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Modification of isoprene rubber with high
molecular weight compounds in mixtures
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In the present work, the role of hexachloroparaxylene in modified rubbers (SKI-3) in
the systems of SKI-83+SKN-40+ZnO and SKI-3+PVC+ZnO under the influence of peroxide
was studied. Using physicochemical and spectral methods, the change in the molecular and
spatial network of isoprene rubber SKI-3 in the presence of an accelerator for crosslinking
of hexachloroparaxylene (HCPX) after peroxide crosslinking in an electric press in
423Kx40’ mode is shown. Formation of carbon-carbon chemical bonds in the SKI-3 rubber
macromolecule for each system under study and the increase in the crosslinking yield and
cross-linking efficiency with time were investigated. The behavior of high molecular
weight polyvinyl chloride (PVC) and polyvinyl acetate (PVA) has been studied, and the
radical reaction mechanism by EPR crosslinking has been confirmed.

Keywords: isoprene, polyvinyl chloride, polyvinyl acetate, crosslinking, molecular
weight, rheology, viscometer, spectroscopy.

Mopudirania i30IpeHOBOro KaydyKy BHCOKOMOJIEKYJISPHUMM CIIOJYKAMH B CyMilIax.
CA.Paximosa, ®.AAmipos, I.I'Mosnaes, III.M.Mamedos, I''A.Mamedosa, II.I.Icmainosa,,
P.®.Xanriwuesa

Burueno posb rexcaxsopnapaxcuiony B mopudiroBannx xayuyxkax (CKH-3) y cucremi
CKI-3+CKH-40+Zn0O, CKKI-3+IIBX+ZnO Ta CKI-3+IIBA+ZnO mpu nepoKCHIHOMY BILJINBI.
8a gomomorow (isuKo-XiMiuHOTO Ta CIEKTPAJbHOTO METOAIB IMOKAa3aHO 8MiHY MOJEKYyIApPHOI
Ta MPOCcTOpoBOi ciTKu izompenoBoro kayuyky CKH-3 y mpucyTHOCTi mprcKopioBaua 3ITUBAH-
HA rercaxsopnaparcunony (['XIIK) micis meporcugHOro SIIMBAHHS B eJEKTpPOIpeci B pe-
sxumi 428Kx40’. Mocaig:xeHo YTBOPEHHS BYIJIEIlL-BYIJeIleBUX XiMiuHMX 3B’A3KIiB y Maxpo-
moneryni rayuyrky CKI-3 pusa xosuOl mocaimxyBamol cuecreMu Ta 3061lJbIIEHHS BUXOZY
smrBaHHA Ta edeKTUBHOCTI SIIMBAHHA Bif uacy. BuBueHo mOBeIHKY BUCOKOMOJIEKYJIAPHOIO
nonisininxnopuzy (IIBX) ra moxisiminamerary (IIBA), mixzTBepiikeHo pagjuKanbHUN Me-
xaHism peariiii merogom EIIP smuBanHsA.

© 2022 — STC "Institute for Single Crystals”

1. Introduction

On the basis of isoprene rubber, a wide
range of polymeric materials can be ob-
tained, in which increased heat resistance
and resistance to aggressive environments
are required. For the crosslinking of SKI-3
rubber containing double bonds and cis-
trans structures in the rubber macromole-
cule in the presence of peroxides, the
crosslinking systems based on SKI-3 rubber
are resistant to thermal aging [1-5].
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It is known [6, 7] that the main factor
for a significant increase in bond strength
in elastomercord systems is the introduction
of a modifier, which leads to the formation
of chemical bonds between the elastomer
matrix and the cord. There is also evidence
that an increase in adhesive contact in an
elastomer system is achieved by introducing
into the elastomer composition high-molecu-
lar and low-molecular compounds containing
polar and functional groups in the molecule
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that can interact with the elastomer. There
is an evidence of an increase in the adhesive
properties of the elastomer used in mixtures
of maleimide anhydride [8, 9]. However,
low-molecular-weight additives often subli-
mate, migrate from the composite material
during operation, changing its properties.
One way to increase the bond strength of an
elastomeric system is to use high-molecular
compounds containing various polar groups
in the molecule. The purpose of this work is
to study the crosslinking of the elastomeric
mixtures SKI-3-SKN-40, SKI-3-PVC and
SKI-3-PVA in the presence of low molecular
weight compounds at various ratios.

In the course of this work, we studied
the efficiency of using high-molecular-weight
copolymers of butadiene-nitrile (SKN-40),
polyvinyl chloride (PVC) and polyvinyl ace-
tate (PVA) to increase the heat resistance of
cord-elastomer composites. The effects of the
composition and structure of isoprene SKI-3
on rheological, spatial network parameter and
physical and mechanical properties of wvul-
canizates are considered.

2. Experimental

The objects of the study were elastomeric
blends based on modified isoprene rubber
SKI-3-SKN-40, SKI-3-PVC and SKI-3-PVA
in the ratios 80:20, 90:10, 70:30. As a
crosslinking agent, 4.0 wt. parts of dicumyl
peroxide (PD), 8.0 wt. parts of accelerator
for the crosslinking of  hexachlo-
roparaxylene (HCPX), 5.0 wt. parts of ZnO,
2.0 wt. parts of a plasticizer stearic acid,
1.5 wt. parts of softener petroleum product
of bitium and 50 wt. parts of filler P324
(carbon black obtained by a furnace at
1100 K) were used.

On laboratory rollers, the specified com-
position was mixed at 80°C for 25 minutes
and elastomer mixtures were prepared with
a friction coefficient f = 1:2. Then the sam-
ples were molded on an electric press in the
form of plates with a thickness of 0.3 mm.
Under this condition, elastomeric blends
were prepared in the presence of 2.0 wt.
parts of sulfur.

The structure and composition of the mix-
tures were confirmed by spectroscopic data.

The number of crosslinked molecules
(1/Mn;) and the occurrence of active network
chains in the macromolecule were determined
by sol-gel analysis; the calculation was car-
ried out using the Flory-Rehner formula [10].
The change in the molecular structure of per-
oxide samples was observed by Fourier spec-
troscopy. The interpretation of the spectra
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was carried out in accordance with the cor-
relation tables and guidelines [11, 12].

The rheological properties of wvulcani-
zates were determined by capillary viscome-
ter using an Ubbolode viscometer [12]. The
change in the intrinsic viscosity of the sam-
ples was determined in a toluene solution,
and the calculation was carried out accord-
ing to the formulas of Mark Houwink [18].

The thermal properties of the samples
were studied on a Paulik-Paulik Erden deri-
vatorgraph (DTA), with 5 min heating rate.
The physical and mechanical properties of
the samples were determined by a known
method [14].

3. Results and discussion

Modifications of isoprene rubber with
high molecular weight compounds are of
great importance. To determine the
rheological properties, the combination of
isoprene rubber with nitrile-butadiene rub-
ber (SKN-40) and polyvinyl chloride (PVC)
and polyvinyl acetate (PVA) was initially stud-
ied; the influence of the system on the struc-
ture and properties of SKI-8 was determined.

After determining the cross-linking rates
for various ratios, the mass % ratio (80:20,
90:10, 70:30) of SKN-40, PVC and PVA in
the composition of the elastomer was cho-
sen. It has been established that the compo-
sition of the studied systems SKI-3-SKN-
40+HCP+ZnO, SKI-3-PVC+HCP+ZnO af-
fects the change in plasticity, stiffness and
viscosity of mixtures. As a result of me-
chanical plasticization of mixtures, the
plastoelastic properties of the elastomer can
increase by a factor of 2.

A characteristic feature of the structure
of quasi-systems consisting of an elastomer,
chlorine- containing compounds, and metal
oxides is the formation of particles of a
dispersed phase and a dispersed medium.
The properties of the mixtures depend on
the size and internal structure of the dis-
persed phase particles, as well as on the
intense interaction of the dispersed phase
with the dispersed elastomer medium [15].
According to the colloidal chemical concept
[16], in the studied elastomer mixtures,
after plasticization and heating, the chemi-
cal interfacial bonds provide intensive inter-
action with the dispersed medium of the
elastomer, which leads to structural trans-
formation of the elastomer. This conclusion
is confirmed by mechanical and thermo-
chemical crosslinking of polymer systems of
different grades at different time intervals.

Functional materials, 29, 3, 2022
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Table 1. Dependence of elastomeric mixtures based on copolymers in terms of plasticity, stiffness
and Mooney viscosity on the duration of mechanical plasticization

Elastomeric Duration of Plasticity, c.u. Stiffness, Hs Mooney viscosity,
mixtures plasticization, min c.u.
SKI-3-SKN-40 + 20 0.32 1400 40
HCPX + Zn0 40 0.25 1200 50
60 0.20 1000 60
SKI-3-PVC + 20 0.27 1200 32
HCPX + Zn0 40 0.20 1150 45
60 0.17 900 50
SKI-3- 20 0.24 1100 30
PVA+HCPX+ZnO 40 0.20 1000 40
60 0.13 900 50
As the results showed, the mechanical [n], dl'g
plasticization of quasi-systems is charac- 25 b
terized by a change in plasticity, stiffness "
and viscosity with an increase in the plasti-
cization time (Table 1). During mechanical 15 5
plasticization of the quasi-systems for 1 b -
20 min, a slight change in plasticity is ob- o ———Ny
served, which is associated with a phase ’
transition. An increase in the plasticization 0 2 2
0 10 20 30 40 50 60

time to 80 min leads to insignificant
changes in the plasticity parameters, while
an increase in the plasticization time to
60 min leads to a stable value of the plastic-
ity parameter. On the contrary, the stiff-
ness coefficient of elastomeric mixtures de-
creases sharply within 30 minutes. Appar-
ently, this phenomenon is associated with
the onset of destruction of the samples. The
subsequent increase in the time of mechani-
cal plasticization of the elastomeric mix-
tures does not lead to a significant change
in the stiffness coefficient; it remains in
the range of 1100-1400 gauss.

As can be seen from Table 1, in the pres-
ence of HCPX and ZnO in mixtures, the
Mooney viscosity parameter does not cause
significant changes during the plasticiza-
tion of elastomeric mixtures based on modi-
fied isoprene rubber (SKI-3).

Apparently, according to [17, 18], during
the mechanical plasticization in the struc-
ture of SKI-3-SKN-40, SKI-3-PVC and SKI-
3-PVA with low molecular weight HCPX,
under the action of applied forces, polymer
molecules are broken along the valence bond
with the formation of free radicals, or, pos-
sibly, the resulting free radicals interact
with polymer targets, forming crosslinked
structures. The results of experiments show
that the rate of mechanical plasticization of
modified mixtures is determined by the con-
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Time of plasticization, min.

Fig. 1. Dependence of the intrinsic viscosity
of solutions (toluene) on the duration of me-
chanical plasticization of copolymer mixtures
based on SKI-3.

1. SKI-3-SKN-40 + HCPX + ZnO;

2. SKI-3-PVC + HCPX + ZnO.

tent of polar —C=N, C—-Cl and COO groups in
them, and the rate of plasticization of mix-
tures increases with the introduction of
metal oxides (ZnO) into the composition of
metal oxides.

The kinetics of changes in the intrinsic
viscosity (1;,,;,) of an elastomeric mixture is
described by monotonically decreasing
curves (Fig. 1).

At the same time, for the mixture of
SKI-3-SKN-40, a higher rate of change is
observed during mechanical plasticization
than for the mixture with polyvinyl chlo-
ride. Based on the intrinsic viscosity data
during mechanical plasticization, the mo-
lecular weight value was determined. In the
elastomeric mixtures, a decrease in molecu-
lar weight from 200 thousand to 100 thou-
sand units was observed.

As it is known, the crosslinking reaction
of SKN-3 with chlorine-containing com-
pounds occurs as a result of the decomposi-
tion of CCC and the products of their de-
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Fig. 2. Dependence of plasticity (1), stiffness
(2) and Mooney viscosity (3) of mixtures
based on copolymers SKI-3-SKN-40 + HCPX
+ ZnO on the duration of heating (428Kx60’).

composition [19]. Crosslinking of metal ox-
ides plays an important role in thermo-
chemical processes as activating compounds.
The degree of dispersion and band gap
width of zinc oxide have a significant effect
on its activity during wvulcanization [20].
The conditions for the use of oxides for
crosslinking mixtures are specific.

The effect of HCPX, dicumyl peroxide
and zinc oxide on the plasto-elastic proper-
ties of thermovulcanizates under thermo-
chemical conditions was studied at a ZnO
content in the mixture of 5.0 wt. parts. The
obtained data (Fig. 2) indicate that plastic-
ity in thermovulcanizates appears 45 min-
utes after the start of the reaction, destruc-
tive changes in thermovulcanizates are com-
pleted and then (after 60 min) plasticity
monotonically increases until it reaches a
constant value. On the contrary, there is a
change in the value of the stiffness of ther-
movulcanizates.

An interesting regularity was established
when considering the effect of the concen-
tration of low molecular weight products on
the properties of thermovulcanizates. In
contrast to sulfur-containing structuring
systems, the amount of the accelerator of
crosslinking of HCPX introduced into the
elastomeric blends leads not to a decrease,
but to an increase in the duration of the
induction period of crosslinking, which is
reflected in the greater resistance of such
mixtures to precure.

The most sensitive parameter of the net-
work structure is the soluble part of the
mixtures in toluene (sol fraction, S). The
results of the sol-gel analysis of the investi-
gated unfilled vulcanizates are shown in
Fig. 3; it is seen that the amount of the sol
fraction depends on the density of the 1/M.
network. A change in the amount of sol
with a constant 1/M. (the number of tar-
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Fig. 8. Dependence of the amount of sol frac-
tion (S) on the concentration of active chains
of the network of vulcanizates

1. SKI-3-SKN-40 + DCP + HCPX + + ZnO
2. SKI-3- PVC + DCP + HCPX + ZnO
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Fig. 4. Dependence of the structural parame-
ters of the network of vulcanizates on the
heating time (423x60’K) in the SKI-3-SKN-
40+DCP+HCPX++ ZnO system

1. The number of crosslinked molecules

2. The number of active network chains

gets in the network) is observed with a
change in the molecular weight distribution
(MWD); obviously, this is due to the spe-
cific features of the adsorption of the elas-
tomer on the surface of dispersed particles of
HCPX. The low molecular fraction is concen-
trated in the volume of the elastomeric me-
dium, so it is less crosslinked. The total
amount of sol in the system is shown in Fig. 3.

Naturally, the formation of a number of
network targets in the system occurs ac-
tively only when the time of the crosslink-
ing duration increases from 30 to 60 min-
utes, when the mixtures are crosslinked for
60 minutes. The total number of chains in
the network is 11.5.:10° mol/ecm?3, and the
cross-linking rate is 0.7-103 mol/cm? (Fig. 4).

The results of determination of the
structural parameters of the vulcanization
network by the method of sol-gel analysis,
with the participation of low-molecular
weight products, makes it possible to more

Functional materials, 29, 3, 2022
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Table 2. Dependence of the physical and mechanical properties of vulcanizates based on copoly-
mers (SKI-3-SKN-40) on the content of dicumyl peroxide (DCP)

Crosslinking Peroxide Number of |[Stress at 200 % Tensile Relative
agent content, phr |network chains, | elongation, f,, strength elongation,
1/M 105 MPa e, %
0.5 0.75 3.7 11 650
. 1.0 1.19 4.4 14.6 580
Dicumyl
peroxide (DCP) 1.5 2.18 5.71 16.3 490
2.0 3.5 6.16 18.0 400
3.0 4.1 8.4 20.5 370

fully characterize the properties of mix-
tures with the participation of dicumyl per-
oxide (DCP) based on SKN-3-SKN-40-DCP-
HCPX+ZnO. The data presented in Fig. 4
describe the change in the total number of
network chains and crosslinked molecules
and indicate that crosslinking in these sys-
tems occurs more efficiently. A special role
in the systems is played by nitrile butadiene
rubber, which  successfully activates
crosslinking with the participation of low
molecular weight compounds.

Analysis of the IR spectrum of the SKI-
3-SKN-40-DCP-HCPX+ZnO structuring sys-
tem shows that after heating for 80 min, a
number of significant changes appear in the
system.

Thus, a decrease in the intensity of the
band at 1450 cm™! is observed, which refers
to deformation vibrations of the C—H bond
in the —-CH, group [21], and the band at
1315 cm™! is caused by out-of-plane and de-
formation vibrations of the C—H bond in the
—C=CH- group of the trans configuration
[22, 28]. The absorption intensity of the
790 cm™! band decreases noticeably, due to
vibrations of the C—C bond. This suggests
that chlorine is cleaved off the HCPX mole-
cules; as a result, apparently, the intensity
of the 1280 cm™! bands decreases; in addi-
tion in the spectral region of 2240 cm™! and
in the region related to SKN-40 significant
events occur due to stretching vibrations in
the —C=N group [24]. The absorption inten-
sity at a frequency of 2220 cm™! is related
to the formed complex compounds of the
—C=N group. Taking into account these
changes, it can be assumed that in mixtures
of SKI-3-SKN-40 with HCPX, the crosslink-
ing reaction proceeds with the participation
of the —CH- group associated with nitrile
groups and double bonds of polymer
molecules.

In conclusion, according to the data of
IR spectroscopy, the crosslinking of the
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SKI-3-SKN-40-DCP-HCPX+ZnO systems for
20-80 min proceeds with the following
changes: the intensity of the bands at
978 ecm™! and 1370 cm™! decreases due to
the deformation vibrations of the C—H bond
in the —CH = CH- group. From the optical
densities of the absorption bands at
978 cm™! of double bonds (1.4 trans) and at
928 cm™! of double bonds (1.2), the distri-
bution of double bonds was calculated for
the polymer system SKI-8-SKN-40-DCP-
HCPX+ZnO: 20 % are 1.2 bonds, 60 % are
1.4-trans bonds, and 20 % are 1.4-cis
bonds.

Crosslinking of polymer systems in the
presence of a crosslinking agent of dicumyl
peroxide occurs with the simultaneous for-
mation of vulcanization structures by the
formation of C—C bonds, which increases
the resistance to rupture of vulcanizates de-
pending on the crosslinking agent of
dicumyl peroxide (Table 2). It should be
noted that when the number of crosslinked
molecules in the elastomeric system becomes
significant, the strength of the vulcanizates
decreases.

Indeed, as can be seen from Table 2, a
decrease in the tensile strength occurs when
the formed chemical bond of C—-C becomes
unchanged, and its relative elongation de-
creases; as a result, a monotonic increase in
the concentration of active chains is observed.

The composition of mixtures with the
participation of DCP is given in the method-
ology on glava 2.

4. Conclusion

The above experimental data and earlier ob-
servations make it possible to show the influ-
ence of high and low molecular weight com-
pounds as a structuring agent and explain their
distinctive features. The rate of crosslinking of
DCP and HCPX with copolymers in the main
period may be due to the formation of low
molecular weight products during thermal dis-
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sociation of two active fragments capable of
interacting with the elastomer.

The density of vulcanization networks
obtained under the action of DCP and
HCPX is due to a structuring effect of the
used dicumyl peroxide (DCP) and HCPX,
which leads to the appearance of cross C-C
links between elastomer molecules.

When crosslinking copolymers based on
isoprene rubber SKI-3 with high and low
molecular weight compounds (PD, HCP,
ZnO), the molecular weight of the elas-
tomeric mixture increases. As a result of
crosslinking with particles of the dispersed
phase, an increase in the number of active
chains of the network (1/M,) is noted.

Based on the foregoing and experimental
data, we tried to explain the position of the
studied crosslinking agents in relation to
copolymers. When cross-linking SKI-3 using
DCP, HCPX, and ZnO at 423 K for 20-
40 min, HCPX decomposes by eliminating
chlorine from both trichloromethyl groups,
and the resulting diradical accepts hydrogen
from elastomer macromolecules. The intro-
duction of high and low molecular weight
compounds into rubber macromolecules
leads to a change in the structure of elas-
tomer systems. As a result of a chemical
reaction in the quasi-systems, chemical C-C
bonds are formed in the rubber molecule. A
change in the molecular structure and the
appearance of new active cross-links leads
to a change in the plastoelastic and physi-
cal-mechanical properties. For each mixture
under study, as a result of heating at 150°C
for 40 min, different changes in viscosity
(molecular weight) are observed. As a result
of changing the molecular weight with
modifying additives, a change in these prop-
erties is observed.

In conclusion, it should be noted that the
developed formulation based on copolymers
can be used in the elastomeric industry to
obtain heat-resistant elastomeric materials.
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