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Introduction. Nuclear magnetic resonance (NMR)
provides versatile tools for the investigation of different
aspects of the molecular dynamics in polymers and
elastomers. The use of line-narrowing methods,! mul-
tiple quantum spectroscopy,? dipolar correlation effects,3
and transverse and longitudinal relaxation parameters*—®
are among the most frequently employed techniques to
characterize the mobility and order in soft matter such
as polymer melts and rubbers. Each of them gives
insight into processes on characteristic time scales,
usually given by the Larmor frequency or encoding and
evolution times, of the sequences used. One particularly
favorable experimental NMR approach that allows the
determination of dynamic parameters over several
orders of magnitude in time without changing the
sample temperature is given by field-cycling NMR
relaxometry.” From measuring the spin—lattice relax-
ation time as a function of Larmor frequency, T1(v), it
provides access to the spectral density function of motion
in the Kilohertz to megahertz region which cannot be
obtained by conventional NMR techniques over a simi-
larly broad range. Relaxometry is sensitive to the
reorientation of spin-bearing nuclei and therefore to the
chain dynamics in polymers at the corresponding fre-
qguencies. It has predominantly been used to test the
different models that describe the dynamics of polymer
solutions and melts.8~10 More recently, the influence of
rigid confinements on the segmental mobility and the
reorientation spectrum has been under study.!! The
effect of fluctuating cross-links in a thermoreversible
polybutadiene network was discussed by Kimmich et
al.,22 while only a minor influence on T; at high cross-
link densities was found for the very flexible polymer
PDMS.? A systematic study of permanently cross-linked
elastomers using this method has not been presented
in the literature.

As an elastomer of high technical importance, natural
rubber (i.e., cross-linked polyisoprene), was studied
extensively by NMR. In particular, the influence of
cross-link density on the relaxation parameters has been
investigated for example by relaxometry in the rotating
frame!2 which, however, stretches only over one decade
in frequency. NMR deuteron spectroscopy has clearly
revealed the microscopic ordering effects induced by
macroscopic deformation,4~17 but the influence of these
processes on the spin—lattice relaxation have not yet
been described in the literature.

In this paper, we discuss relaxometry results of
natural rubber as a function of cross-link density and
temperature in comparison to un-cross-linked, high-
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Figure 1. Relaxation dispersion for linear polyisoprene of
three molecular weights M, at different temperatures.

molecular-weight polyisoprene. Moreover, we present
experimental evidence for the effect of uniaxial defor-
mation on the relaxational dynamics of the segments.

Experimental Section. The rubber samples were
provided from Dunlop GmbH, Hanau, Germany. Natu-
ral rubber SMR-10 was vulcanized into sheets of 2 mm
thickness at 160 °C with 3 phr ZnO, 2 phr stearic acid,
and between 1 and 7 phr sulfur and TBBS as accelerator
each (in the following designated as NR 1/1...7/7). Linear
polyisoprene was purchased from Polymer Standards
Service, Mainz, Germany, and was characterized as 95%
1,4-linked and 5% 3,4-linked. The polydispersity M/
M, was better than 1.10. All samples were evacuated
at room temperature and were stored at 277 K between
experiments. A single band of rubber was used for the
deformation experiments and was either stretched in a
U-shape about a plate or wound tightly around a rod,
with spacer materials not contributing to the NMR
signal. Small cubes of rubber were placed between
Teflon disks fitting inside a glass tube and were
squeezed with a plastic screw.

Relaxometry data were obtained on a commercial
Stelar fast field cycling relaxometer (Stelar s.r.l., Mede,
Italy), which allowed the determination of proton lon-
gitudinal relaxation times at Larmor frequencies be-
tween 5 kHz and 20 MHz which were determined by
high-frequency magnetometers and test samples of
known relaxation dispersion. The lowest detectable
values of T; of approximately 0.7 ms were limited by
the shortest possible switching time between polariza-
tion/relaxation field and relaxation/detection field of 1.3
ms each.!’® The signal was acquired with a filter
bandwidth of typically 90 kHz following a dead time of
25 us. Decays were found to be monoexponential over
more than one decade. The relaxation times were
reproducible within 2%; the temperature control was
better than +1 K.

Results and Discussion. The relaxation dispersion
curves for linear polyisoprene of three different molec-
ular weights are shown in Figure 1. The constant slope
found in the lower range of frequencies corresponds to
a power-law relation of T, O v with v = 0.16 + 0.01 for
all My, and temperatures. Power-law dependences of T;
on the frequency have been predicted by theory for
polymer melts above a critical molecular weight, M, >
M, and have been divided into at least three distinct
regimes for which y ~ 0.5 (high frequencies, “regime
1”), vy ~ 0.2—0.25 (intermediate frequencies, “regime 117),
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Figure 2. Relaxation dispersion at T = 296 K for natural
rubber with sulfur/accelerator contents from 1/1 phr to 7/7 phr.

and y ~ 0.45—-0.5 (low frequencies, “regime 1117).8.10
Exponents found experimentally for polymer melts were
in the same range, but a value as low as the one found
in this study has not been described before. Still, the
observed behavior must be attributed to regime II,
which is characterized by displacements being influ-
enced by the tube constraint but not dominated by
coherent chain motions. The absence of a molecular
weight dependence is consistent with this assumption.
We merely mention the deviation of the particular value
of y for polyisoprene as a reference for the following
presentation of relaxation data of cross-linked rubber.
A full analysis has to take into account intrasegmental
correlations and intermolecular contributions to the
dipole—dipole interactions and will be discussed in a
forthcoming paper.

The dispersion curves for natural rubber at room
temperature are presented in Figure 2. The most
prominent feature is the unchanged power-law relation
in the lower frequency regime, which indicates that the
segmental reorientation spectrum is not altered by
cross-linking. The absolute values of T, at low frequen-
cies, however, decrease. The same behavior was found
for Ty, in a narrower frequency range.'® At high fields,
on the other hand, the curves overlap and high cross-
link densities correspond to longer T;. This shift of the
whole dispersion profile toward the “lower left” corner
would be expected from an Arrhenius-type slowing down
of all reorientation processes with the shape of the
autocorrelation function remaining unchanged. The
same observation is indeed made if the temperature is
varied. In Figure 3a, the dispersion of NR 1/1 as a
function of temperature is presented. Again, the slope
remains unchanged in the low-frequency regime, but a
high-frequency branch is found with an approximate
dependence of T; O v12. This exponent does not agree
with the mentioned predictions for chain-mode motion
in regime | but can be attributed to an overlap of the
time scales of reorientations within the Kuhn segment
and translations of the Kuhn segments themselves. This
behavior is frequently found if regime | falls in the
vicinity of the temperature minimum of T1.% In Figure
3b, the temperature minima are observable for the
upper range of frequencies, and their shift toward
higher temperatures for increasing cross-link density
becomes obvious. At the minima, 2zvts ~ 0.62, and one
obtains the temperature dependence of the segmental
reorientation time, s = 75o(cl) exp[E/RT] with E = 58
kJd/mol. The cross-link density dependent prefactor
7s0(cl) is shifted corresponding to a temperature differ-
ence of 15 K between NR 1/1 and NR 7/7. By fitting a
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Figure 3. (a) Relaxation dispersion for natural rubber (NR
1/1) as a function of temperature. (b) Temperature dependence
of T, at selected Larmor frequencies for rubber with different
cross-link densities.

phenomenological function T; = a;»%16 + a2, the
crossover times between the two regimes were deter-
mined and found to obey the same Arrhenius-type
behavior as zs. The shape of the reorientation spectrum
is thus not affected by the presence of cross-links, but
the dynamics are slowed down as a whole due to the
chemical links. We note that, of course, long-range
motions which are governed by coherent chain motions
must be affected by the network, as the center-of-mass
diffusion coefficient is constrained to zero, but these
motions are below the frequency range accessible in this
study.

Deformation of the polymer network introduces local
order, but it also affects the degrees of freedom for chain
segment reorientations. In Figure 4 we present disper-
sion curves for NR 1/1 under uniaxial deformation of
elongation ratios 1 > 1 (stretching) and 4 < 1 (compres-
sion). While the compression axis was parallel to the
direction of the magnetic field, By, stretching occurred
both parallel and perpendicular to Bo. Irrespective of
the direction of deformation, relaxation at low frequen-
cies was always found to be reduced, with larger effects
found not only for larger deformations but also at higher
temperatures. High-field relaxation times remained
essentially unaffected, and the slope of the dispersion
was found to change gradually up to a maximum
observed value of y = 0.24 + 0.01. We tentatively
suggest two possible interpretations for this finding:
first, deformation can change the reorientation spectrum
itself; i.e., the time dependence of the motional modes
is affected. Second, the relative contribution of the
intermolecular interaction is changed with chain defor-
mation. This contribution might also be one of the
reasons for the deviation of the power-law exponent
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Figure 4. (a) Relaxation dispersion for natural rubber (NR
1/1) under uniaxial strain at different strain ratios 1 in
directions parallel (I Bo) or perpendicular (O Bo) to the
magnetic field. (b) As in (a) but for compression.

found for polyisoprene from those of other polymers.
When considering these possibilities, the phenomenon
of strain-induced crystallization has to be taken into
account. It is known that for natural rubber above 4 ~
2 chain ordering leads to the formation of crystal
domains,® which remain stable up to about 85 K above
their theoretical melting point of ~303 K.20 Both
mentioned effects can be induced by the presence of such
crystals. A direct contribution of the crystals themselves
to the NMR signal can be excluded due to their broad
spectral lines which are filtered out by the dead time of
the spectrometer; no indication of a second component
was found in the signals obtained from deformed rubber.
Moreover, the change of relaxation dispersion becomes
more obvious at higher temperatures, where the degree
of crystallinity must be equal or smaller. The contribu-
tion of spin diffusion, leading to a mixing of the
relaxation times of crystalline and amorphous parts of
the deformed rubber, is expected to generate two
distinctly different dispersion regimes which is not
suitable to explain the observed behavior. Further
experiments will be performed on grown samples of un-
cross-linked polyisoprene with a well-defined degree of
crystallinity and will include measurements of the
relaxation anisotropy.
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Conclusions. Molecular dynamics in cross-linked
natural rubber, as obtained from the analysis of proton
NMR relaxometry data, was shown to possess the same
phenomenological reorientational spectrum as in un-
cross-linked polyisoprene within the accessible fre-
guency range of upward from 5 kHz. The presence of
cross-links merely leads to a slowing down of the whole
time scale of motions which can be correlated with the
cross-link density and thus can serve for a characteriza-
tion of the state of technical elastomer samples. Uniaxial
deformation affects the dipole—dipole spin interactions
in such a way as to enhance the frequency dependence
of T1(v). More thorough investigations of the amorphous/
crystalline spin interactions and modeling of the de-
formed network are currently pursued with the goal of
discriminating the processes which lead to this change
in relaxation dynamics.
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