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I am very pleased to have this opportunity to
address the Natural Rubber Conference here in
Kuala Lumpur. I am particularly grateful to
the Organising Committee and to Mr. Sekhar
for this opportunity to report on some recent
research in macromolecules. The topics to be
discussed will include others than those that
have something to do with natural rubber.

I think it is important for us all to recognise
that rubber, particularly natural rubber, was a
focal point for the beginnings of macromole-
cular science many years ago. Natural rubber,
along with cellulose, was one of the first mate-
rials to be recognised as a large molecule. Natu-
ral rubber was one of the first macromolecules
to be accepted by the classical organic chemist as
an example of an organic molecule that was not
cyclic, but consisted of long chains of specific
structure. Thus, we have natural rubber to
thank in many ways for stimulation of the
tremendous growth of macromolecular chemis-
try as we know it today. It plays an important
role whether we are talking about natural or
synthetic rubber.

The area of macromolecules, whether it be
science or application, is growing extremely
rapidly—it is one of the largest growth areas in
chemistry today—and I think there are really
two reasons for this. One is that the industrial
complex, because of its interest in the many
new useful materials which are available, has
carried out an enormous amount of research
and development in this area. Secondly, the
very striking situation occurs nowadays that
the same problems important in synthetic
macromolecules (i.e., the determination of total
structure and stereochemistry) are exactly the
same problems that the biochemist and mole-
cular biologist are attacking in natural poly-
mers. Scientists who are interested primarily in

structure—the primary and secondary structure
of macromolecules—are stimulating growth.
Thus we have these two major factors which I
think are responsible for the prodigious efforts
to-date. The detailed structure of macro-
molecules is now being studied with the
extensive use of modern instrumentation.

THREE MAJOR AREAS IN
MACROMOLECULAR RESEARCH

Graft and Block Copolymers
What I would like to do today is to treat

three problems—if time allows. One of these is
the problem which has not particularly arisen
from research in our laboratory but has been
primarily an area of industrial research, al-
though academic to some extent as well, name-
ly the area of graft and block copolymers. This
subject is now twenty years old and was pio-
neered primarily by academic people such as
[Sir Harry] MELVILLE (1950) who is in the
audience here today. I want to show you some
recent data which was presented by Phillips
Petroleum Company (HsiEH, 1968) on anionic
block copolymers. These copolymers are, for
the most part, elastomeric and it is for this
reason that I would like to say a little about
what has been done and what can be done
with skilled techniques and an understanding
of the nature of the reaction itself.

I do not want to review polymerisation of
dienes, or monomers with organo-metallics or
organo-lithium compounds. One recalls, how-
ever, that polymerisation with alkyl lithium
initiators was a laboratory curiosity a few
years ago. Today about 450 000 tons of poly-
mer are produced annually with these initi-
ators. The excitement of discovering that iso-
prene could be polymerised in pure hydro-
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Type Typical Segment

A-B AAAAAAAAA-BBBBBBB8B
A/B-B AAABABAAB-BBBBBBBBB
A-B-A A A A A A - B B B B B B B B - A A A A A

A-A/8-A A A A A - B B A B A B B B A - A A A A
A/B-B-A/B ABAABA-BBBBBB-BAAABA

A-B-C A A A A A - B B B B B - C C C C C
A/B-C AAABABBAABAB-CCCCCC

(A-B)n AAA-BBB-AAA-BBB-AAA-BBB

Figure 1. Block copolymers, listed according
to type.

carbon solvents to high a'.T-l,4-polyunsatura-
tion certainly played an important role in the
activation of intensive research on alky] lithium
initiated polymerisations. The understanding
that an ion pair could be a living system
(SzwARC, 1956). which could add on addi-
tional monomer units and produce blocks
also, was a very important part of the develop-
ment of the use of organic reactions of this
kind to prepare new elastomers.

Figure I shows the different block copoly-
mers according to type. This work was repor-
ted by [Dr. Henry] HSIEH (1968) at the Gordon
Research Conference this summer and he has
given me permission to quote some of his data.
You see the first type which is a simple AB
type block copolymer. This AB type of copoly-
mer can be conveniently prepared by using a
mono-metal initiator such as butyl lithium,
with addition of monomer B after A is com-
pletely polymerised. Vinyl monomers contain-
ing functional groups such as methyl meth-
acrylate and acrylonitrile may terminate the
living end and may or may not initiate poly-
merisation of a second unit. However, these
monomers can be used as monomer B to form
an AB type of block copolymer by adding and
polymerising monomer B at very low tempe-
ratures. These monomers polymerise very
rapidly at —20 to — 70=C with little termina-
tion. At higher temperatures the polar groups
react with carbon lithium bonds and quickly
terminate the polymerisation reaction. Now
the second type is a variation of the AB type,
in this case monomers A and B are polyme-
rised randomly initially, and then monomer B
is added subsequently. A similar type can also

be prepared from a monomer mixture which
will be discussed later.

The ABA block copolymers can be prepared
in a number of ways and the specific interest
in a type of elastomer derived from ABA type
will be mentioned in a subsequent talk. One
can use a non-metal initiator to form an AB
block copolymer first, and then couple the
living end with an active difunctional com-
pound such as dihalide or diisocyanate. These
coupling reactions are well-known for simple
organo-metallic compounds. The third method
would be to use an initiator which would
yield polymer anions propagating at two ends,
i.e., a bi-anion, so that each increment of
monomer after the first forms two block ini-
tiators such as dilithyl butane, lithium isoprene
adduct, l i th ium naphthalene adduct, or a
complex of sodium or potassium with naphtha-
lene, biphenyl or methyl styrene. The ABC
block copolymers have three chemically dis-
similar segments which are joined end to end.
Here again monomers such as acrylonitrile are
usually used in the last increment.

In the type (AB)n, as the block length
becomes smaller and smaller, the polymer be-
comes more nearly a kind of alternating co-
polymer. An (AB)n type can be prepared by
incremental addition of monomers alternating
between A and B repeatedly either using a
mono- or di-metal initiator. However, trace
impurities in monomers which will terminate
chain growth is the limiting factor in the suc-
cess of this reaction. Generally, the process
rarely exceeds more than five to seven succes-
sive increments. A better way to make this
type of block copolymer is first to make a
relatively low molecular weight ABA type
having two active ends and then to couple
this living, block copolymer with a difunctional
compound. Polymers have been made with ac-
tive ends as high as twenty using this particular
type of technique. Under certain conditions
some monomer mixtures polymerise anioni-
cally directly to block polymers because of a
feature of the kinetics of this reaction. For
example, in hydrocarbon solutions of butyl
lithium, styrene polymerises more rapidly than
does butadiene; when a mixture of butadiene
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and styrene is polymerised, the living polymer
anions are rich in butadiene until late in the
reaction whereafter the styrene content sud-
denly increases. This kind of inversion pheno-
mena is not uncommon in anionic polymerisa-
tion, i.e., styrene homopolymerises faster than
butadiene and yet in a mixture, butadiene is
preferentially polymerised first. The under-
standing of this is not too difficult because of the
differences in cross-propagation termination
rates. I will not discuss this topic here. I simply
want to illustrate that a technique or idea car-
ried out many years ago to make new kinds of
polymers provides many interesting kinds of
elastomers particularly when B is a butadiene
block and A is a styrene block in an ABA
polymer. We could cite other similar products
obtained by changing polymer structure with
organic methodology of the type illustrated in
the preparation of the ABA block copolymers.
Polymers as Catalysts for Organic Reactions

The second topic I should like to say some-
thing about is the use of polymers as catalysts
for organic reactions. This is an area which has
not had an extensive amount of work devoted
to it until quite recently. It is an area in which
we are personally interested and I should like
to very briefly show you an outline of this kind
of problem because I think it is illustrative of
the kind of research which you will see in the
future. The background of this particular prob-
lem did come in part from biochemistry. It is
an interesting fact that in all proteolytic en-
zymes, enzymes whose specific function is to
catalyse the hydrolysis of an ester or an amide,
that the imidazole ring is involved. Histidine
is a basic amino acid which contains the five-
membered imidazole ring. Indeed chemists,
particularly kineticists, recognised many years
ago that imidazole itself was a useful catalyst
for hydrolysing esters. In a macromolecule
like a-chymotrypsin, which has a molecular
weight of about 24000, there are only two
histidine residues and it is thought at the mo-
ment that only one of these imidazoles is res-
ponsible for the process by which this enzyme
hydrolyses an ester. It is also known that an
OH group from serine, another amino acid
(OH-CH2-CHNH2-COOH), is necessary.

There are about 24 serine molecules in a-
chymotrypsin and the evidence is fairly over-
whelming that only one of these OH groups is
involved in the actual process by which the
ester is hydrolysed. We have synthesised poly-
mers that are catalysts, in most cases much
poorer catalysts than enzymes; in other cases
we have polymers which are excellent catalysts
under different conditions than enzymatic
conditions.

.CH-

Figure 2. (a) Vinyl imidazole, copolymerised
with vinyl acetate, to give a macromolecular
structure containing imidazole and OH groups
in random array.

Figure 2. (b) Copoly (L-histidine-serine) having
the classical peptide chain.

As an example, we made a monomer, vinyl
imidazole, and copolymerised it with vinyl
acetate. The acetyl group is easily removed
(in fact, the imidazole helps this group to
be removed) and we have then, in this case
without regard for stereochemistry or secon-
dary structure, a macromolecule containing
imidazole groups and OH group in a random
array [Figure 2 (a)]. Katchalsky of the Weiz-
mann Institute had copolymerised histidine
and serine (KATCHALSKY et al., 1960) and
made a synthetic polymer having the classi-
cal peptide chain [Figure 2 (b)]. When he had
used this polymer to try to hydrolyse an ester
like /J-nitrophenyl acetate, he did not observe
any catalytic activity. That does not mean the
ester does not hydrolyse but, when I say
catalytic activity, I mean a rate of reaction
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above that attributable to the molar con-
centration of imidazole groups that are present
in the copolymer. That is exactly what hap-
pened in our case as well, but fortunately
Dr. N. Vorchheimer (OVERBERGER AND VOR-
CHHEIMER, 1963), who first worked on this
problem, decided to carry out some reac-
tions at a higher pH. This copolymer was found
by Dr. J. Salamone (OVERBERGER et a!.. 1967)
to be an effective catalyst for hydrolysing an
ester at higher pH.

/=\
HN © NH

Figure 3. Imidazole audits ionic forms.

The pKi for imidazole is about 6.6. The
pKa for the anionic form of imidazole (Fi-
gure 3) has never been measured because it is
too high, probably about 14 — it is a very
weak acid. However, the neutral and anionic
species must be considered when one scruti-
nises problems in catalysis with polymers having
imidazole groups attached to them.

COO"
PNPA NA6A NABS

Figure 4. Phenol ester substrates.

The neutral ester substrate used was />-nitro-
phenylacetate (Figure 4). It is easy to measure
the rate of hydrolysis of this ester because it
releases /7-nitrophenolate ion and you can
measure its concentration spectrophoto-
metrically.

Now I would like to show you the kind of
thing one finds if one uses an excess of the
catalyst, which will be polymer in this case, and
the ester/j-nitrophenylacetate. This is an initial

E + S
k] Es ES' E 1- P

Figure 5. Hydrolysis of p-nitrophenylacetate
by y.-chymotrypsin.

rapid reversible reaction (Figure 5) and what
we are measuring essentially is a pseudo second
order rate constant, kz, which is the hydrolysis
of the ester. One does these measurements in
buffered solutions at constant ionic strength.

40r

0'2 0-4 0-6 0-8 t-0
a.

Figure 6. Solvolysis of PNPA catalysed by
poly-4'('5')-vinylimidazole(O) andimidazole (AJ>
28.5 per cent ethanol-water, ionic strength 0.02.

This result was the reason that we pursued
the problem. You see here a plot of a derived
rate constant versus the fraction of neutral
imidazole residues in a homopolymer of 4 vinyl
imidazole and imidazole itself (Figure 6), As
you go to higher pH, the polymer begins to
show catalytic activity. This polymer is not a
very good catalyst but it was good enough to
make us look at other things.

This is data for polyvinyl benzimidazole.
If you plot a derived rate constant versus pH,
benzimidazole is very uninspiring whereas the
polymer shows this nice trend at higher pHs
(Figure 7),

204



C. G. OVERBERGER: Recent Research in Polymer Chemistry

16

TABLE 1. CATALYTIC RATE CONSTANTS*
OF POLY-AWINYLIMIDAZOLE AND
POLY-2-VINYL-JV-METHYLIMIDAZOLE

WITH PNPA

pH

7.2

8.0

9.2

Poly-A'-vinyl-
imidazole

3.0

3.5

3.5

Poly-2-methyl-JV-
viny] imidazole

0.5

0.5

0.5

10 *kcat, 1/mole min

Figure 7. Kctt( versus pH for p-nitrophenyi-
aceiate.

•—poly-5(6)-vinyl benzimidazole
O—benzimidazole

Now we immediately set out to prove that
the anionic form of imidazole might be in-
volved and that we were getting some kind of
co-operative interaction of groups along the
polymer chains. You have a neutral imidazole
attacking an ester to give tetrahedral inter-
mediate and then the anionic or neutral form
of imidazole removing the proton (Figure 8).
We were able to demonstrate this mechanism
rather effectively. You will see in Table 1 that
if you substitute the nitrogen on the imidazole

R-C;OR'

A
>

R-C-OR'
0

R-C-OR'

Figure 8. Mechanism of catalytic activity of
imidazole groups in hydrolysis.

so that you have poly-TV-vinylimidazole or
poIy-2-methyl-JV-vinylimidazole and you mea-
sure a derived rate constant at different pH,
the results are very uninteresting. There is no
catalytic activity. The data tend to convince
one that either you should have the anionic
form of imidazole if you are going to have any
catalysis, or that if two neutral imidazole
groups are involved, steric factors are very
important.

The second result which is quite revealing
is shown in Table 2, which lists a summary of
activation parameters. Here is described the
work of Professor Bruice (BRUICE AND BEN-
KOVIC, 1964) on imidazole itself on hydro-
lysing/j-nitrophenylacetate. Here are described
the kinetic activation parameters for a homo-
polymer of 4(— 5) vinyl imidazole. Notice the
very large entropy values (48.7 e.u.) — very
indicative of the fact that you have got a ran-
dom chain of some sort which has to snap into
place appropriately to form rigid specific tran-
sition states or intermediates which are giving
rise to catalysis. Organic chemists like to see
this kind of data because it makes them think
that the mechanism they are suggesting might
be right.

If we put an acid group on the substrate we
complicate the problem because we add an
electrostatic component to the total velocity
constant and we get bell-shaped curve of this
kind (Figure 9). If we use, e.g., thesulphonic
acid substrate or the carboxyl substrate
(Figure 4) , at about the pH where there is no
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TABLE 2. ACTIVATION PARAMETERS FOR CATALYTIC SOLVOLYSIS OF
PARA NITROPHENYLACETATE

Catalyst

Imidazole

Poly-4(5)-vinyl imidazole

Poly-Af-vinyl imidazole

A'-methylimidazo le

Source

Bruice

Present work

Present work

j Present work

AH*, K,ai AF*. K,,,i

7.0 ' 17.7

3.7 17.3

TAS*, Kcai

-10.7

- 14.6

8.7 19.5 -10.8

8.3 18.S -10.5

AS*, e.u.

-35

-48.7

-36

-35

* Activation parameters

Figure 9. Dependence of the catalytic rate
constants for the solvolyses of NAB A and
NABS catalysed by poly-4(5)-vinyUmidazole
(%,A.) and imidazole, (Q,&), respectively,
on the fraction of neutral imidazole functions;
in 28.5 per cent ethanol-water, ionic strength
0.02.

more protonated imidazole left, the carboxyl or
sulphonic acid group is no longer strongly at-
tracted by ion pair formation and the rate drops.
Notice that this is a true polymeric effect. With
imidazole itself, you do not see any of the elect-
rostatic contribution to the total velocity con-
stant. Now we have made many copolymers,
studied them carefully and we have systems
which are catalytic in which the rates under
hydrophobic conditions are 10 000 times faster

than simple monomeric imidazole. We are not
duplicating enzyme reactions, but we are
simply finding out that polymers can be very
useful for catalysing organic reactions and in
particular we describe here the hydrolysis of
esters (Figure 10),

Synthesis of New Materials for Use at High
Temperatures

1 would now like to discuss, briefly, a third
topic which has been emphasised considerably
in the last eight years and that is the synthesis

Figure 10. Profiles ofpH-ratefor the solvolyses
of NASA and NABS catalysed by 1:1.95 co-
polymer of 4(5)-vinylimidazole and p-vinyl-
phenol (A,OJ and imidazole (&.,%), respec-
tively, in 80 per cent methanol-water, p. = 0.02.
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of new materials for use at high temperatures.
In general these materials have not been
elastomers. There are a few single rules that
you should think about, The process of poly-
mer degradation is primarily a rate process of
some kind. If we take molecules of polyethylene
and convert to the liquid state (assuming that
no oxygen, no light or no water is present),
eventually reaction will occur as these mole-
cules collide. If we assume that all the mole-
cules are saturated, there will be an activation
energy to this degradation process, e.g., perhaps
4-centre reaction that gives off hydrogen.
The activation energy for this rate process will
probably be a little less than the bond energy
of the carbon-carbon bond, i.e., the activation
energy for this rate process will not be 80 kcal
or so but nearer 70 kcal. On the other hand,
if we admit oxygen, water or light, we all know
that we must contend with rate processes of
activation energy. An autoxidation via a
radical chain reaction has an activation energy
which can be down around 35 kcal/mole. Jf
we have a hydrolysis reaction the activation
energy will also be of that order of magnitude.
The type of internal nucleophilic displacement
reaction, e.g., in silicone degradation, that re-
sults in 'peeling off' of monomer units will
have an activation energy much lower than the
theoretical bond energies involved. It does no
good to say that a phosphorus nitrogen polymer
will make a good high temperature polymer
because the bond energy is 130 or 110 kcal/
mole, since rate processes are going to dic-
tate that this molecule will degrade at a much
lower temperature than the theoretical bond-
breaking temperature*. The organic chemist
has known intuitively for a long time that if
he immobilised the chains and keeps the mate-
rial from becoming a liquid, he has a way of
minimising degradation rate processes to some
extent. For the past fifty years, chain stiffening

*Generalised equation for Reaction Rate:
-Ek = As RT

(J) k — rate of decomposition; should beminimisedto
increase stability; make A as small as possible and E
as large as possible.
As E increases, the thermal stability of the molecule

increases, but in some cases A also increases at the
same time.

(2)

was accomplished primarily by cross-linking
with covalent bonds. T want to review briefly
an area that many chemists have contributed
time and energy to recently — namely, the syn-
thesis of polymers which have rigid chains,
usually polyaromatics or polyheterocyclics.
They may or may not be crystalline polymers.

CF,

--CF2—CF CH2—CF2-

Figure 11. Viton 1.

The polymer shown in Figure 11 is a ther-
mally stable elastomer due to the fact that by
replacing hydrogen with fluorine we can in-
crease the activation energy of the radical dis-
placement reaction which gives rise to radical
chain decomposition via a hydroperoxide. It
has some elastomeric properties by virtue of
that side chain CFa group, and is a commercial
product.

Figure 12 also describes a commercial pro-
duct from pyromellitic anhydride and 4,4'-di-
aminodiphenyl ether. The polymer is not a
cheap material, but over 500 000 Ib/year are
made at the present time and the price will be

/ca

CO

CO.
I xo t
"co'

•HN-CO.^CO-NH ,
/I \ /"% //

H02C-̂ ^C02H

J n

Figure 12. Rigid chain polymer, from pyro-
mellitic anhydride and 4,4'-diaminodiphenyl
ether.
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reduced eventually. You may use this as a
wire coating, as a film or as a moulding powder.
Notice that its chain contains aromatic struc-
tures and is rigid. When you finally form the
imide structure it is virtually insoluble in most
solvents but can be dissolved in concentrated
nitricacidand reprecipitated. Its Achilles'heel,
however, is strong base or hydrazine addi-
tion to the carbonyl group — a relatively low
activation energy rate process.

Figure 13. A polyphenyl from cyclohexadiene
or benzene.

H0N
H00C-R-CCbH

H N

(b)
Figure 14. Polybenzimidazole prepared in
different ways.

You ask: why don't you make a polyphenyl
(Figure 13) 1 The preparation of this polymer
has been reported by several workers (GOLD-
FINGER, 1949; HELLMAN et a/., 1955; PARINI
AND BERLIN, 1958). One method was by the
polymerisation of cyclohexadiene followed by
dehydrogenation (MARVEL AND HARTZELL,
1959; CASSIDY et al., 1965). KOVACIC AND
KYRIAKIS (1962), at the Case Institute of
Technology, used a cationic type polymeri-
sation along with an oxidising agent like cupric
chloride and was able to obtain a low mole-
cular weight polyphenyl. He also demonstra-
ted that his product was probably not very
branched however, the polymer is very insolu-
ble. It is a brickdust-like material that has
great stability but, unfortunately, no one has
yet found out how to process it.

Polybenzimidazole was prepared initially
by VOGEL AND MARVEL (1961) via an exchange
reaction as indicated in Figure 14 followed by
milling the solid polymer in the dry state to
increase the molecular weight. One can obtain
intrinsic viscosities of from 3 to 4 in this way.
With isophthalic acid one can obtain sufficient
solubility to spin fibres from solution [Figure
14(a) and (b)]. If any of you had seen Profes-
sor Marvel in the last three or four years, you

would have noticed that, when he gives a lec-
ture on this material, he wears a vest made
from the fabric which has a red tinge to it, as the
polymer is coloured. It is a useful high tempe-
rature material. Operating temperatures in oxy-
gen at 400°C for limited periods of time are
possible with fibres or films of this material.

Figure 15. A type of polybenzothiazole.

I have some 150 references to polymers re-
lated to this type. I will describe a few of these
briefly — Figure 15 shows a polybenzothiazole
which is also quite stable. The principles are
the same — no site for a rate process to occur,
high rigidity to keep the molecules motionless
as long as possible.

Figure 16 shows a polybenzoxazole deve-
loped by Toyo Rayon Company (YODA, 1968).
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Figure 16. A type of polybenzoxazole, pro-
duced commercially.

All of these materials are virtually insoluble
in the final state of polymerisation except
in concentrated acids. The best procedures are
to use the pre-polymer, and then carry out the
final polymerisation in situ.

HoN-HN-C.

(a)

(b)
Figure 17. (a) polyhydrazide preparation for
fibres, (b)oxadiazole ring formation on slowly
heating the fibre.

Polyhydrazides as in Figure 17 (a) have
been investigated as fibres. They have
fairly high melting points. If you do it right,
you can make a polymer that does not cross-
link, spin it into a fibre and then, as Frazer
(FRAZER AND WALLENBERGER, 1964) of Du
Pont reported, the fibre itself may be heated
slowly to remove water. In Figure 17 (b) you will
see the structure formed, an oxadiazole ring.

Figure 18. A polymer formed of a di-nitrile-N-
oxide and a di-acetylenic compound.

The polymer has alternating oxadiazole and
benzene rings and has good high temperature
properties. The process of heating the fibre
must, however, be a carefully controlled experi-
ment.

Figure 18 shows a polymer that OVERBERGER
AND FUJIMOTO (1965) reported a few years
ago. Di-nitrile-A7-oxides react with di-acetylenic
compounds or di-nitriles to yield polymers that
do not have quite as good thermal properties
as some which I have previously described.
Secondly, the preparation of starting materials
is rather difficult.

There have been strong suggestions that if a
ladder polymer which was highly aromatic
was made, then the chain would be so stiff
that it would not be soluble. I have listed here
several ways in which ladder polymers can be
made:

(1) equilibrium method;
(2) 'zipper' method;
(3) closing cyclic polymers;
(4) tetrafunctional monomers; and
(5) ionic bonding.
I would not be able to discuss here all these

procedures; there is only one example of the
first way described. The second way is the
easiest and poorest way to make a ladder.
The third way utilises a cyclopolymer. The
fourth procedure uses tetrafunctional mono-
mers and one can prepare very high melting,
highly heat-resistant materials.

Figure 19 shows the one classical example of
a ladder from the hydrolysis of a trifunctional
silane. The details of this have not been publish-
ed, but have been reported by BROWN et al.
(1960). It is an interesting case because ordina-
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CH3 _u CH3CH

Figure 19. Ladder polymer
phenyl trichlorosilane.

prepared from

rily when one hydrolyses a trichlorosilane one
gets cross-linked gel structures. We know
this happens with the methly derivatives but
with the phenyl derivatives, one gets a ladder
which has some solubility in benzene.

Figure 20. Black Orion obtained from poly-
aery lonit rile.

Figure 20 shows the classical black Orion
obtained by heating a fabric of polyacrylo-
nitrile under appropriate conditions to give an
aromatised structure. Obviously, it is not a
perfect ladder but is a kind of graphite-like
material, with some cross-linking occurring.
Figure 21 illustrates a mechanism for its forma-
tion.

Figure 22 is polyacrolein which is another
case of a ladder type structure.

Figure 23 (a) shows a ladder structure deri-
ved from an elastomeric material. If you were
to take isoprene and polymerise it all through
the 1,2 bond and then cyclise it, you would
have a ladder structure. You can raise the
transition temperature to 140°C—thus, there
is some application of this procedure with
dienes [Figure 23 (b)]. Figure 24 (a) to (e)
demonstrates the use of tetrafunctional mono-

21
C C~,

111̂ 9N*-—->
H

A carboxyl
group functions
as an 'initiator1

The presence
,.of an amide
function
accelerates the
cyclisation in
alcoholic media

HN

Figure 21. Thermal cyclisation of poly (metha-
crylonitrile). See GRASSIE AND McNEiix (1958).

c-oH

CH
i

,C-H "0

. >H

CHi
AN,H *D

CHi

H'*0

2 &*
SCH

i
CH

HO OH

CH CH
* 1

H' *

"CH'i
CH.

HO

O H * "

^CH2

""Of
1

k /CH

.v

)

,CH2

t°'

CH

"OH_ "n
n=0,t,2; M.W. = 10,000-500.000

Figure 22. Ionic polymerisation of acrolein.
See SCHULz(1964 and 1965) and SCHULZ AND
KERN (1956).

mers which under carefully controlled experi-
mental conditions can give ladder polymers
in situ.

CONCLUSIONS
We have discussed this morning three areas
of very active research in the field of macro-
molecules. I selected them for mention because
I think they are illustrative of what people are
doing in trying to utilise large molecules. The
first of these was a report of the syntheses of
specific block copolymers designed as elasto-
mers—work reported recently by Phillips
Petroleum Company (HsiEH, 1968), but other
companies have been involved as well. Some of
these ABA type materials (styrene-butadiene-
styrene) are extremely interesting elastomeric
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CH2*C-CH-CH?
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CH- CH-
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BF3 or POCI3
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Soluble in hydrocarbons

Softening point = I40'C THF and CS2
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Figure 23. (a) Ladder polymer formed by cyclisaiion of poly-3,4-isoprene. See Du PONT (1963),
(b)Mechanism of poly(diene) cyclisation. See GAYLORD et al. (I964J.
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(a) Poly (imidazopyrrolones).

(c) Poly(benzimidazo-benzQphenanthrolines).

_ n

(d) Polyquinoxaline ladder.

(b) Kapton or H-Film.

PPA H2N
HoN

Polyquinoxaline ladder.

Figure 24. Ladder polymers from tetrafunctional monomers.

materials. The second topic might appear to be
a rather academic problem—the use of poly-
mers as catalysts for specific organic reactions.
I picked out ester hydrolysis because it is a
reaction with which we have had some ex-

perience. The basic idea of utilising detailed
sequence structure for specific catalysis will
have, I think, greater and greater impact on
the use of polymers in catalyses in organic
chemistry. Finally, I reviewed, much too briefly,
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the high temperature polymer effort which is
now beginning to diminish in intensity. The
important thing is to recognise that we have a
whole family of new, expensive polymers that
will eventually find some use. As the monomer
price goes down and somebody finds a good
use for the polymer, they will become more
and more of interest to the material user.

It has been a privilege to give this general
review and I am very pleased that you listened
as elastomer chemists to a few non-elastomeric
topics. As I said initially, we all do the same
kind of chemistry whether we are interested in
natural rubber or synthetic macromolecules.
I urge Malaysia to develop a strong polymer
technology, to broaden their scope beyond the
field of natural rubber.
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DISCUSSION
Prof. Bonner asked: In connection with the catalytic activity of the synthetic polymers, you started off bymen-
tioning the copolymers with both imidazole and OH groups and then, in your later discussions of catalytic
activity, you left out the hydroxyl group. Is that significant or what happens when you put it in again?
Prof. Overberger replied: These copolymers are catalytically active; I just did not want to bore you with a lot
of data. If you make that copolymer and study its pH-rate profile with the neutral substrate, you find that it is
more catalytically active than the homopolymer. A particularly interesting catalyst is a copolymer from 4-
vinyl imidazole and p-vinylphenol. Here the phenolate ion becomes quite important. These are very good
catalysts because the phenolate ion is really much better than the imidazole anion in a concerted reaction. As
catalysts, they are better than the homopolymer but nothing like a-chymotrypsin. To get rates in that order of
magnitude, you have to get into the area of hydrophobic bonding, but that is another story.
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