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Abstract

It is shown that local residual dipolar broadening of protons coupletfGais a sensitive way to observe motional constraints from
networks and entanglements in cross-linked and uncross-linked rubber systems. This may be easily obtained from the indirect observation of
proton spin system throudfiC resonance in the conditions of slow magic-angle spinning. The method has been used to visualise the changes
in the amount of physical constraints induced during mechanical treatment, which precedes the vulcanisationG2¥s&Isevier
Science Ltd. All rights reserved.
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1. Introduction correlations on the time scale set by the residual dipolar
interactions and in the presence of temporary or permanent
It is well known that the decay of the transverse magne- constraints such as entanglements or cross-links, leads to a
tisation of nuclear spins, induced by dipolar interactions, is non-exponential decay behaviour and the shape of the line
an important source of information about the dynamics of broadening (‘solid-like’ effect) visualises the dynamic influ-
polymer chains in a variety of physical conditions, e.g. in ence of these constraints [2].
the melt of entangled molecules or in molecules cross-  Very recently, we have shown [3] that in vulcanised elas-
linked in a rubber network [1]. The dephasing of the trans- tomers abovéd,, a direct visualisation of the residual hetero-
verse components of the magnetisation or equivalently the nuclear dipolar broadening on different functional groups,
broadening of the resonant line due to the dipolar interaction as well as their dependence on motional constraints, is read-

with a coupling strength;; is governed by the function ily obtainable from the indirect observation of the proton
spin system, throughC resonance in the conditions of slow
M(t) = <cos[JAij P,(cos ) dt]> 1) magic-angle spinning.

In the present work, by using this method, we compare
the residual dipolar interactions in uncross-linked and cross-
linked natural rubbers. Itis shown that under certain circum-
stances, the residual dipolar interactions in uncross-linked
natural rubber may be roughly as important as those
observed in a highly cross-linked rubber.

which involves the temporal average over relevant dynamic

processes in a powder sampk,(cosd) stands for the

quantity (1/2)(3 cog 9 —1), 9 being the angle between

the interaction vector (joining the two nucleiandj) and

the static magnetic fiel&,. This function makes the NMR

technique sensitive to angular anisotropic segmental motion

that is spatially inhibited by chemical cross-links, topo-

logical chain constraints such as entanglements, or physical2. Experimental

and chemical interactions acting as anchors for the rapid

short-range processes. The persistence of angular High-resolution solid-state experiments were carried out
in a Bruker DSX 300 spectrometer using a standard CP/

* Corresponding author. MAS probe and 7 mm rotor. The operating frequencies
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Fig. 1. Dipolar slices of different functional groups from uncross-linked natural rubber (sample B) obtained from the indirect observationsahpooigh
3C resonance (proton on-resonance conditions for each group). Here 256 incremenjssofi@® used it,. CP= 5 ms », = 500 Hz

were 300.13 and 75.47 MHz fdil and **C, respectively. 5min. at 28C. The formulations for the cross-linked
Liquid-like spin-echo measurements have been conductedsamples in units ‘phr’ or parts per hundred rubber,
on a homebuilt 90 MHz spectrometer. were: besides the natural rubber, sample C contained
The effect of the entanglements and of cross-links on 1 phr S, 1 phr CBSN-cyclohexyl benzothiazole 2-sulfe-
the residual dipolar broadening and the transverse namide), 5 phr ZnO, 2 phr stearic acid and sample D
relaxation was investigated on two uncross-linked and contained 5 phr S, 5 phr CBS, 5 phr ZnO, 2 phr stearic
two cross-linked natural rubber samples. The samples Aacid. The average molecular mass between cross-links
and B were the natural rubbers, before and after (M, determined by the swelling measurements, were
mechanical treatment, on a two rolls mill during 11 000 and 3100 for samples C and D, respectively.
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interactions. This is a common situation for protonated
carbons in many amorphous polymer systems. In such
solids, rapid magic-angle spinning and short periods of
polarisation transfer restrict the effective number of spins
to the nearest neighbours that govern the dipolar local field,
A and this provides local structural and dynamic information.
The success of this simple experiment relies on the effective
isolation of the protons directly bonded to thi€ nucleus
[5].

The experiment starts with a 9pulse applied to protons,
and continues with a variabte period during which proton
magnetisation evolves essentially under effect of dipolar
interactions. At the end of this period, the rare spin mag-
netisation is created by a cross-polarisation procedure,
B followed by a detection periog in the presence of proton
decoupling. As a consequence, the rare spin signal will be
amplitude-modulated by the proton magnetisation remain-
ing at the end of the; period [6,7]. The double Fourier
transformation of the data matrix leads to the 2D spectrum
with the proton line-shapes displayed in thedimension
and thus separated according to the chemical shift of the rare
spins in thev, dimension [8,9]. For short periods of polar-
C isation transfer and/or under conditions of slow proton spin
diffusion, the local dipolar interactions are unravelled in the
v, cross-sections [3-5]. These dipolar slices not only
provide structural information on internuclear distances
but their collapse may also be used to detect the effect of
molecular motions. Similar information can be gained from
the *C-edited*H magnetisation relaxation [6,10,11].

For elastomers well abovg,, the high molecular mobil-
ity reduces dramatically the dipolar interactions and proton

flip-flops are much less effective than in amorphous poly-
© 20 00 20 kHz " 20 00 20 kHz mers in the glassy state. This and the other above mentioned
factors lead to greatly diminished role of proton spin-
Fig. 2. Experimental (left) and calculated (right) dipolar spectra for CH diffusion (which manifests only on the time scale higher
groups in uncross-linked (A,B) and cross-linked (C,D) samples of natural o, tens of milliseconds) and make the indirect observation
rubber. Here CP= 5 ms », = 500 Hz Each calculated spectrum is a super- . L
position of two components with following residual dipolar couplings and 9f protons via CI’OSS-pO_lal’ISQtIde(_: sp_ectroscop_y an attrac-
relative populations: (A) 0.1 kHz (80%), 1.5kHz (20%): (B) 0.1kHz tive tool for the selective visualisation of residual hetero-
(50%), 2.15kHz (50%); (C) 0.2kHz (45%), 2.0kHz (55%); (D) nuclear dipolar interactions in cross-linked network of
0.75 kHz (45%), 2.5 kHz (55%). For other simulation details see text. elastomers. We wish to point out that due to the very low
efficiency of cross-polarisation transfer in these highly
3. Residual dipolar interactions as revealed by mobile systems (which manifests itself by a low intensity
13C_detected proton spectra of cross-polarisation spectra as compared with a direct
(single pulse) spectra), we will access preferentially the

It is now well established that the cross-polarisation tech- most rigid fragments of networks and so the most mobile
nigue offers the possibility of investigating one nucleus fragments will not be observed.
indirectly by means of the other nucleus involved in the  Fig. 1 presents dipolar spectra of different functional
polarisation transfer. In the conditions of high-resolution groups in uncross-linked, natural rubber (sample B). As
solid-state NMR spectroscopy, this permits to take advan- we have shown previously [3], in the conditions of this
tage of both high sensitivity and large chemical shift experiment, the dipolar spectra are governed by the hetero-
dispersion offered by protons and rare spins, respectively. nuclear dipolar interactions and this leads to relatively

We have shown previously [4,5] that the indirect narrow, well-separated dipolar spinning sidebands. We
observation of protons through®C resonance can be have previously demonstrated, that proton spin diffusion is
exploited so as to provide dipolar local field information not responsible for the uniform spinning sideband families
when dealing with organic solids in which heteronuclear on the different functional groups in natural rubbers. On the
dipolar interactions dominate homonuclear dipolar contrary, the differences in the residual proton—proton
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Fig. 3. Calculated dipolar spectrum for sample D (c) and its two compo-
nents (a,b).

dipolar interactions on different functional groups may be
observed when applying the carbon decoupling irradiation
during the evolution period;. The fact that very similar

intensity envelope of spinning sidebands in Fig. 1 is
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observed in the dipolar dimension on each functional
group means also that the effectitté—'C vectors of differ-

ent chain fragments are affected, motionally, in the same
manner on the time scale of this experiment.

Fig. 2 compares the experimental and simulated dipolar
cross-sections for CH groups from uncross-linked natural
rubber before (A) and after (B) mechanical treatment, and
for two cross-linked samples with different density of cross-
links (C,D). The simulated spectra were calculated from the
evolution of the motional averaged dipolar interaction of an
isolated CH group duringg under MAS conditions and by
taking into account the effective CP time used to detect the
dipolar evolution [5]. This is justified by our previous obser-
vations [3] that the dipolar cross-sections reveal effectively
the residual local dipolar interaction felt by a methine proton
bonded to a®C. However, no satisfactory fit could be
obtained, when using a single spinning sideband family,
and to obtain a good agreement between the experimental
and simulated cross-sections, the presence of an additional
single central line of unequal weight or the superposition of
two spinning sideband families with different residual di-
polar interactions, had to be assumed for samples A—C and
D, respectively. The relative proportions of these two
families are given in the legend to Fig. 2.

Here, except the central line, the relative ratio of dipolar
spinning sideband intensities is governed by the local res-
idual dipolar interactions leading to the inhomogeneous
broadening which forms ‘solid-like’ contribution of the
decaying proton magnetisation. This permits to separate
effectively Zeeman interactions such as those associated
with chemical shifts or field inhomogeneity, as well as the
relaxation effects arising from rapid (pre-averaging) fluctua-
tions of the dipolar interactions responsible for the
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Fig. 4.H Hahn spin-echo decay at 90 MHz for the samples under investigaom)(natural rubber before and after mechanical treatment (samples A and B,
respectively); ¢ , W) cross-linked rubber C and D, respectively. The echo titneaa varied between 80s and 8 ms. The 90 pulse length was 26 The

solid lines are the fits to Eq. (2).
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homogeneous broadening. For this purpose, other NMRthat in the conditions of our measurements, the dominant
techniques combining the ‘solid-echo’ pulse trains, the effectin the transverse relaxation decay is due to permanent
free induction decay ‘Hahn-echo’ and a single pulse motional restrictions such as cross-links and that the physi-
sequences [12,13] may be useful. However, by using indir- cal entanglements have a lifetime smaller than the time of
ect observation of protons Vi&C resonance, we benefit the observed magnetisation decay.
from the selective observation of individual functional Finally, we wish to comment on the origin of a rather
groups. unexpected increase of the residual dipolar broadening
Fig. 3 shows the calculated spectrum for sample D and its observed for sample B as compared to sample A. This
two components with two different residual dipolar interac- must result from some physical modifications induced
tions. The fact that the presence of at least two componentsduring mechanical treatment. Two possible explanations
which lead to different dipolar spinning sideband families, may be evoked. First, this may be due to a higher amount
had to be assumed for highly cross-linked sample D of topological constraints such as entanglements. Motional
suggests, that they may belong to two different parts of changes may be also induced by morphological changes of
rubber chains, located in the inner and outer part of chain the samples, i.e. formation of regions with different densi-
fragments constrained by entanglement and cross-linkties. In fact, it has been demonstrated [16] that the mechan-
points. For uncross-linked samples A, B and for sample C ical properties (hardness, elongation at break, modulus, etc.)
with a relatively low density of cross-links, the more mobile and the cross-link density are affected by the moulding
parts of chains may contribute themselves to the central method used during the manufacture of the rubber piece.
single line component. Obviously, due to the complex struc- In our case, we are dealing with mixing, not moulding.
tural and dynamic nature of topological and chemical However, the use of two rotating rolls leads to shear and
constraints, the assumption of only two components belong-compression gradients responsible for the orientation of
ing to highly and less mobile fragments located far and near polymer chains [17]. In viscoelastic materials, the viscous
cross-links and entanglements, respectively, is certainly elements will be responsible for maintaining the state at
oversimplified and should rather be considered as an indica-which the process of deformation ceased [18]. Conse-
tion for a distribution of correlation times of polymer chains. quently, it is suggested that the mechanical treatment
The changes in the homogeneous broadening, resultingwhich precedes the vulcanisation influences the amount of
from relaxation effects, and proton—proton residual dipolar physical constraints which can modify the mechanical prop-
interactions, which may be partially responsible for the erties of cross-linked rubber. In fact, the physical properties
presence of central line in the dipolar spectra, can be visua-of a cross-linked natural rubber depend not only on the
lised by the magnetisation decay obtained as the envelope oflensity of cross-linking Nli.), initial molecular mass and
echoes in a liquid-like standard spin-echo experiment. In additives, but also on the morphology and molecular
Fig. 4 the proton decays obtained by using a spin-echo arrangement of chains, especially during the cross-linking
pulse sequence are plotted for static samples under investiprocess. Consequently, different mechanical properties may
gation. In this experiment, the smallest echo time wag.80  be found with the same cross-link density and additives due
and this leads to the lost of the initial part of decay governed to the changes in the above mentioned physical parameters.
by the residual proton—proton dipolar coupling. However,
no magnetisation decay in Fig. 4 can be fitted by a single
exponential function. For this we have applied the relaxa-
tion function successfully exploited in rubber materials
[14,15]. This function in its simplest form takes the form
[15]:

4. Conclusions

Local residual dipolar broadening of protons coupled to
3C, is a sensitive way to observe motional constraints from
networks and entanglements in cross-linked and uncross-

—t  —qM,t? —t linked rubber systems. We have shown that this may be
M) = K, exp(— - )+ K, exp(—) 2 easily obtained from the indirect observation of proton
T2 2 T spin system through®C resonance in the conditions of
slow magic-angle spinning. It has been demonstrated that
the mechanical treatment which precedes the vulcanisation
Pf natural rubber results in greater residual dipolar
0couplings. This may be due to the higher amount of topo-
logical constraints and/or regions with a higher density
induced during mechanical process.

whereK; andK;, are the fractions of a Gauss-like relaxation
function and a pure exponential function, respectivejil,
represents the mean residual part of the second moment
the dipolar interactions in relation to the physical and
chemical constraints, andl, is the transverse relaxation
time related to the fast local motion. By using this function,
the experimental data in Fig. 4 are well fitted in each case.

No significant difference may be observed when comparing Acknowledgements

the decay curves and the relevant parameters for both
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