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Abstract

The kinetics of chain scission and major changes in functional groups of natural rubber (NR) during ozonolysis in chloroform at 08C have
been followed by gel permeation chromatography (GPC) and Fourier transform infrared (FTIR) spectroscopy. Reduction in molecular
weight occurs most noticeably in the first minute of ozonolysis to give products with a bimodal distribution of molecular weight and then
more gradually. After 20 min of ozonolysis, the number average molecular weight�Mn� falls to less than 900 and the molecular weight
distribution becomes close to unimodal again. These findings are interpreted in terms of an initial, rapid, diffusion-controlled process of
ozonolysis, during which polymeric ozonides and peroxides (and possibly also hydroperoxides) are formed, followed by a slower second
stage during which the ozonides and peroxides are cleaved, possibly by reaction with further ozone, to give oligomers with various
oxygenated end groups. There may also be a minor competing crosslinking reaction initiated by radical intermediates from the breakdown
of peroxides and hydroperoxides. Examining the products of ozonolysis at various times by FTIR spectroscopy allows changes in the relative
concentrations of the oxygenated functional groups, such as carbonyl, ozonide, hydroxyl and/or hydroperoxide, introduced during ozonolysis
and accompanying the reductions in molecular weight, to be monitored.q 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Plaumann and Ho used gel permeation chromatography
(GPC) to follow reductions in molecular weight ofcis-1,4-
polyisoprene during ozonolysis in hexane at 258C for reac-
tion times of up to 6 min [1]. They found that ozonolysis
produced products with a bimodal distribution of molecular
weight. However, no observations of what happened to the
bimodal distribution at ozonolysis times of greater than
6 min were reported. In an early study, Allison and Stanley
described the use of IR spectroscopy to follow the ozono-
lysis of natural rubber (NR) in ethylene dichloride at room
temperature [2]. Another early study utilizing IR spectro-
scopy to follow ozonolysis of NR was reported briefly by
Salomon and van der Schee [3]. Both groups noted that
increases in the intensities of bands arising from carbonyl
(1720 cm21) and hydroxyl groups (3450 cm21) were
accompanied by a reduction in the intensity of a band aris-
ing from carbon–carbon double bonds (835 cm21). Other

peaks at 874, 1025 and 1090 cm21 were also detected and
assigned to epoxide, –O–O–, and –O– groups, respec-
tively. Neither report mentioned the presence of ozonide
groups in the ozonolysed NR. The work reported here
extends the scope of these earlier studies of the ozonolysis
of NR and also forms a part of our programme of work on
using ozonolysis of polymers to produce telechelic oligo-
mers (a process we call “constructive degradation”) with
potential uses in reactive processing and in the synthesis
of novel copolymers [4–10]. Judging from the available
literature on the degradation of natural rubber, it would
seem that only redox and photochemical methods have
been exploited to any significant extent so far to produce
telechelic derivatives, although ozonolysis of syntheticcis-
1,4- andtrans-1,4-polyisoprenes, followed by reduction of
the intermediate ozonides, appears to have been used to
some extent in the former USSR to prepare low molecular
weight a, v-glycols [11–16]. Ozonolysis, if it can be
controlled to give telechelic products with reproducible
chain lengths, chain length distributions and end-groups,
would obviously be a useful additional route to such mate-
rials. The literature to date on methods of synthesizing tele-
chelic natural rubber derivatives and on ozonolysis of
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natural rubber has recently been comprehensively reviewed
by us and hence will not be presented again here [17].

2. Experimental

2.1. Materials

The NR sample employed in this work was supplied in
latex form by Revertex Limited, Essex. The latex was
described aslow protein unvulcanised, centrifuged latex
and as having the following properties: total solids content:

60.79%: alkalinity: 420 meq. KOH per 100 g water; volatile
fatty acid number: 0.023. A solid sample was prepared by
drying the latex first under a stream of air in a fume
cupboard to remove the bulk of the water and then in a
vacuum oven at room temperature. It was purified by disso-
lution in hexane, filtration to remove any undissolved mate-
rial, precipitation in excess methanol and then drying again
in the vacuum oven (to constant weight). The sample was
kept in the dark at room temperature (ca. 208C) prior to use
to prevent photodegradation.

Other chemicals used were calcium chloride (BDH, GPR,
anhydrous), oxygen gas (BOC, 99%), oxygen free nitrogen
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Fig. 1. Molecular weight distribution curves of ozonolysed NR recorded at various times during ozonolysis at 08C in chloroform: (a) 0 min; (b) 1 min; (c)
5 min; (d) 10 min; (e) 15 min and (f) 20 min.



gas (BOC, 99%), hexane (Prolabo, 99%), methanol (Fisons,
99.5%), chloroform (Fisons,.99%, stabilised with
100 ppm amylene, contains,0.1% water), and tetrahydro-
furan (Fisons, GPC grade).

2.2. GPC measurements

GPC data were obtained at room temperature (ca. 208C)
on a Waters model 510 gel permeation chromatograph
equipped with a differential refractometer, model 410 and
a Rheodyne injector, model 7125. The chromatograph was
fitted with a set of three 30 cm columns packed with 10mm
diameter PLgele beads with mixed pore sizes. The column
set was calibrated using polystyrene standards. Tetrahydro-
furan was used as the solvent with a flow rate of 1 ml per
min. The GPC data were collated and processed using Poly-
mer Laboratories Calibere software, version 5.11.

2.3. IR measurements

IR spectra were recorded on thin films cast onto rock salt
plates using a Perkin–Elmer FTIR spectrometer, model
1720-X. All the spectra were recorded in absorbance
mode and were the result of 20 scans with a 2 cm21 resolu-
tion.

2.4. Ozonolysis procedure

The ozonizer used in this work was a Type BA 023012,
manufactured by Wallace and Tiernan, Tonbridge, England.
The reactor consisted of a five-necked, round-bottomed
flask equipped with a drying tube containing anhydrous
calcium chloride, a thermometer, a gas inlet and a motor-
driven stirrer.

About 1.0 g of NR was charged into the reactor and
dissolved in sufficient chloroform with stirring to give a
concentration of 1% (w/v) and then cooled to 08C. An
oxygen–ozone stream from the ozonizer was passed into
the rapidly stirred NR solution through a fritted glass disk
(to break up the gas into a stream of fine bubbles) at a rate of
45 l h21 giving a rate of delivery of O3 of 1.73 g h21. The
delivery rate of ozone was determined in a separate experi-
ment by passing the oxygen/ozone stream into an aqueous
potassium iodide solution for a set time and then titrating the
iodine released with standard sodium thiosulphate solution.
Samples of the ozonolysed NR solution were withdrawn
after 1, 5, 10, 15 and 20 min from the start of reaction. IR
spectra of films cast from these samples were recorded
immediately. GPC data for the samples were recorded
after the samples had first been freed from chloroform by
blowing with nitrogen, followed by pumping overnight in a
vacuum oven at room temperature. Yields of oligomeric
products recovered from ozonolysed solutions of natural
rubber in this way varied from about 90 to 110% by weight
of the starting rubber, reflecting the balance between the
increase in weight brought about by oxidation and the loss

of some very small fragments during the prolonged removal
of solvent.

3. Results and discussion

3.1. GPC analysis

Fig. 1(a)–(f) shows the molecular weight distribution
curves of NR and ozonolysed NR after 1, 5, 10, 15 and
20 min of ozonolysis, respectively, derived from GPC
traces.

The dissolved NR at the outset of the experiment (Fig.
1(a)) has aMn of 271 000 and a polydispersity of 2.9. Upon
ozonolysis, the molecular weight of NR decreases dramati-
cally, initially with the production of a bimodal distribution
(in accordance with the findings of Plaumann and Ho [1]),
but becoming nearly unimodal again after 20 min (Fig.
1(b)–(f)). After 1 min of ozonolysis, the molecular weight
distribution of the ozonolysed NR is bimodal with a small
peak representing a low molecular weight fraction and a
larger peak representing a higher molecular weight fraction
(Fig. 1(b)). After 5 min ozonolysis, the concentration of the
lower molecular weight fraction of the ozonolysed NR has
increased markedly with a corresponding decrease in
concentration of the higher molecular weight fraction
(Fig. 1(c)). After 10 min ozonolysis, the lower molecular
weight fraction of degraded NR is larger than the higher
molecular weight fraction (Fig. 1(d)). Close comparison of
the molecular weight distribution curves at 1, 5 and 10 min
ozonolysis reveals that the peak molecular weight of the
higher molecular weight fraction is declining more rapidly
than the peak molecular weight of the lower molecular
weight fraction. After 15 min ozonolysis, the peak repre-
senting the higher molecular weight fraction has disap-
peared leaving the peak representing the low molecular
weight fraction dominant in the molecular weight distribu-
tion curve (Fig. 1(e)), suggesting that the ozonolysed NR is
now made up almost entirely of low molecular weight oligo-
mers. Finally, after 20 min ozonolysis, the molecular weight
distribution curve of ozonolysed NR becomes essentially
unimodal with aMn of 840 and PD of 2.8 (Fig. 1(f)).

The results from this study suggest that 20 min ozonolysis
is required in order to obtain a unimodal distribution of low
molecular weight ozonolysed NR under the present experi-
mental conditions. It is worthwhile to note here that in the
molecular weight distribution curves in Fig. 1(c)–(f), a
small shoulder, which corresponds to a very low molecular
weight fraction such as levulinaldehyde or levulinic acid,
starts to develop after as little as 5 min ozonolysis and
becomes slightly more apparent after 20 min. This suggests
that ozonolysis of NR in solution can lead to the direct
formation from high molecular weight chains of some
very low molecular weight fractions. This finding is consis-
tent with a rapid, diffusion-controlled, ozonolysis process in
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which some chains, when in close proximity to the point of
entry of ozone to the reactor, are extensively ozonolysed.

The reason why NR should be ozonolysed to give
products having initially a bimodal distribution of molecular
weights is not immediately clear. However, a possible
reason is that the relatively stable, polymeric, ozonides
and peroxides formed during an initial, fast, diffusion-
controlled reaction between the NR and ozone undergo scis-
sion only in a second, slower, stage, and possibly only after
reaction with further ozone, to form oligomers with func-
tional, oxygenated end-groups. Ho has reported that the
number of chain scissions during the ozonolysis of poly-
butadiene and polyisoprene in both hexane and chloroform
depend on the square of the amount of ozone absorbed
suggesting that two molecules of ozone are involved in

the breaking of each double bond [18]. Furthermore,
Razumovskii et al. have reported that the time of formation
of cracks on the surfaces of solid polyisoprene samples
exposed to ozone is inversely related to the square of the
ozone concentration, again implying the involvement of two
molecules of ozone in every scission event [19].

Alternatively, it may be that small quantities of hydro-
peroxidic groups introduced during ozonolysis, perhaps by
reaction of intermediate carbonyl oxides with adventitious
water, decompose giving polymeric radicals which subse-
quently are involved in slight crosslinking in competition
with the major chain scission. It should be noted that, on
standing, the oligomers tended to separate into an overtly
liquid fraction and a gel-like (but still soluble fraction)
which suggests that there may have been some slight cross-
linking. Scheme 1 summarises the various possible reac-
tions that can take place during ozonolysis of natural
rubber based on the generally accepted (Criegee) mechan-
ism involving the formation of an intermediate carbonyl
oxide which can then react further to give primary and
secondary ozonides and various peroxidic species depend-
ing on solvent polarity and on the presence or absence of
other potential reactants [20].

Graphs representing the trends in the reduction of both
Mn andMw (for the overall sample) with ozonolysis time are
shown in Fig. 2.

The graphs make clear that the average molecular
weights of NR reduce very markedly in the first minute of
ozonolysis and then more gradually over the subsequent
19 min. FromMn values obtained by GPC, it is possible
to calculate the average number of chain scissions,S, of
the ozonolysed NR using the equation:

S� �Mn�0
Mn

2 1
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Scheme 1. Possible reactions following ozonolysis of a diene-containing polymer.

Fig. 2. Average molecular weights of ozonolysed NR as a function of
ozonolysis time.



in which �Mn�0 andMn are the number average molecular
weights before and after ozonolysis [21,22]. The results of
these calculations are listed in Table 1.

A graph of the average number of chain scissions,S,
versus ozonolysis time is shown in Fig. 3.

The graph, which is not a straight line passing through the
0,0 origin within experimental error, confirms that the rate
of chain scission is at its most rapid during the first minute of
ozonolysis and then declines, becoming roughly constant
for the remainder of the reaction time. This suggests that
it is the longer chains that are most susceptible to ozonoly-
sis, a fact which may be connected with the lower transla-
tional mobility of long chains compared with short chains
leading to the longer chains having longer times of exposure
to ozone when in the vicinity of the point of entry of ozone
to the reactor.

3.2. IR analysis

Fig. 4(a) shows the IR spectrum of NR, which contains
seven principal peaks, characteristic of the well-known
structural features of NR.

Fig. 4(b)–(f ) show IR spectra of ozonolysed NR recorded
after 1, 5, 10, 15, and 20 min ozonolysis, respectively. As
can be seen clearly from those spectra, major changes have
occurred relative to the original spectrum of NR (Fig. 4(a))
upon ozonolysis. Six of the seven characteristic peaks
(2962, 2928, 2855, 1720, 1664, 1450 and 838 cm21)
decrease in intensity with time, three of them (2962, 2928
and 2855 cm21) markedly. However, a peak at 1378 cm21

remains unchanged in intensity. This is a possibly because
the group (–CH3) and this particular vibrational mode (C–H
asymmetric bend) are not significantly affected by ozonoly-
sis. Besides the reductions in intensity of the original IR
peaks, three new major peaks (3440, 1720 and
1084 cm21) appear in the spectra of ozonolysed NR with
two of them (1720 and 1084 cm21) being particularly
prominent. In order to see more clearly the trends in the
changes of the functional groups to which the various IR
peaks relate, the ratios of the absorbances of the peaks that
change in intensity to the absorbance of the one that does not
(1378 cm21), are plotted in Fig. 5. It can be seen from Fig. 5
that the main IR peaks characteristic of NR decrease in
intensity relative to the peak at 1378 cm21 confirming that
the NR has undergone profound structural changes in the
course of ozonolysis as expected.

There are four major structural changes that can be recog-
nised in the IR data (Figs. 4 and 5). One is the appearance of
carbonyl groups indicated by the peak at 1720 cm21. The
relative intensity of the peak increases rapidly over the first
5 min, then more gradually, levelling off after 20 min. The
peak is relatively broad at the bottom indicating that more
than one type of carbonyl group may be present in the
ozonolysed NR. Three types of carbonyl groups are in fact
possible: aldehyde, ketone, and/or carboxylic acid. The
types of carbonyl compound present in the oligomeric
products from ozonolysed NR will be discussed in more
detail in a subsequent paper.

The second major change to the IR spectrum on ozono-
lysis is the appearance of a rather broad peak at 1084 cm21

which has a shoulder at 1107 cm21. This peak is assigned to
ozonides in line with conclusions drawn from previous work
reported in the literature [23–25]. The appearance of bands
assignable to ozonide groups is also an evidence of rela-
tively slow scission of the ozonides following their initial
rapid formation.

The third major change involves the C–H and CyC bonds
of the isoprene repeat units. Three peaks at 2962, 2928 and
2855 cm21 which arise from C–H asymmetric stretch in
CH3, C–H asymmetric stretch in –CH2–, and C–H
symmetric stretch in both –CH2– and –CH3, respectively,
reduce in intensity markedly on ozonolysis. A rather weak
peak associated with CyC bonds is also reduced in intensity.
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Table 1
The average number of chain scissions,S, based onMn values obtained by
GPC

Time (min) Mn S

0 271 000̂ 1000 0
1 5390^ 50 49^ 1
5 2270^ 20 118^ 1

10 1580̂ 10 170^ 2
15 980^ 5 275^ 3
20 840^ 5 321^ 4

Fig. 3. Average number of scissions per chain,S, with time during ozono-
lysis of NR. Straight lines have been added merely to indicate the general
trend in the data.



H.M. Nor, J.R. Ebdon / Polymer 41 (2000) 2359–23652364

Fig. 4. IR spectra of ozonolysed NR recorded at various times during ozonolysis at 08C in chloroform: (a) 0 min; (b) 1 min; (c) 5 min; (d) 10 min; (e) 15 min
and (f) 20 min.



These reductions in peak intensity are due to the expected
ozonolytic chain scissions at CyC bonds of isoprene repeat
units.

The last major change that can be found in the spectra is
the appearance of a broad peak between 3300 and
3600 cm21, with a maximum at 3440 cm21. This peak indi-
cates the presence of OH groups in the ozonolysed NR.
Several types of OH group are possible, viz., hydroxyl,
hydroperoxide, carboxylic acid or a mixture of them.

A more detailed analysis of the microstructures of the
oligomeric products of ozonolysis of natural rubber clearly
requires a technique more able than infrared spectroscopy to
discriminate between groups of similar structure. Such
discrimination is possible with the aid of1H and13C nuclear
magnetic resonance (NMR) spectroscopy. An examination
of the oligomeric products of ozonolysis of natural rubber
by NMR has recently been completed and will be reported
in a subsequent paper.

4. Conclusions

Ozonolysis of NR in dilute chloroform solution at 08C is
shown to be a rapid method for the production of low
molecular weight NR oligomers with a broad, but close to

unimodal, molecular weight distribution. In this work, a
number-average molecular weight,Mn, of less than 900
has been obtained after 20 min of ozonolysis. The reduction
in molecular weight of NR during ozonolysis is accom-
panied by the introduction of a variety of oxygenated func-
tional groups. The precise natures and amounts of these
functional groups will be the subject of a subsequent paper.
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Fig. 5. Ratios of IR peak intensities at various frequencies to that at
1378 cm21 against ozonolysis time for NR ozonolysed in chloroform.


