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PREFACE

Degradation of Natural Rubber (NR) into shorter

chain segments with reactive end groups is a prerequisite for

the production of new materials such as segmented polyurethanes

and block copolymers based on natural rubber. Segmented poly

urethanes belong to a class of thermoplastic elastoers having

great commercial importance. For the polyurethane synthesis,

as well as for the production of block copolymers based on NR,

hydroxyl end groups are most suitable for chain extension

reactions.

Many methods are reported in literature for the

depolymerisation of NR. But many of these suffer from the

disadvantage that the end products are not suitable for chain

extension. There are some reports on the production of NR

oligomers with different functional groups; the only one

describing the production of hydroxyl terminated natural rubber

(HTNR), use drastic conditions, which is an obvious disadvantage.

In the present work a method has been developed for the

depolymerisation of NR. The photodepolymerisation of NR in the

presence of hydrogen peroxide in a homogenising solvent is des

cribed together with the experimental procedures. The production

of HTNR with in 3000 - 3300 is described.

Methods of preparation of segmented polyurethanes based

on HTNR are presented. A series of HTNR containing polyurethanes



are synthesised by different synthetic routes with varying hard

segment content (TDI/BDO). Syntheses are done in one step and two

step processes by bulk and solution polymerisations.

Characterisation of these polyurethanes showed that there

existed a complete or very nearly complete phase segregation indica

ted by the independence of the soft segment Tg value with the content

of hard segments; Evaluation of mechanical and thermal properties

of polyurethanes are also described. Dynamic mechanical analysis

results of these material are also presented. Effect of catalysts

on polyurethane synthesis and effect of HTNR molecular weight on

mechanical properties of polyurethanes are studied and results

presented.

The experimental procedures for the preparation of block

copolymers based on HTNR and preformed poly(ethylene oxide) with

different molecular weights with TDI as coupling agent are described.

Different procedures followed for the preparation of block copolymer

are also presented. Tensile properties and water absorption capa

bilities of these polymers are determined and hydrogels upto 80%

water content are obtained. Results of the characterization of

these block copolymers by IR spectroscopy, differential scanning

calorimetry, thermogravimetry and optical microscopy are also

presented.

To conclude,an efficient and economical method for the

preparation of HTNR by the photodegradation of NR has been

developed. Utility of HTNR produced by these methods in the

synthesis of segmented polyurethanes and block copolymers are

demonstrated.

*'k*i'***
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INTRODUCTION

Part I : Depolymerisation of Rubbers.

Depolymerisation of Natural Rubber (NR) into

shorter chain segments with reactive end groups is a
pre—requisite for the production of new materials like
thermoplastic elastomers, adhesives, binders for rocket
propellants, polyurethanes etc. Depolymerisation of NR
was performed for the first time by K.V.Hardman in the
year 1923. Liquid Elastomer first appeared in the
market in 1923 and was obtained by the degradation of
solid NR by mechanical/chemical peptisation.l Several
methods were reported for the depolymerisation based on
thermal, chemical, mechanical2 and photochemical effects.

Mechanical degradation by mastication is a non
random process, where scission occurs only in those
molecules possessing greater than a critical chain
lengthzys which tends to limit the extent of degradation.
Much work has been published on the mastication behaviour
of high polymers, in particular of natural and synthetic
rubbers. Most of this has been concerned with the
mechanism of the breakdown process6 and the chemical

consequences, both in the absence and presence of various7 8species, such as oxygen
9monomers . It was reported that rubber masticated at low

, carbon black and polymerisable

temperatures is likely to have significantly better



properties than that masticated at high temperatures}O
The minimum rate of breakdown occurs at about ll5oC

and at temperatures of 45°C above and below this, the
rate is increased fivefold.ll

1.1 Mechanical breakdown

The energy of mechanical action is on the
deformation of valence angles and the scission of
polymer chains. In the process of scission of macro—
molecular chains, the energy necessary for scission of
macromolecules includes the energy consumption in the
deformation of valence angles and the breaking of the
valence bonds. Hence the products formed in mechanical
scission of the polymer chains should possess a large
chemical potential and easily enter into various chemical
conversions.

Under the action of mechanical forces the breaking
of macromolecule proceeds not only with covalent bonds
but also with ionic ones. The three basic mechanisms

of polymer scission are (1) radical, (2) ionic & (3)
ionic radical. The formation of polymeric radicals may
be expected in the case where the polymer chains contain
co-valent bondslz.

—-CH2 CH2-'“—9 CH2-+-CH2



The formation of macro~radicals in the

mechanical breakdown of organic polymers and the

possibility of their chemical reactions are reported
by Pike and watsonia Berlinlu et al, Kargin and

15Slominskii and a number of other research workers.

1.2 Thermal breakdown

Thermal breakdown of NE in presence of air or
oxygen causes only softeningl6. According to
Voronenkov17 gt al the thermal breakdown of NR

proceeds via a cyclic intermediate which is present in
small amounts in NB as a result of interaction of the

pi—electrons of the -CH2 groups. The interaction
increases with increasing temperature, resulting in
the formation of unstable methyl cyclobutane, which
readily isomerises into isoprene.

1.5 Chemical breakdown

i) Prolonged heating of the solution of NR in
chlorobenzene in vacuo at temperatures within
the range 25°C to 220°C caused degradation1§

ii) Hydrogen peroxide under pressure and tempera
ture was used for degradation of masticated

19NR dissolved in toluene .

iii) Phenyl hydrazine in presence of ferrous chloride
and oxygengo was found to degrade a solution
of NR in toluene.
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iv) Para toluene sulfonic acid/ phenyl hydrazine
systemgl was used for controlled degra
dation of NR and synthetic rubbers.

V) Oxidative degradation of 1,4 cis polyisoprene
using oxygen in presence of A20 bis isobutyro. . o 22nitrile (AIBN) at 80 C was also reported .

Chain scission during the crosslinking of
NR with organic peroxides was studied by Moore and
Scanlan23. Polyisoprenyl radicals were derived from
NR by reaction with t-butoxy or methyl radicals formed
from peroxides. Unimolecular scission reactions (see
Scheme I) whose possible occurence was discussed by

F1ory24 and Craig25. was certainly favoured by the

weakness of the -*CHé*--CHé-— bond in I and II.
26Bresler et al , in fact had attributed the polymer

degradation they observed when dilute benzene solutions
of NR were subjected to attack by free radicals;

The chief difficulty encountered in the study
of the phenomenon of scission lies in the fact that
scission and bridging takes place simultaneously and

27had opposite effects. Massobian and Tobolsky were
able to distinguish the scission phenomenon by studying
relaxation under continued tension and then determining
the total effect by measurements under intermittent
tension. Another possible way to distinguish the
scission is to use relatively dilute solution, the
effect of dilution is to separate the polymer chains
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from one another and thereby reduce the probabi
lity of bridging28.

It is well known that a small quantity of
an alcohol preferably methano§9,5O or other polar
solvent, which will not cause precipitation, will
reduce the viscosity of solutions of NR in benzene

51-35.or toluene The polar substances reduce the
intermolecular attractions due to oxygen containing
groups such as carboxyl and hydroxyl formed by oxida
tion during the processing of latex§4 It is however,
a general principle that the addition of a non solvent
to a polymer solution reduces polymer - solvent inter
action and the polymer chains tend to coil up instead
of being extended, resulting in a decrease in the
viscosity of the solution._

35.36
Mineral acids such as HCl and organic

acids like acetic, chloroacetic and benzoic acids37
also reduce the viscosity of solutions of NR.
Sulfinicaa and sulfonicag acids assist the dissolution
of NR in toluene and benzene but it had been reported

that in presence of 02 the former class of compounds
causes degradation of NR through a free radical mecha
nism4O. However chain scission is brought about by

the addition of small quantities of substances which
causes degradation by free radical mechanism in which

02 may or may not participate.



41
It was reported that aliphatic thiols do

not reduce the viscosity of rubber solutions.
Dodecyl mercaptan causes degradation of SBR in toluene
solution when oxygen is presentaa. Of the several
aromatic and heterocyclic thiols studied by Montuql
2-thio naphthol and xylyl thiol were found to be most
active, 2—mercapto benzothiazole was less effective
and 2-mercapto benzimidazole was found to be inactive.
The zinc salts of 2-thionaphthol and 2—mercapto benze
thiazole were also found to be active. It was clear
from the above examples that the presence of an -SH
group is not the only factor which decides whether a
compound will act as a peptizer or not, the structure
of the rest of the molecule plays an important part.
Kimijima43 had studied the_relationship between the
structure and activity of ortho substituted thiophenols
and found that the effect of the groups in order of

decreasing efficiency as plasticizers to be CH3) OH)>
OCH5) C1) N02) NH2. The effect of an ortho nitro
group is greater than that of a meta or para nitro
group and 2-thio naphthol is slightly more effective
than 1-thionaphthol.

The presence of O2 is necessary for thiols to
be active in lowering the viscosity of rubber soluteO '4l,44,45 _ .ions. although there 18 some evidence of action
under nitrogen. Hydroquinone inhibits the action of
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thiophenol in the presence of air suggesting that
plasticisation of rubber is related to the auto
oxidation of thiophenoin. Kheraskova and Gamanyov:5,
on the basis of kinetic measurements concluded that
oxidation of Thiol to disulfide and oxidation of

rubber are conjugate reactions. Thiol peroxides are
first formed which then attack the rubber chain at the

allylic methylene groups with the formation of thiyl
radicals and rubber hydroperoxides. The Thiyl radicals
will combine to form disulfides whilst the latter
decompose as shown in scheme II.

?O”/
F? _—- (:f{::= C;fi""‘(:}f""' F?

/9 ,
f? .——-(:f{:==:(;F{'_"(:}¥ '—"'F?

chain scissfon

/ :1
pg __ CH_._—;CH-—— CHO‘+F?+2/?So/,1 /1RS--SR

§ C HE/v/ELI



There is still appreciable lowering of the
viscosity of rubber solutions by 2 2' dibenzamino

diphenyl disulfide in the absence of 02 which is
in agreement with its behaviour as an aid for
mastication of NR at low temperatures and that sciss
ion of the polymer molecule does not always go via

the hydro peroxide; scission by direct attack by free

radicals is also possible. The action4gf tetra methyl
thiuram disulfide on poly vinylchloride appears to be
an example of this mechanism.

During the degradation of rubbers in solution,
the disulfides presumably dissociate to give free
radicakgwhich abstract hydrogen from rubber molecule

to produce a rubber free radical which then breaks
down into smaller chains with or without the interven

ing step of peroxide formation according to whether 0247
is present or not . Tetramethyl thiuram disulfide

48
accelerates the photochemical depolymerisation of NR .49 ~
Imoto and Kiriyama have shown that squalene was

degraded by benzoate free radicals with the production
of isoprene diol benzoate so that scission must have

occured at -CHé-—-CH2-* links. The degradation of
4l,50—52

solution of NR by benzoyl peroxide is well known

Redox systems of hydroperoxide and reducing

agents cause structurizing SBR solutions in hydrocarbon
solvents. A typical system used composed of benzoyl



10

peroxide, benzoin and ferric naphthenate. Oxygen
)2

repress the process and causes degradation of rubber

The system H202/ferric naphthenate/oxygen causes55
degradation of polybutadiene at room temperature
and it was suggested that other redox systems

produce H202 and it is the breakdown of this in the
presence of 02 which initiates degradation. Thiokol
and poly isobutylene rubbers are also degraded by
redox systems .

It has been shown that polymer degradation

can proceed via several mechanisms,all of which
involve free radica1s,and can be summarized as
follows. In solutions,at low temperatures,the initia
ting free radicals come from the added peptizer.

Eventhough O2 accelerates the reaction, it is not
essential and there is appreciable degradation in

the absence of O2. Thiols are activ;5only when 02
is present even at high temperatures . The rubber
radicals produced by thermal soission should be just
as active as those produced by mastication and are
capable of reaction with thiols and serves to empha—

zise the importance of the role of O2 in peptisation
by thiols and disulfides. O2 is also necessary for
degradation by redox systems and in its absence
structurizing takes place.

56
Tobolsky and Mercurio studied the intiated
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oxidation of radiation crosslinked NR and of

dilute solutions of the polymer in benzene.
Scission was followed by means of chemical stress
relaxation of the vulcanizate and by viscometry of
the raw polymer. Under their conditions,approxi
mately one scission was produced by each initiating
radical. It was proposed that peroxy radicals inter
act to give alkoxy radicals. These cleave, producing
chain scission, and radicals formed couple to termi
nate the oxidation of chains.

Several possible routes to the scission in
NR had been postulated by them (Scheme III) by57 8
Bevilacqua and coworkers and Mayo (Scheme IV).

There are two possible peroxy radicals that
can be formed along the polyisoprene chain by simple
hydrogen abstraction and addition of oxygen without
rearrangement. One of these peroxy radicals can
cyclize to form a six membered ring by attack at the
mono substituted end of the double bond. The peroxy
radical that cannot, may participate in the reaction
shown in scheme IV.

l.# Photochemical breakdown

In the presence of atmospheric oxygen,.1ight
brings about change in the physical properties of
both vulcanized and unvulcanized natural rubber,
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ordinarily with degradation of quality. The
surface of such products becomes sticky, inelastic,
brittle or even cracked. If ozone is present in
addition to atmospheric oxygen during exposure to
light, the changes are much more rapid.

Many authors have studied the active spectral
range of solar radiation, mercury light and electric
lamps. Kroger and Staude proved that rubber shows
highest absorption in the range 2000 — 2500 A0.
Batemaneo established that during exposure to ultra
violet light, the short wave ultraviolet range is
most active upto about 3700 A? although in the range
from 2700 A0 to 2500 A0, a perceptible decrease of
effectiveness is observed. Asano6l assumed that the

radiation longer than 5100 A0 had no significant
influence and that changes in rubber are much more
rapid at wave lengths between 2000 and 2250 A0.

Experiments by Pummereree, who studied the formation

of photogels in rubber solutions during exposure to
light, show that the effective light is of shorter
wave length than 3150 A0. According to other experi
ments made by him, direct solar radiation is just as
effective as the light of a mercury quartz lamp.
According to Bondyffi the active component of solar
light which governs oxidation lies between 5000 and
4800 A0. His results lead to the conclusion that
solar and ultraviolet light are equally effective,
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although ozone is formed only at short wave
lengths which are not present in sunlight.

Changes caused by the action of light in
the structure of rubber are very diverse. Rubber
is depolymerized6#. It has long been known that
rubber exposed to light undergoes significant
structural changes, due to the influence of oXygeS5.
Shortening of the chains of the polymer is reflected

66
by the decrease of viscosity of rubber solutions .

Mastication of natural rubber increases

considerably its susceptibility to deterioration on
exposure to light.6 As it is noted that this susce
ptibility increases rapidly at the beginning of
mastication (about 2 minutes). It increases slowly
and uniformly with the time of mastication. This
high susceptibility is due, in part to the increase
of double bonds, which was observed spectroscopically
and in part to the decrease of viscosity as a result
of which mobility of the free radicals may increase.

Liquid rubbers do have disadvantages; the most
important one is its poor physical properties due to
loss of regularity of polymer backbone in the final
vulcanizate and the difficulty of adding reinforcing

fillersé8and handling6ghe resulting sticky material.
Mullins and Cunneen have shown that depolymerised
(liquid) natural rubber made by thermal oxidation of
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raw rubber does not have the regular pattern of
functional groups needed for chain extension and
when vulcanized by conventional methods has poor

physical properties.

Use of solar energy for preparation of liquid
rubbers, was studied by Tillekeratne and coworkers7O.
In the absence of added sensitizers, only the UV
fraction of the solar spectrum reaching the earth
surface is useful in the preparation of liquid rubbers.
Ions of transition metals act as sensitizers for the
photo oxidation of polymers. The nature of the anion
associated with the metal ion is very important in the
process. As the electron affinity of the anion increa
ses, the absorption of the metal shifts towards the
shorter wave lengths than those present in sunlight
at the surface of the earth. Therefore metal comple
xes like ferric acetyl acetonate and cobaltous acetyl
acetonate can absorb the UV radiations reaching the
surface of the earth, whereas ferricchloride can not.

Mechanism of initiation is that the transitional
metal ions can absorb UV radiations and generate free
radicals on the polymer backbone. Thereby subsequent
reaction with oxygen gives rise to hydroperoxides,
which are destroyed by transition metal ions with the
associated scission of polymer chain (scheme V).
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R—-OOH :i«1**_._._) RO° +Ho" + IV!(n+1)+ (Oxidation)+

M(n-l)+ (Reduction)R--OOH + MI”-———) ROO'+ H* +

These radicals then initiate a conventional
oxidation chain reaction.

The activity of nitro benzene on rubber in
UV light is very much greater than that of the
metal complexes. The excitation of nitro benzene
to a high energy electronic state is easier due to
the presence of non bonding pair of electrons on the
N-atom. The electronically excited nitrobenzene
molecules collide with oxygen molecules generating
singlet oxygen. It can also be due to the abstrac
tion of a H—atom from the polymer backbone by the
activated triplet state of the nitrobenzene.

Although the foregoing description presents
several methods for the depolymerisation of natural
rubber, most of them involve cumbersome procedures,
and in several cases the products are not suitable
for further applications such as chain extension.
The methods aimed at the introduction of desired

functional groups in the NB oligomers are those
reported by Pautrat71, Brossel et al and Gupta et allg
According to the first two authors NR in latex
stage or in an organic solvent was degraded on a
large scale, by the redox system — phenyl hydrazine/

O
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atmospheric oxygen, at 50° - 70°C. The method
yielded liquid NR with terminal carbonyl groups

which in the presence of excess Ph-NH—NH2 were
transformed into phenyl hydrazones. This terminal
functional groups opened several ways to modify
functionality (Scheme VI).

-Gupta et al obtained hydroxyl terminated

liquid NR (Scheme VII) using hydrogen peroxide as
the reagent, although the processing conditions
viz. high temperature and pressure, may aggravate
side reactions. The efficiency of functionaliza—
tion reported was very low.
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Part II : Segmented Polyurethanes.

Segmented polyurethanes are a class of
thermoplastic elastomers of great commercial
importance. These materials derive most of their
useful properties from the incompatibility of the
hard and soft segments and subsequent phase separa
tion into separate domains. The soft segment genera

lly used to be a polyether or polyester of molecular
weight (Mn) between 1000 and 5000 possessing a glass

transition temperature (Tg) well below ambient temp
erature. Hard segments are typically formed by the
extension of an aromatic diisocyanate with a low
molecular weight diol or diamine and have a Tg or
melting transition above the used temperature. The
hard segment domains provide physical crosslinking,
act as reinforcing fillers and are responsible for
the performance of these materials at higher tempe
ratures.

The existence of phase segregation caused by
the clustering of hard and soft segments into separate
microdomains has been well documented for block co

polymers and segmented polyurethanes72-74. Conse

quently many of the physical and mechanical
properties (ie. enhanced modulus, high extensibility
and resiliency) have been interpreted in terms of a
two phase system. Past studies have dealt primarily



23

with the influence of hard and soft segment
chemical structure and molecular weight on the
extent of phase segregation and domain formation.
Schneider75 and Rustad76 have shown that the choice

of polyether rather than polyester soft segments
and the use of 2000 rather than 1000 molecular

weight leads to better phase segregation. Seefried
et al77-has illustrated that MDI — based polyurethanes,
in contrast to TDI urethanes, possess a more perfect
domain organization due to short range order including
crystallinity, and consequently, show a higher extent
of segregation between hard and soft segments.

Through techniques such as differential thermal
analysis, dynamic mechanical analysis and x-ray
studies, models of phase segregation and domain struc
ture have been developed which are reasonably success
ful in accounting qualitatively for the many features
of segmented polyurethanes72‘74. However, in most

polyurethanes previously investigated, difficulties
arise because the phenomena of interest are obscured
by one or more of the following competing effects:

(1) specific interactions between the hard and
soft segment phase via hydrogen bonding,

(2) crystallnity occuring in either or both the
soft and hard segment phases_and

(5) chemical crosslinking.
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It is therefore of interest to examine the
structure—property relations in a series of
segmented polyurethanes in which these added
complexities are excluded.

Segmented polyurethanes which incorporate

a polybutadiene (PBD), rather than polyester or
polyether soft segment, were initially of interest
only as binders in solid rocket propellants. Now
such materials are finding increasing usage in a
variety of speciality applications which emphasize
the low moisture permeability conferred by the
butadiene soft segment. In particular, there have
been a number of studies which have emphasized the
potential of these polyurethanes as electrical potting
compounds or adhesives78’8O.

The polyurethanes prepared from hydroxyl

terminated polybutadiene (prepared by free radical
polymerisation consisting of 60% trans, 20% vinyl

and 20% cis content)81'83 with toluene 2,4 diisocya
nate (TDI) can be cured to full properties with the
use of butane 1,4 diol (BDO) or other low molecular
weight dio1s8“*85 rather than requiring MOCA or
the alternative diamine curing agents which are
generally used in TDI polyurethanes containing
polyether or polyester soft segments. Although the
physical properties which result are acceptable for
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many of the applications, it is significant that
the tensile strength, tear strength and abrasion
resistance of these HTPBD polyurethanes are far
lower than the values for typical tough polyester
or polyether polyurethane elastomers. Legasse86
studied a polybutadiene containing polyurethane
which was based on a commercial casting formulation

containing a mixed diol as the curing agent. Results
on the transition behaviour and morphology of this
polymer were presented but the emphasis was on the
time dependence of the hard segment transition beha
viour and properties. Ono87 and coworkers carried out
a careful study of the effect of the number average
molecular weight of hydroxyl terminated poly butadiene

(HTPBD) on the properties of elastomers prepared both
by chain extension with diphenylmethyl diisocyanate
(MDI) and by a one shot reaction with MDI and a
short chain diol curing agent. The results indicated
the marked superiority in properties of the segmented
elastomers and also showed that significant improve
ment in the properties of the latter materials occured
below 3000 HTPBD molecular weight.

88 conducted a detailedSchneider and Matton

study of the thermal transition behaviour of a series
of poly butadiene containing polyurethanes which are
compositionally similar, in certain respects, to the
elastomers studied by Legasse and by Ono et al. They
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prepared a series of polyurethanes from HTPBD

(ARGO 45), bis(2—hydroxyl propyl aniline) HPA

(Upjohn, Isonol C-100) Toluene 2,4 diisocyanate
and Butane 1,4 diol. The soft segment glass
transition temperature in the polyurethanes studied
by them was in the range of -7300 to -77°C as com
pared to a value of -81°C for the pure HTPBD. These
are the smallest differences in temperature between
the polyurethane soft segment and the free soft

d7?segment ever reports and indicate that phase
segregation in these various polyurethanes are very
nearly complete. The hard segment transitions observed

are T1 at 40°C and T2 at 103°C (Tg of the hard seg
ments) and a softening region by TMA at 180°C,
presumed to arise from the dissociation of allopho

nate bonding. The‘dependence of T1 on hard segment
length and thermal cycling suggested that it represents
domains consisting primarily of shorter hard segment
units. Factors contributing to the rather low mecha
nical properties of HTPBD polyurethanes are also
discussed.

w;J. Maclinight and coworkers89 studied the
structural and mechanical properties of polybutadiene
containing polyurethanes where a series of segmented
polyurethanes based on HTPBD and their hydrogenated

derivatives (HYPBD) were synthesised. Thermal,
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mechanical and spectroscopic studies were carried
out over a wide range of temperatures to elucidate
the structure - property relationships existing in
these polymers. Both thermal and dynamic mechanical
response showed a soft segment Tg at -74°C for the
unsaturated polyurethanes and at -6900 for the hydro
genated samples. In addition two hard segment
transitions are observed by differential scanning
calorimetry at 40 and 75°C and a softening region by
thermal mechanical analysis (TMA) at 190°C. The
low Tg very close to that of HTPBD and HYPBD and

independent of hard segment content, indicated that
these polymers are well phase separated. Results
of Infra red analysis revealed that at room tempe
rature 90-95 percent of the urethane N-H groups
formed hydrogen bonds. Since hydrogen bonding is
present only 'within‘the hard segment domain in these

polyurethanes,the extent of H—bonding served as
additional evidence for nearly complete phase
separation. From dynamic mechanical studies the
plateau modulus above the soft segment Tg and
stress-strain behaviour depended upon the concen
tration of the hard segments. The thermal and
mechanical response of these polyurethanes
appeared to be consistent with behaviour observed
for other phase segregated systems.
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Brunette et algo carried out extensive

studies on the thermal and mechanical properties
of linear segmented polyurethanes with butadiene
soft segments. They synthesised a series of
segmented polyurethanes based on HTPBD soft segment

with varying hard segment content between 20 and 60
weight percent. These materials are linear amor
phous and have no potential for hydrogen bonding
between hard and soft segments. The existence of
a two phase morphology was deduced from dynamic

mechanical behaviour and thermal analysis. Both
techniques showed Tg's of soft segment at -5600
and hard segment between 20 and 100°C, depending

on the urethane content. Depending on the nature
of the continuous and dispersed ppase, the urethanes
behaved as elastomers below 40 weight percent hard
segment or as glass like materials at higher hard
segment contents. The effect of thermal history
on the transitions of the HTPBD - urethanes was

also investigated and the results suggested that the
absence of H—bonding to the soft segment must account

for the extra ordinary insensitivity to thermal
history in dynamic mechanical, thermal and stress
strain behaviour.

Xu et algl conducted studies on the separa
tion of 5 poly butadiene based polyurethanes by
means of solvent extraction. Characterisation of
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the fractions obtained indicated that the molecules

of the original polyurethanes are quite dissimilar
in chemical composition and average hard segment
length. These poly urethanes are blends of two
fractions of segmented copolymer with very different
average hard segment content and average hard segment
length. In these polyurethanes in addition to the
segregation of the hard and soft segments, the segre~
gation of macromolecules as a whole according to
their composition is considered in the interpretation
of their morphology and properties and has been proved
to be the origin of the existence of two hard segment
Tg's. This kind of compositional nonuniformity is the
result of poor compatibility between the components
of the system.

Chen et alga followed the copolymerisation of
a model polyurethane system, HTPBD/2,6 (or 2,4) —

TDI/l,4 - butanediol by optical microscopy. It was
found that initial reactant incompatibility was the
key factor in determining the final morphology of the
bulk polymerized sample. Models were proposed to
describe the morphology during polymerisation of this
particular polyurethane system for several hard
segment compositions where both macrophase separation

and microphase separation of reactants occur. Globule
and spherulite formation and the presence of multiple
Tg's and Tm's reported by previous workers could be
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explained by the two levels of heterogenities
present during polymerisation.

Bengston et al95 reported the thermal and
mechanical properties of solution polymerised seg
mented polyurethanes with butadiene soft segments.
They synthesised a series of HTPBD containing poly
urethanes of high molecular weight in solution. The
value of the soft segment Tg was very close to that
of free HTPBD and independent of hard segment content

indicating complete or very nearly complete phase
segregation. Since the hard segments of TDI/BDO are
amorphous, the driving force for phase segregation
must arise from the large degree of incompatibility
between the polar hard segment and non~polar soft

segment. The values of the hard segment glass transi
tion increased with the average hard segment length
following a Fox~Flory type relationship. In contrast
to the Tg observed in bulk polymerised samples, only
a single hard segment Tg occured in these samples.

This indicated that the double Tg behaviour was a
result of the heterogeneous nature of the bulk poly
merisation. With increasing hard segment content
the properties vary from soft to rigid elastomers
and rubber toughened plastics. This variation in
properties was caused by changes in the sample
morphology which depended upon the relative fractions
of hard and soft segments present. Unlike polyester
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and polyester urethanes, these materials
evidence no change in the soft segment Tg follow
ing thermal treatment and no effect of thermal
history on the mechanical properties.

Fu et al94’95 studied the effect of mono

disperse 2, 4 TDI/BDO hard segments in segnerted

polyurethanes with polybutadiene, polycaprolactone

and polytetra methylene ether glycol soft segments
in interpreting the structure property relation
ships. They synthesised monodisperse hard segments
through a simple technique. High purity material
was obtained in good yield. The structures of
these hard segments were confirmed by I R, lH~NMR

and 130-NMR. Tg and Tm are reported. The Tg’s of
the hard segments were inversely proportional to
the reciprocal of their molecular weights. The
polyurethanes were synthesised by a two step bulk
polymerisation technique. The thermal and mechanical
properties demonstrated that the hard segment length
played an important role in the phase segregation
although the degree of phase segregation was also
affected by the type of soft segment. The tensile
strength was determined by the degree of phase
segregation and the melting temperature of the cry
stallisable soft segments.

Ghatge et a196 studied the effect of low
molecular weight aliphatic diols on the polyurethane
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elastomers prepared from HTPBD. Hydroxyl termina

ted polybutadienes were prepared by using azo
initiators such as di(4—hydroxybutyl)—2,2' azo bis
isobutyrate and di(5—hydroxyl butyl)-2,2’ azo bis
isobutyrate, one of which contained primary and the
other secondary hydroxyl groups. Physical proper
ties of the polyurethanes prepared from these HTPBD's
are compared with those of the urethanes prepared from
ARGO 45 M. It was found that the physical properties
of the elastomers increase with increase in molar
ratio of low molecular weight diol to HTPBD.

1.5 Scope of the present investigation.
It is revealed from the literature reviewed

above that the studies made so far on depolymerisation
on natural rubber so as to get a suitable product which
can be used for further applications such as chain

19extension, are not quite successful. Only Gupta and
71to a certain extent Pautrat and Brossel succeeded in

preparing depolymerised natural rubber with desired
19functional groups. Gupta reported the preparation

of Hydroxyl terminated liquid natural rubber using
hydrogen peroxide as the reagent but the processing
conditions viz. high temperature and pressure may
aggravate side reactions and also the efficiency of
functionalization reported was also very low. Hydro
xyl end groups are most suitable for chain extension
reactions especially for polyurethane synthesis.
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Hence there is ample scope to develop a method

for the production of HTNR with minimum amount

of side products; photochemical degradation of
natural rubber was studied earlier by many

59-64, 67,68—7Oi nt‘ . _SC e lsts None of them however,
has reported the formation of hydroxyl end groups
during the process. So it was decided to adopt
photochemical method for depolymerising natural
rubber and to hydroxylate it at chain ends.

Segmented polyurethanes are a class of
thermoplastic elastomers of great commercial
importance. These materials derive most of their
useful properties from the incompatibility of the
hard and soft segments. Segmented polyurethanes
incorporating a hydroxy—terminated polybutadiene
(HTPBD) soft segment offer the advantage of low

moisture permeability and have been the subject of
several studies aimed at exploiting this property
for adhesives and electrical potting compounds. In
analogy HTNR based polyurethanes should also be a
phase segregated system and more over the strain
induced crystallisation of the soft segment is
expected to give better properties than HTPBD
containing polyurethanes. This class of materials
is also of interest as a model system in which there
is no possibility of hydrogen bonding between hard
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and soft segment, in comparison with the more
familiar polyester or polyether polyurethanes.
Since the hydrogen bonding interactions are
limited to the hard segment fractions, studies
of HTNR containing polyurethane could throw further
light on the role of hydrogen bonding in determin
ing the extent of phase segregation, the stability
of the hard segment domain structure and other
related polyurethane properties.

The thesis is divided into the following
chapters;

Chapter 1 : Introduction
Chapter 2 : Production of Hydroxyl Terminated

Liquid Natural Rubber.

Chapter 5 : Synthesis and Characterization of
Segmented Polyurethanes based on

HTNR soft segments.

Chapter 4 : Studies on Block Copolymers from
Poly(ethylene oxide) and HTNR.

Chapter 5 : Summary and Conclusion.
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§3ODUCTION or HYDROXYL-TERMINATED

LIQUID NATURAL RUBBER (HTNR)

2.1 Materials
Natural crumb rubber (ISNR-5, Mn = 820,000,

intrinsic viscosity in benzene at 30°C = 4.45 dl/g,

wallace plasticity P0 = 39.0) was supplied by the
Rubber Research Institute of India, Kottayam.
Hydrogen peroxide — 30% W/V solution supplied by

E. Merck (India) was used. Toluene, commercial grade
(Trimoorthy Traders, Bombay), Tetrahydrofuran (THE)

(E.Merck, India) and Methanol (BDH, India) were dis
tilled before use.

2.2(a) Depolymerisation_procedure
A 5 wt % solution of NR in toluene was mixed

with 30% W/V H202 solution and methanol in the volume
ratio 20:l:3 respectively. Alternatively a 5 wt %
solution of NR in toluene was mixed with a 30% W/V

H202 solution and tetrahydrofuran in the volume ratio
20:l:5 respectively. Irradiation was carried out in
a closed glass vessel with constant stirring using a
Phillips HPK-125 W high pressure mercury vapour lamp.
In each case aliquots were withdrawn at definite inter
vals of time for analysis.



42

2.2(b) Large scale production of HTNR
(i) By ultraviolet radiation (Expt.l):

Natural crumb rubber was masticated for 50 minutes

at 4000, one kilogram of it was dissolved in lO litres
of toluene, and the solution was charged into a photo
chemical reactor, a borcsilicate glass vessel of l5lit
res capacity fitted with a water condenser and a
mechanical stirrer. Hydrogen peroxide solution (500ml)
was added and thoroughly mixed with the rubber solution.
The mixture was then homogenized to a certain extent
by the addition O£1m5 litres methylalcdwlor 2.5 litres
tetrahydrofuran as the case may be. The 400 W medium
pressure mercury vapour lamp (obtained from SAIC, Madras)

in an immersion well was placed in the solution.

After about 60 hrs. of irradiation 2g of hydro
quinone (about 0.02£%‘J/V of the reaction mixture) was
dispersed in the solution and was allowed to stand for
50 minutes. A layer of water separated at the bottom
along with some white deposits as byproduct. This
was removed, and the liquid rubber was recovered from
the top toluene layer by distilling off the solvent
under low pressure. Finally, the product was washed
with methanol, treated with 0.5% W/W Santowhite M.K.

antioxidant and dried in vacuum. The sample for
analysis was purified by repeated precipitation by
methanol from a toluene solution and dried in a
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vacuum oven. The'byproduct was washed with methyl
alcohol and dried in a vacuum oven to get 10% yield
of a highly viscid material.

(ii) By sunlight (Expt.2):
The reactor consisted of a flat bottomed

borosilicate glass flask of 15 L capacity. It was
fitted with a water condenser and a mechanical stirrer.
The whole assembly with the material for irradiation
having the same composition as in the above method,
was placed in sunlight. After 60 hrs. exposure the
liquid rubber was recovered by the procedure described
above.

2.5 Measurements

The molecular weight distributions were deter
mined using a gel permeation chromatograph (GPO)

(waters Associates, Model 6000A solvent delivery system
with differential refractometer R-401). IR spectrum
was recorded in a Perkin-Elmer Model 577 IR spectrometer.

The 1H-NMR spectrum of the samples were recorded from

a solution in CDCl3 using a JEOL - JNM spectrometer
in the ow mode. The l5C—NMR spectrum (proton decoupled)
was recorded under ambient conditions from a solution

in CDCl3 using a JEOL-FX 90 Q FT NMR Spectrometer
operating at 22-49 MHZ. TMS was used as the internal
standard. Solution viscosity was measured in toluene
solvent using the Ubbelhode viscometer. Hydroxyl,
hydroperoxide, carboxyl and carbonyl groups were
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estimated using standard methodsl’2.

The depolymerised rubber was compounded in a

Brabender Plasticorder (PL—5S) and tensile measure

ments were done in a Zwick Universal Testing Machine
(1445).

2.4 Results and Discussion

(i) Mechanism of depolymerisation of NR:

The molecular weight measurements at different

intervals of time for the depolymerisation of NR in UV
light from a high pressure mercury vapour lamp is listed
in Table I, (Expt. 2.2(a) and those from 2.2(b) (i) and
2.2(b) (ii) are listed in Table II and Table III respec
tively. Figure 1 represents the GPO traces of the
products from 2.2(b) (i) and Figure 2 those from 2.2(b)
(ii). From these data it is clear that sunlight is
almost as effective as UV light in bringing about
degradation of NH in solution. There is a continuous
decrease in molecular weight as the irradiation progrea
sses, and liquid rubber resulted after 30 hours of
irradiation in 2.2(a) and after 60 hours in 2.2(b)(i)
and 2.2.(b) (ii) respectively. Production cost is
very low in 2.2.(b) (ii) since sunlight is readily
available in tropical countries like India. The use
of masticated rubber in 2.2(b) (i) & (ii) helped to
increase the concentration of the rubber solution
from 5 wt % in 2.2(a) to 10 wt %. This increased the
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TABLE - I

Dependence of molecular weight on irradiation time.

131::.-..—u---uni:-—u:51:a:c——¢—.-co:-.:—n¢nt~u-—u--uujjuiu--:——poc-Q-ctjolfi-11.:—o—'pq_—u-1.13%:2:1Z2»..--n—.—__j—..~...___::_..—.g.~.‘....g.—:qu-.—.om—::—-—-—-—-—-a--z::-::1:?%-9--%-o.o-a-1113?;. Homogenising solventTime of
'irradiation --;e~¥§§§§§9l~——~- —~—;-——E—ErE ———— -Mn Mw D** fin Mw D**

5 38000 67600 1.77 31600 31900 1.64
10 20800 41400 1.99 15200 24900 1.89

20 9600 20400 c.l2 6900 14200 2.06
30 8700 15100 1.72 5000 8100 1.61

a Corrected to the nearest hundred
* Light source EEK 125% mercury vapour lamp

*1? Molecular Weight dispersity.
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production rate,even though the irradiation time
had to be increased from 50 hours to 50 hours to
get a molecular weight (Mn) of around 5000. How
ever, the concentration was limited to 10 wt %
beyond which the solution formed was not workable.

HTNR with any range of molecular weight

could be prepared by suitable choice of the composi
tion of the reaction mixture and exposure time. The
hydroxyl functionality remained slightly less than 2
(vide infra). The extent of depolymerisation was
found to increase with decreasing concentration of
NR, increasing amount of hydrogen peroxide and also
by longer exposure time. Varying the amount of homo
genizer ie. tetrahydrofuran or methylalcohol, beyond
the specified amount did not have any effect on
depolymerisation. The choice of tetrahydrofuran
rests on the fact that it is miscible with both toluene

and aqueous H202 and at the same time it can dissolve
rubber also. Methyl alcohol,being a nonsolvent to
NR,has the advantage that the viscosity of the reaction
mixture will be slightly reduced by its additiona.
The extent of degradation was slightly higher when
THF was used. However, on the basis of production
cost,methyl alcohol is preferred in the large scale
production of HTNR.
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The liquid NR-recovered from the solution
after distillation of the solvent under reduced
pressure was almost clear and colourless. Hhen
this material was kept for a few days, its viscosity
gradually increased. This drawback entailed process
ing modifications. Hence after depolymerisation,
about 0.02% W/V of hydroquinone was dispersed in

solution for the removal of radical species that may
be present in the solution. The recovered material
was further modified by adding 0.5% W/W of Santowhite
M.K, a nonstaining antioxidant. These modifications
render the HTNR slightly coloured, and it could be
stored without any appreciable change in viscosity.
The addition of phenyl,8 -Naphthylamine caused the
material to become profusely coloured, and hence it
was not used as antioxidant for the HTNR.

Hydroxyl group estimation by acetylation and
phthaloylation methods gave an average value of
12.06 mg of KOH/g and 21.22 mg of KOH/g which gave

functionalities of 1.87 and 1.91 respectively for
samples from 2.2 (a) after 50 hours irradiation
and 56.27 mg of KOH/g and 50-94 mg of KOH/g which

gave functionalities of 1.94 and 1.82 reSPeCtiVe1Y

when methanol was used as homogenising solvent,and
47.80 mg of KOH/g and 56.56 mg of KOH/g, which gave

functionalities of 1.56 and 1.89 when THF was used
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as the homogenizing solvent in 2.2(b) (i) & (ii).
The possible presence of hydroperoxy groups (—OOH)

in the depolymerised samples was ruled out by the
negative results obtained when estim~tion: of
hydroperoxy groups were carried out iodometrically.
Another group likely to be formed during depolymeri
sation process by oxidative cleavage of the rubber
molecules, is the carbonyl group ( C=O). Spectral
data did not give any significant indication of its
presence and its estimation by the hydroxylamine methodl
gave only a very low value of 1.42 mg of KOH/g, which
indicated that its probable presence due to a side
reaction is negligible.

The presence of primary hydroxyl groups in
the depolymerised product was confirmed by the
‘LR absorptions at
5600 - 5400 cm"l‘(broad O-H, str.); 3040 (m), 2980 (s),
2920(3), 2860 cm-1 (s) cc-H Str.); 1660 cm-1 (m)(C=C,

cis Vinylene); 1450(3), 1575 Cm-1 (S) (C-H. d€£)3
1510 cm“1 (m) (0-0, Str., aliph. prim. alcohol);
885 cm“1 (m) (-CH def.); 830 cm-1 (s) (C—H, out3

of plane def. in —CHR = CCRl).

The 13? spectrum of the samples obtained by
UV light and sunlight irradiation are given in
figs. 5 and 4 respectively.
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lThe H-NMR and 130-NMR spectra in CD01 at5

25°C or the products (Figs.5, 6, 7 and 8) gave
further support to the above conclusion.
1H-NMR:

és 1.60 (8; -CH3, 3H); 2.0 (S; —C'H2 -C=C, 4E);/'\ , 1H)

The spectrum also contains minor peaks at é = 1.22,
1.5 and 2.4 indicating the probable presence of side
products. In both cases the signal due to allylic
hydroxyl protons in the 1H-NMR spectra are masked by

the multiplets at Es = 5.1 of the >0 u C;TH protons.

The FT‘13C-NMR spectra indicates 130 shieldings

typical of cis 1,4-polyisoprene at the following posi
tions.

2 :5: 135.16; C3 : é = 125.05;
: é = 26.38; C5 : é-= 25.40

c1 : é: 32.23; a
C4

C13 c H2

c2=c3

35/ \
Apart from these major peaks the spectra also contains

minor peaks at <9’--v 78.39, 76.98 and 75.57 due to CDCI5.
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The minor peaks at é = 60.72 and 63.51 are in

close agreement with the reported values for the W
43 - carbons attached to the hydroxyl groups in
structures like A and B respectively.4

The slight shift of the peak position of structure
B is attributed to the presence of an additional
methyl group at the,§ -carbon. These observations
and a functionality of approximately two obtained for
the products lead to the conclusion that the depoly
merised NR has hydroxyl end groups. The depolymerisa—

tion process does not affect the stereoregularity of
HR which is confirmed from the simplicity of the
130-NMR spectra (with respect to Cl and C5 shieldings).
Moreover the products obtained after depolymerisation
readily reacted with diisocyanates such as toluene
2,4 diisocyanate, leading to chain extension. Rapid
reaction with isocyanate is characteristic of primary
hydroxyl groups. The reactivity of the hydroxyl group
towards diisocyanate decreases in the order primary
secondary tertiary. This observation along with the
aforementioned findings corroborates the presence of
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primary hydroxyl groups at the chain ends of the
liquid rubber.

The identical nature of the products obtained
from all the three experiments suggested that course
of degradation process follows the same path. In the
light of analytical data obtained in the present stud
ies and the theories of earlier investigators, a
mechanism of chain scission and hydroxylation is dis
cussed below:

The most probable point of attack on the NR
molecule is the oC—methylene carbon atom. This is
supported by the fact that, in oxidation processes,
the initial product is a hydroperoxide and that there
is no change in the degree of saturation5. The presence

of a -CH3 group attached to the ethylenic carbon atom
in polyisoprene tends to reduce the C-H dissociation
energy by hyperconjugation, facilitating substitution
at the 2-methylenic carbon atom6. The studies on light
ageing of NH has estabIished that the double bonds in
the chains are not affected in the initial stages and
they disappeared slowly only after prolonged exposure
to 1ight7’9.

Based on the foregoing discussion it is infe
rred that whether it is degradation by chemical species
or by radiation, the point of attack is not the double
bond in the chain but the C‘£ - H bond.
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It is further evidenced by the fact that there is
no change observed in the IR absorption band of
the isoprene unit,as _1

—CH2 - C = CH -CH2— viz. 830 cm in
IR spectra. (Figs. 3 & 4)

In all the earlier proposals free radical
mechanism has been suggested for the degradation of
NR. The chemical reagents used in the process are
free radical generators such as thiols, peroxides

C10-13et . These free radicals interact with the
labile C°C - H proton, giving rise to macroradicals6’l4’l5
In a similar manner in the photochemical degradation,
the photons remove the Cd:- H proton, giving rise to
macroradicals7. The peroxide formed by the interaction
of these radicals with oxygen decompose to yield the

various degradation products containing the carbongl,
carboxyl and hydroxyl groups at the chain endZ’14’16.
The estimation of hydroperoxide group and the identi
fication of carbonyl and carboxyl groups were given
as proof of participation of oxygen in the degradation
process.

However, analysis of the main product obtained
in the present studies did not show any indication of

the presence of peroxide, carbonyl and carboxyl groups.
The hydroxyl functionality of very nearly two and the
absence of the other oxygen bearing groups suggest
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that a mechanism other than the conventional one

is to be sought in the present processes. In our
studies we could clearly establish,with the aid of
spectral data, the existence of structures A & B
(page 52) in the depolymerised products. The gene
ration of such structural entities entails the
cleavage of the original rubber molecule in between
the c( -carbon atoms. In the case of NB the 0- bond
between A: -methylenic groups which connect the isoprene
units are not in the same plane with the double bonds.
This is because there is a tendency of coiling up of
the rubber segments due to its cis configuration.

C\\\C=C///CH2 \\b-C////cH2———4\/\/

H5C/ \H H3C/ \

The steric hindrance caused by such an unbala
nced structure with pendent methyl groups weakens the

CH2—CH2 bond, leading to its rupture under favourable
conditions which are provided by thermal energyl7’l8
or the chain modifications caused by radical speciesl4’l9

7,2o,21.or by radiation The radical reagent used in
the degradation process, namely hydrogen peroxide, is
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”2°2~ ‘ H202

H20; 9 2'oH

«--—H C CH »--CH CH —~w-
2\C—C/ 2 \C2""’ 2'0H-->D / — \ / fl \ +H3.C H H30 H

H C CHOH H C‘ CH —--~”“*“ 2 \ , 2 2 \ , 2C=C + C=C/ \ / \H30 H H3C H
»-H C CH OH H C CH -——-2 2 . .2\ / 2C=C <—-—HO+ C=C
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susceptible to decomposition under the influence
of radiation up to 370 nm, yielding hydroxyl
radicalseg.

Based on the above discussion, the following
mechanism is suggested for the depolymerisation and
hydroxylation of NR (see page 55 ).

The byproduct isolated from the reaction
mixture was found to contain carbonyl group (IR peak
1710 cm-1) in Fig. 9. Chemical analysis of the
material gave hydroxyl value of 18.46 mg of KOH/g,
carboxyl value of 5.94 mg of KOH/g and carbonyl value
of 12.29 mg of KOH/g. The formation of these groups
may be through side reaction with free oxygen, giving
peroxide radicals and subsequent decomposition. The
low solubility of the byproduct and the observation
that its yield increased with increase in rubber
concentration, hydrogen peroxide and irradiation time,
show that crosslinking plays an important role in its
formation. Based on these factors, the following
mechanism in which the macroperoxide crosslink and

also decompose to;yield carbonyl and carboxyl groups
is proposed.
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(ii) Mechanical properties of HTNR vulcanizate:
with a View to study the change in mechanical
properties caused by the depolymerisation process,
the liquid NR was compounded as per a conventional

recipe . The properties of the vulcanized material
are listed in Table IV. On comparison with proper
ties of a standard vulcanizate, considerable loss
in properties was observed, which is due to the
reduction in chain length of the rubber molecule
caused by depolymerisation.
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TABLE - IV

Compounding and Mechanical properties of HTNR

Depolymerised Control__Rubber sample
Mn-10,500 (Crumb rubber)jijjiijjnt%1jj¥:1-Zohiidtijjjjfij

EezeyietieaRubber 100 100
ISAF black 50 50ZnO 5 5Stearic acid 2 2Sulfur 2.5 2.5CBS 0.8 0.8PBN 1.0 1.0

§£9B§EEi§§

Tensile strength (MPa) 10.2 28.?
Stress at 200% (MPa) 6.8 6.?
Stress at 300% (MPa) 9.1 8.8
Elongation at break (%) 324 580
Hardness, Shore A 47 62
=2‘£231?-"='QZ;'2=3='.%=-'$$=$§‘===2=3==‘£==$23=$=$E==3======='£
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SYNTHESIS AND CHARACTERISATION OF SEGMENTED

POLYURETHANES BASED ON HTNR SOFT SEGMENTS.

5.1 Introduction
The most widely used method for the prepara

tion of polyurethanes, in general, is the reaction
of di or poly functional hydroxyl compounds such as
hydroxyl terminated polyethers or polyesters and
hydroxyl terminated polybutadienes with di or poly
isocyanates in presence of a chain extender viz. a
short chain diol or diamine.

0
II

H0-R-OH + O=C-N-R-N=C=0-—9*O—R-0-0-NH-R-N=C=0

HO-M-OH - 9 9
~—% ——O—R-0-C-NH-R—NH-C-O-M-O—

short chain
diol

If difunctional reactants are used, linear
polyurethanes will result. when the functionality
of the hydroxyl or isocyanate compound is increased,
branched or crosslinked polymers will be obtained.
The properties of the polymers depend upon the mole
cular weight, degree of crosslinking, effective
intermolecular forces, stiffness of the chain segments
and crystallinity. Because of the many structural
variations possible in their formation, the urethanes
may be considered as the most versatile polymer. The
different grades of polyurethanes which are of commer

cial significance are flexible foams, rigid foams,
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elastomers, surface coatings and adhesives.
Solid urethane elastomers were developed in the
early 1940's in Germany and England. The intro
duction of liquid casting techniques by Muller
made possible the manufacture of urethane elastomers
based on either polyesters or polyethers. Solid
urethane elastomers are now widely used and are well
known for their general toughness, excellent wear and
tear properties and good oil resistance. Elastomeric
polyurethane block copolymers consist of alternating
blocks of flexible chains of low Tg (soft segments)
and highly polar and relatively rigid blocks (hard
blocks). The micro phase separation of these two
dissimilar blocks produces regions of hard block
concentration which act as crosslink points for the

soft blocks. This microphase separation and the
hydrogen bonded domain structure which results from
it, is now recognised as the principal feature con
trolling the properties of these elastomers.

3.2 Materials
Hydroxyl terminated liquid natural rubber (HTNR)

with Eh = 3000 and having a functionality of 1.94
(prepared in our lab by a method described earlier in
Chapter 2) is used. Toluene diisocyanate (80/20
mixture of 2,4 and 2,6 isomers) and Dibutyl tin
dilaurate (DBTDL) obtained from Fluka,Switzerland
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were used. Butane 1,4 diol was obtained from BDH,

England. Tetrahydrofuran (THF) was of reagent
grade, dried and distilled before use.

3.3 Preparation of_polyurethanes
The overall composition of the polyurethanes

prepared are given in Table V. The two techniques
generally used for the synthesis of polyurethane
elastomers are (a) one step process and (b) two
step process.

3.3(a) One step process
The required stoichiometric amount of HTNR,

butane 1,4 diol and DBTDL (o.o3% by wt. of HTNR)
were taken in a resin kettle which was maintained at

70°C in a nitrogen atmosphere. The materials were
stirred vigorously and TDI added dropwise and stirr
ing continued till the temperature had risen to 85°C.
The product was then cast into a preheated tray
treated with silicone release agent, degassed in a
vacuum oven and cured at llO°C for 10 hrs followed

by room temperature ageing for one week in a moisture
free atmosphere.

3.3(b) Two step process-bulk polymerisation
The required quantity of HTNR along with

(0.05% by wt. HTNR) DBTDL were taken in a resin

kettle, provided with a dropping funnel, mechanical
stirrer and an inlet and outlet for nitrogen. The
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TABLE - V

Overall Composition of the Polyurethanes

Sample H¥§§j$D§3g%8 ha:§r§§E§ent

HTNR 10 1/2/1 12.4
HTNR 20 1/5.15/2 19.5
HTNR 30 1/5.2/4 29.7
HTNR 40 1/8.6/7.2 41.7
HTNR 50 1/12.4/10.7 51.0
HTNR 60 1/17.4/15.8 59.7
HTNR 70 1/27.6/25.3 70.2

1id:in-Q-jtfijijjjtiijjjjgmqgjgjjjggj¢u1§Z1iZTju:j1ocu¢:j1jj;jjj"—“‘--~—jj‘—-nzxuj“- —
R value (NCO/OH) = 0.96 (for all polymerisations)
2% excess isocyanate added for all bulk polymerisations.
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kettle was maintained at 70°C and TDI was added

dropwise with constant stirring. The reaction was
allowed to continue for 1 hour. This was followed
by the addition of desired stoichiometric amount of
butane l,# diol as a lot with vigorous stirring for
3 seconds and the contents were degassed in a vacuum
oven and cast into a preheated tray coated with sili
cone release agent and cured at 110°C for 10 hours
followed by ageing at room temperature for one week
in a moisture free atmosphere.

3.3(c) Two stepgprocess — Solution polymerisation

Weighed quantity of HTNR dissolved in

tetrahydrofuran so as to get 10% solution, was taken
in a flat bottomed flask equipped with a magnetic
stirrer, nitrogen inlet, a dropping funnel and a
reflux condenser. DBTDL (0.03% by wt. of HTNR) was

added as catalyst and the solution was brought to
reflux. The final desired stoichiometric amount of
TDI was added followed by 1 hour reaction to endcap
HTNR. This was followed by the addition of the
desired amount of butane 1,4 diol in THF (50% soln.)
dropwise over a period of three hours followed by one
and a half hours of reaction. The excess THF was

distilled off and the viscous polymer was cast into
‘trays treated with silicone release agent and kept
for curing at 80°C for 24 hours followed by one week
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room temperature ageing in a moisture free atmos
phere.

3.4 Measurements

Infra red spectrum of the samples were
recorded on a Perkin Elmer 577 IR spectrometer.
Tensile measurements were conducted on a Zwick 1445

Universal Testing Machine. Differential Scanning
Calorimetry (dsc) was carried out using a Dupont 9000
Thermal Analyser System. A heating rate of lO°C?min."l
and a sensitivity of 5 m cal S'l was used. Cyclo
hexane (crystal-crystal transformation at 186 K) and
Indium (melting point at 429.8 K) were used as thermal
standards for temperature calibration. Thermal stabi
lity of the polyurethanes synthesised were determined
using a Dupont 1090 Thermogravimetric Analyser (TGA)

at a heating rate of 20°C min."l. Dynamic mechanical
analysis (DMA) conducted on a Rheovibron Viscoelasto

meter DDV II. The temperature range of -80°C to 210°C
1was scanned at 5°C min." at 3.5 Hz.

3.5 Results and Discussion
3.5(a) IR Spectra

The infra red spectra of the NCO endcapped

prepolymer and the final product are given in figures
9 and 10. The very strong band characteristic for the
hard segment are 5310 — 3440 cm‘1 (N-H stretching),
1710 - 1730 cm'1 (C=0 stretching), 1535 cm'1(N-H bend
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ing and 0N stretching). The characteristic band
related to the soft segment are those related to
the double bond at 830 cm"1 (cis 1,4). The band
due to the primary hydroxyl groups in the IR
Spectrum of HTNR at 3400-3600 cm'1 (figs 3 & 4)

vanishes and we get peak for N00 2200-2400 cm"1
(fig 9) which on further chain extension with a
low molecular weight diol (butane 1,4 diol) dis
appears. Hence complete conversion of endcapped
material to polyurethane is envisaged.

3.5(b) Stress-strain behaviour
The effect of hard segment content on the

stress-strain behaviour of the polyurethanes synthe
sised by all the 3 methods were studied. The results
obtained are summarized in Tables VI, VII and VIII
.for one step, two step (bulk) and two step (solution)
polymerisation respectively. estress-strain curges
are presented in figures 11, 12 and 13. In the one
step process there is no general trend in the mecha
nical properties of polyurethanes. Above 30% hard
segment content the samples are brittle. This may be
attributed to the heterogenity of the reaction mixture
and also due to the incompatibility of the reactants.
The final product may be a blend of homopolymers of

the hard and soft segments and also some copolymers

with (AB)n type structure where A is the hard segment



TABLE - VI

Mechanical properties of bulk polymerised samples
(One step)

. Tensile Elongation Modulus atSample strength at break 100% elongationMPa (%) MP3
HTNR 10 1.08 420 0.36
HTNR 20 3.08 343 1.02
HTNR 30 2.00 140 1.40
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TABLE - VII

Mechanical properties of bulk polymerised samples.
(Two step)

2$27‘.==."==.."='.==T.==‘:"..==:".‘..==:=.‘==‘.'==$=&'======'================.==

Tensile Elongation Modulus atSample strength at break 100% elongationMPa (96) MPa
HTNR 10 1.04 640 0.24
HTNR 20 2.21 720 0.30
HTNR 30 3.62 700 0.80
HTNR 40 4.50 420 1.90
HTNR 50 5.42 200 2.40
HTNR 60 1.15 '47 -
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TABLE — VIII

Mechanical properties of solution polymerised samples.
(Two step)

Sample strength at break 100% elongationMPa (%) MPa
HTNR 10 2.92 900 0.98
HTNR 20 4.45 760 1.21
HTNR 30 6.49 745 1.94
HTNR 40 7.94 500 3.10
HTNR 50 10.60 260 5.40
HTNR 60 14.40 190 9.62
HTNR 70 22.00 174 20.9
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from BDO and TDI and B is the soft segment from
HTNR.

In two step (bulk and solution) processes,
three general types of mechanical behaviour are
observed depending on hard segment contents:
In the solution polymerised samples materials with
hard segment content below 40% are soft elastomers.
At 70% hard segment content they behave as a rubber
toughened plastic displaying necking and strain
whitening. Intermediate compositions behave as rigid
elastomers. This variation of mechanical properties
is very likely caused by the changes in sample mor
phology. When volume fractions of the 2 phases are
similar, both phases may be continuous. The stress
strain data suggest that below 40% hard segment content
the natural rubber soft segment is the continuous
phase with hard segment domains acting as physical
crosslinks and reinforcing filler. At 70% hard segment
content, the hard segment is expected to comprise the
continuous phase with domain of elastomer toughening
the material. Intermediate materials appear to be
bicontinuous in nature. The deformation of these

samples proceeds in two steps: first the relatively
high modulus hard segment deforms followed by the low
modulus deformation of the elastomer.
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The changes in the bulk polymerised sample

morphology occured at lower hard segment contents

and over a narrower range of composition than for
the solution polymerised samples. Brittle low
modulus plastics were obtained at hard segment
contents above 50% and soft rubbers resulted below
50% hard segment content.

It is to be noted that the same strain rate
and sample cross section were used to study all the
3 series of samples. The tables show a marked diffe
rence between bulk and solution polymerised materials.
The solution polymerised materials exhibit tensile
strength which are 2 to 11 times higher than those of
corresponding bulk polymerised samples and maintain
high elongations at high hard segment content. These
differences are due to the differences in products
obtained by different synthetic routes.

3.5(c) Thermal analysis
The dsc curves of the bulk polymerised samples

(one step and two step) are given in Figures 14 and 15
and those of solution polymerised samples in figure 16.
The transition temperatures observed are tabulated in
tables IX, X and XI respectively. The soft segment
glass transition is found to be about -59°C for all
the samples prepared by bulk polymerisation and

around -64°C for solution polymerisea samples. One
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step polymerised samples exhibited more than one
hard segment glass transition. But for two step
bulk polymerised samples a maximum of two hard

segment Tg's are observed in some cases. Measure
ments for HTNR and HTNR extended by 2,4 TDI indicate

that they have the same glass transition temperature
at -6800 which is 9°C lower than that of the soft
segment transition of the polyurethanes. No other
transitions have been observed for HTNR/2,4 TDI.

The Tg of the soft segment region is found to
be independent of the hard segment content. These
results are consistent with those reported by the
previous workers1'4who worked on polyurethanes based
on polybutadiene soft segments. Our results indicate
that the natural rubber soft segments are so incompa
tible with the urethane hard segments that they are
completely phase segregated no matter what may be the
sample preparation technique (is. compression mould
ing or solvent casting). Segmented polyurethanes are
usually considered to be random copolymerised products
of diisocyanates, macromolecular diisocyanates and
extenders. If this was the case the macromolecules

will all have the same average chemical composition
and average hard segment length and therefore would
be statistically identical. The microphase separa
tion of hard and soft segments is postulated to
explain their morphological features and properties.
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TABLE - IX

dsc results of bulk polymerised polyurethanes
(One step)

3”mumm=$§=§§=§§Z==="""===$E=§§=§§Z“======Sample soft segment hard segment (00)
. _ . . _ . . _ _-@__--__H_-_%__?z_
A. HTNR -68 -- —- -
B HTNR O -68 -- -- ~
C HTNR 10 -59 8 -- -
D HTNR 20 -56 15 51 -
EI HTNR 50 -56 26 47 -
E‘ HTNR 40 -55 15 53 72
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TABLE - X

dsc results of bulk polymerised polyurethanes
(Two step)

=“"‘“W”“"$;’3E”Z£Z”"'"""”'E':;‘Z?'§§{Z"""'
Sample soft segment hard segment (00)°c T1 2
HTNR -68 -- -
HTNR O -68 —- -

A HTNR 10 -59 -- -
B HTNR 20 -59 7 -
C HTNR 50 -58 20 43
D HTNR 40 -58 31 55
E HTNR 50 -58 #9 70
F HTNR 60 -56 56 91
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TABLE - XI

dsc results of solution polymerised polyurethanes.
(Two step)

““ 2:s;1:“'"“?é;::m::: E?”=‘¥é:§§;E§%‘&§¥3"”

HTNR -68 -
HTNR O -68 -

AA HTNR 10 -66 -
B HTNR 20 -65 20
C HTNR 30 -65 58
D HTNR 40 -64 54
E HTNR 50 -64. 70
F HTNR 60 -62 95
G HTNR 70 -62 124

X11150!It-D-on-:1:-—u-1-Kxjjjéijn-fijijj-QL-1:1-11cu-Iiicxj-—-jijiijjg1121-310$110-910-A-—n-obUa}iij$bjZ-I11:--n-djnjt--&j:iq-pjjjijtojjé1—.j-1-11



.mwcmnumu:>Hom Amwuw

ozuv vwwfluwaxaom coausaom no mw>uso own

3. . m_:..m$aE3

mH.mHm

oom

m/I luff —

0/
OK

OX3 0ON3'->



80

3.6 Fractionation of bulk pplymerised samples
(two step)

For this study we have used HTNR 30 and HTNR

60 samples. Since the macromolecules are expected to
have different hard and soft segment compositions as
evidenced from the dsc measurements, they should also
differ in their solubility behaviour. Fractionation
was carried out by the solvent extraction method
using DMF. It was found that after several days at
85°C both the samples separated into a sol fraction
and gel fraction. The fractions were cast on a
watch glass coated with silicone release agent and
dried in vacuum oven. The relative amounts of the
fractions are listed in Table XII. The transition
behaviour of these fractions were determined by dsc
measurements.

The infra red spectra of the fractions were
taken and it was found that the spectra of two frac
tions of each polyurethanes show that their composi
tions are quite different (Fig.l7). For fractions
from HTNR 50 (sol fraction and gel fraction) band
at 830 cm'1 have relatively much higher absorbance

for gel fraction than for the sol fraction. It
implies that the sol fraction is relatively hard
segment rich and the gel fraction is soft segment rich
A similar situation is found for HTNR 60 fractions
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TABLE - XII

Fractionation results of polyurethanes

_-_ -------------- -—§$§E$£E§é;-SE-_§;§SéHE;é§"SE-_fi§§5-Qééméfiéw1 f t. 1 f t. t t f
Sample so rac 1on ge rac lon ggggggalo(Wt.%) (Wt.%) sample (Wt.%)

HTNR 30 52 48 29.7
HTNR 60 85 17 59.7

1:J1:21.¢—.u-an-jjtyjj-9&j%:-—11:1&3:--uoxjjjjjjjXqauccjjj-jjtvjjxjjtxjzyijun :;4:{a_g—u-jag-—:¢n:nun-—-.1.——1-nan-pju——-cnn.—-oi...-94-Q-3.11:;-—u~—-mzuo-—uz%—.—.cnp:11Q--—;;?1
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but with much greater compositional differences
(Fig. 18).

The dsc curves of the original samples
and their fractions obtained by Solvent extraction
are given in figures 19 and 20 and their glass tran
sition temperatures are summarized in Table XIII.
The soft segment glass transition Tg was found to be
at about -59°C for all samples. Two hard segment

Tg's T and T2 are observed for HTNR 30 and HTNR 60.l
The sol fractions of these two samples also show
two hard segment TG's located at almost the same

temperatures as the T1's and T2's of the original
samples, but their gel fraction_show only T1
transitions.

Our results indicate that as in the case of
5polyester, polyether and also polybutadiene contain

ing segmented copolymers, macromolecules of the

segmented polyurethanes can be quite non-uniform in
chemical composition and average segment length and

they can be separated according to their differences
in solubility. Since there is no change in the hard

segment glass transitions (T1 and T2) even after
solvent extraction, we can approximately consider
these samples as mixtures of two fractions (1 & 2)
of segmented copolymers which have distinctly

different average chemical composition and average
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TABLE - XIII

dsc results of bulk polymerised (two step) polyurethanes

jTj&:%%ju:jC-no-——uj:Qj1Zj&u1a—pjQ-oujjcxjtjénjjcnujjtiljibjjjijjjuCtiijjjjijZ:£1Ejj::nII-ow¢j—n-j-hath-1-Cjclxi-:1-~13:-9&1:-judo-2¢L&j—-oljj-win-—uu—¢:¢Q1O&?-1—u-jjjxjji

Tg of the Tg of the hardsoft segment segmentSample 0O 0O
_ _ _ _ _ . _ . _ _ _ _ _ _ . _ _ _ _ . _fi___F2__

ITNR 50 -59 20 45
HTNR 50S -57 19 48
FTNR 50G -58 19 -
HTNR 60 -56 56 91
HTNR 608 -57 56 114
HTNR 60G -59 50 -

jjj1jjfijjjZjj&jqIoj&j&T?1vZj@n-(11jfio-——:-11j-Qjjj-usjh-Iw.1(jj1:j1j:Qj:iis1121-1!-uvjfilsczafijcfljjjjjnjiogqoju-u-11;:.....-o—Qa:--mn:.n—v-2n$¢—-jnoraj-—n—-njigjjejjg

S - Sol fraction

G - Gel fraction
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hard segment length. In addition to the segrega
tion of hard and soft segments, the poor compatibility
and great differences in solubility cause the segre
gation of macromolecules as a whole according to

their composition during moulding or solution casting
of the dissolved material and hence the separation
of hard segments of different lengths. The existence
of 2 hard segment Tg's for HTNR 30S and HTNR 608 means

that the separation by solvent extraction under the
experimental conditions is not complete, and only the
gel fractions are relatively uniform, as a single
hard segment transition is observed in their case.

It has been proposed6 that a bimodel distribu
tion of molecules in chemical composition and hard
segment sequence length can result from the hetero
genity of the reactants themselves. This means in
the present system that both isocyanate groups of
the endcapped HTNR and those of the free TDI are not
distributed uniformly throughout the reaction mixture.
Reactions in the free TDI rich regions will result in
hard segments of longer length, and in the endcapped
natural rubber rich regions will result in hard seg
ments of shorter length. A schematic model of the
heterogeneous reaction mixture and its influence on
subsequent sequence distribution of polyurethane hard
segments is discussed in detail in case of polyurethanes

7with polybutadiene soft segments . Since our system
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is somewhat analogous to the system studied by,
Macknight and cobworkers we can correlate our
results to the model proposed by them.

3-7 £1.<2s.1.9..l_

Three schematic models (Fig.2la, 21b and 21c)
are proposed to describe the heterogeneous nature of
HTNR/TDI/BDO system. Figure 21a describes the high

hard segment content samples. In the matrix the TDI
endcapped HTNR molecules segregate to form spherical

domains with TDI end groups outside. The free TDI
molecules form a continuous phase surrounding these
microdomains. After BDO is added, the reaction bet
ween free TDI and BDO molecules within the BDO droplet

will result in majority of hard segment rich molecules
which contribute to the higher temperature hard segment
Tg in HTNR/TDI/BDO samples. The limitation in solubi
lity of Butane 1,4 diol molecules in the NR/TDI matrix
causes only short hard segment sequences which gives
rise to the lower Tg in these samples. These types
of multiple glass transitions have been often seen in
polyurethane systems and the explanation given to this
was based on the segregation of hard segment sequence
into groups of discrete lengths. It is to be noted
that no reasonable explanation could be given as to how
this can take place from systems with a most probable
sequence length distribution. Figure 21b describes
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the low hard segment content samples. Depending
on the overall compositions, NR occupies about 80
to 90% of the volume in the HTNR/TDI phase. Free
TDI molecules segregate to form micro domains and
the TDI endcapped NR molecules form a continuous

phase surrounding these domains. After 1,4 butane
diol is added, the reaction between free diisocyanate
groups at the ends of the NB molecules and the butane
diol molecules within the droplets will result in
relatively short hard segment sequences in the matrix.
The free TDI molecules will interdiffuse with the BDO

droplets and react forming region of pure hard segment
polymer. Between these high hard segment content
samples and low hard segment content samples, a phase
inversion must occur in the matrix phase. Scrivens
proposed that materials tend to form bicontinuous phases
to minimize surface free energy at certain compositions
of mixtures. Figure 21c takes into consideration the
intermediate hard segment content samples. A bicon
tinuous structure is predicted. Endcapped NR and
free TDI, both have opportunities to react with BDO
in the butane diol droplets and with butane diol
dissolved in the NR/TDI phase. In such a case, approx
imately equal amounts of final polymers of long hard
segment lengths and of short hard segment lengths will
be found.
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RINDTTB5

Fig . 2.1 Schematlc models dep1ct1ng the mcrostructure durmg
' polymerisation of HTNR/TDI/BDO polyurethane system.



88

3.8 Thermogravimetry

The thermal stability of the polyurethanes
were studied using thermogravimetric analysis (TGA).
Most of the polyurethanes prepared by one step and
two step processes decompose in two stages. Typical
thermograms of HTNR 60 prepared by two step (bulk &

solution) as well as HTNR 40 prepared by one step are
given in figs.22, 23 and 24 respectively. The onset

of weight loss (To) occurs between 240° — 260°C for
bulk polymerised samples (two step) and 280° — 300°C

for solution polymerised samples (two step). The
one step polymerised samples showed the onset of
weight loss between 210° - 230°C. The first stage
weight loss is complete at 340°C for bulk polymerised
samples (two step),at 380°C for solution polymerised
samples (two step) and at 300°C for one step polymeri
sed samples. The second stage decomposition is rapid
with a maximum rate in the vicinity of 390°C for bulk
(two step), 420°C for solution (two step) and 330°C
for one step polyurethanes. A plateau separating the
two stages of decomposition also suggests that the

two domains decompose at two different temperatures.
Results are summarized in Tables XIV, XV and XVI for

bulk polymerised (two step), solution polymerised
(two step) and bulk polymerised (one step) respectively.
The higher thermal stability of the solution polymerised
samples is obviously due to the higher degree of struc
tural regularity of the polymer chains.
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TABLE - XIV

TGA results of bulk polymerised
(two step) polyurethanes.

Sample To Tio T20
HTNR 10 254 518 581
HTNR 20 244 520 584
HTNR 50 255 524 585
HTNR 40 254 519 592
HTNR so 259 556 590
HTNR 60 266 540 596

8 ~ Temperature corresponding to 10% wt. lose

b — Temperature corresponding to 50% wt. loss
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TABLE - X3

TGA results of solution polymerised
(two step) polyurethanes.

jjgijxfibjxioia-uvjjjquj-jjjjjjfijjijjjj-Qtjjjjjéfijjjéojijjfixjjjjjqjjxiiyj:1-11-:njnQ—p—m-—j¢-1-Ljjfiuu-1-1:-0&11103:1-jc-Qjtofljtoj-H-jtujd-C-Aéj&j:T

Decomposition temperature 0CSample To Tie T20
HTNR 10 278 559 4l2
HTNR 20 282 372 410
HTNR 30 286 570 404
HTNR 40 280 375 408
HTNR 50 288 378 410
HTNR 60 294 380 420
HTNR 70 308 586 42a

“ "—-- -h‘Hg-~“‘—-_h_*-~‘_*‘h“—x%¢::i:-«no-cu-—.—-ixpu-:.:u—n.1—o-.--n——u:.—n-1:.-—uIunv%n:oi—u-1-u-—-o-fijczru-——-:——un-njj-npja111:;

a - Temperature corresponding to 10% wt. loss
b - Temperature corresponding to 50% wt. loss.
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TABLE - xv;

TGA results of bulk polymerised (one step)
polyurethanes

jjxijj_-.*.7-:1-h-It-I--I-wCZQ:tt:.-~-—-3-—n——-:—-b-a:jjj2i:15}:-uuzx-nu—-1:--qgjgjjjqjgxijjjiiocjjéo-j——uu.u-n—-j:ua1:——-----1:»:-pa:-u-ju.-y¢—.¢——O-hi-nu:-:p_:-u-AIun.1an—j-—c—u-w1j%:&j

Sample To T$O T20
dTNR 10 210 285 324
HTNR 20 216 290 528
WIN? 50 222 296 529
LTN 40 228 296 350

1jtjjjTjj:j-—vj1vj:nu1jn&O&jjOIu-jg-Qjji-jjj¢u———u-O-bjxusjau-—-10:--jjjjgiéjKn:j:—u-ox.-:1c1an-u-uh;-uC}nn-0-1::-y——j——-uzjmunq-na.a—:cIr:¢—-—¢mj-Qvcjjcn-u-:jZoj.1——:i::

a - Temperature corresponding to 10% wt. loss
b - Temperature corresponding to 50% wt. loss.
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5.9 Sample characterization (solution polymerised
samples)

The appearance of samples obtained from the

solution polymerisation differs from that of the
bulk polymerised samples. The latter are generally
yellow to brown coloured brittle materials whereas
the solution polymerised samples are tough elastomers
and rubber toughened plastics having a pale yellow
colour. Solution polymerised samples are completely
soluble in THF at room temperature in contrast to the
low temperature insolubility of the bulk polymerised
samples. The complete solubility is taken as evidence
for the expected absence of allophonate crosslinks due
to the low reaction temperature (68°C) and the use of
exact stoichiometric amounts of reactants as well as
the homogeneous reaction conditions. Molecular weights
of the solution polymerised samples were determined
from gel permeation chromatography data using a cali
bration curve for polystyrene. The it of the solution
polymerised samples are generally in the order of

magnitude greater than the in of the corresponding bulk
polymerised samples. The poly dispersity index(fik/fin)
of the solution polymerised samples is about 2, which
is the expected value for step growth polymerisations.
The molecular weight data is presented in Table XVII.
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TABLE — XVII

Molecular weight data of solution polymerised
(two step) polyurethanes.

jjijjjjjj-jjj-nu¢t0j§?q.j‘.'—yO-U1181-3111-Zcujjj—--rjj-j&j1?jjj:ojjJXT&éonu 1Tijjc-¢—:Q-jjj-owv&1j—uo:j:-1-:1.—oj¢nj-.¢—jc-1—-dn~jj:nQ-j2:—IO%j:.n.1:1cjii:

Sample Pegggggngard Eh Eu D‘
’ ' I-1T;iII;-10 " ’ ' ' ' $21." ” " " 12105 ‘.3750’ 1.;6"

HTNR 20 19.5 24500 55200 2.27
HTNR 30 29.7 27400 56700 2.07

HTNR 40 41.7 61500 109800 1.78

HTNR 50 51.0 48000 120000 2.50

HTNR 60 59.7 35000 67200 1.92

HTNR 70 70.2 19600 55200 1.79

Molecular.weight dispersity.



94

3.10 Qynamic mechanical analysis

The re1axation_behaviour of several of the

samples synthesised by solution as well as bulk poly
merisation techniques (two step) are given in figs.
25, 26, 27,28, 29 and 30 respectively. As can be seen,
the plots illustrate two principal relaxations corres
ponding to the two phases present in the material. The
Tg values, determined at 3.5 Hz from the Tan.§ peaks
are listed in Table XVIII. Consistent with the dsc

results, the sort segment Tg, -59°C i_2° in case of
bulk polymerised samples and -45°C,: 2° in case of
solution polymerised samples, is independent of the
hard segment content. The value for Tg obtained by
DMA is approximately 20° higher than the value obtained
from dsc. The soft segment Tg is also characterised
by a step decrease in the value of storage modulus of
l to 2 orders of magnitude.

The hard segment Tg varies systematically with
increasing hard segment content. Samples of lowest
hard segment content display only an increase in Tan<§
with increasing temperature. Increasing the hard
segment leads first to a shoulder and finally for
HTNR 70, a sharp peak. This increase of hard segment
Tg is a result of increasing hard segment length.

Consistent with the findings for other phase
8segregated systems, the level plateau storage modulus
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TABLE — xvIIi

Rheovibron results of bulk and solution
polymerised samples (two step)

3'0-F-*0‘--'I-UIICI-—-v—-H-uh ---III--IIIICII-—uIt-I-1p—b-In-I--—~n-9-I-.1.-ya-on-Q11-u-a—u—-u—:-cu-s:o—v:—n-—c—u.._.———-jot-up.‘-1--1-u-cu-nu-—our1-u-3-nu-jr-u—u9~¢j——-—-fijnxnjj -no-r&1¢:-jjccjjjnnujjCbjjqgu-¢.:o1u:ojj:-:7-jjutnjc-u-1.——¢—:—:-Q-an-§&¢.¢—

Bulk ol erised Solution polymerised
T3 0? the ”$g of the Tg of the Tg of theSample soft hard soft hard
segment segment segment segment°c °c °c °c

HTNR 10 -59 -- —- -43 -
HTNR 20 -58 27 -- -45 -
HTNR 50 -38 40 61 -42 69
HTNR 40 -57 55_ 73 -41 71
HTNR 50 -57 74 87 -41 86
HTNR 60 -36 76 106 -40 115
HTNR 70 —- -— —- -40 143

jjj&jjjjj-:1-&1¢n—-uc¢-—-—g¢-t1.-—.xa:-:jjcI¢§1.C%-1-yoxjijjjjjj—vj¢u-jjj1¢&b1j1j::%&j$2111&&&n-uj-11-n-ton-—&¢—un-to-u-n—uIj:1.:n—n—j¢—j—-IZjja—:-jcp1.j.-xxbjou-xojjujnx-Q-zjj¥1j:j&j

Tg values determined from Tan 6 peaks.
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above the soft segment Tg increase with increasing
hard segment content. This can be attributed to an
increase in the volume fraction of the hard segment.
The reinforcing nature of the hard segment domains
is responsible for the increase in modulus.

It is interesting to note the temperature
dependence of Tan c’§ as illustrated in figs. 27 and 50.
As the hard segment content increases, the magnitude
of the soft segment damping peak decreases while the
magnitude of the hard segment peak or shoulder increa
ses. Such changes in damping behaviour of these materials
clearly reflect the changes in the relative amounts of
the constituent phases. The change in hard segment
sampling behaviour between samples HTNR 50 and HTNR 70

(in case of solution polymerised samples) suggests a
change in sample morphology. The HTNR 70 displays a

pronounced Tan 5 peak of magnitude close to that of
soft segment damping peak of the lowest hard segment

content sample while HTNR 50 displays only a shoulder.
The plateau modulus of HTNR 70 is also higher than that
of HTNR 50. Unlike the behaviour of other polyurethanesg
and consistent with the results of other HTPBD poly
urethane$’5’4’lO , the dynamic mechanical properties of
HTNR based polyurethanes are unaffected by thermal history.
Samples were quenched from 160°C to -80°C and immediately

retested and were also stored in room temperature for one
week prior to retesting. The values for the various
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viscoelastic functions are essentially unchanged.
This invariance in properties suggests that no
thermally activated phase mixing, altering sample
morphology, occurs. The absence of thermal history
effects can be attributed to the lack of urethane
hydrogen bonding to the HTNR soft segment“ by the

hard segment NH groups.

3.11 Effect of catalysts

Effect of catalysts on the properties of the
polyurethanes synthesised from HTNR, BDO and TDI by

solution polymerisation technique is studied. As a
typical case we have studied the system of HTNR 40.
The catalysts used are triethylamine and dibutyl tin
dilaurate, also we synthesised HTNR 40 in the absence
of a catalyst. The degree of condensation (DC) was
calculated which corresponds to the average number of
structural unit per chain if the polymerisation had
proceeded according to theory. Thus for HTNR 40 (ie

l:8:7), the degree of condensation value is in {l x
3000 (Mw of HTNR)+8.6 x 174.16 (MW of TDI) + 7,2x9o

(MW of BDOi} - . Uncatalysed polymerisation is slow.
Of the two catalysts compared, dibutyl tin dilaurate
is superior to triethylamine. Data in Table XIX
show that HTNR 40 polyurethanes formed without and

with catalysts amine and tin have Mn values in the ra
tio 10:15:17. Also from the study of tensile strengths
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TABLE --XIX

Effect of cataxysts on the properties of segmented
polyurethanes (two step(s)

""""""""""""""""" "a""_-Muééfiéiié "ESEQQI"Sample Catalyst DC Mn strength tion atMPa break(%)

HTNR 40 DBTDLb 12.1 61500 7.94 500

HTNR 40 TEAC 10. 5 53500 5.93 410

HTNR 40 —— 6.9 55200 3.29 360

a - Degree of condensation
b - Dibutyl tin dilaurate
c - Triethyl amine.
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it is clear that DBTDL is more efficient catalyst
for the polyurethane synthesis. A similar study’
on the effects of catalysts in case of polyester RIM
urethanes and castable urethanes have been reportedll.

3.12 Effect of polyol molecular weight.
Polyurethanes have been synthesised with

HTNR having two different molecular weights other than
HTNR 3000. Tensile properties were measured and

reported in Table XX. It was found that as the polyol
molecular weight goes up the tensile strength decreases
for all the compositions under consideration, but the
elongation at break is increased. It is to be noted
that as the molecular weight of the polyol is decreased
to 2300 then also there is a slight decrease in tensile
strength. This may be due to the inability of the
soft segment to crystallise when stress is applied. A
similar study was reported by Ono et al12. They
demonstrated that the tensile strength and related
mechanical properties increased significantly below
3000 HTPBD molecular weight, may be here the strain

induced crystallisation of the soft segment does not
play an important role on the strength exhibited by
these materials.
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TABLE - XX

Tensile properties of segmented polyurethanes
(solution polymerised, two step) - Effect of HTNR

molecular weight

""m‘”M“:"“‘§Z’§}'”ZZ§~§""$ZZZ§iZ‘“"E§§Z;Z§§f;§Sample segment strength at breakMPa (%)
HTNR 50 5000 5.91 940
HTNR 40 5000 5.20 810
HTNR 50 5000 7.98 455

HTNR 30 2300 5.41 615
HTNR 40 2300 8.10 584
WTRR 50 2300 9.2 190
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STUDIES on BLOCK COPOLYMERS FROM POLY(ETHYLENE OXIDE)
AND HTNR

4.1 Introduction

Segmented block copolymers have been well

characterised by the incompatibility of the
segments present and the subsequent phase segre
gation of the hard and soft segments into separate
micro domains1’2. However the conventional poly
urethane elastomers which are based on polyesters
and polyethers, possessing high strength and
toughness are not completely phase separated systems5'5.
A certain degree of phase mixing is present in these
materials which is attributed to the interaction of

the hard and soft segments, both containing polar
groups, through secondary bond forcesl’2’6-10. More
over block polymers containing nonpolar hydrocarbon

soft segments were found to possess inferior proper
ties despite increased degree of phase separation.6-8 9Materials based on polybutadiene , polyisobutylene
and polymyrcenelo soft segments are reported examples.
Hence it was argued that the useful properties of
block copolymers are not entirely due to the high
degree of phase separationll. Factors such as the
soft segment functionality, molecular weights of the
segments, glass transition temperature of soft segment,
compositional heterogenity, degree of phase mixing,
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morphology etc. also accounted for the characteristic
properties of the block copolymers.

Block copolymers consisting of non polar soft
segments which possess high degree of phase separa
tion can be considered as ideal systems on the basis
of which structure—property relation can be well
followed. The synthesis and studies of such materials,
in which the non polar soft segment is derived from
natural rubber and the hard segment is poly(ethylene
oxide), are described in this chapter.

4.2 Materials
Hydroxyl terminated natural rubber (HTNR)

having Eh of 3000 prepared in our lab as per an
earlier procedure (Chapter 2). Toluene diisocyanate
(TDI) (80/20 mixture of 2,4 and 2,6 isomers) obtained
from Fluka, Switzerland was used after distilling in
an inert atmosphere. Poly(ethylene oxide) (PEO)
obtained from Fluka, was used as received. Tetrahydro
furan (THF) (BDH) was dried and distilled before use.

Dibutyl tin dilaurate (DBTDL) (Fluka) was used as
catalyst without further purification.

4.3 Synthesis of Block Copolymers.
The materials were synthesised by the bulk and

solution polymerisation techniques. The overall com
position of the reactants are given in Table XXI.
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TABLE - XXI

Overall composition of the block copolymers

X Zjjjxjijjjj-jfiwijjvj-1jjjjji&1jjjjji-ijaw1112Tj(Z-jéojjjjjj :0I$1iI-GGnhixfijiéflijjjjiijthjjancjjjjwn—n:-j:—uujjj&1.nnn Zjjajjjjjj-jit-Qnp.—
Molar composition PEO content

HTNR/TDI/PEO

NR:PEO - 1000 1/2.01/0.98 22.6
NR:PEO — 2000 1/2.01/1.02 57.8
NR:PED - 3000 l/2.01/1.01 47.4
NR:PEO — 4000 1/2.01/1.02 54.6
NR:PEO - 6000 1/2.01/0.96 63.2

R value (NCO/OH) = 1.02
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4.3(a) Single Stage Bulk Copplymerisation
HTHR along with DBTDL-(0.05% by wt. of HTNR)

were taken in a resin kettle provided with a mechani
cal stirrer and an inlet and outlet for nitrogen.
PEO was melted and added into the HTNR,/DB?DL mixture

and stirred vigorously for 10 minutes. The entire
system was kept at 80°C. TDI was added in a lot,
stirred vigorously for 3 seconds and entire content
were cast into a preheated tray coated with silicone
release agent. Degassed in a vacuum oven at 70°C for
two minutes and kept for curing at 100°C for 8 hours
followed by ageing at room temperature for one week
in a moisture free atmosphere.

4.3(b) Two stage Bulk Copolymerisation.
HTNR along with DBTL (0.03% by wt. of HTNR)

was taken in a resin kettle provided with a dropp
ing funnel, mechanical stirrer, and an inlet and
outlet for nitrogen. TDI was added dropwise with
constant stirring to the system kept at 60°C. when
the addition was completed the temperature of the
system was raised to 80°C and reaction continued for
1 hour. This was followed by the addition of molten
PEO as a lot with vigorous stirring for 5 seconds and
the contents were cast into a preheated tray coated
with silicone release agent, degassed in a vacuum
oven at 70°C and cured at 100°C for 8 hours followed

by ageing at room temperature for one week in a dry
atmosphere.
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4.3(c) Two stage Solution Polymerisation.
HTNR was dissolved in THF so as to get a 10%

solution and then taken in a flat bottomed flask
equipped with a magnetic stirrer, nitrogen inlet and
a reflux condensor. DBTDL catalyst (0.05% by wt.of
HTNR) was added and the solution was brought to reflux.
The final desired stoichiometric amount of TDI was

added in drops followed by two hours of reaction to
endcap HTNR. This was followed by the addition of
the required amount of PEO as a solution in 50ml of
THF dropwise during 2 to 3 hours followed by 2 hours
of reaction. The excess THF was distilled off and
the viscous polymer was cast into trays treated with
silicone release agent, kept in a vacuum oven at 50°C
to remove the traces of solvent present and then cured
at 70°C for 24 hours followed by one week ageing at
room temperature in a moisture free atmosphere.

4.4 Measurements

Infra red (IR) spectrum of the samples was
recorded on a Perkin-Elmer model 577 IR spectrometer.
Differential scanning calorimetry (dsc) was performed
with a Dupont 9000 thermal analyser systems. A heating
rate of 20°C min."l and a sensitivity of 5m.cal.s-1 was
used. Cyclohexane (crystal-crystal transformation at
l86K) and indium (melting point at 429.8K) were used as
thermal stability of these materials were studied using
Dupont 1090 Thermogravimetric analyser (TGA) at a heat
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ing rated 20°C.min._l Stress—strain data were
obtained on a Zwick 1445 Universal Testing Machine

as per ASTM D 412-80 test method at 20°C using dumb

bell shaped test pieces. Optical micrographs of
the samples were taken on a "Leitz" Orthoplan
microscope.

4.5 Polymer Designation
The samples are designated as follows. As an

example NR:PEO-4000 (B2) indicates the sample where
NR represents the hydroxyl terminated liquid natural
rubber soft segment, PEO represents the poly(ethylene
oxide) hard segment and (B) shows that the samples
was bulk polymerised (2) indicates two stage. (1) in
place of (2) indicates one stage. The letter 'S' in
place of ‘B’ indicates the sample prepared by solution
polymerisation.

4.6 Results and Discussion.
The infra red spectra of the soft segment in

its endcapped form and the final sample prepared by
solution polymerisation are given in figures 51 and
52 respectively. The presence of NH and 00 bands

1 and 1690 cm"l respectively inat 5440 — 3150 cm‘

figure 51 indicates the endcapping reaction. This is
further evidenced by the presence of strong absorption
band of the -NCO group at 2260 cm“l. The final product
formed by chain extension does not contain the -NCO
band which indicates that the chain extension reaction
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goes to completion. Thus the two stage reaction
proceeded in a regular manner yielding the block
copolymers. The courses of the reactions and the
structure of the final product can be represented
as shown below:

,0’?

Ho+C+§-C=CHr- 0/57’; OH + 2 MG:l£H3———>QC NCO
IHC CH3 - ? :CH3 37 E31 3

OCN .NH"C-O+C/-£_‘—C=CH—C/-‘/2-§(O-C-NH NCO

II

II + HO1‘C}-5-CH2—0j)7H §_,

' W3 $0’) /$3/C NH E 0+CH CH ohm;
["‘"‘lLC/‘/2""C-—*C1L/“C/'§z'(0“ — 2 2 y n

The coupling agent toluene diisocyanate
reacts well with both the components yielding the
final product.
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4.5(a) Thermal Analysis
The dsc curves of the two stage bulk and

solution polymerised samples are given in figures 33
and 54. The transition temperatures observed are
tabulated in Table XXII along with that of bulk (one
stage) polymerised samples. It shows that there are
only 2 transitions associated with each of the samples
examined. The glass transitions (Tg) and the melting
transitions (Tm) corresponding to the natural rubber
and poly(ethylene oxide) segments respectively. The
Tg values of all the materials are found to be very
close to each other irrespective of the method of
preparation and the hard segment length. They differ
only by a maximum of 5° with the Tg value of hydroxyl

terminated liquid natural rubber viz. -6800. Pascault
and Camberlinla have shown that an increase in Tg of
4°C of the soft segment above the corresponding Tg of
the homopolymers suggests complete phase separation.
This observation can be very well applied to the
present materials so that they can be considered as
system in which the phase segregation is complete or
very nearly so.

The crystallinity of the hard segments is
evidenced by the nature of the melting transition.
iThe melting temperature increases with molecular
weight of the PEO and the values correspond well

with the melting temperatures of the homopolymers,



110

. I . . . . . l . .fII|"l.'I“'["'Il. !I['lilII*"
’. . nll¢.sIl.llIllIsIlvI'o|II_I.lI'-l¢tpOII.|I|IIu|II.lnI:lIlIlI.".'.I'Iu|lII'uI||I' -1.. a.y|'.l .I-|“|tlIIlI-I‘cl‘IIlll.I1¢I'II1..lIlo|'lIallIfII!".|'. IIIIII"IIII'

oo was no mo: oo om: oooo : ommymz mmo won on was mo ooa OOOV I ommumz a
an mo... on 3.. on 3.. ooom I omaumz u

vw mo: mv was ac Hon ooom u omanaz mmv non om con. ow mo: oooa s ommumz c

I.. was ..i was 1.. mo... :25;

oo oo oo oo oo oo

ucmemmw pcmeomm pcmsomw pcmemmm pcmsomm ucmemwm

BE. . 38 Em: $8 .82 38 m gem

any we EH mg» go me we aw we me we EH %o as A m

mumum oak Hi mmmmm mco VII

ommflumewaoa cowusaom vmwwnmawaomsxamm

!"'!I"lI"I¥l!:lIIlIIE!‘Iil'I'l"“"'l""l}“'U£‘l'Ii'il I'Il'l"I’i'lll'l|lI IIIIIIIIIu'IIIIIu'.IIp'||Ilul:InIcI'|I|II|.IlbIp.IlIlI"lIIll|III.l|IIc IlllIp|'.'I'.II-IlOIIIII'|nIIlI"Io"IIII|I‘.lII'|I.I||lI|.I.II_I.|IlIIlI._'IIlI||o'lI"Il|9gt'IIIlIlIIIu'|IIiII' Ugiuifilvlif l""£

mnmE>aoaoo.xooan mo mvaawmu own

mmwx u mqm<~



Sm

.omm new mzam Eoum muwemaomoo xooan

Amwum 03». ommwuwewaom xazn mo mw>uzo own mm.mfim

A _v_ V m.:.Z.9mQEm._.

8m ea

8.

a 1%.
m \

W

\

é———- OX3 0CN3—-9



8m

.omm ocm mzam co ommmn muwamaomoo xooan .

Ammum ozuv ommwuwamaom coflusaom mo mm>u:o omc. vm.mam

3: 920.362.

mmm mmm RN SN 3 m9

/Jflfl
""-—-OX3 0pU3 ---I



lll

once again indicating that almost complete phase
separation occurs in the polymers. Only a single
hard segment transition was observed in all cases
irrespective of the method of their preparation.
There are reported cases where the bulk polymerisation
leads to more than one hard segment transitiong. This
was attributed to the poly dispersity of the hard seg
ment length when they were formed in situ during chain
extension reactions. Our observation of a single hard
segment transition for all the samples is consistent
with the fact that performed hard segments with very
narrow molecular weight distributions were employed
in their preparation.

Thermal stability of the materials were studied
using thermogravimetric analysis (TGA) and typical
thermograms of a bulk polymerised sample and a solution
polymerised sample are shown in figures 35 and 36.
The results were tabulated in Tables XXIII and XXIV

respectively. Most of the copolymers decompose in
two stages corresponding to the phases present. The
onset of weight loss (To) occurs between 180 - 210°C
for bulk polymerised samples (one stage), 2800- 300°C
for bulk polymerised samples (two stage)and 500° - 520°C

for solution polymerised samples respectively. The
first stage weight loss is complete at 280°C for bulk
polymerised samples (one stage) at 360°C for bulk
polymerised (two stage) and at 380°C for solution
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TABLE - XXIV

TGA results of solution polymerised block copolymers

Decomposition temperature 00Sample a bTo T10 T50
NR : PEO - 1000 504 585 408
NR : PEO — 2000 508 587 414
NR : PEO — 5000 510 594 418
NH : PEO - 4000 515 597 424
NR : PEO - 6000 519 410 456
$1113-xiii-ujuurj-Q1c--Ojijj-&j:ou—1-u:—.a:xquu-up.-¢-—1¢¢j:&.j—cttu:-u-~11:-jjjjriéjiilhéih-Ij—O:Ia-In—o-—gjjnp-2:-—~—11¢1¢n-j—nA—¢u:—o:-—:~""0-ocn—1ann—w-1:-1--ufigtnijjijjf:

a - Temperature corresponding to 10% wt. loss
b - Temperature corresponding to 50% wt. loss.
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polymerised samples. The second stage dcomposition
is rapid with a maximum rate in the vicinity of
340°C for bulk (one stage) samples and in the
vicinity of 450°C for both bulk (two stage) and solu
tion polymerised samples. A plateau seperating the
two stages of decomposition also suggests that the two
domains decompose at different temperatures. The
higher thermal stability of the solution polymerised
samples is obviously due to the higher degree of
structural regularity of the polymer chain.

4.6(b) Qptical Microscggz
The optical micrographs of a microtomed thin

section of NR:PCO-2000(3) and NR:PEO—6000(s) are given

in fig. 37 and 38 respectively. They were taken in
plane polarized light. The hard phase is visible as
white regions and the rubber phase as the black regions.
Both the samples are phase separated systems but large
difference in their morphology is observed in the micro
graphs. NR:PEO-2000(s) is phase separated into parallel
regions of hard and soft phases. The rubber phase is
the continuous phase and poly(ethylene oxide) appears
as a dispersed phase. This is consistent with the low
hard segment content of the sample. Crystallite forma—'
tion is hardly noted in the micrograph. The low
molecular weight of the hard segment whose melting
temperature remains close to the ambient temperature
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may not aid crystallite formation. The
NR:PEO-6000(3) is characterized by the spherulites
of hard segments as seen in the micrograph in figure
58. Bicontinuous phase and other intermediate com
positions could be observed in between these two
extreme samples.

4.6(c) Stress—strain Behaviour
The stress—strain properties of the block

polymers are summarized in Table XXV. Figure 59
represent the tensile curves of the solution poly
merised samples. The tensile strength of all the
materials studied are much lower than the conventional

block copolymers,which was not expected from materials
with high degree of phase separation. The variation
in properties observed is attributed to the various
factors which are discussed below.

One of the contributing factors of the high
mechanical properties of polyurethane elastomers was
found to be the existence of a certain extent of phase
mixing in the materials consisting of polar soft and
hard segments. The present materials are deprived
of this phenomenon since the soft segments do not
possess polar groups for mutual interaction with hard
segments. Similar materials were reported in litera
ture which possess comparitively low mechanical
propertiesll’13’14.



ll6

The nature of the hard domains which act

as physical crosslinks between soft segments, plays
an important role in the mechanical properties of
block copolymers. Unlike in the case of polyurethane
hard domains,where strong intermolecular attractive
forces bring about firm segmental cohesion, the
poly(ethylene oxide) hard segment cohesion is only
due to crystallisation. The low strength and the
nature of the tensile curves show that crystallisa
tion of the soft segments does not occur under strain
in the present materials.

The tensile strength of the materials increases
with the poly(ethylene oxide) content. NR:PEO-lOOO(s)
in which the hard segment content is 22% gives a
tensile strength equal to;2.46 MPa. The value increa
ses to 5.46 HPa for NR:PEO-6000(8) having a hard segment

content equal to 63%. Similar increase in tensile
strength was observed for the bulk samples also. In
all the cases the elongation at break decreases with
increase in hard segment content.

On the basis of the stress-strain curves shown
in figure 59,the solution polymerised materials can be
classified into three general types. Materials with
hard segment content below 40% give the tensile curve
similar to soft elastomers. The strain progressively
increases with applied stress until the material break.
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This behaviour along with the low initial modulus
is consistent with the sample morphology and the
low hard segment contents in NR:PEOglOOO(s), (B1)

and (B2) and in NR:PEO-2000(8) (B1) and (B2). In

these samples the soft segments are the continuous
phase with the hard domains not fully developed into
crystallites (figure 37). The lack of well defined
crystalline phase of poly(ethylene oxide) causes
reduction in tensile strength and modulus.

Secondly samples with hard segment content

above 40% behave like rigid elastomers. They possess
higher modulus and tensile strength. There is a
decrease in the initial strain and the tendency of
showing yield point develops. These results suggest
that the sample morphology changes with increased
molecular weight of the poly(ethylene oxide) segments
in such a way that crystalline hard domains are deve
loped in the rubber matrix.

The third type of samples are those with high
hard segment content of 60% and above. NR:PEO—6000(s),

(B1) and (B2) show high initial modulus and tensile
strength. The tensile curve exhibit distinct yield
behaviour and the elongation at break drops to about
200% in the solution polymerised sample. The samples
behave as rubber toughened plastic materials showing
necking and strain whitening. According to the tensile
curves initial deformation occurs to the hard domains
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followed by the soft segment elongation. This
result combined with the observations of the

optical micrograph in figure 58 corroberate the
phase inversion that occurs at high hard segment
content.

Although the bulk and solution polymerised
samples show the same trend in the stress—strain

behaviour, a comparison of the test results given
in Table XXV show marked differences in properties

between two series of materials. The solution poly
xerised samples possess mane improved properties
than bulk polymerised samples. Also the variation
in properties with composition of bulk samples
occurs over a narrower range. As the hard segment

content increases beyond 50% the material becomes
brittle and does not show any further improvement in
tensile properties. The deterioration in properties
of the bulk samples is mainly attributed to the

compositional heterogenity. The incompatibility of
the two reacting components leads to nonuniform
mixing during bulk polymerisation stage. Consequently
macrophage separation occurs leading to uneven reaction

and thus the final product may be a multicomponent
mixture containing homopolymers of soft and hard seg
ments and copolymers with a wide distribution of
molecular weights.



119

m.vam ¢o.m o.mmH vo.m o.vaa oo.« oooo I ommumzm.omu m».v ¢.¢>H oo.m v.moH mo.v ooov a ommumz
v.~om »o.m o.mmm mm.m o.ova mo.a ooom I ommumz

o.oom vm.m o.>om m«.m v.oom mo.m OOON I ommnmz
o.Hm¢ ov.u o.oam ~o.~ v.»va ov.m ooow : omaumz

“xv was “Xv was ARV was

xmmnn xmonn xmmun

um soap cuocmuum om cog» cumcmnpm um cow» cpmcmnum

smocoam mawwcma Immcoam maamcoe taocoam wawmcmh maaemm

mumvw o3H!% wmmvm 03H mdmpm mQ11

Umwwnmewaoa cowusadw UmwHHmE>aoQ xazm

|Ii|'ulluI!'|"lI.IlIIlllIl|tC"l'IlllIII"‘ I

l|I'|llll"fIIlI"‘l‘Il'IlI.l|ll lll'['I'l'l|lll

U'llll‘I"'IlIlIllllfl"Iulllull IIIIII III‘I|'oI'.'II 11.1. I i|'I"!'I'll|"I!:I"l"I'lI'l'|':l'|

mHmE>aoaoo xooan mo mmflunmaouq amoflcmcomz

39 I: mqmfi.



120

4.6(d) Hydrogels
The block copolymers are capable of forming

hydrogels due to the highly hydrophilic nature of
poly(ethylene oxide). Swelling behaviour is also
observed in non polar solvents such as toluene
due to the interaction of the rubber segments with
the solvent. In both water and toluene, sol fraction
was not observed in the case of the solution polyme
rised samples indicating complete reaction of the
components. The swelling data is presented in
Table XXVl. Samples with higher soft segment
content swell highly in toluene whereas those with
higher hard segment content swell highly in water.
The water uptake increases with increase in hard seg
ment content. More than 500% water absorption was
recorded by the hard segment for sample with 65%
PEO content.
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SUMMARY AND CONCLUSION

In the present study, the photochemical
depolymerisation of NR in toluene, in presence of

H202 and a homogenizing solvent (Methanol/Tetrahydro—
furan) so as to get hydroxyl terminated liquid natural
rubber (HTNR) has been carried out. The copolymeri—

sation of this product with butane 1,4 diol and toluene
2,4 diisocyanate in presence of a catalyst, dibutyl tin
dilaurate, to produce polyurethanes with HTNR soft seg
ments is also reported. The preparation of block
copolymers based on poly(ethylene oxide) with varying
molecular weights and HTNR are also discussed along with

a detailed study on their thermal and mechanical proper
ties.

5.1 Production of hydroxyl terminated liguid natural
rubber (HTNR)

The photochemical depolymerisation of NR using

UV light from a medium pressure mercury vapour lamp,

and sun light were conducted and the products obtained
were analysed. The molecular weights (Mn) after 60 hrs
of irradiation when methanol was used as the homo

genising agent was 5000 and 3300 respectively. The
products gave hydroxyl values of 36.27 mg of KOH/g
and 30.92 mg of KOH/g respectively. The corresponding
functionalities were 1.94 and 1.82. Hence it was
concluded that the UV light and sun light were almost
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equally effective in bringing about degradation
of NR.

The IR and NMR data presented in Chapter 2

clearly establishes the presence of primary hydroxyl
groups in the depolymerised products. The minor peaks
at é = 60.72 and §= 65.51 in the 130-NMR of the product
are in close agreement with the reported values for the
,3 -carbons attached to the hydroxyl groups in allylic

structures like A and B respectively.C C
I

C/C\C/C\CH C\/ \/OHA B
These observations and a functionality of

approximately two obtained for the product lead to the
conclusion that the depolymerised NR has hydroxyl end

groups. Based on the analytical data a mechanism is
proposed for the depolymerisation process. The by
product obtained was found to contain carbonyl groups
from IR spectra. Chemical analysis of the material
gave a carboxyl value of 5.94 mg of KOH/g and a carboflyl
value of 12.29 mg of KOH/g. The formation of these
groups may be through side reactions with free oxygen
present in air giving peroxide radicals and its subse
quent decomposition to the side products. Considering
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these facts, a mechanism for the formation of side
products is also proposed.

The photochemical degradation of NR in solution
reported, is an efficient and economical method for
the preparation of HTNR, since the labour and machinery
requirements are low and also that it utilizes solar
energy. The high clarity and processability are added
advantages of the material.

5.2 gynthesis and characterization of segmented
urethanes based on HTNR soft segments.

Polyurethanes based on HTNR soft segments were

synthesised with varying hard segment content (TDI/BDO)

Two processes were used in the preparation of polyure
thanes (l) one step process (2) two step process.
Two step process was again split into two. (a) Two
step bulk and (b) two step solution polymerisation
processes.

The infra red analysis of the products obtained
showed that complete conversion to PU's have taken place.
The stress—strain behaviour of these materials were

determined and it is found that the one step material
does not show any general trend in contrast to the two
step materials, which show three general types of mecha~
nical behaviour. Below 40% HS content they are soft
elastomers. At 70% HS, they behave as rubber toughened
plastic displaying necking and strain whitening. Inter
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mediate compositions behave as rigid elastomers.
This variation of mechanical properties is likely to
be caused by the changes in sample morphology.

Thermal analysis of the materials by differen
tial scanning calorimetry shows that they are phase
segregated materials. The soft segment glass transition
is found to be about -5900 for bulk polymerised samples
and at -6400 for solution polymerised samples. A maximum
of two hard segment Tg's are observed in bulk polymerised
samples in contrast to the single hard segment Tg exhibi
ted by solution polymerised samples. Fractionation
according to the difference in solubility of the bulk
polymerised samples has been conducted and it was conclu
ded that the twin Tg behaviour can be explained by con
sidering, in addition to the segregation of hard and
soft segments, the poor compatibility and greater diffe
rences in solubility, cause the segregation of macro
molecules as a whole according to their composition
during moulding or solution casting and hence separation
of hard segments of different lengths. This can arise
from the heterogenity of the reactants themselves. A
schematic model has been proposed to explain the hetero
genous reaction which takes place in the two step bulk
polymerisation process.

Thermal stability of the materials was determined
by thermogravimetry. Generally a two stage decomposition
curve was observed indicating that the two phases present
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decompose at two different temperatures.

Dynamic mechanical analysis of the materials
was also done. As expected the samples showed two
principal relaxations corresponding to the two phases
present in the material. The Tg values were determined
from the Tan 5 peaks, at 5.5 Hz. Consistent with the
dsc results, the soft segment Tg of the samples were
found to be independent of the hard segment content.

Effect of catalysts on the polyurethane synthe
sised by solution polymerisation technique is also
investigated. It is concluded that DBTDL is a better
catalyst than TEA from the results obtained from tensile
measurement and also from the calculations of the degree
of condensation.

Effect of the HTNR molecular weight on mechanical

properties of polyurethanes synthesised was investigated.
It was found that a molecular weight of about 5000 gave
maximum tensile strength and as the molecular weight of
polyol increases, tensile strength decreases but elonga
tion at break increases.

5.5 §tudies on block copolymers from poly(ethylene
oxide) and HTNR.

Block copolymers were prepared from HTNR and

poly(ethylene oxide) with varying molecular weights.
Toluene 2,4 diisocyanate was used as the coupling agent
for combining the two components. The materials were
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synthesised by the bulk and solution polymerisation
techniques (ie. one step and two step). The products
were characterized by IR analysis, differential scanning
calorimetry, thermogravimetry and optical microscopy.
Their mechanical properties were also evaluated. with
increasing PEO content, the properties vary from soft
to rigid elastomers and rubber toughened plastics.
This variation in properties is caused by the changes
in sample morphology which depends on the relative
fractions of PEO ahd HTNR segments. water absorption
capability of these block copolymers was determined.
Hydrogels with water content apprximately upto 80%
were obtained.

It is concluded that the bulk and solution
polymerisation processes for the preparation of block
copolymers from HTNR and PEO led to highly phase sepa

rated materials. The solution polymerised samples
exhibited higher breaking stresses than bulk polymerised
samples at the same nominal hard segment molecular weight.
These materials are high water absorbing substances and
can form hydrogels. Hydrogels having upto 80% water
content were obtained. Non porous gels are useful as
carriers of fragrances or as warm/cold compresses.
Foam—hydrogels from this material can be used as humidity
absorbers and also as enzyme carriers.
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The polyurethanes prepared from HTNR having

TDI/BDO hard segments can be used for shoe soles

with adequate loading of fillers like carbon black
or silica. The hydrolytic stability of these poly
urethanes over conventional polyester or polyether
polyurethanes is an added advantage since these have
a hydrocarbon backbone.

#***#
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