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D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 1
0:

46
 1

1 
A

ug
us

t 2
01

2 



STATUS AND TRENDS IN THE AREA OF

ELASTOMERS AND RUBBERLIKE ELASTICITY

J. E. Mark

Department of Chemistry and the Polymer Research Center,

The University of Cincinnati, Cincinnati, OH 45221-0172, USA

General topics covered in this overview are (i) some new elastomeric polymers,

(ii) unusual network structures, (iii) elastomeric composites, (iv) new charac-

terization techniques, (v) theoretical developments, (v) unusual applications,

and (vi) societal aspects.

Keywords: bimodal distributions; biosynthesis; elasticity theory; elastomers; environmental

concerns; gel collapse; interfaces; mechanical properties; medical applications; model

networks; polymer education; recyclability; reinforcement; rubberlike elasticity

ELASTOMERIC POLYMERS

Elastomers with very low melting points can not undergo strain-induced
crystallization under normal conditions, and therefore can not benefit from
reinforcing effects from the crystallites thus generated. In fact, it is well
known that this reinforcement is the origin of the superb mechanical
properties of crystallizable elastomers of natural rubber, cis-1,4-polybuta-
diene, and polyisobutylene [1–3]. One goal relevant to this phenomenon is
to increase the melting point of an elastomer such as poly(dimethylsilox-
ane) (PDMS) [�Si(CH3)2O�] by increasing the stiffness of the chains.
One way of doing this is to put a meta or para phenylene group in the
backbone of the repeat unit [4]. Adding more than one phenylene group
in the repeat unit could be of considerable interest because of the various
meta, para combinations that could presumably be synthesized. Cyclo-
hexylene groups should be less stiff than phenylene groups, and either
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meta- or para-groups could also be of interest in this approach. It is also
possible, of course, to make chains stiffer through the use of bulky side
groups.

Another aspect in this area involves ‘‘model networks’’. Elastomers of
this type are made by reacting functionally-terminated chains with a multi-
functional end-linking agent. Because of this very specific end-linking
approach, much more information on the structures of these elastomers
is known. For example, the molecular weight between cross links is simply
the molecular weight of the chains being end linked, and the distribution of
the network chain lengths is that of these precursor chains as well. These
elastomers also have unusually good mechanical properties, perhaps
because of a reduced number of dangling chains [5,6]. The same synthesis
approach has been used to put known numbers of dangling chains of known
lengths into intentionally-imperfect networks, to gauge the effects of these
irregularities on mechanical properties.

Also of interest are fluorosiloxane elastomers. For example, placing
fluorine atoms into siloxane repeat units can be useful for increasing poly-
siloxane solvent resistance, thermal stability, and surface-active properties
[7–9]. There is also an unusual type of elastomer with permanently hydro-
philic surfaces obtained by the polymerization of elastomer comonomers in
the presence of an amphiphilic block copolymer [10]. This hydrophilicity
could be important in applications such as elastomeric implants in the
body.

Considerable interest is now focused on developing thermoplastic elas-
tomers that are less expensive than the Kraton1 styrene-butadiene-
styrene triblock copolymers [11]. The leading candidates are stereochemical
copolymers of polypropylene, and chemical copolymers of ethylene and
comonomers such as n-hexene-1 [12–15].

Another interesting elastomeric material is a type of ‘‘baroplastic’’ elas-
tomer which parallels thermoplastic elastomers in that a pressure increase
gives the desired softening required for processing instead of the usual
temperature increase [16].

Some novel elastomers have network chain-length distributions that are
bimodal [17], and are obtained by end linking a mixture of very short chains
with the much longer chains that are typical of elastomers. The resulting
bimodal elastomers have unusually good ultimate mechanical properties,
including toughness [18]. This is illustrated by the modulus reciprocal
elongation isotherms shown in Figure 1.

Forming networks by cross linking in solution or in a state of deformation
has a number of advantages, including the synthesis of elastomers exhibit-
ing less stress relaxation, and stress-strain relationships that are closer to
those expected from the simplest molecular theories [5,19,20]. Recent stu-
dies on networks cross linked in solution have focused on their unusually
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high extensibilities [21], and changes in their extents of strain-induced
crystallization [22,23].

A relatively new area involves ‘‘gel collapse’’. Gels, which are networks
swollen with a diluent, can be brought to the point where only small
changes in a variable such as temperature, pH, ionic strength, etc. can bring
about an abrupt shrinkage [24–27]. The collapse is illustrated schematically
in Figure 2. The shrinkage occurs rapidly enough in fibers and films to be of
interest with regard to producing switches, actuators, artificial muscle, and
drug-delivery systems.

Some protein bioelastomers are relevant here, for example the elastin
occurring in mammals, the resilin in insects, and the abductin in shellfish.
Investigations of their properties can be used to obtain insights into cross
linking and elastic behavior in general, and is useful in what has been
termed ‘‘biomimicry’’ or ‘‘bio-inspired design’’ [4,28–31]. Spider silks have
also been under intense investigation [32–37]. There are a number of types
of silks spun by a typical spider, with mechanical properties designed for a
range of structural purposes. Several of these materials are elastomeric,
with one in particular being designed to be unusually ‘‘lossy’’ to better irre-
versibly absorb impact energies from flying insects [6]. Most relevant in the
present context is the possible use of some of Nature’s design principles in
the preparation of synthetic elastomers with improved properties.

FIGURE 1 Typical Mooney Rivlin plots of modulus against reciprocal elongation for

two unimodal networks having either all short chains or all long chains, and a bimo-

dal network having some of both.
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ELASTOMERIC COMPOSITES

One novel way of introducing ceramic-like fillers into a polymer is by the
in-situ hydrolysis and condensation of an organosilicate, organotitanate,
organozirconate, etc. to give silica, titania, zirconia, etc. [38]. These ‘‘sol-
gel’’ techniques have a number of advantages, including reactions that take
place at low temperatures, and the possibility of obtaining good particle
dispersions without the usual cumbersome problems of blending a separ-
ately prepared, agglomerated filler into a high molecular weight, high
viscosity elastomer.

There is also interest in non-spherical filler particles, particularly those
with ellipsoidal shapes. In one approach, reinforcing fillers are deformed
from their usual approximately spherical shapes in a number of ways.
For example, if the particles are a glassy polymer such as polystyrene, then
deforming the matrix in which they reside above their glass transition tem-
perature will convert them into ellipsoids. Uniaxial deformations give pro-
late (needle-shaped) ellipsoids, and biaxial deformations give oblate
ellipsoids [39,40]. The nonsymmetrical particles are also oriented in this
process, but this constraint can be removed by dissolving away the
uncross-linked host polymer and then simply blending the recovered parti-
cles into an elastomeric polymer before cross linking it. These two steps are
shown schematically in Figure 3. One interest here is the anisotropic rein-
forcements such particles provide, and there have been simulations to
better understand the mechanical properties of such composites [41].

FIGURE 2 A gel exuding solvent (‘‘syneresis’’) upon change in pH, with the shrink-

age representing gel collapse.
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Exfoliating layered particles such as the clays, mica, and graphite is
being used to provide very effective reinforcement of polymers at loading
levels much smaller than in the case of solid particles such as carbon black
and silica [42–46]. Other properties can also be substantially improved,
including increased resistance to solvents, and reduced permeability and
flammability.

Also of interest here are polyhedral oligomeric silsesquioxane (POSS)
particles. These fillers are cage-like structures, and have been called the
smallest possible silica particles. They typically contain between zero and
eight organic functional groups per cage. The particles with no functional
groups at all can be blended into polymers using the usual mixing or com-
pounding processing, while those with one functional group can be
attached to a polymer as side chains. Particles with two functional groups
can be incorporated into polymer backbones by copolymerization, and
those with more than two can be used for forming cross linked networks
[47–51]. Nanotubes are also of considerable interest in this regard [52–54].

Some fillers such as zeolites are sufficiently porous to accommodate
monomers, which can then be polymerized. This threads the chains
through the cavities, with unusually intimate interactions between the
reinforcing phase and the host elastomeric matrix [53]. Because of the
constraints imposed by the cavity walls, these confined materials show
no glass transition temperatures. The structures involved are illustrated
in Figure 4.

The sol-gel technique used to precipitate ceramic-like fillers into an elas-
tomer can also be used to precipitate elastomeric domains into a ceramic
[5]. The main goal here is to improve the impact resistance of the resulting
composite.

It is also possible to prepare composites with controlled interfaces.
By choosing the appropriate chemical structures, chains that span filler

FIGURE 3 Deformation of spherical particles into prolate ellipsoids in a temporary

host polymer, followed by removal of the particles and then dispersing them (with

random orientations) in another, elastomeric polymer prior to its cross linking.

Status and Trends of Elastomers 79=[563]
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particles in a polymer-based composite can be designed so that they are
either durable, breakable irreversibly, or breakable reversibly [55–57].

NEW CHARACTERIZATION TECHNIQUES

IR spectroscopy and birefringence [58] are being used to get new insights
into the network chain orientation necessary for strain-induced crystalliza-
tion [59]. Also of importance are NMR, small-angle x-ray and neutron scat-
tering, atomic force microscopy, Brillouin scattering [60,61], and pulse
propagation measurements [6,60,62]. In the last of these techniques, the
delay in pulses passing through an elastomer is used to obtain information
on its network structure.

Another type of characterization involves attaching probes to the two
ends of a single polymer chain and then stretching it to determine its equi-
librium and dynamic mechanical properties. This is generally referred to as
‘‘single molecule elasticity’’ [63–69]. Some rather sophisticated equipment
is required, such as ‘‘optical tweezers’’ and sensitive force-measuring
devices. Most of the effort thus far has involved biopolymers, and mechani-
cally-induced transitions between their various conformations. Although
such studies are obviously not relevant to the many unresolved issues that
involve the interactions of chains within an elastomeric network, they are
certainly of interest in their own right.

THEORETICAL DEVELOPMENTS

Some of the most interesting advances in rubber elasticity theory are the
various approaches being developed to take better account of chain entan-
glements [5,70]. In the ‘‘constraint’’ theories, the focus is on the way the
constraints are placed within the network structure, with some possibilities
being illustrated in Figure 5. They correspond to (a) the ‘‘constrained junc-
tions’’ theory, (b) the ‘‘constrained chain’’ theory, (c) the ‘‘diffused
constraints’’ theory, and (d) an example of a possible refinement that might
be suggested by future experiments.

FIGURE 4 Sketch of two polymer chains threading through the cavity of a zeolite.
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UNUSUAL APPLICATIONS

Elastomeric materials can also be used to improve the mechanical proper-
ties of thermosets or thermoplastics, for example by increasing impact
resistance. This is analogous to precipitating rubbery phases into a ceramic
matrix, as already mentioned. One example in the present approach is to
simply blend an elastomeric powder into the host polymer matrix [71,72].

Rubbery polymers have also been used in soft lithography techniques.
An image is formed by the room temperature curing of a polymer, and
PDMS has been particularly useful in such methods, because of its low
viscosity, the ease of end linking it at room temperature, and its great
flexibility [73–75].

Numerous medical applications have been developed for elastomeric
materials, particularly siloxane polymers because of their relative inertness
[76–78]. Prostheses, artificial organs, objects for facial reconstruction, and
tubing and catheters, for example, take advantage of the inertness,
stability, and pliability of the polysiloxanes. Artificial skin, contact lenses,
and drug delivery systems utilize their high permeability as well. There
has been considerable interest in modifying elastomeric materials to
improve their suitability for biomedical applications in general [79,80].

FIGURE 5 Locations of constraints in the constraint theories: (a) at the junctions

themselves, (b) at the mass centers of the network chains, (c) spread uniformly

along the network chains, and (d) at possibly more refined locations based on

future experimental information.
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Advances seem to be coming particularly rapidly in the area of high-tech
drug-delivery systems [81,82].

It is ironic that the most striking feature of elastomeric materials, their
very high extensibility, is not really exploited in major applications [1]. For
example, tires, conveyor belts, seals and gaskets, stretch clothing, cathe-
ters and other biomedical devices, and arteries, veins, and various tissues
in the body, etc. require only a capacity for relatively small deformations!
This is reminiscent of the ability to spin synthetic fibers to almost unlimited
lengths, while relatively short fibers are preferred in most applications (fab-
rics, carpeting, composites, etc.) [83,84].

SOCIETAL ASPECTS

Of interest here are the possible synthesis of elastomers in environ-
mentally-friendly solvents, and the understanding and exploitation of bio-
synthetic techniques [85]. Another environmental goal is recyclability
[86–90]. Other topics much in the news currently are the improvement of
safety aspects of tires (with an emphasis on more reliable bonding to tire
cords), and better barrier properties in anti-terrorism protective clothing.

Educational topics include curriculum development, and mobile labora-
tories for elastomer experiments and demonstrations.
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