal frequency
scans covered a range of angular frequency (ω) from 0.1 to 300 s�1.
Dynamic mechanical analysis (DMA) was carried out on a TA Instru-
ments DMA Q800 using the film/fiber tension clamp. Temperature
scans were performed at 1 Hz and a rate of 5 �C/min.

’RESULTS AND DISCUSSION

The series of plots in Figure 1 show dielectric relaxations of
SBR at different temperature ranges, filled and unfilled. Figure 1a
shows the dielectric loss, ε00, spectra as a function of frequency for
unfilled mSBR at temperatures approaching its glass transition
temperature of�48 �C (Table 1). Each spectrum can be fit to the
Havriliak�Negami (HN) function. A typical fit of the dielectric
data to the HN function is shown in Figure 1e for T =�20 �C. A
characteristic relaxation time, τ, is obtained from the HN fit to
each spectrum or a curve fit to the peak maximum frequency.
Figure 2 shows some relaxation times plotted as a function of
inverse temperature. The relaxation times were obtained from a
curve fit to the peak maximum frequency at each temperature.
The temperature dependence of the relaxation time is described
by the Vogel�Fulcher�Tammann (VFT) equation

τðTÞ ¼ τo exp
B

T � To

� �
ð1Þ

where τo, B, and T0 are constants. By convention Tg is obtained
by extrapolating the fit to the temperature at which τ is equal to
100 s. A bulk glass transition temperature, Tgb, is calculated for
mSBR to be �44 �C, very similar to that measured by DSC
(Table 1).

Figure 1b shows the dielectric loss, ε00, spectra for the same
polymer (mSBR) at higher temperatures. At these temperatures,
the segmental relaxation process associated with the bulk glass
transition is fast and thus not within this frequency window. For
unfilled SBR, there is no relaxation observed in this temper-
ature range.

In contrast, SBRmixed with clay (mSBR�C20A) displays two
segmental relaxation modes: a fast process, which is observed at
lower temperatures (Figure 1c) that is attributed to the bulk

polymer relaxation, and a slow process observed at higher
temperatures (Figure 1d) that is attributed to the interfacial
polymer relaxation. At the lower temperature range (�40 to
+10 �C), the dielectric loss spectra of the nanocomposite
(Figure 1c) appears to be identical to the spectra for the unfilled
mSBR polymer (Figure 1a) as shown in Figure 2. Indeed, the
dynamics shown in Figure 1 a and c as well as the Tgb calculated
for the mSBR�C20A nanocomposite is the same as for the
unfilled polymer indicating that bulk polymer relaxation is not
affected by the addition of nanoparticles (this is true for clay,
silica, and carbon black).

However, unlike unfilled SBR, SBR nanocomposites also
exhibit a slower relaxation at higher temperatures (20� to 90�)
as shown in Figure 1d for the mSBR�C20A clay nanocomposite.
This relaxation is different from the faster process that is observed at
lower temperatures (Figure 1c). Analysis of the dielectric loss
spectra in Figure 1d requires the use of two HN functions together
with an ω�1 power law conductivity term, which is apparently
stronger in the nanocomposites than in unfilled polymers. The
slower of the two HN functions is attributed to a Max-
well�Wagner polarization due to the solid interfaces in the
specimen whereas the faster of the two processes is related to
polymer next to the inorganic surfaces, thereafter referred to as
the interfacial process. An example of this fit33 is shown in
Figure 1f for the spectra at 60 �C.

Figure 2 shows the relaxation times of both the bulk mode and
the slower interfacial mode plotted as a function of inverse
temperature. The solid lines in Figure 2 are fits to the data using
the VFT function (eq 1). The parameters for these fits are listed
in Table 3. The relaxation times of the interfacial process are by
orders of magnitude slower than the ones for the bulk segmental
relaxation. An effective “glass transition-like temperature” can be
assigned to this slow interfacial relaxation process in analogy to
the assignment of a glass transition temperature when the
polymer segmental relaxation is considered. For the mSBR�C20A
nanocomposite, this effective interfacial glass transition Tgi

is estimated as 36 �C,34 i.e., 80 �C higher than the bulk glass
transition temperature, Tgb. Essentially, the polymer at the
polymer�clay interface is “glassy” compared to the surrounding
bulk polymer.

Glassy interphase behavior has been observed previously in
clay nanocomposites35�37 as well as with other nanoparticles
such as silica;17,32 the thickness of such a layer has been estimated
from experimental results to be between 2 and 9 nm. The
existence of slow glassy-like interfacial layers has been attributed
to strong attractive interactions between the polymer and the
solid surfaces.21,22 On the other hand, significantly faster dy-
namics have been observed for free-standing films or for sup-
ported films on noninteracting substrates,23,24,38,39 both con-
trolled by the behavior close to the free surface, as well as for
weakly interacting polymers intercalated within inorganic silicate
layers in polymer/clay nanocomposites.40�49 The significantly
faster dynamics within the galleries was attributed to the suppres-
sion42,50 of cooperativity51,52 that inherently slows down the
dynamics as the glass transition is approached by decreasing
temperature. In the present case, the polymer motion has become
significantly slower compared to the bulk. We believe the slower
polymer motion measured by dielectric relaxation spectroscopy
is likely due to the polymer surrounding the clay stacks and layers
in a strongly interacting system.

Because silica nanoparticles are more commonly used with
SBR, the segmental relaxation of mSBR�silica was compared to
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that of mSBR�C20A. Similar to clay nanocomposites, a slower
relaxation was observed in the silica nanocomposites as well.
However, the temperature dependence of the slower relaxation
attributed to the interfacial polymer in the two composites is
different as shown in Figure 2. The effective glass transition of the
interfacial polymer for mSBR�silica nanocomposite occurs at a
somewhat lower temperature (Tgi = 22 �C) than that for
mSBR�20A clay nanocomposite (Tgi = 36�C). Tgi is a measure
of the dynamics of the polymer interacting with the nanoparticle;
thus, the interfacial polymer in the clay nanocomposite is slower
than that of the polymer in the silica nanocomposite. The slower
dynamics might be indicative of stronger interactions in the clay

nanocomposites. Silica contains hydroxyl groups on the surface
which interact differently with SBR compared to the oxygen
atoms in the clay layers.

The primary additive used with SBR in industry is carbon
black. A major application of SBR is in tires, and tires are gener-
ally formulated with a large (>30%) amount of carbon black to
improve various properties. We have used dielectric spectrosco-
py to probe SBR samples filled with carbon black (CB) in an
attempt to quantify the SBR�CB interactions. Carbon black is
conductive, and the signal from the conductivity can mask the
signal from the polymer relaxation. To circumvent this effect, the
concentration of carbon black is kept very low (at 5 phr) relative

Figure 1. (a) Dielectric loss, ε00, spectra of mSBR at temperatures ranging from�40 to +10 �C. (b) Dielectric loss, ε00, spectra of mSBR at temperatures
ranging from 20 to 90 �C showing that there are no slower relaxations for unfilled mSBR. (c) Dielectric loss, ε00, spectra of mSBR�C20A clay
nanocomposite at temperatures ranging from �40 to +10 �C. Nanocomposite dielectric loss spectra at these temperatures appear similar to unfilled
mSBR dielectric loss spectra (a). (d) Dielectric loss, ε00, spectra of mSBR�C20A at temperatures ranging from 20 to 90 �C. Higher temperature
relaxations in the same frequency range indicate a slower polymer relaxation. (e) Dielectric loss spectrum for unfilled mSBR at T =�20 �C. Black solid
line is the fit to the sum of theHN equation and a power law function with exponent�1 for the conductivity. (f) Dielectric loss spectrum formSBR�20A
clay nanocomposite at T = 60 �C. Black solid line is the total fit to the sum of a HN function for the interfacial polymer relaxation, a HN function for the
Maxwell�Wagner polarization, and a power law function with exponent�1 for the conductivity. Dashed lines are individual components to the total fit.
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to the concentrations normally used in industry. Figure 3 shows
the dielectric loss spectra for mSBR�CB at temperatures where
the SBR�filler interfacial mode was observed in Figure 1. A very
weak dielectric loss signal is observed in this region, and the
position of the peak appears to shift with temperature (see inset
of Figure 3 with the same data but smaller y-axis range).

However, the signal is just too weak compared to the noise for
curve fitting and extrapolation of Tgi for this sample. Our
measurements are consistent with studies showing that although
there is some interaction between carbon black and SBR,28,29 the
interaction is weaker than that of silicates and SBR. There has
been speculation that a glassy interphase exists in carbon black�
elastomer composites.19 However, large amounts of carbon black
are needed to build the percolating network of glassy interphase
and improve the modulus.

All of the results shown thus far contain uncured SBR. To
complete the study, cured and uncured (but containing curatives)
SBR samples were also tested. Comparison of uncured samples,
with or without curing agents, shows that the curatives them-
selves do not affect either the bulk or the interfacial mode.
However, curing does create a difference in bulk polymer
relaxation between cured and uncured samples. Tgb for uncured
mSBR (as extrapolated from dielectric relaxation spectroscopy)
is �44 �C, but Tgb for cured mSBR is �35 �C. A higher glass
transition temperature indicates that the bulk polymer relaxes
more slowly in cured samples compared to uncured which is to

be expected for cross-linked rubber. Despite the cross-linking,
however, the slowed bulk polymer relaxation is still much faster
than that of interfacial polymer.

Cross-linking can also affect the interfacial mode. While SBR
composites with clay, silica, and carbon black all exhibit a slower
relaxation in the uncured state, after curing, only the SBR�clay
interfacial mode can be observed. In the cured silica and carbon
black composites, the interfacial mode is mostly obscured by the
sample conductivity. The heat and shear applied during curing as
well as the cross-linking itself better disperses the particles in the
matrix, which might lead to increased conductivity. The much
weaker signal for the silica and carbon black containing samples
accentuates the problem.

While Tgi is indicative of interaction strength, the intensity of
the dielectric signal partially corresponds to the number of
interacting dipoles provided that there are no differences in any
extra correlations between the dipoles of the interfacial polymer for
the three different additives. Therefore, a weaker signal can qual-
itatively correspond to less interacting polymer compared to a
composite with a stronger signal. Because it is difficult to accurately
compare the signal strength among different samples (due to, for
example, inaccuracies in sample thickness determination), a ratio
of the dielectric strength for the interfacial polymer (Δεi) to the
dielectric strength of the bulk polymer (Δεb) were used to
compare the different samples. The interfacial dielectric strength
(Δεi) and bulk dielectric strength (Δεb) were compared at two
different (arbitrary) temperatures, +60 �C and �20 �C, respec-
tively. The dielectric strengths were obtained from fitting the
dielectric spectra at these temperatures to the sum of two HN
functions and a power law term (see previous discussion) and
extracting Δε from the HN component corresponding to poly-
mer relaxation. We use the ratio of TiΔεi/TbΔεb for each sample
as a qualitative indicator of howmuch of the polymer behaves like
the interfacial slow layer compared to that relaxing like the bulk
polymer. Table 4 lists the individual Δε and the ratio TiΔεi/
TbΔεb for the clay and silica composites. The signal for the
carbon black sample is too weak to analyze quantitatively. The
TiΔεi/TbΔεb ratio is three times larger for clay compared to
silica. One possible explanation is that the amount of “immobi-
lized” polymer at the interface is higher in the clay-containing
sample compared to that with silica or carbon black. Another

Figure 2. Bulk and interfacial relaxation times as a function of tem-
perature for mSBR and mSBR nanocomposites with C20A clay and
silica. Lines are VFT (eq 1) fits to the data. The extrapolated interfacial
glass transition temperatures, Tgi, for mSBR, mSBR�C20A, and
SBR�silica nanocomposites are �44, +36, and +22 �C, respectively.

Table 3. VFT Fit Parameters for the Interfacial Process of
mSBR Composites with Silica and Clay (C20A) and Clay
Nanocomposites with PB, SBR5, SBR23, and SBR45
Polymers

τo (s) B (K) T0 (K)

mSBR�C20A 6.79� 10�6 61 304

mSBR�silica 3.71� 10�4 19 295

PB-C20A 5.10� 10�8 364 274

SBR5-C20A 1.85� 10�6 127 313

SBR23-C20A 2.50� 10�7 380 306

SBR45-C20A 1.02 � 10�6 111 339

Figure 3. Dielectric loss spectra of mSBR�CB from 50 to 70 �C. There
is a weak signal that may correspond to an interfacial relaxation, but it is
too weak to analyze and obtain its temperature dependence. Inset shows
the same data but with a much smaller y-axis range.
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possibility is that the clay surface aligns the dipoles preferentially
(or a combination of both possibilities). Consistent with the first
explanation, the immobilized polymer layer near a flat surface
(such as, for example, clay) was found to be considerably thicker
from that near a curved surface with the same chemistry.53

The observed differences in the dielectric behavior attributed
to differences in the polymer�filler interactions should affect in
an analogous way the macroscopic properties of the (uncured)
SBR nanocomposites, i.e., their rheological and mechanical
properties. Parts a and b of Figure 4a show the isothermal
frequency scans (for temperatures 10 and 100 �C, respectively)
for the SBR polymer and its nanocomposites with C20A clay,
silica and carbon black. The introduction of all fillers enhances
the viscoelastic properties of the matrix; however, the effect is
much more pronounced for the clay nanocomposite than for
silica and carbon black. Moreover, it is of interest to note that the
crossover frequency of the storage and loss modulus (G0 and G00,
respectively) of both the neat SBR matrix and the SBR�carbon
black, observed in Figure 4b, is close to frequency, ω = 0.1 s�1,
but falls outside the rheological window for the clay nanocom-
posite. The deviations from the ideal melt behavior, mainly in the
low frequency limit, and the evolution of a nonterminal mode
seen for SBR�clay is a common feature for several classes of
nanocomposites;54�57 this behavior has been attributed to the
delayed polymer chain relaxation in the vicinity of the organic/
inorganic interface, an effect consistent with the retarded local
dynamics observed by dielectric spectroscopy. The dynamic
mechanical analysis (DMA) traces of the clay, silica, and carbon
black based nanocomposites are compared to the neat matrix in
Figure 4c. Apparently, the introduction of clay nanoparticles has
a profound impact on the mechanical response of the nanocom-
posites within the entire temperature range considered, while
only a moderate effect can be seen for the SBR�carbon black and
SBR�silica composites. A systematic investigation of the me-
chanical behavior for filled SBR has been report by Berriot et al.18

Their results have been explained in terms of a gradient of Tg in
the vicinity of the filler particles.

The interaction strength of the SBR copolymers with the
fillers can be modulated when the composition of the random
copolymers, e.g., styrene is systematically altered. Thus, follow-
ing the investigation of the effect of different fillers on the
dynamics of mSBR, composites were studied utilizing a series
of SBR copolymers where the amount of styrene was varied;
given the strength of the dielectric loss signals, we focused on clay
containing nanocomposites. By testing SBR copolymers of
different compositions with the same nanoparticles, we can
determine how the interfacial polymer relaxation changes as a
function of composition and indirectly infer what component of
SBR (styrene or butadiene) interacts more strongly with the
nanoparticles.

The characteristics of the SBRs used in this section are listed in
Table 1. While the polydispersity varies, it is believed that it does

not adversely affect the measurements. It is well-known that the
glass transition temperature does not change significantly with
molecular weight above a certain value. For polystyrene, the glass
transition temperature plateaus above 21 000 g/mol;58 gel per-
meation chromatography (GPC) analysis of this series of copo-
lymers reveal that, despite the high polydispersity, less than 2% of
the polymers have molecular weight below 21 000 g/mol. In
addition, the dielectric measurements probe only the segmental
motion, since polybutadiene does not possess a dipole moment
component parallel to the chain backbone. Thus, the measure-
ments follow only the segmental process which is independent of
molecular weight. Therefore, polydispersity should not signifi-
cantly affect comparison of the glass transition temperatures
among the different polymers.

The relaxation times, τ, for the interfacial relaxation process
for the series of C20A clay nanocomposites are plotted as a

Table 4. Interfacial and Bulk Dielectric Strengths Obtained
from HN Function Fits to the Dielectric Spectra at +60
and�20�C, Respectively, for Clay and Silica SBRComposites

Δεi (at 60 �C) Δεb (at �20 �C) TiΔεi/TbΔεb

SBR - 0.00829( 0.000 06 -

SBR�clay 0.0378( 0.0059 0.00803( 0.000 12 6.2

SBR�silica 0.0271( 0.0002 0.0152( 0.0008 2.3

Figure 4. Isothermal frequency scans at temperatures 10 �C (a) and
100 �C (b) for the SBR matrix (triangles), and the SBR�carbon black
(circles), SBR�silica (diamonds) and SBR� clay (squares) nanocom-
posites. Filled symbols correspond to G0 and unfilled to G00. (c) DMA
traces at 1 Hz of SBR, SBR�carbon black, SBR�silica, and SBR� clay
composites.
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function of temperature in Figure 5. The relaxation times are
fitted to the VFT relation (eq 1) and, from this fit, the interfacial
glass transition temperature, Tgi is extrapolated for each compo-
site. Note that C20A interacts favorably and is miscible with both
polystyrene and polybutadiene homopolymers and all copoly-
mers leading to intercalated nanocomposites. However, as seen
in Figure 5 each nanocomposite exhibits a different temperature
dependence indicating different interactions with the C20A clay.
The extrapolated Tgi and Tgb for all samples are plotted in
Figure 6 as a function of styrene content. The Tgi increases as
styrene concentration increases and, with the exception of
SBR45, so does the bulk Tg. The lowest Tgi among this group
of polymers corresponds to polybutadiene-C20A with Tgi =
19 �C. Even with the lowest Tgi, the effective glass transition
temperature corresponding to the interfacial polymer is still
115 �C higher than the bulk glass transition temperature of
polybutadiene.

Continuing through the composition spectrum, SBR5 copo-
lymer with just 5% styrene exhibits a Tgi = 47 �C. Composites

with SBR23 and SBR45 containing 23% and 45% styrene,
respectively, show interfacial glass transition temperatures of
53 and 73 �C, respectively. While the increases in Tgi can be
attributed to concomitant increases in the bulk Tg of the polymer
we note that the difference between the interfacial and bulk Tg

(Tgi � Tgb) also increases as the styrene content increases. We
suggest that the trend seen above is due to the styrene interacting
more strongly with the clay, more so than butadiene.

Dielectric spectroscopy measures the dipole relaxation of
polybutadiene segments, since polystyrene possesses a very weak
dipole moment and, thus, its relaxation mode is eclipsed by that
of polybutadiene. However, even though only one polymer
component (butadiene) is probed, we can indirectly infer the
interactions of the other polymer (styrene) because of the
macromolecular architecture of the random SBR copolymer. If
styrene is being pinned due to strong interactions, butadiene will
also “feel” the effects and its relaxation dynamics will be accord-
ingly slowed down. In the case of the C20A nanocomposites, if
styrene interacts more strongly with the clay nanoparticles, the
dynamics of all segments will slow down as the styrene concen-
tration increases. The strong styrene�clay interaction is due to
polar interactions as previously studied though theoretical
modeling,59 and systematic experiments into melt intercalation60

and intercalation kinetics.61 We believe butadiene groups also
interact favorably but not as strongly as the aromatic (styrene)
groups.

In an effort to understand the role of the surface chemistry
of the nanoparticles, the results with C20A were compared to a
clay modified with a different surfactant, C93A. The surface
chemistry of C20A and C93A is very similar except C93A con-
tains a tertiary ammonium while C20A is modified with a
quaternary ammonium. The hydrogen in C93A allows the sur-
factant to hydrogen bond with the oxygen atoms on the silicate
surface. This bonding is quite favorable which reduces the
surfactant mobility62 and modifies the surfactant and polymer
interactions with the clay. In general, polymer intercalation in
organically modified clays is determined by three pairwise
interactions:59 new clay�polymer and surfactant�polymer in-
teractions, which replace clay-surfactant interactions. Polystyr-
ene homopolymer does not intercalate into C93A indicating that
the net of the three-way interactions is unfavorable. In contrast,
polybutadiene and the series of SBR copolymers do intercalate
C93A. We believe the favorable interactions between the buta-
diene chain and the surfactant molecules63 contribute to an
overall favorable situation leading to polymer intercalation of C93A.

Dielectric relaxation spectroscopy confirm these conclusions.
PB/C93A nanocomposites show an interfacial relaxation mode
(Figure 6). The extrapolated Tgi for this system is 30 �C com-
pared to 19 �C in the case of C20A. Using Tgi as a guide, PB
seems to interact more strongly with C93A than C20A. Figure 6
also shows the results of C93A with all SBR copolymers. The
extrapolated Tgi of the copolymers increase as the styrene
content increases. However, in contrast to the PB homopolymer,
the Tgi for C93A are lower compared to the corresponding C20A
systems. In addition, there is not a clear trend in the difference
between the interfacial and bulk glass transition temperatures
(Tgi�Tgb) as a function of styrene content, which first decreases
(SBR5 and SBR23) and then increases (SBR45).

It appears that styrene still interacts with C93A even though
the favorable interactions are reduced such that polystyrene
homopolymer does not intercalate C93A. In SBR, the random
copolymer structure allows for the favorable interactions of the

Figure 5. Interfacial relaxation times as a function of temperature for
C20A clay composites with SBR polymers of varying styrene content.
Lines are VFT (eq 1) fits to the data. Interfacial glass transition
temperatures (Tgi) are extrapolated from the fits at (τ = 100s).
Polybutadiene has the lowest Tgi and SBR45 has the highest.

Figure 6. Interfacial and bulk glass transition temperatures for SBRs of
varying compositions with 20A and 93A clays. Tgi increases as styrene
content increases for both 20A and 93A clay, while Tgb (as measured by
DSC and verified by dielectric relaxation spectroscopy) varies with
styrene content within a smaller temperature range. Tgi is larger for 20A
compared to 93A at every SBR composition.
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butadiene segments to bring the styrene segments in close enough
proximity to interact with the surface. The interactions with the
surface result in higher Tgi for SBR�C93A compared to PB-
C93A. However, the reduced favorable styrene�silicate interac-
tions of C93A compared to C20A result in lower Tgi for SBR
copolymer nanocomposites with C93A compared to SBR�C20A
nanocomposites.

Finally, both C20A and C93A clays were tested with a
polystyrene-block-polybutadiene diblock copolymer (SB) to
determine the effect of chain architecture. By measuring polymer
relaxations, dielectric spectroscopy can also be used to deduce
the orientation of one polymer in relation to another polymer in a
blend with different structures.64 The block copolymer used in
this study, SB30, contains 30% styrene and it intercalates both
C20A and C93A. XRD studies of these nanocomposites show
that the clays intercalate to approximately the same interlayer
distance with similar structural coherence (same full-width-at-
half-maximum of the main diffraction peak). However, even
though SB30 intercalates both C20A and C93A, the dielectric
spectroscopy reveals very different behavior for the two systems.
The interfacial relaxation for SB30-C20A is much slower than
that of SB30-C93A (Figure 7). The Tgi of SB30-C93A is 23 �C
compared to 60 �C for SB30-C20A. In contrast, the Tgi for SB30-
C20A is similar to the Tgi for SBR23-C20A (60 and 53 �C,
respectively) indicating that when both components interact
favorably with the clay, chain architecture does not affect the
segmental dynamics of the interfacial polymer. On the other
hand, the Tgi for SB30-C93A is much lower; the Tgi for SB30-
C93A is similar to the Tgi for PB-C93A, i.e., 23 and 30 �C,
respectively. The similar polymer dynamics for PB-C93A and
SB30-C93A indicates that the styrene block in SB30 is not
interacting with the C93A surface. The structure of the block
copolymer allows the styrene block to avoid the surface whereas
the random copolymer structure of SBR brings the styrene
segments close to the few available interacting sites at the
C93A surface. It is, thus, anticipated that in the region surround-
ing the clay layers, the block copolymer is likely oriented so that
the polybutadiene block is at the surface while the polystyrene
block is away from the surface (i.e., toward the bulk). The chain
structure can even allow for block separation between the layers;
simulations on block copolymer nanocomposites reveal that

when one block does not interact favorably with the clay surface,
it is intercalated but remains in the middle of the gallery while the
favorable block resides more closely at the clay surface.65

’CONCLUDING REMARKS

Dielectric relaxation spectroscopy was used to measure poly-
mer dynamics in SBR and SBR nanocomposites. Both the bulk
and interfacial polymer relaxations weremeasured and quantified
by the glass transition temperatures associated with the polymer
relaxation. The interfacial polymer relaxed much more slowly
than the bulk polymer due to its favorable interactions with
the nanoparticle surface. SBR was tested with different fillers
including clay, silica, and carbon black. All three composites
exhibited a slower interfacial relaxation. The interfacial glass
transition for mSBR�clay nanocomposites is more than
80 �C higher than the bulk SBR glass transition temperature.
The interfacial glass transition temperature of SBR�silica
was about 65 �C higher than the bulk Tg. The interfacial
polymer in the SBR�clay nanocomposite relaxes more slowly
than in SBR�silica nanocomposite indicating stronger inter-
actions between SBR and clay. A very weak secondary
interfacial relaxation mode was observed for SBR�carbon
black composites that could not be analyzed quantitatively.
The interfacial relaxation mode in SBR�clay is strong even
after cross-linking. Cross-linking enhances the conductivity
in silica and carbon black samples which eclipses the inter-
facial relaxation mode in those samples.

Clay nanocomposites with SBRs of different compositions
were also tested. In the case of C20A, where both polystyrene and
polybutadiene homopolymers interact favorably and intercalate
the clay, polymer dynamics became slower as the styrene
concentration increased indicating that styrene interacts more
strongly with clay than the butadiene. Butadiene groups also
interact favorably with clay but not as strongly as the aromatic
(styrene) groups.

On the other hand, polystyrene does not interact as strongly
with C93A and it does not intercalate within C93A, but SBR
copolymers do intercalate within C93A due to additional
favorable polybutadiene�C93A interactions. In the case of
the random copolymers, the styrene segments are brought
in proximity to the silicate surface with which they interact
favorably. Nanocomposites of C20A with polystyrene�
polybutadiene block copolymers exhibit similar interfacial
polymer dynamics with nanocomposites based on SBR ran-
dom copolymers (of similar composition) despite the differ-
ent polymer architecture. Polymer dynamics of polystyrene-
polybutadiene block copolymer with C93A more closely
resembles that of C93A�polybutadiene nanocomposite,
which indicates that the block structure of the diblock allows
the styrene block to avoid interaction with C93A.
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Figure 7. Interfacial relaxation mode at T = 80 �C of SB30 block
copolymer with C20A and C93A as well as SBR23 with C20A and PB
with C93A for reference. SB30-C20A relaxes more slowly than SB30-
C93A. SB30-C20A relaxation more closely resembles that of SBR23-
C20A, whereas SB30-C93A more closely resembles PB-C93A.
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