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ABSTRACT: Fluorescence spectroscopy has shown that
the limited sequence length exhibited during the thermal
degradation of poly(vinyl chloride) (PVC) was the result of
an HCl readdition/splitting off equilibrium, especially in
unstabilized PVC formulations. In the case of stabilized
PVC, the type and mechanistic action of the stabilisers
seemed to play an important role in HCl re-addition. The
possibility of a synergistic effect taking place between costa-
bilisers for PVC, namely N-phenyl-3-acetyl pyrrolidine-2,4-
dione (P24D) and its derivative N-isopropyl-n-phenyl-3-(1-
iminoethyl) pyrrolidine-2,4-dione (P24D-d) has also been
investigated by means of statistical design, degrading the
samples at 170°C in air and measuring the induction time
(Ti) of the degraded polymer. The results reveal that the
stabilising efficiency is not only affected by the presence of

the metal soap, but also by the nature of the substituents in
the P24D derivatives. It may be concluded that P24D-d on
degradation operates as a “reservoir” for P24D, extending
the Ti to higher values compared to their individual perfor-
mances and giving rise to a synergistic combination. The
ability of the costabiliser to form a keto-enol tautomerism as
well as its ability to interact with the PVC and the metal soap
play a crucial role in controlling their stabilising effective-
ness in the polymer. © 2004 Wiley Periodicals, Inc. J Appl Polym
Sci 93: 2744–2763, 2004
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INTRODUCTION

Poly(vinyl chloride) (PVC) has necessitated the use of
organic costabilizers as adjuncts to the main stabilizer
system. These compounds may be classified as long-
term or short-term costabilisers. A short-term costabi-
liser provides good initial color to the system at the
expense of reducing the induction time to degradation
(e.g., the �-diketones: dibenzoyl methane, dehy-
droacetic acid), while a long-term costabiliser shows
poor initial color but extends the induction time to
degradation (e.g., pentaerythritol).

PVC degrades more rapidly when heated in air than
when heated in an inert atmosphere. However,
though the rate of dehydrochlorination (DHC) in-
creases substantially, polymer discoloration is not as

severe. Accelerated DHC is believed to be due to the
abstraction of methylene hydrogen from the “intact”
chain by peroxy radicals, thus initiating further DHC.
This process induces both chain-scission and cross-
linking via Diels- Alder cycloaddition. The fact that
the presence of oxygen reduces the rate of color de-
velopment suggests that oxygen either destroys the
conjugated system or that oxygenated groups formed
in the polymer block the unzipping reaction and hence
reduce the extent of conjugation.

Hard experimental evidence is still lacking for the
mechanism responsible for polyene formation, be it
ionic1–5 or radical6–10 in nature. However, in the pres-
ence of oxygen, the presence of carbonyl groups is
likely to influence the course of the degradation reac-
tion. Panek et al.11 have established the relatively low
thermal stability of the cis-isomer of carbonylallyl
chloride groups, using low molar mass model com-
pounds. Svetly et al.12–15 have studied the degradation
of PVC in the presence of �,�-unsaturated ketones.
The work proposed a mechanism in which the acti-
vating groups for the degradation are oxygen-contain-
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ing structures, which react with normal PVC units via
a cyclic intermediate.

HCl abstraction from “intact” PVC is as probable as
HCl abstraction adjacent to a polyene sequence, indi-
cating that the “unzipping” reaction does not neces-
sarily explain HCl elimination in PVC. Quantum me-
chanical calculations suggest a one-step elimination of
approximately 22 HCl groups, a proposal consistent
with polyene sequence length observed in prac-
tice.16,17 The data suggest that, in solid-state, ionic
reactions are preferred over radical ones. Semiempiri-
cal AM1 calculations suggest that the use of small
unsaturated molecules as model compounds to simu-
late PVC degradation seems valid. The nature of the
chain-ends influences the energetics and stability of
polyene sequences.

From the literature it can be concluded that the
polyene sequences are of limited length.18 This is due
to the following:

1. re-addition of HCl;
2. secondary reactions, such as Diels-Alder or in-

termolecular condensation;
3. and the fact that at certain polyene sequence

lengths, elimination of HCl begins to become
less thermodynamically feasible.

Van Hoang et al.19,20 studied the readdition of HCl
to predegraded PVC. It was shown that dehydrochlo-
rination, although the predominant reaction during
the early stages of degradation, is in competition with
the readdition of HCl. The latter reaction becomes
more significant as more double bonds are formed.
Owen et al.21 were also able to show evidence for the
addition of HCl on predegraded PVC under ultravio-
let irradiation, leading to a shortening of the polyene
sequences. By using �-carotene as a model compound
for conjugated dienes, Van Hoang et al.22 proved by
UV spectroscopy that the readdition of HCl to the
polyene sequences led to the diminution of the long
polyene sequences. Some authors also state that read-
dition shifts the average polyene length toward
shorter polyenes.23 Rasuvaev et al.24 went even further
and proposed a radical mechanism for the addition of
HCl to conjugated double bonds. On the contrary,
Guyot et al.25,26 proposed an ionic mechanism. Nagy
et al.27 stated, however, that HCl can reinitiate the
allyl-activated zip elimination by proton exchange
with polyenes, leading to an increase in the average
polyene length.

Fluorescence spectroscopy has been used in the
study of various aspects of several polymers,28–30

sometimes with a view to applying those results to the
changes occurring in PVC and assessing the nature of
the species forming. The use of luminescence spectros-
copy as a tool to follow the formation of polyene
sequences is well documented in the literature,31 and

proved to be much more successful, than, in particu-
lar, UV-visible spectroscopy, which showed not to be
very sensitive due to the strong overlapping of bands
of each polyene sequence, which make it difficult to
calculate accurately the extinction coefficient for a
given polyene length.32

There has been some speculation as to why the
polyene sequences have limited lengths: since there is
one branch for about 70 monomeric units and on
average one linkage differing from the usual for about
50 monomeric units, these cannot cause the formation
of short chains.33 It has been suggested that, after a
certain length of the polyene sequence is achieved, a
state is reached at which an additional HCl split-off is
no longer as energetically favorable as in the begin-
ning. Some authors34–36 have concluded that readdi-
tion of HCl occurred during degradation and that the
limited polyene sequence length may have been the
result of this equilibrium. Moreover, secondary reac-
tions can stop the growth of the polyene sequences.

With a view to elucidating whether the readdition
of HCl is responsible for the blocking of the sequence
length, fluorescence studies of powder samples were
carried out. For each formulation, samples that were
degraded in air in a glass thimble will be commented
upon first, then samples that were degraded in a
closed degradation system. The latter, being in a
closed system will allow the concentration of HCl to
increase gradually. Both sets of results will be assessed
and their results compared.

EXPERIMENTAL

Materials

PVC Solvic 271 GC, calcium stearate, zinc stearate, and
P24D (N-phenyl-3-acetylpyrrolidin-2,4-dione) were
supplied by Akcros Chemicals (Akzo Nobel).

Synthesis of N-isopropyl-n-phenyl-3-(1-iminoethyl)
pyrrolidine-2,4-dione (P24D-d)

N-Phenyl-3-acetylpyrrolidine-2,4-dione (P24D) (10 g;
0.046 mol) was suspended in industrial methylated
spirit (100 cm3) until total solution. After the addition
of isopropylamine (2.71 g; 0.046 mol), the reaction
mixture was refluxed for 30 min. After refluxing, the
solvent was removed by rotary evaporation. Diethyl
ether was added to the mixture, which was then fil-
tered and dried to yield a yellow solid (11.30 g, 95.2%),
mp 165–168°C.

IR : � (cm�1) (KBr) : CN (1682)

�H (ppm) (CD3OD) 1.4 (6H, d, (CH3)2CH), 2.5 (3H, s,
CH3C), 3.5 (1H, m, CH(CH3)2), 4.1 (2H, s, CH2CO), 7.1
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(1H, t, ArH(p)), 7.4 (2H, t, ArH(m)), 7.7 (2H, d,
ArH(o)).

Degradation of samples

A glass tube containing 500 mg of each sample was
degraded for 5, 10, 15, 20, 25, and 30 minutes at 170°C
in an oil bath. After heating, the samples were left to
cool down at room temperature for posterior analysis.

For the HCl readdition, a closed system was used,
without the removal of HCl, thus allowing the HCl
concentration to increase gradually.

Fluorescence analysis

Samples were analyzed using a Perkin Elmer LS 55
Luminiscence Spectrometer, (accurately weighed
mass: 0.05g) with an excitation/emission slit width of
7.5 nm and a scan speed of 800 nm/min.

Design of experiments (DOE)

The package used was a Stat-Ease Design-
Expert®Software, Version 5.0

The term experimental design is usually used to
describe the stages of identifying the factors, which
may affect the results of a experiment, designing the
experiment, so that the effects of uncontrolled factors
are minimized and using statistical analysis to sepa-
rate the effects of various factors involved.

Two different types of designs were carried out:

1. Response surface methodology (RSM) is a col-
lection of mathematical and statistical tech-
niques with the objective of optimizing the re-
sponse. The first step in RSM is to find an ap-
proximation of the true relationship between
the response and the set of independent vari-
ables. The response is usually modeled by a
low-level polynomial (first order or second or-
der) that usually works relatively well under a
relatively small region. Contour plots play a
very important role in response surface meth-
ods. By use of this technique, one can character-
ize the shape of the surface and locate the opti-
mum with reasonable precision

2. Full factorial design, which allows the estima-
tion the main effects and two-factor interaction
separately. Factorial designs allow the effects of
a factor to be estimated at several levels of the
other factors, yielding conclusions that are valid
over a range of experimental conditions.

Induction time (Ti) to dehydrochlorination
measurements

A glass tube containing 500 mg of the sample was
introduced in an oil bath at 170°C. A stream of pre-

heated air (60 ml/min) was introduced by an air
pump, which swept the evolved HCl into a cell con-
taining 100 ml of 0.1M KCl solution. The electrical
potential of this solution was continuously monitored
with time. The induction time was calculated as the
period prior to a rapid change in potential and was
obtained graphically by the intersection of the two
best lines fit to the curves. Initial degradation rates
were also obtained as the slope of the best line to fit the
curve. After heating, the samples were left to cool
down at room temperature.

RESULTS AND DISCUSSION

Fluorescence studies

For control PVC at the excitation wavelength of 270
nm (Fig. 1), the emission spectrum before degradation
showed a band at 310 nm that has been attributed
either to build-up of short polyenes sequences37 or to
carbonyl groups present in the starting material, resi-
dues of catalysts. According to Rabek et al.,38 this
emission band is ascribed to different carbonyl group
impurities that are impossible to remove, indicating
that they are permanently attached to the PVC. This
argument is in line with the observations of Allen,39

who proposed that the �,�-unsaturated carbonyl
groups were responsible for the initial fluorescence.
Similar results to those shown here were obtained by
Owen and Read,40 who pointed out that a diene con-
tained in a rigid skeleton could be the structure in-
volved.

On degradation this band decreased its intensity
due to the disappearance of these short polyene se-
quences, which evolved to form longer sequences.
This increase in the polyene sequence distribution was
also accompanied by a pinkish coloration of the sam-
ples. In addition, sequences arising in the early stages
of degradation, such as the emission band at 360 nm (5
min) and especially the band centerd at 380 nm (10
min), appeared to grow stronger as the degradation
proceeded. After 30 min, short polyene sequences
were no longer present and, judging by the broadness
of the band at 380 nm, the length of the newly conju-
gated sequences formed was subject to mixtures.

At a higher excitation wavelength (Fig. 2), there was
no emission band prior to degradation, which sup-
ported the fact that there were no long polyene se-
quences in the control sample. On degradation, there
was strong evidence of the formation of sequences of
different lengths and/or different species (shoulders
at around 380, 410, and 440 nm), which led to the
formation of a broad band that decreased its intensity
quite substantially after 30 min. This could suggest
that, after the long polyene sequences reach a certain
length, they undergo secondary reactions such as cy-
clization and in some cases Diels-Alder reaction that
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can disrupt the growing polyene sequences and cause
the decrease in the intensity of the emission bands.

By way of contrast, the following spectra in Figures
3 and 4 show changes in the sequence length of sam-
ples that were degraded in a closed system with a
view to elucidating whether the readdition of HCl
actually takes place.

Prior to degradation, the emission spectrum in Fig-
ure 3 showed a strong emission band centerd at 310
nm assigned to short polyene sequences or �,�-unsat-
urated carbonyl groups. On degradation, the intensity
of this band decreased sharply compared to its coun-
terpart in Figure 1, which suggested that the initial
short sequences grew very rapidly, catalyzed by the
presence of HCl. It was also observed in Figure 1 that,

in later stages of degradation, longer sequences were
formed, but in this instance the broadness of the band
since early stages on the one hand, and the lack of
shoulders at lower wavelengths on the other, seemed
to imply that the sequence length grew very rapidly as
a result of the catalytic role of HCl. Similar results
were obtained by Patel et al.41 who came to the con-
clusion that autocatalysis was an integral feature of
the solid-state thermal degradation of PVC.

At the excitation wavelength of 340 nm (Fig. 4),
before degradation there were no significant emission
bands. On degradation, an emission band centerd at
440 nm arose together with another band of lower
intensity based at 410 nm. However, it was only after
10 min that the emission band based at 440 nm

Figure 1 Control PVC for excitation wavelength � � 270 nm.
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reached its maximum compared to 25 min in the open
system (Fig. 2). Furthermore, after 15 min the intensity
of the band started to increase again up to 25 min,
where it seemed to, again, reach this maximum length.

Since the main aim of this section was to shed light
on the cause of the limited length of the polyene

sequences, our results suggest that in unstabilised
PVC there is readdition of HCl taking place and that
the limited sequence length is the result of this HCl
readdition/splitting-off equilibrium. On the whole,
the catalytic effect of HCl can be seen to be improved
from the long polyene sequences formed in samples

Figure 2 Control PVC for excitation wavelength � � 340 nm.

Figure 3 Readdition of HCl in control PVC for excitation wavelength � � 270 nm.

2748 SANTAMARÍA ET AL.



degraded in the closed degradation system (Fig. 4).
After 10 min of degradation, the polyene sequence
seemed to have reached a certain length (more quickly
than the control sample in Fig. 2 due to the catalytic
effect of HCl), where an additional HCl split-off was
not favorable, and it is probably then when the read-
dition of HCl takes place (sharp decrease in intensity
of band at 440 nm). Van Hoang et al.42,43 have already
suggested that the readdition of HCl becomes more
important as double bonds are formed. It’s unlikely
that secondary reactions occur at this early stage in the
degradation process. The re-addition of HCl results in
the shortening of the polyene sequence distribution,
and this effect manifests itself in the reduction in the
intensity of the longer sequences. Later on, the se-
quence length starts growing up again until the en-
ergy required for HCl splitting-off is equal to the
delocalization energy of the polyene sequence, so the
readdition of HCl takes place and the same effect
happens all over again. Accordingly, for shorter poly-
ene sequences (310 nm �ex 270 nm), the dramatic
decrease in the intensity of the emission spectra is
related to the catalytic effect of the evolved HCl,
which promotes the extension of the polyene chain,
thus reducing its concentration within the polymer
chain.

For a PVC stabilized formulation containing P24D,
0.3 phr at the excitation wavelength of 270 nm (Fig. 5),
prior to degradation the broad emission band centerd
at 420 nm can be attributed to the presence of P24D.
On degradation a slight shift toward higher wave-

lengths (435 nm) can be observed due to its interaction
with the PVC chain. Although Zn2� is required to
confer P24D the planarity necessary for the C-alkyla-
tion reaction (See Part 1), part of P24D can still interact
with the PVC chain. The intensity of the emission
band decreases on degradation, suggesting that the
complex P24D–PVC chain breaks up during the deg-
radation process.

At a higher excitation wavelength (Fig. 6), the emis-
sion band prior to degradation corresponded to P24D.
Again, on degradation there is a shift toward higher
wavelengths (440 nm) due to the interaction of P24D–
PVC. The sudden drop in the intensity after 10 min is
attributed to the decomposition of the complex. The
broad nature of the band suggests the formation of
polyene sequences of different lengths.

Similar results to those shown in Figure 5 were
obtained in the case of the closed degradation system
for an excitation wavelength 270 nm. At the excitation
wavelength of 340 nm (Fig. 7), the emission bands
obtained were also very similar to those in Figure 6.
The only difference was that, due to the readdition of
HCl onto the polyene sequences, the intensity of the
emission band started to decrease earlier than in the
control sample (Fig. 6), which indicated the shortening
of the polyene sequences taking place.

In an earlier work,44,45 it was reported that the fol-
lowing reaction could take place:

The decomposition products of P24D-d, are an
amine gas and a compound with a structure very
similar to P24D.

Figure 4 Readdition of HCl in control PVC for excitation wavelength � � 340 nm.
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In the case of a PVC stabilised formulation contain-
ing P24D-d 0.3 phr, at the excitation wavelength of 270
nm, Figure 9 shows a broad and strong emission band

at 420 nm before degradation due to the presence of
P24D-d. The shoulder at 310 nm is again attributed to
short polyene sequences or �,�-unsaturated carbonyl

Figure 5 PVC � P24D 0.3 phr for excitation wavelength � � 270 nm.

Figure 6 PVC � P24D 0.3 phr for excitation wavelength � � 340 nm.
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groups. On degradation, this band shifts slightly to-
ward higher wavelengths (430 nm) in what appears to
be the locking of the co-stabiliser across the short
polyenes to form a fluorescent complex. The shoulder
at 310 nm seems to disappear in the very early stages
of degradation, while the intensity of the main band
decreases on further degradation.

At the excitation wavelength of 340 nm, the emission
spectrum before degradation (Fig. 10) shows a broad
band centerd at 410 nm that can be assigned to P24D-d.
On degradation, this band shifts toward 440 nm, imply-
ing that P24D-d forms a fluorescent complex with PVC.
As well as shifting, this band also increases its intensity,
which leads to the suggestion that increasing amounts of
long polyene sequences are being formed.

With regard to the samples degraded in the closed
system, no changes were observed at an excitation
wavelength of 270 nm. As for the excitation wave-

length of 340 nm (Fig. 11), the growth of the polyene
sequences seemed to stop earlier than in the control
(Fig. 10), suggesting that the readdition of HCl occurs,
resulting in the formation of shorter sequences.

If these results are compared to those obtained with
P24D, it can be clearly observed that the evolution of
higher concentrations of long polyene sequences (�ex
� 340 nm) in the case of P24D-d can be attributed to
the amine gas released on decomposition of P24D-d,
which neutralizes the HCl evolved, thus delaying the
readdition of HCl onto the polyene sequences.

For the formulation containing PVC � preheated
mixture Ca/Zn stearates (2 : 1) 3 phr, at the excitation
wavelength of 270 nm (Fig. 12), the emission spectrum
prior to degradation shows a band at 310 nm assigned
to short polyene sequences or �,�-unsaturated car-
bonyl groups and a band of higher intensity at about
390 nm. This latter band is attributed to the complex

Figure 7 Readdition of HCl in PVC � P24D 0.3 phr for excitation wavelength � � 340 nm.

Figure 8 Decomposition of P24D-d on heating.
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Figure 9 PVC � P24D-d 0.3 phr for excitation wavelength � � 270 nm.

Figure 10 PVC � P24D-d 0.3 phr for excitation wavelength � � 340 nm.
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CaSt[ZnSt3]46 of the preheated mixture of Ca/Zn
stearates. On degradation, the band at 310 nm weak-
ens as longer sequences are formed. At the same

time, the band at 390 nm shifts slightly toward
shorter wavelengths (380 nm). This can be attrib-
uted to the interaction complex CaSt[ZnSt3]–PVC.

Figure 11 Readdition of HCl in PVC � P24D-d 0.3 phr for excitation wavelength � � 340 nm.

Figure 12 PVC � preheated mixture Ca/Zn 3 phr for excitation wavelength � � 270 nm.
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Figure 13 PVC � preheated mixture Ca/Zn 3 phr for excitation wavelength � � 340 nm.

Figure 14 PVC � preheated mixture Ca/Zn 3 phr � P24D 0.3 phr for excitation wavelength � � 270 nm.
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After 15 min, there is a dramatic drop in the inten-
sity, probably due to the breaking up of the com-
plex.

In Figure 13 the emission bands at the excitation
wavelength of 340 nm are depicted. The most
striking feature is the development, upon degrada-

Figure 15 PVC � preheated mixture Ca/Zn 3 phr � P24D 0.3 phr for excitation wavelength � � 340 nm.

Figure 16 PVC � preheated mixture Ca/Zn 3 phr � P24D-d 0.3 phr for excitation wavelength � � 270 nm.
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tion, of three bands based at 380, 410, and 440 nm.
It’s worth noting at this stage that the bands at
380 and 410 nm seemed less defined as opposed

to those in Figure 2 for the PVC control. This can
be attributed to the substitution of labile struc-
tures in the PVC chain by zinc stearate, resulting in

Figure 17 PVC � preheated mixture Ca/Zn 3 phr � P24D-d 0.3 phr for excitation wavelength � � 340 nm.

Figure 18 Re addition of HCl in PVC � preheated mixture Ca/Zn � P24D-d 0.3 phr for excitation wavelength � � 340 nm.

2756 SANTAMARÍA ET AL.



a lower concentration of long polyene sequences
formed. Moreover, the decrease in the intensity of
the band after 25 min bore strong resemblance to

PVC control (Fig. 2), where it was suggested that
intra- and intermolecular cyclizations started taking
place.

Figure 19. PVC � ZnSt2 3 phr � P24D 0.3 phr for excitation wavelength � � 270 nm.

Figure 20 ZnSt2 alone for excitation wavelength � � 340.
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In the case of the closed degradation system, similar
results to those shown in Figures 12 and 13 were
obtained. This indicates that, during the period of
analysis, with Ca and Zn stearates being HCl scaven-
gers, there was not enough HCl evolved to reattach
the polymer sequences.

When 0.3 phr of P24D was added to the previous
formulation, before degradation (Fig. 14) there is a
very strong and broad band at 420 nm due to both the
complex CaSt[ZnSt3] and P24D. On degradation, the
band dramatically decreased its intensity due to con-
sumption of the stabilizers, with no obvious shift in
the wavelength.

In Figure 15, the emission band prior to degradation
at 420 nm is due to P24D, as the metal soaps do not
fluoresce (Fig. 13). On degradation, there is a shift
toward higher wavelengths (440 nm), attributable to
the complexation between P24D and zinc stearate that
in later stages participates in the C-alkylation reaction.
After 10 min the intensity of the band decreases in
what seems to be a sign of the shortening of the
polyene sequence distribution following the blocking
of the long polyene sequences by P24D.

A comparison between these emission spectra and
those exhibited in Figure 13 demonstrates again that
P24D acts as a short-term costabilizer blocking or in-
terrupting the propagation of the polyene sequence
that leads to the improvement of the initial coloura-
tion.

The emission spectra obtained for the closed degra-
dation system at both excitation wavelengths were
very similar to those shown below and have not been
included.

When 0.3 phr of P24D-d was added to the formula-
tion, Figure 16 showed a strong band at 410 nm, before
degradation, due to both the complex of metals soaps

and P24D-d. On degradation, the intensity of the band
decreased due to the consumption of stabilisers.

At a higher excitation wavelength (Fig. 17), prior to
degradation there are no significant emission bands.
In later stages of degradation, there is the evolution of
a band centerd at 440 nm, which may indicate the
decomposition of P24D-d and the formation of a com-
plex via C-alkylation in the presence of metal soaps.
After 15 min the intensity of the band starts to de-
crease, suggesting the formation of shorter polyenes
following the locking of P24D-d across the PVC chain.

When the same samples were degraded in the
closed degradation system, similar results were ob-
tained for the lower excitation wavelength.

At the excitation wavelength of 340 nm (Fig. 18), the
intensity of the band started to decrease earlier com-
pared to Figure 17; a fact that points to the formation
of shorter polyene sequences following the readdition
of HCl.

The figures show the excitation spectra obtained
when 3 phr of zinc stearate and 0.3 phr of P24D were
added to PVC.

At the excitation wavelength of 270 nm (Fig. 19),
prior to degradation the saturated emission band at
around 390 nm is attributed to the planarity of the
complex Zn2�–P24D (see Part 1). It seems that this
complexation takes place even on simple mixing. Af-
ter 5 min the band shifts toward higher wavelengths,
which can be attributed to the C-alkylation reaction
between P24D and PVC. The sudden decrease in the
intensity of the band is accompanied by a rapid black-
ening of the sample due to the evolution of ZnCl2.

Before degradation at the excitation wavelength of
340 nm (Figure 19), there is a sharp peak at 380 nm

TABLE I
Design Summary for RSM P24D–P24D-d

Study type Response Surface Experiments 18
Initial design Central Composite Blocks 2
Design model Quadratic
Response name Units
Induction time min
Factor Name Units Low Actual High Actual
A P24D phr 0.000 1.00
B P24D-d phr 0.000 1.00

TABLE II
Model Statistics Summary for RSM P24D–P24D-d

Source
Root
MSE R-squared

Adjusted
R-squared

Predicted
R-squared PRESS

Linear 6.31 0.6631 0.6150 0.4252 949.93
Quadratic 4.23 0.8808 0.8266 0.7129 474.48

TABLE III
Equation for Quadratic Model for RSM P24D–P24D-d

Ti (induction time) � �16.55
�23.28 � P24D
�13.12 � P24D-d
�20.30 � P24D2

�24.31 � P24D-d2

�7.00 � P24D � P24D-d
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that is assigned to the presence of impurities in the
zinc stearate (Figure 20). On degradation the band
becomes more intense and broad and is centerd at 440
nm, due to the P24D–PVC complex. After 10 min, the
intensity of the band decreases dramatically and shifts
toward lower wavelengths, which may be due to the

decomposition of the complex (Figure 21). Moreover,
the catalytic effect of the ZnCl2 evolved leads to the
catastrophic blackening of the polymer and, thus, the
dramatic decrease in the intensity.

The samples degraded in the closed degradation
system showed the same emission bands. In fact, the

Figure 21 PVC � ZnSt2 3 phr� P24D 0.3 phr for excitation wavelength � � 340 nm.

Figure 22 Plot of residuals for RSM P24D–P24D-d.
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blackening due to the catalytic effect of ZnCl2 is such
a rapid process that the effect of the readdition of HCl
on the polyene sequences can be considered negligi-
ble.

To conclude, the results suggest that the readdition
of HCl onto the polyene sequences is responsible for
the limited sequence length both in unstabilised and
stabilised formulations, the effect in the latter being
less important. Furthermore, the type and mechanistic

action of the stabilisers involved seemed to play a
significant role in the readdition. In the presence of
HCl scavengers such as Ca and Zn stearates, this
readdition is difficult to follow during the period of
the analysis due to the fact that there is insufficient
HCl formed to be readded. However, the addition of a
short-term costabiliser such as P24D leads to the
build-up of HCl, allowing, therefore, the readdition to
take place.

Figure 23 Residuals versus predicted for RSM P24D–P24D-d.

Figure 24 Model contour for RSM P24D–P24D-d.
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Design of experiments

This section reports on a study of the possible syner-
gism between P24D and P24D-d, where P24D-d upon
degradation could act as a “reservoir” for P24D (Fig.
8), providing an additional extension in the induction
time, as well as an improvement in the initial good
color.

For this particular case, two different types of de-
signs were performed: a response surface method
(RSM) and a two-level factorial design.

Response surface method

RSM is a type of design that allows optimization of the
response of interest by way of combination of several

Figure 25 Half-normal probability plot for 2-LFD P24D–P24D-d.

Figure 26 Interaction plot for P24D and P24D-d.
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independent or controlled variables. Among the RSM
designs, a standard central composite design (CCD)
was chosen, being well suited for fitting quadratic
surfaces.

The response opted for in this system was the Ti to
DHC, with two factors, P24D and P24D-d. Contrary to
the upper levels used in the previous section, an upper
level of 1 phr was used to cover a wider range. The
status of the design is shown in Table I.

The statistics of the different proposed models are
shown in Table II. As can be seen, the quadratic model
fitted the system best, exhibiting low “root MSE”, high
“predicted R-squared,” and low “PRESS.”

The ANOVA (analysis of variance) section provided
an equation for the proposed quadratic model in Table
III.

The first term of the equation, 16.55, refers to the
presence of a mixture of Ca/Zn stearates (2 : 1) in the
formulation that extends the Ti compared to the PVC
alone. The negative coefficient of P24D in the square
term is related to the detrimental effect that P24D may
exert when present in high concentrations. The posi-
tive coefficient for P24D�P24D-d confirms the initial
hypothesis of a possible synergism, with P24D-d act-

ing as a “reservoir” of P24D on degradation. There-
fore, this model confirms previous results as to the
synergistic effect between P24D and P24D-d.

To validate the model, the diagnostics section dis-
plays a normal plot of the residuals (Fig. 22) with a
view to elucidating whether all of the errors are
equally scattered. The presence of a straight line
seemed to indicate that the ANOVA assumptions
were met. The “residuals versus predicted” graph
(Fig. 23) showed no patterns, therefore the ANOVA
assumptions were met.

In the contour graph of the model (Fig. 24) the Ti for
different levels of the factors (P24D and P24D-d) is
depicted: the lines represent points that take the same
response values for different formulations. The circle
indicates the area where the error for the response
values is minimized. Because the objective of the RSM
is to optimize the performance of the system, the
model graph is concerned with obtaining the highest
possible response value at the lowest factor concentra-
tion. Therefore, according to the plot, it would be
possible to get a formulation with an induction time of
35 min with 0.90 phr of P24D-d and 0.5 phr of P24D.

Two-level factorial design

This type of design is employed to estimate separately
main effects and two-factor interactions that are in-
volved in the system. In Figure 25 the absolute values
of all effects on a half-normal probability plot are
shown. Only the most relevant effects fall off to the

Figure 27 Normal plot of residuals for 2-LFD P24D–P24D-d.

TABLE IV
Equation for Main Effects in 2-LFD P24D–P24D-d

Ti (induction time) � �17.85
�5.15 � P24D
�13.35 � P24D-d
�6.90 � P24D � P24D-d
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right of the line. It appears to suggest again that there
is an interaction between P24D and P24D-d and that
its affect on the Ti is relatively significant.

According to the interaction plot in Figure 26, the
presence of nonparallel lines confirms the interaction
between P24D and P24D-d, since the effect of P24D
depends on the effect of P24D-d and vice versa.

In Table IV the final equation in terms of factors is
shown. The first term of the equation, 17.85, refers to
the presence of a mixture of Ca/Zn stearates (2 : 1) in
the formulation that extends the Ti compared to the
PVC alone. The positive coefficient of P24D can be
attributed to its interaction with the PVC chain
through the C-alkylation reaction, substituting labile
chlorines (see Part 1). The positive coefficient of
P24D-d may be related to the fact that it decomposes
rapidly and the amine gas given off neutralizes the
HCl evolved. Finally, this design confirms, once again,
that there is a synergistic effect taking place between
P24D and P24D-d.

To validate the model, Figure 27 represents the nor-
mal plot of residuals. The lack of significant curvature
in the line revealed that the ANOVA assumptions
were met and therefore validated the model.

It may be concluded that P24D-d on degradation
operates as a “reservoir” for P24D, extending the Ti to
higher values compared to their individual perfor-
mances and giving rise to a synergistic combination.
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