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Synthesis of High Temperature Resistant Polymers*

By H.F.Mark
Polymer Research Institute, Polytechnic Institute of Brooklyn (N.Y., U.S.A.)

Introduction

In order to make a polymeric material useful and
servicible at elevated temperatures say about 300°C se-
veral conditions have to be met. First of all, the material
must maintain its mechanical properties, such as rigidity,
tensile strength and impact strength as a matter of in-
stantaneous response, which means essentially, that it
must not melt or drastically soften in that temperature
range. If somewhat longer periods of service are involved
it also becomes necessary that the creep of the polymer
under the influence of the existing external forces, such
as shear stress, torques or pressure should be sufficiently
slow in order to permit its proper functioning. At still
longer times chemical phenomena start to interfere,
which may concern the ploymer alone or which may
involve other ingredients such as oxygen, acids, bases,
organic reagents and also active radiation from the near
ultraviolet to the cosmic rays. These processes may
(and do) change radically the chemical structure of the
material and, as a consequence, make it lower softening,
increase its rate of creep, render it more brittle and reduce
its mechanical strength to a very marked degree. In a
certain (somewhat oversimplified) way one can, there-
fore, classify the conditions which are necessary for
outstanding polymer stability :

a) High melting or softening temperature.

b) High resistance against spontaneous pyrolysis.

c) High resistance against degradation through the
action chemical reagents.

Let us briefly review these factors:

a) High Softening Polymers

Experience as well as theoretical considerations indi-
cate that there are essentially two ways to arrive at high
softening systems: crystallization and crosslinking. The
first approach leads to thermoplastic materials, which
have a more or less sharp and reversible melting point,
the second produces three dimensional, infusible net-
works which are thermosetting and can support very
high temperatures without softening.

* Lecture given at: Technisch-Chemisches Laboratorium, Eidgends-
sische Technische Hochschule Ziirich, April 30, 1964.

High melting crystalline polymers are made from
linear macromolecules, which are specifically designed to
favor the formation of crystalline areas. The most im-
portant conditions are:

a) Rigidity of the backbone chain.

b) Regularity in the positions of the substituents.

c) Strong interchain forces of the Van der Waals or
hydrogen bonding type.

Rigidity of the backbone chain can be produced either
by putting inflexible ring systems into the backbone or
by affixing to it bulky and voluminous substituents. All
present experience indicates that the first method is
preferable because the presence of large substituents
reduces the rate of crystallization of the macromolecules
to such an extent that the materials remain amorphous
even through the substituents are stereoregulated and
all steps for favorable crystallinity, such as orientation
and annealing are taken. A few examples for ring systems
which have pronounced chain stiffening character are:
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These elements can be incorporated into the macro-
molecule by addition or condensation and, in the latter
case by ester, amide, acetal, anydride, urethane or ureid
bonds. A large number of polymers have been made
where one relies essentially on the chain stiffening prin-
ciple; some of them have melting points up to 400 °C, but
relatively rapid creep sets in at already substantially
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toluene and sulfur, there results a condensation product

of the formula
H
Ooeon

\SH

which has been synthesized long ago as an intermediate
for certain dyestuffs. Its coloristic properties are based
on the fact that many heavy metal salts from a chelate
type complex with the NH ans SH groups in the ortho
position
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where X can be Cl or any other substituent at the metal.

These compounds are deeply colored, have strong
affinity to many fibers and are very stable at elevated
temperatures. In fact their litghfastness and heat resi-
stence approches that of typical pigments such as the
metallized quinacridones and phthalocyamines.

This has stimulated the idea to replace the anilin com-
ponent by benzidine or para-phenylene diamine and to
combine chelation with bifunctionality by starting with

O_H,C_E_Q_QE_CH,_Q

\HS

This molecula evidently has two chelating positions and
can form a linear macromolecule if it is allowed to react
with a chelating metal compound. The chain, which
results has the following structure

HB HB HB HB
x'N\ N N N
4 O_O/ MeX, \O_O/ ™
.\\‘S/ \S’/ \\S/ \S'/
H H H H
where

B = —CHZ—O

This principle obviously permits many variations con-
cerning the structure of the organic component and the
choice of the metal salt. Several recent attempts have
shown that «chelate polymerization» does occur, but, at
present it has not yet been possible to penetrate into the
domain of sufficiently high degrees of polymerization to
obtain reasonably good mechanical properties. The ther-
mal stability of the oligomers (DP between 4 and 8) was
satisfactory so that it can be hoped to arrive at inter-
esting new polymers as soon as one succeeds to build up
sufficiently long chains.
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¢) Stability Against Chemical Agents

One important property for many uses of polymeric
materials is their stability against hydrolytic changes
and degradation either by water or steam alone or by
the action of acids and bases. Two different types of
such influence can be distinguished. If the hydrolyzable
bond is located in the backbone chain, as in the case of a
polyester, polyamide or polyurethane, the hydrolytic
action consists in a degradative effect which reduces the
molecular weight more or less drastically and leads to
a progressive deterioration of such important properties
as tensile strenght impact strength, extensibility and
abrasion resistence. If, on the other hand, the hydroly-
zable bond links a substituent to the main chain as it
is the case of cellulose-acetate, polyvinylacetate or poly-
methacrylate, the result of hydrolysis is a more or less
pronounced change in the chemical character of the
material, which is accompanied by changes in solubility,
swelling characteristics and chemical reactivity. An ester
or an amide is converted into an acid or an alcohol, with
the corresponding consequences for the physical and
chemical behavior of the system.

Another dangerous reagent causing deterioration of
polymers is oxigen and/or ozone particularly at elevated
temperatures and in the presence of ionizing radiation.
The reaction steps which produce degradation or cross-
linking (or both) are essentially of the free radical type,
initiated by the addition of oxygen to a double bond

—CH—CH—

b or, probably more often by the formation of
0—o0 —CH—

a hydroperoxyl group at a methylenic carbon atom 0

HO
This group in turn decomposes into a hydrogen atom and

ROO’ or into a hydroxylradical and RO* whereupon a
chain of radical reactions follows, which can lead to
chain scission, branching or crosslinking and which, in
any event, deteriorate the mechanical properties of the
material. In order to reduce the danger of such attacks
to a minimum, it is necessary to avoid the presence of
any multiple bonds in the system and also the presence of
any methylene groups, which are activated by electron
density releasing neighbors. This leads again to structures
of aromatic rings, which are linked together by short
chains in such a manner that there exists a throughgoing
or almost throughgoing stabilization by resonance. Thus
the conditions for high stability against oxydation are
rather similar to those which cause high softening charac-
teristics and which protect the polymer against direct
pyrolysis. On top of the choice of a particularly suitable
structure one always improves the stability of a polymer
against oxydation by the addition of an oxygen scavenger
which reacts with it in preference to the polymer and also
by the addition of a UV absorber which reduces the effect
of ionizing radiation. However, even with the use of all
these principles it still must be admitted that the com-
bined influence of oxygen, light and heat is the most
dangerous deteriorating influence on all polymers.
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It appears that a systematic study of polymeric binders c¢) Furfurylalcohol and/or furfurylaldehyde together with

which permit to accommodate a maximum percentage of precondensation products of formaldehyde with phe-
Sillers (90 weight percent and more) and still give good nolic materials, urea, melamine and cyanuric acid.
mechanical properties should be promising. Its principle d) Condensation products of aromatic tetramines with
would be to entrust the high heat resistance essentially dicarboxylic acids

to the filler and use the thin polymericlayers of the binder
only for the embodiment of mechanical strength.

Specifically the following filler systems could be recom-
mended for investigation.

a) Phenolic compounds of higher condensed rings to-
gether with formaldehyde

OH
HO\ Q/\ : OH  HO\ «_Q HO._

b) Aromatic isocyanates with aromatic amines or hy- In all these cases the binder need not have a very
droxyl compounds high molecular weight to produce good mechanical
properties of the final-two phase-system so that
many heat resistant polymers which cannot used
alone because of insufficient molecular weight can be

successfully used as binders.

e¢) Condensation products of aromatic diimids with
dicarboxylic acids





