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A ‘CRITICAL EXAMINATION OF SOME CONCEPTS
IN RUBBER CHEMISTRY"

By Dr. THOMAS MIDGLEY, JR. ‘
MIDGLEY FOUNDATION, THE OHIO STATE UNIVERSITY

VULCANIZATION

It is now over one hundred years since Goodyear
discovered vulcanization. Broadly speaking, vuleani-
zation is a process whereby a semi-useless vegetal
produect is converted into the most amazingly versatile
raw material the world of industry has ever known.
Need I recite your daily contacts with it? For ex-
ample, when you take a shower bath, your faucet
valve is faced with rubber, the curtain is rubberized

1 The concluding part of the address made by Dr. Midg-
ley on the occasion of the presentation to him of the
‘Willard Gibbs Medal of the Chicago Section of the Amer-
ical Chemical Society at Chicago on May 27. The presen-

tation of the medal was made by Professor Harry N.
Holmes, national president of the society.

cloth, the mat that keeps you from slipping is rubber,
and the imitation sponge you use is vuleanized rubber
in still another form. And when you play, golf balls,
tennis balls, footballs and baseballs all depend on
vuleanized rubber for liveliness. Notice that I didn’t
mention tires. They are almost too sacred to talk
about these days. And yet after a century, rubber
chemists are in less agreement on the nature of the
chemistry of vuleanization than Goodyear’s neighbors
were that he was crazy. Nor has a Hall of Fame jury
yet been selected with brains enough to honor Good-
year’s memory as it deserves. It is all most astound-
ing; but also is vuleanization.

If one wished to manufacture some rubber article,
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the first thing is to get a priority order; after that,
the ecrude rubber may be obtained. The crude rubber
is broken down on a mill to make it plastic, sulfur
and other things are added, and the rubber is shaped
to the desired form and held there for some time while
being heated; after that the article is finished. Com-
parison of the crude rubber and the finished article
will show that many physical properties are remark-
ably alike qualitatively, although enhanced quantita-
tively in the vulcanizate. Naturally, this suggests that
vuleanization is reversed breakdown; therefore, if
breakdown is the result of molecular ruptures, it
logically follows that vuleanization must be molecular
building up by polymerization or condensation. This
indeed is an easy conception to visualize. It gives an
explanation of the part played by sulfur—simply that
the sulfur atom connects two rubber molecules by
joining to each of them by primary valences. The
simplicity of this broad concept has won many con-
verts, too many, for it has one grave error. There
is not one single piece of sound evidence that it is
true and many that it is not. In the first place, vul-
canization is not breakdown in reverse, except in a
very superficial way. Incipient and then progressive
vuleanizates do not show the regular steps of increas-
ing viseosity and deereasing solubility that would be
expected ; nor can a vuleanizate be obtained that gives
quantitative properties corresponding to those of un-
broken-down rubber. At first there is a slight rise in
viscosity during vulecanization and a slight decrease in
solubility, then a sudden econversion to a gel type rub-
ber. During the early stages of this gel formation
the gel can be peptized by various agents.2 Who ever
heard of peptizing primary valences?

Consider both breakdown and vuleanization from a
different point of view. Instead of assuming that
unbroken-down rubber is elastic with fair tensile
strength because its molecules are long and that
broken-down rubber is plastic because its molecules
are short, imagine that the difference in plastic prop-
erties of unbroken and broken-down rubber is ecaused
by a difference in the ease with which the molecules
slip past one another under stress. True, this dif-
ference may be the result of different lengths of
molecules or it may be that in broken-down rubber a
few small molecules aet as lubricants for the larger
ones just as a small amount of lubricating oil in un-
broken-down rubber will give a plasticizing effect.
This eoneept does not require the rebuilding of large
molecules out of small ones to account for the change
that-is called “vuleanization.” Any procedure which
results in reduced slipping will accomplish a change
of this sort; witness the loading effect of carbon black
or zine oxide. But the reduction of slipping is not all

2 Williams, Ind. Eng. Chem., 26: 1190, 1934.
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there is to vuleanization. Were it all, then vuleanized
rubber would disperse instead of merely swell in suit-
able solvents. Therefore we must assume the ereation
of intermolecular attractions of some sort during vul-

. canization. This, of course, can be aceomplished by

sulfur bridges between molecules. If this were.the
only possibility, the slipping concept would merely
have been a mental detour which returned to the
original starting point. But sulfur bridges are by no
means the only way to stop slipping. We also have
the possibility of creating groups on the molecule
which will cause association. Call these polar groups
or secondary valences or what you will, but in any case
they differ distinetly from primary valences. The
question now resolves itself into differentiating be-
tween these two concepts—namely, attraction by pri-
mary valences and attraction by association forces.
The following observations are pertinent. If wvul-
canization is stopped at a point just beyond gel for-
mation—that is, where the vuleanizate will swell but
no longer disperse in rubber solvents—then this vul-
canizate can be dispersed by peptization.® It is diffi-
cult to see how this eould be so if this gel were held.
together by primary valences; on the other hand, a
gel held together by association forces would be ex-
pected to behave in such a manner. Again, as the
amount of combined sulfur increases, a maximum
point of vuleanization properties is reached after
which most of these properties decrease until, at about
half saturation, the vulcanizate has decreased in phys-
ical properties corresponding almost to the condition
of broken-down rubber. It is difficult to see how this -
can be explained on the basis . of primary valence
formation; whereas if the forces of association are
considered to be due to ‘the formation of some kind
of polar groups, the phenomenon becomes easily ex-
plainable on the basis that, as long as the polar groups
of a given molecule are far enough apart, strong ex-
ternal forces, capable of attracting other molecules,
will be in existence. But when the number of such
groups are inereased and they are crowded closer
together, their respective forces will be satisfied by
internal attraction leaving only a small portion for
attracting other molecules. This explanation admit-
tedly is hypothetical, but it serves to demonstrate that
a rational explanation of the phenomenon of over-
vuleanization can be based on the concept of associa-
tion forces, whereas no similar explanation is forth-
coming based on the primary valency concept. Even
the simple observation that the slight swelling by
solvents of well-vuleanized rubber greatly reduces its
tensile strength also favors the association concept.
For if the mass were held together by primary -
valences, there would seem to be no more reason for

8 Ibid.
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a loss of strength than oceurs in a sponge when it is
filled with water, while if it were held together by
association forces, the adsorption of solvent would
increase the.distance between molecules and thus re-
duce the strength of the foreces holding them together.
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Several years ago we attempted to establish the
existence of primary valence linkages between mole-
cules by destruetively distilling well-vuleanized rub-
ber and examining the produets in the hope of finding

“one which could be related to such a linkage. The
resulting products differed in no significant detail
from those obtained from the destructive distillation
of crude rubber. We next extended this work to the
destructive distillation of ebonite (C;HgS),, without
obtaining any compound suggestive of intermolecular
linkage.t We did obtain a group of substituted
thiophenes, representing only a small part of the
whole, which we interpréted® as demonstrating a link-
age of sulfur to the rubber molecule:

e en oo b
—C—CH,—CH;—CH—C—CH,—CH,—CH—C—CH,—
SR [ .

While such negative evidence can not be considered as
disproving the possible existence of primary valence
linkages between molecules, it does add to the total
weight of evidence against their existence.

4 Midgley, Henne and Shepard, Jour. Am. Chem. Soc.,

54: 2953, 1932,
5 Ibid., 56: 1326, 1934.
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In contradistinetion to the negative results obtained
in our search for evidence to substantiate the primary
valency concept, we were able to obtain positive evi-
dence that association forces could be used exclusively
for vuleanization. We diseovered that the addition
of Grignard reagents to rubber solutions would cause
gelling. We extended this discovery to the vulecaniza-
tion of a test sample of broken-down rubber.® The
resulting stress-strain curve is shown in Fig. 1. This
is a typieal eurve for a vuleanizate. The tensile
strength is too great for a mere loading effect, and it
is difficult to see how a small amount of methyl mag-
nesium bromide could act as a loading agent anyway;
nor is the tensile strength so very bad when it is con-
sidered that no loading agent was present. There
can be no question that this result is true vuleaniza-
tion. Grignard reagents do not produce intermolecu-
lar linkages; also the vuleanizate could be reverted to
its original broken-down condition by counteracting
the Grignard with aleohol. The recovered product
could be revuleanized with Grignard and recovered
again as many times as desired, a further demonstra-
tion that intermolecular primary valences were not
generated in the vuleanization.

In view of the preponderance of evidence in favor
of the association eoncept of vuleanization and the
complete lack of any basis for the primary valence
coneepts, it is surprising that rubber chemists con-
tinue to think in terms of primary valenece as an ex-
planation of the vulcanization reaction.

RETRACTION

The retraction of rubber—that is, the property
which causes rubber to return to its original shape
and size with force after being stretched—is the out-
standing characteristic that distinguishes it from
chewing gum, beeswax and tar, and makes it into
the useful material it is. The study of this property
really falls in the field of physies rather than chem-
istry, but its importance justifies its inclusion in any
diseussion of rubber or rubber chemistry. Indeed,
this property is so important that any material which
possesses it can be called a rubber, no matter what its
chemical constitution.?

The early students of this property took the view-
point that rubber was analogous to gelatin in some
way, that it was some sort of two-phase system,® that
it was a eolloidal suspension,® that it was corpuscular
in structure,’® that its molecules were gathered to-
gether in miscelles,1! ete. None of these conceptions

6 Ibid., 56: 1156, 1934.

7 Midgley, in Davis and Blake’s ¢‘Chemistry and Tech-
nology of Rubber,’’ A. C. S. Monograph 74, p. 679, 1937,
19; 5Freund1ich and Hauser, Kolloid-Z., Spee. No. 36, 15,

9 Pummerer, Nielson and Giindel, Ber., 61: 1583, 1928,
10 Freundlich and Hauser, loc. eit.
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ever yielded constructive results or advanced rubber
technology.

Some twenty-odd years ago, after Staudinger an-
nounced the long-chain structural formula, opinion
began taking shape that the extension and retraction
of rubber were simply an integration of the behavior
of the component molecules.’> In other words, it
was assumed that the rubber molecule itself is subject
to extension and exhibits foreeful retraction there-
after. This eoncept has steadily gained ground. It
is true that no direct evidence exists to confirm this
concept, and by its very nature perhaps there never
will be; on the other hand, no contradictory evidence
exists, which very well could if this concept were in
great error. Therefore, until some such evidence is
obtained or a concept is developed which fits the facts
more accurately, this theory should be accepted as the
nearest available approach to the truth.

Under this coneept a generalized theory of molecu-
lar behavior has been developed. For example, refer
to Staudinger’s long-chain formula above. It is ob-
vious that this is not a true space.configuration since
the tetrahedral characteristics of carbon atoms are
disregarded. Imagine such a space model and take
into account that parts of this molecule ean rotate
about any single bond. Now fold the molecule back
on itself many times about single bonds and a much
more compaet model is obtained than would appear
from looking at the long-chain formula. This is a
good picture of how a rubber molecule may retract,
but it gives no insight into why it dees so. Long
paraffin molecules, such as hydrogenated rubber,
could do the same thing as far as structure goes, but
they do not. Rubber molecules do. Why?

Two explanations have been offered; one is by
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Shecklock?® with later variations by others, based on
thermal and thermodynamie considerations, and one
is by Mack,* who makes use of van der Waals forces,
applied to seale models. I am incompetent to dif-
ferentiate eritically between these two. Each of them
fits eertain observed data better than the other, but
Mack’s concept appeals more strongly to me, as it is
based more closely in the fields of rubber chemistry
with which I am familiar, and it predicts quite well
the behavior of rubberlike and related substances of
known composition, structure and isomerism. Its ex-
tension might be useful in predieting new molecular
forms which could lead to better and less expensive
synthetic rubbers than we now have.

As just stated before, I am not qualified to criticize
either of the above theories, but I do feel qualified to
criticize both rubber chemistry and chemists for not
having mastered either of them more thoroughly.
That they are difficult to master is no excuse, for the
rubber chemist who expects to serve humanity well
must be prepared to master many things more difficult
than either of these theories.

In closing I should like to make myself clear on
one point. I have not hesitated to eriticize, severely,
those concepts which are in disagreement with the
results that I and my colleagues have obtained. I
have done this in the full knowledge that I can be just
as wrong as any one else, and I shall feel grateful to
any one who proves that I have been, for then I shall
profit by such proof in inereasing my own under-
standing of these problems. Likewise I shall feel
pleased if our results are confirmed, for then I shall
have the satisfaction of feeling that I have aided in
advancing rubber chemistry. I can be disappointed
in only one way, to have our results ignored.
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AMERIOAN SOCIETY OF PLANT PHYSIOLOGISTS,
‘WESTERN SECTION

(Report by D. I. Arnon)

The annual meeting of the Western Section of the
American Society of Plant Physiologists was held at
Salt Lake City, Utah, from June 17 to June 19.

The effect of war conditions was reflected in a
number of last-minute ecancellations of papers by
prospéctive participants, but the cooperation of socie-

11 Meyer and Mark, Ber., 61: 1939, 1928.
12 Astbury, Ann. Repts. Chem. Soc., 1931, 322.

ties in arranging joint sessions for topies and papers
of mutual interest contributed to the success of the
meeting by favorably influencing both program and
attendance. The program consisted of a symposium
on “Organic Matter in Relation to Plant Growth,”
sponsored jointly with the Western Society of Soil
Science and the Western Section of the American
Society for Horticultural Science; a symposium on
“Present Concepts of Water Relations of Plants,”

18 Shecklock, Trans. Inst. Rubber Ind., 8: 568, 580,
1933; 9: 94, 1933. :
14 Mack, Jour. Am. Chem. Soc., 56:. 2757, 1934.



