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Abstract
The study is concerned with the interaction between
p-tertiary butyl phenol-formaldehyde condensates and isoprene
rubber under conditions resembling those used in industrial
vulcanization processes, and involves investigations of
reaction rates, mechanisms of reactions and structures
produced. The work is an extension of an earlier study
(A. Fitch, Thesis for Ph.D.(C.N.A.A.), 1978).
•Model* phenol-formaldehyde condensates (2-methylol 4tert.butyl 6-methyl phenol and the ether derived from it by
thermal condensation) are shown to interact with isoprene
rubber (cis-l,4-polyisoprene) to form adducts containing
chroman structures. The ether reacts somewhat more quickly
and more efficiently than the methylol compound.
»Lewis
acid* catalysts will greatly accelerate the reaction, but
cause concurrent structural isomerization of the isoprene
rubber, to an extent depending on the nature of the catalyst.
In separate experiments invc.^lving only rubber and
catalyst, it is found that, of the three catalysts examined,
tin(II) chloride dihydrate causes extensive isomerization,
tin(II) chloride (anhydrous) causes little isomerization and
zinc(II) chloride (anhydrous) causes negligible isomerization,
under the appropriate reaction conditions. The structural
changes are evaluated, and involve cis-trans interconversions
double-bond shifts, cyclization and crosslihking.
Using zinc(II) chloride as catalyst, a study is made of
the effectiveness of five different polyfunctional phenolformaldehyde condensates as vulcanizing agents for isoprene
rutjber. The condensates consist of 2,6-dimethyxOl 4-tert.
butyl phenol and four of its derivatives containing different
molar proportions of methylol, dibenzyl ether and diaryl
methane groups. One of t^ie derivatives is a commerciallyavailable vulcanizing agent. Measurements of rubber-combined
phenolic material and of crosslink concentrations are made at
different times of reaction, and results show that the
condensates containing high proportions of dibenzyl ether
links are the most efficient vulcanizing agents. Efficiency
may be further improved by the addition of a formaldehyde
donor to suppress side-reactions. The results indicate that,
in all cases, combination with the rubber occurs through
chroman linkages and the crosslinks contain at least two
phenolic nuclei joined by dimethylene ether or methylene
links.
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1.

INTRODUCTION

1.1

Background

The reaction between unsaturated rubbers and resinous
alkylphenol-formaldehyde condensates to produce vulcanizates
has been known for nearly forty years.

Although these

"resin cures" have not been developed commercially to any
great extent (except for butyl rubber), there has been
continued interest in their possibilities.^

These reactions

are not only of academic interest but have considerable
technological potential in such fields as the rubber,
adhesives and coating industries.

2

Today, alkylphenol-formaldehyde condensates are
increasing in importance as vulcanizing agents for
alkenically-unsaturated elastomers such as natural rubber,^
3
butyl rubber and nitrile rubber; they are extensively used

'^1

for their reactions with chloroprene rubber in adhesives, and
also are employed for their reactions with drying oils to
produce varnishes.^

Thus, their interaction with unsaturated

materials generally is of widespread interest.
I
The reactive alkylphenol-formaldehyde condensates used
("resols") are formed by electrophilic substitution of the
phenol nucleus with formaldehyde in alkaline medium; the
"phenol alcohols" or "methylol phenols" produced may retain
their free methylol (-CH^OH) groups or may undergo some
further condensation to form dimethylene ether (-CH2 OCH 2 -)
or methylene (-CH2 -) bridges between nuclei.

The more

itil

"--i

f 4 .3 ,:d

reactive resins have a preponderance of methylol and
diraethylene ether groups, which react with olefinic double
bonds.

Methylene links are inactive but are often considered

necessary to obtain crosslinking a s ‘will be discussed later.

A typical molecular formla for a reactive condensate
might therefore be:
OH

OH

OH

OH

OH

C H 2OH

although the number of phenolic nuclei present may range
between about 2 and 10.

The rate of vulcanization of butyl rubber with the
methylol resin systems is considerably slower than with a
typical sulphur accelerator system but the "resin"
vulcanizate has much greater stability toward prolonged
heating.

A marked improvement in rate of cure can be

obtained through the catalysing action of metallic halides
such as SnCl2 , SnCl2.2H20, ZnCl 2 and FeC1^.6H20.
give extremely fast, scorchy c u r e5s 6T h e
•

These may

resin concen

tration used is in the range 5-12 parts per hundred rubber
(phr) and the vulcanizing temperature is 150-180^0.

The

resulting vulcanizates exhibit heat- and air-ageing
characteristics superior to those of sulphur-cured stocks,
providing for practical utility at temperatures up to 24-0°C.

A number of patents have been filed showing the
catalytic activation of the resin cure of rubbers by means
7
of halogenated additives such as polychloroprene,
Q
chlorosulphonated polyethylene ("hypalon")» chlorinated
waxes

9

and halogenated butyl rubbers.

10

Halogenated

derivatives (containing halomethyl groups) of the methylol
resins are self-activating in curing butyl rubbers; thus, a
resin obtained by substitution of the hydroxyl of the
methylol group with bromine (marketed as SP1055, Schenectady
Chemical Co.) requires no additional halogen donor.

The controversy as to whether the resin combines with
unsaturated rubbers at activated methylene groups or at
double bonds, the mechanism of the reaction involved and the
structure of the resulting vulcanizates are still not fully
resolved.

Many of the investigations made in the past* have

been of a very brief and superficial nature, being designed
mainly for technological ends.

However, in a recent study

by Fitch^^ the interaction between a ’m o d e l p h e n o l formaldehyde condensate (2-methy3pl4.-tert’-butyl 6-methyl
phenol) and a 'model' for polyisoprene rubber (2-methyl-2pentene) was studied in detail.

The study gives information

of technological relevance relating to the chemistry of the
interaction and the structure of the adduct formed.

Further

more, it shows ways in which the yield of adduct can be
optimised.

In Fitch's study reaction conditions were kept as close
as possible to those used in resin vulcanization, so that the

«'

results should have relevance to technological vulcanization
processes and vulcanizate structures.

This present study is

based on Fitch's findings, and represents an attempt to
examine the mechanisms, kinetics and structures using real
(i.e,, not model) rubbers and resins.

Particular attention

will be given to conditions suitable for use in industrial
vulcanization processes.

1.2

Previous Studies

(a)

Theories for the phenol-formaldehyde vulcanization
mechanism

There are two points of view regarding the chemical
structures produced in the vulcanization of unsaturated
rubbers by alkylphenol-formaldehyde (p/f) derivatives.

One

school considers the linkage to be via a chroman ring
structure, whereas the second views the linkage as a simple
methylene bridge.

Other workers have propounded the view

that both types of adduct are present.

There is a large measure of agreement between most
investigators that the reactive intermediate species is most
probably the ortho (o)-quinone methide (see Section (b)
below).

The basis of the 'chroman theory', which is also its
strongest supporting evidence, is the fact that simple
methylol-phenols, in their reactions with simple unsaturated

ir\

i '.A.

compounds, have been shown to form chroman derivatives.
Although such "model" reactions may provide information about
the reactive sites in the unsaturated molecule and about the
possible type of linkage, their findings cannot be transformed
unreservedly to real vulcanization reactions.

"Model"

compounds have been extensively used because of the
difficulties of characterisation and analysis imposed by
working with crosslinked polymers.

However, even with the

"models" used (and consequently therefore with unsaturated
elastomers) there is relatively sparse evidence for the
mechanism and structures proposed.

Recent studies of p/f

condensates have been directed mainly towards the

appli

cations of them as binders and adhesives for wood, rubber and
metals, but few attempts have been made to elucidate the
mechanism, structures or kinetics involved in such appli
cations and only the physical properties of the final product
have normally been reported.

The various views are now

discussed in more detail.

(b)

0-quinone methides and other postulated reactive
intermediates

It has been suggested by Van der Meer in a number of
studies^^"^^ that in the interaction of unsaturated rubbers
with o-methylolphenols (II where X=OH) the latter first
dehydrates to a quinone methide intermediate (Formula III)
which then adds to the rubber.

This intermediate has also

been proposed in the reaction of o-raethylolphenols with
simple unsaturated compounds.

In general such

'L'V

structures have been surmised as transient entities in a
number of chemical processes.

19

Their formation is commonly

represented as in reaction (1).

For thermal elimination, reaction (l) may be envisaged
as occurring via a six-membered intramolecular transition
state (Mechanism (2)).

It is well-known that methylolphenols may undergo self
condensation at the temperatures used during vulcanization.
It was proposed by Van der Meer'*' ”

and by Wildschut

that

in the vulcanization of unsaturated rubber with methylolphenol-containing condensates the o-quinone methide
intermediate was formed by dehydration of the methylolphenol.
Fitch’s study^^ demonstrated that formation of a dibenzyl

%

ether derivative (V) readily occurs on heating a methylol
phenol derivative (IV) (o-methylolphenol) at 150°C as in (3).
An alternative route for the quinone methide (ill) therefore
involves the formation and decomposition of 'the dibenzyl
ether derivative (V)^^ (Reactions (3) arid (4^)).

In this latter sequence, (3) and (>i), mechanism (4) is
the same as (2), and produces more methylolphenol enabling
the cycle to be repeated.

This hypothesis is supported by

the fact that p/f resins with a high (18^) content of
dimethylene-ether bridges have reputedly greater vulcanizing
activity than resins of lower ether content based on p-tertbutylphenol (8,3>f ether) and p-tert octylphenol {0% ether).

21

In addition, it has been shown that the crosslinking ri.; be of

v<N.1

•^

■m

CH.

CH 2X

♦

(1 )

HX

Where X = H,0H,0R,N(CH3 ) 2 or halogen

R.

R.

.0
♦

HX

(2 )

R.

III

II

R

IV

1

R.

(3)

IV

where R 3 = CH^, R 2 =C(CH3 ) 3

(^)

•'■.V •.

butyl rubber with a dimethylolphenol (TV where R^=CH20H and
R 2 =C(CH^)^) depends on such ether formation,

22

0-quinone raethides are very unstable molecules and have
never been isolated with the possible exception of the parent
compound of the ortho series, o-benzoquinone methide (ill
where R j^=R2 =H) ,

They polymerise spontaneously in the

absence of a suitable addendum, but may be trapped by
reactive dienophiles and nucleophilic agents and the evidence
for their existence and identity is largely based on the
nature of the final products o b t a i n e d . T h e y readily
undergo trimerization, which can be represented as follows:

0

(5)

The structure (VI) has been fully c h a r a c t e r i s e d , A

two

stage mechanism for its formation has been proposed.
The first, relatively slow, step envisages the formation, via
a Diels-Alder-type addition, of the quinone raethide dimer
(VII):
R.
R

(

8

6)

This dimer (VIl), in the subsequent faster step, then
undergoes a further cyclo-addition reaction yielding the
trimer (VI) .

In triraerization and trapping experiments of simple
o-quinone raethides, no dimeric species have been obtained
Fitch^^ reported a trimer, not a dimer, as end-product.
However, mixtures of quinone methide oligomers including
dimers have been reported.

26

The very specific orientation encountered in quinone
methide a d d u c t s , a n d the facility with which certain
reagents add^^ suggested polar influences to direct the
addition.

To explain these observations a Lewis structure

(VIII) was proposed.

R

Other workers, however, have postulated

101^ ^
CH. (+ )

lOH

IX

a carbonium ion (IX) as reactive intermediate.

■rj

29,30

The benzylic cation (IX) can be regarded as the
protonated form of the quinone methide (III), obtained by
interaction of the methylol compounds with activators or
catalysts employed.

These catalysts are normally Lewis

i-4'■H*'
"v-ijfc- '

acids such as zinc (ll) chloride or tin (ll) chloride.

The

formation of the carbonium ion (IX) has been represented by
two different mechanisms.

The activator employed may complex

directly with the methylol group of (I) as in (7).

Alter

natively, (IX) or some other protonating species (H^) may
protonate a methylene ether unit as in (8).

OH

In each case.

OH
CH2®[ZnCl20H]®

C H 2OH
+ ZnCl.

(7)

OH

OH

H 2OH

(7) and (8), a carbonium ion (IX) is produced.

Fitch’s study

showed that tin (ll) chloride dihydrate readily decomposes an

10

ether, (V, where R 2^=CH^ and R 2 =C(CH^)^) and he suggested
that the reaction (8) may be the more likely to produce such
intermediate.

A recent (1974-) review discusses the synthesis and
chemistry of quinone methides in more detail,

(c)

33

Formation of chroman linkages with rubbers

The "chroman theory" was first formulated by Hultzsch^^
following a study of the reaction between 2-methylolphenol
(XII) (IV where R^=R 2 =H) and styrene (XIII).

He showed that

this reaction yielded 2-phenyl chroman (XIV' as in (9).

A

quinone methide intermediate was postulated by Hultzsch^
for reaction (9) and for other reactions of ’phenol alcohols’
with simple unsaturated reagents that he had studied.
’chroraan theory’ was supported by Greth

The

who showed that

2-methylolphenol (XII) adds to the olefinic double bond of
alkyl compounds (XV) producing chroman derivatives (XIV) as
in (10).

h

XII

T O

♦ H 2O (9)

XIII

.CH2OH

>
XII

XV

11

«2° (1°

Greth^^ proposed a mechanism leading to the formation of a
crosslinked structure containing chroman nuclei for vulcani
zation of natural rubber (XVIl) (cis

polyisoprene) by

2,6 dimethylolphenol (XVIIl) (IV where R^=CH20H, ^ 2 "^^
(reactions (11) and (12)).

However, reaction (12) seems

improbable, involving as it does the condensation of 2 simple
primary benzylic alcohols.

CH^OH
1^

^” 2

1

H

CH.

CH,OH
12

(11)

HOCH

I

HC

«2
CH2
:h -

1
XVII

XIX

XVIII

XIX
(

12

12 )

't
V*'’

Evidence supporting the formation of a chroman

structure such as (XIX) was obtained when o-methylolphenol
(IV where R^=R2 =H) was treated with two simple analogues of
natural rubber, 1-methylcyclohex-l-ene and 2,6-dimethylocta2,6-diene, at 180*^C.

In each case chroman derivatives were

produced as shown by ultra-violet absorption spectra, 17 and
the transient polarised o-quinone methide intermediate (IX)
was suggested to be the more likely.

Tawey et al.

discussed the vulcanization of butyl

rubber with p/f condensates, giving a structure similar to
(I) as a simplified polymeric vulcanizing agent.

The authors

suggest crosslinking involving reaction through the isoprene
double bond, via the intermediate o-quinone methide (III)
(see 1 earlier),

to yield chroman derivatives represented as

follows:

Reaction (9) has been regarded as a Diels-Alder-type
addition^^ between a diene (III) and a dienophile (XXII):

13

i-

.t :

R.

c — ;R
(13)
Ri
R<
III

The crosslinked structure
formed similarly;

(XXI) can be envisaged as being

both methylol groups of an idealised

alkylphenol-forraaldehyde condensate

(XXIV)

(diene), react

with different rubber chains (dienophile), to produce a
crosslink (reaction

(14.)).

CHi
(1^)

XVII

CH

XXIV

XVII

CH.

^

H

OH

r
:h .

R

“cHi
i^R

^
XXI

14

R

.'Wi->=■«-;

The "chroman theory"

for the mechanism of vulcanization of

unsaturated elastomers with p/f resins, as illustrated in
(19), postulates that, as the reaction proceeds, the double
bonds of the unsaturated units are consumed, i.e., chemical
unsaturation should decrease.
Zapp and Perry.

37

This has been supported by

They found that use of a phenolic resin

instead of a sulphur curing system to vulcanize a butyl
rubber compound, greatly improved the ozone resistance of the
vulcanizate.

Since ozone attack occurs at double bonds,

these authors suggested that unsaturation is being reduced
during phenolic resin vulcanization and therefore structures
XXI are more likely to forffi.

A number of studies have been

made of the reaction between methylolphenol materials and a
variety of simple alkenes

” ^ and drying oils;*^

in each

case formation of a subtituted chroman was proposed.

In Fitch’s work^^ the decomposition of a p/f "model"
condensate and its interaction with a simple alkene was
studied, both in the presence and in the absence of catalyst
(stannous

chloride dihydrate).

His experiments were all

carried out in sealed glass tubes, mainly with a vapour space
of 3/4- of the tube volume (i.e., a free :occupied volume ratio
of 1.5:1).

A methylolphenol (IV) (where R^=CH^, R 2 =C(CH^)^)

and its dibenzyl ether derivative (V) (where R^=CH^,
R 2 =C(CH^)^) were used as resin ’models', and the alkene 2methyl-pent-2-ene, was used as a model for natural rubber.
Irrespective of whether the methylolphenol (IV) or dibenzyl
ether (V) were used, the products observed during thermal
decomposition at 150°C were: methylolphenol (IV) dibenzyl

15

^

ether (V), original phenol (XXVI), diphenylmethane (XXVII),
triraer (XXXl), benzaldehyde (XXVIII) and dimethylolphenol
(XXIX) (see Fig. 3 for the proposed decomposition scheme and
for the meaning of these abbreviated names).

The first

three are intermediate products capable of further reaction
to produce a transient alkene-reactive entity believed to be
quinone-methide or related structure.

The observed kinetics

of catalysed decomposition of methylol-phenol and dibenzyl
ether are shown in Figs. 1 and respectively.

The relative

induction times» rates of formation and concentration maxima
of the products are given in Table 1» together with the
corresponding values for uncatalysed and catalysed sealed
tube experiments.

The measured half times (t) for decompo

sition of methylolphenol and dibenzyl ether are shown in
Table 2.

In the interaction of both p/f resin »models’ with

excess (1:10 w:w) alkene, the products of decomposition
again appeared to be similar in nature, but in this case
adduct formation between the presumed quinone methide and
alk-2-ene also occurred.

The adduct was a chroman (XXXII)

(see Fig. 4.) formed by an apparently regiospecific (i.e.,
specific in orientation) interaction.

With the methylol

phenol as starting material, the dibenzyl ether derivative
(IV), formed by condensation on heating at 150°C, was
considered to be the probable alkene-reactive entity rather
than the methylolphenol itself (see Fig. 3 for proposed
reaction scheme for the interaction of dibenzyl ether (V)
with alk-2-ene (XXXl).

However, the efficiency (E) (defined

in Section 3.5(b)) of chroraan formation was found to be
similar with both phenolic materials.

16

The efficiency (E)

,

did not change appreciably with extent of reaction in either
the methylolphenol or dibenzyl ether interaction with
alk-2-ene.

However,

(E) was lower than theoretical because

of side-reactions resulting in the formation of inactive by
products (original phenol, diphenylmethane and trimer).
Since the decomposition of raethylolphenol into original
phenol was found reversible (see Fig. 3), addition of
formaldehyde and retention of volatiles were found to improve
the efficiency (E) by suppressing these side reactions.

The

observed kinetics of interaction of methylolphenol (IV) and
dibenzyl ether (V) with alk-2-ene (XXXI) are shown in
Figs. 5 and 6 respectively and the corresponding kinetics
with added formaldehyde in Figs. 7 and 8.

Kinetic data for

the products of reaction of methylolphenol and dibenzyl
ether with alk-2-ene under various conditions are shown in
Table 3.

In studies“^ *

^

of the reaction between methylol

phenol materials and simple alkene and drying oils, the
addition was stereospecific and regiospecific, in agreement
with the stereochemistry pf the Diels-Alder reaction,
mechanism of which is still not fully elucidated.

39

the

The

two possible mechanisms proposed are the one-step synchronous
process (13) with a cyclic six-centred transition state, and
a two-step process involving either a di-radical (reaction 15)
or a di-ion (reaction l6) transition state.

Fitch suggested

that the most feasible mechanism is a synchronous Diels-Alder
addition (13) process between uncharged species, although
strong polar influences are present.

17

In the case of
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Table 1:

Induction times, riVtcs of formation and concen
tration maxima of tho various products of
decomposition of tho methylol.phenol (IV) and the
dibenzyl ether (V) at 150°C.^^

INDUCTION TIME
RATE ‘
PEAK VALUE
(time in mins,
(minutes)
(moles)
to reach 0.1
moles)

PRODUCT

Dibensyl ether a
V
b
c

19
5
1

5
2
0.3

Original
phenol
XXVI

a 10
b 4
c 0.3

15
10
-

Diphenyl
methane
XXVII

a 15
b 6
c 0.3

25
15
0.3

135
23
'0.9

Trimer
XXXI

a 15
b 6
c 0.3

10
4
0.3

Benzaldéhyde
XXVIII

a 15
b 6
c 0.3

10
4
0.3

Dimethylphenol a 15
XXVIII
b 6
c 0.3

10
4
0.3

55
21
0.7
»
120^
22..
2
«120.
22.,
2

Methylolphsno!
IV

10
4
0.3

Note:

a
b
c

11.5..
1

0.44
‘0.34
0.16
»
50
12+

0.05
0.02
0.01

0.01
0.01

479
35
1.4

0.13^
0.24
0.38

0 .1 5 “
0.23
0.37

36
14
.0.6
»

0.22^
0.26
0.38

0 .2 7 “
C.28
0.40

0.05'*
0.12“
o:ii

0 .0 7 “
0 .1 3 “
0.12

0 .04“
13 .. 0 .03“
0.6 0.08
«
13,
7
0.7

0.06“
0 .1 0 “
0.08

—

13

-

«

0 .1 5 “
0.07
0.03

a = uncatalysed, vacuum-sealed tube; b = catalysed,
vacuum-sealed tube; c = catalysed, in vacuo; " - labe
is time in minutes to reach 0,01 moles; + = rate is
time in minutes to reach 0.001 moles; u = *.;herc peak
value is also ultimate concentration, i.e. when time
(t) for a = 24 iiours* and b = 256 minutes.

Table 2:

The half lives

(t )

of methylolphonol and dibenzyl

ether.

Co’"ü'>un<l
Me thylol piienol

01benzyl ether

Exoeriment

(mins)

uncata lysed ; sealed tv.be

70

ca talysed; sealed tvbe

20

uneatnlyeod; 3ealr?d tube

.240

catalysed ; sealed tube

40
J

oa ta ly.'.od ; in vacuo

20

.r-'

Fig. 4-

Proposed reaction scheme for the interaction of
the methylolohenol (lY)/dibenzyl ether (V) with
alk-2-ene (XXXl)
^
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Table 3:

Kinetic data for the Di*oducts of reaction of the
nethylolphenol(lV) (l) in hexane, (2) with alk-l-ene,
(3) with alk-2-eno, and { i) the dibonzyl ether with
(V) alk-2-ene, under various ’
c o n d i t i o n s a t 1500C.
PEAK VALUE
(moles)

RATE
INDUCTION TIME
(time to 0.1 moles)
(minutes)

(2)

(3)

(4)

0.4*
0.31

Ü.43
0.30

35» O.Cl
30» 0.01
63»

0.01
0.01

0.42
0.34
0.28
0.35
0.01
0.01
0.02

0.01
0.01
0.01

(1)

(2)

(3)

22
8

22
6

17
5
14
5

Original a 13 12 13 30
b 6 5 6 11
phenol
22
c
d

22»
10»

20»
12»

14+
9»
50»

Diphenyl a 25 25 22 U O
methane. b 12 8 8 15
30 60
c
d

42»
17»

44»
11»

50» 145» 0.C4^ 0.05^^ 0.04*^ 0 .04“
10» 24» 0.13 0.12^ O.ll“ 0 .1 0 “
0.03“ 0 .0 3 “
49» 75»

(1)(2)(3)(0
8
3

Dibenzyl a 8
b 3
ether
c
d

8
3
4
2

Trimer

a 25 25 22
b 12 8 8
c
d

8
3

Chrom-an

a
b
c
d

8
3
6
3
3
3

.^

Benz-al
-deh-yue

-

8

22
8
15
6

a 25 25 22
b 12 8 8
c
d
6

Dimett yl a 25 25 22
P ;'ie no i.
b 12 8 8

3
8
3

91
40

110 1440
71
63

427
36

100
26
30
16

40
16
14
10

33

-

72»
30»

72»
30»

(4) (1)

63»
2 5»

63»
25»

Mothviol a
plicnol
b
c
d

6

3
8
3
6
3

0 .40“
0 .4 5 “
0 .1 9 “
0.83“
0.05¡' 0 .04“ 0.06“
0.06^ 0.06“ 0 .0 7 “

0.32“
0.41^ 0 .4 2 “
0.63“
0.76“

-

60»
30»

35» 0. e 5
11» 0.13

20»

13»

60»
30»

35» 0.04^ 0.04^ 0 .04“ 0 .0 5 “
11» 0.09 0-.05^' 0.06“ 0 .0 7 “

20»

13»

«

d

0.34^ 0.3l|J o.io“ 0 .1 4 “
0.31 0.29 0.28“ 0.29

10»
6»
8»
4»

0 .09 “ 0 .09“

•

0.08“ 0 .09 “
0.15
0.09
0.09
0.13

lote; a ~ uncntalysed (free:occupied voluao of vacuum-sealed tube
of ca. 1.5:1.0); b = catalysed fca. 1.5:1.0); c = catalysed
(ca, 0.25:1); d = catalysed and added r.ethanal (ca.
1 .5:1.0); * = rate is time in minutes to reach 0,01 moles;
+ = rate is time in minutes to roach 0.101 moles; u =
where peak value is also ultimate concentration, i.o.,
when time(t) = 24. hours.
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Changing concen
trations of
reactant and
products, with
time, on
reaction with
methylolphenol
at 150°C in the
presence of
alk- 2 -ene
(catalysed,
sealed tube). ^ ^

Fig. 5

1.0

Fig. 6

Changing
concen
trations of
reactant and I
products,
I
with time,
on reaction -g
of dibenzyl I
ether at
<
150OC in
I 0.5
the presence*
of alk-2 -enef
(catalysed
| ou
sealed
tube).^'
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Changing concen
trations of
reactant and
products, with
time, on
reaction of
methylolphenol
at 150°C in
the presence
of alk-2 -ene
and added
methanal
(catalysed,
,,
sealed tube).

1.0

Fig. 8 :

Chingi'ig
concentrations
of reactant
and products,
with time, on
reaction of
dibenzyl ether
at 150OC in
the presence
of alk-2 -ene
and added
methanal
(catalysed,
sealed,,
tube).
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n • :1
ICO

-..I-.,

» I I «11it
1000

C — R,

R

> <liì
—

R,

L

(1 '^)

R.

R

R.

• Æ

- l
'R-

RXXIII

III

( 16)

unsynmetrical alkenes, quinone methides yield only one adduct
27
and the two-step ionic mechanism (l6 ) is favoured,
while in
dimer formation (see (5 ) ear^-ier) the free-radical mechanism
(15) explains the specific orientation obtained since
dimérisation of an ionic species, such as VIII, is
implausible.It

has been shown that the high

temperature required for cycloadditions involving chroman is
only necessary for the formation of the quinoid species, and
29 t
not for their subsequent reaction with alkenes
(see
Section (g) later).

25

(d)

Formation of adducts linked via methylene groups

One of the earliest proposals not involving chroraan
formation for the interaction between 2 , 6 dimethylolphenol
(XVIII) and natural rubber came from Van der Meer. 15

He

CH ,OH
C H 2OH
CHj-G
■>

CH.

XXV

(17)

O
•CH

CH.T“ C

^ II

CH

CH

26

suggested that, during natural rubber vulcanization, the two
methylol groups of (XVIIl) reacted with different rubber
chains.

This occurred through o-quinone methide

intermediates, which attacked an "active" hydrogen present
in an alpha-methylene group of the rubber molecule (XVII),
Reaction (17) differs from the Diels-Alder-type addition (14.)
in that addition now occurs across a simple (C-H) bond
instead of a double (C=C) bond.

Later, Van der Meer examined

the vulcanizing action of numerous phenol-formaldehyde
condensates including the halomethyl phenols.

13

In each case

he postulated adduct formation by a mechanism analous to that
shown in (17).

With the typical p/f condensate (l) the crosslinking
would be envisaged as a reaction similar to (17) to produce
XXXIV:
OH
H

^CH
C — CH.

CH.
R

R
— n
Jh

XXXIV
Van der Meer’s mechanism (17) is pictured as a synchronous
one, i.e., not involving any ionic or free-radical species
However, in view of the highly polarised state of the
o-quinone raethide (VIII) and the position of the hydrogen,
Fitch^^ has suggested an ionic mechanism for the reaction

27

which would appear more valid.

Thus, this addition may be

envisaged as a two-stage 1 ,^.-nucleophilic addition of an
allylic carbonion to a conjugated carbonyl system (a Michaeltype reaction) as in (19).

(19)

XVII

Ill

Similar additions of nucleophilic reagents to quinone
methides have been reported. 19-3“^
■

*

Hofman

39

32
and Elmer''^ have suggested that- the reactive

intermediate in catalysed (SnCl^.^H^O or ?eC1 ^.6 H 2 0 ) rubber
vulcanization is a free cqrbonium ion (see (7 ) and (8 )
earlier); in this form it would be more likely to attack the
double bond(reaction 20)hydrogens of the isoprene unit (XVII):

CH ©
( 20)

IX
28

Subsequently, XXXV, in order to stabilise itself, will expel
a proton to produce one or more compounds in which the
position of the original double bond may have shifted:

H, CH

H h.

XXXV
( 21 )

:h
)H

C — CH,
M

II

\

J

CH and/or
V

XlXVl

OH
^

C =CH,

C ^ “ ^«3
CH2
R.

■I

XXXVII

XXXVIII

Hofman^^ favoured XXXVI, whereas Elmer^^ considered XXXVII
as the product.

Fitch^^ postulated that if mechanism (2 1 )

is operating then all three (XXXVI-XXXVIII) are possible,
although as the alkylphenol XXXVI is the most thermodyna
mically stable, it should be present in the highest
proportion.

29
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No réduction in unsaturation (infra-red method) was
observed after NR vulcanization at 150^C and 130°C/60 min.
with 30 phr of p-ter, butyl phenol-formaldehyde resin
(commercial source), either catalysed SnCl^.ZHjO (2 phr) or
ZnCl^ (5phr) or u n c a t a l y s e d . F r o m these observations the
authors suggested the formation of crosslinks of the type
(XXXVI-XXXVIII), i.e., where double bonds are not consumed
in the reaction.

However, irrespective of the mechanism of

vulcanization operating in the curing of natural rubber in
presence of Lewis acid catalysts, some cyclisation of the
rubber might be expected (see Section (f) later) which would
reduce rubber unsaturation.

Furthermore, the reduction in

unsaturation to be expected after vulcanization involving
double bond consumption is small, and could be difficult to
measure with sufficient precision.

Also, the tetra-alkyl

ethylene XXXVI would not be infrared-active.

Thus, some doubt is oast on the conclusions drawn from
this previous work*

%

(e)

Crosslink formation by both chroman and methylene
linkages.

The hypothesis that both types of linkage were formed
has been supported by Ginzburg.«

m

his work, vulcanization

of butyl rubber and SKD rubber (93% cis-l,i polyisoprene)
with 6 phr of 2,6-dimethylol ^-p-tert.butyl phenol (IV where
R i =CH20 H, R2 =C(CH2 )j ) and 3phr of tin (II) chloride dihydrate
was carried out.

Infra-red spectra of the vuloanizates

30

indicated that the phenolic hydroxyl concentration was
reduced to approximately 50^ of its original value.

Thus,

he concluded that both chromanic structures (whose formation
(11 ) results in a loss of phenolic hydroxyl) and methylene
linkages (whose formation (17) involves no such loss) were
present; and gave a structure XXXIX:-

XXXIX

Ginzburg obtained similar results with bromomethyl-phenol
derivatives.

However, Ginzburg apparently did not extract

nxs vulcanizates; thus the presence of phenolic hydroxyl
detected may be due to methylolphenol reaction products not
necessarily attached directly to the elastoner,

In any

case infra-red spectroscopy is not a sensitive enough method
to use for hydroxyl determination, since it is well known
that the phenolic hydroxyl absorption band is variable in
position and intensity, and is strongly affected by the
hydrogen-bonding capacity of.its environment.
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if)

Views of mode of action and side-effects of catalysts
and inhibitors

Two of the deficiencies of the phenolic resin
vulcanization system for unsaturated rubbers are the slow
rate of reaction and the fact that some rubber compounding
ingredients markedly decrease the rate ftnd the state of cure.
It was not until metal halides were introduced as accelerators
or catalysts into the vulcanization sysuem that significant
progress was made in the field of resin vulcanization.

These

accelerators are similar to those Lewis acid catalysts used
in the Friedel-Crafts reactions.

Typical examples are the

halides of group III-VIII transition metals (e.g., SnCl2 ,

SnCl2.2H20, ZnCl2

FeCl^.bH^O).

It is very difficult to study the node of action* of
these catalysts, since they induce cationic chain reactions
of very high rates, even in the most minute quantities.

A number of investigators have envisaged the catalyst
complexing with the reactive condensate^*^"^^»

+ H®[SnC1^0H]®

( 22 )

CH

XVII

XL

XLI
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to produce

for example, carbonium ions (see (7) and (8 ) earlier) and/or
with the r u b b e r ¿5

example according to reaction 2 2 .

The subsequent reactions of such complexes as (XLI) have
been suggested to form chroman and/or methylene linkages.

The nature and action of the tin (ll) chloride dihydrate
catalyst in the reaction between the p/f resin »models» (the
methylolphenol (IV) and its dibenzyl ether derivative (V))
and the models for natural rubber (2 -methylpen-2 -ene and 2 methylpent-l-ene- see glossary for structures) have been
studied and discussed by Fitch.

Since one water molecule

of the catalyst tin (ir) chloride dihydrate, has been
reported^^ to be lattice water, whilst the other is co
ordinated to the tin, the active catalyst complex is
represented as the monohydrate (XLII).

This complex acts as

a source of free protons through a charge transfer (reaction
23).

The proton may then initiate a cationic reaction

©

Cl
Srr*-HO
Cl

II

o
H

(23)
H

XLII

XLIII

sequence involving an "ion-pair’» mechanism where the counter
ion, (XLIII), is (SnCl^OH)".

The gradual destruction of the catalyst with the
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eventual formation of a hydrated tin (II) oxide and hydrogen
chloride is considered bv Fitch^^ to occur throu«?h the
reaction sequence (24)» (25) and (2 S*i) Clearly for catalytic

Cl,

Cl

/a

Cl

e _
Sn+ Cl
HO-

HO

\

---->

^^Sn+

HCl

HO

(24)
XLIII

XLIV

H

Cl

Cl
;sn + H 2 O

(25)
H

HO

HO

XLV

XLIV

Cl

.0
H

-0
S n __ O

(25-i)

SnCOH)^

\
HO

H

XLV I

XLV-1.

activity to be observed this reaction sequence must be slow
enough to allow reasonable lifetimes of the ionised species
(XLIII) and (XLV-i).

The rate of reaction of the "model" compounds used by
Fitch in the presence of tin (II) chloride dihydrate was
increased in the initial stages, but the rate in the final
stages was similar to that the uncatalvsed reaction.
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This

V* . •

behaviour was attributed to the destruction of the catalyst
by water (sequence (25))as the reaction proceeds.

The mechanism of interaction of the ’ion-pair’ (XLIII)
with the phenolic materials used was represented by Fitch to
yield structures such as (IX) as in reactions (26) and (27)
(where the counter-ion is omitted in the interests of
clarity).
OH

OH

OH

H

e

O

(

IPhT^^h

26)
, t

IX

IV

©

H^O'^H

OH

OH

OH

OH

OH

OH

© C

(27)

IT

V

Also, it was suggested that structure (IX) can be formed
by direct addition of a proton to the quinone methide (ill)
(equilibrium 28).

OH
,CH.

:h

©
(28)

III

IX
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Thus, Fitch considered that the most likely ionic
reactive species to be produced from any of the phenolic
materials used is IX.

It acts as a source of quinone methide

through the equilibrium (28).

The catalyst may alternatively or additionally exert its
effect at the double bonds of the unsatu^ated rubber (2 2 ).
Transition metal compounds have been reported to cause
isomerization of simple alkenes, and two possible mechanisms
involving intermediate complexes have been suggested.
Isomerization of the mono-alkene, 2-methyl pent-2-ene (XXXIX)
to an equimolar mixture of the alk- 2 -ene and the alk-l-ene
(XIX) by a Lewis acid (SnCl2 .2 H 2 0 ) has been demonstrated.^^
According to the first proposed mechanism,

the alkene forms

a complex with the tin and migration of the double bond
proc^ds by the addition-elimination sequence (29),

The

other mechanism proposed^® again visualises a H-complex
between the alkene and metal complex.

CH ^

In this case a three-

CH

I

CH 3- C ^ H - C H 2- C H 3
H®(^SnCl 20 H)®

■CHj C — C H ¿-CH j- CHSnCl 20 H

CH3
H® (SnCl20 H)®

(29)
CH
CHJC^CH

CH.
'CHJ CH 3

CH^=C — C H j C H y CH 3

+ H®(SnCl 20 H)®
XLVII

+ H^CsnCl^Opf
XLVIII

36

I

I 3
CH j - C = C H — CH^-CH^

..

_
+ (SnCl^OH)®

it

c h « í:.-t=í:h

-CHj-CHs
J

H®(SnCl20K)®

(30)

CH.

CH.

CHj— d^rCH-rCH^- CH-

C H ^ ¿ — CH 2-CH 2- CH 2
XLVIII

+ tSnCl^OH)

+ (SnCÍ20 H)

carbon delocalised allylic structure

can act

in a '.'-half-sandwich" bonding system with tin.

It is proposed

that fast intramolecular hydrogen shifts, via the allyl Hconplex, then take place, as in (30).

In the view of these

isomerizations, it might be expected that vulcanization using
«
Lewis acids would cause analogous double'bond shifts in
natural rubber.

The poss4-ble structures are:

CH.

CH.

"\:H2-C=CH — CH.

CH = C — CHj-CH.

:h 2- c — CH 2 -CH 2

CH:^CH— CH=C

.III

LII
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Structure (LIl) can be visualised as anti-Markowininkof
protonation of the double bonds, and this and structure LIII
would have less-reactive double bonds than L and LI.
Cis/trans isomerization is also possible for all these
structures except LIII.

Juxtaposition of structures L with

LI or LII would give conjugated double bonds.

In addition to these double-bond shifts, another expected
side-effect of interaction of the Lewis acid catalyst with
natural rubber is geometric isomerism about double bonds.
Various catalyst have been reported to cause cis/trans
isomerization of unsaturated rubbers.

Golub^^'

converted

the cis-1,4- units in polybutadiene into the corresponding
trans units, by irradiation of the cis-polymer with ultra
violet light in the presence of various organic bromides and
sulphur compounds.

Cunneen^^*^^ interconverted cis- 1',4.

polyisoprene units of natural rubber and trans 1 ,4. polyisoprene units by treatment of thin sheets of the unvulcanized
rubber with thiol acids, sulphur dioxide and other sulphur
cbmpounds at 14.0^0.

The changes in geometric configuration

were readily followed by infra-red spectroscopy and by
nuclear magnetic resonance spectroscopy, the latter offering
a more accurate and absolute method. 51

The mechanism

proposed was a reversible free-radical addition at the double
bond involving formation of a freely rotating adduct,

However, although cis/trans isomerization has been
reported to result from Lewis acid treatment (hexachlorostannic (IV) acid, titanium (IV) chloride, phosphorus

38

trichloride oxide, and others), the products are also
believed to be extensively cyclized.^^

It seems therefore,

that cis/trans isomerization without cyclization is unlikely
to occur with such Lewis acids as:- SnC1^.2HpO, SnCl^, ZnCl
or FeC1 ^.6H 2 0 ,

The mechanism of formation of cyclized

structures, giving either monocyclic (LIV) and/or polycyclic
(LV) structures is usually illustrated ai follows:

n
XVII

“V

•eto«-.

In both types of structures, LIV and LV reduction in
the number of double bonds (i.e., reduction of unsaturation)
take place.

D'lanni et al,^^ have favoured monocyclic

structures (LIV) as the main product on the basis of density
and refractive index measurements and the observed loss of
about 1/2 of the original unsaturation.

39

Clearly, the

viv.,

maximum loss of unsaturation possible for monocyclic
structures (LIV) is 50$, but polycyclic structures (LV) would
enable even greater loss of unsaturation to occur.

55 56 57
Several authors^^*^
have supported D'lanni structure
LIV mainly using theoretical statistical arguments.

The

polycyclic structure LV was proposed by Van Veersen on the
basis of unsaturation values as low as 1 0 $ for cyclized
rubber samples.

Shelton and Lee^^ also obtained a low

degree of unsaturation for 1 ,^ polybutadiene cyclized in
solution by acid and therefore also favoured a polycyclic
structure corresponding to (LV).

The major difficulty with

these studies is lack of reliability of the methods used to
determine unsaturation.

Lee et al.^^ made a comprehensive

study of the unsaturation remaining in natural rubber after
cyclization with stannic chloride.

Perbenzoic acid oxidation

enabled the best estimate of unsaturation to be obtained.
Tne unsaturation in some samples was found to be below 20$
II
of that in the original rubber.

Thus, the authors concluded

that polycyclic structures (LV) must be 'formed.

In this

latter study the "cyclicity" (i.e., average number of rings
per cyclized sequence) obtained by treatment of natural
rubber with stannic chloride in benzene solution for 6 5 -72 h
was showed to be independent of both natural rubber and
catalyst concentrations but to be markedly dependent on the
temperature.

The cyclicity varied from 1.5 at 110° to 6 at

60 C (i.e., the higher the temperature the lower the
"cyclicity").

The rate of the reaction v;as first order with

respect to the rubber and second order with respect to the
catalyst.
40

The distinctive strain-induced crystallization
behaviour, responsible for the high ’gum’ tensile strength
of natural rubber, is associated with the molecular
orientations permitted by the cis configuration at the double
bonds.

Modification of the regular structure of natural

rubber by partial conversion of cis to trans double bonds,
as well as double-bond shifts, interferes with the
orientation of the rubber chains and hence with the
crystallization.

This results in a marked retardation in

rate of crystallization or, if isomerization is extensive,
to a complete loss of ability to crystallize.
tensile strength is adversely affected.

Thus, "gum”

Cyclization

similarly disrupts structural regularity, and inhibits
crystallization.

Unlike cis/trans isomerization, however,

cyclization dramatically raises the glass transition
temperature

and causes a loss in rubber elasticity.

It

is therefore an important part of the present study to
ascertain the extent to which cis/trans isomerization, double
bond shifts, and cyclization are caused by th'e catalysts
used.

Although the lack of strain crystallinity resulting

from cis/trans irregularity and double bond shifts will not
be very important in black-reinforced rubbers, the occurrence
of cyclization would be a more serious problem, causing a
large increase in rigidity in all compounds.

It has been established

At

a^

'

that some rubber compounding

ingredients, such as tetramethyl-thiuram disulphide and
certain antioxidants (derivatives of p-phenylene diamine),
markedly decrease the rate and sxtent of cure of rubber by

41
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p/f resins even in such small amounts as 0.0002 moles.

The

retardation effect of the amino compounds has been found to
depend on the electron density at the ni~rogen atom and on
the number of hydrogen atoms linke'd to
found

It was also

that phenolic-type antioxidants have practically no

effect on the vulcanization.

Other compounding ingredients,

such as silica filler, retard vulcanization by reacting
preferentially with the Lewis acids catalyst. 62

(g)

Halogen-containing organic activators and •selfreactive’ resins

The patent literature describes methods to raise the
rate of vulcanization of unsaturated elastomers by p/f
resins by adding chlorinated polymers such as polychloroprene,
chlorosulphonated polyethylene ("hypalon"),^ chlorinated
waxes

and halogenated butyl rubbers.

Fitch

suggested that the halogen-containing organic

accelerators function by haloraethylatiori of the methylolphenol groups or by easier ether formation and/or reaction
with zinc oxide present to form a Lewis acid catalvst.

At

vulcanization temoerature these chlorinated polymers evolve
small amounts of hydrogen chloride which may react with the
resin and/or the zinc oxide.

This idea has been taken a

step further and the p/f condensates employed as vulcanizing
agents have been halomethylated to a certain degree before
sale.

They are termed 'self-reactive• resins.

The bromine

derivative of a phenol-formaldehyde resin is commercially
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available (Schenectady Chemical Co,), ar.d is " self-activating”
in curing butyl rubber,
halogen donor).

(i.e., it requires no additional

Brominated p/f resins have been used for the

low-temperature vulcanization of ljutyl rubber^^»^^ and
chlorosulphonated polyethylene.^^

The vulcanizing resin

structure may be represented in a simplified manner by
(LVI).^^

CH
BrCH,

:h ,

R

n

LVI

Ihe amount of bromine reported for resins used varies
from J .0 to 25^. and the corresponding recommended tem|)erature
of vulcanization between 100 and 25°C.

Clearly, the resins

may be used either for their effect on rate (at a given
temperature) or temperature (for a given rate) of
vulcanization.

These halogenated resinS probably operate in

a similar fashion to the halogenated organic accelerators
either simply by generating Lewis acid in situ, or by
permitting easier ether f o r m a t i o n . S u c h halomethylated
materials lose hydrogen halide very readily ((1 ), X=C1) to
form the active o-quinone methide intermediate, and this
would account for the faster rate.

In other studies, the

halogenated p/f resins have been reported to improve
considerably the initial rate of cure.^^
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(h)

Other views

Different views of the reaction, involving free radical
intermediates, have been postulated by several authors.
6 7
Fel’dshtein
found from electron paramagnetic resonance(EPR)
studies that free radicals are present when a p-tert butylphenol-formaldehyde resin was heated wit^i stannous chloride
dihydrate (10:1).

The radiospectrometric data were obtained

from samples heated at different times (30 sec to 11 min) at
130°C and 14,0°C.

From this evidence the author concluded

that the free radicals formed at vulcanization temperatures
may be of basic importance in the structure-forming action
of p/f resins.

Ginzburg^^ studied the reaction of dimethyl-

phenol (IV where R^^CH^OH,

with butyl rubber

(12 pphr) in the absence of accelerator at 180°C.

He

concluded from infrared analysis that the dimethylphenol
first condensed to form the benzyl ether (V where Rj^=CH20 H,
R2 =C(CH^)^); this was then believe to dissociate into radical
fragments which caused crosslinking of the rubber by a free
ladical mechanism.

A radical mechanism of vulcanization of unsaturated
rubbers by p/f resins was postulated by Boguslowskii et al 68
from the observation that when cis-1 ,^ polyisoprene rubber
and a p-alkylphenol-formaldehyde resin (Amberol ST-137) were
heated in a inert atmosphere (helium) either with or without
activator (the ethyl ester of a- 3 -dibromophenyl propionic
acid) no reduction in the intensity of the bands at 1065 cm -1
and at 34-00 cm ^ in the ir spectra was observed.
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Intensity

reductions of these absorption bands did oc 3ur, however,
during heating in air, and were taken by the authors as
evidence of rubber-p/f resin interaction.

It was therefore

concluded that oxygen had an activating effect on the
reaction and crosslinking involved an autooxidative freeradical reaction.

Furthermore, these authors found that a

free-radical acceptor inhibited the aerobic reaction. 69

1.3

Aim of This Project

The object of the present work is to investigate the
kinetics and mechanisms of reactions between alkyl phenolformaldehyde resins and unsaturated elastomers, with
particular attention to the conditions used in industrial
vulcanization processes.

The work is necessary in order to

establish optimum conditions for efficient vulcanizatibn,
For this purpose adduct formation between p/f condensates of
various functionalities and unsaturated elastomers (mainly
cis-l,^-polyisoprene) are studied.

In the initial stages of

the work adduct formation between monofunctional p/f models
(IV and V where R 2 =CH^, R 2 C(CH^)^) and the polyisoprene
rubber IR (synthetic cis-1,4. polyisoprene) are investigated.
It was expected that the reaction products of this initial
study would be uncrosslinked and soluble and, therefore,
readily amenable to structural characterisation using methods
such as nmr and ir spectroscopy.

In addition to characterising

the nature of the adduct, the possible occurrence of side
reactions involving rubber isomerization or degradation by
the catalyst used is also examined.
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The air of this part of

the work is to optimise conditions for high yield of adduct
accompanied by minimal degradation or otherwise undesirable
side-effects,

In the later stages of the study, the raonofunctional
p/f model is replaced by bi-functional compounds, so that
the reaction product is a crosslinked n«twork (i.e., a
vulcanizate).

The extent of crosslinking, measured by

physical methods, is compared with that expected on the
basis of the earlier kinetic and mechanistic studies.

The

possible occurrence of phase separation of resinous
components is investigated in relation to its influence on
the vulcanization process, and on the physical properties of
the vulcanizate.

The general aims of this later part of the

work isL to establish p/f structural requirements and reaction
conditions for efficient vulcanization, whilst providing
information enabling concurrent side reactions or phase
separation processes to be understood and, possibly,
controlled.

^ •4- Glossary and Nomenclature

For the various compounds, both the lUPAC^ nomenclature
and the commonly-used name for each (as appears in most of
the literature referred to) are presented in the following
glossary.

However, since even the "common" names are rather

cumbersome and difficult to follow, each substance has been
designated a concise abbreviated name, and this designation
is used in the remainder of the text.
^International Union of Pure on Applied Chemistry.
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In addition, a condensed version of the structural
formulae is given and this representation is used throughout.

NUMBER

STRUCTURAL
FORMULA

NOMENCLATURE
(a) I.U.P.A.C.
(b) Common
(c) Abbreviated
(a) (5-(l,l-dimethylethyl)2-hydroxy-3-methylphenyl)
methanol

IV

OH

(b) 2-hydroxy-3-methyl-5“
tert-butyl-benzyl
alcohol
(c) The methylolphenol
(a) 4-,1'-Bis (l,1-dimethylethyl) -6 ,6 ’-dimethyl-

%

2 ,2 ’-(oxydimethylene)

OH

diphenol

OH

(b) Di-(2-hydroxy-3-methyl5-tert-butyl-benzyl)ether -(c) The dibenzyl ether
(a) 4--(l»l-diraethylethyl)2 -methyl-phenol

OH
XXVI

(b) 2 -r.ethyl-4.-tert-butylphenol
(c) The original phenol
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NUMBER

STRUCTURAL
FORMULA

NCMENOLATURE
(a; I.U.P.A.C.
(c) Common
(oj Abbreviated
(a) 4.»4.’“3is(1,1 -dimethylethyl) -6 ,6 '-dimethyl-

OH

OH

XXVII

2 ,2 '-methylenediphenol

(b) Di-(2-hydroxy-3-raethyl5-oert-butyl-phenyl)meohane
(c) The diphenylmethene
(a) 5-(1 ,1 -dimethylethyl)2-hydroxy-3-InethylOH

XXVIII

r

benzenecarbaldehyde
o

(b) 2-hydroxy-3-methyl-5tert-butyl-benzaldehyde
(c) The benzaldehyde
(a) 4.-(1 f1-dimethyl ethyl)2 ,6 -dimethyl-phenol

OH
XXIX

(b) 2 :6 -dimethyl-4.-tertbuoylphenol
(c) The dimethylphenol
(a) 4.-(1,1-dimethyl ethyl)2 -methyl-6 -methylene-

cyclohexa-2 ,4--dienone
XXX
(b) 3-iiethyl-5-tert-butylquinone-(2 )-methide
(c) The quinone methide
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NUMBER

STRUCTURAL
FORMULA

n o m e ::c l a t u r e

(a) I.U.P.A.C.
(b) Common
(c) Abbreviated
(a) 2-me“hylpent-2-ene
Cb) As (a)

XXXI

(c) The alk-2-ene
(a) 6-(1,1-dimethyl ethyl)3-ethyl-2,2,8-trimethylchroman
XXXII
(b) Not reported in the
Iiterature
(c) The ohroman
(a) 4-a,6 ’7-tris(l,1-dimethyl'
ethyl)-3,5» 8*-trimethyl1 ,2,^a,9a-tetrahydroxanthen-2-one-l-spiro2 ’-chroman
XXXIII
(b) Trimeric 3-methyl-5tert-butylquinone-(2)methide
(c) The trimer
(a) 4.-(1»1-diraethylethyl)
phenol

OH
LVIII

(b) ^.“tertiary butyl phenol
(c) tert-butyl phenol
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NUMBER

STRUCTURAL
FORMULA

NOMENCLATURE
(a) I.U.P.A.C.
(b) Common
(c) Abbreviated
(a) 2-inethylol-4.(l,l,dimethylethyl)phenol

OH

IT OH

LIX

(b) 2vnethylol-4.-tert-butyl
phenol
(c) The monomethylolphenol
(a) 2 ,6-dimethylol-4.(l,l,
dimethylethyl)phenol

OH
LX

HO

L

IT

(b) 2 ,6 -dimethylol-4.-tertbutyl phenol

OH

(c) The dimethylolphenol
OH
LXI

(c) The polybenzylediher
(a) 6 ,6 -bis dimethylol 4 »4.bis( 1 ,1 -dimethylethyl)2 , 2 *-methylene diphenol

(b) I>'-(2-hydroxy-4.-tert-

LXII

butyl- 6 -methylol-phenyl)
methane
(c) The dimethylol diphenyl
methane
(c) Ether derivative of the
LXIII

IT 0

dimethylol diphenyl
methane
n
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2.

INTERACTION OF TIN(ll) CHLORIDE. TINT t i ) CHLORTPE
DIHYDRATE AND ZINC CHLORIDE WITH SYNTHETIC POLYISOPRENE
■RUBBER

2.1

Purpose of This Study

The purpose of this study was to investigate whether
the catalyst itself is able to induce any chemical changes
in the rubber, before using it to catalyse the phenol-formal
dehyde-rubber reaction.

It

is well known that natural rubber (NR), when

treated

at 60 to 80°C with strong acl ls such as H^SO^, Lcv;is acids
such as SnCl^, BF^, TiCl^, FeCl^, or by irradiation with uv
light at 25-110°C undergoes progressive résinification with
%

the formation of so-called cyclized rubber.'

Synthetic

polyisoprenes (IR) also undergo cyclization quite readily.
Cis/trans isomerization of polyiscprenes has been reported
tc result from Lewis acid treatment (h j':achlorostanni<;(lV)
acid, titanium(lV) chloride, phosphorus oxychloride and
others).

Isomerization of the alk-2-ene(XLVII) by SnCl2 *2 H 20

to an equimolar mixture of alk-2-ene and alk-l-ene(XLVIII)
has been reported.

Therefore, the possible occurrence of these reactions
and/or other chemical changes induced by the Lewis acid
catalysts to be used in the later parts of this study was
investigated.

52

*

2.2

Reagents

Although NR is of greater industrial interest, it was
decided to use synthetic high-cis-1 ,4. polyisoprene because
of its higher chemical purity, lack of gel content and
reproducibility.

The rubber selected was grade IP60

(Europren, Italy), stated to be 91% cis 1,¿-polyisoprene,
with Mooney viscosity (ML4- 100°C) of 60, and 0.25 phr of a
phenolic antioxidant (2 ,6 -di-tert-butyl- 4.-nethyl phenol) as
the only additive.

The Lewis acids tin(ll) chloride, SnCl^, tin(ll)
chloride dihydrate, SnCl2 *2 H ^0 --nd zdncCll) chloride, ZnCl^»
were examined as catalysts because of their industrial
interest and their use in other studies with which comparison
%

may be” necessary.

2.3

Reaction Conditions and Procedure

The amount of tin(ll) chloride catalyst employed was
1 part by weight per hundf*ed parts of rubber (1 . 0 phr).

Tin(ll) chloride dihydrate was used in greater weight ratio
(l»19 phr), so as to contain the same weight of tin.

Thus,

the results reveal the effects of the same amount of transi
tion metal but in different coordination states (discussed
fully later in 2.lie).

The amount of zinc(ll) chloride used

(0.73 phr) was so as to contain the sane atonic proportion
of zinc as that of tin, again to enable comparisons to be
made on a molar basis.

This proportion of catalyst is lower
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if^

than that (2-4- phr) used in vulcanization of unsaturated
rubbers with p/f condensates and was selected to resemble
those to be used later for studies of the catalysed inter
action of polyisoprenes with p/f condensate "models".

The interaction between the synthetic polyisoprene(IR)
and each catalyst was examined in bulk, after first mixing
the materials on a two-roll mill.

Samples were placed

between two thin (0 . 1 mm) sheets of an inert film of fluoroethylene-propylene copolymer (FEP) (a tetrafluoroethylenehexafluoropropylene copolymer) and pressed between metal
plates for various times at l60°C (detailed in the Experi
mental Section).

The conditi oiti.’ and method were chosen for

their similarity to those used in industry in catalysed
vulcanization of unsaturated rubbers with p/f condensates.
The IR was not extracted before reaction with catalyst,
since the phenolic antioxidant was considered unlikely to
react with the catalysts in a way which might interfere
with subsequent reaction with methylol phenol compounds.

2»4

Characterisation of »Products

The products of interaction between IR and each
catalyst were acetone extracted and stored in the dark in
vacuo.

They are referred to below as products IR/SnCl 2 >

IR/SnCl2 *2H 20 and IR/ZnCl2 , respectively.

Solubility

tests in toluene showed that whereas gel content is hardly
detectable in product IR/SnCl 2 , and is absent in product
IR/ZnCl2 ,

present in appreciable amount in IR/SnCl2 *2 H 2 O
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E^'J

aftper about 4-5 min. of* raactioTi 1/11116,

Si.nc9 spsctroscopy (ir)

showed that the sol is very similar to tne gel, it was assumed
that the chemical micro—structure of* the sol and gel fractions
were substantially the same.

The gel was therefore discarded

for characterisation purposes, but this does of course limit
the value of viscosity measurements on the sol.

Each product was examined at various reaction times in
respect of the following characteristics:

(a)

Total unsaturation

, I

A number of methods for determination of overall unsaturation in rubbers have been used by different workers
(see later discussion).

In this work the Kijs-Kemp method

using iodine chloride (detailed in the Experimental Chapter)
was used.

In the absence of extensive crosslinking, a loss of
total unsaturation can be interpreted only in terms of
cyclization.

(b)

Types of unsaturati on

The possible occurrence of cyclization, cis/trans iso
merization and double bond shifts was examined by infra-red(ir)
and by nuclear magnetic resonance(nmr) spectroscopy.

Infra-red spectra were obtained of films cast from
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I

toluene solution on sodium chloride discs.

The progress of

reaction was monitored by measuring the intensity of bands
attributable to double bonds relative to one due to methyl
groups (at 7.3 pm).

Nuclear magnetic resonance spectroscopy(nmr) was used
to monitor the progress of reaction by measuring total tri
alkyl ethylenic unsaturation, relative proportions of cistrisubstituted and trans-trisubstituted double bonds, and
1 , 1 dialkyl ethylenic unsaturation.

The nmr spectra of IR/SnCl^ and IR/ZnCl^ products were
obtained using 5% w/v solution in

(98^).

However,

satisfactory spectra could not be obtained from IR/SnCl«•2H^0
products after ^45 min. of reaction time, because of the gel
content.

(c)

Glass-transition temperature

Differential scanning calorimetry(dsc) was used for
determining the glass transition temperature(T )(detailed
in the Experimental Chapter),

Although cis/trans inter

conversion and double-bond shifts are not expected to
produce appreciable T

change, large changes are anticipated
O
from cyclization, so that T should be a sensitive measure
O
of the occurrence of cyclization.
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(d)

Molecular weight changes and gel content

The possible occurrence of molecular weight changes in
the interaction products IR/SnCl2 , I^^/SnCl^*

and IR/ZnCl^

was examined by measuring the intrinsic viscosity [r)J in a
'suspended level dilution viscometer'

(detailed in the

Experimental Chapter) previously discarding the gel where
present»

Viscosity measurements were not carried out in

products IR/SnCl2 -aH20 after 45 min. of reaction time because
of the large gel content ('^60%'),

The sol/gel ratio was measured in all products IR/SnCl^
and IR/SnCl^•

(detailed in the Experimental Chapter),

Degree of swelling was not determined since the amount of
swelling was very high and samples could not be handled.

An increase in viscosity and/or presence of gel content
can be interpreted in terms of branching or crosslinking,
whereas a decrease in viscosity would indicate degradation,
i»e., chain scission.

Each of the above methods are considered in detail in
Sections 2 .6 -2 .1 0 , below.

^

Possible Structures and Types of Unsaturati on

Although the mechanisms for the various oossible
reactions have not yet been discussed, it is necessary at
this stage to present some possible structures arising
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(a) in the original rubber, (b) in acyclic products of
isomerization of the rubber and (c) in cyclic products of
isomerization ("cyclization").

It is emphasised that the

structures presented are not an exhaustive list, and further
possibilities will be presented later.

However, it is

necessary to present these structures now for the purpose of
interpreting ir and nmr results, below.

(a)

Structures present in the original IR

Although the rubber is stated to be 97^ cis 1,4.
'i
(structure LXIV), no information is given by the manufacturer
about the remaining 3^.

It is assumed, however, that this

consists of the other possible isomers (structures LXV, LXVI
and LXVII) .

CH

CH .3

Structure:

=CH

CH=CH.^ CH.
C=CH

-CH^

No:

LXIV

cis 1 ,4.

trans 1 ,4.

Position
of un
saturation:

A-2,3 cis

trialkyl
ethylene

Type of unsaturation:

< I
CH,

LXV

Type of
addition:

LXVII

1,2

3,^

A-2,3 trans

A-3,ii

A-1,2

trialkvl
ethylene

vinyl
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CH,

1 , 1dialkyl
ethylene

fc

The system of numbering is based on the 'isoprene' unit
CHo
‘C-C.

The above units are probably linked mainly in a head-totail fashion.

However, head-head and tail-»tail enchainments

are also possible, and will almost certainly be present where
1,4. addition has occurred (e.g., structure LXVIII).
CH.
=CH
CH^-^CH^

CH

3\

CH
\

t-h

3>.
.C=CH
C=
/
\
•
CH 2 +-CH2
CH24-CH^

,
/CH=C
» /
CH2-f-CH2
t-t

h-h

t-h

LXVIII

(b)

Possible acyclic new structures arising by isomerization
of-cis-1,4. units

Structures LXIX-LXXI arise from double bond shifting
about the 2-carbon atoms.

Structure LXXII is referred to

iater in the text.
CH,

/ C H 2 -CH2
Structure:

^CH=C*

/C -C H 2 -C H J -

.CH=C
CH^-CH^

CH,

-CH,

No:

LXIX

Unsaturation
position;

A-1,2 cis

A-1,2 trans

A-2(exo)

Unsaturation

trialkyl

trialkyl

1 ,1 -dialkyl

type:

ethylene

ethylene

LXX
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J.

LXXI

ethylene

vinyl

' *

Double-bond shifting around head-head units, head-tail
units and tail-tail units would be expected to produce some
1,3-diene (conjugation) (LXXIII), 1,4. diene (LXXIV) and 1,5
diene (LXXV), respectively.
CH-

/ ^3
-c^

'-X
c-

CH-CH^

/
-c.

V
c -

CH-CH^-i

(
C H - C H 2 “C H ^ —

LXXIV

(c)

CHo

\

—

C H ^

LXXV

Possible cyclic new structures arising by intramolecular
double-bond addition (cyclization) of the head-tail
linked cis-1,4- structure LXIV.

(,Condensed formulae are used for clarity of presentation)

Cyclization involving 2 adjacent isoprene units
can give structures LXXVI-LXXVIII,

Structure LXXIX

is referred to in the following sections.

LXXVIII

LXXIX

A-6 (exo)

1 ,1 -dialkyl

ethylene

(1 -alkyl
2 -dialky
cyclo
propane)

,V-,■

(ii)

Polycyclic

Cyclization involving >2 consecutive isoprene units
can give the structures LXXX-LXXII, which have terminating
double-bond types not including trialkylethylene.

In these

structures, the bicyclic case is given by n= 0 , tricyclic
n= 1 .5 , tetracyclic nsl, etc.

Structure

<

In

No:

LXXX

Unsaturation
type:

tetra-alkyl
ethylene

LXXXI

tetra-alkyl
ethylene

T

>n
7n

LXXXII
1 ,1 -dialkyl

ethylene

Although there is a theoretical possibility of cis-trans
isomerism in structures LXXVI, LXXVII, LXXX and LXXI, it seems
unlikely that more than one geometric isomer will be presenh.

2.6

Total Unsaturation

(a)

Measurement of total unsaturation

A number of methods have been used for the determina
tion of total unsaturation, and hence estimate the degree
of cyclization in cyclized rubber.

Some of the reagents

used were iodine chloride, ozone, perbenzoic acid and hydrogen
chloride.

Whilst the residual unsaturation of the cyclized

rubber may be used as an accurate measure of the degree of
cyclization, there has not been agreement amongst the various
earlier workers on a reliable chemical method to measure it.
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Some authors^^ have considered perbenzoic acid to be the most
satisfactory reagent in determination of residual unsaturation
at high degrees of cyclization, whereas others favour the
hydrochlorination of double bonds.

90 *

These authors all

claimed that with cyclized rubber iodin.e chloride reacts via
a substitution as well as an addition process, probably
associated with the existence of labile tertiary hydrogens
atoms in cyclized rubber.

Other authors

91

point out that

although the perbenzoic acid method works well on cyclized
dihydromyrcene, it remains to be established whether or not it
is quantitative for a cyclized high molecular weight compound.
They used iodine chloride and reported good agreement between
the results and those obtained by nmr spectroscopy.

Under

the aerobic conditions used in the present study no completely
cyclized rubber could be obtained (supported by the persistence of the 12 ym band in ir and 4-»65

t

in nmr) and prolonged

(>6 h) heating at l60°C led to oxidized products.

Neverthe

less the determination of residual unsaturation (iodine monochloride) showed that some disappearance of trisubstltuted
ethylenic double bonds must have occurred.

The iodine mono

chloride method was considered best in the present work
since it mainly involves low degrees of cyclization.

(b)

Pre sent study

Results obtained in this present study using the V/ijS'
Kemp method are detailed in the Experimental Chapter.
They are summarised in Fig. 9 in graphical form, showing
changes in total unsaturation as reaction proceeds.
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Fir. 9

Changes in total unsaturation with reaction time for IR
heated at 160 C with different catalvsts.

These results would appear to indicate that cyclization
is occurring at a faster rate with SnCl 2 *2H 20 than with SnCl^,
and to a negligible extent with ZnCl2 .

As an example, values

taken from the graph after 300 min ( 5 hrs) heating suggest
that approx.

29^ of the original isoprene units are involved

in cyclization using SnCl2 *2 H 2 0 , compared with only
in the case of SnCl2 .
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2.7

Infra-red Spectroscopy

(a)

Earlier ir studies

Cis/trans isomerization of polyisoprenes under the
influence of agents which can reversibly add to or complex
with double bonds such as sulphur dioxide, thiol acids
or selenium

81

has been studied by ir spectroscopy.
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Spectral

changes are, however, minimal since the main trialkyl ethylenic
unsaturation LXIV and/or LXV is not affected.

Evidence for

cis/trans isomerization in these studies is based on the fact
that NR and Balata (trans 1,4- polyisoprene, unit structure
LXV) yield products with the sane ir spectra after treatment
with those agents.

However, the evidence for cis/trans iso

merization after treatment of NR or Balata by Lewis acids
such as titanium tetrachloride, TiCl^, or organoraetallic
compounds is inconclusive.

Isomerization of NR by these

agents (TiCl, or organometallic compounds) has been concluded^^"’^^*’
from changes in the 12 pm band (associsted with the cis or
trans-1,4- units LXIV and LXV).

However, other authors

have

seriously questioned thes^ studies and they pointed out that
although a decrease in this band could indicate cis/trans
isomerization (the extinction coefficient of the trans 1 ,4unit LXV is approximately 60% of that of the corresponding
cis 1 ,4. unit LXIV), it could also signify loss of the original
double bonds through cyclization.

On the contrary, they

report cyclization but no cis/trans isomerization in the
reaction of NR and Balata with TiCl^ in benzene at 80°C.

An

additional feature of the ir spectrum of the fully cyclized
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polyisoprenes was the occurrence of bands at 6 . 1 and 1 1 . 3 pm.
The band at 6.1 pm was tentatively assigned to a C=C stretching
vibration and the 11.3 pm band to a skeletal vibration in an
external double bond such as an exomethylene group.

In that

work the ir spectrum of Balata showed that the latter band
develops, whereas it decreases somewhat in the spectrum of
IR.

Also, it is reported that this band was found in cyclized

NR.

On these grounds, the presence of some cyclized structures

such as LXXVIII were suggested.

Cis/trans isomerization accompanied by cyclization
giving rise to cyclopropyl groups (e.g., structure LXXIX) was
30
reported,
when cis- and trans-polyisoprenes (natural or
synthetic) were irradiated with uv light.

The changes

observed in ir were (i) a decrease in intensity of the 12 jt<m
band (cis or trans trialkyl ethylene),

(ii) the development

of a strong band at 1 1 . 3 pm (1 ,1 -dialkyI ethylene) and
another band at 1 1 , 0 pm (vinyl units), and (iii) an accom
panying decrease in the 6 , 0 pm band and growth of the 6 , 1
P~ band (C=C stretching vibration of internal and external
$

double bonds respectively).

In addition to the occurrence

of cis/trans isomerization (confirmed by nmr),

iihese

observations suggested that some of the trialkyl-ethylene
unsaturation was becoming involved in isomerization reactions
in which it was replaced by vinylidene (RR'G=CH2 ) and Vinyl
(RCH-CH^) unsaturation.

Free radical mechanisms were proposed

for this and for the cyclopropyl group formation.
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other studies of cyclization^^’“*^''^® also report a
decrease in intensity and ultimate disappearance of the 12 pm
band (trialkylethylene), and a reduction in intensity of the
6.0 pm band (C=C), 11.3 pm band (1,1 dialkylethylene) and
various bands in the 7.5-10.0 pm region which change slightly
with different isomeric forms.

Complete elimination of the

11.3 pm band and the associated band at 6 . 1 pm has been
reported in cyclization of 3 ,^ polyisoprenes.

(b)

Results in the present study

Ci)

SnCl2 as catalyst

Infrared spectra of IR before and after heating at 160°C
for various times with SnCl 2 are presented in Fig. 10.

The
%

more important changes in the spectrum as reaction proceeds
are (l) a partial reduction of the 12 pm band assigned to
trialkylethylene unsaturation RC(CH^)=CHR’, (2) an increase
in intensity of the 1 1 , 3 pm band assigned to 1 , 1 dialkylethylenes RRC=CH 2 , (3) the development of a band at 6 . 1 pm
assigned to C=C stretching, vibrations mainly of 1 , 1 dialkylethylenic double bonds, (4.) alteration of the intensity and
shape to the 7.5-9.0 pm bands associated with various iso
meric forms of polyisoprene and (5 ) a very slight reduction
in intensity of the 6.0 pm band assigned to C=C stretching
vibration in 1 ,2 -dialkyl and trialkyl substituted double
bonds.

These observations would appear to indicate that the

inajor processes involved in the IR/SnCl^ interaction for up
to 6 h of heating are cis/trans isomerization (for which there
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Fig. 10

Infra-red spectra of IR/SnCl^ products heated at
160°C for various times.
(aJ 0 min; (b) 15 min;
(c) 45 min;
(d) 120 min; (e) 210 min;
( f) 360 min.
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is ample nmr confirmation) and additional isomerization
involving double bond shifts from trialkyl- to 1 ,1 -dialkylsubstituted.

Cyclization would appear to be unimportant

since the overall unsaturation remains high.

Some reduction

in intensity of the 12 pm band is to be expected due to the
fact that the absorption coefficient of the trans 1 ,A units
(e.g., structure LXV) is only 0.625 times that of the corres
ponding cis unit (e.g., structure LXIV)®^ and also due to
replacement of the 1 ,4- units (cis or trans) in fact, by 1 ,1 dialkylethylene double bonds.

It may be noted that some

1 ,1 -dialkylethylene unsaturation (3 ,4- addition, structure

LXVII) is present in the original polymer, as seen by absorp
tions at 11.3 pm and (slight) at 6.1 pm.
an increase in intensity of both peaks.

The reaction causes
The new 1,1-alkyl-

ethylene double bonds resulting from IR/SriCl^ interaction
are, however, more likely to be in the form of structure
LXXI which arises by double bond shift from the original trialkylethylene double bonds through a cationic mechanism in
the Markownikcf sense (see the Discussion Section)

It is

also possible that the new unsaturation is present in cyclized
structures such as LXXXIl'^'^ or in terminal double bonds (e.g.,
structure LXXII formed by a cationic m e c h a n i s m . S i n c e the
degree of cyclization must be very low (later evidence will
confirm this) and a radical mechanism is unlikely with SnCl^,
such structures are considered much less likely than
structure LXXI.
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(ii)

SnCl2 ’2 H 20 as catalyst

Infra-red spectra of products IR/SnCl 2 •2 H 2 O after heating
at 160°C for various times are presented in Fig. 1 1 ,

The most

pronounced changes in the ir spectrum are (1 ) a sharp decrease
in the 12 ym band (2 ) an accompanying decrease in the 6 . 0 pro
band and (3) the nearly total disappearance of the 7 . 6 and
8.9 ym bands.

An increase in intensity of the 1 1 . 3 and 6.1 ym

bands is observed in the early stages of reaction (up to 15 min),
but these bands then remain approximately constant during the
remaining time of reaction.

These facts might signify that

cyclization, cis/trans isomerization (for which again there
is ample nmr confirmation) and probably double bond shifts are
all present in this interaction.

For the reason given earlier

some of the decrease in the 12 ym band is probably associated
with cis/trans isomerization.

However, in this interaction

the decrease of the 12 ym absorption is much more pronounced.
This and the decrease of the band at 6 . 0 ym and gradual disappearance of ‘jhe 7.6 and 8,9 yin bands strongly suggest that
cyclization is occurring.

The increase in intensity of 11.3 ym

and 6 . 1 ym bands in the early stages of reaction, together with
changes in the bands in the region 8 - 1 0 ym, are very similar
to the changes noted under (i) above for the IR/SnCl 2 reaction.
That is, in the early stages of reaction, cis/trans changes
and double bond shifts to form structures of type LXXI occur.
The 'vinylidene' absorption at 11.3 yra cannot be due to exocyclic groups present in structures LXXVIII or LXXXII because
very little cyclization has occurred at this stage.

Further-

n*ore, it does not increase further as cyclization proceeds.
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Fig. 11

spectra of IR/SnCl2.2H20 products heated at
160 C for various times, (a) 0 min; (b) 15 min;
(c) 45 min; (d) 120 min; (e) 210 min; (f) 360 min.
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I

(iii)

Interaction of IR with ZnCl^

Infra-red spectra of IR/ZnCl 2 ^ interaction products after
heating at 160 C for various times are presented in Fig, 12.
In these spectra no change suggesting cis/trans isomeriza
tion, double bond shifts or cyclization could be observed
and, indeed, no difference is detectable between these
spectra and that of the original IR.

Therefore, these

results would appear to indicate that there is no reaction
between IR and ZnCl2 under the conditions used,

(c)

Quantitative analysis of ir spectra

It is not possible to derive absolute values for double
bond concentrations in the absence of reference samples,
preferably polymers of known
3fA unit contents.

trans-l,ii, 1,2- and

Since absolute values can be obtained

from nmr spectra more accurately and without such a limitati.on. It was decided to concentrate on nrar for measurement
of double-bond concentrations.

Nevertheless, it is possible to illustrate the loss of
trialkylethylenic unsaturation by a plot of absorbance(A)
ratio A 2 2 ^q /A y ^^

(i.e., trialkylethylenic absorbance/methyl

absorbance) against reaction time (Fig, 13).
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Infra-red spectra of IR/ZnCl 2 products heated at 160°C
for various times: (a) 0 min; (b) 15 min; (c) 45 min;
(d) 120 min; (e) 210 min; (f) 360 min.
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Nuclear Magnetic Resonance (nmr) Spectroscony

(a)

Earlier nnr studies

Resonances due to methyl protons in cis- and trans1,4- polyisoprenes (structures LXIV and LZV) are well separated
in the nmr spectrum, especially in benzene solution when they
occur at 8.21 and 8.35x, respectively.

The positions of the

methylene and vinylene proton resonances are insensitive to
geometric isomerism about the double bond and appear at
7.90-7.97 and

respectively.®^

Measurements of cis/trans

ratio by measuring the relative area of the cis and trans
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Fii»'-.o.

msthyl r6sona.nc6s is coroplicatsd by th© rssonance of* th©
methyl protons of th© 3*4. polyisopren© structure LXVII (if
present) which is concident with that of the trans-1,4. (LXV)
methyl protons.

This difficulty can be resolved by analysis

of the resonances in the 5t region;®"^ the resonance at 5.25t ,
due to vinylene protons in 3,4-units (LXVII), is well
separated from the other isomeric structures (vinyl protons
in 1,2 units appear at 5.05T)and is therefore well suited
to the determination of the 3,4 isomer content.

When the

3,4 content has been determined in this way, it is then
possible to determine the trans-1,4- content from the methyl
resonance at 8.35 t .

Several authors have employed nmr to demonstrate the
occurrence of cyclization and/or cis/trans isomerization of
NR and Balata,

synthetic cis-1,4 polyisoprene'^'^*

and synthetic 3,4 polyisoprene.

An outstanding feature

of the nmr spectra of all highly cyclized polyisoprenes is
th^ extensive overlapping of resonance peaks throughout the
7 to IOt region.

This has been attributed to the presence

in the cyclic structure of a variety of non-equivalent
methylene groups with different chemical shifts.

Despite

the obvious complexity of these spectra two prominent peaks
stand out at about 8.4 and 9.lx, corresponding to protons on
methyl groups attached to olefinic and saturated carbon atoms,
respectively.

The nmr spectrum of the partially-cyclized

product of photolysis of NR, in which cis/trans isomerization
IS also present, shows resonances at 5.35, 3.75 and 9 .04 x in
addition to those characteristic of cis and trans polyisoprenes

(at 8,21 and 8.35t respectively). 80
assigned to Jc=CH^,
2

These resonances were

-CH^-C- and PH
2 Y

p
CH^-C- protons respectively.

^

Two high field peaks observed at 9.60 and lO.Olr (using
benzene as internal standard) were assigned to the substituted
cyclopropane structure LXXIX.

m

these spectra no extensive

overlapping was observed, since cyclizatjon was only
partially completed.

Nmr spectroscopy has been used to

study cis/trans isomerization and partial cyclization in
the interaction of cis-polyisoprene 3-d with sulphur
dioxide.

The changes observed in the nmr spectra included

the development of small peaks at 8.75 and 9.Ox which were
assigned to endocyclic methylene and methyl protons,
respectively.

m

all of these studies, when cyclization

ia present, a decrease of the peak at X.8t was reported, as
expected due to loss of trisubstituted ethylene double, bonds
the

Of

structure (LXIV and/or LXV) .

(b)

Results in the present study

(i)

SnCl,

as catalyst

N-r spectra of IR/SnCl^ products after various times
of reaction at 150°C are presented in Fig. U .

In these spectra, resonances occurring in the original
rubber, and persisting throughout the reaction, are seen
I.65X (.CH=), 7.857X (-CH3 -¿=). s.25x (cis CH 3 -i=) and
very weak peaks) at 8.70-9.30x, the latter probably being
attributable to the presence of small amounts of 1,2 and 3 , 4
75

'

■p'

Fig. 14

Nuclear magnetic resonance spectra of IR/SnCl2
products heated at 160®C for various times:
(a) 0 min; (b) 45 min; (c) 360 min.
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units (e.g., structures LXVI and LXVII respectively).

The

most pronounced change in the spectrum as reaction proceeds
IS the development of a new peak at-8.35T (which may be
assigned to trans CH^-C=).

Accompanying this change, new

peaks also appear at 5.10x, 7.15 t , 8.10 t and, at later
stages of reactionist 8.65t and about 9.0t .

These changes

are accompanied by a slight decrease of the peak at it.65T
(-CH=).

Vinyl protons in 1,2 polyisoprene units and

vinylidene protons in 3,^ polyisoprene units (structures
LXVI and EXVIl) are reported to appear at 5.05t and 5.25x,
respectively.
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The peak at 5.10x in this work might

reasonably be assigned to the vinylidene protons in 1,1
disubstituted ethylenes (e.g., structure LXXI) since the
chemical environment of such protons would be expected to
diifer^slightly from that of the vinyl and vinylidene protons
in 3 A

or 1,2 polyisoprene units (structuresLXVII and LXVI).

reaks at 8.10, 8.65 and 9.00x could be assigned to
and CH^-C- protons, respectively, present
in -cyclized structures such as LXXVI where all these protons
are represented.

However, the small area of these latter

peaks and that at 5.10x, together with the fact that only a
slight decrease of the peak at ^.65x (assigned to original
1,^ double bonds) is observed, suggest that cyclization is
not a prominent process in this interaction.

The main

processes operating would therefore appear to be cis/trans
isomerization and some double-bond shifting to 1,1 disubsti
tuted ethylene form (e.g., structure LXXI).

It is important

to note, however, that nmr will not distinguish between
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structures LXIV and LXIX, or between LXV and LXX.

Thus,

much more double-bond shifting than is apparent may be
occurring.

Indeed, the resonance at 7.15t , assigned to

methylene protons in structure LXXIV, supports the occurrence
of such shifting, and is discussed more fully later.

(ii)

SnCl 2 *2 H 20 as catalyst

In general, the changes in the nmr spectra (Fig. 15)
are the same as those described under (i) above for the
IR/SnCl^ interaction, but they occur over a much shorter
time scale.

The spectra show new peaks at 5.10, 7.15, 8.35,

8.60 and 9.10t and overlapping of resonance psaks near 8t
at heating times >15 min.

Accompanying these changes is a

marked reduction in the area of the peak at 4.7t .

All
•%

these changes are consistent with the occurrence of (l)
Cis/trans isomerization (8,35t ), (2) cyclization (8.00,
8.60 and 9 .It ) accompanied by loss of 1,/. (cis or brans)
double bonds (1.7t ) and (3) double bond shifts (5.3Ct )
yielding 1,1 disubstituted ethylene (e.g,, structure LXXI).
It should be noted that whereas this latter peak (5.It )
remains nearly constant in the early stages of reaction it
decreases slowly with extended reaction times
to the changes noted by ir spectroscopy, above).

(analogous
The peak

at 7.15t is observed to follow the same trend as that
described in (i) above (see (c) in the Discussion Section).
The much higher rates involved in the IR/SnCl^•
interaction, compared with the IR/SnCl 2 interaction may be
illustrated by the onset of cis/trans isomerization after
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Fig. 15

Nuclear magnetic resonance spectra of IR/SnClo.2 H 2 O
products heated at 160°C for various times: (a) 0 min;
(b) 45 min; (c) 360 min.
80

»ii,■:i?

only '^4. min of heating.

These observations would support

the view that SnCl 2 *2 H 20 is merely acting as a much zi^re
powerful catalyst than SnCl2 » i.e.» the same changes occur
with each but over a different time scale.

(iii) ZnCl^ as catalyst

Nmr spectra of IR/ZnCl 2 products after heating at 160°C
were identical after up to 360 min reaction time.

Spectra

of the original rubber and the 360 min product are illustrated
in Fig. 16.

From this it

d.s

concluded that no j soraerization of any

kind is occurring.

(c)

Quantitative analysis of nmr spectra

The concentration of double bonds of different types
in .the IR/SnCl^ and IR/SnCl^-2H20 ixiteractions were deter
mined by nmr spectroscopy.

The concentration of the

residual overall trialkylethylenic unsaturation, and the
1»1 disubstituted ethylenic double bonds formed by double
bond shifts were measured from the areas of the peaks at
4-.7 0 t

(-CH = ) and 5.It ( ^ = C H 2 ), respectively.

The concen

tration of the -C=C-CH2 -C=C- methylene protons was measured
by the area of the peak at

7

.1 $t .

This area should be

directly proportional to the concentration of contributing
protons and thus may be used to obtain the molar prooortion
of the corresponding structure.
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Fig. 16

Nmr spectra of IR/ZnCl 2 interaction products
(a) unheated and (b) heated at 160°C for
360 min.
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The concentration of unsaturation consumed by cyclization was obtained indirectly by the difference between the
original(unreacted IR) trialkylethylenic double bond
concentration and the sum of residual trialkylethylenic +
1,1 dialkylethylenic double bond concentration.

From the

analysis method used in this study, it seeips that it is not
possible to determine accurately the 'cyclicity'
Discussion below).

(see further

Otherwise, from the protons contributing
I

to the peak at 9.00t (CH^-C-) it would be possible to
determine the relative concentration of cyclized rubber and
from this the molar proportion of double bonds involved in
cyclization.

The cis/trans ratio was obtained from the ratio of the
areas of the 8.25 and 8,35x peaks (cis and trans CH^-C=
respectively).

In the IR/SnCl 2 *2H20 interaction, the

cis/trans ratio after 210 rain of reaction time could no
longer be measured because of the extensive overlapping of
resonance peaks.

The nmr spectrum of the unreacced IR shows

very small peaks at 5.10-5.25 t which cannot.be quantitatively
treated.

Thus, it was not possible to make a correction for

I
the CH^-C= protons of 3»4- polyisoprene units present in the
original IR, when the cis/trans content was determined.

The

cis and trans 1,4. methyl peaks are reasonably clearly
resolved, but some overlapping occurs with this small 3»4.methyl resonance.

Thus, in order to calculate the corres

ponding areas the overlapping portions of the peaks were
separated by visual judgement.

The area under each peak

was measured both by cutting out peak areas from the chart
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M -c£

aftd weighing with an analytical balance to 0.1 ng, and by
the intergral curve, the height of which is a measure of the
peak area.

Double bond concentrations derived from nmr are
expressed as molar fractions of the total original IR
unsaturation.

Thus, for example, the value for trans-2,3

unsaturation (Formula LXV), originally obtained in the form
of a cis/trans ratio (see Experimental Chapter and Fig. 21)
from measurement of peak areas, was recalculated as a
fraction of the total original (not residual) concentration
and, as such, is shown in Fig. 17, and in the Experimental
Chapter.

This expression of results is satisfactory for the

IR/SnCl^ interaction mainly for products up to 4.5 min. of
reaction time, where the amount of gel can be practically
neglected.

Thus, the nmr spectra are considered as reliably

representing the concentration of polymer as made up.

The

same can be said for the IR/SnCl^. 2 H 2 O products up to 15
nin. of reaction time (i.e., the amount of gel up to 45 min.
of reaction time can be neglected), but not for those
products after this time where >5% gel was observed.
Therefore, the results expressed in this way for those
products after 45 min. would be lower than the real ones,
since the true solution concentration would be lower than
tnat weighed out.

However, since it is expected that the

later vulcanization work will involve times of <45 min., the
results as expressed in Fig. 17 are considered sufficiently
reliable.
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Glass—'bra.nsi'fcion Tsinpera.'burs

When a polymer is heated at a constant slow rate, it
passes through a glass transition temperature, T , covering
a few degrees over which there is a discontinuity in the
specific volume-temperature relationship and a softening
from a 'glassy' to a leathery state.

This phenomenon is

interpreted on a molecular basis in terms of the ability of
short chain segments to obtain a greater rotational degree of
freedom as they gain kinetic energy.

Segmental rotations

are inhibited by the presence of strong inter-chain attrac
tions (i.e., by strongly polar groups) and by steric
hindrance to rotation (i.o., by bulky grou,i).

Thus, the

main structural features determining T^ are the polarity and
bulkiness of the chain structure.

Features such as molecular

weight(MW) and molecular weight distribution(MWD) exert
negligible effect in high MW rubbers.

Crosslinks may be

regarded as points where there is steric hindrance to
rotation ard therefore produce a rise in T^.

However, the

concentration of crosslinks in normal vulcanized rubbers is
normally so low that this 'effect can be neglected.

It would be expected, therefore, that isomeric
structural changes such as cis/trans interconversions and
double-bond shifts would have only minor effects on T
g’
and trans polyisoprenes have been reported to have T
values of 200 and 213°K r e s p e c t i v e l y , a difference w h i L
has been attributed to interference between methyl groups.
However, cyclization would be expected to have a dramatic

I t;

(steric) effect and, indeed, highly cyclized rubber is
glassy at room temperature.
therefore, changes in

In view of these considerations,

are likely to reflect mainly the

degree of cyclization of the rubbei.

Glass transition temperature (T ) values, as measured
o
by differential scanning calorimetry, for the IR/SnCl^,
IR/SnCl2 .2H 20 and IR/ZnCl^ products after heating at 160°C
for various times are presented in the Experimental Chapter
and these values are plotted v. time in Fig. 18.

T

values

follow the same general trend as was observed with the other
methods of analysis used, i.e., values remain constant at
198 K (i.e., at

of the original IR) in the IR/ZnCl^

interaction and increase faster in the IR/SnCl^.SH^O than in
the IR/SnCl^ interaction.

These results clearly support the

view that whereas cyclization is not operating in the “ZnCl^
case, extensive cyclization is occurring in the IR/SnCl^.
interaction where a

increase of some 63° has occurred

after 210 min. of reaction time.

For the IR/SnCl«

interaction,

increases by only 17° after 360 min. of

reaction time.

However, ^even this is believed too high to

be accounted for by acyclic isomerization processes, and
supports the occurrence of some cyclization, as was also
concluded from the unsaturation results, discussed earlier.
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Weight Changas and Gel Content

Intrinsic viscosity

values for the IR/SnCl^,

IR/SnCl^.aH^O and IR/ZnCl 2 Products and gel contents for
the IR/SnCl^ and IR/SnCl^.2 H 2 O products, after heating at
160 C for various times, are presented in the Experimental
Cnapter and plotted against reaction time in Fig. 19.
These results show that, whereas the viscosity decreases
somewhat in the IR/ZnCl^ interaction, there is a increase
in viscosity in the IR/SnCl^ and IR/SnCl^.

interactions

Gel content was absent in the IR/ZnCl^ interaction, but was
present in a small proportion (2-7^) in the IR/SnCl 2
interaction and in an appreciable amount
88

(5-70^) in the IR/SnCl^•2 H 2 O interaction, increasing in the
two latter cases with reaction time.

The small decrease in

viscosity in the IR/ZnCl 2 interaction may be attributable
to the heat treatment rather than to the ZnCl2 itself since
the previous evidence (T

values, unsaturation, ir and nmr
o
spectroscopy) appear to indicate that there is no reaction

between IR and ZnCl^.

The increase in viscosity and presence

of gel content in IR/SnCl^ and IR/SnCl2 •2 H 2 O indicate the
formation of crosslinks, which clearly form at much higher
rates in the IR/SnCl 2 *2 H 2 O than in the IR/5nCl2 interaction.
However, despite the considerable proportion of gel observed
in the IR/SnCl2 •2 H 2 O products the degree of sw'elling observed
in both cases for those samples heated for times corres
ponding to normal vulcanization times was very high, and the
swollen gels were very difficult to handle without breaking.
%

ihis suggests that the number of crosslinks present are
prooably not very significant when compared with the degree
of crosslinking produced in vulcanization of IR by p/f
resins.

P possible crosslinking mechanism will be suggested

in later discussion.

2.11

(a)

Discussi on

Total unsaturation

Total residual unsaturation, as calculated from Iodine
values and from nmr measurements, was expressed as a molar
fraction of the total original unsaturation.

From nmr

spectroscopy values for total residual unsaturation were
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calculated assuming the cyclicity to be one (i.e., monocydlic structures).

There is some nmr evidence (see

Discussion below) to support this assumption.

Furthermore,

it is assumed that the one double bond left after the
formation of each ring is a tetraalkylethylene, a not
unreasonable assumption since trialkylethylenic unsaturation
eventually disappears completely with cyclization.

The

molar fraction of total residual unsaturation as measured
by nmr is therefore taken to be equal to the sum of the
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molar fractions of residual trisubstituted ethylene,

1,1

disubstituted ethylene and one half of the unsaturation
consumed by cyclization.

A comparison of 'total unsaturation'

as given by the

Iodine monochloride and nmr methods is illustrated in Fig.20,
Agreement is reasonable considering the reservations which
have been expressed about both methods.

Loss of unsaturation

is approx, seven times more rapid in the SnCl 2 .2 H 2 0 case than
in the SnCl^ case.

reaction

time (min)

Fig,

20

Comparison of Iodine method and nmr method
for total unsaturation.

(b)

Cis/trans isomerization

From the nmr spectroscopy results

(see Fig. 17) obtained

in the present work it has been established that cis/trans
isomerization is occurring in the interaction of IR with
the Lewis acids catalysts,

SnCl^ and SnCl2.2H20,

91

but it

*;■
-i :i

does not occur in the interaction of IR with ZnCl^ catalyst.
The results show that cis/trans isomerization occurs some
7 times more rapidly with SnCl^*2H20.catalyst than with SnCl2

In both interactions cis/trans isomerization is clearly
a much faster process than cyclization.

Tho rate of iso

merization observed with both Lewis acids (see Fig, 17) is
unexpectedly high when compared with work previously reported
using other cis/trans isomerization agents.

In the cis/trans

isomerization of polyisoprenes under the influence of such
agents as sulphur dioxide or thiol acids in anaerobic
conditions at 14-0-l60°C^^*

or with ultraviolet light,

cis/brans ratios of 4-3/57 after 24. hr^^'^^ of reaction
(measured by ir spectroscopy), 53/4-7 in 5-8 hr^^ (measured
by nmr spectroscopy) and 80/20 in 50 hr^^ (measured by nmr
spectroscopy) have been reported.

In the present study

ratios of '76/2 4 and 4-7/53 after 45 min of reaction were
obtained in IR/SnCl 2 and IR/SnCl 2 •2 H 2 O , respectively and
from the curves of Fig. 21 an extrapolated ’equilibrium'
ratio of 45/55 was apparently reached in ''^120 min of reaction
in the IR/SnCl 2 *2 H 2 O i’^'t^^^-ction, and a value of 41/59 in
‘
^6 hr in the IR/SnCl2 interaction.

These results agree

reasonably well with those which are probably the most
reliable of the earlier studies.

(c)

Double-bond shifts

In the IR/SnCl 2

IR/SnCl2 *2 H 2 O interaction the

occurrence of double bond shifts yielding structures such
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as LXXI is suggested by ir and nmr spectroscopy (see Figs,
10-11 and 14.-15 respectively), whereas i*. does not occur in
ine IR/ZnCl^ interaction.

In the IR/SnCl 2 interaction, where

there is practically no cyclization (see Discussion below),
«
the molar fraction (measured by nmr. Fig. 17a) of this double
bond type is very low (<0,07), and may be considered of
negligible importance.

In the IR/SnCl 2 •

case this shift

appears to be of more importance, but it seems that the
suostituted double bonds initially formed may be
consumed by cyclization in the later stages of reaction
(both ir peak intensities and nmr molar fraction are maximum
at 15 min, reaction time).

In both interactions the 1,1

disubstituted double bonds may undergo cationic polymerisation

yielding crosslinking stnicburos (so© furtlisr discussion
below).

Whether or not double bond shifts yielding cis and/or
trans-1,2 trisubstituted ethylene double bonds (e,g,,
structures LXIX and LXX) are occurring is difficult if not
impossible to ascertain directly by the methods of analysis
used.

A study of the interaction of the catalysts with

polyisoprene-3d by ir and nmr spectroscopy would probably
prove beneficial, since a similar study has been done for
cis/trans isomerization by sulphur dioxide,®® with useful
results.

In this study indirect evidence for cis and/or

trans trisubstituted ethylene double bonds of the A-1,2
type is afforded by the peak at 7.15x in the nmr specora.
Juxta-position of one of these units with the unrearranged
CIS and/or trans

units would yield -C=CH-CH2 -HC=C- which

contains methylene protons in a different environment.

These

protons have been reported in 1,A-hexadiene and 1,A pentadiene to resonate at 7.1 and 7.l6x, respectively,^^ and in
methyl lindoaxe at 7.15x.*^^
arising in the IR/SnCl2

Therefore, the peak at ”^.15x
IR/SnCl^•2 H 2 O interaction might

reasonably be assigned to these methylene protons, thus
supporting the occurrence of double bond shifts yielding
isoprene units with 1,2 unsaturation.

In these interactions

tne peaks at 7.15x are maximum at 120 and 15 min reaction
time, respectively, so it appears that these groups nay be
consumed by cyclization.

Methyl protons in cis- and trans-1,2-unsaturated isoprene
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units would have the same chemical shift in the nrar spectrum
as

those

in cis- or trans-2,3-unsaturated isoprene units

(i.e., normal 1,4. addition).

It might reasonably be assumed

that equal proportions of A-1,2 and A-2,3 structures will
eventually arise since there appears to be no obvious
difference in thermodynamic stability between them.

Thus,

the cis/trans ratios measured by nmr spectroscopy would
represent the sum of equal amounts of both isomeric
structures.

Conjugate protons in 2,5-diraethylhexadiene-2,4

,96
have be
nave
been reported^ to resonate at
4..19T in nrar spectroscopy.

The absence of peaks at 4-4..4.t

in the nmr spectra of IR/SnCl^ and IR/SnCl^•2 H 2 O therefore
suggests that the occurrence of conjugate double bonds
arising from double bond shifts of t-t units in IR
(structure LXXIII) is not likely, although there is a
possibility that these structures are rapidly consumed by
D^els-Alder addition or polymerization reactions.

(d)^ CycliLati )n

The nmr spectroscopy, T^ values and total unsaturation
(Iodine values) results show the occurrence of cyclization
in the IR/SnCl2

IR/SnCl 2 •2 H2 O interactions, whereas it

does not occur in the IR/ZnCl^ interaction.

The rate and

extent of this process in the IR/SnCl2 -2 H 20 interaction
higher than in the IR/SnCl 2

cyclization being of

negligible importance for up to 2 h of reaction time in the
R/SnCl^ interaction, but occurring extensively in the
/ nCl^ 2 H 2 O interaction after only 15 min of reaction
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time (see Fig, 17),

The nmr spectra of the IR/SnCl^.»2 H 2 O interaction
products (Fig, 15) show that the relative areas of the two
peaks at 8.00 and 9.10x which were assigned to CH^-C= and
CH^-C- protons present

in cyclized units ie.g., structures

LXXVI and LXXVII) is nearly 1:1, suggesting that the
cyclized structure consists mainly of monocyclic units.

In

fact the controversy as to whether the cyclized structure
consist of monocyclic^^“^'^ or polycyclic ring structures
has not been fully resolved.

It has been reported^^”*^^ that

cyclicity is markedly dependent on reaction temperature,
varying frora as low as 1,5 at 110°C to 6 at 60°C and even
in excess of 10 at reaction temperatures below 30°C.

Thus,

monocyclic rings might be expected under the present
conditions at 160°C.

For the IR/SnCl 2 i^^^eraction products, where there is
practically no cyclization, the total unsaturation measured
by Iodine values is rather similar to that measured by nmr
spectroscopy (Fig. 20).

Similarly, there is not a big

difference between those values in the early stages of the
IR/SnCl^*2 K20 interaction.

Where extensive cyclization is

occurring, however^ Iodine values become larger than the nmr
values.

This might suggest that iodine chloride doep not

produce extensive substitutive or other side reactions as
long as structures remain largely acyclic and this method
i^ight therefore be considered
unsaturation in this study.

reliable in determination of

f

The data obtained (Figs. 17 and 18) shoiv that both T
and cis/trans isomerization reach high values in the
IR/SnCl2 .2 H 20 interaction after only short times of reaction
Thus, the structural rearrangements in the vulcanization of
polyisoprenes with p/f resins might be expected to affect
the ability of the rubber to strain-crystallise, with
corresponding detrimental effects on tensile strength and
other mechanical properties of the final vulcanízate (later
work will show that this is indeed the case).

The raised

Tg due to cyclization might also be detrimental in most
applications.

The increase of T^ can be neglected in the

IR/SnClj interaction, but since cis/trans isomerization
occurs to an appreciable extent, it might be expected that
the crystallizability and hence tensile strength of the
rubber would be affected (later work will show that such an
expectation is not, in fact, realised because of the

•

insignificance of cis/trans isomerization).
From the kinetics of these isoraerizations and from the
fact that (apparently) there is no interaction between IR
and ZnCl^, it might be expected that the vulcanization of IR
with p/f condensates catalysed by SnCl^. would be at a lower
than that catalysed by SnCl2 .2 H 2 0 , and that there would
no catalytic effect with ZnCl2 .

However, at this stage

must be appreciated that absence of cationic activity
>-ith ruboer alone does not preclude the possibility of
activity in the presence of phenolic compounds (later work
show that p/f-rubber interaction is indeed catalysed
by ZnCl^).

These observations do, however, suggest that

catalyst exerts its action primarily by interacting
with the p/f condensate rather than with the rubber.
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(e)

Overall mechanistic scheme

The mechanisms for cyclization, cis/trans isomerization
and double bond shifts may be envisaged (Scheme 1) as
involving carbonium ion intermediates.

These would be

produced from an active catalyst species such as H'*’(SnCl^.OH)
which initially protonates a double bond in the Markownikoff
sense.

The carbonium ion thus formed could expel a proton,

resulting in either cis/trans isomerization of the original
2,3 double bond of the isoprene unit and/or a double bond
shift yielding 2(exo) and 1,2 (cis and trans) double bonds.
Thus, structures LXV, LXIX, LXX and LXXI are readily
accounted for,

Intra-molecular attack by the carbonium ion

and an ad,iacent double bond results in cyclization, being
followed by a deprotonation re-establishing the catalyst and
leaving 3 possible types of double bond, i.e., 6.7, 5.6 and
6 (exo), corresponding to structures LXXVI, LXXVII and
LXX\IIT.

In LXXVI and LXXVII the trans isomers are unlikely

from thermodynamic considerations.

Although.monocyclic

ring structures are considered more likely from the evidence
given above, further intramolecular addition to give
polycyclic rings is possible, with structures LXXX, LXXXI
and LXXXII, analogous to those of the monocyclic products.
It is emphasised that the structures shown are those
resulting from intramolecular addition of the acyclic or
cyclic cation to an unrearranged cis-l,it unit LXIV.
However, addition to the rearranged structures LXV-LXXI is
also possible and may give a different product.

Thus, the

structure of the cyclized products is almost certainly not
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as regular as that shown In Scheme 1.

The curves of the kinetics of total unsaturation
(measured by Iodine values and/or nrar spectroscopy) and
residual trisubstituted ethylene unsaturation (measured by
nmr spectroscopy) for both IR/SnCl^ and IR/SnCl 2 .
interactions (Figs* 20 and 17) follow the same general
shape as those found for total and tiisubstituted ethylene
unsaturation in the cyclization of NR with SnCl., which was
4shown to be entirely consistent with a statistical theoretical
treatment assuming a carbonium ion mechanism,^®

This lends

support to the above mechanism proposed for cyclization.
Similar mechanisms have been proposed^^“^° for cyclization
of polyisoprenes by treatment of the rubber with several
other agents.

Since cyclization apparently proceeds at a

much lower rate than the various acyclic rearrangements
(Scheme 1), it seems reasonable to assume that the
interme.iiate carbonium ion concentration is not significantly
affected by them.

Cyclization might therefore be expected

to conform to the kinetics reported by other workers where
no cis/trans isomerizatidn or double bond shifting was
reported.

On these grounds the rate constants for cyclization

were found to be 12.7x10“^ and 35.1x10"^ h"^ for the IR/SnCl^
and the IR/SnCl2 .2 H 2 O ^^^®^^ctions, respectively.

The kinetics of cis/trans isomerization of NR and gutta
percha (as measured by the cis/trans ratio) by SO 2 . has
been reported^^ to be expressible by the relationship:

100

*♦)

in(b^/b^-b) = fa t

(1)

where a is the initial concentration of cis or trans double
bonds, b is the concentration of the other isomers formed
by time t, and b^ is its equilibrium concentrat i o n ,

The

relationship (l) is the general rate expression for a
reversible reaction dependent on the concentration of one
reactant.

It may be derived for the SO 2 isomerization

mechanism assuming that the SO^ concentration and rate of
radical generation are c o n s t a n t . T h e
of the IR/SnCl^ interaction

cis/trans kinetics

(cis/trans ratio)

with relation (l) up to 120 min of reaction,
negative deviation is observed (Fig. 22).

(Fig. 21) fit
after which a

Thus,

isomeri-

zation by SnCl^ presumably occurs via an "on-off” reaction
at the double bond similar to that with

although the

nature of the intermediates in this latter case is uncertain,
-"ree radicals are not involved since the rate- of isomeri
zation appears to be insensitive to free radical catalysts
and inhibitors.

The negative deviations of Fig. 22 might

be accounted for by the fact that loss of double bonds by
cyclization becomes of importance from 120 nin of reaction
time and thus z h e equilibrium is disturbed.
or additionally,

the catalyst

Alternatively

may not remain constant in

concentration like SO 2 , and may be gradually hydrolysing.
Even greater deviations in cis/trans kinetics of the
IR/SnCl 2 ^^2^ interaction (Fig. 22) are observed when compared
with that of the S0 2 -isomerization, which might be accounted
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for by a faster rate on loss of double bonds by cyclization
(For which there is ample nmr and Iodine values evidence) and
^ gradual destruction of the active catalyst species
H (SnCl^ OH)
been reported.

with increasing reaction time, which also has
According to this mechanism the rate

constants for cis/trans isomerization were 10.8 and 14.2,8 h"^
for the IR/SnCl^ and IR/SnCl 2 .2 H2O i^^'teractions, respectively.

In

bo-b

Fig . 22

Plot of results according to equation (l) showing
deviations.

The differences in kinetics between the IR/SnCl^.2 H 2 O
and the IR/SnCl^ interactions may be interpreted in terms
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of different active catalyst concentrations rather than
different mechanisms.

In the IR/SnCl^ interaction, the

active catalyst species such as

(snCl^ Oh ]^ may need to

be generaoed in situ from reaction of SnCl 2 and adventitious
traces of water.

Thus the concentration of this active

species generated may be very low and may change with time.

The fact that interaction of IR with ZnCl^ apparently
does not occur, might suggest further evidence for
© r
}©
H ^SnCl^'OHj
catalyst species to be the more likely in the
IR/SnCl^ interaction

because, whereas ZnCl^ hydrates with

different molecules of water (l-i^) per ZnCl2 molecule are
known, above 28°C only anhydrous ZnCl^ is in equilibrium
97
with the solution.
Therefore, from the results obtained
I.-.

-i.n ohe present work, it might be concluded that neither the
%

ZnCl^ ol* SnCl2 in anhydrous form possesses enough Lewis acid
t■

s^rength in order to induce cationic reactions in IR under
>-1-6 condj-tions used.

In the IR/SnCl2 interaction, however,

--.6 •
'ery likely possibility of SnCl2 reacting in situ with

traces of water yielding the complex active catalyst species
^i© r
'I©
iSnCl2 »0 Hj would account for the reactions observed.
1.0 such difficulty exists with SnCl2 .2 rl2 0 , where one molecule

of water is already in the form of this cccrdination complex,
the other being water of crystallization.

In the cyclization of polyisoprenes by TiCl. where
Apractically no cis/trans isom.erization has been reported,
9. TiCl^-induced carbonium ion mechanism v;£S suggested,
involving a coordination complex intermediate between TiCl,
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and the trialkylethylenic double bonds of IR.

Thus, the

TiCl^ itself was considered the active catalyst species.
TiCl^ has been reported^

to be a powerful Lewis acid and

in general forms a very extensive series of addition
compounds.

It would be expected to be more likely than

SnCl2 to react with double bonds in IR,

In that study^*^ the

absence of cis/trans isomerization was explained in terms of
the absence of any reversibility to the attachment of TiCl.
4onto the isoprenic double bonds, whereas reversibility in
attack of these double bonds by H'*’(SnCl^ .OH) " is suggested
in the present study and would account for the extensive
cis/trans isomerization observed.

By analogy with the polymerization of isobutylene by
tne Lewis acid catalyst BF^ when a trace amount of water
(co-catalyst) is added^^ (and in general with the Lewis
acid-catalysed polymerization of double bonds with electronrexeasing substituents), the crosslink formation in the
in/SnCl^ and iR/SnCl^.2H 2 O interactions (revealed by the
gel content) may be envisaged as involving a cationic
addition of the 1,1 disubstituted double bonds (structure
LXXI) formed by double bond shifts.

Propagation of this

addition (Scheme 2) yields crosslink structures, termination
may be envisaged as a proton expulsion giving terminal
unsaturation.

Since cationic polymerization at high

temperatures yield oligomeric products, the value 'm' in
Scheme 2 is likely to be very low, possibly one.

An alternative or additional mechanism of crosslinking
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may be envisaged, involving conjugated double bonds
(structure LXXIII),

Such double bonds, if formed, would

be expected rapidly to undergo Diels-Alder type addition
to isolated single bonds, producing a cyclic crosslink
(Scheme 2).

Further, it is possible that conjugated double

bonds could participate in cationic polymerization similar
to that discussed above.

It is considered that the Diels-Alder mechanism is the
more likely, since the temperatures used are well above the
ceiling temperatures commonly observed for cationic polymeri
zation processes.

//hichever crosslinking mechanism applies,

the smaller gel content, and the slower kinetics of gel
formation for the IR/SnCl^ interaction than for the
IR/SnCl^•2 H 2 O interaction (Fig. 19) is readily accounted
for by the smaller concentration of active catalyst soecies, eg.,
-9 fo
.
iSnCl^’OH) , in the former case.
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3

INTERACTION OF ♦MODEL* PHENOL-FORMALDEHYDE CONDENSATES
WITH SYNTHETIC POLYISOPRENE RUBBER

3*1

Purpose of This Study

The purpose of this study w&s to investigate adduct
formation between monofunctional ‘model’ p/f condensates and
IR.

In view of the mono-functionality of the ’’models" used,

they were expected to react with the rubber to form addition
products rather than crosslinks, and therefore to produce
soluble products which should be readily amenable to
structural characterization.

In addition, the possible

occurrence of isomerization side reactions by the catalysts
used (see previous chapter) may be expected to influence the
progress of the reaction.

The establishment of optimum conditions for high yield
of adduct accompanied by minimal degradation or otherwise
undesirable side-effects was a primary aim of this part of
the work.

Such conditions should enable 'the number of cross

links to be maximised whep the monofunctional p/f models are
replaced by bi-functional compounds in a later stage of this
work (Chapter 4).

3.2

Reagents

The rubber and catalysts examined were the same as
those described in Chapter 2.

The p/f condensate "models"

used were the methylol phenol( IV )- and its corresponding
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dibenzyl ether derivative (V) which were previously
synthesised (details in the Experimental Section).

The main

between the methylol phenol and the p/f condensates
used in industry (e.g. i) is the low functionality of the
former.

The methylol phenol is mono-functional with respect

to methylol, or bi-functional if the phenolic hydroxyl is
taken into consideration.

If, however, the two groups act in

unison to produce a quinone methide moeity (XXX), then a
chroman structure (XXXII) the functionality may for present
purposes be regarded as unity.

This concept assiimes no

reaction at the free ring positions or the substituent alkyl
groups.

The latter may react under oxidative conditions, but

in the present study where the interaction of p/f condensates
with rubber were carried out in a full enclosed mould, the
reactions may be regarded as taking place under substantially
anaerobic conditions.

The ring positions meta- to the

phenolic hydroxyl are unresponsive to electrophilic attack,
and reactions at these sites would require much more vigorous
conditions than were used in the present work.

The dibenzyl ether cannot be regarded as bifunctional,
despite the fact that it is derived from a condensation of 2
molecules of methylol phenol.

Its decomposition produces 1

molecule each of quinone methide and methylol phenol, and in
all importants respects its functionality may therefore be
regarded as the same that of the methylol phenol.

However, a

different yield of adduct formation and solubility in rubber
might be expected compared with those for the methylol phenol
(by analogy with the results of Fitch), and these
possibilities will be investigated,
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3.3

Reaction Conditions and Procedure

The amount of methylol phenol employed was 25.0phr (i.e.,
20% by weight of the total).

The reasons

for the use of

such a high concentration of methylol phenol, which is 2~3
times the concentration used in industrial vulcanization,
were (a) to ensure a high yield of any addition products so
that any small variation would be more easy detected, and
(b) because this condition is similar to that used by Fitch
in his model compound kinetic studies^^, thus enabling direct
comparison to be made.

The weight of dibenzyl ether used,

23.8 phr was slightly less than that of the methylol phenol,
so as to contain the same number of "active moles", again
enabling results to be directly compared.

Since we are

interested only in the fate of those substances which contain
phenolic nuclei, we may define the "mole" as the average
relative mass per formula unit of the natural nuclidic
composition (i.e., molecular weight) in grams divided by the
number of nuclei present.

Thus, 1 gram-molecule of dibenzyl

ether would constitute 2 moles, in accordance with the
discussion concerning functionality above.

The amounts of catalyst used (SnCl, l.Ophr, SnCl .2H_0
1.19phr and ZnCl 2 0.73phr) were chosen to be the same as
those employed for the study of the interaction of IR with
catalysts only (Chapter 2).

The catalysed reactions with both p/f models were
studied at 160 C.

In order to speed up the uncatalysed

■
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'

J ^■
■* _■ -

interactions, these were carried out at 180°C.

i>-

In all cases

the reactions were conducted in bulK in a vulcanization press,
in the same way as described for the IR/catalyst interactions
(Chapter 2).

3.4

Characterisation of Products

The products of interaction between IR and the p/f
condensate models, both catalysed and uncatalysed, were
acetone-extracted then stored in the dark in vacuo.

They are

referred to below as products IR/MP, IR/E, IR/MP/ZnCl ,

2
IR/MP/SnCl 2 , IR/MP/SnCl2.2H20.

I R / E / Z n C i ^ .

IR/E/SnCl 2 and

IR/E/SnCl2 •2 H 2 O , where* MP and v' refer to methylol. phenol (XV)
and dibenzyl ether (V).

Each product was examined at various reaction times in
respect of the following characteristics:

(

a)

Bound phenolic material

The total concentrat^ion of phenolic material combined
was determined by: (i)

acetone extraction, (ii)

spectroscopy and (iii)

ir spectroscopy,

(i)

nmr

Acetone extraction

Each product of interaction was thoroughly extracted
with acetone in a Soxhlet apparatus, and the
table matter determined.

%

weight extrac

Sample of the IR only and of the

unheated mixes were also extracted so as to allow the amount
of phenolic material combined after each period of heating to
be calculated (details in the Experimental Section).

suspected that some uncombined decomposition
products of the p/f models and/or of the catalysts used might
not be completely extractable with acetone,

A series of

experiments were therefore undertaken for comparison using a
saturated ethylene-propylene rubber(EPR) ('Intolan 36',
Shell Co,, UK) which is not expected to iaact with the
phenolic materials, catalysts, or their decomposition
products.

The EPR was mixed with the methylol phenol and the

ether with and without catalysts, using the same proportions
and reacting under the same conditions as those used for the
IR interactions.

Acetone extraction of these products after

various reaction times, and of the EPR and the unheated mixes,
allowed the amount of unextractable yet (presumably) un
combined matter to be calculated.

These results were used to

correct those obtained in the various interactions with IR.

(ii)

Nmr spectroscopy

The nmr spectrum of the extracted polymer was used for
determination of the concentration of combined phenolic
material by comparing the area of a resonance band
attributable to phenolic material with one due to IR.

(iii)

Ir spectroscopy

Ir spectroscopy was used to monitor the combination of
material by comparing the intensity of a band attributable to
phenolic material with one due to IR.

This gave a relative,

not absolute, phenolic concentration, but was convenient for
following the progress of reaction.

(b)

Structure of the adduct

The above considerations relate to the total amount of
adduct formed, but give no information about its structure.
In order to distinguish between structures linked by chroman
groups and those by methylene bridges (see Introduction), the
following were examined:
%
(i)

nmr and ir spectra were examined for evidence of
groups and other structures;

(ii)

phenolic hydroxyl concentration (characteristic of

the methylene-bridge-linked adduct) was determined using ir
spectroscopy, a known phenol being used for calibration
purposes;

(iii)

total unsaturation (which, on a molar basis,

should diminish only with chroman formation) was determined
using iodine monochloride (wijs-Kemp method) and perbenzoic
acid reagents.

In order to assess the reliability of the

results, both methods were tested using model compounds
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containing tertiary hydrogens, tetrasubstituted double bonds
and phenolic nuclei.

(c)

Isomerization of polyisoprene during reaction

As discussed in Chapter 2, cis-trans conversions and
double-bond shifts may be revealed by ir and nmr spectroscopy,
and these spectra were therefore obtained of each product.
Cyclization is clearly revealed in the glass transition
temperature, T^, but in this case there is the complication
that adduct formation itself is expected to raise the T
9
The discrimination between these two T -raising effects is
discussed later.

(d)

Molecular weight changes and gel content

Solubility tests in toluene showed that whereas gel is
absent in products IR/MP, IR/E, IR/MP/ZnCl^ and IR/E/ZnCl ,
^
2
it is present in considerable amount in products IR/MP/SnCl ,
2

IR/MP/SnCl2 .2 H 2 0 , IR/E/SnCl 2 and IR/E/SnCl 2 .2 H 2 O after about
15 min, of reaction time.

Gel formation appears to occur

concurrently with cyclization.

Quantitative measurements of

gel content in these cases were obtained as described in the
Experimental Section.

Despite the fact that ir spectroscopy

showed that the sol is very similar to the gel it might be
possible that the chemical micro-structure of the sol and gel
fractions are not precisely the same.

Thus, in these cases

the results of nmr spectroscopy (above), which necessarily
was carried out on the sol, may not be precisely representative
of the product as a whole.
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since gel formation is expected to be preceded by a MW
increase due to crosslinking, intrinsic viscosity values
were determined on each of the soluble products.

These were

carried out in toluene solution, as described in the
Experimental Chapter.

Each of the above methods are considered in more detail,
and results in the present work are presented in Sections
3,5-3.11; below.

3.5

Bound Phenolic Material

(a)

Earlier studies
In Fitch's work^^ the interaction of alk-2-ene XXXI and

^i^~l~ene XXXII with methylolphenol

and dibenzyl ether (24

and 23 parts by weight per hundred parts of alkene
respectively) was investigated both uncatalysed and catalysed
(SnCl2»2H20, 0,24 parts weight per hundred of alkene) at
150°C and under various reaction conditions." Products were
«
identified and monitored using a refined thin-layer
chromatographic technique.
type adducts were observed.

In that study no methylene bridge
Concentration of chroman,

expressed as moles per mole of the starting phenolic
material, are plotted against reaction time in Figs. 23 and
24 for various reaction conditions.

The induction times,

rates and concentration maxima for chroman formation and for
the decomposition products of the methylolphenol and ether
under the various conditions of Fitch's study are given in
Table 3, Chapter 1,

These results show that in both
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Concentration of chroman, with time, on inter'
action of methylolphenol at 150^0 with alk-2ene/alk-l-ene under various conditions.
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Concentration of chroman, with time, on inter
action of dibenzyl ether at 130*^0 with aik-2-ene
under various conditions.
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ancatalysed and catalysed interactions the rates of chroman
formation were faster with the ether than with the methylol—
phenol.

The rate and extent of chroman formation in the

catalysed interactions with both methylolphenol and ether,
where the free:occupied volume ratio (pl 6 ) was high (1 .5 :1 ),
were quite similar to those of the uncatalysed case.

This

unexpected similarity was attributed to isomerization of the
^l^~2 -ene to an equimolar mixture of alk- 2 -ene and alk-l-ene,
the latter being unreactive to chroman formation and no
chroman was formed from this under uncatalysed conditions.
Chroman concentration for both catalysed and uncatalysed
interactions were slightly higher with the ether than with
the methylolphenol.

Substantial increases in reaction rates

and chroman concentrations for both phenolic materials were
observed in the catalysed interactions by addition of
methanal and decreasing the free volume in the reaction
vessel.

These served to inhibit the formation of diphenyl

methane by-product by increasing the partial presence of
methanal and thereby inhibiting the formation of free phenol
(see Fig. 4).

(b)

Results in the present study

(i)

Acetone extraction
Bound phenolic material was obtained by weighing the

acetone extracts.

The loss of material as volatile decompo

sition products (methanal and water) was considered to be
negligible.

As a check, combined material was also calculated
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from increasing weight of the extracted rubber rather than
from the \veight of the extract.

Surprisingly, however, these

values resulted in slightly higher combined phenol values
than those obtained from the weight of extract; this possibly
9’
i'ises

from retention of acetone by the rubber even after

drying samples in vacuo at 60°C for up to 7 hrs.

The extent

the difference is illustrated for a typical set of values
obtained by the 2 methods in Fig. 25.

The analysis based on

the weight of extract, corrected for the weight of extractable
matter from the original rubber and the weight of acetoneinsoluble uncombined phenolic matter, was considered the more
reliable and was used in this study.

Results were expressed

as moles of phenolic material combined per mole of rubber and
as the molar fraction of the starting phenolic material which
had combined (the moles of bound phenolic material were
obtained by dividing the weight in grams, obtained from the
aceuone extraction, by the MW (176) of the quinone methide
unit XXX).

Detailed results showing corrections made are presented
in the Experimental Chapter.

Results are summarised in

graphical form in Fig. 26, which shows moles of phenolic
material combined per mole of rubber as well as molar fraction
of the starting phenolic material combined as reactions
proceed.

The rates of combination (time 0.01 moles),

maximum combined phenolic concentration achieved and concenphenolic material combined at 35 min, (a reasonable
time for vulcanization) are given in Table 4.

These results

show that, in general, for the catalysed interactions rates
of combination were faster and concentration maxima higher
118
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Comparison of kinetics of combination of phenolic
material for the IR/E/ZnCl2 interaction as calculated
from the amount of acetone extract and from the
wei.crht of the adduct.
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26

Kinetics of combination of phenolic material as
calculated from the amount of acetone extract.
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K iriG tic

f o r p liG n o lic inB.tGr’i s l coinbxnGd in thG

various intoractions, a s calculatGd fro m the
correctGd amount o f acetonG Gxtract,

Rate
Concentrations
Ultimate
(time
in
mins,
concentration
Interaction to reach 0 . 0 1 UP to 35 mins
(moles /mole of Onoles/ii ole of rubbei^
mole
rubber)xl 0 ^
xlO^
IR/MP
IR/E

22

IR/MP/ZnCl2
IR/MP/SnCl2

9

1,45
2.60

3,90
4.30

18
5

1.80
3.35

5.90
5.15

5

5.25

5.85

IR/E/ZnCl^

3

3.50

6.30

IR/E/ShCl^

5

4.75

6.40

IR/E/SnCl 2
2H20

2.5

6.00

6.22

IR/MP/SnCl2
ZH^O

TablG 5

Kinetic data for phenolic material combined for the
various interactions as determined by nmr spectro
scopy.

!------------•

.
Rate
Concentration
Ultimate
(time to 0 .0 1 moles) up to 35 min, concentration
Interaction
(moles/mole
(moles/mole
of rubber)
of rubber)
xlO^
xlO"^
IR/MP

30

IR/E

11

0.90
1.90

3.60
4.60

iR/MP/ZnCl^

17

1.50

5.60

IR/MP/SnCl2

8

2.65

5.60

IR/MP/SnCl2
2H2 O

—

1

IR/E/ZnCl2

6

3.70

6.60

IR/E/SnCl^

2

4.50

7.30

—

—

IR/E/SnCl2
2»2°

1
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than for the uncatalysed ones.

In all cases the rates with

the dibenzyl ether were considerably higher than with the
incthylolphenol> and the eventual concentration maxima for the
former were slightly higher than for the latter.

Comparison

of results for the various catalysts used show that rates
were highest with SnCl 2 «2 H 2 0 , intermediate with SnCl

and

lowest with ZnCl 2 (these will be discussed further later).
(ii)

Nmr spectroscopy
An estimate of the concentration of combined phenolic

material was obtained by nmr spectroscopy from the area of
the peak at 8 .6 6 t (-€(CH 2 )3 )
phenolic material the resonance at 8 ,6 6 T w a s chosen since,
because there are nine contributing protons, its area is
sufficient even in the very early stages of reaction where
the amount of phenolic material combined is very low.
Furthermore, this resonance band is not overlapped by other
resonances.

In the IR/MP/SnCl 2 » IR/MP/SnCl 2 .2 H 2 O, IR/E/SnCl2

and IR/E/SnCl 2 .2 H 2 O interactions, where the gel content was
very high, no satisfactory nmr spectra could be obtained.
Results could therefore not be expressed., in quantitative terms
since the true solution concentration would be lower than the
*
apparent one as prepared. However, there was no gel content
in the IR/MP, IR/E, IR/MP/ZnCl 2 and IR/E/ZnCl 2 interactions,
and quantitative measurements were made with the acetoneextracted rubber using the phenolic peak at 8 . 6 6 rand, as a
reference, the IR trialkylethylene R 2 C=CR-H resonance at 4 . 7 0 t ,
which is clearly resolved, with no overlapping.

Using these

two resonances, results for combined phenolic material were
obtained as described in Chapter 6 , Section 6.3.
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In the IR/MP/SnCl 2 .2 H 2 0 and IR/E/SnCl 2 .2 H 2 O interactions
combined phenolic contents calculated by this method would
be higher than the real ones since some further consumption
of the -C=H unsaturation occurs by cyclization.

Thus, results

as calculated by this method for these interactions are not
reliable, both because of gel formation and because of
cyclization.

The corrected results for the various interactions are
presented in the Experimental Chapter and summarised
graphically in Fig. 27.

The graph shows changes in moles of

phenolic material combined both per mole of rubber and per
mole of the total phenolic material, as reaction proceeds.
Some kinetic data corresponding to those given for results
obtained by acetone extraction above (Table 4) are presented
in Table 5.

These nmr results show the same general trend

as the corresponding ones obtained by acetone extraction with
the exception of those for the IR/MP/SnCl 2 .2 H 2 O and
IR/E/SnCl 2 .2 H 2 0 interaction products.

The latter, as

anticipated, gave higher values for combined phenolic matter,
presumably for the reasons discussed above.

Comiparison of

the other results with those obtained by acetone extraction
show that agreement is generally quite reasonable (see
Further Discussion).

(iii)

Ir spectroscopy

Ir spectroscopy was used to illustrate the increase of
phenolic material combined in the acetone-extracted products
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Kineticjof combination of phenolic materia
uetermined by nrnr method.

•,'^i

by a plot of absorbance (A) ratio
time Fig. 28).

against reaction

The absorption band at

6,75/Mn,

a substituted

aromatic ring vibration, was chosen as representative of
phenolic material since this band is medium in intensity and
is not overlapped (see Section 3.5).
S’

The band at 7.3y^m is

deformation vibration and is believed to be little

affected by the adduct formation.

The results (Fig. 28)

follow the same general trend as those obtained by the
previous two methods ((i) and (ii) above).

An exception is

seen in the higher combination rate and ultimate extent of
combination in the IR/MP/SnCl^.2 H 2 O interaction compared
with the IR/E/SrÆl 2 and IR/E/ZnCl 2 interactions.

This might

be accounted for by cyclization in the former interaction
(see Section 3.6) and/or differences in unextractable
phenolic material for which these results were not corrected.

It is emphasised that, due to the absence of known
standards for calibration, the ir results are relative to one
another and cannot be expressed in absolute terms.

It would

have been possible to prepare some appropriate standard
mixtures for calibration,,but this was not done because
results would probably have been less reliable than those
obtained from the two methods (i) and (ii) above.

(iv)

Efficiency of combining of phenolic material

The efficiency (E) of the com.bination of the phenolic
material with rubber is defined as the moles of phenolic
material combined per mole of ••active” phenolic material cosumed
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Fi<r. 28

Illustration of combination of phenolic material
with time, usin^ ratio of absorbance (A) of infra
bands at 6.7 and 7.3 um.
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(for this purpose both methylol phenol and dibenzyl ether
must be regarded as active material),

E will therefore

depend not on time but on the extent of side-reactions (e.g.,
formation of ’inactive* diphenyl methane, trimer, etc.).
Clearly, however, if the relative rates of adduct formation
and side reactions are dependent upon time then E will be so
accordingly.

In this study it was not practicable to estimate the
phenolic material consumed and efficiency could not therefore
be calculated.

However, the values of yield, expressed as

the moles of phenolic material combined per mole of "active"
starting phenolic material, clearly represent a m inimum
value of efficiency, the difference between yield and
efficiency diminishing as the active phenolic material is
gradually consumed.

Results for yield were presented in the

graphs of Figs. 26 and 27 above.

^ ^

Nature of the linkage between rubber and phenolic
material

As discussed in Chapter 1, two schools of thought have
evolved in the literature on the mode of linkage between a
phenol-formaldehyde condensate and an alkene.

One view

considers the linkage to involve a chroman ring, the other a
simple methylene bridge.

Relating these earlier views to the

materials used in the present work, some of the more likely
possible structure for the adduct are illustrated in Scheme 3,
where routes labelled (a) lead to chroman structure and
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routes (b) to methylene bridge structures.

There are several

feasible chroman adduct isomers from reaction between IR and
quinone methide.
original

If reaction between them takes place at the

trialkylethylene double bond

conceivable are LXXXIX and X C .

LXIV, the isomers

If the isoprene reacts ih the

A-1,2 isomerised form LXIX structure XCIV or
result.

XCV would

Finally, if the double bond reacts as the 1,1-di-

alkylethylene isomer LXXI the isomers XCIX and C could form.
The isomer formed in each case would be dependent upon the
orientation between reactants, the more likely product being
the one with the chroman -CH 2 ~ group attached to the least
substituted side of the double bond.

Since the formation of

adducts from a 1-olefin (by analogy with Fitch) is unlikely,
formulae XCIX and C ( 3rd row) are most improbable.

This

leaves the 2 most likely chroman structures as LXXXIX and

, It is possible that methylene bridge formation might be
accompanied by double bond shifting resulting in still
further possibilities.

It will be noted that several of the formulae in Scheme
3 may display ring conformational and configurational
9

isomerism.

Such different stereoisomerism may depend on

additions at cis- or trans- double-bonded units but knowledge
of these is beyond the s ope of the present work.

(«)

Earlier studies

Most of the spectroscopic data in the literature relate
to the interaction products of p/f condensates with simple

al)c0nes.

In those cases where unsaturated rubbers were

vulcanized by bifunctional p/f condensates, because of
insolubility of the vulcanizate products, data are restricted
to ir spectroscopy.

The reported results are discussed

exclusively on the basis of the p/f and rubber absorption
bands rather than reporting characteristic bands of the
chroman ring or methylene bridge structure.

Nmr and ir spectra of some of these earlier interaction
products, and those for p/f condensates, are discussed below
(nmr and ir spectra of IR have already been discussed in
Chapter 2).

(i)

Ir spectroscopy

Several investigations'^^"

established that, in

the spectrum of p/f condensates, the band at lO^m represents
a bond-stretching vibration of the C-0 bond of the methylol
group, the band near 8.0|j,m is a deformation vibration of OH
bonds together with a bond-stretching vibration of C-0 bonds,
the broad band at 2.7-3.2p.m is an 0-H bond-stretching
vibration of combined hydroxyl groups.

Bands of moderate

intensity in the 6 to 7p.m region and between 1 1 and 13.50|im
have been attributed to substituted benzene nuclei and the
band near 9.5jj,m to the methylene ether bridge.

The latter

band in the dibenzyl ether of this work has been reported^^ to
occur at 9.4|jim.
In Fitch’s work^^ on the reactions of the methylolphenol
with 2 -methylpent-2 -ene and 2 -methylpent-l-ene, there are
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clearly various possible chroman and methylene bridge
structures which might be produced, analogous to those of the
1

st and 3rd rows in Scheme 3, suggested as being possible in

this present work.

However, Fitch-found only the chroman

XXXII (analogous to structure LXXXIX of Scheme 3); other
structures, if present, were in undetectable quantities.

The characteristic absorptioii bcind of this internal chroman
ring was reported by Fitch to occur at 10.5 am; the hydroxyl
(2.3 (im) or alkenic double bond ( 1 2 . 0 {im) absorptions ^were
completely absent.

Diagnostic peaks for the external* chroman

CIV (synthesised by another method) were reported^^ to occur at
10.3 and ll.Oum, again with no hydroxyl or ethenyl double
bond (11.2 |im) absorptions detectable.

It would appear that

there is very little hope of identifying the type of chroman
formed in the present work, in view of the number possible.
However, the absence of phenolic OH absorptions and the
presence of a band near 10.5 (im may reliably indicate the
presence of a chroman.

The observation by Fitch that the 1-

alkene did not react would appear to make the chromans of the

J H .*"nr

(ii)

Nmr spectroscopy

In the spectrs. of p/f condensâtes the âryl protons
(Ar H's) have been reported as a broad band near 3.Or » while
the hydroxyl phenolic protons (ArOH) resonance appear.^ near
^ ^ 104,105
3 .drjThe latter resonance is very variable in
position, depending upon the sample temperature, solvent,
and concentration of the solution.

Under some circumstances

it may not be observed because it falls outside the 0 to 1 0 T
region.

Methylene protons of the methylol group (-CH-0H)

and those of the methylene ether bridge (-CH2 -0 -CH 2 ~) have
been reported in the 5.0 to 5.7x region. 104,105

Assignments

for resonance for the methylolplienol and the ether (in CpCl^)
have been reported^^ as follows:

B .& T (

3

) > 7.8 t

(Ar-CH3 ), 5.2T (-CH 2 -OH), 3.2 and 2.9T(ArH's), 5.3T
(CH2 -O-CH2 ), 4.0T(ArOH).

In Fitch’s work^^ resonances for the internal chroman
CH
XXXII have been listed as follows: 9 and 8.9x ( '^C-)
CH
8 »?8 t (C(CH3 )3 ) , 8 *^'^ (CH3 -CH 2 ), 8.4x (C-CH2 -C), ^8 . 2 x
(C-iH-C), 7.9x (Ar-CH3 ), ^ .3 t (Ar-CH 2 -C), and 3 . 1T(ArH’s).
OQ
Chroman derivatives have teen reported
from reaction
between 2-methylolphenol (CV) or 2-chloromethyl-4-nitrophenol
(CVI) and various simple alkenes i.e., trans-l-methyl-2-phenyl
ethylene, cyclchexene, 1 -heptene, cis- 2 -pentene and
norbornene.

Chromans were represented by the structures

CVIII and CIX, where

R 3 and R^ depend on the particular

alkene used, but only the OCH proton resonance was reported,
occurring as a multiplet between 5.50 and G.IO t .
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Resonances (in CDCl^) assigned for the chroman CX reported^^
as a product from the reaction between 2 -hydroxymethyl-4 ,6 dimethyl phenol CVII and styrene, were: 8 . 3 4 x
( d , j 7 Hz,
*
CH.CH^)» 8.00 t
( s , 6 -CH^), 7.82 T
( s , 8 -CH 3 ), ’
7.2--7.9T
(m, CH 2 .CH2 )> 5. 4 5 T

(s,j7

lOHz, 0 .CH.CH2 )> 3.12T:

Hz, CHMe), 5 . 0 3 T

(dd, J3 and

(7-h ), and 2.8T

The

synthesis of several chroman derivatives from the reaction
between naphthoquinone methides with alkenes has been
reported

28

.

The resonance assignments suggested for two of

these chromans, CXI and CXII, were listed as follows:
5.80 X

CHO) and bands corresponding to the methylenic

protons of an ABX system at 6.91T
7• 24Tr

CXI ,

(dd, J3 and 17Hz);

protons), 5.61T

(dd, J7 and 17 Hz) and

CXXI , 4 . 4 x

(

vinylic

(td, J 8 and 2Hz, OCH), 6.84T

(dd, J15

and 7HZJ one proton of ABX system ArCH 2 .CH), the others
being overlaid).

(b)

Results of the present study

(1 )

Ir spectroscopy

(i-a)

Uncatalysed interactions

Infrared spectra of IR before and after heating at 180®C
for various times with methylol phenol and dibenzyl ether are
presented in Figs. 32 and 33, respectively.

The more

important changes in the spectrum of both the IR/MP and IR/E
interaction products as reaction proceeds are ( 1 ) the
development of new bands at 6.2, 6.7, 8.2, 10.5, 11.5 and
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Fig. 32

Infra-red spectra of IR/MP products heated at 180®C
for various times: (a) 0 min; (b) 45 min; (c) 210
min.
135

Fig. 33

Infra-red spectra of IR/E products heated at 180®c
for various time: (a) 0 min; (b) 45 min; (c) 210
min.

jm m.
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(very weak) at 2 .7-3.2 |im), (2 ) a increase in intensity of
the 13.5|im band, and (3) a very slight reduction in intensity
of the I2.0^im band.

The development of bands at 6.25, 6.7

and ll.S^m, and the increase in intensity of the 13.5|im band
show the presence of substituted benzene nuclei.

The band

at 2.7-3.2^,m corresponding to combined hydroxyl (OH) is
hardly detectable.

This band does not increase as reaction

proceeds, unlike those bands assigned to aromatic nuclei and
it is therefore suggested that traces of -OH compounds are
present as impurity.

ir spectra of methylene bridge or

closely-similar structures do not appear to have been
reported in the literature.

However, because of its

structural similarity to the various methylene bridge
structures (Scheme 3), 2,6-dimethyl-4-tert butyl-phenol
XXIX might be expected to show similar absorptions, at least
in respect of the OH group and the aromatic substitution
pattern.

This compound (spectrum in Chapter 6 , Fig. 107

shows a weak band at 10.5|im, a position which has also been
reported^^ as diagnostic for the chroman ring XXXII.
However, despite this uncertainy, the fact that in the
present study the hydroxyl band (2 .7-3.2 |im), suggested to
be caused by impurity, is less sharp and in a different peak
position to that of the model XXIX, indicates that the band at
10.5p,m might with confidence be assigned to the chroman ring,
e.g., LXXXIX.

Although a band also occurs in this position

in the methylolphenol (Fig. 107), Chapter 6 ), all free
methylolphenol has been removed by extraction.

The peak

thus attributed to chroman is small, but increases noticeably
with reaction time.

The band at 8.22|im, in the absence of
137

OH groups, might be assigned to a C-0 stretching vibration
in a chroman structure.

This band may be observed in

internal chroman XXXII reported by Fitch^^ (Fig. 108,
Chapter 6 ) .

The reduction in intensity of the 12|im band is

^ Further rndrcatxon of chroman formation, since trialk.yl~
ethylenic double bonds are consumed.

(i-b)

Catalysed interactions

Infrared spectra of the extracted products from IR
before and after heating at 160°C for various times with
methylolphenol and dibenzyl ether in the presence of the
catalysts ZnCl 2 # SnCl 2 and SnCl 2 »2 H 2 0 are presented in Figs.
34 to 39.

In general, the changes in the spectrum as

reaction proceeds are in all cases the same as those
described for the uncatalysed interactions above.
significant new features appear, however: (i)

Some

in the

^^2 ^ - catalysed reactions, Lhe reduction in intensity
of the I 2 .0 p,m band is much greater than observed in the
uncatalysed reaction, whereas the other catalysts produce
only about the same, slight, reduction; (ii)

a band due to

-OH at 2.8-3.1|im is now rather more noticeable, being most
pronounced in the SnCl 2 *2 H 2 0 products, less in the SnCl 2
products, and hardly detectable in the ZnCl 2 ones; (iii)

in

the products with SnCl 2 .2 H 2 0 as catalyst, the band near 6 iim
due to unsaturation is very much reduced, and a shoulder at
6.1^m becomes more noticeable.
interpreted as follows:-
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These observations may be

Fig. 34

Infra-red spectra of IR/MP/ZnCl2 products heated
at 150 C for various times: (a) 0 min; (b) 45 min;
(c) 210 min.
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Fig, 35

I’"r

nwii

Infra-red spectra of IR/E/ZnClo products heated
at 160®C for various times: (a) 0 min; (b) 45 min;
(c) 210 min.
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Fig, 36

Infra-red spectra of IR/MP/SnCl2 products heated
160°C for various times: (a) 0 min; (b) 45 min;
(c) 210 min.
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Fig. 37

Infra-red spectra of IR/E/SnClo products heated
at 160°C for various times: (a) 0 min; (b) 45
min; (c) 210 min.
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Fig. 38

Infra-red spectra of IR/MP/SnCl 2 .2H 2O products
heated at 160®C for various time: (a) 0 min;
(b) 45 min; (c) 210 min.
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Fig. 39

Infra-red spectra of IR/E/SnCl 2 •2H 2O products
heated at 160°C for various times: (a) 0 min;
(b) 45 min; (c) 210 min.
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Fig. 40

Infra-red spectra of EPR/MP products heated at 180^
for various times: (a) 0 min; (b) 45 min; (c) 210
min.
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Fig. 41

Infra-red spectra of the hydroxyl calibration
IR/2,6 dimethyl phenol for various concentration
(%, in mols) ; (a) 2,6 dimethyl phenol; (b) 3.30?^
(c) 6,0%.
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Fig .

41-i

I n f r a - r e d s p e c t r a o f : ( a ) S n C l2.2H 20;
( b ) h y d r o l y s e d p r o d u c t o f S n C l 2 » 2H20 ;
( c ) h y d ro ly s e d p ro d u c t o f SnCl2 »
( a l l 3% i n l i q u i d p a r a f f i n )
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spectral changes in the SnCl^- and ZnCl_- cata.lvsed
reactions are virtually the same as in the uncatalysed ones,
and the same conclusions regarding chroman formation may
therefore be drawn.

The differences in the unsaturation vibration bands for
the SnCl 2 .2 H 2 0 case, noted under (i) and ( iii) above, are
fully consistent with the occurrence of isomerization
reactions.

Thus, the reduction in intensity of unsaturation

bands at 6 . 0 |im and 1 2 . 0 fim illustrates the consumption of
double bonds by cyclization, as discussed in Chapter 2.

The

retention of the absorption at. 1 1 , 3 ^im (and, possibly, at
6.1

^m) would appear to suggest that 1 ,1 -dialkylethylenic

double bonds are not consumed in this process.

C-loser examination of the spectra in the SnCl 2 .2 H 2 0
cases shows that cyclization (as seen by loss of unsaturation)
xs apparently much higher with the ether than with the
methylol phenol.

This accords with the qreaier T

increase

in the former case (Fig. 58), although the spectral
differences are surprisingly large considering the rather
modest nature of the T

increase.

The development of the

band at 10.5 ^im in all cases suggest chroman formation.
Difference (ii), suggesting the presence of hydroxyl groups
in some products, might be taken as indicative of the
presence of methylene bridge structures, at least for those
interactions catalysed by SnCl 2 and SnCl 2 .2 H 2 0 .

However, the

hydroxyl band in these interactions might alternatively be
due to unextractable phenolic or catalyst material.
148

A

critica.1 ©xamination of thos© sp©ctra showing —OH absorption
suggests that there is a maximuin in its concentration at some
stage during the reaction.

This is particuiarly noticeable

in the IR/E/SnCl 2 •2 H 2 O case where the maximum is seen at
about 15 min. reaction time.

This would lead one to suspect

that the hydroxyl is due to an intermediate catalyst
decomposition or hydrolysis product rathd^ than the formation
of a methylene bridge structure (which would not be expected
to lose its -OH subsequently).

I

Ir spectra of the interaction products catalysed by
SnCl 2 and ZnCl 2 are very similar, with the exception that the
intensity of the hydroxyl bands, though noticeable in the
former case is hardly detectable in the latter.

These

considerations are discussed further in a later section.

(ii)

Nmr spectroscopy

Uncatalysed interactions

Nmr spectra of IR before and after heating at ISO^C for
various times with methylol phenol and dibenzyl ether are
presented in Figs.

42 and

43, respectively.

The most

pronounced change in the spectrum of both products as
reaction proceeds is the development of a new peak at 8 .6 6 t ’
(which may be assigned to -C(CH2 )3 )»

Accompanying this

change, new peaks also appear at 7.60 t
8.7 t

and near 9 x

.

and (very weak) at

No apparent reduction in intensity of

the -CH= protons (4.6 t ) was observed (this is considered
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Fig. 42

10 T

Nuclear magnetic resonance spectra of IP./MP
products heated at 180°C for various tirr.es:
(a) 0 min; (b) 45 min; (c) 210 min.
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Fig. 43

Nuclear magnetic resonance spectra of IR/E
products heated at 180°C for various time:
(a) 0 min; (b) 45 min; (c) 210 min.
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further in the Discussion Section).

The peak at 7.6x

could

reasonably be assigned to ArCH 3 ; these protons appear at 7 .8 x
in the original methylol phenol and dibenzyl ether, as can be
seen from their spectra (Fig, 109, Experimental Chapter).

The

very weak peaks at 8,7 and 9.0n[might be assigned to CH^-C
and/or -CH2 ~ protons in chroman structures.

The Ar-CH —C

protons in the internal chroman structure XXXII are reported
to resonate at 7.3T

The peak at 7.20 t: in this work

might therefore reasonably be assigned to protons present in
chroman structures.

The present chromans, as discussed, are

most likely to be structures LXXXIX and XCV; this would be
supported by the spectra since resonances due to OCH

some alternative chromans( XC, XCIV and C)were not observed.
The remaining chroman

XCIX is

unlikely for reasons

discussed earlier,

(ii-b)

Catalysed interactions

Nmr spectra of IR before and after heating at 160°C for
various times with methylol phenol and diberizyl ether

in the

presence of the catalysts ZnCl 2 , SnCl 2 and SnCl 2 .2 H 2 0 are
presented in Figs 44 to 49,

In general, changes in the

spectra for the interactions using SnCl 2 and ZnCl 2 as
catalyst are the same as those for the uncatalysed inter
actions i.e., new peaks at 8 .6 6 , 7.6 T and(hardly detectable)
at 8.7 and 9.0 X, with no reduction of the intensity of the
~CH= proton

resonances at 4.6T ,

In the case with

catalyst, in addition to the above changes.
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Fig. 44

10 q-

Nuclear magnetic resonance spectra of IR/MP/ZnCl2
products heated at 150°C for various times:
(a) 0 min; (b) 45 min; (c) 210 min.
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Fig. 45

Nuclear magnetic resonance spectra of
IR/E/ZnCl;^ products heated at 160°C for
various times: (a) 0 min; (b) 4 5 min;
( c) 2 1 0 min.
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Fig. 46

Nuclear magnetic resonance spectra of
IR/MP/SnCl 2 products heated at 160°C for
various times: (a) 0 min; (b) 45 min;
(c) 210 min.
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Fig. 47

Nuclear magnetic resonance spectra of
IR/E/SnCl^ products heated at 150°C f
various times: (a) 0 min; (b) 45 min;
(c) 2 1 0 min,
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Fig. 48

Nuclear magnetic resonance spectra of
IR/MP/SnCl 2 -2 H 2 O products heated at 150 C
for various times: (a) 0 min; (b) 45 min;
(c) 2 1 0 min.
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Fig. 49

Nuclear magnetic resonance spectra of
IR/E/SnCl 2 •2H^0 products heated at 160°C
for various times: (a) 0 min; (b) 45 min;
( c) 2 1 0 min.
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now pGsKs appG3 .1T at 5»10, 8,00, 8,35 and 9,10Tr which suggGst
doublG bond shifts (5,10T

, vinylidonG protons,

structurG LXXI), cis/trans isomGrization (8,35 t

G,g,,

, trans

CH 3 -i= . e.g. StructurG LXV) and cyclization ( 8 and 9,10‘
T
and

>

respGctively, e,g., structures LXXVI and

LXXVII),

The appreciable reduction in intensity of the peak

at 4,60T

(--CH=), would also support the occurrence of

extensive cyclization.

These results show the same general

trend as those obtained by ir spectroscopy, i,e,, whereas
SnCl2 (and ZnCl 2 ) do not cause isomerization of IR in the
presence of methylol phenol or dibenzyl ether, SnCl-,2H^0
does.

Therefore, in view of the absence of peaks at 5,50-

6,10'T (OCH) in all cases, the results support the formation
of chromans of the types LXXXIV and XLV,

Additional chroman

of type XCIX is possible in the SnCl 2 .2 H 2 0 case, but is
unlikely in view of Fitch's observation that vinylidene
alkene did not react to form a chroman.

3.7

HYdroxvl concentratinn

An attempt was made to estimate hydroxyl concentration
for the IR/MP/SnCl^, IR/E/SnCl 2 » lR/MP/SnCl2 .2 H 2 O, and
IR/E/SnCl2 .2 H 9 O interaction products by quantitative ir
analysis.

For this purpose it was necessary to use a

reference material for calibration purposes.

Because of its

structural similarity with the various methylene bridge
structures (Scheme

3) and also with the expected phenol -

containing decomposition products (e.g., the diphenyl
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methane), 2,6-dimethyl phenol (Formula CXIII) was used.
The -OH group of this compound is in a reasonably similar
chemical environment to those in the structures in question.
This compound was therefore mixed with IR in various
proportions and ir spectra obtained for calibration purposes.
However, examination of the ir spectra of the calibration
mixtures (Fig. 41) reveals that, although the pure phenol
shows a broad peak centred near 3.0 |im, its mixtures with
rubber show sharper phenolic -OH peaks, moved down-wavelength
to 2.7-2 . 8 |im.

This is undoubtedly due to the fact that the

phenolic OH is hydrogen-bonded in the pure phenol but is free
and unassociated in dilute solution in the rubber.

since the -OH absorption observed in the reaction
products is broad and centred at about 2.85 |im (Fig.35-39) it
would appear from the above observation that it cannot be due
uo phenolic OH.

Although the model chosen may not be ideal,

it seems unlikely that such severe discrepancies in wavelength
could occur.

None of the products of reaction show absorption

at 2.7-2.8(j,m and it therefore seems that 'methylene bridge*
adducts must be absent.

Nevertheless, the spectra of the

IR/model mixtures were used as an (approximate) -OH cali
bration by using the area under the total OH absoption as a
measure of concentration.
3 /A 2 7 _ 3

2

Methyl/hydroxyl absorbance ratios

plotted against molar phenol concentra

tion to obtain a calibration curve (Fig. 50).

Corresponding absorbance ratios

7.3

2

)

obtained from spectra of the various interaction products at

160

50

Methyl/hydroxyl absorbance ratio (A„
a -d o ^
versus concentration in IR of 2 ,6-diifiethyl'^cnenol
161

various reaction times, and from the calibration curve, the
corresponding hydroxyl concentration was estimated.

The

changes in hydroxyl concentration are presented in the
Experimental Chapter and summarised graphically in Fig. 5 1 .
The results show for all 4 interactions examined a sharp
increase in hydroxyl concentration in the early stages of
reaction.

For the IR/MP/SnCl 2 .2 H 2 O and lR/E/SnCl 2 ,2 H 2 0

interaction hydroxyl concentration clearly passes through a
peak value which it is reached earlier in the latter case.
An even earlier, though less distinct, maximum is observed in
the Snci 2 /E case.

The SnCl 2 .2 H 2 0 absorptions show much

higher maxima than the SnCl 2 ones, but whereas hydroxyl
concentration was greater in the IR/E/Snci 2 than in the
IR/MP/Snci2 products, the concentration was higher in the
IR/MP/SnCl2 .2 H 2 0 than IR/E/Snci 2 .2 H 2 O cases.

These results

are clearly large compared with the corresponding ones for
unextractable material found after acetone extraction (see
Chapter 6 ),

an

observation which may be taken as a further

indication that the hydroxyl absorption is not due to unextractable materials.

It is still possible, though unlikely

in view of the wavelength discrepances, that methylene bridge
structures are present.

It seems much more probable however,

in view of all these results, that the hydroxyl absorption
bands have a non-phenolic origin, and catalyst decomposition
or hydrolysis products appear to be the most likely explana
tion for them (see also Further Discussion),
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3.8

Total Unsaturation

(i)

Tests on ’model* compounds

The iodine chloride and perbenzoic acid reagents were
tested with some selected 'models* in order to establish
whether or not they react with (a) combined and/or unextractable phenolic material, (b) tertiary hydrogen atoms which
might be present in chroman, methylene bridge and polycyclic
structures, and (C) tetra-substituted double bonds which are
expected to occur in cyclized rubber.
were: (a)

The models selected

2,6 dimethyl phenol (Formula CXIII) as model

for combined phenolic material (for similar reasons to those
discussed in the previous section); it was considered that
phenolic material combined in the form of chroman rings was
unlikely to react with these reagents; (b)

3

-methyl pentane

(CXIV) as model in respect of possible tertiary hydrogen atom
reactivity; (c)

2,3-dimethyl 2-butene (CXV) as suitable

model containing tetra-substituted double bonds.

The results

show that whereas perbenzoic acid does not react with 2 ,6 dimethyl phenol (Formula CXIII), iodine chloride reacts to an
appreciable extent, giving an apparent 'Iodine Value*(IV) of
215,9 (this being the number of gms of iodine equivalent to
one hundred grams of sample).

This suggests that iodine

chloride is capable of extensive substitutive or other side
reactions with phenolic materials (see also Further
Discussion).

Neither iodine chloride nor perbenzoic acid

reacts with 3-methyl pentane, an iodine value of 0.0 being
obtained by both reagents.

This would appear to suggest that

neither iodine chloride nor perbenzoic acid cause substitution
of tertiary hydrogen atoms present#

However» later worlc

casts some doubt on the suitability of the model for
representing cyclised structures; also, Lee et al^^ found
substitution to occur with iodine chloride and cyclized
rubber.

Both reagents reacted with 2,3 dimethyl-2-butene, by

giving iodine values corresponding to 98.9% (iodine chloride)
and 98.6% (perbenzoic acid) of the theoretical values for the
pure model.

These values were considered satisfactory since

the specified purity of the reagent was 98%.

Thus both

iTss^^^ts might be considered reliable for the determination
of unsaturation when tetra-substituted double bonds are
present.

Altogether, it seems that perbenzoic acid is the

more reliable reagent for the determination of unsaturation
in this study where samples may be contamined with unextrac
table- and/or combined phenolic material.

Nevertheless, both

methods were used in assessing unsaturation of the various
products of interaction.

(ii)

Total unsaturation found for the various interaction
products.

In order to express results in terms of total unsatura
tion of the IR itself after interaction with the phenolic
materials, the overall iodine value of the reaction product
was 'corrected’ to allow for the combined and unextractable
phenolic material present.

In view of the results obtained

with the model compounds (above)a further correction should
be necessary in the iodine chloride case because of the

165

presence of unextractable phenolic material in the samples,
such a correction was not, however, carried out in view of
the lack of precise knowledge of the reactions involved.
Thus, it might be expected that iodine monochloride should
generally give higher iodine values than perbenzoic acid.
Results obtained with both reagents for the various inter
action products are detailed in the Experimental Chapter, and
are summarised in graphical form in Figs. 52 and 5 3 .

These

figures show changes in total unsaturation of the IR expressed
as a fraction of the total original unsaturation, as reaction
proceeds.

They clearly indicate that reduction of unsatu-

ration occurs in all cases.

The values of unsa:;uration

determined by iodine chloride were higher than the corres
ponding values obtained by perbenzoic acid, as was antici
pated.

unsaturation values obtained by perbenzoic acid,

which-are believed to be the more reliable in view of the
foregoing considerations, show that the least reduction in
unsaturation arises in the uncatalysed reactions; the ZnCl 2 -and SnCl^- catalysed products show somewhat greater reduction,
and in each case the reduction is greater with the ether than
with the methylol phenol.

In those interactions catalysed by

SnCl 2 .2 H 2 0 , however, there is a very marked reduction of
unsaturation, probably due to cyclization in addition to
chroman formation.

This reduction was again greater for the

ether than for the methylol phenol case, a result which also
accords with that obtained by ir spectroscopy (Section 3 .5 ).

For the uncatalysed interactions and for those catalysed
by Snci 2 and

ZnCl^,

the loss of unsaturation calculated by
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‘g . 52

Changes in total unsaturation with reaction ' ime lor
IR in the various interactions as calculated f:‘om
perbenzoic acid consumed-
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perbenzoic acid (see Fig. 54) is in reasonable agreement with
those values of phenolic material combined as calculated by
the other methods of analysis (e.g.. Fig. 26).

This suggests

that the chroman-type adduct is the only one occurring, since
the presence of

methylene bridge structures would have

caused a discrepancy in this comparison.

Clearly, if chroman

adduct formation is the only reaction, then the fractional
reduction of unsaturation should be numerically equivalent to
the moles of phenolic material combined per mole of IR (i.e.,
the ordinates of Fig. 54 is equivalent to that of Fig. 26).
it is supposed that chroman—type adduct formation is the
only reaction other than cyclization occurring in the inter
actions catalysed by SnCl 2 »2 H 2 0 , then the difference between
the loss of unsaturation (from perbenzoic acid) and phenolic
material combined (as calculated from acetone extraction)
would give the total unsaturation consumed by cyclization.
These values are presented in the Experimental Chapter and
they are summarised in graphical form in Fig. 55, which shows
total unsaturation consumed by cyclization expressed in molar
fraction as reaction proceeds.

These results show reasonable

agreement with those obtained for the IR/SnCl 2 .2 H 2 O inter
action, as will be discussed later.

3.9

Isomerizatiion

In the uncatalysed interactions and in those catalysed
by SnCl 2 and ZnCl 2 reduction of the trialkyl ethylenic
unsaturation was observed by ir spectroscopy ( 1 2

|im) but not

by nmr spectroscopy (this will be discussed later).
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and

those cases catalysed by S 11C I 2 .2 H 2 O, in addition to reduction
of the trialkyl ethylenic unsaturation, nmr spectroscopy show¿
1

,1 -dialkyl ethylenic double bonds ( ^C=CH 2 » 5 .1 0 T

),

-¿=i-CH2 -i=6 - mg^hylene protons ( 7 . 1 5 T ), and cis/trans 2 , 3
unsaturation ( 8 . 2 5

and 8.35 T

, respectively).

In all

cases ir spectroscopy was used to illustrate the relative
loss of trialkylethylenic unsaturation by a plot of ratio
^ 1 2 '^^7 . 3

trialkylethylenic absorbance/methyl absor

bance) against reaction time (Fig. 56).

For the SnCl .2H o 2

2

catalysed cases, since gel content was present in considerable
amount from the early stages of reaction, nmr spectroscopy
could only be used to measure a cis/trans ratio rather than
an absolute amount for trialkylethylenic unsaturation (from
the ratio of the 8.25 and 8.35T

peaks).

The

%

trans present

in this trialkylethylenic unsaturation is plotted against
reactron time in Fig. 57.

The cis/trans ratio after 120 min

o- reaction time could no longer be measured because of the
extensive overlapping of resonance peaks.

The results

clearly show, however, that an equjlibri’im cis/trans ratio is
being approached.

3. 1 0

G_la,ss-tr • .sition temperature

Glass transition temperature (Tg) values (as measured by
differential scanning calorimetry) of the various products of
interaction for various times at 160°C (180°C for the un
catalysed interaction) are tabulated in the Experimental
Chapter and illustrated graphically in Fig. 58.

T

values

for the interaction products IR/snCl 2 and IR/SnCl 2 •2 H 2 O

58

Kinetics of combination of p’
n enolic "istoriai anr^./rr
cyclization as refloated iii T
(dsc).
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are also plotted in Fig, 58, to enable comparison to be
made.

changes follow the same general trend as was

observed for other product characteristics, i.e., values
for the uncatalysed interaction increase more slowly than
those for the catalysed cases.

T *s for the SnC1^.2H^0

cases increase much more quickly and reach much higher maxima
than those for the SnCl 2 and ZnCl 2 interactions, which do
not differ greatly from each other•

These results clearly

support the view that, whereas cyclization is not occurring
to a significant extent in the SnCl 2 and ZnCl 2 cases, it is a
major process occurring in the SnCl^.ZH^O case, where a T
¿.
¿.
g
increase of 62 and 73° for the IR/MP/SnCl 2 .2H 2O and
IR/E/SnCl2 •2H 2O interactions respectively, is observed after
120 min, of reaction time.

These T

values are higher than

those for the IR/SnCl 2 .2H 2 O interaction at equivalent times,
presumably due to a contribution from the adduct formed
towards the T .
y

The increase in T

g

by up to 26° for the

catalysed interactions with SnCl 2 and ZnCl 2 and by up to 20°
ror the uncatalysed reactions may be accounted for entirely
by adduct formation since no cyclization could be detected by
ir and nmr spectroscopy for these interactions.

If it is

assumed that SnCl 2 .2H 20 catalyst can catalyse both adduct
formation and cyclization at the same time and independently
of each other, the T

values due to adduct formation for the

SnCl2 .2H 20 -catalysed dibenzyl ether and methylolphenol inter
actions may be obtained as the difference between the overall
Tg values for these interactions and the corresponding ones
for the IR/Snci 2 .2H 2O interaction.

These differences are

plotted in Fig. 59v reaction time, and show maxima at 80 and
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This implies

that adduct formation ceases and then reverses, which is
clearly not the case from the earlier investigations of the
process.

It is clear, therefore, that cyclization is slowing

down in the later stages of the interactions, compared with
its rate in the absence of the phenolic materials.

This is

presumably due to destruction of catalyst, possibly through
hydrolysis from the liberated water of reaction.

The higher

degree of cyclization apparent from these results (and from
earlier results) in the ether case, compared with the methylol
phenol case, is in agreement with this hypothesis, since less
water is liberated in the former reaction.
Fig. 60 show T^ values plotted against phenolic
material combined (obtained by nmr spectroscopy or acetone
extraction) for all interactions at various times.

The main

deviations to the general trend of this curve (in-’icated by
arrows in Fig, 50) seems to be those data for the
IR/MP/SnCl2 .2H 2 O and IR/E/SnCl 2 .2H 2O interactions after 80120 min. of reaction time, thus again clearly showing the
onset of appreciable cyclization in these interactions.
Molecular Weight Changes and Gel Content

Intrinsic viscosity

f*l]0 =o

the uncatalysed

and ZnCl^-catalysed interaction products (all of which
remained completely soluble), and gel content for the SnCl 2 and SnCl 2 .2H 20 - atalysed interaction products, are tabulated
in the Experimental Chapter and they are plotted
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against reaction time in Figs. 61 and 62, respectively.

The

data of Fig. 61, though very scattered, show that a very
small increase in viscosity has occurred in each case.

The

crosslinking process responsible must be insignificant
comparable to the main reaction.

The viscosity value for the

uncatalysed and ZnCl 2 -catalysed interaction at zero reaction
time (1•95(g/lOOml)

) was smaller than the corresponding

value for the IR/ZnCl^ interaction (i.e., in the absence of
phenolic condensate) ( 2 .90(g/lOOmI)“^)j this is probably due
to a somewhat higher degree of rubber breakdown in the longer
mixing time required in the former case.

Fig. 62 shows that

toluene-insoluble gel, which was undetectable in the un
catalysed and ZnCl 2 -catalysed interactions, was formed in a
large amount ( 40-80%) in the initial stages of the SnCl 2 and
SnCl 2 •2H 20 -catalysed interactions and increased very slowly
with further reaction time.

The high amount of gel formed in

the SnCl 2 and SnCl 2 »2H 20 cases indicates the formation of
crosslinks in appreciable numbers.

The gel in these cases

forms at a higher rate than in the corresponding IR/SnCl^ and
•
^
2
IR/SnCl^,2K^0 interactions, suggesting that phenolic materialrubber interaction is responsible in some degree for the
crosslinking.

Despite the high proportion of gel, the degree

of swelling observed was very high in all cases, and the
swollen gels were very difficult to handle without breaking.
This suggests that the number of crosslinks present are not
very significant when compared with the number produced
during the conventional vulcanization of IR by p/f resins or
other reagents.
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3.12

Discussion

(a)

Kinetics of adduct formation

(i)

Bound phenolic material

A comparison of values for 'bound phenolic material’
as obtained by acetone extraction and nmr spectroscopy
show a reasonable agreement (Figs. 26 and 27) considering
the reservations which have been expressed about these
methods.

Ultimate concentration maxima and rates of

combination after 30 min. of reaction time are similar
when calculated by the two methods.

However, initial

rates are different, being in general faster when calculated
from nmr spectroscopy than from acetone extraction results
for the catalysed interactions.

Initial rates as obtained

by nmr spectroscopy might be considered more reliable than
those by acetone extraction since the small amounts of
material combined in these early stages of reaction are
expected to be more accurately determined by nmr spectro
scopy than by gravimetric analysis.

Comparison of results for the catalysed and uncata
lysed interactions show that, in the former, not only were
rates of combination of phenolic material higher (as
expected) but also, for all catalysts, concentration
maxima were much higher,

A comparison of results for the

dibenzyl ether and the methylolphenol interactions reveals
that the former always gives higher rates and higher
concentration maxima.

This can be explained by the
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premise that the quinone methide intermediate arises
directly from the dibenzyl ether and not from the methylolphenol, and thereby inhibits the consumption of ’active'
phenolic material by side-reactions (see Fig. 4).

(ii)

Relationship to Fitch's model study

In his study of the interaction between 2-methylpent2-ene and dibenzyl ether or methylol p h e n o l , F i t c h found
that although initial rates for the catalysed (SnCl 2 .2H 2 0 )
interactions were higher than those for the uncatalysed
ones, the final rates and chroman concentration maxima
achieved were similar in level (Fig. 23 and 24).

Fitch

considered that retardation in the later stages of reaction
could be attributed in part to 2 factors; first, hydrolytic
unstability of the catalyst limited its activity and led
to its eventual exhaustion; secondly, catalysed isomeri
zation of the alk-2-ene produced an approximately equi
molar mixture of alk-2-ene, and inactive alk-l-ene.

How-

ever, reactions were faster and chroman concentration
maxima increased approximately two-fold for the catalysed
interactions when an excess of added methanal was present.
This was explained in terms of a suppression of the
dissociation of methylol phenol into the phenol and
methanal, thereby minimising the formation of the diphenylmethane and possibly other by-products (see Fig. 4).

Thus,

the concentration of 'active' phenolic material was higher
and also therefore the combination efficiency of the
phenolic nuclei with the alk-2-ene.
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In the present study
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there is no evidence for isomerization of the IR for the
ZnCl 2

SnCl 2 “Câtalysed reactions but there is for the

SnCl2.2H20 case (see later Discussion).

For all of them

rates and bound phenolic concentration maxima (Table 4)
were similar to those for the catalysed interaction with
added methanal of Fitch’s study (Table 1).

It would seem

that retention of volatiles in the mould under pressure
(between the two protective sheets of FEP film) might be
responsible for the high rate and degree of combination
in the present work, through a mechanism similar to that
suggested by Fitch.

However, the results might also

partly be accounted for by the (a- 4 fold) higher concen
tration of catalyst used compared with tliat used by Fitch
and because the model 2-methyl pent-2-ene shows a somewhat
lower degree of unsaturation (one double bond per CgH 2^2 )
and therefore reduced reactivity compared with IR(one
double bond per C^H q ).

For the uncatalysed interactions

the temperature used (180°C) was higher than that used
(I'SO^C) in the corresponding case in Fitch’s study.
Despite this difference, however, rates and concentration
maxima were similar in the two studies (Tables 1 and 4).
In the present study volatile reaction products were again
presumably retained by the FEP sheets

in

the uncatalysed

interactions, and this, together with the higher tempera
ture and (presumed) higher reactivity

of the IR would

lead to the expectation of higher rates and concentration
maxima in the present study.

There is no obvious explanation for this anomaly.
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except possibly to note that traces of a catalyst might
be expected to exert a profound effect on reaction rates
in comparison with even large changes in temperature.

As

with cationic mechanisms in general, it is almost impossible
to ensure that truly 'uncatalysed' mechanisms are operating,
since reactions are extremely sensitive to minute amounts
of Lewis acid reagents.

The presence of very small amounts

of such contaminants in the IR could well account for
these differences.

Comparison of the kinetics of combination of phenolic
material for the various catalysts shows that rates of
combination were higher for SnCl 2 .2H^O than for SnCl 2
which in turn was faster than for ZnCl 2 , These differences
might best be considered in conjunction with the obser
vation that there is no isomerization of IR by SnCl^ or
ZnCl^ in the presence of methylol phenol or ether whereas
cis/trans isomerization, double bond shift and cyclization
of the IR occurs in the SnCl2.2H20 case (Section b below).
If high rates of combination and isomerization are presumed
to require appreciable 'proton' concentration e.g., H^O^,
the differences might well be associated with the ease of
co-ordination of (e.g.) water or phenolic material with
ZnCl 2 and SnCl 2 > a topic which is discussed more fully
later (Section d below).

(iii)

Unbound unextractable material

Decomposition of methylol phenol and dibenzyl ether
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in a saturated hydrocarbon medium such as

EPR

would give the

same results as in IR under the same conditions, the majordifference being that of adduct formation in the latter.
the

EPR

In

case adduct formation is not possible and the major

fi^^^l products from the phenolic materials w'ould be trimer
(Fig, 4) and possibly more highly condensed by-products.
Although trimer is acetone—soluble and therefore extractable,
some of the by-products might well be acetone-insoluble and
unextractable,
reacted*

EPR

Indeed, whereas

IR

spectroscopy of the

after acetone—extraction shows the presence of

bands attributable to hydroxyl and substituted benzene nuclei
(Fig. 40), carbonyl bands characteristic of the trimer were
not observed.

Thus, it appears that the unextractable

material is likely to be a mixture of phenolic side-reaction
products of which the trimer is not a major component.

Since

it is not known whether or not the formation of chrom.an in
IR

will affect the form.ation of this insoluble phenolic

material, it is difficult to decide whether correction of
the

IR

results for unextractable material, using the

figures, is justifiable.

EPR

Fitch^^ also observed that insoluble

by-products were formed during his 'model*

studies and,

although his results are not trictly comparable in magnitude
with the present ones, his insoluble material was formed more
quickly and in greater final amounts for the catalysed
compared with the uncatalysed reactions.

These findings

agree with those of the present study (Fig. 91 Chapter 6).
The amount of unextractable material under consideration is,
of course, very small and its estimation is subject to
considerable error in view of the methods available for its
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determination.

Nevertheless, on balance it was considered

desirable to correct results in the present work in
accordance with the unextractable contents found for the EPR
work.

Although the catalysts themselves are soluble in
acetone, some of the products of decomposition or hydrolysis
of the catalysts are expected to be insoluble and therefore
to remain as unextractable matter.

However, since they are

used in such small proportions their contribution to the
unextractable matter is considered negligible.

In any case

ir spectroscopy (Fig. 41-a) shows that the hydrolysis
products of SnCl 2 .2H 20 and SnCl 2 » which are likely to be
mainly Sn(0H ) 2 >
region.

not ir active in the organic hydroxyl

Therefore, although this compound might be present

in the unextratable matter in the various interaction ,it
would not contribute to the unextractable hydroxyl concen
tration as determined from the spectra of the IR/MP/SnCl 2 i
IR/£/SnCl2 > IR/MP/SnCl 2 •2H 2O and IR/E/SnCl 2 •2H 2O interaction
products.

(b)

Isomerization and other side-reactions

(i)

Cis-trans isomerization and double-bond shifts

In the IR/MP/SnCl2»2H20 and IR/E/SnCl 2 .2H 2O interactions
the occurrence of double bond shifts, cis/trans
isomerization, and cyclization is suggested by ir and nmr
spectroscopy, whereas it does not occur in the IR/MP/ZnCl 2 »
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IP/MP/SnCl2 » IK/E/ZnCl 2 » IR/E/SnCi 2 » IR/MP, and IR/E
interactions.

Therefore, in all the latter interactions

reduction in the intensity of the original trialkylethylenic
ir unsaturation band at 12.0|im (Fig*. 56) might be interpreted
only in terms of chroman formation, whereas in former cases
cyclization and double bond shifts would also reduce this
absorption.

Since both chroman and methylene bridge

structures would consume -CH= protons the absence of
reduction in this peak, in the nmr spectrum (for interactions
IR/MP, IR/E, IR/MP/ZnCl 2 and IR/E/ZnCl 2 » where gel was
absent) is interpreted in terms of a lack of sufficient
precision in the method.

For example, accuracy of solution

concentration made up at different reaction times would be
critical in order to observe this reduction since the loss
of total unsaturation as calculated by perbenzoic acid
(Fig, ,54) is very small.

For those cases where gel content

was present in high amount from the early stages of reaction
(i.e., IR/MP/SnCl 2 » IR/MP/SnCl 2 .2H 2O and IR/E/SnCl 2 .2H 2O)
no satisfactory spectra could be obtained for the concen
tration of polymer as made up (5%).

In these cases it was

necessary to dissolve further amounts of polymer which
resulted in different and unknown concentrations of polymer
at different times of reaction for the same interaction.
In spite of these difficulties, reduction of the nmr peak
for the -CH= protons was observed for the IR/MP/SnCl 2 .2H 2O
and IR/E/SnCl 2 •2H 2O interactions, since more drastic
reduction was occurring through cyclization (Section ii below).
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(ii)

Cyclization

The clearest indications of the occurrence of cycli
zation are seen in the reduction of total unsaturation
further than that required for chroman formation, and an
increase in T

over and above any increase which might

result from adduct formation, these effedts have already
been considered individually and are now considered in
combination.

A plot of total unsaturation v, T

(Section 2,9) for

rubber and catalyst only enables an estimate of degree of
cyclization to be obtained from changes in either unsatu
ration or Tg.

However, both are complicated by the

presence of phenolic adduct, which makes unsaturation
measurements somewhat less reliable (Section 3,10) and
which also makes a slight positive contribution to Tg
(Section 3.10).

As will be seen in later discussion, the loss of
unsaturation in all those interactions involving ZnCl 2 and
SnCl^ catalysts approximately corresponds with the loss
required for chroman formation, so that no cyclization
can be occurring in these reactions.

However, for the

reaction catalysed by SnCl 2 .2H 20 , an excessive loss of
unsaturation indicates the occurrence of cyclization.

In

these SnCl 2 •2H 20 -catalysed interactions, the amounts of
unsaturation consumed by cyclization (calculated as
described earlier-Fig. 55) are slightly hig'her for the
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IR/E/SnCl2 *2H 2 O case than for the IR/MP/SnCl 2 .2H 2O
interaction.

This is opposite to the expected order if

cyclization and chroman formation are competitive reactions,
since there is evidence of further adduct formation in the
former interaction than in the latter.

However, the

differences are small and might be due to limitations in the
method of analysis.

Comparison between unsaturation consumed

by cyclization in the IR/MP/SnCl 2 .2H 2O interaction (as
calculated from the difference between moles total
unsaturation (perbenzoic acid) and moles phenolic material
combined) and that of the IR/SnCl 2 .2H 2O case is illustrated
in Fig. 63.

Fig. 63 shows the serious discrepancy which may

arise in estimating unsaturation from nmr and from iodine
values; it indicates a degree of cyclization for the methylol
phenol interaction v/hich is intermediate between those values
of ’pure rubber' cyclization as determined by the nmr and
iodine value methods.

Lower values of cyclization for the

IR/MP/SnCl2 •2H 2O and IR/E/SnCl 2 •2H 2O interactions than for
the IR/SnCl 2 •2H 2O case would be expected if adduct formation
and cyclization are regarded as competing for the available
catalyst,

The value of T

g

for the various reaction products will

in theory be influenced by at least 3 factors:

(i)

a slight change in T

g

might be expected to arise from

cis/trans isomerizations and double-bond shifts, but since
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Comparison between unsaturation ccnsumed by
cyclization in the IR/MP/3nClp .2H ^0 and IR/SnCl^ .2 II2 O
interactions.
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Fig. 63

Comparison between unsaturation ccnsunied by
cyolization in the IR/MP/SnCl^•2H^0 and IRySnCl^•2 H 2 O
interactions.
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the T

of trans-1,4 polyisoprene is only some 13° higher
^•
•
92
than cis“l>4 polyisoprene
and since some isomerised cis~
polyisoprenes of

40% trans content have been reported to

show T g ’s undetectably different from the pure cis isomer, 106
it will be assumed that these effects will exert a negli
gible contribution to T .

( ii)

increase in Tg would be expected to accom

pany adduct formation, which inserts cyclic groups showing
severe hindrance to chain rotaion.

The increase in T

g

for

all reaction products except the SnCl 2 .2H 20 catalysed ones
is attributed solely to this effect, and it enables a plot
of adduct concentration v. Tg to be obtained (Fig. 50).
This change in Tg, although not negligible, will be small
at those levels of adduct formation involved in vulcani
zation.

( iii)

main-chain cyclization would also be expected

to increase Tg and, since this may occur extensively
through a cationic chain reaction, large increase in T
would be looked for.

g

Thus, in the SnCl^.2H20-catalysed

interactions, where both adduct—formation and cyclization
occur simultaneously, it is possible to distinguish between
the 2 effects and, assuming additivity, the total rise in
Tg is given by the sum of the rises due to these two
individual processes.

This is illustrated in Fig. 58,

where the more important contribution of cyclization in
determining T

9

is clearly revealed.
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(iii)

Crosslinking and gel content

The SnCl 2 and SnCl 2 •2H20-catalysed interactions of
methylolphenol and dibenzyl ether Vith IR both showed higher
rates of gel formation and higher gel concentration maxima
than the corresponding catalysed isomerizations in the
absence of phenolic material.

In the latter case, light

crosslinking appears to accompany cyclization, and has
already been discussed (Section 2.10, Chapter 2).

The

additional crosslinking found in the presence of the
phenolic materials would imply that some bifunctional
material is formed as a by-product.

The amount of cross-

linking is very low and only traces of such a material need
be formed.

In the SnCl 2 ~catalysed cases, where no gel

formation is observed in the absence of phenolic material,
it must be the sole crosslinking agency.

Thus, those

mechanisms proposed earlier (Section 2.11, Chapter 2) for
the crosslinking, involving Diels-Alder type addition of
conjugate double bonds formed by double bond shifts or any
mechanism involving cationic modification of the IR are
clearly not applicable in this case.

These crosslinking

mechanisms may operate in the IR/MP/SnCl...2H^0 and
IR/E/SnCl2 .2H^0 interactions since there is evidence for
such modifications of the rubber.

However, they cannot be

operating at higher levels in the corresponding phenolic
interaction, where adduct formation is occurring, than they
are in the IR/SnCl 2 •2 H 2 O case, i.e., in the absence of phenolic
materials.

Thus, the faster rates of gel formation and

higher concentration maxima are almost certainly the

*»

•' ’■j>V'“:-'•’^ ,

result of interaction with phenolic material of higher
functionality.

The crosslinking agents probably arise

from interaction between SnCl 2 (or SnCl 2 .2 H 2 0 ) and phenolic
decomposition products, since no crosslinking is observed
in the uncatalysed reactions or in the ZnCl^-catalysed
ones.

It is difficult to account for the absence of gel

with the latter catalyst, but it is possibly c^/hnected
with the more limited ability of Zn to expand its outer
shell of electrons, i.e., to accommodate further ligands
(see mechanisms of catalysis discussed in Section d below).
The crosslinking is most likely to be through the original
trialkylethylenic double bonds for the SnCl 2 case but may
involve any of the various double bond types formed in
the SnCl2.2H20 case.

The nature of the crosslinking

species is obscure, but it would seem to be necessary to
invoke the idea of substitution at one of the ’unreactive'
free ring positions.

The presence of an additional

methylol group in the nucleus would allow crosslinking to
occur through a mechanism similar to that discussed for
the dimethylol phenol, to be examined in Chapter 4.

(c)

Nature of the adduct

It is clearly much more difficult to identify
precisely the types of structures present in the adducts
formed in this work than it is in the case of model
studies, where products are much more amenable to
separation and identification technicjues.

If the alkenes

used by Fitch^^ are considered to be appropriate as models
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for the IR used in the work, then it would appear that the
only significant product would contain chrorr.an units of one
or both of the structures:

xcv
However, other chromans and methylene bridge
structures are, of course, also possible (Scheme 3) and,
although the present results can give no information
about detailed structures, it is possible to examine them
for evidence supporting chroman structures as compared
with methylene bridge structures.

As pointed out earlier,

the most distinguishing features for these would be the
retention of phenolic hydroxyl and unsaturarion in the
methylene bridge structures, whereas both are eliminated
by chroman formation.

Additionally, the presence of the

chroman nucleus might be directly detectable by spectro
scopic or other methods.

The extent to which the findings

of the present work relate to these is now examined.

(i)

Evidence from residual phenolic hydroxvl

The presence of hydroxyl absorption bands in the
infrared spectra of some of the adducts has already been
reported and discussed in terms of concentration (Section
3.7),

It seems that it is most unlikely that this
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absorption is due to methylene bridge structures for the
reasons:

1.

The absorption passes through a peak value, then

diminishes in the later stages of reaction; however,
methylene bridge structures, if formed, would be expected
to be stable.

There is no scope for further reaction

with methanal and loss of phenolic OH via quinone methide
intermediates, since both ortho- positions are occupied
by alkyl groups.

2.

Comparison of the adduct spectra with those of

•model* methylene bridge compounds strongly suggest that
the -OH absorption of the adduct is too broad and is at
the wrong wavelength to be due to such structures.

This

same feature would also suggest that it cannot be due to
other types of (unextractable) phenolic material.

The most obvious alternative source of hydro:cyl is
from the catalyst.

However, hydrolysis products of the

catalysts also failed to absorb in this region when
examined by ir.

The most likely remaining possibility

would appear to be that the hydroxyl absorption is caused
by an intermediate product of reaction between catalyst
and phenolic materialj which is supported by the fact
that in the uncatalysed products the hydroxyl absorption
is hardly detectable.

This could also account for its

apparent disappearance in the later reaction stages.
ever, identification of the hydroxylic species was not

How
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absorption is due to methylene bridge structures for the
reasons:

1.

The absorption passes through a peak value, then

diminishes in the later stages of reaction; however,
methylene bridge structures, if formed, would be expected
to be stable.

There is no scope for further reaction

with methanal and loss of phenolic OH via quinone methide
intermediates, since both ortho- positions are occupied
by alkyl groups.

2.

Comparison of the adduct spectra with those of

•model* methylene bridge compounds strongly suggest that
the -OH absorption of the adduct is too broad and is at
the wrong wavelength to be due to such structures.

This

same feature would also suggest that it cannot be due to
other types of (unextractable) phenolic material.

The most obvious alternative source of hydro:cyl is
from the catalyst.

However, hydrolysis products of the

catalysts also failed to absorb in this region when
examined by ir.

The most likely remaining possibility

would appear to be that the hydroxyl absorption is caused
by an intermediate product of reaction between catalyst
and phenolic material/ which is supported by the fact
that in the uncatalysed products the hydrox\^l absorption
is hardly detectable.

This could also account for its

apparent disappearance in the later reaction stages.
ever, identification of the hydroxylic species was not
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pursued further as it became apparent that it is most
unlikely to be due to methylene bridge structures.

3.

The nmr spectrum was expected to show a phenolic

hydroxyl proton absorption at 3.3T: .

However, this

absorption was not observed.

(ii)

Evidence from unsaturation

Total residual unsaturation, as estimated from iodine
values using perbenzoic acid and iodine chloride, is
reduced with adduct formation in all interactions.

In

the absence of extensive crosslinking, cyclization, and
double bond shifting, i.e., in the IR/MP, IR/E, IR/MP/ZnCl^,
IR/E/ZnCl2 , IR/MP/SnCl 2 and IR/E/SnCl 2 interactions a
reduction in total unsaturation means a loss of trialkylethylenic unsaturation and can be interpreted only in
terms of chroman formation.

Furthermore, for these inter

actions, values for this loss calculated from the
perbenzoic acid results, are in fairly good agreement with
the values of combined phenolic material as obtained by
nmr spectroscopy and acetone extraction.

This can be

seen in Fig. 64, where results of unsaturation by both
methods are compared with results for combined material.

These results (Fig. 64) strongly suggest that the chroman
adduct is the only one formed.
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It is unfortunate that the

iir
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Fig. 64 .

Comparison of moles of loss unsaturation as
determined by iodine monochloride and perbenzoic acid methods ^-/ith moles combined
phenolic material as determined by nmr and
acetone extraction rnethcds.
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protons were present in methylene bridge structures ( see
scheme 3), they might be expected to resonate at,a somewhat
lower field in view of their proximity to the double bond
present in all the possible methylene bridge structures.

(d)

Mechanism and catalysis of adduct formation

(i)

Overall scheme

The progress of the interaction between the methylol
phenol or dibenzyl ether and IR may be represented by the
generalised Scheme 4, which represents an extension of
that (Fig. 4) proposed by Fitch'^-^- for the interacLion of
the methylol phenol and dibenzyl ether with alk-2-ene.
Fitch's conclusions were based on the analysis of products
of decomposition of methylol phenol (or dibenzyl ether) in
inert hydrocarbon medium (N-pentane) as well as on the
interaction or them in a reactive medium (2—methyl—pent—
2-ene).

in tne present study it is assumed that the

hydrocarbon medium provided (isoprene rubber) will not
cause any serious departure from the course of reaction
found, and that the intermediate stages of reaction
identified by Fitch will therefore be applicable in this
present study.

(ii)

Uncatalysed mechanism of adduct formation

As discussed in Chapter 1, a Diels-Alder-type addition
of the cjuinone methide to the IR would adequately explain
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Possible reaction icheme for the
the methylolpheno! (I V )/aibenzyl
IP (LXIV).
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the formation of the chroman, with the mechanism envisaged
as either a two-step or a one-step process (Scheme 5).

The

two-stage mechanism has two possibilities for the intermediate
ionic species, depending on whether the oxygen or the
methylene group is first to add to the double bond of the IR.

Scheme 5

(iii)

Possible mechanistic scheme for uncatalysed adduct
formation.

Catalysed mechanism involving SnCl2»2H20

The results obtained suggest that a different mecha
nism is probably operating for those interactions catalysed
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by SnCl 2 .2 H 2 Û than those by ZnCl 2 or SnCl 2 , since for the
foriner case cis/trans isonierization, cyclization, and double
bond shifting of the rubber were observed whereas they were
not found to occur in the ZnCl 2 or SnCl 2 case.

This might

be the result of a different action by these catalysts, or
might be just a rate effect.

Further discussion below will

show that the former is more likely.

The action and subsequent destruction of the SnC1^.2H^0
may be envisaged as occurring as proposed by Fitch in
reaction (23) to (25) (Chapter 1), leading to reaction (8)
(Chapter 1) being the most likely route of formation of the
rubber-reactive entity (X) .

By analogy with Fll-ch’s

proposals for the model compounds, the SnCl 2 .2 H 2 0 -catalysed
mechanism of adduct formation between IK and methyiolphenol
(or dibenzyl ether) may be envisaged as a modified DielsAlder mechanism occurring through the two alternative
possibilities:

(a)

protonated phenolic species reacting

with uncharged IR, or (b)

protonated IR reacting with

uncharged phenolic species (Scheme 6).

In this scheme, for

the case (a) above, possible reactions of the rubber-reactive
entity IX are illustrated both with the original trialkylethylenic unsaturation (LXIV) and with the 1,1-dialkylethylenic unsaturation (LXXI) resulting from double bond
shift.

The additional double-bond-shifted structure LXIX

is not illustrated since it would react in the same way as
structure LXIV in this scheme.
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Scheme 6

Possible mechanistic schemes f^r S n C l ^ . 2 H 2 O
catalysed adduct form tion.
'Od

(iv)

Mechanism for catalysts other than SnCl 2 .2H 20

It has been shown

107

by a comparison of moduli at

100 % extension before and after aging that anhydrous SnCl 2 »

ZnCl 2 and FeCl^ were active catalysts of vulcanization of
butyl rubber by phenolic resins.

SbCl , CoCl- and CdCl
3
^
2
also showed distinct catalyst activity. NiCl 2 .6H 2 0 ,
NiCl 2 were active, less active and inactive
respectively.

The catalyst action was suggested to be the

result of formation of HCl by hydrolysis of the salts, so
that only the more readily hydrolyzed salts were effec
108
109
tive.
Mixtures of SnCl 2 and carbon black were shown
by Mossbauer

spectra to be completely converted to Sn02

by heating for a sufficient time or at sufficiently high
temperature (e.g., 20-60 min. at 170°C).

When the heated

SnCl 2 was used in vulcanization, vulcanizate properties
became increasingly poor, due to undercure, with increasing
conversion to Sn02 prior to vulcanization^^^.
reported

109

It has been

Uiat the stress at 100% elongation of unaged

resin-vulcanized butyl rubber is highest when the ZnCl 2
accelerator is added as anhydrous powder, lower when
crystallizable ZnCl2.1.5H20 is used and lower still for
aqueous or alkaline solutions of ZnCl 2 .
grounds it has been proposed

On the above

that the hydrohalogen

acid liberated would react with the methylol group and
dimethyl ether units present in the phenolic resin,
equations (31) and (32) respectively;
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O H

H,X

C H ^ O H

+

(31)

H X

O H

■ CH

r.q-La ^ions V 31; and (32) above may be envisaged as halomethylation of the phenolic resin in situ.

As discussed in

Chapter 1, sucn halomethylated materials ('self-reactive
resins') lose hydrogen halide very readily to form the
active o-quinone methide intermediate (III) ((1), x=Cl) and
this vould account for the catalytic effect observed.

A

solution of Zr.Ci^ in concentrated HCl (Lucas reagent) is
widely used as a convenient reagent to differentiate between
the lower primary, secondary and tertiary alcohols.
Tertiary alcohols react very rapidly to give an insoluble
layer of alkyl chloride at room temperature.

Secondary

alcohols react in several min., whereas primary alcohols
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form chlorides only on heating.
typical of Snl-type reactions.

The order of reactivity is
ZnCl 2 probably assists in

the breaking of the C-0 bond of the alcohol as follows:

ROH

-'_HOZnCl^]
--ZnCl^_________ 6__ >

+ ZnCl

A Cl ^
R _____^ RCl

Reaction between Lucas reagent and methylolphenol has also
been reported to form chlorides.

It will be noted that the above proposal for catalyst
action does not directly require the production of carbonium
ion (cationic) species.

However, other workers have

postulated the carboniuin ion IX (see Section 1.2, Chapter 1)
.
.
.
29 30
as a reactive intermediate
*
obtained by interaction of
the methylol compounds with ZnCl 2 and SnCl 2 »

As was

discussed in Chapter 1 the formation of the carbonium ion
IX has been represented by a direct complexing of the
catalyst, with the methylol group of I through reaction (7):

OH
CH2^LZnCl20H]®

H 2OH
+

ZnCl.

I

Alternatively, IX or some other protonating species (H )
may protonate a methylene ether unit as in reaction (8):
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( 8)
CH^OH

I p. each case,

(7) or (8) show the formation of a carbonium

ion intermediate IX which would account for the observed
catalytic action.

If halomethylation does indeed occur as proposed in
(33), then the intermediate ion IX would still be produced
(It IS represented as R

in (33)).

This intermediate ion

might then react directly with rubber,

as above (Scheme 6),

or indirectly after hydrogen halide addition (Scheme 7):
The HCl is formed by hydrolysis of S n C l 2 which may
completely destroy its catalytic activity eventually.
ease with which the hydrolysis occurs depends upon the

The
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Schema 7

Possible mechanistic scheme
adduct formation.
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ability of the counterion (SnCl^OH)® to eject a chloride
anion, as discussed earlier in (24):

^

©

Sn + Cl

H

w

Sn(OH)Cl + HCl

XL IV

Co-ordination of a further molecule of water to the non
ionic Sn(OH)Cl formed through (24) will produce further
ionic species and eventually,

to non-ionic species through

a sequence of reactions similar to reaction (24):

L»’■•■‘•fj

In the present study, the absence of isomerization reactions,
in the interactions catalysed by

and SnC l 2 suggests

that prior cationic modification of the rubber (Scheme 6, b)
does not occur.

It would therefore seem more likely that

the direct or indirect involvement of cationic species IX
(scheme 7) is a more likely mechanism for the reaction.

The

m.echanism is likely to be complicated by the gradual
destruction of the counterion (SnCl20H)” of IX through
reactions (24) to (26), leading finally to inactivity of
the catalyst.

A similar mechanism may be envisaged for the

ZnCl 2 ~catalysed interactions.

It should be noted, however

that the intermediate IX would be expected to act as a
protonating species via decompositioxn ( 35) :

iSnCl^OHJ®

XLIII

The product XLIII

is similar to the active species believed

present in SnCl ,.2H-,0 and should therefore induce cationic
modification of the I R .

It seems therefore that

decomposition (35) does not pccur to any significant extent,

(35)

..»*t-

(v)

Relative activities of metal halides

The relative activities of different metal halides as
catalysts may be rationalised by considering that the
concentration of 'active*

species present depends upon a

balance between rate of formation (expansion of the outer
shell by coordination of ligands)

and rate of destruction

(through a hydrolysis sequence of the kind described).

The most active ionised complex to form is probably
that obtained with water as the co-catalyst.
active cation the proton which,
and high-reactivity,

This has as

because of its small size

can v e r y rapidly add to double bonds

of the rubber and cause a sequence of isomerization
processes to occur.

The rubber

ions will soon interact

with the phenolic species (methylolphenol or dibenzyi ether),
regenerating the double-bond and forming species of type IX
vi*ich are rubber-reactive and add back to a double bond.
These last 2 processes are described as separate but could
in fact be a fast concerted process.

The driving force for

alJ of these processes is the increase of stability of the
cation, thus:

0
h^(or H 3O®)

increasing stability with ease of electron delocalisation
hence reduced reaction rate.
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The catalyst SnCl2.2H20 is, presumably,

already in the

form of a stable ionised complex rich in protons and is
therefore expected to cause rapid isomerization as well as
to produce, quickly, a high concentration of the rubberreactive carbonium ions of type IX.

Thus, both the

isomerization processes and the high rate of adduct formation
can be accounted for.

When anhydrous stannous chlorides are used, however,
there is (initially)

no free water available to generate

appreciable quantities of protonic acid species.

Since the

only other oxygenated species present is methylolphenol (or
dibenzyl ether),
type

CXVI

the first complex to form will be that of

which can yield protons or carbonium ions of

type J.X according to the dissociation equilibria;

OH

kJH

CH 2 OH
IV

e

0

H
OH

^0;-»-SnCi^

ciT.

^
OH

or

©

CH2

(mor<

CXVI

likely)
Primary unionised
complexes

IX

OH

•SnCl
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The proton-forming decomposition probably does not occur in
view of the alternative possibility of forming the resonancestabilised ion of type CXVI.

Thus, it is likely that the

catalyst, soon after mixing, is converted into phenolic
complexes which dissociate slowly as the rubber-reactive
ionic species is consumed.

The dissociation is considered

slow because otherwise the adduct formation rate would be as
high as that for the hydrated catalyst.

There is no need

for any dissociation in the latter case since the rubberreactive species is formed directly by proton or (substituted)
benzyl group abstraction:

+

H^O +

similar interactions with the dibenzyl ether produce the
same ion.

However, an alternative possibility may allow

the assumption of complete dissociation but an enhanced
rate of reaction for the hydrated catalyst due to a fast
adduct-forming reaction between the rubber
quinone methide, thus:

ions and the

»^■'
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Such a process would be energetically favoured despite
the formation of the proton, by the regeneration of resonance
energy in the nucleus.

The absence of H

(protonic) and hence rubber® ions in
>
the anhydrous catalyst interactions accounts for the absence
of isomerization in these cases.

It might be expected at

first sight that some protonic acid would form from inter
action of water of reaction and catalyst; however, if all
the catalyst is in the form of complexes or ionized products
of type IX it is most unlikely that free protons would form.
Instead, the water of reaction is more likely to cause
hydrolysis and eventual destruction of the catalyst.

It will be apparent that the different activities
noted in this and other work for different anhydrous metal
halides (e.g., SnCl^, ZnCl^, FeCl^, NiCl^ etc.) may result

■ ' i * .' ,^V» ■

*"^*if-* ■ ‘

from various causes:

1,

The ease with which the primary complex forms may

differ due to differences in the ease of expansion of the
d-electron shell of the different metals.

2.

The degree of dissociation of thè primary complex

into ionized species will vary according to the ease whereby
the cation can be transferred from the oxygen to adjacent
atoms, thus:

e .g.

0

•R

This will mainly depend on the stability of the ion R®, but
m.ay also depend on other factors such as steric conditions
around the metal atom or the intensity of the localisation
of the charges (i.e., the degree to which the negative
charge is shared between the metal and halogen atoms - see
below),

3.

The lifetime of the active ionized species will

vary according to the ease with which the negative charge
on the metal can be transferred to the halogen atom X.
This will depend on the metal-halogen bond and the energetics
formation of X®.

Thus, hydrolysis will increase in the
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The fluoro- and chloro-

derivatives are normally the only ones with sufficient
lifetime to be effective.

These halogen displacements

cause eventual destruction of the catalytic activity.
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4.

BIFUXCTIONAL PHENOL-FORMALDEHYDE CONDENSATES AS
VULCANIZING AGENTS FOR IR

4.1

Introduction

(a)

Objectives of this study

The objectives of this part of the work are:

(i)

To establish structural requirements for the p/f
condensate and reaction conditions for efficient
vulcanization of IR.

For this, various bifunctional

p/r condensates are prepared and one commercial p/f
condensate is obtained for comparison.

They are

characterised in respect of chemical structure and
evaluated as crosslinking agents,

(ii)

To confirm the relevance of the results obtained in
the adduct formation between monofunctional p/f
•models'

and IR (see previous chapter) to the resin

vulcanization of IR,

For this the extent of cross-

linking, measured by physical methods,

is compared

with that expected on the basis of the earlier
kinetic and mechanistic studies with the models,

(iii)

To examine whether or not phase separation might occur
during resin vulcanization of I R ,

For this, the

crosslink concentrations evaluated by equilibrium
modulus are compared with those obtained by
equilibrium swelling.
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(b)

Reagents

The rubber used was the same grade of IR as that
described in Chapter 2.

The catalyst used was ZnCl^, since

(chapter 3) showed that cationic modifications
of the IR with resulting detrimental effects on its physical
and mechanical properties are minimal with this catalyst.
In particular, no gel formation occurs using this catalyst,
and allowance for such gelation in measured crosslink,
concentrations is therefore unnecessary.

However, from the

results of the earlier kinetic studies with 'models' it may
be expected that the vu]canization catalysed by ZrCl

will

occur at a lower rate than that catalysed by SnCl 2 or
SnCl2»2H20.

The bifunctional p/f condensates used as

crosslinking agents were the dimethylol phenol (LX), its
ether .derivative the poly benzyl ether (LXI), the diraethylol
diphenyl methane (LXII), and its ether derivative (LXIII) ,
These were previously synthesised (as described in the
OH

Experimental Chapter) .

In addition, the corr.T.ercial resin

Bakelite CK 1634 (BP Chemicals Limited, London) was used.
These condensates were chosen because they would have
different concentrations of the various reactive groups;
thus, in accord with earlier results, they might be expected
to give different efficiencies and rates of crosslinking.

The dimethylolphenol (LX) is expected to be unsuitable
as a crosslinking agent since, after chroman formation, the
second methylol group will be inactive in the absence of an
adjacent phenolic OH group.

The representation of the

formula for the dimethylol diphenyl methane by LXII is an
oversimplification since, from its method of preparation,

it

is expected to be a mixture or bifunctional methylol
compounds (further discussed later).

Similarly the

representation of tl^ formulae of the polybenzylether and
the polyether derivative of the dimethylol diphenyl methane
as (LXI), and (LXIII), respectively, is also an oversimiplification as will be sftq^ later.

The effect on

crbsslinking of adding selected materials such as
paraformaldehyde and/or 2-methylol-4-tert, butylphenol (LIX)
is also investigated.

Each of the p/f condensates was

characterised in terms of concentration of dibenzyl ethertype linkages, diphenylmethane-type methylene links, and
methylol groups, by a method involving acetylation of the
condensates followed by nmr spectroscopy (detailed in .
Section 4.2, below).

221

‘

^

?HP^' -•' ■

‘f¥*.

MOk^. “¿«iW

(c)

Reaction conditions and procedure

The amount of dimethylolphenol used was 13.52 phr.
This concentration is 1/2 the molar, concentration used for
the monofunctional methylolphenol studies (previous chapter)
and was chosen because the dimethylolphenol is potentially
twice as reactive as the monomethylol phenol (assuming that
the reactivity of each methylol group it is not affected by
the presence of the other).

The amount used of the poly

benzylether, the dimethylol diphenyl methane, its ether
derivative, and of the commercial resin was 11,97 phr in
each case, so as to contain the same number of ’active
moles' (defined in Section 3.3) as that contained by the
dimethylolphenol, thereby enabling results to be compared
directly.

For that interaction with dimethylolphenol where

2-methylol—4-tert butylphenol was added the amounts used
were 6.76 and 5,79 phr respectively so as to contain the
same number or moles of phenolic nuclei as that contained by
the dimethylolphenol alone in an amount of 13.52 phr.

For

those cases where paraformaldehyde was added its concentration
used was 5 phr.

The amount of the catalyst ZnCl 2 used was

0.73 phr, the same as that employed for the IR/model
interactions (Chapter 3).

In all cases vulcanization was carried out at 160°C in
bulk, using the same procedure as that described for the
IR/model interactions (Chapter 3).
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(d)

Characterisation of the products of vulcanization
The products of vulcanization between IR and the various

p/f condensates were acetone extracted then stored in the
dark in vacuo.

They are referred to below by the codings

IR/DMP/ZnCl^» IR/DMP/MMP/ZnCl 2 , IR/DMP/M^ZnCl 2 i IR/PZ/ZnCl 2 »
IR/PE/M^ZnCl 2 » IR/DMDPM/ZnCl 2 > IR/PEDPiM/ZnCl2 and
IR/CR/ZnCl2 > where the abbreviation have the following
meanings:
Abbreviation
IR

Formula No.

Name

LXIV

Isoprene rubber

DMP

LX

dimethylolphenol

MMP

LIX

monomethylolphenol

«X
PE

paraformaldehyde

-

LXI

polybenzylether

DMDPM

LXII

dimethylol diphenyl methane

PEDPM

LXI II

polyether derivative of LXII

CR

commercial resin

—

Each product was examined at various reaction times in
respect of the following characteristics:
(i)

Bound phenolic material
The total concentration of phenolic material combined

was determined by acetone extraction as described earlier
(Chapter 3, and detailed in the Experimental Chapter).

(ii)

Crosslink concentration

Concentration of physically-effective crosslinks
was determined by equilibrium swelling (all interactions).
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using n d0can© and bGnzsn© as swGlling licjuids, and by
equilibrium modulus (for the IR/DMP/ZnCl , IR/DMP/MMP/ZnC 1 ^,
IR/DMP/M^ZnCl 2 , and IR/DMDPMVznCl 2 interactions) .

For

these values the concentration of chemical crosslinks,
[x] ,
and

, was determined using the correlation between fx!
U -‘phys
proposed by Mullins for NR.^^°

It is assumed for

this determination that the correlation applies equally to
IR.

Crosslink concentrations are expressed in terms of moles

crosslinks per gram of total vulcanizate.
*

A slightly impure form of DMDPM used for some early work
(see Experimental Chapter).

(iii)

Phase separation

Phase separation of the p/f and IR components in the
vulcanizates would be expected to produce a dispersed hard
phase of p/f component in a continuous rubbery matrix.

Such

s firmly-bound hard phase would serve to increase the
apparent number of physica3.1y-effective crosslinks, i.e., it
would give the physical effect of crosslinking even if no
chemical crosslinks were present.

Thus, the values of

hence CxH^^y^^^) obtained by equilibrium modulus
measurements or swelling in n-decane (a solvent for the
rubber but probably not for the resin phase) would be higher
than the values obtained by swelling in benzene (a solvent
for both rubber and resin phases, i,e., one which would
homogenise the morphology).

Crosslink concentrations

obtained from the different methods will therefore be
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exam in ed for evidence of possible phase separation.

(iv)

Efficiency

From the measurements of phenolic material combined
with the rubber, and from the values obtained for

fx]
,
“'chem*

it is possible to obtain measures of efficiencies for the
various processes calculated according to the following
def initions:

Efficiency of combination (E^) is defined as the number of
moles of phenolic material combined per mole of starting
phenolic material used.

Efficiency of crosslinking (E ) is defined as the moles of

___

________________

chemical crosslinks produced per 2 moles of combined phenolic
material.

Efficiency of vulcanization (E^) is defined as the moles of
chemical crosslinks obtained per 2 moles of starting phenolic
material.

From the above definitions, it follows that

EV = Ec EX

The factor 2 arises in these definitions from the binuclear
nature of the vulcanizing agents.

It will be recalled that

the mole is defined in terms of the weight of condensate

225

containing 1 aromatic nucleus, according to its formula.
Each of the above characteristics are considered in more
detail and results in the present work are presented in
Section 4.2 below.
4.2

Characterisation Methods and Results

(a)

Characterisation of the vulcanizing agents used

P/f condensates sold commercially are often characterised
in terms of their methylol content as a measure of their
activity in vulcanization.

However, such reactive

condensates also contain dibenzyl ether and methylene
bridges.

In Fitch’s work^^ and in the present study it has

been shown that the dibenzyl ether is also reactive and may
in fact react more directly with the rubber.

However,

methylene bridge structures are unreactive and therefore
wasteful of phenolic material (discussed in Section 4.3).
Since groups other than these are negligible in concentration,
it would appear that a full characterisation of the resin in
terms of the concentrations of these three groups amounts to
a complete structural characterisation of the resin (except
for molecular weight distribution and the sequence
distribution of the groups).

A knowledge of the functional

group concentration is clearly essential in interpreting
results for rates and efficiency of vulcanization.

(i)

Earlier studies

Chemical methods have been applied to the measurements
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1 1o
of total methylol
condensates.

and ether-bridge^^^ content in p/f

Infrared

spectroscopy has been one of the few-

useful methods applicable to the study of structures of
insoluble crosslinked p/f r e s i n s . H o w e v e r ,

most of the

results from the infrared methods are only qualitative and
the type and amount of information obtainable by any of the
above single experimental methods is quite limited.

Further,

most of these methods are not quantitative. Nmr spectroscopy
104
has been used
as a method which yields detailed and
quantitative number-average structures for any soluble p/f
resin.

Because of the overlap among chemical shifts for

some of the groups, the relative amounts of methylol groups
and dibenzyl ether bridges cannot be established on the basis
of spectra of the unmodified resins.

For resins containing

both of these functionalities quantitative analyses were
found to be possible on the acetylated materials.

Acety

lations were carried out in pyridine solutions near 0°C.
Such treatment did not cleave the ether bridges in dibenzyl
ether model compounds examined and it was accompanied only
b y conversion of methylol groups to the correspondent
acetates.

No other modification of the resin was observed

by vapour-phase chromatography (vpc) analysis.

Nmr spectral

assignments for the various groups were based on a number of
nonacetylated and acetylated model compounds.

The resonances

attributed to some of these groups were as follows:
acetoxymethyl, ArCH20Ac, 4.92-5.10
(ArCH2)20i 5.45-5.73

; dibenzyl-ether bridges,

; diphenylmethane-type methylene

protons, ArCH 2Ar, 5.97-6.58
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From these, quantitative

results for the average number of each of the functional
groups were determined for various p/f condensates.

(ii)

Results in the present study ‘

The concentration of dibenzyl ether-type bridges,
diphenylmethane-type methylene groups, and methylol groups
present in the polybenzyl ether, dimethylol diphenylrr.ethane,
polyether derivative of the dimethylol diphenylmethane, and
in the commercial resin Bakelite CK 1634 were estimated by
acetylation of these condensates (detailed in Experimental
Chapter), followed by nmr spectroscopy (spectra presented in
Fig. 93 in the Experimental Chapter).

Spectral assignments

for these three functional groups were made by analogv with
those reported by Woodbrey et al.^^^ and those obtained in
the present study by acetylation of dimethylolphenol, and
the 'model* compounds methylolphenol and dibenzyl ether
(spectra presented in Fig. 99 in the Experimental Chapter).
The concentration of these groups were measured from the
areas A, of the peaks at 5.70
and 5.05

(ArCH20Ac) .

((ArCH2)20), 6.40

(ArCH2Ar),

The number of moles, N, of the various

groups (the mole for (ArCH2 ) 2 0 and ArCH 2Ar is ArCH 20 Q ^ and
Ar(CH2 )Q^^, ^respectively), was then expressed as a fraction
F of the total number of moles

using the relationships

(36), (37) and (38) (for which the origin is discussed in
the Experimental Chapter):
N
(ArCH-^OH)

(ArCH20H)
N

(Ar)

9 ^5.05
2 A 8.10
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(36)

,j

'( (ArCH2)20)

9 ^5.70

((ArCH2)20)

'(ArCH2Ar)
(ArCH2Ar)

The above equations assume that the methylol groups in the
condensate become completely acetylated and other groups
remain unaffected by acetylation, i.e., that no other
modification of the resin structure occurs during such
treatment.

If this is the case, then since the condensates

have two positions occupied in each aromatic nucleus, the
summation (39)

9 ^5.05
9 ^5.10 ^ Q ^6.40
2A
"^2A
^8.10
^ ^8.10
^8.70
should apply.

For the monofunctional compounds, methylol-

phenol and dibenz/I ether, there is only one position
occupied in the corresponding functional group in each
argmatic ring so that
equal to one.

Thus for the methylolphenol,

'((ArCH,),0)=°
F, -----

the corresponding summation should be

. _.=1, F,

^(ArCH 2Ar)=°’

( ( A r C H 2 ) 2 0 ) " '^ ’ ^ (A rCH 20H )“ °

0H)~^'
2
dibenzyl ether

^(ArCH2Ar)~°'

equation (39) might be used to assess the validity of the
method.

Determination of MW(ms) of the acetylated methylol

phenol and dibenzyl ether was also used as a check to ensure
quantitative acetylation without other modification to the
resin structure.

-.»i J^l^i
■■ :^‘ •.ViW-m.«'
'-:. ;iuK 13

since the overall reactivity of the p/f condensate
depends upon the sum

+ *<(ArCH2 )2 0 )’

proportionately by

reduced

it is possible to express the

2
potential reactivity of a particular bifunctional resin R

pot

as a percentage of the maximum possible reactivity (where
I

^(ArCH2Ar)'"°^

^pot

^°^(A rCH 20H)

50(2

(40)

^((ArCH2)20)

(41)

^(ArCH2Ar)^

Concentrations obtained for the functional groups of the
various p/f condensates expressed as a fraction of the total
number of moles are presented in Table 6.

These results show

that the summation (39) applies reasonable well for all the
p/f condensates, indicating a good degree of reliability in
the method.

This summation is approximately equal to 1 for

the 'models’ methylolphenol and dibenzyl ether.
models the

For these

s found for the corresponding acetylated

derivative were exactly those predicted theoretically,
assuming quantitative acetylation of methylol groups and no
cleavage of dibenzyl ether bridges.

All this suggests that

the method is q>janti.tative and reliable.

(b)

Bound phenolic material

Bound phenolic material was estimated from the weights
of acetone extracts as described in Chapter 3 (details in
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the Experimental Chapter).

Vulcanized samples after

extraction showed the presence of unextractable and probably
uncombined material dispersed randomly in the form of dark
spots.

Experimental observations suggested this to be a

product of interaction between the p/f condensate (and/or
its decomposition products) and the ZnCl 2 catalyst since,
when the IR and p/f condensates were heated in the absence
of ZnCl 2 > such dark spots were not observed.

Corrections

for unbound unextractable material as obtained by experiments
with EPR (chapter 3, Section 3.3) were not used here since it
was considered that the conditions under which such
corrections were obtained were not the same as in the
present vulcanizate cases.

In this present case it was not

practicable to estimate the unbound unextractable material,
so that the results obtained for bound phenolic matter will
be higher than the real ones.

However, since the concen

tration of catalyst used (0.73 phr) is small the error
arising from unextractable catalyst-condensate interaction
product was considered negligible.

Results were expressed

as moles of phenolic material combined per gram of
vulcanizate and/or per mole of IR, as appropriate for further
calculations (the moles of bound phenolic material were
obtained as described in Section 3,5, Chapter 3),

For those interactions where paraformaldehyde was added
(i.e., IR/DMP/M^ZnCl 2 and IR/PE/M^ZnCl 2 ) bound phenolic
material can be calculated only for prolonged reaction times.
This is because paraformaldehyde is not soluble in acetone
and its concentration is diminishing with time.

The final

V,..

vulcanizates were heated in air to eliminate it.
Detailed results for the various interactions are
presented in Table 16 and summarised in graphical form in
Fig. 84 in the Experimental Chapter, which shows changes in
moles of phenolic material combined per mole of IR, and per
mole of starting phenolic material (i.e., E^) as reactions
proceed.

This method of expression was chosen to enable a

direct comparison to be made with the results of the IR-p/f
model interactions.

These results will be discussed more

fully later.
(c)

Crosslink concentration

(i)

Measurement of crosslink concentration
The macromolecular structure of a vulcanizate network

may be specified in terms of basic network elements:
(a)

network chains (macromolecular segements bounded at each

end by a crosslink, (b)

free chain ends (segments bound to

a crosslink at one end only) and (c)
entanglements.

permanent chain

In an ideal situation in-which the network

is free from free chain ends and permanent chain entanglements,
the concentration of crosslinks can be determined directly
from the 'functionality* of the crosslinks (i.e., the number
of network chains terminated by each crosslink) and M^, the
number-average molecular weight of network chains between
crosslinks.

In the case of tetrafunctional crosslinks, each

crosslink is associated with one half of the four network
chains bound to it.

Therefore, if M
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is the number-average
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vulcanizates were heated in air to eliminate it.
Detailed results for the various interactions are
presented in Table 16 and summarised in graphical form in
Fig. 84 in the Experimental Chapter, which shows changes in
moles of phenolic material combined per mole of IR, and per
mole of starting phenolic material (i.e., E^) as reactions
proceed.

This method of expression was chosen to enable a

direct comparison to be made with the results of the IR-p/f
model interactions.

These results will be discussed more

fully later.
(c)

Crosslink concentration

(i)

Measurement of crosslink concentration
The macromolecular structure of a vulcanizate network

may be specified in terms of basic network elements:
(a)

network chains (macromolecular segements bounded at each

end by a crosslink, (b)

free chain ends (segments bound to

a crosslink at one end only) and (c)
entanglements.

permanent chain

In an ideal situation in-which the network

is free from free chain ends and permanent chain entanglements,
the concentration of crosslinks can be determined directly
from the 'functionality* of the crosslinks (i.e., the number
of network chains terminated by each crosslink) and M^, the
number-average molecular weight of network chains between
crosslinks.

In the case of tetrafunctional crosslinks, each

crosslink is associated with one half of the four network
chains bound to it.

Therefore, if M
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is the number-average

molecular weight of the network chains between crosslinks
and N is Avogadro’s Number, each crosslink will be associated
with an average of 2M^

n '^

grams of rubber.

One gram of

rubber will therefore contain N(2M^) ^ crosslinks! or, more
conveniently, one gram of rubber will contain
moles of crosslinks.

gram-

(2M^) ^ is therefore the concentration

of crosslinks expressed as moles per gram of rubber.

This

IS conveniently taken as a measure of the degree of crosslinking, shown as

[x]

below.

It is too difficult to determine the concentration of
actual crosslinks

by a chemical method.

Estimates

of crosslink concentration are therefore made from the
physical properties of the vulcanizates. The values
obtained,

are strongly affected by free chain ends

and chain entanglements, and correction of

for such

efrects is necessary in order to obtain an estimate of
The concentration of physically effective cross
links,

may be determined experimentally from

measurements of elastic properties of the vulcanizate by two
methods,

(i-i)

Equilibrium modulus

can be determined experimentally from stress-strain
measurements using a method which depends upon the
statistical theory of rubber ej.asticity,

According

to the simplest form of theory, the stored energy function
per unit of rubber, W, is given by
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r-r,

W = 2 ^ G(\^

+

\l

+

-

where G is the elastic constant, and

3)

\^,

X^»

the

^3

ratio of strained to unstrained dimension along the principal
axis of X, Y and Z.

For simple elongation, there is no

change in volume and the extension ratios are given by:

X p

X

X

X

Equation (42) then reduces to:

W = 2 "^ G{X^

The equilibrium force per unit area required to extend an
ideal network in the direction of Z is therefore given by;

F = ^ = G(X - X-2)
For ideal rubber networks which do not contain chain ends
and permanent chain entanglements, G is related to

by the

equation:

G

RT/M^

where ^ is the density of the network, R is the gas constant
and T is the absolute temperature.

Therefore equations (44)

and (4 5 ) provide the basis of a method whereby stress-strain
measurements can be used to obtain estimates of M
networks.

c

for real

However, in practice, stress-strain relationships

are found to deviate from the ideal form predicted by
equation (44).
(a)

Some of the reasons for such deviations are:

no account is taken of the contribution made by chain

entanglements to the concentration of elastically-effective
network chains, (b)

no allowance is made for chain ends

which do not contribute to the stress and (c)

there is a

finite extensibility of the network which is not taken into
consideration.

A more satisfactory description of the elastic behaviour
of vulcanizate networks was obtained
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by an essentially

phenomenological approach, which for simple extension and
moderate strains gave the following empirical expression:

F = 2(X - X

where

+ X

and C 2 are constants,

(46)

A linear relation is

obtained when results for simple extension are plotted in
the form F/2(X-1

—2

) against X

—1

, this being consistent with

the re-written form of equation (4i>):

F/2{X-X"^) =

Values of

+ X ^C,

(47)

and C 2 may thus be obtained graphically from

the intercept (\~^=0) and slope,respectively, of this straight
line relationship.

It has been e s t a b l i s h e d ^ " ^ ' f o r

natural rubber vulcanizates that the C 2 term in equation
(46) is almost zero for stress-strain obtained using
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vulcanizates highly swollen with a liquid.

Z n

this case,

equation (47) reduces to the form predicted 'ey simple
statistical theory (equation 4^) provided that

= 2

=e RT [x ]p j ^y 3

(48)
I

(i-ii)

Equilibrium swelling

An alternative method to the use of stress-strain
measurements for the determination of

takes advantage of

the property of rubber network of becoming swollen to
equilibrium when immersed in liquids.

The ecquilibrium

volume fraction of rubber, V^, in the swollen network is
related to M^, by the modified Flory-Rehner ecquation. 122
This equation is as follows:

end - Vj.) - Vj. -iVj.

where

=

(49)

is the molar volume of the swelling liquid, and

is a rubber-solvent interaction parameter.

X

This relationship,

is again restricted to networks which are free from chain
entanglements and chain ends.
to determine

In order to use equation (49)

values, the interaction parameter,

first be determined.

must

By combining eiquations (48) and (49)

an expression is obtained which relates equilibrium swelling

- X n ( l - V ^ ) - V ^ - = 2C^(RT)

237

(50)

'
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Equation (50) thus represents a method whereby X may be
determined from

obtained from stress-strain measurements,

values of M

and the derived concentration of physically-

effective crosslinks,

obtained from swelling

(equation (49)) or from stress-strain measurements (equations
(47) and (48) are based upon the assumption that the rubber
network is »ideal* in that there are no network chains
possessing free ends.

This implies that the primary polymer

was of infinite molecular weight.
primary molecular weight is finite.

In practice, however, the
It is therefore

necessary to make a »finite molecular weight’ allowance.
The correct allowance is in doubt.
1 23
some workers
have suggested;
a
iM

(51)

corr
n

where a is a constant and

the number average molecular

An experimental investigation 120 of the dependence

weight.
of

On theoretical grounds,

on

has revealed a to be 5,44 and therefore:

M. corr

Mr,
c

5,44
M

(52)

Values of [xT ,
and
are calculated from M and
phys
-'phys
c
^ corr
for all of the vulcanizates obtained in the present
work.

Even after allowance is made for the effect of chain

ends, no account is taken of the effect of network entangle
ments on C^,

These entanglements, which may be thought to

arise as the result of interlooping of network chains, act
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as physically effective crosslinks and make a positive
contribution to elastic modulus; in terms of

therefore,

they are indistinguishable from chemical crosslinks inserted
by vulcanization reactions.

To resolve these difficulties,

attempts have been made to introduce known quantities of
chemical crosslinks into rubber so that an independent
assessment of the validity of physical measurements of M
could be made.

(i“iii)

/•r;
c

This is considered now in more detail.

Determination of concentration of chemical
crosslinks, [x]

The

chem

data have been critically analysed^^^ for many

natural rubber vulcanizates in which known concentrations of
chemical crosslinks,

bad been introduced.

The

concentrations of chejaiical crosslinks were accurately
estimated from analysis of peroxide decomposition products
and knowledge of the chemistry of the crosslinking reaction.
It was found that, in general, the concentration of
phvsically-effective crosslinks,
application of equation (48) to
exceeded

determim.d by
data, considerably

This discrepancy was particularly

apparent at low crosslink densities, and was attributed to
the effects of permanent chain entanglements.
order to derive

for a network from

correction must be applied for this effect.

Therefore, in
a
In addition, a

correction must be made for the free chain ends, as discussed
above.
and

To date the most reliable correlation between

fx!
^
^ Phys

is the relationship proposed by M u l l i n s . T h i s
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relationship, which is used in the present study, is

= e RT[x]pj^y^
=(eRT[x3^j^^^ + 0.78 X 10®)(1 corrWtion
for
entanglements

2 ^‘^'■-chem ^^n ^

(53)

correction
■L
for
free chain
ends

where ^ is the density of the vulcanizate, R the gas constant
per gram-molecule, T the absolute temperature, M

the number
n
average molecular weight of the primary rubber molecules,
the factor 0.78 x 10^ is a correction which includes the
maximum contribution of entanglements, and the second
bracketed term is the correction for free chain ends.

(ii)

Results in the present study

(ii“i)

Determination of concentration of physically
effective crossliiiKs, [x]pj^yg and [x]p°^|.

(ii'“ii)

Equilibrium modulus

Values of

were obtained from stress-strain

measurements (detailed in the Experimental Chapter).

The

data were analysed according to equation (47):

(47)

The results for the IR/DMP/ZnCl^i IR/DMP/MMP/ZnCl2 »
IR/DMP/M^ZnCl 2 and IR/DMDPM /ZnCl 2 interactions were plotted
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2

in the form of

against

and the values of

were obtained from the intercept (X”^=0) (graphs presented
in the Experimental Chapter).
derive the

The

values were used to

and C^lpj^yg values through equation (48):

=Ç RT/2M^ = Ç «T[x]pj,y^

cor r

Values of

(48)

were obtained by using the allowance for the

presence of chain ends given by equation (52)

+ 5.44

(52)

M. corr
where

the number average molecular weight of the

primary rubber molecules, was obtained from the intrinsic
viscosity,
. 124
relation

of the unvulcanized rubber using the

['^-c=0 " 2.29x10

“7 Z 1*33

(54)

The method is described in detail in the Experimental
Chapter. Although the same rubber was used initially in
each case, values of

and hence, M

for the various

interactions were different since different mixing times for
the various compositions were necessary in order to get good
dispersion.

Some degradation of the rubber occurred during

this mixing period.

From the M

values the
c
■- -"phys
values were evaluated from the relation
-1
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(55)

i.e., again assuming tetrafunctional crosslinks which are
most likely with the bifunctional p/f condensates used.

Equations (51) to (54) have been experimentally
determined for NR.

in this study it is assumed that the

same constants can also be applied to IR,

For the IR/DMP/ZnCl 2 , and IR/DMP/MMP/ZnCl2 interactions,
measurements of crosslink density for reaction products
before 25 min. of vulcanization, and for the IR/DMP/M^ZnCl 2
case before 80 min., were not practicable.

These products

were too soft and weak, presumably due to a very low cross
link concentration.

^ii

the vulcanized samples after acetone extraction

showed localised porosity and presence of dark spots.

The

porosity is attributed to evolution of water and formaldehyde
^h^teas the dark spots are related to unextractable
uncombined phenolic material.

Both might have some effect

on -tensile-strain measurements, and care ..was taken to avoid
porous areas when cutting test-pieces.

The equilibrium modulus method was used only for the
DMP and DMDPM

cases so that the results could be compared

with the corresponding ones obtained by swelling, in order
to establish whether or not phase separation is likely.

The

swelling method is most widely used and essentially the
standard method for determining the crosslink density, and
was used as the main analysis method in the present study.

V...

Detailed results are presented in the Experimental
Chapter (Table 12) .

Results for determination of

values

for various interactions are summarised in graphical form in
Figs. 95 to 98 (Experimental Chapter), which show F/2(\-l'‘^)
expressed in N/cm

against 1 ^ at various reaction times.

These results show that stress-strain measurements at
moderate strains conform to the linear relationship of
equation (47).

Deviations from the linearity are observed

at low and high strains.

Similar effects have been widely

reported with other vulcanization systems.

These lines at

different reaction times are substantially parallel (Figs.
95-98) showing that

independent of degree of

vulcanization, also widely reported.

values of

'phys and

'phys

calculated from the

experimental C^^ values for various interactions at different
reactions times are presented in the Experimental Chapter
(Tables 12 and 13) .
ponding

From the

values, the corres

values wore obtained as described below

(Section ii-iv).

(ii-iii)

M

Equilibrium swelling

values were calculated from the Flory-Rehner equation

(49)

-£n( 1-V r ) - V r - X ^ r

> o c

Vr

using samples swollen in n-decane and benzene.
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(49)

The principal

;M
/•r|

-V-" f - A ' ' ■

^'
!/JRJ•-<

difficulty encountered in attempting to use this relationship
is the selection of a value for the interaction parameter X.
In the present work there are two main sources of difficulty:

(a)

There is good indication that phase separation occurs

in the samples swollen in decane (see below), and it is very
likely that a 2-phase morphology exists in the unswollen
bulk.

Such microheterogeneity is likely to increase the

number of physically-effective crosslinks over and above
those produced by crosslinking and entanglements.

Further

more, the extent of phase separation is likely to change
with the extent of reaction.

Since the degree of correlation

between the bulk and solution morphology is completely
unknown, it is almost certainly not justifiable to apply
values of X derived using equation (50) from modulus and
swelling measurements.

Although such X values have not been

used in this work, examples of them have been derived for
interest from the results of one interaction (IR/DMP/ZnCl 2 )>
as follows:

Reaction Time:
(min)

25

45

80

120

210

X (benzene)*

0.463

0.470

0.471

0.468

0.507

■X( decane) *

0.514

0.539

0.591

0.5S2

0.614

These values show no definite trend as cure time
increases, but the variability is quite large.

They are all

extremely high in comparison with values reported for other
types of vulcanízate.
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(b)

since the Flory-Rehner equation assumes complete

homoqeneity, and there is no indication of phase separation
in samples swollen in benzene, it would appear that this
solvent would be the better one to choose for measuring
However, Ic still cannot with confidence be derived
from

measurements via equation (50) because of the

likelihood of a 2-phase structure in the hulk vulcanizate.
It was therefore decided to select a value for X from values
obtained by other workers using simple vulcanizates of NR
which are likely to be homogeneous in their morphology,

A

difficulty which immediately arises is that the value should
increase with the degree of reaction (since combined phenolic
material will progressively increase the cohesive energy
density of the vulcanizate) in an unpredictable way.

when

there is very little material combined, it is likely that
the value will not differ significantly from that (~0.40)
for a peroxide vulcanizate, but it is expected to increase
as polar material combines with the rubber in the same way
as has been demonstrated for a sulphur v u l c a n i z a t e . I n
view of the uncertainties involved, it \ras decided to use a
single value for X chosen from values obtained with typical
sulphur vulcanizates.

The values used for the IR-n-decane

and IR-benzene interaction parameters X were 0,443 and 0.422,
respectively, which are those reported

121

for NR vulcanizates with these solvents.
published values for
correlation between

X

as average values
Most of the

are for swelling in n-decane.

A

values for n-decane and benzene has

been provided by Bristow, 151 from which it may be deduced
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that a reasonable value

^ (benzene)

^ peroxide

vulcanizate (containing no polar combined material) would be
0.40-0.42,

Inefficient sulphur vulcanizates, containing

appreciable proportion of polar main-chain modification, give
values of X (¿gcane)

0.43^^° or 0.45,^^^ which would

appear from general observations to correspond to X/,
,
(benzene)
values of 0,41 to 0,43, In those studies the value for X
did not change appreciably with degree of cure.

It seems,

therefore, that the value of 0,422 selected for this present
study is reasonable.

Values of

were calculated from

equation (59) (procedure described in the Experimental
Chapter)

w

V

=
V e "

where

(59)

Wi)ei

is the weight of the vulcanizate prior to swelling,

Wg the equilibrium weight of the vulcanizate after swelling,
C the density of the vulcanizate and ^ ^ the density of the
swelling liquid.

Values of M

c

and hence [xl ,
were calculated as
-^phys

described above from equation (49).

It was not found

practicable to correct values for unextractable uncombined
phenolic material and for porosity.

However, since both

these phenomena were observed to occur to very low extent,
results would not be drastically affected.

Again for the

lR/DMP/ZnCl2 > IR/DMP/M^ZnCl 2 and IR/DMP/MMP/ZnCl2 inter
actions, products before 25 min, of reaction time were too
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soft and weak to handle after swelling, so that crosslink
measurements were not practicable.

In all cases, samples

swollen in n-decane appeared •cloudy* whereas the benzeneswollen samples were clear.

The possible significance of

this is discussed later.

icorr for
Values of [^x]^phys and the corrected varues
values L^Jp^yg
the various interactions at different times and using both
n-decane and benzene as swelling liquids are presented in
the Experimental Chapter (Tables 12 and 13).

From the

values the corresponding [x^^
- tjxiem values were
calculated as detailed below.

(ii-iv)

Determination of concentration of chemical
crosslinkti,

The concentration of chemical crosslinks rx"j ,
^ -"chem
was calculated from the C^lpj^yg values by making use of
equation (53).

Thus, the values obtained will be subject to

the same reservations as expressed above for the
values.

Results for the various interactions obtained from
[x]pj^yg (swelling) for all cases and from [x]pj^y^ (modulus)
for the IR/DMP/ZnCl 2 » IR/DMP/M^ZnCl 2 » IR/DMP/MMP/ZnCl 2 » and
IR/DMDPM /ZnCl 2 interactions, are summarised in graphical
form in Figs. 65 to 70, which show crosslinking in terms of
chemical crosslinks per gram of vulcanizate as reaction
proceeds and they are presented in the Experimental Chapter
(Table 14).
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00

Fig. 65

40

80
120
160
reaction time vmin)

200

Changes in concentration of chemical crosslinJ^s,
C^lchem» vith reaction time for the D>1P as
calculated from the physically effective cross
links determined by swelling in n-decane and
benzene.
248

00

Fig. 56

40

120
160
reaction time (min)
BO

200

Changes in concentration of chemical crosslinks, ^
[XJchem» with reaction time for the DMP and DMDPM
as calculated from the physically effective cross
links determined by equilibrium modulus.
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Fig. 66

Changes in concentration of chemical crosslinks, ^
[x]chem> with reaction time for the DMP and DMDPM
as calculated from the physically effective cross
links determined by equilibrium modulus.

reaction time (min)
Fig. 67

Comparison of changes in concentration of chemical
crosslinks, L^Dchem' w^j-th reaction time for the
DMP as calculated from the physically effective
crosslinks determined by equilibrium modulus (O)
and equilibrium swelling in n-decane (#) and in
benzene (O) .
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X'-***-

Changes in concentration of chemical crosslinks,
• L^lchem* with reaction time for the DMP, DMDPM,
PEDPM, PE and CR calculated from the physically
effective crosslinks determined by ecjuilibrium
swelling in benzene.

Fig,

69

Changes in c o n c e n t r a t i o n of ch e m ica l c r o s s l i n k s ,
[ X J c h p i n ' ^-^th r e a c t i o n t i m e f o r DMP, DMDPM, PEDPM,
PE and CR a s c a l c u l a t e d f r o m t h e p h y s i c a l l y
e f f e c t i v e c r o s s l i n k s d e t e r m i n e d by e q u i l i b r i u m
sw e llin g in n -d e ca n e .
252

Fig. 70

Comparison of changes in concentrâtion of chemical
crosslinks, C^lchem* with reaction time for the
DMDPM, PEDPM, PE and CR as calculated from the
physically rsrfective crosslinks determined by
equilibrium swelling in benzene ( o) and in n-decane
(•).
253
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(ii v)

C^]chem

[x]pj^y^ measured by swelling in benzene

Examination of the results for the DMP interaction show
(Fig. 65) that addition of

(i.e., IR/DMP/M^ZnCl 2

interaction) decreases the rate of crosslink insertion
whereas addition of MMP (i.e., IR/DMP/MMP/ZnCl2 interaction)
gives about the same rate of insertion.
observation means an effective increa

This latter
in the efficiency of

cj^osslinking since the amount of DMP used was only
used for the case of DMP alone.

^

that

Comparison of results for

DMP alone with those for CR, PE, DMDPM and PEDPM (Fig. 70)
shows that all the latter condensates show an appreciably
higher rate of crosslink insertion than DMP.
link formation, and

Rates of cross

maxima were approximately equal

ror the CR and PE cases, which in turn were higher than
those for DMDPM and PEDPM (Fig, 68).

Comparison of the DMDPM

and PEDPM cases shows a similar level of reactivity.

However,

in the early stages of reaction, rates for the PEDPM case
were higher than for DMDPM.
highest

The fastest rate's and the

maxima were obtained in the IR/PE/M^ZnCl 2
I

interaction, a result which was expected on the basis of the
IR/pf 'model'

(ii-vi)

studies (this will be discussed further later).

from

measured by swelling in n-decane

These values are presented in Fig. 59 and they are
compared with those obtained from swelling in benzene in
Fig. 70.

They show the same general trend as the corres

ponding ones obtained from swelling in benzene but
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fx"! ,
chem

values are ^2 times higher.

This difference possibly arises

from a phase-separation effect.

The p/f phase in the

vulcanizates is not expected to dissolve completely in
n-decane, an effect which will increase the apparent number
of crosslinks.

Further evidence for phase inhomogeneity is

seen in the cloudiness of the decane-swollen samples.

It

therefore seems likely that phase inhomogeneity is present
on a microscopic scale in the decane-swollen vulcanizates.

(li-vii)

from

measured by equilibrium

modulus

These values are presented in Fig. 66 and they are
compared with those obtained from swelling in both solvents
used in Fig. 67.

They show again the same general trend as
k

the corresponding ones obtained from swelling.
[X]

Values for

chem are in all cases lower than the corresponding ones

rrom swelling in either of the solvents used.

However, they

were closer to those obtained from swelling in benzene, being
especially similar in the early stages of reaction.
■f

All the above would appear to suggest that phase
separation is not likely in the dry vulcanizate.

It seems

possible that phase separation is assisted by the solvent
action of n-decane, and does not arise in the dry state or
in benzene.

This suggests that the values obtained from

swelling in benzene or by equilibrium modulus are more
reliable than those obtained by swelling in n-decane.
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Further support for the greater reliability of the former is
seen in a better correspondence of results with those from
acetone extraction.
^^^chem

In some cases the n—decane results for

require >100%, i.e.,

values >1 which is

clearly not the case from the acetone extraction values
(Fig. 94, Experimental Chapter).

The values chosen for

further discussion (below) are therefore those from
equilibrium swelling in benzene.
(d)

Efficiency
For the purpose of the discussion which follows, it is

convenient to express results in terms of efficiencies of the
various processes.

The efficiency of combination

efficiency of crosslinking by combined material E , and the
overall efficiency E^, as defined in Section 4.1 were
calculated from the phenolic material combined and the
values.

E^ and E

were calculated from fxl ,

[x]

chem
derived from

Typical E and E values from fx]
X
V
^ chem
derived from equilibrium modulus measurements were also
swelling in benzene.

calculated for comparison purposes.
from

Values of E

calculated

derived from swelling in n-decane for the DPM

case were ~1 and for PE, CR, DMDPiM and PEDPM -1.6.

These

efficiencies are improbably high as has been discussed above.
Therefore, these and the E^ values for n-decane swelling
figure were not plotted.
Results are summarised in graphical form in Figs. 72 to
88 in the next section where they will be discussed and they
are presented in the Experimental Chapter (Table 15).
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4.3

Discussion

(a)

Vulcanization with bifunctional methylol derivatives

(i)

Structure, functionality and expected efficiency of
reaction

The preparation of the dimethylolphenol (LX) and of the
dimethylol diphenyl methane (LXII) are described in the
Experimental Chapter.

The dimethylolphenol was obtained as

a pure crystalline solid whereas the dimethylol diphenyl
methane did not appear to crystallise and is likely to be a
mixture of dimethylol diphenyl methanes which might be
represented by the formula (LXII) with an average n=l.
was supported by the

This

of 397 obtained (theory=372) and by

nmr spectroscopy which showed (Table 6) that values of
^(ArCH OH)

^(ArCH Ar)

0.82 and 1.13, instead of the

value 1 for each group which would be consistent with the
pure material (LXII) for which n=l.

Furthermore, nmr

spectroscopy also shows the presence of a very small dibenzyl
ether content

j qj

= 0»07), which could have been

2 2

OH

average n= 1
LXII

L X
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formed during its preparation and/or by self-condensation of
the methylol groups when the material was dried at 50°C.
The latter is considered the more likely since dibenzyl ether
formation under the conditions used in the preparation of
this material is most improbable.

OH
+

IR

The dimethylolphenol (LX) itself can be regarded as mono
functional from the point of view of the 'chroman theory’
since, after chroman formation, the second methylol group is
inactive.

Thus, this material should react mainly with the

rubber to form main chain modifications (Formula CXVIII)
rather than crosslinks,

An> crosslinks produced must arise

from side-reactions and there are two kinds of side reaction
which might well contribute to this.

First from the generalised Scheme 4 (Chapter 2), this
material can undergo side-reactions producing the dimethylol
diphenyl methane (LXII, n=l) which can provide crosslinks.
This sequence of reactions may be envisaged as in Scheme 8,
Scheme 8 might be tested by adding excess methanal to the
reaction, when the increase in partial pressure of CH^O would
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suppress the formation of (LIX) and hence the formation of
CH

OH

+ c a^o

LVII

OH

OH

L I X

Scheme 3

Side reactions of dimeth^.’lol phenol
crosslinking (alternative 1),

the crosslinking agent (LXII).

(LX) giving
^

On the other hand, the

addition of 2-methylol-4-tert.butyl phenol (LIX) would favour
its formation.

Thus, the former addition would be expected

to decrease the concentration of crosslinks and the latter
to increase them.

The results of such tests are presented

and discussed later.

A second kind of side-reaction sequence which might
produce crosslinking is that shown in Scheme 9, in which the
dimethylolphenol undergoes self-condensâtion to form the
dimethylol dibenzyl (CXXI) or polybenzyl ether (LXI).

These

materials are truly bifunctional in their potentiality to
form chroman links with rubber, and will therefore form
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crosslinks.

The crosslinks (CXXII) from the dimeric ether
OH

OH

HO

HO

LXI
Scheme 9

C X X I I I

Side reactions of dimethylol phenol (LX) giving
crosslinking (alternative 2)

would be expected to show high stability since the dibenzyl
ether link is not activated by the presence of phenolic
hydroxyls.

The crosslinks (CXXIII) from the polymeric ether,

on the other hand, might be expected to undergo cleavage
followed by further rearrangements.

It will be appreciated

thac the sequence of reactions is not necessarily fixed as
shown in Scheme 9, and might follow an alternative pattern
such as:

H

•

'rj.'V..fej

whichever sequence is applicable, the Scheme 9 would be
expected to be insensitive to the presence of excess methanal.
Excess moisture might be expected to suppress the ether
formation, but it would also suppress quinone methide
formation.

The only test which would distinguish these

reactions from those in Scheme 8 would be one which
establishes the presence of an ether linkage in the cross
link.

It has not been possible to do this so far.

It will be evident from these considerations that the
simplest materials which are potentially bifunctional chromanforming (and hence crosslink-forming) reagents are:
OH

OH
For methylene bridge crosslinks
according to Scheme 8

H

For ether crosslinks according
to Scheme 9

Unfortunately, it has not been found possible to prepare
either of these in pure form.

As pointed out above, attempts

to prepare the methylene-linked material (LXII, n=l) resulted
in a mixture of homologues of the general formula (LXII).
It will be clear that, in such a mixture, if average n=l
there must be some material of n=0 (i.e., the dimethylol
phenol) which we have already seen is not expected to be an
efficient vulcanizing agent.
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On the other hand, the
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components having n > 1 are also expected to be inefficient,
since the crosslinks will now contain more methylene-linked
phenolic nuclei than necesary and hence some of the phenolic
material is wasted (Fig. 71).
for materials of n > 1, E

it is clear from Fig. 71 that

= 2/n-t-l.
-r,

00

3

n
Fig. 71

Theoretical crosslir.'.'ir.?: efficiencv
of homclogues of For:;.ol?: (IXTl),

Attempts to prepare the ether-linked material (CXXI) also
produce a mixture of homologues, this time of formula LXI
(in Scheme 9).

However, the crosslinking efflc'ierxy for

values of n > 1 is not now reduced, since the ether links
are still active (each ether link reacting ultimately as 2
methylols).

These polyethers, as well as the polyether

derived from the dimethylol diphenyl methane (LXIII), are
discussed more fully in the next section.

If, for the present purpose, we assume that each ether
link has the same chroman-forming potential as 2 methylol
groups, then there is expected to be some correlation between
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values of
value of

(equations 40-41) and theoretical ultimate
for a material.

However, it should be noted

that the presence of some methylene links, whilst detracting
from R__.
por. » does not reduce theoretical ultimate Ec unless
methylene links occur in adjacent positions (as in formula
LXII where n > 1).

Thus, the polyether (LXIII) from the

pure dimethylol diphenyl methane (LXII, n=l) will have the
same ultimate crosslinking efficiency E^ as the polyethers
(LXI) from the dimethylol phenol.

LXin

L X I

These considerations are all based on the assumption
that there is no mechanism for forming a crosslinl^ containing
only 1 phenolic nucleus.

As will be seen later, this appears

to-be borne out in practice.

From the above, the main structural features which are
ultimately present in the fully-reacted vulcanizates and
which represent inefficient use of phenolic material are:

(i)

main chain modification (Formula CXVIII),

(ii)

adjacent diphenyl methane groups in crosslinks
(Formula LXII, n > 1).

Additionally, from the

earlier studies by Fitch, we might expect:
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(iii)

products of trimérisation of quinone methides,

(iv)

inactive aldehyde and methyl phenol groups from
scission of the polyether links.

The aim of this work is to eliminate these as far as
possible, so as to maximise the efficiency of use of the
phenolic material.

It is of sane interest to calculate the amount of
phenolic material required to give a 'typical* vulcanizate
(of, say,

values 5,000), assuming the reaction to be 100%

efficient, and complete.

For the product (LXIII) giving

methylene crosslinks this would be 3.30 phr; for the product
(LXI) giving ether crosslinks it would be 3.70 phr.

Since

some 10-15 phr are used in practice, this gives an indication
of the advantages to be gained by efficient vulcanization.

Note that the above considerations are all concerned
with the efficiency of utilisation of phenolic material
rather than purely with rate of vulcanization.

The latter

will depend strongly upon the type and amount of catalyst,
and on the reaction temperature.

It will depend only

slightly on the type of phenolic material employed, in that
the ether groups appear to react slightly more cjuickly than
methylol ones.

However, this difference will have no

technological significance since the reaction rate can
readily be changed by adjustment of catalyst concentration
or temperature.
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The efficiencies E^,

and E^, as defined in Section

4.1, do however v a r y with time since they depend upon the
degree of completion of the reaction.

Thus,

E

will

gradually increase as the starting material is used up, even
though the starting material may pass through several
chemical changes before combining with the rubber,
similarly, E

may be low initially since combined material

may be in the form of potentially-reactive pendent groups
which later react to form crosslinks.

This latter efficiency

value (E ) is analogous to the corresponding term used by
Moore et al. in describing efficiency E of crosslihking by
sulphur systems (although the definitions are different,

so

that improved efficiency in Moore's work is revealed in
reducing values of E ) .

(ii)

Results and discussion

The results obtained in the present work (expressed in
their original form in the Experimental Chapter) are
presented here in the form of combination efficiency E^
versus time (Fig. 72), crosslinking efficiency E^ versus
time (Fig. 73), and overall vulcanization efficiency E^
versus time (Fig. 74).

In addition, some kinetic data are

listed for comparison with other bifunctional phenolic
starting materials in Tables 7, 8 and 9.

(a)

Efficiency of combination, E

Values of E

c

at various reaction times for the methylol
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Fig. 72
"

J-v . l i j ,

Kinetics of the efficiency of c:: ination, Z,. for
the bifunctional methylcl deriv- ives as calculated
from the amount of acetone ex^ri :t .
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Fig.

73

Kinetics of the efficiency of crosslink: formation,
Ey, for the bifunctional methylol derivatives as
obtained from values derived from swelling in
benzene,
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Fig. 74

Kinetics of the vulcanization efficiency, E^, for
the bifunctional methylol derivatives as obtained
from values derived from swelling in benzene.
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Kinetic data for phenolic material combined in the
various interactions, as calculated from the amount
of acetone extract
Moles phenolic material combined/mole
rubber xlO'^

Interaction

after 10 min
reaction

after 35 min
reaction

IR/CR/ZnCl2

2.51

2.86

3.13

IR/PE/ZnCl2

1.89

2.61

3.00

IR/DMDPM/ZnCl2

2.33

2.84

3.07

IR/PEDPM/ZnCl2

2.39

2.90

3.11

IR/DMP/ZnCl2
IR/DMP/MMP/Z nC 1.

0.67

1.78

3.11

0.44

1.11

2.56

Table 8:

after 210 min
reaction

Kinetic data for chemicals crosslinks (swelling in
benzene) per combined 2 moles phenolic material in
the various interactions
Moles crossiinks/2 moles combined phenolic
m a t o r ia l

Interaction

after 10 min
reaction

after 35 rain
reaction

after 210 j
reaction

IR/CR/ZnCl2

0.47

0.67

0.83

IR/PE/ZnCl2

0.65

0.81

0.86

IR/DiMDPM/Z nC 1 2

0.42

0.55

0.69

IR/PEDPM/ZnCl2

0.46

0.49

0.60

IR/DMP/ZnCl2
IR/DxMP/>2IP/Z nC 1.

0.03

0.11

0.43

0.05

0.13

0.45

Table 9:

Kinetic data for chemicals crosslinks (swelling in
benzene) per 2 moles starting phenolic material in
the various interactions
Moles crosslinks/2 moles starting phenolic
material
after 10 min
reaction

after 35 min
reaction

after 210 i
reaction

IR/CR/ZnCl2

0.28

0.43

0.53

IR/PE/ZnCl2

0.24

0.41

0.55

IR/PE/Mjj^/ZnCl2

0.27

0.46

0.62

IR/DMDPM/ZnCl2

0.21

0.31

0.42

IR/PEDPM/ZnCl2

0.24

0.33

0.37

IR/DMP/ZnCl2
IR/DMP/MMP/Z nC 1 2

0.02

0.05

0.28

0.01

0.03

0.19

IR/DMP/Mjj/ZnCl2

0.01

0.02

0.12

Interaction

■

compounds DMP and DMDPM are plotted in Fig. 72.

From this

figure, it can be seen that DMDPxM (Formula LXII) shows a
high rate of combination initially but a levelling off after
about 40 min. to a value for

of about 0.6.

On the other

hand, DMP and its mixture with MMP both show a much lower
combination rate, with

still increasing after 200 min.,

to a value (in the DMP case) of > 0.6.

These rates of combination should be comparable to the
combination rate of the monofunctional compound, MP,
discussed in Chapter 3, bearing in mind that the concentrations
used are different.

Such a comparison may be made by

reference to Tables 4 (monofunctional methylol compound) and
7 (bifunctional compounds), from which the following values
may be selected as examples;

Moles/mole rubber
combined after 10
min reaction

IR/MP/ZnCl2
IR/DMP/ZnCl.

Moles/mole rubber Mole/mole
combined after 35 rubber
min reaction
combined
after 210
min
reaction

0.60
0.67

It will be recalled that the concentration of DMP used was
that of the M?, in order to obtain equivalence in concen
tration of methylol groups.

If the assumption is justifiable

that the reactivity of DMP is twice that of MP, it would be
expected that the amount combined should initially be the
same, but with gradual divergence to an ultimate ratio of 2/1
for MP/DMP.

The figures shown above, however, suggest that
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DMP is rather more than twice as reactive as MP, which in
turn indicates that the reactivity of a quinone methide
moiety is increased by the.presence of a methylol substituent.

Differences of combination rates up to 3'5 min. between
the IR/DMP/ZnCl 2 and IR/DMP/MMP/ZnCl 2 interactions (Table 7)
which are

times higher for the former interaction might

be attributable to the initial concentration differences,
since the DMP/MMP ratio was 1/1, but the total number of
moles used was the same, it follows that the methylol
concentration of the mixture is 3/4 that of the pure DMP.
An initial rate ratio of 4:3 for DMPrmixture would therefore
be expected, and the observed ratio of 1.78:1,11 (after 35
min) seems in reasonable agreement with this bearing in mind
the uncertainties of the analysis.

Comparison of the kinetic data for the IR/DMP/ZnCl» and
IR/DMDPM/ZnCl2 interactions (Fig. 72, Table 7) show that,
whereas

maxima were about equal for both interactions,

initial rates were much higher for the IR/DMDPM/ZnCl2
interaction than for the IR/DMP/ZnCl2 case.

since the DMDPM molecule is about twice as large as the
DMP molecule, each quinone methide-rubber addition will
combine about twice as much material in the former case.
However, since the methylol concentration of DMDPM is only
h that of DMP, it might be expected that this would restore
the rate of combination to about the same in each case.
There is, however, another factor to consider which increases
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the reactivity of DMDPM compared with D M P .

whereas the

reaction of one methylol group of DMP leaves the second one
unable to react further, this is not true for DMDPM where the
second group remains reactive.

Thus, there is a much more

rapid loss of •active’ methylol groups in DMP compared with
DMDPM, and consequently a more rapid combination rate is
expected in the latter case.

A further factor which is

expected to increase combination rate in DMDPM is the
presence of some ether links (see nmr analysis).

This will

cause more material to be combined in each reaction step as
discussed in the case of the ethers generally (Section b,
below).

(b)

Efficiency of crosslinking by combined material, E

X

Values of E

derived from swelling in benzene are

plotted against reaction time in Fig. 73.

Some data selected

from the results are also presented in Table 8 (based on
benzene swelling results) for comparison with other systems.

Examination of Fig. 73 shows reducing efficiency of
crosslinking by combined material in the order DMDPM »
DMP/MMP > DMP.

A very large difference in crosslink

insertion rate is seen in the early stages of reaction for
DMDPM, compared with the other materials.

Comparing first the curves (Fig. 73) and kinetic values
(Table 8 ) for DMP/MMP with those for DMP alone, it can be
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seen that the former is generally the more efficient crosslinking agent.

Thus, although the DMP/MMP mixture is less

efficient than DMP alone in combining with the rubber (Fig.
72), the material which combines is more efficient in
crosslinking the rubber (Fig. 73).

This would appear to

support the expected reaction scheme (Scheme 8 ) where it was
suggested that the incorporation of the monofunctional M M P
would encourage the formation of methylene-bridged cross
links.

The final crosslinks, in fact, will have the same

structure (Formula CXIX) as those from DMDPM, although they
will have been formed by a different and less efficient
sequence of events.

Comparison of the data for D>P with those for DMDPM
show that crosslinking rates were faster and ultimate maxima
higher (~40%) for the DMDPM case.

This is in accord with

the expectations discussed earlier, since DMDPM is truly
bifunctional in respect of crosslinking, whereas DMP is
essentially monofunctional and depends upon side-reactions
for its crosslinking action.

DMDPM appears to be a fairly

efficient crosslinking agent, with crosslink concentrations
approaching 70% of theoretical, and still increasing, at the
end of the reaction time.

It cannot be said with certainty

that the DMDPM crosslinking efficiency would not eventually
reach 1 , but there appears to be a levelling out process
occurring.

Deviations from this maximum theoretical value

of E =1 for the DMDPM case might be accounted for by its
value of

^^j=1.13 as well as by the presence of
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'P 0 nd 0 nt' ph 0 nolic inat0 rial which has coiribiriGd only at on 0
side as a cons 0 qu0 nc 0 of sido roactions of ona of the methylol
groups.

Altarnativaly, tha lavalling off towards E ^0.7

aftar 30-40 min. raaction tima could ba a consaquanca of tha
catalyst having baan ’used up*, probably hydrolysad.

It is

noticaabla that thara is a similar changa in shape at this
time in the DMP and DMP/MMP curves.

(c)

Overall efficiency of vulcanization,

The overall efficiency of the materials as vulcanizing
agents may be judged from Fig. 74, which is effectively the
product of Figs. 72 and 73.

It is seen that DMDPM is clearly

the most efficient vulcanizing agent, giving almost 45 % of
the theoretical maximum number of crosslinks after the
reaction time allowed.

DMP alone is next most efficient at

up to 30% theoretical and DMP/MMP J s least efficient at up
to 20?o theoretical (although it is clear from (a) and (b)
above that the reduced efficiency of DMP/MMP is due only to
its lower rate of reaction caused by the lower methylol
content).

In each case the crosslinking is still progressing

after the maximiom reaction time allowed of 200 min., although
such lengthy cure times would be impracticable for industrial
use.

Also included in Fig. 74 are E^ values calculated for

the system IR/DMP/M^ZnCl 2 > for which the E^ and E^ values
could not be obtained due to uncontrollable volatilisation
of paraformaldehyde during the reaction and extraction
procedures.

These E^ values were calculated directly from

the amount of phenolic material used and the number of
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crosslinks obtained,

it is clear from Fig, 74 that the

efficiency as a vulcanizing agent is markedly lower than
that of DMP alone.

Since there is no reason why its

combination efficiency

should be lower than that of DMP

(there are the same number of methylol groups), the loss of
vulcanizing efficiency must be due to a lower E

value (i.e,,

the material which combines is less able to undergo the side
reactions which produce crosslinks),

This is in accord with

the discussion in Section 4,3,

Some figures illustrating this trend of results compared
with results from other vulcanizing systems are presented in
Table 9, and will be referred to again later.

The values of

after 35 min, of reaction time (a reasonable time for
vulcanization) were 0.05 (DMP) and 0.31 (DMDPM) which
represent 18 and 74% respectively of the

maxima.

Thus,

whereas DMDPM might be considered a practically-useful
vulcanizing agenb, DMP is much too slow in its action for
consideration for praccicax purposes.

Cu.early, all reagents

would benefit from increased rates of the various reactions,
but this might not be a simple matter, since it is suspected
that catalyst is consumed during the early stages of reaction,
A further catalyst addition would no doubt increase the
reaction rate in the early stages, but this might well cause
problems of premature vulcanization ('scorch*), a severe
disadvantage for practical processing.
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(b)

Vulcanization with products of polyéthérification of
bifunctional methylol derivatives

(i)

Structure and characterisation

The preparation of the polyether derivatives from the
dimethylolphenol and from the dimethylol diphenyl methane
(Formulae LXI and LXIII respectively) are described in the
Experimental Chapter.

The nmr characterisation of these

condensates (Table 6 ) show that, in these polyetherifications,
in addition to the formation of dibenzyl ether groups,
methylene bridges were also formed.
methylene bridges, F,

The concentration of

x, in the polybenzyl ether was

0.79 (theory=0), and in the polyether derivative of the
dimethylol diphenyl methane was 1.34 (theory=l).

Analyses

relevant to the present considerations are summarised in
Table 10.

Table 10:

Analysis of the derived ethers

NO.

(A.rCH20 H)

PE

0.05

PEDPM

0.0

((ArCH2 )2 0 )
1.24
0.53

(ArCH 2Ar)

Total

0.79
1.39

Several attempts were made to refine the method so as
to reduce the number of methylene groups, but no method was
found to produce the pure ether.

It appears from the

F/^
, X values referred to above that formation of these
(ArCH2Ar)
groups occurs faster in the condensation of dimethylolphenol
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than in-the condensation of dimethylol diphenyl methane.
Addition of paraformaldehyde during the polyetherifications
to suppress methylene bridge formation (in accord with the
generalised Scheme 4) was not as effective as expected.

This

is probably because the paraformaldehyde was added before
condensation started and was soon lost by volatilisation at
the temperature of reaction.

This suggests that the

continuous addition of paraformaldehyde during might show
benefit, but this has not yet been attempted.

From the concentration values

and F

obtained for these polyetherification products (Table 10) it
is clear that Formulae (LXI) and (LXIII) are idealised, and
) 0 )~^

clearly deviate from the theoretical values of

''(ArCH2Ar)"°
'■(ArCH2Ar)=^

(ArCH2) 20) =°‘^
letter.

The value of the concentration
polybenzyl ether was 0,05.

qh)

This low concentration would be

expected from the presence of the group as chain ends.

The

corresponding value for the ether derivative of the dimethylol
diphenyl methane was unmeasurably low (zero), presumably
because the

of this compound was higher (828) than for

the polybenzyi ether (615) and hence the proportion of chain
end groups was too low to be measured by nmr,

Polyetheri

fication including cyclic structures such as (CXXV) might
also explain zero methylol concentration, but its MW (708)
is rather too low and also
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OH

OH

cxxv
which was not the case ( see Table 6 for analysis).
Nevertheless, a mixture of rings and chains is a distinct
possibility,

(ii)

Functionality and reactivity

The polybenzyl ether PE and probably the ether
derivative of the dimethylol diphenyl methane PEDPM can be
regarded as bifunctional crosslinking agents in accord with
the previous discussion.

The polybenzyl ether clearly has an'appreciable
proportion of methylene-bridged nuclei (Table 10) as well as
a small amount of methylol substitution.

Since the methylene

links are ’inactive’, i,e,, are incapable of scission to
produce rubber-reactive entities, they are likely to reduce
the rate of reaction with the rubber compared with the ’pure’
ether (Formula LXI), since the concentration of active groups
is lower.

However, the methylene links are not likely to

reduce the crosslinking efficiency of the material which
combines, except where the methylene links occur in adjacent
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chain positions.

Assuming that the methylene and ether links

arc randomly distributed, the probability of finding adjacent
methylene links will increase according to their concen
tration.

since there are 1.57 ether links to every methylene

link in the dibenzyl ether used, the probability of adjacent
methylene links occurring will be low.

On the assumption

of an infinite random chain, the probability that any 2
adjacent groups will both be methylenes is given by

p

/0,r7?\^
^2.03^

Q 2.5

The reasons for the above conclusions concerning
crosslinking efficiency may be better understood by
considering the minimum lengths of crosslinks which may be
obtained, as follows:

The pure polybenzyl ether may initially form polyether
crosslinks of various lengths, but these will shorten as
scission of the ether links occurs, ultimately to the
monoether:

This cannot react further since the ether link is not now
activated by adjacent phenolic OH groups.

A polybenzyl ether containing some non-adjacent
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methylene bridges will react to form the same crosslinks
(CXXII) but where the methylene bridges occurs, the ultimate
structure will be:

Clearly, this will have no effect on E
2 phenolic nuclei per crosslink,

since there are still

i.e,, no phenolic material

has been wasted,

A polybenzyl ether containing adjacent methylene groups
will react similarly, but where 2 adjacent methylene groups
occur the crosslink structure will be:

Clearly, this involves a loss of efficiency since 3 nuclei
are now required to form the crosslink, and there is no
obvious mechanism for shortening it.

If >2 adjacent methylene

links occur the efficiency will clearly reduce further.

The ether derivative of the dimethylol diphenyl methane
clearly represents an extension of these considerations.

* ,.V.

The ’pure* ether (Formula LXIII) which has alternatir.ci ether
and methylene links will not suffer any loss of crosslinking
efficiency since there are no adjacent methylene links.

It

will however, be slower to react than the dibenzyl ether
since the concentration of active ether groups is lower.

An ether of DMDPM which also has equal numbers of ether
and methylene links, but arranged in a more random way, will
cause a loss of crosslinking efficiency since adjacent
methylene links will now arise.

The ether used in this

present work will have such a random arrangement since the
DMDPM used consists of a mixture of homologues rather than
the pure binuclear material (Formula LXII, n=l),

In

addition, the ether used has more methylene than ether links
(due to side reactions in the etherification process), as
sho^m by the analysis in Table 10 above.

This will clearly

further increase the probability of finding adjacent
methylene groups and therefore reduce E

still further.

The

probability of any 2 adjacent groups being bóth methylenes,
assuming a random infinite chain, is now P=0,52.

Both of

the above products might be expected to react more œaickly
than the corresponding methylol compounds (discussed in the
previous section), since ether links are somewhat more
active than methylol in forming quinone methides.

The above discussion refers to rates of reaction of the
different products with rubber.

It is not to be expected,

however, that the rate of reaction will correlate with the
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rate of combination, the latter determining the efficiency
of combination, E .

E

will be strongly dependent on the

MW of the polyether since, in the initial stages, the
scission of only one ether link (to form a quinone methide
which then adds to rubber) will cause a pendent chain of the
polyether to be attached to the rubber.

Clearly, on the

average, the length of this pendent chain will increase with
the MW of the original polyether.
of higher

Thus, a polyether product

is expected to show higher initial E^ values

than a product of lower MW.

(In the extreme case, for

infinite MW, the scission of only one ether link will cause
a pendent chain of infinite MW to be attached to the rubber).
A further expectation from these considerations is that
although the presence of methylene links reduces the rate of
reaction with rubber, it may actually increase E^ values
since the pendent chains attached will be less prone to
scission.

The results of the present work will now be exaimined in
the light of these considerations.

(iii)

Results and discussion

Results for the IR/PE/ZnCl 2 i and the IR/PEDPM/ZnCl 2
interactions showing changes of E , E

and E

(the two latter

derived from measurements of swelling in benzene) as reaction
proceeds are summarised in graphical form in Figs. 75, 76 and
77, respectively.

A comparison of these results with the

F i g . 75

Kineticsof the efficienc
of cor.blnation E 0
f or
the polyéthérification pr-^ducts qs calculated
from the amount of acetone extrac
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Fig.

77

Kinetics of the vulcanisa tion of r icien>.:y, Ey»
for the polyéthérification produsts as obtained
from values deprived from swelling in benzene.

,8d
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Fig. 78

Fig. 79

Comparison
of the
kinetics of
efficiency of
combination,
between
the bi
functional
methylol
derivatives
and their
polyéthéri
fication
products.

Comparison of the
kinetics of
efficiency of
between the bi
functional rnethylol
derivatives and
their polyéthéri
fication products.
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Comparison of
the efficiency
of vulcanization,
Ev» between the
bifunctional
methylol
derivatives and
their polyetherif ication
products.
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corresponding ones for the bifunctional methylol derivatives
is illustrated in Figs. 78, 79 and 80 respectively.

In

addition, some kinetic parameters enabling comparisons to be
made have been presented in Tables 7, 8 and 9 (Section ii).

(a)

Efficiency of combination, E

c

Examination of Fig. 75, which compares the efficiency
of combination, E^, of PE with that of PEDPM, clearly shows
that the latter combines more rapidly with the rubber.

This

is particularly marked in the early stages of reaction, but
becomes less so towards the end of the time allowed.

The

figures presented in Table 7 also illustrated the same trend.

The trend is exactly what might be expected in the
light of the foregoing discussion,

since the PEDPM has a

higher molecular weight (828) than the PE (615), it is
expected that each reaction step will cause combination of
more material in the former case, despite its (assumed) lower
rate of reaction.

Additionally, the pendent groups which

become attached to the rubber will be shortened more slowly
in the PEDPM case, since there are fewer ether links in them
to undergo scission.

Thus, we have the situation where the

lower active ether content of the PEDPM is tending to reduce
combination rate, whereas the higher MW and higher me ’.hylene
content are tending to increase combination rate.

The latter

factors are clearly the more important generally, but as
pendent groups and crosslinks shorten the combination
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efficiencies of the 2 reagents become more similar.

Comparing the combination efficiencies of these
polyethers with those of the corresponding methylol compounds
(e.g., using Table 7 or Fig. 78) reveals that the polyethers
combine much more efficiently with the rubber, at least in
the early stages of reaction.
for 2 reasons:

Again, this is to be expected

first, the ether links are more reactive

generally than the methylol ones, as has been shown in
earlier work, and are therefore expected to add more rapidly
to the rubber;

secondly, for each reaction step the

polyethers cause more material to be combined with the rubber,
as has been discussed in the previous section.

Again, it is

expected that the differences become less pronounced as
pendent groups and crosslinks shorten in the later reaction
stages.

(b)

Efficiency of crosslinking, E

Examination of the kinetic data presented in Fig. 76
and Table 8 reveals that the rubber-combined product from
the polybenzyl ether (PE) is much more efficient in crosslinking than that from the polyether derivative of the
dimethylol diphenyl methane (PEDPM).

This is in contrast to

higher rate combination of the latter, seen in the previous
section.

The PE material is, in fact, quite efficient and
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section.

The PE material is, in fact, quite efficient and
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approaches an

value of ^0.9 at long times (although the

precision of this may be somewhat suspect in view of the
uncertainties and assumptions involved in measuring cross
link densities).

The PEDPM material is not so efficient,

and seems to be levelling off at some 60?o of its maximum
theoretical crosslinking capacity.

since the PE reagent crntains some methylene links (see
analysis. Table 10), it would appear from these results that
a negligible number of these are in adjacent chain positions,
otherwise a reduced E

value would have been observed.

From

this point of view it would appear that there is no point in
purifying the ether further.

The PEDPM reagent, on the other hand, contains 2.6
methylene groups for each ether link (analysis. Table 10),
so it is clear that some adjacent methylenes must be present.
The E^ value of 0,6 suggests that each crosslink is
associated with 1/0.30=3.3 phenolic nuclei, which amounts to
a wastage rate of 39,4% of the phenolic material.

Examination of Fig. 79 shows that whereas a very large
difference of efficiency exists between the ?E and its
corresponding niethylol compound DMP, there is relatively
little difference between PEDPM and its methylol compound,
DMDPM.

These differences are expected, and are explained on

the same grounds as discussed earlier for the methylol
compounds, viz, the DMP is effectively monofunctional with
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respect to crosslinking, whereas the other reagents are
genuinely bifunctional.

A further important feature visible in the comparative
curves of Fig. 79 is that the ultimate efficiency is
approached much more quickly in the case of the ethers, the
curves tending to flatten out after a sharp initial rise.
The curves for the methylol compounds, on the other hand,
show a much more gradual increase in E^, and are still
increasing after 210 min. reaction time.

This difference in

shape is readily noticed in the curves for PEDPM and DMDPM,
where a crossover point is seen at about 70 min. reav-tion
time.

The difference is attributed to the higher rate of

reaction of ether links compared with methylol groups.

(c)

Overall efficiency of vulcanization, E^

values of the overall efficiency, E^» for the Pz. and
PEDPM reagents are compared in Fig. 77, which shows -hat the
vulcanizing efficiency of PE is appreciably higher than that
of PEDPM.

The overall efficiency E^ of these materials may

be further compared with their corresponding methylol
compounds by reference to Fig. 85 and Table 9.

If 35 min. can be taken as a reasonable vulcanization
time, it can be seen (Table 9) that the efficiency values at
this stage (0.41 for PE, 0.33 for PEDPM) represent 74.5% and
89.2% of the respective final states at 210 min.

Su-h values

are appreciably higher than those for the correspon-.^ng
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methylol compounds (Table 9), and illustrate the greater
suitability of the ethers as vulcanizing agents for
conventional curing schedules.

The ethers are clearly, therefore, both faster and more
efficient than the methylol compounds as vulcanizing agents.
The best polyether appears to be the polybenzyl ether (PE)
which gives up to 56% of the theoretical maximum number of
crosslinks after a 210 min, cure.

It would appear that the

other 44% of potential crosslinks is lost in the inability
of the ether to combine efficiently with the rubber (Fig. 75).
It is presumed that this is caused by side reactions
producing triiners, methyl phenols, aldehydes and possibly
other by-products as discussed by F i t c h , a n d / o r by loss of
formaldehyde to produce inactive nuclei.

The latter

possibility was tested by increasing the partial pressure of
formaldehyde during the reaction (e.g., by incorporation of
paraformaldehyde, M ^ ) .

As predicted, the vulcanization

efficiency is higher (Fig. 77), but is increased only to
62%.

Thus, there is still an important loss of active

material, presumably from other side reactions.

( iv )

N a tu r e o f t h e c r o s s l i n k

I t w i l l b e e v i d e n t fro m t h e f o r e g o i n g c o n s i d e r a t i o n s
t h a t s t a b l e c r o s s l i n k s o f tw o k i n d s may b e p ro d u c e d d u rin g
v u l c a n i z a t i o n w ith b o th t h e m e t h y l o l com pounds and t h e i r
d e riv e d e t h e r s .

T h ese c r o s s lin k s d if f e r

i n h a v in g e i t h e r a

m e th y le n e b r i d g e o r a d im e th y le n e e t h e r l i n k a g e b e tw e e n
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phenolic nuclei and are illustrated in Formulae (XXI) and
(CXVII)» respectively.

Of course, as has already been

discussed, the crosslinks may be longer and contain both such
linkages in a single crosslink, but then they are likely to
be unstable and to breakdown further.

However, if we

consider only the most efficient cures the crosslinks will
be one or other of the simple types XXI (n=0) or CXVIII.

3x

CHo

y

C

CH-, CH^
3

OH

V

PH. i- Jl .CH

CH 2

.CH,

H-

Jn
XXI

CH*?

CH
X)

CH 3
I\ C H

h2

yi.

CXVIII

It is emphasised that, whereas crosslinks of the type
5
XXI have been suggested to arise by other workers, the
possibility of the ether-containing crosslink CXVIII appears
to have been overlooked.

The present work, however, shows

that it will be the main structure present in the most
efficient cures (using the PE reagent).

The structure will

clearly be stable against scission of the type occurring in
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the original PE (Scheme 4), since there are no adjacent
phenolic OH groups to enable quinone methides to be formed.
The crosslinks are expected to have the same kind of
stability as simple dibenzyl ethers, e.g., 1 ,2 -bis( phenyl
methyl)ether.

In common with other ethers, dibenzyl ethers are
expected to be relatively inert to high temperatures and to
chemical oxidising agents.

Ethers do show a slow peroxidation

on prolonged exposure to air, and dibenzyl ethers might show
this to an enhanced degree.

However, this does not appear

to affect the oxidative stability of vulcanizates.

Ether links between alkyl groups may, however, be split
rather easilt^ by a variety of reagents.

Thus, acid-catalysed

cleavage may be accomplished by heating with HI (e.g., the
well-known Zeisel procedure) or HBr, and benzyl ethers are
reported to respond particularly readily to such treatment.

128

Alternatively, traces of H 2S 0 ^ may be sufficient to cause
scission of dibenzyl ether in the presence of acetic
a n h y d r i d e . B a s e - c a t a l y s e d cleavage of ethers is more
difficult, but again benzyl ethers are reported to react more
readily.

For example, they may be split by treatment with

potassium amide in a l c o h o l ^ o r by potassium tert-butoxide.
Finally, ether links are attacked by Lewis acid halides;
treatment with BCI 3 produces alkoxy borons which undergo
scission on hydrolysis.

and treatment with BF^ etherate

in acetic anhydride is reported to give easy room temperature
133
cleavage of ethers in the presence of lithium bromide.
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Evidence for the presence of ether linkages in the
crosslinks may be sought either from their characteristic
ir frequencies or by making use of their chemical reactivity,
with regard to the former, comparison of an ir spectrum of
an extracted vulcanizate with that of the original IR (Fig.
llO, Experimental Chapter) shows no definitive difference in
the region between 9.0 and 10.0 |im, where dibenzyl ethers
are expected to absorb.

IR does, however, absorb in this

region, and it may well be that an absorption band due to
the low concentration of ether linkages in tine crosslinks
escapes detection because of overlapping.

There is some

indication in the spectra of an underlying absorption at
~9,0[.i, but it is largely masked by the overlylsg IP
absorptions.

The most pronounced difference betvireen the two

spectra is the presence in the vulcanizate spectrum of a
band at 8.3p,m, believed to be due to a C-0 stretching
\'ibration in a chroman structure (Chapter 3, Section 3.6(b)).
It seems likely, therefore, that infrared spectroscopy is
insufficiently sensitive a method to detect the smell
concentration of benzyl ether believed to be present.

With

regard to the chemical reactivity of the crosslinks, a
reagent is required which unambiguously causes scission of
the ether-type but not the methylene-type crosslinks.

This

would enable an estimate to be made of the rramber of each
type present, and is analogous to some of the *chemiical
probe'

studies previously used with sulphur vulcanizates.

Attempts were made in the present study to

C x emonstrate

134-138

the

presence of ether linkages by treatment of the IR/PE/ZnCl2
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in te ra c tio n
above.

p r o d u c t w ith some o f t h e r e a g e n t s m e n tio n e d

I t w as h o p ed t h a t ,

b e f o r e and a f t e r

by m e a s u r in g t h e c r o s s l i n k d e n s i t y

th e e t h e r - s c i s s i o n tre a tm e n t,

an e s t i m a t e

o f t h e p r o p o r t i o n o f e t h e r t o m e th y le n e l i n k s c o u l d be
o b ta in e d .
a c e tic

H o w e v e r,

a n h y d r id e

it

was fo u n d t h a t t r e a t m e n t w it h d i l u t e

s o lu tio n s of e ith e r

e th e r a te (w ith o u t lith iu m

c h lo rid e )

s u l p h u r i c a c i d o r BF^
cau sed s e v e re b la c k e n in g ,

h a r d e n in g an d e v e n t u a l d i s i n t e g r a t i o n o f t h e r u b b e r .
t h e ru b b e r m o l e c u l e i t s e l f
e th e ra te

is

s u ffe rin g a tta c k .

C le a rly ,

BF^

i n t h e p r e s e n c e o f l i t h i u m c h l o r i d e p ro d u c e d no

b la c k e n i n g o r d i s i n t e g r a t i o n ,
u n ch an g ed b y t h e t r e a t m e n t ,

b u t t h e c r o s s l i n k d e n s i t y w as

in d ic a tin g

no s c i s s i o n o f e t h e r

1 in k a g e s.

It

is c le a r

fro m t h e s e o b s e r v a t i o n s t h a t t h e d e v e lo p m e n t

o f a s u i t a b l e m eth o d o f t r e a t m e n t w i l l r e q u i.r e a l e n g t h y and
p r o b a b ly d i f f i c u l t

stu d y .

F o r t h i s r e a s o n i t w as n o t

p u rs u e d f u r t h e r

i n t h i s w o rk , b u t i t

im p o rta n t b a s i s

f o r a f u t u r e stu d y .

c o u ld "isell fo rm an

A lth o u g h s u c h e t h e r —c o n t a i n i n g c r o s s l i n k s m u st be
p r e s e n t i n v u l c a n i z a t e s p r e p a r e d fro m t h e l a b o r a t o r y - p r e p a r e d
PE r e a g e n t ,

it

is

s till

n o t c e r t a i n w h e th e r t h e y a r e p r e s e n t

in v u l c a n i z a t e s p r e p a r e d fro m a c o m m e rc ia l r e a g e n t .
d iffic u lty

is

d e s c rib e d a s
d e ta ils

of

d e cid e d t o

The

t h a t c o m m e r c ia l c o n d e n s a t e s a r e m e r e ly
’ r e s i n b a s e d on p - t e r t - b u t y l p h e n o l’

s tru c tu re

a re d is c lo s e d .

c h a ra c te ris e

and no

For t h i s re a so n i t

was

a t y p i c a l c o m m e rc ia l r e s i n ( B a k e l i t e
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R G s i n CK 1634)

»*

intended for rubber vulcanization and to

compare its vulcanization activity with the laboratoryprepared products described above,

(c)

Vulcanization with the commercial resin

(i)

Analysis

The commercial resin, Bakelite CK 1634, is described by
the manufacturer as being 'based on p-alkyl phenol' (although
it is understood to be p-tert-butyl phenol), with •a
softening point of 96° and soluble in ketones, esters and
aromatic hydrocarbons’.

No information is available

concerning its analysis, although it is saia to be a highlyreactive resin.

Characterisation by the acetylation/nmr method used in
this present study showed the resin to contain a relatively
high concentration of dibenzyl ether, with moderate amounts
of'methylene bridge groups and methylol groups.

In this

analysis it is reasonably close to the laboratory-prepared
PE product, the characteristics of each being compared in
Table 11,
Table 11:

Comparison of characteristics of PE and commercial
resin
(ArCH 20H)^((ArCH^) 20 ) (Ar2CH 2 ) total

MW/
(gpc)

PE

0.05

1,24

0,79

2.08

615

Commercial resin

0.41

1.16

0.58

2.15

599
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The main difference between the two products is the
higher methylol content of the commercial product.
together with its lower MW,

This,

indicates that the commercial

resin has been less completely etherified.

A further

difference between these two materials is the presence in
the ir spectrum of the commercial resin of an absorption band
at 5|im, of moderate intensity.

This band remains after

shaking the resin w ith aqueous NaCO^ solution, which suggests
that it is not attributable to acetic acid present in the
resin as impurity.

This,

and the fact that vulcanization

results for the commercial resin (discussed below) were
similar to those for the polybenzyl ether,

suggested ^hat a

similar material to the commercial resin might be obtained
from condensation of the methylol phenol.

Since the

uncatalysed condensation of the latter material needed long
reaction times and, therefore,
process for industry,

is presumably an impracticable

it was decided to undertake a series

of catalysed condensation of the dimethylol phenol,

ror

these, the dimethylol phenol was dissolved in toluene or
benzene,

as appropriate,

in the same proportions that were

used in the preparation of the polybenzyl ether (described
in the Experimental Chapter).

The catalyst SnCl2«2H20 was

added (1% based on dimethylol phenol) and the mixture was
refluxed with a D e a n and S t a r k head for various times.
Infrared spectra showing the progress of reaction,
with those for the uncatalysed process,
Figs. lOl to 104 (Experimental Chapter).

together

are presented in
The spectra -or

the catalysed interactions in toluene (Fig. 101)

show a rapid

reduction in the intensity of the band at 9.9p.m, a t t n o u t a b l e
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to methvlol groups.

This change was accoiTipanied by a fast

development of a strong band at 9.4am, attributable to
dibenzvl ether groups, and a nev band similar to that in the
j-0 5 in at 5am,

comme:

After o min, or reaction time the

band at 9 .9 ^m has completely gone and the band at I0.4|im
reached its maximum intensity.

Further increase of reaction

time is accompanied by an increase of the band at 6\im,

This

band is most likely to be due to a carbonyl group of low bond

order, and is possibly attributable to a trimmer of the type
shown in Formula CXXl^II.

The ir spectrum of the simpler

trimer (VI) reported by Fitch^^ is presented in the
Experimental Chapter Fig. 106, and shows a s.

■nd

absorptii

'hese st’m e s u r e s rni^'h+- = ■*'T.

6am
:he

SnCl .2HoO-catalysed decomposition of the polybenzyl ether
aro
(Fig

.5 for

( 56

The catalysed cor\densation in benzene

1 0 2 ) yields the same results as those describee above

:oluene, but at lower rate because of the lower reflxix
lerrperature.

Comparison of the ir spectra o^ the catalysed condensa
(Figs.

101 and 102) with those of the uncatalysed one
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(Fig. I0"i) shows that the main difference is the absence of
the e.Ofim band in the uncatalysed case.

This presumably

paeans that trimer formation (or possibly other side reactions)
not occurring in the uncatalysed conditu.cn> and the purity
of the ether is therefore higher.

The ir spectrum of the commercial re^ir. (Fig. 105) shows
the same general characteristics as those for the catalysed
condensation of the dimethylol phenol.

Inaeed> the spectrum

seems identical to that for the catalysed condensation of
dimethylol phenol in benzene after 70 min. of reaction time.
This suggests that the commercial resin has probably been
made by a catalysed process, and has there:ore suffered a
lioole undesirable aecompositiori.

The ir analysis above does not give information about
formation of methylene bridges in the catalysed condensation
of dimiethylol phenol which,

as has been poi.noed out, would

have a pronounced effect on the efficiency cf vulcanization.
However,

an n.mr analysis after acetylation c: the various

catalysed condensation products could be _ci__ied out to
establish the structures more precisely.

In the present

study this has not been done due to the lengnhy nature or
the analysis.

Such intensive c h a r a c t e r i ^ - o n might,

ho-rever, be im.portant in any future work resigned to prepare
resins of miaxim.um vulcanization efficiency
practicability.
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(ii)

Results and discussion

Results for the IR/CR/ZnCl^ interaction showing changes
of E , E

and E

(the two latter derived from measurements

of swelling in benzene)

as reaction proceeds are summarised

In graphical form in Figs. 81» 82 and 83 respectively.
Comparison of the above results with the Corresponding ones
for the methylol derivatives and their polyetherification
products are presented in Figs. 8-.-, 85 and 86, respectively.
Some kinetic data for the commercial resin are also presented
in Tables 7, 8 and 9 for comparison against the laboratoryprepared materials.

Figs. 84, 85 and 86 show that, not only is the
comiriercial resin chemically sim.ilar to the PE reagent,
vulcanizing poA'rer is also quite similar.

its

Thus, Fig. 86 shows

the 2 materials to be almost indistinguishable in their
overall vulcanizing efficiency.

However,

inspection of

Figs. 84 and S5 reveals that this similarity is somewhat
fortuitous,

and depends upon the balance of faster

combination with the rubber (Fig.

34) and lower crosslinXing

efficiency (Fig. 85) of the commercial resin compared with
the laboratory-prepared one.

The most significant curves

are probably those of Fig. 85 which show lower crosslinking
efficiency by uhe commercial resin as it combines with the
rubber.

This is probably to be expected in view of the

higher methylol content of the commercial resin, which can
allow side reactions to reduce efficiency as has already been
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«■inotlcs of the e f f i o i e n e y of combination.
tor
■fi:] commer c i a l recin (C.R) as calcul a t e d from amour,-.,
of a c e t o n e

extract-.

10 ^

i I

Fi.T. 82

KinoticG of tho efTioiency of crosG.lin^c fo rration,
Ejc. for the comnorcial resin (CR) as obtai r.-ad fron
vaia^^s derived Fron sv;ollin.- in benaenf).
30/.

,t* ^ '.v r-..

t ^

*

/I"-

Fi,

82

Kine^tics of the e f f i c i e n c y of c r o s s l i n k f o r r a t i o n ,
E^, f o r t h e c o m m e r c i a l r e s i n (CR) a s o b t a i r . e i f r o m
v a i n e s d e p r i v e d f r o m s w e l l i n g in b e n z e n e .

301

tra

-A
rï'-

83

r,i c S O f t 'le
'0 s in
c o ir. m o r i
W‘ 1.^ a e .- I V d "Pr c;

cncy

id f;'(J!

8 .1

e f : i ri o n c y o_
;r 1 i - 1 r e 3 i n ,

.Tion

■V j

•

OD

C o i T p a r i s o n ol '«-he- >iin-iti
c r o s s l i n k i orrrw. 1 : o n , E^.,
t h o r t,h y 1 o 1 d (j ' iv .•.t iv e s
ficoLion products.

306

,ho o f f i c ;: i o n c y o r
■f^or t h 0 cor.cT'.orcirt 1 r s s i n ;
and their p o l y e t h e r i -

>*!- .ar''

i L >•

F ic:, 86

'r-

Conp:'.rison o ' t h o k i n e t i :s o f th-? v u l c u n i z a ^ . . i o n
o ' " i^'ien'JV, E-w > -''J' t h ^
'orp.r.erci,-. i r e s i n ,
n e f h y l o l d e r i v a t i v e s a n d *-heir p o l y e t h e r if i s a c i o n
products.

307

.

...f

a true functionality of two in respect of chroman formation,
i.e., chroman formation by the 1st group should leave the
second group still active.

The active groups studied in

■*'h‘
^s present project are methylol and airr.eth_^ lene ethej.
linhs, and the structural requirement for high efficiency is
therefore the smallest possible molecule containing two,
independently-active, such groups.

The dimethylene ether linkages appear to be more
im.portant in raising efficiency than the methylol groups.
The latter may well be transform;ed into tne _ormer b\
poivetherification during the reaction,

out this is

accompanied by methylene bri-ge form.ati-- -.^^:ic^ d^-reases
one 'active*

content and therefore the efficiency.

However,

a practical way of suppressing such side reaction raight
eli.minate this disadvantage.

It is difficuiz to see how the

m.e-.nvlQl compound itself can be modified so as to stabilise
1 C, but the addition of ancillary materials mhght offer

oos;'ibilities, as discussed below.

; iii)

Addition of ancillary materials

The adaiiion of further amounts of catalyst will
clearly increase the amount of crosslinking achieved in a
certain time, merely by speeding up the reactions.
will exert its effect primarily via the
increasing the rate of combination.
significantly the E

values,
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i.e.,

value,

This
in

It is unlikely to change
it «ill p«obabl> no«

-educe the extent of side reactions,
then.

and nay even increase

Thus, whilst the addition of more catalyst micnt be

beneficial in increasing the rate of vulcanization,

ic will

not increase the ultimate efficiency of cures obtained after
long times, when the reactions are substantially complete.

The addition of a source of formaldehyde is, however,
expected to influence the ultimate efficiency, not through
a rate effect but through a mass action effect in suppressing
side reactions (this was discussed in Section a).
w hilst th e

v alu es

s h o u l d be u n a f f e c t e a ,

tne

Thus,
anc hence

t h e E . v a l u e s s h o u l d be i n c r e a s e d , e v e n a f t e r p r o l o n g e d
V
reactio n tim es.
I n t h e p r e s e n t s t u d y , t h e a d d i t i o n or
polv m .eth an al ( p a r a f o r m a l d e h y d e )
improve t h e e f f i c i e n c y

has been c l e a r l y

sho>^n t o

E^^.

From Scheme 4 it can be seen that the increase in
efficiency by addition of methanal might be expected no be
m.or-' pronounced in those cases where the p/f condensane has
a high content of methylol groups.

Further,

it is li.tely

that paraformaldehyde may not be the best source of methanal
since, as was discussed earlier,

evolution of the methanal

at the temperanure of vulcanization is probably too rast.
However,

retention of the methanal in the mould by pressure

could be occurring so as to mitigate this high volatility.
Tne present worK. gives no quantitative in_or.mation a>^out
this, but there was little indication of gas evolution or
foaming when the mould was opened, although there was a
powerful odour of formaldehyde.
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t

gj_v^c0 chrornan ( a n d h©ncG c r o s s l i n k . )
l o s s of w a tG r,
a d esiccan t

it

(e.g.,

m i g h t b© a n t i c i p a t G d t h a t

also

the p resen ce of

CaO) m i g h t im p r o v e c r o s s l i h ^ i n g e f f i c i e n c y

by a mass a c t i o n e f f e c t .
(Scheme 4 )

f o r m a t i o n i n ’i/OlvGS

H ow ever, m e t h y l e n e b r i d g e f o r m a t i o n

i n v o l v e s l o s s o f w a t e r and m i g n t t h e r e f o r e

be p r o m o t e d .

P r a c t i c a l v u lca n iz a te s w ill co n tain re s in s ,
fillers

(e.g.,

action ,

w ater e v o l u t i o n ,

clear th at

clays)

w h ich c a n show r e a c t i v i t i e s ,
etc.

cataly tic

t o v a r y i n g d e g r e e s and i t

is

som.ewhat c o m p l i c a t e d e f f e c t s on c u r i n g r a t e s and

e f f i c i e n c i e s may b e e x p e c t e d .
tech n ological

A study of such p r a c t i c a l

c o n s i d e r a t i o n s m i g h t w e l l l o rm d logiCci .

exten sio n to t h i s

(iv)

<•;.ls and

present

Com parison o f r a t e s

study.

and e f f i c i e n c i e s w i t h c o n v e n t i o n a l

system s

A t y p i c a l o l o t of chem ical c r o s s l in k s
c u r e t i m e f o r M3 T - a c c e l e r a t e d

, ^^126
s u l p h u r v u l c a n i z a t i o n o r NR

a t 14 0 °C h a s b e e n r e - d r a w n i n F i g .

87,

a s i m i l a r p l o t f o r t h e p o l y e th e r (PE)
work.

C orrescon d in g p lo t s fo r a l l

m a t e r i a l s were p r e s e n t e d

tem p eratu re,

it

fo r com oarison a g a i n s t
used in t h r s p r e s e n t

of th e o_her p h e n o lic

in th e S e c tio n 4 .2

A l t h o u g h t h e c o m p a r i s o n shown i n F i g .
view of th e d i f f e r e n c e s

a s a f u n c t i o n of

in rubber,

87 i s

(Figs,

ra th e r crude,

in

c u r i n g s;^ arem and

d o e s show t h a t a c o m p a r a b l e l e / e l

may be o b t a i n e d by s u l p h u r / a c c e l e r a t o r
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65-70).

Oj.

and p / f c u r i n g s y s t e m s ,

a

rr

reaction time (min)

87

Coifipa.ripon of tre degree of chemical
crosslinking as function of cure time
for MBT-accelerated MR-sulp'nur
vulcanízate and ZnCl^-accelerate IRresin vulcanízate.

Of course, the number of crosslinks may be changed merely by
adjustment of the concentrations of curatives, and the rates
may be changed by altering catalyst or accelerator levels,
or cure temperature.

The only feature of importance shown

by Fig. 87 is the presence of a maximum in the S/accelerator
curve, caused by ’reversion’, or thermal destruction of
crosslinks.

The p/f cure shows no such instability and the

number of crosslinks is still, in fact, increasing after 200
min., despite the higher temperature used.

This reflects

the higher thermal stability of p/f resin vulcanizates,
discussed further below.
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IR rather than NR has been used in this present work,
for reasons discussed earlier.

It is very likely that NR

will react in a very similar way, but at a lower rate since
it contains natural amines and other materials which can
destroy the Lewis acid catalyst used.
studyshows

In fact, a concurrent

that the cure rate for N^/CR/ZnCl 2 is about

one-third of that for IR/CR/ZnCl 2 » resin and catalyst
concentrations being the same.

Of course, this is not

technologically significant since a further catalyst addition
in the NR case will no doubt restore a reasonable cure time.

The conclusion which may be reached rrom this comparison
is that the same levels and rates of cures as in typical
>Tl/S systems may be obtained using an IR/PE or >Pv/PE system.
The main possible disadvantage of this latter method would
appear to be the larger amount of curative required.

However,

further advantages or disadvantages might arise in respect
cure safetv or vulcanizate stability, a» discussed below.

(v)

Cure safety

A indication of processing safety for any vulcanization
system may be obtained by the time to cure initiation or
scorch tim.e.

A scorch time between 3 and 8 min. may be

considered aceq'uate in conventional cures of, say, 20-30
min. at 140°C.

Rheometer cure curves for the IR/CR/ZnCl 2

and NR/CR/ZnCl> interactions for the same mix composition
(i.e., IR or N-R 11.93 phr and ZnCl 2 0.73 phr) show values of
0.5 and 4 min. of scorch time respectively.
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Thus, whereas

.Vfc'•i

the vulcanization of IR by p/f condensates might be regarded
as scorchy at the rates used, that for NR might be considered
a safe process.

However, this is only a rate effect and

there is no indication of a ’delayed-action’ effect as is
observed in CBS cures.
#•

(vi)

Properties of vulcanizates

The use of p/f condensates as curing agents is
particularly important in butyl rubber, where it enhances
the inherent high resistance to thermal degradation.

Such

vulcanizates may be used in applications requiring continuous
service at 170 to 200 ° C .

UnliKe sulphur vulcanizai-es, they

show no tendency towards devulcanization, (-reversion- of
cure) and their exceptional thermal resistance is utilised
in articles such as curing blankets, seals, gaskets, tapes,
many mechanical goods and in tyre curing -bags-.

It has

been reported^‘^° that by curing of NR with p/f condensates
at temperatures up to 240°C the vulcanizates maintained a
good surface finish with satisfactory strength and hardness,
whereas 220°C was the upper limit for an NR-sulphur system.
This thermal stability, as well as improved oxidation
resistance, and chemical inertness of the p/f vulcanizates
compared with other types of crosslink is explained by the
polymer chains bound via linkages which involve

the heat

Stable C-C and C-0 linkages.

Comparison of sulphur-, dicurayl peroxide-, and resin
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Vi, .
i

cured systems in the gum, black-filled, and silica-filled
state has shown that reinforced p/f vulcanizates have, on
average, similar tensile strengths to the peroxide
vulcanizates, but somewhat lower than the sulphur-cured
systems.

Typical values for p/f vulcanizates have been

reported as 1.5 to 8 MNm

which are more typical of that

given by non-crystallizing rubbers.

The higher strength of

sulphur-vulcanizates compared with peroxide and other systems
is well-known, and is usually attributed to the lability of
the crosslink in sulphur vulcanizates, which allows the
dissipation of stress concentrations within the rubber.

Compression set for the p/f vulcan.izates at /O C nas
been reported^ ^ to be very low and the hysteresis of samples
stretched to 7 5 % of their breaking elongation was lower than
that of either sulphur- or peroxide-cured rubbers.

The

black-filled p/f vulcanizates accelerated by ZnCl 2 ot
SnCl .2H O have been reported^ ^ to exhibit lower hea_ build2
2
up than those of ordinary sulphur systems.

In general, therefore, it may be said that p/f-cared
vulcanizates possess properties comparable with those
obtained from other systems, and in some ways, especially in
heat resistance, they are better.

Since heat-resistance is

one of the important requirements in many of the newer
technological applications, it is very probable that the use
of p/f resins as curatives will increase.

In is hopea

therefore, that the results of this present work may he put
to good use in such future developments.

315

■■■'•’. '

. »■

V,* ‘

f

•-

t-jt“-i' *

i-lfi«* . 1. '/fN

"Cv*'

5.

nnMCT.usiONS

1.

T h e r e s u l t s o f t h i s p r e s e n t w o rk ,

t a k e n a s a w hole

c l e a r l y v i n d i c a t e t h e •c h r o m a n ' ' t h e o r y
•m ethylene b r i d g e '

theory for

the

r a th e r than th e

i n t e r a c t i o n of

isoprene

r u b b e r w i t h p h e n o l - f o r m a l d e h y d e c o n d e n s a t e s b a s e d on
p - t e r t . b u t y l phenol.

The r a t e o f

in teractio n is g reatly

i n c r e a s e d by t h e

p r e s e n c e o f s m a ll am ounts o f L e w is a c i d
activ ity

in creasin g

cataly sts,

w ith

i n t h e o r d e r ZnCl^ < S n C l 2 <

S n C l 2 ' 2H20 i n t h e p r e s e n t s t u d y .

C atio n ically -in d u ced
h eatin g

at

IR o c c u r s o n

i n t h e p r e s e n c e o f s n C l 2 . 2H20,

160°C

in c i s / t r a n s

iso m e riz a tio n of

in tercon version s,

c y c l i s a t i o n and c r o s s l i n k i n g .

resu ltin g

d ouble-bond s h i f t s ,
The c h a n g e s o c c u r t o a

l e s s p r o n o u n c e d e x t e n t when p h e n o l i c c o n d e n s a t e s a r e a l s o
p resen t.

A n h y d ro u s S n C l 2 c a u s e s t h e

sane changes to

o c c u r b u t much more s l o w l y { p o s s i b l y d ue t o a s m a l l
e x te n t of h y d ra tio n ),

but iso m e risa tio n

i n th e p r e s e n c e of p h e n o lic m a t e r i a l .
p r o d u c e s no d e t e c t a b l e

isom erisatio n

w h e t h e r or n o t p h e n o l i c m a t e r i a l

4.

i s u n detectab le
A n h y d ro u s Z n C l 2

i r r e s p e c ti v e of

is p resen t.

Ad d u ct f o r m a t i o n b e t w e e n a m o n o m e t h y l o l compound ( t h e
m ethylolpnenol)

or

and i s o p r e n e r u b b e r
occurrence of

its
is

derived eth er

( t h e d ib en zyl e th e r )

not q u a n t i t a t i v e

owing t o t h e

s i d e r e a c t i o n s w h ich p r o d u c e i n a c t i v e
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5.

CONCLUSIONS

The results of this present work,

taken as a whole

clearly vindicate the •chroman’'theory rather than the
•methylene bridge'

theory for the interaction of isoprene

rubber with phenol -formaldehyde condensates based on
p-tert.butyl phenol.

The rate of interaction is greatly increased by the
presence of small amounts of Lewis acid catalysts, with
activity increasing in the order ZnCl^ < S n C l 2 <
S n C l 2 "2 H 2 0

if'

pi'esent study.

Cationically-induced isomerization of IR occurs on
heating at 160°C in the presence of S n C l 2 -2 H 2 0 , resulting
in cis/trans interconversions,

double-bond shifts,

cyclisation and crosslinXing.

The changes occur to a

less pronounced extent when phenolic condensates are also
present.

Anhydrous S n C l 2 causes the sarr.e changes to

occur but much more slowly (possibly due to a small
extent of hydration),

but isomerisation is undetectable

in the presence of phenolic material.

Anhydrous Z n C l 2

produces no detectable isomerisation irrespective of
whether or not phenolic material is present.

4.

Adduct formation between a monomethylol compound (the
methylolphenol) or its derived ether (..ne dibenzyl ether)
and isoprene rubber is not quantitative owing to the
occurrence of side reactions which produce inactive
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phenolic material.

The side reactions occur to a greater

extent with the methylol compound than with the ether.
The maximum efficiency of adduct formation achieved in
this work was 63% of the theoretical (after 210 min at
160°C).

The interaction between dimethylol compounds (DMP and
DMDPM) or their derived ethers (PE and PEDPM) and
isoprene rubber produce adducts which are crossiinked
(vulcanized).

Since polynuclear reactive phenolic

entities are necessary to effect crosslinking, the
crosslinking efficiency achieved by DMP is lower than
that observed with the other three reagents, and crosslinking arises only through side reactions which produce
polynuclear material.

Of the polynuclear crosslinking

agents (DMDPM, PE and PEDPM), vulcanizing activity is
reduced in the order PE > PEDPM « DMDPM.

The preferred vulcanizing agent on the grounds of both
speed and efficiency is the polyethar PE.

This produces

an initial inefficiently-crosslinked structure containing
polynuclear crosslinks and pendent groups.

As reaction

proceeds the number of crosslinks increases, their length
reduces to a binuclear minimum, and pendent groups are
eliminated.

The presence of some methylene links between

phenolic nuclei reduces vulcanization rate but does not
reduce ultimate efficiency unless they occur in adjacent
positions in the molecule.
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The crosslinks ultimately produced by the above
reagents and by a commercially-available vulcanizing
resin are mainly of two types - binuclear crosslinks
containing an ether linkage and binuclear crosslinks
containing a methylene linkage.

Additionally, a smaller

number of polynuclear crosslinks containing multiple
methylene linkages may be present.

The efficiency of crosslihking, in addition to
depending on the structure of the condensate ( 6 above),
is also subject to reduction through side-reactions which
produce inactive phenolic material.

These s:.de-reactions

may be reduced by the addition of paraformaldehyde.

The

case of DMP this reduces the number of crosslinks
obtained (in accordance with 5 above), but in the other
3 cases (PE, PEDPM and DMDPM) it increased the crosslinking efficiency.

The highest value for efficiency of

vulcanization (E^) achieved in the present work was some
62}i of that theoretically possible.
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EXPERIMENTAL

6.1 Reagents

(a)

Monomethylolphenols and their derived ethers
#•'

(i)

The methylolphenol (IV)

This compound was prepared following Hultzsch's
procedure^^s

a technical grade (Aldrich Co.) of the original

phenol (XXVI) (164g, 1.0 mole) was added dropwise to aqueous
sodium hydroxide (40g, 1 . 0 mole, as 1 0 % w/v) with constant
stirring.

A pink precipitate, p>*esumed to be the sodium

salt of the original phenol, was formed then dissolved by
gentle heating.

The solution was cooled, and aqueous

methanal added (30g, 1.0 mole, as 40% w/v).

After storing for 1 week at 20°C, the solution was just
acicified with dilute acetic acid, when a brown oil
precipitated.

The oil was washed thoroughly with distilled

water, and on standing formed a yellow crystalline
precipitate.

The product was repeatedly re-crystallised from hexane
ira(ction (b.p. 65-70°C);and the methylolphenol was obtained
as a colourless crystalline solid, (lOOg,

d ^°o) :

mp 63 64.5 C

(lit.^^ mp 64°C); ir (CHCI 3 ) lO.O^i (methylol); nmr (CDCI 3 )
8 .8 T

(ArC(CH 3 )3 ), 7.RT: (ArCH 3 ), 5.2t (ArCH^OH), 3.1 and 2.9 t
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i

Ar H’ s ) , ( t h e h y d r o x y p r o t o n s w ere n o t a s s i g n e d )

A n al. C aled,

for

: C, 74.2; H, 9.3; molecular weight
(M); 194.
Found ; C, 74.3; H, 9.3; M(ms); 194.

( ii)

The dibenzylether (V)

This compound was prepared following the procedure
described by Fitch,“

except that paraformaldehyde was added

in order to suppress side reactions,

paraformaldehyde (Ig)

was added to a solution of the methylolphenol (IV) (97g, 0.5
mole) in toluene (500ml).

This mixture was refluxed with a

Dean and S t a r k h e a d u n t i l 95% of t h e t h e o r e t i c a l amount o f

water (4.3ml) had been collected (approx. 24 hr).

The

t o l u e n e was removed i n a r o t a r y f i l m e v a p o r a t o r l e a v i n g a

yellow solid.

This was then re-crystallised from hexane

rh
to give the dibenzy.lether as a
fraction (o.p. bb-/u c;
yjcolourless crystalline solid, (70g, 76%).
(lit.“
5.3T

129-130°C ):

mp 129-130.5°C

ir (CH CI 3 ) 9.4a (ether); nmr (CDCI 3 )

((ArCH 2 ) 20 ), 4.0 T

(ArOH).

, ^ ror
-O,- o
H 34 U
0
! c, 77.8: H, 9.2; M, 370.
Anal. Calcd.
C 24H
3
Found : C, 77.5: K, 9.4; M(ms): 370.

(iii)

2 -methylol- 4 -tert.butylphenol (5(-1 .1 -dimethyl-ether)
2 -hydroxy phenyl)methanol (LIX)

This compound was prepared following the procedure

320

^■'i-•
*
'

• i;

described by S. Van der Meer
CO. )

12

:

a technical grade (Aldrich

o f 4-tert.butylphenol (LV) (150g, 1.0 mole) was

dissolved in a mixture of ethanol (AR grade) (200ml) and
aqueous methanal (60g, 2.0 mole, as 40% w/v) after which
aqueous sodium hydroxide (40g, 1.0 mole; as 42% w/v) was
added.

After 1 week at 20°C, the crystallised sodium salt of
the methylol compound was separated, washed with aqueous
sodium chloride (10% w/v) and dissolved in water (41).
Aqueous sodium hydroxide (I7g, 0.42 mole, as

w/v) was

added, and the solution was filtered and just acidified with
dilute ethanoic acid.

The precipitated methylol compound

v<as washed with

water, dried, and recrystallised from petroj. eujn ether (b.p.
100-130*^C), to give the 2 -methylol—4-tert .butyl pnenol as
colourless crystals, (50g, 34%): mp 91-92 C(l-i.t.
ir

. 90 91 C),

(CHCI 3 ) 1 0 . Oll (methylol) ; nmr (CDCI 3 ) 8.81 (ArC(CH^) 3 ),

5.2X (ArCH 2 ’'0 H ) , 3.0 and 2 . 8 T (ArH's) .

Anal. Calcd. for

: C, 73.3; H, 8.9; M 179.
Found : C, 73.6; H, 9.0; M(ms); 179.

( b)

Dimethylolphenols and their derived ethers

(i)

The dimethylolphenol (LX)

T h i s compound was p r e p a r e d by t h e b a s e c a t a l y s e d
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I t;

addition of methanal to 4 -tert.butylphenol (LV) following
the same procedure described above for the synthesis of the
methylolphenol, but using an excess of methanal.

A technical grade (Aldrich Co.) of 4 -tert.butylphenol
(LV) (I50g, 1.0 mole) was dissolved in aqueous sodium
hydroxide (40g, 1 .0 mole, as 10% w/v) by gentle heating.
The solution was mixed with aqueous methanal (75g, 2.5 mole,
as 40?^ w/v) at 20 *^C and allowed to stand for one week at
room temperature.

After this period the solution was just

acidified with dilute acetic acid when a brown oil
precipitated.

The oil was washed with water, and on standing

formed a crystalline precipitate.

After repeated

recrystallization from hexane fraction (b.p. 65-70 C), the
dimethylolphenol was obtained as colourless crystalline
solid, (I51g, 72%). mp 62-63°C (lit.^« 61°C), irCCHCl3 ),
10.0u(methylol)i

nmr(CD 30H)i 8 .8 X (Ar( CH3) 3 ). 5. IT (ArCH^OH) ;

2.9T (ArK* s)

Anal. Calcd. for C 33 H 33 O 3 . C, 6 8 .6 , H, 8 .6 , M 209.
Found ! C, 68.4, H, 8.3, M(ms), 209.

Cii)

The polybenzylether (LXI)

This compound, apparently not previously reported
the literature, was prepared by self-condensation of the
(LX) l"

">•

ether (V).
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The dimethylolphenol (LX) (105g, 0.5 mole) was dissolved
in toluene (AR grade) (500ml).

Paraformaldehyde (Ig) was

added and the mixture was refluxed with a Dean and StarK
head for 47 hr.

The toluene was removed in a rotary film

evaporator leaving a yellow resinous solid.

This solid was

reprecipitated several times by cooling its hot solution in
hexane, but it did not appear to crystallize.

The polybenzyl-

ether was obtained as white resinous powder (70g): mp 97100°Ci ir (CHCI 3 ) 9.4|i(ether); nmr(CCl4 ) 8 . 8

(ArC(CH 3 ) 3 ).

5.3-5.6T (ArCH2*0H), ((ArCH2)2°)' 6.2T (Ar-CH 2 -Ar), 2.9T
(ArH's); M (gel permeation chromatography, gpc): 615.

(iii)

Methylene bis( 2-hydroxT 3-methylol 5-tert.butyl
phenol) (4,4--bis( 1 ,1 -dimethylethyl)- 6 ,

-dimethylol-

2,2’-methylenediphenol) (LXII)

This

compound

was

of 4 - t e r t . b u t y l p h e n o l
coniitions

reported

base-catalysed

prepared
(2

by

addition

mol)

with

Ambelang
of

the

by

and

acid-catalysed
methanal^(l
Binder,

product

with

condensation

mol)

under

rollowed
methanal

by

(2

mol).

A technical grade (Aldrich Co.) of 4 -tert.butylphenol
(LV) (150g, 1.0 mole) was mixed with methanal (15g, 0.5 mole,
as 4 « w/v) and cone, hydrochloric acid (15.t,1, 1.18sg).

The

mixture was stirred at 70°C (bath) for 4h, then the insoluble
resinous precipitate was washed with distilled water.
standing the resinous material gradually crystallized.
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On

'tmftr-

This product was dissolved in a mixture of aqueous sodium
hydroxide (40g, 1.0 mole, as I0?o w/v) and methanol (AR grade)
(2 0 0 ml) by gentle heating, then cooled to room temperature
and mixed with aqueous methanal (75g, 2.5 mole, as 40% w/v).
After 2 weeks standing at room temperature the solution was
just acidified with dilute acetic acid, when a brown oil
precipitated.

The oil was washed with distilled water, and

on standing formed a pale brown precipitate.

This product,

referred to earlier as *DMDPM, was found to show less than
the expected reactivity.

Tests indicated that this was

probably due to traces of residual NaOH, which interfered
with the Lewis acid catalysts subsequently used.

It is found

that the reactivity could be greatly improved by washing in
toluene solution with dilute acetic acid.

This product

(referred to as DMPDM) was obtained as an apprently amorphous
powder by cooling its hot solution in hexane fraction (b.p.
65-70°C), to give the dimethylol product (90g) as a pale
bro^^n solid:

i r { C H C l ^ ) }

10

.0 ^( methylol) ;

iMcr{CCl^)

8.8

T

(ArC(CH 3 )3 ), f .4 T (ArCu/oH) , 6 .I T (Ar-CH^-Ar), 2.0x(ArH's)j
M^(gpc), 397. theory for LXIIJ 372.

(iv)

Derived polyether from methylene bis(2-hydroxy 3-methyl
5

-tert.butylphenol) (LXIII)

This compound was prepared by self-condensation of the
dimethylol compound (LXII) in toluene.

The dimethylol compound (60g) was dissolved in toluene
(AR grade) (250ml) and paraformaldehyde (0.5g) was added.
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T h i s m i x t u r e was r e f l u x e d f o r

50hr w i t h a Dean and S t a r k

head.

The toluene was removed on a film evaporator leaving a
brown solid.

This was then re-precipitated several times by

cooling its hot hexane solution to give the product (52g) as
a brown resinous material: mp l00-104°Cj
(CCl^),

ir 9 ,4|i( ether) ; nmr

8 . 8 t (A rC (C H 3 ) 3 ) , 5.2 - 5 .4 t ( ArC H 2*0H ), ( ( A r C H 2 ) 2 0 ) ,

6.0-6.3 T (Ar-CH 2 -Ar) , 2.9 T (ArH* s) j M^(gpc);

(c)

828.

P erb en zoic acid

P e r b e n z o i c a c i d r e a g e n t was p r e p a r e d f o l l o w i n g t h e
pv^ocedure o f K o l t h o f f
the Braun p ro ce d u re .

w h ich r e p r e s e n t s a m o d i f i c a t i o n o f

145

Sodium, methoxide solution was prepared by reacting
sodium metal (23g,
(AP grade)

1 mole) with molar excess of methanol

(lOOmT).

1 molejin chloroform)
20ml per minute)

A solution of benzoyl peroxide (242g,
(AR)

(200ml) was aaaea dropwise (15-

to the sodium methoxide solution, maintaining

temperature below 0 C during addition and swirling
vigorously.

550ml of water containing chopped ice was added

to the mixture and the aqueous phase (containing the sodium
perbenzoate)

was washed with two 100ml portions of carbon

tetrachloride to remove chloroform,
collected at the interface.

The aqueous solution was

acidified with sulphuric acid,
{AR

grade)

(300ml).

discarding any emulsion

and extracted with benzene

The benzene solution of perbenzoic acid
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I l

v a s vashed w ith v a t e r ,
s u l p h a t e and s t o r e d

5 ^2

d r i e d v i t h p o w d ered ,

in th e dark a t

a n h y d ro u s s o d i ’a r

10 ° C .

I n t e r a c t i o n of P h e n o l i c C o n d e n sa te s a n a / o r C aralyst_s
with XR

In all cases the interactions of the IR with the p/condensates and/or vith the catalysts were carried out i:
hulk.

(a)

M ixing p r o c e d u r e s

c o n d e n s a t e s a ’ d catalysts, previcusly finely

B oth p /f

vided in a -ortar. were r.ixed with the
,11 at roon temperature.

on a tvo-roll

khen mixing 1?. with catalyst alcne

short mixing cycle of about seven minusss appeared to give
1 ( judged by visual

rubber.

inspección) witnout over-

In those carh-Sh’ •— -~Q

mixed w-itr. the IR, the ccmpound tended to
, roil an^ i-vo
the rack
-^e p / - co-c—'~S:
-- S£ aanered no
••
TTi-iii
o^h rolls oi- nne
mill.

an -.ncrea^ae in
i.u-=> necessitatea
nev-tiss-i-

x-^r’-ixing tim.e to tw’elve m-nu.tes.

T'V.o ■
Tn^

, les:=
1 -- tnan
x-v-ar-i i/o
1 «^' o_
o"
- ---- ¿ to be

-*

w^'*c!h^ durino
^

^o~ai in all cases,

reactio n

The mixed sam^ples ver
(l.lTrúr.)

of

in ert

o l a c e d betw een

f i l m o f low s u r . a c e

e

P 0- - V

_vc

■U■?1-1 cV.

; f E? )

t5

and p r e s s e :

( 1 a t m / i n c h 2 ) i n t o a t h i n s h e e t ( 5 x 5 x 0 . 0 2 cm) i n a p r e 
h e a t e d m e t a l mould f o r v a r i o u s t i m e s a t

150°C ( o r 1 8 0 ° C ) .

The i n e r t f i l m p r e v e n t s p o s s i b l e c a t a l y t i c e f f e c t s
m etal p l a t e s and,

fu rth erm ore,

the r e a c te d p ro d u ct.
those

facilitates

The l a t t e r

is

from t h e

e a sy rem oval of

esp ecially

im p ortan t in

i n t e r a c t i o n s in v o lv in g adduct fo rm atio n s in c e th e s e

p r o d u c t s show s t r o n g a d h e s i v e t e n d e n c i e s t o m o s t s u r f a c e s .

The s a m p l e e d g e s ( a p p r o x ,
to

(c)

air

during th e r e a c t i o n ,

1 mm), w h ich h ad b e e n e x p o s e d

w ere c u t o f f and d i s c a r d e d .

Isolation of adducts or modified rubbers

It

i s w e l l known t h a t u n c u r e d s a m p l e s ,

mav b e f i n e l y c o m m in u te d ,
extractio n .

tend to

alth ou gh they

jo in t o g e t h e r d u rin g

T h e f u s e d lump o f r u b b e r so fo rm e d e x t r a c t s

much l e s s q u i c k l y and e x t r a c t i o n may be i n e f f i c i e n t u n l e s s
v e r y prolonged tim es a r e u sed .
ip y rataly sts

In the p re se n t

and I R / m o n o f u n c t i o n a l p / f

p r o d u c t s were uncured and,

study th e

cond ensate i n t e r a c t i o n

in a d d itio n ,

rn t h e l a t t e r

t h e a d d u c t showed a h i g h s e l f - a d h e s i o n t e n d e n c y .

case

A m^odified

a c e t o n e - e x t r a c t i o n p r o c e d u r e was t h e r e f o r e u s e d f o r t h e s e
p ro d u cts,

as follow ss

a t h i n s h e e t ( ~ 0.2 mm) o f t h e

was r o l l e d up o v e r a g l a s s c y l i n d e r

6 cm).

c a r e was t a k e n t o

s u r f a c e of th e

(diam eter

sam ple

2 cm, l e n g t h

e n s u r e t h a t no two p o r t i o n s o f t h e

s h e e t came i n t o c o n t a c t w i t h e a c h o t h e r ,

a s t o m a i n t a i n a maximum r a t i o

of

so

s u r f a c e a r e a t o volum e.

The r o l l e d

s a m p l e was w rapped i n a p o r o u s a lu m in iu m ‘ t h i m b l e ’ ,

and p l a c e d

in th e S o x h le t e x t r a c t o r
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cup.

S a m p le s w e r e

c o n tin u o u s ly e x t r a c t e d w ith hot a c e to n e over s i x t e e n h o u rs .
T h i s m o d i f i e d e x t r a c t i o n p r o c e d u r e was e f f e c t i v e

in p rev en tin g

e x c e s s i v e c o a l e s c e n c e o f t h e u ncured sam ples of r u b b e r,
test

showed t h a t a l l

th e p /f con d ensate p re se n t

s a m p le c o u l d b e e f f i c i e n t l y

In th o se
(i.e.,

e x t r a c t e d by t h i s m e t h o d .

p /f co n d en sates),

s a m p l e was d i r e c t l y

extractor

i n a n xin h eated

i n t e r a c t i o n s where s a m p l e s became c r o s s l i n k e d

IR /b ifu n ctio n al

sheet of

and a

so t h a t

extracted

an unsupported t h i n

in the S o xh let

su bsequent p h y s i c a l t e s t s c o u ld be c a r r i e d

o u t on a c e t o n e - e x t r a c t e d

sam ples.

A c e to n e -e x tra c t v alu es

a l s o form ed p a r t o f th e p ro d u ct c h a r a c t e r i s a t i o n p ro c e d u re
( 6 . 3(e)

b elo w ).

6 .3

A n a l y s e s and C h a r a c t e r i s a t i o n M ethods

( a)

D eterm in ation of t o t a l u n sa tu ra tio n

( i)

Viijs-Kemp method

A finely comminuted sample (~0.05g) was accurately
weighed (to the nearest O.lmg) and dissolved in a mixture of
chloroform (50~1) and 0 -dichlorobenzene (50ml) in a 250ml
iodine flasx.

The time for dissolution depended upon the

particular interaction product and varied between about 1 and
5h.

For those samples which contained gel the mixture was

left overnight in order to ensure maximum swelling.

0 .2N W i j s s o l u t i o n ( i o d i n e m o n o c h l o r i d e i n a c e t i c a c i d )
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‘tv

( 20 t.1) was quantitatively a d d e d .
shown that,

Previous experiments had

for the soluble samples, Wijs reagent reacted

completely after 1 hour, whereas for samples containing gel
complete reaction was obtained only arter 4 to 8 hour»,
deoending upon the proportion of gel in the particular sample
and also, presumably,

on the degree of crosslinJcing of the

gel.

At the end of this reaction tirie, freshly prepared
aqueous potassi’um iodide solution (about Id.ml of 5% solution)
was added,

causing the contents of the flash to separate into

two dark red layers.

The liberated (excess)

iodine was

immediately titrated against standard C.l:: soc.i-um.
thiosulphate,

with continuous shaking.

added near the end-point,
.= -...5
_ ___ __

•

^

^

A_ ^

Search indicator was

which was taken as the point at

.oiT^ained colourless for one minute.
^ ^

Blank

^ITr-^c Q^ sn i i . c s .1

-i_^

composition bun with no sa.mple being used.

The pre

ure -was c a r n e a uu

in duelicate for each

results w-ere aver a

V o *I o d.ine Value

ined as uhe number of gr; m.3 of iodine absorbed
gram.s of sample, was cal: :ulaued.
iainal unsaturation w’-as

, - s j-

- »'actional residual u ’

^ ^ - T_ n

wnere the constant 372.8 rep
Vulue for pure IP.

=

The fraction

.hen calculated from:

Iodine Value
37 2.8

( 57 )

theoretical To:

V...

( ii)

Perbenzoic acid method

This method is similar to that described by Lee, Scanlan
and Watson,

60

i*-i
A finely-comminuted sample (0.1 to 0.3g), the quantity
depending on the degree of unsaturation expected, was
accurately weighed (to the nearest O.lmg) and mixed with
25ml of benzene (AR grade).

Uncrosslinked samples soon

dissolved, but insoluble samples containing gel were allowed
to swell for 5 h at room temperature.

2 0 rr.l

of perbenzoic acid

solution in benzene (0.3M, determined iodometrically at the
time it was used) was added and the mixture allowed to stand
in a dark cupboard at 20°C for Ihr (soluble samples) or 4hr
(gelled samples).

Reaction times were determined in

Dreliminary experiments.

After the reaction, freshly

prepared aqueous potassium iodide solution (about I5ml, 3/o
solution) was added and the iodine liberated titrated with
standard 0. IN thiosulphate solution as described i"i Section
(i) above.
out and

Parallel blank titrations were always carried

the procedure was carried out in duplicate for each

sample.

Mean values for Iodine Value and hence fractional
residual unsaturation were calculated as described in (i)
above.

330

(b)

Glass transition temperature (T )

A differential scanning calorimetric (dsc) technique
was used for measuring the T . However, the accuracy of T
9
9
determination by this technique has been questioned because
of the dependence of T

on heating rate. The rates of
9
heating used in the dsc are relatively h i ^ compared to those
used in other methods (e.g., the dilatometrie method) and
therefore the samples may not have enough time to reach
thermal equilibrium.

A linear relationship has been demonstrated

146

between

logarithm of heating rate and reciprocal absolute temperature
at which the transition occurs, over a range of heating rates
hetween 0.06*^/min and 64 /min, thus, results obtained from a
range of high heating rates may be extrapolaccd to lower
heating rates in order to obtain a good approximation to the
^’'ue value of the T • Values of T for pol\ (n~butyl~acrylate)
g
9
using the above technique agree
with the value found by
147 .
using a special refractometer method.

For this study, the sample (~12mg) was cooled to about
25° below its expected T
v:as comir.enced.

and the linear heating programe
y
Differential thermograms were recorded at

heating rates of 1°, 2°, 4°. 6°, 16° and 32° per minute for
the same sample.

The

at each heating rate was taken as

the point of intersection of the extrapolations of the linear
parts of the trace before and after the transition.
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(b)

Glass transition temperature (T )
Vd

A differential scanning calorimetric (dsc) technique
was used for measuring the T .
g

However, the accuracy of T

9

determination by this technique has been questioned because
of the dependence of T

on heating rate. The rates of
9
heating used in the dsc are relatively h i ^ compared to those
used in other methods (e.g., the dilatometrie method) and
therefore the samples may not have enough time to reach
thermal equilibrium.

A linear relationship has been demonstrated

146

between

logarithm of heating rate and reciprocal absolute temperature
at which the transition occurs, over a range of heating rates
between 0.06^/min and 54 /min, thus, results obtained from a
range of high heating rates may be extrapolated to lower
heating rates in order to obtain a good approximation to the
true value of the T . Values of T for poly(n—butyl—acrylate)
g
9
using the above technique agree
with the value found by
147 .
using a special refractometer method.

For this study, the sample (~l2mg) was cooled to about
25° below its expected T
was commenced.

and the linear heating programe
y
Differential thermograms were recorded at

heating rates of 1°, 2°, 4°, 6°, 16° and 32° per minute for
the same sample.

The T^ at each heating rate was taken as

the point of intersection of the extrapolations of the linear
parts of the trace before and after the transition.
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logarithm of the heating rates were plotted against the
reciprocals of the T 's (‘^K). The best straight line
y
through the individual T points was extrapolated to a
heating rate of 4° an hour (0.056° per min.), and the
value then read off from the graph (e.g.. Fig. 88).

(c)

Intrinsic viscosity

Intrinsic viscosity was measured in a 'suspended level
dilution viscometer*

(Fig. 89) as follows:

lOml of a

toluene solution of the sample of accurately-Known
concentration (about 1%) was placed in the viscometer via
tube 1, and the viscometer was placed in a constant
temperature bath at 25°C.

After allowing 20 min, for the

viscometer and its contents to reach thermal equilibrium,
tube 2 of the viscometer was closed and by applying pressure
to tube 1 the liquid was bloim into tube 3 until the level
was above the upper timing marie.

Tubes 1 and 2 we‘
»^e then

opened and the time for the liquid meniscus to fall from the
upper to the lower timing mark was measured.

The process

was repeated until consecutive readings agreed to within
0,2 sec,

A measured quantity of toluene was added to the solution
in the viscometer and a gentle stream of air was blown
through the solution until it was homogeneous.

The above

procedure was repeated for five dilutions, covering between
0.25% and 1% polymer concentration, and for pure solvent.
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f t
he T
b y e x t r a ? e l a t i o n f:
Determination of
tne
s l/T v a l 
dsc results of 1 o h e a S i n g r a t e
et ( b e a t e
the IR / M P / Z n C l 2 i n t e r a c t i o n p r c
160^^0 for A5 m- ;i!

. » •■. .**■''

i'il

The measured flow times t, were converted into
viscosities by:

^ = Adt -

(58)

Fig. 89

Suspended level dilution
viscometer.

From the measured viscosities y\ and ''1^ for the solutions
and for pure toluene, values of specific viscosity
- 'M'T
,
) were calculated for each of the different
1
uoi.'’Tier concentr at ions (c) •

The i-,br -.-.sic viscosity

var then obtained by

straight line extrapolation of a plot or "*'gp/° against
infinite dilution.

The method of least squares was used to

obtain the best intercept, and a typical plot is shown in
Fig.

(d)

90 .

Gel content

A test-portion (-Ig) was accurately weighed (to the
nearest O.lmg) and allowed to stand in a large excess o.

3 34

'*■ *'%T^t<

ii^’

90

10'
Determination of the intrinsic ..i.s^osLt\
the IR/S/ZnCl^ interaction prodict heatea a. .¿o^c
for 210 min.

■Vfyiyyrf?"'"*'

r«-"me a . - - - - .-i,..;'J

toluene in a screw-cap bottle for 48 hours.

The swollen gel

was then filtered into a weighed crucible ( 1 -mesh)
in a vacuum oven to constant weight.

and dried

T he gel content was

expressed as a percentage of the weight of the original testportion,

(e)

Unextractable uncombined phenolic material (Ph)^

Unextractable material from the mixes of EPR with
methylol phenol and dibenzyl ether with and without catalysts
after heating at 160°C (180°C for those mixes without
catalyst)

for the same times and under the same conditions

as those used for interactions with IR, was calculated from
the results of acetone extraction (see (f) below).

Amounts

of extractable matter were corrected to allow for the
extractable matter from the original rubber,

and it was

sss'oir.ed that no chemical combination with the rubber had
occurred.

Thus,

differences between the amounts used and

the amount extracted correspond to uncembined, unextractable
material.

Results were expressed as moles or unextractable

material per mole of IR (i.e.,

6 8 g) moles being calculated

as weight divided by 176 (MW of quinone methide XXX).

This

expression of results does not take into account the possible
presence of decomposition products of the catalyst in the
unextractable material.

However,

since the proportion

catalyst : starting phenolic material is very small (^1:25),
catalyst residues are considered to have negligible effO‘_t
on the above results.
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These results are summarised in Fig. 91,
in concentration,

showing changés

expressed in moles per mole of IR, as

reaction proceeds.

In all cases, an increase in unextractable matter with
heating time is observed,

ranging in ultimate values from

0.54 X lO”^ to 1.70 X lO”^ moles per mole of IR, depending
on the particular case.

Concentrations are higher in those

cases where catalyst was present,

and follow the order

SnCl2.2H20 > SnCl2 > ZnCl2.

(f)

R u b b e r --combined phenolic material,

(i)

as acetone— insoluble matter

(Ph)^

A sample (~5g) was accurate weighed (to the nearest
O.lmg)

and qiaantitatively extracted with hot acetone as

described above.

The acetone extract was dried in an air

oven at 55*^C to constant weight.

Weighed samples of >_he IR

only and of the unheated mix were also extracted ana the
corresponding extracts dried to a constant weight.

T h e amount of phenolic material not combined was
obtained from, these results by subtracting _rom the ,.eiw,ht
of the acetone extract of the sample, the sum of the weights
of acetone extract of the IR only and the catalyst.
amount of phenolic material combined,

The

was then

obtained by difference from the corresponding value for the
acetone extract of the unheated mixture.
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These resu_-.s w

corrected for unextractable uncombined phenolic material
(Ph)

.

The unheated extracts,

after correction, gave zero

value for (Ph)c*

(ii)

By nmr spectroscopy

The concentration of combined phenolic material in the
acetone-extracted rubbers was estimated from the nmr spectrum
bv comparing the area of the peak at 8 .6 6 T » attributable to
Ar-CiCH^)^

phenolic material,

with the resonance peak at

4.70T , attributable to R 2 C=CRH in IR.

Le^.

N(Ph)

moles of phenolic material not extracted by
acetone

N(Ph)

moles of phenolic material chemically combined
with IR

a (Ph) u

moles of phenolic material not combined but
no extractable with acetone

X( IR)

'8,66

- moles of original IR
= Area of the resonance at 8 .6 6 T (CCCH^)^^
= Area of the resonance at 4.70T (-CH=)

the n

9N(Ph)^ = ^

66

since phenolic material contains 9 tert but i 1 protons

contributing to the 8 . 6 6 T
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area ('^3 ^5 5 ^ then

'^J ,;r
•

’
'*•■ •“ i-v,,. -•

: !iK A
N(Ph)
N(Ph)^
N(IR)^

8.66

K A

8.66
9N(IR)

Assuming that negligible reduction of the 4.70
occurs during reaction,

resonance

i.e., that N(IR)^ » K A^

at all

reaction times, t, then:

N(Ph)^

K

N(IR)o
N(Ph)^ = N(Ph)^ + N(Ph)^, it follows that;

Since

N( Ph)

'8.66
N(IR)^ - 9A^^7o

N(Ph)

u
N(IR)^

(3)

N(Ph)
quantity

was obtained by acetone extraction of an
X (iR)„
u nreactive rubber, as described in Section (e) above.

(g)

Characterization of the p/f condensates used as
vulcanizing agents

The concentration of dibenzyl ether-type bridges,
methylene bridges and methylol groups present in the p/z
condensates used as vulcanizing agents, wore estimated by
acetylation followed by nmr spectroscopy.

(i)

Acetylation

The condensates were acetylated using an adaptation of
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Woodbrey* s procedure

104

A molar excess of acetic anhydride was added slowly to
an ice-cooled stirred solution of the p/f condensate (2.5g)
in pyridine (50ml) and stirring was continued for 24h at 4^C.
water ( 50ml) was added and the mixture was extracted with
2 X 50ml portions of ether.

The organic phase containing

the acetylated material was washed with 2 x 50ml portions
of dilute HCl, 2 x 50ml portions of dilute aqueous NaHCO^
solution and 2 x 50ml portions of water.

The ether was

removed in a rotary film evaporator, leaving the acetylated
p r o d u ct ,

(ii)

Determination of the various groups present in the
acetylated p/f condensates by nmr spectroscopy

This is adapted from the method described by Woodbrey

104

The conctr.tration of acetoxymerhyl groups (ArCH20Ac)
dibenzylether bridges ((ArCH 2 )2 0 )

methylene bridges

(ArCH-Ar), were estimated from the nmr spectrum by comparing
z
the area of the peaXs at 5.05 (ArCH20Ac), 5.70 ((ArCH2 )2®)
and 5,40

(ArCH-^Ar), with the resonance peak at 8.70

If it is assumed that the methylol groups in the
condensate becom.e completely acetylated and other groups
remain unaffected, then the number of moleSjNjOf the various
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^ '^Ia fv’

ii;i

groups may b e o b t a i n e d fro m t h e p e a k a r e a s ^ A ^ a s f o l l o w s !

K
N(ArCH 2 0 H) = N(ArCH 2 0 Ac) - j -^5.05

N(Ar CH20CH2A r )

K

= 2 ^5.70

N(ArCH2Ar) = K A^^^q

The t o t a l number o f m o l e s , N ( A r ) ,

is

t

g iv e n by:

K

N(Ar) = N(Bu ) = g '^3,70

T h e nurfoer o f m .oles o f e a c h may t h e n b e e x p r e s s e d a s a
fra c tio n

o f t h e t o t a l num ber o f m o le s a s f o l l o w s :

N(ArCH20H)

g ^5.05
9
2 A 8.70

N(Ar)

N( ArCH20CH2Ar)

9 ^5.70
2 A 8.70

X(Arl

N(ArCH^Ar)

^ —

=9

N(Ar)

sin ce
n u cle u s ,

^6.40

----^8.70

t h e r e a r e tw o p o s i t i o n s o c c u p i e d i n e a c h a r o m a t i c

th e

su m m ation

i ^5.05 ^ 9 ^5.70 ^ g ^ 6 ^
^ ^8.70

^ ^8.70

s h o u ld a p p ly ,
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^8.70

= 2

!’»

(h)

Determination of concentration of physically-effactive
crosslink, [^xH

(i)

phys

Swelling method

A test-piece of approximate dimensions 2 x 5 x 20mm,
cut from the acetone-extracted vulcanizate*, was accurately
weighed (to the nearest O.lmg) (W^) and placed in a wide-neck
screw-cap bottle.

It was covered with the swelling liquid,

either benzene or n-decane, as appropriate (20ml), and the
bottle was capped and set aside in a dark cupboard.

After eight hours, the swollen specimen was carerully
removed with tweezers and transferred immediately and rapidly
to a glass specimen tube (1" diam.) lined with filter paper.
The tube was tightly capped.

The time of removal of the

sreGiiueTi. from the liquid was noted.

The specimen tube was

shaken, several times so as to facilitate the absorpt.*.on by
the filter paper of any excess of liquid on the surface of
the swollen rubber specimen.

The specimen tube with its

contents were accurately weighed (to the nearest O.lmg) (W2 ) •
The swollen specimen was removed from the tube with tweezers,
and immediately the cap was replaced.

The swollen specimen

was replaced in the swelling liquid for a further period of
time noting the time of replacement.

The ‘empty’ specimen

tube was accurately weighed (to the nearest O.lmg) (W^) .
The weight (W^) of the swollen rubber specimen was determined
by;

W.

W2 - W3

3^0

? :*>

V- -,

After further periods of time the above procedure was
repeated,

noting the times at which the swollen specimen was

removed from and replaced in the swelling liquid.

The

procedure was repeated until sufficient data were obtained
to make allowance for network oxidative-degradation (incre
mental s w e l l i n g ) .

A graphical method of allowance was used

based upon the above values.
in Fig. 92.

A typical g];aph is illustrated

F r o m this plot the swollen weight at equilibrium

(W ) was calculated as the intercept on the

axis obtained

by extrapolating the linear portion of the curve back to
zero time of immersion.

From the equilibrium swollen weight

the volume

fr^iCtion of vulcanízate in the swollen system (V^) was
calculated by:

Volume of vulcanízate
Voj.’Lune or vrulcanizate + Volume of the swollen liquid

V
C.VWi)eiiq

where

= density of unswollen vulcanízate (0.90 g/cc)
f liq

= density of the swelling liquid ( ]3 0 nzene
n-decane

=0.73g/cc at 22 C)

'Determined by the standard procedure using a densxty bottle

^

-^myj

20

30

AO

tine of inr19 r vSi o n (ilr )

I60'^C

50

I-. 4T

*

V

values were obtained in duplicate for each sample, and
r
the average value obtained.
Viith this value and by using

the Flory-Rehner equation (49);

7
—1
-Xn(l-V
)-V
X
v
~
=
f
V
M
'
r
r
r
^
o c

^
r

(49)

the average molecular weight of the networ^^ chains between
crosslinks (M ) was calculated.
) by using

These values were corrected

the Mullins "finite molecular weight"

allowance (52);

M.

corr =

-1

(1-5.44M^

-1

)

(52)

where the number average molecular weight of the primary
rubber molecules

obtained from measures of

intrinsic viscosities (see above) using the relation ( d 4) ;

(54)

The corrected concentration of physically-effective
crosslinks was then calculated rrom;

-1

corr
t:-<]phys =

( ii)

phys]

(55)

Stress-strain measurements

121
T h i s is adapted from the method O j. Gumbrell et al.
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The rubber samples were parallel strips approximately
50 X 4 X 2mjn and were cut from flat sheets of acetoneextracted samples.

Two reference lines A, A'

(Fig. 93),

approximately 2 cm apart and equidistant from the ends, were
marked on the samples.

The width and thickness of the test

samples were first measured at several points and the average
cross-sectional area (A^) calculated.
by means of a travelling microscope,
dial gauge.

The width was measured
and the thickness by a

T his measurement of the cross-sectional area

was subject to considerable inaccuracy because of experimental
difficulties.

Much of the difficulty in obtaining very

accurate estimates of the cross-sectional area was due to
the high deformability of the rubber,

the rubber yielding

slightly under the action of the cutting tool.

As a result

of this, their cross-sections were slightly wedge-shaped.

Small clamps B, B*
or the sample.

were then fastened to the two ends

The sample was suspended in the apparatus by

the end B and weights were added to the end 3 ’ .

To minimize

the- effects of hysteresis, which is present in all vulcanized
rubbers,

the test samples were initially stretched for 15

min. to the miaximum extension they were to receive
subsequently and then allowed to recover for a similar period
before the acuual measurements were made.

The n load

increments (f) were added and after 4 min.

for each, the

distance between the reference lines measured by means or a
cathetometer,

the experiment being carried out at room

temperature.

This distance was measured in the load

347
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1

Fig. 93

Apparatus used for stress-strain measurements
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increasing and load decreasing direction for each weight,
and the average v a lue determined (X ).
a.

The initial distance

(9, ) bet w e e n the reference lines was found by extrapolating

' o

the load-distance curve to zero load.

The extension ratio

(X.) corresponding to various loads then calculated by:

(60)

X =

Results were plotted in the form of f/2A (X-X
and the value of

-2

.

) against X

-1

of the Mooney-Rivlin function (47)

obtained from the intercept ( X ^ = 0 ) .

Then

values were

obtained from equation (48):

C, = 2 ^

The

corr

,
and
, ^ -^phys

quations (52),

( i)

RT M

^

-^phys

eRT[x]p^y3

(48)

were then calculated from

(48) and (55), respectively.

Determination of concentration of chemical crosslinks.
-^ -chem

T h e concentration of chemical crosslinks,

was

calculated using the relationship between this and the
concentration of physically-effective crosslinks,
oror'osed bv Mullins

120

-2

(in dynes cm ^) =

0
= ( (f

X 10 )(1-

^^xj_i:_M„”^)
c^-^chem“ n
(53)

349

r{' rT;

vhere

is the density of the unswollen-vulcanizate, R the

gas constant per gram-molecule, T the absolute temperature
V

the number average molecular weight of the primary

'"n
rubber molecules which was obtained as described in Section
(g) above.

Note that the uncorrected values,

used in equation ( 53>) .
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Determination

of the

elaotio

c o n s t a n t C-^ for^tho

IR/DMP/MMP/ZnClo i n t e r a c t i o n at v a r i o u s _ ^ e a c o i o n
timoG

as

obtained
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c. 97

for the
Detfu-ininatinn of the el'ist Ic c o n s t a n t
n
at
v
a
r
i
o
u
s
reaction
IP7 D M ? / M ^ / Z n C l 2 i n t e r a o ‘io
= 0).
times as o b t a i n e d from *.h? i n t e r c e p t (X
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t:

Nuclear magnetic resonance spectra of the
acetylated materials: (a) dimethylol
diphenyl methane; (b) polybenzyl ether;
(c) ether derivative of the dimethylol
diphenyl methane; (d) commercial resin;
(e) dimethylolphenol ( f) dibenzyl ether;
(g) methylolphenol.

f-

Fig, 99 (continued)
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Fig. 99

(continued)
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Fig.

101

Infra-red spectra of DMP/SnCl 2 •2H^0 products
refluxed in toluene for various times:
(a) 2 min; (b) 10 min; (c) 20 min.
351
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Fig. 102

Infra-red spectra of DMP/SnCl 2 .2H20
products refluxed in benzene for various
times: (a) 30 min; (b) 70 min; (c) 120 min.
•362

■St-.

Li’

5

Fig.

102

8

10

14(iin

Infra-red spectra of D M P /SnCl 2 •2H20
products refluxed in benzene for various
times; (a) 30 min; (b) 70 min; (c) 120 min.
•362

¡t
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Fig.

104

10

14|jim

Infra-red spectra of DMP reflui-ied in toluene
for various times: (a) Ihj (b) 27n; (c) 47h.
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Fig.

Fig,

105

lOô

Infra-red spectrum of the commercial resin

Infra-red spectrum of rhe trimor \’’I

36h

11

8

ig. 107

10

l2[im

Infra-red spectra oft (a ; 2 , 6-dimethyl-4 tert,
butyl-phenol; (b) ir.ethylolphenol.
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Fig.

108

Infra-red spectrum of the internal chroman XXXIII 11
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109

Nuclear magnetic resori: ice spectra of; (a) methylolpher.cl; (b) dibenzyl ether.
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Fig. 110

Infra-red spectra of:
(a) Isoprene rubber; (b) IR/?E/ZnCl2
interaction product heated at loO^C
for 210 min.
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Table 12

7!*V

Determination of concentration of physically
effective crosslinks
for various inter
actions at different reaction times as obtained
from measurem.ents of swelling in n-decane and
benzene and from ecuilibrium modulus.

T nteraction

R e a c t i o n time
(min)

r,,-]Corr Xmoles crosslinkSx
“^phys^
g vulcanízate
a

c

b

IpyOMP/ZnCl^

25
45
80
120
210

2.78
3.62
5.53
8.44
10.83

3.46
4.93
11.28
14.20
17.72

2.48
2.84
4.49
6.53
7.00

IR/Dx^irViMMP/Z nC 1 ^

25
45
80
120
210

2.39
3.03
5.03
6.47
9.04

3.42
4.91
10.53
12.51
15.88

2.58
2.90
4.49
5.13
6.77

IR/ Dx^IP/Mx/Z nC 1 ^

45
80
120
210

2.39
3.85
5.52
5.94

2.63
6.58
9.47
9.66

7
15
25
45
80
120
210

6.74
10.36
12.50
13.-¡7
14.27
14.95
16.46

11.75
16.84
21.87
25.00
27.10
29.8 3
30.71

IR/DMDPM/ZiaCl^
\

\
!

;
1

—

3.07
3.82
4.31
—
-

t

I

IR/DMDPM /ZnTl^

7
15
25
45
80
120
210

3.60
5.18
7.50
8.87
10.62
11.75
12.77

6.10
9.93
12.99
15.36
17.50
20.43
21.84

1

IR/PEDPM/ZnCl.

7
15
25
45
80
120
210

9.76
11.82
12.71
14.04
14.81
14.83
14.86

15.83
20.90
22.81
25.41
26.46
27.40
27.41

i
I
1
1
1
1
1
1

L

_ .
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2.80
4.09
4.43
5.20
5.88
6.61
8.07
—
—
-

^5
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Table 12

(continued)

Interaction

IR/PE/ZnCl^

IR/PE/Mx/ZnCl <5

IR/CR/ZnCl^

A

Re a c t i o n time
(min)

L^-'phys^

moles crosslinks. --irj5
g vulcanízate '

a

b

c

7
15
25
45
80
120
210

9.41
12.50
15.10
17.32
18.51
19.28
20.24

16.94
22.50
26.29
30.40
32.13
32.60
33.11

—

7
15
25
45
80
120
210

11.51
13.85
16.46
U.57
19.89
22.00
22.55

24.39
28.49
31.06
35.61
37.43
41.39
45.00

—

7
15
25
45
80
120
210

9.61
12.12
15.28
17.98
18.63
19.19
19.99

17.04
23.00
26.16
29.50
31.59
34.41
35.46

1

a = D eterm inad from s w e l l i n g

i n benzene

b = D eterm ined from s w e l l i n g

i n n -d ecane-.

c = D e t e r m i n e d f r o m e q u i l i b r i u m modulus

370

—
—
—
—
—
—

—
—
—
—
—
—

—
-•
—
—
—
—

4.

Table 13

Concentration of physically crosslinks rx1
for
various interactions at different reaction^feiSes
as obtained from measurements of swelling in
n-decane and benzene and from equilibrium modulus.
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Table 13

, ■.
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Vh

-

(continued)

Interaction

IR/PE/ZnCl^

Reaction time
(min)

7
15
25
45
80
120
210

IR/PE/M ^ Z n C l 2

7
15
25
45
80
120
210

IR/CR/ZnCl-.

7
15
25
45
80
120
210

^moles crosslinks,.
^ -'phys^ g vulcanizate
a

b

c

7.77
10.87
13.46
15.68
16.87
17.64
18.60

15.30
20.87
24.65
28.86
30.49
30.95
31.47

••

9.69
12.03
14.63
16.75
18.06
20.18
20.73

22.56
26.67
29.22
33.88
35.61
39.56
43.17

7.83
10.34
13.50
16.20
16.85
17.41
18.21

15.26

a = Determined from swelling in benzene
b = Determined from swelling in n-decane
c = Determined from equilibrium modulus
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—
—

21.22

24.39
27.89
29.80
32.64
33.67

—
—

—

^.5

Table 14

Déterminâta,on of concentration of chemical cross
links, L^Jchem*,^®^ various interactions at
different reaction times as obtained from the
physically effective crosslinks [x]pu„s determined
by swelling in benzene, and n-decane and from
equilibrium modulus

Interaction

Reaction time
(min)

IR/DMP/ZnCl 2

25
45
80
120
210

Ipy DMP/MMP/Z nC1 2

25
45
80
120
210

IR/DiMP/M^ Z n C l 2

45
80
120
210

IR/DMDPM/ZnCl 2

7
15
25
45
80
120
210

«

IR/DMDPM*

IR/PEDPM/ZnCl^

/moi.js crosslinks.
chem^ g vulcanizate
a

b

c

1 .2 0

1.47
2.30
8.85
10.67
14.13

0.96

7 .0 0

1.47
2.31
7.12
9.04
12.31

1.15
1.26
2.04
2.45
3.7 2

0.35
1.75
2.7 9
3.10

0.59
3.60
6.15
6.32

1.40
1.74
1.99

3.68
6.96
9.02
10.25
10.7 3
11. 41
12.89

8.29
13. 26
18.25
21.36
. 23.44
26.17
28.04

1.53
2.98
4.33
5.57

1.55
2.72
5.18
8.37
0.80
1 .1 1

2.39
3.70

7
15
25
45
80

7 .2 1

120
210

8.29
9.28

3.15
6.56
9.49
11.81
13.92
16.80
18.21

7
15
25
45
80

6.41
8.36
9.22
10.51
11.26
11.29
11.31

12.26
1 .28
19.17
21.75
22.79
23.74
23.75

120
210
1

373

1 .2 1
2 .0 2

3.51
3.90

—

1.23
1. 8

1.98
2.48
2.98
3.57
4.84

.5

•Mt-

Table 14 (continued)

^ “ l-^-che-"

from swelling in benzene

^

from swe^-ling in n-decana

c = [x]chg>^^ determined from equilibrium modulus
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Table 15

Efficiencies E^, E^ and E^ for various interactions
at different reaction times as obtained from the
amount of acetone extract (phenolic combined) and/or
from values derived from swelling in benzene (C^Iphys^

Interaction
IR/DMP/ZnCl^

Reaction time
(min)
15
25
45
80
120
210

IR/DMP/MMP/Z nC1 ^

15
25
45
80
120
210

IR/DMP/M /ZnCl.,
X

2

45
80
120
210

IR/DMDPM/ZnCl.,

7
15
25
45
80
120
210

IR/DMDPM*/ZnCl.

7
15
25
45
80
120
210

IR/P EDPM/Z nC1,

7
15
25
45
80
120
210

375

E

V

0 .2 0

0.32
0.37
0.48
0.59
0.63
0 .1 2
0 .2 1
0 .2 2

0.34
0.39
0.51

O.’IO
0.14
0.18
0.29
0.44

0.0 2

0.05
0.09
0.17
0.28

_

0.1 2

0.0 2

0.16
0.23
0.31
0.45

0.04
0.08
0.1 1

0.19
0.0 1

-

-

-

-

0.06
0.09

—

-

0.1 0

0.38
0.48
0.56
0.58
0.59
0.60
0.61

0.32
0.47
0.53
0.58
0.59
0.62
0.70

0.28
0.39
0.41
0.44
0.45
0.45
0.48

0.18
0.25
0.34
0.41
0.53
0.60
0.64

0.42
0.51
0.54
0.59
0.62
0.62
0.62

0.50
0.54
0.56
0.59
0.60
0.60
0.60

0.1 2

0.23
0.30
0.34
0.35
0.38
0.42
0.05
0 .1 0

0.14
0.18
0.24
0.27
0.31
0.21

0.27
0.30
0.35
0.37
0.37
0.37

Table 15

(continued)

Interaction
IR/PE/ZnCl^

IR/PE/M^ZnCl^

1
1
1
1
1 IR/CR/ZnCl^
I

(
i
1
»
I
t

1

Reaction time
(min)

Ec

E

7
15
25
45
80
120
210

0.33
0.43
0.48
0.55
0.56
0.58
0.61

0.61
0.69

7
15
25
45
80
120
210
7
15
25
45
80
120
210

376

X

0.7 9

0.81
0.87
0.90
0.91

—

—

—
—

—
—
—

—
-

—

—

-

0.44 1 0.47
0.55 ! 0.51
0.56 0.69
0.59 0.80
0.60 0.82
0.61 0.8^0.63 0.86

E

V

0.20
0.30
0.38
0.45
0.49
0.52
0.55
0.27
0.34
0.42
0.49
0.54
0.60
0.62
0.21
0.28
0.39
0.47
0.49
0.51
0.54

•

«. s>.
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Table 16

Combined phenolic material in the various
interactionsj as calculated from the corrected
amount of acetone extract (a) and from nmr m.ethod (b)

Interaction

Reaction time
(min)

Combined phenolic materialxlO^
(moles per mole of IR)
a

IR/MP

15
45
120
210

IP./E

15
45
120
210

IpyMP/SnCl^

7
15
45
80
120
210

IP./E/SnCl^

7
15
45
80
120
210

IR/MP/ZnCl^

7
15
45
80
120
210

IR/E/ZnCl^

7
15
45
80
120
210

377

0.43
1.61
3.54
3 .66

1.09
3.26
3.39

1.43
3.13
4.16
4.20

0.97
2,14
3.57
4.74

0.34
1.63
4.01
5,03
5.38
5.91

0.46
1.71
3.35
4.28
4.83
5.82

1.23
4.42
5.11
5.73
5.96
6.27

0.78
3.88
5.01
5.58
6.89
7.02

0.09
0.63
2.05
3.56
4.53
5.69

0 .0 2

0.93
1.24
2.70
5.22
5.75

0.92
2.37
3.55
5.28
5.66
6.31

1.96
4.39
5.07
5.68
6.75

0 .2 2

0 .2 0

!

Table 16

(continued)

Interaction

IR/E/SnCl^. 2H 2 O

Reaction time
(min)

7
15
45
80
120
210

IR/DMP/ZnCl^

IR/DMP/>ÜMP/Z nC 1 ^

\

1

j
1

!

,

IR/DMD?:-: "/Z r.C1 ^

IR/PEDPM/ZnCl^
1

a

b

2.1 1

2.56
7.60
20.47

5.89
6.07
6.03
6.17
6 .33

—

15
25
45
80

0.82
1.33
1.44
2.0 1

—

120
210

2.45
2.58

-

15
25
45
80

0.48

•mm

0 .8 8

—

0.92
1.41
1.62

—

120
210

IR/DMDPM/ZnCl^

Combined phenolic materialxlO^
(moles per mole of IR)

7
15
25
45
80

1.57

120
210

7
15
25
45
80

1.16
1.50
1.71
1.81
1.84

120
210

1 .8 6

7
15
25
45
80

1.75

378

—
—
_

2.0 1

2.32
2.40
2.47
2.49
2.51

120
210

1

2 .1 0

1.97
2.1 1

2.25
2.43
2.56
2.56
2.56

1

—

—
«
—
—
—

1
—

—
—
—

-

—

Table 16

(continued)

Interaction

Reaction time
(min)

Combined phenolic materialxlO^
(moles per mole of IR)
a

IR/PE/ZnCl 2

7
15
25
45
80

1.34
1.7 7
1.99
2.29
2.32
2.38
2.50

120
210

IR/CR/ZnCl„

-

■■■

1

7
15
25
45
80
120
210

♦—

^

..

379

b

1

1.81
2.29
2.30
2.43
2.48
2.52
2.58

••

—

—

I

—

tM Í-í

m

C (n:

u
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Table 18

Cis/trans ratios for the IR/SnCl^ and IR/SnC1^.2H 0
interactions, as determined from“nrar spectroscopy?

381

Table 19

Changes in hydroxyl concentration for various
interactions

Interaction
IR/MP/SnCl 2

Reaction time
(min)
7
15
45
80
120
210

IR/E/SnCl 2

IR/MP/SnC 12 .21^0

1

J

0.016
0.016
0.016
0.016
0.017
0.017

7
15
45
80

0.019
0.018

120
210

0.0 21
0.0 21

7
15
45
80

0.0 21

120
210

IR/E/SnCl 2 .2H 2O

Hydroxyl concentration
(moles per mole of IR)

7
15
45
80

0.0 21
0.0 21

0.024
0.029
0.048
0.038
0.038
0.0 22

0.024
0.026
0.025
0.016
0.016

120
210

382
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Table 20

Unsaturation consumed by cyclization with reaction
time in the IR/MP/SnCl-.2H^O and IR/E/SnCl„.2H^O
interactions.
^
z
2 2

Interaction

IR/MP/SnCl 2 .2H 20

IR/E/SnCl 2 .2H 20

Reaction time
(min)

Unsatur^tion
consumed by
cyclization
(moles)

0

0

7
15
45
80

0 .1 1

0.08
0.15
0.16

120
210

0 .2 1

0

0
0 .1 0
0 .1 1

7
15
45
80
120
210

383

0.27

0.16
0.25
0.26
0.31

Table 21

Total imsaturation with reaction time for IR in
the various interactions as calculated from
perbenzoic acid consumed (a) and from iodine
chloride consumed (b).

Interaction

Reaction time
(min)

Total ur.saturation
(moles)
(a)

IR/SnCl^

0

4
7
15
45
120
210

IR/SnCl^. 2H^0

—

—

-

-

0.97
0.94
0.91
0 .8 6

360

0.83

0

—

-

—

360

—

0

-

4
7
15
45
120
210

360
0

4
7
15
45
80

IR/E

—

-

120
210

IR/MP

0.98
—

—

4
7
15
45

IR/ZnCl^

(b)

—
—
-

—

0.96

0.98
0.92
0.91
0 .8 8

0.84
0.79
0.74
0.70
0.98
—

0.98
0.98
0.97
0.98
0.97
0.97
0.98
-

-

0.96
0.95
-

—

0.98
0.97
-

120
210

0.93
0.93

0.96
0.96

0

0.96

0.98

4
7
15
45
80
120
210

384

-

-

-

-

0.95
0.94
-

0.92
0.91

0.97
0.96
—

0.95
0.95

• V:

Table 21

(continued)

Interaction

Reaction time
(min)

IR/iMP/ZnCl2

Total unsaturation
(moles)

0

4
7
15
45
80

0.96

0.98

—

120
210

0.98
0.97
0.96
0.95
0.94
0.94

0

0.96

0.98

4
7
15
45
80

—

0.95
0.94
0.91
0.90
0.89

120
210
0

7
15
45
80
120
210

IR/E/SnCl 2

(b)

0.96
0.93
0.94
0.93
0.91
0.90

IR/E/ZnCl 2

IRALP/SnCl 2

(a)

0

7
15
45
80
120
210

0.96
0.96
0.94
0.92
0.91
0.90
0.89

0.98
0.97
0.96
0.95
0.94
0.94
0.94

0.96
0.95
0.92
0.90
0.89

0.98
0.97
0.96
0.94
0.93
0.92
0.92

0.88
0.88
—

385

0.88

0.97
0.96
0.94
0.94
0.93
0.93

ri’’
.

Table 21

(continued)

Interaction
1

Reaction time
(min)

i
1

(a)

(b)

0

0.96

7
15
45
80

0 .8 6

0.98
0.94
0.92
0.89
0.81
0.80
0.75

IR/MP/SnCl .2H^0

j

120
210

1

Total unsaturation
(moles)

IR/E/SnCl 2 .2H 20

0

7
15
45
80
120
210

386

0.82
0.75
0. 4
0.69
0.63
0.96
0.84
0.74
0.65
0.64
0.62
0.59

0.98
0.90
0 .8 8

0.82
0.78
0.71
0.70

j

Table 22

Glass transition temperature, Tg, of IR with
reaction time in the various inteeractions.

Interaction

Reaction time
(min)

IR/SnCl^

0

4
7
15
45
120
210

IR/SnC1^.2H^0

—

1-99
200

0

198
202

7
15
45
80

203
204
209
233
261
-

198
-

203
210
—

120
210

219

0

198

220

7
15
45
80

213
217

120
210

220
221

0

198
207
216
223
225
225
226

7
15
45
80
120
210

387

—

4
7
15
45

0

IR/MP/3nCl^

198

360

360

IR/E

g
(°K)

203
209
215

120
210

IRAiP

T

—

—

< - * ’<i ■ ;, f J '

Table 22

(continued)

Interaction

Reaction time
(min)

IR/E/SnCl^

0

120
210
0

198

7
15
45
80

201

120
210

IR/E/ZnCl^

0

7
15
45
80
120
210

IR/MP/S nC1 2 .2H 2O

0

7
15
45
80
120
210

IR/E/SnC 1 ^.2H 20

0

7
15
45
80
120
210

_l

388

(°K)
198
209
217
223
226
227
229

7
15
45
80

IR/MP/ZnCl 2

Ta

204
213
215
222

225
198
206
213
221

223
225
227
198
213
225
248
254
260
263
198
214
233
250
268
270
—

•

M" W, - >

Table 23

Intrinsic viscosity (r-«l]<,,o) and gel content with
reaction time in the various interactions.

Interaction

Reaction time
(min)

IR/SnCl 2

0

4
7
15
45
120
210

360
IR/SnCl^. 2H 2O

0

4
7
15
45

1

CH]c =0
(g/ 1 0 0 ml)~l

Gel content
(%)

2.90

0

—

3.72
4.20
4.42
4.65
4.86
2.90
3.35
4.00
4.25
5.04

120
210

360
IR/ZnCl 2

0

4
7
15
45
120
210

360
IR/M?
'

0

15
45
120
210

IR/E

0

15
45
120
210

389

1.04
2.54
5.21
7.30
7.30
0

0.29
0.87
2 .2 2

3.31

—

—

2.89

0

—

2.89

0
0
0
0
0
0

2.8 8

2.87
2.70
2.52
2.33
1.95
1.95
1.96
1.96
1.97
1.95
1.96
1.97
1.97
1.98

—

-

-

Table 23

(continued)
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