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Abstract

The crosslinking of poly(vinyl chloride) (PVC) modified with 4-mercaptobenzyl alcohol is studied as a function of the number of hydroxyl
groups present in the polymer and the amount of crosslinking agent added. Comparison of crosslinking reaction of a hydroxylated PVC
polymer synthesized in our laboratory and a commercial system shows a higher reaction rate and degree of conversion for the former.
Swelling experiments of partially crosslinked polymers reveal the existence of two kinds of interpenetrated networks, chemical and physical.
The appearance of the physical network is due to hydrogen bonding interactions between the remaining hydroxyl groups in the polymer
chains after crosslinking. Thermogravimetric analysis and traction tests show good thermal stability of the networks obtained, and a
significant improvement in the mechanical properties with respect to linear M\ &lues obtained from swelling experiments, mechanical
tests and dynamomechanical tests are in agreement with the theoretical @829 Elsevier Science Ltd. All rights reserved.
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1. Introduction properties of this hydroxylated PVC have been reported
previously in this journal [33]. The modified polymer incor-

Chemical crosslinking of linear polymers may provide porating hydroxyl groups in well-defined positions can be
feasible routes for the improvement of polymer properties. totally or partially crosslinked, thus giving rise to networks
In addition to the mechanical properties, the thermal stabi- of a well-defined number and position of crosslinks with or
lity is also improved in polyolefins and halogenated poly- without free hydroxyl groups. This crosslinked polymer will
mers, amongst others [1-5]. have improved thermal and mechanical properties.

In particular, many industrial or laboratory processes, as In this work, we report the characterization and properties
well as commercial crosslinking agents, have been of hydroxylated PVC crosslinked with diisocyanates.
described in the literature for the crosslinking of poly(vinyl
chloride) (PVC) [6—30]. Some of these have found applica-
tion in the cable industry [19—21], and others are already in 2. Experimental
development [22—31]. All of these crosslinking agents lead
directly, in a single step, to network formation and, as a 2.1. Crosslinking reaction
consequence, the detailed characterization of the networks
and the estimation of their dimensions are rather difficult. ~ Starting from a commercial bulk polymerized PVC, the

In our laboratory, PVC containing hydroxyl groups by the synthesis of 4-mercaptobenzyl alcohol-modified poly(vinyl
modification of the PVC has been synthesized with a new chloride) (PVC-OH) was carried out according to the
family of thio derivatives from mercaptobenzyl alcohol. Method described in previous work [32,33]. Solutions of
This reagent has two reactive functional groups: a mercaptoPVC-OH in dry tetrahydrofuran (THF; 50 mg/ml) with
group, which is randomly grafted into the polymer by different molar proportions (with respect to the number of
substitution of the chlorine atoms, and a hydroxyl group, hydroxyl groups) of 1,6-hexamethylene diisocyanate
which reacts easily in a second step with a specific cross-(HMDI) were prepared in 5-ml hermetically sealed glass

linking agent [32,33]. The synthesis, characterization and flasks at 68C. The homogeneous viscous solution was
then placed on a glass plate and the solvent evaporated in

a slow stream of dry N Crosslinking of the films was
* Corresponding author. carried out in a vacuum oven at®Dover a period of 6 h.
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Purification of the networks obtained was achieved by 50-600C. The initial decomposition temperatures were

extraction with THF (24 h) and diethyl ether (24 h) in a taken as the point of onset. The activation energies for

Soxhlet apparatus. decomposition were calculated according to the Flynn—
In this study, networks of varying crosslinking density Wall kinetic analysis model [37].

and number of free hydroxyl groups were investigated. .

The latter systems were synthesized using a less than stoi2-2- Traction tests

chometric amount of NCO groups and employing PVC-OH

with different hydroxyl group contents. The stress—strain behaviour of the crosslinked PVC-OH

was studied on a temperature-controlled universal Instron

2.2. Crosslinking kinetics dynamometer. The measurements were performed°&t, 90
using a 0.1 kN load cell and with a testing speed of 50 mm/

Crosslinking of modified PVC was followed by IR  min.

spectroscopy on a Nicolet 520 IR-FT spectrophotometer. Samples were prepared from extracted crosslinked films,

During the crosslinking of unextracted films of 15—dfh obtained as described above. Dumbbell samples of 2 mm

thickness, prepared as described above, spectra weravidth at the deformation zone and 100—-30® thickness

recorded at different time intervals. The degree of conver- were cut. For each sample, a minimum of four samples were

sion of the crosslinking reaction was determined using a tested.

method described previously [33,34], allowing the estima- _ _

tion of the concentration of reacted HMDI. 2.6. Dynamomechanical thermal analysis

2.3. Swelling measurements The viscoelastic behaviour of crosslinked polymers was
tested on a Polymer Laboratories DMTA MKII dynamo-
In order to determine the network dimensions of the mechanical thermal analyser. Experiments were carried
crosslinked systems swelling experiments were performedout in load mode at constant stress with a reducing force
using the following procedure. Samples with a cylindrical device, at frequencies of 3, 5, 10 and 30 Hz, in the tempera-
symmetry (diameter 1.3 cm, thickness 0.3 mm) were ture range of 30—12C, with a heating rate of°’Z/min.
extracted in a Soxhlet apparatus, for 24 h in THF, and Samples were prepared from extracted crosslinked films,
then for 12 h with diethyl ether, and finally dried for 6 h obtained as described above. Rectangular samples of
at 40C. After determination of their dry weighi), the 2.2 mm width, 3cm length and 100-1@@n thickness
samples were then immersed in THF at@@nd swollen to were cut.
equilibrium (48 h). The laminates were drawn from the
solvent, their surfaces dried carefully and weighed) (
immediately. The average molecular weight between cross-
links, M., was calculated according to the Flory—Rehner
theory [35,36] using the formula:

3. Results and discussion

In a previous paper, it was shown [33] that the kinetics of
crosslinking of the modified PVC with HMDI can be studied
_ (1 _2y )V Vs by IR spectroscopy by following the disappearance of the

P2 ¢ ViV _ . .
NCO band at 2277 cit and the simultaneous formation of
a urethane band at 1729 chin the present work, it can be

T @ = V) + W2+ V,

1 demonstrated that this reaction is almost quantitative and
Vp = — ) that different crosslinking densities, as well as networks
P2 \Ws — W : . i
1+ p— W with free hydroxyl groups, can be obtained according to
1 0

the degree of modification of the PVC and the amount of
wherep; andp, are the density of the solvent and the poly- diisocyanate employed.

mer, respectively) the functionality of crosslinkingy; the The nomenclature used in this work to denominate the
molar volume of the solveny/, the volume fraction of the  crosslinked polymers is based on both the degree of modi-
polymer in the swollen network, andthe polymer—solvent  fication of PVC (molar percentage of hydroxyl groups) and
interaction parametemy, and wg are the dry and swollen  the amount of HMDI added for crosslinking to occur
weights of the network, respectively. The following values (expressed as molar percentage of NCO groups). In this

were used for the evaluatiopsyr = 0.88 g/lcm, ppyc = way, the samples are designated PVC-@% NCO p%,
1.39 g/lem, V, = 82.3 cni/mol, x = 0.21 andd = 4. although in general we will consider ‘completely cross-

linked polymers’ if the ratio [OH])/[NCO}= 1 and ‘partially
2.4. Thermogravimetric analysis crosslinked polymers’ if the ratio [OH)/[NCGO} 1.

The thermal stability of the crosslinked polymers was 3.1 Crosslinking reaction
evaluated by thermogravimetric analysis (TGA) performed
on a Perkin EImer TGA-7, using arnp,Ntream as purge gas, In previous studies on PVC-OH crosslinking with HMDI,
at heating rates of 5, 10, 15, 20 and@fmin in the range of it was shown that, in the case of a completely crosslinked
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Fig. 1. Kinetics of crosslinking at 6C and [OH]/[NCO]= 1. (@) PVC modified 6.5% with 4-mercaptobenzyl alcohd)commercial (vinyl chloride—vinyl
alcohol-vinyl acetate) terpolymer with 6% (molar) vinyl alcohol.

polymer, such as PVC-OH 13.2% NCO 13.2%, it is easy to clearly observed in this figure that the crosslinking reaction
reach degrees of conversion of up to 80% in 7 hours, but onof PVC modified with 4-mercaptobenzyl alcohol has a
extending the reaction time the conversion does not vary significantly higher reaction rate and leads to larger
significantly. The degrees of conversion of PVC-OH 7.3% degrees of conversion. This can be explained by the greater
polymers crosslinked with 2.7, 5.0 and 7.3 mol.% of NCO at accessibility of the benzyl hydroxyl groups compared to
60°C for 6 h are 100%, 98% and 94%, respectively. This vinyl hydroxyl groups: hydroxyl groups from vinyl alcohol
means that the crosslinking reaction is practically quantita- terpolymer, directly bonded to the polymer chain, have a
tive. Only in the case of the sample with a ratio [OH]/ high steric hindrance, and the reaction is perturbed
NCO] = 1 is the degree of conversion lower than 95%. compared with that of PVC-OH, where the hydroxyl
Combining these results with that observed previously, we groups are separated from the chain by the mercaptobenzyl
can conclude that the crosslinking reaction is quantitative if residue.
the number of hydroxyl groups present in the polymer is
greater than the number of NCO groups added. In the case of3 5 Network dimensions
completely crosslinked polymers, the degree of conversion
decreases due to a loss in the mobility of the polymer chains In this section, the mean average molecular weight
as the network density increases, thus reducing the accessibetween crosslinksM.) of the synthesized networks was
bility to the reactive groups. This could also explain the studied by means of swelling measurements. In Fig. 2(a),
different values of conversion reached in the samples the M. values of networks formed from PVC 22% modifi-
PVC-OH 13.2% NCO 13.2% (78%) and PVC-OH 7.3% cation are plotted as a function of the amount of diisocya-
NCO 7.3% (93%). nate used for the crosslinking reaction. It can be seen that
On the other hand, we have considered it to be of interestthere is a strong discrepancy between the measured and the
to compare the crosslinking reaction of a commercial theoretical curves for low concentrations of crosslinking
hydroxylated PVC with that of the PVC-OH synthesized agent, but that quite a good agreement is observed when
in our laboratory. In Fig. 1, the crosslinking kinetics of crosslinking is performed quantitatively. This last point is
both a vinyl chloride—vinyl acetate—vinyl alcohol terpoly- confirmed in Fig. 2(b), where th®l. values of PVC-OH
mer (with a molar content of 6% in hydroxyl groups) and crosslinked in equimolar ratios of [OH]/[NCO] are
PVC-OH 6.5%, with HMDI at 60C, are shown. It can be  presented. In this case, the measured network dimensions
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agree very well the calculations. Finally, Fig. 2(c) shows the
M. values for different PVC-OHs crosslinked with a fixed
amount of NCO groups (2%) as a function of the degree of
modification of PVC. An increase can be observed in the
deviation between the theoretical and experimental values
as the degree of modification increases, i.e. with a greater
number of hydroxyl groups remaining in the network.

The fact that theM values found in networks with free
hydroxyl groups are lower than the expected mesh dimen-
sions, and the almost independenc#lgfwith respect to the
NCO concentration in Fig. 2(a), leads to the conclusion that
a second mechanism must exist, apart from the chemical
crosslinking, which links polymer chains together. It can
be supposed that the presence of free hydroxyl groups in
the system leads to the formation of a physical network due
to hydrogen bonding interactions, which is superimposed
onto the chemical network. This explanation is supported
by the fact that the smaller the amount of NCO used for
crosslinking, the higher the amount of free hydroxyl groups
remaining in the network, and the more likely the formation
of a physical network by hydrogen bonding. The existence
of this type of interactions has already been shown in
previous work on PVC modified with 4-mercaptobenzyl
alcohol, by differential scanning calorimetry and light scat-
tering measurements, and by the evaluation of the mechan-
ical properties of these PVC-OH systems [33].

3.3. Thermal stability

The thermal stability of the modified and crosslinked
polymers was studied by TGA. In an earlier publication
[38] on the thermal degradation of PVC modified with
thiol compounds, it was demonstrated that the polymer is
stabilized at low degrees of modification due to the substitu-
tion of the most labile chlorine atoms, but that at higher
conversions an unstabilization occurs.

In Fig. 3, the TGA thermograms of partially crosslinked
and completely crosslinked PVC-OHs are compared. In the
networks, the first weight loss process, which is associated
with the loss of absorbed moisture and/or with the evapora-
tion of trapped solvent, is shifted to temperatures which are
about 50C higher than in the linear polymers, where the
first weight loss corresponds to the degradation of the most
labile chlorine atoms.

The second weight loss process corresponds to the
complete degradation of the polymeric system. In all
samples, this appears in the range of 2452°¢5%nd a
slight shift to higher temperatures is observed as crosslink-
ing increases.

With regard to the kinetics of degradation, the application

Fig. 2. Evolution of average molecular weight between crosslinks. (a) In
the crosslinking of PVC-OH 22.1% with different amounts of HMDI. (b) In
the crosslinking of different PVC-OHs with a ratio [OH]J/[NCG} 1.

(c) In the crosslinking of different PVC-OHs with 2% (molar) NCO groups.
(= — —) Theoretical calculations®) experimental data.
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Fig. 3. Thermograms from TGA, registered af@fmin. (@) PVC; () PVC-OH 11.2% NCO 3.7%; ( ) PVC-OH 11.2% NCO 11.2%.
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Fig. 4. Activation energies of the polymer chain degradation, determined from TGA by the Flynn—Wall kinetic model, grouped as a function of the type of
polymer. (1) PVC modified with 4-mercaptobenzyl alcohol; (2) completely crosslinked PVC-OH; (3) partially crosslinked PVC-OH.
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Fig. 5. Stress—strain curves of PVC-OH 11.1% crosslinked with different amounts of HMDI.

of the Flynn—Wall model to the second weight loss process the amount of crosslinking agent. Young’s modulus
allows us to obtain the activation enerds,d) for the poly- increases strongly with increasing crosslinking density and
mer degradation. In Fig. 4, results obtained from this study exhibits a value approximately an order of magnitude higher
are shown, where thg,qvalues are grouped as a function of inthe completely crosslinked state when compared to that of
the nature of the samples: linear modified PVCs, partially the linear polymer. The good agreement between the curves
crosslinked PVC-OH and completely crosslinked PVC-OH. for PVC with different degrees of modification must be
The modified polymers havig,y values similar to those of emphasized. The small differences can be explained by
PVC, and completely crosslinked PVC-OH values are the variation in the number of free hydroxyl groups in the
greater, but partially crosslinked PVC-OH gives the highest chains. On the other hand, elongation at break decreases as
overall values. Although it is difficult to explain the beha- crosslinking increases, leading to very short elongations
viour of the latter group of samples, it is clearly demon- with respect to that of PVC.

strated that crosslinking leads to an improvement in the

thermal stability of those polymers, thus making them 35 viscoelastic behaviour of crosslinked PVC-OH
attractive for many applications. networks

The rubber elasticity theory predicts the relationship
between the viscoelastic properties of a polymer network
Mechanical properties of modified and crosslinked PVCs and its dimensions, which can be expressed by the following
were performed at 9C on a universal dynamometer, where general equation:
they were tested for tensile strength at break, Young's pRT
modulus and elongation at break. These parameters can béM. = <
evaluated from the respective stress—strain curves. As an
example, the stress—strain curves of PVC modified 11.1% wherep is the polymer densityG is the shear moduluf®
(molar) with 4-mercaptobenzyl alcohol and crosslinked the ideal gas constant anidthe absolute temperature at
with different amounts of HMDI are plotted in Fig. 5, which the modulus is measured.
where the existence of an improvement in the mechanical The G values have been obtained by two different
behaviour can be observed as crosslinking increases. methods, the first by dynamomechanical thermal analysis
In Figs. 6 and 7, Young's modulus and the deformation at (DMTA). Michel and co-workers [39] assumed that the
break for modified PVCs with degrees of modification of storage modulus@’) tends to plateau at low frequencies,
11.2% and 6.5%, respectively, are presented as a function othus defining the equilibrium modulus from the rubber

3.4. Mechanical properties
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Fig. 8. Storage modulus as a function of temperature from the DMTA of a crosslinked PVC-OH (OH 24.6% NCO 24.6%) at different freqOgi3ci¢s; (
(0) 5Hz; (©) 10 Hz; (A) 30 Hz.

elasticity theory. It is possible that in our case the frequen-  On that basisM, values were calculated from the storage
cies used (3, 5, 10 and 30 Hz) may not be sufficiently low; modulus obtained in DMTA experiments &t= Ty + 15,
however, at temperatures significantly higher tiigrtheG’ and from the Young modulu&j at 9CC from traction tests.
values are almost constant, as can be seen in Fig. 8. These data were corrected to eliminate the contribution of
The second method for estimating t@evalues is from the hydrogen bonding interaction (hydroxyl physical
stress—strain curves. The modulus obtained from this typenetwork) to the experimentdt value of the crosslinked
of experiment is Young’'s modulus, but there is a known polymers, by subtraction of tHevalue of the corresponding
relationship [1,40] between three types of moduli, i.e. linear hydroxylated polymer. The results obtained are
Young's modulus E), shear modulus®) and bulk modulus  presented in Fig. 9, and compared with those of the swelling

(K), given by experiments and the theoretical calculations for an ideal
network.
= geiK A reasonable agreement betwedq values from swel-
3K+G ling and traction tests is found. The agreement between

experimental and theoretical values is quite good consider-

This expression can be reducedif> T,, sinceK > G, ) . )
P g > ing the non-ideal character of the real network. In this way,

and thus o .
the global deviation of the experimental data to values lower
E=3G. than the theoretical ones can be explained by the existence
3000
~ 2000 —
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Fig. 9. Comparison afi; values obtained by different methods as a function of the degree of crosslinkingrdm swelling experiments{{) from DMTA;
(©) from traction tests; ( ) theoretical. The molar percentage of hydroxyl groups in PVC-OH is noted near the dots.
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of physical crosslinks due to the macromolecular coil
conformation in the real network, in comparison to the
ordered ideal network.

4. Conclusions

The crosslinking of PVC modified with 4-mercaptoben-
zyl alcohol by addition of HMDI was carried out under
moderate conditions and in short times, leading to a practi-
cally quantitative process. This reaction has allowed us to
obtain chemical networks with different crosslinking densi-
ties and numbers of free hydroxyl groups.

In agreement with previous results on the behaviour of
linear PVC-OH, the existence of a physical network due to
hydrogen bonding interactions between hydroxyl groups

has been found in the case of partially crosslinked polymers.
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