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ABSTRACT: In this study, we focus on qualitative differences in the network structure and dynamics of
natural as well as poly(butadiene) rubber in dependence of the cure system (sulfur/accelerator or organic
peroxide) used in the vulcanization process. The spatial homogeneity of the distribution of chemical and
physical cross-links in the network is assessed via the quantitative measurement of proton-proton residual
dipolar couplings as measured by static multiple-quantum (MQ) NMR spectroscopy at low field. The
experiment also provides information on the apparent correlation time of fast segmental fluctuations that
dominate chain relaxation processes at lower temperature, for which we also find characteristic differences.
Vulcanization via a radical mechanism (using organic peroxides) leads to networks with a high content of
nonelastic defects (loops or dangling chains), a rather inhomogeneous distribution of cross-links, and
modified (slower) local dynamics, as compared to networks obtained by sulfur vulcanization. These
microstructural factors can be related with the well-known differences in the macroscopic properties of
diene rubbers vulcanized with different cure systems.

Introduction

Vulcanization is one of the main topics in rubber science
and technology.1-3 Historically, the term vulcanization referred
to the process of heating rubber, sulfur, and white lead. By
terminology, the cross-linking process of rubber is often called
vulcanization when it involves the use of sulfur or sulfur com-
pounds. Nevertheless, vulcanization is nowadays generally un-
derstood as the process of forming three-dimensional networks
by random linking of linear elastomers by chemical or physical
methods.4,5

Even more than 150 years after the discovery of the vulcaniza-
tion byThomasHancock andCharlesGoodyear,who found that
a plastic rubber polymer could be transformed into an elastic
material by the addition of sulfur and heat, the reaction mecha-
nisms are not completely understood. Sulfur vulcanization is still
the most-used curing system in rubber industry,6-9 nevertheless,
discussions concerning the nature of the reaction (ionic or free
radical) that govern the process are still ongoing.7,9-11 Several
works concluded that both mechanisms are operative and that
their relative importance depends on the formulation, type of
rubber or vulcanization conditions.7,9-11

The simplest formulation, i.e., the mere addition of sulfur,
produces the most complex network. Sulfur reacts with rubber
chains creating sulfur cross-links of different lengths (mainly
polysulfidic bonds), pendant side groups, cyclic sulfides, and
changing the polymer backbone structure, e.g., cis/trans isome-
rizations of the double bonds and/or conjugated sequences.3 The
low reaction efficiency, in addition to the long time required to
complete the vulcanization process, are the reasons that just

sulfur without accelerator is not in use for commercial purposes
(excluding maybe ebonite).

A substantial development in the rubber industry emerged
with the use of accelerators (generally organic molecules).12

Accelerated sulfur vulcanizations are classified as conventional
(CV), semiefficient (semi-EV) and efficient (EV) vulcanization,
depending on the accelerator/sulfur ratio (denoted A/S in the
following) usually ranging between 0.2 and 12. The mechanism
remains undisclosed and even essential aspects are unknown. In
practice, the process of vulcanization is subdivided into three
stages.9,10 The first one involves the “accelerator chemistry”
where the reactions lead to the formation of an active sulfuration
agent. A second stage comprises the “chemistry of cross-linking”,
which includes reactions leading to the formation of cross-links,
and finally the “post-cross-linking chemistry”, involving reac-
tions leading to shortening and degradation of chains and cross-
links.13,14 Although the chemistry of the process is not well
understood, the consequences for the network structure are well
described, e.g., an increase of the accelerator/sulfur ratio reduces
the length of the sulfur bridges and increases the number of cross-
links; hence the elastic properties of the compounds aremodified.

An alternative to sulfur cure systems in rubber industry is the
vulcanization with organic peroxides.13 In this case, the reaction
pathway is clearly radical. Peroxide vulcanization is initiated by
the thermal homolytic scission of the peroxide molecule, forming
two radicals. These radicals can remove more labile allylic
hydrogen atoms from the polymer or can be added to double
bonds (in the case of unsaturated elastomers), forming randomly
polymeric macro-radicals. Finally, two competing termination
reactions may take place:15-18 (i) recombination of two macro-
radicals into one tetra-functional carbon-carbon cross-link per
peroxide molecule or (ii) addition of one macro-radical to a
double bond giving rise to a cross-link and a new active macro-
radical, which can react again with another neighboring chain.
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Although much empirical information related to the determi-
nation of vulcanization mechanisms, activation energies, and
kinetic constants of the involved reactions have been reported10

based on chemical analysis, high-resolution solid-state NMR,
mass spectrometry, ESR, DSC, and gas chromatography, the
issue must still be considered unresolved. Obviously, chemical
reactions involved in vulcanization processes determine the
elastomer network structure and therefore their elastic properties.
As long as the detailed reaction pathways of the most-used
processes in rubber technology are unclear and remain too
complex to be unveiled, the most useful approach to control
and to be able to obtain tailor-made properties of elastomeric
materials is clearly the direct study of the mesoscale network
structure formed during the vulcanization reactions.

The long-range elasticity is the main characteristic of elasto-
mers.19-21 Numerous molecular attempts have been made to
describe the thermodynamics of the stress-strain relationship
exhibited by elastomeric materials. Early molecular models, i.e.
affine22 and phantom network models,23,24 are based on (i) an
entropic origin of the elastic restoring force exhibited by a
deformed network and (ii) a Gaussian distribution function for
the end-to-enddistances of the network chains.According to these
statements, the total stress at a given deformation should only
depend on the number of cross-links and their functionality.25

Although both models give a good qualitative picture of
rubber elasticity, amore quantitative treatmentwas only possible
with topological interactions between network chains taken into
account, demonstrating the important contribution of entangle-
ments to rubber elasticity. Initially, in the constrained-junction
model26,27 the confining potential produced by neighboring
chains acts only through junction points. Later models, e.g.,
Edwards tube model,28 nonaffine tube model,29 or the slip-tube
model,30,31 extend the topological constrains to the whole con-
tour of the network strand, confining the segmental polymer
chain fluctuations into a confining tube.

In conclusion, following any of the molecular approaches,32 it
is possible to qualitatively describe the rubber properties by
studying the number of elastically active cross-links, their func-
tionality and entanglements. Nevertheless, elastomer networks
are not ideal at all; hence it is important to take also into
consideration two more network parameters: (i) the number of
defects,31 i.e., chain segments that are elastically nonactive such
as free chain ends, dangling chains or loops, and (ii) the spatial
cross-link distribution,33,34 since the formation of cross-links
during the vulcanization process could be not completely random
and therefore inhomogeneities in rubber networksmaybe relevant.

Information on the rubber network structure can be obtained
by different experimental approaches, such as inverse gas chro-
matography,35 osmometry,36 mechanical analysis,37 equilibrium
swelling experiments,38 dielectric measurements,39 high-resolu-
tion solid-state NMR,40,41 or scattering techniques.42,43 Often,
however, such approaches are indirect. For instance, in recent
work,44 two different phase components with different cross-link
density in sulfur cross-linked natural rubber (NR) samples were
deduced from strain-induced crystallization studies. For length
scales of a few nm or larger, this statement will be proven wrong
in this manuscript, demonstrating the value of direct methods
such as the one used herein, namely time-domain proton solid-
state NMR spectroscopy.

Time-domain solid-state NMR spectroscopy has demon-
strated to be one of the most powerful and versatile tools to
investigate polymer networks.45-49 In fact, it is able to provide a
fascinating wealth of information on structure and dynamics in
elastomers. Cross-links and other topological constrains restrict
the number of accessible chain conformations, which leads local
chain ordering caused by the nonisotropic chain motions. In
consequence, residual dipolar couplings, which are the NMR

observable, persist. Different experimental NMR approaches,
e.g., 1H transverse relaxation experiments,50 combinations of
Hahn and solid echoes,51 or two-dimensional (2D) magnetization
exchange spectroscopy,52 were used to evaluate various para-
meters governed by the residual dipolar coupling interactions. It
has been demonstrated that proton double-quantum (DQ) (or
more generallymultiple-quantum,MQ)NMR, thatmakes amore
direct use of the dipolar couplings, can be considered as the most
quantitative and reliable method for the measurement of residual
dipolar couplings.49 As opposed to the recently criticizedmeasure-
ments of transverse relaxation times,50,53 MQ NMR experiments
provide two sets of data which can be used to independently
analyze the coherent dipolar effect independent of any assump-
tions on the spin-spin relaxation phenomena induced by random
thermal motions. Inhomogeneity of networks is assessed via
analyzing the data in terms of distributions of residual couplings.
Our earlier work has shown that trivially expected distributions in
chain length and end-to-end distance are not detectable in terms of
residual coupling distributions,54 while actual spatial inhomogene-
ities arising from changes in the average density of cross-links on
the scale of a few nm and above are faithfully detected.54,55

The objective of the present work is to study the differences in
the network structure and dynamics of natural as well as poly-
(butadiene) rubber as a function of the vulcanization system
(sulfur/accelerator or organic peroxide) by using 1H DQ NMR
experiments performed at low field. We demonstrate that the
rubber matrix of sulfur vulcanizates is in fact spatially very
homogeneous, while peroxide-based cross-linking leads to large
spatial variations in the cross-link distribution as well as higher
fractions of elastically inactive defects.

Experimental Section

Materials and Preparation of Samples. The studied com-
pounds were based on standardized poly(cis-1,4-isoprene) nat-
ural rubber (NR), kindly supplied byMalaysian Rubber (SMR-
CV60), and poly(cis-1,4-butadiene) rubber (BR) with 98% cis-
1,4 structures, obtained from Polimeri Europa.

Three different cure systems were used in both NR and BR:
conventional (C), efficient (E) and peroxide-based (P). The first
two are based on sulfur-accelerator recipes and they contain zinc
oxide (5 parts per hundred of rubber, phr) and stearic acid (2
phr) as activators, and different amounts of the accelerator N-
cyclohexyl-2-benzothiazolesulphenamide (CBS) and sulfur. The
differences between both systems are just the A/S and the sulfur
content. In the conventional cure system the A/S was always 0.2
with increasing sulfur content: 0.7; 1.3; 1.9; 2.5; 3.1; 3.7; 7.4, and
11.1 phr. The efficient cure system has a lower amount of sulfur,
e.g., 0.1; 0.24; 0.4; 0.56; 0.7, and 0.84 phr, but a higher A/S of 12.
Finally, peroxide based recipes only contain rubber and an
increasing amount of dicumyl peroxide (DCP), e.g., 0.5, 1, 2,
3, 4, 6, 8, 10, and 12 phr.Note that in peroxide vulcanization, BR
samples only contain 0.5, 1, 2, and 3 phr of DCP because higher
peroxide contents leads to networks with excessively high cross-
link densities that are beyond our experimental range (and
beyond practical use).

The sample names, e.g., NR-C(1.3) encode the type of rubber
(NR), the vulcanization system (C = conventional) and the
amount of sulfur or peroxide in phr (1.3 in this case). The samples
were prepared in an open two-roll mill using standard mixing
procedures and vulcanized in a laboratory press at 150 �C at their
respective optimum times (t97), deduced from the rheometer
curve (Monsanto moving die rheometer, model MDR 2000E).

1H Double Quantum (DQ) Solid-State NMR Experiments.

DQ (or more generally MQ) spectroscopy is one of the most
versatile and robust quantitative techniques to investigate not
only the structure but also the dynamics of polymer networks.49

In this work, experiments were carried out on a Bruker minispec
mq20 spectrometer operating at 0.5 T with 90� pulses of 1.7 μs
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length and a dead time of 12 μs. The experiments and the data
analysis were performed following the previously published
procedures.49

For a cursory explanation of the principles, it is important to
consider the time-dependent orientation autocorrelation func-
tion expected for segments in a polymer network. Initially,
segments lose their orientational memory via fast local fluctua-
tions (higher Rousemodes). Eventually, topological restrictions
(entanglements) and the permanent cross-links constrain the
lower and longer-ranged modes, leading to a long-time plateau
in the orientation autocorrelation function. This is to say that
the restrictions give rise to segmental fluctuations that are
nonisotropic at long times, and, in consequence, a residual local
order persists. Further loss of correlation as a result of slow
cooperative dynamics, as for instance expected from reptation
processes in long-chainmelts, have been repeatedly invoked, but
have unambiguously been demonstrated to be not relevant in
rubber networks.56 Therefore, two main parameters are rele-
vant: (i) the plateau value of the orientation autocorrelation
function, which is given by the square of the dynamic residual
order parameter of the polymer backbone, Sb, and (ii) a
correlation time τf that characterizes the time scale of the initial
decay of orientation correlations, caused by the fast localmodes.
Sb is directly related to the network structure, as it is directly
proportional to the cross-link density. It is obtained directly
from the measurement, because the experimental residual dipo-
lar coupling is also directly proportional to Sb.

In the high temperature regime, the data fromMQexperiments
can be processed in such a way that the temperature-independent
networkstructure effect (Sb) canbe separated fromthe temperature-

dependent segmental dynamics without invoking any specific
model. This involves a normalization procedure using the two
sets of experimental data, the DQ build-up (IDQ) and reference
decay (Iref) curves, that are both measured as a function of the
double-quantum evolution time τDQ, which represents the vari-
able duration of the pulse sequence (Figure 1A). The sum of both
components (IDQ þ Iref) comprises the full magnetization of the
sample, i.e., signal from dipolar coupled network segments
(including DQ and higher-order coherences as well as dipolar-
encoded longitudinal magnetization), and signal from uncoupled,
i.e., isotropicallymobile networkdefects, e.g., dangling chains and
loops (note that protons in solid-like environments such as
proteins or lipid clusters in NR, crystallized stearic acid chains,
etc., are not detected in this experiment; their relative contribution
to theoverall signal is low in anyway).The individual fractions are
characterized by rather different relaxation behavior, which can
even be even amplified by plotting Iref- IDQ (Figure 1B). Coupled
(network) segments relax faster and typically in a nonexponential
fashion, while the signal of noncoupled, elastically nonactive
defects show a slower exponential decay (T2* in eq 1 below).
Therefore, it is necessary to identify and subtract the exponential
long-time contribution (i.e., the noncoupled fraction of polymer
chains termed B in eq 1) to the total MQ magnetization, IΣMQ:

IΣMQ ¼ IDQ þ Iref -Be- 2τDQ=T
�
2 ð1Þ

After the identification and subtraction of the nonelastic net-
work defects (Figure 1B), the total MQ magnetization, IΣMQ, is
used to normalize the DQ intensity point-by point (InDQ = IDQ/
IΣMQ). InDQ is now independent of any temperature-dependent

Figure 1. Regularization procedure and data analysis of two studied samples. In part A, the raw DQ build-up (IDQ) and reference decay (Iref) data are
represented as a function of the double-quantum evolution time τDQ. Iref, or better the difference Iref- IDQ, can be used to identify the more slowly relaxing
nonelastic (isotropically mobile) defect fraction (B). The fraction of nonelastic network defects has to be subtracted to obtain a proper point-by-point
normalization of the DQ intensity (C). InDQ is now independent of temperature-dependent true relaxation (decay) effects and it reaches the expected plateau
value of 0.5 (reflecting the equal partitioning amonghigher quantumorders between IDQ and Iref). Finally InDQ is used to analyze the residual dipolar coupling
and its distribution (D). InDQ can be fitted under the assumption of aGaussian distribution of dipolar couplings. Nevertheless in some cases (e.g., NR-P(6))
the fit cannot reproduce the initial risewell, indicatingwiderormultimodal couplingdistributions. In these cases, anumerical inversionprocedure is resorted to.



Article Macromolecules, Vol. 43, No. 9, 2010 4213

true relaxation (decay) effect and it has to reach a plateau value at
0.5, because IDQ only contains half of the excited quantumorders
(Figure 1C). This behavior is only observed after proper identi-
fication and subtraction of nonelastic network defects (see
Figure 1C), hence the observation of the plateau behavior proves
the internal consistency of the analysis. Therefore, InDQ is domi-
nated by the dipolar interactions that are only related with the
network structure (i.e., proportional to Sb). To evaluate not only
the dipolar interactions, but also possible distribution effects,
InDQ can be fitted under the assumption of a Gaussian distribu-
tion of dipolar couplings,49
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which yields both an average apparent coupling constant (Dres)
and its standard deviation (σ) characterizing the distribution
width, both in units of rad/s. A numerical inversion procedure
based on eq 2 with σ f 0 as Kernel function and fast Tikhonov
regularization,57,58 was previously used to obtain a quantitative
picture of the actual distribution function of residual couplings.55

When samples show narrow distributions of dipolar couplings
both fitting procedures give the same result and perfectly define
the initial rise of InDQ, as seen for sampleNR-C(2.5) inFigure 1D.
However, in samples where the distribution effects are more
significant (e.g., broader distribution or inhomogeneities in the
spatial distribution), the initial rise of the experimental build-up
cannot be described by the Gaussian fit (eq 2), as is particularly
apparent for the NR-P(6) sample in Figure 1D. In such cases, the
regularization procedure is the preferred approach.

In thismanuscript, amodified version of the numerical fit was
used, which is based on an improved Kernel function that
describes the local maximum in data of homogeneous networks,
enabling a fit of the full build-up curve and not just the initial
rise, thus providing reliable and precise results. Details are
deferred to the Appendix and will also be addressed in an
upcoming publication.

Note that the experiment is performed without chemical
resolution, which means that all proton types are detected
simultaneously and the resultingDres represents an average over
different internuclear, intramonomer pair couplings (it is a
second-moment-type quantity). It is related to Sb via the follow-
ing expression49

Sb ¼ k
Dres

Dstat
¼ 3

5

r2

N
ð3Þ

where k represents the local coupling topology and intraseg-
mentalmotions that should be used to rescale the static coupling
constant, Dstat, (determined by the fixed proton-proton dis-
tances) in order to account for averaging effects that occur on
the level below the segmental (Kuhn) length. Fromprevious spin
dynamics simulations, and assuming a reasonable model for
the intrasegmental motions, apparent reference couplings
for natural rubber and cis-polybutadiene were obtained:59

Dstat
(NR)/k = 2π � 6300 Hz and Dstat

(cis-BR)/k = 2π � 8100 Hz,
respectively.

Equation 3 relates Sb and theNMRobservable,Dres, with the
ratio of the end-to-end vector to its average unperturbed melt
state (r2= r2/Ær2æ0), and withN, which represents the number of
statistical (Kuhn) segments between constrains. Therefore, by
using the definitions of Flory’s characteristic ratio and theKuhn
segment length (and assuming an extended chain conformation
within the Kuhn segment), it is possible to obtain the relation-

ship between experimental Dres and the molecular weight be-
tween constrains, Mc, in both NR and cis-BR samples:

MðNRÞ
c ¼ 617 Hz

Dres=2π
kg=mol

and

Mðcis-BRÞ
c ¼ 656 Hz

Dres=2π
kg=mol

respectively. This magnitude is related to the cross-link density
(assuming tetra-functional cross-links) by the expression

νNMR ¼ 1

2Mc

The approximate validity of our (model-dependent) reference
values has recently been confirmed by comparison with results
from equilibrium swelling experiments.38

While InDQ depends only on structural factors and does not
show any temperature dependence (at least when no significant
fraction of entangled high molar mass defects is present), the
directly obtained build-up (IDQ) and decay functions (IΣMQ) of
the MQ experiments always exhibit a marked temperature
dependence. They thus reflect the dynamic processes repre-
sented by the fast segmental modes. Assuming a homogeneous
network structure (σ = 0 in eq 2), and using the Andersen-
Weiss (AW) approximation in combination with a rather sim-
plistic model of an exponential loss of correlation described by
C(t) = Sb

2 þ (1- Sb)
2exp{-t/τf}, it is possible to obtain simple

analytical results for the signal functions,49,56
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where the residual dipolar second moment is given by

M2eff ¼ 9

20
Dres

2

Note that the quotient of these expressions, InDQ = IDQ/IΣMQ,
matches eq 2withσ=0rather precisely over the full fast-motion
range where τf , 1/Dres.

Using these expressions, it is possible to obtain an estimate of
the fast correlation time τf by simultaneous fitting of IDQ and
IΣMQ with shared parameters. It is important to note that all
fitting procedures except the improved regularization approach
described in the Appendix are only valid in a time region below
τDQ
max = 2.4/Dres, as a consequence of the second-moment
approximation used. It is also important to remark that appro-
ximating the true correlation loss (which is most likely a power
law, resulting from a sum over many modes) by a single
exponential is a very crude approximation, thus τf is merely an
indicator of the average time scale of correlation loss. Our
previous work has shown that the temperature dependence of
τf nicely follows the expectedWLF-type law,56 which is expected
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since the fastest segmental mode (the R relaxation time) controls
the whole chain dynamics. In this way, τf can be used to
qualitatively compare the segmental relaxation behavior of
different samples.

Differential Scanning Calorimetry (DSC) Analysis. The glass
transition temperature (Tg) of the NR samples was measured by
using a DSC 7 instrument from Perkin-Elmer. Nitrogen gas
with a flow rate of about 20 mL/min was purged through the
cell. Experiments started with an isothermal step (5 min) at
25 �C, and then samples were cooled down fromþ25 to-120 �C
at a rate of -10 �C/min. After 10 min of equilibration at that
temperature, far enough below Tg, a heating rate of 10 �C/min
was applied up to 25 �C, and Tg was taken from this heating
run. In some rubber samples these experiments were repeated
twice (with different pieces of rubber), confirming a maximum
uncertainty of 0.5 �C on the measured Tg.

Results and Discussion

The main goal of this manuscript is to assess the differences in
the network structure and the segmental dynamics of two types of
dienic rubbers, i.e., natural rubber and cis-poly(butadiene), in
dependence of the vulcanization system. The local structural
information on the complex rubber matrix is obtained by 1H
solid-state MQ NMR experiments performed on low-field spec-
trometers. Starting with the rubber network structure, we first
evaluate the influence of the different vulcanization systems and
polymer type on the amount of nonelastic network defects, i.e.,
dangling chains and loops. Then, we discuss the efficiency of the
vulcanization reaction and the effect on the spatial cross-link
distribution, i.e., homogeneity or inhomogeneity of the rubber
network. Finally, structural differences caused by the reactions
that take place during the vulcanization process are correlated
with the detected variations in the segmental dynamics, which is
of course closely connected to the Tg values obtained by DSC.

1. Rubber Network Structure. Rubber is characterized by
long-range elasticity. This property strongly depends on the
rubber network structure obtained during the vulcanization
process. According to the statements described in the Intro-
duction, a complete description of the network structure
should contain information about nonelastic network de-
fects, number of cross-links (or the equivalent chain mole-
cular weight between cross-links,Mc), their chemical nature
and functionality, the spatial distribution of cross-links, and
information about entanglements. MQ NMR experiments
allow us to extract quantitative information onmost of these
parameters, as will be shown in this section.

1.1. Nonelastic Network Defects.Usually, rubber networks
obtained by random cross-linking reactions are considered as
perfect networks, in a sense that their properties can be
compared to theories. Nevertheless, the importance of none-
lastic network defects, mainly dangling chains and loops, is
well established as to their effect on stress relaxation.60-63

Elastomers exhibit long-term relaxation processes caused by
the relaxation of pendant chains in the presence of entangle-
ments. Pendant chains are fixed to the network structure, and
therefore cannot be relaxed by reptation along the confining
tube like linear entangled chains.64 The main relaxation path-
way is thus characterized by slower arm retraction processes.65

This means that the relaxation time of pendant chains should
dependon the number of topological restrictions inwhich they
are involved. In randomly cross-linked elastomers, the relaxa-
tion behavior is strongly dependent on temperature and
cross-link density, as demonstrated by stress relaxation experi-
ments.66,67 By using model end-linked poly(dimethylsiloxane)
elastomers with controlled defect structures, the influence of
concentration, molecular weight, and distribution of pendant
chains on the arm retraction mechanism has been demon-

strated,68,69 providing a rationale for the mechanical relaxa-
tion processes.62,63

With MQ NMR experiments it is possible to differentiate
and quantify the fraction of noncoupled defects, i.e., chain
segments with isotropic motions that ultimately average out
the dipolar couplings and show slower relaxations, from the
real polymer network, i.e., segments that are dipolar coupled
because of the presence of permanent constraints (inde-
pendently of the nature) that lead to permanently noniso-
tropic segmental motions.49 As shown in Figure 2A, the
fraction of noncoupled network defects obtained by MQ-
NMR experiments shows a significant dependence on cross-
link density and temperature, similar to stress relaxation
experiments. At low temperature, network defects are ob-
served as coupled segments because the entanglements re-
strict their motions on the experimental time scale (tens of
ms). In this case, pendant chains behave as elastic network
segments and NMR cannot differentiate them from the
permanent network. At higher temperature, the arm retrac-
tion process (or reptation in case of linear sol) renders the
motion of larger portions of the defect fraction isotropic, in
consequence the apparent fraction of detected noncoupled
defects increases. This is also the reason why InDQ curves
(thus the average Dres or Sb) can become temperature-
dependent in systemswith high content of long defect chains,
see Figure 2B.

The above interpretation is confirmed when toluene-
swollen samples are analyzed. Rubber samples were swollen
during 24 h in sealed dark vials, in order to protect them from
light and prevent sample degradation.38 Under these condi-
tions, the solvent acts as plasticizer, accelerating chain

Figure 2. Evolution of the noncoupled defect fraction A and the order
parameterSb B of two studied samples (NR-C(1.3) andNR-C(3.1)) as a
function of temperature. Noncoupled network defects of swollen
samples were measured at 30 �C and represented as empty symbols.
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dynamics (by shifting Tg) and thus releasing most topologi-
cal constrains on the NMR time scale. This leads to a
considerable increase in the detectable fraction of non-
coupled (and in consequence elastically nonactive) network
defects. In the two cases shown in Figure 2, the defect
fraction increases by about a factor of 2 on swelling, provid-
ing an estimate of its upper limit.

In randomly cross-linked networks, the fraction of network
defects also depends on the cross-link density, as shown in
Figure 2A. Increasing the number of junctions (e.g., by increas-
ing the proportion of curatives) leads to a decrease of the
molecular weight of end chains, and in consequence to a
decrease in the fraction of noncoupled defects (see also Figure 3).
Shorter pendant chains (independently of their structure and
potential molecular weight distribution, the study of which is
out of the scope of this manuscript) have less topological
constraints confining them; hence the dependence of detect-
able network defects on temperature is expected to be weaker.

NMR is not only sensitive to the cross-links but also to
topological constrains, i.e. entanglements, which are equally
important restrictions to the segmentalmotions.We can thus
expect variations in the average order parameter with tem-
perature because of the release of the entanglement con-
straints of the elastically active inner part of the pendant
chains, which is detected along with the true network.
However, we observe no significant temperature dependence
of Sb for highly cross-linked samples (e.g., NR-C(3.1)),
which demonstrates that these inner parts of the defect
fraction exhibit a similar anisotropy of their motions as the
network chains themselves, into which they are intimately
embedded. The strong temperature dependence observed for
the less cross-linked sample in Figure 2.B is thus partially due
to the fact that the chain dynamics is not fast enough to reach
the plateau value of Sb in the lower temperature range, as
already shown in previous work.49

The (Rouse) relaxation time of the longest chain between
topological restrictions (which roughly corresponds to the
entanglement length at low cross-link density) is tied to the
segmental relaxation time, which in turn is related to Tg.
Therefore, to complete segmental averaging over all possible
chain conformations on the time scale of the NMR experi-
ment, dynamics must be fast enough; hence measurement
temperatures have to be far above Tg. It is a central point to
obtain the proper order parameter (hence the proper cross-
link density) from the plateau range. Thus, NMR measure-
ments were carried out at 80 �C (T > Tg þ 150 �C).

Although at this temperature the fraction of noncoupled
network defects is underestimated, it is possible to extract
quantitative information from a series of samples with
different cross-link density and vulcanized with different
cure systems. Figure 3 shows a clear decreasing tendency of
noncoupled network defects with the cross-link density
because of the shortening of the molecular weight of the
end chains. For this reason, most of the samples, indepen-
dently of the rubber structure (NR or BR) or the vulcaniza-
tion system exhibit a similar behavior, reaching values
around 5% of network defects in the region of cross-link
density that is useful for technical applications. From the
comparison of swollen vs dry samples in Figure 2, we take
that this fraction is underestimated by a factor of 2 at most.

On the other hand, NR samples vulcanized by peroxide
(DCP) show a completely different behavior, with signifi-
cantly larger fractions of noncoupled network defects. In the
range of cross-link densities with technical applications,
15-25% of the polymer vulcanized with DCP is elastically
inactive (at least at this temperature on the time scale of ms).
The main reason for the high content of network defects
should be ascribed to chain scissions that could take place
during the vulcanization process.70

In this case, cross-linking and scission are sequential and
competing reactions, made possible by the radical mecha-
nism pathway characteristic of peroxide cure systems.
During scission, the rearrangement of unpaired electrons in
the macro-radicals causes a breakdown of the polymer
backbone, leaving a double bond and a radical.15 Never-
theless, macro-radicals are also present in BR samples
vulcanized with DCP, but in this case scission seems to be
much less relevant than cross-linking. In consequence, the
main factor that determines the importance of chain scission
over cross-linking during rubber vulcanization with perox-
ides seems to be the polymer backbone structure. It is
actually well-known that primary or secondary radicals
more readily undergo coupling reactions than tertiary ones,
which undergo scission reactions instead (polyethylene and
polypropylene or ethylene propylene rubber are good exam-
ples for this behavior71,72). In consequence, the tertiary
carbons present in the NR structure are the main reason
for its poor peroxide cross-linking performance.

1.2. Cross-Link Density.Although network defects are the
responsible for long-term stress relaxation processes, the
main property of the materials, i.e., the elasticity, is deter-
mined by the cross-links created during vulcanization.
Figure 4 shows the dependence of cross-link density on the
concentration of vulcanizing agent. Inmost of the cases, they
show a linear relationship, at least in the studied range of
concentrations. The only exceptions are the samples vulca-
nizedwith a conventional cure system. In this particular case,
the efficiency of the vulcanization reaction seems to decrease
with the amount of sulfur, leading to a nonlinear relation-
ship. Different vulcanization systems showdifferent reaction
efficiency, as is clearly apparent from the slopes in Figure 4.
Note that the y-intercept quantifies the contribution of
(elastically active) in the total NMR-detected cross-link
density. This constitutes an important advantage over other
useful experimental techniques, e.g., equilibrium swelling
experiments. Whereas NMR results represent the real num-
ber of constraints in the network, the entanglement effect
on swelling experiments is complex, reducing them to the
fraction that is topologically “trapped”.38 According to
y-intercept values in Figure 4, it is possible to estimate the
molecular weight between entanglements (Me) of both NR
(Me

NR∼ 6000 g/mol) and BR (Me
BR∼ 3500 g/mol), that are

Figure 3. Evolution of the noncoupled defect fraction as a function of
cross-link density for different types of rubber and vulcanization
systems. Results are obtained from measurements at 80 �C. Lines are
only guides to the eye.
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in reasonable agreement with other published values, Me
NR

∼ 6200 g/mol and Me
BR ∼ 2300 g/mol, respectively.73-75

In the sulfur-based systems, an increase in accelerator
content improves the efficiency of the sulfur reaction, creat-
ing higher numbers of sulfidic cross-links with shorter
lengths. According to Figure 4, networks obtained by using
the efficient cure system must be formed mainly via mono-
and bisulfidic cross-links, whereas the conventional vulcani-
zation system favors larger poly sulfidic bridges. These are
just crude estimations, since we assume that the vulcanizing
agent is the entire sulfur molecule (i.e., eight sulfur atoms),
andwe consider complete conversion of sulfur (meaning that
1 mol of S8 = 1 mol of vulcanizing agent =1 mol of cross-
links). The last statement is proven wrong, at least in the case
of the conventional system, because of efficiencies below
unity at higher concentration of vulcanizing agent (these
samples where not taken into consideration in the linear fit
represented in Figure 4). Therefore, we know that the lengths
of the polysulfidic cross-links could be overestimated.
Nevertheless the NMR estimation is in good agreement with
the values obtained by chemical determination.76

It is important to note that both sulfur-based systems
show similar efficiency in NR and BR, while a very different
behavior is observed when peroxides are used as curing
agent. In peroxide vulcanization, the amount of effective
cross-links, i.e., those which create a dipolar coupled elasti-
cally active chain segment, produced per mol of peroxide
molecules increases significantly in BR as compared to NR.
Although in both cases the peroxide efficiency is higher that
the unity, in BR samples each mol of peroxide is able to
create 10 mols of effective cross-links. These results can be
rationalized on the basis of the radical vulcanization me-
chanism of peroxides and the polymer backbone structure
that contains double bonds.

Taking aside several possible side-reactions not consid-
ered here,15 one may roughly divide the peroxide cross-
linking reaction into two steps: formation of polymeric
radicals, and reaction of macro-radicals creating cross-links.
Two polymeric radicals can recombine in a termination
reaction that creates one effective cross-link, but then, the
efficiency of the reaction should be limited to the unity.

However, in dienic elastomers, polymeric radicals can react
also via addition to a double bond creating cross-links and
new reactive radicals that can react again increasing the
efficiency of the peroxide reaction. It is thus important to
note the capacity of a radical to start addition chain reac-
tions, i.e., a “polymerization” process, which greatly in-
creases the efficiency of the vulcanization reaction.16,18

In consequence, the higher peroxide efficiency exhibited
by BR compounds can be explained by two factors. On the
one hand, it is important to recall that NR undergoes chain
scission reactions during vulcanization (Figure 3), therefore
competing cross-linking and scission reduce the vulcaniza-
tion efficiency considerably. On the other hand, BR seems to
favor the radical addition (polymerization) pathway as
opposed to the termination (recombination) reaction. There
are several factors that favor the addition of peroxides:
peroxide concentration, vulcanization temperature and
polymer backbone structure.15,16 In this work, the two first
two factors are invariant; therefore, the different behavior
must again be ascribed exclusively to the chemical structure
of polymer. There are three characteristics that support this
supposition:

(i) The double bond/allylic hydrogen ratio. Polymeric
radicals can react with neutral (nonradical) polymer chains
via abstraction or via addition. The former is an inefficient
reaction where the radical is transferred from one chain to
the other without creation of a cross-link. The latter gen-
erates an effective junction by addition of the macro-radical
to the double bond on another polymer chain, plus a new
radical. In cis-BR the allylic/double-bond hydrogen ratio is
4/1 (this ratio is increased for higher proportions of more
reactive vinyl segments), whereasNRhasmore allylic hydro-
gens (7/1) because of its methyl group, shifting the prob-
ability for an effective reaction toward BR without invoking
any reaction between macro-radicals.

(ii) Steric effects. The methyl group in NR could exert
some steric hindrance to the addition to the double bond as
compared to cis-BR.

(iii) Hyperconjugation. This effect is favored in NR radi-
cals, increasing the stability of allylic radicals and reducing
their reactivity.

1.3. Cross-Link Distribution. Different reactions that take
place during the vulcanization process not only lead to
variations in the overall number of cross-links, but also in
their spatial distribution. Figure 5 represents the ratio be-
tween the standard deviation and the average of the assumed

Figure 4. Efficiency of different vulcanization reactions in NR and BR
samples measured as the relationship of cross-link density obtained at
the optimum cure time (measured by NMR) and the concentration of
vulcanizing agent. Numbers in brackets represent the slope of the linear
fit. According to the slope (efficiency), it is possible to obtain crude
estimates of the lengths of the sulfidic cross-links. Linear fits of samples
vulcanized by the conventional system were performed in the repre-
sented range of concentration because of the loss of efficiency at higher
sulfur concentrations. The y intercept is the (trapped) entanglement
contribution to the cross-link density.

Figure 5. Variation of the relative width of the distribution of cross-link
density as a function of cross-link density for the different samples and
cure systems.AGaussiandistributionof cross-linkdensitywas assumed,
where σ represents the standard deviation and Dres the average value of
the distribution according to eq 2. Lines are only guides to the eye.
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Gaussian spatial distribution of local cross-link density in
the studied networks (i.e., the distribution width).

These results identify three factors that determine the
cross-links distribution in rubber networks: the vulcaniza-
tion system, the cross-link density (given by the concentra-
tion of curatives) and the polymer backbone structure. It is
important to note that some other factors that we kept
invariant, such as the vulcanization temperature, could also
have an important influence on the cross-links distribu-
tion.16

For sulfur-based systems, it appears that most homoge-
neous rubbers are obtained for natural rubber, but note that
we cannot fully exclude at this point that differences in the
local spin dynamics among the individual protons in the
different monomers, or microstructural variations (trans-1,4
or vinyl units) could also account for this small difference, as
these factors also affect the shape of the analyzed NMR
signal function.59 A clear trend is the one related to the cross-
link density, where a minimum (high homogeneity) is found
at cross-link densities of around 2 � 10-4 mol/g. Here,
competing effects such as the curative distribution after
mixing, the time-scale of cross-linking vs (more and more
hindered) diffusion of the active species during cross-linking,
or a decreasing contribution of topological cross-links
(entanglements) may be invoked for an explanation.

Most prominently, samples vulcanized with peroxides
always show significantly broader distributions than the
vulcanizates cured with sulfur, independently of the cross-
link density or the type of polymer. Thismeans that peroxide
vulcanization, based on a radical pathway, generates more
heterogeneous networks in comparison with the sulfur vul-
canization. Using the numerical inversion procedures57,58

discussed above and in the Appendix, it is possible to
determine the actual spatial distribution function of cross-
link density without any a priori assumption about its shape.
Figure 6 shows the spatial cross-links distribution of three
NR samples with similar (almost equal) average Mc but
obtained using different vulcanization systems.

Whereas sulfur-based vulcanizates, e.g., NR-C andNR-E,
do not show any difference and they are characterized by
narrow Gaussian-like distributions of cross-links, i.e., they
could be considered a random arrangement of cross-links
forming very homogeneous networks, peroxide vulcanizates
exhibit broader distributions, even with indications of bi-
modality.

During the peroxide vulcanization, the addition reaction
of macro-radicals generates cross-links and new active per-
oxides that subsequently react with adjacent double bonds,

similar to a polymerization reaction,16,18 creating highly
cross-linked areas (termed clusters77) embedded in a weakly
cross-linked matrix. Figure 6 strongly supports the existence
of this type of inhomogeneities in the networks vulcanized by
peroxide, which are related with such “polymerization”
reactions and the formation of highly cross-linked areas or
clusters (represented by the fraction of rubber network
defined by higher cross-link density). Although this mode
of cross-linking does probably not dominate the overall
vulcanization, the existence of such clusters could explain
the drop in elastic properties found for peroxide vulcani-
zates in comparison with the more homogeneous sulfur
networks.16,78 Note that NR (from natural sources) and
(synthetic) BR behave similarly in this context, stressing that
the observed inhomogeneities of the rubber matrix are not
specific to additional impurities in NR such as proteins and
lipids. Of course, an influence of these components on the
chain scission reactions discussed above cannot fully be
excluded at this point.

We stress that these results are obtained directly by
simultaneous molecular-scale observation of the behavior
of all monomers in the rubber. The conclusions are thus
essentially model free. However, theseNMR results seems to
be in contradiction to the speculative structures described by
Ikeda et al. in a recent paper.44 On the basis of strain-induced
crystallization (SIC) studies, these authors found differences
in the onset of SIC and the apparent lateral crystallite sizes
upon stretching sulfur- and peroxide-vulcanized NR, and
these differences were explained on the basis of assuming
very homogeneous structures for peroxide-cured NR, yet
even bimodal structures for sulfur-cured NR. Obviously, the
experimental results are in some way related to the structure
of the networks, but the observations bear no direct link to
the real distribution of cross-links in the rubber matrix.
Thus, the conjectures brought forth to rationalize the SIC
behavior of these samples should be subject to revisions. In a
more recent paper,79 the same group used small-angle neu-
tron scattering (SANS) on peroxide-cured natural rubber
samples concludes that the structure of peroxide cross-linked
NR is not homogeneous as it was previously described, and it
is composed by several kinds of clusters with different sizes.
In the same way, SIC behavior of NR vulcanizates with
peroxide was then related to a progressive reduction of the
overall size of inhomogeneities of these samples with the
cross-link density. By using similar experimental procedures,
they studied the effect of ZnO and other agents on the
polyisoprene (IR) network structure vulcanized with sul-
fur.43 They concluded that network structure of sulfur
vulcanizates contains certain inhomogeneities, as it was also
evidenced by other techniques such as transmission electron
microscopy (TEM)80 and magnetic resonance imaging
(MRI).81,82 One must of course keep in mind that we here
address solely the cross-link density inhomogeneities of the
actual rubber matrix, while scattering and direct imaging
techniques as well as other indirect techniques also address
inhomogeneities in the distribution of other minority com-
ponents such as ZnO, residual sulfur, or proteins and lipids
in the case of NR to different extents.

Considering the interesting SANSdata,43,79 which is based
on changes observed upon swelling, we note that swelling is
by itself a complex nonhomogeneous process, where ex-
cluded-volume effects, subaffine local deformations, and
topological reorganization with a possible partial release of
nontrapped entanglements (“desinterdispersion”) all play a
role and were of course considered by the authors. On the
other hand, the NMR analysis of the samples from Figure 6
after swelling in toluene lead in all cases to very broad

Figure 6. Effect of vulcanization systems on the distribution of cross-
link density in NR samples. Note that samples have the same average
cross-link density.
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distributions of dipolar couplings, completely covering up
the significant differences between them, in agreement with
our works on poly(dimethylsiloxane) networks.83-85 This
pinpoints that NMR analyses addressing matrix inhomo-
geneities should be performed on unswollen samples.

In order to address the differences between studies using
SANS, TEM, and MRI and apparent contradictions with
ourNMR results, one needs to consider the length scales and
the contrast mechanisms of the different techniques. First,
the resolution inMRI81,82 is very limited, obtaining informa-
tion in the range of 10-100 μm at best. Contrast is often due
to differences in T2, which mainly reflects residual dipolar
couplings, yet susceptibility contrast and effects from para-
magnetic impurities may be relevant. SANS43,79 was used to
detect inhomogeneities in the range of 20-50 nm. In sulfur-
cured polyisoprene rubber (IR) such inhomogeneities may
partially be due to ZnO clusters, as found by TEM.80 The
present NMR study provides more local information, as
spatial cross-linking inhomogeneities are detected on scales
of several nanometers and above, where the lower limit is set
by the length scale of dynamic averaging of monomers in
different chains. In conclusion, based on the given literature
one may conclude that NR (or IR) samples vulcanized with
sulfur exhibit a rather homogeneous rubber matrix down to
very local scales, with inhomogeneities at larger scales arising
from the nonrubber components. In contrast, vulcanization
with peroxides creates inhomogeneous network structures
on all scales, because of specific radical reactions.

In order to more systematically address the significance of
the “polymerization” pathway, Figure 7 shows cross-link
density distributions for NR vulcanized with different
amounts of peroxide. In this case, the addition reaction
seems to be more favored at higher peroxide concentra-
tion.15,16 At very low peroxide concentration (NR-P(0.5)),
the sample shows a (relatively) broad distribution but no
evidence of bimodality. A second component (“clusters”)
arises at higher content, and at some point (NR-P(8)), both
components are broadened to such an extent that theymerge
into a single very broad distribution.

Finally, we shortly address the systematic differences
between sulfur-cured BR and NR seen in Figure 5. Figure 8
indicates both a slightly broader major component and a
weak bimodality for BR, and the bimodality was in fact
found to increase at higher sulfur contents, in fact with both
the conventional and the efficient system. As to the generally
broadermain peak,we again stress that this could bewell due
to slight differences in the NMR response of the different

monomer units. The bimodality, however, is less easy to
explain, in particular because of the lack of consensus
concerning the nature of the reaction (ionic or free-radical)
that governs the vulcanization. Nevertheless, just from the
similarity with the peroxide behavior seen in Figure 6, the
bimodality may be taken as an indication for radical reac-
tions during sulfur-vulcanization of the more reactive BR.

Concluding this section, we point out that there are a priori
reasons for the distribution of the NMR observable to be
really broad to start with;in fact, simple arguments based
on the Gaussian end-to-end distribution of the network
chains suggest a broad γ distribution function of the residual
coupling, and even more broadening should arise from the
(most-probable) molecular weight distribution of the net-
work chains, not even considering the (weak) variations
along a network chain.82 In contrast to all these predictions,
all analyzed samples, even the most inhomogeneous ones,
show narrower coupling distributions, and can in some cases
even be well approximated by a single-valued distribution.
An explanation of this very fundamental result, discussed in
more detail in our recent papers,54-85 comprises the coop-
erativity of the monomer fluctuations, the packing of differ-
ent chains in the system and local force balances, which all
reduce and homogenize the orientation fluctuations of
monomers in connected network chains. This of course
raises the question of the length scale, above which inhomo-
geneities can be observed as such. Detailed investigations are
ongoing, and at the moment we can safely conclude that
regions of sufficiently different average cross-link density
must span a size scale of several network chain dimensions in
order to exhibit a distinct behavior.

2. Rubber Segmental Dynamics. The structural differences
analyzed in the previous sections may have consequences on
the segmental dynamics. This is corroborated by the Tg data
shown in Figure 9. Tg is always shifted to higher tempera-
tures with increasing cross-link density, which is a well-
known trend that is for instance explainable with additional
stiffness arising from the cross-links. However, the depen-
dence is different for the different vulcanization systems, and
it is decisively nonlinear for the peroxide-based system. Note
that dynamic-mechanical analysis of three samples vulca-
nized with different cure systems but similar cross-link
density, the ones with νNMR around 4� 10-4 mol/g, showed
the same relativeTg variations within 0.1K (data not shown).

Structural differences are certainly one possible explana-
tion, but one has to keep in mind that some of the many

Figure 7. Effect of peroxide concentration on cross-links distribution
in NR samples. Values of Dres and σ were obtained by assuming a
Gaussian distribution and fitting experimental NMR data with eq 2.

Figure 8. Difference between the cross-link distributions in NR and
BR, both with similar average cross-link density and vulcanized with a
conventional cure system. Values of νNMR, Dres, and σ used in the
legend were obtained by fitting of the experimental NMR data with
eq 2; hence, a Gaussian distribution was imposed.
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components in the sulfur-based systems (stearic acid, accel-
erator) are small soluble organic molecules which can act as
softening agents. This is, however, not a feasible explanation
since the amount of curatives increases with the cross-link
density. The small but relevant (1 K) shift between the
efficient and the conventional system may arise from the
different length of the (bulky) sulfur bridges that form the
cross-links, and of course from the overall lower sulfur
content in the latter.

It is even more difficult to explain the nonlinear variation
of the peroxide-based system with curative content, as these
systems have a comparably low content of a single curative,
namely the peroxide, which is further expected to decompose
upon vulcanization. The variations are therefore most prob-
ably due to the structural differences, and the substantial
inhomogeneity evidenced by NMRmay well be responsible.
In particular, we believe that the large amount of potentially
low-molecular weight defects (see Figure 3) plays a key role.
Note that the shape (width) of the cp step at Tg did not differ
significantly among the samples, which means that the
change in Tg occurs rather homogeneously throughout the
samples.

For a closer analysis of the chain dynamics, we fitted the
raw (non-normalized) DQ build-up and MQ decay data to
eqs 4 and 5. As explained in this context, the correlation time
τf represents a characteristic time scale of correlation loss due
to localized chain modes. It is related to the fastest (Rouse)
relaxation time of the system, and therefore it strongly
depends on the segmental relaxation time and thus on Tg.
We thus plot the results in Figure 10 vs the temperature
difference to Tg, expecting comparable behavior.

The data in Figure 10 confirm that the dynamics speeds up
uponheating, as of course expected. In the investigated range
(T - Tg ∼ 70-75 �C) and below, the IΣMQ curves show the
expected exponential relaxation behavior, yet at higher
temperatures, more convex shapes are observed, and then,
the data loses its sensitivity to the ever faster segmental
fluctuations, and other factors dominate the decay.49,56 We
thus restrict the discussion to the lower temperature range.

A different behavior of the three vulcanization systems is
again immediately indicated. Peroxide vulcanizates feature
the apparently slowest overall dynamics at a given tempera-
ture (taking as reference theTg of each sample), whereasNR-
C have the fastest dynamics. NR-E samples seem to fall in-
between these two systems, but without clear trend.

The apparent incongruence between the chain dynamics
(τf) and the Tg in NR samples vulcanized with peroxide can
be explained in two ways: a different fragility (i.e., the

parameters in the WLF parameters), or by modified chain
modes. Fragility could change for systems with different
network structure and also with weak differences in compo-
sition. In addition, differences in the chain modes could be
related again as a consequence of the substantial structural
local inhomogeneities (involving highly cross-linked clusters)
present in the peroxide-based systems. These aspects cer-
tainly deserve closer attention, such as detailed direct inves-
tigations of the temperature-dependence of the R process,
and possibly normal-mode-related relaxations accessible by
dielectric spectroscopy. We conclude that the effect of the
decisive microstructural differences that we unveiled by
NMRmay significantly affect the dynamics and many other
properties of the elastomers systems, and these correlations
need to be uncovered before trying to use peroxide-cured
rubbers as model systems for basic investigations in polymer
physics.

Conclusions

MQNMRspectroscopy performedon low-field spectrometers
has been shown to be an inexpensive yet powerful tool to
quantitatively investigate not only the structure, but also the
chain dynamics of rubber networks. It was demonstrated that
different vulcanization systems for dienic elastomers, here NR
andBR, are characterized bydifferent reaction pathways, leading
to substantial variations in the fraction of elastically nonactive
network defects, the vulcanization efficiency, the spatial distribu-
tion of cross-links, and the segmental dynamics. All these proper-
ties are ultimately relevant for an in-depth of the elastic properties
of these compounds.

First, randomly cross-linked rubber networks contain some
fraction of defects such as sol, dangling chains and loops. This
fraction depends on temperature and the molecular weight
between constraints, possibly due to slow arm retraction pro-
cesses of chain ends, which explains that the defect content
decreases rapidlywith cross-link density for sulfur-based systems.
However, we have found that peroxide-cured NR with reason-
able cross-link density contains unexpectedly high amounts, on
the order of 20 wt %, of such defects. This was explained by side
reactions of the cross-linking process.

Focusing on the actual network component, the spatial dis-
tribution of cross-links also varies substantially between sulfur-
based cure systems and peroxide vulcanization. While sulfur
vulcanization of both NR and cis-BR generates rather homo-
geneous cross-link distributions in the rubber matrix on all scales
down to a local level of a few nm, peroxide-cured systems exhibit
a heterogeneous and even bimodal structure. These results can

Figure 9. Relationship between the glass transition temperature (Tg) of
NR samples vulcanized with different cure systems and the cross-link
density.

Figure 10. Variation of the apparent correlation time (τf) in NR
samples cross-linked with different vulcanization systems as a function
of temperature, scaled relative to the corresponding Tgs.
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again be explained via the radical mechanism that dominates
peroxide vulcanization process, as it partially leads to polymeri-
zation-type cross-linking involving addition to the double bonds,
leading to highly cross-linked clusters which we could observe
directly.

A balance between radical cross-linking through recombina-
tion of macro-radicals and the mentioned addition/polymeriza-
tion, and of course potential chain scission, determines the final
structure of the network,which appears todepend strongly on the
polymer backbone structure, as was demonstrated by comparing
cis-BR and NR samples. The methyl group on the NRmonomer
and the associated tertiary carbon are probably responsible for
much enhanced chain scission reaction and the largely increased
defect content in comparison with BR. In addition, the methyl
group stabilizes the macro-radical by hyperconjugation phenom-
ena and may further exert some steric hindrance on the addition
of macro-radicals to the double bond, which explains the much
higher efficiency of peroxide linking in BR. However, the role of
NR-specific impurities such as proteins and lipids that may
interact with radicals remains to be clarified, best in terms of a
comparisonofNRand IRsamples,whichwe leave for futurework.

BR samples were in fact always found to be more inhomoge-
neous than NR samples, indicating that the tendency for the
formation of macro-cross-links (clusters) via a chain reaction
(“polymerization”) may not only be relevant for peroxide-based
cross-linking, but also to a limited degree in sulfur vulcanization.

The different network structures and defect contents obtained
for the different vulcanization systems further leads to significant
changes in the value and the cross-link density dependence of Tg.
Networks obtained by peroxide vulcanization have the lowest Tg

values, yet exhibit apparently slower chain modes in comparison
with conventional vulcanizates. These results could be again
explained by the much increased defect content, and by the
inhomogeneous structures of these networks, respectively. To
conclude, clear relationships between different vulcanization
reactions, the network structure, and the properties of dienic
elastomers emerge from their study by low-field MQ NMR
spectroscopy, and more in-depth investigations of the properties
of peroxide vulcanizates in relation to their substantial inhomo-
geneity is mandatory before continuing their use in basic inves-
tigations of rubber elastic phenomena.
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Appendix: Improved Regularization Procedure

In the original version of the modified regularization program
FTIKREG for the estimation of coupling distributions, origin-
ally published by Weese,57,58 an inverted-Gaussian single-Dres

build-up function (eq 2 with σ = 0),

InDQðDresÞ ¼ 1

2
1- exp -

2

5
ðDresÞ2τDQ2

� � !
ð6Þ

was used as a kernel function. The selection of eq 6 as kernel
function, in combination with the restrictuion to fit only the
initial build-up (see below) created a problem in the final norma-
lized DQ intensity. It must always reach 0.5 since it contains half
of the excited quantum orders in the long-time limit. For this
reason, on needed to add long-time data points with InDQ = 0.5
to externally enforce the best-fit InDQ to reach the expected

plateau. Since FTIKREG was initially conceived for inverse
Laplace transformations (i.e., using a falling exponential as
kernel function), it has a built-in option to enforce I = 0 in the
long-time limit. In order to use this option and obviate the use of
an arbitrary number of additional points, the program now
internally fits decay data of the form 0.5 - InDQ to a falling
Gaussian, 0.5 � e-2/5(Dres)2τDQ

2.
Further, in very homogeneous samples, one observes a slight

maximum in the InDQ build-up curve (see Figure 1D). It cannot
be represented by the inverted-Gaussian function, eq 6, therefore
the latter is only an approximationof true data. This is in factwhy
experimental data was only fitted up to InDQ < 0.45 (equating
this value with eq 6 yields a definition of the fitting limit τDQ

max =
2.4/Dres), which is the region of good agreement. To reflect the
observed full shape of a build-up curve and thus obtain more
reliable results for wider or multimodal distributions, a new
empirical kernel function derived from experiments on different,
very homogeneous elastomer samples has been implemented
(details will be reported in an upcoming publication):

InDQ ¼ 0:5� ð1- expð- ð0:378�DresÞ1:5τDQ1:5Þ cosð0:583

�DresτDQÞÞ ð7Þ

Another central improvement implemented in the modified
regularization procedure concerns the error parameter that is
required by FTIKREG. This parameter should reflect the con-
stant, absolute-scale statistical error associated with the data

Figure 11. (A) χ2 as a function of input error in FTIKREG program.
(B) Distributions of Dres as a function of input error (and χ2) for NR
sample vulcanized with dicumyl peroxide (3 parts per hundred of
rubber). The resulting distributions become broader with increasing
input error, and become multiply peaked at too low values. The solid
arrow in A indicates the most realistic error parameter to give the bold
distribution curve in B, which does not change significantly over the
range pointed out in A.
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points, and is needed for a proper initialization of the regulariza-
tion parameter. The error parameter thus affects the smoothing
of the data and the number of distribution modes extracted from
the data, therefore a proper selection of the error parameter is
necessary to obtain a meaningful representation of the dipolar
coupling distribution. Too low values commonly lead to an
“overinterpretation” in terms of too many modes. The actual
problem is that the error associated with the data is not constant.
At longer times the experimental intensities (DQ and reference,
IDQ and Iref, respectively) are close to be completely relaxed,
which is why the point-by-point normalized data arising from the
quotient exhibits an increasing uncertainty.

In order to select an error parameter that leads to a physically
realistic distribution, the program now automatically varies the
error parameter over a given range, and outputs the distributions
for each value, along with the corresponding χ2 value (mean
squared deviation between data and fit). See Figure 11, parts A
and B, for the variation of χ2 with the given error parameter for a
typical natural rubber (NR) network, and the resulting distribu-
tions.We take themost realistic distribution (shown as thick solid
line inFigure 11) as the onewith the lowest error parameter below
which χ2 saturates at a nearly constant value. Inmost cases, lower
error parameter values lead to multiply peaked distributions,
which however do not lead tobetter overall fits (thus not lowering
χ2 significantly), and are consequently not physicallymeaningful.
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