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ABSTRACT: Detailed information about the chemical role of the third monomer 5-ethylidene-2-norbo-
nene (ENB) in EPDM during peroxide cross-linking has been obtained by use of MAS 13C NMR
spectroscopy and 1H NMR T2 relaxometry. Advanced 13C NMR techniques like INADEQUATE and
TOCSY applied to a special EPDM grade with 13C-labeled ENB reveal a large number of new aliphatic and
olefinic signals as well as indications for oxidation. The ENB unit is involved in cross-linking reactions not
only (i) via addition of macroradicals to the pendent ENB unsaturation yielding aliphatic cross-link
structures but also (ii) via combination of ENB-derived allyl radicals resulting in cross-link structures with
intact unsaturation. The latter represents a novel pathway in the mechanism for peroxide curing of EPDM.

Introduction

Ethylene-propylene-diene terpolymers (EPDM) represent a
class of elastomers with a saturated backbone, whichmakes these
materials resistant against oxygen, ozone, heat, andUV light and
therefore particularly suited for outdoor applications, such as
automotive sealing systems and roofing for buildings.1,2 Chemi-
cal cross-linking of EPDM is necessary to form a mechanically
stable rubber network with optimal tensile and elastic properties.
In general, EPDM is either cross-linked by sulfur vulcanization
or peroxide curing.3 For that purpose, a small amount of a
nonconjugated diene monomer, such as 5-ethylidene-2-norbo-
nene (ENB), dicyclopentadiene, or 5-vinyl-2-norbonene, is com-
monly copolymerized to provide unsaturation randomly
attached along the polymer chain. Incorporation of the diene
monomer into EPDM enables sulfur vulcanization and enhances
the peroxide curing efficiency.

Sulfur vulcanization results in sulfur cross-links between the
polymer chains, providing interchain bondswhich are flexible but
have limited thermal stability.3As the number of sulfur atoms in a
sulfur cross-link increases, the thermal stability decreases. Sulfur
vulcanization is a robust technology and is practiced in a wide
variety of vulcanization processes, such as compression and
injection molding, extrusion, and hot-air autoclaves. A major
advantageof this typeof cross-linking is that by varying the sulfur
curatives formulation, the cross-linking kinetics and the final
cross-link density can be tuned to a broad range of cross-linking
technologies and applications. The chemical mechanism of sulfur
vulcanization of EPDM has been investigated in detail for low-
molecular-weight model compounds4 and by use of 13C NMR
applied to a special EPDM grade with 13C-labeled ENB.5 As
shown in both model and polymer studies, sulfur vulcanization
involves substitution at the allyl positions next to the residual
unsaturation in ENB-EPDM,while the double bond itself is not
converted.

Asopposed to sulfur vulcanization, the cross-links provided by
peroxide cure consist of carbon-carbon bonds, which have the
same bond strength as the C-C bonds in the polymer backbone.
Therefore, peroxide cure provides better heat aging properties
and high-temperature compression set. However, peroxide cure
tends to be less easy to control. The resulting rubber networks are
believed to be more heterogeneous. Contact with air results in
products with sticky surfaces, which is probably caused by
oxygen inhibition of the free-radical cross-linking at the surface,
degradation of polymer chains, and/or formation of polar
oxidation products. Thus, unlike sulfur vulcanization peroxide
cure cannot be performed in hot-air autoclaves.

Peroxide cross-linking covers about 15% of the commercial
EP(D)M applications because of the enhanced performance at
high temperature. According to the generally accepted mecha-
nism,3 peroxide curing is initiated by the thermal decomposition
of the peroxide. The resulting free radicals subsequently abstract
hydrogen atoms from the EPDM polymer, yielding EPDM
macroradicals. Since the reactivity of the primary peroxide
radicals is high, this step is kinetically determined. Calculations
have shown that the hydrogen atoms are mainly abstracted from
the aliphatic tertiary and secondary carbon atoms in the EPDM
main chain.6 Once formed, the EPDM macroradicals can give
rise to cross-links in two ways. First, they can combine, yielding
direct C-C cross-links between the two polymer chains. Second,
they can add to a residual EPDM unsaturation. The resulting
radical undergoes hydrogen transfer, yielding a cross-link with a
diene monomer unit between the two polymer chains and a new
EPDMmacroradical that can react again. A recent model study
with low-molecular-weight compounds has indicated a third
pathway, which involves formation of macroradicals at the
R positions next to the unsaturation in the diene units.7 Indeed,
hydrogen atoms at allyl positions next to double bonds are
relatively labile because radicals at such positions are stabilized
by resonance, as have been observed with ESR.8

In our previous work on peroxide-cured EPDM rubber, the
cross-link density and network heterogeneity have been studied*Corresponding author. E-mail: p.c.m.m.magusin@tue.nl.
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by means of 1H NMR relaxometry.9,10 For EPDM/peroxide
compositions representative for industrial applications the per-
oxide efficiencywas shown tobe∼50%, the diene conversionwas
up to 40%, and the contribution of addition cross-links to the
total cross-link density was up to 40%, the latter two depending
on the peroxide content and the dienemonomer type and content.

Following on the earlier 13C NMR study of sulfur-vulcanized
EPDM,5 the aim of this work is to study the chemical structures
formed upon peroxide cure of EPDM with ENB as third mono-
mer in more detail. In particular, we want to test the generally
accepted mechanism for peroxide cure, in which the pendent
unsaturation in EPDM only serves as a site for addition by
peroxide-initiatedmacroradicals. Furthermore, wewant to check
the relevance of the allyl-combination pathway found in the
previous model study7 for the real EPDM rubber system.
Enhanced insight into the chemical reactions occurring during
peroxide cross-linking of EPDM is important for a sound under-
standing of peroxide cross-linking kinetics and structure-
properties relationships for the vulcanizates. Magic-angle spin-
ning 13C NMR spectroscopy and static 1H NMR relaxometry
were respectively employed to identify the chemical structures
formed in peroxide-cured EPDM and to determine the network
density. By monitoring the peak area of the olefinic 13C reso-
nances of the ENB third monomer at subsequent stages during a
stepwise peroxide cure, and by determining the cross-link density
at these steps from 1H NMR T2 relaxation, both the ENB
conversion and the cross-link density were studied as a function
of the curing time, and the correlation between the two was
established. 13C NMR in combination with selective 13C labeling
at strategic carbon positions is powerful for unraveling chemical
structures in polymers.5,11-13 In our current investigation we
have studied EPDMwithENB 13C-enriched at the C2/C8 double
bond positions, which leads to strongly enhanced NMR signals
and facilitates a successful characterization of the new structures
involving the diene unsaturation. In addition, the double labeling
at the neighboring C2 and C8 positions permitted the use of
13C-13C correlation NMR techniques, such as INADEQUATE
and TOCSY.

Experimental Section

Materials. 13C-Labeled ENB-EPDM.The [2,8-13C2] ENB-
EPDM rubber used in this study has been synthesized by Heinen
et al.11 It has an ethylene to propylene ratio of ∼1.8, an ENB
content of∼8 wt% (=670mmol/kg), andMw of 4.8� 105 g/mol.
ENB is incorporated in the polymer through its endocyclic C5/C6
double bond. Because of the limited quantity of labeled EPDM
available, EPDM/peroxide compounds were prepared on a small
scale via a solution route, and one sample was used for stepwise
vulcanization. NMR experiments were performed after each
vulcanization step. 100 mg of EPDM compound with 4.3 wt %
di(tert-butylperoxyisopropyl)benzene from Across was prepared
by dissolution in hexane followed by evaporation and drying at
90 �C under vacuum. Cross-linking was performed in a hot press
at 175 �C either in a single step of 17 min or in a stepwise manner
for accumulative times of 3, 6, 9, and 19min.Theperoxide half-life
time at 175 �C is 1 min.14 After every cross-link step the EPDM
samplewas taken out of the hot press as a 1mm thick circular film
with a diameter of 2 cm and left to cool within a few minutes to
room temperature in air. For probing the effect of air-induced
oxidation in the absence of peroxide, a 1 mm thick EPDM
sheet with a diameter of 2 cm was exposed to air in an oven at
175 �C for 2 h.

NMRCharacterization. 13CNMRHahn Echo.Magic-angle
spinning (MAS) 13C NMR spectra were recorded on a Bruker
DMX500 spectrometer equipped with a 4 mmMAS probehead
and operating at a 13CNMRfrequency of 125MHz. The sample
rotation rate was 4 or 8 kHz. To suppress baseline artifacts

resulting from pulse leakage into the NMR signal, direct-excita-
tion 13C NMR spectra with proton decoupling were recorded by
use of the Hahn-echo pulse sequence 90�-τ-180�-τ with a 90�
pulse of 5 μs and echo time 2τ=6 μs. Such echo time is short
compared to the sample rotation time (125 or 250 μs) and there-
fore does not cause significant dephasing of the spinning side-
bands. The relaxation delay between subsequent scans was 5 s,
which in comparison with test experiments at 10 s proved long
enough to avoid saturation and transient NOE effects. The
experiments were performed at room temperature and at 90 �C.
The 13C NMR signal of adamantane at 38.56 ppm was used as a
reference.

1Dand 2D INADEQUATE.The 1Dand 2D INADEQUATE
spectra were recorded at 90 �C on a Bruker DMX500 spectro-
meter using a 4 mm MAS probehead and the pulse sequence
90�-τ -180�-τ -90�-t1-90�-τ -180�-τ -90�-acquisition.
The theoretically optimal value for the delay τ in this type of
experiments is 1/(4J) with J the 13C-13C scalar coupling con-
stant. The τ value in our experiments was ∼4 ms, which
represents a compromise between the typical J constant for
sp2-sp2 coupling (∼75 Hz) and sp3-sp3 coupling (∼40 Hz). No
strong τ dependence has been observed in test experiments. For
1D INADEQUATE a constant t1 delay was chosen as small as
possible for sufficient pulse separation, 3 μs, and a relaxation
delay of 2.5 s. To be able to detect the 13CNMR signals down to
a few percent, typically 25 000 scans were recorded. The typical
time to record a 1D INADEQUATE spectrumwas 18 h. For 2D
INADEQUATE t1 was systematically incremented by 10 μs up
to 5ms, and the relaxation delaywas 2 s. Special pulse phase lists
were employed to reduce the artifacts arising from the incom-
plete magnetization recovery during the relatively short inter-
scan delay.15 Time-proportional phase incrementing (TPPI)was
used for phase-sensitive detection in the indirect domain.

2D TOCSY. Total correlation spectroscopy (TOCSY) was
carried out at 90 �C by use of the pulse sequence
90�-t1-90�-pmix-90�-t2 with pmix the standard DIPSI-2 mul-
tipulse scheme for homonuclear Hartmann-Hahn mixing.16

The overall duration of pmix was 30ms. TPPI was used again for
phase-sensitive detection in the indirect domain.

1H NMR Hahn-Echo Relaxometry. The 1H transverse mag-
netization relaxation of the stepwise-cross-linked EPDM was
measured on a BrukerMinispecMQ-20 spectrometer operating
at a 1H frequency of 20 MHz. This spectrometer was equipped
with a BVT-3000 variable temperature unit. All experiments
were performed at 90 �C.

The decay of the transversemagnetizationwasmeasuredwith
the Hahn-echo pulse sequence: 90�x-tHE-180�y-tHE-
[acquisition of the amplitude of an echo maximum A(t)], where
tHE g 35 μs. This pulse sequence eliminates the magnetic field
and chemical shift inhomogeneities and allows robust and
quantitative measurements. An echo signal is formed with a
maximum at time t=2tHEþ (t90þ t180)/2 from the beginning of
the first pulse, where t90 and t180 are the durations of the 90� and
180� pulses, respectively (t90=2.8 μs). By variation of the pulse
spacing tHE in the sequence, the amplitude of the transverse
magnetization is measured as a function of the echo time 2tHE.

The high-temperature limit value T2
pl of the transversal

relaxation time T2 is a measure for the cross-link density.17-19

The T2
pl value is related to the number of statistical segments

between chemical and physical network junctions.18,20 Equa-
tions 1 and 2 in ref 9 were used to estimate the total network
density Dtot from the T2 plateau value T2

pl.

Results

Overall 13C NMR Analysis. The main goal of this study
is to get insight into the structures of the chemical cross-links
and other chemical structures formed during peroxide
cure of EPDM. The unsaturation of ENB is essential in
peroxide cross-linking, but because of the low content



8916 Macromolecules, Vol. 42, No. 22, 2009 Orza et al.

(usually <10 wt %, corresponding to <1.2 CdC bond per
100 C atoms), it is difficult to characterize the reaction
products at natural-abundance 13C levels.21 This is why
13C labeling is important, since it allows a direct study of
the carbon atoms involved in peroxide curing of EPDM.The
availability of EPDM with 13C labels at the C2/C8 double-
bond positions in ENB offers a unique opportunity to
directly detect reaction products formed during peroxide
cross-linking with 13C NMR spectroscopy. The assignment
of the new signals in the spectra was facilitated by the
availability of the NMR spectra of the corresponding non-
labeled and labeled compounds.11,22-25 In earlier studies not
much attention has been given to these new resonances.25We
will address this subject in the present article.

13C NMR spectra of cross-linked nonlabeled EPDM and
13C-labeled EPDM before and after cross-linking are shown
in Figure 1. Unlike for, e.g., natural rubber,26 the 13C NMR
spectrum of nonlabeled EPDM is strongly dominated by
aliphatic signals from the EPM backbone between 0 and 55
ppm (Figure 1a). On the basis of previous analyses,27,28 the
main signals are assigned to primary (20.6 ppm) and tertiary
carbons (33.5 ppm) as well as secondary carbons at various
distances from the nearest tertiary carbon along the polymer
chain (38.2, 28.0, 30.9, and 30.6 ppm). Although the natural-
abundance EPDM serves a convenient reference, the
here-reported NMR study focuses on ENB-EPDM with

13C labels at the C2 and C8 positions in ENB. Therefore,
wherever in the remainder of this paper we refer to EPDM
samples investigated withNMR, the readermay assume that
it was 13C labeled, unless specified differently. The C2/C8
labeling gives rise to strongly enhanced olefinic signals at 147
and 111 ppm, respectively (Figure 1b). The overall olefinic
peak area (100-160 ppm) in the spectrum of non-cross-
linked labeled EPDM relative to the peak area between 19
and 23 ppm from the methyl signals of the propylene units in
EPDM equals 16.3 ( 0.5, which agrees well with the com-
position of the EPDM grade in this study (17.0). Closer
inspection reveals two pairs of overlapping doublets (inset in
Figure 1b). The larger doublets at 147.1 and 111.3 ppm with
a 13C-13C coupling of 76 Hz are assigned to the E isomer of
ENB in the EPDM and the smaller doublets at 146.2 and
111.9 ppm with a coupling constant of 78 Hz to the Z
isomer.11 Lineshape deconvolution indicates an E/Z ratio
of ∼5.7, which is somewhat higher than originally reported
for this particular 13C-labeled EPDM grade. Analysis of the
spectrum of cross-linked labeled EPDM (Figure 1c) shows a
decrease of the total olefinic peak area to 11.4 ( 0.4 relative
to the methyl peak area between 19 and 23 ppm. As follows
from peak deconvolution, this decrease is actually the result
of a 39% and 28% reduction of the signals from E- and
Z-ENB, respectively, combined with the appearance of
several small olefinic signals at the foot of the original
signals. A more detailed analysis of these new signals will
follow later in this paper. At first sight, when comparing the
patterns of the major aliphatic signals of EPDM before and
after cross-linking, this range of the spectrum seems hardly
changed. At closer inspection, however, a kind of “broad-
ening” at the foot of the resonances is evident, which actually
contributes significantly to the spectral integral in this range.
In fact, parallel to the overall decrease of the olefinic
signals, there is an overall increase of the aliphatic peak area
(0-55 ppm including the methyl peak area taken as 1) from
9.6 ( 0.3 for non-cross-linked to 10.6 ( 0.3 for cross-linked
EPDM. This is consistent with the accepted view that the
double bond in ENB becomes saturated during peroxide
cross-linking. It is not trivial to resolve these small new
signals from under the large natural-abundance 13C NMR
signals of the aliphatic carbon atoms in the rest of the
polymer chain. As shown in Figure 1d, the natural-abun-
dance signals are suppressed in a so-called INADEQUATE
spectrum. Such a spectrum is recorded with a double-quan-
tum filter which selects the signals of J-coupled 13C-13C spin
pairs only. The suppression is based on the fact that the
statistical occurrence of natural-abundance 13C-13C pairs at
neighboring positions along the chain is extremely low. Even
with the background suppressed, no signals from the labeled
C2 and C8 carbons in new saturated structures are observed
with peak heights >5% of the maximum peak height of the
C2 signal at 147 ppm. At higher magnification, however, the
13C NMR spectra are more informative about the chemistry
taking place. This is, for instance, illustrated by the natural-
abundance signals at 15.0 and 14.4 ppm from methyl end
groups in the polymer chain andC9methyl moieties in ENB,
respectively (Figure 1, right-hand side). The doublet splitting
of the 14.4 ppm signal observed for labeled EPDM
is characteristic for the sp2-sp3 coupling between the
13C nuclei at the labeled C8 position and natural-abundant
13C nuclei at C9. The fact that the signal at 15.0 ppm is absent
in the INADEQUATE spectrum confirms its assignment to
the chain-end methyl groups. Interestingly, whereas the
chain-end methyl signal appears unaffected upon cross-
linking, the C9 signal from cross-linked EPDM is lower

Figure 1. MAS 13C NMR spectra of EPDM. (left) Hahn-echo spectra
of (a) cross-linked nonlabeledEPDM, (b) non-cross-linkedEPDMwith
13C labels at the C2 and C8 positions in ENB, and (c) cross-linked
labeledEPDMaswell as (d) the INADEQUATEspectrumof the latter.
The insets in (a) show the carbon positions in the third monomer
5-ethylidene-2-norbonene (ENB), in (b) the four doublets arising from
the scalar 13C-13C coupling between the 13C nuclei at positions C2 and
C8 in the E and Z form of ENB, and in (d) the magnified (mainly)
aliphatic signals of the 13C-13C pairs after cross-linking. The horizontal
broken lines in (b) and (d) are a guide for the eye to illustrate the relative
decrease of the double-bond signal upon cross-linking. (right) Ex-
panded 12-17 ppm regions with the natural-abundance signals from
the methyl moieties at the chain ends and the C9 position in ENB. The
C9 methyl doublets for labeled EPDM arise from coupling to the
neighboring 13C nucleus at C8 in ENB.
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than that of EPDM prior to pexoxide curing. This will be
explained later.

There are two possible explanations for the “broadening”
observed in the 13C NMR spectrum of cross-linked EPDM
and the lack of clear aliphatic signals in the INADEQUATE
spectrum. On the one hand, it could reflect an immobilized-
chain fraction in the heterogeneous network resulting from
peroxide cross-linking. Immobilization leads to shorter 13C
spin coherence times T2C and thus larger homogeneous line
widths. On the other hand, the broadening may also be
heterogeneous and the lack of clear INADEQUATE signals
could be a result of the isotope scrambling over a large
variety of cross-link structures. These two options have been
tested by comparing Hahn-echo spectra with short and long
echo times 2τ equal to 0.5 and 8 ms, respectively (Figure 2a,
b). Variation of the echo time hardly affects the spectrum of
non-cross-linked labeled EPDM (Figure 2a). In contrast,
broad components in the 0.5 ms echo spectrum of cross-
linked labeled EPDM are absent for 2τ=8 ms (Figure 2b).
This suggests that these are homogeneously broadened
signals from 13C nuclei with short T2C times. However, the
inversion of some signals, such as the narrow C9 signal at
14.4 ppm, cannot be explained by T2 relaxation. It is caused
by 13C-13C coupling, which is not refocused in the Hahn
echo. The Hahn-echo difference spectra (Figure 2c) thus
contain a mixture of signals from 13C nuclei with short T2C

times or 13C-13C coupling. These spectra may be compared
with INADEQUATE spectra, which are primarily selective
for carbon nuclei with 13C-13C coupling but also require
long T2C values because of the long echo times in the pulse
sequence. There is a strong similarity between theHahn-echo
difference spectra and the corresponding INADEQUATE
spectra, both with regard to individual positions of the
resolved peaks and the continuous range of aliphatic signals
that give rise to the broad “hump” between 20 and 50 ppm.
Before discussing the spectral changes in more detail, we will
discuss the decrease of the ENB unsaturation during per-
oxide curing, asmonitoredwith 13CNMRspectroscopy, and

correlate that to the cross-link density, as calculated from
1H NMR relaxometry.

Cross-Link Density and ENB Conversion. To monitor the
network formation and ENB conversion during peroxide
cross-linking at 175 �C, an EPDM/peroxide mixture was
cured in a stepwise manner times during accumulative times
of 3, 6, 9, and 19min.At the end of every step themixturewas
taken from the press and quenched to room temperature.
Then, a sample was taken for further study, and the mixture
put back into the hot press for the next cure step. These
samples representing subsequent cross-link stages were then
studied with a combination of static 1H NMR T2 relaxo-
metery and MAS 13C NMR spectroscopy.

Although the validity of the underlying polymer model
and NMR theory has been questioned,29 1H NMR T2

relaxometry has proven a valuable tool in practice for
obtaining insight into the network density and heterogeneity
of cross-linked rubbers.9,19,30,31 The decay of the 1H NMR
Hahn echo as a function of the echo time is mainly deter-
mined by the anisotropy of the chain mobility and, thus,
strongly affected by the cross-link density. The total network
density, including the contributions of (chemical) cross-links
and (physical) chain entanglements, can be calculated from
the plateau value T2H

pl at temperatures far above the glass-
transition temperature.9

From the relaxation experiments the total network density
can be calculated, and the chemical cross-link density can be
determined by subtracting the entanglement density. Such
model of the total network density as the sum of independent
chain entanglements and chemical cross-links is based on the
assumption that the topology of the polymer chains is not
affected by the chemical cross-links (although the nature of
the entanglements may change from transient to trapped).
As entanglement density, we use a value of 230 mmol/kg
determined in our previous study by extrapolating the net-
work density to zero peroxide.9 This is a more accurate
procedure than trying to measure the T2H

pl value of EPDM
prior to the peroxide cross-linking, since non-cross-linked
EPDM has no clear T2H plateau.19 The evolution of the
chemical cross-link density, derived from T2 relaxometry, as
a function of cross-linking time is shown in Figure 3. The
cross-link density follows a concave curve and is completed
after ∼10 min, which is consistent with the half-life time of
1min of the peroxide at 175 �C.14 The final cross-link density
of this stepwise cured EPDM,∼400 mmol/kg, is higher than
the value ∼250 mmol/kg found in our previous study for
single-step cured EPDMwith a similar overall ENB content
and initial peroxide level.9 Either the stepwise curing proce-
dure enhances the efficiency of the peroxide (initially present
at 130 mmol/kg) or this procedure induces a larger entangle-
ment density than the typical value of 230 mmol/kg found in
our previous study of EPDM cured in a single step.

Under proper experimental conditions, 13C NMR spec-
troscopy can be employed for quantitative analysis of poly-
meric compounds.32-34 Especially in the solid state the
13C spin-lattice relaxation times T1C can be long, and long
interscan delays (>5T1C) should be used to avoid spectral
saturation effects. Fortunately, the chainmobility in rubbers
far above the glass-transition temperature is high, and the
relaxation time T1C is therefore relatively short (∼1 s).
Proton-decoupled 13CNMR spectra of mobile hydrocarbon
systems may be affected by dynamic 13C-{1H} NOE effects,
which could spoil a quantitative analysis of the signal
intensities.34,35 However, such NOE effects are bounded by
the rate at which the 13C spins relax to thermal equilibrium
and therefore are negligible in spectra recorded with inter-
scan delays >5T1C. To study the conversion of the C2/C8

Figure 2. Aliphatic and alcohol/ether 13C NMR signals in Hahn-echo
and INADEQUATE spectra of (left) non-cross-linked and (right)
peroxide-cross-linked 13C-labeled EPDM. (a, b) Hahn-echo spectra at
echo times 0.5 and 8.5 ms, the latter with negative signals caused by
13C-13C coupling. (c) Difference spectrum emphasizing the signals
from 13C nuclei at or next to the 13C-labeled positions as well as those
with short coherence times T2 as a result of the polymer-chain
immobilization caused by cross-linking. (d, e) INADEQUATE spectra
with and without proton decoupling, the first to identify signals at or
next to the labeled positions and the latter to determine the carbon type.
All spectra in this figure were recorded at 90 �C and a sample-rotation
rate of 4 kHz. The positions of spinning sidebands are marked with a
star (/) in the upper traces.
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ENB double bond during peroxide cross-linking and to
correlate it to the cross-link density, the EPDM/peroxide
samples taken from the press at intermediate cross-linking
times were also studied with MAS 13C NMR. The spectra
were recorded at 25 �C, instead of the usually elevated
temperature, to avoid further cross-linking during the
NMR experiment. Tradeoff for the lower measuring tem-
perature is a larger MAS 13C NMR line width. This is
illustrated by the different resolution in the spectra shown
in Figures 1 and 3 (top). As a result, it is not possible
to distinguish between the olefinic signals from the E- and
Z-ENB isomers, nor to recognize the formation of new
olefinic signals. Thus, the MAS 13C NMR spectra at 25 �C
yield only rough information about the overall decay of the
C2 and C8 signals around 147 and 111 ppm, respectively
(Figure 3, top). From the relative decrease of the peak
intensities and the starting ENB content, the conversion of
the ENB unsaturation can be calculated in similar units as
the cross-link density derived from 1HNMR T2 relaxometry
(mmol/kg). The data for ENB conversion plotted in Figure 3
are averages for the C2 and C8 peaks. An S-shaped conver-
sion profile is observed, reaching a plateau concentration of
∼380 mmol/kg converted ENB units at ∼15 min. This may
be compared with the overall ENB concentration ∼670
mmol/kg in the investigated EPDM grade and indicates a
higher ENB conversion in the stepwise cured EPDM sample
than in the single-step cured EPDM sample (previous
section). Although the relative errors in the cross-link density
calculated from 1H NMR T2 relaxation (5% experimental

and 10% model-related errors) and in the ENB conversion
estimated from the olefinic 13C NMR signals (levels off at
15% upon increasing curing time) are significant, it may still
be concluded that the cross-link density and the ENB con-
version behave differently as a function of time. The cross-
link density is higher than the ENB conversion over the
whole time interval, although they approach eachother upon
full curing. Initially, the cross-link density is increasing faster
than the conversion of the ENB unsaturation. However,
during the later stages of curing the ENB conversion is still
continuing, while cross-link formation has leveled off. The
fast network formation relative to the double-bond conver-
sion indicates that the initial cross-linking is dominated by
combination of the macroradicals produced after the per-
oxide decomposition, while at a later stage the addition of
macroradicals to the ENBunsaturation takes over. Thus, the
balance between the combination and addition pathways in
the peroxide-cure mechanism changes with time. This makes
sense because cross-linking via combination is second order
in macroradical concentration and thus predominant when
relatively large amounts of peroxide are decomposing. In
contrast, cross-linking via addition is first order in macro-
radical concentration and thus tends to predominate at lower
levels of decomposing peroxides, i.e., at later stages in
peroxide curing.

At first sight, it may seem from the comparable concen-
trations of cross-links and converted ENB units after 15 min
(Figure 3) that in the final stage almost all cross-links have
been formed via addition. However, from the T2 analysis for
fully cured EPM (without ENB) in our previous work,9 it
follows that at 4.3% peroxide the density of cross-links
produced via combination equals 130 mmol/kg. Thus, ac-
cording to the additive model that assumes the density of
cross-links formed via combination of EPDM macroradi-
cals, and the density of cross-links formed by addition of
EPDM radicals to the ENB unsaturation to be independent
of each other, and proved to be successful before,9 the
specific cross-link density arising from the addition route
in the fully cured EPDM sample, studied in the present
article, equals 400- 130=270mmol/kg. This is significantly
lower than the final ENB conversion, 380 mmol/kg. A
possible explanation is that the ENB unsaturation is not
only converted to saturated cross-links via the addition
pathway but that also other reactions occur, which contri-
bute to the conversion of the ENB unsaturation as well. As
will follow from detailed analysis of the spectra in the next
section, this is indeed the case.

Detailed Analysis of the 13C NMR Spectra. The 13C NMR
spectrum of 13C-labeled EPDM after cross-linking contains
a large variety of new olefinic and aliphatic signals. It is
impossible to assign all of these individually to specific
structures from the heterogeneous reaction products arising
from peroxide cross-linking. Making full use of the scalar
coupling between the two 13C-labeled positions C2 and C8,
we are able to correlate some of the signals in the 2D
INADEQUATE spectra. In such spectra J-coupled 13C
nuclei share a common double-quantum (DQ) frequency
along the vertical axis,15,12 which helps to identify C2 and C8
signals belonging to the same chemical structure among the
various structures formed during peroxide curing. This puts
helpful constraints on the peak assignment because pairs of
signals, rather than individual signals, have to be assigned.
However, many of these signals have too low intensity, or the
corresponding 13C spin coherence times, i.e., transversal
relaxation times T2C, in EPDM at 90 �C are too short to
produce recognizable correlation signals in 2D NMR spec-
tra. Such spectra thus yield an informative, but also selective,

Figure 3. (a) Olefinic region in the MAS 13C NMR spectra of the
stepwise cross-linked EPDM at consequent steps in the peroxide cure.
(b) Comparison ofENBdouble-bond conversion fromMAS 13CNMR
spectroscopy and cross-link formation from 1H NMR relaxometry
during the stepwise peroxide cross-linking.
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picture of the chemical structures. The actual assignment of
the signal pairs was carried out by comparing the chemical
shifts with approximate values predicted from group-
contribution calculations for a variety of hypothetical struc-
tures. A selection of these structures is illustrated together
with the predicted shift values for the 13C atoms at C2 andC8
in Figure 4, but more were actually taken into account
(Supporting Information, Table S1). We emphasize before-
hand that the predicted shift values do not take stereochemi-
cal effects into account and are expected to be accurate
within a few ppm only.

Aliphatic Structures. Figure 5 compares the aliphatic and
olefinic ranges in Hahn-echo and INADEQUATE 13C
NMR spectra of 13C-labeled EPDM before and after cross-
linking as well as the corresponding spectra of the cross-
linked rubber after the last step in the above-discussed
stepwise peroxide cure. To discriminate between cross-link-
ing and oxidation effects, the Hahn-echo spectrum of a
peroxide-free EPDM sample which has been exposed to air
at 175 �C is also shown.

At large magnification small signals are visible in addition
to themajor signals that were already discussed at the start of
the Results section. In the aliphatic region (Figure 5, right),
some of these arise from copolymer-chain sequences with
propylene units separated by less than five monomers along
the statistical copolymer chain, which causes secondary
effects on the chemical shift of the carbon atoms in the
ethylene and propylene monomers. A detailed analysis of

Figure 4. Predicted chemical shifts δ2 and δ8 of the
13C atoms at C2 and C8 position in ENB in various chemical structures considered in this paper.

Predicted values were taken from the program CNMR db (ACD). Using the observed C2 and C8 signal positions for unmodified ENB in
nonvulcanized EPDMas reference, a correction ofþ5 and-6 ppmwas systematically applied to the predicted shift values of respectively tertiary and
secondary olefinic 13C atoms. Predicted shift values of aliphatic 13C atoms were taken over without corrections. The predicted shifts do not take
stereochemical effects (E/Z, endo/exo) into account. The shift prediction error is typically in the order of a few ppm.

Figure 5. Modification of the ENB unsaturation and its conversion
into aliphatic moieties upon peroxide cross-linking of EPDM. (left)
Olefinic and (right) aliphatic part of (a, c, e, g) Hahn-echo and (b, d, f)
INADEQUATE 13C NMR spectra of (a, b) non-cross-linked 13C-
labeled EPDM, (c-f) cross-linked 13C-labeled EPDM peroxide-cured
(c, d) in a single step of 17min and (e, f) in four steps accumulating up to
19 min (to monitor double-bond conversion versus time), and
(g) oxidized 13C-labeled EPDM exposed to air at 175 �C in the absence
of peroxide. All spectra were recorded at 90 �C. For traces a-d the
sample rotation rate was 4 kHz and for traces e-g 8 kHz.
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these signals is beyond the scope of this paper. Here we focus
on 13C NMR signals, which are also visible in INADE-
QUATE spectra and thus must be related to the labeled C2
and C8 positions in ENB.

The natural-abundance signal of the ENB methyl carbon
atC9with its 100%13Cneighbor atC8 showsup at 15 ppm in
all spectra. Its intensity in theHahn-echo spectra of the three
samples studied is always∼1%of the combined peak area of
the major olefinic E/Z doublets and thus decreases corre-
spondingly upon cross-linking. On the basis of the previous
assignment of ENB signals in the 13C NMR spectra of
EPDM and a poly(ethylene-co-ENB) in solution,25 similarly
intense signals from the 13C atom at the C3 position in E and
Z isomers should occur at ∼37 and 40 ppm, respectively, as
well as of E- andZ-ENBC1 signals at 50 and 46 ppm. Indeed,
the INADEQUATE spectrum of non-cross-linked EPDM
contains signals at 37, 38, and 47 ppm, and in the Hahn-echo
spectrum a partly resolved doublet at 51 ppmwith a splitting
of ∼38 Hz is visible. However, the latter signal does not
survive the long filter time in the INADEQUATE pulse
sequence. To check the assignment of the visible INADE-
QUATE signals, we have looked for correlations with the
olefinic resonances at 111 and 147 ppm in the 2D INADE-
QUATE spectra (Figure 6). Despite the 13C labeling, it is
extremely time-consuming to obtain sufficient signal-to-
noise level to pick up the natural-abundance DQ signals of
13C nuclei at the allyl positions C1, C3, and C9. The fact that
the DQ frequency of every spin pair should be equal to the
sum of the frequencies of the two coupled 13C nuclei helps to
identify the true signals in the 2D spectrum. The assignment
of the signals at 47, 37, and 15 ppm to C1, C3, and C9 is
confirmed by the observed corresponding DQ shift values
193, 185, and 126 ppm, reflecting the respective correlations
to the Z-ENB signal C2 at 146 ppm, the E-ENB C2 signal at
147 ppm, and the C8 signal at 111 ppm (Figure 6c).

Additional signals are present in the INADEQUATE
spectrum of non-cross-linked EPDM at 24, 30, 34, and 45

ppm. These are probably due to scrambling (few % peak
height relative to the C2 and C8 signals at 147 and 111 ppm,
respectively) of the 13C label during the ENB synthesis and
its incorporation into EPDM as well as aging of the material
since its synthesis in 1999. Peroxide cross-linking causes a
range of new aliphatic signals as reflected by the broad
inhomogeneous resonance between 10 and 70 ppm
(Figure 2). Most of the better resolved allylic and impurity
signals observed before cross-linking have become less in-
tense after cross-linking. Exceptions are the 30 and 24 ppm
signals, which have stayed constant, and the signal at
34 ppm, which has increased in intensity. From the new
aliphatic signals after cross-linking we especially mention
those at 25, 31, and 43 ppm. To assign at least some of these
signals before and after cross-linking, we have also recorded
1D INADEQUATE spectra without proton decoupling, so
thatmethylene andmethine signals can be distinguished, and
2D INADEQUATE spectra, which reveal correlations bet-
ween the signals of neighboring 13C nuclei. Without decou-
pling the signals at 45 and 47 ppm split up into doublets
typical of JCH coupling in 13CH moieties, while the
30 ppm signal becomes a triplet consistent with 13CH2.
The 2D INADQUATE spectrum of the non-cross-linked
EPDM shows separate correlations at DQ shifts δm þ δn
equal to 75 and 77 ppm between the CH2 resonance at
30 ppm, on the one hand, and each of the two CH signals
at 45 and 47 ppm, on the other (Figure 6a). This points to
chemical structures with saturated 13CH-13CH2 moieties,
already present in EPDM before cross-linking. The 47 ppm
signal was already assigned to Z-ENB C1 based on its
correlation to theDQ shift of 192 ppm (see above). However,
the additional DQ shift at 77 ppm indicates signal overlap at
47 ppm between the natural-abundance signal of C1 in
Z-ENB and the 13C-labeled signal from another chemical
species. After comparing the predicted 13C NMR shifts for
C2 and C8 in various structures derived from the ENB units
in EPDM (Figure 4), we tentatively assign these three signals
to the endo and exo form of structure K, i.e., a saturated
C2-C8 bond as part of an EPDM branch point. A possible
explanation for such a saturated structure already present
before cross-linking is that the 13C-labeled ENB, before it
was built into the EPDM chain, still contained a small
impurity (2-4%) of 5-vinyl-3-norbonene (VNB; structure
B in Figure 4) from the last step in the synthesis.11 During
EPDM polymerization the endocyclic norbonene unsatura-
tion of VNB is first incorporated into the main chain. The
exocyclic unsaturated C8/C9 bond of VNB may then have
taken part in the subsequent reaction, yielding a Y-type
branch. Indeed, VNB is regularly added as a fourth mono-
mer in ENB-EPDM polymerization to induce long-chain
branching, which is beneficial for processing. However, it is
commonly believed that the C8/C9 bond in the VNB mono-
mers is incorporated into a second EPDM chain extending
on both sides (H-type branch). To the best of our knowledge,
however, no conclusive evidence exists that VNB produces
H-type rather than Y-type branch points. H-type branches
derived from VNB would expectedly have 13C NMR signals
at ca. 49 and 40 ppm, and without proton decoupling these
signals would split up into doublets. Such signals are not
observed in the 1D and 2D INADEQUATE spectrum.
Therefore, we tentatively suggest, that, when VNB is already
part of a first EPDM chain via the endocyclic C5/C6 bond,
the steric inaccessibility of the C8 position may cause the
polymerization of the second EPDM chain to terminate at
that position.

The same spectral region in the 2D INADEQUATE
spectrum of cross-linked EPDM shows an additional pair

Figure 6. Aliphatic region in the 2D INADEQUATE 13C NMR
spectra of 13C2-ENB-EPDM. (a, b) Aliphatic-aliphatic and (c, d)
aliphatic-olefinic correlations (a, c) before and (b, d) after peroxide
cure. Neighboring 13C spin pairs at C2 and C8 in the various chemical
structures formed share a common double-quantum signal. For com-
parison and reference purpose, the corresponding 1D INADEQUATE
spectra are also indicated above the 2D spectra.
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of signals at 34 and 43 ppm with roughly the same DQ shift
∼77 ppm as the above-discussed 13CH-13CH2 moieties
already present before cross-linking. Several possible sub-
stituent patterns at C3 and C9 of a saturated ENB species
affect the shift values δC2 and δC8 in an opposite manner,
resulting in a fairly constant DQ shift δC2 þ δC8 (Figure 4;
Table S1 in the Supporting Information). Comparing vari-
ous options, we tentatively assign the new signals to an
alcohol with the hydroxyl at C9 (structureQ inFigure 4), i.e.,
an oxidation product of the labile allylic C9 methyl of ENB.
Likewise, the new signal at 25 ppm might be the C8 reso-
nance of saturated ENB with a hydroxyl functionality at C3
(structure P). In the 2D INADEQUATE spectrum, however,
this signal correlates with a DQ shift of 68 ppm, which is
inconsistent with the predicted C2 shift ∼53 ppm for such a
structure. Another new signal is found at 31 ppm. It corre-
lateswith aDQshift of 82 ppm.This suggests a 13CH2moiety
coupled to a 13C atom with a shift of 51 ppm, but the
corresponding signal does not appear above the spectral
noise, probably as a result from its short 13CNMRcoherence
time T2C. According to chemical shift predictions, a
13CH-13CH2 moiety with methine and methylene shifts of
51 and 31 ppm, respectively, is consistent with the doubly
alkyl-substituted species (structure L in Figure 4). It is not
obvious how such a structure may be formed along the
commonly accepted pathways for peroxide curing, but we
postpone this issue until the discussion of the reaction
mechanism and possible side reactions in the next section.

Olefinic Structures. At the foot of the major olefinic
doublets at 111 and 147 ppm in the EPDM spectrum before
cross-linking, small overlapping signals occur in the regions
140-145 and 112-117 ppm (Figure 5). Some are due to the
spinning sidebands of the major C8 and C2 signals, but the
signal patterns cannot be explained by sidebands alone. The
other signals, which comprise ca. 2% peak area of the E/Z-
ENB signals at 147 ppm, reflect olefinic impurities, probably
resulting from the synthesis, or aging since then. Because of
the signal overlap and their low peak intensity, we do not
attempt to assign the individual signals here. Peroxide cross-
linking causes enhancement of signals in these two ranges
and also yields new signals at the other (downfield) side of the
major 147 ppm signal. These results indicate chemical path-
ways in peroxide curing which leave the double bond in
ENB-EPDM intact but change the chemical structure near
the double bond. To identify the structures formed, we have
examined the olefinic regions in 2D INADEQUATE spec-
tra, but the DQ frequencies of the new structures practically
coincide with those of the major C2 and C8 signals, resulting
in insufficient spectral resolution (Table S1 in the Supporting
Information). However, clearly resolved cross-peaks are
visible between the new olefinic signals in 2D TOCSY
spectra (Figure 7). In this kind of 2D NMR experiment
correlations between J-coupled 13C nuclei show up as off-
diagonal cross-peaks between the autocorrelation signals at
the respective single-quantum shift values along the spectral
diagonal. The observed cross-peak between the new signals
at 115 and 142 ppm is indicative for alkyl substitution at the
C9 position with conservation of the unsaturated C2/C8
bond (structure D in Figure 4). Such a chemical structure is
indicative for the combination of an EPMmacroradical and
an allylic C9 ENB-EPDM macroradical. Allylic combina-
tion represents a new pathway in the peroxide-curing me-
chanism andwill be addressed inmore detail at the end of the
Discussion. According to chemical shift predictions, the new
signals at the downfield side (higher shift values) of the 147
ppm resonance may well be due to olefinic C2 carbons with
alkyl substitution at the C3 position (structure E in Figure 4).

This could be the combination product of an EPM and an
allylic C3 ENB-EPDM macroradical. However, no cross-
peaks to corresponding C8 signals are observed, which could
confirm such interpretation. The lack of observable cross-
peaks leaves room for an alternative assignment of the new
C2 signals to other structures, such as an ENB isomer with
the unsaturation between C2 and C3 (structure C), or an
alcohol with the hydroxyl moiety at C3 (structure S). Such
structures may respectively arise from resonance (double-
bond delocalization) in C3 allylic ENB-EPDMmacroradi-
cals or from oxidation in the hot press.

Oxidized Structures. Peroxide-cured EPDM also shows
new 13CNMRsignals in the chemical shift ranges 55-85 and
170-220 ppm, which are respectively typical of 13C-O
(alcohol, ether, epoxide) and 13CdO (carboxylic acid, keton,
aldehyde) moieties (Figure 8). Note that several signals in
these ranges of the 13C NMR spectra of EPDM before and
after cross-linking are actually spinning sidebands of the
major olefinic and aliphatic signals shown in Figure 5. The
formation of alcohols as reaction products would also agree
with the appearance of the new aliphatic signal at 34 and
43 ppm. Prior to the cross-linking, a number of signals are
already present in these ranges, but these are spinning side-
bands of aliphatic or olefinic carbon atoms. In addition to
the known frequency separation from the centerbands, this is
confirmed by their respective absence or dephasing in 1D
INADEQUATE spectra, which were recorded without
MAS synchronization. Most of the oxidation signals of the
peroxide-cured EPDM are also found in the 13C NMR
spectrum of 13C-labeled EPDM exposed to air at 175 �C in
the absence of peroxide, which serves as a reference
(Figure 8). Thus, the types of oxidized species formed under
peroxide curing are comparable to those in EPDM aged in
air.However, the degree of oxidation is strongly enhanced by
the peroxide cure, as reflected by the particularly strong
oxidation signals for the stepwise cross-linked EPDM used
for the conversion study. Obviously, peroxide-induced
EPDM macroradicals are much more sensitive to oxygen
than the stable aliphatic and olefinic moieties along the
EPDM chain. In fact, for the stepwise vulcanized EPDM

Figure 7. Olefinic-olefinic correlation region in the 2D TOCSY 13C
NMR spectrum of single-step peroxide cross-linked 13C-labeled
EPDM, showing correlations between signals of neighboring 13C nuclei
coupled by the scalar coupling. Note the cross-peaks between the new
signals at 142 and 115 ppm and the absence of (detectable) olefi-
nic-olefinic cross-peaks associated with the new signals at 151 and
156 ppm. The spectrum has been symmetrized for enhancing the signal-
to-noise ratio. Off-diagonal spinning sidebands associated with the
4 kHz sample rotation are marked with a star (/).
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some of the new 13C-O signals are even larger than the new
aliphatic andolefinic signals discussed above.A significant part
of the ENB double-bond conversion that we have above
concluded from the decrease of the olefinic signals at 147 and
111 ppm may thus have resulted from oxidation. This is
probably caused by the fact that the EPDM at intermediate
cross-link states between subsequent cross-link steps was ex-
posed to air and explains the high conversion seen with 13C
NMR compared to the cross-link density estimated from 1H
NMR T2 relaxometry. One would expect peroxide-enhanced
oxidation of EPDM to start with the abstraction of labile
hydrogen atoms at the tertiary and secondary carbon atoms in
the EPM backbone or at the allylic C3 or C9 positions in the
ENB monomers. Since both pathways involve natural-abun-
dance 13C positions in our EPDMmaterial; however, the small
amounts of oxidized structures that are formed via these routes
are not visible in the 13C NMR spectrum. Instead, almost all
new oxidation signals originate from the 13C-labeled double
bond directly, as further proven by the fact they practically all
show up in the INADEQUATE spectra as well (Figure 9). The
multiple new signals between 55 and85ppmare consistentwith
alcohol and epoxide structures such asM,N, andO inFigure 4
in various stereoisomeric forms as well as ethers and peroxides
(not shown). Considering the high oxidation degree of the
stepwise vulcanized EPDM as an artifact of the preparation
procedure, for a more precise assignment of the oxidation
signals we have focused on the peroxide-cured EPDM, which
was vulcanized in a single step. Detailed analysis the 2D
INADEQUATE spectra (Figure 9) in combination with shift
prediction for a range of possible oxidation species (Figure 4)
reveals information about the signals at 56 and 67 ppm. The
first is associated via the observed double-quantum shift 262
ppm to a ketone resonance at 206 ppm. This ketone signal falls
outside the spectral width of the 2D spectrum, but it is indeed
present in the 1D spectra and correlates in intensity with the
signal at 55 ppm (Figure 8). This is indicative for
a ketone species according to structure V in Figure 4. It is
well-known that oxidation of unsaturated moieties in rubbers

can produce ketones.36 Further oxidation leads to breakage of
the C2-C8 bond along with formation of carboxylic acid.
Indeed, a carboxyl signal occurs at 170 ppm, which does not
showup in 1D INADEQUATEspectra, as expected from such
oxidation pathway in which the bond between C2 and C8 is
broken.

Via the observedDQ shift of 224 ppm, the signal at 67 ppm
appears to be coupled to an olefinic signal at 157 ppm.
Indeed, a small signal just above the noise level is present
at that position in the 2D INADEQUATE spectrum. The
coupling of this olefinic carbon to a neigboring sp3 carbon is
consistent with the absence of any cross-peak to this signal in
the olefinic range of the TOCSY spectrum (Figure 7). Taking
into account that the shift combination of 67 and 157 ppm
must somehow be reconciled with the 13C-labeled positions
C2 and C8, we tentatively assign these signals to a structure
like T in Figure 4. Although unraveling the detailed oxida-
tion pathways is beyond the scope of this paper, it is puzzling
how such a structure could have formed from ENB in the
presence of oxygen and peroxide. A possible explanation
could be a contributing resonance structure of C3 allylic
radicals with the double bond between C3 and C2 and the
radical position at C8 (vide infra). In the presence of oxygen,
the radical at this position has then become converted into an
alcohol functionality at C8.

Discussion

Reaction Mechanism. In the generally accepted mecha-
nism of peroxide cross-linking of EPDM, the initial step is
the decomposition of the peroxide into radicals, which
abstract hydrogen atoms from the EPM backbone, resulting
in the formation of EPDM macroradicals.

Radicals at the tertiary and secondary carbons in the EPM
chain are more stable than those located at primary carbons.
In principle, allyl radicals at the positions C3 and C9 in the
ENB units are even more stable, but since the ENB mono-
mers are only present at low concentration in the EPDM
chains, for kinetic reasons, such allyl radicals are not
expected to play an important role at this stage.6

Figure 8. (left) Carbonyl and (right) alcohol/ether signals in (a, c, e, g)
Hahn-echo and (b, d, f) INADEQUATE 13C NMR spectra of (a, b)
non-cross-linkedEPDM,EPDMperoxide-cross-linked in (c, d) a single
step of 17 min and (e, f) in four steps accumulating up to 19 min to
monitor double-bond conversion at intermediate times, and (g) oxi-
dized EPDM exposed to air at 175 �C. All spectra were recorded at
90 �C. Traces a-d were recorded with a MAS rate of 4 kHz and traces
e-g with aMAS rate of 8 kHz. Spinning sidebands are indicated with a
star (/).

Figure 9. (left) Parts of the olefinic and (right) alcohol regions in the 2D
INADEQUATE spectrum of single-step peroxide cross-linked
13C-labeled EPDM showing the correlation peaks associated with the
new signals at 55, 67, and 157 ppm. The 1D INADEQUATE spectrum
and the projectionof the 2D spectra on the horizontal frequency axis are
shown above the 2D spectra.
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In the next step the relatively stable macroradicals are
supposed to react either by combination with each other

or by addition to the pendent unsaturation of the ENB units

In the addition case, steric hindrance probably prevents
the newly formed macroradical to combine with another
EPDM macroradical or to propagate further by adding
to the double bond of a second ENB unit. Instead, addi-
tion cross-linking is terminated by hydrogen transfer from
another (part of the) chain. In this way, aliphatic structures
like H or I in Figure 4 are formed, and the radical is
transferred to another position in the network, where it
may form another cross-link. Addition thus results in a
decrease of unsaturation and in the formation of new
aliphatic structures. Indeed, the decrease of the olefinic C2
and C8 signals observed in our present study is consistent
with such a picture, although the large conversion found for
the stepwise cross-linked EPDM turned out to be substan-
tially due to oxidation as well. More conclusive evidence
could arise from the range of new aliphatic signals in 1D
INADEQUATE spectra after peroxide cross-linking of the
investigated EPDM with selectively 13C-labeled ENB, since
these new signals can only come from aliphatic structures
with saturated C2-C8 bonds. However, no resolved NMR
signal pairs at 44 and 48 ppm, indicative for structures H and
I, show up in the INADEQUATE spectra. This is remark-
able because it seems inconsistent with the addition of
EPDM macroradicals to the pendent ENB unsaturation as
the major pathway, next to macroradical combination in the
peroxide cure mechanism. It cannot be overemphasized,
however, that the INADEQUATE NMR technique can
only detect neighboring 13C nuclei with sufficiently long
spin-coherence times T2C. Especially, the

13C NMR signals
of the cross-linked and thus more immobile parts of the
rubber networks may well have too short T2C relaxation
times to show up in 1D and 2D INADEQUATE spectra.

Interestingly, newolefinic signals showup in the 13CNMR
spectra of cross-linked EPDM,which indicate that chemical-
structuremodifications also occur at theC3 andC9 positions
next to the ENB unsaturation, but without the unsaturation
being consumed. Most probably, hydrogen transfer reac-
tions can take place from the ENB allylic positions C3 and
C9 to radicals formed earlier in the peroxide curing of
EPDM:

Allyl hydrogen atoms are more susceptible toward abstrac-
tion than aliphatic hydrogen atoms because of resonance
stabilization of the allylic radicals. Combination of such

allylic ENB-EPDM macroradicals with aliphatic EPM
radicals, or other allylic ENB-allyl radicals results in
cross-links involving the ENB unsaturation without con-
suming it (e.g., structures D, E, and F in Figure 4). The
TOCSY cross-peaks between new olefinic signals at 115 and
142 ppm provide evidence for allyl-alkyl combination at C9
(structure D). New C2 signals at 151 and 152 ppm may also
indicate such combination at C3 (structure E). However, the
expected correlation with a C8 signal at 111 ppm is not
observed. Once formed, allylic radicals could also add to the
unsaturation in other ENB units (structure G). Thus, the
generally accepted mechanism, in which the ENB unsatura-
tion only plays a role as a site for addition, has to be extended
with a second pathway involving allylic radicals and their
consecutive combination with other radicals. This is in
accordance with the results of recent study with low-mole-
cular-weight model compounds.7 Our present 13C NMR
study shows that allylic radicals also play an important role
in themechanism for peroxide cure of polymeric EPDMwith
realistic molecular weights. The fact that allylic modification
shows up so prominently in our present study suggests that
the allyl radicals are not mainly created by the short-lived
primary peroxide radicals at the initial stages of the peroxide
cure, but by the more stable EPDMmacroradicals formed at
later stages. Once formed, the allylic radicals are also sensi-
tive to oxidation, which could explain the observed olefinic
signals downfield of the major C2 signal assigned to a
chemical structure with an alcohol moiety at C3 of C9
(structures R and S). However, no TOCSY cross-peaks were
observed between C2 signals with shifts >150 ppm and C8
signals at the expected positions 120 and 11 ppm, which
could corroborate such interpretation.

The fact that the new C2 signals at 151 and 157 ppm show
no TOCSY correlations to other olefin signals leaves room
for speculation about reactions of different resonance struc-
tures of the allylic radical according to

Oxidation may then lead to an alcohol at C8 and a double
bond between the C2 and the natural-abundance C position
C3 (structure T). Evidence for such structure arises from
correlation peaks in 2D INADEQUATE spectra between
alcohol and olefin 13C NMR signals at 67 and 157 ppm,
respectively. Resonance for the allylic ENB-EPDMmacro-
radical may have also played a role in formation of the
aliphatic structure L, showing up in the 2D INADEQUATE
spectrum of cross-linked EPDM. Itmay have been formed in
a multistep way from an earlier alkyl-allyl cross-link struc-
tureD, involving hydrogen abstraction fromC3, followed by
a “rearrangement” of the unsaturation to the C2/C3 carbon
positions and, finally, macroradical addition to this bond at
position C3.

Conclusions

[2,8-13C2] ENB-EPDM was cured with peroxide, and the
resulting chemical structures were investigated by use of MAS
13C NMR. The ENB termonomers with their pendent unsatura-
tion are generally thought to enhance peroxide cross-linking by
offering addition sites for the EPDM macroradicals formed
shortly after the peroxide decomposition. Indeed, peroxide cure
partly converts the pendent unsaturation of the ENB unit into a
range of aliphatic structures with overlapping 13C NMR signals,
visible in 1D INADEQUATE spectra. Using the 2D 13C-13C
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correlation NMR techniques INADEQUATE and TOCSY, we
were able to identify some of the more mobile, new structures
with long 13C spin-coherence times T2C. An attempt was made to
correlate the conversion of the ENB unsaturation at subsequent
stages of the peroxide cure, as reflected by MAS 13C NMR
spectroscopy, to the cross-link density estimated from 1H NMR
T2 relaxometry. However, the stepwise-cured EPDM turned out
to be oxidized relatively strongly, probably as a result of the
presence of EPDM radicals at the intermediate curing stages and
the repeated exposure to air between the cross-linking steps.
Thus, significant part of the double-bond conversion observed
with 13C NMR was caused by oxidation. In addition to the
conversion of the unsaturated ENBunits into new aliphatic cross-
links and oxidized species, we have also observed new olefinic
signals after peroxide cure, consistent with substitution at the
allylic positions C9 and, possibly, C3 in ENB. Apparently, the
ENB unsaturation is not only involved in the generally accepted
cross-linking pathway via addition but also in a novel pathway in
which cross-linking occurs via hydrogen abstraction at the allylic
positions and consequent combination with other aliphatic or
allylic EPDMmacroradicals. This confirms that the allyl pathway
observed in a recent low-molecular-weight model study7 plays a
significant role in the peroxide cure of real, high-molecular-weight
EPDM as well (Figure S2, Supporting Information).
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