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Introduction

Thermal degradation of PVC has been the subject
of many investigations (BRAUN 1971, AYREY et al 1974).
The primary process of thermal degradation is the
zipping off of hydrogen chloride and formation of
polyene sequences containing different numbers of con-
jugated double bonds in the chain. The polyenes are
highly reactive and may participate in secondary re-
actions (TUDOS et al.1974, KELEN 1978) . During ther-
mal degradation of solid PVC samples crosslinking and
gel formation is observed. The kinetics and charac-
teristics of this process have been investigated by
several workers (BENGOUGH and SHARPE 1963, KURZWEIL
and KRATOCHVIL 1969, NAGY et al. 1976, IVAN et al.
1978) . Two mechanisms were suggested for crosslink-
ing. According to some authors crosslinking takes
place during the primary process (DRUESEDOW and GIBBS
1953, FUCHSMANN 1959, WINKLER 1959, BENGOUGH and
SHARPE 1963, MARKS et al. 1967, KURZWEIL and KRATOCH-
VIL 1969, aBBAS and SORVIK 1973), e.g., by interchain
elimination of HCl, whereas others suggest intermol-
ecular Diels-Alder reaction between the conjugated
polyene sequences (RAZUVAEV et al. 1966, TROITSKII
and MYAKOV 1967, ZILBERMAN et al. 1974) . There is
little hard evidence in the literature in favor of
either of these mechanisms. In this paper evidence
is presented that intermolecular Diels-Alder reac-
tions of polyenes are at least partly responsible for
crosslinking during PVC degradation.

Experimental
Experiments were carried out with samples having

different K-values (FIKENTSCHER K). Powdery PVC sam-
Ples were heated under a constant stream of argon
(5 1/h) at 180°C. Gel content (v, weight fraction)
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was determined gravimetrically.

Degraded PVC samples were treated with excess
maleic anhydride (MA) in cyclohexanone solution under
argon atmosphere at 80-85°C for three hours. After
treatment with MA, GPC measurements or gel content
determinations were carried out.

GPC measurements were carried out using five
Styragel columns (106, 105, 10%, 10°, 500 % and a
Waters R401 Differential Refractometer at 25°C and
0.8 ml/min tetrahydrofuran. Two ml samples of 2 mg/ml
were injected. The column set was calibrated with PS
standards (Waters) and PVC standards (National Phys-
ical Laboratory). Chromatograms were corrected for
broadening (PIERCE and ARMONAS 19682 and universal
calibration (GRUBISIC et al. 1967) was used to calcu-
late MWD and molecular weight averages.

Results and Discussion
Very early during thermal degradation of PVC

crosslinking occurs and the polymer becomes partially
insoluble after a well-defined degradation time (gel
point) . Crosslinking can be followed either by MWD or
molecular weight average determinations prior to the
gel point, or by gel content determination after the
gel point. Both methods have been used in this study.

It was postulated that one could distinguish be-
tween the two possible crosslinking mechanisms i.e.,
interchain HCl elimination or intermolecular Diels-
Alder reaction, by adding MA to swollen heat degraded
PVC gels. 1If crosslinking during thermal degradation
occurs by Diels-Alder reaction, the addition of an
excess of a strong dienophile, e.g., MA, to heated
PVC gels should eliminate arosslinks and bring the
sample in solution. MA will preferentially react
with the dienes in the degraded PVC chain and thus
displace the Diels-aAlder/retro-Diels-Alder equili-
brium:

PVC-C-C-C=C-C-C- PVC-C-C=C-C=C-C- PVC-C-C-C=C-C-C-
RN +MA

PVC —C-C-C-C=C - PVC-C~C=C—C= C - 0= =0
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Experimentally, when thermal degradation of PVC
was carried out for periods shorter than necessary for
gel formation, treatment with maleic anhydride re-
sulted in a decrease in molecular weight averages.

The values were between those of the undegraded and
degraded polymer (Table I).

TABLE I

Molecular Wsight Averages of Heat Degraded PVC.
(K=49, M,, of undegraded PVC 4.90x10*)

Degradation Degraded Degraded and subsequently
time samples maleic anhydride treated
(min) samples
M, - 107* M, - l0~*
60 5.48 5.13
120 7.06 5.91
180 9.54 6.26

Due toO crosslinking, the MWD of degraded PVC shows
significant broadening in the higher molecular weight
region. After MA treatment this broadening partially
disappears and the MWD of the degraded PVC approaches
that of the undegraded sample. (Fig. 1)

Advanced thermal degradation of PVC produces not
only occasional crosslinks but insoluble gel. The
onset of gel formation (gel point) is well defined.
Samples degraded beyond the gel point but to only
relatively low gel contents (up to 15% insoluble) be-
came entirely soluble upon treatment with MA., Sam-
Ples with higher gel contents remained partly insol-
uble even after treatment with MA, however their gel
content decreased drastically. (Fig. 2)

These results indicate that a large portion of
the crosslinks formed during thermal degradation of
PVC are reversible. Only Diels-Alder crosslinking of
conjugated polyene seqguences during heat degradation
of PVC can explain (partial) crosslinking reversibil-
ity observed. The presence of other crosslinking
mechanisms, e.g., recombination of polyenyl radicals,
cannot be excluded because crosslinking has not been
completely eliminated. However, even if all the
crosslinks were formed via Diels-Alder reaction full
reversibility would not be expected because the poly-
enes involved in crosslinks may undergo irreversible
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reactions as well.
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Fig. 1 Molecular Weight Distribution of Unde-

graded K=49 Samples (—), degraded for

180 min (...) and treated with maleic
anhydride after degradation (---).
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Fig. 2 The Effect of Degradation Time on Insol-

uble Fraction (PVC K = 79.5). O = with-
out MA treatment, + with MA treatment.
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As shown by the data in Fig. 2, at least 60-70% of
the originally insoluble polymer became soluble upon
treatment with MA.

Summary
PVC undergoes rapid crosslinking during thermal

degradation. Diels-Alder addition of conjugated poly~
enes was proposed as a possible crosslinking mechanism
by earlier authors. By the use of conditions favor-
ing retro Diels-aAlder reaction of crosslinks (treat-
ment with maleic anhydride at elevated temperature) it
was proved that crosslinks are largely reversible.
Evidently Diels-alder addition of the conjugated poly-
enes plays an important role in crosslinking during
thermal degradation of PVC.
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