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FOREWORD

The ACS Sympostum Series was founded in 1974 to provide
a medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ApvAaNCES
IN CHEMISTRY SERIES except that in order to save time the
papers are not typeset but are reproduced as they are sub-
mitted by the authors in camera-ready form. As a further
means of saving time, the papers are not edited or reviewed
except by the symposium chairman, who becomes editor of
the book. Papers published in the ACS Sympostum SeRiEs
are original contributions not published elsewhere in whole or
major part and include reports of research as well as reviews
since symposia may embrace both types of presentation.
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PREFACE

THE LAST FEW YEARS HAVE BROUGHT remarkable progress in research
on elastomers and rubberlike elasticity. For example, regarding the
synthesis and structural characterization of new elastomers, there are
multi-phase block copolymers, the organophosphazenes, and polymers of
carefully controlled microstructure and capacity for strain-induced crystal-
lization. In the area of new cross-linking techniques, there are very specific
chemical reactions used to form model or ideal networks of known struc-
ture; for example, end-linking of chains having reactive groups placed at
both ends. Important advances in the molecular theories of rubberlike
elasticity, with particular regard to the forms of the elastic equation of
state, the importance of junction fluctuations, and the nature or degree of
non-affineness of the elastic deformation have been reported. Also, im-
provements in experimental techniques, including the use of model net-
works to test newly developed theoretical concepts, and neutron scattering
measurements to characterize the structure of elastomeric networks and
the nature of the deformation process have developed.

A wide variety of such topics are covered in this book. Most of the
chapters are from papers presented at a symposium held in August 1981.
This symposium was preceded by a half-day tutorial session, with corre-
sponding introductory review articles on synthesis of elastomers by G.
Odian and rubber elasticity by J. E. Mark (published in the November
1981 issue of the Journal of Chemical Education). To aid the reader, a
brief review of thermoplastic elastomers is included in this book.

It is a pleasure to acknowledge that the symposium from which these
chapters derive has received financial support from the following: Divi-
sion of Polymer Chemistry, Inc., Petroleum Research Fund, American
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Hoechst Corporation, Ashland Chemical Company, Cabot Corporation,
Dow Chemical U.S.A., Dunlop Research Centre, E. 1. du Pont de Nemours
& Company, The Firestone Tire & Rubber Company, The General Tire &
Rubber Company, The BF Goodrich Company, The Goodyear Tire &
Rubber Company, Monsanto Company, Polysar Limited, Shell Develop-
ment Company, 3M Chemicals Division, and Uniroyal Chemical Division.

JAMES E. MARK
The University of Cincinnati
Cincinnati, OH 45221

JOGINDER LAL
The Goodyear Tire & Rubber Company
Akron, OH 44316

X

In Elastomers and Rubber Elasticity; Mark, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1982.



FOREWORD

BY PAUL J. FLORY

RUBBER ELASTICITY IS A PROPERTY THAT is unique to polymers consist-
ing of long, flexible chains. No substance otherwise constituted will sustain,
without rupture, the high deformation that is typical of rubberlike mate-
rials, while simultaneously retaining the capacity to recover its original
dimensions. Moreover, rubber elasticity is a nearly universal property of
long chain polymers under suitable conditions, i.e., in the amorphous state
above the glass transition. It is not peculiar to a restricted class of such
materials; nearly all conventional polymers are. rubberlike when neither
crystalline nor glassy, provided however that the long chains are so inter-
connected as to yield a network whose permanency extends beyond the
“use life” of the material in a practical application or the duration of an
experiment in the laboratory. In addition to common organic polymers,
rubber elasticity is manifested also in certain inorganic polymers, notably
elastic sulfur and the polyphosphazenes (Singler and Hagnauer). Bio-
polymers such as the prominent structure proteins, elastin, denatured
collagen, and myosin, display rubber elasticity, a characteristic that is
requisite to their functions in living organisms.

Covalent cross-linkages usually serve to bind the long chains into a
network. The necessary interconnections may, however, be provided by
other means, e.g., by small crystalline regions (Morton) or by chelate
linkages (Eichinger).

It was recognized a half century ago by K. H. Meyer, by E. Guth
and H. Mark, and by W. Kuhn that rubber elasticity originates in the
capacity for randomly coiled long-chain molecules to adopt diverse con-
figurations, and that recovery from deformation is a manifestation of the
tendency of such chains to assume the most probable distribution of con-
figurations. Early theories of rubber elasticity were developed on the
basis of these well-conceived insights. Subsequent experimental investi-
gations, especially the analysis of stress-temperature coefficients and ob-
servations on effects of swelling, confirmed that the retractive force origi-
nates primarily within the chains of the network, and not to an appreciable
degree from forces of attraction between chains and their neighbors in the
space they share., The elastic free energy of an elastomeric network is
therefore appropriately treated as the sum of contributions of its individual
chains, the resultant being sensibly independent of their mutual interactions.

xi
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The chains of typical networks are of sufficient length and flexibility
to justify representation of the distribution of their end-to-end lengths by
the most tractable of all distribution functions, the Gaussian. This facet
of the problem being so summarily dealt with, the burden of rubber
elasticity theory centers on the connections between the end-to-end
lengths of the chains comprising the network and the macroscopic strain.

Early theories of Guth, Kuhn, Wall and others proceeded on the
assumption that the “microscopic” distribution of end-to-end vectors
of the chains should reflect the macroscopic dimensions of the specimen,
i.e., that the chain vectors should be affine in the strain. The pivotal
theory of James and Guth (1947), put forward subsequently, addressed
a network of Gaussian chains free of all interactions with one another, the
integrity of the chains which precludes one from the space occupied by
another being deliberately left out of account. Hypothetical networks of
this kind came to be known later as phantom networks (Flory, 1964,
1976). James and Guth showed rigorously that the mean chain vectors
in a Gaussian phantom network are affine in the strain. They showed also
that the fluctuations about the mean vectors in such a network would be
independent of the strain. Hence, the instantaneous distribution of chain
vectors, being the convolution of the distribution of mean vectors and
their fluctuations, is not affine in the strain. Nearly twenty years elapsed
before his fact and its significance came to be recognized (Flory, 1976,
1977).

In deformed real networks attainment of the molecular state pre-
dicted by phantom network theory is generally precluded by non-specific,
diffuse entanglements of the chains, which restrict fluctuations of the
junctions of the network about their mean positions. The stress conse-
quently is enhanced to a degree that depends on the strain. With proper
account of this restriction, the relationship of stress to strain in typical
rubbers is well reproduced by recent theory (Flory, 1977) over the full
range of uniaxial and biaxial deformations accessible to experiment (Er-
man and Flory, 1980, 1982). At large strains, including dilation, the
effects of restrictions on fluctuations vanish and the relationship of stress
to strain converges to that for a phantom network. The primary connec-
tivity of the network may thus be ascertained. Experimental results (J. E.
Mark 1977-1981; Rehage and Oppermann; Erman and Flory) show the
measured stress in this limit to be in close agreement with that calculated
from chemical degrees of cross-linking. Topological entanglements (alias
“trapped entanglements”) that allegedly intertwine chains with one
another, and hence should act like cross-linkages, do not contribute
appreciably to the stress.

This deduction from analysis of experiments according to recent
theory contradicts entrenched views on the role of chain entanglements.

xii
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Two conditions must be met if this conclusion is to be revealed by the
analysis. First, appropriate experimental procedures must be adopted to
assure establishment of elastic equilibrium. Second, the contribution to
the stress from restrictions on fluctuations in real networks must be prop-
erly taken into account, with due regard for the variation of this contribu-
tion with deformation and with degree of cross-linking. Otherwise, the
analysis of experimental data may yield results that are quite misleading.

PAUL J. FLORY
Stanford University
Stanford, CA 94305
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Basic Concepts in Elastomer Synthesis

GEORGE ODIAN
College of Staten Island, City University of New York, Staten Island, NY 10301

The synthesis of elastomers by step, chain,
and ring-opening polymerizations is reviewed.
These reactions are characterized as to the
process variables which must be controlled

to achieve the synthesis and crosslinking of
an elastomer of the required structure. Both
radical and ionic chain polymerizations are
discussed as well as the structural varia-
tions possible through copolymerization and
stereoregularity.

Requirements of an Elastomer

An elastomer or rubber is a material which undergoes very
large (up to 400% or more), reversible deformations at relatively
low stresses. These characteristics are met by flexible, cross-
linked polymer molecules (l). Only polymer molecules have the
ability to undergo very large deformations. A long-chain
molecule can respond to stress, without distortions of bond
angles or bond lengths, by conversion from a random coil to a
more extended chain through rotations of the bonds in the polymer
chain. The polymer must be essentially completely amorphous
(non-crystalline) with a low glass transition temperature and low
secondary forces so as to obtain high flexibility of the polymer
chains. Precluded from use as elastomers are polymers such as
nylon-6 (I), polyethylene (II), and polystyreme (III). Highly
polar polymers (e.g., nylon-6) or those with highly regular

t(cH,) ;CONH} €CH,CH, 3 <CH,,CHEY |
I 11 III

structures (e.g., polyethylene) are quite crystalline and, thus,

0097-6156/82/0193-0001$0900/0
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2 ELASTOMERS AND RUBBER ELASTICITY

do not have the necessary chain flexibility. Polymers with large
bulky substituents (e.g., polystyrene), although non-crystalline,
are also too rigid to be elastomers. (These polymers do, however,
find large-scale use -- polyethylene and polystyrene as plastics
and nylon-6 as both a plastic and fiber.) Polymers which find
uses as elastomers are those which have irregular or unsymmetrical
structures [e.g., ethylene-propylene copolymer (IV)], or non—
polar structures, [e.g., polyisobutylene (V)] or flexible units

in the polymer chain [e.g., polysiloxane (VI), polysulfide (VII),
1,4-polyisoprene (VIII)].

CH
3
{CH, CH, CH,CH)_ 1CH,C(CH,) 3 f0S1(CH,) ,3
IV v VI
s
£(cH,) (S 3 £CH, C~CHCH, ).
VII VIII

The reversible recovery of a deformed elastomer to its
original (undeformed) state is due to an entropic driving force.
The entropy of polymer chains is minimum in the extended con-
formation and maximum in the random coil conformation. Cross-
linking of an elastomer to form a network structure (IX) is

-

IX

necessary for the recovery from deformation to be rapid and
complete. The presence of a network structure prevents polymer
chains from irreversibly slipping past one another upon deforma-
tion. Either chemical or physical crosslinking can be used to
obtain the required network structure. The synthetic strategy for
producing an elastomer differs depending on whether chemical or
physical crosslinking is involved. The synthesis of a chemically-
crosslinked elastomer requires the polymerization of an
appropriate low molecular weight reactant or mixture of reactants
(referred to as monomers) such that the polymer molecules
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1. obIiaN Basic Concepts in Elastomer Synthesis 3

produced contain functional groups capable of subsequent reaction
to form crosslinks between polymer chains. An example is 1,4-
polyisoprene which is found in nature and also produced by
polymerization of isoprene. 1,4-Polyisoprene is crosslinked by
heating with sulfur. Sulfur crosslinks are formed between polymer
chains through reaction of the double bonds present in 1,4~
polyisoprene. Thus, the overall process involves two separate
synthetic reactions. First, a polymer is synthesized from a
monomer or mixture of monomers. Second, the polymer is fabricated
(e.g., by compression molding) into the desired shape (e.g., an
automobile tire) and chemically-crosslinked while in that shape.
The crosslinking and polymer synthesis reactions are carried out
separately.

Certain block copolymers comprise a category of elastomer in
which crosslinking occurs by a physical process. The two main
types of block copolymers which have been commercialized are the
ABA and €AB)p block copolymers (X and XI) where A and B represent

s> =

alternating blocks of two different chemical structures, e.g.,
polystyrene and 1,4-polyisoprene blocks. The ABA and €AB3, block
copolymers, referred to as triblock and multiblock copolymers,
respectively, are synthesized such that the A blocks are hard
(e.g., polystyrene) and short while the B blocks are flexible
(e.g., l,4-polyisoprene) and long. These block copolymers,
referred to as thermoplastic elastomers (TPE), behave as
elastomers at ambient temperatures but are thermoplastic at
elevated temperatures where they can be processed by molding,
extrusion, or other fabrication techniques. The behavior of
thermoplastic elastomers is a consequence of their micro-
heterogenous, two-phase structure. The hard A blocks from
different polymer chains aggregate to form rigid domains at
ambient temperatures. The rigidity of the A blocks is a conse-
quence of either their T, or Tg being above ambient temperatures.
The rigid domains constitute a minor, non-continuous phase
dispersed (on a microscopic scale) within the major, continuous
phase composed of the rubbery B blocks from different polymer
chains. The rigid domains act as physical crosslinks to hold the
soft, rubbery B blocks in a network structure. However, the
physical crosslinking is reversible since heating above the
crystalline melting or glass transition temperature of the A
blocks softens the rigid domains and the polymer flows. Cooling
reestablishes the rigid domains and the material again behaves as
a crosslinked elastomer. Thermoplastic elastomers have the
advantage over conventional elastomers that no additional chemical

In Elastomers and Rubber Elasticity; Mark, J., et a.;
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4 ELASTOMERS AND RUBBER ELASTICITY

crosslinking reaction is needed and fabrication into products is
accomplished in the same manner as for thermoplastics. However,
the synthesis of thermoplastic elastomers generally involves more
complicated polymerization procedures compared to conventional
elastomers.

The various reactions for synthesizing elastomers from
monomers are discussed below together with a consideration of the
reactions used to achieve crosslinking (2-15). The most important
consideration in carrying out a polymerization reaction is the
control of polymer molecular weight (MW). For most applications
a polymer must have a minimum molecular weight of 5,000 or so
since it is only then that it has sufficient physical strength to
be useful. Most specific applications require higher molecular
weights to maximize the strength properties. However, some
polymer properties are adversely affected by higher MW, e.g., the
viscosity increases with increasing MW and it becomes more
difficult to form the polymer into the desired shape of the final
product by molding or other processing operations. Thus, the
desired MW is usually some compromise high MW based on obtaining
sufficient strength for the end-use application while retaining
the ability to readily form the polymer into the product shape.
This need to control molecular weight at some high level places
stringent requirements on any reaction to be used for polymer
synthesis. The required polymer molecular weight may vary
considerably for different elastomers since the same strength
will develop at lower molecular weights for the more polar
elastomers such as polyurethanes compared to less polar elastomers
such as polyisobutylene.

Step Polymerization

Polymerizations are classified as either step (condensation)
or chain (addition) polymerizations. The two differ in the time-
scale of various reaction events, specifically in the length of
time required for the growth of large-sized molecules. The
synthesis of polysulfides (Eq. 1) and polyurethanes (Eq. 2) are

-NaCl

nCl-R-Cl + nNa,S ———> {R-S ) (1)

nHO-R-OH + nOCN-R'-NCO —> -(O—R—OCO—NH—R'—N'H—CO-}n (2)

examples of step polymerizations which lead to elastomeric
materials. The reactions can be generalized as

nX-X + n¥-y —EK-> €X-XY-Y)_ (3)

where X and Y are the two different functional groups whose

In Elastomers and Rubber Elasticity; Mark, J., et a.;
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1. obiaN Basic Concepts in Elastomer Synthesis 5

reaction leads to polymer growth. The structural entity which
repeats itself many times in the polymer (e.g., the structure
within the parenthesis in Eq. 1 or Eq. 2) is referred to as the
repeating unit. The small molecule reactants which supply the
X and Y functional groups are referred to as bifunctional
monomers.

Step polymerization proceeds by the stepwise reaction between
the two different functional groups of the monomers. One proceeds
slowly from monomer to dimer and larger-sized species:

Monomer + monomer —> dimer
Dimer + monomer ————> trimer
Dimer + dimer —————> tetramer
Trimer + monomer ————> tetramer
Trimer + dimer ————> pentamer
Trimer + trimer ——————> hexamer
Trimer + tetramer ———> heptamer
Trimer + pentamer ————> octamer
Tetramer + tetramer —————> octomer
Tetramer + pentamer —————> nonamer
etec., etc. (4a)

or in general
n-mer + m-mer ———> (ntm)-mer (4b)

As each larger sized species is formed, it competes simultaneously
with the smaller-sized species for further reaction. There is a
distribution of different sized molecules at any time -- each
species containing one functional group at each of its two chain
ends. The average size of the molecules increases with conversion
until eventually large polymer molecules are obtained.

The rate of a step polymerization is the sum of the rates of
reaction between molecules of various sizes, i.e., the sum of all
reactions described by Eq. 4. Kinetic analysis of this difficult
situation is greatly simplified if one assumes that the
reactivities of both functional groups of a monomer are the same,
the reactivity of one functional group of a monomer is the same
irrespective of whether or not the other functional group has
reacted, and the reactivity of a functional group is independent
of the size of the molecule to which it is attached. These
simplifying assumptions, referred to as the concept of equal
reactivity of functional groups, make the kinetics of step
polymerization identical to those for the analogous small molecule
reaction. Although there are obvious instances where it does not
hold, unsymmetrical monomers and monomers in which the two
functional groups are very close to each other, the equal
reactivity concept holds for most polymerizations. In this
situation, the kinetics take the same general form (Eq. 5) as the
corresponding small molecule reaction where [X] and [Y] represent

In Elastomers and Rubber Elasticity; Mark, J., et a.;
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6 ELASTOMERS AND RUBBER ELASTICITY

rate = k[X][Y] (5)

the concentrations of X and Y groups, respectively, and k is the
rate constant for reaction between X and Y groups.

Stoichiometric or very nearly stoichiometric amounts of the
X and Y functional groups are used in the typical polymerization,
[X] = [Y] = [M], and the polymerization rate, defined as the rate
of decrease of X or Y groups, is given by

d[M] _ 2

Integration yields

-
(M]

1
—= + kt &)
EI
where [M]y and [M] are the concentrations of X (or Y) groups at
time 0 and t, respectively. It is useful to introduce p as the
fraction of the original functional groups that has reacted at
time t and to define DP, referred to as the average degree of

polymerization, as the average number of monomer molecules linked
together per molecule in the reaction system at time t.

[l ], L
T T MA@ ®

Combination of Eqs. 7 and 8 yields

DP = 1 + [M]Okt )]

The polymer molecular weight (more specifically, the number-
average molecular weight) is DP multiplied by one-half the
molecular weight of the repeating unit.

The size of the polymer molecules increases at a relatively
slow rate in step polymerization compared to chain polymerization
due to the lower rate constants in the former since k is of the
order of 1073-10"2 liter/mole-sec. One proceeds slowly from
monomer to dimer, trimer, tetramer, pentamer, and so on until
eventually large polymer molecules have been formed. Any two
molecular species containing respectively the two different
functional groups can react with each other throughout the
polymerization. The average size of the molecules increases
slowly with time and high molecular weight polymer is not obtained
until near the very end of the reaction (i.e., above 95% conver-
sion).

The successful synthesis of useful polymers is more difficult
than carrying out the corresponding small molecule reaction since

In Elastomers and Rubber Elasticity; Mark, J., et a.;
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1. obiaN Basic Concepts in Elastomer Synthesis 7

high molecular weights can only be achieved at very high conver-
sion. Equation 8 shows that DP values of 20, 50, 100, and 200
(corresponding to molecular weights of 2000, 5000, 10000,

and 20000, respectively, for the case where the repeating unit has
a molecular weight of 200) are obtained at conversions of 95, 98,
99, and 99.5%, respectively. A conversion such as 907 which would
be considered excellent for the synthesis of a small molecule
product is a disaster for the synthesis of the corresponding
polymer. The need for very high conversions means that only a
relatively small fraction of all chemical reactions can be used to
synthesize polymers. Several stringent requirements must be met
by any polymerization system in order to produce high molecular
weights:

1. Side reactions which prevent the required high conver-
sions must be absent. The chemistry of the reaction used for
polymerization must be well understood so as to carry out the
polymerization under conditions where the extent, if any, of side
reactions does not limit the polymer molecular weight.

2, Reasonable reaction rates are needed to achieve the
required DP in a reasonable time. Equations 8 and 9 indicate
that it takes progressively longer and longer times to achieve
each of the last few percent conversion, e.g., it takes about as
long to go from 95% conversion to 967 conversion as it takes to
reach 957 conversion from zero conversion.

3. Reversible reactions such as polyesterification must be
driven to high conversion by displacement of the equilibrium
toward the polymer product. For reactions where there is a small
molecule by-product such as water, this can be done by removal of
that by-product by polymerization at temperatures above its
boiling point. Only low molecular weight products are obtained
without displacement of the equilibrium. For example, even for
an equilibrium constant of 16, which would be highly favorable for
a small molecule reaction since the conversion is 80%, the DP is
only 5 for polymerization carried out under equilibrium condi-
tions.

4. The polymer molecular weight may be greatly diminished if
polymerization takes place under conditions where polymer
precipitates from solution and/or is not well solvated. The
reacting functional groups become inaccessible to each other and
polymerization stops before the desired DP is reached.

5. ' High molecular weights can only be achieved by using near
stoichiometric amounts of the two different reacting functional
groups. The dependence of DP on p and r, the molar ratio of X
and Y groups defined so that r is either equal to or less than
one, is given by

_ (1 + r)
bp = (L4+r~-2rp) (10)

Molecular weight control at the desired level is achieved by

In Elastomers and Rubber Elasticity; Mark, J., et a.;
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8 ELASTOMERS AND RUBBER ELASTICITY

simultaneous control of p and r. For any specific value of p, the
molecular weight increases the more nearly stoichiometric amounts
(r closer to 1) of X and Y functional groups are used. Stoichio-
metric imbalance lowers DP since at some point all molecules in
the reaction system will contain the same type of functional
group, e.g., X groups if X groups are in excess, and subsequent
growth does not occur since X groups do not react with each other.
The greater the stoichiometric imbalance, i.e., the more r is
smaller than 1, the earlier this occurs and the lower the polymer
molecular weight. For example, for p = 0.99, r values of 0.999,
0.990, and 0.980 yield DP values of 95.2, 66.3, and 49.5,
respectively. This shows how critical is the need to control r
since a difference of a few tenths of a percent excess of one
reactant over the other results in significant differences in the
molecular weight of the polymer product. Control of r requires
the use of high purity monomers. Reactant purity and stoichio-
metric balance between reactants is much more critical in step
polymerization relative to small molecule reactions. The
presence of a few tenths percent of an imbalance or impurity is
generally carried along in the latter and ends up as a very minor
impurity in the final product. However, the same level of
imbalance or impurity can be disastrous for polymerization —-
resulting in a lowered DP which makes the product unsuitable for
a particular application.

6. Step polymerizations have reasonably high activation
energies but are not highly exothermic (since the reaction
involves breaking and making single bonds) and the viscosity is
not too high until the very late stages of reaction. Since mixing
and thermal control will be reasonably easy, most step polymeriza-
tions are carried out as bulk (mass) polymerizations without any
added solvent or diluent.

It should be noted that the product of a step polymerization
is a mixture of polymer molecules of different molecular weights.
The molecular weight distribution 1s characterized by the number-
average and weight-average degrees of polymerization, X, and Xy,
respectively, defined by

X = Z_qxnx (11)
N = 2 v My (12)

where Ny and wy are the mole-fraction and weight-fraction,
respectively, of molecules whose weight is My and the summations
are over all the different sizes of polymer molecules from x =_1
to x = infinity. X, is exactly the same as DP. The ratio X, /X,
is useful as a measure of the polydispersity of a polymer. For

step polymerizations, this ratio is given by
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1. obian Basic Concepts in Elastomer Synthesis 9

= (1+0p) (13)

=><l IE:NI

which indicates that the polydispersity increases with conversion
and approaches 2 in the limit of complete conversion.

Step polymerization is used to synthesize multiblock
copolymeric elastomers (referred to as segmented elastomers). An
example is the polyester-polyurethane system produced by the
reaction of a diisocyanate with a mixture of macro diol and small-
sized diol (Eq. 14). The macro diol (usually referred to as a

nHO(ORO—CO—R'—CO)bOR-OH + naHO-R-OH + (n+na)OCN-R"-NCO —>
f(ORO—CO—R'—CO)bOR—O(CONH—R"—NHCO—O-R—O)aCONH—R"-NHCO}n (14)

diol prepolymer) is synthesized by polyesterification between
HOROH and HOOCR'COOH. An excess of HOROH is used in order to
produce the macro diol having hydroxyl groups at both chain ends.
The length of the polyester blocks in the multiblock copolymer is
determined by the value of r in the prepolymer synthesis. The
length of the polyurethane blocks is determined by the relative
amounts of diol prepolymer and small-sized diol, i.e., by the
value of a. The polyester and polyurethane blocks function as the
soft and hard segments, respectively, of the thermoplastic
elastomer. A variation of this product is the polyether-
polyurethane system in which the diol prepolymer is produced by
the ring-opening polymerization of a cyclic ether such as
propylene oxide or tetrahydrofuran. A second type of multiblock
copolymer which finds practical utility is the polyether-
polyester system. Polyether blocks formed by ring-opening
polymerization of a cyclic ether serve as the soft segments.
Polyester blocks formed from an aromatic acid serve as the hard
segments. For most multiblock copolymers, DP is in the range
1-10 for the hard blocks and 15-30 for the soft blocks.

Chain Polymerization

Monomers, such as ethylene, propylene, isobutylene, and
isoprene, containing the carbon-carbon double bond undergo chain
polymerization. Polymerization is initiated by radical, anionic
or cationic catalysts (initiators) depending on the monomer.
Polymerization involves addition of the initiating species R¥,
whether a radical, cation, or anion, to the double bond followed
by its propagation by subsequent additions of monomer

* * *
CH,=CHY D SN RCH,~CHz DOBOREL 5 ~~AcH,CHZ (15)
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10 ELASTOMERS AND RUBBER ELASTICITY

Ionic polymerizations are much more selective than radical
polymerization. All monomers except l-alkyl and 1,1-dialkyl-
ethylenes undergo polymerization by radical initiation. Cationic
initiation is limited to monomers containing substituents

(Zz = ether, 1,1-dialkyl but not monoalkyl ether) which can
stabilize the propagating center (* = + in Eq. 15) by electron-
donation. Anionic initiation requires the presence of electron-
withdrawing substituents (Z = ester, nitrile, aldehyde) to
stabilize the propagating anion. Styrene and conjugated dienes
undergo polymerization by both radical and ionic initiation.
Ethylene and l-alkylethylenes are polymerized by Ziegler-Natta
initiators, a special class of jonic initiators. 1,2-Disubsti-
tuted ethylenes are not polymerized by any initiators due to
steric hindrance.

Radical Polymerization. Radical chain polymerization
involves initiation, propagation, and termination. Consider the
polymerization of ethylene. Initiation typically involves thermal
homolysis of an initiator such as benzoyl peroxide

k
(¢c00)2 —L> 2 $coo- (16)

CH,* 17)

¢coo+ + CH,=CH, ——> e&cooca2 9

2 72

(Other methods of producing the initiating radicals include
photochemical and redox reactions.) Initiation 1s followed by
propagation of the radical by the successive additions of very
large numbers (usually thousands) of monomer molecules

k
. = P .
WCHZCHZ + CH, CH, —_—> WCHZCHZCHZCHZ (18)

Propagation ceases when two propagating radicals annihilate each
other by combination

k

2 ~CH, CH —t s ~~CH,,CH, CH,, CH,~~ (19)

(Disproportionation between propagating radicals also occurs.)

The characteristic of chain polymerization which distin-
guishes it from step polymerization is the rapid growth of high
molecular weight polymer. Propagation is favored over termination
since large propagation rate constants (102—104 liter/mole~sec.)
are coupled with high monomer concentrations (1-10 molar) and
very low radical concentrations (10'7—10'9 molar). Thousands or
mozf monomer molecules add to a propagating radical in times of
10 ~-10 seconds. High molecular weight polymer 1is produced from
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1. obIAN Basic Concepts in Elastomer Synthesis 11

the very beginning and continuously throughout the polymerization.
At any instant only two types of species exist -- monomer and
polymer. High conversion is not a requirement for high molecular
weight. Molecular weight is essentially independent of conversion
except for variations due to the changes occurring in the con-
centrations of reactants with conversion.

The polymerization rate Rp is given by the rate of propaga-
tion

Rp = kp [M-][M] 0

where [M*] is the concentration of propagating radicals. [M*] is
difficult to accurately determine and Eq. 20 can be put in a more
useful form by introducing the steady-state assumption that the
initiation and termination rates are equal

R, = kd[I] = R

2
: = k] 1)

t
Combination of Eqs. 20 and 21 yields

1/2
X . kl[M](kd[I])

P 172
t

(22)

where [M] and [I] are the concentrations of monomer and initiator,
respectively. Noting that the average number of monomer molecules
adding to a propagating radical is given by the propagation rate
divided by the initiation rate, the degree of polymerization is
derived as

k_[M]
w o= —2 (23)
(k gk, [11)

Successful application of radical polymerization requires the
appropriate choice of the specific initiator to achieve the
desired initiation rate at the desired reaction temperature and
the realization that higher polymerization rates achieved by
increasing the initiation rate (either by increasing [I] or kg)
come at the expense of lowered molecular weights. Higher radical
concentrations result in more propagating chains but each
propagates for a shorter time.

Polymer molecular weight is always found to be lower than the
value described in Eq. 23 due to radical displacement (chain
transfer) reactions of the type
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12 ELASTOMERS AND RUBBER ELASTICITY

Kk
AAACH.CH.» + XA —LEE > AACH

5 CH, CH,X + A° (24)

2772

where XA may be monomer, polymer, initiator, solvent or any other
substance. Chain transfer decreases the size of a polymer
molecule by prematurely terminating growth of the propagating
chain. The polymerization rate is usually not affected by chain
transfer since A- is sufficiently reactive to reinitiate
polymerization. The DP in the presence of chain transfer
reactions is given by

1/2
(k.k _[1]) k 1] «k [s]
1 d’t tr,I tr,S
P " TN kot i, 1] + tc, [M] (25)

where kyr M, kgr,7, and ki, g are the rate constants for chain
transfer to monomer, initianr, and solvent (or other added
substance S), respectively. Equation 25 describes how polymer
molecular weight 1s controlled at the desired level -—- by the
appropriate choice of all components of the reaction system
(which defines the values of the various rate constants) and their
concentrations. In some polymerizations, this may involve the
deliberate addition of a highly active transfer agent such as
n-butyl mercaptan to decrease the molecular weight to the desired
level. A particular transfer reaction —-- transfer of a
propagating radical with polymer -~ is important with certain
monomers and has a significant effect on the properties of the
final product. Such transfer leads to branch formation which
decreases the ability of the polymer to crystallize and increases
its viscosity.

Other considerations important in carrying out radical
polymerizations include:

1. The effect of temperature on the polymerization rate and
DP manifests itself by the effects of temperature on initiation,
propagation, and termination. The propagation and termination
steps have small activation energies (about 5-10 and 2-5 kcal/
mole, respectively) while initiation by thermal decomposition of
a catalyst has a large activation energy (about 30-35 kcal/mole).
The overall result is that the polymerization rate increases
rapidly with increasing temperature while DP decreases. The
difference is due to DP being inversely dependent on initiation
while the polymerization rate is directly dependent. It is
important that attempts to increase the polymerization rate by
increasing the temperature take into account the decrease in DP.
Higher polymerization rates are obtained at the expense of lower
molecular weight. Polymerizations initiated by redox reactions or
photolysis are less sensitive to temperature because the initia-
tion steps have smaller activation energies.

2. Although the polymerization rate increases with
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1. obIiaN Basic Concepts in Elastomer Synthesis 13

temperature, the polymerization of many monomers becomes
appreciably reversible at higher temperature. For a particular
monomer at a particular concentration, there will be an upper
temperature limit -- the ceiling temperature -- at which
polymerization does not occur.

3. Physical control (i.e., thermal control, ease of
stirring) of polymerization is more difficult than in step
polymerization since the reaction is highly exothermic (AH ~ =20
kcal/mole for conversion of m-bonds to o-bonds), the rate
increases rapidly with increasing temperature (E, ~ 20 kecal/mole),
and the viscosity of the reaction system increases rapidly
throughout the process (since high molecular weight polymer is
produced early and continuously). The rates of step polymeriza-
tions are less sensitive to temperature (since the reaction is
only moderately exothermic) and viscosity does not increase
greatly until high conversions are reached.

4, Most polymerizations proceed with autoacceleration as the
increasing viscosity of the reaction system results in an increase
in the kp/ktl/2 ratio. Both kp and k¢ decrease with increasing
viscosity but ki decreases more than does since termination
involves reaction between two large-sized species while
propagation involves reaction between one large and one small
species.

5. Polymerization is inhibited or retarded by the presence
of certain substances, e.g., p-benzoquinone, 4-t-butylcatechol,
1,3,5-trinitrobenzene, and oxygen. These substances react with
radicals to yield species which are no longer capable of chain
propagation. The deliberate addition of such substances is use-
ful for stabilizing monomers during transportation and storage.
The removal of retarders and inhibitors is often required prior to
polymerization; the alternate approach is to use extra amounts of
initiator.

6. The molecular weight distributions in chain polymeriza-
tions are broader than in step polymerization. The ratio Xy/Xp
can reach as high as 5-10 due to the autoaccelerative effect and
as high as 20~50 due to chain transfer to polymer.

7. Emulsion polymerization, involving the polymerization of
monomers that are in the form of emulsions, offers certain
advantages relative to polymerizations of bulk monomer or monomer
in solution or suspension. Radicals are produced in an aqueous
phase and then migrate into the colloidal particles, referred to
as micelles, where propagation takes place with an on—off
mechanism. Immediate termination occurs whenever a radical
enters a micelle containing a propagating radical since the
micelle size is such that the presence of two radicals corresponds
to an exceptionally high molar radical concentration. Thus, the
entry into a micelle of each odd-numbered radical corresponds to
initiation and propagation while the entry of each even-numbered
radical corresponds to termination. The rate and degree of
polymerization are given by
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14 ELASTOMERS AND RUBBER ELASTICITY

Nk_[M]
Rp = ——l%f—— (26)
Nk [M]
DP = ——%%——— 27
i

where N is the concentration of micelles. Emulsion polymeriza-
tion has the unique feature that both R, and DP can be increased
by increasing N. For other radical polymerizations, increasing
R, by altering a parameter (e.g., R{ Or temperature) almost
always results in a simultaneous decrease in DP. Increased
molecular weights are quite compatible with increased polymeriza-
tion rates in emulsion polymerization. Emulsion polymerization
is esg?gially useful for monomers such as 1l,3~dienes whose

/kt ratios are small. Polymerization of such monomers in
bulk, solution, or suspension yields low rates and low molecular
weights. High rates and high molecular weights are achieved in
emulsion polymerization by using high concentrations of micelles.

Ionic Polymerization. TIonic polymerizations, especially
cationic polymerizations, are not as well understood as radical
polymerizations because of experimental difficulties involved in
their study. The nature of the reaction media is not always
clear since heterogeneous initiators are often involved. Further,
it is much more difficult to obtain reproducible data because
ionic polymerizations proceed at very fast rates and are highly
sensitive to small concentrations of impurities and adventitious
materials. Butyl rubber, a polymer of isobutene and isoprene, is
produced commercially by cationic polymerization. Anionic
polymerization is used for various polymerizations of 1,3~
butadiene and isoprene.

A variety of initiators have been used for cationic
polymerization. The most useful type of initiation involves the
use of a Lewis acid in combination with small concentrations of
water or some other proton source. The two components of the
initiating system form a catalyst—-cocatalyst complex which donates
a proton to monomer

AlCl, + H,0 —> AlCl,-H,0 (28)

3 2 372

Al1C1,°H O + (CH3)2C=CH

+ -
3'H, —> (CHy)4C (ALCL,0H ) (29)

2

Protonic acids are less suitable because the conjugate base is too
active a nucleophile. HCl, for example, will not initiate
polymerization because chloride ion adds immediately to the
carbenium ion before the latter can propagate. Other initiators
which have been studied include electroinitiation, photoinitiation
and ionizing radiationm.
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Propagation proceeds by successive additions of monomer
molecules to the carbenium ion center

+ -
WCHZC(CH3)2(A1C130H ) + (CH3)ZC=CH —

2

+ -
NN
CHZC(CH3)ZCHZC(CH3)2(A1013OH ) (30)

Since the solvents used (e.g., chlorinated hydrocarbons, benzene,
THF) are only mildly polar, the negative counter-ion will be held
near the propagating carbenium ion center. Highly polar solvents
are not generally useful since they either react with and destroy
the initiator and propagating centers or deactivate them by strong
complexation.

Termination occurs either by expulsion of H' and A1C130H”
from the propagating chain end

+ -
"’V‘CHZC(CH3)2(A1C13OH )y —> ﬂJ\ACH=C(CH3)2 + H+(A10130H—) (31)

or chain transfer of a negative fragment from the counter-ion to
the carbenium ion center

+ -
WCHZC(CH3)2(A1013OH ) — WCH2001(CH3)2 + A1C1,0H (32)

Chain transfer reactions with solvent or some other component of
the reaction system also occur (Eq. 33).

+ -
NV‘CHZC(CH3)2(A1013OH )+ XA —>
+ —
'\'\v\CHZC(CH3)2A + X (AlCl30H ) (33)

The kinetic expressions which describe the rate and degree
of polymerization in cationic polymerizations are derived in a
manner analogous to that for radical polymerization. The results
are similar with the main difference being that the direct and
inverse dependencies of the rate and degree of polymerizatiom,
respectively, on the initiator concentration or initiation rate
are both first-order, not half-order as in radical polymerization.
The difference arises from cationic termination being mono-
molecular in the propagating species instead of bimolecular as in
radical polymerization.
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16 ELASTOMERS AND RUBBER ELASTICITY

Anionic polymerization can be initiated by a variety of
anionic sources such as metal alkoxides, aryls, and alkyls.
Alkyllithium initiators are among the most useful, being employed
commercially in the polymerization of 1,3-butadiene and isoprene,
due to their solubility in hydrocarbon solvents. Initiation
involves addition of alkyl anion to monomer

R"(Li+) + cuzcms ——> RCH.,-CH$ (34)

2

An interesting initiator is the naphthalene radical—-anion formed
by electron—-transfer from sodium to naphthalene

» —N+
+ Na ——> .. a 5

The naphthalene radical-anion transfers an electron to a monomer
such as styrene to form the styryl radical-anion which dimerizes
to a dianion

-t -
"Na + fcH=cH, —> ¥ (Na+)¢EHCHz' (36)

2Na+(¢E"HCH2- ) — (Na+) ¢EhCHZCH2:dH¢(Na+) (37)

Propagation proceeds at both ends of the dianion.

The anlonic polymerizations of polar monomers, such as
methyl methacrylate, methyl vinyl ketone and acrylonitrile, are
complicated since these monomers contain substituents that are
reactive toward nucleophiles. This leads to termination and side
reactions competitive with both initiation and propagation,
resulting in complex polymer structures. For many anionic
polymerizations of nonpolar monomers, such as styrene, isoprene,
and 1,3-butadiene, there are no effective termination reactions.
Termination by combination with a metal counter-ion does not
occur. Propagation occurs with complete consumption of monomer
and the propagating anionic centers remain intact as long as one
employs solvents such as benzene, n-hexane, THF and 1,2-
dimethoxyethane, which are inactive in transferring a proton to
the propagation anion. These polymerizations, referred to as
living polymerizations, are terminated when desired by the
deliberate addition of a proton source such as water or alcohol.
The degree of polymerization for a living polymerization is given
by the ratio of concentrations of monomer and living anionic
propagating centers [M ]
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pp = ML (38)
M1
For the usual situation where all of the initiator I is converted
into propagating centers, Eq. 38 becomes

_ I _ 2
DP = '[T%' or DP = J["f%' (39

depending on whether propagation involves a monoanionic
propagating species (Eq. 34) or dianionic species (Eq. 37). A
consequence of the absence of termination is that the molecular
weight distribution will be quite narrow (My/Mp approaches 1.1)
provided that initiation occurs much faster than propagation so
that all propagating centers grow for the same length of time.

Sequential addition of different monomer charges to a living
anionic polymerization system is useful for producing well-defined
block copolymers. Thermoplastic elastomers of the triblock type
are the most important commercial application. For example, a
styrene-isoprene-styrene triblock copolymer 1s synthesized by the
sequence

g —Ri 5 g™ D5 psp —S23 Rrs DS,

[

RS D S_H (40)
mn m

Styrene(S) is polymerized to polystyryl anions using butyllithium
and then the diene (D) added. A second charge of styrene is added
after the diene monomer is consumed, followed by the addition of

a terminating agent. The length of each of the three blocks is
controlled by the ratio of the concentrations of the respective
monomer and initiator according to Eq. 39. The optimum combina-
tion of the required physical strength and elastic behavior is
generally obtained when the DP of the hard, polystyrene blocks is
100-200 and the DP of the soft, polydiene blocks is 1000-2000.
Variations of the procedure include the use of a difunctional
initiator such as a dilithium compound or sodium-naphthalene. The
diene monomer is polymerized via a dianion propagating species and
then styrene added. Styrene polymerizes on both sides of the
polydienyl dianion to produce the triblock copolymer. Coupling
reactions have also been used, e.g., living polystyrene-polydienyl
anions can be coupled with a dibromo compound (Eq. 41). The use

- BrR'Br '
RS D > RS DR'DS R (41)
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18 ELASTOMERS AND RUBBER ELASTICITY

of multifunctional coupling agents such as SiCl, or dienes
produces star (radial) and comb block copolymers.

Both anionic and cationic polymerizations have several fea-
tures in common:

1. Ionic polymerizations are very sensitive to changes in
the solvent due to alterations in the nature of the propagating
center. Two types of propagating species coexist —— the free ion
and the ion-pair. The ion-pair consists of the propagating center
and its tightly held counter-ion. The free ion consists of the
propagating center separated from the counter-ion by solvent.
Propagations of the ion-pair and free ion occur concurrently in
a reaction system. The ion-pair is the more plentiful species in
all solvents used in ionic polymerizations although the relative
concentration of the free ions increases with solvent polarity.
However, since the propagation rate constants for free ions are
usually several orders of magnitude higher than those for ion-
pairs, even small changes in the free ion concentration result in
large changes in the observed polymerization rates. For example,
the polymerization rate for styrenme by sodium naphthalene at 20°C
is increased by three orders of magnitude in 1,2-dimethoxyethane
compared to benzene. The identity of the counter-ion also
affects polymerization as larger, less tightly held counter-ions
leading to higher concentrations of free ions and higher
reactivity for the ion-pair. Changes in solvent and counter-ion
have correspondingly large effects on polymer molecular weights,
activation energies, and overall kinetics.

2. Temperature often has a large effect on polymerization
rates and polymer molecular weights. The effect of temperature,
which usually manifests itself through changes in the termination
mode or in the relative concentrations of free ions and ion-
pairs, varies considerably depending on the initiator and solvent.
Some cationic polymerizations show the unusual behavior of a
decrease in rate with increasing temperature due to the termina-
tion rate constant increasing faster with increasing temperature
than the initiation and propagation rate constants.

3. Ionic polymerizations are generally much faster than
radical polymerizations. Both cationic and anionic polymeriza-
tions typically proceed with much higher concentrations of
propagating centers (10‘4-10‘2 molar) than in radical polymeriza-
tions (10~9-10~7 molar) since ionic propagating centers do not
annihilate each other as do radicals.

Copolymerization. Chain copolymerization, the polymeriza-
tion of a mixture of two monomers, yields a copolymer with two
different repeating units distributed along the polymer chain

AN
My + My, ——> ~~AMMMOMM MMM MMM (42)

Copolymerization allows one to advantageously alter the properties
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of a homopolymer. A number of elastomers are copolymers. Butyl
rubber is a copolymer of isobutylene containing 1-27 isoprene.
The isoprene units in the copolymer impart the ability to cross-
link the product. Polystyrene is far too rigid to be used as an
elastomer but styrene copolymers with 1,3-butadiene (SBR rubber)
are quite flexible and rubbery. Polyethylene is a crystalline
plastic while ethylene-propylene copolymers and terpolymers of
ethylene, propylene and diene (e.g., dicyclopentadiene, hexa-1,4-
diene, 2-ethylidenenorborn-5-ene) are elastomers (EPR and EPDM
rubbers). Nitrile or NBR rubber is a copolymer of acrylonitrile
and 1,3-butadiene., Vinylidene fluoride-chlorotrifluoroethylene
and olefin-acrylic ester copolymers and 1,3~butadiene-styrene-
vinyl pyridine terpolymer are examples of specialty elastomers.

The properties of a copolymer are dependent on the identity
of the two monomers and their relative proportions within the
copolymer chain. The latter, referred to as the copolymer
composition, is determined by the competition among the four
propagation reactions

k

le* + M _%ll le* (43)
k12

TASM K+ M) > AN (44)
k21

*“"\Mz* + M > ANk (45)
k22

Man* + M2 — WMZ* (46)

where the * represents a radical, anionic or cationic proprogating
center depending on the initiator used. There are two types of
propagating centers -- those ending in Ml and those ending in Mjp.
Each type of propagating center can react with either of the two
monomers, M; or Mj. The mole fraction of monomer 1 incorporated
into the copolymer, Fi, is dependent on the mole fraction of
monomer 1 in the comonomer feed, fj, and on the four propagation
rate constants according to

2
rlf1 + flf2
Fpo= 3 2 47N
rlfl + 2flf2 + r2f2

where ry = ky;/kyp and rp = k22/k21. ry and rp are referred to as
the monomer reactivity ratios.

The copolymer composition is usually different from the
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20 ELASTOMERS AND RUBBER ELASTICITY

comonomer feed, the difference between F; and fj depending on the
values of ry; and ry. The monomer reactivity ratios for any
comonomer pair are unique for that particular pair of monomers.
For example, rj] and rj for styrene-1,3-butadiene are different
from r; and rp for acrylonitrile-1,3-butadiene. Further, the rj
and rp values for a comonomer pair differ depending on the
particular type of propagating center (radical, cationic,
anionic). Tonic copolymerizations, like ionic polymerizationms,
are selective compared to their radical counterparts. Only
selected comonomer pairs undergo ionic copolymerization. Thus,

a pair such as methyl vinyl ether-acrylonitrile will not undergo
either cationic or anionic copolymerization since acrylonitrile is
unreactive toward cationic propagating centers while methyl vinyl
ether is unreactive toward anionic propagating centers. The
opposite behavior is typical of radical copolymerization -- almost
any pair of monomers undergoes copolymerization since almost all
monomers show some reactivity toward radical propagating centers.
The net result is that most commercial applications of copolymer-
ization involve radical copolymerization. The main exceptions
are Butyl rubber synthesized by cationic copolymerization, EPR
and EPDM rubbers by coordination copolymerization (see below),
and some styrene-1l,3-butadiene copolymers by anionic or coordina-
tion copolymerization.

Stereochemistry; Coordination Polymerization. Stereo-
isomerism is possible in the polymerization of alkenes and 1,3-
dienes. Polymerization of a monosubstituted ethylene, such as
propylene, yields polymers in which every other carbon in the
polymer chain is a chiral center. The substituent on each chiral
center can have either of two configurations. Two ordered
polymer structures are possible —— isotactic (XII and
syndiotactic (XIII) -- where the substituent R groups on

——H B——H ——H
B——R H-}—R B——R
H——H H——H B——4
H—}—R R——H B——R
B——H ] B——1
B——R B——R R—t+—H
H——H B——i B——H
B——R R——4H R——H
XI1 XIII XIV

successive chiral carbons have the same or opposite configura-
tions, respectively. The unordered polymer with random placement
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of the substituents along the polymer chain is referred to as the
atactic structure. Polymerization of conjugated dienes such as
1,3-butadiene can proceed by 1,2- and 1,4-polymerization

CH=CHCH2’V‘ (48)

CH =CH—CH=CH2 —_—> MCHZ—('JHM and '\"CHZ

2
CH=CH2

Isotactic, syndiotactic, and atactic polymers are possible for
1,2-polymerization —-- analogous to the situation for a mono-
substituted ethylene. 1,4-Polymerization yields polymers in
which the repeating unit can be either cis (XV) or trans (XVI)

2\\ // 2\\ ,/ 2
/\ /\

H A
2

Xv XVI

The polymer structure produced in any polymerization is
highly sensitive to the catalyst, solvent, and temperature.
Radical polymerization of 1,3-dienes proceeds with 1,4-polymer-
ization preferred over 1,2-polymerization and trans-1,4-polymer-
ization over cis-l,4-polymerization. 1,4-Polymerization
predominates since there is less steric hindrance at carbon-4
relative to carbon-2 and the 1,4-polymer is more stable than the
1,2-polymer. The preference for trans~l,4-polymerization is due
to the greater stability of the trans-1,4-polymer compared to the
cis-1,4-polymer. These preferences are greater at lower
polymerization temperatures; higher temperatures lead to more
random placement of successive monomer units in the polymer chain.
The trends for cationic polymerization are similar although
cationic polymerization of 1,3-dienes is not of practical
interest (except for Butyl rubber) as the products are usually
low molecular weight with extensive cyclization. Anionic
polymerizations in polar solvents (where the counter-ion is only
weakly coordinated with the propagating center) favor 1,2-
polymerization over 1,4-polymerization. The anionic propagating
center at carbon-2 is not extensively delocalized onto carbon-4
as in the corresponding radical species since the double bond,
while a strong electron-donor, is a weak electron-acceptor.
Trans-1,4~placement 1s favored over cis-1,4~placement as in
radical polymerization.

The situation changes dramatically when anionic polymeriza-
tions are carried out under reaction conditions such that there
is strong coordination among the counter-ion, propagating center,
and monomer. Thus, when lithium is the counter-ion and
polymerization takes place in a solvent of low polarity, the
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results are in the opposite direction to those with lithium ion
in a polar solvent or with weakly coordinating counter-ions such
as sodium, potassium, and cesium —- 1,4~polymerization is favored
over 1,2-polymerization and cis-1,4- over trans-1,4~polymeriza-
tion. The most remarkable results are observed with the Ziegler-
Natta catalysts, which are obtained by combining a transition
metal derivative (e.g., TiCly, TiClj, Co(CO)g, Cr(CN@)g, VClj)
with a Group I-III metal derivative (e.g., AlRg, AlRpCl). Very
high degrees of specificity are observed in polymerizations
initiated by these catalysts. One can synthesize either the cis-
1,4-polymer or the trans-1,4-polymer or the 1,2-polymer, each in
high purity (> 95% pure), by the appropriate choice of the
components of the catalyst system. For example, trans-1,4-
polybutadiene is obtained using TiCl4/AlR3 or VC13/A1R2C1, cis-
1,4-polybutadiene using TiI,;/Al1R3 or Co chelates/AlRj3 or
U(OR)4/A1RC1l,, and 1,2-polybutadiene using Ti(OR)4/AlR3 or
V(acetylacetonate)/AlR3. The detailed mechanism(s) by which
certain catalysts yield the trans-1,4-polymer, others the cis-
1,4~polymer, and still others the 1,2-polymers are not understood.
The identity of the counter-ion is probably decisive in determin-
ing the coordination among counter-ion, propagating center, and
monomer -- which in turn determines the manner in which monomer
is "allowed" to enter the polymer chain. Such polymerizations
are referred to as coordination polymerizations. Although
coordination polymerization is not well understood, the synthetic
polymer chemist has the empirical data available to produce either
the cis-1,4- or trans-1,4- or 1,2-polymer as desired. Coordina-
tion polymerization also achieves high specificity in the
polymerizations of alkenes -- isotactic, syndiotactic or atactic
polymers can be obtained. However, these polymers are not useful
as elastomers with the exception of the ethylene-propylene
copolymer and ethylene-propylene-diene terpolymer rubbers. These
rubbers can only be produced by the Ziegler-Natta catalysts.
(Coordination polymerization is commercially important for the
production of isotactic polypropylene which finds extensive use
as a plastic.)

Polymer stereochemistry is important because of its effect
on the physical properties of an elastomer. For example, cis-
1,4-polyisoprene has very low crystallinity, low Tp and Tg values,
and is an excellent elastomer over a considerable temperature
range. About two billion pounds per year of cis-1,4-polyisoprene
are used in the United States for tires, coated fabrics, molded
objects, adhesive, rubber bands, and other typical elastomer
applications. Trans-1,4-polyisoprene, since it crystallizes to a
significant extent (due to its higher symmetry compared to the
cis-isomer) and has higher T and Tg, is a much harder and much
less rubbery elastomer. Small amounts of trans-1,4-polyisoprene
are used in manufacturing golf balls and for electrical cable
covering., It is interesting to note that both the cis- and
trans-1,4~polyisoprenes are found in nature. Hevea rubber,
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containing more than 98% of the double bonds in the cis configura-
tion, is the major naturally occurring 1,4-polyisoprene. Gutta
percha or balata is predominantly the trans isomer. Both cis-
and trans-1l,4-polyisoprenes have been synthesized commercially
using coordination polymerization processes.

1,4-Polybutadienes with high cis-1,4 and mixed cis-1,4/trans-
1,4 contents are produced commercially using Ziegler-Natta or
lithium catalysts. The high cis elastomer crystallizes on
stretching whereas the mixed cis/trans elastomer shows no tendency
to crystallize. The high cils elastomer has higher strength but
poorer low temperature properties compared to the mixed cis/trans
elastomer. SBR, NBR, and Neoprene (polychloroprene) rubbers,
produced by radical emulsion polymerization, are high trans-1,4-
polymers with minor amounts of cis-~1,4 and 1,2-units. Some
variations in stereochemistry (as well as molecular weight and
branching) are achieved by varying the polymerization temperature.

Ring-Opening Polymerization

Ring-opening polymerization of cyclic monomers, usually by
anionic or cationic catalysts, is another route to elastomers.
These include the polymerization of octamethylcyclotetrasiloxane

CH

CH
CH 3\\ . 3
3\Si/o—-sl\ iy
i 9 CHy ——> $5i-0 (49)
CH. O |/ é
3 \\ Si H3
7 N n
Sil =0 CH
\ 3
CH3 CH3

to yleld a silicone elastomer. Silicones (also called poly-
siloxanes) can also be synthesized by step polymerization of
chlorosilanes but the molecular weights are lower due to the
difficulty of obtaining sufficiently high purity monomers. Ring-
opening polymerization of the cyclotetrasiloxane is accomplished
commercially using an anionic initiator such as sodium hydroxide.
Both initiation

0

HO + SiR, (0S1R ——> HO(S1R,0) ;SR 0 (50)

273 2

and propagation
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0

~A~SiR.0 + SiR, (OSiR

) —> ~~~(SiR,0) ,SiR o (51)

2’3 2
involve a nucleophilic attack by silanoate anion on monomer.
Termination probably occurs by proton transfer from water or
other species present. Most ring-opening polymerizations, like
the above polymerization, bear a striking resemblance to chain
polymerizations in that there is initiation, propagation, and
termination. However, they are analogous to step polymerizations
in that the polymer molecular weight builds up slowly.

Other polymerizations of commercial interest are the polymer-
izations of epichlorohydrin with aluminum or zinc alkyls with

0 CH2C1

CH,=—CH-CH,Cl ——> <CH,-CH-0} (52)

water or alcohol (Eq. 50) as well as copolymerization with
ethylene oxide, the polymerization of cyclopentene with MoC15,

@ _ -€CH2CH=CHCH2CH2) n (53)

WClg, and vanadium~based initiators (Eq. 53), and the thermal
polymerization of hexachlorocyclotriphosphazene (Eq. 54). (Ring-
opening polymerizations of ethylene and propylene oxides,

Cl\ /Cl

VN

N N

i 1
PC1

C123Q§N,/ 2

e-caprolactam and ethylenimine yield useful plastics and fibers.)

——> <{N=PCl (54)

29n

Modification of Elastomers by Chemical Reaction

Chemical reactions are used to modify existing
polymers, often for specialty applications. Although of con-
siderable importance for plastics, very few polymer reactions
(aside from crosslinking) are important for elastomers.
Chlorination and bromination of Butyl rubber to the extent of
about one halogen atom per isoprene unit yields elastomers which
are more easily crosslinked than Butyl rubber. Substitution
occurs with rearrangement to yield an allylic halide structure
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CH3 CH
i C].2 p 3
AAACH,C=CH-CH) NN ——2>  AAACH=C-CHCL-CHAAAN (55)

Chlorination of natural rubber, involving both addition and
substitution (with some cyclization), yields a product with
improved chemical and corrosion resistance. Chlorination of
polyethylene in the presence of sulfur dioxide results in sub-
stituting both chloride and sulfonyl chloride groups into the
polymer. A commercially useful material is one which contains
about 12 chlorides and one sulfonyl chloride per 40-45 repeating
units. This extensive substitution converts the polyethylene,
a plastic, into an elastomer by destroying crystallinity.

A polystyrene-poly(ethylene,l-butene)-polystyrene triblock
copolymer is produced by the selective hydrogenation of the
corresponding triblock copolymer in which the center block con-
sists of random placements of 1,2-poly(l,3-butadiene) and 1,4-
poly(1,3~butadiene) units.

H
5 2
(CHZCH@n(CHZCH-CHCHZCHZSJH-)m(CHZCHqi-)n —_
CH=CH,
4CH, CH$3_{CH, CH,CH, CH,,CH, ('IH-) n€CH,CHOY (56)
CH,,CH,

The ethylene~l-butene block cannot be obtained directly since the
two monomers do not undergo anionic copolymerization.

Crosslinking

Approximately 10 billion pounds per year of elastomers are
used in the United States. Crosslinking is a requirement if
elastomers are to have their essential property of rapidly and
completely recovering from deformations. The terms vulcanization
and curing are used synonymously with crosslinking. Crosslinking
is achieved either by chemical reaction or physical aggregation
depending on the elastomer.

Chemical Crosslinking. Only linear polymers are produced
from bifunctional monomers. The reaction system must include a
polyfunctional monomer, i.e., a monomer containing 3 or more
functional groups per molecule, in order to produce a crosslinked
polymer. However, the polyfunctional reactant and/or reaction
conditions must be chosen such that crosslinking does not occur
during polymerization but is delayed until the fabrication step.
This objective is met differently depending on whether the
synthesis involves a chain or step polymerization. In the typical
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chain polymerization one chooses the polyfunctional monomer such
that it is bifunctional under polymerization conditions with the
remaining function(s) becoming reactive only under the conditions
of the fabrication step. The monomer is polymerized to a linear
polymer and the latter mixed with crosslinking agent (e.g.,
sulfur or a peroxide) and fabricated into the shape of the
desired product. Crosslinking takes place during the fabrication.
In the typical step polymerization between bifunctional and poly-
functional monomers, an excess of the bifunctional monomer is
used to produce a low molecular weight (1000-3000) prepolymer by
limiting the extent of reaction. Subsequent polymerization and
crosslinking of the prepolymer is achieved during fabrication by
establishing stoichiometry between X and Y functional groups by
addition of the appropriate monomer.

The 1,4~polymers of isoprene and 1,3-butadiene and some of
their copolymers (Butyl, SBR, NBR) comprise the largest group of
elastomers. Commercial vulcanization is achieved almost
exclusively by heating with sulfur. The reaction mechanism is
probably ionic and involves both sulfur addition to the double
bonds in the polymer chains and substitution at the allylic
hydrogen

~~~~CH,CHCH,,CH, ™™
Sulfur 24 272
WCHZCH=CHCH2’V > Sm (57)

s~~~ CHCH= CHCH2 A~

Vulcanization by heating with sulfur alone is a very inefficient
process with approximately 40-50 sulfur atoms incorporated into
the polymer per each crosslink. Sulfur is wasted by the forma-
tion of long polysulfide crosslinks (i.e., high values of m),
vicinal crosslinks which act as single crosslinks from the view-
point of physical properties, and intramolecular cyclic sulfide
structures. The rate and efficiency of vulcanization are greatly
increased by including accelerators (e.g., tetraalkylthiuram
disulfide, zinc dialkyldithiocarbamate) and activators (e.g.,
zinc oxide plus stearic acid). The physical behavior of the final
crosslinked elastomer in terms of strength, extent of elongation
prior to break, and elasticity is dependent on the crosslink
density (the number of crosslinks per repeat unit) and the value
of m. Higher crosslink densities and lower m values yield
stronger elastomers which undergo smaller elongations. Diene
polymers and copolymers are also crosslinked by heating with
p-dinitrosobenzene, phenolic resins, or maleimides for

specialty applications requiring better thermal stability than
available in the sulfur crosslinked elastomers.

Polychloroprene rubbers are not efficiently vulcanized by
sulfur. The chlorine atoms deactivate the double bonds toward
reaction with sulfur. Vulcanization is achieved by heating with
zinc and magnesium oxides. Crosslinking involves the loss of
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chloride with the formation of ether and/or -0Zn0O- crosslinks
between polymer chains., Ethylenethiourea or 2-mercaptoimidazoline
are used to accelerate the metal oxide vulcanization. The
accelerated vulcanization probably proceeds with the formation of
sulfide crosslinks between chains.

Ethylene-propylene and silicone rubbers are crosslinked by
compounding with a peroxide such as dicumyl peroxide or di-t-
butyl peroxide and then heating the mixture. Peroxide cross-
linking involves the formation of polymer radicals via hydrogen
abstraction by the peroxy radicals formed from the decomposition
of the peroxide. Crosslinks are formed by coupling of the
polymer radicals

ROOR ——> 2 RO* (58)

RO* + ~A~CH,CH A~~~ —> ROH + WCHZ(':HAM (59)
e o

ZWCHZCH e CH CH (60)

Peroxide crosslinking has practical limitations due to its
relative inefficiency and the high cost of peroxides. The cross-
linking efficiency of polysiloxanes is increased by incorporating
a few percent of vinyl groups into the polymer through copolymer-
ization with vinylmethylsilanol. Peroxide crosslinking of the
copolymer is more efficient since crosslinks form by addition of
polymer radicals to the vinyl groups as well as by radical
coupling. Ethylene-propylene elastomers are modified by
synthesizing the EPDM terpolymers containing small amounts of
unsaturation. These can then be advantageously crosslinked by
sulfur.

Elastomeric copolymers of vinylidene fluoride are cross-
linked by heating with diamine and basic oxide. Crosslinking
involves dehydrofluorination followed by addition of the diamine
with the metal oxide acting as an acid acceptor

”~FV“CH2CF’\”V”

H,NRNH

~NAACH, CF AN —0 > (61)

NSNS

QrEmET

Crosslinking of polyurethanes proceeds in different ways
depending on the stoichiometry and choice of reactants and
reaction conditions. For example, an isocyanate-terminated
trifunctional prepolymer is prepared by reaction of a polyol and
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a diisocyanate. (The polyol may be a hydroxyl-terminated poly-
ether or polyester prepolymer synthesized from a triol.)
Subsequent polymerization (chain extension) and crosslinking of
the isocyanate-terminated prepolymer is achieved by the addition
of a diol

WNHCOOROCONH"’T" NHCOOROCONH ~

NH
NCO ("JO
OCN "’kaCO 2)
+ & (62)
HO-R-OH 2)
l
NH
~n~NHCOOROCONH "l" NHCOOROCONH~A~M~

The prepolymer can also be crosslinked by using a dimine instead
of a diol. The reaction between isocyanate and amine groups
proceeds through the formation of urea linkages. A variation of
the above procedure is to directly employ a polyisocyanate
instead of producing it by reaction of a diisocyanate with the
polyol. A number of other crosslinking reactions apparently occur
during polyurethane synthesis depending on temperature, stoichio-
metry, and other reaction conditions. These include the reaction
of isocyanate groups with urethane and urea groups to yield
crosslinks through allophanate and biuret linkages, respectively,
and cyclotrimerization of isocyanate groups.

The synthesis of polysulfide elastomers involves the use of
a small amount of trichloroalkane in addition to dichloroalkane
and sodium sulfide in order to form a branched polymer. The
prepolymer is treated with a mixture of sodium hydrosulfide and
sodium sulfite followed by acidification to convert all end-groups
to thiol groups. Further polymerization and crosslinking is
achieved by oxidative coupling of the thiol end-groups by treat-
ment with lead dioxide, p-quinone dioxime, or other oxidizing
agent

S-S '\TVS_SW
; (63)

HS"’T"‘ SH PbO
2 3
SH S
WS-SA‘VS—SMA

Physical Crosslinking. A crosslinked network can also be
achieved through physical aggregation of the hard segments of
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two-phase block copolymers as described in previous sections.
Diblock copolymers are not useful since they do not form network
structures. Only one end of the soft block is chemically linked
to a domain of hard segments. The formation of a network
structure requires two or more hard blocks per polymer molecule.
Although this requirement is met by triblock and all higher block
copolymers, only the ABA and €AB), structures are of importance.
Block copolymers in between the triblock and multiblock structures
are either too difficult to synthesize with high purity or do not
offer sufficient property advantages.

Most approaches to synthesizing block copolymers do not yield
well-defined structures due to contamination by homopolymers
and/or random copolymers. These include the mechanochemical
cleavage of a mixture of two homopolymers to yield polymeric
radicals which combine, exchange between functional groups of two
homopolymers (e.g., polyester and polyamide), and use of a
difunctional initiator (e.g., azoperoxide) in which the two
initiator functions can be independently activated. There are
only two synthetic approaches which yield block copolymers of
predictable and controlled structure with minimum contamination
by other polymers -- living anionic polymerization and step
polymerization. Both approaches are successful due to certain
common features. Contamination by homopolymer and diblock
copolymer is minimized in living polymerization by the lack of
termination and in step polymerization by stoichiometric control.
The identity, location, and concentration of active functional
groups for linking together the different blocks are well-defined
in both approaches. Living anionic polymerization is used to
synthesize triblock copolymers via sequential monomer addition
alone (Eq. 40) or in combination with a coupling reaction (Eq.
41). The commercially-available triblock copolymers are those in
which polystyrene is the hard block and polyisoprene or poly-
butadiene is the soft block. The advantages of living polymeriza-
tion are control of block length and narrow molecular weight
distribution. However, living polymerization is limited to a
relatively few monomers —- styrene, isoprene, butadiene. Many
monomers, e.g., lactams, lactones, epoxides, methyl acrylate and
acrylonitrile, yield less well-defined polymer structures due to
side reactions (including terminations) or the inability of their
weakly nucleophilic anions to initiate the polymerization of
olefin monomers such as styrene. Living polymerization also
requires considerable care to perform properly. The presence of
reactive impurities which act as terminating agents lead to
contamination of the triblock copolymer with homopolymer and
diblock copolymer.

Multiblock copolymers are synthesized by step polymerization
using prepolymers containing specific end-groups (Eq. 14).
Polyester- and polyether-polyurethanes and polyether-polyesters
are multiblock copolymers of commercial interest. Step polymeri-
zations has advantages over living polymerization. There is a
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wider choice of structures which can be incorporated into the
block structure and the synthesis is less sensitive to reactive
impurities. However, the block lengths show a much wider
distribution due to the usual MW distribution inherent in step
polymerization.

Thermoplastic elastomeric behavior requires that the block
copolymer develop a microheterogeneous two-phase network
morphology. Theory predicts that microphase separation will
occur at shorter block lengths as the polarity difference between
the A and B blocks increases. This prediction is borne out as the
block lengths required for the polyether-polyurethane, polyester-
polyurethane, and polyether-polyester multiblock copolymers to
exhibit thermoplastic elastomeric behavior are considerably
shorter than for the styrene-diene-styrene triblock copolymers.
DP for the hard blocks is in the range 1-10 and 100-200,
respectively, for multiblock and triblock copolymers; DP for the
soft blocks is in the range 15-30 and 1000-2000, respectively.
The size of the hard domains of the multiblock and triblock
copolymers is in the range 30-100& and 100—300&, respectively.

The nature of the hard domains differs for the various block
copolymers. The amorphous polystyrene blocks in the ABA block
copolymers are hard because the glass transition temperature
(100°C) is considerably above ambient temperature, i.e., the
polystyrene blocks are in the glassy state. However, there is
some controversy about the nature of the hard domains in the
various multiblock copolymers. The polyurethane blocks in the
polyester-polyurethane and polyether-polyurethane copolymers have
a glass transition temperature above ambient temperature but also
derive their hard behavior from hydrogen-bonding and low levels of
crystallinity. The aromatic polyester (usually terephthalate)
blocks in the polyether-polyester multiblock copolymer appear to
derive their hardness entirely from crystallinity.

Ionomer-type elastomers, containing small amounts (less than
5%) of metal carboxylate or sulfonate groups, have potential as a
new class of thermoplastic elastomers. Carboxylic acid groups
are introduced into polymers such as polybutadiene by copolymeri-
zation with a monomer such as acrylic or methacrylic acid.
Sulfonic acids groups have been introduced into EPDM and other
polymers by sulfonation with sulfur trioxide. The acid groups
are neutralized with a metallic oxide such as zinc oxide. The
resultant polymer is a multiblock copolymer composed of very long
hydrocarbon blocks with randomly-placed, extremely short metal
carboxylate or sulfonate blocks. In fact, the metal carboxylate
or sulfonate block length is typically only one repeating unit
long. The short block length of the polar blocks and the large
difference in polarity between the two blocks results in micro-
Phase separation with aggregation of the ionic groups.

In addition to the triblock and multiblock copolymers
described, certain blends of copolymers and homopolymers behave as
thermoplastic elastomers. A commercial product is obtained by
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intensively blending EPDM or EPR rubber with isotactic poly-
propylene. Although EPDM and EPR are random copolymers, one
assumes that physical crosslinking occurs through aggregation of
isotactic polypropylene with short polypropylene blocks present in
the copolymer.
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Synthetic Aspects of Crystallizable Elastomers

MARIO BRUZZONE
ASSORENTI-Polymer Research Laboratories, 20097 S. Donato Milanese, Italy

Recent advances in the synthesis of crystalliza-
ble elastomers based on high cistactic and trans-
tactic polybutadiene structures are reviewed.
Extremely high cistactic structures are obtained
by catalysts systems based on 4f and 5f block
elements of Periodic Table (lanthanides and acti-
nides). Some of these catalysts systems are par-
ticularly interesting for saving energy in the
polymerization process.

The synthesis of transtactic structures is based
on catalysts in which the transition metal be-
longs to the 3d block (Ti, Cr, V, Ni). Particu-
lar emphasis is devoted to the synthesis of trans
butadiene/piperylene copolymers and to their
blends with synthetic cis-1,4-polyisoprene, with
the aim of increasing the "green strength" of

the latter.

During the last few years, the tire industry has emphasized
the need of being supplied with improved synthetic elastomers.
The improvement is particularly desirable for two properties,
namely:

(1) '"green strength", in relation to the widespread adoption of
radial tire technology and
(2) 1low hysteresis.

We shall deal in this lecture with recent improvements in
the elastomers synthesis, that should be able to cope with the
above mentioned requirements, without resorting to important in-
vestments for new plants or to cumbersome feedstocks, The im-
provement of the elastomer synthesis relies upon new catalytic
systems that allow: a control of elastomer tacticity in order to
achieve a strain induced crystallization, and suitable monomer
combinations in order to minimize the hysteresis loss of the
elastomer in a wide range of temperatures and frequencies.
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As will be demonstrated later on, the use of some new cata-~
lyst systems also affords the possibility of reducing the energy
consumption of the polymerization process, of improving its ecol-
ogy and of broadening the range of products. A necessary, yet
not sufficient, requirement for obtaining a crystallizable elas-
tomer ("crystallizable" means "crystallizable under strain') is a
certain structural order, i.e., a certain tacticity. This means
that constitutional, geometric and steric defects along the chain
should be controlled so as to obtain the adequate placement in a
restricted range of temperatures of isotropic melting point, i.e.,
melting point inan unstretched state. The main routes for obtain-
ing tactic structures suitable for crystallizable synthetic elas-
tomers are:

low melting point homopolymers (cis-1,4-BR, cis-1,4-IR, TPA,
IIR),

low melting point copolymers, in which suitable comonomer
units are introduced in a high melting point homopolymer chain
(trans butadiene/piperylene copolymers, trans butadiene/styrene
copolymers) and

low melting point alternating copolymers (propylene/butadiene
alternating copolymers).

The third route can be considered a variation of the first
one, in which a monomer couple performs as a new monomer "unit".
Apart from the route chosen, the melting point is so designed as
to fall in a limited range of temperatures (295 * 20°K), In our
laboratories, we have followed the first two routes for obtaining
crystallizable elastomers and we have found both suitable for the
purpose.

FIRST ROUTE

As to the first route, we started in 1969 (1) in investiga-
ting unconventional transition metal complexes of the 5 and 4f
block elements of periodic table, e.g., actinides and lanthanides
as catalysts for the polymerization of dienes (butadiene and
isoprene) with an extremely high cis content. Even a small in-
crease of cistacticity in the vicinity of 100% has an important
effect on crystallization and consequently on elastomer processa-
bility and properties (2). The f-block elements have unique elec-
tronic and stereochemical characteristics and give the possibility
of a participation of the f-electrons in the metal ligand bond.

A common feature of catalysts based on 4 and 5f block elements is
that of being able to polymerize both butadiene and isoprene to
highly cistactic polymers, independently of the ligands involved.
Butadiene, in particular, can reach a cistacticity as high as 99%
with uranium based catalysts (3) and cistacticity of > 98% with
neodymium based catalysts (4). This high tacticity does not
change with the ligand nature (Fig. 1) in contrast to conventional
catalysts based on 3-d block elements. A second feature of f-
block catalysts is that the cis content of polymer is scarcely
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affected by temperature (Fig. 2). This fact is important for the
polymerization process because it allows the polymerization rate
to be increased without any loss of polymer tacticity. A third
feature of f~block catalysts is that of being able to perform the
polymerization of dienes in aliphatic solvents. This feature is
important for both the economy and the ecology of the polymeriza-
tion process, The economy is improved by the fact that some
aliphatic solvents require less steam in the stripping section.

A further economic advantage in using aliphatic solvents could

be obtained by increasing the solid content in the aliphatic solu-
tion in relation to its lower viscosity, A fourth important
feature of f-block catalysts is that of being able to copolymerize
dienes such as butadiene, isoprene and others to random polymers
with a high cis configuration of both units, The copolymerization
of dienes allows interesting diversification of the products
range: for example, "all cis" butadiene-isoprene copolymers with
a low isoprene content (e,g. 10%) allow the melting point of the
rubber to be tailored (Fig. 3) in relation to the range of tem-
perature met by the rubber object during its use, whereas "all
cis" butadiene-~isoprene copolymers with a high (e.g. 50%) isoprene
content are very interesting as low hysteresis rubber in a wider
range of temperatures in respect to cis-1,4-polybutadiene, to
cis~1,4-polyisoprene, and to their blends (Fig. 4) (33). It is
outside the scope of this paper to discuss this peculiar behaviour
of "all cis" butadiene-isoprene copolymers. The above-mentioned
considerations should be sufficient for realizing that f-block
elements catalysts are not merely one of the many catalyst systems
that joins the already crowded area of catalysts for cis-l,4-
polybutadiene. F-block elements represent indeed a substantial
improvement of diene catalysis. So far, we have dealt with the
general characteristics of 4 and 5 f-block elements as catalysts
for diene polymerization. However, only some of them are effec-
tively suitable for reasons of availability, cost, activity or
others, that we shall discuss now on a case-by-case basis. The
only element of the 5 f~block that has been extensively studied
by us since 1969 is uranium (1,3,5,6,7,8). Earlier studies of
others (9) did not show any peculiar stereo-regulating effect of
this element in the polymerization of dienes and apparently were
soon abandoned. The availability of uranium, and in particular

of depleted uranium, that is a side product of nuclear cycles, is
in principle very high. We have calculated that the stockpiling
of very pure depleted uranium compounds was as high as 23,000

tons per year in 1974 within the western countries (3). Also the
radioactivity of depleted uranium is not a problem in the rubber,
when its content is kept, as in our case, at levels lower than

100 ppm, i.e., less than many igneous rocks and apatites that

are currently used as a source of phosphoric fertilizers (13).

The very problem of using uranium in the chemical industry is the
very strict regulations in several countries that limit the fis-
sile materials trade and, unfortunately, also that of depleted

In Elastomers and Rubber Elasticity; Mark, J., et a.;
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TRANSITION HALOGEN
METAL F ci Br i
3d - BLOCK Ti 35 75 87 93
Co 93 98 91 50
Ni 98 85 80 10
4 and 5f¢ Ce 97 98 98 98
BLOCK Nd 98 98 98
U 98.5 98.5 98.5

Figure 1. Dependence of polybutadiene cistacticity (%) on the nature of halogen
ligand for different catalyst systems. The data of the first four lines are taken from
Ref. 18. cis content by IR from Ref. 34.

TEMPERATURE (°C) 20 45 60 70 130 (%)
URANIUM 09
POLYBUTADIENE 98.5 98.5
NEODYMIUM . 08
POLYBUTADIENE 98.5 - 98.5
(%)

Adiabatic polymerization

Figure 2. Insensitivity of cis content to polymerization temperature for uranium
and neodymium catalysts.
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POINT (°C)
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5 10 15 20

ISOPRENE % (MOLE)

Figure 3. Melting points of butadiene—isoprene copolymers. DSC at 20°C/min
on crude polymers.
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uranium. Uranium catalysts are able to polymerize butadiene to
polymers with a cis content as high as 99%. At this level of
tacticity, the crystallization rate is the customary test for
assessing a further improvement of structural purity (3). A list
of uranium based catalyst systems, suitable for both cis-1,4-
polybutadiene and polyisoprene are shown in Fig. 5. m-allyl
complexes of uranium were the first to be developed by us for ob-
taining a 99% cis-polybutadiene in aliphatic solvents, both in
the absence and in the presence of Lewis acids, The polymeriza-
tion is thought to proceed according to the prevalent view that
suggests the growing chain be bonded to the transition metal by

a m-allyl bond and that the incoming monomer be inserted into the
transition metal-allyl bond (Fig. 6). However, we have been un-
able up to now to obtain direct evidence of the active sites

in uranium m-allyl systems by NMR, In fact, mono-metallic cata-
lysts, such as U(CBHS) X (where X = halogen), although well
characterized in the sdlid state, show puzzling solution NMR
spectra probably because of a disproportionation into tetraallyl-
uranium and more halogenated species, This disproportionation
apparently takes places even at a very low temperature (-80°C).
Also the synthesis of T-2-butenyl uranium derivatives did not
succeed so far. It was attempted in order to confirm that the
cis structure of the polymer was determined by the "anti' isomer-
ism of the m-allyl complex formed by uranium and growing chain
end (Fig. 7). This lack of evidence has prevented us so far to
reach a conclusion on the most important point, that is, why
f-block catalysts are so selective in orienting the synthesis of
polydienes exclusively to cis polymers and, in particular, what
is the role of f-electrons or of stereochemical characteristics
of the f-block elements in determining the formation of a
fm-butenyl complex exclusively in the "anti" form. Going back to
the other uranium-based catalysts, the most suitable catalysts,
from a practical point of view, are based on ternary systems
based on uranium alkoxy derivatives (that are obtained by reaction
of alkaline alcoholates with uranium tetrachloride) with aluminum
alkyls and Lewis acids. Also in this case, a T~allyl uranium
complex is thought to be formed "in situ' as the catalyst site.
The catalyst activity is so high that uranium concentration lower
than 0.1 millimoles per liter allows a complete conversion of
butadiene to be obtained in a few hours, at 20°C, The transfer
reaction of uranium based catalyst is similar to that of conven-
tional 3d-block elements (titanium, cobalt, nickel) so that the
molecular weight of the polymer is affected by polymerization
temperature, polymerization time and monomer concentration in the
customary way. This is in contrast, as we shall see later on,

to some catalysts based on 4 f-block elements. Uranium based
catalysts are able to polymerize isoprene and other dienes to
high cis polymers; the cis content of polyisoprene is 947%, some-
what inferior to titanium based catalysts. In contrast, with
3d-block elements an "all cis", random butadiene-isoprene

In Elastomers and Rubber Elasticity; Mark, J., et a.;
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Figure 6. Polymerization scheme for butadiene.
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Figure 7. =-Allyl complex formed by uranium and growing chain end.
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copolymer can Blso be obtained. The copolymer randomness has
been assessed by reactivity ratios, by 3c-NMR (4), and by
rubber properties. Let us deal now with catalysts based on 4
f-block elements, i.e., with lanthanides, or rare earths. The
term lanthanides covers 15 elements, with atomic numbers from
57 to 71 inclusive, in which the number of electrons in the 4f
shell varies from 0 (lanthanum) to 14 (ytterbium and lutetium)
(Fig. 8) (14), The term "rare earths" is misleading, because
some of lanthananides are not rare, being more abundant in the
earth's crust than tin, cobalt and molybdenum (15). Neodymium,
one of the more interesting lanthanides as a catalyst for diene
polymerization, is as abundant as cobalt and niobium, more
abundant than lead, molybdenum and much more abundant than ura-
nium, mercury, bismuth and cadmium, Besides the relative abun-
dance of lanthanides in respect to other conventional metals,
some of them, including neodymium, have created a disposal
problem since they are by-products of other more rare lanthan-
ides, that are used in other applications, such as that of color
television phosphors. The price of some lanthanides, including
neodymium, is reasonable today and rather competitive with other
conventional diene catalyst systems. The use of lanthanides as
catalysts for diene polymerization was reported by Von Dohlen
and by Chinese scientists (16,17) as early as in 1963-64. They
were extensively studied by Throckmorton (18) in USA and by
Monakov (20) in USSR for the same purpose. "7 A comprehensive re-
port on the activity of Chinese scientists in this field has
been recently published (22). Independently, when we started
our research on lanthanides in 1975, in the framework of an
extensive research on f-block elements and following that on
uranium catalysts, lanthanides had an undeserved bad reputation
as catalysts for diene polymerization. This bad reputation was
due to the fact that most researchers had limited their atten-
tion to cerium, that ironically enough is the only lanthanide
that is also a powerful oxidation catalyst, and therefore de-
leterious for polymer aging. In fact, in cerium the energy of
the inner 4f level is nearly the same as that of the outer or
valence electrons, and only a small amount of energy is required
to change the relative occupancy of these electronic levels.
This gives rise to dual valency state (+3 and +4) (23). As to
the activity of lanthanide based catalysts we confirm a singular
behavior that has been already reported by Chinese scientists
(22) and that is summarized in Fig. 9, The activity of lantha-
nides in promoting the polymerization of butadiene and isoprene
shows a large maximum centered on neodymium, the only exception
being represented by samarium and europium that are not active,
reasonably because they are reduced to bivalent state by alumi~
num alkyls, as pointed out by Tse-chuan and associates (22).
Some catalyst systems based on lanthanides are shown in Fig. 10.
The ones based on lanthanide alkoxides are based on our work,
whereas the others are taken from the above mentioned work

In Elastomers and Rubber Elasticity; Mark, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1982.
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Element Atomic No| Electrons
in 4 f Shell
La 57 0
Ce 58 2
Pr 59 3
Nd 60 4
Pm 61 5
Sm 62 6
Eu 63 7
Gd 64 7
Tb 65 9
Dy 66 10
Ho 67 1
Er 68 12
Tm 69 13
Yb 70 14
Lu 71 14

Figure8. Number of electrons in 4 f shell of lanthanides.

In Elastomers and Rubber Elasticity; Mark, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1982.
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Figure 9. Catalyst activity of lanthanides in diene polymerization. Data from Ref. 22.
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of Tse-chuan. The more active catalyst systems are based on
ternary systems in which a lanthanide compound is associated
with aluminum alkyls (or aluminum alkyl hydrides) and a Lewis
acid. As to the higher activity of neodymium in respect to
other lanthanides, the explanation put forward by Chinese sci-
entists is that the energy variation of neodymium (and praseody-
mium) in complexing a dieme or other ligands is less than that
of other lanthanides in a trivalent state. The energy variation
in its turn is a function of the number of electrons in the 4-f
orbitals. No hypothesis have been put forward in order to ex-
plain why lanthanides give invariably high cis polydienes, when
used in Ziegler-Natta type catalyst compositions. The activity
of neodymium based catalysts is very high, similar to that shown
by uranium based catalysts. A fraction of a millimole per liter
is sufficient for achieving very fast conversions in a matter of
a few hours. The cis content of polybutadiene is slightly lower
to that obtained with uranium based catalyst: however, a cis
content of 987% in polybutadiene and of 947% in polyisoprene is
easily achleved. The most important and puzzling characteristic
of neodymium as a catalyst for polymerization of diemes is how-
ever the fact that the polymerization is virtually transfer free
and seems to proceed, in certain cases, via a pseudo living
mechanism. Also this fact has been noted independently by us
and by Chinese scientists (22). The increase of molecular
weight concurrently with conversion is shown in Fig. 11 and Fig.
12, 1In Fig. 11, the polymer Mooney viscosity and conversion

are shown as a function of polymerization time. In Fig. 12,
Mooney viscosity is shown as a function of conversion. Of course
this peculiarity of neodymium based catalyst requires a proper
process design, in order to reach both the right conversion and
the right Mooney at the same time, or the modification of the
catalyst system, in order to induce a certain chain transfer
activity, allowing a regulation of molecular weight to be ob~
tained, The low chain transfer activity of certain neodymium
based catalysts systems allows an increase of monomer concentra-
tion in the polymerization vessel without any adverse effect on
molecular weight. Also the polymerization temperature can be
increased up to 100°C without any dramatic drop of MW and with~
out any gel formation. A polymerization run on a commercial
plant was carried out by us in 1980. Both high cistactic poly-
butadiene and its isoprene copolymers were produced in a quan-
tity of some ten tons. The catalytic activity was confirmed to
be so high as to avoid any washing step to remove catalyst resi-
dues.

SECOND ROUTE
Let us review now the results obtained in our laboratories

in the synthesis of crystallizable elastomers by following the
second route indicated in the Introduction. As previously

In Elastomers and Rubber Elasticity; Mark, J., et a.;
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Figure 11. Increase of molecular weight with conversion. Catalyst, Nd(O-n-

C,H,)s, DIBAH, EADC; Nd, 0.035 X 107 m/L; solvent, n-hexane; DIBAH/Nd,

40; Cl/Nd, 3; monomer concentration, 17.5% wt; polymerization temperature,
50°C. Data from Ref. 4.
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solvent, n-hexane; DIBAH/Nd, 40; Ci/Nd, 3; monomer concentration, 17.5%
wt; polymerization temperature, 50°C. Data from Ref. 4.
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mentioned, this route involves the copolymerization of a monomer
that would give rise to high melting point homopolymer, with a
comonomer able to decrease the melting point down to the narrow
range of temperatures suitable for a crystallizable elastomer.
This route is not viable for every high melting point macromol-
ecular structure, for reasons that cannot be dealt with here,
However, we realized that some butadiene~piperylene copolymers,
formerly synthesized at the Polytechnic Institute of Milan (25),
were particularly suitable for the scope of obtaining crystalli-
zable elastomers. These copolymers had the butadiene units in
trans configuration, so that it was possible, by a suitable
non~cocrystallizable monomer unit such as piperylene (a component
of Cg cut of naphtha cracker), to produce a host of crystalline
polymers with melting points from 145°C (melting point of
trans-1,4-polybutadiene) down to -5°C (Fig. 13). The range of
melting temperatures interesting for a strain crystallizable
rubber was found to range from -5°C to +20°C (DSC), correspond-
ing to a piperylene content from 32% to 22% (mol) (NMR). Besides
the wide possibility of tailoring the melting point and the
strain induced crystallization, these copolymers showed inter-
esting economics in comparison to other crystallizable rubbers
(e.g. trans polypentenamer) since they were based on butadiene
with only moderate quantities of piperylene., Piperylene is
contained in the Cg fraction of naphtha cracker in amounts close
to that of isoprene, Let us deal now with the synthetic aspects
of this copolymerization. 1In view of recent publications from
our laboratory on this subject (30, 31, 32). I shall limit my-
self to point out only the main points of this copolymerization:

(1) the catalyst systems published so far (Fig. 14) are
based on vanadium chelates and mixtures of aluminum alkyl
halides, and on titanium based catalysts., The catalyst activity
is satisfactory.

(2) the polymerization is performed in aromatic solvents;
however bulk polymerization also is possible.

(3) piperylene can be used as a pure monomer, but a Cg cut
enriched in piperylene is also suitable. Cyclopentadiene is
only a moderate poison for this catalyst system, and its content
is tolerable up to 0.2 wt% of the reactive monomer (trans-
piperylene).

(4) only the trans isomer of piperylene is copolymerized.
The cis isomer acts as a diluent, It could be isomerized to
trans isomer, in order to increase the monomer feed, if nec-
essary.

The copolymer randomness has been studied by 13C---NMR and
the results will be the subject of a forthcoming publication.
Also the role of the different piperylene units present in the
copolymer (1,2 and 1,4 trans) in depressing the melting point
of trans-1,4-polybutadiene is still under investigation; 1,2

In Elastomers and Rubber Elasticity; Mark, J., et a.;
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Figure 13. Melting points of trans-poly(butadiene co-piperylene) as a function of
composition. Data from Ref. 30.
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units are much more effective in abating the copolymer crystalli-
nity.

As to the copolymer properties, piperylene/butadiene copoly~
mers outperform natural rubber for green strength, and are useful
for increasing this property of synthetic cis-1,4-polyisoprene,
by merely blending. 1In Fig. 15, the green strength of this
copolymer is demonstrated by pulling a specimen obtained by cut~
ting an unvulcanized tire carcass ply. The green strength and
the processability of the copolymer can be tailored by acting on
melting point (i.e. on copolymer composition) and on molecular
weight, as shown in Fig. 16, The higher green strength is ob-
tained by polymers with rather high melting point and molecular
weight, whereas a lower molecular weight is preferred for im-
proving the processability when the polymer is not used in blends
with other conventional rubbers,

In conclusion: f-block element-based catalysts represent
a significant improvement in the synthesis of polydienes, both
from the pont of view of the process and that of the polymer
properties.

In particular, the increase of tacticity and the possibility
of achieving the synthesis of "all cis" diene copolymers of high
molecular weight allows the possibilities of broadening the range
of products attainable in conventional, solution polybutadiene
plants,

The copolymerization of butadiene in trans configuration
with suitable comonomers represents a second route for obtaining
a wide range of strain induced crystallizable elastomers, with
melting point tailorable in a wide range of temperatures. These
copolymers can be used, in particular, in blends with other cry~
stallizable rubbers (e.g. synthetic cis-1,4-polyisoprene) in
order to improve their "green strength".
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Figure 15. Behavior under strain of an unvulcanized tire ply (conventional recipe)
based on NR (natural rubber 100% ), IR (synthetic cis-14-polyisoprene 100% ),
BP/IR (a 50/50 blend of IR and trans-butadiene—piperylene copolymer).

In Elastomers and Rubber Elasticity; Mark, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1982.



2.

BRUZZONE Aspects of Crystallizable Elastomers
Ty
¢ 3
aow®@
o E )
20} Sl 1
° - 8 HIGH GREEN STRENGTH
0 w @ POOR PROCESSABILITY
[a] wa
= & | (USEFUL FOR BLENDING)
O a4
° <
}—
Z
O 10} 4
a
LOW GREEN TRANSITION
CZD STRENGTH ZONE
E GOOD
o PROCESSABILITY
=
OF i
L

50 100
MOONEY VISCOSITY

Figure 16. Processibility and green strength of trans-butadiene—piperylene copoly-
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Synthesis of Elastomers with Strain-Induced
Crystallization

GERD SYLVESTER and WOLFGANG WIEDER!
Bayer AG, Research and Development Department, 5090 Leverkusen, Germany

The properties of elastomers are much improved by
strain-induced crystallization, which occurs only
in polymers with high stereoregularity. The polym-
erization of butadiene using completely soluble
catalysts composed of a) rare earth carboxylates,
b) Lewis acids and ¢) aluminum alkyls leads to
polymers with up to 99 7 cis-1,4 configuration.
These polymers show more strain-induced crystal-
lization than the commercial polybutadienes and
consequently their processability is much improved.

Very active catalysts for the preparation of
strictly alternating butadiene-propylene co-
polymers (BPR) consist of VO(OR)201/i—Bu3A1 (R =
neopentyl). The CHj side groups in BPR stiffen
the polymer chain and were expected to promote
the formation of strain-induced structures. The
fact that we could not detect strain-induced
crystallization is probably due to an atactic
configuration of the propylene units.

Alternating isoprene—ethylene copolymers (IER)
were prepared with the same catalyst. Due to the
strictly alternating sequences of diene and ole-
fin units and the absence of chiral carbon atoms
IER shows strain—induced crystallization, but at
lower temperatures compared to natural rubber.

1 Current address: Bayer Elastomeres, BP 41, 76170 Lillebonne, France.
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The subject of this paper is the preparation of elastomers
with strain-induced crystallization. It is well known that the
properties of rubber are significantly improved by strain-induced
crystallization. As far as their processability is concerned, the
polymers have improved mill behaviour and, in particular, fairly
high green strength. The properties of the crosslinked elastomer,
e.g. its tensile strength, and, above all, its resistance to
tearing and tear propagation, are likewise improved. Strain—in-
duced crystallization occurs only in polymers which have high
stereoregularity.

This paper is concerned with some of our experiments in this
field. Our purpose was to obtain polymers with extremely high
stereoregularity. In the first part we will report on the homo-
polymerization of butadiene with f-transition metal catalysts.
The second part will be devoted to alternating copolymerization
of conjugated dienes with olefins.

Homopolymerization of Butadiene. It appeared to us that
catalysts based on f-transition metals were the ones most likely
to enable us to prepare polybutadiene with an extremely high cis
content. We began by investigating catalysts based on uranium
compounds. Two such systems were known at the beginning of our
work.

The first, consisting of a uranium salt, trialkylaluminum,
and a Lewis acid, had been developed at Goodyear (l1). The other
system, described by Snam Progetti (2), permits the polymeriza-
tion of butadiene to give polymers with a cis content of up to
99 Z.

We found highly active catalysts, which are shown in Table I
(3). The main component is a stable carboxylate of uranium in the
oxidation state of +4, in combination with a Lewis acid and an
aluminum alkyl, e.g. uranium octoate, aluminum tribromide, and
triisobutylaluminum in a molar ratio of 1:0.8:25. The catalyst is
usually aged for at least 2 hours at room temperature.

At 0.06 millimole of uranium compound per 100 g of butadiene,
conversions of more than 90 % were obtained after a reaction time
of three hours. The rate of polymerization is of the first order
in relation to both the monomer (Figure 1) and the catalyst con-
centration. The polymers have a cis content of about 98 to 99 %
and a broad molecular weight distribution.

Other f-transition metal catalysts have been described by
von Dohlen (4) and Throckmorton (5) as well as by Chinese (6,7)
and Italian (8-10) scientists. They generally consist of a rare
earth compound,—zh aluminum alkyl, and a halide, the halogens be-
ing bound to the rare earth element or aluminum.

When we investigated catalysts based on rare earth carboxy-
lates we found that most of them had extremely low solubility in
hydrocarbon solvents, such as cyclohexane and n-hexane.

In Elastomers and Rubber Elasticity; Mark, J., et a.;
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Table I. Polymerization of butadiene by uranium catalysts.

Catalyst: g mmoles
(A) U(octoate)y 1.22 1.5
(B) AlBrj 0.32 1.2
(C) Ali-Buj 7.44 37.5
Cyclohexane 12

Catalyst aged 4 hours at 25 °c

Polymerization Recipe:

Cyclohexane 18000 g
Butadiene 2600 g
Aged catalyst added at 45 °c
Polym. temp.; time 45 °C; 3 h
Conversion 95 Z
In-C—0
254 C

/ 90% Conversion
2,01 /o
®

1,54 / ..................................... 75% Conversion
1,04 ®

/ 50% Conversion
0,54 )

/ polymerization time

T U

30 60 70 120  150Min.

Figure 1. Kinetics of uranium catalyzed polymerization of butadiene. Catalyst
system and polymerization conditions are shown in Table 1. Conditions: 45°C;
[u], 0.055 mmol/L; and [C,], 1.77 mol/L.

In Elastomers and Rubber Elasticity; Mark, J., et a.;
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Heterogeneous catalysts have a tendency to cause gel forma-
tion in the solution polymerization of dienes. This adversely
affects the polymerization and the quality of the end products.

We found that completely soluble compounds can be obtained
in two ways. The first method, which is widely applicable, is to
react a rare earth carboxylate with a small amount of an aluminum
alkyl (11). Neodymium octoate can be converted into a product
which is completely soluble in cyclohexane by reacting one mole
of it with 1 to 5 moles of triethylaluminum, We also found that
the rare earth salts of certain tertiary carboxylic acids are
very readily soluble in non-polar solvents (12). In conjunction
with a Lewis acid and aluminum alkyls, these compounds form highly
active catalysts for the polymerization of butadiene, The neody-
mium : Lewis acid : aluminum alkyl molar ratio is within the range
1 : (0.4-2.0) : (10-40).

These catalysts are more versatile than the conventional
transition metal systems and enable the molecular weight, molecu-—
lar weight distribution, and cis-1,4 content to be adjusted inde-
pendently of one another within wide limits.

The polymerization is normally carried out in non-aromatic
solvents, such as cyclohexane and n-hexane, at temperatures of
50 to 90 °C.Temperatures within this range influence the stereo-
specificity of the polymerization to only a small extent. These
catalysts, unlike ones based on uranium, do not have to be pre-
formed.

The molecular weight of polybutadiene can be increased by
reducing the catalyst concentration, the ratio of AlR3 to rare
earth compound, or the polymerization temperature, but it is in-
dependent of the monomer conversion. Figure 2 gives two examples
of the ways in which the molecular weight can be controlled. The
lower curve shows that one can increase the dilute solution vis-
cosity, DSV, by about four units by reducing the ratio of aluminum
trialkyl to neodymium from 60 to 15. But the molecular weight de-
pends also on the polymerization temperature. A reduction of tem~
perature from 60 °C to 0 °C raises the dilute solution viscosity
from about four to eleven dl/g.

The stereospecificity of the reaction depends mainly on the
choice of the aluminum alkyl. If triisobutylaluminum is used as
the only alkyl compound, products with very high cis contents of
98-99 7 are obtained independently of the other reaction cendi~
tions. Replacement of the triisobutylaluminum by increasing pro-
portions of triethylaluminum makes the cis content fall continu-
ously (Figure 3).

The cis content of the polybutadiene can therefore be con-
trolled without difficulty within a range of less than 90 7 to
99 Z. The proportion of vinyl double bonds is not affected and
is always lower than 1 Z.

The molecular weight distribution is an important parameter
for controlling the rheological and processing properties of rubber
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DSV [, di/g
in toluene, 25°C
L
10
7.5 °
N, \
\ ®
507 o \ ° Figure 2. Effect of polymerization tem-
\ ~ ° perature (®) and AIRs:Nd(vers)s molar
ol ratio (QO) on molecular weight. Et;Al/
2,5 ] Nd(vers)s molar ratio was kept at 40:1
AlEt3/Nd (vers.)3 molar ratio  when the temperature was varied, and the
20 40 60 temperature was maintained at 60°C
% } } when EtsAl/Nd(vers)s molar ratio was
varied. Nd(vers)s is the neodymium salt
0 20 40 60 of “Versatic 10,” which is a mixture of
polym. temp. °C isomeric tertiary carboxylic acids.
4
% cis 1,4
1004
]
98
96+ o

94+ /
of o

o o/

90
o
880 Mole % i-BuzAl — Figure 3. Eﬂect of EtsAl: i-BugAl molar
' ; . ; . ratio on microstructure. Polymerization
20 40 60 80 100 conditions: monomer concentration, 11
wt % in hexane; catalyst concentration,
U T T U T 7.5 X 107 mol/L; molar ratio Nd(vers)s:
80 60 40 20 O Et,AL,Cls:AIRs, 1:1:30; polymerization

<+— Mole % Et3Al time, 2 h; and 60°C.
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In “he industrial processes for the production of polybutadiene
with Ti, Co, or Ni catalysts it can be controlled to only a very
small extent. In comparison with the commercially available poly-
butadienes, SE-BR (SE stands for Seltene Erden, which means rare
earths) has a broader molecular weight distribution, which can
be altered, however, by varying the ratio of Lewis acid to neo-
dymium. Table II shows that an increase of this ratio from 0.8 to
2.0 increases the molecular weight distribution from 7 (which is
close to that of Ni-BR) to 27.

The rate of crystallization of polybutadiene depends mainly
on the cis content and therefore on the catalyst system. As far
as commercial catalysts are concerned it increases in the order:
Li < Ti < Co < Ni. High-cis SE-BR, like U-BR, crystallizes more
rapidly than all the other types (Table LII). However, SE-BR
with 93 7 cis-1,4 content, and even one with only 90 % cis-1,4
content, crystallizes more rapidly than Ti-BR (93 % cis-1,4 con~
tent). In our opinion the reason for this anomaly is a structural
disorder in molecules with different chain length.

In fact, by fractional precipitation we found that the frac-
tions with the highest molecular weights are sterically very uni-
form and contain more than 97 % of cis—1,4 double bonds (Table
IV). Lower molecular weight fractions, on the other hand, have
relatively high trans-1,4 contents. We therefore take the view
that the rate of crystallization is determined mainly by the
high molecular weight fractions.

X-ray diffraction pictures taken with a flat-film camera show
that crosslinked SE-BR samples crystallize on stretching. Sharp
reflections are observed at an extension ratio of 4:1 (Figure 4).
With samples having different degrees of stereoregularity the
order for increasing strain-induced crystallization is the same
as the order for the rate of low temperature crystallizatiom.

SE-BR has several outstanding properties, Above all it has
improved processability. Carbon black-filled compounds based on
commercial BR show the well known bagging and sagging effects on
the batch-off mill (13) unless the BR is blended with NR or SBR.
Figure 5 shows a compound based entirely on Ti~BR and containing
50 parts of carbon black, at various times on the roll mill.

Even after several minutes the sheet is not smooth.

In contrast, as shown in Figure 6, a smooth band on the mill
is obtained almost immediately when the compound is the same ex-
cept that the rubber is SE-BR or U-BR.

As a consequence of the high shear rate to which the rubber
is subjected at the nip of the mill crystallization occurs at
temperatures of up to 80 °C in compounds based on SE-BR and U-BR,
and this phenomenon is responsible for the improvement in the
processing behaviour.

One of the characteristics of SE-BR and U-BR is the greatly
increased tackiness of uncured carbon black-filled compounds, as
compared with that of corresponding compounds based on the com-—
mercially available materials. We determined the tackiness ac-

In Elastomers and Rubber Elasticity; Mark, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1982.



SYLVESTER AND WIEDER

Strain-Induced Crystallization 63

Table II. Effect of Lewis acid: Nd compound molar ratio on molecular-weight

distribution. Polymerization conditions: butadiene concentration, 10 wt % in

cyclohexane; catalyst concentration, 7.5 X 105 mol/l; molar ratio Nd(vers)s,
Et;ALCl;, AlEt, is 1:X:30; polymerization time: 2 h, and 60°C.

Et3Al, Cls My M,  Polydispersity
Nd (vers)3 x10™> x107° My,/Mn
0.8 9 1.3 7
1.4 8 0.8 10
2.0 16 0.6 27
Ti -BR 3
Co-BR 4
Ni - BR 7
U -BR 8

Table III. Half-time of crystallization (t;,») at —20°C of uncross-linked cis-1,4
BR, cis contents were determined by IR spectroscopy.

cis-1,4 BR cis-content t1/2 (.—20°C)
type % min.
Li 35 -
Ti 93 360
Co 96 40
Ni 97 25
u 99 8
SE 90 100
93 46
98 7

Table IV, Structural inhomogeneity of SE-BR.

Fraction Weght,

No.

[}
[}

1

S wWON

@ O,

Residue

24.4
19.7
165

8.0
12.9
12.8

6.7

97.7
97.5
97.5
96.0
954
945

Microstructure. % [I)I'dl/g
cis trans vinyl toluene, 25°C
1.8 05 11.5
20 05 7.7
20 05 39
34 06 19
40 06 1.2
50 05 0.6
- - 0.3
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Figure 4. X-ray diffraction pattern of peroxide-cross-linked SE-BR. Gum stock,
extension ratio 4:1.

batch (148 °C)

2% min.

Figure 5. Mill behavior of Ti-BR. Mooney viscosity (ML 1 + 4/100°C), 47;
compound, 50 parts carbon black N 330/5 parts oil.

batch 140°C 20 sec.

Figure 6. Mill behavior of SE-BR. Mooney viscosity (ML 1 + 4/100°C), 45;
compound, 50 parts carbon black N 330/5 parts oil.
In Elastomers and Rubber Elasticity; Mark, J., et a.;
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cording to a method developed by our company (l4). The ends of a
small strip of rubber covered on one side with impregnated cot-—
ton fabric are pressed together by a constant force for a given
period of time. The resulting loop is pushed onto a fixed roll
and a weight is attached. The time required to separate the bond
is a measure of the tackiness of the rubber compound employed.
Table V shows that the separation times of compounds based on
SE-BR are considerably longer than those of compounds based on
the commercially available BRs under three different weights.,
SE-BR with a broad molecular weight distribution has rela-
tively high green strength. As the stress-strain diagram shows
(Figure 7), the green strength of the uncured carbon black-filled
compound, though not equal to that of a compound based on natural
rubber, considerably exceeds the values of the compounds based
on the other BR types and synthetic cis-1,4 polyisoprene. This
finding is probably attributable to the rapidity with which the
sterically pure high molecular fractions crystallize under ex-
tension.

Alternating Copolymerization. In the last part of this paper
we would like to refer briefly to our findings in connection with
the alternating copolymerization of dienes with olefins. The al~-
ternating copolymerization of butadiene with propylene was first
investigated in 1969 by Furukawa and others (15, 16, 17). They
used catalyst systems based on titanium or vanadium compounds.
The titanium catalysts give copolymers of high molecular weight,
but with relatively low stereoregularity. On the other hand the
vanadium catalysts give the desired high degree of stereoregular-
ity, but they do not readily give polymers of high molecular
weight. About 5 millimoles of the transition metal compound is
needed per 100 g of monomer.

We prepared a number of dialkoxyvanadium oxychlorides and
investigated their catalytical activity in the alternating co-
polymerization of butadiene and propylene with triisobutylalu-
minum as co-catalyst. The results listed in Table VI show a
marked dependence of the catalyst activity on structural changes
in the alkoxy ligands. We found that the per cent conversion
depends on the bulkiness and position of the substituents in the
alkyl group R. If R is an n-alkyl group, the catalyst is inactive
under our polymerization conditions (numbers 1, 3, 9, and 16).
Although o-branching in the alkyl group increases the activity,
this is still highly unsatisfactory (numbers 2, 4, 6, and 11).
The per cent conversion can be increased considerably by B8+-sub-
stitution, as shown in examples 5, 7, 12, 14, and 15. The best
results are obtained by introducing two substituents at the B-
carbon atom of R (10), whereas substitution in the y-position is
ineffective (18, 19).

Using dineopentoxyvanadium oxychloride we studied the effects
of several organoaluminum compounds as co—catalysts. It was found
that only aluminumtrialkyls are effective co-catalysts and that
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Table V. Tackiness of various types of polybutadienes as determined by the test
procedure of Ref. 14. Compound (phr): rubber 100; carbon black 50; aromatic

oil 5.
polybutadiene separation time in sec.
type at 500 1000 2000 o

Ti 85 26 11
Co 260 117 50
Ni >300 208 65
U >300 >300 >300
SE >300 >300 >300

Modulus (MPa)

» NR

1.74

1.54

1.34

1.1 SE-BR

0.9+

0.7

0.5+

0.3 IR

0.14 Ti-BR

00 >

100 300 500 _ 700
Elongation (%)
Figure 7. Green strength of different rubbers. Elongation rate, 0.3 m/min; com-

pound, 55 parts carbon black N 330; NR, natural rubber; IR, synthetic cis-1,4-
polyisoprene.
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alkylaluminum hydrides, alkoxides, and halides are not. The acti-
vity of aluminum alkyls increases in the order Me < Et < n-Bu <
n-Oct << i-Bu (Table VII). The molar ratio of the aluminumtrial-
kyl to the vanadium compound ranged from 3:1 to 10:1.

In contrast to the catalysts described by Furukawa, our sys-
tem does not require preforming, which, indeed, brings a loss of
activity.

The same catalyst system, consisting of dineopentoxyvanadium
oxychloride and triisobutylaluminum, is also suitable for the al-
ternating copolymerization of isoprene with ethylene (20).

The molecular weight of copolymers is controlled by means of
the polymerization temperature. As Table VIII shows, butadiene-
propylene copolymers with low Mooney viscosity are obtained at
temperatures above -40 9C. A decrease of the reaction temperature
increases the molecular weight.

The copolymers consist of strictly alternating sequences of
diene and olefin. !3C-NMR measurements showed the microstructure
of the butadiene units in BPR to be exclusively of the trans-1,4
configuration (Figure 8). The isoprene units in isoprene-ethylene
copolymer (IER) contain 84 % trans-1,4, 15 7 cis-1,4, and 1 7 3,4
structures (Figure 9). Spontaneous crystallization in unstretched
BPR samples was detected by dilatometry and confirmed by X-ray
diffraction and DSC measurements. The extrapolated equilibrium
melting point is about -10 °C.

X-ray diffraction tests on BPR initially gave no indication
of strain-induced orientation. Recently, however, we noticed the
formation of dense phases with parallel chain packing, but with-
out three-dimensional periodicity (Figure 10), in crosslinked and
highly stretched samples which had been prepared under modified
polymerization conditions. The dense phase is retained until the
temperature reaches about 60 °C. The imperfect crystallization
indicates that the molecules have a considerable proportion of
disordered structure. In view of the high stereoregularity of the
butadiene units and the strictly alternating structure of the
molecules, the imperfect crystallization should be attributed to
the lack of ordered configurations of the chiral C atoms in the
propylene units.

The absence of asymmetric carbon atoms in IER could explain
why the strain-induced crystallization is more pronounced in this
case. Numerous strong reflections of the type shown in Figure 11
were obtained by X-ray diffraction of stretched IER samples at
30 °C. It is therefore evident that a well-formed crystal lattice
exists.

Figure 12 shows the stress-strain curves of IER at various
temperatures. A strain-induced reinforcing effect is not observed
at temperatures above -10 °C. This fact may be due to network in-
homogeneities caused by imperfect crosslinking.

The different results in X-ray and stress-strain tests are
probably attributable to differences in the preparation of the
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Table VI. Effect of R in VO(OR),C] on catalyst activity. Polymerization condi-

tions: molar ratio butadiene, propylene is 1.1, monomer concentration, 31 wt. %

in z-hexane; reaction, —50°C; catalyst, 0.8 mmol VO(OR).Cl phm, 6.0 mmol
i-Bu;Al phm; reaction time, 3 h, Data from Ref. 19.

No. VO (OR), CI conversion | No. VO (OR); CI conversion
R= % R= %
1 CH3-CHp~CH>- o] 9 [CH3-CHz-CHp-CHp-CHa- 0
CHy CHs
2 _CH- 12 10 |CH3-C-CH,- 80
CHj Hy
3 | CH3-CHp-CHp-CHp- 0 CHs_
4 | CH3-CHp-CH- 82 R P 16
: 3 CH3
CHy e CH3-CH
32,
> _CH-CHg- (SO T SCH-CHp- 147
CHs CH3-CHp”
6 | CH3-CHy-CHp-CH- 16
7 | CH3-CHa-CH-CHp- 9.8
CHy_
8 CH-CHp~CHa- Y Ha—CHy~CHa—CH
CHy” 15 |CHoCHe-CHe ®>CH-CHp- 23
CH3-CH;
16 | CH3~(CHp)g-CHz- 0

Table VII. Effect of organoaluminum compounds on catalyst activity. Polymeri-

zation conditions: molar ratio butadiene, propylene is 1.1; monomer concentration,

20 wt % in toluene; catalyst, 0.8 mmol VO[OCH,C(CH,);].Cl phm, 5 mmol Al
compound phm; reaction time, 4 h; and —45°C. Data from Ref. 19.

Al-compound conv.% [Q]'dI/g,toluene, 25°C
Me3Al <5 -
Et; Al 52 0.88
n-BuzAl 17 1.05
i-BugAl 66 1.25
Octj3 Al 29 1.20
i-BupAl H -

Et,Al Cl -

Et,Al Br -

i-BusAl CI -

EtoAl OEt -

Ets Alp Bry -
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Table VIII. Effect of reaction temperature on molecular weight of butadiene-
propylene rubber (BPR). Polymerization conditions as in Table VII, with i-Bu,Al
as alkylaluminum compound. Data from Ref, 19.

T°C [n,di/g ML 1+4/100°C  M,x1073
toluene, 25°C
-20 0.81 - 55
-30 099 10 70
-40 125 28 130
-50 1.48 56 175
-55 1.62 63 200
-60 1.73 70 240
CH2 CH CH2

A N7 N/ \_/
CH CH, clsH

CH3 n

L

Figure 8. Alternating butadiene—propylene copolymer.

CHs »

|

C CH CH

N SN\ 2\ / 2\
CH,  CH CH, N

- Jn

Figure 9. Alternating isoprene—ethylene copolymer.
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Figure 10. X-ray diffraction pattern of BPR, gum vulcanizate. Extension ratio,
8:1; 56°C.

Figure 11. X-ray diffraction pattern of IER, gum vulcanizate. Extension ratio,
8:1.
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Modulus
{MPa)

4
401
-40°C

30

204

-20°C
10

0°C
RT
0 r? T T T T IA'
100 200 300 400 S00 600
Elongation (%)

Figure 12. Stress—strain curves of IER at different temperatures. Gum stock, 0.5
sulfur, 1.5 phr N-cyclohexyl-2-benzothiazyl sulfenamide, and 0.5 phr tetramethyl-
thiuram monosulfide).

crosslinked samples. The samples used for X-ray diffraction were
prepared by mixing solutions of rubber and dilauroyl peroxide

and subsequent evaporation of the solvent. In this case the
curing agent should be well distributed in the rubber. In
contrast, samples used for stress-strain tests were prepared

by incorporating sulfur and accelerators on a two-roll mill.
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Synthesis and Properties of Diene Elastomers
With Controlled Structure

I. G. HARGIS, R. A. LIVIGNI, and S. L. AGGARWAL
The General Tire & Rubber Company, Research Division, Akron, OH 443035

Using organolithiums or complexes of diorgano-
magnesiums with trialkylaluminums, in combination
with specific barium salts, we are able to control
the trans-l,4/cis-1,4 ratio in butadiene-styrene
copolymers, while still maintaining a low vinyl
content. The important reaction variables for
doing this are the barium/metal alkyl ratio,
polymerization temperature, and initiator con-
centration. For SBR's prepared with Ba-Mg-Al
initiators in comparison to barium modified
alkyllithiums, the trans-1,4 content is higher
(87% vs. 79%) and the vinyl content is lower
(3% vs. 8%). Moreover, the Ba-Mg-Al initiator
system has the characteristics of a "living
polymerization" providing control of average
molecular weight, molecular weight distribu-
tion, and molecular architecture. The crys-
talline melting temperature of these trans-1l,4
polybutadienes can be decreased to mear room
temperature by adjustment of the trans-1,4
content and/or the incorporation of styrene.

Their crystallization behavior compares with
natural rubber, as follows: (1) their rate of
crystallization is more rapid; and (2) their
amount of crystallinity is temperature dependent,
but considerably less strain dependent. These
experimental rubbers have excellent green strength
and building tack.

During the last two decades, a number of diene homopolymers
and copolymers have been developed to fill the diverse elastomer
needs in the production of tires. The earliest developments
were mainly concerned with the preparation of stereoregular
cis-1l,4~-polyisoprene, as a substitute for natural rubber, using
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Ziegler-Natta catalysts (1) and organolithium compounds (2).
This was soon followed by the synthesis of high cis-1,4 poly-
butadiene using Ziegler-Natta catalysts (3).

More recently, a number of different copolymer structures
have been prepared from butadiene and styrene, using modified
organolithiums as polymerization initiators (4). Organolithium
initiated polymerizations have gained prominence because stereo-
control is combined with excellent polymerization rates, and
the absence of a chain termination reaction facilitates control
of molecular weights and molecular weight distributions (5).

This paper will describe the ways in which the present
needs in tire rubbers can be met by preparing butadiene-
styrene solution polymers of controlled structure. This
appears especially realizable today, as a result of two new
classes of organo-alkaline earth polymerization initiators,
Ba-Li and Ba-Mg-Al, which provide unique steric control of the
trans-1,4/cis-1,4 ratio of polybutadiene segments (6). Although
Alfin rubbers (l) contain trans contents at 70-75%, their vinyl
contents are much greater (20-25%) than is characteristic of
the new rubbers reported here.

Experimental

Materials. Barium t-butoxide-hydroxide was prepared by
reacting barium metal with a mixture of t-butanol and water
(10 mole % water) in liquid monomethylamine, as shown in
Figure 1. n-Butyllithium (Foote Mineral Co., 15 wt.% in n-
hexane) was diluted with dry cyclohexane to the desired con-
centration. MAGALA-7.6E is a trade name for a complex of
n-dibutylmagnesium and triethylaluminum (Mg/Al molar ratio of
7.6) supplied by Texas Alkyls as a 10 wt.% solution in n-
heptane. MAGALA-7.6E was diluted with dry cyclohexane prior
to its use. n-Hexane (Phillips Petroleum Co., 99%) was dried
by passing it through Linde 5A molecular sieves. Butadiene
(Phillips Petroleum Co., 99 mol %) was purified by passing it
through Linde 13X molecular sieves. Styrene (Gulf 0il Chemi-~
cal Co.) was vacuum distilled from a small quantity of (n-
butyl)(sec-butyl) magnesium.

Polymerizations. The polymerizations were carried out in
an argon atmosphere in capped glass bottles fitted with a
neoprene rubber gasket inner liner. In charging the polymer-
izations, the order of addition of materials was solvent first,
then metal alkyls, next the barium salt, and finally the
monomer(s). The amount of metal alkyl charged was sufficient
to titrate the acidic impurities present in the solvent and
polymerization bottle, plus the calculated amount for initia-
tion of polymerizations. The mole ratio of barium to metal
alkyl(s) was based on the moles of total alkalinity of barium
to the moles of carbon-metal assayed. Unless otherwise stated,
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the mole rat1os of bar1um salt to BuLi or BugMg, denoted as

*/Li* or Ba®* /MP*, were 0.5 or 0.2, respectively. The
percent conversion was calculated from a measurement of the
total solids after removal of solvent and unreacted monomers
by vacuum distillation.

Polymer Characterization. The copolymer composition and
polybutadiene microstructure were obtained from 1nfrared
analysis and checked for certain copolymers us1ng 3¢ NMR.

The microstructure values determined from IR and *2C NMR were
found to be essentially identical. The trans-1l,4 and vinyl
content were determined using the 967 cm™ and 905 cm™® infra-
red absorption bands, respectively. Intrinsic viscosities
were determined in toluene at 30°C. Gel permeation chromato-
grams (GPC) were obtained using a Waters Gel Permeation Chro-
matograph. Solutions at 1 wt.% were injected onto columns at
a flow rate of 1 ml/minute. The instrument oven and the
differential refractometer were at 50°C. The colummn set
conf1gurat1on used, as designated by Waters Associates, was
1} + 10°% + 10°A + 16°4.

Polymer Crystallinity. Thermal transitions were obtained
by Differential Thermal Analysis (DTA) and Differential Scan-
ning Calorimetry (DSC) using a heating rate of 20°C/minute.
Crystalline melting temperatures were determined from the
position of the endothermic peak(s) present in the curve,
obtained after rapidly cooling the sample from room temperature
to -150°C. X-ray diffraction patterns were obtained from films
cured with 1% dicumyl peroxide in the absence of fillers. All
the experiments were carried out at room temperature using CuKey
radiation and a nickel filter using flat plate photography.
Stress-optical measurements were made with a conventional
apparatus. The light source was a mercury lamp. Polymers
were cured in the absence of reinforcing fillers with a sulfur
based recipe.

Polymer Properties. Green strength data were obtained
from stress-strain measurements on unvulcanized polymers with
an Instron tester at room temperature. The crosshead speed
was 50.8 cm/minute. Sample specimens were prepared by press
molding tensile sheets at 121°C for 5 minutes with a ram force
of 11360 kg. Tack strength was measured using the Monsanto
Tel-Tak machine. The test specimens were compounded polymers
pressed between Mylar film at 100°C. Two 0.64 cm x 5.08 cm
die-cut sample strips were placed at right angles to each other
and retained in special sample clamps. A fixed load, 0.221 MPa,
was then applied for specified contact times ranging from 6
seconds to 6 minutes. The samples were pulled apart at a con-
stant separation rate of 2.54 cm/minute. The test was run at
room temperature.
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There are a number of specific requirements which must be
met for any tire rubber candidate, as shown in Figure 2. In
the production of radial tires, building tack and green strength
are very important, and these performance properties are achieved
by the use of NR. These properties are not readily attainable
from synthetic elastomers prepared from low cost monomers. We
have focused our studies, therefore, on copolymers of butadiene
and styrene prepared with two alkaline earth based catalyst
systems: barium t-butoxide-hydroxide/BuLi (Ba-Li), and barium t-
butoxide-hydroxide/BugMg/Ety Al (Ba-Mg-Al). We have found them
to be extremely useful in controlling stereoregularity of diene
polymerizations and in providing SBR's with high tack and green
strength.

High Trans BR's by Ba-Li Catalyst Systems

Preparation and Properties of Barium Salt. The catalyst
used to prepare this new class of crystallizing polybutadienes
“consists of a barium t-butoxide-hydroxide salt in combination
with an organolithium (§, 9, 10). Rather specific preparative
techniques must be used in forming this barium salt, as shown
in Figure 1. The use of an amine solvent provided quantitative
conversion of the metal to barium salts.

The molecular structure of polybutadiene prepared with
BuLi and barium salts is greatly dependent on the presence of
specific amounts of water and t-butanol used in the barium salt
formation. The data in Figure 3 demonstrate that the greatest
effect is obtained as the hydroxide content of the solution
phase of the barium salt increased from 0 to 7.4 mole % Ba(OH)j.
This particular salt results from a HzO-t-butanol mixture con-
taining 2.5 mole % water. The amount of trans-1l,4 increased
from 63% to 76%, and accompanying this change the intrinsic
viscosity increased from 1.60 to 5.22, The polymers were gel-
free.

The most important polymerization variables on which the
molecular structure of polybutadienes prepared with Ba-Li
catalysts depends are described as follows.

Mole Ratio of Barium t-Butoxide-Hydroxide to n-BuLi.
Figure 4 shows that the amount of tramns-1l,4 structure is
increased from 55%, which is the trans-l,4 content of a poly-
butadiene prepared with BuLi alone in nonpolar solvents, to a
maximum of about 80% trans-1,4 content for polybutadienes
prepared at a mole ratio of barium salt to BuLi equal to 0.5.
This barium salt contains about 9 mole % hydroxide ion. It
is important to note that the vinyl content is not affected by
an increase in the mole ratio of Ba/Li from O to 0.5. However,
a further increase in the mole ratio above 0.5 results in a
decrease in the trans-1l,4 content and a corresponding increase
in the vinyl content.
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.78°C _ BLUE SOLN. CHARACTERISTIC
Ba + CHyNH, OF DISSOLVED METAL

t-BUTANOL + H,0

IN BENZENE
PRECIPITATE
GRAY-WHITE PRECIPITATE AGED AT -I5C SETTLES OUT

FOR 16 HRS.

CH3NH,; EVAPORATED
SALT IS VACUUM DRIED

Ba t-BUTOXIDE-HYDROXIDE SALT
IS DISSOLVED IN BENZENE AT 50°C

Figure 1. Preparation of Ba t-butoxide-hydroxide salt for polymerization catalyst.

1. PROCESSIBILITY

2. TACK AND GREEN STRENGTH

3. SKID AND ABRASION RESISTANCE
4. THERMAL AND CHEMICAL STABILITY
5. LOW HEAT BUILD-UP

6. LOW CUT GROWTH RATE

7. COST: LOW COST MONOMERS

Figure 2. Requirements for tire rubbers.
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BARIUM SALT % DIENE STRUCTURE [n]®"
25

MOL % H,0 IN tert- MOL % HYDROXIDE®
BUTANOL + H,0  IN Ba[(t-BuO),, (OH),] TRANS ~ VINYL  di/g

0 0 63 10 1.60
25 7.4 76 7 5.22
5.0 8.5 76 7 6.67
7.5 8.9 79 7 5.63

10.0 125 76 7 5.51
15.0 — 76 6 8.05
100 0 48 10 2.10

* IN SOL PHASE

Figure 3. Effect of hydroxide content of Ba t-butoxide—hydroxide on the molecu-
lar structure of polybutadiene prepared in toluene at 30°C.
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Figure 4. Polybutadiene microstructure versus the mole ratio of Ba t-butoxide—
hydroxide to n-BuLi. Conditions: solvent, toluene; 30°C.
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Catalyst Concentration. The concentration of the catalyst
has a marked effect on the trans-l,4 content of polybutadienes
prepared with BuLi and barium t-butoxide-hydroxide in toluene at
30°C, as shown in Figure 5. The trans-1,4 content increases
with a decrease in the molar ratio of the initial butadiene to
BuLi concentration [(M)/(BuLi)]. The trans-1,4 content
approaches a limiting value of about 80% for polybutadienes
prepared with large amounts of this catalyst.

Polymerization Temperature. The stereoregularity of
polybutadienes prepared with the BuLi-barium t-butoxide-hydroxide
catalyst in toluene is exceedingly temperature dependent. Figure
6 compares the trans-l,4 dependence for polybutadiene prepared
with BuLi, alone, and with the BuLi-barium t-butoxide-hydroxide
complex in toluene (the molar ratio of the initial butadiene to
BuLi concentration was 500). The upper curve demonstrates that
the percent trans content increased rapidly from 62% to 80%
trans-1,4 as the temperature decreased from 75°C to 22°C. From
22°C to 5°C, the microstructure does not change. The increase
in trans-1,4 content occurred with a decrease in cis-l,4 con-
tent, the amount of vinyl unsaturation remaining at 5-8%. For
the polybutadienes prepared using BuLi alone, there is only a
very slight increase in the trans-1,4 content as the polymeriza-
tion temperature is decreased.

The amount of both low and high molecular weight polymer
produced, as a function of polymerization temperature, can be
seen in Figure 7. In this Figure, the MWD's of polybutadienes
prepared with barium t-butoxide-hydroxide and BuLi in toluene
at 30°C and 5°C are compared. Although both polymers show a
broad MWD, the fraction of low molecular weight polymer present
in the polybutadiene prepared at 5°C is greatly decreased.

Variation of Styrene Content with Extent of Conversion.
Figure 8 gives the relationship between copolymer composition
and the extent of conversion for copolymers of butadiene and
styrene (25 wt.% styrene) prepared in toluene, at 30°C, with
n-BuLi and barium salts of t-butanol and water. For comparison
purposes, the copolymer composition curve is shown for the
reaction initiated using n-BuLi alone. Copolymerization using
n-BuLi results in very little incorporation of styrene into the
copolymer chain until about 757, conversion, after which the
styrene content increases very rapidly. In contrast, copolymer-
ization using the barium salts and n-BuLi results in an increased
incorporation of styrene at the same extents of conversion.
Thus, this polymerization catalyst yields more random copolymers
with styrene, while still maintaining a low vinyl content and
high trans-1,4 content.

Chain Termination in Ba-Li Polymerizations. Another
important feature of these butadiene based rubbers, prepared
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Figure 5. Variation of trans-1,4 content with the molar ratio of monomer to initi-
ator. Conditions: solvent, toluene; catalyst, Ba[(t-BuQ)., (OH).] and n-BuLi.
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Figure 6. Variation of percent trans-1,4 content with polymerization temperature.
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Figure 7. Effect of polymerization temperature on molecular weight distribution
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Figure 8. Copolymer composition variation with percent conversion. Conditions:

butadiene—styrene (75/25) in toluene at 30°C.
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with the barium t-butoxide-hydroxide catalyst, is the variation
in molecular weight with conversion. Extremely high molecular
weight polymer is formed continuously throughout the course of
the polymerization. Intrinsic viscosity is essentially indepen-
dent of conversion, suggesting that the polymer chain growth
reaction is rapid and controlled by a chain termination step.
For polymerizations of butadiene in toluene at 50°C with the
Ba-Li catalyst, we have observed a reduction in molecular weight
and the incorporation of benzyl groups in chains of polybuta-
diene. We conclude from this result that proton abstraction
from toluene occurs to give benzyl carbanions which are capable
of forming new polymer molecules in a chain transfer reaction.
The amount of benzyl incorporation increases with increasing
polymerization temperature and/or Ba/Li mole ratio.

Differential Thermal Analysis (DTA). One of the character-
istics of a rubber useful in tire rubber compounds is that it is
amorphous at room temperature but readily undergoes strain in-
duced crystallization. For this reason, copolymers were prepared
in order to appropriately adjust the crystalline melt tempera-
ture.

The polybutadienes prepared with these barium t-butoxide-
hydroxide/BuLi catalysts are sufficiently stereoregular to
undergo crystallization, as measured by DTA (8). Since these
polymers have a low vinyl content (7%), they also have a low
glass transition temperature. At a trans-l,4 content of 79%,
the Tg is -91°C and multiple endothermic transitions occur at
4°, 20°, and 35°C. However, in copolymers of butadiene (equiva-
lent trans content) and styrene (9 wt.% styrene), the endo-
thermic transitions are decreased to -4° and 25°C. Relative
to the polybutadiene, the glass transition temperature for the
copolymer is increased to -82°C. The strain induced crystalli-
zation behavior for a SBR of similar structure will be discussed
after the introduction of the following new and advanced syn-
thetic rubber.

High Trans BR's by Ba-Mg-Al Catalyst System

Polymer Preparation. A more recent modification in the
molecular structure of styrene-butadiene copolymers has been
obtained with the discovery of a new catalyst system (6). The
catalyst consists of a barium t-alkoxide-hydroxide salt together
with a complex of dialkylmagnesium and trialkylaluminum,
Polymer synthesis is carried out according to the scheme
shown in Figure 9. A major distinction between the Ba-Mg-Al
and Ba-Li catalysts is that no polymerization of butadiene or
copolymerization of butadiene with styrene occurs when only
one of the three catalyst components of Ba-Mg-Al is used alone
at 50°C in nonpolar solvents. This behavior contrasts with the
potential ability of n-BuLi alone to form polymer in the Ba-Li
catalyst system.
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The most important polymerization variables on which the
molecular structure of polybutadienes prepared by Ba-Mg-Al
depends are the ratio of barium salt to dibutylmagnesium at
constant Mg/Al, the polymerization temperature, and catalyst
concentration,

Mole Ratio of Ba/Mg at Constant Mg/Al. Figure 10 shows the
dependence of the microstructure of polybutadienes on the mole
ratio of Ba/Mg with a Mg/Al ratio of 6/1 for polymerizations
carried out in cyclohexane at 50°C. The amount of trans-1,4
structure is increased to a maximum of about 90% as the mole
ratio of Ba/Mg is decreased from 1.0 to about 0.20. Con-
currently, the vinyl content decreased from 7% to 2%. At a
mole ratio of 0.05, polymerization was not observed in cyclo-
hexane at 50°C after 3 days.

Polymerization Temperature and Catalyst Concentration.
The stereoregularity of butadiene based polymers prepared in
cyclohexane with Ba-Mg-~Al catalysts depends on polymerization
temperature and catalyst concentration. Trans-1,4 content
increases nonlinearly with a decrease in polymerization tem-
perature over the range of 80° to 30°C (Figure 11) and/or a
decrease in the initial molar ratio of butadiene to dialkyl-
magnesium from 3400 to 400 (Figure 12). For polybutadienes
prepared with relatively large amounts of catalyst at 30°C,
the trans-1l,4 content approaches a limiting value of about 90%.

Butadiene-Styrene Copolymers from Ba-Mg-Al Catalyst Systems.
Figure 13 shows the relationship between copolymer composition
and extent of conversion for copolymers of butadiene and styrene
(25 wt.7 styrene) prepared in cyclohexane with Ba-Mg-Al and with
n-BuLi alone. Copolymerization of butadiene and styrene with
barium salts and Mg alkyl-Al alkyl exhibited a larger initial
incorporation of styrene than the n-BulLi catalyzed copolymeriza-
tion. A major portion of styrene placements in these experi-
mental SBR's are more random; however, a certain fraction of
the styrene sequences are present in small block runs.

Quantitative polymerizations of butadiene and copolymer-
izations of butadiene with styrene to high molecular weight
polymers have been obtained. Plots of ln (Mg/Mt)versus time
are linear, indicating a first order dependence on monomer.

In the low catalyst concentration range, polymerization rate
is increased with increased amounts of catalyst; however, the
exact rate dependence on catalyst concentration has not been
established. In general, the rate of copolymerization of
butadiene with styrene is increased with increased polymeriza-
tion temperature, increased Ba/Mg mole ratio, increased buta-
diene/styrene comonomer feed ratio, and increased dielectric
constant of the polymerization solvent.
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Living Polymerization Features. The lack of an inherent
termination step is a well known feature of the organolithium
polymerization of the dienes and styrene in hydrocarbon solvent.
We have found that, in the absence of adventitious chain trans-
fer agents, the organometallic sites present in polybutadienes
prepared with Ba-Mg-Al catalyst are long-lived. The indefinite
lifetime of these chain ends has been demonstrated by an
increase in molecular weight with both an increase in the
extent of conversion as well as with the addition of more
monomer to a toluene solution of quantitatively polymerized
butadiene. In addition, block copolymers of butadiene and
styrene, free of homopolymers, have been prepared by the addi-
tion of butadiene to active chains of polystyrene in cyclo-
hexane, as indicated by the relative peak positions and shapes
of the MWD curves in Figure l14. Moreover, polybutadienes bear-
ing terminal hydroxyl functionality have been prepared by the
addition of ethylene oxide to polybutadiene, followed by
hydrolysis of the terminal alkoxide units.

In comparison to Ba-Mg-Al polymerizations, the preparation
of block copolymers and functionally terminated polymers has
not been successful with Ba-Li initiators. Chain transfer to
toluene in Ba-Li systems is considered to be responsible for
this behavior.

Before discussing the crystallization results for these
elastomers, it is useful to summarize two of the important
distinguishing features of the Ba-Mg-Al polymerization system:
(1) polybutadienes and styrene-butadiene copolymers have a
desirable combination of even higher trans and lower vinyl
content as compared to the Ba-Li catalyst system; and
(2) polymer chain ends retain their capacity to add monomer.

Crystallinity in Experimental High Trans Butadienes from
Ba-Mg~Al Catalyst. The high degree of stereoregularity is
demonstrated in Figure 15 by two pronounced crystalline melt
temperatures at 50°C and at 88°C in the thermogram, obtained
by Differential Scanning Calorimetry (DSC), for a 90% trans-1,4
polybutadiene prepared with Ba-Mg-Al. The crystalline melt
temperature can be decreased to near room temperature by
adjustment of the trans-1,4 content and/or the incorporation
of styrene. A DSC thermogram for a high trans SBR containing
15% styrene and 85% trans-1,4 polybutadiene is shown in Figure
16. The crystallinity in this polymer was characterized by a
broad endotherm at 11°C, followed by two smaller endothermic
transitions at 33° and 44°C. The glass transition temperature
for this copolymer occurred at -83.5°C.

In Elastomers and Rubber Elasticity; Mark, J., et a.;
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RELATIVE CONCENTRATION

28.04
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Mn = 20,000
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Figure 14. Gel permeation chromatograms of polystyrene and polystyrene—poly-
butadiene diblock copolymer prepared with Ba-Mg-Al. Conditions: solvent, cyclo-

hexane; 50°C.
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Figure 16. DSC curve of high trans-SBR (15% styrene, 85% trans) prepared with Ba-Mg-Al.
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Comparison of Strain Induced Crystallization Behavior of NR with
High Trans SBR's from Ba-Mg-Al and Ba-Li Catalysts

Since the tack and green strength of these rubbers may
depend on their ability to undergo strain induced crystalliza-
tion, this behavior was studied and compared with that shown
by NR. Information on the strain induced crystallization
behavior of these experimental rubbers was obtained from
x-ray diffraction measurements and from rheo-optical studies.

X-ray Diffraction. X-ray diffraction patterns for a
high trans SBR rubber prepared with Ba-Mg-Al catalyst are
shown in Figure 17. The unstrained high trans SBR, containing
15% styrene and 857 trans-1,4 placements, showed only a diffuse
halo. This result suggested the presence of an amorphous
rubber and is supported by the fact that the gum vulcanizate
exhibited only a single crystalline melt temperature of 10°C,
with the melting endotherm extending up to 34°C, in the DSC
thermogram. At 200% strain, a diffraction pattern of oriented
crystalline polymer (equatorial arcs) was observed. Several
off-axial reflections appeared in the x-ray scan in addition
to the equatorial fiber arc as the sample was elongated to
7007%. The appearance of discrete spots at strain levels of
700%, and the presence of only a diffuse halo in the pattern
of the unstretched film, demonstrate the ability of this rubber
to undergo strain induced crystallization.

Rheo-optical Studies. One of the most useful techniques
for studying the crystallization behavior of stereoregular
polymers is rheo-optical measurements (11).

Figure 18 shows the percent crystallinity obtained by
birefringence measurements for NR at various elongations as
a function of temperature. The relative shapes of the curves
in this Figure show the pronounced temperature and strain
dependence on the strain induced crystallization of NR. Of
particular importance is the relatively high amounts of crys-
tallinity that develop at room temperature.

Figure 19 shows the temperature dependence of the percent
crystallinity for high trans SBR, prepared with a Ba-Li catalyst
and containing 75% trans-l,4 content with 14 wt.% styrene, at 3
extension ratios. The percent crystallinity that develops is
temperature dependent, there being an increase in the amount
of crystallinity with a decrease in temperature. However, the
amount of crystallinity that develops is essentially indepen-
dent of strain. The amount of crystallinity that develops at
room temperature, regardless of the level of strain, is
extremely small (9).

Figure 20 shows the percent crystallinity as a function
of temperature and extension ratio for high trans SBR (22%
styrene, 87% trans) prepared with a Ba-Mg-Al catalyst. A

In Elastomers and Rubber Elasticity; Mark, J., et a.;
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Figure 17. X-ray diffraction patterns for high trans-SBR (15% styrene, 85%
trans).
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Figure 18. Percent crystallinity of NR as a function of temperature and extension
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Figure 19. Percent crystallinity of high trans-SBR prepared with Ba-Li as a func-
tion of temperature and extension ratio.
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comparison of Figures 18, 19, and 20 shows that the amount of
crystallinity developed in both Ba-Li and Ba-Mg-Al high trans
SBR's is temperature sensitive, but not as strain sensitive as
that of NR. The most significant difference in the crystalliza-
tion behavior of the two types of SBR's is that the higher
trans-1l,4 content (and increased styrene content to adjust the
crystalline melt temperature to near 25°C) leads to an increase
in the dependence of crystallinity on strain and an increase in
the degree of crystallinity at room temperature. That is, the
Ba-Mg-Al catalyzed styrene-butadiene copolymer compared to the
Ba-Li SBR shows a marked improvement in both strain sensitivity
and in the amount of strain induced crystallinity.

In observing the time dependent changes in birefringence
and stress-optical coefficient, for elongated samples at 25°C,
it was found that the rate of crystallization of high trans
SBR's was very much faster, some 10 times more rapid, than that
for NR (8). This is consistent with the reported rates of iso-
thermal crystallization for NR (2.5 hours at -26°C) and for
80% trans-1,4 polybutadiene (0.3 hours at =-3°C) in the relaxed
state (12).

The main conclusions of the strain induced crystallization
behavior of high trans polybutadiene based rubber and natural
rubber are: (1) the rate of crystallization is extremely rapid
compared to that of NR; (2) the amount of strain induced crys-
tallization is small compared to that of NR, especially at room
temperature; and (3) for the high trans SBR's relative to NR,
crystallization is more sensitive to temperature at low exten-
sion ratios, and crystallization is less sensitive to strain.

Solution SBR of Controlled Structure for Tire Carcass Compounds

Two additional properties that may depend on the strain
induced crystallization behavior of NR are green strength and
building tack. A comparison of the performance of the experi-
mental high trans SBR's with NR was, therefore, carried out.

Green Strength. Green strength is a measure of the elasto-
meric behavior of an uncured (no chemical cross-links) rubber.
Natural rubber is an outstanding example of a rubber having
good green strength. The criteria that we have used, which are
similar to those of Briggs et al. (13), in evaluating this
property are (1) the value of the slope in the stress-strain
curve for unvulcanized rubber between 100-300% elongation, and
(2) the nominal stress at 300% elongation. Figure 21 shows
the comparison of the stress-strain curves of high trans SBR
prepared with Ba-Mg-Al and containing 15% styrene and 85%
trans-1,4 content versus NR and an emulsion SBR. These rubbers
were compounded with 45 phr HAF carbon black. As evidenced by
a positive slope and a high stress value for 300% elongation,
the high trans SBR has high green strength, as does NR. In

In Elastomers and Rubber Elasticity; Mark, J., et a.;
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contrast, a typical emulsion SBR has a negative slope and a
very low stress at 300% elongation--a consequence of the
property of unvulcanized SBR to neck down on elongation.

Tack Strength. Tack strength is defined as the force
required to separate two uncured polymer surfaces after they
have been brought into contact. The limiting tack strength
of a rubber is necessarily its green strength, or the force
required for its cohesive failure. Although high green strength
is necessary, it is, by itself, insufficient to insure good tack.
High tack strength is an especially desirable property in the
fabrication of rubber articles, especially those having a com-
plex geometry, prior to vulcanization. This property in tire
rubbers is needed so that the unvulcanized tire, i.e. green
tire, will hold together before curing.

A comparison of tack values for uncured, black filled (45
phr HAF carbon black) compounds of NR versus high trans SBR
(157 styrene, 85% trans) is shown in Figure 22. These rubbers
are equivalent to those used for the green strength measure=-
ments. The tack strength values of high trans SBR and NR are
nearly the same for the various measured contact times. It is
significant that both rubbers have comparable tack strength
for low contact times (six seconds). This behavior is often
referred to as '"quick-grab".

Concluding Remarks

Although the exact nature of the active center in polymer-
izations of butadiene with these Ba-Mg-Al catalysts is not
known, we believe that the preference for tranms-1,4 addition
is a direct consequence of two aspects of this polymerization
system, namely: (1) the formation of a specific organobarium
structure in a highly complexed state with Mg and Al species,
and (2) the association of the polybutadiene chain end with a
dipositive barium counterion which is highly electropositive.

The utility of solution SBR as tread rubbers has become
generally accepted in the tire industry. As we have shown,
high trans-1,4 crystallizing SBR's are excellent candidates
for other parts of the tire as well. The outstanding green
strength and building tack of high trans containing SBR's
certainly justify their consideration as tire rubbers of the
future.
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Elastomeric Polydiene ABA Triblock Copolymers
with Crystalline End Blocks

MAURICE MORTON, N.-C. LEE/, and E. R. TERRILL?
The University of Akron, Institute of Polymer Science, Akron, OH 44325

ABA triblock copolymers having crystalline end
blocks and elastic center blocks were prepared by
anionic polymerization of butadiene and isoprene,
followed by hydrogenation. The end blocks con-
sisted of hydrogenated high-l,4 polybutadiene while
the center block was either a high-1,4 polyisoprene
(H,-BIB) or a hydrogenated 45%-1,2 polybutadiene (H,-BBB).
The hydrogenation could be carried out to over 99%
with minimal chain scission (~1-2%). At 30% end
block content, both types of polymer exhibited
thermoplastic elastomer behavior, but higher end-
block content led to plastic-type behavior. The
hydrogenated polybutadiene end blocks showed some
degree of spherulitic crystallization, about 50%
crystallinity and a T of 107°C., close to that of
high pressure polyethylene. Tensile strengths of

17 to 32 MPa were obtained at 30% end block content,
but this dropped sharply with increasing temperature.
None of the polymers were soluble at room tempera-
ture, showing only mild swelling in benzene.

ABA triblock copolymers of the styrene-diene type are well
known, and owe their unique properties to their heterophase
morphology. This arises from the incompatibility between the
polystyrene A blocks and the polydiene B blocks, leading to the
formation of a dispersion of very small polystyrene domains
within the polydiene matrix. This type of elastic network, held
together by the polystyrene "junctions", results in thermoplastic
elastomer properties.

There has been considerable interest recently in an alterna-
tive type of ABA triblock structure, where the end blocks could
form crystalline domains, by crystallization, rather than
amorphous domains by phase separation. It was felt that, since
such a crystallization process need not depend on the incompati-
bility between the blocks, it should be possible to have a homo-
geneous melt, which should exhibit a much lower viscosity, and
hence much easler processing, than the heterogeneous media of the
conventional triblock copolymers. Furthermore, thermoplastic
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elastomers based on crystalline domains should also exhibit an
advantageous resistance to solvents.

Since the anionic triblock copolymers are based on monomers
susceptible to this mechanism, one recent approach to this synthe-
sis has been to prepare butadiene-isoprene-butadiene triblock
copolymers, which are then hydrogenated so that the high-1,4
polybutadiene end blocks become crystallizable, similar to high-
pressure polyethylene (L-é}.

Recent work in this laboratory has been concerned with the
preparation and study of two different varieties of this type of
triblock copolymer. Both of these triblocks had high-1,4 poly-
butadiene end blocks, which were then hydrogenated to a "pseudo
polyethylene" structure. However, the elastomeric center blocks
differed, in that one consisted of a high-l,4 polyisoprene while
the other was comprised of a 45%-1,2 polybutadiene. The
polyisoprene-containing triblock was hydrogenated selectively,
leaving the polyisoprene untouched, while the other polymer was
hydrogenated totally, so that the 45%-1,2 polybutadiene was
transformed into an ethylene-butene-1 copolymer. These two tri-
block copolymers were designated (after hydrogenation) as H,-BIB
and H,-BBB. The molecular "architecture" of these two types of
triblocks is listed in Table I.

Table I

Molecular Architecture of Triblock Copolymers

Type Mol. wt. % Designation
(x10-3) End Block
Hy1,4B-I-Hy1,4B 46-190-46 34 H,BIB-34
" 48-140-48 41 H,BIB-41
" 62-120-62 53 H,BIB-53
Hy1,4B-H,(45%1,2)B- 19- 25-19 60 H,BBB-60-19
Ho1,4B
" 18- 85-18 30 H,BBB-30-18
" 54~ 72-54 60 H,BBB-60-54
" 55-257-55 30 H,BBB-30-55

It can be seen from Table I that these polymers varied both
in their end block content and molecular weight. In the case of
the BIB polymers, all the end blocks were of '"high" molecular
weight (+50,000), while the BBB polymers contained both high and
low (~20,000) molecular weight end-blocks. The variation of
these two parameters is iImportant, as will be seen later in
connection with crystallization and mechanical behavior of these
materials.

In Elastomers and Rubber Elasticity; Mark, J., et a.;
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Experimental

The base polymers were prepared by anionic polymerization
using high-vacuum techniques. sec-Butyl lithium was used as
initiator. The BIB triblocks were synthesized by sequential
addition of the monomers in cyclohexane as solvent, while the BBB
triblocks were synthesized by first preparing the first polybuta-
diene end block, then adding 5% diethyl ether before adding the
second charge of butadiene, followed by coupling of the AB
diblocks with the correct stoichiometric amount of dimethyl-
dichlorosilane. Both polymers were near-monodisperse in molecular
weight, as indicated by the GPC curves in Figures 1 and 2
(My/Mp1.05), the BBB type showing a small residual peak of up to
5% unlinked diblock.

Hydrogenation was carried out with the assistance of an
n-butyl lithium/cobalt octoate catalyst (€é). It was necessary to
determine the proper conditions for efficient hydrogenation with
minimal degradation (7). For the BIB polymer the Li/Co ratio used
was 5/1 to obtain selective hydrogenation of the polybutadiene,
while for the total hydrogenation of the BBB polymer, a ratio of
2.2/1 was satisfactory. NMR analysis showed better than 99%
hydrogenation.

Since the hydrogenated polymers were insoluble at room
temperature, it was not found possible to determine the extent
of chain degradation caused by hydrogenation, since this would
involve molecular weight measurements. Instead, polyisoprene
and a 45% 1,2-polybutadiene were used as controls for this
purpose, since they represented the center blocks of the
respective polymers, and also retained their solubility after
the hydrogenation treatment (the polyisoprene was not expected
to, and did not, become hydrogenated). Osmometric molecular
weight measurements showed that minimal chain scission had
occurred in the case of both polymers during the hydrogenation.
Thus Table II shows that the hydrogenation method used led to
about 1% degradation of 1,4-polyisoprene. Similar studies on the
45% 1,2-polybutadiene showed that less than 5% of the chains were
cleaved. This was considered acceptable, since that amount of
free diblocks would not be expected to affect the mechanical
properties to any extent.

Samples of ,the polymers for physical evaluation were prepared
by film casting from toluene solution at 90°C. and allowing the
crystallization to occur by cooling the melt. It was observed
that phase separation occurred in the melt in the case of the
Ho-BIB but not for the H,-BBB. These materials could also be
compression molded at 140°C., but optimum results appeared to be
obtained with the film-cast samples.
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Figure 1. Gel permeation chromatogram of BIB.
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Figure 2. Gel permeation chromatogram of BBB.
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Table II

Degradation of Polyisoprene During Selective
Hydrogenation of Polybutadiene

(Original Mol. Wt. = 209,000)

Hydrogenation Reaction Mp % Chain
Temperature Time { Osmometry ) Scission*
%) (hr.)
69 10 189,000 11
62 10 197,000 6.1
52 4.5 207,000 1.0

¥ 4 of chains cleaved

Results and Discussion

Morphology. Observations with the light microscope, under
polarized light, showed that the end blocks in the case of both
types of polymers crystallized in the form of the usual spheru-
lites, but not as well as the analogous homopolymer, Ho-1,4-
polybutadiene. The formation of the spherulites was improved
with increasing end-block content and/or higher molecular weight
of the end blocks.

The morphology, as revealed by light microscopy, is shown
in Figures 3 to 7. Thus Figures 3 and 4 show photomicrographs of
the hydrogenated 1,4-polybutadiene and a commercial low-density
polyethylene (Dow 991), respectively. The similarity between
the two 1s obvious. Figures 5 and 6 show the effect of the end-
block content on the crystallization of two H,-BBB polymers, both
having end-blocks of high molecular weight (~50,000-60,000). The
more distinct spherulite formation in Figure 5 is clearly seen.
Similarly, the effect of end-block molecular weight on crystalli-
zation is demonstrated in Figure 7 for an H5-BBB polymer having
end blocks of only 19,000 molecular weight, where spherulite
formation is quite poor even at high end-block content.

As stated previously, phase separation occurred in the melt
in the case of the H,-BIB polymers, and this is shown in Figure 8,
which represents a photograph taken by transmission electron
microscopy of an ultra-thin film of this type of polymer, stained
by osmium tetroxide. The white domains represent the hydro-
genated 1,4-polybutadiene end blocks, and these have dimensions
similar to those found for polystyrene domains in styrene-diene-
styrene triblock copolymers (8). This type of electron microscopy
could not be used for the H,-BBB polymers, since 0s0, staining
was not applicable. However, the compatibility of the two blocks
in the latter was demonstrated by mixing solutions of the
respective hydrogenated homopolymers of similar molecular weight
and casting clear films.

In Elastomers and Rubber Elasticity; Mark, J., et a.;
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Figure 4. Photomicrograph of polyethylene (Dow 991).
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Figure 6. Photomicrograph of H,~BBB-30-55,(M.W. % 107 is 55-257-55).
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Figure 7. Photomicrograph of H,~BBB—-60-19, (M.W. X 107 is 19-25-19).
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Figure 8. Transmission electron microphotograph of Hy—BIB-34, (M.W. X 107
is 46-190-46).

In Elastomers and Rubber Elasticity; Mark, J., et al ;
ACS Symposium Series; American Chemical Society: Washington, DC, 1982.




5. MORTON ET AL. Triblock Copolymers with Crystalline End Blocks 109

Thermal Analysis. Differential Scan Calorimetry was carried
out with the DuPont 990 Thermal Analyzer at a 5-10°C scan rate.
Figures 9 and 10 show the type of DSC Thermograms obtained on
samples before and after stiretching them to the breaking point.
Three points are evident from these figures: a) the endotherm at
about 107°C. in both figures indicates a crystal melting point
corresponding almost exactly to that found for Dow polyethylene
991; b) the tensile test caused a small increase in both the
crystallinity and the melting point; and c¢) the H,-BBB polymer
exhibits a small broad endotherm peaking at about -10°C, which
apparently disappears during stretching. It is suggested that
this endotherm is due to some tendency toward crystallization of
the hydrogenated 45% 1,2-polybutadiene center block, because of
the occurrence of some longer sequences of polyethylene units (2).

Uniaxial Tensile Properties. The stress-strain curves for
the Hy-BIB and H,-BBB polymers are shown in Figures 11 and 12,
respectively. As expected, these curves appear to be a function of
the end-block content ("hard phase") in both cases. However, in
addition, Figure 12 illustrates clearly the deleterious effect of
the low molecular weight end blocks on the tensile strength
(Hp-BBB-60-19 vs. Hp-BBB-60-54, and Ho-BBB-30-18 vs. H,-BBB-30-55).
This agrees with the morphology shown in Figures 5-7, where
crystal formation was shown to depend on the molecular weight of
the end block.It also agrees with prior data in the literature (1).
Apparently, an end-block molecular weight of about 50,000 is -
required for high strength in these polymers.

Actually, of all the polymers described here, only the ones
with end-block contents of about 30% qualify as thermoplastic
elastomers, as defined by reasonably good recovery from strain.
Figures 13 and 14 illustrate this point by showing the amount of
tensile set obtained after stretching to various degrees of strain.
It is obvious that those polymers having more than about 30% end-
block content show unusually high unrecovered deformations (i.e.,
"cold drawing"). Even at 30% end-block, the tensile set reaches a
value of 100% for the H,-BIB polymers at a strain ratio of 9 and
for the Hy-BBB polymers at a strain ratio of 6. This value is
much higher than those obtained for analogous styrene-butadiene-
styrene triblocks(8), and indicates that the crystalline domains
apparently suffer greater distortions than the amorphous poly-
styrene domains. It should be mentioned, of course, that these
dislocations are not "permanent", in that a high degree of
recovery can be obtained by annealing the samples at 90°C. or
higher.

Strength-Temperature Relations. One of the key properties
of thermoplastic elastomers is their resistance to elevated
temperatures. Figures 15 and 16 show the effect of temperature on
the tensile strength of the two types of block copolymers.
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Figure 11. Stress—strain behavior of H—BIB. Key: A, H—BIB-34; O, H,—
BIB—41; ¢, H~BIB-53.
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Figure 12. Stress—strain behavior of H~BBB. Key: A, H,-BBB—60-19; ¥/, He—
BBB-30-18; [+], H;~BBB—-60-54; @, H,—BBB-30-55.
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Figure 14. Tensile set of Hy—BBB as a function of strain. Key: N\, H;—BBB-30-
55; O, H,~-BBB—60-54.
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Figure 15. Effect of temperature on tensile strength. Key: [], H~BIB-34; A,
H,-BIB-4]; O, H,~BIB-53; ¢, SIS-20-87-20 (8).
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Figure 15 shows that the H,-BIB polymers suffer a drastic drop

in strength, considerably more than that of an analogous styrene-
isoprene-styrene triblock (8). Thus, at 60°C., the H,-BIB-34 shows
a strength of only about 5 MPa (50 kg. ecm™2), which represents a
reasonable strength. The strength-temperature curve of a similar
Ho-BBB triblock is shown in Figure 16, and seems to indicate
better properties (n10 MPa at 60°C.). In fact it behaves
similarly to the segmented polyester elastomer, Hytrel 4056,
except that its strength drops faster as the temperature
approaches 100°C. This is, of course, not surprising, since the
Hytrel polymer is stated to have a crystal melting point of about
150°C. In general, however, these rapid drops in strength with
increasing temperature correlate with the rapid drop in dynamic
modulus found {10, 11) for other segmented, crystalline block
copolymers. -

In this comnection, an interesting relation is shown in
Figure 17, where both the tensile strength and the relative
crystallinity (from DSC data) are plotted against temperature,
for the Hy-BBB-30-55 triblock. It can be readily seen that, at
80°C, where the strength has dropped to 10% of its original
value, the crystalline content is still over 80% of its initial
value.

Solvent Resistance. One of the distinct advantages of a
crystalline thermoplastic elastomer over an amorphous one should
be its superior solvent resistance, since the latter types are
generally soluble. Table III shows the swelling behavior of the
H,-BIB triblocks in toluene at 25°C. It can be seen that the
maximum swelling obtained was in the case of the H,~BIB-34, which
had the lowest end-block content. Furthermore, the equilibrium
swelling ratio of 3.26 obtained for this polymer is considerably
less than the value of 5 or 6 generally exhibited by a well-
vulcanized natural rubber.

Two other features are notable in Table III. The swelling
values for the compression molded samples (CM) run consistently
less than those for the solvent-cast films. Apparently there is
more "entrapment" of the amorphous portions within the crystal-
lites during and after the molding. Secondly, the degradation
experienced by the polymer hydrogenated at 69°C. (see Table II)
instead of 520C. is clearly demonstrated by the higher swelling
value.
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Figure 17. Effect of temperature on crystallinity and tensile strength of H,~BBB—
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Table III

Swelling of H,-BIB Polymers
( Toluene -25°C)

Polymer Swelling Vol. Ratio

FC * CM *

Hp-BIB-34 3.26 2.84
H,-BIB-41 2.13 -
H,-BIB-53 1.82 1.80
Hy-BIB-34 (69 )%¥x 4.12 2.75

*X¥

0.43 + 0.05 v, for po%yisoprene. o
¥¥¥Polymer hydrogenated at 69 C instead of 52°C.

ACS Symposium Series; American Chemical Society: Washington, DC, 1982.
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M, *¥
FC CM
6800 4500
2200 -
1800 1800
13,000 3900

¥FC = Film cast from solvent, CM = compression molded
= Mol. wt. between "crosslinks", calculated using X,
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Effects of Variation of Composition and Block
Sequence on Properties of Copolymers Containing
Semicrystalline Block(s)

Hydrogenated Linear Block Copolymers of Butadiene and Isoprene

Y. MOHAJER, G. L. WILKES, I. C. WANG; and J. E. McGRATH

Virginia Polytechnic Institute and State University, Polymer Materials and Interfaces
Laboratory, Blacksburg, VA 24061

The effect of variations in molecular architecture and com-
position on bulk properties is reported for a series of well
characterized hydrogenated block copolymers of butadiene (HB) and
isoprene (HI), each with a total molecular weight of ~200,000 and
a narrow distribution (Mw/Mn < 1.1). The polymers were synthe-
sized by sequential anionic polymerization followed by hydrogena-
tion, using p-toluenesulfonylhydrazide. The material properties
of the homopolymeric HI and HB were also investigated. As expect-
ed, HI is rubbery at room temperature and HB is a tough semicrys-
talline plastic with properties simlar to those of a low density
polyethylene (LDPE). The crystallinity, density and AHg¢ for all
of the block copolymers were found to be linearly dependent on HB
content indicating that little mixing exists between the HB and HI
blocks in the solid state. Although the solution cast films of
the block copolymers were spherulitic, the quenched films display-
ed no distinct structure on the supermolecular level indicating
that the aggregation of the crystallites was more random in these
films. The stress—strain properties of triblock copolymers with
different block sequence, HBIB and HIBI, and a diblock copolymer,
HBI, were similar in bulk behavior to each other in the high and
the intermediate butadiene content (50-90%). This was related to
the fact that the mechanical properties were determined predomi-
nantly by the behavior of the more continuous HB phase. For the
lower butadiene compositions (7-29%), there was a major difference
in the behavior of polymers with different block architecture.
HBIB polymers were thermoplastic elastomers, whereas HIBI polymers
behaved like an uncured particulate filled rubber. This differ-
ence was related to the presence of permanent "entanglements" in
HBIB polymers. The permanent entanglements which act as a physi-
cal crosslink are a consequence of the anchorage of the HB end
blocks in the semicrystalline domains. No such arrangment is pos-
sible for either the HIBI or HBI polymers. The hysteresis be-
havior of HBIB polymers were strongly dependent on butadiene con-
tent, decreasing with lowering of the concentration of the semi-
crystalline HB. This dependence was related to the continuity
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of the crystalline microdomains. All the members of HIBI (and the
HBI we considered) showed large hysteresis behavior. This large
energy loss during cyclic deformation in these polymers was
related to the absence of the permanent anchor points arising from
end block crystallization. The dynamic mechanical properties of
HB were similar to those of LDPE and showed a strong thermal
history dependence. The block copolymers, in addition to the tan
8§ peak similar to that of HB homopolymer, displayed a peak at
around ~47 $2°C at 110 Hz. This transition is believed to be the
Tg of the rubbery block at this frequency. Since the transition
temperature was constant with change in composition of semicrys-—
talline blocks (only its magnitude increasing with increase of HI
rubbery block), it is believed that this is an additional indica-
tion of the absence of mixing between the amorphous phases of HI
and HB in the solid state. This is in constrast to the nonhydro-
genated block systems, where molecular homogeneity has been ob-
served in the solid state as denoted by an intermediate Tg.

Introduction

The need for polymeric materials of outstanding material
properties which can be processed by economic thermoplastic
methods has been a major factor in the development of block
copolymers.(1~-5) Although there are some reports on block copoly-
mers containing a semicrystalline block such as poly(ethylene
oxide),(6-7) the main body of the work has been focused on systems
whose blocks are amorphous and are microphase separated.
Establishment of separate microphases or domain texture at the use
conditions of the materials is the prominent reason for the good
properties of these systems.(l) For example, the physical anchor-
age of segments (generally the end blocks) of the macromolecules
in glassy domains is the origin for what has been also called
"physical cross-links" in the thermoplastic elastomers.

Incompatibility of the blocks, which is a prerequisite for
good properties at the use temperature, often prevents good mixing
of the blocks in the melt, thereby inducing a high melt viscosity
at the processing temperature.(l) If one of the block components
is crystallizable, as pointed out recently,(8) it is possible to
choose a system in which the blocks need not be very incompatible.
For these copolymers, mixing could occur in the melt. Such a
system would have lower viscosity in the melt and could have an
added advantage of being solvent resistance in the solid state due
to the development of crystalline domains.

In this study, the effects of the variations in block
sequence and composition (and thus relative block length) on the
material properties of two series of triblock copolymers has been
investigated. One of the blocks, the hydrogenated polybutadiene
(HB), is semicrystalline, and the other block, the hydrogenated
polyisoprene (HI) is rubbery at room temperature. Thus in one
series, the HBIB block copolymers, the end blocks are semi-
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crystalline, and in the other series, the HIBI block copolymers,
only the central block is semicrystalline. In addition and for
comparison purposes, one diblock HBI has also been studied.

Hydrogenation of the polyisoprene block results in the forma-
tion of the amorphous alternating copolymer of ethylene-propylene.
The hydrogenated polyisoprene (HI) block possesses a glass transi-
tion temperature below ambient temperature (Tg = -60°C by DSC,
heating rate 10°/min) and is rubbery at room temperature. Exhaus-
tive hydrogenation of the polybutadiene block of low 1,2 micro-
structure will transform this block to a polyethylene-like struc-
ture.(9) Hydrogenation of 1,2 microstructure which is present in
the parent polymer in around 5-8 mole percent (according to IR
analysis and is equivalent to 1.3-2.1 ethyl branches per 100 car-
bon atoms) would result in formation of pendant ethyl groups.
Indeed NMR analysis of the same HB polymer obtained via courtesy
of Prof. Mandelkern indicated the presence of ~2 ethyl branch
units per 100 carbon atoms. Therefore the resultant HB block is
more similar in properties to low density polyethylene (lg:ll)
than to high density polyethylene, but the properties are not
exactly the same as LDPE.(12) The HB block is thus semi-
crystalline but the crystallinity of this block in the quenched
samples is lower than 35 percent. The low crystallinity of this
exhaustively hydrogenated HB polymer is due to the presence of
pendant side chains.

Significant modification in properties of polymers and block
copolymers containing isoprene and/or butadiene have been reported
following hydrogenation of these macromolecules.(9,13-18)

Although the initial motive for this modification of the double
bond containing polymers was perhaps directed towards enhancement
of the photolytic, oxidative, and thermal stability of these
polymers, it was realized subsequently that polymers containing
butadiene of low vinyl content produced better mechanical
properties.(13-18) This improvement can be attributed to the
development of crystallinity in the polyethylene-like segments.(9)
Preparation and some structure-property studies on triblock
coplymers containing semicrystalline end blocks of hydrogenated
polybutadiene have been reported by Falk et al.(lillﬁ) He
described the synthesis of triblock copolymers containing
polyethylene-like end blocks and a rubbery central block by the
catalytic hydrogenation of triblock copolymers of butadiene, where
end blocks were low in 1,2 microstructures, but the central block
was high in 1,2 microstructure.(l4) He also reported that he was
able to selectively hydrogenate butadiene blocks in copolymers of
1,4-butadiene~isoprene-1,4, butadiene.(18) The important point is
that hydrogenation of a polybutadiene segment which is rich in 1,4
microstructure will yield a semicrystalline polyethylene-like
block whereas the block containing moderate to high 1,2 micro-
structure produces rubbery structure at ambient temperatures.

Recently, hydrogenation of polybutadiene containing high 1,4
microstructure has also been employed for preparation of linear
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""polyethylene"” of low polydispersity and various studies have been
conducted on this polymer. 1In a series of papers, Graessley et
al. discussed the preparation and the rheological behavior of
linear and star-branched hydrogenated polybutadiene,(10,11,19)
Cowie et al. used a series of polybutadienes which had been hydro-
genated to different extents in an attempt to determine the glass
transition of amorphous polyethylene.(20) The crystallization
kinetics (21), elastic recovery and the dynamic mechanical proper-
ties (12) of HB have also recently been investigated. The rheolo-
gy, dynamic mechanical behavior and the crystallization kinetics
of HB were very similar to those of LDPE, but the elastic proper-
ties in the solid state were different. 1In brief, this change was
attributed to the difference in rigidity of the spherulites of HB
from that of LDPE.

It was the objective of this work to investigate the effect
of variation in block architecture (number and the order of the
blocks) on the crystallinity level, morphology, the stress—strain
and hysteresis behavior of this series of polymers. 1In addition,
the composition ratio of the two block types is expected to play a
crucial role in determining the bulk material properties of the
block copolymers. This is related to the fact that the mechanical
properties of block copolymer are typically influenced more
substantially by the behavior of the continuous phase, as will be
demonstrated. (1,22)

Experimental

Polymer Synthesis and Characterization. This topic has been
extensively discussed in preceeding papers.(2,23,24) However, we
will briefly outline the preparative route. The block copolymers
were synthesized via the sequential addition method. "Living"
anionic polymerization of butadiene, followed by isoprene and more
butadiene, was conducted using sec-butyl lithium as the initiator
in hydrocarbon solvents under high vacuum. Under these condi-
tions, the mode of addition of butadiene is predominantly 1,4,
with between 5-8 mole percent of 1,2 structure.(18) Exhaustive
hydrogenation of polymers were carried out in the presence of p-
toluenesulfonylhydrazide (19,25) in refluxing xylene. The rela-
tive block composition of the polymers were determined via NMR.
The relative concentration of the various butadiene microstruc—
tures, (1,4 cis, 1,4 trans, and 1,2 vinyl), were determined from
the infrared spectra of solid films cast on KCl.(26) The 1,2
microstructure content of all the polymers considered in this
paper were between 5-8 mole percent as determined from the IR
spectra. Number average and the weight average molecular weight
of the polymers were obtained via osmotic pressure and HPLC. The
molecular weight of all polymers is around 200,000 g/mole while
the polydispersities were about 1.1; thus, all of these polymers
have a relatively narrow molecular weight distribution. Note,
that both the precursor diene blocks and hydrogenated copolymers
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showed narrow monomodal sharp GPC traces at room temperature and
elevated temperatures, respectively. A sample of low density
polymer (LDPE) which was obtained from the Union Carbide
Corporation (Dex 194) was used for comparison with our polymers.
The number and the weight average molecular weight of this poly-
mer, as obtained from GPC, were 13,900 and 77,500 g/mole,
respectively.

The hydrogenated (H) block copolymers will be designated by
giving the butadiene (B) or isoprene (I) block sequence followed
by a number which represents the total weight percentage of
butadiene in the polymer. For example HBIB-27 is a hydrogenated
triblock copolymer of butadiene-isoprene-butadiene which contains
27% butadiene. Since the polymer is symmetric, the relative
composition of each block is therefore 13.5% B -73% I -13.5% B.

Sample Preparation. Samples for mechanical studies were made
by compression molding the polymers at 150°C between Teflon sheets
for 15 minutes followed by rapid quenching to room temperature in
air. These will be referred to as PQ (press—quenched or simply
quenched) samples. The thickness of the PQ samples was around 10
mils (0.25 mm). The thermal history of all of the PQ samples
(HBIB, HIBI, and LDPE) were essentially the same. They were used
within one week after they were pressed. Samples for morphology,
SALS and SEM studies were prepared from toluene solutions. These
films were cast on a Teflon sheet at 80°C from a 17 (by weight)
solution in toluene. These films were about 5 mils in thickness.
When the polymer films had solidified (after 5 hrs), they were
stored in a vacuum oven at 80°C for two days to remove residual
solvent., These samples will be designated by TOL (solution cast
from toluene).

Crystallinity and Morphology. The X-ray diffraction patterns
of the films were taken with a Phillips PW1720 table-top X-ray
unit using a flat plate camera. The SALS H, patterns were
obtained using a helium neon laser and the photographic technique
developed by Stein.(27) An ISI Super III-A scanning electron
microscope was employed for morphological investigations. Samples
were coated with gold using a SPi sputter T.M., Model 13131. The
density of the polymer samples was measured using a density
gradient column constructed from ethanol and water. Glass beads
with known density were used to calibrate the column. The thermal
properties of the polymers were measured on a Perkin Elmer
differential scanning calorimeter, Model 2. The heating rate was
10°C per minute,.

Mechanical Properties. The stress-strain and the hysteresis
behavior of the polymers were measured on a Model 1122 Instron
using dog-bone samples of 0.28 cm width and 1.0 cm effective
length. The strain was measured using the displacement of the
crosshead. In the calculation of the strain it was assumed that
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the extension occured mainly in the central 1.0 cm region of the
dogbone sample, The crosshead speed was 10 mm per minute, giving
the initial elongation rate of 100 percent per minute, The
mechanical hysteresis of the samples, which is a measure of energy
loss during cyclic deformation, was obtained from measurement of
the area under loading and unloading curves using a planimeter.
The percentage hysteresis were calculated from the following
relationship:

%Z Hyst = 100 (Ag — Ay)/Ag
where Ay and A, are the area under the respective loading or
unloading stress—strain curve.

Dynamic Mechanical. The dynamic mechanical properties of the
samples were measured on a Rheovibron, Model DDV-II at either 35
or 110 Hz.

Results and Discussion

As already mentioned, the HB block is semicrystalline and its
general behavior is similar to that of LDPE. The HI block on the
other hand is amorphous and rubbery at ambient temperature. The
material behavior of block copolymers containing HB and HI blocks
will now be discussed in the following sections.

Crystallinity and Morphology. The block copolymers of
essentially completely hydrogenated HBIB, HIBI and HBI, in which
the microstructure of butadiene is predominantly 1,4, are
semicrystalline. Our measurements indicate that the extent of
crystallinity is independent of the architecture of the block
copolymer and is linearly dependent on the butadiene content. A
comparison of the X-ray diffraction pattern of a homopolymer of HB
is given in Figure 1 along with that from a triblock copolymer
HBIB-50. The sharp diffraction rings are clearly indicative of
the presence of crystallites in both polymers. Block copolymers
containing as low as 8% butadiene have shown basically the same
type of diffraction patterns, but with a much lower intensity
because of lower concentration of butadiene. This indicates that
aggregation of crystallizable segments and formation of
crystalline domains is not significantly affected by the
surrounding noncrystallizable HI block,

Quantitative measurements of the crystallinity content of the
block copolymers were made from the determination of the heat of
fusion and from the density of the polymer.

The DSC thermograms of several triblock copolymers and
homopolymer HB are compared to that of a low density polyethylene
in Figure 2. The thermograms are those of the first run on
quenched samples. Their behavior is similar except that the
temperature of the maximum in the DSC melting peak, Ty, for LDPE
(110°C) is higher than that of HB (102°C). The depression of the
melting point brought about by the presence of 5 to 8 mole percent
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HBIB-50

Figure 1. X-ray diffraction patterns of the semicrystalline homopolymer (HB) and
a block copolymer (HBIB-50).
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Figure 2. Comparison of the Differential Scanning Calorimetry (DSC) thermo-
grams of the homopolymer HB and various block copolymers to that of the LDPE.

Weight of each polymer sample is indicated in the parentheses. The instrument
range is 2 mcal/s for all the runs.

320 340

In Elastomers and Rubber Elasticity; Mark, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1982.



6. MOHAJER ET AL. Copolymers Containing Semicrystalline Block(s) 127

of the hydrogenated 1,2 butadiene adduct (equivalent to 1.3 to 2.1
ethyl branches per 100 carbons) far exceeds the theoretical value
based on Flory's work.(28) Polyethylene containing methyl, ethyl
and n-propyl groups have also shown higher depression of the melt-
ing point than the theoretical value and thus the behavior of our
system is not unique.(28,29) What is surprising, however, is that
the depression of the melting point brought about by the presence
of 1.3 to 2.1 ethyl branches per 100 carbons in our system
(AT=36°C with respect to Ty of HDPE) is still higher than that
produced by the same amount of ethyl or even n-propyl branches
(AT=22°C for 2.1 n-propyl branch per 100 carbon atoms as measured
by Richardson et al.).(28) At this point we do not have the exact
reason for the behavior of our system, but it is possible that the
higher depression of the melting point is caused by a very small
amount of remaining unsaturation and/or the presence of some
p—-toluene sulfonyl adduct produced during the hydrogenation of the
double bonds. We have recently reported that the addition of a
phenolic antioxidant such as Irganox 1010 effectively decreases
the minor but the detectable side reaction.(24) Copolymer
reprecipitated from hot xylene appear to have only a trace at most
of this adduct. Other workers have also reported a lower T, for
HB polymers (12,21) and they also postulated that the depression
of the melting temperature, as compared to HDPE, is due to
presence of ethyl branches and some remaining unsaturation in the
main chain.(lg) Lowering of Ty with an increase in the number of
ethyl side chains has been observed in copolymers of
ethylene-butene.(30) Although the melting temperature of HB has
been reported to be inversely related to molecular weight(21) and
hence on chain length, our block copolymers do not show such a
dependence on HB sequence length. The "peak” melting temperatures
of all of the block copolymers, regardless of chain architecture
or butadiene composition, are in the vicinity of 102 #2°C for the
quenched samples. The reader may recall that for a given total
molecular weight, an increase in butadiene content is followed by
an increase of butadiene block chain length. Thus, neither the
architecture nor the butadiene block chain length (at least in the
ranges that we have studied) affects the melting behavior of the
polymer, This is contrary to the findings of O'Malley, et al. who
studied the effect of changes in composition of tri-and diblock
copolymers of styrene ethylene oxide block copolymers.(31) They
attributed the decrease of Ty of the crystalline polyethylene
oxide block with the increase of styrene content to the decrease
in the perfection of the crystalline lamella. In light of this
result, the independence of T, of composition in our own systems
could be rationalized in the following way. The crystallites of
HB are generally embedded within the amorphous HB phase and thus
are not significantly affected by the rubbery HI block. In fact,
there is an indication from our dynamic mechanical studies that
there is phase separation between the HI and HB blocks in the
amorphous regions. Thus the environment experienced by the HB
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crystallites is the same and therefore their perfection (and hence
Tp) is not influenced by compositional variation.

The heat of fusion AHf (obtained from the area under the DSC
melting curve) and percentage crystallinity calculated from AHgf is
found to be linearly dependent on butadiene content, and
independent of the polymer architecture. This is shown in Figure
3. Also, the density of the block copolymers was found to be
linearly dependent on butadiene content (see Figure 4). The
linear additivity of density (specific volume) has been observed
by other workers for incompatible block copolymers of styrene and
butadiene indicating that very little change in density from that
of pure components has occurred on forming the block
copolymers.(32) While the above statement is somewhat plausible,
these workers have utilized the small positive deviation from the
linear additivity law to estimate the thickness of the boundary in
SB block copolymers.(32)

In Figure 4, the density of a hydrogenated random copolymer
of butadiene-isoprene containing 50% butadiene is also given. The
X-ray diffraction pattern and the DSC thermogram of this polymer
indicates that it is totally amorphous. Extrapolation from the
density of HI to the density of this random HBI-50 to the axis
corresponding to 100% hydrogenated butadiene would give the
density of amorphous HB (or that of amorphous "polyethylene").

The value of the density for amorphOus polyethylene obtained in
this way is about 0.869 g/cm as compared to the value of 0.855
g/cm3 obtained from the extrapolation of molten PE. (33) 1n our
calculation of the percentage of crystallinity from density
measurements, we have used the following values: 0.869 g/cm3 for
the den31t§ of amorphous PE (rather than the literature value of
0.855 g/cm3), 0.862 g/cm3 for the density of hydrogenated isoprene
(amorphous), and 1.00 g/cm3 for the density of crystalline PE.(34)
While our extrapolated density for PE might be somewhat
questionable based on our limited data, the value of crystallinity
obtained using the above values is nearly identical to that found
from AHg. This value is at least 12% lower than that found using
the relationship of Chiang and Flory where the density of the
amorphous and crystalllne PE are taken at 0.8518 and 0.9995 g/cm
respectively at 25°C. (22) The percent crystallinity was also
obtained from the areas of the endothermic peaks in DSC graphs
using a AHf value of 69 cal/g for completely crystalline
polyethylene.(36) A comparison of crystallinity values obtained
from density to those from AHf is made in Figure 5. The
correspondence of the density from both methods is excellent. It
is noteworthy that the behavior of LDPE also falls in this range,
even though the crystallinity of this sample is much higher. It
is of interest to point out that Hser and Carr have reported
percentage crystallinity of a series of HB of different molecular
weight using X-ray diffraction methodology.(21) The density of
all of their samples were ~0.915 g/cm3 and for samples in the
molecular weight range 60,700 to 340,000 the AHg were 21.7 cal/g
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to 17.4 cal/g respectively. These AHg values correspond to a
percent crystallinity varying from 31.4% to 25.3% whereas the
respective percent crystallinity values from the X-ray method were
43% and 46%, That is, there is little correlation in their
crystallinity values obtained from the AHg and X-ray methods used
in their work. While we do not attempt to explain their
discrepancy, it stands in contrast to our own data. The important
point to be made at this time is that an increase in crystallinity
in our series of block polymers is only dependent on the butadiene
content and bears no relationship to the block architecture.

The accumulated data from X-ray, AHf¢ and density measurements
thus far indicate that there is good separation of the crystal-
lizable HB block from that of the amorphous HI block, regardless
of molecular architecture. We as yet have no direct evidence to
determine what is the specific morphological nature of the crys-
talline structure; specifically, as to whether they are composed
of fringe micelle or folded chain structures. Dimarzio et al.
have carried out calculations of lamella thickness in diblock co-
polymers where one of the components is crystalline; they have
reached the conclusion that chain folding is a stable form in such
block copolymers.(37) This is contrary to homopolymers where
chain folding is metastable and annealing reduces chain-
folding.(38) Our general belief at this time is that the HB block
will likely display some degree of lamellar texture in view of
workers who have noted such textures in long block copolymer con-
taining one crystallizable component.{(31) In order to gain some
insight into possible arrangement of the crystalline domains on a
higher order level i.e., superstructure, we have applied the SALS
technique. The H, patterns for solution cast films of HB and a
series of HBIB polymers are shown in Figure 6. Both the HIBI and
HBI polymers produce the same kind of H, patterns and are not
shown here, Polymers with high and intermediate butadiene content
clearly display the typical cloverleaf H, pattern which is associ-
ated with the spherulitic structure.(39) In this composition
range, the size of the spherulites as calculated from the angle of
the maximum intensity in the Hy four-leaf clover scattering pat-
terns, range from 0.5 to 3.0 pm. The SALS patterns suggest that
there is a deterioration of the spherulitic perfection with an in-
crease in HI content, and indeed sample HBIB-7 no longer displays
a cloverleaf pattern, but rather a more rod-like or sheaf type
pattern.

SEM micrographs of two members of these polymers (HB and
HBIB-50) are shown in Figure 7 to provide further evidence for
superstructure on the micron level within the solution cast films.
One can directly observe the surface of the spherulitic structure
of the HB homopolymer as well as in that of the copolymer HBIB-50.
Clearly, the level of structure (~5 um) is well above that of the
individual domains of either HB or HI and reflects the possible
primary nucleation and subsequent growth behavior common to
spherulitic semicrystalline polymers. The H, patterns shown in
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Figure 6. SALS, H, light scattering patterns of HB and HBIB of different com-
positions. Key: method of film preparation of T.C. is TOL or PQ; exposure time
in fractions of a second.
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Figure 7. SEM of the surface of films cast from toluene for HB and HBIB-50.
The bars indicate 5um.
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Figure 6 display an important trend. The best formed spherulitic
structure is that of homopolymer HB. When the concentration of
butadiene decreases in the series of the HBIB copolymers the
perfection (anisotropic ordering) of the spherulites is also de-
creased. Indeed, in the polymer HBIB-7, which contains only 7%
butadiene, one can no longer see the H, scattering pattern as is
observed for well developed spherulites. It is to be noted that
the formation of the spherulitic structure is strongly dependent
on the method of the film preparation. The well developed spheru-
litic structure shown in Figure 6, HB or HBIB-86 for example, were
produced when the films were cast from solution (Tol). By con-
trast, the compression molded samples (PQ) did not show well de-
veloped spherulitic structure. Even the HB homopolymer produced a
very ill defined spherulitic pattern when the film was prepared by
quenching the pressed film (Figure 6). Mandelkern et al., have
studied supermolecular structure of linear polyethylene fractions
and reported that high molecular weight fractions (3 -8 x 108) do
not form well developed spherulites if they are crystallized
rapidly.(40) These polymers can, however, produce spherulitic
structure if they are crystallized from the swollen state, (41)
It should be re-emphasized that although our block copolymers
do not display spherulitic morphology when they are compression
molded, they are nevertheless crystalline. Hence, this indi-
cates that under this mode of film preparation, aggregation into
well developed superstructure is apparently kinetically limited.

Stress-Strain Properties. A comparison of the stress-stain
properties of the compression molded tri-block HBIB copolymers to
those of the homopolymers HB and HI of the same molecular weight
(7200,000) are made in Figure 8. The stress-stain properties of
the inverted triblock copolymers HIBI are given in Figure 9. As
might be expected, the stress—strain properties of HB are very
similar to that of low density polyethylene, Perhaps linear low
density polyethylene (LLDPE) would be an even better model. The
major difference that we have observed is that the initial modulus
of HB is lower than that of LDPE (75 vs. 170 MPa respectively) and
there is also a lower stress displayed in the region where plastic
deformation begins which is likely associated with yielding
phenomenon involving crystallite reorientation. Both of these
differences are at least partially accountable by the lower crys-—
tallinity of the compression molded samples of HB relative to that
of low density polyethylene (the crystallinities are approximately
30% and 40% respectively, (see Figure 5). Tanaka et al., however,
have reported that the material properties of HB are different
from that of LDPE, the most remarkable difference is the higher
elastic recovery of the former.(12) They attribute this differ-
ence to a "looser" structure of spherulites of HB which allows
crystallites to orient in a reversible manner. We have not ob-
served significant differences in the nature of the stress-strain
behavior of HB polymers relative to those of LDPE., Indeed, when a
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Figure 8. Comparison of the stress—strain properties of the press—quenched films
of HBIB to those from the homopolymers HB and HI. Composition of each
polymer is denoted by the butadiene content next to the graph.
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Figure 9. Comparison of stress—strain properties of the press—quenched films of
HIBI block copolymers to those of homopolymer HB. Butadiene content is next
to the graph.
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sample of HB was prepared by solution casting from toluene, the
crystallinity of this film was very close to that of a quenched
sample of LDPE. The stress—strain plot of this solution cast film
closely resembled that of quenched LDPE, indicating, as mentioned
before, the earlier difference most likely is principally due to
the difference in the crystallinity level in contrast to molecular
weight distribution discrepancies, etc. One should comment that
the ultimate tensile properties of the HB systems are excellent.

The mechanical properties of HBIB block copolymers are
significantly affected by the increase in the proportion of the
central rubbery HI block. For example, HBIB-86 (14% isoprene)
shows a lower modulus; some yielding behavior is still present but
elongation to break is significantly improved. A further increase
in the rubbery HI content (eg. from 14 to 82%) produces a modulus
which is sharply decreased, but the elongation to break is again
increased., HBIB-70 and HBIB-50 are very tough plastics; the
former has even a higher stress to break than the initial HB. On
the other hand, the behavior of HBIB-27 is typical of a thermo-
plastic elastomer. HBIB-18 also has elastomeric behavior but it
fails earlier than HBIB-27 indicating that the three dimensional
network of physical crosslinks (crystallites) is less well de-
veloped. The behavior of HBIB-7 is somewhat like a particulate
filled and uncrosslinked rubber of low filler content. The last
member of this series, the homopolymer HI (or HBIB-0), is and be-
haves as an uncured rubber., It does not show any strain hardening
indicating that, as expected, at the level of strain experienced
by the sample (7240%) no strain-induced crystallization occurs.

The general stress-strain behavior of our HBIB series has
some similarity to those of the SBS block copolymers.(4) However,
there are two prime differences between these two sysfghs.
Styrene is a brittle glass at room temperature, but HB is a
semicrystalline plastic above its T, and therefore is rather
ductile. Therefore, a block copolymer of SBS containing as much
as 207 butadiene is still brittle and often breaks at very low
elongation.(1l)., By contrast, HBIB-86 or even HB itself can be
extended to above 400% elongation before failure occurs. The
other difference is that the block copolymers of SBS may show
considerable amounts of drawing (necking) in the concentration
range of 39% to 65% styrene, whereas none of the members of HBIB
display this behavior.

The stress-strain properties of the inverted triblock copoly-
mers HIBI are shown in Figure 9. Analogous measurement on the di-
block copolymer HBI-50 are not shown but were almost identical to
that of HIBI-49. As expected, an increase in isoprene content
from the homopolymer HB polymer to the HIBI block copolymers and
finally to the homopolymer HI greatly influences the mechanical
properties. An increase in the rubbery HI content is again
followed by a decrease by Young's modulus. In the range of 23% to
497% butadiene, the polymers show higher extension to break than
for the HB. They can be viewed as tough plastics and require a
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larger input of energy (higher area under the stress-strain curve)
to break., The next member of the series, HIBI-29, shows a great
deal of extensibility, but it is extremely weak. A further in-
crease in isoprene concentration results in polymers which not
only are weak but also break at low extensions (HIBI-19 and HIBI-
10). Now that the effects of variation of composition on the
mechanical properties of each member of the two series has been
examined, the influence of architecture alone on properties can be
considered. A comparison of some specific properties for the
polymers of various architecture and different compositions are
made in Figures 10A-C and Figure 11. As in the case of Figure
10A, an increase in HB content, i.e., a rise in the concentration
of the semicrystalline blocks, is always followed by a rise in the
modulus of the polymers. This type of behavior of block copolymer
has been expressed in terms of composite theories and the know-
ledge of the modulus of the component blocks (HI and HB). To do
so, however, one has to know the geometry of the microdomains in
the system considered. Calculation of the modulus of block co-
polymers using the modified composite theories developed by
Nielsen (42,43) and Lewis (44) have been reported on SBS triblock
copolymer;_(zjéé) and will not be repeated here.

An interesting observation derived from Figure 10A is that
modulus of the triblock copolymer HBIB is always considerably
higher than that of the inverted block copolymer HIBI. This
difference in modulus is likely due to the presence of more
permanent entanglements in HBIB copolymers since these endblocks
can be partially tied down in the semi-crystalline domains, as
shown schematically in Figure 12. Of course, it is realized that
amorphous regions in HIBI also form entanglements, but since the
end blocks are not mechanically anchored these entanglements can
be lost when the sample begins to undergo deformation.

The ultimate properties, that is the elongation and stress at
break for copolymers with various architectures and compositions,
are given in Figures 10B and 10C respectively. The elongation at
break €g goes through a maximum for the block copolymer when the
composition is varied from pure HI to that of HB as shown in
Figure 10B. The maximum is achieved around 30% butadiene content.
Since the ultimate properties are influenced by various parameters
e.g., flaws, hard phase content, etc. (46,47), we have not
attempted to rationalize the details of this behavior at this
time. However, we do wish to point out that while breaking stress
in general rises with HB content, the strain to break passes
through a distinct maximum. Therefore all of these polymers have
high extension in this concentration range. Above this concentra-
tion range €g is decreased approximately in the same way for all
chain architectures. Below this value, the €g is also decreased,
but now there is a considerable difference in behavior of HBIB
from that of HIBI polymers. In the 10%Z to 207 butadiene range
HIBI polymers fail at a lower elongation than HBIB polymers and
this behavior is certainly related to the morphological structure
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Figure 10B. Dependence of strain to break on the butadiene content for various
copolymer architectures.

In Elastomers and Rubber Elasticity; Mark, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1982.



6. MOHAJER ET AL.

Copolymers Containing Semicrystalline Block(s) 139

304

PQ SAMPLES
O HBIB

Qa HIBI

/ \
A HB
20 -

;
o /
o

ooEmleB—"

0 20 20 GO 80 100
HI s B HB

Figure 10C. Dependence of the ultimate stress on the butadiene content for vari-
ous copolymer architectures.

—0—

[
-O—
(o¥

(= O
=—[]—

o(MPa)

O4

In Elastomers and Rubber Elasticity; Mark, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1982.



ELASTOMERS AND RUBBER ELASTICITY

140
199
HBIB-27
104
©
a.
2
3
5
HIBI-29
0O 2 4 6 8 10 12
€
Figure 11. Comparison of the stress—strain properties of the thermoplastic elasto-

mer HBIB-27 to that of inverted block copolymer HIBI-29.
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Figure 12.  Oversimplified schematic representation of the morphology of HBIB
and HIBI block copolymers in the low and high butadiene concentration ranges.

Formation of “physical cross-links” by the anchorage of chain ends in semicrystalline

domains and production of “permanent” entanglements is shown in the HBIB block

copolymers. No such arrangement exists for the inverted polymer HIBIl. (No attempt

has been made to show possible chain folding, or superstructure development of their
absence.)
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of the polymers as discussed shortly. The stress to break, og,
does not seem to go through a significant maximum, but rather
there is a considerable increase in 0Og with an increase in
butadiene from the low value of HI. The behavior of the polymers
in regard to ultimate stress falls into two categories. In the
low to intermediate concentration range of butadiene (from 10% to
40% B) the behavior of the HBIB polymers is quite different from
that of the inverted HIBI copolymers and is most pronounced in the
20-29% range. In the high concentration range (40% to 100% B),
the 0B for HBIB and HIBI is much closer. A comparison of the
stress-strain properties for HBIB and HIBI polymers, in this
concentration range, is made in Figure 1l.

The HBIB-27 polymer behaves like a thermoplastic elastomer,
whereas HIBI-29 behaves somewhat like a particulate-filled uncured
elastomer. Both are somewhat rubbery in nature although their
stress-strain behavior deviated from typical crosslinked
elastomers in that the initial stress level is higher, as is
commonly seen for domain forming thermoplastic elastomers. These
differences are clearly related to the morphology and structure of
these systems. In order to discuss the behavior of these polymers
of various architecture containing different levels of semicrys-
talline HB, oversimplified morphological models of these systems
are given in Figure 12. These drawings are not meant to infer
that no superstructure or chain folding may exist but only to
depict the general differences in the continuity of the two com
ponents as well as the nature of the localized end blocks. Thus,
in polymers where the relative concentration of butadiene is high
(Figure 12), the continuous phase is the semicrystalline HB (or
the polyethylene~like structure). The mechanical properties of
the polymer is controlled primarily by this continuous dominant
phase. The rubber HI domains are dispersed within this semicrys-
talline phase. There is no major difference between HBIB, HIBI or
HBI block copolymers because the properties are determined by the
continuous semicrystalline structure. The behavior of this system
is somewhat similar to that of rubber modified polystyrene.(l)

The main function of the dispersed rubbery phase is to lower the
modulus and to allow higher extensibility by terminating or re-
ducing crack propagation. A schematic drawing for the inter-
mediate concentration of butadiene is not shown but the behavior
is similar since under this condition (of course, depending on the
film processing condition) both phases are continuous. But the
behavior of the polymer is again controlled by the dominant semi-
crystalline phase.

The schematic drawing of morphology of the block copolymers
in the low butadiene range is also given in Figure 12. In this
concentration range, the behavior of the HBIB polymers is very
different from that of HIBI or HBI. The continuous phase in this
case is the rubber HI segments and the semicrystalline domains are
dispersed throughout the sample. The semicrystalline domains in
the case of HBIB not only act as a filler, but also tie down the
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end blocks of the polymer producing physical crosslinks. The
entanglements in the HI blocks can no longer be lost by complete
slippage of the chain, and are therefore of a more permanent
nature. The behavior of HBIB polymers under this condition is
that of a thermoplastic elastomer. The HIBI or HBI polymer cannot
form this kind of physical crosslink, the HB block which has
formed the semicrystalline domain can only act as a filler and
therefore these polymers behave like an uncured rubber. This type
of behavior has also been observed for SBS block copolymers.(4)

Hysteresis Behavior. The hysteresis behavior of the HBIB
triblock copolymers are given in Figure 13A and of that of the
inverted HIBI block copolymer is given in Figure 13B. The
difference in the behavior of these two series of block copolymers
is tremendous. The origin of these differences are again directly
related to the morphology and the architecture of the polymers.
The hysteresis behavior of HBIB is strongly dependent of the
composition of polymer. The first member of this series is the
homopolymer HB which contains the highest (100%) concentration of
the semicrystalline segment and therefore exhibits the highest
hysteresis. That is, during each cyclic loading and unloading, a
considerable amount of energy is lost as heat. Moreover,
irreversible rearrangement of the crystalline domains occurs
during this plastic deformation.

Introduction of the central rubbery HI block decreases the
continuity of the semicrystalline domains and results in a
successive decrease in hysteresis behavior. Similar behavior has
been observed in segmented polyurethanes when the hard segment
content has been varied.(48) Thus, an increase in HI block con-
tent (or a decrease in the concentration of the semlcrystalllne
HB) is always followed by a considerable decrease in the hystere-
sis behavior. The lowest hysteresis is observed for HBIB-7 which
contains the lowest butadiene content, but this sample is not very
extensible and fails early because, as mentioned before, there are
not enough crystalline domains to form a three dimensional network
of physical crosslinks. HBIB-18 and HBIB-27 which are both ther-—
moplastic elastomers, show considerable extensibility but low hys-
teresis behavior. The hysteresis behavior of the above two elas-
tomers is much lower than that of the conventional segmented poly-
(urea-urethanes).(49) An increase in the butadiene content of the
other members of the HBIB series results in the crystalline HB
domains developing more continuity. This alteration in morphology
leads to a high hysteresis. Further support of the above argument
extends from the recent work of Sequela and Prod'homme who inves-
tigated the properties of SIS and SBS block copolymers. (50) They
have shown, as expected that the best hysteresis behavior is ob-
tained for samples in which the hard styrene block has formed
microdomains which are well isolated from each other.(50) This
was actually demonstrated much earlier by one of the authors.(51)
The mechanical behavior of such a system is similar to that of un—

In Elastomers and Rubber Elasticity; Mark, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1982.



144

%o HYST

ELASTOMERS AND RUBBER ELASTICITY

70
WNoN
O'O'O{) D\D HB
‘3/ O~ HaIB-85
60.
Pt aagaa
rd & T f-a-b 1BB-70
ot | £ OB HO—O
TOOHEHETOTO0
I?/ 0,0’0{6 HBIB-50
o o
atd  /
<> <> v v
w—"V
30t / v{v}v v ; HBIB-27
Cog vV’ B @
a HBIB-18
v ]
20 B8p@p - B
— 8y 8 - 85
HBIB -7
10k
0O . R . . .
O 20 40 &0 80 1.
€
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filled crosslinked rubber. TIf, however, the samples were made
such that there was connectivity between the hard blocks, the
mechanical properties would deviate from that of cross-linked
rubber.

Similar observations have been made with respect to the hysteresis
behavior in segmented urethanes as a function of composition and
domain morphology.

The hysteresis behavior of the HIBI series is shown in Figure
13B. All of the samples have much higher hysteresis than the
corresponding member (with respect to composition) of the HBIB
series. Although there is a noticeable decrease in the percent
hysteresis with an increase in rubbery HI content, the hysteresis
does not fall below 55% at high extensions.

The hysteresis behavior of the diblock copolymer HBI-50 is
not shown but is very similar to that of HIBI-49. In summary
then, the difference in hysteresis behavior of the HBIB series to
that of HIBI and HBI is related to the ability of the members of
the first series to form permanent entanglements, by entrapment of
the end blocks in the semicrystalline domains, whereas no such
arrangment is possible for neither HIBI nor HBI series. The
permanent entanglement serves as a physical crosslink which
promotes recovery of the polymer after the deforming stress has
been removed. At the same time, much less energy is lost as
heat,

Dynamic Mechanical Properties. The dynamic mechanical
properties of branched and linear polyethylene have been studied
in detail and molecular interpretation for various transitions
have already been given, although not necessarily agreed upon in
terms of molecular origin.(52-56) Transitions for conventional
LDPE (prepared by free radical methods) when measured at low
frequencies, are located around +70°C, -20°C and -120°C and are
assigned to a, B, and Y transitions respectively .(53) Recently
Tanaka et al. have reported the dynamic mechanical properties for
a sample of HB which was also prepared by anionic polymerization,
but contrary to our system the hydrogenation of the polybutadiene
was carried out by a coordinate type catalyst.(12) The
transitions reported for such a polymer at 35 Hz are very similar
to those of LDPE.(12)

A comparison of the dynamic mechanical properties of our HB
at 35 Hz has been made to that of LDPE in Figures 14 A and B. The
thermal and sample preparative history affects the mechanical
properties of HB films to such an extent that in order to make a
meaningful comparison one has to describe the exact history of the
samples. Such a thermal history dependence has been examined for
LDPE(54,57) and recently for HB.(12) Shown in Figures A and B are
the mechanical spectra for HB-PQ, HB-Tol, and LDPE-PQ films. The
compression molded films were prepared 1 to 2 days prior to the
test. The solution cast film (from toluene), HB-Tol, was annealed
at 80°C for 2-3 days and stored at room temperature for 1 week
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prior to testing. The tan & dispersions of LDPE-PQ are located
around +70°C, -5°C and -125°C respectively are tentively assigned
as the a, B and Y transitions. The behavior of our HB-PQ is
different from that of the LDPE-PQ sample and also different from
that of HB-PQ reported by Tanaka.(l12) 1In this freshly prepared
sample, the high temperature transition is absent, but there is a
major peak around -5°C and the usual y peak is also present at
around -120°C. The HB film cast from toluene, on the other hand,
behaves very similarly to that of LDPE~PQ. We have already
pointed out (in the crystallinity and morphology sections) that PQ
samples of HB have a lower crystallinity level and a less
developed spherulitic morphology from that of the pressed quenched
samples of LDPE. We have also pointed out previously that when HB
is cast from toluene, the level of crystallinity, the type of
morphology and the general mechanical properties become very
similar to that of LDPE~PQ. Thus the variation of the dynamic-
mechanical behavior of HB polymer as a function of the sample
preparation method is another manifestation of the same character-
istics. Indeed annealing of a freshly prepared HB-PQ sample at
80°C, or even at room temperature for long times, shifts the
transition from -5°C to higher temperatures and under a suffici-
ently longer period of annealing the a transition becomes, dis-
tinctively different from that of B transition. We will not
address ourselves with this effect in more detail, because the
dependence of the a transition on the sample thermal history has
already been considered elsewhere.(54,57) 1t is, however, impor-
tant to point out the difference in behavior of our HB-PQ sample
to that of a HB material reported by Tanaka et al.(l2) From a
comparison of their results to our system, the main factor seems
to be the level of crystallinity, since the percentage crystal-
linity of their pressed quenched sample is around 50% as compared
to about 30% for our sample. Factors affecting the crystallinity
of the HB polymers include content of the ethyl side chain
resulting from hydrogenation of 1,2 adducts of the parent
polymers, molecular weight of the polymer, and method and level of
hydrogenation. The number of ethyl branches per 100 carbon in
Tanaka's HB polymer was reported to be 2.5%.,2 as determined from
IR spectroscopy and is slightly higher than our value which is 1.3
to 2.1, The molecular weight of their HB material is reported to
be 558,000 as compared to 200,000 for ours. Both of the above
mentioned factors should favor lower crystallinity of their sample
in contrast to the reported higher values. Other factors which
might be important but has not been quantitatively dealt with is
the level of hydrogenation (in both cases the hydrogenation is
essentially complete as determined from NMR & IR spectra). Thus
the main cause of this difference in crystallinity level seems to
be the method of hydrogenation since, as already mentioned,
hydrogenation by p-toluene~sulfonylhydrazide produces some side
chain adducts which may lower the relative crystallinity of our
polymer. The factors affecting the crystallinity level of HB or
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LDPE affect the dynamic mechanical, as well as other material
properties of these polymers. The similarity of the temperature
dependence of E” between our toluene cast HB film and the quenched
LDPE (both of ~40% crystallinity) in Figure 14A as compared to our
quenched HB film (% crystallinity ~30%) is another indication of
the importance of the level of crystallinity on properties. (This
topic has already been discussed in some length in the section on
stress-strain behavior).

The dynamic mechanical behavior of the block copolymers of HB
and HI are typified by the results obtained for the HIBI series
which are given in Figure 15A and B which display spectra for
different composition ratios. The transition behavior of the HBIB
series is so similar that it will not be repeated here. The sam~
ples used for this study were compression molded and they all had
been stored at room temperature between one to two months before
use, The experiments were run at 110 Hz. The behavior of HB, re—
presented by HIBI 100, is similar to that given in Figure 14B.

Two transition regions are apparent in the tan § plot: the low
temperature Y peak around -120°C and a higher temperature peak
centered around +20°C (note that the higher temperature value for
this peak as compared to that of HB,PQ in Figure 14B is due to two
factors: 1. Longer room temperature annealing for the sample
used in Figure 15B., 2. Higher frequency employed in Figure 15B,
110 HZ vs 35 Hz). The peak observed at 20°C is mainly believed to
be due to the a transition of HB. The shoulder at -5°C is specu-
lated to be due to the B transition but can not easily be distin-
guished in this compacted graph. The dynamic mechanical dis-
persions of the HI homopolymer were not obtained due to the diffi-
culty in handling this tacky material. Although this might be
minimized by lightly crosslinking the HI, the reaction could also
change this relaxation mechanism,

The behavior of the HI block in the HIBI block copolymer
series (as well as in the HBIB series) was easily denoted by a
major peak in the tan § plot at around -47#2°C at the frequency of
110 Hz. There is little doubt that this is the glass transition
temperature for the HI block at this frequency. It is denoted
that the magnitude of tan § peak at -47°C increases with a de~
crease in HB content as expected due to an increase in HI rubber
content. For block copolymers containing 10% or less butadiene
there is a sharp decrease in modulus at around this temperature as
shown in Figure 15A. The sharpness of this transition decreases
with an increase in butadiene content and at or above fifty per-
cent butadiene the change of modulus becomes gradual because the
property of the bulk polymer is much more controlled by the
strength of the tougher continuous semicrystalline matrix.

The independence of the tan § transition (~ -47°C) on com
position for the HI block for these series of block copolymers is
another indication of good phase separation existing between the
amorphous component of HB and HI blocks. This latter statement
seems in order for if there were any appreciable mixing between
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these blocks in the amorphous phases it would have been antici-
pated that the Tg of the HI block would be shifted to a lower tem—
perature as a result of lower Tg of HB (or PE) block.(20) It
should be mentioned that in some contrast to our hydrogenated sys-
tems, the non-hydrogenated block copolymers of isoprene and buta-
diene, of similar molecular weight, display compatibility in the
solid state as noted by several workers using different methods.
(58,59,60)

Conclusions

The mechanical properties of block copolymers composed of
rubber HI segments and the semicrystalline HB chains are dependent
both on the composition of the polymers and the architecture of
the blocks. The density, AHg, crystallinity and the morphology of
the block copolymers, on the other hand, are only primarily depen-
dent on butadiene content and show little dependence on architec—
ture. This perhaps indicates that in the solid state there is a
very good phase separation between the HB and HI blocks. Although
the solution cast films show spherulitic morphology, the quenched
films do not show distinct structures indicating that the arrange-
ment of the crystallites in the supermolecular level is not well
organized,

At high and intermediate concentrations of the HB block,
where the semicrystalline block form the continuous or one of the
continuous phases, the mechanical properties of the samples are
controlled by this phase. At these compositions, the stress-—
strain properties are not much different, although there is a
difference in modulus behavior between members of varied architec-
ture. The hysteresis behavior is nevertheless significantly
varied indicating that the permanent end block entanglements pro-
duced in the HBIB series play an important part in retracting the
sample once the extension load is removed. The difference in
mechanical properties between polymers of different architecture
is most apparent when the HB content is low. At this composition,
where the rubbery HI has formed the continuous phase and the semi-
crystalline blocks are dispersed in more discrete or isolated do-
mains, the behavior of HBIB becomes of that of a thermoplastic
elastomer. The HIBI and HBI polymers, on the other hand, cannot
behave as '"crosslinked" elastomers because they are not capable of
forming permanent endblock anchorages. The stress~strain proper-
ties of HIBI and HBI are similar to that of modified particulate
filled uncured rubber. These polymers, however, have high exten-
sibility, probably due to crack termination at the interphase.

But contrary to HBIB polymers, they do not show any strain harden-
ing and are very weak materials. The hysteresis behavior of HIBI
and HBI polymers is also very different from that of the HBIB
polymer. The former polymers show tremendously higher energy loss
during cyclic deformations, and these differences are again inter-
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preted as being related to the ability to form permanent entangle-
ments.

The dynamic mechanical behavior indicates that the glass
transition of the rubbery block is basically independent of the
butadiene content. Moreover, the melting temperature of the semi-
crystalline HB block does not show any dependence on composition
or architecture of the block copolymer. The above findings com-
bined with the observation of the linear additivity of density and
heat of fusion of the block copolymers as a function of composi-
tion support the fact that there is a good phase separation of the
HI and HB amorphous phases in the solid state of these block co-
polymers. Future investigations will focus attention on charac-
terizing the melt state of these systems to note if homogeneity
exists above Tm.
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cis/trans Control in Elastomers from Monocyclic
Olefins and Diolefins

R. J. MINCHAK and HAROLD TUCKER
B. F. Goodrich Research Center, Brecksville, OH 44141

By using a transition metal chloride catalyst and
an iodine modified cocatalyst, ring-opening polymer-
ization of C5; and Cg monocyclic olefins is controlled to
prepare either cis polymers or trans products that are
crystallizable. In copolymerization, the cis/trans
units in the copolymers are regulated by adjusting the
Cs/Cg olefin monomer ratio. As the comonomer is in-
creased, the copolymer becomes less crystalline and then
completely amorphous at equal amounts of cis/trans
units. Polymerization results are reported from WClg
and MoClg catalysts.

The cis/trans content of elastomers has an important
influence on their physical properties. In polymers with both
cis and trans units, the lower limit of utility follows the
glass transition temperature. Polymers with only cis or trans
units are often crystallizable; here the crystalline melting
point defines the use temperature. In this paper we will be
concerned mainly with the ring opening reaction of the monocy-
clic olefins at the carbon-carbon double bond. We will consi-
der various catalysts and cocatalysts and compare the resulting
cis/trans structure in the polymers against polymer properties
such as glass transition temperature and crystalline melting
point when it appears.

Introduction

Before discussing the polymerization of monocylic olefins,
a brief review of the preparation of polymers from bicyclohep-
tenes will acknowledge their historical contribution with
respect to polymerization catalysts, polymer structure and
properties. Their monomer reactivity in polymerization is much
faster than the reactivity of the less strained monocyclic
olefins. Anderson (1) and Truett (2) polymerized norbornene
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using a Ziegler-type catalyst and discovered that the polymer
contained repeat units of the cis~1,3-cyclopentane ring and a
trans olefin bond instead of the typical addition product.
Michelotti (3) used ruthenium trichloride trihydrate catalyst
in alcohol and also the osmium or iridium catalyst. His
products were largely the transpolynorbornene; however, signi-
ficant levels of cis polymer resulted from the osmium cataly-
sis. Katz (4) synthesized a cispolynorbornene using (diphenyl-
carbene)pentacarbonyltungsten catalyst (5). 1Ivin (6) reported
that rhenium pentachloride also catalyzes the cis polymer; he
used the methylnorbornene monomer.

In Truett's early disclosure (2) he reported that the
polymers were highly crystalline. Generally these bicyclohep-
tene polymers are found to be completely amorphouns, although
there may be molecular alignment when stress is applied.
NORSOREX, a polynorbornene that is prepared by CdF Chimie is a
commercial example of the trans polymer (7). It has a glass
transition temperature near 45°C, and it is noncrystalline or
amorphous. Polymer products synthesized from higher homologs
of norbornene are reported as having glass transition tempera-
tures above 200°C (8).

Monocyclic Olefins

Monocyclic monomers such as cyclopentene, cyclooctene or
1,5-cyclooctadiene have been the subject of numerous publica-
tions on metathesis reactions. These monomers can be ring-
opened to unsaturated polymer products that are represented by
broad variations in cis/trans structure. Many of their pro-
ducts contain double bonds that are reported to be between 20
to 80% trans units; however, polymers containing only cis or
trans units have been synthesized and these are generally
crystallizable. The structural variation in the polymers and
the presence of crystallinity in certain types emphasizes the
broad application potential of these products. Cyclopentene,
cyclooctene, and 1,5-cyclooctadiene have received considerable
attention as monomers because of their commercial importance.
Cyclopentene is readily obtained from the partial hydrogenation
of cyclopentadiene, while 1,5-cyclooctadiene may be prepared
from the cyclic dimerization of butadiene. Hydrogenation of
one double bond in the 1,5-cyclooctadiene gives cyclooctene.
Bayer previously had been a leader in the development of a
commercial transpolypentenamer but has since dropped this
technology. Hiils is making and marketing a transpolyoctenamer
(VESTENAMER 8012) as a rubber additive 9.

Cyclopentene. After Eleuterio's early disclosure (10) of
cyclopentene polymerization by ring-opening catalysis, Natta
and co-workers (11) reported that trans polymer forms using
WClg catalyst and the cispolypentenamer forms using MoClg. The
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cocatalyst was trialkylaluminum. There are many published
reviews for cyclopentene polymerization and transpolypentenamer
(12-15). The list of contributors includes Dall'Asta (16),
Calderon (17), Ofstead (18), Natta (19, 20), Marshall (21),
Haas (22), Pampus (23, 24), Oberkirch (25, 26), Nutzel (27) and
Witte (28, 29). An excellent discussion of polyalkenamers,
their preparation and properties was presented by Dall'Asta in
1974 (30). These publications show that the polymerization
catalyst may be derived from a transition metal compound such
as WClg or MoClg, an oxygen containing activator and an alkyl-
aluminum compound cocatalyst. There are many variations of
procedure and substitutions of catalyst components. The
transition metal compound may be dissolved in or prereacted
with a third component. Recipes use solvent or diluent and
sometimes an acyclic olefin for molecular-weight control of the
polymer.

Cispolypentenamer has been made to a high degree of
stereoregularity, to about 99%. One preparative method re-
quires using a low R,AlC1/WFg catalyst ratio (24); high ratios
of R,A1C1/WFg produce trans polymer, however. Cis polymers may
be synthesized by polymerizing at low temperature (-20° to
-30°C) using ReClg (31) or WClg catalyst in combination with
Et,Sn (32) or Et;Al (33). At higher temperature, these cata-
lysts behave differently and become trans directing. Oreshkin
(34) confirmed the effect of the polymerization temperature on
polymer structure using an allylsilane with WClg; cis double
bonds formed at -30°C and trans bonds above this temperature.
Ofstead increased the cis polymer content by raising the
monomer/solvent ratio (35). The (diphenylcarbene)pentacar-
bonyltungsten is cis directing for cyclopentene (4).

Dall'Asta determined the transition temperatures of these
cis and transpolypentenamers (36). See below:

Polymer Type Tg (°C) Tm (°c)
Cis ~-114 -41
Trans -97 18

The trans polymer is highly crystallizable. In contrast the
cispolypentenamer is difficult to crystallize; it requires 4 or
5 days at -78°C to develop crystallinity.

Cg Cyclic Olefins. Natta (37) found that polyoctenamer
forms readily from cyclooctene using a WClg/Et;Al catalyst.
His product, 85% trams, showed a high degree of crystallinity;
the crystalline melting point varied between 62° and 67°C.
From cycloheptane he reported 85% to 93% trans polymer using
either WClg or MoClg catalyst with R;Al. Strech (38) made
polymers with 54% trans structure from cyclooctene using WClg/
EtAlCl, catalyst and 38% trans polymer from 1,5-cyclooctadiene.
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Ether compounds and halogenated ethers were included as poly-
merization activators. Calderon (39) used a WClg/EtAlCl,
catalyst at 50°C and obtained 40 to 70% trans polymers from
cyclooctene and 1,5-cyclooctadiene. Grahlert (40) prepared a
range of 20 to 75% trans polymers from 1,5-cyclooctadiene using
a phenyltungsten trichloride catalyst. He changed the cis/
trans content by adjusting the monomer/solvent ratio. Diluting
the monomer in solvent favored the cis polymer, while bulk
systems gave high trans product. With cyclopentene the bulk
system gave cis polymer (37).

Calderon disclosed a shift toward cis polymer from 1,5~
cyclooctadiene using the WClg/EtAlCl, catalyst (41). He
prepared 75 to 83% cispolybutenamer reaching 44% monomer
conversion; low levels of hindered phenol were included in the
polymerization charge. Lenz (42) changed the cis/trans isomer
ratio in 1,5-cyclooctadiene polymers by using polar additives
and the WClg/R,A1Cl catalyst. With 2,4-dinitrochlorobenzene in
the charge he made 85% cis. With 2,6-ditertbutyl-4-methyl-
phenol he made 80% trans; at low monomer conversion, cis
polymer formed in the presence of the hindered phenol then
changed to trans at high conversion. Castner (43) added
hindered phenols with the WClg/EtAlCl, catalyst. He reported
98 to 99% cis polymer from 1,5-cyclooctadiene, but the monomer
conversion was only 5 to 7%. By using 2-tertbutylphenol with
cyclooctene monomer, Castner obtained 95% cis polymer at 58 to
87% conversion. By using 2,6-ditertbutylphenol, he found 64%
cis polymer at 100% conversion. In control runs without
phenol, he made 27 to 53% cis polymer. Bell (44) made cis
polymers by adding organosilicon compounds to the polymeriza-
tion recipe. He used WClg premixed with an alcohol or premixed
with a halogenated alcohol and EtAlCl, cocatalyst. Bell
synthesized 91 to 96% cispolyoctenamer at 30 to 63% monomer
conversion and 84 to 94% cis polymer at 58 to 87% 1,5-cyclo-
octadiene conversion. With WClg and a halogenated alcohol in
1,5~cyclooctadiene polymerization, Pampus (45) achieved 15% cis
polymer using R;Al cocatalyst and 80% cis polymer using AlBr,.
Oreshkin (34) produced 80 to 90% cis polymer from 1,5-cyclo-
octadiene where the catalyst was an allylsilane/WClg mixture.
Katz (4) showed that the carbene (5) catalyst is cis directing
for cyclooctene polymer. B

Results and Discussion

Cyclopentene polymerization is activated by the introduc-
tion of elemental iodine with R;Al using WClg or MoClg catalyst
(46). Besides faster polymerization rates, the final monomer
conversion is higher compared to cocatalyst types without
iodine from Et,;Al, Et,AlCl, EtAlCl, or their mixtures (see
Table I). The addition of benzoyl peroxide to the catalyst
also helps polymerization activity. When benzoyl peroxide is
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Table 1

Polymerization of Cyclopentene

Benzene, ml 30 30 30 30
Cyclopentene, g 9.5 9.5 9.5 9.5
Iodine, mM 0.0 0.05 0.0 0.10
Et;Al, oM 0.05 0.05 0.05 0.05
WClg, mM 0.025 0.025 0.005 0.01
Benzoyl Peroxide, mM 0.0 0.0 0.02 0.02
Time, hr 2 2 2 2
Polymer, g 1.7 4.0 0.0 5.0
Inherent Viscosity, dl/g 3.5 4.6 6.5
% Gel 0 0 0

% Trans 79 77 81

In Elastomers and Rubber Elasticity; Mark, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1982.



160 ELASTOMERS AND RUBBER ELASTICITY

charged with the metal halide catalyst, it increases the
catalyst solubility in benzene solvent. Ethyl acetate solution
also increases the catalyst solubility; R,AlI or RAII, are
effective substitutes for R3A1/I, (47). Importantly, the
iodine cocatalyst has utility in copolymerization reactions of
cyclopentene with norbornene or 1,5-cyclooctadiene (46).

While good polymerization activity is found from either
cyclopentene or 1,5-cyclooctadiene using the iodine containing
cocatalyst, cyclooctene polymerization is sluggish resulting in
greater than 90% cis polymer at less than 10% conversion.
Catalyst levels and polymerization activity are nearly identi-
cal from either cyclopentene or 1,5-cyclooctadiene polymeriza-
tion or from their copolymerization. Table II shows data at 0,
25, 50, 75, and 100% comonomer. The polypentenamer has high
trans structure while the polybutenamer is 99% cis, and the
mixed compositions are intermediate in cis/trans ratio.
Dall'Asta and Motrone (48, 49) and Arlie (50) published earlier
studies for cyclopentene and cyclooctene copolymerization.
Their polymers contained either trans structure or mixed
cis/trans units. Recently, Ivin (51) published copolymeriza-
tion work for cyclooctene with 1,5-cyclooctadiene and also for
cyclopentene with 1,5-cyclooctadiene. He showed no correlation
between the composition of the copolymers and the cis double
bond content.

The gas chromatographic analysis of the unreacted monomers
in the experiments from Table II discloses a constant Cj5/Cg
ratio comparing the starting comonomer composition to the final
composition. This means that monomer conversion is the same
for 1,5-cyclooctadiene and cyclopentene in the copolymerization
so that copolymer compositions are equal to the charge ratios.
This result is consistent with the product analysis by 13¢ NMR
spectroscopy where the copolymer composition is nearly identi-
cal to the starting comonomer composition. 13C NMR is used to
determine the composition of the cyclopentene/1,5-cycloocta-
diene copolymers as part of a detailed study of their micro-
structure (52). The areas of peaks at 29-30 ppm (the BB carbon
from cyclopentene units) and at 27.5 ppm (the four af carbons
from the 1,5-cyclooctadiene) are used to obtain the mole
fractions of the two comonomers (53, 54, 55). 13C NMR studies
and copolymer composition determinations are described by Ivin
(51, 56, 57) for various systems.

The glass transition temperature varies from =-95° to
-104°C going from transpolypentenamer to cispolybutenamer by
differential scanning calorimetry (58) using a heating rate of
10°C/min. If the homopolymers are brought above their crystal-
line melting point, they can be quenched to below the glass
transition temperature (Tg). Heating these supercooled poly-
mers shows first the Tg and next a crystallization temperature
(Tcr). The polymers of higher order crystallize more readily
at the lower temperature. The crystallizable polymers then
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Copolymerization of Cyclopentene/1,5-Cyclooctadiene

Benzene, ml 80
1,5-cyclooctadiene,g 17.
Cyclopentene, g 0.
Et,AlT, mM 0.
MoClg, mM 0
Temperature, °C 25
Time, hr 1
Polymer, g 9.
Inherent Viscosity,

dl/g 4.
% Gel 3
% Trans? 0.
% Cis 99.
T , °C -5

m
T , °C -60
cr
T, °C -104
g
Mw/Mn, GPC 2

Mole Fraction C5, 13C NMR

Weight % Cg, !'3C NMR

2 Data in parentheses are developed from the method of

Tosi (60).

.05

80

13.2

3.8

0.05

25

23

77

-104

0.37

25

80

8.

50

50

-101

0.

51

7

.6

.17

.05

63

80

4,

11.

73

27

-13

-98

76
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show a crystalline melting point (Tm) which occurs at higher
temperature with increasing polymer order.

A more gradual change in polymer properties is followed by
charging comonomer, either cyclopentene or 1,5-cyclooctadiene,
at lower concentration than above (below 25%). The change in
cis/trans structure and the drop off in crystallinity are shown
in Table III at 5, 10 and 15% comonomer for either component.
Looking first at cispolybutenamer, the crystalline melting
point moves from -4°C to -10°C at 5% comonomer (cyclopentene),
to -16°C at 10% comonomer, to -25°C at 15% and is absent at 25%
comonomer from Table II. The temperature at which the amor-
phous cispolybutenamer crystallizes (Tcr) during the heating
cycle begins at -60°C and increases to -55°C at 10% comonomer,
to =50°C at 15% and is not observed at 25% comonomer.

The crystallinity is more persistent for the polypentena-
mer over the same increments of comonomer or 1,5-cyclooctadiene
introduction. The crystalline melting point is 8°C for the
polypentenamer, 2°, -2°, and -8°C at 5, 10 and 15% comonomer
(1,5-cyclooctadiene), respectively, from Table III and -13°C at
25% comonomer from Table II. The position of the crystalliza-
tion temperature during the heating cycle moves upward from
~69°C for polypentenamer, to -65°C at 10% comonomer, to -61°C
at 15% and -55°C at 25% comonomer.

Figure 1 combines the infrared data for the cis/trans
structure in the polymers from Table II and III and shows the
gradual change in microstructure with copolymer composition.
The infrared method is based on the procedure developed for
polybutadienes by Silas (59). The method gives high values for
trans structures with polypentenamer; therefore, a second
‘procedure is used in the manner of Tosi (60) but calibrated
against 13C NMR (54) - data in parentheses from Table II and
III. The resulting structure in the copolymers depends on the
monomer type as the Cg monomer directs the microstructure to
the trans type and the Cg directs the structure to the cis
unsaturation. The configuration of the previous or last double
bond entering the polymer molecule or the previous monomer type
does not influence the entering monomer selection or the
structure of the new double bond (61).

There is an absence of cis-to-trans isomerization with
conversion or time for the Cg (1,5-cyclooctadiene) polymer.
This is shown from 52 to 58% conversion after 1 to 16 hours
reaction time in Table II and III. The above review (40, 42,
43, 45) shows that the cis structure in polymers from 1,5-
cyclooctadiene using various chloride catalysts fell below 50%
cis even to 20% cis units; this means that the second cis
double bond from the monomer underwent extensive cis-to-trans
isomerization following the ring-opening of the first cis bond.
Where cis-2-butene isomerizes to trans structure using other
catalyst preparations, there is no evidence of this for cis-2-
butene using the iodine system. However, polymer molecular
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Table III

ELASTOMERS AND RUBBER ELASTICITY

Copolymerization of Cyclopentene/l,5-Cyclooctadiene

Benzene, ml 80

1,5-Cyclooctadiene,g 16.6

Cyclopentene, g 0.79
Et,AlT, mM 0.15
MoClg, mM 0.05
Temperature, °C 25
Time, hr 16
Polymer, g 10.1
Inherent Viscosity,
dl/g 4.8
% Gel 0
% Trans? 4.5
% Cis 95.5
T, °C -10
m
T ,°C -54
cr
T ) OC "104
g

2 Data in parentheses are developed from the

Tosi (60).

80

15.

25

16

8.

91.

~-16

=55

-103

6

.59

.15

.05

80

14.8

2.43

0.05

25

16

9.5

4.9

-103

80 80
2.57 1.70
13.2 14.1
0.15 0.15
‘0.05 0.05
25 25
16 16
7.7 7.6
5.2 5.0
0 0

80

0.

14.

0.

25

16

5.

0

89

9

.15

05

.1

2

73(77) 80(80) 81(83)

27(23) 20(20) 19(17)

-8 -2
-61 -65
-97 -96
method of
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weight decreases with the acyclic olefin concentration. The
gel permeation chromatographic data show a relatively narrow
molecular-weight distribution for the copolymers; generally the
Mw/Mn ratio is two or slightly greater than two.

The transition temperatures that are combined in Figure 2
show the disappearance of crystallinity in the copolymers as
the Tcr and Tm flow together moving away from either homopoly-
mer. This reflects the random distribution of monomer units in
these copolymers. If the copolymer reactions had given homo-
polymer mixtures, there would be two separate crystalline
melting temperatures. In addition, the !3C NMR indicates that
the copolymer products contain a random distribution of Cg and
Cg units and that the resulting double bonds are cis from the
Cg monomer and largely trans from the Cg monomer (52).

Using iodine in the catalyst preparation demonstrates a
unique method for preparing copolymers of similar composition,
either two or three methylene groups between double bonds, but
with controlled cis/trans ratio. The monomer ratio, Cg/Cg,
regulates the cis/trans ratio in the copolymer. The products
can be highly crystalline or crystallizable with either high
trans or high cis structure, or the polymer products can be
completely amorphous with outstanding low temperature proper-
ties. The choice depends on the application or the properties
desired.
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Polymers of 1,4-Hexadienes

JOGINDER LAL, THOMAS L. HANLON!, HUNG YU CHEN,
and RICHARD N. THUDIUM

The Goodyear Tire & Rubber Company, Elastomer and Chemical Research,
Akron, OH 44316

During the polymerization of trans-1,4-
hexadiene with a Et3Al/ §-TiCl3 catalyst (Al/Ti
atomic ratio = 2) at 259C, concurrent isomerization
reactions account for a major portion of the con~
sumed monomer. The formation of the isomerization
products is kinetically controlled and depends on
polymerization conditions. In marked contrast, 5~
methyl-1,4-hexadiene gives polymer conversions of
80 percent or higher. NMR and IR data show that
poly(5-methyl-l,4-hexadiene) consists of 1,2-polymer-
ization units arranged in a regular head-to-tail
sequence. The structure of this polymer was further
confirmed by characterization of the products
resulting from its ozonolysis and hydrogenation
reactions. Fiber diagrams obtained by X-ray dif-
fraction of stretched samples of the trans-1,4-
hexadiene and 5-methylhexadiene rubbers indicate 3;
helical conformations typical of isotactic poly-
propylene and poly(5-methyl-l-hexene)., These
polymers are the first examples of uncrosslinked,
high unsaturation rubbers containing pendant double
bonds on alternating carbon atoms of an ozone-
resistant saturated carbon-~carbon backbone.

Reactivity ratios for l-hexene (M;) with 5-
methyl=-l,4~hexadiene (M2) copolymerization at 30°C
in hexane solvent using a EtjAlCl/§-TiClj AA
catalyst system (A1/Ti atomic ratio = 1.5) were
determined. The compositions of copolymers were
measured by 300 MHz lH-MMR spectroscopy. The re-
activity ratios, calculated by the Tidwell-Mortimer
method, were 1.1 + 0.2 for each of the two monomers.

I Current address: Ethyl Tech Centre, 8000 GSRI Avenue, Baton Rouge, LA 70808,

0097-6156/82/0193-0171$06.75/0
© 1982 American Chemical Society

In Elastomers and Rubber Elasticity; Mark, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1982.



172 ELASTOMERS AND RUBBER ELASTICITY

The rubber industry needs high unsaturation, ozone-
resistant rubbers which are cure-compatible with conventional
diene rubbers, but which do not adversely affect the
latter's important properties such as flex, stress-strain, and
dynamic mechanical characteristics, EPDM rubbers (copolymers
of ethylene, propylene and a conjugated diene) possess a
saturated carbon-carbon backbone and therefore show excellent
resistance to ozone and aging. However, they have a low degree
of unsaturation and are not entirely satisfactory when blended
with conjugated diene rubbers. There are several reports of
methods for improving the cure-compatibility of EPDM. They
include use of EPDM containing a high level of termonomer (1)
or polydiene unsaturation (2), chemical modification of EPDM
with polar groups (3, 4, 5), and use of accelerators with long
hydrocarbon chains (6). Copolymers of higher a-olefins (Cg-
C12) with 1,4-hexadienes, which also possess a saturated
carbon-carbon backbone and outstanding ozone resistance but
which possess considerably higher levels of unsaturation than
EPDM, have been described (7). One such copolymer, HexsynTM
rubber (a copolymer of l-hexene and 5-methyl-l,4-hexadiene) has
exhibited outstanding durability during flexing and is showing
potential for several biomedical applications(8).

Butyl rubber (a copolymer of isobutylene and 1-3 mole per
cent isoprene) and its halogenated derivatives have unsaturation
in the carbon-carbon backbone and consequently do not have as
good aging properties as EPDM. There are also reports (2—1_2_)
that ozone-resistant butyl rubber with a high degree of un-
saturation can be prepared by copolymerization of isobutylene
with either cyclopentadiene or #-pinene.

Polymerization of 3, w-dienes containing eight or more
carbon atoms with a triisobutylaluminum - titanium tetrachloride
catalyst system gave substantial amounts of crosslinked (13)
polymers due to the equal reactivity of the terminal double
bonds. The soluble fractions exhibited low values of inherent
viscosities. We have previously reported (14, 15) the synthesis
and characterization of polymers of cis-1,4~- and trans-1,4-
hexadienes using §-TiCl3 based catalysts. These polymers are
the first examples of uncrosslinked, high unsaturation rubbers
containing pendant double bonds on alternate carbon atoms of an
ozone-resistant saturated carbon-carbon backbone (16). Micro-
structural changes resulting from ultraviolet irradiation under
high vacuum of thin films of these two rubbers have been
studied (17)s We now present data on the stereochemical con-
figuration of S5-methyl-l,4~hexadiene homopolymer. Reactivity
ratios for the 5-methyl-l,4~hexadiene/l-hexene copolymerization
system are also reported here.
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Experimental

Materials. 5-Methyl-l,4~hexadiene was obtained by the co-
dimerization of isoprene and ethylene with a catalyst (18)
consisting of iron octanoate, triethylaluminum and 2,2*-bi=-
pyridyls The product mixture which contained principally
S-methyl-l,4~hexadiene and 4-methyl-l,4-<hexadiene was fraction-
ated through a Podbielniack colum.gsto yield high purity (099%)
S'ﬂlethy b-hexadiene, bop. 92080C,n 1.4250 (Litu (‘_1_9.) b-p. ',88"'
89°C, np 1.4249), 1-Hexene (99.8% purity), l-decene (99.67
purity), 4-methyl-l-hexene (99.5% purity) and 5-methyl-l-hexene
(99.7% purity) were obtained from Chemical Samples Co. §-TiCl3
AA (Stauffer Chemical Co.; contains 0.33 mole A1Cl3 per mole of
TiCl3), Diethylaluminum chloride was obtained from Texas Alkyls
(1.5 M in hexane).

Polymerization/Isomerization. The polymerization of 5-
methyl-l,4~hexadiene (>99% pure) was carried out in n-pentane
with a §-TiCl3/Et2A1Cl catalyst at 0°C according to the pro-
cedure described previously (lg). To assess monomer disappear-
ance and identify isomerization products, samples were withdrawn
at specified intervals from the reaction mixture for GLC
analysis (14). The final polymer conversion was determined by
precipitation in excess methanol.

Hydrogenation. Hydrogenation of poly(5-methyl-l,4-hexa-
diene) was carried out with p-toluenesulfonyl hydrazide (20) in
refluxing xylene (2:1 molar ratio of the hydrazide to the polymer
repeat unit).

Ozonolysis. Ozonolysis of the methylhexadiene polymer was
conducted (21) at room temperature on a solution of 1.03 g.
polymer in 20 ml, tetrahydrofuran with the aid of the Wellsbach
ozonizer. The end point for the ozonolysis was observed after
about 15 min, by the reaction of excess ozone with starch-iodide
solution. Triphenylphosphine was added to the reaction mixture
and allowed to react at room temperature for 60 hr. The result-
ing product was analyzed by GLC (Hewlett Packard 5750, Porapak
Q 10 ft. x 1/8 in. column at 110°C, helium pressure 60 psi,
thermal conductivity detector at 190°C, injector 200°C),

Polymer Characterization. Proton NMR spectra at 300 MHz
were obtained from a Varian HR-300 NMR spectrometer. Deutero-
benzene and spectrograde carbon tetrachloride were used as
solvents., The concentration of the polymer solutions was about
1-5%, Carbon-13 NMR spectra were obtained from a Varian CFT-20
NMR spectrometer, using deuterochloroform as the solvent for the
polymers. The concentration of the solutions was about 5%.
Chemical shifts in both proton and carbon-13 spectra were
measured in ppm with respect to reference tetramethylsilane (IMS),
All spectra were recorded at ambient temperature.
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The IR spectra were obtained with a Perkin-Elmer PE-467
grating spectrophotometer from about 4000-500 em™l, Normal slit
position and medium scan mode were used. Films of polymer
samples were cast from CS; solutions on NaCl windows.

Compression molded (150°C for 3 minutes; press chilled with
cold water immediately thereafter) samples of poly(trans-l,4-
hexadiene) (14) and poly(5-methyl-1,4-hexadiene) were examined
with a General Electric (XRD~3) X~-ray unit. Transmission Laué
X-ray photographs were taken using nickel filtered copper X-
radiation. Samples were stretched to four times of their
original lengths to obtain oriented fibers., The fiber patterns
were obtained in a flat plate film holder with the specimen to
film distance standardized at 5 centimeters. X-ray diffraction
patterns were similarly obtained for the hydrogenated sample of
poly(5-methyl-1,4-hexadiene).

Copolymerization. The reactivity ratios of l-hexene (Ml)
with 5-methyl-l,4-hexadiene (Mp) were determined by copolymeriz-
ation at 309C in hexane solvent using a EtAlCl,/§-TiCljz AA
catalyst system (Al/Ti atomic ratio = 1.5). Copolymerizations
were conducted in 4=-oz, bottles using concentrations of 10 g.
monomer in 40 g. hexane and 5.0 mmoles TiCl3 per 100 g. monomer.
All other copolymerizations were conducted under similar con-
ditions. The reactivity ratios were calculated by the Tidwell-
Mortimer (22) computer method. The compositions of the copoly=
mers wWere measured by using 300 MHz ly-NMR.

Results and Discussion

We have reported earlier (1l4) that during the polymerization
of trans-l,4-hexadiene with a Et3A1/8-TiCl3 catalyst (Al/Ti
atomic ratio = 2) at 259C, a major portion of the consumed
monomer was converted to isomerized products, thereby accounting
for the relatively low conversion to isotactic 1,2-polymer
(Figure 1), The relative amounts of the hexadiene isomerization
products were in the following order: cis-2-trans-4-hexadiene >
trans-2-trans-4-hexadiene > 1,3-hexadiene » 1,5-hexadiene > cis~
2~cis-4-hexadiene.

We showed (14) that formation of the isomerization products
is kinetically controlled and that it depends on the catalyst
system employed, the principal conjugated diene isomer being
either the trans-2-trans-4~hexadiene, cis~2-trans-4-hexadiene,
or 1,3-hexadiene,

cis-l,4-Hexadiene was considerably more sluggish than the
trans isomer during polymerization/isomerization reactions. The
predominant isomerization product with the above catalyst system
was cis=-2-trans-4-hexadiene. In contrast, using reaction con-
ditions similar to those used for trans- and cis~l,4~hexadienes,
5-methyl-1l,4-hexadiene gave polymer (methanol-insoluble)
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Figure 1. GLC data for the polymerization and isomerization of trans-1,4-hexa-

diene at 25°C with a EtsAl/8-TiCl,; catalyst (Al/Ti atomic ratio is 2). n-Hexane
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cis-2-trans-4-hexadiene; |, trans-2-trans-4-hexadiene; [\, 1,3-hexadiene. Repro-
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conversions of 80% with a EtA1C1/6-TiCl3 catalyst and 86% with
a Et3Al/8-TiCly catalyst. It seems that the methyl group in the
five-position sterically inhibits isomerization reactions, which
is consistent with the isomerization mechanism (15). GLC
analysis of the reaction products showed that only 0.4 - 6,5% of
the monomer was isomerized with these catalyst systems., Here
again, the distribution of the isomerization products was in-
fluenced by the choice of catalyst. Due to the location of the
5-methyl group, only two isomers are possible here. S5-Methyl-
trans-2,4-hexadiene(i.es, 2-methyl-2, trans-4-hexadiene) and 5-
methyl-1,3-hexadiene were obtained as the principal products.

We have examined poly{(5-methyl-1l,4-hexadiene) by IR spectro-
scopy and by 300 MHz 1y- and 13c-mR spectroscopy. The IR
spectrum (Figure 2) of the 5-methylhexadiene polymer is con-
sistent with that of an aliphatic hydrocarbon polymer containing
~CHp-CH=C(CH3)7 groups. The spectrum is a close match to that
of a model olefin, 2,5-dimethyl-2-hexene.

The 300 MHz iH-NMR spectrum of the 5-methylhexadiene polymer
is shown in Figure 3. The peak intensity in the olefinic region
was found to be 7.7%Z of the total intensity and is close to the
theoretical value of 8.3. The general features of the spectrum
are also in agreement with the arrangement of 1,2-structural
units in a regular head-to-tail sequence. The measured chemical
shifts and_assignments are listed in Table I.

The ““C-NMR spectrum of the 5-methylhexadiene polymer in
CDCl3 solution is given in Figure 4. The spectrum (six peaks) is
consistent with the structure of a polymer resulting from a
regular head-to-tail 1,2-polymerization. The peak at 33.31 ppm
consists of two overlapped peaks. These are attributed to the
methylene carbons adjacent to the double bond and to the backbone
methine carbon; these two peaks are in the same position by
coincidence.

In contrast to the spectrum of isotactic trans-1,4-hexadiene
polymer (Figure 5), the 300 MHz lH-NMR spectra of the 5-methyl~
hexadiene polymer in both CCl, and CgDg solutions exhibit only
one peak for its backbone methylene protons. As in the case of
cis-l,4~hexadiene polymer (14), the backbone methylene protons
were not resolvable. The absence of a doublet for the methylene
protons in these polymers does not necessarily preclude the
possibility that they are isotactic.

The 1,2-polymerization of 5-methyl-1,4-hexadiene was further
confirmed by ozonolysis of the polymer. The resulting solution,
after triphenylphosphine treatment, contained only acetone and
no detectable formaldehyde by GLC. As shown below in Scheme 1,
the volatile products expected by the above chemical treatment
of poly{5-methyl-l,4-hexadiene) are acetone and formaldehyde if
the polymer was formed by 1,2~ and 4,5-polymerization,
respectively.
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Figure 2. IR spectrum of poly(5-methyl-1,4-hexadiene) prepared with a Et,AICl/
8-TiCly catalyst at 0°C in pentane solvent. Reproduced, with permission from Ref.
13. Copyright 1979, American Institute of Physics.
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Figure 3. 300 MHz 'H-NMR spectrum of a CCl, solution of poly(5-methyl-1,4-

hexadiene) prepared with a Et,AIC1/$-TiCl; catalyst at 0°C in pentane solvent,

ambient temperature. Reproduced, with permission from Ref. 13. Copyright 1979,
American Institute of Physics.
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TABLE I

300 Miz ‘H-NYR SPECTRAL DATA OF 5-METHYL-1,4-HEXADIENE POLYMER
(Et,ALCL/6-TiCl, Catalyst, 0°C) in CCl, and CyD

Chemical Shift Relative
(ppm from T™S) Intensities Assigrments
/CH3
5.39 [c¢.D,] 1.03 -H=cC
6 6 = \x
5.00  [ccl,) 3
2.21 [c.D,.] 2.01 -, -W=C
6 6 ) N
1.7 [ccL,] 3
1.8 T |
.85 [C.D,] - CH - &, -
1.42  [cct,]
1.81 [c6D6]
> 6.89 G =C
1.68  [ccL,] Gy
1.72 [C6D6] \c . CH,
v AN
1.58  [ccn,] ) H al,
|
1.45  [CD] 2.07 - CH- Gy -
1.04 [ccl,]
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Figure 4. C-NMR spectrum of a CDCl; solution of poly(5-methyl-1,4-hexa-

diene) prepared with a Et,AICl/8-TiCls catalyst at 0°C in pentane solvent, ambient

temperature. Reproduced, with permission from Ref. 13. Copyright 1979, Ameri-
can Institute of Physics.
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Fi f'gure 5. 300 MHz 'H-NMR spectrum of a CCl, solution of poly(trans-1,4-hexa-

diene) prepared. with a Et,Al/8-TiCly catalyst at 25°C in pentane solvent (Ref. 14).

Reproduced, with permission from Ref. 13. Copyright 1979, American Institute of
Physics.
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0ZONOLYSIS OF POLY(5-METHYL-1,4-HEXADIENE)
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CHy
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A chromotrophic acid spot test for formaldehyde (23) was also
negative for the polymer ozonolysis solution, while it was
positive for a control solution containing formaldehyde equi-
valent to that expected in the experimental solution if one per
cent of the double bonds were vinyl, i.e., polymerization via
the internal double bond.

To clarify the tacticity problem, trans-l,4-hexadiene and 5-
methyl~l,4~-hexadiene polymers were examined by X-ray diffraction.
Fiber diagrams were obtained from samples stretched to four times
their original lengths. Eight reflections from the poly(trans-
1l,4-hexadiene) fiber pattern may be interpreted on the basis of
a pseudo-~orthorhombic unit cell with a = 20.81 + 0,05 4&; b =
12,95 + 0,02 £ ¢ = 6.41 + 0,02 & (fiber axis) and o =B= y =
90° + 1,5, An identity period of 6.41 & indicates a trans-left
gauche (TG)3 or trans-right gauche (TTD3 chain form. This
structure is designated as a 37 isotactic helix. Other isotactic
vinyl polymers show good agreement with this identity period.
These values are 6,50 R for both isotactic polypropylene (2_4_) and
poly(l-butene) (25) and 6.33 ® for isotactic poly(5-methyl-1-
hexene) (26,

The crystallographic spacing values and their assigned
Miller indicies are listed below in Table II.
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TABLE II
MILLER INDICES AND BRAGG DISTANCES

FOR POLY (TRANS-1,4-HEXADIENE)

(hkl) "3" Spacing Intensity
(100) 19,48 X Strong
(010) 13.5 Weak
(200) 10.5 Strong
(020> 644 Weak
410> 4,84 Very weak
(130) 4,24 Very weak
(301> 4.83 Strong
221) 4430 Strong

The poly(5-methyl-l,4-hexadiene) fiber pattern (Figure 6)
gave an identity period of 6.3 A, indicating a 3, isotactic
helix structure. The X-ray diffraction pattern was not very
sharp, which may be due to the difficulty of the side chain with
a double bond to fit in a crystalline lattice. The crystal-
linity was determined to be 15% using the Hermans and Weidinger
method (27)s A chloroform-soluble fraction free from catalyst
residues showed no improvement in the sharpness of the X-ray
diffraction pattern. These data show that the configuration of
the 1,2~polymerization units in the homopolymer of 5-methyl-
1,4~hexadiene is isotactic.

-6-(:31-0{2-9;
ﬁz
¢ - a
, 3
Gy

Further confirmation of the structure and tacticity of
polyfg-methyl—l,A-hexadiene)was obtained from X-ray diffraction
and ~“C-NMR data of its hydrogenated polymer (Scheme 2). The
hydrogenated polymer sample showed a highly crystalline pattern
(Figure 7), with diffraction spots that were well defined. This
pattern was identical to that of isotactic poly(5-methyl-1-
hexene) as rgported in the literature (26) (measured identity
period, 6.2 A3 1lit., 6.33 &).
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Figure 6. X-ray fiber diagram of poly(5-methyl-1,4-hexadiene) prepared with a
Et,AIC1/8-TiCly catalyst at 0°C in pentane solvent. Compression molded sample
cold drawn to four times its original length.

Figure 7. X-ray fiber diagram of hydrogenated poly(5-methyl-1,4-hexadiene).
Solvent cast film strip cold drawn to four times its original length. Reproduced,
with permission, from Ref. 19. Copyright 1976, John Wiley & Sons, Inc.
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HYDROGENATION OF POLY(5-METHYL-1,4-HEXADIENE)
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The 13C--NMR spectrum of the hydrogenated polymer sample in

CDCl, solvent (Figure 8) was identical to that of the polymer we
obtained by the direct polymerization of 5-methyl~l-hexene with
Et,A1C1/6-TiCl3 AA catalyst (A1/Ti atomic ratio = 1.5, hexane
solvent, 30°C), The hydrogenation was essentially complete.

The polymers of 1,4~hexadienes have unusually wide molecular
weight distributions. This is illustrated by the gel permeation
chromatogram of the methanol-insoluble fraction of poly(5-methyl-~
1,4-hexadiene) in tetrahydrofuran (Figure 9). The polymer was
obtained in 82% conversion and had an inherent viscosity of 2.1
dl./g. in toluene at 25°C,

We showed (7) earlier that copolymers of higher a-olefins,
particularly l-hexene, with 5-methyl-l,4-hexadiene can be
sulfur-cured readily and that they contain unsaturation approxi-
mating the level of the methylhexadiene charged. In view of this
and the excellent durability (8) during flexing exhibited by
vulcanizates of such copolymers, we were interested in deter-
mining the copolymer structure and the reactivity ratios of 1-
hexene and 5-methyl-~l,4-hexadiene during copolymerization.

The NMR spectrum of the copolymer prepared from an equimolar
mixture of the monomers is shown in Figure 10, In this spectrum,
five well separated regions of NMR peaks were observed. The
assignments of the peaks (Table III) were made by using the
existing spectral information on homopolymers of l-hexene and 5-
methyl-l,4-hexadiene as well as the intensity variations among
the copolymers with different monomer charge ratios.
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Figure 8. 1BC-NMR spectra of (A) hydrogenated poly(5-methyl-1,4-hexadiene)
and (B) poly(5-methyl-1-hexene).
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Figure 9. Gel permeation chromatogram of methanol-isoluble fraction of poly(5-
methyl-1,4-hexadiene). THF solvent.
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Figure 10. 300 MHz *H-NMR spectrum of a deuterobenzene solution of an equi-
molar copolymer of 5-methyl-1,4-hexadiene and 1-hexene prepared with a Et,AICl/
8-TiCly catalyst at 0°C in pentane solvent.
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TABLE TIIT

300 MHz ]'H—I\MR SPECTRAL DATA OF AN EQUIMOLAR COPOLYMER OF
1-HEXENE AND 5-METHYL-1,4-HEXADIENE

Peaks Chemical Assigrments
Shift, ppm
|
1 1.04 g{_3-(}12-(}{2-(}{2-?1-(}{2-
- (.- - - ~CH- -
2 1.20-1.60 CH .-G~ G, -CH, - CH- Gl
S CHy
AN
C=CH- GH,,-CH-CH, -
Lat,” 2=
3
3 1.65-2.00 (CH
o (|:H ol
{ 9_13/ 2 =72

4 2.2 a,
~
O GGGy
3
5 5.44 &
3 N
0= CH,~ G- CH, -
Gy
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The chemical structure of the copolymers was also studied by
using 20 MHz 13c-mMR spectroscopy. The spectrum of the above
copolymer prepared from an equimolar mixture of monomers is shown
in Figure 11. The measured chemical shifts and peak assignments
for the various types of carbon atoms in the copolymer structure
are based on spectral data of the homopolymers of 5-methyl-l,4-
hexadiene and l-hexene as well as the additivity rules of Grant
and Paul (28) and Lindeman and Adams (29). The data are given
in Table IV. The spectrum of the copolymer corresponds to merely
the superposition of the spectra of those of the individual homo-
polymers. Neither additional peaks, nor fine structures, were
observed under the conditions of the experiment. Only a slight
broadening of the peak at 40,03 ppm, which is due to the backbone
methylene carbons in the copolymer, was noted. The lack of the
additional peaks in the copolymer spectrum may be interpreted as
being due to the fact that both monomers are incorporated in a
regular head-to-tail manner analogous to the homopolymerizations
of both these monomers. The lack of fine structures also pre-
cludes the elucidation of monomer sequence distribution.

Only a limited amount of work has been reported in the area
of reactivity ratios in higher a-olefin systems. Lipman (30)
has reported that the relative reactivities of l-butene, l-hexene
and l-decene during copolymerization in the presence of §-TiCl3/
Et7A1Cl catalyst system (Al/Ti = 2, 23°C, cyclohexane solvent)
are, respectively, 1.00, 0,83, and 0,69, i.es, there is only a
slight decrease in reactivity as the length of the R group in
RGH=CHy is increased from C, to Cg. Branching, especially at
the 3= and 4~-carbon positions of g-olefins drastically reduces
their reactivity (31).

As a check on our experimental and calculation procedures,
we examined the copolymerization of l-hexene and l-decene (Table
V) which had been investigated by Lipman (30). The copolymer
composition was determined by using 300 MHz IH~MMR and the
reactivity ratios were calculated by the Tidwell-Mortimer
method (22). The values of r; (l-hexene) = 1,1 + 0.2 and r; (1-
decene) = 0,9 + 0.2 are in excellent agreement with Lipmants
values of 1.3 and 0.9, respectively. It should be noted that in
the latter investigation the copolymers were analyzed by IR
spectroscopy and the reactivity ratios were calculated according
to the method of Mayo and Lewis (32).

Copolymer composition vs. monomer feed data were then
obtained for l-hexene (M1) and 5-methyl-l,4-hexadiene copolymeri-
zations (Table VI). _The data show that the copolymer compositions
measured by 300 MHz lgwr spectroscopy are essentially
jdentical to the monomer feed. The calculated reactivity ratios
were 1.1 + 0.2 for each of the two monomers.

These results were somewhat unexpected in view of the
possible decrease in the reactivity of 5-methyl-l,4-hexadiene due
to methyl substitution at the 53-carbon position. To differ-
entiate the effect of the double bond at the 4-carbon position

In Elastomers and Rubber Elasticity; Mark, J., et a.;
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TABLE TV

C-NMR SPECTRAL DATA OF AN EQUIMOLAR QOPOLYMER OF
1-HEXENE AND 5-METHYL-1,4-HEXADIENE

Peaks Chemical Assignments
Shift, ppm
) |
14.19 Gy~ CH,y - CH,y -G, ~CH- G~
2 17.94 G, |
o /c=c\-a{2-a{-cu2—
3 H
3 23.25 CH4- CH,y~ Gy~ G~ G- CH -
I
4 25.86 Gy C,-CH-CHy-
. /c=c\H
5 28.72 a{3-a{2-g{_2-a{2-§1{-01-12-
6 32.38 CHy~ Gy~ Gy~ CH,y - G- CH -
7 33.30 CGHy l
G C=CH- G- CH-CH, -
: |
8 34.55 CH-CH,y~CH,~CH, - Ci- GiL,-
9 40.03 CH5-CH,y~CH,~ G~ CHi-CH, -
CH3 |
™ C=CH-CH,-Ci-CH,-
CH3/ _
10 123.36 CH, |
\C=CH—CI~12—CI-I—C1~12—
ay T
3
1 131.54 CH, I
> G=CH~CH,~CH-CH,-
@y

In Elastomers and Rubber Elasticity; Mark, J., et a.;
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TABLE V

COPOLYMER OOMPOSITION vs MONCMER FEED COMPOSITION
FOR 1-HEXENE/1-DECENE COPOLYMERTZATTONS

Mole 7 l-Hexene Copolymer
Conversion,
Monomer Copolymer wt %
Feed

25 25 14

25 22 87

40 45 17

40 45 29

50 46 77

50 51 18

60 66 21

60 63 51

75 76 40

75 74 10

Calculated Reactivity Ratios

rl(l - hexene, M’l) 1.1+0.2

0.9+0.2

r2(1 - decene, M,)

In Elastomers and Rubber Elasticity; Mark, J., et a.;
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TABLE VI

COPOLYMER OOMPOSITION vs MONOMER FEED COMPOSITION FOR

1-HEXENE/ 5-CH,-1,4-HEXADIENE COPCLYMERIZATTONS

3

Mole 7 1-Hexene Copolymer
Conversion,
Monomer Copolymer Wt %
Feed

75 76 17.0
75 77 45.4
60 60 9.3
60 60 46.0
50 53 29.3
50 50 45.7
40 38 34.4
40 43 23.5
25 27 22.2
25 21 30.4

Calculated Reactivity Ratios:

2] (1-hexene, Ml) =1.1+0.2

r, (5-(]-13—1,4—hexadiene, MZ) = 1.1+0.2

In Elastomers and Rubber Elasticity; Mark, J., et a.;
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from that of the methyl substitution at the 5-carbon position on
reactivity, we determined reactivity ratios for the l-hexene (M)
and 5-methyl-l-hexene (M) pair under similar conditions of co-
polymerization, using the same analytical and calculation methods.
The values of r{ and r; were, respectively, 1.5 + 0.2 and 0.7 +
0.2. The reduced reactivity of S5-methyl~l-hexene is consistent
with the expected steric effect due to methyl substitution at the
5-carbon position. Apparently, the internal double bond in 5~
methyl-l,4-hexadiene assists in its complexation at the active
site(s) of the catalyst prior to its polymerization and thereby
the "local concentration' of this monomer is higher than the feed
concentration during copolymerization with l-hexene. This view
is consistent with the observation that the overall rates of
polymerization, under the same conditions, are much lower for

the system containing 5-methyl-l,4-hexadiene.

We also investigated the copolymerizations of l-hexene with
4-methyl-1l-hexene and of 4-methyl-l-hexene with 5-methyl-l-
hexene by the aforementioned techniques (33). The monomer
Teactivity ratios for these two pairs are shown in Table VII,

TABLE VII

Monomer_ Reactivity Ratios at 30°C.
Catalyst System:  Et,A1C1/8-TiCly AA (A1/Ti = 2)

Monomer 1 Monomer 2 ] o)
l-Hexene 4-Methyl=-l-~hexene | 2.6

0.6 |0.03 + 0.2
0.4 | 0.6 + 0.1

These data support the expectation that the substitution of
a methyl group at the 4-carbon position has a significantly
greater effect in reducing the reactivity than does similar sub-
stitution at the 5~carbon atom,

+
5-Methyl-l-hexene | 4-Methyl-l-hexene | 2.9 E
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