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Abstract

Employing**C CP/MAS NMR spectroscopy, the existence of immobile regions in natural rubiselr,4-polyisoprene) corresponding to
a few percent of the monomer units has been detected at ambient temperature. For synthetic rubbers no immobile regions have been detectel
at all. Applying different physical and chemical treatments to natural rubber it is shown that mastigdti@aliation, and increasing the
temperature, slightly above the ambient, reduce the amount of immobile re@dr@99 Elsevier Science Ltd. All rights reserved.
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1. Introduction it accentuates carbons experiencing non-vanishing hetero-
nuclear**C—'H dipolar couplings. Employing®C CP/MAS
Since the first™®C nuclear magnetic resonance (NMR) experiments at ambient temperature Patterson and Koenig
investigation of natural rubbercig-1,4-polyisoprene) in  observed two crystalline conformers in high quantities for
solution and as a bulk matter [1], this polymer has been gutta percha [18]. Like gutta percha it has been claimed that
thoroughly examined by liquid-statiC NMR spectroscopy ~ natural rubber is partly crystalline at room temperature, just
in order to gain information on the structure/conformation on a much smaller scale [19], but no experimental evidence
of the polymeric chains with respect to the low content of has been reported. EmployifdC CP/MAS NMR methods
the monomerictrans1,4-isoprene units, linkages (head, this study presents what we believe is the first experimental
tail), and structure of the end-groups [2—8]. Other proper- observation of different immobile regions in low concentra-
ties, for example regarding crystallinity or immobility, tion at ambient temperature for non-vulcanized natural
require analysis in the solid state. Both solid-state rubber. Further, synthetic polyisoprenes and the effect of
magic-angle spinning (MAS) and cross-polarization (CP)/ different chemical and physical treatments of natural rubber
MAS NMR experiments have been widely used in the have been explored with special attention to the effect on
studies of natural rubber in relation to vulcanization [9— these regions.
15] or in mixtures with other polymers [16,17]. The differ-
ent kinds of information that can be obtained from these
experiments may be illustrated by for example the investi-
gation of gutta percharans1,4-polyisoprene) by Patterson
and Koenig [18]. From single-pulséC MAS NMR of gutta
percha five mobile carbons have been detected, while no Four different rubbers of commercial origin have been

resonances originating _from immobile carbons were investigated. These are named Neorub (Sri Lanka), SMR
obseryed by this experlment. HowevetlC _CP/ MAS CV60 (Malaysia), Natsyn 2200 (Goodyear), and Cariflex

NMR is a favourable technique for the detection of immoO- | (ghel|) by their manufacturers. The polyisoprene content
bile carbon atoms at the expense of the mobile ones becaus«;—:n Neorub and SMR CV60 is approximately 92% while it is
95% for Natsyn 2200 and 98—-100% for Cariflex IR. Neorub

*Corresponding author. Tel.:# 45-8942-3842; fax:+ 45-8619-6199. and SMR CV60 are both natural rubbers with the only
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2. Experimental

2.1. Samples
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monomer units. Further, three additional samples of Neorub
were investigated. These samples were processed in differ-
ent ways, i.e. one has been masticated and the two others
were exposed to irradiation by-rays at a level of 100 and
300 kGy, respectively.

2.2. NMR measurements

High-resolution natural-abundant& NMR experiments

(@) | were performed on a Varian XL-300 (7.05 T) spectrometer
: b operating at 75.43 MHz forC. The experiments were
(b) carried out at various temperatures ranging from 295 to
I R—

353 K using a home built high-speed spinning CP/MAS
variable temperature probe and 7 mm o.d. PSZ rotors

J J\ (220l sample volume). Spinning speeds in the range
(e)f\} / \‘ v, = 2.8-3.7 kHz were employed. High-powk decoup-
J \MWM,W@M/‘[‘\ N ling was applied during acquisition. In the CP/MAS

\ experiments a contact time of 1.0 ms and a recycle delay

@)
/|

/

of 8.0 s have been employeldC chemical shifts are in ppm
relative to an external sample of tetramethylsilane (TMS).
All spectra were processed without line broadening.
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3. Results and discussion

L | T T T T T T T T T ] . . . .
200 160 120 80 40 ppm The presence of immobile regions in natural rubber at

ambient temperature is recognized from Fig. 1 which

H 13, _ . .
Fig. 1. 7C MAS NMR (75.43 MHz, v, = 2.9 kHz) spectra of Neorub at — gha\ys the spectra of Neorub employifi single-pulse
313 K obtained using (a) single-pulse excitation (4 s recycle period, 514

. 3 . .
scans) and (b) CP (8 s recycle period, a contact time of 1.0 ms, and 9577 MAS (Flg. 1(a)) and“C C_:P/MAS (Fl_g. 1(b) and (C)) _eXpe”'
scans). Spectrum (c) is a vertical expansion of spectrum (b) scaled by aMents. The corresponding isotropfi€ chemical shifts are

factor of 20. Inserts display magnifications of the regions 20 to 40 and 120 summarized in Table 1. A conspicuous difference between
to 140 ppm for (d) Neorub and (e) a SMR CV60-type natural rubber. the two spectra lies in the absolute intensities for the two

experiments. While the intensities for the resonances in the

single-pulse MAS spectrum are high and an excellent
been stabilized using hydroxylamine. Natsyn 2200 and Signal-to-noise (S/N) ratio can be obtained in a few minutes
Cariflex IR are both synthetic rubbers which differ by for the highly mobile phase of natural rubber, the intensities
their content ofcis-1,4-monomer units (97% and 90%, in the CP/MAS spectrum are much lower and several hours

respectively) relative to the total content of isoprene are required to achieve an adequate S/N ratio. This is
illustrated by a comparison of the spectra for the two

Table 1
Isotropic ©is,) and anisotropicd,,, 1,) °C chemical shielding parameters for the mobile and immobile carbons in isoprene rubbet3GrMAS and CP/
MAS NMR?

Carbon 8iso (PPM) 8, (ppm)y o’
Mobile® cis-1,4 Mobil€e® trans-1,4 Mobile® 3,4 Immobilé cis-1,4

Cl 33.0 40.8 111.9 33 — —

Cc2 135.4 1354 147.9 136 -91 0.86

C3 125.9 125.1 48.4 126 —-79 0.38

c4 27.3 278 32.¢ 28 — —

C5 24.1 16.6 19.3 24 — —

#The chemical shielding parameters are related to the principal elements of the anisotropic shielding tgtisqrd,,) according todis, = (8, + dyy +
8,013, 8, = 8iso — 8,5 My = (8x — 8)/ 8, Using the orderinds,, — Sisol = |8, — Sisol = |8,y — Sisol- Siso IS referenced with respect to external TMS.

® Neorub. Anisotropic chemical shielding parameters are determined from ambient temperature spectra.

¢ Cariflex IR.

4|sotropic chemical shifts for C2 and C4 in tirans-1,4 monomer unit and the C4 in the 3,4 monomer unit taken from earlier studies [4,27].
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in ethene andis/trans 2-butene determined at 30 K { ~
F \ —105 ppm andn, = 0.7-0.9) [22,23]. This indicates that
| ” the immobile regions do not constitute fully rigid systems
‘ H but that they exhibit some dynamic behavior at ambient
| L temperature. Close inspection of the resonances in the CP/
_ L WAVAV, ‘M MAS spectrum (see expansions in Fig. 1(d)) reveals that in
addition to five distinct and narrow resonances at positions
‘ l identical to those for the MAS spectrum (Fig. 1(a)), a
number of broad and partly resolved/overlapping reso-
| " nances appear in the regions for the five carbons of the
mobile phase. Obviously, these new and additional reso-
nances observed using CP arise from carbon atoms within
immobile regions of the polymer chains (e.g. at the bends).
From the expansions in Fig. 1(d) we note that the resonances
for the immobile carbons are particularly well-resolved in
A the regions around 28 ppm (C4) and 136 ppm (C2) while for
C1, C3, and C5 the broad resonances for the immobile
carbons overlap with the narrow resonances from the mobile
regions. Inspection of the reasonably well-resolVé& CP
resonances at 28 and 136 ppm shows that at least four differ-
\ ent resonances (as observed for C2 at 136 ppm), corre-
’ \ ‘ sponding to differentcis-1,4-monomer segments, are
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) ” \\ L “ observed from the immobile regions. The appearance of
‘ | the intensities and number of different resonances from
i Al "y

MWJWWWJMM)WWM “‘W’JM‘”W WWWW‘[‘"JWW the carbons in the immobile regions may vary slightly

T T 1 T T 1 from one rubber to another. This is illustrated by the expan-

150 140 130 120 50 4030 20 ppm sions for the spectrum of a SMR CV60-type rubber shown

Fig. 2. °C CPIMAS NMR (75.43 MHz) spectra of (a) Neoruly, (= in Fig. _1(g). From the expansions we observe for example
3.1 kHz, 9639 scans), (b) SMR CV60,(= 3.3kHz, 9799 scans), (¢)  three distinct resonances for the C2 carbord 36 ppm)
Natsyn 2200 ¢, = 3.6 kHz, 5120 scans), and (d) Cariflex IR, (= and intensity changes for C4 carbons28 ppm).
3.6 kHz, 8704 scans) all employing recycle periods of 8.0s, contact To explore whether the presence of immobile carbons/
times .1.0 ms, and temperature 295 K. In the spectra of Natsyn and Cariflex regions are related to the origin of the polyisoprenes, the
an artifact is present at120 ppm. four different rubbers (vide supra) have been examined by
13C CP/MAS at 295 K. According to the spectra shown in
Fig. 2 only the natural rubbers, Neorub (Fig. 2(a)) and SMR
experiments in Fig.1(a), (b) and (c). Another striking differ- CV60 (Fig. 2(b)), exhibit resonances which originate from
ence between the MAS and CP/MAS spectra in Fig. 1 is the immobile regions while the synthetic rubbers (Fig. 2(c) and
presence of two intense spinning sideband patterns in the(d)) show low-intensity resonances only at the isotropic
CP/MAS spectrum (vertical expansion in Fig. 1(c)). These shifts originating from the mobile carbons. Further, from
patterns originate from thEC resonances at approximately comparison of the spectra in Fig. 2(a) and (b) we conclude
126 and 136 ppm and must be caused by non-vanishingthat Neorub has a larger content of the immobile regions
chemical shielding anisotropy (CSA) for the two ethylenic than the SMR CV60 rubber. This shows that hydroxylamine
carbons (C3 and C2). treatment decreases the amount of immobile regions. The
spectra of the synthetic rubbers are characterized by a lower

5 el S/N ratio than for the natural rubbers. The reason is that the
CH, H CP efficiency is reduced because the heteronuclear dipolar
\2 3/ couplings are averaged by chain mobility. The lack of
C==¢C immobile carbons regions for the synthetic rubbers may
_ICH/ \éH o be an effect of the reduced number of adjaceistl,4-
2 2

monomer units in the polymer chain [24] such that the prob-
ability of observing immobile carbons is proportional to this

Average values for the CSA parameters, determined by number. In Fig. 2(a), (b) and (c) the very narrow resonances
numerical fitting (using therars program [20]) of the spin-  all arise from the mobileis-1,4-monomer carbons whereas
ning sideband intensities [21] observed at different spinning in the spectrum of Cariflex IR (Fig. 2(d)) additional mobile
frequencies for these carbons, are included in Table 1. Thesecarbons originating from th&ans1,4- and 3,4-monomer
values are slightly smaller than those for the alkene carbonsunits are observed.
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Fig. 3. ®C CP/MAS NMR (75.43 MHz) spectra of the four versions of
Neorub (a) basic #, = 3.1kHz, 9639 scans), (b) masticated, = Fig. 4.7°C CP/MAS NMR (75.43 MHz) spectra of Neorub recorded at (a)
2.9 kHz, 5116 scans), angkirradiated by (c) 100 kGy i, = 3.6 kHz, 295 K (v, = 3.1 kHz, 9639 scans), (b) 313 K (= 2.8 kHz, 7938 scans), (c)

8364 scans) and (d) 300 kGy,(= 3.7 kHz, 7846 scans). All experiments 323 K (v = 2.9 kHz, 9577 scans), (d) 328 (= 2.8 kHz, 16 000 scans),
employ a recycle period of 8.0's, contact time 1.0 ms, and temperature @Nd (€) 333 K, = 2.9 kHz, 9181 scans) all employing a recycle period of
295 K. 8.0 s and contact time 1.0 ms.

two irradiated samples (Fig. 3(c) and (d)), the content of

trans-1.4 34 immobile carbons decrease as a result of both treatments.
5 4 5 The decrease is more pronounced when the irradiation dose
CH; CH, — CHs is raised. Comparing the spectra of théradiated samples
2 3 / 1 ’ 2 and the synthetic rubbers we observe that in both cases the
C==¢C C= CH, presence of even small amountgmins1,4 units (0.4% and
_IC{Q \ H —~3C‘JH—éH2 o 3.0%) lowers the content of immobile regions. For the

synthetic Natsyn 2200 rubber with teans-1,4-monomer
content around 3%, these regions are not present at all.
As can be seen from Table 1, the characteristios 1,4 Combined with the information about the number of adja-
resonances are located at 16.6 and 40.8 ppm, while the chareentcis-1,4-monomer units in the various rubbers [24], it is
acteristic 3,4 resonances are located at 19.3, 48.4, 111.9, antempting to conclude that immobile regions are present at
147.9 ppm. Additional resonances from these two monomer ambient temperature only if this number is sufficiently high.
units are superimposed on this-1,4 resonances. The presence of even a small amountrahs-1,4-monomer
To investigate if other physical or chemical treatment of units lowers this number and therefore reduces the content
the natural rubber affects the amount of immobile regions, a of immobile regions.
masticated and tweg-irradiated samples of Neorub have Being aware that the experiments are performed well
been examined b{’C CP/MAS at 295 K (Fig. 3)y-Irradia- above the glass transition temperatufg € 206 K) [26],
tion has been shown to increase tlians-1,4-monomer  we further studied Neorub at five different temperatures in
content and the degree of cross linking [25]. As can be the interval 295-333 K to examine whether the immobile
seen by comparing the spectra of the basic Neorub materialgegions are affected by a temperature increase slightly above
(Fig. 3(a)) with those of the masticated (Fig. 3(b)) and the ambient (Fig. 4). From comparison of these spectra the



F.H. Larsen et al. / Polymer 40 (1999) 7013-7017 7017
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