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THE CHEMISTRY OF SYNTHETIC RUBBER™

RUDOLPH DEANIN**
University of Illinois, Urbana

INTRODUCTION

In 1835 an obseure German chem-
ist named Himly heated a sample of
natural rubber and distilled out a
volatile colorless liquid which was
later named isoprene.

During the next half century, sev-
eral men reported the repolymeriza-

tion of isoprene.” ** Then in 1882
Sir William Tilden suggested that if
another and more economical source
of isoprene were available, commer-
cial polymerization of isoprene to
synthetic rubber might be possible.®

While isoprene itself was not read-
ily available in large quantities, sev-
eral similar substances were.
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For example, bimolecular reduc-
tion of acetone produced pinacol hy-
drate, which was then dehydrated
to 2, 3-dimethylbutadiene; this
formed the basis of the German syn-
thetic ‘‘Methyl Rubber’’ during the
first World War. Later 1, 3-buta-
diene became available from several
sources in large quantities and is
now the most important material in
synthetic rubber production. Very
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recently even isoprene became com-
mercially available, but contempo-
rary industrial practice heavily fav-
crs the use of butadiene for general
purpose synthetie rubber.*

Several other types of synthetie
rubber are produced in small
amounts because they have special
physical properties which make them
useful in particular applications.*

For example, Neoprene has high oil
resistance, and many of its uses in
rubber hose, gloves, industrial shoes,
and power transmission belts depend
upon this. Vistanex or Butyl Rub-
ber is very impermeable to gases and
resistant to aging, making it valu-
able for use in inner tubes. Thiokol s
uses for rubber hose and cable insu-
lation depend upon its resistance to
aging and solvents. Koroseal pro-
vides transparent elastic films for
many purposes. Silicone greatly
outlasts other rubbers in high tem-
perature gaskets and similar uses.
The present discussion, however, will
be limited to butadlene polymers,
which form the major portion of
synthetic rubber produetion today.

THE GR-S POLYMERIZATION SYSTEM
The physical properties of buta-
diene synthetic rubber are improved
greatly by copolymerizing butadiene
with various vinyl comonomers,
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Comonomers
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While styrene is the most common
comonomer in GR-S rubber, many
substituted styrenes have been used
experimentally to determine whether
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they may produce improved syn-
thetie rubber.” For example, mono-
chlorostyrene is available in moder-
ate quantities and has produced tires
which wear considerably longer than
GR-S. One p-cyanostyrene copoly-
mer produced excellent preliminary
tests, but this comonomer is so diffi-
cult to prepare that no further stud-
ies of it have been attempted. At-
tempts to produce superior synthetic
rubber have led to the investigation
of even such complex comonomers as
p-(N, N-dimethylsulfonamido) sty-
rene and 2-methyl-4-methoxy-5-iso-
propylstyrene.

Acrylonitrile is another comono-
mer frequently used in industry.
Preliminary studies indicate that
methaerylonitrile may be far supe-
rior for tires, but this comonomer is
practically unavailable for further
tests at present.” Dimethyl vinyl-
ethinyl earbinol is an example of an-
other comonomer which may offer
the possibility of improving physical
properties.’

Butadiene copolymerizes very
slowly; even under the influence of
heat and pressure. With the addition
of proper catalysts—or activators—
the polymerization reaction may be

Catalysis of Butadiene Polymerization
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carried out readily under a wide
variety of econditions.

Thus alkali metals,®* alkali metal
alkyls,” or so-called ‘‘acidic’ metal
halides'® may be used to activate the
carbon-earbon double bonds and thus
catalyze extremely rapid butadiene
polymerization. The synthetic rub-
ber industry has generally preferred
to use activators which decompose
te yield free radicals which initiate
the polymerization reaction.
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While a number of types of activa-
tors have been developed,”** the
chemistry of activation is very ob-
scure and poorly understood. A sur-
vey of some of the activators fre-
quently used indicates that most of
them are good oxidizing agents, and
suggests that initiation of polymeri-
zation may involve some oxidation
reaction ; but the specificity of these
activator systems emphasizes the
complexity and obscurity of this re-
action,

The polymerization may be car-
ried out in the vapor or bulk
(liguid) phase,® in solution, * 1° sus-
pension, or emulsion?2,

While the Russian synthetie rub-
ber industry has concentrated upon
vapor or liquid phase polymerization
of butadiene using sodium catalyst,
American and German synthetic
rubber production is based upon
emulsion copolymerization of buta-
diene with other comonomers, using
free radical activators.

To disperse the organic monomer
liquid in water various emulsifiers
have been used.

In America ordinary fatty acid
soaps'® and certain rosin soaps (es-
sentially sodium dehydroabietate)*
are most commonly used, and other
emulsifiers such as amine soaps have
also been investigated.’* In Ger-
many, searcity of natural soaps led
to the use of various synthetic emul-
sifiers, such as Mersolat and Nekal.1®

Polymerization Media
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American Emulsifiers
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Hodium Dehydroabietate CH, /C-—-O:‘ Nat
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German Emulsifiers
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Tue GR-S POLYMERIZATION
ReacTioN

When soap dissolves in water it
forms plate-shaped or spherical mi-
celles.’”

The monomer is emulsified as drop-
lets of organie liquid surrounded by
soap molecules and suspended in the
aqueous phase. Monomer in these
droplets diffuses gradually into the
soap micelle, where intimate “inter-
phase contact permits the activators
to initiate the polymerization reac-
tion. As the reaction proceeds, con-
tinuous diffusion of monomer into
the micelle and polymerization there
converts the micelle into a polymer-
monomer particle surrounded by a
layer of soap molecules which stabi-
lize the latex. Eventually the mono-
mer droplets are all consumed, and
only the polymer-monomer particles
remain. Then further polymeriza-
tion of the monomer decreases its
concentration in the particles, and
the rate of polymerization decreases
eradually as the reaction approaches
completion.™®
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As the polymerization reaction
proceeds, the concentrations of the
reactants and the physical econditions
of the system change, and the mole-
cular strueture and physical prop-
erties of the resulting polymer vary
continuously.” The growing poly-
mer molecule may attack another
polymer molecule, probably at the
carbon-hydrogen bond adjacent to
a vinyl group, and this chain trans-
fer reaction produces a new free rad-
ical which grows into a eross-linked
three-dimensional molecule.2’

~— '+ H:CH— ————:H 4 -CH—— —~——CH

Repetition of this cross-linking re-
action produces a ‘‘pincushion”’
shape polymer molecule.

If a modifying agent is used to
regulate the growth of these eross-
linked molecules, it terminates the
growing molecules by a chain trans-
fer reaction.*!

~— "+ RE:H— ~ —:H + RS —BS

As the modifier is consumed during
the reaction, its concentration de-
creases and its effectiveness becomes
less and less. The decreased fre-
quency of chain transfer permits the
molecular weight to rise, but it also
permits more extensive cross-linking
to form large three-dimensional
molecules which are insoluble in
benzene and are known as gel.?*
As the modifier conceentration is de-
creased, gel formation inereases rap-
idly. Molecular weight, which is
measured by the intrinsic viscosity
of the dilute benzene solution, in-
creases as the modifier concentration
decreases, as long as the rubber is
entirely soluble; but when part of
the rubber is excluded from the
benzene solution as gel, the intrinsic
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MOLECULAR STRUCTURE VS, CONVERSION

PERCENT GELL

//
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viscosity drops, while the actual
molecular weight probably rises very
rapidly.

PuysicaL ProperTIES OF GR-S
SynTHETIC RUBBER

Corresponding with these changes
in molecular structure there is a
oradual change in physical proper-
ties.?* As the molecular weight in-
creases, the synthetic polymer re-
sembles natural rubber more closely
and the physical properties improve.
Extensive gel formation however
produces a structure quite different
from natural rubber, and has a detri-
mental effect on physical properties.
At high conversions, when gel
formation becomes serious, Mooney
viscosity increases, while processa-
bility and ease of breakdown de-
crease ; these all indicate the forma-
tion of tough rubber which is diffi-
cult to proeess. Rebound (resili-
ence) improves; but tensile strength,
elastic elongation, rate of erack
growth during flexing, and modulus
all become worse, signifying a deteri-
oration of rubber-like properties.
Thus polymerization conditions must
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be carefully controlled to produce
polymers with the desired physical
properties. : :

Even at its best, however, syn-
thetie rubber is very different from
natural rubber, and much of this
difference is believed to be due to dif-
ferences in molecular strueture.*

Natural rubber contains a 2-methyl
oroup placed at regular intervals
along the polymer chain, while poly-
butadiene does not. The position of
monomer units in the polymer chain
is very regular in natural rubber,
whereas it is a random mixture of
1, 2- and 1, 4-addition in synthetic
rubber, and would be even worse in
synthetie polyisoprene. The occas-
ional units of vinyl monomers add
to the heterogeneity of the synthetie
rubber molecule. Furthermore, in
natural rubber the arrangement of
the atoms at the double bonds is al-
ways cis, while in synthetic rubber
it is a mixture of cis and trans.*
Natural rubber contains long linear
molecules, while synthetic rubber
contains a heterogeneous mixture of
cross-linked three-dimensional molee-
ular structures. Finally the molec-
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Molecular Differences Between Natural and Synthetic Rubber

Natural Rubber
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CH

CH,

I
CH CH
I

I
CH, CH,

—CH,—CH=CH—CH,—CH—CH,——

\ %
CH, CH,

/
c=C¢C
H/ \H
Cis

ular weight distribution is very
different in the natural and syn-
thetic polymers: natural rubber is
more homogeneous, has less low-
molecular weight material and a
higher average molecular weight;
while synthetie rubber has more low-
molecular weight material, is more
heterogeneous, and has a lower aver-
age molecular weight.?* 26 Al] these

MOLECULAR WEIGHT DISTRIBUTION

Fie. 4

Trans

differences contribute to the great
difference between the two in proces-
sability and physical properties.
Consequently we eannot call buta-
diene polymers ‘‘rubber substi-
tutes’’ in the sense that they must
resemble and replace natural rubber.
Rather, we must recognize that syn-
thetie polymers are distinctly differ-
ent from natural rubber, and that
therefore their processing, physical
properties, and resulting uses must
be designed to use them to best ad-
vantage, rather than merely to make
them a bad substitute for something
entirely different. During the war
years, the urgent need for a rubber
substitute prevented this funetional
approach; and consequently the
future of synthetic rubber, in com-
petition with natural rubber, is still
uncertain. On the other hand, the
special synthetics, which were de-
veloped and applied specifically
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where they were superior, are cer-
tainly here to stay, and will become
more and more important as they
are developed further by industrial
research.
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