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Abstract

A review with 36 references discussing the chemistry and the structure–property relationship of elastomers cured with two cross-linking

systems of different chain lengths such as sulfur and the polymerization products of p-benzoquinone and viewed as bimodal networks. These

exceptional networks have shown remarkable improvements in the overall mechanical properties which are anticipated to be due to the non-

Gaussian effects known for bimodal networks and evident by the anomalous upturn in the modulus values in Mooney–Rivlin stress–strain data

representations. Proton and 13C NMR as well as energy minimization calculations were used to study the chemical structures and single chain

contributions of polyquinones. Nuclei bending of these oligomers have shown to be greatly influenced by the restricted torsional behavior due to

the presence of the hydrogen bonds between the benzenoid nuclei. Intrinsic atomic-level forces for the networks were evaluated using molecular

dynamics techniques and showed that while the forces acting on the junction points of the cross-linking segments and the elastomeric chains had

no apparent change as a consequence of the networks’ bimodal formation, forces acting on the short chains of the bimodal networks are of much

higher values as compared to those of unimodal networks. The presence of the relatively long polyquinone chains in the bimodal networks has

caused the short sulfur chains to stretch to its maximum extensibility and no longer can increase its end-to-end distance separation by simple

rotations about its skeletal bonds. Limited chain extensibility of the short chains resulting from the deformation of the bond angles and bond

lengths has lead to higher potential energies. Studies on the swollen bimodal networks have validated the above conclusions since swelling of the

networks will prevent the elastomeric chains from undergoing possible strain-induced crystallization during the stress–strain experiments and any

abnormalities in the mechanical behavior of these networks must be therefore the result of the limited extensibility of the short chains of the

networks.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Attention has been recently directed to the use of

antioxidants which either have high molecular weights, and

therefore of low volatility or extractability, or can chemically

bind to the rubber matrix to avoid the blooming tendency,

and thus guaranteeing persistence in the final product [1,2].

Surprisingly, enough results were obtained [1,3] showing

an anomalous increase in the values of the ultimate
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tensile strength of samples prepared using both sulfur as

the cross-linking agent and a chemically bound antioxidant

such as the polymerization products of p-benzoquinone acting

as a second cross-linking agent. Control samples prepared

without the addition of antioxidants did not show [1–3] such

anomalous tensile strength behavior. Since an increase in the

modulus of elastomers could be explained on the basis of (i)

strain-induced crystallization of the elastomeric chains and/or

(ii) limited chain extensibility observed for networks with

bimodal cross-link length distribution [4,5], it is our intent to

focus on the underlying mechanism behind the observed self-

reinforcement behavior of these networks. Furthermore, we

will also attempt to examine the intrinsic atomic-level forces

exerting on the junction atoms, where the cross-linking agents

are attached to the elastomeric chains, on the sulfur atoms
Polymer 47 (2006) 415–423
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connecting the elastomeric chains and on the polyquinone

atoms comprising the second cross-linking agent of relatively

long chains. The study is also extended to investigate the

dynamics of the polyquinone chains through which the various

polyquinone forms may decrease their entropies in response to

the imposed stress.
2. Elastomers with two cross-linking systems

Three factors affecting the antioxidants performance [6] are

the intrinsic activity of the antioxidants itself to interfere with

and retard radical-chain oxidation processes, its incompatibility

with the rubber matrix, which may result in the aggregation of

the stabilizer and its spewing or blooming, and thirdly the

volatility or fugitive nature of the antioxidant. Losses due to

extraction or volatility immediately affect the ultimate

performance of the final product. Of the three factors mentioned,

the third is probably the most important, as it affects the

antioxidant’s persistence directly [2]. Basically, there are two

approaches to increasing the persistence of an antioxidant. The

first is to produce antioxidants of high molecular weights, and

therefore of low volatility or extractability [7]. The other is to

chemically bind the antioxidant of the polymer thereby

guaranteeing its persistence in the final product [8,9] product

In this case, the vulcanized rubber will possess two crosslinikng

systems, the short sulfur crosslinks and the relatively longer

chemically bound antioxidant.

2.1. Polymerization products of p-benzoquinone as bound

antioxidants for SBR

Polymerization products of p-benzoquinone were therefore

prepared [10] and its antioxidizing efficiency as bound

antioxidants for styrene–butadiene rubber (SBR) was investi-

gated [2]. Three forms of polyquinones, polyquinone (AQ),

which consists of both benzenoid and quinonoid nuclei, Fig. 1(a),
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Fig. 1. Sketches of the three products resulting from the polymerization of p-

benzoquinone.
the fully reduced form, polyhydroquinone (HQ), Fig. 1(b), and

the fully oxidized form, polybenzoquinone (BQ), Fig. 1(c) were

all used and tested against two control elastomeric samples

containing no commercial antioxidants and containing the

commercial antioxidant, phenylene diamine (6PPD),

respectively.

It was envisaged that these compounds will be excellent

candidates for stable antioxidants due to the well-known

antioxidizing capabilities of hydroquinone and the higher

molecular weight expected for these polymeric materials thus

lowering their volatility. This has been investigated by

measuring the percentage deterioration of tensile strength and

ultimate elongation for the thermally aged rubber samples after

up to 14 days in an air oven at 100 8C as described by ASTM

0573-99. The results indicate the remarkable antioxidizing

efficiency of these products for SBR as compared to common

industrial antioxidants as shown in Fig. 2.

The antioxidizing efficiency of the polyquinone products

seems to be due to the ability of both the hydroquinone and

benzoquinone nuclei to react with the radical intermediates of

the degradation process as well as their ability to block the odd

electron sites created on the rubber chains, thus disrupting the

chain degradation process as represented by Scheme 1.

According to this mechanism, the OH radical formed, being

of higher mobility, probably abstracts the hydrogen atom from

the hydroquinone nuclei of the stabilizer, thus leading to the

formation of highly stabilized semiquinone radical. The latter,

due to its high stability, can probably recombine with the

alkoxy radical derived from the rubber molecule leading not

only to the blocking of the odd electron site formed on the

rubber chain, but also to the bonding of the antioxidant

molecule with its effective hydroquinone and benzoquinone

nuclei.

This has been experimentally proven [2] by the non-

extractability of the investigated products from the rubber

vulcanizates when subjected to boiling tetrahydrofuran (in

which the products are freely soluble) in a Soxhlet apparatus

for 24 h. The profound effect on the tensile strength values due
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Fig. 2. Percentage deterioration of the tensile strength for various SBR samples

subjected to an accelerated thermal degradation using the oven method at

100 8C.
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Scheme 1. Action of the polyquinone antioxidants on blocking active sites created on the rubbery chains during the degradation process.
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to the incorporation of the polymerization products of

p-benzoquinone into a sulfur-curd rubber matrix such as SBR

is attributed to the excellent antioxidizing efficiency of the

quinone polymers along with their ability to bind chemically to

the rubbery chains, thus avoiding the blooming tendency,

escaping the rubber matrix, and eventually being vaporized off

the surface. However, enough results [1] were obtained

showing a gradual increase in the value of the ultimate tensile

strength of the samples during the early stages of the

accelerated aging process which is followed by breakdown in

the ultimate tensile strength of the samples but to a lesser extent

than the materials treated with commercially available

antioxidants. The value of the ultimate tensile strength of the

latter have normally degraded with the continuing aging

process, which indicates that the observed abnormal behavior

is related directly to the quinone polymers added to the rubber

matrix. Since an increase in the modulus of elastomers could

only be explained on the basis of strain-induced crystallinity of

the polymeric chains or a limited chain extensibility observed

for networks with bimodal chain lengths distributions [5,11],

the focus on the nature of the quinone polymer crosslinks was

assumed.
2.2. Elastomeric networks with bi-modal cross-link length

distribution

Sharaf and Mark [12] theoretically investigated the

elastomeric networks with two cross-linking systems, namely,

the very short sulfur cures and the sufficiently long polysulfidic

cross-links which then were assumed to be elastically effective

and would thus contribute to the modulus of the samples by

increasing their end-to-end distances and decreasing their

entropies in response to the imposed stress. Eventually, this

would lead to the superior mechanical properties bimodal

networks are known to have [13–16]. If, however, the longer

crosslinks are replaced by an antioxidizing polymeric material,

the effect will even be more profound, such as the case with

SBR materials treated with the polymerization products of

p-benzoquinone. In this system, the quinone polymers

themselves will act as elastomeric chains and a bimodal

network is produced.

As a consequence of the polymerization of p-benzoquinone,

the products would contain both quinone and hydroquinone

nuclei [10], which are characterized by their high efficiency as

radical traps and as blocking agents for radical sites created on
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the rubbery chains during the degradation process [2].

Consequently, crosslinking of the quinone polymers to the

elastomeric chains is not expected to occur during the molding

process as would be the case with sulfur cures. Alternatively, it

will take place during the degradation process, i.e. post-cure,

and a true bimodal chain length distribution is thus anticipated

to transpire by time.
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Fig. 4. Stress–strain isotherms for dry rubber vulcanizates prepared using

oxidized polyquinone.
2.3. Stress–strain measurements of the dry rubber vulcanizates

Representations of the stress–strain data of styrene–

butadiene rubber vulcanizates in the dry state, cross-linked

with two different cross-linking systems, the short sulfur cures

and the relatively long polyquinone chains are based on the

Mooney–Rivlin equation:

½f �� Z 2C1 C2C2aK1 (1)

where 2C1 and 2C2 are constants. Typical isotherms of this

type are shown in Figs. 3 and 4. Each one of these figures

corresponds to a different recipe and every isotherm in the

figures represents the stress–strain behavior of the sample after

being subjected to a definite aging interval. Results shown in

the figures show clearly the ‘non-Gaussian’ behavior of the

samples. According to the above equation, the reduced stress of

the sample should decrease with an increase in the elongation.

This did not occur until high elongations were reached.

Instead of continuing to decrease, an upturn in the modulus

values was obtained. This would consequently explain the

higher values of ultimate tensile strength obtained for these

samples when using the oven method, and shown in Fig. 2. In

the absence of the strain-induced crystallinity and the influence

of fillers, this behavior could only be explained on the basis of

the bimodality of the networks and in this case, the limited

chain extensibility of the short chains, which is responsible

for the increase in the modulus values observed for these

samples [5,17].
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Fig. 3. Stress–strain isotherms for dry rubber vulcanizates prepared using

polyquinone.
2.4. Stress–strain measurements of the swollen rubber

vulcanizates

It is envisaged that stress–strain measurements of swollen

rubber networks having bimodal cross-link length distribution

may provide a clear revelation on the effect of the limited chain

extensibility of the short cross-links on the moduli of these

networks. This is because swelling of the networks will prevent

the elastomeric chains from undergoing possible strain-

induced crystallization during the stress–strain measurements.

Mckenna and co-workers [18] have studied the mechanical

and swelling behavior of cross-linked natural rubber in the dry

and swollen states. They indicated that the mechanical and

swelling responses in their studies have been treated within the

context of the Frenkel [19]–Flory–Rehner [20] (FFR)

hypothesis. The hypothesis states clearly that the elastic free

energy of a swollen network is normally balanced by the free

energy of mixing at the vicinity of the swelling equilibrium and

is generally expressed as:

KRT lnð1Kv2ÞCv2 Ccv2
2

� �
Z

V1

l2

vDA

vl
(2)

where R is the gas constant, T the absolute temperature, v2 the

volume fraction of rubber in the swollen state, c the Flory–

Huggins interaction parameter, V1 the molar volume of the

solvent, l the stretch ratio given by vK1=3
2 and DA the elastic free

energy per unit volume of dry rubber. They reported that, for

the experimental results to be consistent with the FFR

hypothesis, the Flory–Huggins c parameter need to be

dependent upon the cross-link density, v. Nevertheless, they

showed that an apparent universal relationship between the

value of ceff and the cross-link density, which is independent of

the solvent used during the swelling experiments, persists.

Mark [21] has reported the results of simple tension

experiments on dry and swollen cis-1,4-polyisoprene networks

of various cross-link densities having unimodal cross-link

length distribution. The modulus or the reduced force of these

networks showed as expected a significant decrease with
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extension and swelling. The dependence of the observed

moduli on extension and swelling, was shown to be well-

represented by the results of calculations based on the Flory–

Erman theory of networks with constrained junctions [22].

Other studies were also performed on expanded natural rubber

vulcanizates. Sombatsompop [23] illustrated the effect of the

cross-link characteristics on the mechanical and swelling

behavior of these foams. He showed that the properties of the

expanded networks are dependent not only on the degree of

cross-linking, but also on the type of chemical structure of the

cross-link.

The reduced stress or modulus for the swollen samples is

given by [5]:

½f �� Z
ðf =A�Þv1=3

2

ðaKaK2Þ
(3)

where f is the equilibrium elastic force, v2 the volume fraction

of polymer in the stretched swollen network, and aZL/Li,v the

extension ratio relative to the length Li,vZL0(V/V0)1/3 of the

unstretched (isotropic) specimen at the volume V prevailing in

the elongated state. The application of swelling on the stress–

strain measurements of styrene–butadiene rubber vulcanizates

in the swollen state cross-linked with two different cross-

linking systems, the short sulfur cures and the relatively long

polyquinone chains had a much more pronounced effect. The

resulting isotherms [24] are shown in Figs. 5 and 6.

The effect of swelling on the isotherms of the bimodal

networks is quite different from that of the unimodal ones. In

the usual case of unimodal networks, the application of

swelling causes a decrease in the modulus. However, the

opposite effect is observed with bimodal networks. The higher

the cross-link density of bimodal networks the higher the

influence of the swelling on the modulus so that the upturn in

the modulus values appears at lower deformations. These

enhanced upturns are apparently due to the diluent stretching

the short chains closer to the limits of their extensibility [5].

The results presented here for the elongation region are similar
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Fig. 5. Stress–strain isotherms for swollen rubber vulcanizates prepared using

polyquinone antioxidants.
to those also obtained for bimodal PDMS networks in

elongation [25] and in compression [26].

2.5. Molecular modeling of the polyquinone structures

In order to gain more insight into the microscopic nature of

polyquinone chains and how this may influence its macro-

scopic characteristics, energy minimization of the three

macromolecular structures was performed using steepest

descent and dynamic quenching techniques. The polymers

under study are polyquinone (AQ), polyhydroquinone (HQ),

and polybenzoquinone (BQ). Potential energies of totally

minimized structures using the steepest descent and dynamic

quenching methods are given in Table 1 [27]. Data obtained

from the analysis of the minimized structures indicates that the

quenching technique, as expected, was able to overcome the

small barriers between the stable points on the potential energy

surface to finally approach a new energy minimum. Results

shown in the table also indicate that polyquinone and

polyhydrquione are greatly stabilized by the presence of the

hydrogen bonding which is also expected to limit their number

of conformations. Studying the effect of cooling on the system

behavior indicated that the nuclear bending dynamics is more

restricted than the torsion dynamics causing the range of the

former to be much smaller than that of the latter.

The dynamics of bending must therefore require more

energy and upon cooling, the system dynamics loses most of

the energy available through the more restricted bending

fluctuations. Polyhydroquinone being mostly stabilized by

hydrogen bonding showed the highest bending movement.
Table 1

Potential energies of polyquinones evaluated using molecular mechanics

Polyquinone

type

Potential energy (kcal molK1)

Steepest descent Dynamic quenching

AQ 40.724 37.187

HQ K0.543 K8.901

BQ 76.749 74.179
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The presence of the hydrogen bonds between the hydroxyl

groups on neighboring hydroquinone nuclei should restrict to

some extent the torsional movement of these nuclei about the

bonds connecting them as was evident by the steady behavior

of the polymer at low temperatures [27]. The ease of torsional

movement of polybenzoquinone is due to the lack of any

hydrogen bonding, which led to a moderate fluctuation of its

bending behavior. The dynamics in general of polybenzoqui-

none are much more restricted than that of polyquinone and

polyhydroquinone as was determined using molecular

dynamics techniques [28]. Not as much as the case with

polyhydroquinone, the torsion of polybenzoquinone is some-

what restricted as well. This is because of the partially

negatively charged carbonyl oxygen atoms. The maximum

repulsion between these charged atoms must take place as the

torsional angles approach 1808. Alternatively, torsional angle

value of polyhydroquinone is near the 1808 to favor the

hydrogen bonding formation between neighboring groups.

Because of the existing repulsion between the carbonyl oxygen

atoms, this value might either go up or down away from the

high energy barriers at 1808. These barriers are high enough not

to be easily overcome and fluctuations between these barriers

are therefore only allowed. Polyquinone in general, shows

behavior in-between that of polyhydroquinone and polybenzo-

quinone. The behavior is, however, more closely related to that

of polyhydroquinone, which indicates the stronger presence of

the benzenoid nuclei over the quinonoid ones in an equimolar

ratio compound. This is due to the more restricted dynamics of

the quinonoid nuclei in general. In all three models, the mean

square displacement calculations showed a transition tempera-

ture at 365 K at which all three systems slow down in terms of

their molecular dynamics.

2.6. Evaluation of the intrinsic atomic-level forces

in the non-Gaussian polymer networks

In order to evaluate the non-Gaussian effects of the polymer

networks cured with two different vulcanizing agents of

different lengths, Mark and co-worker [12] theoretically

investigated the elastomeric networks with two cross-linking

systems, namely, the very short sulfur cures and the sufficiently

long polysulfidic cross-links which then were assumed to be

elastically effective and would thus contribute to the modulus

of the samples by increasing their end-to-end distances and

decreasing their entropies in response to the imposed stress.

Eventually, this was shown to lead to superior mechanical

properties for bimodal networks [13–15,29]. The increase in

the modulus and the anomalous improvements in the ultimate

properties of the bimodal networks are thought to be due to the

intramolecular effects, specifically to the non-Gaussian effects

arising from the limited chain extensibility. The hypothesis as

outlined by Curro and Mark [30] states that a network chain

near its maximum extensibility can no longer increase its end-

to-end separation by configurational changes, i.e. by simple

rotations about its skeletal bonds. Deformations of bond angles

(and possibly even bond lengths) would be required, and the

energies for those processes are much greater than those for
configurational changes. The forces, acting microscopically, on

the individual long and short network chains could be

evaluated by considering a bimodal network consisting of NS

short chains and NL long chains. The free energy change DA(a)

due to the deformation of the network long (L) chains and short

(S) chains with a uniaxial stretch ratio (a) is given by:

DAðaÞ Z DALðaLÞCDASðaSÞ (4)

Making use of the conventional rubber-like elasticity theory

[31], the free energy change of the long chains is given by:

DAL Z
KTNL

2V

a2
L C2

aLK3

� �
(5)

whereas the free energy change of the short chains is given by

[32]:

DAS Z
NS

3V
A0ðr0aSÞC2A0 r0aK1=2

S

� �
K3A0ðr0Þ

� �
(6)

where r0 is the root-mean-squared value of the end-to-end

distance. The intrinsic microscopic deformation could be thus

related to the macroscopic deformation by (i) considering the

average microscopic deformation to be affine,

a Z xLaL CxSaS (7)

where xL and xS represent the fraction of the long and short

chains in the network, and by (ii) partitioning the macroscopic

deformation between the long and short chains non-affinely

according to:

vDA

vaS

� �
a

Z 0 (8)

Applying the extreme condition in Eq. (8) into Eqs. (4)–(7)

yields the relationship:

r0

3
A0

0ðr0aSÞa
K3=2
S A0

0 r0aK1=2
S

� �� �

Z
KT

xL

ðaKaSxSÞKx3
LðaKaSxSÞ

K2
� �

(9)

The nominal force, f*, on the network can be obtained from the

following considerations:

f � Z KT
vA

va

� �
Z KT

vA

va

� �
aS

C
vA

vaS

� �
a

vaS

va

� �� �
(10)

The second term on the right-hand side of Eq. (10) vanishes in

view of Eq. (8), thus we obtain:

f � ZKKT
vA

va

� �
aS

(11)

and finally,

f � Z vKT
a

xL

K
xSaS

xL

K
a

xL

K
xSaS

xL

� �K2� �
(12)

thus implying the relationship between the microscopic

deformation of the individual short chains and the macroscopic

deformation, a, which is well described by the virial stress

formula [33] where the macroscopic stress tensor in a polymer



Fig. 8. Graphical representation of a bimodal polybutadiene network cross-

linked using sulfur atoms and polyhydroquinone long chains.

Fig. 7. Graphical representation of a unimodal polybutadiene network cross-

linked using only sulfur atoms.
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system may be expressed as a sum of the intrinsic atomic-level

stress tensors, with each of the latter associated with a single

atom.

The profound effect on the mechanical properties of

styrene–butadiene networks resulting from the incorporation

of polyquinones into the sulfur-cured rubber matrix was thus

elaborated further by considering the intrinsic atomic-level

stress tensors associated with each individual atom [34]. This is

possible if an assumption was to be made that the relatively

long polyquinone chains are elastically effective and would

thus contribute to the modulus of the samples by increasing

their end-to-end distances and decreasing their entropies in

response to the imposed stress. These nuclei, in fact, are

planner in nature and changes about the bond angles or the

torsional angles within the single nuclei are highly unlikely.

The only types of motion these materials might, therefore,

perform must involve the bonds connecting the different nuclei.

Torsion and/or quinonoid–benzenoid nuclei bending about the

connecting bonds are such examples as was elaborated earlier

by considering the molecular modeling of the polyquinone

chains. The intrinsic forces acting on the various atoms

comprising a cross-linked system is normally evaluated during

the integration of the classical equations of motion [35]. For a

system of atoms, with Cartesian coordinates ri and mass of

atom mi, the force exerted on that atom is given by:

mi$€r i Z fi (13)

where €r i is the second derivative of ri with respect to the time t.

The force acting on atom i is related to the potential energy

exerted on atom i, V, by:

fi ZKVri
V (14)

Integration of the equation of motion during a dynamics run

is usually achieved by the evaluation of the total potential

energy exerted on atom i and the calculation of the force fi
acting on this atom accordingly. This is done by evaluating all

pairwise potentials between atom i and all other atoms in the

system within a loop over all pairs of i and j atoms. The

pairwise potential energy, V(rij), the pair virial function, W(rij),

and the pairwise force directed along the interatomic vector, rij,

are all related according to:

fij ZK
1

rij

dVðrijÞ

drij

� �
rij ZK

WðrijÞ

r2
ij

rij (15)

Insight II modeling package was employed to perform the

dynamics simulation of sulfur-cured butadiene networks either

with no incorporated polyquinone cross-links (unimodal

networks), Fig. 7, or with the incorporation of the polyquinone

chains (bimodal networks), Fig. 8.

Energy minimization of the various unimodal and bimodal

cross-linked systems was performed using the dynamic

quenching method. The technique involved the coupling of

all the systems to a thermal bath as to allow for the temperature

variation [36]. This is simulated by constantly monitoring and

adjusting the average kinetic energy of the atoms to maintain a

newly given temperature during a molecular dynamics run.
By setting the target temperature to a very low value (e.g. 1 K)

the system overcomes small barriers during the relaxation

procedure to finally settle in a lower-energy minimum.

The higher potential energies determined for the bimodal

networks as compared to the unimodal ones were explained to

be due to the intramolecular effects arising from the presence of

the bimodal cross-linking. Since a network chain near its

maximum extensibility can no longer increase its end-to-end

separation by simple rotations about the skeletal bonds,

deformation of the bond angles and lengths leading to a

greater potential energy values would be required. Further-

more, potential energy results showed that polyquinone

networks (AQ) were greatly stabilized by the presence of the

hydrogen bonding between the hydroxyl hydrogen attached to



Table 2

Intrinsic atomic-level forces acting on the junction atoms of the networks

Segment length Intrinsic forces (kcal molK1 ÅK1)

Unimodal cross-linking Bimodal cross-linking

AQ BQ HQ AQ BQ HQ

3 38.34 40.24 37.56 39.30 39.14 41.17

4 38.69 35.30 39.34 40.06 40.38 39.77

5 37.08 38.27 37.51 38.71 41.28 39.29

6 37.48 39.38 39.66 38.58 40.56 40.66

7 40.23 37.23 39.79 37.94 40.18 39.78

8 37.96 38.17 37.60 39.84 39.92 38.92

9 40.15 37.14 38.61 40.80 40.37 40.30

10 36.26 40.63 37.55 39.48 39.37 40.11
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the benzenoid rings and the carbonyl oxygen atoms of the

quinonoid ones. Increasing the segment length of the

polyquinone chains also resulted in an increase of the total

potential energies of these systems.

Values for the intrinsic atomic-level forces acting on the

junction atoms of the cross-linking systems and the elastomeric

chains as a function of the polyquinone segment length are

listed in Table 2. The table shows that these forces have

practically similar values irrespective of the type, arrangement

or the segment length of the cross-linking agents within the

statistical errors. This indicates, however, that the various

arrangements of the cross-linking agents do not influence the

elastomeric chains but rather affect intrinsically the cross-

linking chains themselves. Further results [34] showed that for

a network cross-linked using sulfur atoms only, the forces

exerting on the sulfur atoms had the lowest values.

Replacement of one of the sulfur short chains by a relatively

long polyquinone chain has caused the stress on the other sulfur

short chain to increase dramatically possibly due to the limited

chain extensibility of these short chains. To clarify this further,

the forces on the polyquinone atoms in unimodal and bimodal

arrangements were also evaluated. In this case, unimodal

networks refer to elastomeric networks with only one cross-

linking system, either sulfur or polyquinone chains. Bimodal

networks refer to elastomeric networks with both cross-linking

systems. Comparison of the results from the two arrangements

clearly showed that the intrinsic forces acting on the

polyquinone atoms have decreased as a result of the formation

of the bimodal networks and the limited chain extensibility of

the short sulfur chains. The results also showed that for the

three chemically different polyquinone chains, BQ-crosslinked

networks had the highest stress values, which correspond to

elastomeric networks with the lowest percentage deterioration,

Fig. 1, and the highest modulus values, Fig. 4. This is due to the

absence of any hydrogen bonding formation in BQ chains,

which resulted into the easiness of the dynamics of the

relatively long chains causing them to be elastically effective

and to dramatically contribute to the modulus of the samples by

increasing their end-to-end distances and decreasing their

entropies in response to the imposed stress. The dynamics of

the three polyquinone chain types showed that the motion of

AQ and HQ segments were mostly stabilized by hydrogen
bonding between the hydroxyl groups on the neighboring

hydroquinone nuclei, which restricted to some extent the

torsional movement of these chains rendering them less

elastically effective.
3. Conclusion

Styrene–butadiene rubber vulcanizates prepared using

sulfur as the cross-linking agent and a chemically bound

antioxidant such as the polymerization products of p-benzo-

quinone acting as a second cross-linking agent exhibited a

significant improvement in the ultimate mechanical properties.

The upturn in the modulus values in response to the imposed

stress could only be explained on the basis of strain-induced

crystallization of the elastomeric chains and/or the limited

extensibility of the short network chains. Stress–strain

experiments carried out on these networks in the dry and the

swollen states emphasized the underlying mechanism of

observed ‘non-Gaussian’ behavior. Since swelling of the

networks will prevent the elastomeric chains from undergoing

possible strain-induced crystallization during the stress–strain

experiments, it must therefore be concluded that the marked

improvement in reinforcement has resulted from the very

limited extensibility of the short network chains. The higher the

cross-linking density of these networks, the higher the

influence of the swelling on the modulus so that the upturn in

the modulus values appeared at lower deformations. The short

chains near its maximum extensibility can no longer increase

its end-to-end separation by simple rotations about its skeletal

bonds. Therefore, deformation of the bond angles and bond

lengths of the short chains will be required in response to the

imposed stress. These deformations demand greater energies

than those for configurational changes. Intrinsic atomic-level

forces evaluated for the various atoms in the polymer networks

of unimodal and bimodal chain length distribution indicated

that the atoms at the junction points of the cross-linking agents

and the elastomeric chains suffer no extra stress due to the

change in the network chain length distribution. The intrinsic

forces acting on the atoms comprising the short sulfur cross-

links has increased dramatically upon the formation of the

bimodal networks on the expense of the stress values acting on

the relatively long cross-links. The limited chain extensibility,
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in this case, has acted as to increase the total potential energy of

these networks and consequently its nominal force giving rise

to the anomalous modulus values, bimodal networks are known

to have.
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