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ABSTRACT: Novel information on filler-elastomer interactions is obtained by combining solid-state
1H low-field NMR spectroscopy and equilibrium swelling experiments. Multiple-quantum (MQ) NMR
experiments provide detailed quantitative molecular information on the cross-link density of the elastomer
matrix in a variety of filled systems, indicating generally weak filler effects on the overall cross-link density
and on the network homogeneity. Swelling experiments, as well as mechanical data, are additionally
influenced by the matrix-filler and filler-filler interactions. Our approach is based on comparing cross-
link densities fromNMRand (Flory-Rehner) swelling experiments, for which amasterline is always found in
unfilled elastomers. In filled elastomers two different scenarios are observed. If there are no interactions
between the polymer chains and the filler surface, no deviations from the masterline are detected because the
swelling capacity of the composite is governed by the bulk polymer. Deviations from the masterline (reduced
swelling) are exhibited by those composites that have strong rubber-filler interactions. In these cases, some
fraction of the polymer is connected to the filler surface, which thus behaves like a giant cross-link, and the
overall degree of swelling is thus reduced as compared to the bulk polymer. The novel experimental approach
was used to evaluate filler-elastomer interactions in different composites and nanocomposites.

Introduction

Elastomers are important polymeric materials because of their
unique elastic properties. However, the reinforcement of these
soft matrices is essential to realize the required properties for the
many different practical applications.1-4 Fillers are extensively
used in the rubber industry, not only to reinforce the polymer
matrix but also to improve the rubber processing and, in some
cases, to reduce the price of the finalmaterial. In this sense, rubber
reinforcement can be considered as one of the most important
topics in rubber science and technology.

Carbon black is the most widely used filler in rubber tech-
nology.5-7 In addition to reinforcing effects caused by the fractal
nature of both carbon black aggregates and larger-scale filler
networks in the rubber matrix,8-10 the surface activity11 plays a
key role in controlling the polymer-filler interactions and there-
fore the overall reinforcement. Today, carbon black is increas-
ingly substituted by cheaper and more environmentally friendly
inorganic particles12,13 such as silica.14-17 Contrary to carbon
black, inorganic fillers have a much reduced affinity toward the
elastomer components and thus tend to form large aggregates,
leading to drawbacks in processing and poor reinforcement.17

These problems are usually overcome by surface modification of
these fillers with bifunctional organic molecules18,19 improving
the interaction with the elastomer and therefore enhancing the
reinforcement effect.20,21

Elastomer nanocomposites represent one step forward in this
field,22-26 as they hold promise for properties that cannot be
realized with their microcomposite counterparts.27,28 The quali-
tative difference is caused by distinct characteristics29,30 arising

from the nanoscopic dimensions and high aspect ratio of the
nanofillers, such as a lowpercolation threshold, a large interfacial
area, and potential confinement effects on the polymer proper-
ties. However, it is important to remark that the final properties
are still short of the idealized theoretical predictions,31,32 i.e., the
much-desired nanoeffect. This discrepancy arises from imperfect
dispersion of the filler and poor load transfer from polymer
matrix to the nanoparticle,31,32 calling for optimization and
corresponding analytical tools.

It is clear that reinforcement of elastomers, or more general
polymers, by addition of particles or nanoparticles is a complex
phenomenon that depends on several factors.33 In most simple
terms, the final properties of the composite are primarily dictated
by the addition of inherent properties of the different components
that constitute the material, i.e., the so-called hydrodynamic
effect. In addition, the actual reinforcement is strongly affected
by the arrangement of the particles that are often dispersed as
fractal aggregates,10 caused by the surface activity of the parti-
cles.11 In addition, the fractal structure undergoes characteristic
changes on straining the samples, modifying the reinforcing
effect.

The other central factor that determines the variation of the
bulk properties in filled polymers is related to the parti-
cle-polymer interface. Polymer chains that interact with the
particle surface suffer a substantial modification of their chain
dynamics, for instance, leading to shifts of the glass transition
temperature (Tg).

17,34-38 The existence of a glassy layer (interface)
has been established by different experimental techniques,36-40

and it is consistentwith the effect of polymer-substrate interaction
on Tg observed in thin films.41-46 Assuming a gradient of the
glass transition temperature away from the particle interface,47-50

a mesoscale model to explain the reinforcement of elastomers in
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both the linear and nonlinear regimes (Payne andMullins effects)
has been developed.51 According to this model, the glassy layer
around the particles (or aggregates) is responsible for the
reinforcement because it acts as a “glue” between the particles,
rendering its effect particularly strong when combined with a
percolation of the filler network.51 This scenario provides a
natural explanation of the differences between conventional
(micro-) and nanocomposites, where the former have compar-
ably less interphase and exhibit significant reinforcement only at
higher volume fraction of filler. Nanocomposites exhibit a larger
relative interphase volume, and percolation occurs at much lower
volume fraction, with correspondingly large effects on the bulk
properties.52-54

The main problem at this point is the insufficient information
about structure-properties relationships (mainly in the nano-
composites field), caused by the lack of experimental procedures
to obtain quantitative or at least semiquantitative information
about the behavior of the interface.55,56 In this sense, solid-state
NMR is one of the most useful and successful tools to investigate
the filler-rubber interactions by measuring the additional topo-
logical constraints arising at the filler surface.57-64 The central
NMR observable is the residual dipolar couplings (Dres), char-
acterizing local chain order arising from nonisotropic fast seg-
mental motions of the polymer chains, which in turn arise from
constraints to the chainmotion.These constraints are imposedby
entanglements or absorption/proximity to fillers (physical con-
straints) or by cross-links or polymer filler bonds (chemical
constraints). Many NMR experimental procedures have been
used to estimate Dres,

65-69 but Hahn and solid echo relaxometry
experiments (usually performed in low-field spectrometers) are
the most used procedures to study the interface in filled
elastomers.57-61 However, it is important to point out that such
data must be analyzed very carefully, since the results can be
incorrect when the data are overinterpreted.60-72 For instance,
recent work of our group71,73 indicated that in a series of
styrene-butadiene (SBR) rubber compounds filled with carbon
black and silane-modified silica, in contrast to the significant
influence of filler particles on the average cross-link density
observed by transverse relaxometry experiments,74 multiple-
quantumNMR experiments revealed only insignificant variations
of the average state of order (directly related to the cross-link
density of the actual matrix polymer) in those compounds. This
was explained by the fact that Hahn-echo (T2) relaxometry is
subject to nondipolar effects; thus subsequent fits produced
artifacts.71 Therefore, we consider double-quantum (DQ) or,
more generally, multiple-quantum (MQ) NMR as the best
method for the measurement of weak residual dipolar couplings
in composites.

In this work, the structures of series of natural rubber (NR)
and SBR compounds filledwith conventional (micrometer-sized)
particles as well as different types of nanoparticles are investigated

byMQexperiments performed on low-fieldNMRspectrometers.
As noted, the swelling behavior of rubber compounds is deter-
mined not only by the polymer network structure,75 but it is also
restricted by the boundary conditions at the surface of the
particles.76 In this article, by combiningMQNMRand equilibrium
swelling experiments in filled rubber compounds, we investigate
the nature of the filler-rubber interface, taking as a reference the
elastomer bulk behavior. In addition, elastomer nanocomposites
will be studied in detail in order to obtain some evidence on the
origin of their exceptional improvement of properties in compar-
ison with the conventional composites.

Experimental Section

Materials and Preparation of Samples. Standardized natural
rubber (NR) and styrene-butadiene (SBR) rubbers filled with
different microparticles and nanoparticles were prepared using
standard procedures. Table 1 shows a brief summary of the
analyzed samples. More detailed descriptions of the sample
recipes and preparation procedures are provided as Supporting
Information.

Samples used to analyze the swelling behavior of unfilled NR
were described in another recent article75 (not listed in Table 1).
The aim of this sample series is to cover the range of cross-link
densities used for practical uses in rubber technology with the
most useful cure systems, i.e., sulfur-based cure systems
(conventional and efficient according to the accelerant/sulfur
ratio) and a peroxide cure system (dicumyl peroxide). These
samples produce a masterline in a plot of the NMR-determined
cross-link density vs the swelling-derived cross-link density.75

In order to obtain a similarmasterline for SBR compounds, a
series of SBR samples were vulcanized with a conventional
vulcanization system with increasing sulfur content. All unfilled
compounds are generally denotedwith “u” and are not explicitly
listed in Table 1, e.g., NR1-u and SBR1-u. They were always
prepared following the same recipes as the filled conterparts.
Two series of NR and SBR compounds were filled with a
constant volume fraction of precipitated silica (NR1, SBR1)
and carbon black (NR2, SBR2). The NR1-50S-A and SBR1-
50S-A compounds were filled with silica (50 phr) and addition-
ally contain 4 phr of bis(triethoxysilylpropyl)tetrasulfane
(TESPT) as coupling agent.

The NR3 and SBR3 series are also filled, but with varying
contents of modified silica. These composites were prepared in
order to study the influence of both the content of filler and the
chemical structure of the coupling agents on the swelling capacity
of the material. In these cases, the silica surface was modified
(before the addition to rubber compound) with diethylene glycol
(DEG) and three different silanes: TESPT, mercaptopropyltri-
methoxysilane (MS), and 3-octanoylthio-1-propyltriethoxysilane
(NXT). To study the influence of DEG and the different coupling
agents on the vulcanization process, a series of unfilled samples
were prepared by adding just DEG (NR3-u; SBR3-u) and addi-
tionally the corresponding silane (NR3-u-A.B,C, SBR3-u-A,B,C).

Table 1. Summary of the Studied Sample Series and Their Composition Permutations

sample series optional filler (phr)a optional coupling/modification agents A-D (phr)a

NR1-50S-A silica (50) TESPT (4)
NR2-45CB carbon black (45)
NR3-xxS-A,B,C silica (10; 20; 30; 40; 50; 60) TESPT (1; 2; 3; 4; 5; 6); MS (4); NXT (4)
NR4-10Clay-D clay (10) ODA (∼2.8)
NR5-u-D ODA (2.8)
NR6-xFGS TEGO (1; 1.5; 4)
NR6-1.5LSFGS low-surface TEGO (1.5)
NR6-16CB carbon black (16)
SBR1-50S-A silica (50) TESPT (4)
SBR2-45CB carbon black (45)
SBR3-40S-A,B,C silica (40) TESPT (4), MS (4), NXT (4)

aThe numbers in parentheses indicate the amount of each ingredient in parts per hundred of rubber (phr). Note that in the NR3 series the silane
content (A, B, or C) is adjusted according to the silica content.
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Generally, the names of the compounds, e.g., NR3-40S-A, contain
the type of rubber (NR or SBR), the recipe index (3), the amount
of filler (40 phr) and its type (S=silica), and themodifiermolecule
(A=TESPT, B=MS, C=NXT).

NR-clay nanocomposites with a sulfur-based cure system
were prepared following recipes published elsewhere.27 The
NR4-10Clay samples contain different amounts of the cure
system and 10 phr of pristine montmorillonite (MMT). NR4-
10Clay-D samples include 10 phr of MMT modified with
octadecylamine (ODA). NR5-u-D samples do not contain any
filler but additionally have 2.8 phr of ODA to evaluate the effect
of ODA in the vulcanization reaction. For more details on the
clay structure and the clay modification see ref 27.

The NR6 samples are graphene-based nanocomposites fea-
turing different contents (1-4 phr) of functionalized graphene
sheets (FGS), also referred to as “thermally expanded graphite
oxide” (TEGO), as described in ref 77. In addition, two com-
pounds contain 1.5 and 16 phr of low surface FGS and carbon
black, respectively. All samples were prepared by a solution
processing technique.77 Details on the preparation and char-
acteristics of FGS were published elsewhere.78

Most specimen were cured in a laboratory press at 150 �C
(160 �C for SBR series 1 and 2) at their respective optimum
times, i.e., t95 or t97, according to the rheometer curves.

Determination of Mc by Equilibrium Swelling. The average
mass of network chains between cross-links (Mc) was deter-
mined by equilibrium swelling experiments, taking into consid-
eration all the recommendations given in our previous work.75

Mc was calculated based on Flory-Rehner theory, assuming a
phantom model to describe the elastic behavior of the swollen
network (pointing out that this is merely an assumption vali-
dated by better agreement with NMR results;81 experimental
proof unambiguously identifying the better applicability of the

affine vs the phantommodel is still lacking). The rubber density,
Fr, was measured via the hydrostatic weighing method.75 To-
luene was the solvent in these experiments; therefore, the molar
volume and density of the solvent were taken as Vs=106.2 mL/
mol and Fs=0.87 g/cm3, respectively.

To calculate the volumetric fraction of rubber, five weighed
test pieces of rubber (pieces of approximately 6 mm diameter
and 2 mm thickness were used), wi, were immersed in toluene at
22 �C for a period of 24 h in sealed dark vials, in order to protect
the swollen sample from light. As was demonstrated pre-
viously,75 these measures ensure that swelling equilibrium is
reached and that the sample degradation isminimized. Then, the
samples were blotted with tissue paper to remove the excess of
the solvent and immediately weighed on an analytical balance
with an accuracy of∼10-5 g (ws). Finally, the sampleswere dried
in a vacuum oven for∼24 h at 60 �C until constant weight (wd),
and eq 1 was used to determine the rubber fraction, φr:

φr ¼
wd -finswi

Fr
wd -finswi

Fr
þ wsol

0

Fs

ð1Þ

Here, fins is the weight fraction of insoluble components, which
depends on the sample recipe, and w0

sol is the equilibrium weight
of the swelling solvent. In this work, zinc oxide and filler
particles were considered to be insoluble components. These
particles do not swell and have to be subtracted in order to
obtain the actual rubber fraction.According to the experimental
procedure described previously, without sample degradation
effects it is possible to accurately determine this parameter as the
weight of liquid taken up after 24 h (w24 h

sol ):w0
sol=w24 h

sol =ws-wd.
The given rubber volume fractions are always the average over
five test pieces per sample.

Figure 1. Distribution of residual dipolar couplings obtained by numerical analysis of InDQ via Tikhonov regularization. Unfilled NR and SBR
samples in (A) have the same recipe. Addition of silica or carbon black (B), clay or organo-clay (C), or different amounts of graphene (D) do not lead to
any remarkable change in the cross-link distribution with respect their unfilled counterparts. The shift of the maxima to higher values in (C) is related
with the efficiency of the vulcanization reaction. Amines used to modify clay particles act as accelerators, increasing the efficiency of the vulcanization
reaction (see below).
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However, eq 1 does not take into consideration the excess of
solvent placed in the vacuole formed around particles with no inter-
actions with the rubber. This effect plays an important role in filled
compounds; therefore, in samples without rubber-particle inter-
actions, the excess solvent has to be taken into account as follows:75

φr ¼
1þ ðfinswiÞ=Fins

ðwd -ðfinswiÞÞ=Fr
wd -finswi

Fr
þ wsol

0

Fs
wd -finswi

Fr

þ ðfinswiÞ=Fins
ðwd -ðfinswiÞÞ=Fr

ð2Þ

where Fins is the density of the insoluble particles. Finally, it is
important to use a correct value of the Flory-Huggins para-
meter χ, which in fact depends on the volumetric fraction
of rubber75 and is also different for networks vs linear poly-
mers.79,80 Taking this fact into consideration, we used the
expression81 χ=0.427 þ 0.112φr

2 for the NR-toluene pair.
To the best of our knowledge the φr dependence of χ for the
SBR-toluene pair was not studied yet with sufficient precision
for the case of networks, which is why we use a constant value
of χ=0.413.82

Determination of Mc by Proton NMR Spectroscopy. Proton
MQ spectroscopy is probably the most versatile and robust
quantitative technique to investigate not only the structure
but also the dynamics of polymer networks, based on the
determination of partially averaged residual dipolar cou-
pling constants (Dres), given in units of rad/s.69 The essential
advantage of MQ spectroscopy as compared to more tradi-
tional NMR approaches such as Hahn or solid echoes is that,
without invoking any specific model, effects of temperature-
independent network structure and temperature-dependent
chain dynamics can be quantitatively separated, in the high-
temperature regime, as explained in much detail our previous
papers.69,72,83 The major trick is to analyze a so-called
normalized DQ (nDQ) build-up curve, which is obtained by
suitableprocessing of the experimentalDQbuild-up and reference
decay curves, all curves being measured as a function of the
double-quantum evolution time τDQ (= variable duration of the
pulse sequence). We here only mention some experimental basics
that are particularly relevant in the given context.

Experiments were carried out on a Bruker minispec mq20
spectrometer operating at 0.5 T with 90� pulses of 1.7 μs
length and a dead time of 12 μs. It is important to note that
the experimental result, Dres, is directly proportional to the
(local) cross-link density and that possible distribution
effects of Dres related to different end-to-end separations
and polydispersity of network chains do not play any role in
the case of natural rubber because of the cooperativity of the
reorientational dynamics on the length scale of a few net-
work chain lengths that averages the observable.84 Therefore, the
nDQ build-up curves could be analyzed in the quasi-static limit in
terms of a single Dres. Distribution effects only come in when the
sample has spatial variations in cross-link density that exceed the
length scale of one or a few Rg.

However, the case of SBR samples is different in that
styrene-co-butadiene rubber exhibits an apparently broader
Dres distribution due to the different comonomers with dif-
ferent local coupling topologies. This point is best illustrated
by results from a regularization analysis, providing direct
access to the distribution function by numerical inversion,83

using fast Tikhonov regularization.85,86 This provides a qua-
litative picture of the distribution of residual couplings, and
the differences among the samples can be appreciated in
Figure 1. In part A, it is readily apparent that SBR features
an intrinsically broader distribution. Results that are less
prone to systematic errors related to experimental inaccura-
cies are obtained by fitting the experimental DQ build-up

curves under the assumption of a Gaussian distribution of
dipolar couplings69

InDQðDres, σÞ ¼ 1

2
1-

exp -
2
5Dres

2 τDQ
2

1þ 4
5σ

2τDQ
2

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4

5
σ2τDQ

2
q

0
BBB@

1
CCCA ð3Þ

which yields both an average apparent coupling constant and
its standard deviation σ characterizing the distribution width.
It is important to note that, contrary to NR compounds, due
to the broader intrinsic distribution, most of the SBR samples
are close to the limit of applicability of this fitting function,
with σ being approximately half of the average Dres. At
significantly larger σ, the distribution function would extend
into the negative quadrant, imposing a systematic error on the
average Dres. In the following, we always give σ in units of
Dres. From Figure 1, it is obvious that the Dres distribution in
all NR samples, and thus the overall heterogeneity in the
cross-link density, is rather small (σ/Dres< 1/4), indicating no
significant effect of any of the used fillers on the overall
spatial heterogeneity in cross-link density.

In order to obtain a quantitative interpretation of the average
molecular weight of network chain between cross-links, Mc,
extracted from the NMR-determined Dres, it is necessary to
define the “rigid-limit” coupling Dstat/k, taking into considera-
tion a rescaling factor k that considers fast (∼picoseconds)
dynamics inside the statistical (Kuhn) segments. The local
dynamic order parameter of the polymer backbone69 Sb, which
is defined as a time average over the fluctuations of the segment-
fixed dipolar tensor over the time until a plateau region is
reached, is obtained as

Sb ¼ k
Dres

Dstat
¼ 3

5

r2

N
ð4Þ

Equation 4 connects the experimental observable with the net-
work parameters. The dimensionless factor r is the ratio of the
end-to-end vector to its average unperturbed melt state
(r2= r2/Ær2æ0=1 in unstrained rubbers), and N is the number
of statistical segments between constrains. The last quantity can
be converted into Mc via a calculation involving the character-
istic ratio C¥, noting that the cross-link density is 1/Mc ∼ 1/N.

From previous spin dynamics simulations, and assuming a
reasonable model for the intrasegmental motions, an apparent
reference coupling for natural rubber was obtained,72 Dstat/k=
2π � 6300 Hz. The final Mc is obtained as

Mc ¼ 617 Hz

Dres=2π
kg=mol ð5Þ

In SBR, the comonomer-specific Dres and the complex spin
dynamics of the PS comonomer with its phenyl side group
performing independent rotational jumps would require an in-
depth analysis of the spin dynamics based on a suitable model
for the local molecular dynamics, which was not yet done. We
therefore refrain from converting the fitted Dres into actual
values of cross-link density. Because of the perfect proportion-
ality, we therefore simply takeDres∼ 1/Mc as ameasure of cross-
link density.

Determination of Freezing Point Depression: Cryoporosime-
try. The determination of the freezing point depression of
solvent imbibed in rubber compounds (also termed cryo-
porosimetry) has been used not only to obtain (qualitative)
information about the rubber network structure87 but also to
study filler-rubber interactions.88 To perform these experi-
ments, small pieces of rubber (around 5 mm3) were swollen in
cyclohexane (because of its favorable crystallization behavior in
DSC), protecting the samples from the light in order to prevent
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photo-oxidative degradation.75 After 1 day, samples reach the
swelling equilibrium and are placed in the DSC pans with some
excess of solvent preventing deswelling by vaporization.

Freezing is a complex thermodynamic/kinetic process, in our
case crucially influenced by the way a rubber network interferes
with crystal nucleation. This is the reason why several authors
prefer the measurement of melting point89 rather than the freez-
ing temperature to study the network structure. We note that in
our case both experiments gave qualitatively the same informa-
tion.

DSC experiments were carried out on a Mettler Toledo
differential scanning calorimeter (DSC 822e). All results for
the liquid-solid or solid-liquid transition discussed in this
work are mean values of at least three samples, with a cooling
or heating rates of 5 �C/min, which represent themost favorable
condition in order to obtain well-reproducible results.87

This experimental procedure is based on the anomalous
melting point depression of the solvent imbibed in the elastomer
compound caused by the finite and rather small crystal size, as a
result of dimensional restrictions caused by the size of the three-
dimensional polymer mesh. Therefore, the difference (ΔT)
between the melting (or freezing) temperature of pure solvent
(T0) and the solvent that is imbibed in the rubber compound (T)
is directly related to the dimensional restrictions imposed by the
rubber network. In unfilled compounds, it is consequentially
related to the cross-link density or 1/Mc. In filled compounds,
different scenarios are possible:88 (i) without filler-elastomer
interactions, a vacuole of pure solvent forms at the interface,
whose size is related to the filler particle size, and within which
the dimensional restrictions related to the rubber network are
released; hence, a reduction in the freezing point depression is
expected; (ii) with filler-elastomer interactions, leading to an
interface containing a rubber fraction with equal or higher
cross-link density as compared to the bulk network, the nuclea-
tionwillmainly take place in the bulk network, and thereforeΔT
should not vary much as compared to the corresponding
unfilled sample; (iii) with the attached filler significantly redu-
cing the overall swelling of the rubber network, the freezing
point depression is increased. In consequence, this experiment
gives important qualitative information on the elastomer com-
posites.

Results and Discussion

The main goal of this paper is to obtain information on the
filler-elastomer interface by combining apparent cross-link
densities obtained by 1H low-field solid-state NMR and equilib-
rium swelling experiments. It is important to note that the NMR
results (taken on unswollen samples) are characteristic for the
whole matrix polymer in all cases. The perfect linear correlation
observed for unfilled elastomers represents the swelling behavior
of the polymermatrix, and it only depends on the polymer-solvent
pair. Taking these masterlines as reference, we evaluate the

swelling restrictions caused by filler-elastomer interactions,
which depend critically on the interface in the different systems.
Our purpose is to provide an overview of the effects observed in
the most common rubber micro- and nanocomposites. The work
is structured as follows.First,we compare the interfaces of rubber
compounds filledwith silica and carbonblack,which are themost
important conventional fillers used in rubber technology. Second,
we evaluate the influence of different coupling agents on the
silica-elastomer interface, comparing samples with different
filler content. Third, we show results for nanocomposites, taking
rubber-clay nanocomposites as one of the most widely studied
system in this field and finally focusing on a novel elastomer
nanocomposite system based on functionalized graphene sheets
(FGS).

Combining all these data, we arrive at a comprehensive picture
of the different interface behaviors of the different filled elasto-
mers, noting again that we only employ to-date standard experi-
ments involving low-cost technology.

A. Unfilled Compounds. Swelling Masterlines. Different
linear relationships are obtained when swelling results are
compared with the NMR observable (Figure 2). Indepen-
dently of the elastomer, NR or SBR, or cure system, the
NMR/swelling correlation demonstrates that the scaling
relationship Dres∼ Sb ∼ N-1 ∼ Mc

-1 assumed for the
NMR analysis is correct. There are of course still uncertain-
ties in the prefactors, related to the model assumptions
involved in both experimental approaches,75,84,90 yet impor-
tant independent conclusions can be drawn.

First of all, it is important to note that the NMR experi-
ment is sensitive to both physical (entanglements) and
chemical (cross-links) constraints, and therefore it gives
information on the actual number of elastically active net-
work chains present in the dry sample. On the other hand,
swelling of elastomer networks is a complex nonhomoge-
neous process, where excluded-volume effects, subaffine
local deformation, and topological reorganization with a
possible partial release of nontrapped entanglements
(“desinterspersion”) all play a role.90-92 The y intercept in
Figure 2 is in fact related to the entanglement contribution
that is fully measured by NMR but is not fully active in
restricting the overall swelling (only a part of the entangle-
ments are topologically “trapped”), so the intercept is
somewhat lower than 1/Me. In the case of NR, the obtained
value at the y intercept gives 6450 g/mol, which is consistent
with values already published for the entanglement mole
cular weight (6200 g/mol), obtained from rheology measure-
ments.93,94

It is important to note that natural rubber networks
(Figure 2A) exhibit the same linear relationship indepen-
dently of the cure system (at least over the shown cross-link

Figure 2. Comparison of swelling-determined reciprocal inter-cross-link molecular weights with corresponding results from NMR experiments for
unfilled NR (A) and SBR (B) compounds. Note that a conversion factor for Dres into 1/Mc for the case of SBR is not yet available.
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density range), corroborating the independence of the
extracted results from differences in the very local structure
of these networks, i.e., the chemical nature of the cross-links,
the cross-link distribution, and the amount of (elastically
inactive) network defects (which are independently obtained
by NMR and do show substantial variations that are the
subject of an independent publication). We thus conclude
that this type of representation characterizes the swelling
behavior of the rubber matrix according to the specific
polymer-solvent interaction parameter χ and the elastic
answer of the bulk elastomer matrix.

The parameter χ is a complex quantity, being influenced
by both entropic and heat of mixing terms, thus depending
on the polymer-solvent pair and the volume fraction of
rubber. The second contribution, i.e., the elastic answer of
the network in swollen state, is obviously insensitive to the
very local structure of the network, but it depends strongly
on the number of elastically active junctions. The rubber
fraction in swelling equilibrium φr is thus directly related to
the cross-link density 1/Mc (or 1/Dres in the case of SBR)
measured byNMR,φr

unf=f(Mc
NMR). Figure 2B in fact proves

that within the studied range of cross-link densities the
neglected concentration effects on χ for SBR are not too
large.

B. Filled Compounds. 1. Silica and Carbon Black Com-
posites. To investigate the importance of the interface of
rubber compounds filled with the most commonly used
fillers, e.g., silica and carbon black (with their micrometer-
sized aggregates), their respective unfilled samples were
taken as references. As it is expected, the swelling capacity

of the unfilled samples falls on the masterline, φr
unf =

f(Mc
NMR). Figure 3 confirms that φr

unf is mainly defined by
the number of elastically active junctions (1/Mc

NMR),
whereas variations in the local structure of the networks
(produced by use of different cure systems) only produce
negligible effects.

Contrary to this observation, filled compounds follow two
different scenarios, i.e., when there are or are no elasto-
mer-filler interactions. To highlight this point, we focus on
two of the rubber compounds, NR and SBR, both filled with
pristine silica and with TESPT-modified silica (samples 7
and 11 for NR in Figure 3A and samples 6 and 9 for SBR in
Figure 3B).

i. Pristine Silica: AWeakly Interacting Filler.The addition
of silica to both NR and SBR leads to significant changes in
the cross-link density, as it is indicated by the significant
decrease of 1/Mc measured by NMR (vertical shifts in
Figure 3). It confirms the general influence of the filler
surface on the cure system, reducing its efficiency by mere
adsorption of reactive species, e.g., vulcanization additives
(such as MBTS) tend to adsorb on the silica surface, thus
becoming inactive in the vulcanization,95,96 or possibly
involving specific effects of the hydroxyl groups present on
the silica surface. Such effects are particularly strong when
pristine silica is used; see the symbols 7 and 6 in Figure 3,
parts A and B, respectively, as compared to their unfilled
counterparts (denoted 3 in each plot). When these results are
compared to the situation with silanization at the same level
of filling (symbols 11 and 9 in Figures 3, parts A and B,
respectively), it is clear that untreated silica hasmuchweaker
interactions with the rubber matrix, not restricting the swel-
ling as much.

Such behavior is explained by reduced or completely
missing interactions between elastomer chains and the silica
surface in the swollen state. If this statement is true, eq 1
should not be applicable as it does not consider the excess of
solvent present in the free space (vacuole) present at the
interface of noninteracting composites76 (it would assume
1/φr

fil=Vfil=Vfil
net þ Vfil

int). Hence, eq 2 should be used to
properly calculate the volumetric fraction of rubber via
swelling experiments,75 which correctly yields 1/φr

fil=Vfil
net=

Vfil - Vfil
int for use in the Flory-Rehner equation, where Vfil

defines the total volume of solvent present in the filled
sample, V fil

net is the solvent that is actually swelling the
elastomer network, and V fil

int stands for the solvent volume
located in the interface.

It is important to note that the osmotic expansion of the
polymermatrix exerts a strong force on the polymer thatmay

Figure 3. Representation of the true cross-link density (measured by
NMR) as a function of 1/Mc derived from swelling for different series of
conventional filled elastomers. Lines represent the swelling behavior of
unfilled (bulk) NR (A) and SBR (B) networks. The double arrow
highlights the correction effect on 1/Mc (swelling) when eq 2 (unfilled
symbol) is used to eliminate the excess of solvent that eq 1 does not take
into consideration (filled symbols). Bracketed values in the legend
represent the freezing point depressions of cyclohexane imbibed in these
samples.

Figure 4. DSCheating curve of cyclohexane in swollenNRcompound.
Comparative melting point depression of unfilled NR (A) with those
compounds filledwith pristine silica (B) andTESPT-modified silica (C).
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be adhering to the filler surface. This process thus favors the
polymer debonding from the filler surface even in the case
when solvent-polymer interactions are more favorable than
the solvent-filler interactions.

The presence of vacuoles around the filler particles is
independently confirmed by cryoporosimetry measurements
(Figure 4). All samples show two well-defined endothermic
peaks attributed to the solvent present inside (peak 1, lower
melting temperature) and outside (peak 2, higher melting
temperature) the rubber matrix. Peak 2 corresponds to the
melting of the solvent excess that is in the DSC pan but is not
swelling the rubber matrix. Slight differences in the melting
temperature could be explained by colligative effects. In
addition, variations in intensity are only caused by the
different excess of solvent in each sample.

The substantial low-temperature shift of peak 1 in the
unfilled sample is caused by the small mesh size of the
polymer network. While the use of silanized silica yields a
network that swells overall less and shifts peak 1 toward low
temperature, addition of pristine silica shifts peak 1 to higher
temperature because of a dramatic decrease in the size
restrictions;a considerable amount of frozen solvent is
now present in larger vacuoles, in effect shifting the max-
imum. Figure 5A shows a schematic picture of the assumed
scenario.

When we implement the correction (using eq 2 rather than
eq 1 to calculateφr), we, in fact, obtain an increased deviation
from themasterline (unfilled vs filled symbols). The direction
of the correction is reasonable. With the presence of vacuoles,
less solvent participates in the actual network swelling; thus,

the true φr is smaller than the one given by eq 1.However, the
now increased deviation from the masterline shows that also
in these unsilanized but highly filled compounds there are
some filler-elastomer interactions that restrict the swelling
somewhat. Nevertheless, the deviation from themasterline is
still much smaller than for systems with the same amount of
active, silanized filler. This behavior may be explained by
larger scale inhomogeneities in the swollen system, possibly
due to a mechanical mesh of filler particles that are “glued”
together. Such large and irregularly shaped aggregate struc-
tures may not allow for an affine expansion of the rubber
matrix around it. In other words, strong and solvent-resis-
tant filler networking may also contribute to restrictions on
swelling.

ii. TESPT-Modified Silica: A Strongly Interacting Filler.A
different situation is observed in samples filled with silane-
modified silica, e.g., number 11 and 9 for NR and SBR in
Figure 3, parts A andB, respectively, as already noted above.
TESPT is a bifunctional organosilane widely used in rubber
science and technology. On one hand, it is grafted onto
the silica surface by the reaction of the ethoxy groups of
the silane molecules with the hydroxyl groups present on the
silica surface. On the other hand, the sulfane functionality
can participate in the vulcanization process, creating cova-
lent bonds with the elastomer chains. In consequence, varia-
tions in the vulcanization efficiency caused by the presence of
silica hydroxyl groups are not probable; to the contrary, the
formation of extra cross-links at the filler-rubber interface is
expected.

The negligible vertical shift of these compounds with
respect to the corresponding unfilled samples in Figure 3,
as well as the absence of broadening of Dres distribution
(Figure 1B), indicates that our NMR experiments are in this
case insensitive to filler-rubber interactions, in accordance
with the previously published results in SBR.62 This merely
means that the (undoubtedly present) silica-polymer cross-
links are much closer on average than the cross-links in the
bulk (Mc

int ≈ Mc
bulk) or that a region of increased cross-link

density close to the filler contributes only a small volume
fraction as compared to the overall amount of rubbermatrix.
The situation would only change for well-dispersed nano-
metric fillers with large grafting density, for which theNMR-
detected cross-link density is expected to be increased as well
as spatially inhomogeneous. Such a behavior is indeed
observed in recent experiments onmodel-filled ethyl acrylate
elastomers, which will be published soon.

We should mention that recent works on filled poly-
(dimethylsiloxane) networks (PDMS) do show a certain
increase of the average residual dipolar couplings (related
to the number of constrains) upon addition of interacting
fillers using MQ 1H NMR experiments.63,64 In the case of
silica-PDMS composites, this increase ofDres is not surpris-
ing because, albeit being overall unpolar, PDMS forms
strong hydrogen bonds with hydroxyl groups on the silica
surface (due to its local dipoles). These interactions lead to
the formation of a glassy layer; consequently, pristine silica
particles in PDMS behave as giant cross-links, which are
further much better dispersible than in incompatible poly-
mers such as NR and SBR. In conclusion, untreated silica is
considered an active bound filler for PDMS but inactive in
the case of nonpolar rubber like SBR.

Although 1/Mc seems to be invariant, swelling measure-
ments reveal a clear deviation from the masterline
(horizontal shifting) when silanized silica is dispersed into
the elastomer, Vfil < Vunf. In consequence, the reduction of
swelling capacity of these samples (number 11 and 9 in NR
and SBR compounds represented in Figure 3, parts A and B,

Figure 5. Schematic comparison of the swelling behavior of an elasto-
mer composite without interactions between filler particles and the
rubber matrix (A) and a composite with filler-rubber interactions (B).
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respectively) must be related to the different swelling beha-
vior within the filler-rubber interface, Vfil

int < Vfil
net e Vunfil.

Figure 5B shows a schematic picture of the assumed scenario
to explain the swelling behavior of filled compounds with
filler-rubber interactions, which is the key of this article.

Fillers are unswellable particles that contain some elasto-
mer chains connected to their surface; hence, fillers behave
likemacro cross-links. In consequence, the swelling behavior
of rubber connected to the filler surface is strongly limited in
comparison to the bulk behavior (independently of whether
Mc

int is or is not different from Mc
bulk). The total volume of

solvent measured in equilibrium swelling experiments is the
sum of two contributions: the fraction of solvent in the
interface and the solvent that is swelling the bulk. According
to the described statement, significant deviations from the
masterline are expected and demonstrated experimentally
(Figure 3).

Within this scenario, one would expect a very broad
distribution of apparent residual dipolar couplings in the
swollen state, as the network close to the filler swells much
less than the rest. In consequence, an inhomogeneous strain
field could be assumed.76 Unfortunately, it is not possible to
detect this byMQNMR experiments because the previously
demonstrated heterogeneous nature of swelling process itself
masks this gradient90-92 (data do not shown).

It is important to consider the influence of the interface on
the bulk behavior, which is also reflected in the cryoporosi-
metry results, as canbe seen inFigure 4. The interface created
by the covalent filler-rubber interactions leads to increased
restrictions. In consequence, freezing of the solvent primarily
takes place in the less restricted network bulk rather than in
the interface. Figure 4 shows that the melting point of the
solvent that is swelling the rubber network is depressed in
comparison to the unfilled sample. Taking into considera-
tion that both samples have practically the same cross-link
density as measured by NMR, hence the same mesh size, the
only explanation is the decrease of swelling capacity of the
bulk network because of the presence of filler particles and
the influence of the interface. Similar results were obtained
by measuring the freezing point depression of SBR compo-
sites (see legend of Figure 3B).

iii. Influence of Filler Volume Fraction and Filler Network-
ing.The filler volume fraction in compoundswith interacting
particles becomes a very important parameter. This is
obvious from Figure 6, where we see that the addition of
10-20 phr TESPT-modified silica leads to almost negligible
changes in the apparent 1/Mc (i.e., almost invariant swelling

behavior). However, a nonlinear behavior, with a marked
increase in swelling restrictions, is observed in samples filled
with 30 phr or more of modified silica. According to the
NMR results, a slight decrease of 1/Mc is observed as the
filler fraction increases, which may be due to an adsorption
of a part of the vulcanization ingredients, as already men-
tioned above. Nevertheless, neglecting this tiny variation of
the true cross-link density among these samples, the small
deviation of lowly filled composites with respect to the
masterline, even with proven filler-rubber interaction, is
easily explained by a low fraction of rubber in the interphase,
Vfil ≈ Vfil

net ≈ Vunfil (see Figure 5). The effective cross-link
density measured in the swelling experiments should be
related to the elasticity modulus of the samples, and previous
work has shown that the latter is a nonlinear function of the
filler volume fraction φf.

49 The increased apparent cross-link
density observed for the composites with 30 phr or more of
modified silica (corresponding to volumetric fractions
>12%) is obviously not proportional to the increase of
rubber present in the interface. It was demonstrated in the
literature that a percolated filler network is formed at similar
volume fraction of fillers.97,98 Therefore, we hypothesize that
filler percolation may also explain the nonlinear correlation
shown in Figure 6. Only geometrical effects have to be
considered here because the solvent would plasticize the
possible glassy layers. At low/moderate volume fraction of
filler, rubber at the interface merely increases the effective
filler volume fraction. At higher filler volume fraction, above
the percolation threshold, the interfaces overlap and the
system enters a strongly reinforcing regime, in which many
filler particles are tightly linked and form even larger effec-
tive cross-links, explaining the nonproportional reduction of
solvent volume in the composites. In conclusion, the devia-
tions from the masterline, and also the actual reinforcement
of the elastomer matrix, are largely due to the formation of a
continuous filler network. Detailed mechanical investiga-
tions supporting this issue were performed and are the
subject of a subsequent publication.

The results obtained for SBR shown inFigure 3B suggest a
less dramatic nonlinear behavior upon going from samples
with 10 and 20 phr of TESPT-modified silica to about 40 phr.
We point out that filler percolation phenomena and the
ultimate reinforcement are also dependent on the primary
aggregation and agglomeration state of the filler, indicating
that future work must also include scattering studies char-
acterizing the filler network structure. Analogous behavior is
observed in NR samples filled with carbon black (samples 6
and 13 in Figure 3A). Although there is no evidence of
significant variation in both the averageMc and its distribu-
tion detected by NMR (see Figure 1B), there are again
significant variations in the swelling capacity. Following
the same reasoning as above, we assume that the described
behavior may be again related with the formation of a
percolated filler network somewhere between 16 and
45 phr of carbon black, in agreement with the results
obtained by other techniques.97,98

In consequence, the filler network seems to be a main
factor determining the improvement of mechanical proper-
ties and the restrictions on the swelling capacity of filled
elastomer compounds. Individual interacting filler particles
are big multifunctional cross-links, whose effective size
increases further when they become mechanically connected
upon filler network formation. In this sense, a further
increase of the swelling degree (a decrease in the restrictions
to swelling) at longer times could be expected at least for
carbon black composites, for which physical absorption is
more dominant than chemical bond formation, as the swelling

Figure 6. Variation of the apparent cross-link density of NR3 com-
pounds filled with TESPT-modified silica as a function of filler volume
fraction. These data were extracted from Figure 3A for a clearer
presentation. The line is only a guide to the eye.
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stress and the solvent action may break down the physical
filler-filler bonds (created thought glassy layers). This sup-
position is analogous to the bound-rubber determination by
solvent extraction, which is known to be time dependent, and
will be tested in the future.

iv. Influence of the Strength of the Filler-Matrix Interac-
tion. Another important parameter to tune and understand
the reinforcement of filler compounds is the actual nature
of the filler-matrix interaction.51 The first example was
already given by the comparison of NR and SBR filled with
carbon black and TESPT-modified silica (samples 5 and 6
for NR in Figure 3A and samples 4 and 5 for SBR in
Figure 3B). These samples contain the same filler volume
fraction and were prepared and processed under the
same conditions, yet the silica-filled compounds seem to
have stronger swelling restrictions, and hence larger devia-
tions from themasterline, than the carbon black compounds.
Since both composites do not showany remarkable variation
in the overall cross-link density and its heterogeneity with
respect their unfilled counterpart (see Figure 1B), differences
in swelling are related to the different nature and strength of
the filler-elastomer interactions (physical absorption vs
chemical bonds) and also to differences in the filler network
structure (aggregation).

Considering that a proper separation of effects of aggre-
gate and agglomerate structure without dedicated scattering
experiments is not possible, a cleaner indication of the
importance of the filler-matrix interaction strength may
be gleaned from changing just the nature of the silane
coupling agent in composites filled with pretreated silica.
Although different silanes may have some influence on filler
dispersion upon compounding, we consider that the main
factor that determines the observed differences in these
samples shouldbeattributed to the strengthof the filler-matrix
interaction.

Figure 7 shows the effect of three different silane mod-
ifications in both NR and SBR composites. First of all, it is
important to point out again that all unfilled samples follow
the masterline. Differences in the cross-link density of these
samples (vertical shifts) are caused by the influence of the
different silane molecules on the overall vulcanization reac-
tion (see samples NR3-u, NR3-u-A, NR3-u-B, NR3-u-C,
and their SBR counterparts in Figure 7). As already men-
tioned above, pristine silica (sample NR3-40S) decreases the
cross-link density because of partial adsorption of vulcani-
zation accelerators. Then, independently of the type of silane
molecule used to modify the silica surface, the modification
produces both an increase in cross-link density and a
decrease in the swelling capacity (horizontal shift) with
respect to the pristine silica. TESPT appears to be the most
effective silane, as it leads to the strongest effects in both NR
and SBR composites, followed by MS silane and NXT.
These results could be related to the different reactive groups
of thesemolecules. The TESPTmolecule contains a distribu-
tion of polysulfur bridges (mean at -S3-/-S4-), and MS
silane contains a mercapto function (-SH); the cross-link
density is modified at the interface with more dissipative
bonds in the case of TESPT. TESPT results in a more
complex cross-link network around the filler than MS or
NXT silanes, which give a simple link (reactivity of a
mercapto function with an ethylenic double bond).

Independently of the reasons to improve the strength of
the filler-matrix interaction, it is thus demonstrated that the
effect of the interfacial interactions is observed to be qualita-
tively equivalent to the influence of filler volume fraction
on the swelling restrictions, and therefore it is of similar
importance for the rubber reinforcement.

Although samples described in this section appear to
exhibit a correlated behavior, this apparent correlation dis-
appears when different types of filled samples are repre-
sented together. In order to explain this phenomenon, one
has to keep in mind that the relationship between the actual
1/Mc and the swelling restrictions in silica-filled composites
is influenced by twodifferent factors: (i) the different effect of
silane molecules on the efficiency of the vulcanization reac-
tion (vertical shift in Figure 7) and (ii) the different strength
of the filler-rubber interactions caused by the nature of the
silane molecules (horizontal shift in Figure 7). Both effects
reduce the swelling capacity of rubber compounds. In con-
sequence, a larger depression of the solvent freezing point
was observed (see Figure 7).

2. Elastomer Nanocomposites. Nanocomposites are a new
paradigm in the field of elastomer materials because of their
high-performance properties with a significant reduction in
weight. The impressive possibilities of these materials are
based on the nanosize and high aspect ratio that characterize
the nanoparticles. As was mentioned in the Introduction,
nanocomposites have a low percolation threshold and
extensive interfacial area per volume of particles, which are
the main factors enhancing the formation of strong inter-
phases. In consequence, the interphase volume is very im-
portant in nanocomposites, as it is possible that it percolates
though the entire material at very low volume fraction, thus
dominating the entire bulk. Combination of NMR and
swelling experiments is an excellent experimental approach
to check whether the nanoeffect on elastomer properties is
caused by these interfacial phenomena.

Figure 7. Deviation of the swelling capacity of NR (A) and SBR (B)
compounds filled with different silane-modified silica particles with
respect to their respective masterlines. The arrow indicates the increas-
ing strength of the filler-matrix interaction according to the different
silanes used in the silica modification. Values in parentheses are the
freezing point depressions of cyclohexane imbibed in the elastomer
samples.
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i. Elastomer-Clay Nanocomposites. Elastomer-clay
nanocomposites are probably the most widely studied sys-
tem in the field of rubber nanocomposites. Significant
improvements of properties without reduction in elasticity
with respect to unfilled systems or microcomposites are only
realized if an exfoliated structure is obtained. Nonpolar
rubbers are not able to penetrate the clay platelets, and
consequently, microcomposites are obtained without any
benefit over conventional fillers. We here use montmorillo-
nite that was modified with octadecylamine by an ion
exchange reaction.27 Intercalation of the amine molecules
increases the interlayer spacing and facilitates the clay
exfoliation in NR nanocomposites. It leads to significant
improvements of mechanical properties of around 350%
over NR composites filled with the same amount (10 phr)
of carbon black, being equivalent in properties to those
composites obtained by the addition of as much as 40 phr
of carbon black.27

We should point out that these samples were prepared
from a different batch of NR. Their swelling behavior was
evaluated previously,27 and the NMR analysis was also
performed back then; however, the corresponding results
were not yet published. For this work, these earlier results
were revised with regards to the multiple corrections for the
swelling data that we have found to be significant in the
meantime.75 This could explain the small and insignificant
deviations from the figures given in ref 27. Note that due to
the relatively low filler levels, the correction described by eq 2
over eq 1, taking solvent vacuoles into account, is negligible.
The different sample batch and different processing condi-
tions may explain why these data are not exactly on the
masterline, as also commented earlier.75

NMR analysis indicates that the addition of 10 phr of
pristine montmorillonite (NR4-10Clay) varies the mesh size
of the elastomer network, yet without significant change in
the homogeneity of the cross-link distribution in comparison
with its unfilled counterpart (Figure 1C). This already
indicates that a significant “nano” effect on the cross-link
density in the interphase is not detectable (understanding this
term as particle-rubber interactions able to create some
interfacial phenomena that dominate the entire bulk). In
addition, the most important observation is that equilibrium
swelling experiments do not reveal any significant deviation
from themasterline (Figure 8). This result clearly reveals that

clay particles do not significantly interact with the rubber
matrix, no matter whether they are dispersed/exfoliated or
not.

The only significant change we observe is that the overall
cross-link density varies substantially between the different
series, as also indicated by the shift of the average value of
Dres in Figure 1C or the equivalent changes in Figure 8.
While at a given sulfur content, addition of pure clay
decreases the cross-linkdensity (indicating theusual filler-surface
related absorption effects, decreasing the vulcanization
efficiency), the addition of organoclay leads to a substantial
increase in cross-link density, however only along the mas-
terline, indicating that the whole rubber matrix rather than
an interphase region is affected. The origin of this effect is
highlighted by the series containing only the octadecylamine
but no clay (series NR5-u-D), which shows the largest
increase. This is not unexpected, as amines act as accelera-
tors, simply increasing the efficiency of the cure system. As
compared to this series as the proper reference, the organo-
clay samples are in fact inferior, indicating also here again no
interaction with the polymer chains, but rather a decrease in
efficiency of the vulcanization reaction, as the exfoliated clay
surface effectively immobilizes/binds parts of the amine
(accelerator).

Therefore, while the large non-interacting inner surface
might well lead to local changes in the glass transition of the
polymer (in agreement with ample thin-film work), there is
no discernible nanofiller effect on the elasticity of the poly-
mer matrix, as unambiguously detected by NMR. Once the
desired nanoeffect has been discarded, it is of course impor-
tant to clarify why other macroscopic properties of these
samples are much improved. The inset of Figure 8 shows the
elastic modulus (measured as shear modulus with a constant
strain of 6.96% and frequency of 1.667 Hz) of four samples
with identical sulfur content as compared to the NMR-
determined cross-link density. While three of the samples
follow the expected linear dependence between cross-link
density and modulus, only the exfoliated sample deviates
substantially. In consequence, it is possible to identify the
mechanical filler network as the major origin of the reinfor-
cement behavior. On the side, it is important to take into
consideration that the final properties beyond the linear
regime of mechanical response are considerably affected by
some other factors outside the scope of this work, such as
strain-induced crystallization.

We conclude that the comparison of NMR and swelling
experiments directly proves that substantial reinforcement
effects in rubber-clay nanocomposites (i) can be achieved
without chemical or physical bonds between polymer and
filler and (ii) are mainly due to geometric effect of stiff
and well-dispersed filler platelets. In other words, the rein-
forcement mainly benefits from the increasedmodulus of the
percolated mechanical network32 as compared to the soft
matrix. This straightforwardly explains why the exfoliated
rubber composites do show significantly enhanced mechan-
ical properties, while the “nanoeffect” falls short of the
expectations for harder polymer matrices.32

ii. Graphene-Elastomer Nanocomposites. While clay na-
nocomposites have started to appear in large quantities in
consumer products, carbon-based nanofillers are a promising
alternative. Carbon nanotubes (SWNTs) have become a key
player in the field because they lead to improvements in
mechanical properties, along with exceptional electrical
conductivity, thermal conductivity, thermal stability, and
low flammability.31 However, their high price poses strong
limitations on their large-scale use, and other restrictions are
set by the difficult control of the agglomeration of the

Figure 8. Swelling capacity of NR-clay nanocomposites in compar-
ison with their unfilled counterparts. Each series contains samples
vulcanized with different sulfur content. As a reference, samples
NR3-40S, NR3-20S-A, and NR3-40S-A are also represented as 1, 2,
and 3, respectively. The inset shows the modulus corresponding to
samples vulcanizedwith 2.5 phr sulfur; the line is only a guide to the eye.
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individual nanotubes into low-modulus bundles that control
themechanical stability and strength of the SWNT-polymer
nanocomposites.31,32,99

Recently, graphene-based fillers, such as functionalized
graphene sheets (FGS), also termed thermally expanded
graphite oxide (TEGO) vitalized the field as they offer
similar properties as SWNTs, combined with other advanta-
geous properties of the cheaper natural clays.77,100-102 FGS
is obtained by thermal expansion of graphite oxides,77,78,103

producing a high-surface-area carbonmaterial (600-800 m2

g-1 from N2 BET and 1850 m2 g-1 from methylene blue
adsorption in ethanol), consisting of singlewrinkled sheets of
partially oxidized graphene.77,78,103

According to the NMR results, NR-FGS nanocompo-
sites do not show any substantial variation in the cross-link
density with respect to their unfilled counterpart, as is
apparent from Figure 1D and the lack of vertical shift in
Figure 9. Other network parameters such as the spatial
homogeneity of the cross-link density (see also Figure 1D)
or the amount of nonelastic network defects (data not
shown) also do not change substantially upon addition of
FGS. As the FGS is known to be almost fully dispersed,77

these compounds can be expected to exhibit the largest
volume fraction of “interphase material”, and we can here
conclude that its NMR properties do not differ much from
the overall rubber matrix. Therefore, rubber-filler bonds, if
present, are not much denser than the bulk cross-links.
(Otherwise, substantially broadened Dres distributions
would result, as we have seen in model-filled compounds
with nanosized fillers with high grafting density.) Note that
we carefully calibrated and checked the integrated proton
NMR signal per sample weight, confirming that no substan-
tial amounts (<1%) of rubber material are “invisible”
(broadened beyond detection) due to potential paramagnetic
centers on the filler surface.

Nevertheless, the addition of just a few percent of these
carbon-based nanoparticles leads to an impressive horizon-
tal shift in the swelling behavior shown in Figure 9, suggest-
ing that in the swollen state the material properties are
completely dominated by the interface behavior, revealing
a significant nanoeffect. For example, 1% of FGS nanocom-
posite shows higher swelling restrictions than the NR com-
posite containing 16 phr of carbon black. Addition of 1.5%
of FGS is equivalent to the effect of 45 phr of carbon black,
while the swelling restrictions imposed by 4% of FGS are
completely beyond the range investigated so far. Freezing
point depression measurements of cyclohexane imbibed in

these elastomer nanocomposites (also shown in Figure 8) are
in line with these observations.

The large effects observed here and, in consequence,
the superior reinforcing effect of FGS are thus related
to two factors: the wrinkled nanoscale topology and the
high polymer-accessible surface area. As was demon-
strated,103,104 distortions caused by oxygen functionaliza-
tion in the graphite oxide precursor and the resulting defects
during thermal exfoliation, as well as the atomic-scale
thickness of the resulting sheets, lead to a wrinkled topo-
logy. The resulting surface roughness enhances a mechanical
interlocking with the polymer chains (similar to the effect of
carbon black but on a more well-defined nanoscale), and in
consequence, improved adhesion is obtained. The high
accessible surface area is another key factor. Figure 9 also
shows a comparison between two similar compounds with
1.5% FGS; the only difference is the nanoparticle surface
area. While high-surface-area FGS shows a very significant
deviation from the masterline, its low-surface-area counter-
part does not significantly differ from its unfilled com-
pound.

Finally, it is important to point out that the variation of
the solvent fraction in the swollen samples (i.e., their equi-
librium degree of swelling) is roughly proportional to the
volume fraction of nanofiller, while silica-filled compounds
exhibit a nonlinear correlation that is possibly due to a
particle percolation phenomenon. In conclusion, by compar-
ing both sample series, one may assume that even the
smallest amount of FGS leads to a percolated filler network.
This is in fact corroborated by the fact that all investigated
FGS composites are electrically conductive.77

Conclusions

Reinforcement of elastomers is a central topic in rubber science
and technology. The addition of fillers and nanofillers affect the
matrix properties mainly because of the creation of an interface,
at which the elastomer has a different behavior than in the bulk.
Characteristics of the interphase material are related to other
factors, such as the elastomer-particle interactions (nature,
strength, ...), the filler volume fraction, the filler dispersion, or
the filler networking. The lack of experimental techniques yield-
ing information on the elastomer-particle interactions repre-
sents a serious obstacle for progress in designing new improved
materials. Therefore, our combination of solid-state 1H low-field
MQ NMR spectroscopy and equilibrium swelling experiments
represents an important step forward.

While it is common practice to correlate the creation of
filler-elastomer interactions, i.e., strong and glassy interfaces,
with the increased cross-link densitymeasured by the equilibrium
swelling experiments or with enhancedmechanical properties, no
direct information can be gained on the actual number of
elastically active junctions (comprising cross-links and rub-
ber-filler bonds) that affect the elasticity of the elastomermatrix.
As we have shown herein, dramatic changes in macroscopic
properties such as the degree of swelling are possible, while the
matrix properties are either unaffected or even deteriorated. It
stresses the importance of a molecular approach forMc determi-
nation such asNMR in general, and ofMQNMRexperiments in
particular, as theywere previously demonstrated tonot be subject
to filler-induced artifacts.

In unfilled elastomers, linear relationships are obtained when
swelling results are compared with the NMR observable because
the degree of swelling measures rubber elasticity in terms of
the average 1/Mc directly. Therefore, deviations from thismaster-
line in filled systems immediately identify filler-induced effects
that are beyond changes in the overall matrix elasticity.

Figure 9. Deviation of the swelling capacity of NR-graphene nano-
composites from the unfilled NR masterline. Values in parentheses
indicate the freezing point depression of cyclohexane imbibed in the
elastomer samples.
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We have observed two different scenarios, where, on the one
hand, without rubber-filler interactions solvent-filled vacuoles
form around the fillers and no deviation from the masterline is
observed.On theother hand, the formationof strong rubber-filler
bonds leads to a reduction of the swelling capacity because the
nonswellable filler particles then act as giant cross-links, creating
an inhomogeneous strain field around the particles in the swollen
network. The so-identified filler effects are among those that are
responsible for the improvements inmechanical properties beyond
the simple hydrodynamic effect, depending on the interfacial
characteristics including a potential glassy layer, the effective
filler volume fraction, its dispersion, and aggregation state.

As the most exciting class of materials, nanocomposites of NR
with functionalized graphene sheets (FGS), with its wrinkled and
flexible “2D polymer” nanoscale topology and large interfacial
area, were found to exhibit huge effects on the swelling capacity
of the samples that are in line with their significantly improved
mechanical properties, however without any significant changes
in the cross-link density of the rubber matrix. This should be
contrasted with the popular elastomer-clay nanocomposites,
which also do not show any filler-specific changes in the NMR-
determined cross-link density but also, andmore surprisingly, no
indication of significant matrix-filler interaction as well. On the
other hand, exfoliated clay composites do show significantly
enhanced mechanical properties, which are thus explained to be
due to filler-filler interactions only, possibly just the hard-body
repulsion of stiff platelets. This comparison stresses the impor-
tance of functionalized graphene sheets as a qualitatively new
type of nanofiller in rubber science.

The application of the novel experimental approach presented
in this article is expected to contribute to improved insight into
the not well understood structure-property relationships in
filled-rubber science.
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