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SYNOPSIS

Two new methods to obtain crosslinking plasticized poly(vinyl chloride) (PVC) are shown.
One is by the substitution reaction of PVC with the sodium salt of y-mercaptopropyl
trimetoxysilane and the other is by the free-radical reaction of azide-modified PVC with
v-acryloxypropyltrimetoxysilane and vinyltri(2-metoxyetoxy)silane. The content of gel and
the number average molecular weight between crosslinking (M,) were determined by Soxhlet
extraction and by using the Flory-~Rehner equation. The reactions of PVC with the above
organosilanes under normal processing conditions of the polymer lead to high gel contents
and, therefore, low M.. The ultimate tensile strength and elongation at break at 110°C of
these polymers are greatly enhanced over those of the uncrosslinked polymer. The results
are improved compared to those taken from literature for similar systems. © 1996 John

Wiley & Sons, Inc.

INTRODUCTION

Poly(vinyl chloride) (PVC) is one of the most ver-
satile materials in the modern world, although it
has some limitations, such as its moderate upper-
service temperature limit. This may generally be
improved by introducing a three-dimensional struc-
ture into the linear polymer, using crosslinking
agents. The production of crosslinking polymers by
reactive processing with organofunctional silanes
has aroused great deal of interest due to the im-
provement of mechanical properties at high tem-
peratures. In the case of polyolefins this is usually
done with vinyl or acryloxysilane in the presence of
peroxide initiators,! and in the case of PVC by sub-
stitution reaction with mercaptopropylsilane, ami-
nopropylsilane, and other silane derivates.?® A
number of crosslinking methods for PVC have been
known to exist for some time®!% nevertheless, with
few exceptions,®® the crosslinking products are
rarely useful on a practical or commercial level.
To our knowledge, vinylsilanes have never been
grafted successfully onto PVC, since free-radical-
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initiated reactions are poorly efficient for this poly-
mer and involve many unfavorable side reactions.
On the contrary, as has been reported,®* aminosilane
is a very effective crosslinking agent for PVC, leading
to a high gel content and improved tensile strength.
However, the thermal stability of the crosslinked
polymer is inferior to that of the original. Mercap-
topropylsilane is also an efficient crosslinking agent
for PVC? although it requires the presence of an
activating agent, such as the basic lead salt, to form
the nucleophilic agent. Moreover, thiol-substituted
PVC presents enhanced thermal stability, as has al-
ready been reported.!?

To overcome these problems, we propose two new
methods for crosslinking PVC under normal pro-
cessing conditions. One method involves crosslink-
ing PVC by a controlled substitution reaction with
the sodium salt of mercaptopropylsilane, and the
other by a free-radical reaction of the azide-modified
polymer with vinyl and acryloxysilane. The latter
reaction implies the previous grafting onto the PVC
chain of a chemical group, i.e., an azide group, able
to deliver free radicals by heating.

These proposed methods are based on recently
reported results!*?! which show, first, that during
continuous or discontinuous processing of PVC,
thiolate-derivate reagents, such as sodium benzene-
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thiolate, sodium isooctyl thiosalicilate, sodium
isooctylthioglicolate, etc.,'*'® can be incorporated
into the polymer chain by a substitution mechanism.
And second, that azide-modified PVC is known to
give ulterior reactions, as has been extensively re-
ported by Okawara and Ochiai,'® and can thermically
decompose generating free radicals. Consequently,
it makes the introduction of vinyl monomers in the
PVC chain possible.?"?!

In this work the reactions of PVC with sodium
mercaptosilane and azide-modified PVC with vinyl-
and acryloxysilanes are studied, with the aim of ob-
taining quantitative and fundamental information
for the development of practical applications of
crosslinked materials.

EXPERIMENTAL

Materials

The initial polymer was a bulk-polymerized PVC
kindly supplied by EIf Atochem (Burgos, Spain) with
a molecular weight, determined by osmometric
measurements, of M,, = 32,000; and tacticity i = 19.6,
h = 498, and s = 30.7, determined by *C-NMR
spectroscopy.

The azide-modified PVC (N3;-PVC) was obtained
by the reaction of PVC with sodium azide in DMF
at 25°C. The azide content of the polymer, expressed
in mol %, was determined by infrared (IR) spec-
troscopy by measuring the band at 2100 cm™* cor-
responding to the azide group with the help of a
calibration curve, as detailed by Martinez and col-
leagues.?%?!

The sodium salt of y-mercaptopropyltrimetoxy-
silane (NaMSi) was synthesized from the corre-
sponding thiol, kindly supplied by Quimidroga
(Barcelona, Spain), and sodium hydride in heptane.

The aminopropyltrietoxysilane (ASi), the y-ac-
riloxypropyltrimetoxysilane (AcSi) and vinyltri(2-
metoxyetoxy)silane (VSi) also kindly supplied by
Quimidroga, were used without further purification.

Tetrahydrofuran (THF) was distilled in the pres-
ence of lithium aluminium hydride. Dioctyl phthal-
ate (DOP) and dibutyltindilaureate (DBTD) were
used without further purification.

Crosslinking Reactions

Reactions of PVC with NaMSi were carried out in
a Brabender Plasticorder at 140°C and 40 rpm. For
each reaction the components were premixed to ob-
tain the initial reactive mixture: PVC, NaMSi, plas-
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Table I Conditions and Experimental Results of N3—PVC Crosslinking in the Melt

at 120°C and 30 min

Directly from Melt After 5 H in H,0 at 80°C

Amount Gel Gel
Reagent (molar %) Equipment (%) M, v, (%) M, Ve
Control — Brabender plasticorder® 0 — — 0 — —
Acryloxysilane® 10 Brabender plasticorder® 0 — — 0 — —
Acryloxysilane 10 Two-roll mixer 79 1800 5.50 X 107* 98 400 250 xX 107®
Vinylsilane® 10 Brabender plasticorder® 0 — — 0 — —
Vinylsilane 10 Two-roll mixer 95 ? ? 99 ? ?

2 Reaction with PVC in presence of Trigonox-C as radical initiator.

b 40 rpm.

ticizer (DOP), and crosslinking catalyst (DBTD).
The same kinds of reactions were also carried out
in a two-roll mixer.

For comparison, reactions of PVC with ASi were
also carried out.

Reactions of N3-PVC with VSi and AcSi were
undertaken in a laboratory-designed Brabender
prototype, under the same conditions as above.
Blank reactions of PVC with VSi and AcSi in the
presence of free-radical initiator were also carried
out, for comparison.

To complete the crosslinking process, the systems
were immersed in hot water at 80°C for 5 h.

Analysis and Measurements

The gel content was determined by Soxhlet extrac-
tion for 24 h in THF. The remaining swollen gel
was dried in a vacuum oven at 60°C for 24 h. The
percentage of THF-insoluble material, the gel con-

tent is expressed by the ratio of the weight of the
dried gel to the weight of the original sample, plas-
ticizer excluded.

To determine molecular weight between cross-
links (M,), extracted samples as described above
were swollen in THF at 40°C for 3 days. The number
average molecular weight between crosslinks was
determined using the Flory-Rehner equation ex-
pressed by

pVoVIPVE?
* In(l-V)+XVZ+V,

1
P Wy — Wy

PTHF Wo

Vv, =
1+

where p is the polymer density, V, is the molar vol-
ume of solvent, V,, is the ratio of the deswollen net-
work weight (w,) to the initial network weight (w,),
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Figure 1 Plot of gel content and M, vs. time for crosslinked PVC with acryloxy silane:
(a) directly from the melt; (b) after immersion in water.
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Figure 2 IR spectrum of (a) original N;-PVC and (b)

crosslinked N3-PVC with acryloxysilane after 5 min of
reaction.

X is the polymer-solvent interaction parameter, V,
is the volume fraction of PVC in the swollen net-
work, and w; is the swollen network weight.

The ultimate tensile strength (UTS) and elon-
gation at break were measured on an Instron Model
4031 universal testing machine. Measurements were
carried out on load of 1 KNw at room temperature,
and at 110°C using a heated chamber.

RESULTS AND DISCUSSION

The aim of this work is to develop new crosslinking
processes to be used under industrial conditions for
plasticized PVC, and to compare these processes
with other methods described in the literature. One
of the new methods used is controlled substitution
reaction of PVC with crosslinking agents, and the
parallel or posterior crosslinking reactions, as shown
in Scheme 1. The advantage of the direct substitu-
tion of PVC with sodium mercaptosilane, easily
synthesized apart, is beyond doubt, since no other
reaction agents are required which would contami-
nate the material. Also, in the melt reactions of this
polymer, the reactivity of the sodium salt of mer-
capto derivates is much higher than that of the acid
form.

The other method is by free-radical reaction of a
vinyl crosslinking agent with a lightly azide-modified
PVC able to generate free radicals by heating, as
shown in Scheme 2. It is well known that the free-
radical grafting of vinyl monomers on PVC with ex-
ternal free-radical initiators is not a successful re-
action even under severe conditions. Nevertheless,
as has been extensively reported,!>% PVC can easily
be functionalized with the Nj group by the reaction
of PVC with sodium azide. This grafted azide group
is very reactive and susceptible to posterior reac-

tions, as has been studied in detail by Okawara and
Ochiai,’® and Gonzalez and colleagues,? and is able
to decompose thermically, thus generating free rad-
icals which act as initiators.? By this method, sty-
rene monomers have been grafted onto PVC.2!
Therefore one might presume that the vinylsilanes,
either AcSi or VSi, could be grafted onto the azide-
modified PVC.

PVC Crosslinking by Free Radical Reaction

The reaction conditions for N;-PVC with different
amounts of acryloxy- and vinylsilane units, tem-
peratures, and times, are reported in Table I, to-
gether with gel content, M,, and »,. The results are
compared with those of unmodified PVC. From these
results it follows that the N3-PVC system, contrary
to what one might expect, cannot be crosslinked in
the absence of monomers, and that the free-radical
reaction of PVC with vinyl and acryloxysilane in
the presence of free radicals is not possible either.
These findings confirm that the generation of free
radicals in the PVC chain by this method is unsuc-
cessful. Further, it can be observed that vinyl- and
acryloxysilane can be grafted onto N;-PVC, thus
leading to the crosslinking of the polymer. Vinyl-
silane is a more effective crosslinking agent than
acryloxysilane.

Figure 1 shows the evolution of the gel content
with time, measured directly from the melt and after
immersion in water. It is observed that crosslinking
is completed in about 5 min of reaction, even before
immersion in water. Until this time it is possible to
separate crosslinking from grafting, thus allowing
characterization studies as shown in Figure 2. This
figure gives the IR spectrum of original N;-PVC and

100
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Figure 3 Dependence of gel content on the nature and
amount of organosilane. White columns: directly from the
melt; black columns: after 5 h in H,O at 80°C.



that of the purified sample after 56 min of reaction.
The appearance of new bands at 3400, 1710, and
1090 cm™! corresponding to the silane can be clearly
correlated with the decrease in band intensity at
2110 cm™! corresponding to the Nj group. The M,
values of these samples are also plotted in Figure 1.
These results are in agreement with the spectro-
scopic data, and indicate a high number of cross-
linking points. Although not the objective of this
preliminary work, it is possible to optimize the re-
sults by adjusting the amount of Nj, time, and
amount of vinylsilane.

Crosslinking by Substitution Reaction

The reaction conditions of PVC with sodium mer-
captosilane, aminosilane, and mercaptosilane plus
activating agent are given in Table II. This table
also shows the gel content, molecular weight between
crosslinking, and network density for each set of
conditions. These results are illustrated in Figure 3,
where the dependence of gel content on the nature
and amount of organosilane is plotted. It can be seen
that with these experimental conditions, crosslink-
ing of PVC with mercaptosilane plus activating
agent as employed by Kelnar and Schatz® is not ef-
fective. The difference is that here the experimental
reaction conditions are weaker. On the contrary, if
we compare these results with those of the sodium
mercaptosilane, the latter are very much enhanced.
This is not surprising because, according to our ex-
perience with chemical reactions of PVC in solution
with mercapto derivates, they have poor grafting ef-
ficiency when compared to the sodium salt of mer-
capto derivatives, the differences being larger in the
melt state. Moreover, PbO can be a contaminant
agent in the resulting material. From Figure 3 it can
be concluded that the reaction of PVC with ami-
nosilane also gives high gel content. Nevertheless,
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Figure 4 Dependence of M, and gel content on time for
crosslinked PVC with 6% mol of sodium mercaptosilane
at 160°C.

aminosilane is too aggresive and reduces the thermal
stability of PVC, giving an orange coloration.

Figure 4 shows the dependence of gel content and
M_ with time for the reaction of PVC with 6% molar
sodium mercaptosilane with DBTD as the cross-
linking catalyst at 160°C. The gel content increases
sharply at the beginning of the reaction, indicating
the effectiveness of this metallic thiolate as a cross-
linking agent for PVC.

Finally, we can say that sodium mercaptosilane
is not only the most effective crosslinking agent for
PVC as far as gel content and properties (as discuss
later) are concerned, but it is also the most stable
system thermally. This is derived from the fact that
thiolates give no side reactions because they are not
basic reactants, and the final materials are conse-
quently colorless.

Properties of Silane-crosslinking PVC

The principal reason for crosslinking plasticized
PVC is to increase its mechanical properties, es-
pecially at higher temperatures (>T}). In Figures 5
and 6 the UTS and elongation at break are compared
for various organosilanes at room temperature and

Table II Conditions and Experimental Results for PVC Crosslinking at 140°C and 30 min

Directly from Melt After 5 H in H,O at 80°C

Amount Gel Gel

Reagent (molar %) Equipment (%) M, v, (%) M, Ve
Aminosilane 3 Two-roll mixer 32 25000 390 X107 43 35800 2.80 X 107°
Aminosilane 10 Two-roll mixer 84 8000 1.25X10* 90 6700 1.50 X 107*
Mercaptosilane + PbO 10 Two-roll mixer 0 — — 0 — —
Sodium mercaptosilane 3 Brabender plasticorder® 0 — — 20 28000 3.60 X 107°
Sodium mercaptosilane 6 Brabender plasticorder® 52 5000 2.00 X 107 73 5100 2.00 X 10™*
Sodium mercaptosilane 10 Two-roll mixer 94 3200 3.10 X 10™* 100 2900 3.40 X 107*

240 rpm.
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Figure 5 Dependence of the UTS on the nature and amount of organosilane: (a) at room
temperature; (b) at 110°C. White columns: directly from the melt; black columns: after 5

h in H,O at 80°C.

at 110°C. As expected, no appreciable differences
were observed for the room-temperature UTS values
between the crosslinked and uncrosslinked poly-
mers. This is in agreement with the results of pre-
vious studies.>”®

The beneficial effects of crosslinking for reduction
of flow are appreciated at 110°C, since for the same
reaction conditions and the same molar amount of
organosilane, the UTS values of the sodium mer-
capto system are very much improved over those for
aminosilane and mercaptosilane with PbO. It is
worth mentioning that although the crosslinking
systems of Dahl and coworkers? seem to give good
material properties, we cannot compare our results
to theirs because they do not specify either the na-
ture of organosilane employed or the process fol-
lowed.

a) At T oom
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From this study we believe that the process of
crosslinking PVC using sodium mercaptosilane has
potential applications in the cable industry.

CONCLUSIONS

Obtaining crosslinked plasticized PVC using sodium
mercaptosilane by a substitution mechanism under
conditions similar to those encountered in an in-
dustrial environment is a feasible process. The free-
radical reaction of vinylsilane and acryloxysilane on
azide-modified PVC also leads to a crosslinked
polymer. These crosslinked PVCs’ gel contents,
UTS, and elongation at break at 110°C are very
much higher than for uncrosslinked PVCs, and

w1 b)At110°C

PVC ASi (3%) ASi (10%) NubiSi (10%4)

Figure 6 Dependence of the elongation at break on the nature and amount of organosilane:
(a) at room temperature; (b) at 110°C. White columns: directly from the melt; black columns:

after 5 h in H,0Q at 80°C.




higher than values reported in the literature for
similar systems.
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