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FOREWOR
The ACS SYMPOSIUM 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 ADVANCES 
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 SYMPOSIUM 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
carefully controlled microstructur
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. I. 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. 
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The University of Cincinnati 
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FOREWORD 
BY P A U L J. F L O R Y 

^ R U B B E R E L A S T I C I T Y IS A P R O P E R T Y T H A T 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 unde
above the glass transition
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 Κ. 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. 
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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 chain  fre f all interaction  with  another  th
integrity of the chains whic
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 Zrelationship 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. 

P A U L J. F L O R Y 
Stanford University 
Stanford, C A 94305 
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1 
Basic Concepts in Elastomer Synthesis 

GEORGE ODIAN 

College of Staten Island, City University of New York, Staten Island, N Y 10301 

The synthesis of elastomers by step, chain, 
and ring-opening polymerizations i s 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 i s a material which undergoes very 

large (up to 400% or more), reversible deformations at relatively 
low stresses. These characteristics are met by f l e x i b l e , cross-
linked polymer molecules (1) . Only polymer molecules have the 
a b i l i t y 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 c o i l to a 
more extended chain through rotations of the bonds i n 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 f l e x i b i l i t y of the polymer 
chains. Precluded from use as elastomers are polymers such as 
nylon-6 ( I ) , polyethylene ( I I ) , and polystyrene (III). Highly 
polar polymers (e.g., nylon-6) or those with highly regular 

•f(CH2)5CONH-Jn -(CH2CH2}n -(CH2CH0>n 

I II III 

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

0097-6156/82/0193-0001 $09.00/0 
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2 ELASTOMERS AND RUBBER ELASTICITY 

do not have the necessary chain f l e x i b i l i t y . Polymers with large 
bulky substituents (e.g., polystyrene), although non-crystalline, 
are also too r i g i d 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 flexibl e units 
in the polymer chain [e.g., polysiloxane (VI), polysulfide (VII), 
1,4-polyisoprene (VIII)]. 

I 3 

-(CH2CH2CH2CH}n -ECH C(CH ) } -fOSi(CH ) ^ 

IV V

CH3 

" f ^ W n ^CH2C=CHCH2>n 

VII VIII 
The reversible recovery of a deformed elastomer to i t s 

original (undeformed) state i s due to an entropic driving force. 
The entropy of polymer chains i s minimum in the extended con
formation and maximum in the random c o i l conformation. Cross-
linking of an elastomer to form a network structure (IX) i s 

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 i s 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. ODIAN Basic Concepts in Elastomer Synthesis 3 

produced contain functional groups capable of subsequent reaction 
to form crosslinks between polymer chains. An example i s 1,4-
polyisoprene which i s found in nature and also produced by 
polymerization of isoprene. 1,4-Polyisoprene i s 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. F i r s t , a polymer i s synthesized from a 
monomer or mixture of monomers. Second, the polymer i s fabricated 
(e.g., by compression molding) into the desired shape (e.g., an 
automobile tire) and chemically-crosslinked while i n that shape. 
The crosslinking and polymer synthesis reactions are carried out 
separately. 

Certain block copolymer  compris  categor f elastome  i
which crosslinking occur
types of block copolymers whic  have bee  commercialized are the 
ABA and -(AB}n block copolymers (X and XI) where A and B represent 

alternating blocks of two different chemical structures, e.g., 
polystyrene and 1,4-polyisoprene blocks. The ABA and -(AB}n 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., 1,4-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 i s a consequence of their micro-
heterogenous, two-phase structure. The hard A blocks from 
different polymer chains aggregate to form r i g i d domains at 
ambient temperatures. The r i g i d i t y of the A blocks i s a conse
quence of either their T m or T g being above ambient temperatures. 
The r i g i d 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 r i g i d domains act as physical crosslinks to hold the 
soft, rubbery B blocks in a network structure. However, the 
physical crosslinking i s reversible since heating above the 
crystalline melting or glass transition temperature of the A 
blocks softens the r i g i d domains and the polymer flows. Cooling 
reestablishes the r i g i d domains and the material again behaves as 
a crosslinked elastomer. Thermoplastic elastomers have the 
advantage over conventional elastomers that no additional chemical 

-B- X 

- fT) B [Tj B [I] B [T] B- XI 
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4 ELASTOMERS AND RUBBER ELASTICITY 

crosslinking reaction i s needed and fabrication into products i s 
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 i s the 
control of polymer molecular weight (MW). For most applications 
a polymer must have a minimum molecular weight of 5,000 or so 
since i t i s only then that i t has sufficient physical strength to 
be useful. Most specific applications require higher molecular 
weights to maximize the strength properties  However
polymer properties are adversel
viscosity increases with increasing M  and i t becomes more 
d i f f i c u l t to form the polymer into the desired shape of the f i n a l 
product by molding or other processing operations. Thus, the 
desired MW i s usually some compromise high MW based on obtaining 
sufficient strength for the end-use application while retaining 
the a b i l i t y 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 
w i l l 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 diff e r 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 

nCl-R-Cl + nNâ S, -NaCl 
v nrn (1) 

nHO-R-OH + nOCN-Rf-NCO > -{O-R-OCO-NH-R'-NH-CO}. (2) n 
examples of step polymerizations which lead to elastomeric 
materials. The reactions can be generalized as 

nX-X 4- nY-Y — - ( X - X Y - Y ) -n (3) 

where X and Y are the two different functional groups whose 
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1. ODIAN Basic Concepts in Elastomer Synthesis 5 

reaction leads to polymer growth. The structural entity which 
repeats i t s e l f many times in the polymer (e.g., the structure 
within the parenthesis in Eq. 1 or Eq. 2) i s 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 >
Trimer + trimer >
Trimer + tetramer > hep tamer 
Trimer + pentamer > octamer 
Tetramer + tetramer > octomer 
Tetramer + pentamer > nonamer 
etc., etc. (4a) 

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

As each larger sized species i s formed, i t competes simultaneously 
with the smaller-sized species for further reaction. There i s a 
distribution of different sized molecules at any time — each 
species containing one functional group at each of i t s two chain 
ends. The average size of the molecules increases with conversion 
u n t i l eventually large polymer molecules are obtained. 

The rate of a step polymerization i s the sum of the rates of 
reaction between molecules of various sizes, i.e., the sum of a l l 
reactions described by Eq. 4. Kinetic analysis of this d i f f i c u l t 
situation i s greatly simplified i f one assumes that the 
reactivities of both functional groups of a monomer are the same, 
the reactivity of one functional group of a monomer i s the same 
irrespective of whether or not the other functional group has 
reacted, and the reactivity of a functional group i s independent 
of the size of the molecule to which i t i s 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 i t 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 
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6 ELASTOMERS AND RUBBER ELASTICITY 

rate - k[X] [Y] (5) 
the concentrations of X and Y groups, respectively, and k i s 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, i s given by 

= k [ M ] 2 (6) 

Integration yields 
1 1 

[M] [M]Q 
kt (7

where [M]Q and [M] are the concentrations of X (or Y) groups at 
time 0 and t, respectively. It i s 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. 

M 0 [M] 0 1 

B P [M] M0(l-p) (1-p) ( 8 ) 

Combination of Eqs. 7 and 8 yields 
DP = 1 + [M]Qkt (9) 

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

The size of the polymer molecules increases at a relatively 
slow rate i n step polymerization compared to chain polymerization 
due to the lower rate constants in the former since k i s of the 
order of 10~3-io""2 liter/mole-sec. One proceeds slowly from 
monomer to dimer, trimer, tetramer, pentamer, and so on u n t i l 
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 i s not obtained 
u n t i l near the very end of the reaction ( i . e . , above 95% conver
sion) . 

The successful synthesis of useful polymers i s more d i f f i c u l t 
than carrying out the corresponding small molecule reaction since 
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1. ODIAN Basic Concepts in Elastomer Synthesis 

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 90% which would 
be considered excellent for the synthesis of a small molecule 
product i s a disaster for the synthesis of the corresponding 
polymer. The need for very high conversions means that only a 
relatively small fraction of a l l chemical reactions can be used to 
synthesize polymers. Several stringent requirements must be met 
by any polymerization system i n order to produce high molecular 
weights: 

1. Side reactions which prevent the required high conver
sions must be absent. Th
polymerization must be
polymerization under conditions where the extent, i f any, of side 
reactions does not l i m i t 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 i t takes progressively longer and longer times to achieve 
each of the last few percent conversion, e.g., i t takes about as 
long to go from 95% conversion to 96% conversion as i t takes to 
reach 95% 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 i s a small 
molecule by-product such as water, this can be done by removal of 
that by-product by polymerization at temperatures above i t s 
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 i s 80%, the DP i s 
only 5 for polymerization carried out under equilibrium condi
tions. 

4. The polymer molecular weight may be greatly diminished i f 
polymerization takes place under conditions where polymer 
precipitates from solution and/or i s not well solvated. The 
reacting functional groups become inaccessible to each other and 
polymerization stops before the desired DP i s 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 i s either equal to or less than 
one, i s given by 

DP = (1 + r) (10) (1 + r - 2 rp) 

Molecular weight control at the desired level i s achieved by 
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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 a l l molecules in 
the reaction system w i l l contain the same type of functional 
group, e.g., X groups i f X groups are i n 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 i s 
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 c r i t i c a l i s 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 th
the use of high purity monomers  purity
metric balance between reactants i s much more c r i t i c a l i n step 
polymerization relative to small molecule reactions. The 
presence of a few tenths percent of an imbalance or impurity i s 
generally carried along i n the latter and ends up as a very minor 
impurity in the f i n a l 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 i s 
not too high u n t i l the very late stages of reaction. Since mixing 
and thermal control w i l l 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 
i s a mixture of polymer molecules of different molecular weights. 
The molecular weight distribution i s characterized by the number-
average and weight-average degrees of polymerization, Xn and X w, 
respectively, defined by 

where Nx and wx are the mole-fraction and weight-fraction, 
respectively, of molecules whose weight i s Mx and the summations 
are over a l l the different sizes of polymer molecules from x =_1 
to x = i n f i n i t y . X n i s exactly the same as DP. The ratio X^/Xn 
is useful as a measure of the polydispersity of a polymer. For 
step polymerizations, this ratio i s given by 

X = Z . N M 
n —x x 

(ID 

(12) 
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1. ODIAN Basic Concepts in Elastomer Synthesis 9 

3 s - (1 + p) (13) 
X n 

which indicates that the polydispersity increases with conversion 
and approaches 2 in the l i m i t of complete conversion. 

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

nHÔ ORO-CO-Rf-CO->bOR-OH + naHO-R-OH + (n4na)0CN-Rff-NC0 > 

f(ORO-CO-Rf-CO b̂OR-O^CONH-R -MCO-0-R-0 âCONH-Rf,-NHC(Hn (14) 

diol prepolymer) i s synthesized by polyesterification between 
HOROH and HOOCR'COOH. An excess of HOROH i s used in order to 
produce the macro di o l having hydroxy1 groups at both chain ends. 
The length of the polyester blocks in the multiblock copolymer i s 
determined by the value of r in the prepolymer synthesis. The 
length of the polyurethane blocks i s determined by the relative 
amounts of di o l prepolymer and small-sized d i o l , 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 i s the polyether-
polyurethane system in which the d i o l prepolymer i s 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 u t i l i t y i s 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 i s 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 i s in i t i a t e d by radical, anionic 
or cationic catalysts (initiators) depending on the monomer. 
Polymerization involves addition of the i n i t i a t i n g species R*, 
whether a radical, cation, or anion, to the double bond followed 
by i t s propagation by subsequent additions of monomer 

CH2=CHY R* > RCH2-CHZ m ° n ° m e r > ^N^CH^HZ (15) 
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10 ELASTOMERS AND RUBBER ELASTICITY 

Ionic polymerizations are much more selective than radical 
polymerization. A l l monomers except 1-alkyl and 1,1-dialkyl-
ethylenes undergo polymerization by radical i n i t i a t i o n . Cationic 
i n i t i a t i o n i s limited to monomers containing substituents 
(Z = ether, 1,1-dialkyl but not monoalkyl ether) which can 
stabilize the propagating center (* = + in Eq. 15) by electron-
donation. Anionic i n i t i a t i o n requires the presence of electron-
withdrawing substituents (Z = ester, n i t r i l e , aldehyde) to 
stabilize the propagating anion. Styrene and conjugated dienes 
undergo polymerization by both radical and ionic i n i t i a t i o n . 
Ethylene and 1-alkylethylenes are polymerized by Ziegler-Natta 
i n i t i a t o r s , a special class of ionic i n i t i a t o r s . 1,2-Disubsti-
tuted ethylenes are not polymerized by any i n i t i a t o r s due to 
steric hindrance. 

Radical Polymerization  polymerizatio
involves i n i t i a t i o n , propagation, and termination. Consider the 
polymerization of ethylene. I n i t i a t i o n typically involves thermal 
homolysis of an i n i t i a t o r such as benzoyl peroxide 

k, 
(0COO) 2 — > 2 0COO- (16) 

0COO- + CH2=CH2 > 0COOCH2CH2" (17) 

(Other methods of producing the i n i t i a t i n g radicals include 
photochemical and redox reactions.) In i t i a t i o n i s followed by 
propagation of the radical by the successive additions of very 
large numbers (usually thousands) of monomer molecules 

k 
/-^^CH2CH2- + CH2=CH2 2—> ^^CH 2CH 2CH 2CH 2- (18) 

Propagation ceases when two propagating radicals annihilate each 
other by combination 

k t 
2 4 ^CH 2CH 2' — > ~^^CH2CH2CH2CH2~~-* (19) 

(Disproportionation between propagating radicals also occurs.) 
The characteristic of chain polymerization which d i s t i n 

guishes i t from step polymerization i s the rapid growth of high 
molecular weight polymer. Propagation i s favored over termination 
since large propagation rate constants (102-10^ liter/mole-sec.) 
are coupled with high monomer concentrations (1-10 molar) and 
very low radical concentrations (10~^-10~9 molar). Thousands or 
more monomer molecules add to a propagating radical in times of 
10-10 seconds. High molecular weight polymer i s produced from 
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1. ODIAN 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 i s not a requirement for high molecular 
weight. Molecular weight i s essentially independent of conversion 
except for variations due to the changes occurring i n the con
centrations of reactants with conversion. 

The polymerization rate Rp i s given by the rate of propaga
tion 

Rp = k [M«][M] (20) 

where [M*] i s the concentration of propagating radicals. [M*] i s 
d i f f i c u l t to accurately determine and Eq. 20 can be put in a more 
useful form by introducin
i n i t i a t i o n and terminatio

R i = k d [ I ] = R t = k
t f M ' J 2 ( 2 1 ) 

Combination of Eqs. 20 and 21 yields 

k [ M ] ( k d [ I ] ) 1 / 2 

\ " -̂1^72 <22> 

where [M] and [I] are the concentrations of monomer and i n i t i a t o r , 
respectively. Noting that the average number of monomer molecules 
adding to a propagating radical i s given by the propagation rate 
divided by the i n i t i a t i o n rate, the degree of polymerization i s 
derived as 

k [M] 
DP - 2 =75- (23) 

( k d k t [ I ] ) 1 / 2 

Successful application of radical polymerization requires the 
appropriate choice of the specific i n i t i a t o r to achieve the 
desired i n i t i a t i o n rate at the desired reaction temperature and 
the realization that higher polymerization rates achieved by 
increasing the i n i t i a t i o n rate (either by increasing [I] or k<j) 
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 i s always found to be lower than the 
value described in Eq. 23 due to radical displacement (chain 
transfer) reactions of the type 

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



12 ELASTOMERS AND RUBBER ELASTICITY 

k t r 
CH2CH2- + XA rs^r»CH2CH2X + A' (24) 

where XA may be monomer, polymer, i n i t i a t o r , 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 i s usually not affected by chain 
transfer since A- i s sufficiently reactive to r e i n i t i a t e 
polymerization. The DP in the presence of chain transfer 
reactions i s given by 

1 (k dk [ I ] ) 1 / 2 k [I] k [S] 
i _ = — ± S +  t r ? x + t r> b (75) DP kp[M] K

where ktr,M> ^tr,I> a n c* ^ t r S a r e t^ i e r a t e constants for chain 
transfer to monomer, i n i t i a t o r , and solvent (or other added 
substance S), respectively. Equation 25 describes how polymer 
molecular weight i s controlled at the desired level — by the 
appropriate choice of a l l 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 — i s important with certain 
monomers and has a significant effect on the properties of the 
f i n a l product. Such transfer leads to branch formation which 
decreases the a b i l i t y of the polymer to cry s t a l l i z e and increases 
i t s viscosity. 

Other considerations important i n carrying out radical 
polymerizations include: 

1. The effect of temperature on the polymerization rate and 
DP manifests i t s e l f by the effects of temperature on i n i t i a t i o n , 
propagation, and termination. The propagation and termination 
steps have small activation energies (about 5-10 and 2-5 kcal/ 
mole, respectively) while i n i t i a t i o n by thermal decomposition of 
a catalyst has a large activation energy (about 30-35 kcal/mole). 
The overall result i s that the polymerization rate increases 
rapidly with increasing temperature while DP decreases. The 
difference i s due to DP being inversely dependent on i n i t i a t i o n 
while the polymerization rate i s directly dependent. It i s 
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 in i t i a t e d by redox reactions or 
photolysis are less sensitive to temperature because the i n i t i a 
tion steps have smaller activation energies. 

2. Although the polymerization rate increases with 
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1. ODIAN 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 w i l l be an upper 
temperature l i m i t — the ceiling temperature — at which 
polymerization does not occur. 

3. Physical control ( i . e . , thermal control, ease of 
stirring) of polymerization i s more d i f f i c u l t than in step 
polymerization since the reaction i s highly exothermic (AH - -20 
kcal/mole for conversion of ir-bonds to cr-bonds), the rate 
increases rapidly with increasing temperature (E a ~ 20 kcal/mole), 
and the viscosity of the reaction system increases rapidly 
throughout the process (since high molecular weight polymer i s 
produced early and continuously). The rates of step polymeriza
tions are less sensitiv  t  temperatur  (sinc  th  reactio  i
only moderately exothermic
greatly u n t i l high conversion

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

5. Polymerization i s 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 i s use
f u l for stabilizing monomers during transportation and storage. 
The removal of retarders and inhibitors i s often required prior to 
polymerization; the alternate approach i s to use extra amounts of 
in i t i a t o r . 

6. The molecular weight distributions in chain polymeriza
tions are broader than in step polymerization. The ratio X w/X n 

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 i s 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 
i n i t i a t i o n 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 

R 
Nkp [M] 

DP 
Nkp [M] 

1 

(26) 

(27) 

where N i s the concentration of micelles. Emulsion polymeriza
tion has the unique feature that both Rp and DP can be increased 
by increasing N. For other radical polymerizations, increasing 
Rp by altering a parameter (e.g., R̂  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
is especially useful fo
k p/k t

1 / 2 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 i n 
emulsion polymerization by using high concentrations of micelles. 

Ionic Polymerization. Ionic polymerizations, especially 
cationic polymerizations, are not as well understood as radical 
polymerizations because of experimental d i f f i c u l t i e s involved in 
their study. The nature of the reaction media i s not always 
clear since heterogeneous i n i t i a t o r s are often involved. Further, 
i t i s much more d i f f i c u l t 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, i s 
produced commercially by cationic polymerization. Anionic 
polymerization i s used for various polymerizations of 1,3-
butadiene and isoprene. 

A variety of i n i t i a t o r s have been used for cationic 
polymerization. The most useful type of i n i t i a t i o n involves the 
use of a Lewis acid in combination with small concentrations of 
water or some other proton source. The two components of the 
i n i t i a t i n g system form a catalyst-cocatalyst complex which donates 
a proton to monomer 

A1C13 + H20 > A1C13-H20 (28) 

A1C13-H20 + (CH3)2C=CH2 > (CH3)3C+(A1C130H~) (29) 

Protonic acids are less suitable because the conjugate base i s too 
active a nucleophile. HC1, for example, w i l l not i n i t i a t e 
polymerization because chloride ion adds immediately to the 
carbenium ion before the latter can propagate. Other i n i t i a t o r s 
which have been studied include electroinitiation, photoinitiation 
and ionizing radiation. 
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Propagation proceeds by successive additions of monomer 
molecules to the carbenium ion center 

+ 
/^~ %CH 2C(CH 3) 2(A1C1 30H ) + (CH3)2C=CH2 > 

+ 
#^ />^CH 2C(CH 3) 2CH 2C(CH 3) 2(AlCl 3OH ) (30) 

Since the solvents used (e.g., chlorinated hydrocarbons, benzene, 
THF) are only mildly polar, the negative counter-ion w i l l be held 
near the propagating carbenium ion center  Highly polar solvents 
are not generally usefu
the i n i t i a t o r and propagatin
complexation. 

Termination occurs either by expulsion of H and AICI3OH" 
from the propagating chain end 

CH2C(CH3)2(A1C130H~) > ̂ >^CH=C(CH3)2 + H+(A1C130H") (31) 

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

+ 
-^~^CH2C(CH3)2(A1C130H ) — > ^^ CH 2CC1(CH 3) 2 + A1C120H (32) 

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

*CH2C(CH3)2(A1C130H~) + XA 

-~^^CH 2C(CH 3) 2A + X+(A1C130H ) (33) 

The kinetic expressions which describe the rate and degree 
of polymerization i n cationic polymerizations are derived i n 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 polymerization, 
respectively, on the i n i t i a t o r concentration or i n i t i a t i o n rate 
are both first-order, not half-order as in radical polymerization. 
The difference arises from cationic termination being mono-
molecular i n the propagating species instead of bimolecular as in 
radical polymerization. 
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Anionic polymerization can be init i a t e d by a variety of 
anionic sources such as metal alkoxides, aryls, and alkyls. 
Alkyllithium i n i t i a t o r s are among the most useful, being employed 
commercially in the polymerization of 1,3-butadiene and isoprene, 
due to their s o l u b i l i t y in hydrocarbon solvents. In i t i a t i o n 
involves addition of alky l anion to monomer 

R~(Li +) + CH2CH0 > RCH2-CH0 (34) 

An interesting i n i t i a t o r i s the naphthalene radical-anion formed 
by electron-transfer from sodium to naphthalene 

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

~Na + 

+ 0CH=CH2 > ΓοΥοΊ + (Na + )0CHCH 2 - (36) 

2Na + (0CHCH 2 ' ) > (Na +)0CHCH 2CH 2CH0(Na +) (37) 

Propagation proceeds at both ends of the dianion. 
The anionic polymerizations of polar monomers, such as 

methyl methacrylate, methyl v i n y l ketone and ac r y l o n i t r i l e , are 
complicated since these monomers contain substituents that are 
reactive toward nucleophiles. This leads to termination and side 
reactions competitive with both i n i t i a t i o n and propagation, 
resulting i n 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 
li v i n g polymerizations, are terminated when desired by the 
deliberate addition of a proton source such as water or alcohol. 
The degree of polymerization for a l i v i n g polymerization i s given 
by the ratio of concentrations of monomer and l i v i n g anionic 
propagating centers [M~] 
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DP = i f U - (38) 
[M ] 

For the usual situation where a l l of the i n i t i a t o r I i s converted 
into propagating centers, Eq. 38 becomes 

DP = m o r D P . M (39) 

depending on whether propagation involves a monoanionic 
propagating species (Eq. 34) or dianionic species (Eq. 37). A 
consequence of the absence of termination i s that the molecular 
weight distribution w i l l be quite narrow (Μ^/Μη approaches 1.1) 
provided that i n i t i a t i o h faste  tha  propagatio
that a l l propagating center

Sequential additio  charge g 
anionic polymerization system i s 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 i s synthesized by the 
sequence 

S — R L 1 > RS~ 2-> RS D" RS D S" 
m m η m η m 

H20 

RS D S H (40) m η m 

Styrene(S) i s polymerized to polystyryl anions using butyllithium 
and then the diene (D) added. A second charge of styrene i s added 
after the diene monomer i s consumed, followed by the addition of 
a terminating agent. The length of each of the three blocks i s 
controlled by the ratio of the concentrations of the respective 
monomer and i n i t i a t o r according to Eq. 39. The optimum combina
tion of the required physical strength and elastic behavior i s 
generally obtained when the DP of the hard, polystyrene blocks i s 
100-200 and the DP of the soft, polydiene blocks i s 1000-2000. 
Variations of the procedure include the use of a difunctional 
i n i t i a t o r 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., l i v i n g polystyrene-polydienyl 
anions can be coupled with a dibromo compound (Eq. 41). The use 

(41) 
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of multifunctional coupling agents such as SiCl4 or dienes 
produces star (radial) and comb block copolymers. 

Both anionic and cationic polymerizations have several fea
tures i n 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 i t s 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 i n 
a reaction system. The ion-pair i s the more pl e n t i f u l species i n 
a l l solvents used i n ionic polymerizations although the relative 
concentration of the fre  ion  increase  with solven  polarity
However, since the propagatio
usually several orders of magnitude higher than those for ion
pairs, even small changes i n the free ion concentration result in 
large changes i n the observed polymerization rates. For example, 
the polymerization rate for styrene 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 i n 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 i t s e l f through changes i n the termination 
mode or in the relative concentrations of free ions and ion-
pairs, varies considerably depending on the i n i t i a t o r and solvent. 
Some cationic polymerizations show the unusual behavior of a 
decrease i n rate with increasing temperature due to the termina
tion rate constant increasing faster with increasing temperature 
than the i n i t i a t i o n 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~^-10~2 molar) than i n radical polymeriza
tions (ΚΓ9-10-7 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 

M1 + M2 > -^^M1M2M2M2M1M1M2M1M1M1M1^^ (42) 

Copolymerization allows one to advantageously alter the properties 
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of a homopolymer. A number of elastomers are copolymers. Butyl 
rubber i s a copolymer of isobutylene containing 1-2% isoprene. 
The isoprene units in the copolymer impart the a b i l i t y to cross
link the product. Polystyrene i s far too r i g i d to be used as an 
elastomer but styrene copolymers with 1,3-butadiene (SBR rubber) 
are quite flexible and rubbery. Polyethylene i s 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). N i t r i l e or NBR rubber i s a copolymer of acrylon i t r i l e 
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 identit
of the two monomers an
copolymer chain. The la t t e r ,  copolyme
composition, i s determined by the competition among the four 
propagation reactions 

k 
+ Mn ± ^ /^*M * (43) 1 

(44) 

M2* + M1 é—^Μχ* (45) 

***-̂ M2* + M2 <~^M2* (46) 

where the * represents a radical, anionic or cationic proprogating 
center depending on the i n i t i a t o r used. There are two types of 
propagating centers — those ending i n Μ·̂  and those ending in Μ2· 
Each type of propagating center can react with either of the two 
monomers, or The mole fraction of monomer 1 incorporated 
into the copolymer, F-̂ , i s dependent on the mole fraction of 
monomer 1 in the comonomer feed, f^, and on the four propagation 
rate constants according to 

r l f l + £ l f 2 
F = 2 2 ( 4 7 ) 

r l f 1 + 2 f l f 2 + V 2 
where r^ = k ^ / k ^ and r2 = ̂ 22^21· rl a n c* r2 a r e referred to as 
the monomer reactivity ratios. 

The copolymer composition i s usually different from the 
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comonomer feed, the difference between F^ and f i depending on the 
values of r-̂  and τ 2· The monomer reactivity ratios for any 
comonomer pair are unique for that particular pair of monomers. 
For example, r^ and r£ for styrene-1,3-butadiene are different 
from r^ and r2 for aerylonitrile-1,3-butadiene. Further, the r^ 
and r2 values for a comonomer pair d i f f e r depending on the 
particular type of propagating center (radical, cationic, 
anionic). Ionic copolymerizations, l i k e ionic polymerizations, 
are selective compared to their radical counterparts. Only 
selected comonomer pairs undergo ionic copolymerization. Thus, 
a pair such as methyl vi n y l ether-acrylonitrile w i l l not undergo 
either cationic or anionic copolymerization since ac r y l o n i t r i l e i s 
unreactive toward cationic propagating centers while methyl vi n y l 
ether i s unreactive toward anionic propagating centers  The 
opposite behavior i s typica
any pair of monomers undergoe  copolymerizatio
monomers show some reactivity toward radical propagating centers. 
The net result i s 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-1,3-butadiene copolymers by anionic or coordina
tion copolymerization. 

Stereochemistry; Coordination Polymerization. Stereo-
isomerism i s possible i n the polymerization of alkenes and 1,3-
dienes. Polymerization of a monosubstituted ethylene, such as 
propylene, yields polymers i n which every other carbon i n the 
polymer chain i s 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 
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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 i s referred to as the 
atactic structure. Polymerization of conjugated dienes such as 
1,3-butadiene can proceed by 1,2- and 1,4-polymerization 
CH2=CH-CH=CH2 > ~~CH 2-CH'^ and CH2CH= CKCE^^ (48) 

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) 

XV XVI 
The polymer structure produced in any polymerization i s 

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

The situation changes dramatically when anionic polymeriza
tions are carried out under reaction conditions such that there 
i s strong coordination among the counter-ion, propagating center, 
and monomer. Thus, when lithium i s 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 i s 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., TiCl4, T i C l 3 , Co2(C0)s, Cr ( C N 0 ) 6 , VCI3) 
with a Group I-III metal derivative (e.g., AIR3, AIR2CI). Very 
high degrees of specificity are observed in polymerizations 
in i t i a t e d by these catalysts. One can synthesize either the c i s -
1,4-polymer or the trans-1,4-pοlymer 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 i s obtained using TiCl4/AlR3 or VCI3/AIR2CI  c i s -
1,4-polybutadiene usin
U(0R)4/A1RC12, and 1,2-polybutadien
V(acetylacetonate)/AIR3. The detailed mechanism(s) by which 
certain catalysts yield the trans-1,4-polymer, others the c i s -
1,4-polymer, and s t i l l others the 1,2-polymers are not understood. 
The identity of the counter-ion i s probably decisive in determin
ing the coordination among counter-ion, propagating center, and 
monomer — which i n turn determines the manner i n which monomer 
is "allowed" to enter the polymer chain. Such polymerizations 
are referred to as coordination polymerizations. Although 
coordination polymerization i s 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 i n 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 i s commercially important for the 
production of isotactic polypropylene which finds extensive use 
as a plastic.) 

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

1,4-Polybutadienes with high cis-1,4 and mixed cis-l,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 cis 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 stereochemistr
branching) are achieved y varying  polymerizatio  temperature

Ring-Opening Polymerization 
Ring-opening polymerization of cyclic monomers, usually by 

anionic or cationic catalysts, i s another route to elastomers. 
These include the polymerization of octamethylcyclotetrasiloxane 

3 V y 3 
CH„ ^ / J 

3 \ . 0 — S i 

CH« ο IS 
3 \ Si 

S i - O ' CH 3 

CH3 CH3 

f 3 Si-O-H (49) 

to yield 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 
d i f f i c u l t y of obtaining sufficiently high purity monomers. Ring-
opening polymerization of the cyclotetrasiloxane i s accomplished 
commercially using an anionic i n i t i a t o r such as sodium hydroxide. 
Both i n i t i a t i o n 

HO / + SiR 2(0SiR 2 7 3 HO(SiR 20) 3SiR 20 (50) 

and propagation 
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'SiR20 + SiR 2(OSiR 2 y 3 > ^>^(SiR 20) 4SiR 20 (51) 

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, l i k e 
the above polymerization, bear a striking resemblance to chain 
polymerizations i n that there i s i n i t i a t i o n , 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 

CH0 CH-CH0C1 > -(CHo-CH-0> (52) 
ζ ζ ζ η 

water or alcohol (Eq. 50) as well as copolymerization with 
ethylene oxide, the polymerization of cyclopentene with M0CI5, 

> <CH0CH=CHCH0CH0> (53) 
ζ ζ ζ η 

WClfc» and vanadium-based i n i t i a t o r s (Eq. 53), and the thermal 
polymerization of hexachlorocyclotriphosphazene (Eq. 54). (Ring-
opening polymerizations of ethylene and propylene oxides, 

c i x α 

C l I L 9 > ^ ? C ¥ n ( 5 4> 

ε-caprolactam and ethylenimine yield useful plastics and fibers.) 
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 a l l y l i c halide structure 
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f 3 C l ? ^ 3 
^ ^ C H 2 C = C H - C H 2

/ \ ^ ^ ' N ^ ^CH=C-CHC1-CH 2 ' \ / V / N (55) 

Chlorination of natural rubber, involving both addition and 
substitution (with some c y c l i z a t i o n ) , yields a product with 
improved chemical and corrosion resistance. Chlorination of 
polyethylene i n the presence of sulfur dioxide results i n sub
s t i t u t i n g both chloride and sulfonyl chloride groups into the 
polymer. A commercially useful material i s one which contains 
about 12 chlorides and one sulfonyl chloride per 40-45 repeating 
units. This extensive substitution converts the polyethylene, 
a p l a s t i c , into an elastomer by destroying c r y s t a l l i n i t y . 

A polystyrene-poly(ethylene,1-butene)-polystyren  t r i b l o c k 
copolymer i s produced b
corresponding t r i b l o c  copolyme
s i s t s of random placements of l,2-poly(l,3-butadiene) and 1,4-
poly(l,3-butadiene) units. 

H 2 

«CH 9CH0> 4CH0CH=CHCH0CH0CH4 -(CHoCH0} > 
ζ η ζ ζ ζ J m ζ η 

CH=CH2 

-(CH2CH0^n-(CH2CH2CH2CH2CH2CH^m-(CH2CH0>n (56) 
CH 2CH 3 

The ethylene-1-butene block cannot be obtained d i r e c t l y since the 
two monomers do not undergo anionic copolymerization. 

Crosslinking 

Approximately 10 b i l l i o n pounds per year of elastomers are 
used i n the United States. Crosslinking i s a requirement i f 
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 
i s achieved either by chemical reaction or physical aggregation 
depending on the elastomer. 

Chemical Crosslinking. Only l i n e a r polymers are produced 
from bifunctional monomers. The reaction system must include a 
poly functional monomer, i . e . , a monomer containing 3 or more 
functional groups per molecule, i n 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 i s delayed u n t i l the fabrication step. 
This objective i s met d i f f e r e n t l y depending on whether the 
synthesis involves a chain or step polymerization. In the t y p i c a l 
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chain polymerization one chooses the polyfunctional monomer such 
that i t i s bifunctional under polymerization conditions with the 
remaining function(s) becoming reactive only under the conditions 
of the fabrication step. The monomer i s 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 i s 
used to produce a low molecular weight (1000-3000) prepolymer by 
limiting the extent of reaction. Subsequent polymerization and 
crosslinking of the prepolymer i s achieved during fabrication by 
establishing stoichiometry between X and Y functional groups by 
addition of the appropriat

The 1,4-polymers o
their copolymers (Butyl, SBR, NBR) comprise the largest group of 
elastomers. Commercial vulcanization i s achieved almost 
exclusively by heating with sulfur. The reaction mechanism i s 
probably ionic and involves both sulfur addition to the double 
bonds in the polymer chains and substitution at the a l l y l i e 
hydrogen 

*^^CH 0 CHCH0 CH0 ς -if 2| 2 2 /^^•CH0CH=CHCH0~~^ buirur > s ( 5 ? ) ζ ζ J m 
^-~"CHCH=CHCH 2~^ 

Vulcanization by heating with sulfur alone i s a very inefficient 
process with approximately 40-50 sulfur atoms incorporated into 
the polymer per each crosslink. Sulfur i s wasted by the forma
tion of long polysulfide crosslinks ( i . e . , high values of m), 
vi c i n a l 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 f i n a l 
crosslinked elastomer i n terms of strength, extent of elongation 
prior to break, and e l a s t i c i t y i s 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 s t a b i l i t y than 
available in the sulfur crosslinked elastomers. 

Polychloroprene rubbers are not ef f i c i e n t l y vulcanized by 
sulfur. The chlorine atoms deactivate the double bonds toward 
reaction with sulfur. Vulcanization i s 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 -OZnO- 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 d i - 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) 
R0- + - ^ ^ C H 2 C H 2  > ROH + ^ ^ C ^ C H ^  (59) 

C H 2 C H ^ ^ 

CH 2CH > C H 2 « H (60) 

Peroxide crosslinking has practical limitations due to i t s 
relative inefficiency and the high cost of peroxides. The cross-
linking efficiency of polysiloxanes is increased by incorporating 
a few percent of vin y l groups into the polymer through copolymer
ization with vinylmethylsilanol. Peroxide crosslinking of the 
copolymer i s more efficient since crosslinks form by addition of 
polymer radicals to the vi n y l 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 

^-^CH 2CF 
NH 

H9NRNH9 , 
^ ~ ^ C H 0 C F 0 ^ ^ — ^> R (61) 

1 1 I 
NH 

"^~*CH C F ^ ^ > 

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 i s prepared by reaction of a polyol and 
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a diisocyanate. (The polyol may be a hydroxy1-terminated poly-
ether or polyester prepolymer synthesized from a t r i o l . ) 
Subsequent polymerization (chain extension) and crosslinking of 
the isocyanate-terminated prepolymer i s achieved by the addition 
of a di o l 

NHCOOROCONH^-^ NHCOOROCONH 
NH I CO I 0 
1 
R (62) 

t NH 

NCO 
OCN'sA^NCO 

+ 
HO-R-OH 

NHCOOROCONH ̂ — NHCOOROCONH 
The prepolymer can also be crosslinked by using a dimine instead 
of a d i o l . The reaction between isocyanate and amine groups 
proceeds through the formation of urea linkages. A variation of 
the above procedure i s to directly employ a polyisocyanate 
instead of producing i t 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 i n addition to dichloroalkane 
and sodium sulfide i n order to form a branched polymer. The 
prepolymer i s treated with a mixture of sodium hydrosulfide and 
sodium s u l f i t e followed by acidification to convert a l l end-groups 
to t h i o l groups. Further polymerization and crosslinking i s 
achieved by oxidative coupling of the t h i o l end-groups by treat
ment with lead dioxide, p-quinone dioxime, or other oxidizing 
agent 

HS^J^SH Pb02 

SH (63) 

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 i n previous sections. 
Diblock copolymers are not useful since they do not form network 
structures. Only one end of the soft block i s 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 i s met by triblock and a l l higher block 
copolymers, only the ABA and -(AB}n structures are of importance. 
Block copolymers in between the triblock and multiblock structures 
are either too d i f f i c u l t 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 tw  homopolymer  t  yield polymeri
radicals which combine
homopolymers (e.g., polyeste  and polyamide), and use o  a 
difunctional i n i t i a t o r (e.g., azoperoxide) in which the two 
in i t i a t o r 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 i s minimized in l i v i n g 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 i s 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 i s the hard block and polyisoprene or poly-
butadiene i s the soft block. The advantages of l i v i n g polymeriza
tion are control of block length and narrow molecular weight 
distribution. However, l i v i n g polymerization i s limited to a 
relatively few monomers — styrene, isoprene, butadiene. Many 
monomers, e.g., lactams, lactones, epoxides, methyl aerylate and 
aerylonitrile, yield less well-defined polymer structures due to 
side reactions (including terminations) or the i n a b i l i t y of their 
weakly nucleophilic anions to i n i t i a t e 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 l i v i n g polymerization. There i s a 
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wider choice of structures which can be incorporated into the 
block structure and the synthesis i s 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 w i l l 
occur at shorter block lengths as the polarity difference between 
the A and Β blocks increases. This prediction i s 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
respectively, for multibloc
soft blocks i s in the range 15-30 and 1000-2000, respectively. 
The size of the hard domains of the multiblock and triblock 
copolymers i s in the range 30-100Â and 100-300Â, 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) i s considerably above ambient temperature, i.e., the 
polystyrene blocks are in the glassy state. However, there i s 
some controversy about the nature of the hard domains in the 
various multiblock copolymers. The polyurethane blocks i n 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 
cr y s t a l l i n i t y . The aromatic polyester (usually terephthalate) 
blocks in the polyether-polyester multiblock copolymer appear to 
derive their hardness entirely from c r y s t a l l i n i t y . 

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 i s 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 i s 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 i s 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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2 
Synthetic Aspects of Crystallizable Elastomers 

MARIO BRUZZONE 
ASSORENI-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 t i r e industry has emphasized 
the need of being supplied with improved synthetic elastomers. 
The improvement i s particularly desirable for two properties, 
namely : 
(1) "green strength", in relation to the widespread adoption of 

radial t i r e technology and 
(2) low 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 i n 
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 t a c t i c i t y i n order to 
achieve a strain induced crystallization, and suitable monomer 
combinations i n order to minimize the hysteresis loss of the 
elastomer i n a wide range of temperatures and frequencies. 
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As w i l l be demonstrated l a t e r on, the use of some new cata
l y s t systems also affords the p o s s i b i l i t y of reducing the energy 
consumption of the polymerization process, of improving i t s e c o l 
ogy and of broadening the range of products. A necessary, yet 
not s u f f i c i e n t , requirement for obtaining a c r y s t a l l i z a b l e e l a s 
tomer ( " c r y s t a l l i z a b l e " means " c r y s t a l l i z a b l e under s t r a i n " ) i s a 
ce r t a i n s t r u c t u r a l order, i . e . , a c e r t a i n t a c t i c i t y . This means 
that c o n s t i t u t i o n a l , geometric and s t e r i c defects along the chain 
should be co n t r o l l e d so as to obtain the adequate placement i n a 
r e s t r i c t e d range of temperatures of i s o t r o p i c melting point, i . e . , 
melting point In an unstretched state. The main routes f o r obtain
ing t a c t i c structures s u i t a b l e f o r c r y s t a l l i z a b l e synthetic e l a s 
tomers are: 

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

low melting point copolymers, i n which s u i t a b l e comonomer 
units are introduced i n a high melting point homopolymer chain 
(trans butadiene/piperylene copolymers, trans butadiene/styrene 
copolymers) and 

low melting point a l t e r n a t i n g copolymers (propylene/butadiene 
a l t e r n a t i n g copolymers). 

The t h i r d route can be considered a v a r i a t i o n of the f i r s t 
one, i n which a monomer couple performs as a new monomer " u n i t " . 
Apart from the route chosen, the melting point i s so designed as 
to f a l l i n a l i m i t e d range of temperatures (295 ± 20°K). In our 
lab o r a t o r i e s , we have followed the f i r s t two routes for obtaining 
c r y s t a l l i z a b l e elastomers and we have found both s u i t a b l e f o r the 
purpose. 

FIRST ROUTE 

As to the f i r s t route, we started i n 1969 (1) i n i n v e s t i g a 
t i n g unconventional t r a n s i t i o n metal complexes of the 5 and 4f 
block elements of periodic table, e.g., actinides and lanthanides 
as c a t a l y s t s f o r the polymerization of dienes (butadiene and 
isoprene) with an extremely high c i s content. Even a small i n 
crease of c i s t a c t i c i t y i n the v i c i n i t y of 100% has an important 
e f f e c t on c r y s t a l l i z a t i o n and consequently on elastomer processa-
b i l i t y and properties (2). The f-block elements have unique elec
t r o n i c and stereochemical c h a r a c t e r i s t i c s and give the p o s s i b i l i t y 
of a p a r t i c i p a t i o n of the f-electrons i n the metal ligand bond. 
A common feature of ca t a l y s t s based on 4 and 5f block elements i s 
that of being able to polymerize both butadiene and isoprene to 
highly c i s t a c t i c polymers, independently of the ligands involved. 
Butadiene, i n p a r t i c u l a r , can reach a c i s t a c t i c i t y as high as 99% 
with uranium based ca t a l y s t s (3) and c i s t a c t i c i t y of > 98% with 
neodymium based c a t a l y s t s (4). This high t a c t i c i t y does not 
change with the ligand nature (Fig. 1) i n contrast to conventional 
c a t a l y s t s based on 3-d block elements. A second feature of f-
block c a t a l y s t s i s that the c i s content of polymer i s scarcely 
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affected by temperature (Fig. 2). This fact i s important for the 
polymerization process because i t allows the polymerization rate 
to be increased without any loss of polymer t a c t i c i t y , A third 
feature of f-block catalysts i s that of being able to perform the 
polymerization of dienes in aliphatic solvents. This feature i s 
important for both the economy and the ecology of the polymeriza
tion process. The economy i s improved by the fact that some 
aliphatic solvents require less steam i n 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 i t s lower viscosity, A fourth important 
feature of f-block catalysts i s 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 interestin
range: for example, " a l
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 temr-
perature met by the rubber object during i t s use, whereas " a l l 
c i s " 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-l,4-polyisoprene, and to their blends (Fig. 4) (33). I t i s 
outside the scope of this paper to discuss this peculiar behaviour 
of " a l l c i s " 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-rl,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 effect 
tively suitable for reasons of a v a i l a b i l i t y , 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 i s uranium (1,J3, _̂9̂ 9Σ*§) * 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 a v a i l a b i l i t y of uranium, and in particular 
of depleted uranium, that i s a side product of nuclear cycles, i s 
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 i s not a problem in the rubber, 
when i t s content i s 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 f e r t i l i z e r s (13). 
The very problem of using uranium i n the chemical industry i s the 
very s t r i c t regulations i n several countries that l i m i t the f i s 
s i l e materials trade and, unfortunately, also that of depleted 
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T R A N S I T I O N H A L O G E N 

M E T A L F C I B r 

3 d - B L O C K T i 3 5 75 87 9 3 

C o 9 3 9 8 91 5 0 

N i 

4 a n d 5 f C e 97 9 8 9 8 9 8 

B L O C K N d 9 8 9 8 9 8 

U 9 8 . 5 9 8 . 5 9 8 . 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. 

T E M P E R A T U R E (°C) 2 0 4 5 6 0 7 0 1 3 0 ( * ) 

U R A N I U M 

P O L Y B U T A D I E N E 
9 9 9 8 . 5 9 8 . 5 -

N E O D Y M I U M 

P O L Y B U T A D I E N E 
9 9 9 8 . 5 - 9 8 . 5 9 8 

A d i a b a t i c p o l y m e r i z a t i o n 

Figure 2. Insensitivity of cis content to polymerization temperature for uranium 
and neodymium catalysts. 
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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 
t a c t i c i t y , the crystallization rate i s the customary test for 
assessing a further improvement of structural purity (3). A l i s t 
of uranium based catalyst systems, suitable for both cis-1,4-
polybutadiene and polyisoprene are shown in Fig. 5. π - a l l y l 
complexes of uranium were the f i r s t to be developed by us for ob
taining a 99% cis-polybutadiene in aliphatic solvents, both in 
the absence and i n the presence of Lewis acids. The polymeriza
tion i s thought to proceed according to the prevalent view that 
suggests the growing chain be bonded to the transition metal by 
a π - a l l y l 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 obtai  direct evidenc f th  activ  site
i n uranium π - a l l y l system
lysts, such as UiCgH^^  (wher  halogen), althoug
characterized in the solid state, show puzzling solution NMR 
spectra probably because of a disproportionation into t e t r a a l l y l -
uranium and more halogenated species. This disproportionation 
apparently takes places even at a very low temperature (-80°C). 
Also the synthesis of π-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 π - a l l y l 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 i s , 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 
π-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 π - a l l y l uranium 
complex i s thought to be formed " i n s i t u " as the catalyst si t e . 
The catalyst activity i s so high that uranium concentration lower 
than 0.1 millimoles per l i t e r allows a complete conversion of 
butadiene to be obtained in a few hours, at 20°C, The transfer 
reaction of uranium based catalyst i s similar to that of conven
tional 3d-block elements (titanium, cobalt, nickel) so that the 
molecular weight of the polymer i s affected by polymerization 
temperature, polymerization time and monomer concentration in the 
customary way. This i s 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 i s 94%, some
what inferior to titanium based catalysts. In contrast, with 
3d-block elements an " a l l c i s " , random butadiene-isoprene 
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H H 
I I 

P C c 

C ' ^ c x N c ' 

Μ Ρ M 

" S Y N " F O R M - • T R A N S 1,4 "ΑΝΤΙ" F O R M - * - C I S 1, 

Figure 7. τ-A llyl complex formed by uranium and growing chain end. 
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copolymer can also be obtained. The copolymer randomness has 
been assessed by r e a c t i v i t y r a t i o s , by (4) ^ a n c i by 
rubber properties. Let us deal now with c a t a l y s t s 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 i n c l u s i v e , i n which the number of electrons i n the 4f 
s h e l l v a r i e s from 0 (lanthanum) to 14 (ytterbium and lutetium) 
(Fig. 8) (14). The term "rare earths" i s misleading, because 
some of lanthananides are not rare, being more abundant i n the 
earth's crust than t i n , cobalt and molybdenum (15). Neodymium, 
one of the more i n t e r e s t i n g lanthanides as a c a t a l y s t f o r diene 
polymerization, i s as abundant as cobalt and niobium, more 
abundant than lead, molybdenum and much more abundant than ura
nium, mercury, bismuth and cadmium  Besides the r e l a t i v e abun
dance of lanthanides i
some of them, includin
problem since they are by-products of other more rare lanthan
ides, that are used i n other a p p l i c a t i o n s , such as that of color 
t e l e v i s i o n phosphors. The price of some lanthanides, including 
neodymium, i s reasonable today and rather competitive with other 
conventional diene c a t a l y s t systems. The use of lanthanides as 
c a t a l y s t s f o r diene polymerization was reported by Von Dohlen 
and by Chinese s c i e n t i s t s (16,17) as early as i n 1963-64. They 
were extensively studied by Throckmorton (18) i n USA and by 
Monakov (20) i n USSR for the same purpose. A comprehensive rex
port on the a c t i v i t y of Chinese s c i e n t i s t s i n t h i s f i e l d has 
been recently published (22). Independently, when we started 
our research on lanthanides i n 1975, i n the framework of an 
extensive research on f-block elements and following that on 
uranium c a t a l y s t s , lanthanides had an undeserved bad reputation 
as c a t a l y s t s f o r diene polymerization. This bad reputation was 
due to the fact that most researchers had l i m i t e d t h e i r atten
t i o n to cerium, that i r o n i c a l l y enough i s the only lanthanide 
that i s also a powerful oxidation c a t a l y s t , and therefore de
l e t e r i o u s f o r polymer aging. In f a c t , i n cerium the energy of 
the inner 4f l e v e l i s nearly the same as that of the outer or 
valence electrons, and only a small amount of energy i s required 
to change the r e l a t i v e occupancy of these e l e c t r o n i c l e v e l s . 
This gives r i s e to dual valency state (+3 and +4) (23). As to 
the a c t i v i t y of lanthanide based catalysts we confirm a singular 
behavior that has been already reported by Chinese s c i e n t i s t s 
(22) and that i s summarized i n F i g . 9. The a c t i v i t y of lantha
nides i n 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 a c t i v e , 
reasonably because they are reduced to bivalent state by alumi
num a l k y l s , as pointed out by Tse-chuan and associates (22). 
Some ca t a l y s t systems based on lanthanides are shown i n F i g . 10. 
The ones based on lanthanide alkoxides are based on our work, 
whereas the others are taken from the above mentioned work 
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E lement A t o m i c No E l e c t r o n s 
in 4 f S h e l l 

L a 

C e 5 8 2 

Pr 5 9 3 

N d 6 0 4 

Pm 61 5 

S m 6 2 6 

Eu 6 3 7 

G d 6 4 7 

T b 6 5 9 

Dy 6 6 10 

H o 6 7 11 

E r 6 8 12 

Tm 6 9 1 3 

Y b 7 0 14 

L u 71 14 

Figure 8. Number of electrons in 4 f shell of lanthanides. 
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of Tse-chuan. The more active catalyst systems are based on 
ternary systems in which a lanthanide compound i s 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 s c i 
entists i s that the energy variation of neodymium (and praseody
mium) in complexing a diene or other ligands i s less than that 
of other lanthanides in a trivalent state. The energy variation 
in i t s turn is a function of the number of electrons i n 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 i s very high, similar to that shown 
by uranium based catalysts  A fraction of a millimole per l i t e r 
i s sufficient for achievin
a few hours. The cis
to that obtained with uranium based catalyst: however, a cis 
content of 98% i n polybutadiene and of 94% i n polyisoprene i s 
easily achieved. The most important and puzzling characteristic 
of neodymium as a catalyst for polymerization of dienes i s how
ever the fact that the polymerization i s v i r t u a l l y transfer free 
and seems to proceed, in certain cases, via a pseudo l i v i n g 
mechanism. Also this fact has been noted independently by us 
and by Chinese scientists (22). The increase of molecular 
weight concurrently with conversion i s shown in Fig. 11 and Fig. 
12. In Fig. 11, the polymer Mooney viscosity and conversion 
are shown as a function of polymerization time. In Fig. 12, 
Mooney viscosity i s shown as a function of conversion. Of course 
this peculiarity of neodymium based catalyst requires a proper 
process design, i n 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 i n 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 i t s isoprene copolymers were produced i n a quan
t i t y of some ten tons. The catalytic ac t i v i t y was confirmed to 
be so high as to avoid any washing step to remove catalyst r e s i 
dues . 

SECOND ROUTE 
Let us review now the results obtained i n our laboratories 

in the synthesis of crystallizable elastomers by following the 
second route indicated i n the Introduction. As previously 
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Figure 11. Increase of molecular weight with conversion. Catalyst, Nd(0-n-
ChH9)s, DIBAH, EADC; Nd, 0.035 χ 10z m/L; solvent, n-hexane; DIBAH/Nd, 
40; Cl/Nd, 3; monomer concentration, 17.5% wt; polymerization temperature, 

50°C. Data from Ref. 4. 

Figure 12. Catalyst, Nd(0-n-CtH9)3, DIBAH, EADC; Nd, 0.085 X 10~3 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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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 i s 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 c r y s t a l l i 
zable elastomers. These copolymers had the butadiene units i n 
trans configuration, so that i t was possible, by a suitable 
non-cocrystallizable monomer unit such as piperylene (a component 
of C5 cut of naphtha cracker), to produce a host of crystalline 
polymers with melting points from 145°C (melting point of 
trans~l,4-polybutadiene
melting temperatures interestin
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 i s 
contained in the C5 fraction of naphtha cracker in amounts close 
to that of isoprene, Let us deal now with the synthetic aspects 
of this copolymerization. In view of recent publications from 
our laboratory on this subject (30, 31, 32), I shall l i m i t 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 
i s satisfactory. 

(2) the polymerization i s performed in aromatic solvents? 
however bulk polymerization also i s possible. 

(3) piperylene can be used as a pure monomer, but a C5 cut 
enriched in piperylene i s also suitable. Cyclopentadiene i s 
only a moderate poison for this catalyst system, and i t s content 
is tolerable up to 0.2 wt% of the reactive monomer (trans-
piperylene). 

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

13 
The copolymer randomness has been studied by C-NMR and 

the results w i l l be the subject of a forthcoming publication. 
Also the role of the different piperylene units present i n the 
copolymer (1,2 and 1,4 trans) in depressing the melting point 
of trans-l,4-polybutadiene i s s t i l l under investigation; 1,2 
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Figure 13. Melting points of trms-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-l,4-polyisoprene, 
by merely blending. In 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 conventiona

In conclusion: f-bloc
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 " a l l 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-l,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-1,4-polyisoprene 100%), 

BP/IR (a 50/50 blend of IR and tmm-butadiene-piperylene copolymer). 
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Figure 16. Processibility and green strength of Xï^ns-butadiene-piperylene copoly
mers as a function of melting point and Mooney viscosity. 
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3 
Synthesis of Elastomers with Strain-Induced 
Crystallization 

GERD SYLVESTER and WOLFGANG WIEDER1 

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 c) aluminum alkyls leads to 
polymers with up to 99 % 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)2Cl/i-Bu3Al (R = 
neopentyl). The CH3 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. 

0097-6156/82/0193-0057$06.00/0 
© 1982 American Chemical Society 
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The subject of this paper i s the preparation of elastomers 
with strain-induced crystallization. It i s well known that the 
properties of rubber are significantly improved by strain-induced 
crystallization. As far as their processability i s concerned, the 
polymers have improved m i l l behaviour and, in particular, f a i r l y 
high green strength. The properties of the crosslinked elastomer, 
e.g. i t s tensile strength, and, above a l l , i t s resistance to 
tearing and tear propagation, are likewise improved. Strain-in
duced crystallization occurs only in polymers which have high 
stereoregularity. 

This paper i s concerned with some of our experiments i n this 
f i e l d . Our purpose was to obtain polymers with extremely high 
stereoregularity. In the f i r s t part we w i l l report on the homo-
polymerization of butadien
The second part w i l l b
of conjugated dienes with olefins. 

Homopolymerization of Butadiene. It appeared to us that 
catalysts based on f-transition metals were the ones most l i k e l y 
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 f i r s t , consisting of a uranium sa l t , trialkylaluminum, 
and a Lewis acid, had been developed at Goodyear (O. 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 %. 

We found highly active catalysts, which are shown in Table I 
(3). The main component i s a stable carboxylate of uranium i n the 
oxidation state of +4, in combination with a Lewis acid and an 
aluminum a l k y l , e.g. uranium octoate, aluminum tribromide, and 
triisobutylaluminum in a molar ratio of 1:0.8:25. The catalyst i s 
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 i s of the f i r s t 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,j0 
and Ital i a n (8-10) scientists. They generally consist of a rare 
earth compound, an aluminum a l k y l , 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 s o l u b i l i t y i n 
hydrocarbon solvents, such as cyclohexane and n-hexane. 

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



3. S Y L V E S T E R A N D wiEDER Strain-Induced Crystallization 59 

Table I. Polymerization of butadiene by uranium catalysts. 

Catalyst: g mmoles 
(A) U(octoate>4 1.22 1.5 
(Β) AlBr3 0.32 1.2 
(C) Ali-Bu3 7.44 37.5 
Cyclohexane 12 
Catalyst aged 4 hours at 25 °C 

Polymerization Recipe: 
Cyclohexane J 8000 g 
Butadiene 2600 g 
Aged catalyst added at 45 °C 
Polym. temp.; time 45 °C; 3 h 
Conversion 95 % 

2,5 

2,0 

1.5H 

1,0 

0,5 

l n " C 

30 
— ι — 

60 

-·· 90% Conversion 

75% Conversion 

• 50% Conversion 

—r 
70 

polymerization time 

120 150 Min. 

Figure 1. Kinetics of uranium catalyzed polymerization of butadiene. Catalyst 
system and polymerization conditions are shown in Table I. Conditions: 45°C; 

[u], 0.055 mmol/L; and [C0], 1.77 mol/L. 
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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 f i r s t method, which i s widely applicable, i s to 
react a rare earth carboxylate with a small amount of an aluminum 
alkyl (11). Neodymium octoate can be converted into a product 
which i s completely soluble in cyclohexane by reacting one mole 
of i t with 1 to 5 moles of triethylaluminum. We also found that 
the rare earth salts of certain tertiary carboxylic acids are 
very readily soluble i n 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 : aluminu  rati  i  withi
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 limi t s . 

The polymerization i s 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 AIR3 to rare 
earth compound, or the polymerization temperature, but i t i s i n 
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 v i s 
cosity, DSV, by about four units by reducing the ratio of aluminum 
t r i a l k y l 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 al k y l . If triisobutylaluminum is used as 
the only alkyl compound, products with very high cis contents of 
98-99 % are obtained independently of the other reaction condi
tions. Replacement of the triisobutylaluminum by increasing pro
portions of triethylaluminum makes the cis content f a l l continu
ously (Figure 3). 

The cis content of the polybutadiene can therefore be con
trolled without d i f f i c u l t y within a range of less than 90 % to 
99 %. The proportion of vinyl double bonds is not affected and 
is always lower than 1 %. 

The molecular weight distribution i s an important parameter 
for controlling the rheological and processing properties of rubber. 
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D S V [7/^dl/g 

in to luene, 25°C 

2 0 40 6 0 
polym. temp. °C 

ratio (O) on molecular weight. EtsAl/ 
Nd(vers)3 molar ratio was kept at 40:1 
when the temperature was varied, and the 
temperature was maintained at 60°C 
when EtsAl/Nd(vers)s molar ratio was 
varied. Nd(vers)3 is the neodymium salt 
of "Versatic 10," which is a mixture of 

isomeric tertiary carboxylic acids. 

/ 

/ 

Mole % i-Bu 3AI — • 

~20 40 60 8Ό 100 

—,— 
80 
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60 40 2(Γ 
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Figure 3. Effect of EtsA I: i-Bu3A I molar 
ratio on microstructure. Polymerization 
conditions: monomer concentration, 11 
wt % in hexane; catalyst concentration, 
7.5 χ 10'5 mol/L; molar ratio Nd(vers)3: 
Et3Al2Cl3:AlR3, 1:1:30; polymerization 

time, 2 h; and 60°C. 
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In *.he industrial processes for the production of polybutadiene 
with T i , Co, or Ni catalysts i t 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 I I shows that an increase of this ratio from 0.8 to 
2.0 increases the molecular weight distribution from 7 (which i s 
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 i t increases in the order: 
L i < Ti < Co < Ni. High-cis SE-BR, l i k e U-BR, crystallizes more 
rapidly than a l l the other types (Table I I I )  However  SE-BR 
with 93 % cis-1,4 content
content, crystallizes mor  rapidly  (9  cis-1,
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 s t e r i c a l l y 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 i s determined mainly by the 
high molecular weight fractions. 

X-ray diffraction pictures taken with a f l a t - f i l m camera show 
that crosslinked SE-BR samples crys t a l l i z e 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 i s the same 
as the order for the rate of low temperature crystallization. 

SE-BR has several outstanding properties. Above a l l i t has 
improved processability. Carbon bl a c k - f i l l e d compounds based on 
commercial BR show the well known bagging and sagging effects on 
the batch-off m i l l (13) unless the BR i s 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 r o l l m i l l . 
Even after several minutes the sheet i s not smooth. 

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

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

One of the characteristics of SE-BR and U-BR i s the greatly 
increased tackiness of uncured carbon bl a c k - f i l l e d compounds, as 
compared with that of corresponding compounds based on the com
mercially available materials. We determined the tackiness ac-
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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 χ 10"5 mol/1; molar ratio Nd(vers)3, 

Et3Al2Cl3, AlEt3 is 1:X:30; polymerization time: 2 h, and 60°C. 

E t 3 A I 2 C I 3 M w M n P o l y d i s p e r s i t y 

N d ( v e r s ) 3 x 1 0 " 5 x 1 0 " 5 M w / M n 

0.8 9 1.3 7 
1.4 8 0.8 10 
2.0 16 0.6 2 7 

T i - B R 3 

C o - B R 4 

Ni - B

U - B R 8 

Table III. Half-time of crystallization (t1/2) at —20°C of uncross-linked cis-1,4 
BR, cis contents were determined by IR spectroscopy. 

cis -1 ,4 B R c is -con ten t 1 1 / 2 (-20°C) 
type % min. 

Li 3 5 -
Ti 9 3 360 

C o 9 6 40 

Ni 97 2 5 

U 99 8 

S E 9 0 100 

9 3 46 

9 8 7 

Table IV. Structural inhomogeneity of SE-BR. 

Fract ion We ight , M i c r o s t r u c t u r e , °o [ / / ] # dl/g 

NO. 0 
0 c i s t rans vinyl to luene , \ 

1 24.4 97 .7 1.8 0.5 11.5 

2 19.7 9 7 . 5 2.0 0.5 7.7 

3 15.5 97 .5 2.0 0.5 3.9 

4 8.0 96 .0 3.4 0.6 1.9 

5 12.9 95 .4 4.0 0.6 1.2 

6 12.8 9 4 . 5 5.0 0.5 0.6 

R e s i d u e 6.7 - - - 0.3 
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Figure 4. X-ray diffraction pattern of peroxide-cross-linked SE-BR. Gum stock, 
extension ratio 4:1. 

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

Figure 6. Mill behavior of SE-BR. Mooney viscosity (ML 1 + 4/100°C), 45; 
compound, 50 parts carbon black Ν 330/5 parts oil. 
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cording to a method developed by our company (14). 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 i s pushed onto a fixed r o l l 
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 bl a c k - f i l l e d 
compound, though not equal to that of a compound based on natural 
rubber, considerably exceed
on the other BR types
finding i s probably attributable to the rapidity with which the 
st e r i c a l l y pure high molecular fractions cry s t a l l i z e under ex
tension. 

Alternating Copolymerization. In the last part of this paper 
we would l i k e to refer b r i e f l y to our findings in connection with 
the alternating copolymerization of dienes with olefins. The a l 
ternating copolymerization of butadiene with propylene was f i r s t 
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
i t y , 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 l i s t e d i n 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 i s an n-alkyl group, the catalyst i s inactive 
under our polymerization conditions (numbers 1, 3, 9, and 16). 
Although α-branching in the alkyl group increases the a c t i v i t y , 
this is s t i l l highly unsatisfactory (numbers 2, 4, 6, and 11). 
The per cent conversion can be increased considerably by β-sub-
stitution, as shown in examples 5, 7, 12, 14, and 15. The best 
results are obtained by introducing two substituents at the (3-
carbon atom of R (10), whereas substitution in the γ-position i s 
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 
type 

separation time in sec . 
at 500 1000 2000 s 

Ti 8 5 26 11 

C o 

Ni > 3 0 0 208 65 

U > 3 0 0 > 3 0 0 > 3 0 0 

S E > 3 0 0 > 3 0 0 > 3 0 0 

Figure 7. Green strength of different rubbers. Elongation rate, 0.3 m/min; com
pound, 55 parts carbon black Ν 330; NR, natural rubber; IR, synthetic cis-1,4-

polyisoprene. 

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



3. S Y L V E S T E R A N D W I E D E R Strain-Induced Crystallization 67 

alkylaluminum hydrides, alkoxides, and halides are not. The a c t i 
v i t y of aluminum alkyls increases i n the order Me < Et < η-Bu < 
η-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, i s also suitable for the a l 
ternating copolymerization of isoprene with ethylene (20). 

The molecular weight of copolymers i s controlled by means of 
the polymerization temperature. As Table VIII shows, butadiene-
propylene copolymers with low Mooney viscosity are obtained at 
temperatures above -4  °C
increases the molecula

The copolymers consist of s t r i c t l y alternating sequences of 
diene and olefin. ^C-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 i n isoprene-ethylene 
copolymer (1ER) contain 84 % trans-1,4, 15 % cis-1,4, and 1 % 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 i s about -10 °C. 

X-ray diffraction tests on BPR i n i t i a l l y 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 i s retained u n t i l 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 s t r i c t l y 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 1ER could explain 
why the strain-induced crystallization i s more pronounced in this 
case. Numerous strong reflections of the type shown in Figure 11 
were obtained by X-ray diffraction of stretched 1ER samples at 
30 °C. It i s therefore evident that a well-formed crystal l a t t i c e 
exists. 

Figure 12 shows the stress-strain curves of 1ER at various 
temperatures. A strain-induced reinforcing effect i s not observed 
at temperatures above -10 °C. This fact may be due to network i n -
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)2Cl on catalyst activity. Polymerization condi
tions: molar ratio butadiene, propylene is 1.1, monomer concentration, 31 wt. % 
in ft-hexane; reaction, — 50°C; catalyst, 0.8 mmol VO(OR)2Cl phm, 6.0 mmol 

i-Bu3Al phm; reaction time, 3 h. Data from Ref. 19. 

No. I V O ( O R ) 2 C I c o n v e r s i o n No . V O ( O R ) 2 C I 
R - % R -

C H 3 - C H 2 - C H 2 -

C H 3 

/ C H " CH{ 

C H 3 - C H 2 - C H 2 - C H 2 -

CH3—CH2- C H — 

C H 3
 C H 3 
^ C H - C H 2 -

C H 3 - C H 2 - C H 2 - Ç H -

C H 3 

C H 3 - C H 2 - C H - C H 2 -

C H 3 

C H 3 . 

C H 
^CH -CH2 _ CH2— 

0 

1.2 

0 

8.2 

1.6 

9.8 

2 

13 

14 

15 

16 

CH3—CH2—CH2-CH2—CH2-

ÇH3 

C H 3 - C - C H 2 -

C H 3 s 

^ C H - C H 2 - C H -

CH3 -CH2' 
„ C H - C H 2

< J H ^ C H 2 -

C H 3 - C H 2 - C H 2 - C H 2 ^ 

C H 3 - C H 2 ' 

C H 3 - ( C H 2 ) 6 - C H 2 -

c o n v e r s i o n 

C H - C H 2 -

0 

80 

1.6 

0 

9.8 

23 

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[OCH2C(CH3)3]2Cl phm, 5 mmol Al 

compound phm; reaction time, 4 h; and —45°C. Data from Ref. 19. 

ΑΙ-compound conv .% [ ^ d l / g ^ o l u e n e , 25°C 

M e 3 A ! < 5 

E t 3 Al 5.2 0.88 

n-Bu 3 AI 17 1.05 

i -Bu 3 A! 66 1.25 

O c t 3 A I 29 1.20 

i -Bu 2 AI H 

Et 2 AI CI 

Et 2 AI Br 

i -Bu 2 AI CI 

Et 2 AI OEt 

E t 3 A l 2 B r 3 
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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-Bu3Al 

as alkylaluminum compound. Data from Ref. 19. 

Τ °C [J/],dl /g M L 1 + 4/100°C M w x 1 0 " 3 

to luene , 25°C 

- 2 0 0.81 - 5 5 

- 3 0 0 .99 10 7 0 

- 4 0 1.2

- 5 0 1.48 5 6 1 7 5 

- 5 5 1.62 6 3 2 0 0 

- 6 0 1.73 7 0 2 4 0 

Λ 

C H 2 CH C H 2 Y \ s \ / \ . 
CH C H 2 CH 

CH G 

Figure 8. A Iternating butadiene-propylene copolymer. 

Ç H 3 

C C H 2 C H 2 , Κ / \ / \ / \| 
C H 2 CH C H 2 

Figure 9. A Iternating 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 1ER, gum vulcanizate. Extension ratio, 
8:1. 
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Modulus 
(MPa) 

100 200 300 400 500 600 
Elongation (%) 

Figure 12. Stress-strain curves of 1ER 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 f o r X-ray d i f f r a c t i o n were 
prepared by mixing solutions of rubber and d i l a u r o y l peroxide 
and subsequent evaporation of the solvent. In t h i s case the 
curing agent should be w e l l d i s t r i b u t e d i n the rubber. In 
contrast, samples used f o r s t r e s s - s t r a i n t e s t s were prepared 
by incorporating s u l f u r and accelerators on a t w o - r o l l m i l l . 
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4 
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 44305 

Using organolithiums or complexes of diorgano-
magnesiums with trialkylaluminums, in combination 
with specific barium salts, we are able to control 
the trans-1,4/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-1,4 
polybutadienes can be decreased to near 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-1,4-polyisoprene, as a substitute for natural rubber, using 

0097-6156/82/0193-0073$07.75/0 
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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 Ç 3 ) . 

More recently, a number of different copolymer structures 
have been prepared from butadiene and styrene, using modified 
organolithiums as polymerization i n i t i a t o r s (4). Organolithium 
i n i t i a t e d polymerizations have gained prominence because stereo-
control is combined with excellent polymerization rates, and 
the absence of a chain termination reaction f a c i l i t a t e s control 
of molecular weights and molecular weight distributions (5) . 

This paper w i l l describe the ways in which the present 
needs in t i r e rubbers can be met by preparing butadiene-
styrene solution polymers of controlled structure. This 
appears especially realizabl  today  result f tw
classes of organo-alkalin
Ba-Li and Ba-Mg-Al, whic  provid  uniqu
trans-1,4/cis-l,4 ratio of polybutadiene segments (_6). Although 
A l f i n rubbers (7) contain trans contents at 70-757<>, 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.70 in n-
hexane) was diluted with dry cyclohexane to the desired con
centration. MAGALA-7.6E i s 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.70 solution i n n-
heptane. MAGALA-7.6E was diluted with dry cyclohexane prior 
to i t s use. n-Hexane (P h i l l i p s Petroleum Co., 997«) was dried 
by passing i t through Linde 5A molecular sieves. Butadiene 
(Phi l l i p s Petroleum Co., 99 mol %) was purified by passing i t 
through Linde 13X molecular sieves. Styrene (Gulf O i l Chemi
cal Co.) was vacuum d i s t i l l e d from a small quantity of (n-
butyl)(sec-butyl) magnesium. 

Polymerizations. The polymerizations were carried out i n 
an argon atmosphere in capped glass bottles f i t t e d with a 
neoprene rubber gasket inner line r . In charging the polymer
izations, the order of addition of materials was solvent f i r s t , 
then metal alkyls, next the barium sa l t , and f i n a l l y the 
monomer(s). The amount of metal alkyl charged was sufficient 
to t i t r a t e the acidic impurities present in the solvent and 
polymerization bottle, plus the calculated amount for i n i t i a 
tion of polymerizations. The mole ratio of barium to metal 
alkyl(s) was based on the moles of total a l k a l i n i t y of barium 
to the moles of carbon-metal assayed. Unless otherwise stated, 
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the mole ratios of barium salt to BuLi or BuaMg, denoted as 
B a s + / L i + or Ba 2 +/Mg s +, 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 d i s t i l l a t i o n . 

Polymer Characterization. The copolymer composition and 
polybutadiene microstructure were obtained from infrared 
analysis and checked for certain copolymers using 1 3C NMR. 
The microstructure values determined from IR and 1 3C NMR were 
found to be essentially identical. The t r a n s - 1 , 4 and vinyl 
content were determined using the 9 6 7 cm"1 and 9 0 5 cm"1 infra
red absorption bands, respectively. Intrinsic viscosities 
were determined i n toluen
grams (GPC) were obtaine
matograph. Solutions at 1 wt .7o were injected onto columns at 
a flow rate of 1 ml/minute. The instrument oven and the 
differential r e f T a c t o m e t e r were at 50°C. The column set 
configuration used, as designated by Waters Associates, was 
1 0 e A + 1 0 B Â + 1 0 4 A + ΙΟ3!. 

Polymer Cry s t a l l i n i t y . 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 i n the curve, 
obtained after rapidly cooling the sample from room temperature 
to - 1 5 0 ° C . X-ray diffraction patterns were obtained from films 
cured with 17o dicumyl peroxide in the absence of f i l l e r s . A l l 
the experiments were carried out at room temperature using CuKo/ 
radiation and a nickel f i l t e r using f l a t 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 f i l l e r s 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 5 0 . 8 cm/minute. Sample specimens were prepared by press 
molding tensile sheets at 1 2 1°C for 5 minutes with a ram force 
of 1 1 3 6 0 kg. Tack strength was measured using the Monsanto 
Tel-Tak machine. The test specimens were compounded polymers 
pressed between Mylar film at 1 0 0°C. Two 0 . 6 4 cm χ 5 . 0 8 cm 
die-cut sample strips were placed at right angles to each other 
and retained in special sample clamps. A fixed load, 0 . 2 2 1 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 . 5 4 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 t i r e rubber candidate, as shown i n Figure 2 . In 
the production of radial t i r e s , 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/BusMg/Et3Al (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 BR1s by Ba-L
Preparation and Properties of Barium Salt. The catalyst 

used to prepare this new class of crys t a l l i z i n g polybutadienes 
consists of a barium t-butoxide-hydroxide salt in combination 
with an organolithium ( _ 8 , 9 ^ _ 1 0 ) . 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 i s 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 i s obtained as the hydroxide content of the solution 
phase of the barium salt increased from 0 to 7 . 4 mole °L Ba(OH)a . 
This particular salt results from a H a 0-t-butanol mixture con
taining 2 . 5 mole 7 » water. The amount of t r a n s - 1 , 4 increased 
from 6 3 7 o to 7 6 7 0 , and accompanying this change the i n t r i n s i c 
viscosity increased from 1 . 6 0 to 5 . 2 2 . 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 t r a n s - 1 , 4 structure is 
increased from 5 5 7 o , which i s the t r a n s - 1 , 4 content of a poly
butadiene prepared with BuLi alone in nonpolar solvents, to a 
maximum of about 8 0 7 o t r a n s - 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 7 « hydroxide ion. I t 
is important to note that the vinyl content i s not affected by 
an increase in the mole ratio of Ba/Li from 0 to 0 . 5 . However, 
a further increase in the mole ratio above 0 . 5 results in a 
decrease in the t r a n s - 1 , 4 content and a corresponding increase 
in the vinyl content. 

In Elastomers and Rubber Elasticity; Mark, J., et al.; 
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B a t - B U T O X I D E - H Y D R O X I D E S A L T 
IS D I S S O L V E D IN B E N Z E N E A T 50 °C 

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

1. P R O C E S S I B I L I T Y 

2 . T A C K A N D G R E E N S T R E N G T H 

3 . S K I D A N D A B R A S I O N R E S I S T A N C E 

4. T H E R M A L A N D C H E M I C A L S T A B I L I T Y 

5 . L O W H E A T B U I L D - U P 

6 . L O W C U T G R O W T H R A T E 

7 . C O S T : L O W C O S T M O N O M E R S 

Figure 2. Requirements for tire rubbers. 
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BARIUM SALT % DIENE STRUCTURE [η]·1" 
MOL % H 2 0 IN tert- MOL % HYDROXIDE* 2 5 

BUTANOL + H 2 0 IN Ba[(t-BuO) 2. x (OH)xj T R A N S V , N Y L d l / 8 

0 0 63 10 1.60 

2.5 7.4 76 7 5.22 

5.0 8.5 76 7 6.67 

7.5 8.9 79 7 5.63 

10.0 12.5 76 7 5.51 

15.0 

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. 

9 0 h 

03 ΙΌ 

B a 2 + / L i + M O L E RATIO 

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-1,4 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 i n i t i a l butadiene to 
BuLi concentration [(M)/(BuLi)]. The trans-1,4 content 
approaches a limiting value of about 8 0 7 o 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 i s exceedingly temperature dependent. Figure 
6 compares the trans-1,4 dependence for polybutadiene prepared 
with BuLi, alone, and wit
complex in toluene (th
BuLi concentration was 5 0 0 ) . The upper curve demonstrates that 
the percent trans content increased rapidly from 6 2 ? 0 to 807<> 

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-1,4 con
tent, the amount of vinyl unsaturation remaining at 5 - 8 7 o . For 
the polybutadienes prepared using BuLi alone, there i s 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 ( 2 5 wt.T, 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 i s shown for the 
reaction i n i t i a t e d using n-BuLi alone. Copolymerization using 
n-BuLi results in very l i t t l e incorporation of styrene into the 
copolymer chain u n t i l about 7 5 7 o 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 s t i l l 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 

In Elastomers and Rubber Elasticity; Mark, J., et al.; 
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UJ 7 9 h 

H « 1 1 I I 
5 1 .00 2 . 0 0 3 . 0 0 4 . 0 0 

[ ( B U T A D I E N E ) 0 / ( B u U ) 0 ] x 1 0 " 3 

Figure 5. Variation of trans-2,4 content with the molar ratio of monomer to initi
ator. Conditions: solvent, toluene; catalyst, Ba[(t-BuO)2x (OH)x] and n-BuLi. 
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Figure 6. Variation of percent ttans-1,4 content with polymerization temperature. 
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35,600 

M. W. 

Figure 7. Effect of polymerization temperature on molecular weight distribution 
of poly butadienes. 

Tg = -73°C 

= -94°C 

PERCENT CONVERSION 

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, i s the variation 
in molecular weight with conversion. Extremely high molecular 
weight polymer i s 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 temperatur  and/o  Ba/Li mol  ratio

Differential Thermal Analysis (DTA). One of the character
i s t i c s of a rubber useful in t i r e rubber compounds is that i t is 
amorphous at room temperature but readily undergoes strain i n 
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-1,4 content of 7970, 
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.7<, 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 c r y s t a l l i 
zation behavior for a SBR of similar structure w i l l 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 i n 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 i s 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 a b i l i t y of n-BuLi alone to form polymer in the Ba-Li 
catalyst system. 

In Elastomers and Rubber Elasticity; Mark, J., et al.; 
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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 1 0 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 t r a n s - 1 , 4 
structure i s increased to a maximum of about 9 0 7 * . as the mole 
ratio of Ba/Mg is decreased from 1 . 0 to about 0 . 2 0 . Con
currently, the vinyl content decreased from TL to 2 7 0 . At a 
mole ratio of 0 . 0 5 , polymerization was not observed in cyclo
hexane at 50°C after 3

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 8 0 ° to 30°C (Figure 1 1 ) and/or a 
decrease in the i n i t i a l molar ratio of butadiene to dialkyl-
magnesium from 3 4 0 0 to 4 0 0 (Figure 1 2 ) . For polybutadienes 
prepared with relatively large amounts of catalyst at 30°C, 
the t r a n s - 1 , 4 content approaches a limiting value of about 9 0 7 o . 

Butadiene-Styrene Copolymers from Ba-Mg-Al Catalyst Systems. 
Figure 1 3 shows the relationship between copolymer composition 
and extent of conversion for copolymers of butadiene and styrene 
( 2 5 wt .7o s tyrene) 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 i n i t i a l 
incorporation of styrene than the n-BuLi catalyzed copolymeriza
tion. A major portion of styrene placements i n 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 In (MQ/Mt)versus time 
are linear, indicating a f i r s t 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 i s 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. 

In Elastomers and Rubber Elasticity; Mark, J., et al.; 
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Figure 10. Ψoly butadiene microstructure versus the mole ratio of Β a t-alkoxide-
hydroxide to Bu2Mg in Βa-Mg-A I catalyst. Conditions: solvent cyclohexanes; mole 

ratio Mg/Al (6/1); 50°C. 
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Figure 11. Variation of percent trans-1,4 content with polymerization tempera
ture. Conditions: solvent, cyclohexane; Mg-Al-Ba, 1.0/0.2/0.2; (Bd)0/(Mg)0, 

400-1,000. 
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Figure 12. Variation of trans-J ,4 content and intrinsic viscosity of polybutadiene 
with molar ratio of Bd to butylethylmagnesium (BEM). Conditions: solvent, cyclo-

hexane; Mg-Al-Ba, 1.0/0.2/0.2; 60°C. 

LU 

PERCENT CONVERSION 

Figure 13. Copolymer composition variation with percent conversion. Conditions: 
butadiene-styrene, 75/25; solvent, cyclohexane; 65°C. 
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Living Polymerization Features. The lack of an inherent 
termination step i s 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 i n 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 b  th  relativ k position d shape
of the MWD curves in Figur
ing terminal hydroxyl functionality have bee  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 i n i t i a t o r s . Chain transfer to 
toluene in Ba-Li systems i s considered to be responsible for 
this behavior. 

Before discussing the crystallization results for these 
elastomers, i t 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. 

Crys t a l l i n i t y in Experimental High Trans Butadienes from 
Ba-Mg-Al Catalyst. The high degree of stereoregularity i s 
demonstrated in Figure 15 by two pronounced crystalline melt 
temperatures at 50°C and at 88°C i n the thermogram, obtained 
by Differential Scanning Calorimetry (DSC), for a 90?o 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 
157o styrene and 8570 trans-1,4 polybutadiene is shown i n Figure 
16. The c r y s t a l l i n i t y i n 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 al.; 
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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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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 a b i l i t y to undergo strain induced c r y s t a l l i z a 
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 1 7 . The unstrained high trans SBR, containing 
1 5 7 , styrene and 8 5 7 o t r a n s -  diffus
halo. This result suggeste
rubber and i s 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 3 4 ° C , in the DSC 
thermogram. At 2 0 0 % 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 
7 0 0 7 o . The appearance of discrete spots at strain levels of 
7 0 0 7 o , and the presence of only a diffuse halo in the pattern 
of the unstretched film, demonstrate the a b i l i t y of this rubber 
to undergo strain induced cry s t a l l i z a t i o n . 

Rheo-optical Studies. One of the most useful techniques 
for studying the crystallization behavior of stereoregular 
polymers is rheo-optical measurements ( 1 1 ) . 

Figure 1 8 shows the percent c r y s t a l l i n i t y 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 i s the relatively high amounts of crys
t a l l i n i t y that develop at room temperature. 

Figure 1 9 shows the temperature dependence of the percent 
c r y s t a l l i n i t y for high trans SBR, prepared with a Ba-Li catalyst 
and containing 7 5 7 « t r a n s - 1 , 4 content with 1 4 wt.7> styrene, at 3 

extension ratios. The percent c r y s t a l l i n i t y that develops i s 
temperature dependent, there being an increase in the amount 
of c r y s t a l l i n i t y with a decrease in temperature. However, the 
amount of c r y s t a l l i n i t y that develops i s essentially indepen
dent of strain. The amount of c r y s t a l l i n i t y that develops at 
room temperature, regardless of the level of strain, is 
extremely small (9). 

Figure 2 0 shows the percent c r y s t a l l i n i t y as a function 
of temperature and extension ratio for high trans SBR ( 2 2 7 o 

styrene, 8 7 7 » trans) prepared with a Ba-Mg-Al catalyst. A 

In Elastomers and Rubber Elasticity; Mark, J., et al.; 
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Figure 17. X-ray diffraction patterns for high txms-SBR (15% styrene, 85% 
trans). 

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



94 ELASTOMERS A N D R U B B E R ELASTICITY 

>-
ο 

λ 

A 3.75 " 

• 3.10 

• 2.50 

% TRANS % STY. 

%A 

• 
• 

V 

75 

-40 -20 0 20 40 
TEMPERATURE (°C) 

14 

60 

Figure 19. Percent crystallinity of high tram-SBR prepared with Ba-Li as a func
tion of temperature and extension ratio. 
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Figure 20. Percent crystallinity of high txms-SBR prepared with Ba-Mg-Al as 
function of temperature and extension ratio. 
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comparison of Figures 18, 19, and 20 shows that the amount of 
c r y s t a l l i n i t y developed i n both Ba-Li and Ba-Mg-Al high trans 
SBR1s i s temperature sensitive, but not as strain sensitive as 
that of NR. The most significant difference in the c r y s t a l l i z a 
tion behavior of the two types of SBR's i s that the higher 
trans-1,4 content (and increased styrene content to adjust the 
crystalline melt temperature to near 25°C) leads to an increase 
in the dependence of c r y s t a l l i n i t y on strain and an increase i n 
the degree of c r y s t a l l i n i t y at room temperature. That i s , the 
Ba-Mg-Al catalyzed styrene-butadiene copolymer compared to the 
Ba-Li SBR shows a marked improvement in both strain sensitivity 
and i n the amount of strain induced c r y s t a l l i n i t y . 

In observing the time dependent changes in birefringence 
and stress-optical coefficient  fo  elongated sample  25°C
i t was found that the rat
SBR1s was very much faster, some 10 times more rapid, than that 
for NR (_8). This i s consistent with the reported rates of iso
thermal crystallization for NR (2.5 hours at -26°C) and for 
807, 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 i s extremely rapid 
compared to that of NR; (2) the amount of strain induced crys
t a l l i z a t i o n i s small compared to that of NR, especially at room 
temperature; and (3) for the high trans SBR's relative to NR, 
crystallization i s more sensitive to temperature at low exten
sion ratios, and crystallization i s 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 i s a measure of the elastu
meric behavior of an uncured (no chemical cross-links) rubber. 
Natural rubber is an outstanding example of a rubber having 
good green strength. The c r i t e r i a that we have used, which are 
similar to those of Briggs et a l . (13), in evaluating this 
property are (1) the value of the slope i n the stress-strain 
curve for unvulcanized rubber between 100-3007, elongation, and 
(2) the nominal stress at 3007, elongation. Figure 21 shows 
the comparison of the stress-strain curves of high trans SBR 
prepared with Ba-Mg-Al and containing 157, styrene and 857, 
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 3007, elongation, 
the high trans SBR has high green strength, as does NR. In 
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Figure 21. Green strength comparison. 
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contrast, a typical emulsion SBR has a negative slope and a 
very low stress at 3 0 0 7 , elongation—a consequence of the 
property of unvulcanized SBR to neck down on elongation. 

Tack Strength. Tack strength i s 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 i s necessarily i t s green strength, or the force 
required for i t s cohesive failure. Although high green strength 
i s necessary, i t i s , by i t s e l f , insufficient to insure good tack. 
High tack strength i s an especially desirable property in the 
fabrication of rubber art i c l e s , especially those having a com
plex geometry, prior to vulcanization. This property i n t i r e 
rubbers is needed so that th  unvulcanized t i r e  i.e
t i r e , w i l l hold togethe

A comparison of tack values for uncured, black f i l l e d ( 4 5 
phr HAF carbon black) compounds of NR versus high trans SBR 
( 1 5 7 o styrene, 8 5 7 , trans) is shown in Figure 2 2 . 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. I t i s 
significant that both rubbers have comparable tack strength 
for low contact times (six seconds). This behavior i s 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 i s not 
known, we believe that the preference for t r a n s - 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 i s highly electropositive. 

The u t i l i t y of solution SBR as tread rubbers has become 
generally accepted in the t i r e industry. As we have shown, 
high t r a n s - 1 , 4 c r y s t a l l i z i n g SBR's are excellent candidates 
for other parts of the t i r e as well. The outstanding green 
strength and building tack of high trans containing SBR's 
certainly j u s t i f y their consideration as t i r e rubbers of the 
future. 
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5 
Elastomeric Polydiene ABA Triblock Copolymers 
with Crystalline End Blocks 
MAURICE MORTON, N.-C. LEE1, and E. R. TERRILL2 

The University of Akron, Institute of Polymer Science, Akron, OH 44325 

ABA tr iblock copolymers having crysta l l ine end 
blocks and elastic center blocks were prepared by 
anionic polymerization of butadiene and isoprene, 
followed by hydrogenation  Th d block
sisted of hydrogenate
the center block was either a high-1,4 polyisoprene 
(H2-BIB) or a hydrogenated 45%-1,2 polybutadiene ( H 2 - B B B ) . 
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 spherulit ic c rys ta l l i za t ion , about 50% 
crystallinity and a Tm 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 Β blocks, leading to the 
formation of a dispersion of very small polystyrene domains 
within the polydiene matrix. This type of elast ic network, held 
together by the polystyrene "junctions", results i n thermoplastic 
elastomer properties. 

There has been considerable interest recently i n an alterna
tive type of ABA triblock structure, where the end blocks could 
form crystal l ine domains, by crys ta l l i za t ion , rather than 
amorphous domains by phase separation. It was felt that, since 
such a crys ta l l iza t ion 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 viscosi ty , and 
hence much easier processing, than the heterogeneous media of the 
conventional tr iblock copolymers. Furthermore, thermoplastic 
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elastomers based on c r y s t a l l i n e domains should also e x h i b i t an 
advantageous resistance to solvents. 

Since the anionic t r i b l o c k copolymers are based on monomers 
susceptible to t h i s mechanism, one recent approach to t h i s synthe
s i s has been to prepare butadiene-isoprene-butadiene t r i b l o c k 
copolymers, which are then hydrogenated so that the high-1,4 
polybutadiene end blocks become c r y s t a l l i z a b l e , s i m i l a r to high-
pressure polyethylene (1.-5.)· 

Recent work i n t h i s laboratory has been concerned with the 
preparation and study of two d i f f e r e n t v a r i e t i e s of t h i s type of 
t r i b l o c k copolymer. Both of these t r i b l o c k s had high-1,4 poly
butadiene end blocks, which were then hydrogenated to a "pseudo 
polyethylene" structure. However, the elastomeric center blocks 
d i f f e r e d , i n that one consisted of a high-1,4 polyisoprene while 
the other was comprise
polyisoprene-containin
leaving the polyisoprene untouched, while the other polymer was 
hydrogenated t o t a l l y , so that the 45%-l,2 polybutadiene was 
transformed into an ethylene-butene-1 copolymer. These two t r i 
block copolymers were designated ( a f t e r hydrogénation) as H 2-BIB 
and H2-BBB. The molecular "architecture" of these two types of 
t r i b l o c k s i s l i s t e d i n Table I. 

Table I 

Molecular Architecture of Triblock Copolymers 

Type Mol. wt. 
( x l C T 3 ) 

% 
End Block 

Designation 

H 2 1 , 4 B-I-H 2 1 , 4 B 46-190-46 34 H2BIB-34 
ff 48-140-40 41 H2BIB-41 
ff 62-120-62 53 H 2BIB-53 

Η 2 1,4Β-Η 2 (45*1,2)Β- 19- 25-19 60 H2BBB-60-19 
H 2 1 ,4B 

ff 18- 85-18 30 H 2BBB-30-l8 
ff 54- 72-54 60 H2BBB-60-54 
ff 55-257-55 30 H2BBB-30-55 

I t can be seen from Table I that these polymers varied both 
i n t h e i r end block content and molecular weight. In the case of 
the BIB polymers, a l l 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 v a r i a t i o n of 
these two parameters i s important, as w i l l be seen l a t e r i n 
connection with c r y s t a l l i z a t i o n and mechanical behavior of these 
materials. 
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Experimental 

The base polymers were prepared by anionic polymerization 
using high-vacuum techniques. sec-Butyl l i t h i u m was used as 
i n i t i a t o r . The BIB t r i b l o c k s were synthesized by sequential 
addition of the monomers i n cyclohexane as solvent, while the BBB 
t r i b l o c k s were synthesized by f i r s t preparing the f i r s t polybuta
diene end block, then adding 5% d i e t h y l ether before adding the 
second charge of butadiene, followed by coupling of the AB 
diblocks with the correct stoichiometric amount of dimethyl-
d i c h l o r o s i l a n e . Both polymers were near-monodisperse i n molecular 
weight, as indicated by the GPC curves i n Figures 1 and 2 
(%/Mn^1.05 ), the BBB type showing a small r e s i d u a l peak of up to 
5% unlinked diblock. 

Hydrogénation wa
η-butyl lithium/cobalt octoate c a t a l y s t ( 6 ) . I t was necessary to 
determine the proper conditions f o r e f f i c i e n t hydrogénation with 
minimal degradation (7). For the BIB polymer the Li/Co r a t i o used 
was 5/1 to obtain s e l e c t i v e hydrogénation of the polybutadiene, 
while f o r the t o t a l hydrogénation of the BBB polymer, a r a t i o of 
2.2/1 was s a t i s f a c t o r y . NMR analysis showed better than 99% 
hydrogénation. 

Since the hydrogenated polymers were insoluble at room 
temperature, i t was not found possible to determine the extent 
of chain degradation caused by hydrogénation, since t h i s would 
involve molecular weight measurements. Instead, polyisoprene 
and a 45% 1,2-polybutadiene were used as controls f o r t h i s 
purpose, since they represented the center blocks of the 
respective polymers, and also retained t h e i r s o l u b i l i t y a f t e r 
the hydrogénation treatment (the polyisoprene was not expected 
to, and did not, become hydrogenated). Osmometric molecular 
weight measurements showed that minimal chain s c i s s i o n had 
occurred i n the case of both polymers during the hydrogénation. 
Thus Table I I shows that the hydrogénation method used l e d to 
about 1% degradation of 1,4-polyisoprene. S i m i l a r studies on the 
45% 1,2-polybutadiene showed that l e s s than 5% of the chains were 
cleaved. This was considered acceptable, since that amount of 
free diblocks would not be expected to a f f e c t the mechanical 
properties to any extent. 

Samples of ,the polymers f o r physical evaluation were prepared 
by f i l m casting from toluene s o l u t i o n at 90°C. and allowing the 
c r y s t a l l i z a t i o n to occur by cooling the melt. I t was observed 
that phase separation occurred i n the melt i n the case of the 
H 2-BIB but not for the H2-BBB. These materials could also be 
compression molded at 140°C, but optimum r e s u l t s appeared to be 
obtained with the film- c a s t samples. 
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Figure 2. Gel permeation chromatogram of BBB. 
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Table I I 

Degradation of Polyisoprene During S e l e c t i v e 
Hydrogénation of Polybutadiene 
( O r i g i n a l Mol. Wt. = 209,000) 

Hydrogénation 
Temperature 

( ° ) 

Reaction 
Time 

(nr.) 

M n 

( Osmometry ) 
% Chain 

S c i s s i o n * 

69 
62 
52 

10 
10 
4.5 

189,000 
197,000 
207,000 

11 
6.1 
1.0 

* % of chains cleaved 

Results and Discussion 

Morphology. Observations with the l i g h t microscope, under 
polarized l i g h t , showed that the end blocks i n the case of both 
types of polymers c r y s t a l l i z e d i n the form of the usual spheru-
l i t e s , but not as well as the analogous homopolymer, H 2-l,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 l i g h t microscopy, i s shown 
i n 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), res p e c t i v e l y . The s i m i l a r i t y between 
the two i s obvious. Figures 5 and 6 show the e f f e c t of the end-
block content on the c r y s t a l l i z a t i o n of two H2-BBB polymers, both 
having end-blocks of high molecular weight (^50,000-60,000). The 
more d i s t i n c t spherulite formation i n Figure 5 i s c l e a r l y seen. 
S i m i l a r l y , the e f f e c t of end-block molecular weight on c r y s t a l l i 
zation i s demonstrated i n Figure 7 f o r an Hf^BBB polymer having 
end blocks of only 19,000 molecular weight, where spherulite 
formation i s quite poor even at high end-block content. 

As stated previously, phase separation occurred i n the melt 
i n the case of the H 2-BIB polymers, and t h i s i s shown i n Figure 8, 
which represents a photograph taken by transmission electron 
microscopy of an u l t r a - t h i n f i l m of t h i s type of polymer, stained 
by osmium tetroxide. The white domains represent the hydro
genated 1,4-polybutadiene end blocks, and these have dimensions 
s i m i l a r to those found f o r polystyrene domains i n styrene-diene-
styrene t r i b l o c k copolymers ( 8 ). This type of electron microscopy 
could not be used f o r the H2-BBB polymers, since OsO^ staini n g 
was not applicable. However, the c o m p a t i b i l i t y of the two blocks 
i n the l a t t e r was demonstrated by mixing solutions of the 
respective hydrogenated homopolymers of s i m i l a r molecular weight 
and casting c l e a r f i l m s . 
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Figure 3. Photomicrograph of H 2-l ,4-poly butadiene. 

Figure 4. Photomicrograph of polyethylene (Dow 991). 
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Figure 5. Photomicrograph of H2-BBB-60-54, (M.W. χ 10z is 54-72-54). 

Figure 6. Photomicrograph of H2-BBB-30-55, (M.W. χ 10'3 is 55-257-55). 
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Figure 7. Photomicrograph of H2-BBB-60-19, (M.W. χ 103 is 19-25-19). 

Figure 8. Transmission electron microphotograph of H2-BIB-34, (M.W. X 10'' 
is 46-190-46). 
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Thermal Analysis. D i f f e r e n t i a l Scan Calorimetry was c a r r i e d 
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 af t e r stretching them to the breaking point. 
Three points are evident from these f i g u r e s : a) the endotherm at 
about 107°C. i n both figures i n d i c a t e s a c r y s t a l melting point 
corresponding almost exactly to that found f o r Dow polyethylene 
991; b) the t e n s i l e t e s t caused a small increase i n both the 
c r y s t a l l i n i t y and the melting point; and c) the H2-BBB polymer 
ex h i b i t s a small broad endotherm peaking at about -10°C, which 
apparently disappears during s t r e t c h i n g . I t i s suggested that 
t h i s endotherm i s due to some tendency toward c r y s t a l l i z a t i o n of 
the hydrogenated 45% 1,2-polybutadiene center block, because of 
the occurrence of some

Uniaxia l Tensile Properties. The s t r e s s - s t r a i n curves f o r 
the H2-BIB and H2-BBB polymers are shown i n Figures 11 and 12, 
resp e c t i v e l y . As expected, these curves appear to be a function of 
the end-block content ("hard phase") i n both cases. However, i n 
addi t i o n , Figure 12 i l l u s t r a t e s c l e a r l y the deleterious e f f e c t of 
the low molecular weight end blocks on the t e n s i l e strength 
(H2-BBB-60-19 vs. H2-BBB-60-54, and H2-BBB-30-18 vs. H2-BBB-30-55). 
This agrees with the morphology shown i n Figures 5-7, where 
c r y s t a l formation was shown to depend on the molecular weight of 
the end b l o c k . I t also agrees with p r i o r data i n the l i t e r a t u r e ( l ) . 
Apparently, an end-block molecular weight of about 50,000 i s ~ 
required for high strength i n these polymers. 

A c t u a l l y , of a l l the polymers described here, only the ones 
with end-block contents of about 30% q u a l i f y as thermoplastic 
elastomers, as defined by reasonably good recovery from s t r a i n . 
Figures 13 and 14 i l l u s t r a t e t h i s point by showing the amount of 
t e n s i l e set obtained a f t e r stretching to various degrees of s t r a i n . 
I t i s 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 t e n s i l e set reaches a 
value of 100% f o r the H 2-BIB polymers at a s t r a i n r a t i o of 9 and 
for the H2-BBB polymers at a s t r a i n r a t i o of 6. This value i s 
much higher than those obtained for analogous styrene-butadiene-
styrene t r i b l o c k s ( β), and indicates that the c r y s t a l l i n e domains 
apparently su f f e r greater d i s t o r t i o n s than the amorphous poly
styrene domains. I t should be mentioned, of course, that these 
d i s l o c a t i o n s are not "permanent", i n 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 i s t h e i r resistance to elevated 
temperatures. Figures 15 and 16 show the ef f e c t of temperature on 
the t e n s i l e strength of the two types of block copolymers. 
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Figure 11. Stress-strain behavior of H2-BIB. Key: A, H2-BIB-34; O, H2-
B1B-41; 0,H2-BIB-53. 
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Figure 12. Stress-strain behavior of H2-BBB. Key: A , H2-BBB-60-19; V , H2-
BBB-30-18; Q, H2-BBB-60-54; · , H2-BBB-30-55. 
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STRAIN 
Figure 14. Tensile set of H2-BBB as a function of strain. Key: Δ, H2-BBB-30-

55; O, H2-BBB-60-54. 
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Figure 15 shows that the H 2-BIB polymers suf f e r a d r a s t i c drop 
i n strength, considerably more than that of an analogous styrene-
isoprene-styrene t r i b l o c k (8_), Thus, at 60°C, the H2-BIB-34 shows 
a strength of only about 5 MPa (50 kg. cm" 2), which represents a 
reasonable strength. The strength-temperature curve of a s i m i l a r 
H2-BBB t r i b l o c k i s shown i n Figure 16, and seems to i n d i c a t e 
better properties (^10 MPa at 60°C). In f a c t i t behaves 
s i m i l a r l y to the segmented polyester elastomer, Hytrel 4056, 
except that i t s strength drops f a s t e r as the temperature 
approaches 100°C. This i s , of course, not s u r p r i s i n g , since the 
Hytrel polymer i s stated to have a c r y s t a l melting point of about 
150°C. In general, however, these r a p i d drops i n strength with 
increasing temperature correlate with the rapid drop i n dynamic 
modulus found (1(3, 11) f o r other segmented, c r y s t a l l i n e block 
copolymers. 

In t h i s connection
Figure 17, where both the t e n s i l e strength and the r e l a t i v e 
c r y s t a l l i n i t y (from DSC data) are plotted against temperature, 
for the H2-BBB-30-55 t r i b l o c k . I t can be r e a d i l y seen that, at 
80°C, where the strength has dropped to 10% of i t s o r i g i n a l 
value, the c r y s t a l l i n e content i s s t i l l over 80% of i t s i n i t i a l 
value. 

Solvent Resistance. One of the d i s t i n c t advantages of a 
c r y s t a l l i n e thermoplastic elastomer over an amorphous one should 
be i t s superior solvent resistance, since the l a t t e r types are 
generally soluble. Table I I I shows the swelling behavior of the 
H 2-BIB t r i b l o c k s i n toluene at 25°C I t can be seen that the 
maximum swelling obtained was i n the case of the H2-BIB-34, which 
had the lowest end-block content. Furthermore, the equilibrium 
swelling r a t i o of 3.26 obtained for t h i s polymer i s considerably 
l e s s than the value of 5 or 6 generally exhibited by a w e l l -
vulcanized natural rubber. 

Two other features are notable i n Table I I I . The swelling 
values f o r the compression molded samples (CM) run c o n s i s t e n t l y 
l e s s than those f o r the solvent-cast f i l m s . Apparently there i s 
more "entrapment" of the amorphous portions w i t h i n the c r y s t a l 
l i t e s during and a f t e r the molding. Secondly, the degradation 
experienced by the polymer hydrogenated at 69°C. (see Table I I ) 
instead of 52°C. i s c l e a r l y demonstrated by the higher swelling 
value. 
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Figure 17. Effect of temperature on crystallinity and tensile strength of H2-BBB-
30-55. 

Table I I I 

Swelling of H 2-BIB Polymers 
(Toluene -25°C) 

Polymer Swelling V o l . Ratio M c ** 

FC * CM * FC CM 

H2-BIB-34 3.26 2.84 6800 4500 
H2-BIB-4I 2 . 1 3 — 2200 
H2-BIB-53 1.82 1.80 1800 1800 
H2-BIB-34 (69)*** 4.12 2.75 13,000 3900 

*FC = Film cast from solvent, CM = compression molded 
**Mc = Mol. wt. between " c r o s s l i n k s " , calculated using Χχ = 

0.43 + 0.05 v 2 f o r polyisoprene. 
***Polymer hydrogenated at 69 C instead of 52 C. 
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6 
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 variation
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 distr ibution (Mw/Mn < 1.1). The polymers were synthe
sized by sequential anionic polymerization followed by hydrogena
t ion , 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
ta l l ine plastic with properties simlar to those of a low density 
polyethylene (LDPE). The crystallinity, density and ΔHf for all 
of the block copolymers were found to be l inearly dependent on HB 
content indicating that little mixing exists between the HB and HI 
blocks in the sol id state. Although the solution cast films of 
the block copolymers were spherul i t ic , the quenched films display
ed no dist inct structure on the supermolecular level indicating 
that the aggregation of the crys ta l l i tes 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 l ike an uncured particulate filled rubber. This d i f fer
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-
crystal l ine HB. This dependence was related to the continuity 
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of the c r y s t a l l i n e microdomains. A l l the members of HIBI (and the 
HBI we considered) showed large hysteresis behavior. This large 
energy loss during c y c l i c deformation in these polymers was 
related to the absence of the permanent anchor points arising from 
end block c r y s t a l l i z a t i o n . 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 
θ 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-
t a l l i n e blocks (only i t s magnitude increasing with increase of HI 
rubbery block), i t is believed that this is an additional indica
tion of the absence of mixing between the amorphous phases of HI 
and HB i n the s o l i d state
genated block systems, wher
served in the s o l i d 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.(lfj)) Although there are some reports on block copoly
mers containing a seraicrystalline block such as poly(ethylene 
oxide),(6-jO the main body of the work has been focused on systems 
whose blocks are amorphous and are raicrophase 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.(I) For example, the physical anchor
age of segments (generally the end blocks) of the macromolecules 
in glassy domains is the o r i g i n for what has been also called 
"physical cross-links" i n 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 v i s c o s i t y 
at the processing temperature.Q) If one of the block components 
is c r y s t a l l i z a b l e , as pointed out recently,(8) i t is possible to 
choose a system i n which the blocks need not be very incompatible. 
For these copolymers, mixing could occur in the melt. Such a 
system would have lower v i s c o s i t y in the melt and could have an 
added advantage of being solvent resistance in the s o l i d state due 
to the development of c r y s t a l l i n e 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) i s rubbery at room temperature. Thus in one 
series, the HBIB block copolymers, the end blocks are semi-
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c r y s t a l l i n e , and i n the other s e r i e s , the HIBI block copolymers, 
only the central block i s s e m i c r y s t a l l i n e . In addition and for 
comparison purposes, one diblock HBI has also been studied. 

Hydrogénation of the polyisoprene block r e s u l t s i n the forma
t i o n of the amorphous a l t e r n a t i n g copolymer of ethylene-propylene. 
The hydrogenated polyisoprene (Hi) block possesses a glass t r a n s i 
t i o n temperature below ambient temperature (Tg * -60°C by DSC, 
heating rate 10°/min) and i s rubbery at room temperature. Exhaus
t i v e hydrogénation of the polybutadiene block of low 1,2 micro-
structure w i l l transform t h i s block to a polyethylene-like s t r u c 
ture. (9) Hydrogénation of 1,2 microstructure which i s present i n 
the parent polymer i n around 5-8 mole percent (according to IR 
analysis and i s equivalent to 1.3-2.1 ethyl branches per 100 car
bon atoms) would r e s u l t i  formatio f pendant ethyl
Indeed NMR analysis of
of Prof. Mandelkern indicate  presenc  ethy
units per 100 carbon atoms. Therefore the resultant HB block i s 
more s i m i l a r i n properties to low density polyethylene (10-11) 
than to high density polyethylene, but the properties are not 
exactly the same as LDPE.(12) The HB block i s thus semi-
c r y s t a l l i n e but the c r y s t a l l i n i t y of t h i s block i n the quenched 
samples i s lower than 35 percent. The low c r y s t a l l i n i t y of t h i s 
exhaustively hydrogenated HB polymer i s due to the presence of 
pendant side chains. 

S i g n i f i c a n t modification i n properties of polymers and block 
copolymers containing isoprene and/or butadiene have been reported 
following hydrogénation of these macromolecules.(9,13-18) 
Although the i n i t i a l motive for th i s modification of the double 
bond containing polymers was perhaps directed towards enhancement 
of the p h o t o l y t i c , o x i d a t i v e , and thermal s t a b i l i t y of these 
polymers, i t was r e a l i z e d subsequently that polymers containing 
butadiene of low v i n y l content produced better mechanical 
properties.(13-18) This improvement can be att r i b u t e d to the 
development of c r y s t a l l i n i t y i n the polyethylene-like segments.(9) 
Preparation and some structure-property studies on t r i b l o c k 
coplymers containing s e m i c r y s t a l l i n e end blocks of hydrogenated 
polybutadiene have been reported by Falk et al.(14,18) He 
described the synthesis of t r i b l o c k copolymers containing 
polyethylene-like end blocks and a rubbery cen t r a l block by the 
c a t a l y t i c hydrogénation of t r i b l o c k copolymers of butadiene, where 
end blocks were low i n 1,2 microstructures, but the central block 
was high i n 1,2 microstructure.(14) He also reported that he was 
able to s e l e c t i v e l y hydrogenate butadiene blocks i n copolymers of 
1,4-butadiene-isoprene-l,4, butadiene.(18) The important point i s 
that hydrogénation of a polybutadiene segment which i s r i c h i n 1,4 
microstructure w i l l y i e l d a semi c r y s t a l l i n e polyethylene-like 
block whereas the block containing moderate to high 1,2 micro-
structure produces rubbery structure at ambient temperatures. 

Recently, hydrogénation of polybutadiene containing high 1,4 
microstructure has also been employed for preparation of l i n e a r 
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"polyethylene" of low polydispersity and various studies have been 
conducted on this polymer. In a series of papers, Graessley et 
a l . discussed the preparation and the rheological behavior of 
linear and star-branched hydrogenated polybutadiene.(10,11,19) 
Cowie et a l . 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. In brief, this change was 
attributed to the difference in r i g i d i t y of the spherulites of HB 
from that of LDPE. 

It was the objectiv
of variation in block architectur
blocks) on the c r y s t a l l i n i t y level, morphology, the stress-strain 
and hysteresis behavior of this series of polymers. In 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 w i l l be 
demonstrated.(1,22) 

Experimental 

Polymer Synthesis and Characterization. This topic has been 
extensively discussed in preceeding papers.(2,23,24) However, we 
w i l l 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 i n i t i a t o r 
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 
hydrogénation 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 c i s , 1,4 trans, and 1,2 v i n y l ) , were determined from 
the infrared spectra of solid films cast on KC1.(26) The 1,2 
microstructure content of a l l 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 a l l polymers is around 200,000 g/mole while 
the polydispersities were about 1.1; thus, a l l 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 w i l l 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% Β -73% I -13.5% B

Sample Preparation
by compression molding the polymers at 150°C between Teflon sheets 
for 15 minutes followed by rapid quenching to room temperature in 
ai r . These w i l l 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 a l l 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 1% (by weight) 
solution in toluene. These films were about 5 mils in thickness. 
When the polymer films had s o l i d i f i e d (after 5 hrs), they were 
stored in a vacuum oven at 80°C for two days to remove residual 
solvent. These samples w i l l be designated by TOL (solution cast 
from toluene). 

Crystallinity and Morphology. The X-ray diffraction patterns 
of the films were taken with a P h i l l i p s PW1720 table-top X-ray 
unit using a f l a t plate camera. The SALS H v 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 i t was assumed that 
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the extension occured mainly i n the central 1.0 cm region of the 
dogbone sample. The crosshead speed was 10 mm per minute, g i v i n g 
the i n i t i a l elongation rate of 100 percent per minute. The 
mechanical hysteresis of the samples, which i s a measure of energy 
loss during c y c l i c deformation, was obtained from measurement of 
the area under loading and unloading curves using a pianimeter. 
The percentage hysteresis were calculated from the following 
r e l a t i o n s h i p : 

% Hyst = 100 (A£ - Au)/A£ 
where Αβ and A u are the area under the respective loading or 
unloading s t r e s s - s t r a i n curve. 

Dynamic Mechanical. The dynamic mechanical properties of the 
samples were measured on a Rheovibron  Model DDV-II at e i t h e r 35 
or 110 Hz. 

Results and Discussion 

As already mentioned, the HB block i s s e m i c r y s t a l l i n e and i t s 
general behavior i s s i m i l a r to that of LDPE. The HI block on the 
other hand i s amorphous and rubbery at ambient temperature. The 
material behavior of block copolymers containing HB and HI blocks 
w i l l now be discussed i n the following sections. 

C r y s t a l l i n i t y and Morphology. The block copolymers of 
e s s e n t i a l l y completely hydrogenated HBIB, HIBI and HBI, i n which 
the raicrostructure of butadiene i s predominantly 1,4, are 
s e m i c r y s t a l l i n e . Our measurements indicate that the extent of 
c r y s t a l l i n i t y i s independent of the architecture of the block 
copolymer and i s l i n e a r l y dependent on the butadiene content. A 
comparison of the X-ray d i f f r a c t i o n pattern of a horaopolymer of HB 
i s given i n Figure 1 along with that from a t r i b l o c k copolymer 
HBIB-50. The sharp d i f f r a c t i o n rings are c l e a r l y i n d i c a t i v e of 
the presence of c r y s t a l l i t e s i n both polymers. Block copolymers 
containing as low as 8% butadiene have shown b a s i c a l l y the same 
type of d i f f r a c t i o n patterns, but with a much lower i n t e n s i t y 
because of lower concentration of butadiene. This indicates that 
aggregation of c r y s t a l l i z a b l e segments and formation of 
c r y s t a l l i n e domains i s not s i g n i f i c a n t l y affected by the 
surrounding n o n c r y s t a l l i z a b l e HI block. 

Quantitative measurements of the c r y s t a l l i n i t y 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 t r i b l o c k copolymers and 
homopolymer HB are compared to that of a low density polyethylene 
i n Figure 2. The thermograms are those of the f i r s t run on 
quenched samples. Their behavior i s s i m i l a r except that the 
temperature of the maximum i n the DSC melting peak, T m, for LDPE 
(110°C) i s 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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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 meal/s for all the runs. 
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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 η-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 T m of HDPE) is s t i l l higher than that 
produced by the same amount of ethyl or even η-propyl branches 
(AT=22°C for 2.1 η-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 i t is possible that the 
higher depression of the melting point is caused by a very small 
amount of remaining unsaturatio
p-toluene sulfonyl adduc
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 m 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.(12) Lowering of T m 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 a l l of the block copolymers, regardless of chain architecture 
or butadiene composition, are in the v i c i n i t y 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 a l . 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 T m 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 m 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 
T m) is not influenced by compositional variation. 

The heat of fusion AHf (obtained from the area under the DSC 
melting curve) and percentage c r y s t a l l i n i t y calculated from AHf 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 l i t t l e 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 u t i l i z e d the small positive deviation from the 
linear additivity law t
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 i t 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/cnr* as compared to the value of 0.855 
g/cnP obtained from the extrapolation of molten PE.(33) in our 
calculation of the percentage of c r y s t a l l i n i t y from density 
measurements, we have used the following values: 0.869 g/cnr* for 
the density of amorphous PE (rather than the literature value of 
0.855 g/cnr*), 0.862 g/cm̂  for the density of hydrogenated isoprene 
(amorphous), and 1.00 g/cnP 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 c r y s t a l l i n i t y 
obtained using the above values is nearly identical to that found 
from AHf. This value is at least 12% lower than that found using 
the relationship of Chiang and Flory where the density of the 
amorphous and crystalline PE are taken at 0.8518 and 0.9995 g/cm̂  
respectively at 25°C.(35) The percent c r y s t a l l i n i t y was also 
obtained from the areas of the endotherraic peaks in DSC graphs 
using a AHf value of 69 cal/g for completely crystalline 
polyethylene.(36) A comparison of c r y s t a l l i n i t y 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 f a l l s in this range, 
even though the c r y s t a l l i n i t y of this sample is much higher. It 
is of interest to point out that Hser and Carr have reported 
percentage c r y s t a l l i n i t y of a series of HB of different molecular 
weight using X-ray diffraction methodology.(21) The density of 
a l l of their samples were ~0.915 g/cm̂  and for samples in the 
molecular weight range 60,700 to 340,000 the AHf were 21.7 cal/g 

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



6. MOHAJER ET AL. Copolymers Containing Semicrystalline Block(s) 129 

Figure 3. The linear dependence of àHf on butadiene content in various block 
copolymers. 
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Figure 4. The linear dependence of density on butadiene content in various block 
copolymers. Density of amorphous Η Β (polyethylene) is estimated from the extrap
olation of the density of HI through that of the random copolymer HBI-50 to axis 

where butadiene content is 100%. 

Ο Ό 20 30 40 
°/oCRYST (AHf) 

Figure 5. A comparison of percent crystallinity obtained from density to that 
obtained from AHf for the various block copolymers. 
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to 17.4 cal/g respectively. These AHf values correspond to a 
percent c r y s t a l l i n i t y varying from 31.4% to 25.3% whereas the 
respective percent c r y s t a l l i n i t y values from the X-ray method were 
43% and 46%. That i s , there is l i t t l e correlation in their 
c r y s t a l l i n i t y values obtained from the AHf and X-ray methods used 
in their work. While we do not attempt to explain their 
discrepancy, i t stands in contrast to our own data. The important 
point to be made at this time is that an increase in c r y s t a l l i n i t y 
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 specifi
t a l l i n e structure; spe c i f i c a l l y
of fringe micelle or folded chain structures. Dimarzio et a l . 
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. 0 8 ) Our general belief at this time is that the HB block 
w i l l l i k e l y 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 v 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 v patterns and are not 
shown here. Polymers with high and intermediate butadiene content 
clearly display the typical cloverleaf H v 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 H v four-leaf clover scattering pat
terns, range from 0.5 to 3.0 um. The SALS patterns suggest that 
there is a deterioration of the spherulitic perfection with an i n 
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 ym) i s 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 v patterns shown in 
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Figure 6. SALS, Hv light scattering patterns of Η Β 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. 

Figure 7. SEM of the surface of films cast from toluene for HB and HBIB-50. 
The bars indicate 5μ/η. 
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Figure 6 display an important trend. The best formed s p h e r u l i t i c 
structure i s that of homopolymer HB. When the concentration of 
butadiene decreases i n the series of the HBIB copolymers the 
perfection (anisotropic ordering) of the spherulites i s also de
creased. Indeed, i n the polymer HBIB-7, which contains only 7% 
butadiene, one can no longer see the H v s c a t t e r i n g pattern as i s 
observed for w e l l developed spherulites. I t i s to be noted that 
the formation of the s p h e r u l i t i c structure i s strongly dependent 
on the method of the f i l m preparation. The wel l developed spheru
l i t i c structure shown i n Figure 6, HB or HBIB-86 for example, were 
produced when the films were cast from s o l u t i o n ( T o i ) . By con
t r a s t , the compression molded samples (PQ) did not show well de
veloped s p h e r u l i t i c structure. Even the HB homopolymer produced a 
very i l l defined s p h e r u l i t i  f i l
quenching the pressed f i l
studied supermolecular structure of l i n e a r polyethylene fractions 
and reported that high molecular weight frac t i o n s (3 -8 χ 10 6) do 
not form w e l l developed spherulites i f they are c r y s t a l l i z e d 
rapidly.(40) These polymers can, however, produce s p h e r u l i t i c 
structure i f they are c r y s t a l l i z e d from the swollen state. (41) 

It should be re-emphasized that although our block copolymers 
do not display s p h e r u l i t i c morphology when they are compression 
molded, they are nevertheless c r y s t a l l i n e . Hence, t h i s i n d i 
cates that under t h i s mode of f i l m preparation, aggregation into 
w e l l developed superstructure i s apparently k i n e t i c a l l y l i m i t e d . 

S tress-Strain Properties. A comparison of the s t r e s s - s t a i n 
properties of the compression molded t r i - b l o c k HBIB copolymers to 
those of the homopolymers HB and HI of the same molecular weight 
(""200,000) are made i n Figure 8. The s t r e s s - s t a i n properties of 
the inverted t r i b l o c k copolymers HIBI are given i n Figure 9. As 
might be expected, the s t r e s s - s t r a i n properties of HB are very 
s i m i l a r to that of low density polyethylene. Perhaps l i n e a r low 
density polyethylene (LLDPE) would be an even better model. The 
major difference that we have observed i s that the i n i t i a l modulus 
of HB i s lower than that of LDPE (75 vs. 170 MPa respectively) and 
there i s also a lower stress displayed i n the region where p l a s t i c 
deformation begins which i s l i k e l y associated with y i e l d i n g 
phenomenon involving c r y s t a l l i t e r e o r i e n t a t i o n . Both of these 
differences are at least p a r t i a l l y accountable by the lower crys
t a l l i n i t y of the compression molded samples of HB r e l a t i v e to that 
of low density polyethylene (the c r y s t a l l i n i t i e s are approximately 
30% and 40% r e s p e c t i v e l y , (see Figure 5). Tanaka et a l . , however, 
have reported that the material properties of HB are d i f f e r e n t 
from that of LDPE, the most remarkable difference i s the higher 
e l a s t i c recovery of the former.(12) They a t t r i b u t e t h i s d i f f e r 
ence to a "looser" structure of spherulites of HB which allows 
c r y s t a l l i t e s to orient i n a rev e r s i b l e manner. We have not ob
served s i g n i f i c a n t differences i n the nature of the s t r e s s - s t r a i n 
behavior of HB polymers r e l a t i v e to those of LDPE. Indeed, when a 
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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 
c r y s t a l l i n i t y of t h i s f i l m was very close to that of a quenched 
sample of LDPE. The s t r e s s - s t r a i n plot of t h i s s o l u t i o n cast f i l m 
c l o s e l y resembled that of quenched LDPE, i n d i c a t i n g , as mentioned 
before, the e a r l i e r difference most l i k e l y i s p r i n c i p a l l y due to 
the difference i n the c r y s t a l l i n i t y l e v e l i n contrast to molecular 
weight d i s t r i b u t i o n discrepancies, etc. One should comment that 
the ultimate t e n s i l e properties of the HB systems are excellent. 

The mechanical properties of HBIB block copolymers are 
s i g n i f i c a n t l y affected by the increase i n the proportion of the 
centra l rubbery HI block. For example, HBIB-86 (14% isoprene) 
shows a lower modulus; some y i e l d i n g behavior i s s t i l l present but 
elongation to break i s s i g n i f i c a n t l y improved. A further increase 
i n the rubbery HI content (eg  from 14 to 82%) produces a modulus 
which i s sharply decreased
increased. HBIB-70 an
former has even a higher stress to break than the i n i t i a l HB. On 
the other hand, the behavior of HBIB-27 i s t y p i c a l of a thermo
p l a s t i c elastomer. HBIB-18 also has elastomeric behavior but i t 
f a i l s e a r l i e r than HBIB-27 i n d i c a t i n g that the three dimensional 
network of physical c r o s s l i n k s ( c r y s t a l l i t e s ) i s less well de
veloped. The behavior of HBIB-7 i s somewhat l i k e a p a r t i c u l a t e 
f i l l e d and uncrosslinked rubber of low f i l l e r content. The l a s t 
member of th i s s e r i e s , the homopolymer HI (or HBIB-0), i s and be
haves as an uncured rubber. I t does not show any s t r a i n hardening 
i n d i c a t i n g that, as expected, at the l e v e l of s t r a i n experienced 
by the sample ("'240%) no strain-induced c r y s t a l l i z a t i o n occurs. 

The general s t r e s s - s t r a i n behavior of our HBIB series has 
some s i m i l a r i t y to those of the SBS block copolymers.(4) However, 
there are two prime differences between these two systems. 
Styrene i s a b r i t t l e glass at room temperature, but HB i s a 
semicr y s t a l l i n e p l a s t i c above i t s Tg and therefore i s rather 
d u c t i l e . Therefore, a block copolymer of SBS containing as much 
as 20% butadiene i s s t i l l b r i t t l e and often breaks at very low 
elongation. (_1) . By contrast, HBIB-86 or even HB i t s e l f can be 
extended to above 400% elongation before f a i l u r e occurs. The 
other difference i s that the block copolymers of SBS may show 
considerable amounts of drawing (necking) i n the concentration 
range of 39% to 65% styrene, whereas none of the members of HBIB 
display t h i s behavior. 

The s t r e s s - s t r a i n properties of the inverted t r i b l o c k copoly
mers HIBI are shown i n Figure 9. Analogous measurement on the d i -
block copolymer HBI-50 are not shown but were almost i d e n t i c a l to 
that of HIBI-49. As expected, an increase i n isoprene content 
from the homopolymer HB polymer to the HIBI block copolymers and 
f i n a l l y to the homopolymer HI greatly influences the mechanical 
properties. An increase i n the rubbery HI content i s again 
followed by a decrease by Young's modulus. In the range of 23% to 
49% butadiene, the polymers show higher extension to break than 
for the HB. They can be viewed as tough p l a s t i c s and require a 

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



136 ELASTOMERS A N D RUBBER ELASTICITY 

larger input of energy (higher area under the s t r e s s - s t r a i n curve) 
to break. The next member of the s e r i e s , HIBI-29, shows a great 
deal of e x t e n s i b i l i t y , but i t i s extremely weak. A further i n 
crease i n isoprene concentration r e s u l t s i n polymers which not 
only are weak but also break at low extensions (HIBI-19 and HIBI-
10). Now that the e f f e c t s of v a r i a t i o n 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 s p e c i f i c properties for the 
polymers of various architecture and d i f f e r e n t compositions are 
made i n Figures 10A-C and Figure 11. As i n the case of Figure 
10A, an increase i n HB content, i . e . , a r i s e i n the concentration 
of the s e m i c r y s t a l l i n e blocks, i s always followed by a r i s e i n the 
modulus of the polymers  This type of behavior of block copolymer 
has been expressed i n terra
ledge of the modulus o
so, however, one has to know the geometry of the microdomains i n 
the system considered. C a l c u l a t i o n 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 t r i b l o c k 
copolymers (3,45) and w i l l not be repeated here. 

An i n t e r e s t i n g observation derived from Figure 10A i s that 
modulus of the t r i b l o c k copolymer HBIB i s always considerably 
higher than that of the inverted block copolymer HIBI. This 
difference i n modulus i s l i k e l y due to the presence of more 
permanent entanglements i n HBIB copolymers since these endblocks 
can be p a r t i a l l y t i e d down i n the s e m i - c r y s t a l l i n e domains, as 
shown schematically i n Figure 12. Of course, i t i s r e a l i z e d that 
amorphous regions i n HIBI also form entanglements, but since the 
end blocks are not mechanically anchored these entanglements can 
be l o s t when the sample begins to undergo deformation. 

The ultimate properties, that i s the elongation and stress at 
break for copolymers with various architectures and compositions, 
are given i n Figures 10B and 10C r e s p e c t i v e l y . The elongation at 
break ερ goes through a maximum for the block copolymer when the 
composition i s varied from pure HI to that of HB as shown i n 
Figure 10B. The maximum i s 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 r a t i o n a l i z e the d e t a i l s of t h i s behavior at t h i s 
time. However, we do wish to point out that while breaking stress 
i n general r i s e s with HB content, the s t r a i n to break passes 
through a d i s t i n c t maximum. Therefore a l l of these polymers have 
high extension i n t h i s concentration range. Above t h i s concentra
t i o n range ε^ i s decreased approximately i n the same way for a l l 
chain architectures. Below t h i s value, the ε^ i s also decreased, 
but now there i s a considerable difference i n behavior of HBIB 
from that of HIBI polymers. In the 10% to 20% butadiene range 
HIBI polymers f a i l at a lower elongation than HBIB polymers and 
t h i s behavior i s c e r t a i n l y related to the morphological structure 
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8CH 

Figure 10A. Dependence of Young's modulus on butadiene content for various 
copolymer architectures. 
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Figure 10B. Dependence of strain to break on the butadiene content for various 
copolymer architectures. 
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HI o/oB H B 
Figure IOC. Dependence of the ultimate stress on the butadiene content for vari

ous copolymer architectures. 
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Figure 11. Comparison of the stress-strain properties of the thermoplastic elasto
mer HBIB-27 to that of inverted block copolymer HIB1-29. 
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LOW HB H IGH Η Β 

—» Semicrystal l ine Bock 
•—' Amorphous Block 

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 HIBI. (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 s h o r t l y . The stress to break, σ^, 
does not seem to go through a s i g n i f i c a n t maximum, but rather 
there i s a considerable increase i n o$ with an increase i n 
butadiene from the low value of HI. The behavior of the polymers 
i n regard to ultimate stress f a l l s into two categories. In the 
low to intermediate concentration range of butadiene (from 10% to 
40% B) the behavior of the HBIB polymers i s quite d i f f e r e n t from 
that of the inverted HIBI copolymers and i s most pronounced i n the 
20-29% range. In the high concentration range (40% to 100% B), 
the σ$ for HBIB and HIBI i s much clo s e r . A comparison of the 
s t r e s s - s t r a i n properties for HBIB and HIBI polymers, i n t h i s 
concentration range, i s made i n Figure 11. 

The HBIB-27 polymer behaves l i k e a thermoplastic elastomer, 
whereas HIBI-29 behave  somewha  l i k  p a r t i c u l a t e - f i l l e d d 
elastomer. Both are somewha
s t r e s s - s t r a i n behavior deviate  t y p i c a
elastomers i n that the i n i t i a l stress l e v e l i s higher, as i s 
commonly seen for domain forming thermoplastic elastomers. These 
differences are c l e a r l y related to the morphology and structure of 
these systems. In order to discuss the behavior of these polymers 
of various architecture containing d i f f e r e n t l e v e l s of semicrys
t a l l i n e HB, o v e r s i m p l i f i e d morphological models of these systems 
are given i n Figure 12. These drawings are not meant to i n f e r 
that no superstructure or chain f o l d i n g may e x i s t but only to 
depict the general differences i n the c o n t i n u i t y of the two com
ponents as w e l l as the nature of the l o c a l i z e d end blocks. Thus, 
i n polymers where the r e l a t i v e concentration of butadiene i s high 
(Figure 12), the continuous phase i s the s e m i c r y s t a l l i n e HB (or 
the polyethylene-like s t r u c t u r e ) . The mechanical properties of 
the polymer i s c o n t r o l l e d p r i m a r i l y by t h i s continuous dominant 
phase. The rubber HI domains are dispersed w i t h i n t h i s semicrys
t a l l i n e phase. There i s no major difference between HBIB, HIBI or 
HBI block copolymers because the properties are determined by the 
continuous s e m i c r y s t a l l i n e structure. The behavior of t h i s system 
i s somewhat s i m i l a r to that of rubber modified polystyrene. ( 1_) 
The main function of the dispersed rubbery phase i s to lower the 
modulus and to allow higher e x t e n s i b i l i t y by terminating or re
ducing crack propagation. A schematic drawing for the i n t e r 
mediate concentration of butadiene i s not shown but the behavior 
i s s i m i l a r since under t h i s condition (of course, depending on the 
f i l m processing condition) both phases are continuous. But the 
behavior of the polymer i s again c o n t r o l l e d by the dominant semi-
c r y s t a l l i n e phase. 

The schematic drawing of morphology of the block copolymers 
i n the low butadiene range i s also given i n Figure 12. In t h i s 
concentration range, the behavior of the HBIB polymers i s very 
d i f f e r e n t from that of HIBI or HBI. The continuous phase i n t h i s 
case i s the rubber HI segments and the s e m i c r y s t a l l i n e domains are 
dispersed throughout the sample. The s e m i c r y s t a l l i n e domains i n 
the case of HBIB not only act as a f i l l e r , but also t i e down the 

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



6. M O H A J E R ET A L . Copolymers Containing Semicrystalline Block(s) 143 

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 f i l l e r 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 tremendousé The origi
related to the morpholog
The hysteresis behavior of HBIB is strongly dependent of the 
composition of polymer. The f i r s t 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 i s , 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 semicrystalline 
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 f a i l s 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-
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Figure 13 A. The hysteresis behavior of the HBIB polymers. 

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



M O H A J E R E T A L . Copolymers Containing Semicrystalline Block(s) 

70· 

601 

50 l 

,40i 

301 

20\ 

Π / β

r i ? ^ G ^ 3 

ν 
HIBI-29 

Ο HIBI -10 

25 35 S S ϊ55 
e 

Figure 13B. The hysteresis behavior of the HIBI polymers. 

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



146 ELASTOMERS A N D RUBBER ELASTICITY 

f i l l e d crosslinked rubber. I f , 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. A l l 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 f a l l below 55% at high extensions. 

The hysteresis behavior of the diblock copolymer HBI-50 is 
not shown but is very simila
then, the difference i
that of HIBI and HBI is related to the a b i l i t y of the members of 
the f i r s t 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 
terras 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, 3, and γ transitions respectively .(53) Recently 
Tanaka et a l . have reported the dynamic mechanical properties for 
a sample of HB which was also prepared by anionic polymerization, 
but contrary to our system the hydrogénation 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 Β 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 6 dispersions of LDPE-PQ are located 
around +70°C, -5°C and -125°C respectively are tentively assigned 
as the a, 3 and γ 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.(12) In this freshly prepared 
sample, the high temperature transition is absent, but there is a 
major peak around -5°C and the usual γ 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 c r y s t a l l i n i t y and morphology sections) that PQ 
samples of HB have a lower c r y s t a l l i n i t y 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 c r y s t a l l i n i t y , the type of 
morphology and the genera
similar to that of LDPE-PQ
mechanical behavior of HB polymer as a function of the sample 
preparation method is another manifestation of the same character
i s t i c s . 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 s u f f i c i 
ently longer period of annealing the α transition becomes, dis
tinctively different from that of β transition. We w i l l not 
address ourselves with this effect in more detail, because the 
dependence of the α transition on the sample thermal history has 
already been considered elsewhere.(54,57) It i s , 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.(12) From a 
comparison of their results to our system, the main factor seems 
to be the level of c r y s t a l l i n i t y , since the percentage crystal
l i n i t y of their pressed quenched sample is around 50% as compared 
to about 30% for our sample. Factors affecting the c r y s t a l l i n i t y 
of the HB polymers include content of the ethyl side chain 
resulting from hydrogénation of 1,2 adducts of the parent 
polymers, molecular weight of the polymer, and method and level of 
hydrogénation. The number of ethyl branches per 100 carbon in 
Tanaka1s 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 c r y s t a l l i n i t y 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 hydrogénation (in both cases the hydrogénation is 
essentially complete as determined from NMR & IR spectra). Thus 
the main cause of this difference in c r y s t a l l i n i t y level seems to 
be the method of hydrogénation since, as already mentioned, 
hydrogénation by p-toluene-sulfonylhydrazide produces some side 
chain adducts which may lower the relative c r y s t a l l i n i t y of our 
polymer. The factors affecting the c r y s t a l l i n i t y level of HB or 
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LDPE a f f e c t the dynamic mechanical, as w e l l as other material 
properties of these polymers. The s i m i l a r i t y of the temperature 
dependence of between our toluene cast HB f i l m and the quenched 
LDPE (both of ~40% c r y s t a l l i n i t y ) i n Figure 14A as compared to our 
quenched HB f i l m (% c r y s t a l l i n i t y ~30%) i s another i n d i c a t i o n of 
the importance of the l e v e l of c r y s t a l l i n i t y on properties. (This 
topic has already been discussed i n some length i n the section on 
s t r e s s - s t r a i n behavior). 

The dynamic mechanical behavior of the block copolymers of HB 
and HI are t y p i f i e d by the r e s u l t s obtained for the HIBI s e r i e s 
which are given i n Figure 15A and Β which display spectra for 
d i f f e r e n t composition r a t i o s . The t r a n s i t i o n behavior of the HBIB 
series i s so s i m i l a r that i t w i l l not be repeated here. The sam
ples used for t h i s study were compression molded and they a l l had 
been stored at room temperatur
use. The experiments wer
presented by HIBI 100, i s s i m i l a r to that given i n Figure 14B. 
Two t r a n s i t i o n regions are apparent i n the tan δ p l o t : the low 
temperature γ peak around -120°C and a higher temperature peak 
centered around +20°C (note that the higher temperature value for 
t h i s peak as compared to that of HB,PQ i n Figure 14B i s due to two 
factors: 1. Longer room temperature annealing for the sample 
used i n Figure 15B. 2. Higher frequency employed i n Figure 15B, 
110 HZ vs 35 Hz). The peak observed at 20°C i s mainly believed to 
be due to the α t r a n s i t i o n of HB. The shoulder at -5°C i s specu
lated to be due to the 3 t r a n s i t i o n but can not e a s i l y be d i s t i n 
guished i n t h i s compacted graph. The dynamic mechanical d i s 
persions of the HI homopolymer were not obtained due to the d i f f i 
c u l t y i n handling t h i s tacky material. Although t h i s might be 
minimized by l i g h t l y c r o s s l i n k i n g the HI, the reaction could also 
change t h i s r e l a x a t i o n mechanism. 

The behavior of the HI block i n the HIBI block copolymer 
series (as w e l l as i n the HBIB series) was e a s i l y denoted by a 
major peak i n the tan δ plot at around -47±2°C at the frequency of 
110 Hz. There i s l i t t l e doubt that t h i s i s the glass t r a n s i t i o n 
temperature for the HI block at t h i s frequency. I t i s denoted 
that the magnitude of tan δ peak at -47°C increases with a de
crease i n HB content as expected due to an increase i n HI rubber 
content. For block copolymers containing 10% or less butadiene 
there i s a sharp decrease i n modulus at around t h i s temperature as 
shown i n Figure 15A. The sharpness of t h i s t r a n s i t i o n decreases 
with an increase i n butadiene content and at or above f i f t y per
cent butadiene the change of modulus becomes gradual because the 
property of the bulk polymer i s much more contr o l l e d by the 
strength of the tougher continuous se m i c r y s t a l l i n e matrix. 

The independence of the tan δ t r a n s i t i o n ( 47°C) on com
po s i t i o n for the HI block for these series of block copolymers i s 
another i n d i c a t i o n of good phase separation e x i s t i n g between the 
amorphous component of HB and HI blocks. This l a t t e r statement 
seems i n order for i f there were any appreciable mixing between 
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Figure 14B. Temperature dependence of tan δ at 35 Hz for HB-PQ, HB-Tol 
and LDPE-PQ. 
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Figure 15A. Temperature dependence of E' at 110 Hz. Effect of variation in 
composition on properties of triblock copolymers on HIBI as compared to those 

ofHB. All films are press-quenched. 

Figure 15B. Temperature dependence of tan δ at 110 Hz. Effect of variations in 
composition on properties of triblock copolymers of HIBI as compared to those of 

HB. All films are press-quenched. 
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these blocks i n the amorphous phases i t would have been a n t i c i 
pated that the Tg of the HI block would be sh i f t e d to a lower tem
perature as a re s u l t of lower Tg of HB (or PE) block.(20) I t 
should be mentioned that i n some contrast to our hydrogenated sys
tems, the non-hydrogenated block copolymers of isoprene and buta
diene, of s i m i l a r molecular weight, display c o m p a t i b i l i t y i n the 
s o l i d state as noted by several workers using d i f f e r e n t 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 f th  polymer d th  architectur f 
the blocks. The density
the block copolymers, o , y prima r i l y depen
dent on butadiene content and show l i t t l e dependence on architec
ture. This perhaps indicates that i n the s o l i d state there i s a 
very good phase separation between the HB and HI blocks. Although 
the s o l u t i o n cast films show s p h e r u l i t i c morphology, the quenched 
films do not show d i s t i n c t structures i n d i c a t i n g that the arrange
ment of the c r y s t a l l i t e s i n the supermolecular l e v e l i s not well 
organized. 

At high and intermediate concentrations of the HB block, 
where the s e m i c r y s t a l l i n e block form the continuous or one of the 
continuous phases, the mechanical properties of the samples are 
contro l l e d by t h i s phase. At these compositions, the st r e s s -
s t r a i n properties are not much d i f f e r e n t , although there i s a 
difference i n modulus behavior between members of varied architec
ture. The hysteresis behavior i s nevertheless s i g n i f i c a n t l y 
varied i n d i c a t i n g that the permanent end block entanglements pro
duced i n the HBIB series play an important part i n r e t r a c t i n g the 
sample once the extension load i s removed. The difference i n 
mechanical properties between polymers of d i f f e r e n t architecture 
i s most apparent when the HB content i s low. At t h i s composition, 
where the rubbery HI has formed the continuous phase and the semi-
c r y s t a l l i n e blocks are dispersed i n more disc r e t e or isolate d 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 "crossli n k e d " elastomers because they are not capable of 
forming permanent endblock anchorages. The s t r e s s - s t r a i n proper
t i e s of HIBI and HBI are s i m i l a r to that of modified p a r t i c u l a t e 
f i l l e d uncured rubber. These polymers, however, have high exten
s i b i l i t y , probably due to crack termination at the interphase. 
But contrary to HBIB polymers, they do not show any s t r a i n harden
ing and are very weak materials. The hysteresis behavior of HIBI 
and HBI polymers i s also very d i f f e r e n t from that of the HBIB 
polymer. The former polymers show tremendously higher energy loss 
during c y c l i c deformations, and these differences are again i n t e r -
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preted as being related to the a b i l i t y 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 w i l l focus attention on charac
terizing the melt state of these systems to note i f homogeneity 
exists above Tm. 
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7 
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 modifie
ization of C5 and C8 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 
C5/C8 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 WCl6 

and MoCl5 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
s i s . Katz (4) synthesized a cispolynorbornene using (diphenyl-
carbene)pentacarbonyltungsten catalyst (5). Ivin (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 amorphous  although 
there may be molecula
NORSOREX, a polynorbornen
commercial example of the trans polymer (7). It has a glass 
transition temperature near 45°C, and i t i s 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 i n 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 i n the polymers and 
the presence of c r y s t a l l i n i t y i n 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 i s readily obtained from the par t i a l hydrogénation 
of cyclopentadiene, while 1,5-cyclooctadiene may be prepared 
from the cyclic dimerization of butadiene. Hydrogénation of 
one double bond in the 1,5-cyclooctadiene gives cyclooctene. 
Bayer previously had been a leader i n the development of a 
commercial transpolypentenamer but has since dropped this 
technology. Huls i s making and marketing a transpolyoctenamer 
(VESTENAMER 8012) as a rubber additive (9). 

Cyclopentene. After Eleuterio fs early disclosure (10) of 
cyclopentene polymerization by ring-opening catalysis, Natta 
and co-workers (11) reported that trans polymer forms using 
WC16 catalyst and the cispolypentenamer forms using MoCl5. The 
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cocatalyst was trialkylaluminum. There are many published 
reviews for cyclopentene polymerization and transpolypentenamer 
(12-15). The l i s t 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 i n 
1974 (30). These publications show that the polymerization 
catalyst may be derived from a transition metal compound such 
as WC16 or MoCl 5, an oxygen containing activator and an a l k y l -
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  Recipe  solvent  diluent d 
sometimes an acyclic olefi
polymer. 

Cispolypentenamer has been made to a high degree of 
stereoregularity, to about 99%. One preparative method re
quires using a low R2A1C1/WF6 catalyst ratio (24); high ratios 
of R2A1C1/WF6 produce trans polymer, however. Cis polymers may 
be synthesized by polymerizing at low temperature (-20° to 
-30°C) using ReCl 5 (31) or WC16 catalyst in combination with 
Et 4Sn (32) or E t 3 A l (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 a l l y l s i l a n e with WC16; 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 i s cis directing for cyclopentene (4). 

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

Polymer Type T g (°C) Tm (°C) 
Cis -114 -41 
Trans -97 18 

The trans polymer i s highly crystallizable. In contrast the 
cispolypentenamer is d i f f i c u l t to c r y s t a l l i z e ; i t requires 4 or 
5 days at -78°C to develop c r y s t a l l i n i t y . 

Ca Cyclic Olefins. Natta (37) found that polyoctenamer 
forms readily from cyclooctene using a WCl 6/Et 3Al catalyst. 
His product, 85% trans, showed a high degree of c r y s t a l l i n i t y ; 
the crystalline melting point varied between 62° and 67°C. 
From cycloheptane he reported 85% to 93% trans polymer using 
either WC16 or MoCl 5 catalyst with R3A1. Strech (38) made 
polymers with 54% trans structure from cyclooctene using WC16/ 
Et A l C l 2 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 WCl 6/EtAlCl 2 

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 c i s / 
trans content by adjusting the monomer/solvent ratio. Diluting 
the monomer i n solvent favored the cis polymer, while bulk 
systems gave high trans product. With cyclopentene the bulk 
system gave cis polymer (37). 

Calderon disclosed a shi f t toward cis polymer from 1,5-
cyclooctadiene using the WCl 6/EtAlCl 2 catalyst (41). He 
prepared 75 to 83% c i spolybutename r reaching 44% monomer 
conversion; low levels of hindered phenol were included i n the 
polymerization charge
ratio i n 1,5-cyclooctadien
and the WC16/R2A1C1 catalyst. With 2,4-dinitrochlorobenzene i n 
the charge he made 85% ci s . With 2,6-ditertbutyl-4-methyl-
phenol he made 80% trans; at low monomer conversion, cis 
polymer formed i n the presence of the hindered phenol then 
changed to trans at high conversion. Castner (43) added 
hindered phenols with the WCl 6/EtAlCl 2 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 WC16 premixed with an alcohol or premixed 
with a halogenated alcohol and Et A l C l 2 cocatalyst. Be l l 
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 WC16 and a halogenated alcohol i n 
1,5-cyclooctadiene polymerization, Pampus (45) achieved 15% cis 
polymer using R3A1 cocatalyst and 80% cis polymer using AlBr 3. 
Oreshkin (34) produced 80 to 90% cis polymer from 1,5-cyclo-
octadiene where the catalyst was an allylsilane/WCl 6 mixture. 
Katz (4) showed that the carbene (5) catalyst i s cis directing 
for cyclooctene polymer. 

Results and Discussion 

Cyclopentene polymerization i s activated by the introduc
tion of elemental iodine with R3A1 using WC16 or MoCl 5 catalyst 
(46). Besides faster polymerization rates, the f i n a l monomer 
conversion i s higher compared to cocatalyst types without 
iodine from E t 3 A l , E t 2 A l C l , EtAlCl 2 or their mixtures (see 
Table I ) . The addition of benzoyl peroxide to the catalyst 
also helps polymerization activity. When benzoyl peroxide i s 
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Table I 
Polymerizatio

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 
E t 3 A l , riM 0. .05 0. .05 0. .05 0. .05 
WC16, 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 
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charged with the metal halide catalyst, i t increases the 
catalyst s o l u b i l i t y in benzene solvent. Ethyl acetate solution 
also increases the catalyst s o l u b i l i t y ; R2A1I or RA1I2 are 
effective substitutes for R 3A1/I 2 (47). Importantly, the 
iodine cocatalyst has u t i l i t y i n copolymerization reactions of 
cyclopentene with norbornene or 1,5-cyclooctadiene (46). 

While good polymerization activ i t y is found from either 
cyclopentene or 1,5-cyclooctadiene using the iodine containing 
cocatalyst, cyclooctene polymerization i s sluggish resulting in 
greater than 90% cis polymer at less than 10% conversion. 
Catalyst levels and polymerization activ i t y 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
mixed compositions ar
Dall'Asta and Motrone (48, 49) and Ar l i e (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 C5/C8 

ratio comparing the starting comonomer composition to the f i n a l 
composition. This means that monomer conversion i s the same 
for 1,5-cyclooctadiene and cyclopentene in the copolymerization 
so that copolymer compositions are equal to the charge ratios. 
This result i s consistent with the product analysis by 1 3C NMR 
spectroscopy where the copolymer composition is nearly identi
cal to the starting comonomer composition. 1 3C 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 ββ carbon 
from cyclopentene units) and at 27.5 ppm (the four αβ carbons 
from the 1,5-cyclooctadiene) are used to obtain the mole 
fractions of the two comonomers (53, 54, 55). 1 3C 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 
differe n t i a l 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 f i r s t 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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Table II 
Copolymerization of Cyclopentene/1,5-Cyclooctadiene 

Benzene, ml 80 80 80 80 80 
1,5-cyclooctadiene,g 17. .6 13. .2 8. .7 4. .4 0.0 
Cyclopentene, g 0. .0 3. .8 7, ,6 11, .4 15.2 
E t 2 A l I , mM 0 2 0 .17 0 .17 0 .15 0.2 
MoCl 5, mM .05 .05 0. ,05 .05 0.05 
Temperature, °C 25 25 25 25 25 
Time, hr 1 1 1 1 1 
Polymer, g 9. .1 7. .5 7. ,4 7. .8 7.8 
Inherent Viscosity, 

dl/g 4. .3 4. .3 3. .8 4. .0 4.7 
% Gel 3 0 0 1 0 
% Trans 3 0. .9 23 50 73 92(85: 
% Cis 99. .1 77 50 27 8(14; 
Τ , °C -5 -13 8 
T c r, °c -60 -55 -69 

V ° c -104 -104 -101 -98 -95 
M /M , GPC w η' 2. .3 
Mole Fraction C5, 1 3C NMR 0. .37 0. 63 0. .84 
Weight % C5, 1 3C NMR 25 51 76 

Data in parentheses are developed from the method of 
Tosi (60). 
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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 c r y s t a l l i n i t y are shown 
in Table III at 5, 10 and 15% comonomer for either component. 
Looking f i r s t 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 i s absent at 25% 
comonomer from Table I I . 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 i s not observed at 25% comonomer. 

The c r y s t a l l i n i t
mer over the same increment
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 I I . The position of the c r y s t a l l i z a 
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 i n the polymers from Table II and III and shows the 
gradual change in microstructure with copolymer composition. 
The infrared method i s based on the procedure developed for 
polybutadienes by Silas (59). The method gives high values for 
trans structures with polypentenamer; therefore, a second 
procedure i s used in the manner of Tosi (60) but calibrated 
against 1 3C NMR (54) - data in parentheses from Table II and 
I I I . The resulting structure i n the copolymers depends on the 
monomer type as the C 5 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 i s an absence of cis-to-trans isomerization with 
conversion or time for the Cg (1,5-cyclooctadiene) polymer. 
This i s shown from 52 to 58% conversion after 1 to 16 hours 
reaction time i n Table II and I I I . The above review (40, 42, 
43, 45) shows that the cis structure in polymers from 1,5-
cyclooctadiene using various chloride catalysts f e l l 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 f i r s t cis bond. 
Where cis-2-butene isomerizes to trans structure using other 
catalyst preparations, there i s no evidence of this for cis-2-
butene using the iodine system. However, polymer molecular 
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Table III 
Copolymerization of Cyclopentene/1,5-Cyclooctadiene 

Benzene, ml 80 80 80 80 80 80 
1,5-Cyclooctadiene,g 16.6 15.6 14.8 2.57 1.70 0.89 
Cyclopentene, g 
E t 2 A l I , mM 0.15 0.15 0.15 0.15 0.15 0.15 
MoCl 5, mM 0.05 0.05 0.05 0.05 0.05 0.05 
Temperature, °C 25 25 25 25 25 25 
Time, hr 16 16 16 16 16 16 
Polymer, g 10.1 9.9 9.5 7.7 7.6 7.1 
Inherent Viscosity, 

dl/g 4.8 4.9 4.9 5.2 5.0 5.2 

% Gel 0 0 0 0 0 0 

% Trans 3 4.5 8.5 13 73(77) 80(80) 81(83) 
% Cis 95.5 91.5 87 27(23) 20(20) 19(17) 
Τ , °C nr -10 -16 -25 -8 -2 2 
Τ , °C cr' 
Τ , °C 

-54 
-104 

-55 
-103 

-50 
-103 

-61 
-97 

-65 
-96 

-68 
-95 g 

Data in parentheses are developed from the method of 
Tosi (60). 
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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 i s two or sli g h t l y greater than two. 

The transition temperatures that are combined in Figure 2 
show the disappearance of c r y s t a l l i n i t y i n the copolymers as 
the Tcr and Tm flow together moving away from either homopoly-
mer. This reflects the random distribution of monomer units i n 
these copolymers. If the copolymer reactions had given homo-
polymer mixtures, there would be two separate crystalline 
melting temperatures. In addition, the 1 3C NMR indicates that 
the copolymer products contain a random distribution of C 5 and 
C 8 units and that the resulting double bonds are cis from the 
Cg monomer and largely trans from the C  monomer (52)

Using iodine i n
unique method for preparin
either two or three methylene groups between double bonds, but 
with controlled cis/trans ratio. The monomer ratio, C5/C8, 
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 L A L , THOMAS L. HANLON1, HUNG Y U CHEN, 
and RICHARD N. THUDIUM 
The Goodyear Tire & Rubber Company, Elastomer and Chemical Research, 
Akron, OH 44316 

During the
hexadiene with a Et3Al/ δ-TiCl3 catalyst (Al/Ti 
atomic ratio = 2) at 25°C, 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-1,4-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 31 
helical conformations typical of isotactic poly
propylene and poly(5-methyl-1-hexene). These 
polymers are the f i r s t 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 1-hexene (M1) with 5-
methyl-1,4-hexadiene (M2) copolymerization at 30°C 
in hexane solvent using a Et2AlCl/δ-TiCl3 AA 
catalyst system (Al/Ti atomic ratio = 1.5) were 
determined. The compositions of copolymers were 
measured by 300 MHz 1H-NMR spectroscopy. The re
activity ratios, calculated by the Tidwell-Mortimer 
method, were 1.1 ± 0.2 for each of the two monomers. 
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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 f l e x , 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 G ) 
or polydiene unsaturation (2), chemical modification of EPDM 
with polar groups O, 4  5)  and use of accelerators with long 
hydrocarbon chains (6)
C^2^ with 1,4-hexadienes
carbon-carbon backbone and outstanding ozone resistance but 
which possess considerably higher levels of unsaturation than 
EPDM, have been described (7). One such copolymer, Hexsyn™ 
rubber (a copolymer of 1-hexene and 5-methyl-l,4-hexadiene) has 
exhibited outstanding durability during flexing and i s showing 
potential for several biomedical applications(8). 

Butyl rubber (a copolymer of isobutylene and 1-3 mole per 
cent isoprene) and i t s halogenated derivatives have unsaturation 
in the carbon-carbon backbone and consequently do not have as 
good aging properties as EPDM. There are also reports (9-12) 
that ozone-resistant butyl rubber with a high degree of un
saturation can be prepared by copolymerization of isobutylene 
with either cyclopentadiene orP-pinene. 

Polymerization of a, ω-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 f i r s t 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). We now present data on the stereochemical con
figuration of 5-methyl-1,4-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 f-bi-
pyridyl. The product mixture which contained principally 
5-methyl-l,4-hexadiene and 4-methyl-1,4-hexadiene was fraction
ated through a Podbielniack column to yie l d high purity (>99%) 
5-methyl*hexadiene, b.p. 92.8°C,ng5 1.4250 ( L i t . (19) b.p. 88-
89°C, η£ 1.4249). 1-Hexene (99.9% purity), 1-decene (99·6% 
purity), 4-methyl-1-hexene (99.5% purity) and 5-methyl-l-hexene 
(99.7% purity) were obtained from Chemical Samples Co. 6-TiCl3 
AA (Stauffer Chemical Co.; contains 0.33 mole AICI3 per mole of 
T 1 C I 3 ) . Diethylaluminum chloride was obtained from Texas Alkyls 
(1.5 M in hexane). 

Polymerization/lsomerization. The polymerization of 5-
methyl-l,4-hexadiene (>99% pure)tfas carried out i n n-pentane 
with a 6-TiCl 3/Et2AlCl catalyst at 0<>c according to the pro
cedure described previously (14). To assess monomer disappear
ance and identify isomerization products, samples were withdrawn 
at specified intervals from the reaction mixture for GLC 
analysis (14). The f i n a l polymer conversion was determined by 
precipitation in excess methanol. 

Hydrogénation. Hydrogénation of poly(5-methyl-l,4-hexa-
diene) was carried out with p-toluenesulfonyl hydrazide (20) i n 
refluxing xylene (2:1 molar r a t i o of the hydrazide to the polymer 
repeat uni t ) . 

Ozonolysis. Ozonolysis of the methylhexadiene polymer was 
conducted (21) at room temperature on a solution of 1.03 g. 
polymer i n 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 allox^ed to react at room temperature for 60 nr. The result
ing product was analyzed by GLC (Hewlett Packard 5750, Porapak 
Q 10 f t . χ 1/8 i n . column at 110°C, helium pressure 60 p s i , 
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 i n both proton and carbon-13 spectra were 
measured in ppm with respect to reference tetramethylsilane (TMS). 
A l l 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 cm"**. Normal s l i t 
position and medium scan mode were used. Films of polymer 
samples were cast from CS2 solutions on NaCl windows. 

Compression molded (150°C for 3 minutes; press chilled with 
cold water immediately thereafter) samples of poly(trans-1,4-
hexadiene) (14) and poly(5-methyl-l,4-hexadiene) were examined 
with a General Electric (XRD-3) X-ray unit. Transmission Laué 
X-ray photographs were taken using nickel f i l t e r e d copper X-
radiation. Samples were stretched to four times of their 
original lengths to obtain oriented fibers. The fiber patterns 
were obtained i n a f l a t plate fi l m 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-l,4-hexadiene)

Copolymerization. The reactivity ratios of 1-hexene (M^) 
with 5-methyl-l,4-hexadiene (M2) were determined by copolymeriz
ation at 30°C in hexane solvent using a Et2AlCl2/ô"TiCl3 AA 
catalyst system (Al/Ti atomic ratio = 1.5). Copolymerizations 
were conducted in 4-oz. bottles using concentrations of 10 g. 
monomer i n 40 g. hexane and 5.0 mmoles TiCl3 per 100 g. monomer. 
A l l 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 were measured by using 300 MHz *H-NMR. 

Results and Discussion 
We have reported earlier (14) that during the polymerization 

of trans-l,4-hexadiene with a Et 3Al/6-TiCl3 catalyst (Al/Ti 
atomic ratio = 2) at 25°C, 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 i n the following orders cis-2-trans-4-hexadiene> 
trans-2-trans-4-hexadiene> 1,3-hexadiene > 1,5-hexadiene > c i s -
2-cis-4-hexadiene. 

We showed (14) that formation of the isomerization products 
i s k i n e t i c a l l y controlled and that i t 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-1,4-hexadiene gave polymer (methanol-insoluble) 
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P O L Y M E R I Z A T I O N T I M E , H O U R S 

Figure 1. GLC data for the polymerization and isomerization of trans-1,4-hexa-
diene at 25°C with a Et3Al/8-TiCl3 catalyst (Al/Ti atomic ratio is 2). n-Hexane 
was used as the internal standard. Key: O, trans-2,4-hexadiene; [J, polymer; A , 
cis-2-trans-4-hexadiene; | , trms-2-trms-4-hexadiene; Δ , 1,3-hexadiene. Repro
duced, with permission, from Ref. 14. Copyright 1980, John Wiley & Sons, Incor

porated 
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conversions of 80% with a Et2AlCl/ô-TiCl3 catalyst and 86% with 
a Et3Al/6-TiCl3 catalyst. It seems that the methyl group in the 
five-position s t e r i c a l l y inhibits isomerization reactions, which 
i s 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 i n 
fluenced by the choice of catalyst. Due to the location of the 
5-methyl group, only two isomers are possible here. 5-Methyl-
trans-2,4-hexadiene(i.e., 2-methyl-2, trans-4-hexadiene) and 5-
methyl-l,3-hexadiene were obtained as the principal products. 

We have examined poly(5-methyl-1,4-hexadiene) by IR spectro
scopy and by 300 MHz *H- and 13C-NMR spectroscopy. The IR 
spectrum (Figure 2) of th  5-methylhexadien  polyme  i
sistent with that of a
-CH2-CH=C(CH3)2 groups  spectru
of a model olefin. 2,5-dimethyl-2-hexene. 

The 300 MHz *H-NMR spectrum of the 5-methylhexadiene polymer 
is shown in Figure 3. The peak intensity i n the ol e f i n i c region 
was found to be 7.7% of the total intensity and i s 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 i n a regular head-to-tail sequence. The measured chemical 
shifts and assignments are l i s t e d in Table I. 

The *3C-NMR spectrum of the 5-methylhexadiene polymer i n 
CDCI3 solution i s given in Figure 4. The spectrum (six peaks) i s 
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 *H-NMR spectra of the 5-methyl
hexadiene polymer in both CCI 4 and C6Dg solutions exhibit only 
one peak for i t s 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 
po s s i b i l i t y 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 vo l a t i l e products expected by the above chemical treatment 
of poly(5-methyl-l,4-hexadiene) are acetone and formaldehyde i f 
the polymer was formed by 1,2- and 4,5-polymerization, 
respectively. 
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Figure 2. IR spectrum of
8-TiCl3 catalyst at 0°C in pentane

13. Copyright 1979, American Institute of Physics. 
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Figure 3. 300 MHz 1H-NMR spectrum of a CClk solution of poly(5-methyl-l,4-
hexadiene) prepared with a Et2AlCl/8-TiCl3 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 MHz hi-WR SPECTRAL DATA OF 5-METHYL-l, 4-HEXADIENE POLYMER 
(Et 2AlCl/6-TiCl 3 Catalyst, 0°C) in CC14 and 

Chemical Shift 
(ppm from IMS) 

Relative 
Intensities Assignments 

5.39 1.03 
5.01 [cci 4] 

2.21 2.01 
1.74 [cci 4] 
1.85 Λ 
1.42 [cci 4] 

1.81 

> 6.89 
1.68 [cci 4] 

1.72 W 
1.58 [cci 4] 

j 

1.45 2.07 
1.04 [cci 4] 

- CH = C 
r C H 3 

\n 0 

.CHn 
CH0 - CH = C - 2 \ 

CH - CHo 

HN yŒ 
NC = C 0 

/ 

\ / Œ 3 C = C J 

CH0 

- CH 
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Figure 4. 13C-NMR spectrum of a CDCls solution of poly(5-methyl-l ,4-hexa-
diene) prepared with a Et2AlCl/8-TiCls catalyst at 0°C in pentane solvent, ambient 
temperature. Reproduced, with permission from Ref. 13. Copyright 1979, Ameri

can Institute of Physics. 

1.67 

( 1 . 4 2 ) ( 0 . 9 8 , 1.10) I 

8 (PPM) 

Figure 5. 300 MHz 1H-NMR spectrum of a CClk solution of poly(trans-l ,4-hexa-
diene) prepared with a Et2Al/8-TiCls catalyst at 25°C in pentane solvent (Ref. \A). 
Reproduced, with permission from Ref. 13. Copyright 1979, American Institute of 

Physics. 
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0Z0N0LYSIS OF P0LY(5-METHYL-1,4-HEXADIENE) 
OZONE φ~Ρ 

POLYMER > — Τ — „ c o „ > PRODUCT ANALYSIS 
THF, 25UC 

-4CH9 - CH-4-2 , η 
CH9 

I Z 

C H ^ ACETONE 
II C - CHo i J 

CH3 (Scheme l ) 
1,2-Polymérizat ion 

OU I 3 
-4C - CH-4-I t m 
CH3 CH2 

CH > FORMALDEHYDE 
I! 
CH2 

4,5-Polymeri z a t i on 
A chromotrophic acid spot test for formaldehyde (23) was also 
negative for the polymer ozonolysis solution, while i t was 
positive for a control solution containing formaldehyde equi
valent to that expected in the experimental solution i f one per 
cent of the double bonds were viny l , i.e., polymerization via 
the internal double bond. 

To c l a r i f y the t a c t i c i t y 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-
1,4-hexadiene) fiber pattern may be interpreted on the basis of 
a pseudo-orthorhombic unit c e l l with a = 20.81 + 0.05 A; b = 
12.95 + 0.02 c = 6.41 + 0.02 S (fiber axis) and α =B = γ = 
90° + 1.5°. An identity period of 6.41 A indicates a trans-left 
gauche (TG) 3 or trans-right gauche (TTD3 chain form. This 
structure i s designated as a 3χ isotactic helix. Other isotactic 
vinyl polymers show good agreement with this identity period. 
These values are 6.50 X for both isotactic polypropylene (24) and 
poly(l-butene) (25) and 6.33 S for isotactic poly(5-methyl-1-
hexene) (26). 

The crystallograph!c spacing values and their assigned 
Miller indicies are li s t e d below in Table I I . 
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TABLE II 
MILLER INDICES AND BRAGG DISTANCES 
FOR POLY (TRANS-1,4-HEXADIENE) 

(hkl) "d" Spacing Intensity 
(100) 19*8 A Strong 
(010) 13.5 Weak 
(200) 10.5 Strong 
(020) 6.4 Weak 
(410) 4.8 k 
(130) 
(301) 4.83 Strong 
(221) 4.30 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 d i f f i c u l t y of the side chain with 
a double bond to f i t in a crystalline l a t t i c e . The crystal
l i n i t y was determined to be 15% using the Hermans and Weidinger 
method (27). 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 i s isotactic. 

~(-CH 
I 
CH. 
I*' 
II 
C -
I 

Œ 2 % 

CH. 

Further confirmation of the structure and t a c t i c i t y of 
poly^-methyl-l,4-hexadiene)was obtained from X-ray diffraction 
and C-NMR data of i t s 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-l-
hexene) as reported in the literature (26) (measured identity 
period, 6.2 Α· l i t . , 6.33 A ) . 
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Figure 6. X-ray fiber diagram of poly( 5-methyl-1,4-hexadiene) prepared with a 
Et2AlCl/B-TiCls 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. 

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



8. L A L E T A L . Polymers of 1,4-Hexadienes 

HYDROGENATION OF P0LY(5-Μ ΕΤΗYL-1,4-HEXADIENE) 
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5-ΜΕΤΗYL-1 -Η EXENE 

The WC-NMR spectrum of the hydrogenated polymer sample in 
CDClj solvent (Figure 8) was identical to that of the polymer we 
obtained by the direct polymerization of 5-methyl-l-hexene with 
Et 2AlCl / 6-TiCl3 AA catalyst (Al/Ti atomic ratio = 1.5, hexane 
solvent, 30°C). The hydrogénation was essentially complete. 

The polymers of 1,4-hexadienes have unusually wide molecular 
weight distributions. This i s il l u s t r a t e d 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 α-olefins, 
particularly 1-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-1,4-hexadiene during copolymerization. 

The NMR spectrum of the copolymer prepared from an equimolar 
mixture of the monomers i s shown in Figure 10. In this spectrum, 
five well separated regions of NMR peaks were observed. The 
assignments of the peaks (Table I I I ) were made by using the 
existing spectral information on homopolymers of 1-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. 13C-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. 

T M S 

λ) υ 

δ <PPm) 
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 EtzAlCl/ 

S-TiCl3 catalyst atO°C in pentane solvent. 
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TABLE III 
300 MHz ̂H-NMR SPECTRAL DATA OF AN EQUBDLAR COPOLYMER OF 

1-HEXENE AND 5-METHYL-1,4-HEXADIENE 

Peaks Chemical 
Shift, ppm 

Assignments 

1.04 

1.20-1.60 

Œ3-CH2-CH2-CH2-CH-CH2-

^Œ 3-Œ 2-Œ 2-Œ 2-CH-Œ 2-

Œ 3 I 
X C=CH-CH0-CH-CH0-

1.65-2.00 rçH3 I 
^ C = Œ - C H 9 - Œ - C H 9 -

™3 

vjCH3
_CH2-CH2-CH2-CH-CH2~ 

2.24 

CH. 
^OCH-Œ 2-CH-CH 2-

5 . 4 4 CH0 

CH0 

C=Œ-CH2-CH-CH2-
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The chemical structure of the copolymers was also studied by 
using 20 MHz *3C-NMR spectroscopy. The spectrum of the above 
copolymer prepared from an equimolar mixture of monomers i s shown 
in Figure 11. The measured chemical shifts and peak assignments 
for the various types of carbon atoms i n the copolymer structure 
are based on spectral data of the homopolymers of 5-methyl-1,4-
hexadiene and 1-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 i s due to the backbone 
methylene carbons i n the copolymer  was noted  The lack of the 
additional peaks i n th
being due to the fact tha
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 α-olefin systems. Lipman (30) 
has reported that the relative reactivities of 1-butene, 1-hexene 
and 1-decene during copolymerization in the presence of ô-TiCl3/ 
Et2AlCl catalyst system (Al/Ti s 2, 23°C, cyclohexane solvent) 
are, respectively, 1·00, 0.83, and 0.69, i.e., there i s only a 
slight decrease i n reactivity as the length of the R group in 
RCH*CH2 i s increased from C 2 to Cg. Branching, especially at 
the 3- and 4-carbon positions of a~°lefins drastically reduces 
their reactivity (31). 

As a check on our experimental and calculation procedures, 
we examined the copolymerization of 1-hexene and 1-decene (Table 
V) which had been investigated by Lipman (30). The copolymer 
composition was determined by using 300 MHz^H-NMR and the 
reactivity ratios were calculated by the Tidwell-Mortimer 
method (22). The values of (1-hexene) = 1.1 + 0.2 and r 2 (1-
decene) = 0.9+0.2 are i n excellent agreement with Lipman1s 
values of 1.3 and 0.9, respectively. It should be noted that i n 
the la t t e r 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 1-hexene (M^) and 5-methyl-l,4-hexadiene copolymeri
zat ions (Table VI). The data show that the copolymer compositions 
measured by 300 MHz ̂H-NMR spectroscopy are essentially 
identical 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 5-carbon position. To d i f f e r 
entiate the effect of the double bond at the 4-carbon position 
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TABLE IV 
13C-NMR SPECTRAL DATA OF AN EQUHYDLAR COPOLYMER OF 

1-HEXENE AND 5-METHYL-l,4-HEXADIENE 

Peaks Chemical Assignments 
Shift, ppm 

1 14.19 ÇH^Œ^-CHo-CHo-CH-CH. 
2 17.9

CH \ 1 2 

^3 H J 

3 23.25 CH3-CH2-CH2-CH2-CH-CH2-

4 25.86 CH- .CH9-CH-CH9-

CH, H 
5 28.72 CH3-CH2-CH2-CH2-CH-CH2-

I 
6 32.38 CH3-CH2-CH2-CH2-CH-CH2-
7 33.30 CH, I 

J^OCH-CH9-CH-CH9-
CHo L 

3 I 
8 34.55 CH3-CH2-CH2-CH2-CH-CH2-

r I 
9 40.03 |CH3-CH2-CH2-CH2-CH-CH2-

3^ 1 

-^^OCH-a^-CH-Œ^-

10 123.36 CH3 

^OCH-CH9-CH-CH9-
Œ 3 

11 131.54 CH3 

Ĉ=CH-CH9-CH-CH9-
CH3

 Z Z 
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TABLE V 

COPOLYMER (IMPOSITION vs HDNCMER FEED COMPOSITION 
FOR l-HEXENE/1-ffiŒNE COPOLYMERIZATIONS 

Mole 7o 1-Hexene Copolymer 
Conversion

Monomer Copolyme
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 
r-^1 - hexene, = 1.1 + 0.2 

r 2 ( l - decene, M^ = 0.9 + 0.2 
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TABLE VI 
COPOLYMER COMPOSITION vs MONOMER FEED COMPOSITION FOR 

1-HEXENE/ 5-CH~-l,4-HEXADIENE COPOLYMERIZATIONS 

Mole 7 0 l-Hexene Copolymer 

Monomer 
Feed 

Copolyme

Copolymer 

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: 
τ± (1-hexene, Μ χ) = 1.1 + 0.2 
r 2 (5-Oi3-l,4-hexadiene, M^ = 1.1 + 0.2 
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from that of the methyl substitution at the 5-carbon position on 
reactivity, we determined reactivity ratios for the 1-hexene (M^) 
and 5-methyl-1-hexene (M2) pair under similar conditions of co-
polymerization, using the same analytical and calculation methods. 
The values of r^ and r 2 were, respectively, 1.5 + 0.2 and 0.7 + 
0.2. The reduced reactivity of 5-methyl-l-hexene i s 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 i t s complexation at the active 
site(s) of the catalyst prior to i t s polymerization and thereby 
the "local concentration" of this monomer i s higher than the feed 
concentration during copolymerization with 1-hexene. This view 
i s consistent with the observation that the overall rates of 
polymerization, under th  conditions h lowe  fo
the system containing 5-methyl-l,4-hexadiene

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

TABLE VII 
Monomer Reactivity Ratios at 30°C 

Catalyst System: E t 2 A l C l / 6 - T 1 C I 3 AA (Al/Ti = 2) 
Monomer 1 

1-Hexene 
5-Methyl-1-h exene 

Monomer 2 r l 
0.6 
0.4 

*2 
0.03 + 0.2 
0.6 + 0.1 

4-Methyl-1-hexene 2.6 + 
4-Methyl-l-hexene j 2.9 + 

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 at can. 
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Structural Factors and Tensile Properties of 
Ethylene—Propylene—Diene Terpolymers Prepared 
with Various Catalyst Systems 
BAO-TONG HUANG (PAO-TUNG HUANG), LI-TONG ZHAO, 
YU-LIANG LI, MIN YU, and BAO-YUAN HU 
Changchun Institute of Applied Chemistry, Academia Sinica, 
Changchun, Jilin Province, People's Republic of China 

Difference in vulcanizate tensile strength of 
EPDMs prepared wit
cially the high strength of EPDM prepared with 
vanadium carboxylates (v5-9), is examined against 
various structural parameters. Effect of [η], 
[C=C] and C3% respectively on tensile strength is 
noted. The catalyst systems are arranged in the 
decreasing order of tensile strength for samples 
with comparable [ η ] , [C=C] and C-3% as: V5-9-Et3Al2Cl3 

>V(acac)3-Et2AlCl>V5-9-Et3Al2Cl3-ETCA (activator) 
>VOCl3-Et3Al2Cl3. Contributions of third monomer 
distribution and molecular weight distribution, 
though important as they should be, did not appear 
to be decisive. Variations in monomer sequence 
length distribution and long-chain branching, i f 
present, and their influence on vulcanizate tensile 
strength remain to be examined. 

Ethylene-propylene-diene terpolymers (EPDM), with their 
inherent complexity in structural parameters, owe their tensile 
properties to specific structures dictated by polymerization 
conditions, among which the controlling factor is the catalyst 
used in preparing the polymers. However, no detailed studies on 
correlation between tensile properties and EPDM structures have 
been published (l,2). An unusual vulcanization behavior of EPDMs 
prepared with vanadium carboxylates (typified by V^.o, carboxylate 
of mixed acids of C5-C9) has been recently reported Q). This 
EPDM attains target tensile properties in 18 and 12 minutes at 
vulcanization temperatures of I50 and l60°C respectively, while 
for EPDMs prepared with VOCl3-Et3Al2Cl3 or V(acac)3-Et2AlCl, about 
50 and 4-0 minutes are usually required at the respective vulcani
zation temperatures, a l l with dicyclopentadiene (DCPD) as the 
third monomer and with the same vulcanization recipe. This obser
vation prompted us to inquire into the inherent structural factors 

0097-6156/82/0193-0195$06.00/0 
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that caused this marked difference i n vulcanization behavior of 
EPDMs prepared with different catalyst systems. This paper 
reports some of the preliminary observations. 

EXPERIMENTAL 
Polymerizations were carried out batchwise i n ^00-ml 

polymerization-grade hydrogenated gasoline or hexane. After 
saturating the solvent with the monomer mixture (C2/Cj=2.0 ± 0 . 1 , 
dried through consecutive NaOH, s i l i c a gel and Â molecular sieve 
columns), DGPD (together with ETCA, ethyl trichloroacetate, an 
activator, when used), vanadium catalyst and alkylaluminum 
chloride solutions were syringed i n succession into the reaction 
mixture. Polymerization continued with s t i r r i n g under the monomer 
gas flow. With the exceptio
the 3 0~ minute polymerizatio
further addition of catalyst components and diene i n order to 
boost the yield i n one batch to get enough terpolymer for tensile 
tests. The terpolymer, after being precipitated from ethanol and 
washed with fresh portions of ethanol, with N-pheny1-β-rmphthyl-
amine added i n the third washing, was vacuum dried at ^0°C to a 
constant weight. [yf\ was determined i n toluene at 30°C» degree 
of unsaturation, Cc=Cl (expressed i n mmole/gram polymer), by 
iodine chloride method (l£) and composition C3 mole% by infrared 
spectroscopy (Zeiss UR-10 or Perkin Elmer 5 7 7 ) using bands at 7 2 0 
and I I 5 0 cm" 1 with pressed films employing a pre-constructed 
calibration curve ( j 5 ) . 

Tensile testing samples were of miniature size (ça. 1 . 5 x 1 . 8 
mm in cross-section and 5 · 5 cm i n gauge length. Long practice i n 
this Laboratory has proven that samples of this size give repro
ducible results and are el i g i b l e for comparison purposes. 

The vulcanization recipe wasî EPDM 1 0 0 , stearic acid 1 . 0 , 
zinc oxide 5 . 0 , accelerator M 0 . 5 , TMTD 1 . 5 , HAF 5 0 , sulfur 1 . 5 
phr. Peroxide-curing of E-P copolymers was carried out with a 
modified procedure of ( 6 ) : EPR 1 0 0 , dicumyl peroxide 3 , zinc oxide 
3 , TMTD 0 . 5 , HAF 5 0 , sulfur 0 . 2 phr, the mixture being masticated 
for 2 0 minutes at ^0-50°C and cured at 1^0°G. 

Molecular weight distribution (MWD) was rjetermined on a home
made GPG column (£), with toluene as the elua i t and turbidimetry 
i n methanol as means of detecting polymer concentrations i n the 
counts. 

RESULTS AND DISCUSSION 
Among the main molecular structural variables i n EPDMs that 

are stipulated by catalyst systems and that affect the vulcanizate 
tensile properties we may mention: molecular weight (MW) and MWD, 
degree of unsaturation (LG=C1) and i t s distribution i n the polymer, 
composition (C^) and monomer sequence length distribution along 
molecular chains, and long-chain branching i f present. Effect of 
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carbon black reinforcement and of chemical structure of cross-
linking bonds on tensile properties can be neglected when samples 
are processed and vulcanized under same conditions. 

Preliminary Observations 

I t was observed in the early stage of this work that EPDMs 
prepared with different catalysts had varying vulcanizate tensile 
properties. For example, i t was noted that V̂ _o-EPDMs had higher 
vulcanizate tensile strength than VOCl^-EPDMs with comparable 
and [C=C] (Figure 1A) or with even higher [ y j ] and [c=C] (Figures 
IB and 1C), even though E t ^ l g C l o + Et2AlCl should have given 
lower vulcanizate tensile strength than E t ^ ^ C l ^ alone Q ) . 
Similar tensile difference existed between vulcanizates of 
V(acac)3 - E t o A l C l and V
[C=C] (Figure I D ) . D

Effect of ΓηΊ, [C=Cl and 0-fo 

The effect of MW on tensile properties of other elastomers 
that, before a MW limit is reached, tensile strength increases 
with MW was well established. Due to complexity in MW^fjll rela
tionship for EPDMs Q ) , as an expedient measure, ĈD i s used as a 
practical scale of MW. Figure 2 shows examples of E P D M samples 
having same Cc=Cl but varying Oil prepared with V r ^-Et^A^ C l o + 
Et2AlCl (lîl). Thus, the effect of [η] is nullified by using 
samples having comparable [y\] when comparing samples prepared with 
different catalyst systems. 

Under comparable [yQ, samples with higher Cc=Cl showed higher 
tensile strength and JOOfo modulus and lower elongation at break 
for EPDMs obtaianed with a l l the catalysts studied V(acac ) o -
Et2 A 1Gl (Figures 3 and 4), 9 ^ 3 Α 1 2 0 ΐ 3 (Figure 5 ) and V O C I 3 -
E t 3 A l 2 C l o (Figure 6A). The importance or the degree of unsatura
tion in determining tensile strength is emphasized in the failure 
of the contribution of higher to overcome the effect of lower 
[C=Cl (Figure 6B). 

Composition of the terpolymers as expressed in 0j mole%, of 
course, must be kept in Ithe range that yields good elastomeric 
properties. E-P polymers of higher ethylene content naturally 
result in higher tensile strength as a consequnece of formation 
of partial crystallinity due to short ethylene blocks (8) . C ^ 
of EPDMs studied in this work a l l abide by the usual EPDM require
ments . 

Systematic Comparison 

I t became apparent that comparison of samples with similar 
D'il» EG=G1 and C^£ would reveal the degree of tensile difference 
brought about by other structural factors. The matching samples 
with three structural factors comparable simultaneously were 
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20 30 2+0 50 60 20 30 40 50 60 
V u l c a n i z a t i o n time (min.) 

Figure 1. Tensile differences in EPDMs. 
Conditions for A: (1) V 5.9Et3Al2Cl3; Et2AlCl, 1:1; (2) VOCl3-EtsAl2Cl3; [v] (dl/g), 2.05; 
[C=C] (mmol/g), 0.49 (1) 0.43 (2); 150°C. Conditions for Β: V5.9EtsAl2Cl3, Et2AlCl, 
1:1; (2) VOCl3Et3Al2Cl3; [η] (dl/g), 1.83 (1) 1.91 (2); [C=C] (mmol/g), 0.42 (1) 0.51 
(2); 150°C. Conditions for C: (1) V5.9Et3Al2Cl3, (2) VOCl3Et3Al2Cl3; [η] (dl/g), 1.85 
(1)2.01 (2); [C=C] (mmol/g), 0.73 (1) 1.01 (2); 150°C. Conditions for D. (1) V(acac)3-
Et2AlCl; V5.9Et2AlCl (2); [η] (dl/g), 1.18 (1) 1.14 (2); [C=C] (mmol/g), 0.35 (1) 

0.37 (2); 160°C. 
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Figure 2. Effect of [η] on vulcanizate tensile properties: V5.9-Et3Al2Cl3, Et2AlCl, 
(1:1), 150°C; [C=C] (mmol/g), 1—0.43, 2—0.42; [v] (dl/g), 1—2.37, 2—1.83. 
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assorted from samples from large amount of polymerization work. 
Six matched sets of samples, each comparable in \J\]9 Zc^cl and 
0ψ> (Table I ) , were chosen from terpolymers obtained with V^_Q-
E t ^ A ^ C l o , V O C l o - E t o A ^ C l o , V i a c a c U - E ^ A l C l and the activated 
V^_g-Et3Al2Gl3-ETGA"; respectively. 

Comparison of vulcanizate tensile properties of the six sets 
of comparable samples (Figures 7A-F) gave results (Table I , last 
column) pointing to the a b i l i t y of the systems i n giving decreas
ing tensile strength i n the following orders 

V r ^ - E t y i l g C l ^ > V (acac ) 3 - E t ^ l C l > 
V 5_ 9-Etya 2 C l 3-ETCA> VOCly -Et^AlgCl^. 

I t i s seen that, i n some cases, samples having the same 
modulus (Figures 7C an
E ) had even higher tensil
measure of cross-linking density, i t may mean that, besides [V/l» 
degree of unsaturation, composition and cross-linking density as 
symbolized by 3 0 0 ^ modulus, there are other factors that affect 
the tensile strength. 

As supporting evidence, i t may also be mentioned that t90 
(time needed for 9 0 ^ vulcanization) and V e(vulcanization rate) 
values on a eurometer showed the followed orders 

V 5 _ 9 - E t 3 A l 2 C l 3 > V O C ^ - E t y ^ C l ^ ; 

V(acac ) 3 - E t 2AlCl> V 5 _ 9 - E t 3 A l 2 C l 3-ETCA> V O C O ^ - E t ^ ^ C l j . 

In the case of V ^ ^ - E t o A l g C l o system, the vulcanizate tensile 
strength i s lowered on addition of the activator ETCA, apparently 
because of the change i n molecular structure of the resulting 
polymer as a result of change i n the nature of the polymerization-
active centers. But this catalyst s t i l l yields vulcanizate 
strength higher than that of VOCI3-EPDM. 

Effect of Distribution of Double Bonds 

The distribution of the thi: monomer i n molecular chains or 
in the whole polymer should affect the perfection of the vulcani
zate network, free chain ends or the uncross-linked parts i n the 
polymer making no contribution to the tensile strength but acting 
as a plasticizer of l i k e structure as the polymer. 

So far i t has not been possible to determine the distribution! 
of the third monomer units i n molecular chains. Yet i t i s 
possible to follow the rate of third monomer incorporation in 
polymerization so as to estimate the heterogeneity of i t s d i s t r i 
bution in the whole polymer. We have previously reported the 
marked difference i n incorporation of DCPD i n polymerization with 
V ( a c a c ) 3 - E t 2AlCl and V q . g - E t ^ l p G l ^ - E T G A . ( 3 ) . Figure 8 shows that 
Vr_« in combination with various alkylaluminum halides and VOCL^-
Et A l CI are not noticeably different i n influencing the incor-
ροϊα,υχυιι of DCPD during EPDM polymerization. Thus, difference i n 
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Vulcanization time (min.) 
Figure 7. Continued. Tensile properties of comparable samples. Key: (Ε) Φ, 
78-C14 V(acac)3-Et2AlCl; O, 78-C6 V5.9-EtsAl2Cl3; (F) · , 78-C36 V(acac)3-
Et2AlCl; O, 78-C24 V5,9-Et3Al2Cl3-ETCA; O, 78-C29 VOCl3-Et3Al2Cls. Sample 

data in Table I. 
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10 20 30 k0 50 60 70 80 90 100 
Polymer formed {%) 

Figure 8. Incorporation of dicyclopentadiene in EPDMS. Key: A, V 5.9-Et3Al2Cl3-
ETCA; B, V5.9-Et3Al2Cl3, Et2AlCl or Et3Al2Cl3/Et2AlCl (1:1); C, V(acac)3-

Et2AlCl. 
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V^-EPDM and VOCI3-EPDM vulcanizate tensile strength is not 
simply explainable by network quality resulting from differ
ence in the third monomer distribution in the terpolymers. 

In Figure 8 are also reproduced data (curves A and C) of the 
other two systems previously given Q ) · It is clear that although 
addition of ETGA to the V^.g-Ety^Clo system makes the DCPD 
distribution in the terpolymer much more heterogeneous (curve A, 
compared to B) and yields lower vulcanizate tensile strength (see 
above), the much more even distribution of DCPD in V(acac)3-EPDM 
(curve C, compared to B) did not bring about any improvement in 
tensile properties of the latter over those of the V -̂EPDM. 
Thus, the difference in uniformity of third monomer distribution, 
though c r i t i c a l as i t should be so far as the network perfection 
-LS concerned, is not large enough to compensate for the effects 
exerted by some other structura
to excel in tensile properties

Effect of Molecular Weight Distribution 

High MW fraction in EPDM ought to contribute favorably to 
the vulcanizate tensile properties (_£j. The following prelimi
nary observations were gathered to examine whether difference in. 
tensile strength of samples prepared with various catalysts 
studied was due primarily to the difference in MWD of the ter
polymers . 

The drop in tensile strength of V̂ _g-EPDM upon addition of 
the activator ETGA (see above) was accompanied by a gradual 
reduction leading to the disappearance of the high MW hump on the 
GPG profiles (Figure 9 ) . Conclusion as to the direct influence 
of the high MW fraction on the tensile strength is cautioned by 
the fact that addition of ETGA was accompanied by a simultaneous 
decrease in Cll* 

The polydispersity index, Μ /Μ , values of comparable samples 
78-C24 (V 5_ g, plus ETCA) and 78-ulln(VOCL , no ETCA) in Figure 
7C were 3.93 and 4.79, respectively. Another set of comparable 
samples 78-C19 (V 5_ g, Plus ETCA) and 78-C5 (V5 n> no ETCA) had 
M /M values of 2.94 and 5.15, respectively. These limited data 
sKownthat samples with higher polydispersity do not necessaily 
give higher tensile strength. 

Furthermore, i t has to be noted that both V O G I 3 - a n c ^ ^ 5 ~ 9 ~ 
EPDMs have multimodal GPG profiles signifying the presence of 
high MW fractions, yet they have the greatest disparity in 
vulcanizate tensile properties, again suggesting MWD to be not 
a major determinant in defining the observed tensile differences. 

Vulcanizate Tensile Strength of E-P Copolymers (EPM) 

To circumvent any effect on tensile properties that might 
have concurred in the presence of the third monomer, hydro
peroxide curing of E-P copolymer samples comparable in and 
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Figure 9. Gel permeation chromatographs of EPDMs. The effect of ETCA addi
tion on MWD of EPDMs prepared with V5.9-Et3Al2Cl3 (3). Key: O, ETCA/V = 

10; χ, ETCA/V = 15; · , ETCA/V = 20. 
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Ζψο prepared with different catalyst systems was carried out 
(Figure 10). V ^ . n - E P M s t i l l attains the highest strength as 
compared to the others, and the tensile strength of V(acac)3 -
E P M i s higher than that of VOCI3-EPM before "reversion". Thus,, 
the order of magnitude i n the strength of the three terpolymers 
i s retained i n the copolymer series. The lower strength of a c t i 
vated V ^ _ o - E P M than that of VOCI3-EPM, different from results with 
the terpolymers, i s probably due to the lower [ V j l of the former. 

Since copolymers contain only ethylene and propylene and [Vil 
values of the samples are practically the same, i t suggests that 
monomer sequence length distribution along molecular chains and 
long-chain branching might play a role i n determining the strength 
of the E P D M vulcanizates. 

A study of the differenc  i  length d i s t r i
bution and hence of th
tion and other structura  parameters,including long-chai
ing, of samples prepared with the above-mentioned various catalyst 
systems i s under way and constitutes the subject of a subsequent 
paper. 

1 I ι I L_ 

20 30 kO 50 60 

Vulcanization time (min.) 

Figure 10. Vulcanization of E-P copolymers. 

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



9. H U A N G E T A L . Ethylene-Propylene-Diene Terpolymers 211 

EDITOR'S NOTE: ( 1 ) The mixing of carbon black was carried out 
on a two-roll m i l l . The dispersion of carbon black in the 
compounded recipes was not evaluated. ( 2 ) X-ray studies of the 
copolymers by the author are in progress. ( 3 ) GPC data are 
relative and may not be comparable to those obtained with 
commercial instruments. 
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10 
Quasi-living Carbocationic Polymerization of Alkyl 
Vinyl Ethers and Block Copolymer Synthesis 

MITSUO SAWAMOTO1 and JOSEPH P. KENNEDY 
The University of Akron, Institute of Polymer Science, Akron, OH 44325 

Quasiliving carbocationic polymerizations of isobu-
tyl vinyl ether
were achieved wit
ride (p-DCC)/AgSbF6 initiating system in CH2Cl2 
solvent at -70 or -90°C. The quasiliving polymer
izations were effected by slow and continuous mon
omer addition to a premixed initiator solution 
(quasiliving technique). The number-average mol
ecular weight (Mn) of polymers increased linearly 
with the cumulative weight of added monomer (W), 
and linear Mn versus W plots passing through the 
origin have been obtained. The polymers exhibited 
narrow molecular weight distributions with Mw/Mn = 
1.4 - 1.7. Polar solvents (CH 2Cl 2) and lower tem
peratures (-70 or -90°C) were optimum for these 
quasiliving polymerizations. Blocking MVE and α-
methylstyrene (αMeSt) from quasiliving polymer 
(IBVE) dications led to novel triblock copolymers: 
poly(MVE-b-IBVE-b-MVE) and poly(αMeSt-b-IBVE-b-
αMeSt), respectively. 

"Living 1 1 carbocationic polymerizations are most difficult to 
achieve mainly because of chain transfer to monomer and termi
nation processes both of which frequently occur in carbocationic 
polymerizations. It has recently been demonstrated (1) that 
"quasiliving" polymerization of α-methylstyrene (aMeSt) can be 
achieved by slow and continuous monomer addition and that the 
number-average molecular weight (Mn) of PaMeSt increases linearly 
with the weight of added monomer. A theory for quasiliving poly
merizations has been developed (2). 

1 Current address: Kyoto University, Department of Polymer Chemistry, Kyoto 606, Japan. 
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This paper concerns the quasiliving cationic polymeriza
tions of isobutyl vinyl ether (IBVE) OA) and methyl vinyl ether 
(MVE) induced by the bifunctional jp-dicumyl chloride (p-DCC)/ 
silver hexafluoroantimonate (AgSbF6) i n i t i a t i n g system. This b i 
functional i n i t i a t i n g system was selected because our intention 
was to generate two-headed quasiliving growing species that in 
turn was expected to lead to triblock polymers. Ini t i a t i o n and 
propagation in the p-DCC/AgSbF6/IBVE system, for example, i s v i s 
ualized to occur as follows: 

To f a c i l i t a t e ionization of _p-DCC, i t was premixed with AgSbF6 
prior £o monomer introduction. The p-dicumyl cation [(CH3)2C$-
CeĤ -C (CH 3) 2] may also form during premixing. 

The polymerization behavior of polar alkyl vinyl ethers and 
nonpolar olefins (such as aMeSt) are quite different. The pro
pagating carbocations derived from alkyl vinyl ethers are more 
stable than those of hydrocarbon olefins. The high s t a b i l i t y of 
growing vinyl ether cations i s advantageous for quasiliving po
lymerizations. Although previous studies on IBVE polymerization 
suggest the involvement of long-lived growing species (5,6) or 
the absence of termination (7$8»9) * " l i v i n g 1 1 or "quasiliving" po
lymerizations of alkyl vinyl ethers have not yet been achieved. 

Applying the slow and continuous monomer-addition (quasi-
living) technique, we polymerized IBVE and MVE with the £-DCC/ 
AgSbF6 i n i t i a t i n g system and defined optimum reaction conditions 
for the quasiliving polymerization of these monomers. Subsequent 
block polymerization starting poly(IBVE) quasiliving dications led 
to novel triblock polymers: poly(aMeSt-b-IBVE-b-aMeSt) and poly-
(MVE-b-IBVE-b-MVE). 

Experimental Section 
Materials. Commercial IBVE (GAF Corp.) and aMeSt (Aldrich) 

were washed with 10% aqueous sodium hydroxide and water, drived 
overnight over sodium sulfate, and freshly d i s t i l l e d twice over 
calcium hydride under dry nitrogen. MVE (Matheson, purity > 
99.5%) and AgSbF6 (Cationics Inc. and Alfa) were used as received. 
The latter was protected from light during storage and handling. 
p-DCC was prepared as reported (10,11). η-Heptane (Aldrich), 

(1) 
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toluene (Fisher), and methylene chloride (Fisher) were purified 
by the usual methods. 

Polymerization by Slow and Continuous Monomer Addition. 
Polymerizations were carried out under dry nitrogen in a 300-cm3 

three-neck, round-bottom flask equipped with a s t i r r e r , a Teflon 
plug for monomer addition, and a serum cap for sampling. Firs t 
p-DCC and AgSbF6 solutions (200 cm3 in total) were mixed and 
stirred for one minute at the desired temperature. To this pre-
mixed i n i t i a t o r charge the monomer was added slowly but continu
ously at a controlled addition rate: IBVE (mostly 25 vol% solu
tion) was introduced through a precision solvent-metering pump 
(Beckman Model 110A) and a glass capillary outlet; MVE was direct
ly condensed into the reactor from a lecture bottle with a regu
lating valve through Tygo
amounts of aliquots wer  syring
tion mixture and were injected into capped v i a l s containing a few-
cm3 methanol. After f i l t r a t i o n and evaporation of volatiles 
yields were determined by gravimetry. 

Blocking from Quasiliving Poly(IBVE) Dication. The quasi-
l i v i n g poly(IBVE) dication was prepared as described above. At a 
desired time IBVE addition to the reactor was discontinued, an 
aliquot sample was withdrawn with a syringe, and blocking was ef
fected by introducing the second monomer (aMeSt or MVE) continu
ously to the reaction mixture. aMeSt (25 vol% solution) was add
ed through the precision pump; gaseous MVE was directly condensed 
into the reactor (see above). The reaction was quenched with pre-
chilled methanol (30 cm3). After f i l t e r i n g off the silver chlo
ride, the reaction mixture was concentrated to ca. 30 cm3 by 
evaporation and fractionated with 2-propanol (700 cm3) for aMeSt-
IBVE blocks or an n-heptane (500 cm3)/water (200 cm3) mixture for 
MVE-IBVE blocks. 

Polymer Characterization. Molecular weight distributions 
(MWD) were determined by gel permeation chromatography (GPC) on a 
Waters 6000A chromatograph equipped with yStyragel columns. Mn 

and Mw/Mn were calculated from GPC traces using polystyrene c a l i 
bration. M n

fs thus obtained were in good agreement with the cor
responding absolute values determined by GPC/low-angle laser 
light scattering technique (12). The composition of the blocking 
products was determined by '''H-NMR spectroscopy on a Varian T-60 
spectrometer (ca. 20 wt% polymers in CCli*). 
Results and Discussion 

Quasiliving Polymerization of IBVE in CH2CI2 at -70° and 
-90°C. IBVE was polymerized by introducing the monomer slowly 
and continuously into a premixed £-DCC/AgSbF6 charge in CH2CI2 
at -70 or -90°C. In a l l experiments polymer yields at any time 
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were in good agreement with the cumulative weight of added IBVE, 
^IBVE> ^IBVEf indicating consistently quantitative monomer con
versions. 

Figure 1 shows a typical set of GPC traces for poly(IBVE) 1s 
obtained at -90°C. The MWDfs are narrow (M̂ /Mn = 1.4 - 1.7; see 
Figure 2) and shifting towards higher molecular weights with 
time; no significant broadening can be observed. 

Mn and Mw/Mn values calculated from these data were plotted 
against W J B V E (e.g., Figure 2). At both -70 and -90°C Mn i n 
creases with W J B V E - Importantly, Mn versus WjBVE plots are l i n 
ear over a wide range of W J B V E ' S and pass through the origin. At 
higher W J B V E 1 ^ however, the plots tend to deviate from l i n e a r i t y . 

Figure 2 also shows " M Q - W J B V E relationships obtained at d i f 
ferent monomer-addition rates (0.35 to 1.68 g/min/200 cm3)  The 
monomer-addition rate doe
lationships, which giv  singl  straigh  passing throug
origin with W J B V E ^^β» provided the monomer i s added slowly and 
continuously. 

The effect of the i n i t i a l i n i t i a t o r concentration (Ij>-
DCC]Q) on Mn was studied at -90°C (Figure 3). ^ increased at a l l 
[£-DCC]0

fs and the versus W J B V E plots passed through the o r i 
gin. The slopes of the linear portions of these plots were i n 
versely proportional to [£-DCC]Q. Similar results were obtained 
with samples prepared at -70°C. 

These results demonstrate that quasiliving polymerization 
of IBVE can be achieved by the use of CH2CI2 solvent at -70 or 
-90°C. This novel quasiliving technique leads to poly(IBVE) Ts 
with controlled (and high) molecular weights and narrow MWD. 

Number of Polymer Chains. The quasiliving character of 
IBVE polymerization i s further supported by quantitative analysis. 
Figure 4 ill u s t r a t e s changes in N, the number of poly(IBVE) chains 
produced per unit i n i t i a t o r (jp_-DCC), as a function of WjBVE* ϋ 
is defined by eq. 2: 

W 
IBVE 

Ν - (2) 
M n.I £-DCC] o 

In ideal l i v i n g polymerizations Ni i s equal to unity throughout 
the experiment. At -70 and -90°C the obtained Ν values are close 
to unity and remain unchanged during the early stages of the po
lymerizations, indicating the presence of quasiliving polymeri
zations. During the later stages of the polymerization, however, 
Ν gradually increased with increasing WjBVE* probably because of 
chain transfer to monomer. 

Effect of Temperature. In experiments carried out at -30° 
using CH2CI2, M n

fs increased with WjBVE but the absolute values 
were an order of magnitude smaller than expected and the Mn 
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Figure 1. MWD of poly(lBVE) obtained in CH2Cl2 at -90°C: [p-DCC]0 is 
0.50 mM; [AgSbF6]0 is 1.1 mM; IBVE addition rate is 0.76 g/min (3). 
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0 10 20 

Î R V F ' 

Figure 2. MN and MW/MN as junctions of monomer input WIBVE in CH2Cl2 at 
—90°C: [p-DCC]0 is 0.50 mM; [AgSbF6]0 is 1.1 mM. IBVE addition rates are 

0.38 (Φ), 0.76 (0),1.22 (θ), 1.68 (9). 
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IBVE' 9 

Figure 3. Effect of [p-DCC]0 on Mn — WJBVE relationships in CH2Cl2 at —90°C. 
[p-DCC]ο (mM) and 0.50 (O), 1.0 (Q), 1.8 (%). [AgSbF6]0/[p-DCC]0 is 2.3; 

IBVE addition rate is 0.38 g/min (3). 

HO 

Ν 20 

0 

I I 

- 5 0 ° C ^ = -

- Ρ 

-70°C, -90°C 

Η — A — 
10 15 

* I B v E ' g 

Figure 4. Relationships between monomer input WIBVE and N, the number of 
poly(IBVE) chains produced per unit p-DSS molecule, in CH2Cl2. [p-DCC]0 is 
0.50 mM; [AgSbF6]0 is 1.1 mM; IBVE addition rate is 0.76-0.80 g/min. -30°C 

(·), -50°C (O), -70°C (Ah -90°C (7U (3). 
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versus WiBVE plots could no longer be back-extrapolated to the 
origin. Mn versus WjBVE plots for -50°C increased continuously 
but non-linearly. 

In Figure 4 the number of polymer chains (N) obtained at 
these higher temperatures are compared with those f o r -70 or 
-90°C. In contrast to Ν values obtained at -70 or -90°C which 
are close to unity and nearly constant, those for -30 or -50°C 
are much higher than unity and increase steeply with WiBVE. 
These trends indicate increasing interference of chain transfer 
at higher temperatures, i.e., these conditions are not suitable 
for quasiliving polymerizations. 

Effect of Solvent Polarity. Quasiliving polymerization of 
IBVE was also attempte
and -70°C. Figure 5 give
versus WjBVE plots obtained at this temperature are strongly 
curved. Importantly, the Ν values were less than unity at the 
beginning of the reactions and they increased beyond unity with 
increasing WiBVE* Evidently i n i t i a t i o n i s slow in nonpolar media 
due to incomplete ionization of the i n i t i a t o r ( i . e . , Ν >1). 

At -50°C M n
fs remained unchan£ed_(Mn % 3 χ 10**, l£-DCC]Q = 

0.50 mM) with increasing W J B V E
 a m * Mw/Mn % 2.0. The polymeriza

tion i s no longer quasiliving but follows a conventional chain-
transfer-dominated course. Nonpolar media are evidently unsuit
able for quasiliving polymerization of isobutyl vinyl ethers. 

Quasiliving Polymerization of Methyl Vinyl Ether. Similar
l y to IBVE polymerization, MVE was polymerized with premixed £-
DCC/AgSbF6 i n i t i a t i n g systems in CH2CI2 solvent at -70°C by slow 
and continuous monomer addition. Polymer yields were ^100% at 
every reaction time. 

Figure 6 shows plots of Mn of poly(MVE) versus the cumula
tive weight of added MVE, Ŵ VE* M n

fs increase li n e a r l y with i n 
creasing W ^ V E a n (l the lines pass through the origin, Mn i s higher 
at a lower i n i t i a t o r concentration, [£-DCC]0; the slope of the 
plots i s nearly proportional to the r e c i p r o c a l of [p-DCC] 0. 

These results show that quasiliving polymerization oJE MVE 
has been achieved by the use of CH2CI2 solvent at -70°C. M^s 
obtained at different monomer-addition rates (0.50 to 1.13 g/min/ 
200 cm3; Figure 6) lead to a single straight li n e through the o r i 
gin, which indicates that quasiliving conditions can be maintained 
independent of the monomer-addition rate in that range. 

The linear Mn versus Ŵ Ê plots imply that the number of 
poly(MVE) chains produced per unit i n i t i a t o r , Ν (cf. eq. 2), i s 
constant during the polymerization. The absolute values of Ν were 
greater than unity (2.50 and 2.79 at l£-DCC]0 = 1.0 and 2,0 mM, 
respectively), suggesting that chain transfer to monomer may bave 
occurred during the early stages of the polymerization. 

In the polymerization at a higher temperature (-30°C) in 
CH2C12 solvent, M n

fs were much smaller than expected from [£-DCC]Q; 
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the Mn versus plots showed an intercept, although M n
,s i n 

creased l i n e a r l y with W
M V - Polymerizations in a nonpolar solvent 

(toluene) at -7()0C_gave strongly curved M versus W plots; the 
MWD was broad (M /M = 2.4 to 3.9). Π 

w η 
Optimum Conditions for Quasiliving Polymerization. Table I 

summarizes ^ n " " w
I B V E relationships obtained under a variety of 

conditions. The corresponding table for MVE i s almost i d e n t i c a l . 
The observed relationships are c l a s s i f i e d into three categories: 
1) (0) Linear M^ versus W j B V E plots passing through the o r i g i n , 
indicating q u a s i l i v i n g polymerizations; 2) (Χ) M independent of 
w VE' indicating conventional chain-transfer-dominant polymeri
sations; and 3) (Δ) intermediate cases between (1 and 2), where 
M̂  versus W T m n ? plots ar

TABLE I 

M ~ W T „ m η IBVE Relationships under a Variety of 
a 

Conditions -

Temperature, °C 
Solvent -90 -70 -50 -30 

CH 2C1 2 ο 0 Δ Δ 
n-C 7H 1 6 Δ X 

Inspection of Table I shows that optimum conditions for 
quasiliving polymerization of IBVE (and MVE) pr e v a i l i n polar 
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solvents (CH2CI2) and at lower temperatures (-70 or -90°C). 
Apparently chain transfer and termination are "frozen out" at low
er temperatures, and fast i n i t i a t i o n and/or re-ionization of dor
mant growing end are promoted i n polar media. 

The presence of the ether oxygen i n the monomer may or may 
not be advantageous for q u a s i l i v i n g polymerizations of a l k y l 
v i n y l ethers i n general and IBVE or MVE i n pa r t i c u l a r . Vinyl 
ether growing cations are r e l a t i v e l y stable and may undergo ter-
minationless polymerization (5-_9)/ however, these monomers are 
strongly basic and highly prone to chain transfer to monomer Ç7, 
13, 14). The attainment of qu a s i l i v i n g polymerizations of IBVE 
and MVE, as demonstrated i n t h i s work, implies that the q u a s i l i v 
ing technique can overcome t h i s drawback by promoting the rever
s i b i l i t y of chain transfer to monomer

Blocking aMeSt or  Quasiliving Poly(IBVE)
An important application of quas i l i v i n g polymerizations may be 
for the synthesis of block copolymers. E f f o r t s have been made to 
prepare novel block polymers starting from qu a s i l i v i n g poly(IBVE) 
dication by the addition of aMeSt and/or MVE as the second mono
mer. Eq. 3 outlines the p r i n c i p l e of the blocking experiments: 

p-DCC/AgSbF6 

IBVE CH 2Cl 2f -70 or -90°C 
WArupoly (ΙΒνΈ)'νννυ M2 

poly (M2) 'WVpoly (IBVE) w o fooly (M2) (3) 

(M2 = aMeSt, MVE) 

During the second stage of these block polymerizations, aMeSt or 
MVE was added slowly and continuously to charges containing qua
s i l i v i n g poly(IBVE) dications. 

The products obtained i n IBVE-aMeSt block copolymerization 
were fractionated with 2-propanol, a good solvent for poly(IBVE) 
and a nonsolvent for poly(aMeSt). Table II shows molecular 
weights and compositions of t y p i c a l blocking products. Figure 7 
i l l u s t r a t e s examples of 1H-NMR spectra of the 2-propanol-soluble 
and -insoluble fractions. 

In expt. C i n Table II, for instance, the molecular weight 
of the 2-propanol-insoluble f r a c t i o n was much higher (Mn = 30,500) 
than that of the starting pol^(IBVE) (Mn = 7,100). The 2-propanol-
soluble f r a c t i o n also had an Mn (7,700) that was cl e a r l y , though 
s l i g h t l y , higher than the starting polymer. The 2-propanol-in
soluble fractions ranged from 73 to 87 wt% of the products. 

1H-NMR spectra of the 2-propanol-insoluble fractions (e.g., 
Figure 7a) exhibited signals due to both aMeSt and IBVE units 
(aMeSt, 6̂  0.1 and 6.9 ppm; IBVE, 6̂  0.9 and 2.8-3.6 ppm), i . e . , 
the spectra indicate the presence of both poly(aMeSt) and poly-
(IBVE) segments i n these fractions. As 2-propanol-insoluble 
fractions cannot contain homopoly(IBVE), the existence of IBVE 
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Figure 7. 1H-NMR spectra of the 2-propanol-soluble and -insoluble fractions of 
IBVE-aMeSt block copolymerization products obtained in experiment A, Table II. 
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TABLE II 
Blocking aMeSt from Quasiliving PIBVE i n C H 2 C I 2 at -90°C with 

p-DCC/AgSbF6 I n i t i a t o r 

_ ^ [p-DCC] a, Expt. — 0 
b 

Feed, wt% 
. . c — Fraction(wt%) Composition, wt% 

IBVE/aMeSt IBVE/aMeSt (GPC) 
Starting PIBVE 100/ 0 10600 

A 0.50 14/86 2-PrOH Sol. (13) 89/11 11600 
2-PrOH Insol.(87) 13/87 69100 

Starting PIBVE 100/ 0 6600 
Β 2.0 30/7

Starting PIBVE 100/ 0 7100 
C 2.0 36/64 2-PrOH Sol (27) 90/10 7700 

2-PrOH Insol.(73) 29/71 30500 
a)[AgSbF 6] = 2.3; i n i t i a l volume of p-DCC/AgSbF 6 charge, 200 cm3. 
b) Expt. A? IBVE , 0.76 g/min , 2 min; aMeSt, 0 .91 g/min, 10 min. 

Expt. B: IBVE , 0.37 g/min , 10 min; aMeSt, 0 .44 g/min, 20 min. 
Expt. C: IBVE , 0.37 g/min , 10 min; aMeSt, 0 .44 g/min, 15 min. 

c) Determined by 1H NMR. 

units i n these fractions i s strong evidence for the formation of 
IBVE-aMeSt block polymers, which are insoluble i n 2-propanol be
cause of t h e i r high aMeSt contents (71 to 87 wt%). 

Although homopoly(aMeSt) should be absent i n the 2-propanol-
soluble fractions, XH NMR spectra of these fractions showed a re
sonance characteristic of aMeSt units (δ 6.9 ppm) together with 
large signals of IBVE units (e.g., Figure 76). Evidently the 2-
propanol-soluble fractions also contain IBVE-aMeSt block polymers 
that most l i k e l y carry short poly(aMeSt) segments pulled into 2-
propanol by the attached poly(IBVE) segments. 

The formation of IBVE-aMeSt block polymers was further sup
ported by results of film-casting experiments (12). These data 
also show that the starting quasiliving poly(IBVE) dication i s 
s u f f i c i e n t l y reactive to i n i t i a t e e f f e c t i v e l y subsequent aMeSt 
polymerization. 

Similarly, blocking MVE from quasiliving poly(IBVE) dications 
was accomplished. The products were fractionated with a hetero
geneous mixture of n-heptane and water (5/2, v/v); the former i s a 
good solvent for poly(IBVE) only, the l a t t e r a good solvent for 
poly(MVE) only. The 1H NMR spectra of the η-heptane-soluble frac
tions exhibited a sharp resonance at 6 3.3 ppm ( - O C H 3 ) , character
i s t i c of MVE units, and a doublet at 6 0.9 ppm (-6 (CH3)2)# charac
t e r i s t i c of IBVE units. The presence of poly(MVE) segments in 
these fractions indicates the formation of IBVE-MVE block polymers. 
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A f u l l account of the IBVE-MVE block copolymerization w i l l be pub
lished separately (12). 
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Polyphosphazene Elastomers: 
Synthesis, Properties, and Applications 
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The synthesi
with a phosphorus
with an emphasis on poly(dichlorophosphazene) 
and poly(organophosphazene) elastomers. Poly 
(dichlorophosphazene) can be prepared by high temperature 
melt or solution polymerization techniques, with 
or without the use of catalysts. High performance 
GPC and other dilute solution techniques have been 
used to monitor yield and to analyze molecular 
weight, molecular weight distribution, and chain 
structure. Although poly(dichlorophosphazene) is 
an elastomer, it must be modified in order to obtain 
long term hydrolytic stability and other useful 
properties. From a common poly(dichlorophosphazene) 
intermediate, one can introduce a variety of substituents 
giving polyorganophosphazenes with a wide range 
of physical properties. Some of the useful properties 
of phosphazene elastomers and their technological 
significance will be shown. This article concludes 
with a brief mention of alternate synthetic methods 
which may lead to useful polyphosphazene elastomers. 

The study of open-chain polyphosphazenes has attracted 
increasing attention in recent years, both from the standpoint 
of fundamental research and technological development. These 
polymers have been the subject of several recent reviews 
(1-6). Interest has stemmed from the continuing search for 
polymers with improved properties for existing applications 
as well as for new polymers with novel properties. The polyphos
phazenes are highly flexible chains of alternating phosphorus-
nitrogen atoms with two substituents attached to the phosphorus 
atom. Although the properties of the polyphosphazenes are 
influenced to a degree by the molecular weight and chain 
structure, the properties are determined largely by the size 
and the nature of the substituent attached to the phosphorus-

0097-6156/82/0193-0229$06.00/0 
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nitrogen (P-N) backbone. For the purpose of this paper, 
we shall classify polyphosphazenes into two groups, the poly 
(halophosphazenes) and the poly(organophosphazenes). Both 
groups contain elastomers, and several poly(organophosphazenes) 
are currently of interest for commerical development. 
Poly(halophosphazenes) 

Poly(dichlorophosphazene). Most of the interest in 
the poly(halophosphazenes) has centered around poly(dichlorophos
phazene) . The thermal conversion of hexachlorocyclotriphosphazene 
(I) to the rubbery poly(dichlorophosphazene) has been known 
since the turn of the century (7). This transparent inorganic 
polymer exhibits many of th  propertie f d elastome
except that prolonged exposur
in hydrolysis and degradation with an attendant loss of useful 
physical properties. Early attempts to stabilize this "inorganic 
rubber" by replacing the chlorine groups with organic substituents 
were unsuccessful and interest was rather limited. However, 
in 1965, Allcock demonstrated that stable poly(organophosphazenes) 
could be prepared from soluble, open-chain poly(dichlorophos
phazene) (8,9) , and work with these inorganic backbone polymers 
has increased significantly. 

The polymerization of hexachlorocyclotriphosphazene 
(I) has been the subject of numerous investigations (9,10). 
The polymerization reaction (Figure I) i s markedly influenced 
by the presence of trace impurities which was one of the 
d i f f i c u l t i e s encountered in earlier investigations. The 
conventional route i s a melt polymerization of highly purified 
trimer (NPCl^K or a mixture of trimer and a small amount 
of tetramer fNrCl,-), , sealed under vacuum in glass ampoules, 
at approximately 250°C. Proper selection of time and tempera
ture i s necessary to obtain II and avoid the formation of 
cross-linked matrix ( I I I ) . 

More recent studies (4,10) have shown that various acids 
and organometallic compounds can serve as catalysts for the 
preparation of I I . The advantages include lower polymerization 
temperatures, higher yields, lower molecular weights, and 
the use of conventional large scale equipment. Examples 
include bulk polymerizations using Ĥ O (11), Et«Al„Cl« (12), 
CrCl .6H20 (13), (C6H 0)3P0-BC1 (147, polyphosphoric acid 
catalyst in trichlorobenzene (15) and sulfur catalyst in 
decalin (16). 

Recently, gel permeation chromatography (GPC) and other 
dilute solution techniques have been directly applied to 
the characterization of II (17-20). In our laboratory we 
have examined II prepared by the uncatalyzed bulk and solution 
polymerization processes. Polymers obtained from the former 
process have high molecular weights (MWs) and broad molecular 
weight distributions (MWDs, Mw/Mn=5). The dilute solution 
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parameters indicate the polymers obtained at low conversions 
are randomly coiled i n solution. Representative GPCs are 
given in Figure 2. Note the bimodal distribution at 100 hr; 
this may indicate a change in the polymerization mechanism 
at longer times and higher conversions (20). 

In contrast to the uncatalyzed bulk polymerization described 
in the preceeding paragraph, a catalyzed solution polymerization 
using polyphosphoric acid in trichlorobenzene (TCB) gave 
a slig h t l y lower MW for poly@ichlorophosphazene) but with 
a significantly narrower MWD, Mw/Mn̂ l.5 (Figure 3). No gel 
formation was observed in this experiment. The solution 
polymerization proceeds more rapidly than the uncatalyzed 
bulk polymerization, but gel formation (4%) was observed 
during the solution polymerizatio  afte  16 hrs t 22% overall 
conversion (20). 

The elastomeric properties of poly(dichlorophosphazene) have 
been the subject of various investigations over the years. 
Probably most of these investigators were studying poly(dichloro
phosphazene) in the par t i a l l y crosslinked state. Most of 
this was summarized by Allcock (9). More recently, highly 
purified, uncrosslinked II has been examined in the solid 
state (21). The unstressed polymer i s amorphous at room 
temperature, but crystallization can be induced by cooling 
or stretching techniques. The glass transition temperature, 
measured by Torsional Braid Analysis, i s -66°C (22). 

Poly(difluorophosphazene). A brief mention w i l l be made 
of poly(difluorophosphazene) (NPF^)^, which was f i r s t reported 
by Seel and Langer (23) and has been investigated in greater 
detail by Allcock (24). It i s prepared by the bulk polymeriza
tion of hexafluorocyclotriphosphazene (NPF^)^ a t 350°C. 
Poly(difluorophosphazene) i s an elastomer with a glass transition 
temperature of -96°C (for (NPC12) , Τ = -66°C) and a crystalline 
melting temperature of -68°C. f f n ca?e i s taken during the 
trimer purification and polymerization, (N^^^n C a n ^ e 0^ t a i n e c^ 
as an uncrosslinked white elastomer which can be reacted 
with organometallic agents to prepare poly(organophosphazenes) 
with phosphorus-carbon bonds (25). 

Poly(organophosphazenes) 

Synthesis-Structure-Properties. Poly(dichlorophosphazene) 
i s important as an intermediate for the synthesis of a wide 
range of poly(organophosphazenes) (Figure I ) . The nature 
and size of the substituent attached to phosphorus plays 
a dominant role in determining the properties of the polyphospha-

INPF91 ζ. η 
1) C-H-Li 

2) CF3CH20Na 
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CI CI 

CROSSLINKED 
MATRIX 

{ N = P } X { N = P } X { N = P } X 

NRR' OR OAr 

IV V VI 

Figure 1. Synthesis of poly (dichlorophosphazene) and poly (organophosphazenes). 

Melt Polymerization 250 C 

Figure 2. GPC studies of melt polymerized poly (dichlorophosphazene). Cumula
tive C(M) and differential F(log M) MWD of II obtained at 60 and 100 h. Ref. 20. 

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



11. siNGLER E T A L . Polyphosphazene Elastomers 233 

RLog ΛΛ) 1 

5 5 6 0 
Logio M 

Figure 3. Cumulative C(M) and differential F(log M) MWD of solution polymer
ized II. Solvent for the polymerization was trichlorobenzene (TCB). Ref. 20. 
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zenes. If complete replacement of chlorine i s not achieved 
upon substitution, the resulting polymer may be an elastomer 
with properties often quite different from the f u l l y substituted 
polymer. The glass transition temperatures (T fs) vary from 
-84°C for [NP(0CH CH ) ] to around 100°C for §he poly(anilino-
phosphazenes) [NPtNHAr79ï . The poly(organophosphazenes) vary 
from elastomers to flexible film forming thermoplastics and 
glasses at room temperature. Some are highly solvent resistant, 
whereas others l i k e certain poly(aminophosphazenes) are water 
soluble. This wide range of properties, based on the same 
polymer chain, i s unique in polymer chemistry. 
Poly(alkoxyphosphazenes) (IV) and Poly(aryloxyphosphazenes) (V). 
These classes (IV, V) of poly(organophosphazenes)  worth
of interest since they
plastics and elastomers (Figure 4). This dramatic change 
in properties can arise by employing certain nucleophiles 
or combinations of nucleophiles in the substitution process 
(Figure 5). Homopolymers prepared from II such as [NPiOCI^CF^K] 
are flexible film-forming thermoplastics (8). With the intro- n 

duction of two or more substituents of sufficiently d i f f e r 
ent size, elastomeric mixed substituent polymers are obtained 
(Figure 5). This principle was f i r s t demonstrated by Rose 
(26) who used a mixture of fluoroalkoxides during the sub
stitution step to obtain a f luoroelastomer [NP^CH^CF^ (OCH^F^) ] n 

with excellent chemical resistance and low temperature f l e x i b i l i t y 
(T = -77°C). The substitution reaction can be further 
modified to allow for the addition of a small amount (̂ 1%) 
of a reactive pendant group along with the fluoroalkoxides 
providing "terpolymers" with more reactive curing sites to 
f a c i l i t a t e crosslinking and rubber processing. 

With the mixed substituent polymers or copolymers, struc
tures such as INP(OR)(0Rf)] are only an average representation, 
since a random distribution of pendant groups i s more l i k e l y 
(Figure 5). This assumes an equal preference for incoming 
groups during the substitution process. If the groups are 
not sufficiently different in size or nature, the copolymers 
such as [NP(0C.H,-4-Cl)(0C.H/-4-CoH_)] or[NP(OC.H-)(OCLH,-
4-OCH3)]n can oVcrystalline 4(27M • * 6 5 6 4 

The effect of the substituent on the properties of 
the polyphosphazenes i s not f u l l y understood. For instance, 
[NP(OCH3) 1n and [NPiOC^CH^)»]^ homopolymers are elastomers 
(8,29). Synthesis using lithium, in contrast to sodium, 
salts i s claimed to produce rubber-like fluoroalkoxyphosphazene 
polymers (30). The presence of unreacted chlorine or low mole
cular weight oligomers can affect the bulk properties (31,32). 
Studies with phosphazene copolymers both in solution and 
in the bulk state (29,33-38) indicate a rather complex structure, 
which points out the need for additional work on the chain 
structure and morphology of these polymers. 
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SEMI CRYSTALLINE THERMOPLASTICS 

OCH 2 CF 3 0 - © C H 3 

{P=N} n {P=N} n {P=N} n 

OCH 2 CF 3 C X Q O ^ Q C I 

OCH2CH3 OCH2C3F6CF2H o - @ 

{P=N} n {P=N}n {P=N} n 

Ô C H 2 C H 3 OCH 2 CF 3 O -Q -C2H5 

Figure 4. Typical poly(organophosphazene) plastics and elastomers. 

2 NaOR 
OR 

OR 

OR 
I 

- N = P -
I 
OR 

OR' 
I 

- N = P -
I 
OR 

OR' 
I 

- N = P -
I 
OR' 

Figure 5. Contrasting synthesis of homopolymers and copolymers with possible 
copolymer structures. 
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Poly(aminophosphazenes) (VI). The poly(aminophosphazenes) also 
cover a range of properties, but only a few are elastomeric 
in nature. The poly(anilinophosphazenes) are glassy materials 
(2,3). Many poly(aminophosphazenes) with aliphatic pendant 
groups are flexible thermoplastics; some are water soluble. 
When diethylamine i s used in the substitution process, approxi
mately 50% substitution occurs. This polymer (VII) i s an 
elastomer 

[NPCl 2] n NH(C 2H 5) 2 jNPC!N(C 2H 5) 2] n NH?R jNP(NHR)N(C2H[.)2]n 

VII VIII 
which can be used to prepare flexible thermoplastic mixed 
substituent copolymers (VIII) and terpolymers. The copolymer 
[NP(0CH 2CF 3)N(C 2H 5) 2]
alkoxyaminophosphazene
[NP(OCH 2CF 3) 2] n. 

Applications 

Although questions s t i l l exist concerning the structure 
of polyphosphazene elastomers, several of these polymers 
are of technological interest and are undergoing commercial 
development (3-5). 

Poly(fluoroalkoxyphosphazene) Elastomers. Much of the current 
interest in the phosphazene fluoroelastomers i s based on 
the outstanding combination of properties inherent in these 
polymers including petroleum resistance, low temperature 
f l e x i b i l i t y , thermal and oxidative s t a b i l i t y and ozone resistance. 
These properties have stimulated work for both military and 
commercial applications such as arctic fuel hoses and gaskets 
(40,41), seals and 0-rings (42,44), coated fabrics (45,46), 
channel sealants (47) and biomedical materials (48). The 
phosphazene fluoroelastomers can be compounded and processed 
using conventional methods to give an excellent balance of 
physical properties (Table 1). This polymer was introduced 
commercially by Firestone Tire and Rubber Company under the 
trademark PNF (49). Typical end items which are undergoing 
evaluation or are in use are shown in Figure 6. 

Fire Resistant Elastomers. The poly(aryloxyphosphazene) 
elastomers offer excellent f i r e resistance without incorpor
ating halogen i n the polymer or as an additive. These polymers 
are self-extinguishing in a ir and generate only moderate non-
corrosive smoke and a minimum of toxic combustion products upon 
combustion (50-53). The poly(aryloxyphosphazene) elastomers 
(APN®) have excellent potential for applications such as 

In Elastomers and Rubber Elasticity; Mark, J., et al.; 
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open and closed-cell foams (Figure 7) and wire coverings. 
The f e a s i b i l i t y of using these elastomeric foams as f i r e 
retardant thermal insulation has been demonstrated by a Department 
of the Navy-National Bureau of Standards Test Program (54). 
Alternate Synthesis - Future Developments 

The survey of phosphazene elastomers so far has been 
based on the poly(halophosphazene) synthesis. The reason 
for this i s that while ( N P C l ^ and (NPFO react to give 
open chain high polymer, f u l l y organo substituted cyclic 
derivatives generally do not. There are intermediate examples 
such as mono- and diorganosubstituted cyclotriphosphazenes 
which yield open chain polymers under certain conditions 
(58). One interesting exampl
of monoalkylpentachlorocyclotriphosphazen
followed by chlorine replacement to give open chain polymers 
I-(N=P(ORf)2)2-N=P(ORf)R-] . This polymer (R=CH , Rf=CH CF ) 
is an elastomer with a Τ =-50°C. The presence or the methyl 
group i s sufficient to d?srupt the c r y s t a l l i n i t y as observed 
in the related homopolymer lNP(0CH„CFo)o] . 

L J ζ η 
N-Silylphosphinimines. Until recently, no general method 
has been available which allows complete incorporation of 
the desired substituents before polymerization. The synthesis 
of polyphosphazenes with direct phosphorus-carbon bonds has 
been possible only in a few cases (25,60). A new method 
which holds promise involves the synthesis of suitably constructed 
N-silylphosphinimines which upon heating, eliminate substituted 
silanes to give polyphosphazenes (61). This procedure was 

R R 
i ! Me0SiN=P-X • Me0SiX + +N=P̂ -

3 ι 3 ι η 
R R 

used to prepare poly(dimethylphosphazene) (XOCIUCF^, R=Rf=CH3) 
(61). One can easily imagine that with a suitable selection 
of substituents, R^Rf, new phosphazene elastomers with novel 
properties might be accessible. 

Other Applications. Thus far the phosphazene fluoroelastomers 
(PNF) and aryloxyphosphazene elastomers (APN) have moved 
to the commercial stage. In addition to elastomers, phosphazenes 
are being investigated as flui d s , resins and plastics. Other 
areas which hold promise include f i r e resistant paints (55), 
fiber blends and additives, agrichemicals and herbicides, 
drug release agents and el e c t r i c a l l y conducting polymers (6). 

The large number of different pendant groups with widely 
varied chemical functionality which can be attached to the 
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Figure 6. Phosphazene fluoroelastomers (PNF) were used to prepare various rub
ber end items, some of which are commercially available. 

Examples: A, O-rings for rotary and static applications (43) ; B, extruded items such as 
hose, tube, and solid splicable stock; C, fuel hose for low temperature service (—57°C) 
and coated fabric for collapsible fuel storage tanks (40, 45); D, biomedical applications 
such as soft denture liners (48) and blood compatible parts; E, lip seals (42); F, shock 
absorption and vibration damping mounts. (Photograph courtesy of the Firestone Tire 

& Rubber Company.) 

Figure 7. A ryloxyphosphazene elastomers (APN) offer excellent potential. 
Examples: A, closed cell thermal insulation with high fire retardency and low smoke gen
eration (52, 54) ; B, pigmented APN coatings in aluminum substrates with low flamma-
bility, low flame spread, and low smoke (55) ; C, APN insulation and cable jacketing (56) ; 
D, open cell APN comfort cushioning (57). (Photograph courtesy of the Firestone Tire 

& Rubber Company.) 

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



240 ELASTOMERS AND RUBBER ELASTICITY 

P-N backbone demonstrate the unusual molecular design potential 
of this class of polymers. Undoubtedly, some of these w i l l 
hold promise for future research and development. 
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12 
The Relation Between Dynamic and Equilibrium 
Moduli, with Consideration of Entanglements 

B. E. EICHINGER 

University of Washington, Department of Chemistry, Seattle, WA 98195 

The relation between the e l a s t i c modulus and the 
minimum nonzero eigenvalu
matrix for an elastomer is derived by means of a 
coarse-graining approximation. The treatment 
entails i d e n t i f i c a t i o n of the macroscopic funda
mental mode with the longest wavelength mode that 
might be calculated from molecular theory. The 
coarse-grained view suggests a method by which the 
problem of entanglements may be approached. The 
quantitative analysis of some aspects of t h i s 
problem is developed, and the long range part of the 
entanglement coupling is shown to be of dipolar 
strength. 

Introduction 

Elastomers are s o l i d s , even if they are soft . Their atoms 
have d i s t i n c t mean positions, which enables one to use the 
well-established theory of sol ids to make some statements about 
t h e i r properties i n the l inear portion of the s t r e s s - s t r a i n 
relat ion. For example, in the theory of solids the Debye or 
macroscopic theory is made compatible with l a t t i c e dynamics by 
equating the spectral density of states calculated from either 
theory i n the long wavelength limit. The relation between the 
two macroscopic parameters, Young's modulus and Poisson's r a t i o , 
and the microscopic parameters, atomic mass and force constant, 
is established by t h i s procedure. The only differences between 
t h i s theory and the one which may be applied to elastomers is 
that ( i ) the elastomer does not have crystallographic symmetry, 
and ( i i ) dissipation terms must be included in the equations of 
motion. 

The absence of a space group makes the spectral problem a 
difficult one. Our work i n t h i s area1-3 is f a r from complete, 
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but we have been gaining a general idea of what the spectral 
densities of amorphous materials are l i k e , and i t now seems that 
some statements can be made with s u f f i c i e n t conviction so as to 
develop theory a l i t t l e further. 

In the f i r s t part to follow, the equations of motion of a 
soft s o l i d are written in the harmonic approximation. The 
matrices that describe the potential , and hence the structure, of 
the material are then considered in a general way, and t h e i r 
properties under a normal mode transformation are discussed. The 
same treatment i s given to the dissipation terms. The long 
wavelength end of the spectral density i s of interest, and here 
i t seems that detailed matrix calculations can be replaced by 
simple scaling arguments. This shows how the i n e r t i a l term, 
usually absent in molecular problems, i s magnified to become 
important in the continuu

These observations are equivalent to a coarse-grained view of 
the system, which i s tantamount to a description in terms of 
continuum mechanics. [It i s clear that "points" of the continuum 
may not refer to such small collections of atoms that thermal 
fluctuations of the coordinates of t h e i r centers of mass become 
substantial fractions of t h e i r strain displacements.] The 
elastomer i s thus considered to consist of a large number of 
q u a s i - f i n i t e elements, which interact with one another through 
dividing surfaces. 

A dividing surface provides a convenient means to think about 
the problem of entanglements. A chain from one element may 
meander across a dividing surface into a neighboring element, and 
then return. The number of chains from the neighboring element 
with which i t i s entangled w i l l certainly be proportional to the 
square of the number of steps that i t has made in the adjoining 
neighborhood. This approach to the entanglement problem i s only 
given a preliminary treatment here, but what i s done has the 
advantage of being well defined. 

Molecular Equation of Motion 
The potential energy V of the elastomer i s presumed to be 

given as a function of the atomic coordinates χ . ( l l o K 3 , K i < n ) , 
where η i s the number of atoms in the system. Since an elastomer 
has a well-defined equilibrium shape, there must be equilibrium 
positions x? for a l l atoms that are part of the continuous net
work. Expand the potential in a Taylor series about the 
equilibrium positions, and set the potential to zero at 
equilibrium, to obtain 

V=(l/2) Σ Σ kf. (x° - χ « ) ( χ ξ - χ ξ Η ΐ / 2 ) ( χ - χ ) Κ ( χ - χ Τ ( D 
α , 3 1 . j J J J 
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to f i r s t approximation. The coeff icient matrix ( k - p = Κ i s the 
matrix of force constants. For now the potential w i l l be taken 
to be isotropic in a l l atom pairs, so that k?^ = k..6 g . It i s 
then convenient to rearrange the lx3n matrix into a J 3xfrmatrix X, 
with transpose X', and write 

V = (l/2)Tr[(X-X)K(X-X)'] (2) 

where the elements of Κ are now just the k... The trace 
operation Tr has the effect of computing the scalar product of 
the displacement vectors. 

The Lagrangian L for the system i s 

L = ( l / 2 ) T r ( M ' ) - (l/2)Tr[(X-X)K(X-X)"] (3) 

where M i s a diagonal matrix of masses m.. The equation of 
motion i s simply 

ΧΜ + (X-X)K = 0 (4) 

We now need to add the dissipation term. A Rayleigh dissipation 
function w i l l suff ice for t h i s purpose, since the hydrodynamic 
interactions in the.elastomer should be well screened. Let F be 
a matrix such that XF has elements of the form 

f . [ * « - ζ - 1 Σ x « ] 
j J 

where the sum i s over the ζ neighboring atoms which contact the 
i t h atom. This term represents the average velocity f i e l d 
against which the i t h atom moves. The f r i c t i o n depends upon the 
instantaneous configuration, but we w i l l assume that a 
pre-averaging approximation has been applied (similar to that 
used to pre-average the Oseen tensor in single chain dynamics) so 
that i t s structure i s determined by the mean positions of the 
atoms. The f r i c t i o n factor f. i s not necessarily the same for 
a l l atoms, and since the structure of the matrix F i s already 
complicated, no harm comes from the generalization. 

The equation of motion i s further generalized by imposition 
of a 3xn external force matrix a, so that we f i n a l l y have 

XM + XF + (X-X)K = σ (5) 

which requires a solution. This i s d i f f i c u l t in general because 
F and Κ do not necessarily commute, and they cannot then be 
simultaneously diagonalized. Nevertheless, there i s an argument 
that one can make for the long wavelength l i m i t that w i l l show 
what the structure of the solution to eq. (5) must be. 
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Suppose that a s t r i p of rubber i s placed under modest 
tension, and i s then plucked. On performing t h i s experiment, one 
may observe the fundamental o s c i l l a t i o n of the form sin πχ/L, 
where L i s the length of the s t r i p . The o s c i l l a t i o n dies away on 
a time scale of about one second for a typical rubber band, for 
example. The motion i s clearly not overdamped, as are the 
motions of individual polymer molecules in a solution. How i s i t 
that the high frequency modes of eq. (5) have a small effective 
mass and a large f r i c t i o n constant, while the low frequency modes 
have large effective mass and small f r i c t i o n . The answer, of 
course, l i e s in the structure of the matrix F. For long 
wavelength modes the corresponding eigenvalues of F are very 
small, while the same i s not true for the short wavelength modes. 

Imagine now that the elastomer i s repesented by an array of 
cubes, or more generall
topologically isomorphic to cubes, and that these are packed 
together in a simple cubic array. Each polyhedron might be 
several hundged or more Angstroms on an edge, and hence contain 
well over 10 atoms. The atoms in each c e l l w i l l be given labels 
U ) a r b i t r a r i l y assigned, but the c e l l s w i l l carry indices 
( i , j , k ) corresponding to the usual crystallographic convention. 
The coordinates of the matrix X might then be written and F 
and Κ now carry eight indices. The advantage of t h i s supernumer-
ation i s that F and Κ are now blocked into a form such that they 
w i l l be approximately diagonalized by a transformation whose long 
wavelength eigenvectors are of the same form as those that 
diagonalize the Κ matrix for a simple cubic l a t t i c e . Within each 
c e l l the coordinates are v i r t u a l l y constant with respect to an 
eigenvector whose wavelength i s very much greater than the 
average edge length a of a single c e l l . 

For these modes, the equation of motion must admit of a 
scaling argument. On making the transformation X — > QT, where Q 
are the approximate normal mode coordinates, and Τ i s the matrix 
of approximate eigenvectors (T would diagonalize a regular cubic 
l a t t i c e ) , ΤΜΤ' scales re lat ively as _a , TFT' scales as <a, and 
TKT1 scales as â  . This follows since we might have ignored the 
atoms by beginning with a continuum model, then breaking i t down 
into q u a s i - f i n i t e elements. The masses of the elements are 
proportional to t h e i r volumes, they exert a Stokes f r i c t i o n on 
one another that varies as their effective r a d i i , and the force 
restoring a displacement between t h e i r centers of mass i s 
proportioned to the area of the intervening face. Since the 
f r i c t i o n term scales with the lowest power of a, i t looses 
significance most rapidly as the wavelength of the excitation i s 
increased. (Here i t i s assumed that a_ scales as the wavelength 
i f some fixed percentage accuracy i s attached to the representa
t ion of eigenvectors being discussed.) 
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On the basis of t h i s argument, the equation of motion for the 
longest wavelength mode in the elastomer i s 

m e f f ^ l + K l q l = c r t l ^ 
where m ^ i s an effective mass, κ- i s the minimum non-tr iv ial 
eigenvalue of K, and t , i s the eigenvector corresponding to κ^. 
The f r i c t i o n term i s omitted since i t i s small, and because 
dropping i t at t h i s stage does no harm to the relations with 
continuum equations which w i l l follow. The solution of eq. (6) 
i s 

q̂ ĵ  = a t j/Kj + q!j* cosa^t (7) 

where 

< ^ = V m e f f ( 8 ) 

and q? i s the extra displacement at time zero away from the 
equilibrium displacement at,/κι· This londest wavelength mode 
o s c i l l a t e s with a frequency ω- = (ic./m / , and t h i s we now 
want to relate to the equilibrium modulus. 

Continuum Equation of Motion 
The deformation gradient tensor λ i s related to the strain 

tensor η by the equation 

n = (1/2)(λλ'-1) (9) 

and the stress tensor Τ i s given by 

Τ = (1/ν)λ'(3Α/3η)λ (10) 

for a homogeneous medium, in which the free energy density A/V i s 
independent of posit ion. The equation of motion in the absence 
of body forces i s 

V-T - P a 2 u / 3 t 2 = 0 (11) 

where P i s the density (in the strained state), and u i s the 
vector position of an element of volume as measured from i t s 
position in the state of equilibrium at zero stress. In the 
l i m i t of infinitesmal strain ε = (8u /Bx„) the stress i s given by 

α f r 
Τ = G (ε+ε') (12) 

where G i s the scalar modulus, assumed to be constant for the 
present discussion. In the infinitesmal l i m i t , the volume 
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d i l a t i o n i s negl igible, which translates into V*u = 0 or Τ>(ε) = 
0. The equation of motion, eq. (11), thus reduces to 

GV2u - pB 2u/8t 2 = 0 ( 1 3 ) 

For a rectangular sol id with clamped surfaces, the solution of 
eq. (13) i s 

u = u 0 s in (k e x) coscat (14) 
α α x ' 

where 

-Gk 2 + ρω 2 = 0 (15) 

The velocity of propagatio
(G/p) 1 , and ω = v|k|. To satisfy the boundary condition, k_ i s 
a vector of the form 

k M k j / L j , k 2 /L 2 , k 3 /L 3 ) (16) 

i f the or ig in of coordinates i s located at one corner of the 
body, and the rectangular s o l i d has sides of lengths L,, L«» and 
L~. The lowest frequency mode i s the one that i s excited Tn the 
direction along I, = max ( U , L 9 , L^), and for t h i s mode k = 
π ί Ι / Ι ^ , Ο , Ο ) so that 1 ά 0 

ω ! = ( 6 / ρ ) 1 / 2 π /Lx (17) 

By combination of eqs. (8) and (17) one finds 

G = \l\ph\ff (18) 
This establishes the natural relation between the modulus and the 
minimum nonzero eigenvalue of the force constant matrix. The 
precise form of t h i s relationship, i . e . , the values of the 
constants, depends upon the geometry of the body, both through 
the boundary conditions on the continuum and through the 
structure of the force constant matrix, which indirect ly 
determines m 

_ 2 It can be seen from eq. (18) that K , must be proportional to 
L7 in order for G to be intensive. We&thus have a proof of what 
may now3be asserted to be the theorem · that K , i s proportional 
to V 1 for an approximately cubical body. It i s seen that t h i s 
statement i s not restr icted to elastomers, but i s val id for a l l 
c r y s t a l l i n e and amorphous materials. It i s also the case that 
for s u f f i c i e n t l y low frequency modes, the spectral density g(i<)dK 
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of Κ myst be Deljye-like, with g(i<)d α κ1^άκ (this i s equivalent 
to g(u) )du) α todo)). To state t h i s more precisely, the l i m i t 

l im g(K)/K 1 / 2 = const. (19) 
κ->ο 

must be true; i t i s generally accepted by s o l i d state physicists 
as obvious. But, i t i s not at a l l apparent from the above 
argument that g(<) departs from the l i m i t i n g law for quite small 
values of κ, whereupon profound departures from t h i s law become 
c r i t i c a l . .This i s born out in computer calculations on 
elastomers as well as other amorphous systems , the l a t t e r of 
which are described by widely different potential functions. Our 
current best estimate i s that the l i m i t i n g law cannot be trusted 
for wavelengths less tha
of the precise nature of the amorphous medium. If anything i s 
surprising about t h i s contention i t i s in the implication that 
the range of structural fluctuations in amorphous systems i s 
huge. In other words, i t seems that network fragments containing 
more than ca. 10 atoms look much a l i k e , but those with fewer 
units have appreciable fluctuations about the mean. 

It i s important to note that i f the exciting frequency in a 
v iscoelastic measurement i s not that of the lowest mode, then the 
response of the elastomer w i l l have contributions from the larger 
eigenvalues κ >κ and the apparent dynamic modulus w i l l be 
larger than the equilibrium modulus. The whole question of 
extrapolation to zero frequency i s d e l i c a t e , and depends 
c r i t i c a l l y upon the eigenvalue spectra of both F and K, and upon 
the relaxation times remaining r e a l . The above discussion 
requires that this i s not the case when the wavelength of the 
excitation becomes s u f f i c i e n t l y long. 

Entanglements 
The constructions in the above sections, leading to a 

representation of the elastomer as a coarse-grained c o l l e c t i o n of 
cubes each containing perhaps 10 atoms, suggests a method where
by the problem of entanglements may be approached. The force 
exerted by one cube upon a neighbor when the two are displaced i s 
delivered by chains whose ends are bonded to junctions ly ing in 
the two different cubes, and perhaps also by chains whose ends 
l i e within one cube, but which cross the interface and become 
entangled with chains in the neighboring cube. These two types 
of chains, labeled A and Β respectively in Fig. 1, are the only 
ones which need be considered in the calculation of forces, the 
short-ranged van der Waal s interaction across the interface 
notwithstanding. The force delivered by chain Β w i l l be matched, 
on the average, by a similar chain related to Β by a ref lect ion 
in the i n t e r f a c i a l plane, and in the end a factor of two w i l l 
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Figure 1. Representative chains that are capable of delivering a force across an 
interface. 

Chains of class A have their two junctions on opposite sides of the vertical plane defined 
by χ = 0. They are capable of delivering a direct force. In class Β the chains may be 

entangled to the right, and thereby deliver an indirect force across the interface. 
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have to be inserted in the calculation of the force due to 
entangled chains. The calculation which w i l l be presented here 
i s far short of a complete theory of entanglements, but i t does 
i l l u s t r a t e some interesting features of t h i s d i f f i c u l t problem. 

We f i r s t require some assumptions. Let the cubes into which 
the elastomer i s decomposed be large relat ive to the dimensions 
of a single chain, so that edge and corner effects are 
negl igible. Furthermore, the chains w i l l be represented i n the 
Gaussian approximation, so that for any stretch of a chain 
containing η segments, the end-to-end separation i s described by 
the probability distr ibution 

P(r)dr » ( Ύ / π ) 3 / 2 exp (-Yr 2 )dr (20) 
2 2 

where Ύ = 3/2na , and
segment. 7 

It has been forceful ly pointed out that chains tend not to 
double back upon themselves. In F ig. 1 the depicted configura
tions are of t h i s type. To be sure, a l l chains of class A 
include those which cross the interface an odd number of times, 
and a l l those of class Β cross an even number of times. However, 
inspection of the bal lot problem convinces one that paths which 
cross the interface nu times are less probable than those which 
cross m, times, i f nu/m .̂ Hence, each of the other configura
tions in classes A and Β contributes less to the probability 
measure than do the two chains shown in F i g . 1. 

The probability that a chain of η segments has ends lying in 
two adjoining cubes at £Q and r i s given by eq. 20, where £ = r 
- £ Λ · The probability triat the chain crosses the interface only 
once may be calculated by summing over a l l two branch paths that 
begin at ( Ο , σ ) , one arm extending to the l e f t and the other to 
the r ight , neither of which crosses the interface again. If the 
chain i s modeled as a diffusing p a r t i c l e , each arm i s equivalent 
to a p a r t i c l e diffusing into a half space. One may solve the 
diffusion equation for th is case, but in the end there i s a 
d i f f i c u l t y with the appropriate normalization. It i s easier to 
use random walk theory for th is problem, since the normalization 
factors are automatic, and there i s some powerful theory to use. 

We begin a discussion of chains of class B, which are of most 
concern, with the 

Lemma. The number of paths of class Β (that touch or cross 
the interface x=0), that originate at r n =( xo» 5)) =( xO , yO , z Q ^ 
and terminate at (x n ,_^), equals the number o?^all patns from 
( - x 0 > 3 P to (χ σ )" 

The probability distr ibution for the l a t t e r paths i s just 

(Y /n) 3 / 2 exp[-Y(x n +x 0 ) 2 - ( V ^ ) 2 ] . 
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so that we now have a measure of the contribution from a l l chains 
which have potential to be entangled. Given P(r) for the 
probability that a given chain has both ends in one cube with an 
end-to-end separation r, the probability that the chain touches 
or crosses the interface i s 

exp(-4Ylx 0 x n l) P(r) (21) 

i f i t s ends are located at distances l x Q l and |x | from the 
interface. Since t h i s d istr ibut ion f a n s off rapidly as the ends 
of the chain move farther from the dividing surface, only those 
chains with ends very near the surface have the a b i l i t y to 
contribute to an entanglement force. 

Those chains of class Β in F ig. 1, with a loop in the 
neighboring cube, w i l l embrac
determined by the minimal surface enclosed by the l i n e segment 
from σ- to σ « , and by the space curve of the portion of the chain 
in the cube to the r ight . Given a number n« of segments in that 
portion of the chain, the areas of the minimal surfaces w i l l be 
described by a probability d i s t r i b u t i o n , the determination of 
which i s a d i f f i c u l t problem. It i s clear that the enclosed area 
w i l l range from zero (when the loop hugs the interface) to 
π(η«λ) (when q^=go and the loop i s c i r c u l a r ) . It seems safe to 
assume that the most probable minimal surface w i l l have an area 
that i s proportional to n 2 , and that 2 the number of entangled 
chains i s likewise proportional to n£. Not a l l polymer segments 
that transect the minimal surface w i f l be entangled. Some of 
them w i l l originate and terminate in the cube to the l e f t so that 
they are discounted, others w i l l pass through the minimal surface 
and quickly return, and s t i l l others w i l l be involved with other 
chains in class Β that have smaller loops so that they are 
entangled with chains other than the one in question. One must 
expect that only a fraction of the chains that pass through the 
minimal surface w i l l qualify as entangled. 

The average of the square of the number of segments in the 
cube to the right may be calculated by making further use of 
adapted theorems on arrangements. 

Theorem 1: The probability that a chain of η segments, which 
originates at the interface at O N and terminates at ( χ , σ ) , 
w i l l stay on one side of the interface i s 

P 1 (xJ σ - σ J ) « 3[xL (Y/tr) 3 / 2 exp[- Y (x 2 + ( σ - σ , ) 2 ) ] . 
nit 8 

This i s an obvious adaptation of a theorem given by F e l l e r . 
The chain takes an average of n/3 steps in the χ d i r e c t i o n , and 
the total probability of a walk from ( 0 , ^ ) to (χ,&) i s the usual 
Gaussian. A s imilar modification of anotner theorem, which i s 
val id for n+l*n, i s 
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Theorem 2: The probability that a chain of η segments, which 
originates at ^ and terminates at ^ (both on the i n t e r 
face), w i l l be entirely on one side of the dividing surface 
i s 

P 2 ( l £ r ^ l ) - J ^ ( ï / w ) 3 / 2 e x p C - T ( £ r £ 2 ) 2 ] -
η 

The probability that a chain w i l l have the configuration of 
class Β depicted in F i g . 1 i s 

Ρ* = 2 7 Ι χ
0

χ η Ι ( η ^ 3 / ^ 3 ) 3 / 2 θ χ ρ [ - γ ι Χ ο - Υ 3
χ η (22) 

n l n 2 n 3 ^ 
- Ύ 1 ( σ 0 - £ 1 ) 2 - Ύ 2 ( £ 1 - σ 2 ) - γ 3 ( σ 2 - σ η ) ] 

where γ . = 3/2n.£ . The probability that the chain has n 2 

segmenté to the right of the interface i s the integral of eq. 
(22) over a l l £^ and which i s given by 

P2=(27 |x0xn |/n1n2n3A2) ( γ ^ Υ ^ / π 5 ) 1 7 2 

χ e x p C - Ύ ^ 2 - Y ^ - Y Î ^ - ^ ) 2 ] (23) 

where Y'^Y^+Y^+Y^1. The average <n2> that i s sought i s 

<n2> = 
f n 2 P 2 ( 5 ^ n l + n 2 + n 3 " n ^ n l ^ n 2 c * n 3 

Pgoinj+ng+nj-njdnjdngdnj 

Defi ne 

1 ( x n » x J = n or 0' n' 
5/2 if n^(n 1 n 2 n 3 )" 3 / 2 exp(-Y 1 x 2 -Y 3 x 2 ) 

χ 6(n^+n2+n3-n)dn^dn2dn3 

2 
so that <n2> = I 2 / I Q . The integral s implif ies to 

=«<* I =n α 
ί 1 - s - l /n 

( l _ s . t ) « - 3 / 2 s - 3 / 2 t - 3 / 2 
1-1/n 

l / n d s · 1/n 

x exp[- (xl/s+xn/*)^^ 1 

(24) 

(25) 
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where the range of integration i s determined by the requirement 
that n. and n~ be no less than unity. The integral may be 
evaluated by series expansion of the exponential for small |XQ| 
and |x|, to give integrals that are tedious to evaluate. If 
only tne highest power of η i s retained in the f i r s t term one 
naturally finds 

<n2> = n2/2 + 0(x 2 +x 2 ). (26) 

The further development of the power series w i l l be the subject 
of another communication. 

When both |xQ| and |x | are large a different approach to eq. 
(25) i s needed. The change of variables t = (l-s)/u gives 

1-1/n 
V " " 31/n e x p ( - Y x 2 / s ) ( l - s ) a * 2 s - 3 / 2 d s 

n ( l - s ) 
( u - l î ^ ^ u ^ ^ x p C - Y x J u / i l - s J l d u (27) 

l - l /n( l - s ) 

The inner integral i s done by parts, to increase the exponent of 
the (u-1) term. Then, since the exponential function in the 
inner integral i s small at the upper l i m i t one may take the l i m i t 
to i n f i n i t y , and the lower l i m i t w i l l be adequately replaced by 
unity. 

A sequence of approximations, using properties of the 
confluent hypergeometric function, integration by steepest 
descents, and judicious discard of a l l but the dominant terms, 
gives one the asymptotic form 

<4>~*1/2n3/W/Z(\xQ\+\xn\)3. (28) 
If the junctions are at large distances from the interface the 
chain w i l l embrace a small number of chains in the adjoining 
cube, and thereby w i l l contribute a force which i s no stronger 
than the analogue e l e c t r i c a l dipole-dipole coupling. One must 
also recall expression (21), which shows that the effective force 
f a l l s much more rapidly, because of the diminishing probability 
that the chain w i l l meander into the neighboring cube as the 
junctions move away from the interface. 

These considerations, while far from complete, suggest that 
the role of entanglements in the equilibrium force i s f a i r l y 
small. Chains do not become strongly entangled with one another 
simply because they tend not to reverse their directions 
frequently. 
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Conclusions 
The relation between the modulus of e l a s t i c i t y and the 

smallest nonzero eigenvalue of the connectivity matrix 
established here lends support to the theory that has been 
developing in recent years. By u t i l i z i n g some of the techniques 
that have been applied to the sol id state one gains an important 
relation between macroscopic theory and s t a t i s t i c a l mechanics. 
The method by which t h i s i s done might ultimately be used to make 
a direct molecular theory for the forces on the elementary stress 
tetrahedron. 

The construction of a dividing surface in the discussion of 
chain entanglements seems to be a generally useful technique for 
analysis of t h i s problem. It allows for the application of 
rigorous chain s t a t i s t i c s to concrete calculations. Integrals 
remain to be computed, perhap
estimate of the effects
which can be done by using the minimal surface as the dividing 
surface to calculate p r o b a b i l i t i e s . 
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13 
Small Angle Neutron Scattering from Polymer 
Networks 

ROBERT U L L M A N 

Ford Motor Company, Engineering and Research Staff, Dearborn, MI 48121 

The size and
a crosslinked matri
neutron scattering (SANS) experiment. This is a-
chieved by labelling a small fraction of the pre-
polymer with deuterium to contrast strongly with the 
ordinary hydrogenous substance. The deformation of 
the polymer chains upon swelling or stretching of the 
network can also be determined and the results compared 
with predictions from the theory of rubber elasticity. 
There are indications which fall short of definite 
proof, that a certain amount of chain rearrangement 
takes place, thus reducing the real chain expansion 
to values less than expected from elementary models. 

The theory of rubber e l a s t i c i t y has i t s origins i n the early 
work of Guth and Mark (1) who recognized that the reduction in 
the number of statistical configurations of an uncoiled polymer 
molecule led to the elastic restoring force of rubber. This 
idea was pursued by many researchers. A major advance by James 
(2) and James and Guth (3) led to a model currently known as the 
phantom network. The ideas of James and Guth were strongly con
tested for many years, but recent analyses of Graessley (4,5) 
Ronca and Allegra (6), Flory (7) and Deam and Edwards (8), c l a r 
i f i e d the problem and established the logical necessity of the 
James-Guth contribution. 

The phantom network model contains a crucial deficiency, 
well known to its originators, but necessary for simplifying the 
mathematical analysis. The model takes no direct account of the 
impenetrability of polymer chains, not i s the impossibility of 
two polymer segments occupying a common volume provided for in 
this model. Different views have been presented to remedy these 
deficiencies, no consensus has been reached on models which are 
both physically r e a l i s t i c and mathematically tractable. 

When an elastic polymer network is stretched, the polymer 
chains are deformed. The verification of the theory has been 
largely based on measurements of the elastic restoring forces 
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and their assumed relation to elongation. Similarly, elastic 
forces exerted by the chains in limiting the swelling of the 
network in a solvent has been widely used for assessing theoret
i c a l results. In the phantom network model, the chain deforma
tion i s i n simple one-to-one correspondence with the stresses 
induced by elastic deformation. If the phantom network model 
were known to be an accurate representation of the behavior of 
a real elastomer, an independent method of measuring chain de
formation would only be of moderate interest. 

It has been clear that trapped entanglements contribute to 
the elastic modulus. Recently, Ferry and co-workers (9) i n a 
highly significant set of investigations on networks crosslinked 
under strain have been able to show that the additional forces 
arising from entanglement
evident that the globa
the elastic forces i n the simple relationship described in a 
phantom network model i f contributions from entanglements are 
major. For this reason, the independent measurement of stress-
strain behavior together with determination of chain deformation 
i s particularly significant. 

The molecular models of rubber e l a s t i c i t y relate chain 
s t a t i s t i c s and chain deformation to the deformation of the macro
scopic material. The thermodynamic changes, including stress are 
derived from chain deformation. In this sense, the measurement 
of geometric changes i s fundamental to the theory, constitutes 
a direct check of the model, and is an unambiguous measure of the 
mutual consistency of theory and experiment. 

Chain dimensions of polymer molecules i n bulk (10,11) or in 
a concentrated medium (12) are measurable by small angle neutron 
scattering (SANS). The method is based on the idea that molecular 
size and shape can be determined by labeling a small fraction of 
the chains by deuterium substitution. The scattering lengths of 
deuterium and ordinary hydrogen are very different, and a 
deuterated chain stands out i n strong contrast against a normal 
protonated matrix. If the labeled chains are sufficiently 
dilute, the scattering method w i l l yield molecular parameters. 

The SANS experiment i s applicable to polymeric networks 
containing some deuterium labeled chains. The chain geometry 
can be probed not only in the unperturbed network, but changes i n 
chain shape and size can be measured as a function of strain or 
swelling. This enhances the applicability of SANS experiments 
for elastomeric systems. 
Neutron Scattering of Gaussian Chains 

The scattering of neutrons by any molecular system can be 
elastic or inelastic, coherent or incoherent. The elastic co
herent scattering of a labeled polymer in a background matrix can 
be extracted from the data in a properly designed experiment. 
The excess scattering from an ensemble of isolated chains 
(negligible intermolecular interactions i n the scattering 
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function) may be written as 
I(q) = A(b rb D) 2Mc S(q) 1 

2 
I(q) i s the intensity at wave vector q, (b^b^) i s a con

trast factor arising from the difference in scattering lengths 
of deuterated and protonated species, M is molecular weight of 
the deuterated polymer, c is concentration i n gm/ml, S(q) is a 
particle scattering factor, and A contains machine constants, 
detector efficiency, and other fixed quantities. For the pur
pose of the current study, S(q) is the quantity of significance, 
and i t i s given by 

S(q)=i^<?

The number of polymer segments i n a chain is N, the sum is taken 
over a l l segments i and j , and evidently, S(0)=1. The wave 
vector q in an elastic experiment i s given by q = (27r/X)(k-k ), 

being"the wave length of the neutron, with k" and k being" 
unit vectors in the directions of the incident and scattered rays 
respectively. The magnitude of q, designated as q, i s given by 
( 4 π / λ ) sin ( 9 / 2 ) , where θ is the scattering angle, the angle 
between k and k. The angle brackets < > refer to an ensemble 
average taken over a l l chain configurations. 

In an ensemble of flexible polymer chains, the instantaneous 
separation of two segments i and j varies from one molecule to 
another. Ensemble averages such as required in Eq. 2 are 
obtained by specifying W(r-jj), the probability that segments i 
and j are separated by r-y . In an elastomeric rubber which i s 
not so highly swollen that excluded volume interactions become 
important, and which i s not too greatly deformed, W(r^j) takes a 
particularly simple form 

2 
W(r_) = A exp(-ar_ ) 3 a 

Since in the relaxed state the system i s isotropic 

W(r..)=w(x..)w(y..)w(z..) 3b 

where w(x..), the probability that the χ coordinates of i and j 
is x„ i s given by 

w(x..) =A^^exp[-ax. .̂ 1 3c i j ^ L i j J 

The constants a and A change upon network deformation, but the 
functional form does not. Simple integration shows that 

δ ( α ) = 1 2 Σ exp(^(q x
2<x 2 > ^ < ( y 2 > + q ^ 2 < z 2 > ) } ^ 

Ν i , j 
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Thus, S(q) i s completely determined by the second moments. I f 
sw e l l i n g ^ i s i s o t r o p i c , <x..2>=<v .2>=<z 2> - <r..2>/3 and Eq. 
§ j r ' 1 1 J ΧΛ 1 1 1 1 * 

4a reduces to J J 

S(q) = V 2 exp(-q 2<r Λ/6) 4b 
Ν i , j 1 J 

I t i s w e l l known that, the c e n t r o i d a l radius of gyration i s 
e a s i l y expressed i n terms of the mean squared distances between 
segments 

R 2 = ΐ Σ < Ε Λ « L - Σ <r..2> 5 g Ν k .ok 2 N2 ^ . xj 

The f i r s t of Eq. 5 define
distance from the cente  segment
equation i s a form useful f or the s c a t t e r i n g problem. Expansion 
of Eq. 4b and s u b s t i t u t i o n of Eq. 5 leads to 

S(q) = l - q 2 R g
2 / 3 + 0 (q 4) 6 

Eq. 6 i s a general r e s u l t which applies even when Eq. 4b does 
not; i t i s d i r e c t l y derivable from Eq. 2 provided that the segment 
d i s t r i b u t i o n i s i s o t r o p i c . 

I f the system i s a n i s o t r o p i c a l l y deformed, u n i a x i a l s t r e t c h 
in g , for example, the s c a t t e r i n g depends on the o r i e n t a t i o n of 
the sample with respect to the neutron beam. For convenience, 
we choose the geometric arrangement shown i n Figure 1. The 
neutron beam propagates i n the negative X d i r e c t i o n , the unique 
axis of o r i e n t a t i o n i s along the Ζ a x i s , the detector i n the 
sca t t e r i n g system l i e s i n the YZ plane. The s c a t t e r i n g angle θ 
i s defined as i n the i s o t r o p i c case, the azimuthal angle φ i s 
measured i n the YZ plane clockwise from the Ζ a x i s . In t h i s 
framework q x i s of order of 02, and since θ i s always small, q x 

may be set equal to zero. Eq. 4a becomes 

S(q)= ~ Σ exp[r* f-(<y. . 2>sin2<|)+<z . . 2>cos2<J>) ] 7 
Ν i , j Z 1 3 1 3 

In analyzing the s c a t t e r i n g of the system f u r t h e r , i t i s 
necessary to describe the network i n greater d e t a i l . For 
s i m p l i c i t y , i t w i l l be assumed that a l l chains are l i n k e d i n 
c r o s s l i n k junctions at t h e i r ends, the network i s perfect, i . e . , 
there are no dangling chains, and the f u n c t i o n a l i t y of the net
work, f, i s a constant. The segments between c r o s s l i n k s move 
f r e e l y p and obey the Gaussian law subject to constraints imposed 
by the pinning of the end segments of the junction points. The 
p r o b a b i l i t y i s Gaussian, and since, i n general, deformation i s 
an i s o t r o p i c , i t i s easiest to focus on a s i n g l e cartesian compo
nent for the purpose of c a l c u l a t i o n . The p r o b a b i l i t y that the 
y component of the vector connecting i and j i s given by y i j 
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Figure 1. The physical arrangement of an oriented polymer sample in a neutron 
scattering experiment showing the scattering angle, Θ, and the azimuthal angle, φ. 
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subject to the fact that the chain ends are separated by Y is (13) 

8a W(y..; Y) = (-^-)2 exp[-c. .(y. .-wY)2] 

c ) 8b 
3 \2b Nw(l-w) / 

w = |i-j|/N 8c 
b is the length of a single polymer segment. 

It i s easily shown that, subject to the constraints on the 
chain ends, 

<y_ 2

< > denotes an average over y., at fixed Y. Substitution of 
Eq. 7 in Eq. 9 yields 1 3 

2 2 
S(q)=2/ (l-w)exp[-x(w-w2)- ̂ -(<Y 2>sin^+<Z 2>cos^)]dw 10 

ο ^ 
2 2 

Here χ = q Nb /6=qR° where R° is the radius of an undeformed 
Gaussian random flight^chain. I§ deriving Eq. 10, the sum in 
Eq. 7 is replaced by an integral. The effect of the free chain 
segments, exclusive of the position of the junctions appears in 
the f i r s t two terms in the exponential. The deformations of 
the chains depend on the constraints on the junctions. Results 
are immediately derivable from Eq. 10. 

2 2 2 
A. If the network i s undeformed, <Y > = <Z >=Nb /3, the 

terms in w2 vanish, and S(q), by elementary integration, yields 
the well known result of Debye for a random c o i l (14) 

S(x) = 2(x - l+e" X)/x 2 11 
2 

2 B. Eq. 10 also applies for a closed loop in which <Y >= 
<Z >=0. Upon expansion, integration, and comparison with Eq. 6, 
we find for a closed loop 

R2 - Nb2/12 1 2 

g 
2 2 

C. Regardless of the values <Y > and <Z >, Eq. 10 may be 
written (13,15) 1 2 S(q)=2 f (l-w)exp[r-aw-bw ]dw 13 

This may be reduced to an elementary function and error functions 
for b > ο and an elementary function and Dawson's Integral for 
b < ο (13,15). Calculations are easily performed since 

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



13. U L L M A N Small Angle Neutron Scattering 263 

subroutines for the error function and for Dawson's integral are 
available on most modern medium and large size computers. 

S(q) yields Rg by expansion as seen in Eq. 6. If the system 
is anisotropically deformed, the scattering in a particular 
azimuthal direction yields a projection of the radius of gyration. 
For convenience, this quantity i s designated as R, and is defined 
by 2 2

 9 

S(q) = 1 - q Rj /3 14a 
where q is given by 

^ = q ( ey δίηφ + ecoscf>) 14b 
e^ and being unit vector
From Eq. 10 i t follows that 

2 
R2=R°/2+[<Y2>sin^+<Z2>cos^]/4 15 Φ g 

In anisotropic samples, i t is convenient to concentrate on the 
principal directions of deformation. In uniaxial stretch, the 
parallel and perpendicular r a d i i are given by 

R2 = R°2/2+<Z2>/4; (φ = 0) 16a 
» 2 

and 
2 

R2 = R° /2+<Y2>/4; (φ = 90°) 16b 
_ L g 

In isotropic swelling R2 = R2 and <Y2> = <Z2> = <R2>/3. 
Φ g 

Then o n 2 ? 
R = R / 2 + <RZ>/12 17 g g 2 

<R > is the mean square end-to-end distance of the polymer chain. 
Consider a sample stretched by a factor λ ν in the Y direction and 
λ ζ in the Ζ direction. A general deformation can be easily 
treated, but for simplicity only uniaxial stretching or isotropic 
swelling w i l l be examined. Note that under conditions of uniaxial 
deformation, the volume of the sample changes very l i t t l e . This 
change may be ignored, and i t becomes convenient to set λ ζ = λ 
and λ χ = Xy~^. 

We consider four possible relationships between sample de
formation and chain deformation. 

A. The vector connecting the ends of a chain i s deformed 
affinely. The crosslink junctions are fixed in space. 

<z2> = λ2<ζ°2> 1 8 

Ζ 
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ο 2 2 <Z >, which signifies <Z > of the mean end-to-end distance of 
the unperturbed chain, equals Nb2/3. 

B. The mean vector connecting the chain ends i s deformed 
affinely. The crosslink junctions fluctuate according to the 
theory of Brownian motion C2,.4 ,_5,7) · 

<Z2> = [(f-2) λ 2 / f + 2/f]<Z2> 19 u v ' ζ ο 
Fluctuations are larger in networks of low functionality and they 
are unaffected by sample deformation. The mean squared chain 
dimensions i n the principal directions are less anisotropic than 
in the macroscopic sample  This is the phantom network model

C. Fluctuations ar
This leads to a result intermediate between A. and B. To be 
specific, a model proposed by Flory (16) is adopted here. In 
this model, the inhibitory influence on junction fluctuations i s 
assumed to be affine in the strain. One finds 

< z 2 > - { λ ζ ( 1 - f i f e ) ) + > < z ° 2 > 2 0 

The parameter κ i s a measure of the constraints on fluctuations 
of the crosslinks. If κ=ο, the phantom network result of Eq. 19 
is obtained, for K=°°, the fixed junction approximation of Eq. 18 
results. 

D. It cannot be ignored that a network unfolding and re
arrangement can take place with crosslink junctions settling i n 
positions in which the vectors connecting chain ends deform less 
than in the phantom model (17,18). The driving force for this 
rearrangement i s a decrease i n free energy relative to that of 
either A or B. However, the s t a t i s t i c a l configurations corre
sponding to such readjustments are par t i a l l y inaccessible owing 
to trapped entanglements. The extent to which such rearrange
ments occur i s expressed by an equation in which the deformation 
of the coordinates connecting chain ends, λ*, is related to the 
macroscopic deformation, λ. A suitable expression for the re
lation i s 

λ*2 = (1 - α)λ2 + α 21 
Note that λ =λ i f α=ο, which represents no change from the affine 
models, and λ =1 where network unfolding takes place upon defor
mation without chain extension. If α i s non-zero, network un
folding can be introduced into the previous equations by sub-*-
stituting λ* for λ in Eqs. 18, 19 or 20. The most general result 
of the models discussed above i s obtained by replacing λ ζ by λ χ 

in Eq. 20. Appropriate choices of κ and α lead to the results 
of Eq. 18 or 19 as well. 
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2 Expressions for <Y > are identical in form with those of 
<Z >. Using any of the hypotheses A through D leads to the 
scattering law by means of Eq. 10. Determination of R| or R 
from these models i s obtained by substitution in Eqs. 15, ̂  
16a, 16b or 17. 
Numerical Results from Scattering Theory 

The parameters of neutron scattering theory of polymer net
works are λ, the macroscopic stretching of the sample, or linear 
degree of swelling, f, the network functionality, κ, which 
accounts for restricted junction fluctuations and a, a measure 
of the degree to which chain extension parallels the macroscopic 
sample deformation. Th
of the chemistry of networ
κ and α must be extracted from experiments. 

Table I contains calculations of changes in molecular 
dimensions which would be obtained from a SANS experiment i f the 
models of the network proposed in the previous section apply. 
Only a few results are shown, others are easily calculated using 
equations from the previous section. The data in the Table refer 
to uniaxial stretching only. However, in an isotropically swollen 
network, the calculated values of (R 2/Rg 2)^ are identical with 
the values of (R^/R^ 2)^ given in the gTable. Of course λ has not 
the same precise sense in the two experiments. 

The following qualitative results are evident from the 
numbers quoted in the Table. In the phantom network, the macro
scopic dimensional change is always greater than increases i n Rg 
or R(j), though chain expansion varies monotonically with sample 
extension. The higher the functionality, the greater the chain 
expansion at a given overall deformation. This i s a consequence 
of a reduction in junction fluctuations at junction points of 
higher functionality. 

The chain deformation parallel to the direction of stretch 
is much greater than that i n the perpendicular direction. This 
is true for a l l models considered here, 

If restricted junction fluctuations are taken into account, 
the chain deformation i s increased, and i s more anisotropic. The 
effect of increasing κ is much more evident in networks of low 
functionality, since fluctuations of junction points are of minor 
importance in networks of high functionality. 

If network unfolding takes place so that distances between 
junctions connecting the ends of a polymer chain deform less than 
that of a phantom network, molecular dimensions change less than 
by any other of the models considered. This i s easily seen from 
the data presented for α not equal to zero. 
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TABLE I 
CALCULATED DIMENSIONAL CHANGES IN POLYMER 

CHAINS IN STRETCHED ELASTOMERS 
2 , 

λ f α κ ( R Î / R ° Γ 2 « κ >* Description 

1.5 3 0 0 
1.5 4 0 0 
1.5 6 0 0 1. 190 0.943 
1.5 10 0 0 1. 225 0.931 
2.0 3 0 0 1. 225 0.957 
2.0 4 0 0 1. 323 0.935 Phantom Network 
2.0 6 0 0 1. 414 0.913 
2.0 10 0 0 1. 483 0.894 
3.0 3 0 0 1. 528 0.943 
3.0 4 0 0 1. 732 0.913 
3.0 6 0 0 1. 915 0.882 
3.0 10 0 0 2. 049 0.856 

2 4 0 0.5 1. 434 0.890 ( 2 10 0 0.5 1. 524 0.876 1 
2 4 0 1.0 1.483 0.878 Junction Fluctua
2 10 0 1.0 1. 543 0.871 tion P a r t i a l l y 
2 4 0 2.0 1. 528 0.871 Restricted 
2 10 0 2.0 1. 546 0.869 \ 
2 4 0. 2 0 1. 265 0.941 Network Rearrange
2 4 0. 5 0 1. 173 0.953 ment and Diminished 
2 4 0. 7 0 1. 107 0.965 Chain Deformation 

1.5 0 0 1. 274 0.913 Crosslink Junctions 
2 - 0 0 1. 580 0.866 do not Fluctuate 
3 - 0 0 2. 234 0.817 

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



13. U L L M A N Small Angle Neutron Scattering 267 

The^major emphasis in SANS experiments i s often concentrated 
on R2, Rj| or Rj^, since the results obtained are independent of 
any Molecular model. A great deal of additional information 
resides in the entire angular scattering pattern, S(q) . Calcu
lations of these functions have been presented elsewhere (13), 
a few examples are chosen to i l l u s t r a t e how scattering changes 
with structure and deformation of a network. In the Figures and 
subsequently in this section, S(g) w i l l be written as S(x) (x=q2 

R° 2 = q2Nb2/6) since the scattering depends on q through χ only. 
Figures 2, 3 and 4 show S(x) versus φ for the phantom net

work model and for the fixed junction case. The largest changes 
with angle are i f the junctions are fixed, the smallest changes 
are with the phantom networ

A measurement of S(x) requires that the SANS spectrometer 
be calibrated by some absolute standard, a process which i s often 
d i f f i c u l t to achieve with precision. An easier measurement i n 
the ratio of scattering intensities of an anisotropic sample in 
two different directions. Figure 5 shows a graph of S||(x)/S^(x) 
versus χ for the phantom model and the fixed junction case. 

The effect of restricted junction fluctuations on S(x) is to 
change the scattering function monotonically from that exhibited 
by a phantom network to that of the fixed junction model. Net
work unfolding produces the reverse trend, the change of S(x) with 
χ is even less than that exhibited by a phantom network. Figure 
6 illustrates how the scattering function is modified by these 
two opposing influences. 

Experimental Results 
It i s always easy to calculate idealized scattering curves 

for perfect networks. The experimental systems vary from the 
ideal to a greater or lesser degree. Accordingly, any estimate 
of the correctness of a theoretical analysis which i s based on an 
interpretation of experiment must be put forth with caution since 
defects in the network may play a role in the physical properties 
being measured. This caveat applies to the SANS measurement of 
chain dimensions as well as to the more common determinations of 
stress-strain and swelling behavior. 

Figure 7 shows swelling results obtained by Benoit et a l . 
(19). On each of the curves, the points at lowest λ represent 
swelling in cyclohexane, the next i n tetrahydrofuran and the last 
in benzene. In a l l cases, the samples were swollen i n the pure 
solvent. The curves are reproduced from Figure 13 of Reference 
19. The networks were made from anionically polymerized polyr-
styrene using a bifunctional i n i t i a t o r crosslinked subsequently 
by divinyl benzene. The curves correspond to different ratios 
of divinyl benzene (DVB) per polystyrene l i v i n g end (LE). 
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0 I ι ι ι ι ι ι ι ι 1 1 — * 
0 10 20 30 40 50 60 70 80 90 

Φ Figure 2. Scattering intensity versus azimuthal angle for a uniaxially oriented 
elastomer, λ is 3, χ is 0.2. Phantom network where: • , / is 3; A, f is 4; V , / is 10. 

Crosslink junctions fixed, X. 
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Figure 3. Scattering intensity versus azimuthal angle for a uniaxially oriented 
elastomer, λ is 3, χ is 1. Phantom network where: • , / is 3; A, f is 4; V , / is 10. 

Crosslink junctions fixed, X . 
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0 10 20 30 40 50 60 70 80 90 

Φ 
Figure 4. Scattering intensity versus azimuthal angle for a uniaxially oriented 
elastomer, λ is 3, χ is 5. Phantom network where: / is 3; A, f is 4; V , / is 10. 
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Figure 6. A plot of S(x)/SD(x) versus f for a network in which junction fluctua
tions are partially inhibited (KJ^O) and where molecular deformations are less than 

affine (a^O). 
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Figure 7. SANS measurements of Rg versus λ of swollen polystyrene networks. 
Mc is the molecular weight between cross-links. Key: Δ , DVB/LE = 3; · , DVB/ 

LE = 6; Ο, DVB/LE = 10. Data from Ref. 19. 
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Approximately 5% of the chains were perdeuterated. The chain 
dimensions changed sli g h t l y or not at a l l upon crosslinking. 
Table II contains measured Rg/Rg from the experiment and calcu
lated Rg/Rg from the phantom network model. Since, the function
a l i t y of these networks i s not well known but i s probably high, 
calculated data at several different functionalities are shown. 
In network BI in which chain expansion was the greatest, the 
measured results show more chain swelling than a network with f=3 
but less than a network with f=4. Chain swelling was less than 
that of the phantom network model for the other two networks, and 
in one case, the chains coiled to a size slightly less than that 
of the unperturbed molecule. 

Beltzung et a l . (20
functionally end-linke
of gyration of the deuterium labeled chains did not change upon 
crosslinking. The data presented in Figure 8 are taken from 
Figure 2 of Reference 20. The following conclusions can be 
drawn. There i s l i t t l e systematic difference between networks 
prepared i n bulk and networks prepared from solution. The results 
cluster around the curve for the phantom network model with 
materials of lower molecular weight showing greater chain defor
mation and those of higher molecular weight exhibiting lesser 
chain deformation. This could be accounted for by assuming that 
network defects were substantial in the system of higher molecular 
weight. I f , by contrast i t i s assumed that invocation of network 
defects is not correct, the data can be understood i n terms of 
restricted junction fluctuations and compensating network un
folding and chain rearrangement. Network unfolding can only be 
important for longer chains. Restricted fluctuations of cross
li n k junctions i s of comparable importance regardless of molecular 
weight in a Gaussian model. Therefore, we suggest that the higher 
chain expansion for the lower molecular weights i s a measure of 
restricted fluctuation of the crosslinks. This influence occurs 
at a l l molecular weights but i s compensated by network unfolding 
with reduced chain expansion which becomes increasingly important 
as molecular weight increases. This i s so because the fraction 
of neighboring geometric crosslinks i n the network which are 
topological neighbors as well increases as the molecular weight 
between crosslinks decreases. 

The SANS experiments of Clough et a l . (21) on radiation 
crosslinked polystyrene are presented in Figure 9, and appear to 
f i t the phantom network model well. However, these networks were 
prepared by random crosslinking, and the calculations given are 
for end-linked networks, which are not truly applicable. 

The f i r s t SANS experiments on end-linked elastomers with a 
well-defined functionality were carried out by Hinkley et a l , (22). 
Hydroxy-terminated polybutadiene was crosslinked by a trifunctional 
isocyanate, and the resultant polymer was uniaxially stretched. 
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COMPARISON OF CALCULATED AND MEASURED SWELLING OF CHAINS 

Cyclohexane Tetrahydrofuran Benzene 
Sample M R° λ R /R° λ R /R° λ R /R° 

9 g g_g g_g g g 

BI 26,000 45 1.45 1.09 1.96 1.27 2.59 1.49 
BII 26,000 44 1.42 1.05 1.93 1.16 2.46 1.30 
B i l l 26,000 43 1.38 .93 1.84 1.05 2.32 1.16 

Phantom Network Fixed 
λ f=3 ff4 f=10 Junctions 
1.5 1.099 1.146 1.225 1.274 
2. 1.225 1.323 1.483 1.580 
2.5 1.369 1.521 1.761 1.904 
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Figure 8. SANS measurements of R\\/Fg° and R±/Rg° versus λ of tetrafunctional 
polydimethylsiloxane networks. Mw and Mn are weight and number average molecu
lar weights before crosslinking, cp is the polymer fraction in solution before cross-

linking. Data from Ref. 20. 

Rn/Rg 

M C X I 0 " 4 

R | | D 

R „ V 
RA Ο 
RA · 
RA Δ 
Ri A 

A N I SO. 

ISO. 

ANISO. 

ISO. 

1,4 - JUNCTIONS F IXED 
2 , 3 - J U N C T I O N S F L U C T U A T E 

Figure 9. SANS measurements of R\\/R0° and R±/Rg° for stretched radiation 
cross-linked polystyrene. R± is determined by measurements in which the neutron 
is parallel (iso) and perpendicular (aniso) to the stretching direction. Mc is molecu
lar weight between crosslinks. Theoretical curves 2 and 3 are drawn for tetrafunc

tional networks. Data from Ref. 21. 
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The experimental error was very large, with the apparent chain 
deformation greater than that expected for a phantom network, 
and closest to the curve anticipated where crosslink fluctuations 
are completely suppressed. 

C. C. Han, H. Yu and their colleagues (23) have presented 
some new SANS data on end-linked trifunctional isoprene networks. 
These are shown i n Figure 10. Those materials of low molecular 
weight between crosslinks exhibit greater chain deformation 
consistent with the thesis that the junction points are fixed. 
This i s the reverse of that found by Beltzung et a l . for siloxane 
networks. 
Summary 

The deformation of polymer chains i n stretched and swollen 
networks can be investigated by SANS, A few such studies have 
been carried out, and some theoretical results based on Gaussian 
models of networks have been presented. The possible defects i n 
network formation may invalidate an otherwise well planned 
experiment, and because of this uncertainty, conclusions based 
on current experiments must be viewed as tentative. It i s also 
true that theoretical calculations have been restricted thus far 
to only a few simple models of an elastomeric network. An 
appropriate method of calculation for trapped entanglements has 
not been constructed, nor has any calculation of the SANS pattern 
of a network which i s constrained according to the reptation 
models of de Gennes (24) or Doi-Edwards (25,26) appeared. 

In this review, we have given our attention to Gaussian 
network theories by which chain deformation and elastic forces 
can be related to macroscopic deformation directly. The results 
depend on crosslink junction fluctuations. In these models, 
chain deformation i s greatest when crosslinks do not move and 
least in the phantom network model where junction fluctuations 
are largest. Much of the experimental data i s consistent with 
these theories, but in some cases, (19,20) chain deformation i s 
less than any of the above predictions. The recognition that a 
rearrangement of network junctions can take place in which chain 
extension is less than calculated from an affine model provides 
an explanation for some of these experiments, but leaves many 
questions unanswered. 

A crucial requirement i n future investigations i s that 
macroscopic measurements of stress and swelling be performed on 
the same materials used for small angle neutron scattering. A 
sensible program for research i s apparent. The work remains 
to be done. 
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Figure 10. SANS measurements of Rn/Rg° and R±/Rg° for stretched afunc
tional end-linked polyisoprene. Curves 1 through 4 are theoretical. Data from 

Ref. 22. 
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14 
Molecular Configurations of Elastomers Via 
Solid State NMR 

Y.-Y. LIN, JAMES E. MARK, and JEROME L. ACKERMAN 

University of Cincinnati, Department of Chemistry, Cincinnati, OH 45221 

A theoretical investigation of the use of NMR lineshape 
second moments in
tions has been undertaken, Monte Carlo chains have been 
generated by computer using a modified rotational isomeric 
state (RIS) theory in which parameters have been included 
which simulate bulk uniaxial deformation. The behavior of 
the model for a hypothetical poly(methylene) system and for a 
real poly(p-fluorostyrene) system has been examined. Ex
cluded volume effects are described. Initial experimental 
approaches are discussed. 

The concept of affine deformation is central to the theory of rubber 
elasticity. The foundations of the statistical theory of rubber elasticity 
were laid down by Kuhn (1), by Guth and James (2) and by Flory and Rehner 
(3), who introduced the notion of affine deformation: namely, that the 
values of the cartesian components of the end-to-end chain vectors in a 
network vary according to the same strain tensor which characterizes the 
macroscopic bulk deformation. To account for apparent deviations from 
affine deformation, refinements have been proposed by Flory (4) and by 
Ronca and Allegra (5) which take into account effects such as chain-
junction entanglements. 

Ullman has summarized three levels of network affine deformation: 
I) affine deformation of junction coordinates; 2) of mean (i.e., rms) 

junction coordinates, with concomitant fluctuations about mean positions; 
3) of statistical chain segments; as well as: 4) nοn-affine behavior at the 
molecular level. Each of these possibilities engenders different behaviors 
of the network in response to bulk deformation. Yet it has proved 
notoriously difficult to obtain a direct experimental categorization of the 
affineness of macromolecular deformation. This is primarily due to the 
lack of experimental modalities which can probe molecular configurations, 
and yet which are sensitive to relative configurations of topologically close 
(and, potentially, spacially remote) segments, while discriminating against 
those of topologically remote, spacially close segments. 

Small angle neutron scattering (SANS) of "marked" (isotopically 
labeled) chains in unmarked networks has proven to be of potential value in 
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determining which affine model is most appropriate for a given system. 
The theoretical scattering laws for the alternative models have been 
derived (6). Initial experimental results (7,8) have suggested that the true 
description of the deformation of a network may involve a combination of 
the four possibilities, and that the description can depend on the thermal 
and mechanical history of the sample. In addition, models incorporating 
entanglements have been evaluated using neutron scattering (9). 

Because of the grandiose scale of the apparatus involved, SANS 
facilities are few in number worldwide; access to them is limited and 
expensive. We have attempted to devise an experiment which employs 
solid state nuclear magnetic resonance to examine some aspects of 
affine deformation. 

We have completed a series of computer experiments which indicate 
that it should be possible to test the validity of segmental affine behavior 
with our technique. 

NMR Second Moments and Segment Configurations 

In molecularly rigid systems, the direct (through-space) dipole-dipole 
interaction between nuclear spins I = h is normally the dominant source of 
broadening of the NMR lineshape. For a pair of similar nuclear spins i and 
j in a magnetic field H q the dipolar splitting in their spectrum is given by 

2. p 2 ( c o s 9 l i ) 

ω ρ = γ , * - J - L 

P2(x) = fe(3x2- I) 

where Ύ and I are the magnetogyric ratio and spin quantum number 
respectively. As illustrated in Figure I, incorporates geometric 
information as Θ.., the angle between the internuclear vector and the 
magnetic field, and as rj., the length of the internuclear vector. 

When a large nurWber of spins interact, the numerous lines of the 
splitting pattern overlap and merge into a continuous lineshape whose 
functional form cannot be obtained from theory. Yet this shape contains 
useful geometrical information. One means of representing this dipolar 
lineshape g(u>) is by a moment expansion 

Μ η = / ( ω - ω ο ) η 9 ( ω ) ά ω 

about the nominal resonance frequency ω . Because of the properties of 
the dipolar interaction, the lineshape is symmetric about ω , and therefore 
only even moments are required. 

The great utility of moments is that, although the lineshape cannot 
be calculated analytically for an arbitrary configuration of nuclear spins, 
any moment may in principle be calculated to arbitrary precision from first 
principles (10). In practice, only the lowest moments are calculable 
because of computer time and precision constraints. In particular, the 
second moment M ? is the lowest moment containing spacial information 
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and is given by 

Μ 2 = θΣ! [ Ρ 2 ( ο ο 5 θ η ) Γ π " 3 ] 2 

i > j J J 

The sum is carried out over al l pairs of nuclear spins i j , counting each 
pair exactly once. C is a collection of fundamental constants and also 
contains the total number of spins. 

If we were to have an isolated polymer chain with a single nuclear 
spin attached to each segment (the marked chain) crosslinked into an 
unmarked network, the second moment of the NMR line of that spin 
species would carry information relating to the separation of chain 
segments, and to their relative orientation with respect to the field 
direction. If the network were to be subjected to a bulk deformation, these 
geometrical parameters would be altered, and hence we would expect a 
corresponding change in th

Two limiting geometrica
elongation λ, transverse separations decrease by λ"2 at constant mass 
density. If the magnetic field is col linear with the elongation axis the 
contribution to M2 of a spin pair with internuclear vector parallel to the 
axis changes as λ "6. The contribution of a spin pair oriented transversely 
would follow λ3 . For other orientations, there wil l be changes in both 
separation and angular factor. Clearly, these results are anticipated for 
spins on segments embedded in an elastic continuum, i.e., for the segmental 
affine case. Other microscopic segmental changes would be expected to 
follow different M^ versus elongation behaviors. 

We note here that the use of NMR in determining orientational 
information is not new; second and fourth moments of the resonance line in 
bulk materials have been used to obtain second and higher moments (more 
precisely, Legendre polynomial averages Ρ (cosO..)) of segmental orienta
tional distribution functions (II, 12, 13,"14). 'We are interested more 
particularly in changes in relative segment orientations (configurations). 

These moment studies have been performed on polymer systems such 
as polyethylene (or on penetrants in polymer systems) in which the 
interacting spins (protons or fluorines) reside on the same or on adjacent 
atoms. This allows essentially no freedom of variation in the internuclear 
vectors upon deformation of the network. The primary informational 
content therefore relates to independent segmental orientation distributions. 
By placing single spins on alternate segments, there should be much greater 
sensitivity to changes in the chain extension upon bulk deformation. 

This effect was confirmed in our early computer results. Placing 
spins on every third segment was also attempted. Because of the strong 
inverse sixth power dependence on r, the second moment values, although 
strongly dependent on chain dimensions, were of a magnitude too small to 
be reliably measured experimentally against a background of other broad
ening effects (i.e., linewidths of a few hundred Hz). 

Rotational Isomeric State Model with Deformation 

In order to develop a molecular model of elongation from which M~*s 
can be calculated, we have chosen the rotational isomeric state (Rfe) 
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model (15). Consider the Monte Carlo generation of a polymethylene chain 
via the RIS scheme. Each new methylene residue may be appended to the 
growing chain in one of the three rotational states: trans(t), gauche 
plus (g ) or gauche minus (g"). The statistical weight (SW) of each con-
former is given by the corresponding Boltzmann factor. This procedure 
generates an essentially isotropic chain. If, however, we modify the 
statistical weights by an angular factor 

SW •> (I + aP 2 (cose))SW 

with Θ being the angle between an elongation axis and the potential new 
bond, we can cause the chain to orient (See Figure 2). 

The Ρ2 function has been chosen as it is the lowest order uniaxial 
term in the expansion in spherical harmonics of any generalized angular 
distribution. We note parentheticall
precise differential behavior corresponding to small (λ  I) uniaxial de
formations at constant bulk density: namely that along ζ (PJicosQ) ~ I) a 
small deformation άλ requires that transverse to ζ (P2(<x>s0)~-!fe) the 
deformation must be - i fedA. The parameter a alters the intensity of the 
bias, and in fact may be thought of as an order parameter. We can further 
bias the chain by altering the trans/gauche energy difference. This allows 
us to manipulate the trans/gauche population ratio, and therefore alters 
the isotropic elongation of the chain. For each chain generated, we can 
calculate M^, and then take averages over many chains. 

A p r o é l e m arises, in that the strong r dependence of M 2 requires 
that close overlap of spins be prevented. Thus, even though excluded 
volume interactions have no effect on chain dimensions in the bulk 
amorphous phase, it is important in the present application to build in an 
excluded volume effect (simulated with appropriate hard sphere poten
tials), so that occasional close encounters of the RIS phantom segments do 
not lead to unrealistically large values of M 2 # 

Computer Method 

As a simplified initial approach to the problem, we chose a poly
methylene chain with a single spin residing at every other carbon center, to 
allow sufficient f lexibil ity between spins. The calculational procedure is 
based on that of Flory and Mark (16), with conformer parameters taken 
from Abe, et a l . (17) and Yoon, et a l . (18, 19) The elongation and field 
directions were col linear. 

For each methylene segment to be appended to the chain, the bond 
directions corresponding to the three possible rotamers are calculated from 
the transformation matrices in the usual way. The angular weighting 
factors are then determined and are multiplied with the statistical weights. 
These weights are normalized to probabilities, and a random number is used 
to select one rotamer. 

The new backbone atom must now be checked for overlap with other 
atoms on the chain. The distance from every other atom is then 
calculated. If there is a spin on this atom, terms for the second moment 
summation are accumulated in this program loop as well. 
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H» 

θ„ 

Figure 1. Spherical coordinates used to calculate the dipolar interaction between 
two nuclear spins in a strong magnetic field H0. 

These variables, connecting all possible pairs of spins in a multispin system, are used for 
the evaluation of the second moment M2. 

Figure 2. Angle variable used to bias a polymer chain for orientation. 
The Boltzmann statistical weight for each rotamer is multiplied by (1 + aP2(cos Θ)), with 
a being an adjustable parameter, before a particular rotamer is selected. Values of a, 
between zero and unity, will give rise to an order parameter for segment orientations. 

Average of P2(cos Θ) of 0.0 to 0.5. 

H 0 s Deformation A x i s 

c, Ν - I 
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It is at this point that the bulk of the CPU time is utilized, since the 
number of distance calculations increases with the square of the number of 
chain segments. To reduce this time, an abbreviated check is made to 
determine if a given atomic cartesian coordinate is within a specified 
distance (e.g., 12 &) of the newly appended atom. Thus, the vast majority 
of existing segments are disposed of with one, or at most three, subtraction 
calculations rather than full calculations of the exact distance. Terms in 
the second moment from atoms outside this cubic volume are not 
included in the summation. This is valid because of the rapidity at which 
the magnitude of a term decreases with increasing separation. 

If an overlap is found, the rotamer selection procedure is restarted, 
but using a new statistical weight matrix in which the disallowed rotamer 
is totally excluded. If the newly chosen rotamer also overlaps with an 
existing atom the procedure is attempted again using the remaining 
possibility. If an overla
terminated. Further calculations on this chain are abandoned, and the 
properties of this chain are not included in the averages. In the p-
f luorostyrene case, a set of several exclusion distances was required in this 
vinyl system to attain the experimental characteristic ratios. All of these 
geometric parameters are summarized in Table I. 

The algorithm also incorporates tacticity control for vinyl chains. 
The random number generator is used to choose between d- and l-versions 
of the transformation matrix. A single parameter controls the relative 
probability of d- and l-residues. The poly(p-fluorostyrene) results present
ed here are for atactic (stereochemically irregular) chains. 

Results 

All results were obtained from chains of 200 backbone atoms, 
averaging 100 chains to obtain M~, axial extensions, end-to-end distances, 
and segmental and chain order parameters and directors. 

For poly(methylene), an exclusion distance (hard sphere diameter) of 
2.00 R was used to prevent overlap of methylene residues. The calculation 
reproduced the accepted theoretical and experimental characteristic ratios 
(mean square unperturbed end-to-end distance relative to that for a freely 
jointed gaussian chain with the same number of segments) of 5.9. This was 
for zero angular bias and a trans/gauche energy separation of 2.09 kJ mol" . 

Figure 3 shows the variation of chain dimensions expressed as the 
averaged ζ component (stretch direction) of the end-to-end distance as a 
function of the angular bias a and the trans/gauche energy difference ΔΕ. 
As expected, for a given angular bias, increasing Δ Ε causes an isotropic 
extension of the chains. Fixing ΔΕ and increasing a causes the chains to 
orient, producing some net elongations along z, but also a contraction in 
the transverse direction (the orientational properties are not apparent in 
the figure). It is interesting to note that except at high elongations 
(-100%), hard sphere overlaps still occur to the level of 1.0 - 2.5% in the 
polymethylene chain for the range of averaged segmental order parameters 
between 0.0 and 0.5 (produced by 0 < a £ |), although chain dimensions are 
unaffected by these encounters. At the high elongations generated by 
increased ΔΕ, the volume density of segments becomes small, and there
fore the probability of encounters drops off. 
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Table I. Geometrical Parameters 

poly(methylene) 

C-C bond length I.53Â 

CCC bond angle 112° 

trans/gauche energy (nominal) 2.09 kJ 

pentane interaction energ

CH2-CH2 exclusion limit (nonbonded) 2.00Â 

poly(p-fluorostyrene) 

C-C backbone bond length I.53Â 

CCC backbone bond angle 112° 

trans/gauche energy (nominal) 2.09 kJ 

pentane interaction energy 8.37 kJ 

C(backbone)-C( 1 -phenyl) bond length I.5IÂ 

CC(backbone)-C( 1 -phenyl) bond angle 120° 

all phenyl bond angles 120° 

all phenyl C-C bond lengths I.39Â 

C-F bond length I.30Â 

all C-H bond lengths I.I0Â 

backbone C-C exclusion limit (nonbonded) 4.60Â 

non-neighboring F-F exclusion limit 2.70Â 

neighboring F-F exclusion limit 6.39Â 
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Figure 4 displays the corresponding M 2 results of the chains whose 
dimensions were shown in Figure 3. There is a clear correlation of the 
calculated NMR linewidth (as represented by M ^ with the a and Δ Ε 
parameters. At very low angular bias, increasing Δ EL causes a decrease in 
segment volume density (larger r-), causing M^ to decrease. At higher 
angular bias, the chain segments tend to orient along the stretch direction, 
disposing the nearest neighbor spins with their internuclear vectors nearly 
parallel with H (cose^ ~ I, a high M 2 situation). This effect is most 
pronounced for The chains with the largest proportion of trans rotamers, 
since gauche sequences would tend to divert the chain at least temporarily 
from the stretch direction. Thus, the apparent crossover region in the M 2 

map is expected from qualitative arguments. 
The closest physical realization of the system examined above would 

be a polymer such as poly(vinyl fluoride) doped int  poly(ethylene) (observ
ing the F resonance) o
fluorethylene), observing H  system y
sufficiently miscible, and there is the possibility of significant proportions 
of head-to-head linkages, which would dominate the experimental M 2 

because of the proximity of the spins on adjacent backbone atoms. 
A preferable system is poly(p-fluorostyrene) doped into poly(styrene). 

Since rotations about the 1,4 phenyl axis do not alter the position of the 
fluorine, the F spin may be regarded as being at the end of a long "bond" 
to the backbone carbon. In standard RIS theory, this polymer would be 
treated with dyad statistical weights to automatically take into account 
conformations of the vinyl monomer unit which are excluded on steric 
grounds. We have found it more convenient to retain the monad statistical 
weight structure employed for the poly(methylene) calculations. The 
calculations reproduce the experimental unperturbed dimensions quite well 
when a reasonable set of hard sphere exclusion distances is employed. 

Figure 5 is an ORTEP computer plot of the first 50 backbone carbons 
in a typical chain. Only the fluorine atoms of the sidechains are shown. 
The various hard sphere exclusions conspire dramatically to keep the 
fluorines well separated and the chain highly extended even without 
introducing any external perturbations. The characteristic ratio from the 
computer calculations is about 11.6; from data for poly(p-chlorostyrene), CR 
= I I.I, poly(p-bromostyrene), CR = 12.3, and poly(styrene), CR = 10.3 (all 
in toluene at 30°C), we expect the experimental value for the fluoro-
polymer to be in the range of 10 to 12. 

The hard sphere exclusion distances for this system were chosen as 
follows: nonbonded backbone carbons, 4.60 R (twice the C-H bond distance 
plus van der Waals radius for H); non-neighboring fluorines, 2.70 R (twice 
van der Waals radius for F); neighboring fluorines, 6.39 R (distance across 
phenyl ring using dimensions of Table I and van der Waals radius for H of 
1.20 R). 

Figure 6 shows the importance of having separate exclusion distances 
for neighboring and non-neighboring fluorines. The neighbor fluorine 
exclusion is the main determinant of overall chain dimensions, serving to 
keep phenyl groups separated in the same manner as dyad statistics would 
have done. 
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no F 

ANGULAR BIAS a 

Figure 3. Average values of the z-component of the end-to-end distance as a func
tion of angular bias, a, and trans/gauche energy separation ΔΕ. 

Each point represents an average of 100 chains of 200 backbone atoms each. In this 
calculation, 19F spins reside at the coordinates of alternate backbone atoms. 

ANGULAR BIAS a 

Figure 4. Average values of M2 for the same chains represented in Figure 3. 
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Figure 5. ORTEP computer plot showing the positions of the fluorine atoms of 
the first 50 backbone carbons of a poly(p-fluorostyrene) chain. The excluded vol

umes used in the calculation keep the fluorines well separated. 
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8 -
C-C, Long Range F-F Exclusion 

< M 2 > h 

ANGULAR BIAS a 

KHZ
2 

4 C-C, Long Range F-F, Neighbor F-F Exclusion 

• 
Φ _ · — · * 

• 
< fcr m - # 

1 1 1 1 1 1 1 I ! 
0 5 

Figure 6. Effect of using a special near-neighbor fluorine-fluorine excluded vol
ume to account for the steric effects of the phenyl ring. This serves the same pur
pose as dyad weights which discriminate against certain sterically forbidden con

formations. 
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0 

ANGULAR BIAS a 

Figure 7. Average values of M2 for poly(p-fluorostyrene) chains of 200 backbone 
atoms, 100 chains per point. In this calculation, the fluorines are at their correct 

locations on the sidegroups. 
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The second moments for this system are p lo t ted in F i gu re 7 fo r the 
same range of parameters used in the pob^methy lene) casé. Because of 
the large f luor ine separat ion, the ove ra l l F spin dens ity is much reduced, 
leading to smal ler second moments. These same s t e r i c re s t r i c t ions also 
reduce the va r i ab i l i t y in F -F separat ion, w i th the result that the range of 
F i gure 7 seems to map into the low-extens ion range of the poly(methylene) 
case, F i gu re 4. 

A t o m i c over laps become qui te s ign i f i cant here, to the extent that in 
some cases near ly 3000 t r i a l s are required to ca l cu l a te the 200 comp le te 
chains needed for each average. 

N M R Procedure 

19 
The most convenien

the presence of H coupling
trans ient nutat ion as suggested by Yannoni (21, 22). This a l lows sca l ing of 
heteronuclear couplings and chemica l sh i f ts to ze ro (both of these i n t e r 
act ions cont r ibute to M2, wh i le sca l ing homonuclear d ipolar couplings by 
-MM2 sca led by +%). In this procedure, strong (ω | >> | | Η c D i n _ S D j n l ^ o n ~ 
resonance R F is appl ied to the sample fo r an in terva l τ . Tne spin system 
evolves under the sca led spin-spin i n te rac t i on . The corresponding f r e e -
induct ion decay (FID), unobservable during the i r rad ia t ion , is mapped out 
by measur ing the i n i t i a l F ID ampl i tude as a funct ion of τ . C e r t a i n 
a r t i f a c t s may be cance l l ed w i t h phase a l te rna t i on of the N M R s ignal: 
a l te rnate i r rad iat ions are preceded w i th α π pulse and those signals are 
subtracted f r om the computer summat ion. 
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15 
Crystallization of Stretched Networks and 
Associated Elasticity 

K. J. SMITH, JR. 

State University of New York, College of Environmental Science and Forestry, 
Syracuse, NY 13210 

A model of lamellae formation in stretched 
networks is proposed. Approximately one-half of the 
chains do not fold. Formation of such lamellae is 
accompanied by declining stress. Highly folded 
systems (high crystallinity), however, can cause a 
stress increase. In the calculations crosslinks are 
assigned to their most probable positions through 
the use of a characteristic vector. A contingent of 
amorphous chains is also included. The calculations 
suggest that the concept of fibrillar-lamellar 
transformations may be unnecessary to explain 
observed stress-temperature profiles in some cases. 

It i s thought that c r y s t a l l i z a t i o n of stretched polymer 
networks results i n two c r y s t a l l i n e morphologies. Upon cooling a 
stretched network at either constant length or constant load, 
( f i b r i l l a r ) c r y s t a l l i t e s appear that seem to transform into 
folded-chain lamellae at yet lower temperatures (1, 2). Important 
evidence supporting this b e l i e f i s the observation that retractive 
force exerted by a stretched network at constant length decreases 
with c r y s t a l l i z a t i o n i n the f i b r i l l a r region, then increases when 
temperature f a l l s into the lamellar zone (1_, 2). F i b r i l l a r 
c r y s t a l l i z a t i o n , i n which a chain passes through a c r y s t a l l i t e 
but once, compresses connecting amorphous chains, thereby de
creasing the forces they exert (3). But lamellae, i n which a 
chain may fol d back and forth several times, extend the distances 
amorphous chains must subtend, consequently increasing their 
forces. 

This argument was put forth i n 1962 by Judge and Stein (1) 
to explain the behavior of polyethylene networks under a constant 
load. That same year Smith (4) showed that a folded-chain mor
phology was thermodynamically favored at lower temperatures (high 
c r y s t a l l i z a t i o n ) whereas at temperatures near the melting point 
(low c r y s t a l l i z a t i o n ) f i b r i l l a r morphology was stable; a trans
formation of one morphology into the other was thermodynamically 
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possible. Much later Gaylord and Lohse (5) refined Smith's 
calculations by incorporating greater morphological detail and 
reached the same conclusion. They also attempted an estimation 
of the force-temperature profile in the crystallization region. 

At least two major diff icult ies with this crystallization 
picture exist. F irs t , the morphological detail assumed by Gaylord 
and Lohse is very speculative. They postulate lamellae composed 
of identically regular folded chains that "switch" from one fold 
to two, etc., as temperature is changed. How such switching is 
possible is unexplained. Indeed, how a lamella forms with a l l 
chains having an identical number of folds is also presented 
without comment. A second difficulty is the surprising obser
vation of Luch and Yeh (6): lamellae formation in stretched 
networks of natural rubber is accompanied by stress decline 
rather than increase. Thi
plained with the existing  crystallization

It has recently been shown ( 7 ) that a transformation from 
f i b r i l l a r to lamellar morphology is not required to replicate the 
force-temperature profile of stretched networks in the crystal
l ization region. This latest work shows that a close duplication 
of the behavior of gutta percha ( 8 ) can be predicted with a model 
( 7 ) of f i b r i l l a r crystallization that incorporates several new 
features omitted in earlier theories, specifically: 

1. A network chain may pass through a crystall ite in one 
direction or in the exact opposite direction relative to 
the chain displacement vector; the two configurations 
are not equally probable. 

2. Crosslinks are assigned to their most probable positions, 
which change as crystallization changes. 

3. Lateral crystall ite growth is permitted by a contingent 
of amorphous chains. A l l earlier theories allow 
longitudinal (along the chain axis) growth only. 

But that work does not preclude lamellar formation and the 
possibility of f ibri l lar-lamellar transformations. Especially in 
need of clarification is the observation (6) that lamellar forma
tion in stretched networks decreases stress (or force). Force 
exerted by an amorphous chain or sub-chain is determined by the 
ratio (r/N) of i ts end-to-end displacement length r to the 
number of links (or bonds) Ν making up i ts backbone. Whatever 
makes this ratio small diminishes force. Yeh1s observation, i f 
i t is true, requires a lamellar crystal geometry that does just 
that. One capable of this is shown in Figure 1. Two geometrical 
arrangements of the chains are incorporated into the lamella : 
one has both crosslinks (chain end-points) on the same side of 
the lamellar (one fold),and the other has one crosslink on each 
side without a fold. An actual lamella may incorporate chains 
of two and three folds, or even more. It seems reasonable to 
expect that highly crystalline polymers might favor a larger 
number of folds, but the density of crosslinks in a network could 
have a mitigating effect. 
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Two questions arise: how many chains fold? and are the 
folds regular (adjacent re-entry) or ir r e g u l a r (switchboard)? 
Whether or not a chain folds depends upon where i t s ends are. I f 
both ends (crosslinks) are located on the same side of the 
lamella , the chain must f o l d and pass back through the c r y s t a l , 
assuming that l a t e r a l dimensions are large. It may also f o l d 
more than once provided i t does so an odd number of times. I f 
the two chain ends are located on opposite sides of the lamella , 
the chain cannot f o l d unless i t does so an even number of times. 
Since chains i n a crosslinked network are r e l a t i v e l y short, more 
than one fo l d per chain i s expected to be rare i n low c r y s t a l l i n e 
materials. Unless a selection process operates i n favor of one 
configuration, both should be accreted by a growing lamella with 
equal frequency; i . e . , one-half f th  chain  fold d
half do not fo l d at a l
than once). For those
improbable. Chains should be incorporated into a growing 
c r y s t a l l i t e as they are encountered i n the melt by the c r y s t a l l i t e 
face. This means that end-points of a fo l d sub-chain are located 
at their most probable distance apart. Even i f some unknown 
mechanism operates to favor regular folds, i t i s d i f f i c u l t to 
expect from i t much more than miniscule effeciency i n a cross-
linked network where topological constraints must surely l i m i t 
the chain disentangleroents necessary for regular folding. 
Consequently, lamellae i n a network, i f they form, might be 
expected to have about one-half of their chains unfolded and one-
half folded once i n an irregular manner. Lamellae of small 
l a t e r a l dimensions could deviate considerably from this idealized 
model, as might also highly c r y s t a l l i n e materials with multiple 
folds. 

Two additional features of a semi-crystalline network should 
be considered: one i s the presence of some completely amorphous 
chains, and the other i s the displacement of crosslinks by grow
ing c r y s t a l l i t e s . As a network c r y s t a l l i z e s the c r y s t a l l i t e s 
upset the balance of forces about the crosslinks, which are then 
forced to new positions of equilibrium. These problems have 
recently been attacked (7) by consigning the chains to their 
most probable positions. 

Such a model for lamellar c r y s t a l l i z a t i o n i s now investigated. 
I n i t i a l l y the calculations are r e s t r i c t e d to the simple lamellar 
model shown i n Figure 1, but multiple f o l d lamellae are b r i e f l y 
considered even though they present a serious problem stemming 
from i n s u f f i c i e n t information about the number of folds. 

Theory 

Let the network be made of G chains running from crosslink 
to crosslink. The degree of c r y s t a l l i n i t y ω i s the fraction of 
repeating units that are c r y s t a l l i z e d . The free energy of 
c r y s t a l l i z a t i o n AF p i s usually separated into two terms Ç3, 9 ) : 
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Figure 1. Model of a lamella containing unfolded and irregularly folded chains. 
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the f i r s t i s the free energy of c r y s t a l l i z a t i o n of toGN repeating 
units, where Ν i s the average number of links per chain, and the 
second i s the e l a s t i c free energy AF e associated with the 
amorphous portions of the network. Thus (9) 

AF - -(JQGNAH (1 - T/T °) + AF (1) c u m ' e 
AHy i s the heat of fusion per repeating unit and T m° i s the 
melting temperature of the crystals i n the absence of constrain
ing forces ( i . e . , AF e « 0). 

The e l a s t i c free energy AFe causes d i f f i c u l t y because of i t s 
s e n s i t i v i t y to the c r y s t a l l i z a t i o n model assumed. To estimate 
AF e for lamellar morphology, consider f i r s t an important property 
of a network, amorphou
considerably r e s t r i c t e
crosslinks several chains removed from a pa r t i c u l a r chain are 
therefore inconsequential for that chain. A chain i n the i n t e r i o r 
of a path traced through several sequentially connected chains 
behaves as i f the path ends are securely anchored at fixed 
positions (2,)· I f G^ chain vectors make up the path, then 

£ r, = R, = constant 
j ~ 3 ~ 3 

By introducing coe f f i c i e n t s Cij the summation can be extended 
over a l l network chains, i . e . 

I β Rj " constant (2) 

For every vector making up Rj the co e f f i c i e n t i s unity, and zero 
otherwise. A similar equation holds for each path required for 
complete network characterization. Constancy of Rj i s assured by 

? C dr ± = 0 (3) 

I f G c chains c r y s t a l l i z e ( p a r t i a l l y ) there w i l l remain G-Gc 

completely amorphous chains and G + 3Gc/2 t o t a l e l a s t i c elements 
(amorphous chains and subchains). This i s true only for the 
model described with 1/2 G c chains folding once and 1/2 G c chains 
not folding at a l l . I f each e l a s t i c element i s Gaussian i n i t s 
behavior, the e l a s t i c free energy fQ can be written as 

2 
3kT r Γ k fc fc / / N F « — - ι - — + constant (A) 

6 2b Z k \ 

The sum extends over a l l amorphous chains and subchains. The 
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number of stat ist ical links in is and each stat ist ical 
link is of length b. The chains are now assigned their most 
probable positions as determined by the condition* that F e is a 
minimum, i . e . 

k k 

Condition (3) s t i l l holds, but the relationship between r^ and 
r£ must be established. Upon crystallization the i t n chain may 
subdivide into two amorphous subchains i f i t does not fold 

5i " £ii +
 Ii2

 + ii 
or three subchains i f i t folds once 

î l * î i l + Îi2 + ri3 
These are shown in Figure 2. Substituting these results into 
equation (2) whenever appropriate gives 

( 6 ) 

where the sum over k extends over a l l amorphous chains and sub-
chains in the network. Note that for a completely amorphous 
chain 1̂  is zero. At constant 1̂  the condition expressed by 
equation (3) is exactly 

dr, « 0 ~k 

Introducing into equation (3) such a condition for each path j 
gives 

(I - Σ gj O. dr, 
where |3j is the j — Lagrangian vector multiplier. The orthogonal 
solution can be obviated by imposing the null vector solution in 
a l l instances. This requires that F e be a minimum also with 
respect to the components of r^. The null vector solution is 
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Figure 2. Diagram of chains making up a lamella of thickness 1. 
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The sum over a l l j can be denoted as 6kGk» where Gk Is the number 
of paths containing r^, and (3fc i s a resultant vector analogous to 
B j . Unfortunately 3k cannot~be determined from the information 
at hand. I t i s therefore necessary to assume that i s the 
same for a l l k; i.e., 3^ • β and 

This corresponds to summing equation ( 6 ) over a l l paths j and 
holding the resultant constant: 

I l C. r. - I R. » constant 
i j 3 j ~ J 

Only a single Lagrangia
Combining equations ( 6 ) and"(7) gives 

Σ c i j £i " g Σ Scj Gk \ + Σ % h 

This equation reduces to a simpler form i f i t i s summed over j : 

? G i £ i - ! ? G k Nk + ? G i i i 

.th 
i s tne number or patns tne J 

chain participates i n . Then 
where Σ e Σ C k j " Gk* G i l s t h e n u m b e r o f P a t h s the i — 

Σ
 Gi Hi - Σ

 Gi i ± 

Σ ^ 2 Nk 
k 

We can write equation (4) as 

The summations are easy to deduce: 
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l G r « G <G > r 
i 

Σ G ± 1 - i G <G > Nbu) 
Σ G

k
 N

k " G < Gi > Ν (1 - ω) k 

Here the bond vector b i s along the same direction as 1 3̂· The 
symbol < > represents an average. The vector r i s an average, 
characteristic vector of the network that depen3s only upon the 
state of deformation. It i s independent of crystallization to 
the extent that densit
can be ignored, which i
chains can be perturbed by crys t a l l i z a t i o n , the constancy of r 
tends to limit perturbations to those compatible with network" 
size and shape as determined by the state of strain. The 
constancy of r i s exactly equivalent to the constancy of the 
various path vectors Rj, which i s a necessary assumption of 
our model. Substitution of these sums into equation (8) gives 

3GkT 

2Nb 2 

<G±> 

<G±
2> 

( ά ) [ ϊ - ι U)Nb + constant 

The distribution of Gj_ i s unknown, but the information i s not 
required. We can assume a monodisperse distribution and equate 
<G±>2 m <G±

2> so that 

3GkT 
2 

2Nb 
+ constant (8a) 

This i s possible because the result must conform to the tradi
tional theory of e l a s t i c i t y when c r y s t a l l i n i t y i s zero (ω = 0 ) . 
This happens i f r i s interpreted as an average chain vector (made 
up of Ν l i n k s ) , the components x, y, ζ of which deform affinely, 
so that in simple elongation along ζ 

<x2> - <y2> = Nb2/3 α 
0 0 0 

<z > - α NbV3 
where α i s the deformation ratio. 

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



302 E L A S T O M E R S A N D R U B B E R E L A S T I C I T Y 

Squaring the bracketed term gives 

r 2 - I OiNr-b + I a>2N2b2 (9) 

The vector product r # b is 

r«b · b £x sin xcos φ + y sin xsin φ + ζ cos χ j 

where χ is the orientation angle of b - that i s , of the crystal
l i t e - with respect to the stretch direction ( ζ ) , and φ is the 
azimuthal crystall ite angle. Assuming perfect orientation of 
the chain axis along the stretch direction (cos χ β 1) , the 
average of equation (9) is 

2 2 1<r > - ~ ω

2 2 2 
The values of <x >, <y >, <z > are given above. For <z> we 
refer to the approximation of Flory (3) that seems satisfactory 
when stretch is very large 

<z> « otb ( 2 Ν / 3 π ) 1 / 2 

Placing these values into equation (8) gives 
1/2 _ GkT / 1 \ Γ 2 2 2αω ( 6N V 

r] 
2 

(1)1 , + constant 

Sub tracting from this F e (ω « 0, α « 1) gives A F e , which when 
substituted into equation (1) yields AF c 

AF= c 

2αω / 6N \ 1 / 2 A 
3 \ i r j + 3 

IGkT ( 1 0 ) 

The equilibrium degree of crystall ization, ω, can be determined 
com tb 

2ΝΔΗ 

from the condition 3AFc/3o) « 0, or 

ΚΔΗ / l 1 \ . (J^\ 2 Γ 2 2 _ 2α /6Ν\1/2 . fi£ η . 

Τ Γ Λ * " W ^" Ω/ L Α 3 3 J ( 1 1 ) 

The melting temperature T m i s obtained from equation (11) when 
ω + 0 (Τ Τ ). 

m 
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2ΝΔΗ 
Λ ^2 2α/6Ν \ 1/2 (12) 

Is the temperature at which the last vestiges of crystal-
U n i t y disappear upon heating. The force at equilibrium 
c r y 8 t a l l i n i t y i s given by (3,9) 

where i s the i n i t i a

(13) 

Discussion 
For a moderately crosslinked network, equation (13) predicts 

a declining stress with lamellae formation from the amorphous 
melt. A stress increase can be achieved with this model only by 
reorientation of the chain axis to the directions perpendicular 
(or nearly so) to the stress direction. If then this model i s 
suitable for l i g h t l y crystalline materials, i t s behavior i s i n 
good accord with the observations of Luch and Yeh (6) on 
stretched natural rubber networks. They reported simultaneous 
lamellae formation and declining network stress. 

The foregoing theory can be modified to include lamellae 
containing multiple folds with a fraction Y of chains having 
crosslinks on opposite sides of the lamellar. In this general 
case 

1+f 
(DGjNb Cfc>GjNb 

where ζ « γ/(1+f). f i s the average number of folds per crystal
line chain. This gives for AF 
AF - -0)GNAH 

. 2 5 a » ( f ) 1 « + 3 c 2 » 2 « 

2 2 
α + 5 

3GkT 

(14) 

For the model in Figure 1, γ - 1/2, f « 1/2, and ζ - 1/3. We 
can imagine more highly folded models. For example, i f half 
the crystalline chains fold twice and the other half three times, 
the value of ζ i s 1/7. The greater the number of folds, the 
smaller the value of ζ. Since the force at equilibrium i s 
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GkT / 1 \ 1 „ /6NX1/2 (15) 

a small value of ζ can reduce the importance of the second term 
above so that the force wi l l rise as ω increases. It is reason
able to expect that the number of folds increase as ω becomes 
large. Consequently, incipient crystallization (large ζ) may 
reduce force, but at high ω (low ζ) force may be regenerated. 
This may be what happens in polyethylene networks (1). A 
transformation from one morphology to another is therefore not at 
a l l required. The observed stress profile may be indicative of 
nothing more than a normal progression of lamellar growth whereby 
more and more folds ar  incorporated b  th  growin  lamellae

Of course, a morphologica
to be incompatible with observations on crystallizing networks, 
but neither has i t been theoretically demonstrated to occur. It 
is easy to propose a transformation between f ibr i l s (with ζ « 1 
in the preceding equation, which is the analog of Flory's 
original model) and lamellae (with ζ < 1), but how does the 
transformation occur? An abrupt transformation wi l l surely 
generate an increase in stress. A more gradual transformation, 
however, may not unless crystallization is quite high. The 
important question remaining to be answered is therefore does ζ 
change gradually, or does i t change discontinuously at definite 
intervals to produce distinctive phases? 

Some comments on a f i b r i l l a r model are in order. If ζ * 1 
(no folding), the equations above become identical in form to 
those given earlier by Flory (3). But the theoretical founda
tions of the two theories differ. Flory's model is that of a 
single crystal of parallel chains having substantial amorphous 
end-sections attached to fixed crosslinks. Melting is imagined 
to occur by a foreshortening of crystal length accompanied by a 
corresponding increase in the amount of amorphous end-portions. 
Lateral crystall ite dimensions are viewed as unchanging through
out the process. But i t is unrealistic to expect a crystall ite 
to spring into existence with a fu l l complement of chains intact, 
nicely ordered laterally and deficient along the longitudinal, 
or chain, axis. The model herein, however, includes amorphous 
chains, which allow for lateral growth. Since crosslinks are 
assigned to their most probable positions, lateral growth i s , in 
fact, equally favored with longitudinal growth. The practical 
difference between the two theories is evident only in the 
definition of ω. Herein ω is the network degree of crystal l iza
tion. In Flory's theory, ω is the degree of crystallization of 
a semi-crystalline chain, and a l l chains are semi-crystalline 
(which is not true in an actual network). It seems to be nothing 
more than luck that the two theories agree in form. 
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Lateral growth occurs i n real systems but i s not accounted 
for in the model of Flory. What allows i t s incorporation into 
these new calculations i s the assignation of the chains to their 
most probable positions; the chains continuously seek positions 
of equilibrium as crystallization proceeds. This means that a l l 
amorphous links have the same propensity for cr y s t a l l i z a t i o n , 
which therefore tends to eliminate a distinction between lat e r a l 
and longitudinal crystal growth (keep in mind that different 
levels of c r y s t a l l i n i t y favor one growth pattern over the other -
low c r y s t a l l i n i t y favors f i b r i l s , high c r y s t a l l i n i t y favors 
lamellae)· 

Most probable positions of the chains are determined by 
the use of a characteristic vector r. This vector i s represent
ative of an average network chai  link  (th  link
per chain). It deform
chains might not, and i t s value depends only upon network deform
ation. Crystallization leaves r essentially unaltered since the 
miniscule volume contraction brought about by crystallization can 
be ignored. But real network chains are severely displaced by 
crystallization. These displacements, however, must be compatible 
with the immutability of r. So i n a sense, the characteristic 
vector r limits the configurâtional variations of the chains to 
those consistent with a fixed network shape and size at a given 
deformation. 

The chains are assigned to their most probable positions, 
so too are the sub-chains i n the semi-crystalline structure. 
Consequently, fold sections are also constrained to their most 
probable positions. Regular hairpin folds do not occur i n this 
model, which means that l a t e r a l growth (of the crystallites) 
occurs by accretion of chains to growing surfaces as they are 
encountered i n the melt. Chains do not unravel from the melt to 
deposit completely, or nearly so, on the c r y s t a l l i t e surface by 
regular folding before another chain i s encountered. Such 
disentanglements seem prohibited in networks in which topological 
constraints are permanently secured by crosslinks. The issue 
i s by no means t r i v i a l for the geometry of chains i n the 
crys t a l l i t e s i s determined by mode of growth. The model adopted 
here necessitates irregular folding as well as varied folding 
within the same c r y s t a l l i t e . Some chains may not fold at a l l and 
others may fold several times. 

The average number of folds per chain may be dependent upon 
the degree of c r y s t a l l i n i t y , at least i n the earlier stages of 
crystallization when lateral dimensions are relatively small. 
But as crystallization increases, the folds per chain should 
level off at a constant value. Even a few folds greatly 
diminishes the value of ζ, so in the region of high c r y s t a l l i n i t y 
we might approximate ζ Ζ 0 and obtain from equation (14) 
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From this result i t follows that 

ω * 1 - R ( α 2 + -)/2 ΝΔΗ (~ - — ) N α u VT m o' 
1/2 

m 

(16) 

The retractive force increases as ω increases in this case 
(high ω) . This folded chain model is the same as that introduced 
twenty years ago (4). Comparing equation (16) with equation (13) 
(or with equation (15) where ζ is unspecified) shows clearly 
the variation of retractiv
lization proceeds. Whe  crystallizatio  begin
constant length, might decrease because the crystallites are 
small with few folds per chain. The value of ζ may be near 
unity i n i t i a l l y . As more and more folds are incorporated, ζ fal ls 
to a small value and allows a regeneration of force in accordance 
with equation (16). An abrupt transformation from ζ small to ζ 
large wi l l produce a qualitatively similar behavior. 

At a molecular, rather a chain, level the cause of this be
havior is clear. Those chains having both crosslinks on the same 
side of the lamella always experience an increase in tension upon 
crystallization because their amorphous sub-chain are required 
to extend in order to meet the constraints of this geometrical 
pattern. The effect is greater the greater the number (odd) of 
folds. But chains having crosslinks on opposite sides of the 
lamella can experience an increase or decrease in tension upon 
crystallization depending upon the number of folds per chain. A 
chain without a fold is compressed by crystallization; i . e . , 
tension decreases - the extended geometry of the crystalline 
portion forces the two amorphous subchains into shorter conform
ations. But an identical chain folded several times (always an 
even number of folds) experiences an increase in tension upon 
crystallization because i ts subchains must extend to span the 
required distances with the small, reduced number of backbone 
links. Behavior of the system is therefore dependent upon the 
populations of various geometrical arrangements present at a 
given time. These populations are expected to vary with the 
state of strain as well as with degree of crystallization. 
Highly stretched networks should discourage folding and favor 
f i b r i l l a r crystall ization, or at least favor low folding. High 
stretch should also favor an increased fraction of chains having 
crosslinks on opposite sides of the lamella. In other words, low 
stretch favors large ζ and high stretch favors small ζ . 

A final point, subtle but important, ought to be discussed 
in some detail . The method adopted herein and in another 
publication (7) for assigning chains to their most probable 
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positions rests squarely on the assertion that 

Il C . , r = l G. r * I R. - constant 4 0 
i j J i j ~ J 

The vector directions of r^ (therefore Rj) are therefore not 
assigned randomly but by'some plan compatible with the network 
structure. This allows us to write 

l G. r » G <G > r φ 0 
i 1 ~ 

2 
A calculation of r (or r ) is not attempted. In effect, the 
value of r is specifie
specified^network is the
chains to their most probable locations consistent with the 
constant, specified value of r . But many other values of r 
(or r2) are possible, so the entropy is computed by averaging 
the specified network entropy over a l l values of r; that i s , an 
average entropy is computed. Since r is not in fact calculated, 
how is such an averaging possible? ï h i s is achieved by simply 
comparing the result with the traditional theory of elasticity. 
It then turns out that r behaves as an average chain undergoing 
an affine deformation, "it is then described as a characteristic 
chain because i t effectively characterizes the network with 
respect to deformation. The number of links in the character
i s t i c chain is N, the actual network average. If the distribu
tion of G± i s other than monodisperse some minor adjustments in 
the identification of the characteristic chain is required. In 
this case, i ts displacement vector would be <Ĝ > r rather than 
just r , and its links number <G^2> Ν rather than 8. But these 
adjustments are of l i t t l e importance. 

Owing to the ambiguity surrounding the specified structure, 
the question might be asked: why establish the network con
straints in terms of vectors? We might, for example, avoid the 
issue by choosing for a constraint either 

Σ Ir .I - G < j r .I> « constant 
i 

where | | represents absolute value, or 

r 2 2 
l τ. * G <r. > « constant 
i 1 

Both appear to be acceptable. And indeed they lead to quite 
acceptable solutions for amorphous networks. But neither of 
these constraints appear satisfactory for semi-crystalline net
works, at least a proper solution has not yet been found. Our 
choice of vectois then is not a choice at a l l but rather an 
imposition. 
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The equations emerging from the theory are quite reasonable. 
If the chains occupy their most probable positions, their end 
points must adjust as crystallization proceeds so as to keep 
a l l chains at the same potential. On a thermomechanical basis 
no distinction among the chains is possible. A completely 
amorphous chain behaves the same elastically as an amorphous sub-
chain of a semi-crystalline chain. The crosslinks adjust to 
insure this. What the equations show is that each chain, 
amorphous or crystalline, behaves as i f i t were partially crystal
l ine, i ts effective crystall inity being the network average. In 
other words, the total number of crystalline units is divided 
among a l l chains regardless of their actual conditions with 
regard to crystal l inity. So the network is described by an 
average chain of average crystal l inity  which is an eminently 
sensible conclusion. I
crystall ite dimensions
lization. 

We can assert outright that a semi-crystalline network in a 
continuous state of equilibrium might be satisfactorily described 
by a representative chain of average contour length and average 
crystallization. This i s , after a l l , the same assumption that 
is invariably applied to amorphous networks. The results in 
this instance are exactly the same as those presented herein. 
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Elasticity and Structure of Cross-linked 
Polymers1: Networks with Comblike Cross-links 

WILHELM OPPERMANN and GUNTHER REHAGE 

Institute of Physical Chemistry, T.U. Clausthal, Adolf-Römer-Strasse 2a, 
3392 Clausthal-Zellerfeld, Federal Republic of Germany 

The equilibrium modulus of poly(dimethylsiloxane) 
(PDMS)networks having comb-like crosslinks changes 
systematically with the structure of the cross
links, even if the number of chains per volume re
mains constant. At high branching densities, the 
experimentally observed moduli are three times 
greater than those calculated from the theory of 
phantom networks. As the branching density decrea
ses, this ratio also decreases and tends to approach 
unity. These observations, though incompatible with 
either the phantom theory or the affine theory alone, 
are explained by a transition between the two. The 
Mooney-Rivlin constant 2C1, as determined by stress
-strain measurements, considerably exceeds the modu
lus calculated from phantom network theory. More
over, 2C2 does not vanish at high crosslink function
alities. This indicates that Flory's theory is not 
applicable to these complicated networks. 

During the l a s t f i v e years, new aspects have been introduced into 
the molecular theory of rubber e l a s t i c i t y Q--4). The older theory 
sucessfully predicts such properties as thermoelasticity, b i r e 
fringence, and swelling, but was unable to account for the st r a i n 
dependence of the modulus. The revised theory claims to overcome 
with this insufficiency. I t originates from the understanding that 
the two c l a s s i c a l approaches, namely the model using a f f i n e l y 
transposed crosslinks and the model using fluctuating crosslinks, 
represent extremes. Real networks should exhibit intermediate be
haviour, a tr a n s i t i o n being induced by st r a i n . 

P a r a l l e l to the development of the new theoretical approaches 
considerable experimental work was done on model networks especial
ly synthesized, to show the effects of pendent chains, loops, d i s 
tribution of chain length, functionality of crosslinks, etc. on 
properties (5-21). In some instances, the properties turned out 
1 This is Part II of a series. For Part I, cf. Ref. 21. 
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to depend on the chemical composition of the network, and also on 
the frequently neglected microstructure i n other instances. 

We have investigated the s t a t i c and dynamic mechanical prop
er t i e s of networks of diff e r e n t chemical and topological struc
tures (19,20). In a previous paper, we reported results obtained 
on networks with crosslink functionality four . In the pres
ent study, we investigated the e f f e c t of the structure of junc
tions on the mechanical behaviour of PDMS. Rather uncommon net
works with comb-like crosslinks were employed, intending that 
these would be most challenging to theoretical predictions. 

Theoretical Considerations 

In our f i r s t paper  th  molecula  theor f rubbe  e l a s t i c i t
was b r i e f l y reviewed, especiall
s t i l l subject to discussio  (21)
of the structure and the functionality f of the crosslinks and the 
relevant theory. 

In a network where the crosslinks move a f f i n e l y to the macro
scopic s t r a i n , the functionality of the crosslinks i s i n s i g n i f i 
cant. The modulus of such, a network only depends on the number of 
chains, no matter how they are connected (22-27) 

2 2 
G = vkT <r >/<r > c (1) 

Τ i s the absolute temperature, k the Bo^tzmann constant, ν the 
number of network chains per volume, <r > the mean-square end-to-
end distance of chains in the undeformed network and <r >0 the 
same quantity for the free, disconnected chains. 

If the fluctuations of crosslinks are considered, a function
ality-dependent factor, 1 - 2/f, has to be applied (28-31) 

G . = d-|) vkT <r 2>/<r 2> 0 (2) pn f 
In order to enable these fluctuations to occur, the network chains 
are assumed to be "phantom" in nature; i . e . th e i r material prop
ert i e s are dismissed and they act only to exert forces on the 
junctions to which they are attached. With common networks having 
tetrafunctional junctions, the results of the two approaches d i f 
fer by a factor of two. Identical results are only obtained from 
both theories, when the functionality i s i n f i n i t e . From a p r a c t i 
c a l viewpoint, however, a value of about 20 for f can already be 
equated to i n f i n i t y because crosslink densities can hardly be ob
tained with an accuracy better than ± 10%. 

Application of both approaches to describe simple elongation 
experiments yields that either theory predicts the so-called re
duced stress σ to be equal to the shear modulus G and to be i n 
dependent of st r a i n . 

σ = = G red λ-λ (3) 
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The reduced stress i s defined as the force per cross-seçtional 
area of the undeformed sample, divided by the term λ-λ~ with λ 
being the re l a t i v e elongation L/L 0. With undiluted rubber, t h i s 
i s not found experimentally. In most cases, however, the e l a s t i c 
behaviour in a moderate elongation range i s s a t i s f a c t o r i l y de
scribed by the empirical Mooney-Rivlin equation, which predicts a 
linear dependence of ̂ r e ( ^ on reciprocal elongation (32-34) 

0red = 2 C1 + 2 C 2 / A ( 4 ) 

The identity of a
r e d

 a n ^ G according to Eq. (3) i s then only v a l 
i d in the l i m i t i n g case λ a 1. The recent development of molecu
l a r theory by Ronca and Allegra and by Flory i s in approximate 
accordance with the observe  (J^-4)
sumed that the two c l a s s i c a
extremes. A re a l network should exhibit intermediate behaviour, 
dependent upon the extent of deformation, state of d i l u t i o n , and 
presumably other parameters which can influence the mobility of 
the junctions. The model using a f f i n e l y displaced crosslinks 
gives the upper bound of the reduced stress σ ̂  for undiluted 
rubber at small strains; the model using f l u c i u a t i n g crosslinks 
gives the reduced stress at i n f i n i t e t e n s i l e s t r a i n . The ra t i o 
of the Mooney-Rivlin parameters, C^/C^, i s predicted by t h i s 
theory to depend on crosslink functionality according to 

Hence the measurement of th i s r a t i o for networks with diff e r e n t 
f u n c t i o n a l i t i e s can serve to test the theory. Note that C^/C^ 
should be independent of temperature (this i s confirmed by 
measurements) and also independent of crosslink density (however, 
a decrease of CJC. with increasing ν i s found experimentally 
(10,34-36) 
Experimental 

On poly(dimethy1siloxane) (PDMS) networks having comb-like 
crosslinks, torsional vibration experiments and s t a t i c stress-
stra i n measurements at small deformations were performed as a 
function of temperature, torsional vibrations also as a function 
of frequency. 

The networks studied were synthesized by a crosslinking me
chanism via end-linking of r e l a t i v e l y short chains. The chemical 
process used, i s the highly selective reaction of vi n y l groups, 
which are the terminal groups of a polymer, with active hydrogen 
atoms on a silane-type crosslinking agent. This reaction goes 
essentially to completion with no side reactions or isomerization. 

In the present study, crosslinking agents are used which are 
polymers themselves, namely partly hydrogenated PDMS: In a s t r i c t 
nomenclature, this has to be considered a dimethylsiloxane 

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



312 ELASTOMERS A N D RUBBER ELASTICITY 

(DMS,-Si(CH3)20-)-hydrogenmetnylsiloxane (HMS,-SiH(CH3)0-)-copol-
ymer. The structure of the crosslinking molecules was varied 
extensively, with respect to chain length and with respect to the 
content of HMS units. The characterisation of the crosslinking 
agents used to synthesize the samples Bl - B12 is given in 
Table I: column 2 gives the fraction of HMS units, column 3 the 
molecular weight and column 4 the degree of polymerisation. The 
content of active hydrogen varied from one on every monomer unit 
(HMS fraction 1) to one on every 40th monomer unit on the aver
age ( HMS fraction 0.025); the degree of polymerisation covers 
the range from 35 to 600, corresponding to molecular weights from 
2100 to 44200 g-mol"1. 

Table I 
Characterisation data fo

Characterisation of Portions in Reaction Extract. 
OdIIip±t3 Crosslinking Molecules Mixture, Weight-% of Portion, 

Weight-% 
Fraction Molecular Degree Crossl. Divinyl 
of HMS Weight of Pol. Component Component 

PDMS-Bl 1 2100 35 0.91 99.09 0.3 
-B2 1 4500 75 0.91 99.09 0.3 
-B3 1 7200 120 0.91 99.09 0.3 
-B4 1 9000 150 0.91 99.09 0.3 
-B5 0.50 6700 100 2.02 97.98 0.3 
-B6 0.33 6900 100 3.09 96.91 0.8 
-B7 0.25 7000 100 4.13 95.87 0.8 
-B8 0.20 7100 100 5.18 94.82 1.0 
-B9 0.33 10400 150 3.09 96.91 0.9 
-B10 0.33 17300 250 3.09 96.91 0.7 
-Bll 0.14 11500 160 7.18 92.82 2.3 
-B12 0.025 44200 600 31.20 68.80 n. d. 

We calculated the molecular weight of the crosslinking molecules 
from the ratio of monofunctional (Si(CH3)3Cl) and bifunctional 
(Si(CH3)2Cl2 or SiH(CH3)Cl2) units present during the hydrolysis 
of chlorosiloxanes, which forms the polymerisation process. It 
was checked by viscosity, measured on the undiluted material at 
25°C, according to the equation 

log η = 1 + 0.0123 M (6) 
given by Barry (37). Satisfactory agreement between the two meth
ods was obtained, except for samples with the largest HMS frac
tion. This was expected because Eq. (6) holds only for PDMS. 

The copolymer-crossiinking agents were made either by acid 
equilibration of PHMS and PDMS in suitable proportions (Fig. la) 
or by cohydrolysis of the corresponding chlorosilanes (Fig. lb). 
Equilibration gave a small amount (<5%) of low molecular weight 
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a ) 9 0 
C H 3 - S i - C H 3 CH3-à-H 

? ? 
C H 3 - S i - C H 3 + C H 3 - S i - H 

C H 3 - S - C H 3 

P D M S 

C H ^ S i - H 

P H M S H M S - D M S - c o p o l y m e r 

b) 

a - s i - a • 
CH3 

di methy l -
d ich io ros i l ane 

H 

C l - S i - C l 
C H 3 

- H Q 

m e t h y l -
d ich lo ros i l ane 

/ 
Ο 

C H 3 - S i - H 
0 

C H ^ S i - C r ^ 
Ο 

C H j - S i - H 

H M S - D M S - c o p o l y m e r 

Figure 1. Synthesis of HMS-DMS copolymers. Key: a, acid equilibration of 
PHMS and PDMS; b, cohydrolysis of chlorosilanes. 
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c y c l i c s . Their presence was detected by GPC. It could be shown by 
IR that t h e i r composition was the same as that of the polymers. 
The c y c l i c s could be removed by high-vacuum d i s t i l l a t i o n , but t h i s 
was not done regularly. Two networks synthesized using a p u r i f i e d 
and unpurified crosslinker, had the same modulus within5%. Hence we 
concluded that the c y c l i c s do not affect the crosslinking reaction. 

α,ω-divinyl-poly(dimethylsiloxane) with a number average mo
lecular weight of 26000 g.mol~* was used to react with the cross-
linking agents i n the presence of a platinum complex as c a t a l y s t 
(Figure 2). After mixing the two components with the c a t a l y s t , 
they were cast in aluminium forms and heated 5 - 1 0 hours at 50 °C. 
To make sure that every v i n y l endgroup i s linked, the reaction 
was conducted with a twofold excess of c r o s s l i n k i n g agent. Thus 
only half of the activ
the two components employe
metry are tabulated in Table I. The l a s t column in Table I gives 
the extractable portions of the networks. It has been determined 
by extracting the samples with toluene at 30°C for three weeks. 
The samples were weighed before swelling and af t e r deswelling. 

The structure of the resulting networks i s shown schematical
ly in Figure 3. Some molecules, nameiy the former HMS-DMS-copoly
mers, form comb-like polyfunctional c r o s s l i n k s . In Figure 3, these 
are drawn as thick lines for reason of c l a r i t y . By changing the 
hydrogen content of the crosslinking component (that i s the HMS-
fraction),we varied the spacing between branch points. For a quan
t i t a t i v e description of a network, we define the term "branching 
density", z, as the number of branch points per monomer unit of 
the crosslinking molecule, ζ i s tabulated in Table I I . I t i s half 
as big as the HMS fr a c t i o n in the crosslinking molecules because 
of the twofold excess of the crosslinking agent. There are two 
ways to look at the system. I t can be described as having large, 
comb-like cro s s l i n k s with very high f u n c t i o n a l i t y , f^, the l a t t e r 
being equated as f^ = z-r with r as degree of polymerisation of 
the crosslinking agent. Then only the former α,ω-divinyl-PDMS 
chains count as network chain i n the sense of rubber e l a s t i c i t y 
theory. The numbers of chains per unit volume, v^, calculated as 
a result of t h i s point of view, are given together with the cor
responding f u n c t i o n a l i t i e s , f^, in Table II. 

On the other hand, the parts of each cros s l i n k i n g molecule 
between two adjacent branch points can be taken as short network 
chains. In t h i s case the junctions are t r i f u n c t i o n a l (f^ = 3) and 
the chains have a bimodal d i s t r i b u t i o n . The t o t a l number of net
work chains, v 2 , i s threefold the number of former α,ω-divinyl 
chains, because two short chains and one long chain proceed from 
each crosslink. v 2 i s also tabulated i n Table I I . 

The e f f e c t of chain ends, which are e l a s t i c a l l y i n e f f e c t i v e , 
has been neglegted in this c a l c u l a t i o n . But as chain ends are on
ly formed from crosslinking molecules, whose f r a c t i o n in the net
work i s rather small, t h i s should cause a n e g l i g i b l e correction. 

In Elastomers and Rubber Elasticity; Mark, J., et al.; 
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Figure 2. Cross-linking of α,ω-divinyl-PDMS by HMS-DMS copolymers. 

Figure 3. Sketch of a network with comblike cross-links. 
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The calculation of the number of chains per volume also did 
not take the sol content (Table I) into account. As GPC measure
ments have shown, the extract consists mainly of small rings 
( (Si(CH 3) 20) ;n = 3 - 5), which are not able to react, η 

They form a kind of a diluent, which i s in most cases pres
ent up to less than 1% by weight. Hence the correction to be 
applied to the calculated crosslink densities v, i s also less 
than 1%; that means negligible. 

In this point we disagree with Macosko, who deduced a rather 
large correction from a small sol fraction, assuming that the ex
tract consists of molecules, which could in p r i n c i p l e react, but 
did not do so, because the chemical equilibrium was attained, or 
because there was st e r i c hindrance etc. (6,7). 

Calculated network densities and 
corresponding crosslink f u n c t i o n a l i t i e s 

sample branching 
density ζ 

counting long 
chains only : 

-3 5 
f% vi/mol-cm -10 

counting long and 
short chains : 

-3 5 
Î2 V2/mol'cm ·10 

PDMS-Bl 0.5 17.5 3.69 3 11.2 
-B2 0.5 37.5 3.69 3 11.2 
-B3 0.5 60 3.69 3 11.2 
-B4 0.5 75 3.69 3 11.2 
-B5 0.25 25 3.66 3 11.0 
-B6 0.165 16.5 3.62 3 10.9 
-B7 0.125 12.5 3.58 3 10.7 
-B8 0.1 10 3.54 3 10.6 
-B9 0.165 25 3.62 3 10.9 
-BIO 0.165 41 3.62 3 10.9 
- B l l 0.07 11 3.46 3 10.4 
-B12 0.0125 7.5 2.57 3 7.7 

Results and Discussion 

Thermodynamic Analysis. As reported previously, the storage 
modulus G' of PDMS networks with tetrafunctional crosslinks i s 
independent of frequency between 10~3 a n c j \ f j z (21). This behaviour 
which i s e n t i r e l y different from that of vulcanized natural rub
ber or synthetic polyisoprene networks, was attributed to the 
lack of entanglements, both trapped and untrapped, i n these PDMS 
networks. Figure 4 shows that G' of a network with comb-like 
crosslinks i s also frequency independent within an error of 0.5%. 
For comparison, two curves for PDMS having tetrafunctional cross
links are also shown. The f l a t curves imply that slower relaxa
tions are highly unlikely. Hence a thermodynamic analysis of the 
G' data below 1 Hz can be made as they equal equilibrium moduli. 

In Elastomers and Rubber Elasticity; Mark, J., et al.; 
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P l o t s o f G' a t 0 . 5 Hz a n d t h e r e d u c e d s t r e s s a r e d o b t a i n e d 
f r o m s t r e s s - s t r a i n m e a s u r e m e n t s a t s m a l l s t r a i n s a g a i n s t t e m p e r a 
t u r e , g i v e a l m o s t i d e n t i c a l s t r a i g h t l i n e s ( F i g u r e 5 ) . T h i s s i m i 
l a r i t y was e x p e c t e d b e c a u s e no f r e q u e n c y d e p e n d e n c e o f G' h a d b e e n 
o b s e r v e d . Hence G* e q u a l s t h e e q u i l i b r i u m m o d u l u s G; G m o r e o v e r 
e q u a l s t h e r e d u c e d s t r e s s 0 r e d ' if t n e l a t t e r i s m e a s u r e d i n t h e 
v i c i n i t y o f λ = 1. The m e a s u r e m e n t s w e r e a l w a y s p e r f o r m e d a t λ = 
1 . 0 2 - 1 . 0 4 , s o t h a t t h i s r e q u i r e m e n t i s f u l f i l l e d . 

B e i n g a v e r y s e n s i t i v e q u a n t i t y , h o w e v e r , t h e r e l a t i v e e n e r g y 
p a r t o f t h e m o d u l u s i s d i f f e r e n t f o r some o f t h e s a m p l e s , if c a l 
c u l a t e d f r o m s t a t i c o r d y n a m i c d a t a , r e s p e c t i v e l y . ( F o r t h e c a l 
c u l a t i o n m e t h o d , c o m p a r e r e f . 2 0 , 2 Κ ) T a b l e I I I g i v e s t h e v a l u e s 
f o r t h e r e l a t i v e e n e r g y p a r t . a r e d r j / ( J r e d i s t h e e n e r 9 Y p a r t c a l 
c u l a t e d f r o m s t r e s s - s t r a i
i n g number o b t a i n e d f r o

T a b l e = I I I 

R e l a t i v e e n e r g y p a r t o f t h e m o d u l u s a t Τ = 2 9 8 K , 
f r o m s t r e s s - s t r a i n m e a s u r e m e n t s w i t h λ = 1 . 0 2 - 1 . 0 4 ( a r e c j r j / a r e d ^ 

a n d f r o m t o r s i o n a l v i b r a t i o n e x p e r i m e n t s ( G ! L / C 5 

s a m p l e a r e d , u / ° r e d G £ / G -

PDMS - B 1 0 . 1 2 2 0 . 2 5 7 
- B 2 0 . 0 9 6 0 . 2 4 0 

- B 3 0 . 1 0 0 0 . 2 5 3 
- B 4 0 . 1 8 1 0 . 2 9 4 

- B 5 0 . 2 1 5 0 . 2 6 1 
- B 6 0 . 1 8 3 0 . 2 3 2 
- B 7 0 . 2 1 6 0 . 3 1 7 
- B 8 0 . 1 9 9 0 . 2 9 1 
- B 9 0 . 1 1 8 0 . 2 8 5 
- B 1 0 0 . 2 8 3 0 . 2 7 4 
- B l l 0 . 2 7 8 0 . 2 8 8 
- B 1 2 0 . 2 6 4 0 . 2 7 8 

I n F i g u r e 6 , t h e s e d a t a a r e p l o t t e d v e r s u s t h e b r a n c h i n g d e n 
s i t y ζ o f c r o s s l i n k i n g m o l e c u l e s . G^/G' i s f a i r l y i n d e p e n d e n t o f 
n e t w o r k m i c r o s t r u c t u r e . I t c o v e r s a r a n g e o f 0 . 2 4 t o 0 . 3 2 a s a 
r e s u l t o f s t a t i s t i c a l s c a t t e r i n g , a v e r a g i n g t o 0 . 2 8 a s i n c a s e o f 
t h e n e t w o r k s w i t h t e t r a f u n c t i o n a l c r o s s l i n k s . 

On t h e c o n t r a r y , < 3 r e d u/^rea c l e a r l y s hows some d e p e n d e n c e 
o n t h e s t r u c t u r e o f t h e c r o s s l i n k s , c h a n g i n g f r o m a r o u n d 0 . 2 7 t o 
0.10 a s t h e b r a n c h i n g d e n s i t y ζ i n c r e a s e s f r o m 0.01 t o 0.5. The 
d i f f e r e n t t i m e s c a l e o f t h e e x p e r i m e n t s c a n n o t h a v e e f f e c t e d t h e 
r e s u l t s , b e c a u s e i s was p r o v e d t h a t G 1 i s i n d e p e n d e n t o f f r e q u e n 
c y . The d e f o r m a t i o n r a t i o λ i s 1.00005 i n c a s e o f t o r s i o n a l v i b r a 
t i o n s a n d 1.02-1.04 i n c a s e o f u n i a x i a l e x t e n s i o n . Hence i t a p -

In Elastomers and Rubber Elasticity; Mark, J., et al.; 
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Figure 5. From left to right: temperature dependence of the storage modulus at 
0.5 Hz, and of the reduced stress, (λ « 1.03). Key: PDMS-B1; O, PDMS-B2; 

X, PDMS-B6; Δ, PDMS-B7. 
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Figure 6. Relative energy part of the modulus at 298 Κ versus branching density 
z. Key: ·, σ^,υ/σ^α; Ο, Gu/G'. 
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pears that at very small deformations the energy part i s indepen
dent of network topology, a r i s i n g solely from different energy 
levels for d i f f e r e n t conformations of the chains.However, at mod
erate deformations, an additional e f f e c t i s found, depending on 
the structure of the crosslinks. These findings being quite d i s 
t i n c t at high functionality, are a feature of the exceptional mi
crostructure of the networks. It should be emphasized that the 
results found on these samples can not be generalized with re
spect to the more common networks with tetrafunctional junctions. 
As pointed out in the f i r s t part of t h i s work, tetrafunctionally 
crosslinked PDMS also shows some dependence of the energy part of 
the modulus on network density and on the measuring method, but 
the effects observed there, are much smaller than the great varia
tion of / σ ^ ^ with branching density i n case of networks 
with comb-îifte crosslink

Literature data fo  energy par
or retractive force show a broad scattering covering the range 
from 0 . 1 4 to 0 . 2 7 ( 3 8 - 4 4 ) . Some of the authors cited, have found 
a d i s t i n c t dependence on the magnitude of deformation, but sur
p r i s i n g l y they do not indicate this f i n d i n q ( 4 3 ) . 

Comparison with S t a t i s t i c a l Theory, Small-strain Behaviour. 
Calculations of theoretical moduli, using the phantom theory and 
the affine theory as l i m i t i n g cases, were carried out in order to 
compare the theoretical predictions with values found experimen
t a l l y (Table IV). 

T a b l e I V 
Comparison of t h e o r e t i c a l l y calculated moduli 

and experimentally observed ones. 
(T = 3 2 3 K, crosslinking temperature) 

ι ~ V 9 - R . T (l-r-)v -R-T V - R - T C (τ ) σ ,(τ ) 
sample 3 ^ c f j l c 2 c c red c 

N-mm Ν-mm * Ν-mm N'mm N'mm 

PDMS-B1 0 . 1 0 3 0. . 0 9 1 0 . 3 0 9 0 . 2 8 0 . 3 0 
- B 2 0 . 1 0 3 0 . 0 9 8 0 . 3 0 9 0 . 3 1 0 . 3 3 
- B 3 0 . 1 0 3 0 , . 1 0 0 0 . 3 0 9 0 . 3 3 0 . 3 5 
- B 4 0 . 1 0 3 0 , . 1 0 0 0 . 3 0 9 0 . 3 0 0 . 3 4 
- B 5 0 . 1 0 2 0 . 0 9 4 0 . 3 0 6 0 . 2 8 0 . 2 9 
- B 6 0 . 1 0 1 0 , . 0 8 8 0 . 3 0 3 0 . 2 6 0 . 2 9 
- B 7 0 . 0 9 9 0 , . 0 8 3 0 . 2 9 7 0 . 2 5 0 . 2 7 
- B 8 0 . 0 9 8 0 , . 0 7 8 0 . 2 9 4 0 . 2 4 0 . 2 6 
- B 9 0 . 1 0 1 0 . 0 9 3 0 . 3 0 3 0 . 2 9 0 . 2 7 
- B I O 0 . 1 0 1 0 . 0 9 6 0 . 3 0 3 0 . 2 7 0 . 2 5 
- B l l 0 . 0 9 1 0 , . 0 7 5 0 . 2 7 3 0 . 2 7 0 . 2 5 
- B 1 2 0 . 0 6 9 0 , . 0 5 1 0 . 2 0 7 0 . 1 3 0 . 1 4 

As pointed out in the experimental section, there are two 
ways to calculate the network density of networks with comb-like 
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crosslinks. However, when the modulus i s computed from these net
work densities, ν and v 2 (comp. Table I I ) , using the theory of 
phantom networks, both points of view give approximately the same 
results (Table IV, columns 2 and 3). (Identical results would 
have been obtained, if the fu n c t i o n a l i t i e s f^ were actually i n 
f i n i t e . ) Column 4 gives the calculated modulus, which i s obtained 
by counting short and long chains and using the affine theory. 
(For a l l calculations, the factor <r2>/<r >0 has been set to uni
ty, since the crosslinking process occured in bulk.) 

The moduli, measured at crosslinking temperature Τ , which 
are given i n the l a s t two columns of Table IV, are abou? two to 
three f o l d greater than those computed from phantom theory. Ex
cept for the samples with the lowest branching densities, the 
observed values agree s a t i s f a c t o r i l
network. 

We reported e a r l i e r that PDMS networks with tetrafunctional 
crosslinks can be described formally by the theory of phantom 
networks even at small strains ( 2 £ , 2 1 ) . This behaviour which d i s 
tinguishes PDMS from various other rubbers, was explained by the 
lack of e l a s t i c a l l y effective entanglements, so that the cross
links can fluctuate to a great extent. As another possible expla
nation, we discussed that the term <r >/<r >D could be smaller 
than unity in PDMS networks. The results of the present study 
show a different behaviour, indicating that the microstructure of 
the networks i s of great importance. To elaborate t h i s influence, 
the experimentally observed moduli and reduced stresses,here both 
denoted G , were divided by the calculated moduli for a phan
tom network G , and plotted versus branching density ζ of the 
crosslinking molecules in Figure 7. 

If the network could be described as a phantom network, a 
value of G /G , = 1 would be expected. Furthermore, if the exp ph 
structure of the crosslinking molecules did not effect the modu
lus, a horizontal l i n e would be obtained. Neither behaviour i s 
found. The ra t i o G /G , covers the range of about 2 - 3 , i n -exp ph 
creasing d e f i n i t e l y with increasing branching density. Stated 
otherwise, G /G i s 3 at highest branching densities and tends 
to approach unity as ζ becomes smaller. Even at the lowest branch
ing density studied, ζ = 0.0125, the chain-length d i s t r i b u t i o n 
function i s strongly bimodal, having maxima at M = 26000 and 
M = 6000 g-mol~l, corresponding to the former α,a>-divinyl-PDMS 
and to the parts of crosslinking molecules between adjacent 
branch points. A branching density of ζ = 0.003 would belong to 
a network, where the two maxima f a l l together. If we extrapolate 
the curve in Figure 7 to t h i s value of z, i t yie l d s approximate
ly G /G . = 1. That means that such a network could be desc r i -

exp ph 
bed by the theory of phantom networks. This extrapolated r e s u l t 
i s i n agreement with observations on tetrafunctionally crosslinked 
PDMS, which obey phantom network theory as well. 

The remaining question i s , how the deviations from phantom 
network theory at high branching densities can be explained. 
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Our results tend to approach the affine theory with increasing z. 
That means, that the fluctuationsof crosslinks are more and more 
re s t r i c t e d , the reason for t h i s being the change in microstruc
ture. (This i s quite d i f f e r e n t from the s t r a i n dependent r e s t r i c 
tion of fluctuations as predicted by Flory's recent theory.) 

We now compare a crosslink (1) from which two very short 
chains and one long chain proceed, with another,(2), from which 
three chains of approximately equal lengths s t a r t , so that the 
number average molecular weight of the three chains i s the same 
in the two pictures. The adjacent crosslinks are assumed to be 
fixed. The space which i s p r i n c i p a l l y available to the crosslink, 
determined by the maximum elongation of the chains, i s much small
er for crosslink (1) than for crosslink (2). That means that short 
chains, as they occur i
d i s t r i b u t i o n , r e s t r i c t th
tion i s the greater, the shorter the chains are. As the branch
ing density ζ i s inversely proportional to the length of the 
short chains, an increase of the modulus with increasing ζ i s de
duced by t h i s argument. The experiments c l e a r l y show the same 
dependence. 

Comparison with S t a t i s t i c a l Theory at Moderate Strains. So 
far we have shown, that a tr a n s i t i o n between the two l i m i t i n g 
c l a s s i c a l theories ,i.e. affine theory and phantom theory, i s possi
ble by a suitable choice of the network microstructure. This ar
gument goes beyond the revised theory by Ronca and Allegra and 
by Flory, which predicts such a t r a n s i t i o n as a re s u l t of 
increasing s t r a i n , thus explaining the experimentally observed 
st r a i n dependence of the reduced stress. 

In order to check t h i s prediction, stress-strain measure
ments were made up to moderate strains at room temperature. The 
obtained data are plotted i n the usual manner as σ versus 1/λ 
i n Figure 8. Table V gives the Mooney-Rivlin constants 2C^ and 
2C^ calculated from these plots and also the r a t i o C^/C^. 

According to the theory, the affine l i m i t should apply as an 
upper bound at λ =1 ; t h i s seems to be i n agreement with our meas
urements ( compare Table IV ). At i n f i n i t e s t r a i n , the phantom 
l i m i t should apply. Therefore 2c^ should equal the theoretical 
modulus calculated by phantom theory. This i s not confirmed by 
our measurements, the data i n column 2 of Table V being mostly 
twice as large as the predicted ones i n column 2 of Table IV. The 
reason for t h i s deviation was already explained above: the r e s t r i c 
tion of junction fluctuation in the samples studied i s caused by 
the very short chains and not only by the dense interspersion of 
chains, as assumed in the derivation of the recent theory. The 
influence of these short chains can obviously not vanish with 
increasing s t r a i n . The theory i s therefore not quantitatively ap
plica b l e to these networks. However, with decreasing branching 
density the predictions of the theory should be approximated bet
ter. This i s actually found. In Figure 9 the r a t i o 2C./G i s 
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Figure 8. Mooney-Rivlin plots for strain dependent measurements at 298 K. Key: 
A , PDMS-B1; ψ , PDMS-B2; χ , PDMS-B3; Ο, PDMS-B5; · , PDMS-B6; Q 

PDMS-B7; V , PDMS-B8; Δ , PDMS-B9; •> PDMS-B10. 
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Figure 9. Ratio of 2d and theoretically calculated modulus, using phantom net
work theory with f2 and v2, versus branching density z. 
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p l o t t e d v e r s u s b r a n c h i n g d e n s i t y . T h e t h e o r y p r e d i c t s 2C^/G t o 
b e u n i t y ; o u r d a t a l i e a b o v e t h i s v a l u e , b u t c l e a r l y d e c r e a i e 
w i t h d e c r e a s i n g b r a n c h i n g d e n s i t y . 

T a b l e V 

M o o n e y - R i v l i n c o n s t a n t s o b t a i n e d f r o m 
s t r a i n d e p e n d e n t m e a s u r e m e n t s a t 2 9 8 Κ 

s a m p l e 
2 c i 2 C 2 C 2 / C l 

P D M S - B 1 0 . 2 0 5 0 . 0 8 5 0 . 4 2 

- B 2 0 . 2 1 1 0 . 1 0 8 0 . 5 1 

- B 3 0 . 2 5 2 
- B 4 0 . 1 5 2 
- B 5 0 . 2 0 7 0 . 0 7 6 0 . 3 7 

- B 6 0 . 1 9 8 0 . 0 7 6 0 . 3 8 

- B 7 0 . 1 4 2 0 . 1 2 8 0 . 9 1 

- B 8 0 . 1 4 7 0 . 1 0 5 0 . 7 2 

- B 9 0 . 1 7 0 0 . 1 0 6 0 . 6 2 

- B I O 0 . 1 4 4 0 . 1 1 6 0 . 8 0 

We n o w t a k e t h e o t h e r p o i n t o f v i e w a n d c o n s i d e r 
w o r k s t o h a v e c r o s s l i n k s o f v e r y h i g h f u n c t i o n a l i t y ( i n s t e a d o f 
t a k i n g f = 3 a s a b o v e ) . T h i s s u p p o s i t i o n i s j u s t i f i e d o n l y a t h i g h 
b r a n c h i n g d e n s i t i e s ; i t h a s n o t l e a d t o a n a g r e e m e n t b e t w e e n c a l 
c u l a t e d a n d o b s e r v e d s m a l l - s t r a i n m o d u l i ( T a b l e I V ) . A c c o r d i n g t o 
t h e t h e o r y , t h e 2 C 2 ~ t e r m s h o u l d v a n i s h f o r n e t w o r k s w i t h v e r y 
h i g h f u n c t i o n a l i t y , b e c a u s e 1 - 2 / f t h e n e q u a l s u n i t y . C o n t r a r y t o 
t h i s h y p o t h e s i s , e v e n t h e s a m p l e s w i t h t h e h i g h e s t b r a n c h i n g d e n 
s i t y , B 1 - B 4 , w h i c h c a n b e t r e a t e d a s h a v i n g f u n c t i o n a l i t i e s r a n g e -
i n g f r o m 1 7 t o 7 5 , d o s h o w 2 C 2 ~ t e r m s a l m o s t h a l f a s l a r g e a s 2 C ^ . 

T h u s , t h e r e i s a d i s a g r e e m e n t b e t w e e n t h e o r y a n d e x p e r i m e n t c o n 
c e r n i n g t h i s p o i n t . 

F i g u r e 1 0 s h o w s t h e d e p e n d e n c e o f C 2 / C o n j u n c t i o n f u n c t i o n 
a l i t y , f . T h e r e i s a b r o a d s c a t t e r i n g i n t n e d a t a , p r e v e n t i n g a n 
e x a c t a n a l y s i s . A s l i g h t d e c r e a s e o f C o / C ^ s e e m s t o o c c u r , f a l l i n g 
f a r b e h i n d t h e p r e d i c t e d d r o p . F i g u r e I I s h o w s t h a t C 2 / C . d e c r e a 
s e s a l s o w i t h b r a n c h i n g d e n s i t y z . T h i s i n d i c a t e s t h a t t h e b r a n c h 
i n g d e n s i t y i s o f g r e a t i m p o r t a n c e t o d e s c r i b e t h e b e h a v i o u r o f 
t h e s e n e t w o r k s . H o w e v e r , t h e t h e o r y i s s t i l l f a r f r o m h a v i n g 
t h e s e s t r u c t u r a l d e t a i l s i n c o r p o r a t e d . 

C o n c l u d i n g , w e c a n s t a t e t h a t t h e a b s o l u t e v a l u e s o f t h e 
s m a l l - s t r a i n m o d u l i , w h i c h a r e g r e a t e r f o r n e t w o r k s h a v i n g c o m b 
l i k e c r o s s l i n k s , t h a n f o r t h o s e w i t h t e t r a f u n c t i o n a l j u n c t i o n s , 
a r e u n d e r s t a n d a b l e , if w e a s s u m e t h a t t h e f l u c t u a t i o n s o f j u n c t i o n s 
a r e r e s t r i c t e d b y t h e v e r y s h o r t c h a i n s . T h e s t r a i n d e p e n d e n t 
m e a s u r e m e n t s d o n o t a g r e e q u a n t i t a t i v e l y w i t h t h e r e c e n t t h e o r y , 
a l t h o u g h t h e t r e n d s a r e i n a c c o r d a n c e . A n e x a c t c o r r e s p o n d e n c e 
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Figure 11. Ratio C2/Ct vs. branching density z. 
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can not be expected a t the p r e s e n t s t a t e o f the t h e o r y because i t 
does not account f o r t h e c o m p l i c a t e d m i c r o s t r u c t u r e o f the n e t 
works used. 
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Equilibrium Tensile Behavior of Model Silicone 
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Elastomeric networks with junction functionalities 
ranging from 4 to 70 were prepared by endlinking 
α,ω-divinyl poly(dimethylsiloxane) chains having 
number average molecular weights ranging from 8,800 
to 55,300 with polyfunctional junctions provided by 
linear and branched poly(methylhydrogensiloxanes). 
The equilibrium stress-strain isotherms in elonga
tion, and the swelling ratios in benzene, were mea
sured at 25°C for these networks. Network chain 
densities calculated from these measurements ex
ceeded the values predicted from stoichiometry. 
These excesses diminished for those networks with 
diluent present during network formation or with 
low extents of the network formation reaction. 
Molecular theories presuming a contribution from 
trapped entanglements in small strain gave good 
agreement with the data and offered reasonable ex
planation of the trends observed. 

The phenomena of rubber elasticity have been under investi
gation for over a century. Yet there s t i l l remains much contro
versy as to the correct molecular theory to explain elastomeric 
behavior. These theories relate an elastomer's network structure 
to its equilibrium mechanical properties. Verification of such 
relationships requires knowledge of the network structure ac
quired independently of the theory under review. Therefore, 
there has been much interest in the synthesis and investigation 
of "model" elastomeric networks, i.e. networks whose structure 
is known from and may be controlled through the network synthesis 
reaction. Such model networks may be prepared by the endlinking 
reaction of difunctional polymer chains with plurifunctional 
crosslinking reagents. This endlinking permits control of Mc 

(the average molecular weight between chemical crosslinks) and 
its dispersity via the number average molecular weight, Mn, and 

0097-6156/82/0193-0329$06.00/0 
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dispersity of the telechelic polymer. The functionality of the 
crosslinker, φ0, dictates the f i n a l network functionality. 

Until recently (1.-5) investigations u t i l i z i n g model net
works had been limited to functionalities of four or less. Net
works with higher functionality are predicted by the various 
theories of rubber e l a s t i c i t y to display unique equilibrium ten
s i l e behavior. As such, these multifunctional networks provide 
insight into the controversy surrounding these theories. The 
present study addresses the synthesis and equilibrium tensile 
behavior of endlinked model multifunctional poly(dimethylsilox-
ane) (PDMS) networks. 

Theory 
The results of uniaxia

analyzed in terms of the

[f] = f/[A(a - a"2)] (1) 

where f is the elastic force, A i s the undeformed cross-
sectional area, and α i s the relative elongation. For moderate 
values of α the empirical Mooney-Rivlin (6) relation: 

[f ] = 2Cl + 2C2CT1 (2) 
i s found to hold quite satisfactorily. 2Cj and 2C£ are con
stants independent of strain. 

Classical molecular theories of rubber e l a s t i c i t y (7»8) 
lead to an elastic equation of state which predicts the reduced 
stress to be constant over the entire range of uniaxial deforma
tion. To explain this deviation between the classical theories 
and reality. Flory (9) and Ronca and Allegra (10) have sepa
rately proposed a new model based on the hypothesis that i n a 
real network, the fluctuations of a junction about i t s mean 
position may may be significantly impeded by interactions with 
chains emanating from spatially, but not topologically, neigh
boring junctions. Thus, the junctions in a real network are 
more constrained than those in a phantom network. The elastic 
force is taken to be the sum of two contributions (9): 

f - fph + f c O) 
f c is the additional force arising from the aforementioned 
constraints on junction fluctuations and fp^ is the force 
predicted by the phantom network theory (9): 

[ f p H ] = vkT(V/V Q) 2 / 3 (1-2/φ)/ν (4) 
where Τ i s the absolute temperature, k i s the Boltzmann con
stant, V 0 is the volume in the undeformed state such that the 
mean-squared end-to-end length < r2> of a chain assumes the 
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value <r > for unperturbed, free chains, ν is the number of 
chains, V i s the volume of the network, and φ is the network 
functionality. 

The theory (9) predicts that in simple elongation, the 
ratio fc/fph decreases with increasing strain and eventually 
goes to zero (phantom network). Furthermore, at α =1, the 
theory holds that 

f c / f P h < 2/(φ-2) (5) 

Therefore, Flory's theory concludes that as the function
a l i t y of a network increases, the constraint contribution, f c , 
should decrease and eventually vanish. Furthermore, in the ex
treme limi t in which junctio  fluctuation
pressed, the Flory theor

[f] = vkT(V/V Q) 2 / 3/V (6) 

The Flory theory considers topological interactions among 
junctions and chains only in that they restrict junction f l u c 
tuations, Ferry (11), Langley (12) and Dossin and Graessley (13) 
have argued that in the limit of small strain these interactions 
are also present along the chain contour and contribute directly 
to the modulus. Their conclusions are based on the rubbery pla
teau modulus, G N°, which is observed for high molecular weight 
linear polymers in dynamic mechanical testing. This plateau 
modulus is believed to be a measure of topological interactions 
or entanglements between chains. During network formation, a 
portion of these entanglements are permanently trapped, result
ing in a small-strain modulus greater than that due to chemical 
crosslinking alone. 

Dossin and Graessley (13) suggest that 
G = vkT(l - 2hAf>)(V/V0)2/3/V + T eG e

m a x (7) 

where G i s the small-strain modulus (a+1), T e i s the fraction 
of the maximum concentration of topological interactions, G e

m a x, 
which are permanently trapped by the network, and h i s an em
p i r i c a l constant between one and zero, depending on the extent 
to which the junction fluctuations are impeded in the network 
(h « 0 for affine behavior, h = 1 for phantom behavior). Thus 
equation (7) predicts a small-strain modulus greater than that 
predicted by the Flory theory due to the T eG e

m a x term. 

Experimental 

Multifunctional poly(dimethylsiloxane) (PDMS) networks were 
prepared via the addition of a silane hydrogen on poly(methyl-
hydrogensiloxanes) (PMHS) to vinyl terminated linear PDMS 
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polymers in the presence of cis-dichlorobis(diethyl sulfide) 
platinum (II) catalyst: 

CH3 CH3 H 
i l I 

φ /2 CH9=CH-Si[0-Si]CH=CH9 + (CHo)oSi[OSi]OSi(CHo)o > 
I I n I φ 
CH 3 CH 3 CH 3 

Network Functionality φ 0 

Six linear and three branched PMHS ranging in φ0 from 6 to 84 
were used as junction sites  For tetrafunctional networks
[HSi(CH3)20]4Si was th

Two sets of α,ω-diviny  study
f i r s t set consisted of commercially available polymers which 
were supplied by the General Electric Corporation and the Dow 
Corning Corporation. Six different number average molecular 
weight α,ω-divinyl ΡEMS were provided, with Mn ranging from 
8,800 to 28,600 g-mol"1. The second set of α,ω-divinyl PEMS was 
synthesized by the anionic ring opening polymerization of hexa-
methylcyclotrisiloxane by the difunctional i n i t i a t o r , dilithium 
stilbene. This l i v i n g polymer was capped with vinyldimethyl-
chlorosilane [CH2=CHSi(CH3)2Cl] to give the desired product. 
α,ω-divinyl PDMS with 14 different values of Mn ranging from 
12,200 to 52,800 were synthesized. The anionic polymerization 
resulted in α,ω-divinyl PEMS with relatively narrow molecular 
weight distributions (M̂ /Mn • 1.08 - 1.30). The procedures 
u t i l i z e d in the synthesis and characterization of the network 
precursors are given in greater detail elsewhere (1>4.)· 

Networks were prepared both in bulk and in an oligomeric 
PDMS (no vinyl groups; M n = 1170) which served as a "solvent". 
The two network precursors and solvent ( i f present) were com
bined with 20 ppm catalyst and reacted under argon at 75°C to 
produce the desired networks. The sol fractions, ws, and equi
librium swelling ratio in benzene, V2 m, of these networks were 
determined according to established procedures (J[,4̂ ). E q u i l i b r i 
um tensile stress-strain isotherms were obtained at 25°C on 
dumbbell shaped specimens according to procedures described 
elsewhere 0,£). The data were well correlated by linear regres
sion to the empirical Mooney-Rivlin (J3) relationship. The ten
s i l e behavior of the networks formed in solution was measured 
both on networks with the solvent present and on networks from 
which the oligomeric PDMS had been extracted. 

The interested reader w i l l find detailed tabulations of the 
experimental data (2Cj,2C2,ws,V2m) and calculations (e,Te,vs/V) 
for the networks examined in this study given in references U ) 
through (4). 
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Results and Discussion 

To compare the predictions of the various molecular theories 
of rubber e l a s t i c i t y , three sets of high functionality networks 
were prepared and tested in this investigation. The f i r s t set 
of networks tested were formed in bulk and attained a high 
extent of the endlinking reaction, i.e., εΧ)·9 where ε i s the 
extent of reaction of the terminal vinyl groups. The second set 
of networks studied were formed in the presence of diluent and 
also achieved a high extent of reaction (ε>0.9). The f i n a l group 
of experiments were performed on networks formed in bulk at low 
extents of reaction (0.4 <ε<0.95). 

Networks Formed i
+ 2C2, and 2C2/2C} ar
PMHS junction precursor, φ 0, divided by the molar ratio of 
silane hydrogen to vinyl used in forming the networks, R. This 
quotient was used instead of φ 0 to correct the functionality 
of the PMHS junction precursor for the fact that an excess of 
silane hydrogen (R > 1) had been used in forming the networks 
to ensure complete reaction of the vinyl groups (φ~φ 0Μ). A l l 
the networks represented i n Figure 1 were made with the Mn = 
21,600 α,ω-divinyl PDMS. 2C± and 20^ + 2C2 are found to increase 
with increasing network functionality in the low-functionality 
region (4-10); however, further increases in functionality be
yond 20 result in l i t t l e change in these moduli. A prediction 
of the Flory theory i s that in the lim i t of large strain (α~*-»·0), 
the network w i l l exhibit phantom behavior. Thus, the i n f i n i t e -
strain modulus would increase as l-2/φ with functionality from 
0.5vkT/V at φ - 4 to 0.9 vkT/V at φ - 20. Increasing φ to 
Infinity would result in only a 10% further increase i n the phan
tom modulus. 20γ being an extrapolation from f i n i t e to i n f i n i t e 
strain, overestimates the phantom modulus but the trend should 
remain the same. Therefore, the increase i n 2C\ qualitatively 
follows the Flory predictions. 

The ratio 20 2 /20 ι is observed in Figure 1 to decrease as
ymptotically with increasing Φο/R. Once again the majority of 
the decrease occurs between four and ten. 2C2, being a measure 
of the magnitude of the transition from phantom to affine behav
ior, i s predicted by the Flory theory to decrease asymptotical
ly with increasing functionality as i s 2C2/2C^. However, the 
theoretical asymptote for both i s zero [see equation (5)]. The 
experimentally determined li m i t for 2C2 was found to be 0.11 MPa 
for the Mn » 21,600 networks. For 2C 2/2Ci, an asymptote of 0.56 
was observed. Both of these values are significantly greater 
than the zero prediction. 

Further disagreement with the Flory theory i s found in the 
magnitude of 2C^ and 2Cj + 2C2 in Figure 1. These results are 
quantified in terms of the structure factors A\ and Α2· A| and 
A2 relate the small and large-strain moduli to the number of 
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network chains per unit volume as calculated from stoichiome-
try, vs/V, and are defined as follows: 

Αχ = (20χ + 2C2) ν kT 
5 (V/V ) 2 / 3 

V 0 

A 2 = 2C i 
ν kT 

s (V/V ) 2 / 3 
V ο 

-1 

(8) 

(9) 

According to the Flory theory (9), the predicted range on Αχ 
and A 2 l i e s between one and (l-2/φ). The upper l i m i t , unity, 
corresponds to affine behavio d the lowe  limit  i
phantom behavior. Therefor
asymptotes of one at hig
pendent of vs/V. 

In Figure 2, Αχ and A 2 are plotted against Φο/R for the 
M n = 21,600 networks represented in Figure 1. In the calculation 
of Αχ and A2, i t was assumed V Q = Vf, the volume at network for
mation. vs/V was determined from ε, ws, and Mn according to 
relations derived by Miller and Macosko (14) as illustrated 
elsewhere (1̂ ,4̂ ). Although the observed trends in Αχ and A 2 with 
functionality are in qualitative agreement with the Flory 
theory, their absolute magnitudes are two-to-threefold greater 
than the Flory theoretical prediction. Similar results were 
observed for a series of networks prepared using, Mn = 11,100 
and Mn - 15,200 α,ω-divinyl PDMS U,4). 

A third structure factor, A3, is also plotted i n Figure 2. 
A3 Is the ratio of network chain density calculated from the 
affine network equililbrium swelling theory (inside the [ ]) to 
that obtained from stoichiometry: 

A -
3 

- ( l n ( l - ν ) + ν + χ v 2 ) 2m 2m 1 2m 2r 
V ( vl/3 v2/3 . 2 R v / φ ) 
1 2m 2r 2m ° 

(V 0/v s) (10) 

where v 2 r = (V^/V 0), V^ is the volume of the dried extracted 
network, νχ is the molar volume of the solvent and χ χ i s the 
polymer-solvent Interaction parameter (7). The equilibrium 
swelling in benzene was used in the calculation of A3, χ χ was 
obtained as a function of volume fraction polymer from published 
results (15). Good agreement i s observed between A 2 and A3 in 
Figure 2. 

The v s/V dependency of Αχ, A 2, and A3 is explored in 
Figure 3 which plots Αχ, A 2 and A3 against vs/V for a l l of the 
networks prepared i n bulk i n this study with φο/ΐί>10 and ε>0.9. 
The open symbols refer to networks prepared using the narrow 
molecular weight distribution α,ω-divinyl PDMS. At these high 
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10 20 30 AO 50 60 

Figure 2. Dependence of the structure factors, At, A2, and A3. The ratio A2/At 

on network functionality for Mn is 21,600 networks (I). 

VJM (g mol / c m 3 χ l ( f ) 

Figure 3. Dependence of the structure factors Alf A2, and As on the stoichio
metric network chain concentrations. 

Key: · , A, networks formed using the commercial α,ω-divinyl PDMS; Ο, Δ , • , 
networks formed using the narrow molecular weight distribution α,ω-divinyl PDMS; 

e>0.9 (I j. 
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functionalities, the Flory theory would predict a l l three struc
ture factors to have the asymptotic value of one and to be inde
pendent of vs/V. The data i n Figure 3 do not support these 
predictions. 

Excellent agreement between the value of ν S/V calculated 
from affine swelling theory (A3) and vs/V calculated from 20χ 
(A 2) i s observed i n Figure 3 for a l l of the high functionality 
networks prepared i n this study. Furthermore, good agreement i s 
observed i n Figure 3 between the values of the structure factors 
for networks formed using commercial α,ω-divinyl PEMS and 
the values of the structure factors for networks formed using 
the narrow molecular weight distribution α,ω-divinyl PEMS. 
This suggests that network chain length distribution had negli
gible effect on the equilibriu  tensil  behavio  fo  th
of M^/MJJ investigated i

The observed vs/V dependency of Αχ is predicted by the 
Langley (12) - Graessley (13,16) small-strain theory. According 
to equations (7) and (8) for <|>o/R>10: 

2/3 2/3 (2C, + 2C)V(V /V) GV(V /V) A = 1 2 ο s ο 
1 v skT ~ VgkT 

max 2/3 Τ G V (V /V) = 1 + e e ο (11) 
VgkT 

Thus, the value of Αχ would be predicted to be everywhere great
er than unity approaching i t asymptotically as v s/V increases. 
Furthermore, the value of Αχ should increase without limit as 
Vg/V i s decreased. A better test of the Langley-Graessley 
small-strain theory i s to plot equation (7) as G/Te vs vskT/TeV 
(Langley-Graessley plot). T e of the high functionality networks 
was taken to be e^(j-4). The small-strain data of a l l the 
networks prepared and tested in bulk in this study, using PMHS 
with φο>10 and ε>0.9, are plotted in Figure 4. 20χ + 2C2 was 
used to approximate the small-strain modulus. This approxima
tion can lead to slightly higher G values due to curvature in 
the Mooney-Rivlin plots at small extensions. However, from the 
data this error appears to be less than 5%. The data were f i t 
by linear regression to a single line having a slope of 1.27 and 
an intercept of 0.215 MPa. 

The value of the intercept i s in good agreement both with 
the values of G0^ reported i n the literature for PDMS [0.24, 
0.20, 0.299 MPa (2, 18, 19)] and the literature values of Ge

l 

for t r i - and tetrafunctional networks [0.21, 0.22 MPa (2)]. 
Since the networks were formed and tested in bulk, V = Vf « VQ, 
and a slope of one would be expected. Thus, both the slope and 
the intercept are in good agreement with the predictions of equa
tion (7). Moreover, the excellent f i t of the eight different 

max 
"e 

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



338 E L A S T O M E R S A N D R U B B E R E L A S T I C I T Y 

network functionalities (φ>10) to a single line offers further 
verification of the theory. Furthermore, both networks prepared 
with the linear and the branched PMHS were well f i t by the same 
line. 
Networks Formed in the Presence of Diluent, ε>0.9. A series 
of six networks were prepared both in bulk and in the presence 
of oligomeric PEMS (M n • 1170, no vinyl groups) using as junc
tions a φο = 43.9 linear PMHS and as chains α,ω-divinyl 
PDMS ranging i n Mn from 9,320 to 28,600 g-mol"1. The volume 
fraction of solvent present during network formation, νχ8, was 
0.30 for a l l six networks and was calculated assuming simple 
additivity of volumes. The tensile behavior of the networks 
formed in bulk was measured i  bulk  Vf/V  1  Th  ten
s i l e behavior of the network
both on networks with solven  presen  (v t )
from which the oligomeric PDMS had been extracted ( v t = 1.47). 

In Figure 5, the values of Αχ for the three sets of tensile 
experiments are plotted against Vg/V^ (V<j = the volume of the 
dried, extracted network). Αχ and A 2 were calculated under the 
assumption V Q = Vf (Vf = volume of the network at formation). 
The values of Αχ for the three sets of experiments a l l display a 
dependency on Vg/V^ and are well in excess of the limit of 
unity predicted by the Flory theory (9). The presence of so l 
vent during network formation significantly decreases the 
values of Αχ· Removal of the solvent results in an Increase 
i n the values of Αχ. Yet, the values of Αχ for these deswollen 
networks are s t i l l significantly less than those of the networks 
prepared and tested i n bulk. 

In Figure 6, the small-strain data for the three sets of 
tensile experiments are plotted as (20χ + 2C 2)/T e vs vskT(V^/V) 
(V/V f) Z / J/T v d as suggested by the Langley-Graessley theory 
[equation (7) with V 0 = Vf]. The small-strain data for the six 
networks in each of the three sets of tensile experiments showed 
a good f i t to a straight line. The slopes and intercepts of the 
three lines were determined by linear regression. The data for 
the networks formed and tested in bulk have a slope of 1.10 
and an intercept of 0.256 MPa. The data for the networks pre
pared and tested i n the presence of diluent have slope of 1.11 
and an intercept of 0.119 MPa. The value of the intercept i s ex
tremely close to (0.256) (0.68) 2 - 0.118 MPa, calculated from 
the value of G e

m a x for the networks formed in bulk by assuming 
a quadratic dependence of G e

m a x on v 2 f (= Vd/Vf - 0.68). Dossin 
and Graessley (13) have observed a similar quadratic dependence 
for polybutadiene networks. Furthermore, G N° of linear polymers 
in solution i s known to have a quadratic dependence on the vo l 
ume fraction of polymer in solution (11,20). The data for the 
networks formed in solution but tested in the extracted de-
swollen state have a slope of 1.14 and an intercept of 0.166 
MPa. This intercept i s close to (0.119) (1.47) - 0.175 MPa, 
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Figure 4. Langley-Graessley plot for networks with φ0> 10. 
Key: · , A, • , commercial α,ω-divinyl PDMS networks; Ο, Δ , • , narrow molecular 
weight distribution α,ω-divinyl PDMS networks. Functionality (<f>0): •, 10.58; 
21.5 L; · , 23.8 B; 33.0 L; T , 38.1 B; A, 43.9 L; φ , 58.4 L; -ψ-, 83.6 L; Rg is 

gas constant, ε > 0.9 (I). 

4.0 h 
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4.0 6.0 8.0 
Vs/Vcj (gmol /cm3x 10 5 ) 

Figure 5. Dependence of At on v8/Vd for networks formed and tested in bulk. 
Conditions: · , formed and tested in solution; | , formed in solution but tested in 

extracted deswollen state; Α , Φο = 43.9L. 
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calculated from G e
m a x for the networks formed i n solvent by as

suming a linear dependence on v t (= Vf/V - 1.47). Furthermore, 
the intercept i s almost identical to (0.119) ( 1 . 4 7 ) 5 / 6 - 0.164 
MPa obtained assuming a 5/6 power dependence on v t. 

The behavior of the small-strain data in the three sets 
of experiments suggests a more universal format for the small-
strain theory of Langley (12) and Graessley (13,16); 

G = v skT(V/V Q) 2 / 3/V + T ev 2 f
2v t

5 / 6(G e
m a x)° (12) 

wherein a 5/6 power dependence on v t has been assumed and 
(G e

m a x)° is the absolute maximum entanglement contribution to 
the small-strain modulus. This maximum would be obtained for a 
network formed and tested i  bulk d i  which a l l entanglement
had been trapped (v 2f =
the effects of solvent presen g
testing, as well as, the effect the removal of this solvent 
has on the small-strain modulus. 

In Figure 7, the small-strain data plotted in Figure 6 are 
replotted as suggested by equation (12): (2Cl + 2C 2 ) (V f/V d) 2 

(V/V f) 5 / 6/T e vs v skT(V f/V d)(V/Vf) 1 / 2/T eV d. The data for the 
three series of tensile experiments displays an excellent f i t to 
a single line. The slope of this line was determined by linear 
regression to be 1.05 and the intercept, (G e

m a x)°, was determined 
to be 0.272 MPa. 

The large-strain structure factor A 2 i s plotted for these 
networks vs Vg/V^ in Figure 8. The values of A 2 for the three 
series of tensile experiments a l l display a dependency on vs/V^ 
and are well i n excess of unity. The presence of solvent during 
network formation significantly decreases the value of A2. De-
swelling of these networks results i n a further decrease i n A 2. 
The values of A 2 i n Figure 8 are considerably less than the cor
responding values of Αχ in Figure 5. If the magnitudes of these 
structure factors in excess of unity are attributed to trapped 
entanglements, then i t would appear that the entanglement con
tribution to the stress i s strain-dependent and decreases with 
increasing elongation. 

Networks Formed in Bulk, 0.4<ε<0.95. A series of high 
functionality networks were prepared in bulk using φ 0 = 43.9 
linear PMHS and five different α,ω-divinyl PDMS ranging i n Mn 

from 9,320 to 28,100 g/mol. The extent of reaction of the ter
minal vinyl groups, ε, was varied i n these networks from 0.4 
to 0.95 by varying the ratio of Si-H/Si-Vinyl u t i l i z e d during 
network formation. Figure 9 i s a plot of the Mooney-Rivlin 
constants, 2Cj and 2 C 2 , as functions of ε for networks formed 
from a Mn » 21,600 α,ω-divinyl PDMS. This plot i s typ
i c a l for each molecular weight used ( 3 ) · As can be seen, both 
2Cx and 2C2 decrease with decreasing ε. For networks of φ>20 , 
the Flory theory (9) would predict 20χ - v gkT(V/V 0) 2 / 3/V. Since 
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Ο.6Ο1 1 

Figure 6. Langley-Graessley plots for networks formed and tested in bulk. Con
ditions: Φ, formed and tested in solution, 1.10 slope; | , formed in solution, tested 

in extracted, deswollen state, 1.14 slope; Α, [φο = 43.9L] 1.11 slope. 

0 0 . 1 0 0 . 2 0 0 3 0 0 . 4 0 

P s k T / V f \ / V Ve 

v 7 ( W ( M P a ) 

Figure 7. Modified Langley-Graessley plot for networks formed and tested in 
bulk. Conditions: Φ, formed and tested in solution; formed in solution, tested 

in extracted, deswollen state; Α, Ιφο = 43.9L]. 
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Figure 9. Dependence of the Mooney-Rivlin constant on extent of cross4inking. 
Mn is 21,600 PDMS. Key: 9 , 2Ct; X, 2C2 (3). 

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



17. M E Y E R S A N D M E R R I L L Behavior of Model Silicone Networks 343 

vg/V i s proportional to ε ζ for these high functionality net
works, the observed behavior in 20χ i s in qualitative agreement 
with the Flory theory. 

The magnitudes of 2C\ and 2C2 in Figure 9, however, are In 
discord with the Flory theory. The theory predicts that for the 
high functionality networks represented i n Figure 9, 2C2 should 
be immeasurably different from zero. The magnitude of the small 
and large-strain moduli are evaluated in terms of the structure 
factors Αχ and A 2 i n Figure 10. Both Αχ and A 2 are everywhere 
greater than the Flory theory's predicted value of unity, ap
proaching i t asymptotically only as ε+O. The ratio Α2/Αχ = 
20χ/(20χ + 2C2) and the equilibrium swelling structure factor, 
A3, are also plotted in Figure 10. As before, good agreement 
is observed between A 2 d A3

In Figures 3, 5,
works with ε>0.9 displaye  regula g y
vs/V. This phenomenon is extended in Figure 11 in which the 
dependence of Αχ on chain density is indicated for five d i f f e r 
ent levels of crosslinking. In each case, Αχ decreases asymp
tot i c a l l y as Vg/V increases (M n decreases), approaching unity 
only for small conversions or for large values of vs/V. Further
more, the rate of convergence to the asymptote increases dramat
i c a l l y as ε decreases. The observed trends in Αχ with vs/V and 
ε are in excellent qualitative agreement with the Langley-
Graessley small-strain theory [equation (11)]. According to 
this theory for φ>10, Αχ should be everywhere greater than unity 
approaching i t as an asymptote as ε decreases or v s/V increases 
(Mn decreases)[Note that In equation (11) T e ~ε and ν8/ν~ρε^/Μη]. 
Furthermore, Αχ is predicted by this theory to increase without 
limit as vs/V goes to zero. 

The small-strain data of Figure 11 are replotted as a 
Langley-Graessley plot i n Figure 12 according to equation 
(12). G is approximated by 20χ + 2C2; T e for these high func
tionality networks i s taken to be ε^0^3^)· «j ê <xata were 
f i t by linear regression to a single line of slope 1.17 and 
intercept 0.236 MPa. For φ> 10, the predicted slope i s 
unity. The intercept of Figure 12 i s predicted by the small-
strain theory to be equal to (G e

m a x)°. The experimental value 
of 0.236 MPa i s i n good agreement with the previously reported 
values of G m a x for t r i - , tetra- and multifunctional PDMS net
works as well as the literature values of G^° for linear PDMS. 
The degree of agreement between the predictions of the Langley-
Graessley entanglement theory and the data reported here and the 
excellence of the f i t of the networks with such a wide range of 
ε to a single line offer significant evidence favoring a con
tribution in small strain by trapped entantlements. 

Data Interpretation. Often the same stress-strain data i s 
u t i l i z e d by two different research groups as evidence to both 
support and deny the existence of a trapped entanglement contri-
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Figure 11. Dependence of A i on network chain density of end-linked elastomers, 
0.4 < € < 0.95 (3). Key: 1, e > 0.9; 2, 0.7 < e < 0.8; 3, 0.6 < c < 0.7; 4, 0.5 < 

c < 0.6; 5, e> 0.5. 
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bution to the modulus. The source of these contradictory con
clusions i s often found in the method of data interpretation. 
For example, the Langley-Graessley theory applies only in the 
limits of small strain, yet, the large-strain modulus, 20χ i s 
often u t i l i z e d to evaluate the entanglement contribution to the 
modulus. As indicated earlier there i s considerable experimental 
evidence 0*~4» 13, 16, 17) indicating that the entanglement con
tribution to the stress i s strain-dependent, decreases with i n 
creasing elongation, and may disappear entirely at large elon
gations. Therefore, the use of experimental moduli extrapolated 
to the limit a""̂ >0 (phantom behavior) could lead to the 
erroneous conclusion that entanglements do not contribute to the 
modulus at small to moderate strains. 

An additional erro  i  evaluatio
tanglement contributio
that the endlinking reaction goes to completion. As indicated in 
equation (12), the entanglement contribution to the small-strain 
modulus, Gg, i s dependent on ε (T ) and the chemical contribu
tion, G , i s dependent on ε (vg/V;. Even for networks with 
ε = 0.95, Ge w i l l be decreased by 20% and Gc by 10% below the 
corresponding values for a completely reacted network. Thus the 
use of this ε = 0.95 network to evaluate equation (12) under the 
assumption of complete reaction, w i l l lead to a serious under
estimation of G e

m a x. Indeed for networks with ε much below 0.90, 
analysis of the small-strain data using equation (12) and the 
assumption of complete endlinking reaction, would lead to the 
erroneous conclusion that G e

m a x « 0 for PDMS networks. Further
more, the assumption of complete reaction for networks in which 
ε i s actually less than one w i l l result in the calculation of 
structure factors which are significantly less than those that 
would be obtained if the endlinking reaction had indeed gone to 
completion. 

Verification of an entanglement contribution to the modulus 
is also complicated by the relatively low values of G^° observed 
for many linear "rubbery" polymers. Thus, except for networks 
with relatively high Mc, the ratio of Ge/G i s small. For an ε » 
0.95 PDMS high functionality network with vg/V - 2 χ 10"4 gmol 
cm"3 (Mc = 5000), from equation (12), GjG = 0.28. Decreasing MQ 

or ε, w i l l decrease this ratio. The presence of diluent, either 
during network formation or tensile testing, w i l l also decrease 
the ratio Ge/G. For example, if the above network was formed i n 
the presence of diluent with v 2f = 0.75, then according to equa
tion (12) Ge/G = 0.18. Therefore, in general, i t would appear 
entanglements do make a strain-dependent contribution to the 
modulus, however, under many experimental conditions ^ , v t , v 2 f < l ) 
this contribution may be minimal. 

Conclusions 
The stress-strain behavior of the high functionality net-

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



17. MEYERS AND MERRILL Behavior of Model Silicone Networks 347 

works prepared in this study differ from the predictions of the 
Flory theory of rubber e l a s t i c i t y . However, the small-strain 
theory of Langley and Graessley gave good agreement with the 
data over a wide range in ε,φ, vs/V, v t, and v 2 f . The 
magnitude of A 2 and i t s dependence on v t and v 2 f strongly 
suggest a strain-dependent entanglement contribution to the 
large strain modulus as well. Therefore, a reconsideration of 
the Flory theory accounting for the direct strain-dependent con
tribution of trapped entanglements to the stress over the entire 
range of strain i s recommended. 
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18 
Bimodal Elastomeric Networks 

J. E. MARK 
The University of Cincinnati, Department of Chemistry and Polymer Research Center, 
Cincinnati, OH 45221 

Elastomeric networks may be prepared by end
-linking mixtures of very short and relatively long 
polymer chains, for example, hydroxyl-terminated 
polydimethylsiloxane chains. Such networks (in the 
unfilled state) frequently show marked increases in 
modulus at very high elongations. Experimental 
results are cited to show how this unusual behavior 
depends on composition, chain length, spatial het
erogeneity, junction functionality, temperature, 
and swelling. It is concluded that the observed 
increases in modulus are due to the limited exten
s i b i l i t y of the network chains. These elastomers 
may therefore be used to study limited chain 
extensibility and to evaluate non-Gaussian theories 
of rubberlike elasticity. Another, more practical 
application is the achievement of ultimate prop
erties significantly better than those of networks 
having the usual unimodal distribution of chain 
lengths. 

There are now a number of techniques which may be used to 
prepare elastomeric networks of known structure (1-8). Two par
ticularly useful and convenient ones involve the multi-functional 
end-linking of hydroxyl-terminated (4-16) or vinyl-terminated 
polydimethylsiloxane (PDMS) chains (3,17-21), and the cross-
linking of PDMS chains through vinyl side groups present in known 
amounts and in known locations along the chains (4,18,22-25). A 
typical reaction of this type is 

0097-6156/82/0193-0349$06.00/0 
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in which HOyvOH represents a hydroxyl-terminated PDMS chain. 
Characterizing the uncross-linked chains with respect to molec
ular weight and molecular weight distribution and then running 
the specified reaction to completion gives networks having 
known values of the cross-link functionality φ and average chain 
length, and detailed information on the chain length distribution 
as well. Similar reactions have been carried out using hydroxyl-
terminated chains of poly(ethylene oxide)(26), poly(tetramethy-
lene oxide)(26), poly(caprolactone)(27), and poly(propylene 
oxide)(28), and a triisocyanate end-linking agent. A related 
reaction involving the end-linking of vinyl-terminated PDMS 
chains with a multifunctional silane i s somewhat more versatile 
in that a wider range of values of cross-link functionality may 
be achieved. Because of their known structures  such "model11 

networks have been extremel
ecular aspects of rubberlik

In several of these studies (12-16,20), bimodal PDMS net
works were prepared by end-linking mixtures of very short and 
relatively long chains, as i s illu s t r a t e d in Figure 1. These 
networks, in the unfilled state, were found to be unusually tough 
elastomers. Of particular interest i s the fact that they have 
values of the modulus [f*] which increase very substantially at 
high elongations, thus giving unusually large values of the u l 
timate strength. This i s rather surprising since usually an 
elastomer w i l l have good ultimate properties only when rein
forced with some mineral f i l l e r (or hard, glassy domains in the 
case of a multi-phase polymer), or when i t can generate i t s own 
reinforcement through strain-induced crystallization (29-32). 
Part of these increases in modulus and ultimate strength are due 
to the low incidence of dangling-chain irregularities in such 
model networks in general (19). Another contribution could be 
non-Gaussian effects arising from limited chain extensibility 
(12-16,20). It i s not known, however, whether these are the 
only effects occurring at very low temperatures. Such networks 
could also, for example, undergo strain-induced cr y s t a l l i z a t i o n , 
with consequent improvements in ultimate properties from cry
s t a l l i t e reinforcement (29-32). PDMS has a very low melting 
point (-40°C) (33) and, although elongation significantly raises 
i t (34,35), unfilled networks of this polymer are thought to re
main amorphous well below room temperature (35,36,37). Unusually 
low temperatures must therefore be employed in any search for 
strain-induced crystallization. There are very few relevant data 
in the literature and, of course, no relevant results whatever 
are available for the new types of networks with the very pecul
iar distributions of interest here. This question of possible 
strain-induced crystallization and the associated network rein
forcement assumes particular importance because of the very 
unusual and attractive properties of these materials. 

A definitive answer to these questions i s obtained in this 
review by analysis of how the relevant elastomeric properties 
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depend on composition, chain length, spatial heterogeneity, 
junction functionality, temperature, and swelling. The result
ing molecular interpretation of these unusual properties of b i -
modal networks permits the u t i l i z a t i o n of these elastomers in a 
variety of applications, a number of which are discussed in 
some detail. 
Representations of the Network Moduli in Elongation 

The most convenient measure of the stress exhibited by an 
elongated elastomeric network i s the nominal or engineering 
stress f* = f/A*, where f i s the equilibrium value of the force 
and A* i s the cross-sectional area of the undeformed sample. 
The strain i s given by th  relativ  length  elongatio
α = L/L where L and L
deformed and undeforme , respectively g
stress f/A* by the strain function (a - a ) indicated in the 
simplest molecular theories of rubberlike e l a s t i c i t y (38,39) then 
gives the elastic modulus or reduced stress (38-42) 

[f*] Ξ f/[A*(a - a" 2)] (1) 
For rubberlike materials, the modulus thus defined generally 
shows an additional dependence on elongation (39,40,42), appar
ently because of increase in the non-affineness of the deforma
tion as the elongation increases (43,44). This dependence i s 
frequently represented (approximately) by the semiempirical 
equation of Mooney and R i v l i n 

[f*] = 2 + 2C 2cf 1 (2) 
in which 2C and 2C2 are constants independent of α (39,40,42, 
45,46). Thus, the value of the modulus i s 2C in the li m i t at 
large deformation (α*" -*. 0), and 2C + 2C2 in the l i m i t at small 
deformation (of- •> 1). 
Dependence of Properties on Network Structure and Experimental 
Variables 

Composition. Some representative isotherms for (unfilled) 
bimodal networks prepared from very short and relatively long 
hydroxyl-terminated PDMS chains mixed in various proportions are 
shown in Figure 2(15). In this and in some of the subsequent 
Figures, the modulus i s plotted against reciprocal elongation, 
as suggested by Equation (2). The bimodal networks are seen to 
have very good (maximum) extensibility for these relatively high 
values of the modulus [ f * ] . Furthermore, the networks contain
ing a large mol % of the short chains show a marked increase in 
[f*] at high elongations, which corresponds to a significant 
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increase in ultimate strength. It i s the nature of this increase 
and i t s molecular origin which are the main subjects of the 
investigations described in this review. The results presented 
in Figure 2 portray the dependence of this effect on network 
composition. Specifically, increase in the number of short A 

chains in the networks gives a more pronounced increase i n [f ], 
thus underscoring the importance of the short-chain component in 
this regard. 

Chain Length. If i t i s the short chains which give the 
improvements i n ultimate properties, decrease in their average 
length should give even more pronounced upturns in [f ] at high 
elongations. This i s indeed found to be the case, as i s i l l u s 
trated in Figure 3(15). These stress-strain isotherms are for 
PDMS networks similar t
short chains having =

Spatial Heterogeneity. Some insight into the mechanism 
through which the short chains operate may be obtained using 
bimodal networks which are made spatially as well as composition-
a l l y heterogeneous in a two-state reaction in which some of the 
very short chains are prereacted so as to form clusters or do
mains of high cross-link density. If the increases in [f*] were 
due to some intermolecular organization such as a " f i l l e r " effect 
(47-50) or strain-induced crystallization (29-32,37), then seg
regating the short chains should enhance the modulus. Such 
networks have been prepared using short chains having values of 

of either 1,100 (14) or 220 g mol" 1 (51), and have been 
studied with regard to their values of the high elongation mod
ulus 2Ci and the modulus [f*] at rupture. The values of 2C 
and [ f * J r for the 1,100-18,500 PDMS networks are shown as a func
tion of the extent of prereaction Xp in Figure 4(14). In both 
cases, increase in appears to give a small i n i t i a l increase 
in these two quantities; unfortunately, the increases are very 
small and in fact are within the usual error limits in these 
types of measurements. Thus, there does not appear to be any 
significant reinforcing effect brought about by the clustering 
of the very short chains in the spatially inhomogeneous cross-
linking process. This suggests that the increases in [f*] are 
primarily intramolecular rather than intermolecular. 

Junction Functionality. Some results bearing on the possi
ble effect of cross-link functionality on the upturn in modulus 
are shown in Figure 5(20). The magnitude of the increase in 
[f ] does not show any obvious correlation with φ, which again 
suggests the predominant importance of the intramolecular char
acteristics of the short chains. At least from the evidence at 
hand (20), the functionality of the junction points seems rela
tively unimportant in this regard. 

Temperature. The effect of temperature on the stress-strain 
isotherms i s of particular importance with regard to the 
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Figure 2. Typical stress-strain isotherms for PDMS networks prepared by tetra-

functionally end-linking very short and relatively long chains. 
Number-average molecular weights are Mn = 660 and 18,500 gl mol, respectively (15). 
Measurements were carried out on the unswollen networks, in elongation at 25°C. Data 
plotted as suggested by Mooney-Rivlin representation of reduced stress or modulus (Eq. 
2). Short extensions of the linear portions of the isotherms locate the values of a at 
which upturn in [/*] first becomes discernible. Linear portions of the isotherms were 
located by least-squares analysis. Each curve is labelled with mol percent of short chains 
in network structure. Vertical dotted lines indicate rupture points. Key: O, results 
obtained using a series of increasing values of elongation; . , results obtained out of 

sequence to test for reversibility. 
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Figure 3. Results for PDMS networks similar to those described in Figure 2, but 
with the short chains having Mn = 220 g/mol (15). Lower part of the ordinate 

refers only to lowest isotherm in the series. See key to Fig. 2. 
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Figure 4. The elastic properties of some bimodal PDMS networks. Short chains 
were segregated by pre-reacting them with a limited amount of (tetrafunctional) 

end-linking agent (14). 
Short and long chains had Mn = 1,100 and 18,500 g I mol, respectively. Composition 
was 82 mol % short chains. High deformation modulus 2CV and ultimate strength as 
measured by the modulus U*]r at rupture, are shown as a function of the extent of 

pre-reaction. 
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Figure 5. Stress-strain isotherms obtained for bimodal (600-11,300), PDMS net
works containing 75.2 mol % short chains (20). 

Chains were vinyl-terminated, and end-linked using a silane having values of the func
tionality φ. 
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p o s s i b i l i t y of strain-induced crystallization in the networks. 
Typical results of this type are shown i n Figure 6(16). Of 
particular interest here are the temperature dependence of the 
elongation O y at which the upturn in [f*] becomes discernible, 
of the elongation a r at which rupture occurs, and of the total 
increase A [ f * ] r in modulus up to the rupture point. If the i n 
crease in [f ] had been due to strain-induced crystallization, 
α would have decreased with decrease in temperature, and Oj. and 
A [ f * ] r would have increased. These qualities are seen to be 
relatively insensitive to temperature, which confirms the con
clusion that the anomalous behaviour i s not due to strain-
induced crystallization. 

Also relevant here are some force-temperature ("thermoelas-
ti c l f ) results obtained at elongations sufficiently large to give 
large increases in [f*
Such curves, il l u s t r a t e  Figur ,
lin e a r i t y which could be attributed to strain-induced crystal
l i z a t i o n . Similarly, birefringence-temperature measurements 
also carried out at α > a u show no deviations from linearity 
that could be attributed to cr y s t a l l i z a t i o n , or to other inter-
molecular orderings of the network chains. Typical results of 
this type are shown in Figure 8 (16). 

Swelling. Work in progress (52) indicates that the upturns 
in [f ] for PDMS bimodal networks are not decreased by swelling, 
which would have diminished any strain-induced crystallization 
(36,37). 

A l l of the above evidence indicates that the increase in 
modulus and improvements in ultimate properties are due to 
intramolecular effects, specifically to non-Gaussian effects 
arising from limited chain extensibility. A network chain near 
i t s maximum extensibility can no longer increase i t s end-to-end 
separation by configurational changes, i.e., by simple rotations 
about i t s skeletal bonds. Deformations of bond angles (and 
possibly even bond lengths) would be required, and the energies 
for these processes are much greater than those for configura-
tional changes. This i s presumably the origin of the very 
marked increases in the modulus at high elongations and the much 
improved ultimate properties. 

Some Applications 
Characterization of Limited Chain Extensibility. The mol

ecular origin of the unusual properties of bimodal PDMS networks 
having been elucidated at least to some extent, i t i s now possi
ble to u t i l i z e these materials in a variety of applications. The 
f i r s t involves the interpretation of limited chain extensibility 
in terms of the configurational characteristics of the PDMS 
chains making up the network structure (5,12,13). 
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Figure 7. Typical thermoelastic data on 220-18,500 PDMS networks. Key: O, 
measurements at constant elongation; Δ, measurements at constant length (16); 

. , data obtained to check for reversibility. 

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



360 E L A S T O M E R S A N D R U B B E R E L A S T I C I T Y 

The f i r s t important characteristic of limited chain extensi
b i l i t y i s the elongation a u at which the increase in [f ] f i r s t 
becomes discernible. Values of this minimum elongation are 
readily obtainable from stress-strain isotherms such i s those 
shown in Figures 2, 3, 5, and 6. Although the deformation i s 
non-affine in the v i c i n i t y of the upturn, i t i s possible to pro
vide at least a semi-quantitative interpretation of such results 
in terms of the network chain dimensions (5,12,13). At the 
beginning of the upturn, the average extension r of a network 
chain having i t s end-to-end vector along the direction of 
stretching i s simply the product of the unperturbed dimension 
<r21/ 2 and a u (12). Similarly, the maximum extensibility r i s 
the product of the number η of skeletal bonds and the factor 
1.34 A which gives the axial component of a skeletal bond i n the 
most extended helic a l for
r i c analysis summarize
thus represents the fraction of the maximum extensibili?y occur
ring at this point in the deformation. The values obtained 
indicate that the upturn in modulus generally begins at approxi
mately 60-70% of maximum chain extensibility (5,12,13). This 
i s approximately twice the value which had been estimated prev
iously (39), in a misinterpretation of stress-strain isotherms 
of elastomers undergoing strain-induced crystallization. 

It i s also of interest to compare the values of r / r m at the 
beginning of the upturn with some theoretical results by Flory 
and Chang (53) on distribution functions for PDMS chains of 
f i n i t e length. Of relevance here are the calculated values of 
r / r m at which the Gaussian distribution function starts to over
estimate the probability of extended configurations, as judged 
by comparisons with the results of Monte Carlo simulations. The 
theoretical results most relevant to the experimental results on 
the bimodal PDMS networks are shown in Figure 10(53). They sug
gest, for example, that a network of PDMS chains having η = 53 
skeletal bonds should show an upturn at a value of r / r m a l i t t l e 
less than O.80. The observed value was O.77 (12), which i s thus 
in excellent agreement with theory. 

A second important characteristic i s the value o t r of the 
elongation at which rupture occurs. The corresponding Values of 
r / r m show that rupture generally occurred at approximately 80-90% 
of maximum chain extensibility (12). These quantitative results 
on chain dimensions are very important but may not apply directly 
to other networks, in which the chains could have very different 
configurâtional characteristics and in which the chain length 
distribution would presumably be quite different from the very 
unusual bimodal distribution intentionally produced in the pre
sent networks. 

Evaluation of Non-Gaussian E l a s t i c i t y Theories. There are 
now numerous theories of rubberlike e l a s t i c i t y which use non-
Gaussian distribution functions to take into account limited 
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Figure 8. Representative birefringence-temperature relations for the 220-18,500 
PDMS networks. Filled circles locate results obtained to check for reversibility (16). 

Figure 9. The end-to-end distance per skeletal bond η for regular conformations 
of polydimethylsiloxane and polyethylene network chains (12). Maximum extensi

bility rm of this chain molecule occurs at rm/n = 1.34 A. 
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Figure 10. Radial distributions (in A'1) for PDMS chains having η = 40 skeletal 
bonds (each of length I = 1.64 A) (53). 
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chain extensibility (39). Unfortunately, the various theories 
have generally been uncr i t i c a l l y applied to e l a s t i c i t y results 
in which the increases in modulus were due largely if not entire
ly to strain induced crystallization, as was pointed out prev
iously (11,16,37). T n e results on the bimodal PDMS networks do 
not suffer from this complication, and are apparently the only 
reliable experimental results available at the present time for 
the evaluation of the non-Gaussian theories. Such evaluations 
are in progress (54). 

Improvements in Ultimate Properties. In this application, 
i t i s most illuminating simply to plot the nominal stress 
f/A against elongation. Typical results are shown in Figure 11 
(15). This type of representation has the advantage of having 
the area under each curv
energy (per unit undeforme
i n i t i a l length). This energy E r (in joules per mm-* of network 
sample) required for rupture was taken as a measure of "tough
ness" of the PDMS elastomers. In the case of the unimodal net
works, E r i s relatively small. As can be seen from the Figure, 
this i s due to the small maximum extensibility in the case of 
small Mn, and to the small maximum values of the nominal stress 
in the case of large W. Thus, unfilled elastomers are generally 
very weak materials (31,32). The bimodal networks have improved 
ultimate properties in that they can be prepared so as to have 
relatively large values of the nominal stress without the usual 
corresponding decrease in maximum extensibility. This short-
chain reinforcing effect i s very striking in that E r can be 
increased by a factor of nearly 5 (15) in going from 0 to 90 
mol% of the 220 chains, and this corresponds to an increase of 
only 9.7 wt%! 

Strain-induced crystallization would presumably further 
improve the ultimate properties of a bimodal network. It would 
therefore obviously be of considerable importance to study the 
effect of chain length distribution on the ultimate properties 
of bimodal networks prepared from chains having melting points 
well above the very low value characteristic of PDMS. Studies 
of this type are being carried out on bimodal networks of poly
ethylene oxide) (55), poly(caprolactone) (55), and polyiso-
butylene (56). 
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α 
Figure 11. Typical plots of nominal stress against elongation, for tetrafunctional 

PDMS networks at 25° C (15). All but three networks are bimodal. 
Number-average molecular weight of relatively long chains is Mn — 18,500 gl mol. Key 
for the networks where short chains had Mn (g/mol): Δ , 1,100; O, 660; Φ, 220. Curves 
are labelled with the mol percent of short chains in the network. Area below curves 
represents the rupture energy per unit initial cross sectional area and per unit initial 

length. 
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Threshold Tear Strength of Some Molecular 
Networks 

A. N. GENT and R. H. TOBIAS 
The University of Akron, Institute of Polymer Science, Akron, OH 44325 

The tear strength of polydimethylsiloxane (PDMS) 
networks was found to be only one-third as large as 
that of polybutadiene (PB) or polyisoprene (PI) net
works of similar Mc when the tear strength was 
measured under threshold conditions, i.e., at high 
temperatures, low rates of tearing, and with swollen 
samples. This striking difference in strength is 
attributed to the smaller length and extensibility 
of PDMS molecules in comparison with PB or PI mole
cules of the same molecular weight. Networks formed 
by trifunctional or tetrafunctional endlinking reac
tions with difunctional PDMS polymers were found to 
be only slightly stronger under threshold conditions, 
by up to 30 per cent, than PDMS networks formed by 
random crosslinking to the same Mc. Endlinked PB 
networks were found to have substantially the same 
threshold strength as randomly-linked PB networks of 
the same Mc. Thus, the threshold tear strength does 
not appear to depend strongly upon the uniformity of 
network strand lengths. 

When dissipative processes are minimized, the tear strength 
of elastomeric materials is found to reach a lower limit, termed 
here the threshold strength (19 2). Experimentally, the thres
hold strength is reached at high temperatures, at low rates of 
tearing and when the material is highly swollen with a low-
viscosity liquid. Its magnitude has been predicted theoretically 
from the length of the molecular strands comprising the network 
and the dissociation energy of the chemical bonds comprising the 
strand (3). Expressed as the energy T Q required to tear through a 
unit area of the material, the theoretical result takes the form 

T 0 = KMc
% (1) 

where Mc is the mean molecular weight of the network strands and Κ 

0097-6156/82/0193-0367$06.00/0 
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i s a constant involving the mass, length and effective f l e x i 
b i l i t y of a monomeric unit, the density of the polymer and the 
dissociation energy of the relevant bonds. For C-C molecular 
strands Κ i s predicted to be about O.3 J/m2/(molecular weight 
u n i t ) . Experimental values of T Q for randomly-crosslinked net
works of polybutadiene were found to be consistent with equation 
1, when Κ was given a somewhat higher value, about 1.0 J/m2/ 
(molecular weight u n i t ) . Thus, apart from this numerical dis
crepancy, the threshold strength of polybutadiene networks i s 
reasonably well accounted for. We now address two further aspects 
of threshold strength. Does the tear strength of other elasto
mers, of different chemical type, conform to equation 1? And are 
randomly-crosslinked materials weaker than more regular networks, 
prepared, for example, by linking strands of uniform molecular 
weight into a network b
tensile strength has bee
isoprene in comparison with randomly-crosslinked networks of 
similar average strand length (4). However, those measurements 
were not made under threshold conditions and did not examine a 
wide range of strand lengths, so that direct comparison with 
molecular theory i s not possible. 

Measurements have now been carried out on endlinked and 
randomly-linked samples of polybutadiene, polydimethylsiloxane, 
and randomly-linked samples of cis-polyisoprene. The results are 
presented here. 

Experimental Details 
Endlinked PDMS. Linear polydimethylsiloxanes with vinyl 

endgroups were supplied by Dow Corning Corporation. Three d i f 
ferent molecular weight ranges were employed. Membrane osmometry 
yielded values for \ of 16,000, 24,000, and 37,000 g/g-mole. 
Endgroup analysis using mercuric acetate (5) gave vinyl contents 
of O.47 ± O.03, O.24 ± O.02, and O.15 ± O.02 per cent, corres
ponding to values for Mn of 11,500, 22,500 and 36,000 g/g-mole. 
GPC data gave P / l ratios of approximately 2.0, as reported by 
Valles and Macosko (6, 7) for their similar polymers. 

Trifunctional and tetrafunctional silane linking agents were 
supplied to us by Prof. Macosko. They consisted of trikis-dime-
thylsiloxyphenylsilane and tetrakis-dimethylsiloxysilane and are 
denoted here A3 and A4, respectively. Gas chromatography, 
carried out by Prof. Macosko, revealed that they were approximate
ly 95 and 89 per cent pure. Si-Η group analysis (5) gave average 
functionalities of 3.15 and 3.50, somewhat different from the ex
pected values of 3 and 4, indicating that other constituents are 
present. 

The linking agent, A3 or A4, was mixed in various concentra
tions with the divinyl-PDMS, together with 5 ppm of a Pt catalyst 
(8). The mixture was then degassed and cast as a thin sheet on a 
Teflon surface. Complete reaction was found to occur on heating 
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for about 3 days at 70°C, as judged by equilibrium swelling mea
surements in benzene; thereafter, a period of 4 days at 70°C was 
used to ensure complete reaction. 

As shown in Figure 1, values of Mc calculated from e q u i l i 
brium swelling ratios in benzene (9), were found to depend 
strongly upon the concentration of endgroups in the linking agent 
relative to those in the polymer. The highest effective degree 
of crosslinking, i.e., the lowest degree of swelling and the low
est value for Mc, was obtained at a characteristic endgroup ratio 
lying between about 1.1 and 1.6 instead of the expected ratio of 
1.O. Thus, even when allowance i s made for the true functional
i t y of the linking agent, i t i s s t i l l necessary to employ a 
greater amount than expected to produce a minimum value for Mc. 
Presumably, a significant fraction of polymer endgroups do not 
become linked into the
is present. This implie  junctio  point
clusively trifunctional or tetrafunctional in nature. 

Networks were prepared in a l l cases using the amount of end-
linking agent necessary to give a minimum Mc. Values of Mc were 
calculated from the Mooney-Rivlin e l a s t i c i t y coefficient C, 
determined from tensile stress-strain measurements (10), 

Mc = pRT/2C, (2) 

where ρ i s the density, O.97 g/ml, R i s the gas constant and Τ i s 
absolute temperature, for comparison with earlier work (2). Ex
perimentally-determined values of the elastic coefficients C and 
Q»2 a n c* values of Mc calculated from C- are given in Table I. 

Randomly - Crosslinked PDMS. The polydimethylsiloxane 
(PDMS) used to make random networks was obtained from General 
Electric. Membrane osmometry showed Mn to be 430,000 g/g-mole. 
The polymer was mixed with various amounts of a free-radical 
crosslinking agent, dicumylperoxide (Di-Cup R, Hercules Chemical 
Co.). Samples were then pressed into sheets and crosslinking was 
effected by heating for 2 h at 150°C in a heated press. Mc 

values were calculated using equation 2, and are included i n 
Table I. 

Endlinked PB. Endlinked polybutadiene samples were pro
vided by Prof. F. N. Kelley and Mr. Long-Ji Su of these labora
tories. They were made by reacting toluene -2,4- diisocyanate 
with the hydroxy endgroups of hydroxy- terminated polybutadiene 
(Arco R45-HT, Mn = 2,800 g/g-mole) and then employing trimethyl-
olpropane as a trifunctional linking agent. The prepolymer was 
also chain-extended with 1,4 - butanediol to give a higher Mc 

value on subsequent endlinking. Mc values, calculated by means 
of equation 2, were 3,100 g/g-mole for the sample made with the 
i n i t i a l polymer and 7,100 g/g-mole when the chain-extended 
material was used. 
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Table I. Threshold Tear Strength TQ of Randomly-linked 
and Endlinked Elastomers of Varying Mc 

MnXlO q C± C 2 M xlO 4 T Q 

(g/g-mole) (kPa) (kPa) (g/g-mole) (J/m2) 

PDMS endlinked with A3 
3.6 54 45 1.23 39 ± 2 
2.25 65 43 1.10 33 ± 2 
1.15 110 48 O.75 27 ± 2 

PDMS endlinked with A4 
3.6 46
2.25 61 47 1.11 42 ± 2 
1.15 97 46 O.84 35 ± 2 

Endlinked PB 
ca O.84 168 165 O.71 62 ± 4 
ça O.28 389 165 O.31 47 ± 3 

Dicumyl 
peroxide Ci C 2 M cxl0- 4 T Q 

(%) (kPa) (kPa) (g/g-mole) (J/m2) 
PDMS randomly linked with dicumyl peroxide 

1.0 9 20 13.6 78 ± 6 
1.2 14 23 9.0 74 ± 3 
1.5 19 29 6.3 62 ± 3 
1.75 21 30 5.9 56 ± 3 
2.0 26 31 4.6 48 ± 3 
2.5 31 31 3.9 46 ± 2 
2.75 32 35 3.7 44 ± 3 
3.0 36 33 3.4 42 ± 3 
4.0 45 25 2.6 39 ± 2 

PI randomly linked with dicumyl peroxide 
1.0 121 71 1.01 108 ± 9 
2.0 197 78 O.62 63 ± 4 
4.0 387 48 O.31 51 ± 5 

aMolecular weight of polymer before endlinking. 
Calculated from C- by means of equation 2. 
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Randomly - Crosslinked PB and PI. Polybutadiene (Diene 35 
NFA, Firestone Tire and Rubber Co.) and cis-polyisoprene (Natsyn 
2200, Goodyear Tire and Rubber Co.) were crosslinked with dicumyl-
peroxide, as for PDMS. Mc values were also calculated by means of 
equation 2. They are given for PI in Table I and are li s t e d for 
PB in reference 2. 

Measurements of Threshold Tear Strength. Rectangular 
strips, about 50 mm long, 10 mm wide and 1.4 mm thick were scored 
along a central line to a depth of about O.7 mm, leaving about 
one-half of the original thickness to be torn through. The tear 
energy Τ was calculated from the measured tear force F, 

Τ  2 F/t  (3) 
where t i s the width o  pat  (Figur  2) g
found to take place at an angle of approximately 45° to the sheet 
thickness (11). 

Measurements were carried out on both swollen and unswollen 
samples, using m-xylene or silicone o i l as swelling liquids with 
PDMS networks and m-xylene or paraffin o i l with PB and PI net
works. Samples were torn at temperatures between 70°C and 140°C. 
Values of the tear energy Τ for swollen samples were multiplied 
by λ 3

2, where X s i s the linear swelling ratio, to take into 
account the reduced number of network strands crossing the tear 
path (1-3). Typical results for samples of endlinked PDMS, both 
unswollen and swollen with m-xylene, are given in Table I I . Close 
agreement was obtained with the results obtained for unswollen 
samples at the high temperatures and low rates of tearing (about 
4ym/s) used in the present experiments, when the values for 
swollen samples were multiplied by X s

2. The mean values have 
therefore been taken as measures of the threshold tear strength TQ 

in a l l cases. They are given in Table I. 
Experimental Results and Discussion 

Experimentally-determined values of T Q for PDMS networks are 
plotted in Figure 3 against values of Mc calculated from the 
elastic coefficient C by means of equation 2. T 0 was found to be 
accurately proportional to M c, in accordance with equation 1, 
with the coefficient of proportionally: y Κ being about O.30, O.25, 
and O.23 J/m2/(molecular weight unit) for the A4, A3, and random
ly-linked materials, respectively. These differences are small, 
barely significant, but in the expected direction. Values of T Q 

are also shown in Figure 3 forjthe other materials examined. 
Again, a proportionality to Mc was found, i n accordance with 
theory. Moreover, the present values for endlinked PB and 
randomly-linked PI are in good agreement with previously-reported 
data on randomly-linked PB, with Κ = O.85 J/m2. This i s much 
larger than for the PDMS materials, however. Thus, at the same 
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Table I I . Effect of Swelling with m-Xylene on 
the Threshold Tear Strength of PDMS 

MnxlO"4 

(g/g-mole) 
T0(Unswollen) 

(J/m2) 
T 0(Swollen) 

(J/m2) 
X S 2 T O (Swollen) 

PDMS endlinked with A3 
3.6 
2.25 
1.15 

38 ± 3 
32 ± 3 
26 ± 3 

1.62 
1.57 
1.48 

15 ± 1.5 
13 ± 2 
13 ± 1.5 

39 ± 3 
33 ± 4 
28 ± 3 

PDMS endlinked with A4 
3.6 
2.25 
1.15 

49 ±
41 ±
35 ± 2 1.52 15 ± 1 35 ± 2 

Log !0To 
(J/m 2) 

L o g l o M c (g/g-mole) 

Figure 3. Threshold tear energy T0. Key: Ο, Δ , •> PDMS networks; . , A , PB 
networks; Θ, PI networks; versus molecular weight Mc between cross-links calcu
lated from C i . Ο, Θ, . , random cross-linking; Δ , L, trifunctional end-linking; 

• , tetrafunctional end-linking. 
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value of Mc, elastomeric networks based on C-C molecular chains 
have a threshold strength about three times that of Si-0 networks. 

Values of Mc calculated from the small-strain tensile modu
lus, i.e., using C- + C 2 i n equation 2 i n place of C, were, of 
course, smaller than those obtained from C\ values. However, the 
general form of the dependence of threshold tear strength upon Mc 

and the relative values obtained for different polymers at the 
same Mc were not significantly affected by this alternate proce
dure for calculating the mean molecular weight of network strands. 

Although the bond dissociation energies for C-C and Si-0 
bonds are quite similar, 89 and 80 kcal/g-mole respectively, the 
molecular weight per main-chain atom i s considerably higher for 
PDMS (37 molecular weight units) than for PI (17) and PB (13.5). 
The extended length of  network strand i  therefor h smalle
for PDMS at the same valu
tions on straightening the Si-0 chain due to unequal main-chain 
bond angles. Thus, the threshold strength of PDMS networks would 
be expected to be less than one-half as large as for C-C networks, 
in accordance with observation. 
Conclusions 

The threshold tear strength of elastomeric molecular networks 
does not appear to depend strongly, if at a l l , upon the uniformity 
of network strand lengths. It i s found to be proportional to Mc 

where Mc i s the mean molecular weight of the strands, in accor
dance with the theory of Lake and Thomas Ç3). However, i t i s 
considerably smaller for Si-0 networks than for C-C networks at 
equal Mc values. This i s attributed to differences in strand 
length and extensibility. 
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20 
Experimental Studies of the Formation and 
Properties of Polymer Networks 

J. L . STANFORD and R. F. T. STEPTO 

The University of Manchester Institute of Science and Technology, Department of 
Polymer and Fiber Science, Manchester, M60 1QD, England 

The paper f i r s t considers the factors affecting 
intramolecular reaction, the importance of intra
molecular reaction in non-linear random polymer
isations, and the effects of intramolecular re
action on the gel point. The correlation of gel 
points through approximate theories of gelation 
is discussed, and reference is made to the deter
mination of effective functionalities from gel
-point data. Results are then presented showing 
that a close correlation exists between the amount 
of pre-gel intramolecular reaction that has occurred and 
the shear modulus of the network formed at complete 
reaction. Similarly, the Tg of a network is shown 
to be related to amount of pre-gel intramolecular 
reaction. In addition, materials formed from bulk 
reaction systems are compared to illustrate the 
inherent influences of molar masses, functionalities 
and chain structures of reactants on network 
properties. Finally, the non-Gaussian behaviour of 
networks in compression is discussed. 

The properties of a polymer network depend not only on the 
molar masses, functionalities, chain structures, and proportions 
of reactants used to prepare the network but also on the condi
tions (concentration and temperature) of preparation. In the 
Gaussian sense, the perfect network can never be obtained in 
practice, but, through random or condensation polymerisations(Γ) 
of polyfunctional monomers and prepolymers, networks with imper
fections which are to some extent quantifiable can be prepared, 
and the importance of such imperfections on network properties can 
be ascertained. In this context, the use of well-characterised 
random polymerisations for network preparation may be contrasted 
with the more traditional method of cross-linking polymer chains. 
With the latter, uncertainties can exist with regard to the 
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distribution of primary chain lengths, chains between junction 
points, loose ends and entanglements. 

The present paper presents a survey of published and more 
recent work on correlations between network properties and re-
actant structures and reaction conditions. The reaction systems 
used have been generally polyoxypropylene(POP) t r i o l s or tetrols 
of various molar masses reacting irreversibly with diisocyanates 
(to give polyurethanes) or diacid chlorides (to give polyesters), 
the l i k e functional groups having equal reactivities. Reactions 
have been carried out i n bulk and at various dilutions in inert 
solvents. Reaction systems with equimolar amounts of reactive 
groups have been used, and emphasis has been placed on the extent 
to which pre-gel intramolecular reaction defines the physical 
properties of the networks formed at complete reaction. Pre-gel 
intramolecular reactio
loops into a rubbery network
opposite effects on physical properties to those expected from 
entanglements. 

Pre-gel Intramolecular Reaction 

Previous studies (2) have shown how ring structures formed 
during irreversible linear random polymerisations leading to 
polyurethanes may be measured. The work has been extended(3,4) 
to non-linear polyurethane formation using hexamethylene diiso-
cyanate(HDI) and POP t r i o l s . For non-linear polymerisations, i t 
i s found that the number of ring structures per molecule at 
extent of reaction ρ i s always significant, even in bulk reactions. 
For example, Figure 1 shows the number of ring structures per 
molecule (Nr) versus extent of reaction for bulk, linear and non
linear polyurethane-forming reactions with approximately equi
molar concentrations of reactive groups(2,3). The much larger 
number of ring structures per molecule i n the non-linear compared 
with the linear polymerisation i s due to the larger number of 
opportunities per molecule for intramolecular reaction in the 
former type of polymerisation. The other factors influencing 
intramolecular reaction in the two reaction systems in fact 
predict more intramolecular reaction in the linear system, as i s 
now discussed. 

An i l l u s t r a t i o n Ç5) of the competition between intermolecular 
and intramolecular reaction, for the RA2 + RB2 and RA2 + RB3 type 
random polymerisations of Figure 1, i s shown in Figure 2. The 
probability that a given A group reacts intramolecularly rather 
than intermolecularly depends on the concentration of nearby Β 
groups from the same molecule compared with the concentration of 
Β groups from other molecules. In random polymerisations only 
ring structures of certain sizes can form as defined by the number 
of bonds in repeating units of the chain structures. The situation 
i s i l l u s t r a t e d in Figure 3 with respect to the smallest rings in 
RA2 + RB2 and RA2 + RB3 polymerisations, where the reacting groups 
fÂ] and [F] are separated by ν bonds(5). 
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O A 
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O.3 -

O.2 

O.1 

0 

l i n e a r HDI + P E G 2 0 0 

Ο O.2 O A r> O.6 O.8 1.0 

Mgure 1. Number fraction of ring structures per molecule (Nr) as a function of 
extent of reaction (p) for bulk, linear, and nonlinear polyurethane-forming reactions 
with approximately equimolar concentrations of reactive groups (r = [NCO]0/ 
[OH]0 » 1)(2, 3). Conditions: O-linear polymerization, HDI + poly(ethylenegly~ 
col) at 70°, [NCO]0 = 5.111 mol/kg, [OH]0 = 5.188 mol/kg; number-average 
number of bonds in chain forming smallest ring structure (v) = 25.2, and 
nonlinear polymerization, HDI and POP triol at 70°C, [NCO]0 = O.9073 mol/kg, 
[OH]ο = O.9173 mol/kg; ν = 115. Reproduced with permission from Ref. 5. 
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Overall, ring structures can be formed from chains of v, 2v, 3v,. 
... bonds. 

Considering for a moment linear polymerisations, the proba
b i l i t y of intramolecular reaction for equimolar reaction mixtures 
w i l l be characterised by the ring-forming parameter(5,<6,7) 

where 

λ = Pab/c , (1) ao 

2 3/2 
Pab = (3/2irvb ) /N (moles functional groups per 

unit volume) (2) 
In equation(l), c a o i  th  i n i t i a l concentratio f reactiv
groups of one of the
Figure 2, with c e x t i t s e l g  proceeds
Pab i s the mutual concentration of reactive groups separated by 
a chain of ν bonds, assuming the chain obeys Gaussian s t a t i s t i c s . 
Ν i s the Avogadro constant, and b i s the effective bond length of 
bonds of the chain, such that <r> = v b , where <r> i s the mean-
square end-to-end distance of the chain. 

Thus, returning to Figure 1, one would expect on the basis 
of equations(1) and (2) that more ring structures would be formed 
in the linear polymerisation compared with the non-linear poly
merisation, ν for the linear system was 25.2 and for the non
linear system was 115, and, for the same of value of b, λ varies 
as (c ao v3/2)-l, giving a value of λ for the linear system 1.7 
times the value for the non-linear system. In addition, the value 
of b of the more flexible HDI/polyoxyethylene chain i s predicted 
to be less than that of the HDI/POP chain(8 ,£), resulting in an 
even larger relative value of λ for the linear system. The 
fact that Figure 1 shows that many more ring structures have 
formed in the non-linear polymerisation i s indeed due to the 
larger number of opportunities per molecule for intramolecular 
reaction in that system, and Figure 1 demonstrates the. import
ance of giving due consideration to intramolecular reaction in 
non-linear polymerisations. The gel point of the non-linear 
system shown in Figure 1 was at ρ = O.765 (compared with the 
value of O.707 expected(10) i n the absence of intramolecular 
reaction) when N r O.3, snowing that at gel about one molecule 
in three contained a ring structure. 

The curves in Figure 1 describe intramolecular reaction in 
irreversible, linear and non-linear random polymerisations. For 
linear polymerisations, theories have been developed(7,11,12) 
which account for the decrease in c e x t as a reaction proceeds and 
allow Nr to be calculated satisfactorily as a function of ρ for 
a given value of Pab. For non-linear polymerisations, the larger 
numbers of ring structures result in less adequate descriptions 
of Nr versus ρ curves using similar théories(12- 17J . Such theories 
require more development before Nr as a function of ρ and the gel 
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point can be defined in a consistent manner(16,17,18), that i s 
with a common value of λ or Pab. 
Intramolecular Reaction and Gelation 

Several approximate theories of gelation i n RA2 + RBf type 
polyemrisations have been developed (,Jj),2£,2T) which assume 
that the ring-forming parameter (cf. λ of equation(1)) remains 
constant throughout the reaction, and, hence, enable analytical 
expressions for the extents of reaction at gelation to be derived 
Q6,2T). By comparison, the more complete theories(12-17), effect
ively allow λ to vary as the reaction proceeds. However, the 
correlation of gel points through approximate theories can be used 
for present purposes, a  the  enabl  th  effect f
molar mass, functionality
distinguished. 

Recently, Ahmad and Stepto(21) compared existing gel-point 
expressions(6,19,20) and illustrated shortcomings in them and 
in the way they were applied to gelation data. A new expression 
for the gel-point i n RA2 + RBf random polymerisations was derived, 
namely, 

Here, a c = papb> where p a and pb are the extents of reaction at 
gelation of A and Β groups, respectively, and Xab i s the ring-
forming parameter defined by the equation 

λ = c. /(c. +c J , (4) ab int v mt ext 
with 

°int = (f-2)Pab.<j>(l,3/2). (5) 
Equation(3) was derived from a generalisation of Kilb fs 

linear sequence(20) for the gelation condition in an RA2 + RB3 
polymerisations, as depicted in Figure 4. In equation(5), (f-2) 
represents the number of opportunities for intramolecular 
reaction at each branch unit along the linear sequence i = 1, 2, 
3, The sequence grows from B1 through A* to B and 

φ(1,3/2) = I l V 3 / 2 = 2.612 (6) 
i=l 

sums over the relative probabilities for intramolecular reaction 
at various branch points. With X a D taken as constant for a given 
polymerisation reaction, Cext has to be chosen a r b i t r a r i l y ) , 
and c ext = cao + cbo and c ext = c a c + cbc> respectively the 
i n i t i a l and gel-point concentrations of reactive groups, are used 
as extreme values. 

To analyse gel-point data equations(4) and (5) are combined 
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( a ) ( b ) 

Figure 3. Repeating units of the chain structures. From left to right: RA2 and 
RB2 polymerization; RA2 and RBS polymerization. The repeating units have ν 
bonds separating the reacting groups 2 ) and JÏÏ] (5). Reproduced, with permission, 

from Ref. 5. 

Β Β Β Β Β Β 
Α Α Α 

Α Α Α 
f - 2 f - 2 f - 2 

Figure 4. Development of Kilb's linear sequence to define the conditions for gela
tion in RA2 and RBf polymerization (21). Reproduced with permission, from Ref. 5. 
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to give(21) 

V ( 1 - X a b > " Xab " C i n t / C e x t = ( « Î P a l M C l . S / / c . (7) 
with Xafc evaluated from equation(3) using experimental values of 
a c. Thus, Xafc can be plotted versus c£xt and the slopes of the 
straight lines obtained interpreted in terms of Pab (see equation 
(2)). Figure 5 shows gelation data for trifunctional polyester-
forming systems(22) analysed(21)according to equations(7), with 
Cext = cao + cbo« cext w a s varied by carrying out reactions i n 
various amounts of inert solvent. As indicated in the caption, 
the six systems were chosen to have different values of v, and, 
at a given i n i t i a l dilution, the value of i s seen to increase 
as ν decreases, as predicted b  equation(2)  Plot f X
(cac + Cbc)" 1 show sligh
dilution at gel increases. However, the i n i t i a  slopes o  suc
plots and the slopes of the plots in Figure 5 can be analysed 
in terms of equation(2) to give values of b characteristic of the 
chains forming the smallest ring structures. * The values so obt
ained are reproduced in Table 1, where the systems are l i s t e d i n 
decreasing order of ν /v. 

Table I. Values of b for polyester-forming systems derived(21) 
from Figure 5 and plots of X a o versus ( c a c + % 0 ) ~ 1 according to 
equations(7). v A C/v-fractional length of acid chloride residue 
in the chain of ν bonds, (i) c e x t = c a o + CQQ. ( i i ) c e x t = 
cac + cbc- F o r explanation of reactants see Figure 5. 

System V VAC/V b/nm(i) b/nm(ii) 
2. sebacoyl chloride + LHT240 41 O.268 O.318 O.508 
1. adipoyl chloride + LHT240 37 O.189 O.313 O.480 
4. sebacoyl chloride + LHT112 70 O.157 O.293 O.433 
3. adipoyl chloride + LHT112 66 O.106 O.270 O.399 
6. sebacoyl chloride + LG56 136 O.081 O.267 O.390 
5. adipoyl chloride + LG56 132 O.053 O.280 O.371 

The values of b i n Table I and the results in Figure 5 
indicate that for chemically similar systems of a given function
a l i t y the amount of pre-gel intramolecular reaction depends 
primarily on the size (v) of the smallest ring structure with a 
secondary dependence on chain stiffness (b). The dependence on 
ν i s clear from Figure 5, whilst the dependence on b i s indicated 
by the different values of b for the various systems. With 
regard to thelatter, the acid chloride residues of the chains of 
ν bonds are reckoned to be s t i f f e r than the oxypropylene r e s i 
dues (8,9). Accordingly, b i s found to decrease as v / v decreases, 
with vA£ being the number of bonds in the acid chloride residue. 
It should be noted that, because b varies from system to system, 
the slopes of the lines in Figure 5 are not directly proportional 
to v - 3 / , although they do decrease as ν increases. Finally, the 
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pair of values of b given for each system i n Table I encompasses 
the value expected from solution properties(8,9). Hence, the 
true average value of c ext l i e s somewhere between c ao + cbo and 
cac + cbc, as i t should. 

Behaviour similar to that shown by the polyester-forming 
systems i s shown by the several polyurethane-forming systems 
which have been studied(?,4,6,15,23-28), and Figure 6 and Table 
II give the results(29) for polyurethane-forming systems from 
which network materials have been formed at complete reaction. 
In general, compared with the polyester-forming systems, curved 

Table I I . Values of b for polyurethane-forming systems 
derived(29) from Figure 6 and plots of Xab versus (cac + cbc)~* 
according to equations(7)  vpj/  fractional length f diiso
cyanate residue in the
( i i ) cext = cac + cbc- Fo  explanatio
and Figures 5 and 6. 

System f V VDI/V b/nm(i) b/nm(ii) 
1. HDI/LHT240 3 33 O.303 O.247 O.400 
2. HDI/LHT112 3 61 O.164 O.222 O.363 
3. MDI/LHT240 3 30 O.233 O.307 O.488 
4. HDI/OPPE-NHI 4 29 O.345 O.240 O.356 
5. HDI/0PPE-NH2 4 33 O.303 O.237 O.347 
plots of A a D versus c-jL are always obtained, and the values of 
b, from the i n i t i a l slopes of such plots are smaller, at least 
for systems based on aliphatic diisocyanates and POP t r i o l s 
(3,4,6,23,28). 

In Figure 6, the larger values of X a for systems 4 and 5 
compared with the other systems i l l u s t r a t e the increased oppor
tunities for intramolecular reaction in tetrafunctional compared 
with trifunctional systems. Further, the smaller values of b for 
system 5 compared with those for system 1, with the same value of 
v, probably indicated that equation(3) relatively undercounts the 
opportunities for intramolecular reaction for tetrafunctional as 
compared with trifunctional reactants, so that smaller values of 
b are required in compensation. System 3, based on aromatic 
diisocyanate, gives the largest values of b, characteristic of i t s 
s t i f f e r chain structure. 

Determination of Effective Functionalities from Gelation Data. 
Gelation data from reactions at various dilutions are sometimes 
used to determine chemical functionalities of reactants(30,31). 
Such a procedure should be viewed with caution as i t assumes that 
the functional form of the dependence of ring-forming parameter 
upon dilution which i s predicted by theory i s that obtained in 
practice, and, as Figure 6 indicates, this assumption i s not 
always j u s t i f i e d . 
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O.4 h 

Figure 6. Analysis (29) according to Eq. 7 of gel-point data (25, 26,2%) from 
reactions of HDI and diphenylmethane diisocyanate (MDI) with POP tnlos (LH1-
240, υ π 112) and tetrols (OPPE-NH1, OPPE-NH2-oxypropylated pentaerythn-

tols) in bulk and in nitrobenzene solution at80°C, with cext = cao + ch0. 
Systems 1 and 2, HDI and POP triols; 3, MDI and POP triol; 4 and 5 HDI and POP 
tetrols. Key: 1, HDI and LHT240, ν is 33; 2, HDI and LHT112, ν is 61; 3 MDI and 
LHT240, ν is 30; 4, HDI and OPPE-NH1, ν is 29; 5, HDI and OPPE-NH2, ν is 33. 
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One system studied by the authors(3) used LG56 t r i o l which 
had been characterised by molar-mass as well as end-group deter
minations. The data for the samples used are given in Table I I I , 
indicating a true number-average functionality ( f n ) of between 
2.95 and 2.99. The t r i o l was reacted with HDI in bulk (see 
Figure 1) and at various dilutions in benzene, and values of Nr 
and a c determined. To estimate functionality from a c, equations 
Table III. Characterisation of LG56 t r i o l samples(3) 

EW* Mn/g mol-1 fn 
bampie (/g(molOH)-l) (Mn/g mol-1) (= Mn/EW) 

1 1007 3016 2.99 
2 1011 2985 2.95 

*Equivalent Weight. 
(3 - 5) may be recast to give 

Λ = 1 + (f-2) Pab.<Hl,3/2) 
a c WTjî ( f - l ) i ' c e x t 

(8) 
linear with according to which a plot çf α| versus c e x t " l should 1j>eli 

intercept equal to ( f - l ) ~ 2 , or more s t r i c t l y ( f w - l ) " 2 . 
Figure 7 shows the gelation data obtained(3) plotted according to 
equation (8) with c e x t = ( c a o + % 0 ) . The dashed line shows a 
linear plot that could be made, consistent with the data, which 
leads t o f w = 2.90. This value i s inconsistent with the known 
functionality of the t r i o l , according to which the range of 
possible values of f w w i l l l i e above 2.95 - 2.99. The solid 
curve i s drawn consistent with the known functionality and shows 
that the data have less scatter than might be expected on the 
basis of the dashed line. The curved plot i n Figure 7, i s in fact 
just an alternative manifestation of the curved A a D versus 
( c a o + C b o ) " 1 plot for this system. Note also, that the length 
of extrapolation from the point at the lowest dilution cannot be 
reduced as this dilution corresponds to the bulk reaction mixture. 

Gel Point and Network Properties 
The preceding sections have shown that pre-gel intramolecular 

reaction always occurs in random polymerisations, and that the 
amount of such reaction dépendes on the dilution (cext~*)> molar 
masses (v), chain structures (b) and functionalities (f) of the 
reactants. Intramolecular reaction leads to loops of f i n i t e 
size in the network material f i n a l l y formed by a reaction 
mixture. Such loops may be e l a s t i c a l l y ineffective and have marked 
effects on the properties of the material. The present section 
investigates the magnitudes of such effects with regard to shear 
modulus and Tg. 
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Gel Point and Shear Modulus. Trifunctional and tetrafunc
tional polyurethane(25,26,28) and trifunctional polyester net
works (32) have been studied. The gelation data for the reaction 
systems forming the polyurethane networks were those discussed 
with reference to Figure 6 and Table II. 

Figure 8 illustrates(29) the close relationship between the 
chain defining the molar mass between junction points of the 
perfect network (M£) and the chain of ν bonds of the preceding 
sections. The il l u s t r a t i o n s i n (b) and (c) are for the RA2 + 
RB4 random polymerisations relevant to systems 4 and 5 of Figure 
6 and Table II. Apart from possible, small end-group effects M£ 
i s in general the molar mass of the chain of ν bonds. 

The networks studied were prepared from reactions carried 
out at different i n i t i a l dilutions  Aliquots of reaction mixtures 
were transferred to moulds
temperature under anhydrou
ceed to complete reaction(32). Sol fractions were removed and 
shear moduli were determined in the dry and equilibrium-swo11en 
states at known temperatures using uniaxial compression or a 
torsion pendulum at 1Hz. The procedures used have been described 
in detail elsewhere(26,32). The shear moduli(G) obtained were 
interpreted according to Gaussian theory(33,34,35) to give values 
of Mc, the effective molar mass between junction points, consis
tent with the affine behaviour expected at the small strains 
used (34,35). 

Results for thepolyurethane systems of Figure 6 and Table II 
are shown in Figure 9, where Μ0/Μ£ i s plotted versus Pr,c, the 
extent of intramolecular reaction at gelation(29). Here 

Pr,c = 4 - ( f - l ) i . (9) 
p r c = 0 corresponds to the ideal (Flory-Stockmayer) gel point, 
anâ Mc/M£ = 1 to the perfect network. In a l l cases in Figure 9, 
Mc/Mc > 1 and tends to 1 as p r ? c -> O. Thus, only in the limit of 
a perfect gelling system i s a perfect network achieved. The 
pre-gel intramolecular reaction, which causes a c to exceed l / ( f - l ) 
i n value, also produces e l a s t i c a l l y ineffective loops which have 
marked effects on the moduli of the dry networks. The different 
slopes of the pairs of lines for similar systems, namely, 1 and 
2, and 4 and' 5, show that larger proportions of the loops formed 
pre-gel are e l a s t i c a l l y ineffective, the lower i s the value of 
Mc(or v) for the reactants. That i s , system 1 shows higher values 
of MC/M£ than system 2 for a given value of pr,c and system 4 
shows higher values than system 5. The same relative behaviour 
has also been found for POP triol-based polyester networks(32). 

The broken curves i n Figure 9 are the expected values of 
Mc/Mc for trifunctional and tetrafunctional networks, assuming 
that a l l the ring structures formed are of the smallest size 
(v bonds), and that only the ring structures formed pre-gel give 
e l a s t i c a l l y ineffective loops(29,32). They show that intramolecular 
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C H C H . «. O H H O , , 
- C - C Η - ί Ο - C H - C H 4 0 - C - N - ( C H - ) N - C - 0 ( - C H - C H - 0 ) z C H - C -
S 2 2 η 2 6 2 η 2 χ 

(b) 

C H Ο Η 
11 J. C H - ( O - C H - C H - L O - C - N - ( C H - ) N=C=0 

/ 2 2 ή 2 6 ; 
CI . 

C H - ( O - C H - C H - ) ÔH 
2 2 J fi 

C H 

( c ) 

Figure 8. Part of a tetrafunctional network formed from an RA2 and RBk polym
erization corresponding to Mc°, the molar mass between junction points of the 
perfect network (a). Detail of the chain structure defining Mc° for HDI reacting 
with an ΟΡΡΕ, η is the number-average degree of polymerization of each arm with 
respect to oxypropylene units, (b). Part of the chain structure defining v, the number 
of bonds in the chain forming the smallest ring structure (C), for the reaction system 
in (b) (29). Reproduced, with permission, from Ref. 21. Copyright 1980, Stein-

kopf. 
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Figure 9. Molar mass between elastically effective junction points (Mc) relative to 
that for the perfect network (Mc°) versus extent of intramolecular reaction at gela

tin (PriC) for polyurethane networks (29). 
Reaction systems defined in Figure 6. Key: , experimental points for systems 1, 2, 
4 and 5; , calculated curves for trifunctional networks; - . - ., tetrafunctional net
works. Assume that network defects are introduced by pre-gel intramolecular reaction 

leading to only the smallest loops (those of ν bonds). 
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reaction should have a more marked effect on the modulus of t r i 
functional compared with tetrafunctional networks. Such relative 
behaviour i s shown by systems 1 and 2 compared with 4 and 5. 
However, the results for these systems do not follow the calculated 
curves, indicating that more complicated ring structures, which 
remove relatively more junction points, are contributing to the 
e l a s t i c a l l y ineffective loops. However, the results for system 3 
do follow the appropriate calculated curve. The simplest inter
pretation would be that the s t i f f e r MDI/POP chain in this system 
yields a different distribution of sizes of ring structures, i n 
which rings are predominantly of the smallest size and that a l l 
network defects are produced by pre-gel intramolecular reaction. 
This interpretation i s obviously over-simplified as there i s no 
reason a p r i o r i why the distribution of ring sizes should be 
different for system 3
must be introduced post-gel
higher relative moduli) for system 3 could result in part from 
the s t i f f e r , aromatic chains giving stronger inter-chain inter
actions. 

Gel Point and Tg. The variation of Tg with a c was investi
gated Q8>2629) for dry networks formed from system 3 of Figure 
9 at different i n i t i a l dilutions of reaction mixtures. Measure
ments were carried out at 1Hz using a torsion pendulum(26). The 
results were shown in Figure 10. The two limiting values of Tg 
for this system correspond to networks with Mc = 0 0 and Mc = Μ£. 
Thus, the horizontal broken line gives the minimum Tg, that of a 
linear MDI/POP polymer having a repeat unit of molar mass equal 
to Mc, and the maximum value of Tg at a c = O.5 was obtained by 
extrapolation of (1/MC, Tg) data to 1/Μ£. 

The variation of Tg with a c (or Mc) i s a reflection of the 
influence of junction-point density on the freedom of segmental 
motion. The maximum range of Tg values shown, 301 to 312K, 
possibly reflects the maximum influence for these MDI/POP t r i o l 
systems. 

Gel Point and Properties of Networks from Bulk React ionSvs-
temsThe results in Figure 9 show clearly that the modulus of 
(dry) networks formed at complete reaction depend strongly on the 
amount of pre-gel intramolecular reaction that has occurred. 
Even reactions i n bulk, as indicated by the points at the lowest 
values of pr,c for the various systems, yield networks with moduli 
less than those predicted for the perfect networks for given 
reactants. 

As i s clear from the earlier discussions of pre-gel intra
molecular reaction, such reaction in principle always occurs in 
random polymerisations, although i t s amount may be reduced by 
using reactants of higher molar mass, lower functionalities, and 
s t i f f e r chain structures. Thus, the use of end-linking reactions 
to produce model networks (for example(35) and references quoted 
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therein) does not in general lead to perfect networks. However, 
the results in Figure 9, in particular, show that the use of 
given reactants at various i n i t i a l dilutions, linked with the 
determination of gel points and moduli, can give a measure of the 
network imperfections introduced by pre-gel intramolecular 
reaction. 

The moduli and Tgfs of the networks formed from the bulk 
reactions of the five systems of Figure 9 are shown in Table 
IV(29). The f i r s t five columns define the systems, the next two 
give the experimental values of G(at 298K) and Tg, and the last 
three give the values of pr,c, Mc, and G/G°. The last quantity 
i s the reduction i n rubbery shear modulus on the basis of that 
expected for the perfect network(G°). G/G° i s in fact equal to 
Mc/Mc. 

The network from
a glass at room temperature and also having a rubbery shea  modu
lus near the value expected on the basis of G°. Possible reasons 
for this high value of G/G° follow those discussed previously 
with reference to Mc/Mc and Figure 9. The more flexible chains 
of the aliphatic systems give lower values of Tg, resulting i n 
elastomers at room temperature. 

In general, the factor by which G i s reduced depends on Mc, 
f, chain stiffness, and the i n i t i a l concentrations of reactive 
groups obtainable in bulk, i n a manner which s t i l l needs to be 
resolved in detail. However, for bulk reaction mixtures, the 
moduli of networks with relatively flexible chain structures can 
be reduced by a factor of five below those expected for network 
formation in the absence of pre-gel intramolecular reaction. 

Deviations from Gaussian Behaviour. It was generally found 
that the networks studied in compression(25,28,32) had small but 
significant deviations from Gaussian stress-strain behaviour. 
These have been discussed in detail for the polyester systems(32), 
where i t was found that the deviations decreased as Mc increased, 
and for values of Mc greater than about 10 g mol"1 the devi
ations became negligible. They depend principally on Mc and not 
on whether a network was measured in the dry or swollen state. 
Thus, for the short chains between junction points i n the present 
networks, the deviations were taken as reflecting the departures 
of the density distribution of end-to-end vectors from Gaussian 
form. 
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The deviations from Gaussian stress-strain behaviour intro
duce uncertainties into the values of Mc/M£ discussed previously 
in this paper. However, such uncertainties have been shown to be 
of secondary importance compared with the ranges of Mc/Mc values 
found for networks from different reaction systems(25,32). 

The observed deviations from Gaussian stress-strain behaviour 
in compression were in the same sense as those predicted by the 
Mooney-Rivlin equation, with modulus increasing as deformation 
ratio(Λ) decreases. The Mooney-Rivlin equation i s usually applied 
to tensile data but can also be applied compression data(33). 
According to the Mooney-Rivlin equation 

σ/(Λ-Λ"2) = 2 C X + 2C2/A, (10) 
where σ i s the stress
area and Οχ and C2 are constants, with Οχ associated with the 
shear modulus. 

Figure 11 shows plots according to equation(10) of stress-
strain data for triol-based polyester networks formed from the 
same reactants at three i n i t i a l dilutions (0% solvent(bulk), 30% 
solvent and 65% solvent). Only the network from the most dilute 
reactions system has a s t r i c t l y Gaussian stress-strain plot 
(C2 = 0), and the deviations from Gaussian behaviour shown by the 
other networks are not of the Mooney-Rivlin type. As indicated 
previously, they are more sensibly interpreted in terms of depar
tures of the distribution of end-to-end vectors from Gaussian 
form. 

The deviations from Gaussian stress-strain behaviour for the 
tetrafunctional polyurethane networks of Figure 9 are qualitat
ively similar to these found for the trifunctional polyester net
works (25), and the error bars on the data points for systems 4 and 
5 i n Figure 9 indicate the resulting uncertainties in Mc/Mc. It 
i s clear that such uncetainties do not mask the increases in 
Mc/Mc with amount of pre-gel intramolecular reaction. 

Conclusions 

The factors which influence pre-gel intramolecular reaction 
in random polymerisations are shown to influence strongly the 
moduli of the networks formed at complete reaction. For the 
polyurethane and polyester networks studied, the moduli are 
always lower than those expected for no pre-gel intramolecular 
reaction, indicating the importance of such reaction in determin
ing the number of e l a s t i c a l l y ineffective loops in the networks. 
In the limit of the ideal gel point, perfect networks are pre
dicted to be formed. Perfect networks are not realised with bulk 
reaction systems. At a given extent of pre-gel intramolecular 
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Figure 11. Mooney-Rivlin plot of stress-strain data (32) for three triol-based 
polyester networks prepared from sebacoyl chloride and LHT240 at various initial 
dilutions in diglyme as solvent. Conditions: Ρ100 is 0% solvent; PI30 is 30% 

solvent; Ρ165 is 65 % solvent. 
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reaction (pr,c)> the reductions in moduli below those expected 
for the perfect networks are larger for trifunctional as compared 
with tetrafunctional networks of similar chain structures, for 
more flexible chains, and for reactants of lower molar mass. 

Interesting deviations from Gaussian stress-strain behaviour 
in compression have been observed which related to the Mc of the 
networks formed, rather than their degrees of swelling during 
compression measurements. 

The reactants used to form the networks studied are generally 
of lower molar mass than those used by other workers to form 
perfect networks (e.g. (35)). However, the present results do 
indicate that very l i t t l e pre-gel intramolecular reaction can have 
a marked effect on modulus. For example, for Pr,c = O.05, or 
= O.58, with a trifunctional polyurethane-forming system of Mc 
= 635g mol-1, the modulu
that calculated on th
of the perfect network. As a result, i t i s recommended that the 
effective absence of pre-gel intramolecular reaction in end-
linking reactions to form 'perfect 1 networks be confirmed by 
experiment rather than be assumed. 

The use of the same reactants at different i n i t i a l dilutions 
to give dry networks of different moduli not only helps to define 
a scale of network imperfections but also enables the range of 
materials which can be prepared from given reactants to be use
f u l l y extended. 

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



400 ELASTOMERS A N D RUBBER ELASTICITY 

Literature Cited 
1. Stanford, J.L.; Stepto, R.F.T. J.Chem.Soc.Faraday Trans.I 1975, 

71, 1292. 
2. Stepto, R.F.T; Waywell, D.R. Makromol.Chem. 1972, 152, 247; 

263. 
3. Stanford, J.L.; Stepto, R.F.T. Br.Polymer J. 1977, 9, 124. 
4. Ahmad, Z. Ph.D. Thesis, University of Manchester, England, 1978. 
5. Stepto, R.F.T. "Developments in Polymerisation-III'; Haward, 

R.N., Ed.; Applied Science Publishers Ltd.: London, in press; 
Chap. 3. 

6. Stepto, R.F.T. Faraday Disc.Chem.Soc. 1974, 57, 69. 
7. Stanford, J.L.; Stepto, R.F.T. J.Chem.Soc.Faraday Trans. I 

1975, 71, 1292; Stanford
J.Chem.Soc. Farada

8. Kurata, M.; Iwama, M.; Kamada, K. "Polymer Handbook"; 
Brandrup, J.; Immergut, E.H., Eds., Interscience Publishers: 
London, 1966; sect. IV-1. 

9. Flory, P.J. "Statistical Mechanics of Chain Molecules"; 
Intersciences Publishers: London, 1969; p.40. 

10. Flory, P.J., "Principles of Polymer Chemistry"; Cornell 
University Press: Ithaca, New York, 1953; Chap. IX. 

11. Gordon, M.; Temple, W.B. Makromol.Chem. 1972, 152, 277. 
12. Gordon, M.; Temple, W.B. Makromol.Chem. 1972, 160, 263. 
13. Temple, W.B. Makromol.Chem. 1972, 160, 277. 
14. Stanford, J.L., Ph.D. Thesis, University of Manchester, 

England, 1972. 
15. Cawse, J.L.; Stanford, J.L.; Stepto, R.F.T. Proc. 26th IUPAC 

Int.Symp. on Macromolecules, Mainz 1979, p.693. 
16. Askitopoulos, V.; M.Sc. Thesis, University of Manchester, 

England, 1981. 
17. Lloyd, A.C., M.Sc. Diss., University of Manchester, England, 

1981. 
18. Stepto, R.F.T. Polymer 1979, 20, 1324. 
19. Frisch, H.L. 128th Meeting Amer.Chem.Soc., Polymer Div., 

Minneapolis, 1955. 
20. Kilb, R.W. J.Physic.Chem. 1958, 62, 969. 
21. Ahmad, Z.; Stepto, R.F.T. Colloid and Polymer Sci. 1980, 258 

663. 
22. Smith, R.S.; Stepto, R.F.T. Makromol.Chem. 1974, 175, 2365. 
23. Hopkins, W.; Peters, R.H.; Stepto, R.F.T. Polymer 1974, 15, 

315. 
24. Hunt, N.G.K.; Stepto, R.F.T.; Still, R.H. Proc. 24th IUPAC 

Int.Symp. on Macromolecules, Dublin 1977, p.723. 
25. Hunt, N.G.K.; Stepto, R.F.T.; Still, R.H. Proc. 26th IUPAC 

Int.Symp. on Macromolecules, Mainz, 1979, p.697. 
26. Cawse, J.L. Ph.D. Thesis, University of Manchester, England, 

1979. 
27. Yoji Hirasawa; Stepto, R.F.T.; Still, R.H. Proc. 28th IUPAC 

Int.Symp. on Macromolecules, Strasbourg, 1981, p.117. 

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



20 . STANFORD A N D STEPTO Formation of Polymer Networks 4 0 1 

28. Rose, S.V.; Stanford, J.L. unpublished work. 
29. Stanford, J.L.; Stepto, R.F.T.; Still, R.H. in press; 

Presented in part at Div.Organic Coatings and Plastics Chem., 
181st ACS National Meeting, Atlanta, 1981, p.164. 

30. Fogiel, A.W. Macromolecules 1969, 2, 581. 
31. Guise, G.B.; Zoch, C.G. J.Macromo1.Sci.-Chem. 1976, A10, 1161; 

J.Polymer Sci. 1976, Symp. No. 55, 61. 
32. Fasina, A.B.; Stepto, R.F.T. Makromol.Chem. 1981, 182, 2479. 
33. Dusek, K.; Prins, W. Adv.Polymer Sci. 1969, 6, 1. 
34. Flory, P.J. Polymer 1979, 20, 1317. 
35. Mark, J.E. Pure and Appl.Chem. 1981, 53, 1495. 

RECEIVED February 2, 1982. 

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



21 
Structure and Elasticity of Loose Step 
Polyaddition Networks 

KAREL DUŠEK and MICHAL ILAVSKÝ 
Czechoslovak Academy of Sciences, Institute of Macromolecular Chemistry, 
162 06 Prague 6, Czechoslovakia 

For imperfec
urethane networks (Mc=103-105), the front factor, A, 
in the rubber elasticity theories was always higher 
than the phantom value which may be due to a contri
bution by trapped entanglements. The crosslinking 
density of the networks was controlled by excess am
ine or hydroxyl groups, respectively, or by addition 
of monoepoxide. The reduced equilibrium moduli (equ
al to the concentration of elastically active network 
chains) of epoxy networks were the same in dry and 
swollen states and fitted equally well the theory 
with chemical contribution and A~1 or the phantom 
network value of A and a trapped entanglement con
tribution due to the similar shape of both contri
butions. For polyurethane networks from polyoxypro-
pylene t r i o l (M=2700), A~2 if only the chemical 
contribution was considered which could be explained 
by a trapped entanglement contribution. 

Experimental examination of predictions of the new rubber 
elasticity theory (1,2) continues to be of great interest. However, 
numerous conflicting data as to the feasibility of reaching the 
phantom state behaviour and possible contribution coming from 
permanent (equilibrium) interactions between elastically active 
network chains (EANC)-usually called trapped entanglements-have 
accumulated in the literature (2-15). Experimental difficulties in 
reaching true equilibrium stress-strain isotherms may be a source 
of discrepancies, but the disagreement does not disappear even if 
there is no doubt about reaching the equilibrium state. A poor 
description of the network structure in terms of the concentration 
of EANC's, v>e, may be, however, very serious. Perfect (and there
fore, well-defined) networks, in which v e is given by the concen
tration of precursor elastomer chains, are sometimes preferred, 
but i t is practically impossible to obtain a perfect structure 
due to (a) difficulty in reaching f u l l conversion of functional 

0097-6156/82/0193-0403$06.00/0 
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groups and (b) wastage of some bonds in closing e l a s t i c a l l y i n 
active cycles (EIC) which always competes with the formation of 
EANC's. Possible small errors in the determination of the con
centration of functional groups or molar ratios in alternating 
type polyreactions may further contribute to a poor description 
of the network structure. Although the resulting degree of imper
fection may be small (e.g., a few percent in conversion or bonds 
wasted in EIC) (16-19), a loss in v e in endlinked networks amount
ing to 20-40% would not be surprising. A statement like that the 
sol fraction was below 1%, which should have indicated the per-
fectness of the structure, does not mean much, because an increase 
in the gel fraction from 99 to 100% usually means an increase in 
Ve by a factor of 1.3-1.4. It follows that "perfect" networks 
do not have any perfect structure and  if the existing degree of 
imperfectness i s neglected
any more. 

Well defined but imperfect networks widely differing in , 
that are chemically inert and are prepared using non-stoichio-
metric alternating step polyaddition systems, offer another object 
of study of relations between equilibrium e l a s t i c i t y and concen
tration of EANC-s. Instead of using precursor chains of varying 
length, the length and concentration of EANC's i s varied by an 
excess of functional groups of one kind. In this way, dangling 
chains are produced and the network chains are branched with many 
side chains attached to them in contrast to the majority of smooth 
unbranched chains in "perfect" networks. 

In this contribution, we report equilibrium modulus and sol 
fraction measurements on diepoxide+monoepoxide-diamine networks 
and polyoxypropylene triol-diisocyanate networks and a comparison 
with calculated values. A practically zero (epoxides) or low 
(polyurethanes) Mooney-Rivlin constant C« and a low and accounted 
for wastage of bonds in el a s t i c a l l y inactive cycles are the 
advantages of the systems. Plots of reduced modulus against the 
gel fraction have been used, because they have been found to mini
mize the effect of EIC, incompleteness of the reaction, or possible 
errors in analytical characteristics (16-20). A f u l l account of 
the work on epoxy and polyurethane networks including the s t a t i s 
t i c a l derivation of various structural parameters w i l l be publish
ed separately elsewhere. 

Experimental 
Epoxide networks were prepared from diglycidyl ether of 

4,4--dihydroxydiphenyl-2,2-propane (98.2% by gas chromatography), 
phenyl glycidyl ether (99.3%) and recrystallized 4,4~-diaminodi-
phenylmethane. The crosslinking density was controlled by the 
i n i t i a l molar ratio 2[NH21/ [epox] = r A = 2.3-1.0 and by the 
fraction of epoxy groups in the monoepoxide, s. The reaction time 
was 16 h at 65 *C and 5 h at 130*C. The residual concentration of 

— 1 

epoxy groups was determined by IR spectrometry at 915 cm . 
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Equilibrium stress-strain dependences were determined in extension 
using a stress relaxation arrangement described earlier (21). Dry 
non-extracted Samples were measured at 150"C in nitrogen atmosphe
re and extracted samples swollen in dimethyIformamide were meas
ured at 25 *C. The equilibrium value of stress (>e was reached 
within 2-4 min except of a few dry samples with the lowest Ve, for 
which the equilibrium stress was determined using an extrapolation 
procedure described earlier (21). 

Polyurethane networks were prepared from polyoxypropylene 
(POP) triols(Union Carbide Niax Polyols) after removal of water 
by azeotropic d i s t i l l a t i o n with benzene. For Niax LHT 240, the 
number-average molecular weight determined by VPO was 710 and the 
number-average functionality f n , calculated from and the con
tent of OH groups, determined by using excess phenyl isocyanate 
and t i t r a t i o n of unreacte
was 2.78; the content o
Niax LG-56, =2630, fn=2.78, and the content of H20 was O.02wt.-%. 
The t r i o l s were reacted with recrystallized 4,4--diphenylmethane 
diisocyanate in the presence of O.002 wt.-% dibutyltin dilaurate 
under exclusion of moisture at 80*C for 7 days. The molar ratio 
r0H = [OH]/ [NC0] varied between 1.0 and 1.8. For dry samples, the 
stress-strain dependences were measured at 60*C in nitrogen atmo
sphere. The relaxation was sufficiently fast and no extrapolation 
to i n f i n i t e time was necessary. 

Calculation of structural parameters 
The required structural parameters of the networks - the sol 

fraction, wg, the concentration of EANC's in the gel, V e g, the 
number-average functionality of ela s t i c a l l y active crosslinks (21), 
f e , and the trapping factor (22,23) , Te, were calculated using 
the theory of branching processes based on a tree-like model. For 
epoxide networks, the substitution effect in the amine groups of 
the diamine was taken into account. The calculation procedure was 
described in ref. 20. For polyurethanes, the procedure derived for 
a random ring-free diol-triol-diisocyanate reaction (17) can be 
used in the calculation of w„ and S> ; the calculation of f. and 

ο. eg " t T e g follows from an analogy with epoxy networks. We do not give 
explicit relations for the network parameters here, but only 
summarize the principles on which the calculation i s based. 

The key parameter for the postgel stage is the extinction 
probability. It i s the probability that a bond issuing from a 
given building unit has only a f i n i t e continuation, i.e. that the 
respective subtree is f i n i t e . The other possi b i l i t y for the issu
ing bond i s that i t has a continuation to i n f i n i t y (to the surface 
of the sample). The sol fraction i s composed of building units 
issuing bonds with f i n i t e continuation only. The number of EANC-s 
is derived from the number of el a s t i c a l l y active crosslinks; an 
ela s t i c a l l y active crosslink i s a junction issuing at least three 
bonds with i n f i n i t e continuation. Each junction issuing j bonds 
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with i n f i n i t e continuation (j>3) contributes j/2 to the number of 
EANC's. The value of f e is the mean number of bonds with i n f i n i t e 
contribution averaged over e l a s t i c a l l y active crosslinks. The 
Langley's type trapping factor (23,24) is derived from the pro
bability of a contact between two monomer units located in EANC's. 
The EANC's are composed of units issuing just two bonds with i n 
f i n i t e continuation. Units issuing more or less such bonds cannot 
be part of an EANC, because they would themselves be e l a s t i c a l l y 
active crosslinks or part of a dangling chain. The trapping factor 
thus increases as the square of the fraction of units in EANC's. 

Of interest are the c r i t i c a l exponents m in the proportion
a l i t y between network parameters X = wg, Ve, v e g , Te, T e g, f e 

(the subscript g indicates that the respective quantity i s related 
only to the gel) and the distance from the gel point measured as 
a difference between th
conversion Χ«(ξ - £ c ) m fo
model, the following values of the c r i t i c a l exponents have been 
found: 

eg eg 

In the foregoing considerations, formation of e l a s t i c a l l y 
inactive cycles and their effect have not been considered. For 
epoxy networks, the formation of EIC was very low due to the 
stiffness of units and could not been detected experimentally: 
the gel point conversion did not depend on dilution in the range 
0-60% solvent; therefore, the wastage of bonds in EIC was neglect
ed. For polyurethanes, the extent of cyclization was determined 
from the dependence on dilution of the c r i t i c a l molar ratio 
[OH] /[NCO] necessary for gelation (25) and this value was used 
for the s t a t i s t i c a l calculation of the fraction of EIC and i t s 
effect on V e g as described in (16). The calculation has shown 
that the fraction of bonds wasted in EIC was 2-2.5% and 1.5-2% for 
network from LHT-240 and LG-56 t r i o l s , respectively. 

Results and Discussion 
According to the rubber e l a s t i c i t y theory ( J , 2 ) , the equi

librium shear modulus, Ge, is proportional to the concentration 
of EANC's and an additional contribution due to trapped entangle
ments may also be considered: 

G = G + G (1) e ec ee 
where for dry non-extracted networks 

G = ART y = ART V w , G = RTeT = RTeT w (2) ec e eg g ee e eg g 

and for extracted swollen networks 

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



21. D U S E K A N D I L A V S K Y Elasticity of Loose Step Polyaddition Networks 407 

G = ARTV v ! / 3 w 2 / 3 . G = R T e . - v l / 3
W

 2 / 3 T (3) ec eg 2 g * ee 2 g eg 
Here, R is the gas constant, Τ is temperature in Κ, ν and υ are 
concentrations of EANC's in the unit volume of the non-extracfed 
sample and gel, respectively, and T ç g are the corresponding 
values of the trapping factor, and v 2 i s the volume fraction of 
the polymer; £ and £* are proportionality constants. 

According to the theory (1,2), for phantom imperfect (cf. a l 
so (17)) network the front factor A assumes the value 

A - (f - 2) /f (4) 
pn e e 

for chemically tetrafunctional crosslink f e increases from 3 to 4 
and for trifunctional crosslink
version. 

The phantom network behaviour corresponding to volumeless 
chains which can freely interpenetrate one through the other and 
thus to unrestricted fluctuations of crosslinks should be approach
ed in swollen systems or at high strains (proportionality to the 
Mooney-Rivlin constant C ) . For suppressed fluctuations of cross
links, which then are displaced affinely with the strain, A for 
the small-strain modulus (equal to Cj+C2) approaches unity. This 
situation should be characteristic of bulk systems. The constraints 
arising from interchain interactions important at low strains 
should be reflected in an increase of Aabove the phantom value 
and no extra G e e contribution to the modulus i s necessary. The 
upper limit of the predicted equilibrium modulus corresponds 
therefore, A = 1. 

The G e e contribution of the form given Eq.(2) represents the 
simplest form of permanent interchain interactions. The value of 
G e e at Teg=1 and wg=1, i.e. the G e e contribution of a perfect net
work, has been assumed equal to the plateau modulus of the corres
ponding linear polymer (10,15,23). This assumption has not always 
been confirmed and, therefore, for the purpose of this work we 
prefer to consider ζ of £ - as proportionality constants. 

The analyses of experimental data with respect to the value 
of A and G e e contribution are usually carried out by rearranging 
Eqs. (1) and (2) into the form 

G /T = ART(V /T ) + RT£ (5) e e e e 
The plot Ge/Te vs. e/T e yields then A from the slope and 
from the intercept (Langley-Greassley plot). The applicability of 
this plot w i l l be commented on below and i t w i l l be shown that 
this plot is not very suitable for endlinked networks with *J 
varying as a function of the conversion or molar ratio of com
ponents. The similarity between the shapes of Ve and T e and the 
resulting relative constancy of /Te is the reason. The other 
disadvantage of analysis of experimental data using Eq.(1) or (5) 
based on the difference between the values Ge and Ve is the sen-
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s i t i v i t y of v e and T e to composition, conversion, formation of 
e l a s t i c a l l y inactive cycles, etc. This sensitivity i s greatly re
duced if one replots the data as Ge or e against wg (16-20). For 
different i n i t i a l compositions (cf. e.g. (20)), the log v s* 
log wg plots are close and run in p a r a l l e l , so that a small ver
t i c a l superposition can yield a single generalized curve. Although 
this treatment does not allow the determination of A and S in one 
step, in contrast to the Langley-Greassley plot, i t i s much safer 
due to a considerable reduction of the effect of structural un
certainty. 

Epoxide Networks. The sol fraction (Figure 1) f i t s well the 
calculated dependence for the f i n a l conversion of epoxide groups 
determined by IR spectrometry  which may serve as evidence of the 
applicability of the tree-lik
fraction, the experimenta  point
et i c a l curve; d i f f i c u l t y involved in a f u l l extraction of a rela
tively high-molecular-weight and branched material may be the 
reason. The calculated dependences of log v e g vs. low wg obtained 
by varying the molar ratio r or conversion run very close to each 
other and are parallel. They have been superimposed by a small 
vertical s h i f t . This shift has been applied to the reduced moduli 
Gd=G /wg and G<j=Ge/v2/3

w2/3 respectively, according to Eqs. (2) 
and (3) for dry and swollen networks in order to get the super
imposed moduli G| in Figure 2. 

The results of stress-strain measurements can be summarized 
as follows: (1) the reduced stress ô/ÎA- Λ ~ ) (Λ i s the extension 
ratio) i s practically independent of strain so that the Mooney-
Ri v l i n constant C 2 i s practically zero for dry as well as swollen 
samples (C2/C1=0±O.05); (2) the values of G| are practically the 
same whether obtained on dry or swollen samples; (3) assuming 
that Gee=0, the data are compatible with the chemical contribution 
and A»1; (4) the difference between the phantom network dependence 
with the value of A given by Eq.(4) and the experimental moduli 
f i t s well the theoretical dependence of G e e in Eq.(2) or (3). The 
proportionality constant £ in G for series of networks with 

fe was practically the same -
(8.2, 6.3, 8.8, and 8.5)x10" mol/cm3 with the average value 
7.95x10" mol/cm3. Results (1) and (2) suggest that phantom 
network behavior has been reached, but the result(3) is contrary 
to that. Either the constraints do survive also in the swollen 
and stressed states, or we have to consider an extra contribution 
due to the incrossability of "phantom" chains. The latter expla
nation i s somewhat supported by the constancy of € in Eq.(2) for 
a series of samples of different composition. 

Folyurethane Networks. Again, for T Q I the sol fraction 
f i t s well the theoretical curves, if the measured values of the 
average functionality f n of the polyoxypropylene (POP) t r i o l , the 
f i n a l conversion of isocyanate groups, and the formation °f 
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Figure 1. Theoretical dependence of sol fraction w8 vs. molar ratio rA is 2[NH2]/ 
[epox] for epoxyamine networks containing varying fraction of epoxy groups in 

monoepoxide s. Final conversion of epoxy groups in mol percent indicated. 
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Figure 2. Theoretical curves for superimposed reduced moduli G//RT(mol/ 
cm 3) of epoxy-amine networks versus the gel fraction wg. Fraction of epoxy groups 
in monoepoxide is O, 0; Q O.2; Δ , O.33; V , O.5. Key: O, • , Δ , V, dry net

works; Φ, | , A , Y , swollen networks; value of front factor A indicated. 
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e l a s t i c a l l y inactive cycles are taken into account (the data are 
shown in Fig.3). The results on e l a s t i c i t y measurements can be 
summarized as follows: (1) There exists a weak Mooney-Rivlin de
pendence characterized by the ratios C2/C.=O.1-O.1 for networks 
from the smaller t r i o l LHT 240 and O.1-O.3±O.1 for LG 56; (2), 
If the trapped entanglement contribution i s not considered, the 
value A for the networks from the smaller t r i o l decreases with 
decreasing Ve from 1 to about O.5 (phantom network value of A i s 
1/3) (Figure 4a); such a decrease in A with decreasing crosslink-
ing density has already been observed for polyurethane networks 
(17);(3) Networks from the larger t r i o l , however, exhibit a much 
larger modulus than would correspond to A=1, approximately by a 
factor of 2 (Figure 4b); (4) The trapping factor T e g and V e g have 
again a similar shape.
difference between the
moduli can be well described by the trapped entanglement contri
bution, but for the network from LHT-240 the f i t i s not so good 
and a change in the A value is probable. The result (3) means that 
the value of the equilibrium modulus considerably exceeds the 
upper limit of the theory (i.e. A=1 corresponding to constraints 
forcing the crosslink to move affinely with the macroscopic 
strain), if a contribution from permanent interchain inter
actions (trapped entanglements) is not allowed. 

Applicability of the Langley-Gfaessley Plot. According to 
Eq. (5), the plot of Ge/Te vs. V e / T e extrapolated to V e/T =0 gives 
£ as the intercept. It is sometimes assumed that ve/Te—* 0, if 
\)e-*0, i.e. if the system approaches the gel point. However, a 
closer examination of " e/T e shows that this ratio diverges if 
Ve-?0 and this divergence occurs because, as has been shown above, 
v ç<(£- j ? c ) 3 and Te«* 0- - c ) 4 . In other words, in the close 
v i c i n i t y of the gel point v e i s contributed by e l a s t i c a l l y active 
crosslinks, which issue three i n f i n i t e paths (fe=3) irrespective 
of the chemical functionality, whereas T e i s contributed by pairs 
of units issuing two i n f i n i t e paths each, that i s four i n f i n i t e 
paths must issue from one point for an entanglement to be effec
tive. Does the fact that one can never approach the situation when 
Ve/Te-*0 and in contrary, lim (v e/T e) =co for e->0 invalid the 
use of the Langley-Graessley plot? 

We w i l l examine two ways for controlling Ve characteristic of 
step polyaddition networks: (1) by changing the reaction conver
sion or, in alternating types of reaction, by taking excess of 
functional groups of one type, and (2) in stoichiometric systems, 
by varying the molecular weight of the components (e.g. of the 
precursor chains). Figure 5 shows the calculated dependence of 
V e / T e on the sol fraction for the diepoxide+monoepoxide-diamine 
networks. The curves representing either a conversion dependence 
for the i n i t i a l composition given by r and s, or a dependence on 
the excess of amino groups r H a t fixed s and conversion close to 
100%, show that " e/T e cannot f a l l below a limiting value - some 
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Figure 3. Sol fraction ws vs. the molar ratio r0H = [OH]/[NCO] for poly me
thane networks from polyoxypropylene triols. Key: , theoretical curve for 
indicated conversion of NCO groups in mole percent, taking into account formation 
of elastically inactive cycles (cf. (16)); , theoretical curve for full conversion 

of NCO groups without formation of EIC; a, LHT-240; b, LG-56. 
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Figure 4. Theoretical curves for reduced moduli Gd/RT (mol/cm3) of polyure-
thane networks from polyoxypropylene triols versus the gel fraction wg. Value of 

A indicated. Networks from LHT-240. Continued. 
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Figure 4. Continued. Theoretical curves for reduced moduli Gd/RT (mol/cm3) 
of polyurethane networks from polyoxypropylene triols versus the gel fraction wg. 

Value of A indicated. Networks from LG-56. 
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dependences even pass through a minimum. In general, the variation 
of Ve/Te in the significant range of wg~O-O.6 is small; both the 
slope and intercept of the Langley-Greasley plot would be greatly 
affected if less accurate data at high sol fractions were taken 
into account. Therefore, the Langley-Greassley plot i s not suitab
le for networks with crosslinking density controlled by the degree 
of network imperfectness. 

A somewhat different situation arises for "perfect 1 1 networks, 
in which the crosslinking density is controlled mainly by the 
molecular weight of the elastomeric component and not by the 
network imperfectness. The situation i s schematically shown in 
Figure 6: While the i n i t i a l concentration of functional groups 
in the system,CQ, f a l l s approximately linearly with the inverse 
of molecular weight of
residual concentration
remain in the system after long but f i n i t e reaction times. Laws 
of chemical kinetics predict c to be independent of M at least 
for high M. For the network build-up, the reaction conversion 
ξ = 1 - cr/cQ is decisive and this quantity f a l l s sharply if C Q 
approaches c r. Therefore, a "perfect" network becomes very imper
fect at high Mdue to incompleteness of the reaction. This fact is 
the reason for the sharp upturn of Ve/Te as a function of 1/M 
shown in the right part of Figure 6. The value of Ve/Tg does not 
approach zero either, but there exists a relatively broad range of 
•Ve/Te values which can make the extrapolation of the Langley-
Greassley plot reliable. 

Conclusions 
The sol fraction follows well the predictions of the tree

l i k e model and so does the shape of the dependence of the equlib-
rium modulus on the gel fraction irrespective of the value of the 
front factor A and magnitude of the trapped entanglement con
tribution. The equilibrium e l a s t i c i t y measurements show s i g n i f i 
cant departures from the predictions of the rubber e l a s t i c i t y 
theory which assumes that the only effect of interchain inter
actions constraints is reflected in the fluctuation freedom of 
crosslinks. For epoxy networks, the departures can be seen in the 
fact that A does not change with swelling and strain although i t 
is much higher than the phantom value. An additional contribution 
due to permanent interchain interactions caused by incrossability 
of chains (trapped entanglement contribution) seems l i k e l y and 
the observed differences can be described adequately by the 
approximation offered by Langley (23). The most convincing 
argument in favor of such a contribution was obtained by analyzing 
the data on polyurethane networks from the larger t r i o l : the front 
factor A would exceed the theoretical upper limit (A=1) by a fac
tor of two, if an extra (trapped entanglement) contribution were 
not taken into account. Such "excess" equilibrium moduli have 
already been observed and have (7,8,10,11,12,14,15,24) or have not 
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Figure 5. Calculated dependence of the ratio ve/Te (mol/cm3) on sol fraction w8 

for the epoxy-amine networks. Varying conversions for s = 0 and rA for 1, 2, and 
3 are 2.3, 1.9, and 1.5, respectively. 4 and 5 are 100% conversion and varying 

r, for s = 0 and O.5, respectively. 

Figure 6. Sketch of expected variation of the initial (c0) and residual (cr) concen
tration of functional groups, reaction conversion $, and the ratio ve/Te in end-linked 
networks as a function of molecular weight of elastomer component M. For dis

cussion see text. 
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(26,27) been explained by the trapped entanglement contribution. 
However, identification of the proportionality constant ε with 
the plateau modulus of the corresponding linear chains may be too 
far reaching at least for step polyaddition and imperfect networks. 
The a b i l i t y of network chains to become involved in trapped en
tanglements depends not only on the structure of the backbone but 
also on the number bulkiness of the side branches. The results 
given here indeed show that, at the same length of EANC-s, the 
non-chemical contribution is the lower the more dangling chains 
the network chain bears. 
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Elastic Modulus, Network Structure, and Ultimate 
Tensile Properties of Single-Phase Polyurethane 
Elastomers 

THOR L. SMITH 

IBM Research Laboratory, Sa

The equilibrium shear modulus of two similar polyurethane 
elastomers is shown to depend on both the concentration of 
elastically active chains, vc, and topological interactions 
between such chains (trapped entanglements). The elastomers 
were carefully prepared in different ways from the same 
amounts of toluene-2,4-diisocyanate, a poly(propylene oxide) 
(PPO) triol, a dihydroxy-terminated PPO, and a monohydroxy 
PPO in small amount. Provided the network junctions do not 
fluctuate significantly, the modulus of both elastomers can be 
expressed as vc(1 + ve/vc)RT, the average value of ve/vc 

being 0.61. The quantity ve equals TeGe

max/RT, where 
TeGe

max is the contribution of the topological interactions to 
the modulus. Both vc and Te were calculated from the sol 
fraction and the initial formulation. Discussed briefly is the 
dependence of the ultimate tensile properties on extension rate. 

Studies have been made of the elastic (time-independent) properties of 
single-phase polyurethane elastomers, including those prepared from a 
diisocyanate, a triol, and a diol, such as dihydroxy-terminated poly(propylene 
oxide) 0,2), and also from dihydroxy-terminated polymers and a 
triisocyanate (3,4,5). In this paper, equilibrium stress-strain data for three 
polyurethane elastomers, carefully prepared and studied some years ago (6), 
are presented along with their shear moduli. For two of these elastomers, 
primarily, consideration is given to the contributions to the modulus of 
elastically active chains and topological interactions between such chains. 
Toward this end, the concentration of active chains, vc, is calculated from the 
sol fraction and the initial formulation which consisted of a diisocyanate, a 
triol, a dihydroxy-terminated polyether, and a small amount of monohydroxy 
polyether. As all active junctions are afunctional, their concentration always 

0097-6156/82/0193-0419$06.00/0 
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equals (2/3)vc and depends on the extend of the curing reaction and on the 
amount of the monohydroxy polyether. 

Data are also presented that show the dependence of the tensile 
strength and ultimate elongation on extension rate and temperature. In the 
discussion, emphasis is placed on the behavior when the stress is sensibly in 
equilibrium with the strain prior to fracture. 

Materials and Experimental Methods 

Hydroxy-Terminated Poly(propylene oxide) (PPO). This material was 
nonacidified PPG-2025 (ONE grade) supplied by Union Carbide Chemicals 
Company, hereafter designated PPG. Although this material is largely 
dihydroxy-terminated PPO
bonds. (The concentratio
molecular weight of the PPG (7,8).) The double bonds are terminal groups, 
both allyl ether and cis-propenyl (9), and hence those molecules containing 
such groups are monohydroxy, or monofunctional when reacted with a 
diisocyanate. 

After prolonged degassing of a large batch of PPG, analyses showed 
that its hydroxyl, unsaturation, and water contents were O.97 meq/g, 
O.033 meq/g, and O.0035%, respectively. The hydroxyl content was 
determined by an acetylation method, carried out with acetic anhydride (10). 
The amounts of unsaturation and water were determined by the mecuric 
acetate and Karl Fischer methods (10), respectively. The obtained analytical 
results indicate that the number-average molecular weight of the dihydroxy 
material is 2062, provided its molecular weight is arbitrarily assumed to be 
twice that of the monohydroxy material, and that the mole fraction of the 
monohydroxy poly(propylene oxide) is O.066. This value corresponds to a 
number-average functionality of 1.93 for the PPG. 

Triols. One triol used was the propylene oxide adduct of 
1,2,6-hexanetriol, designated LHT-240 and supplied by Union Carbide 
Chemicals Company. After degassing, its hydroxyl, unsaturation, and water 
contents were 4.31 meq/g, <O.01 meq/g, and O.004%, respectively. Thus, 
the material was essentially afunctional, and its number average molecular 
weight was 696. If the unsaturation was exactly O.01 meq/g, then the 
number-average functionality was 2.99. 

The other triol used was triisopropanolamine (TIPA). 

Elastomers Prepared. The three elastomers discussed herein were 
prepared from PPG, toluene-2,4-diisocyanate (TDI), and either LHT-240 or 
TIPA. Elastomers prepared by a one-step procedure are designated 
LHT-240 and TIPA, indicative of the triol used. A third elastomer, 
designated Tri-NCO, was prepared by first reacting LHT-240 with all of the 
required TDI for two hours at 50°C to obtain a triisocyanate (or essentially 
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so) and thereafter adding the PPG. The concentration of triol in the 
elastomers was 1.00 χ 10"4 mole/g, except possibly for that prepared with 
TIPA. This uncertainty results because an analysis of the used master batch 
of PPG and TIPA indicated its hydroxyl content to be 4% greater than 
expected from the recorded weights of the two components. Thus, the 
conclusions presented herein are based primarily on the properties of the 
elastomers prepared with LHT-240. 

The elastomers crosslinked with LHT-240, including the Tri-NCO 
formulation, contained O.03% dibutyltin dilaurate as a curing catalyst and 
were cured in closed molds (see below) for 8 hours at 100°C. Preliminary 
experiments showed that such a formulation after cure for either 4 or 8 hours 
at 100°C swelled the same amount in benzene and contained the same 
amount of extractable material
TIPA contained O.02% ferri
24 hours at 60°C. This formulation after cure for either 24 or 48 hours was 
found to swell the same amount in benzene. 

Initially, a number of elastomers were prepared in which the 
isocyanate-to-hydroxyl (NCO/OH) molar ratio was varied from somewhat 
less to somewhat greater than one. The degree of swelling in benzene and 
the sol fraction were found to be minima when the N C O / O H ratio for the 
LHT-240 and TIPA elastomers was 1.02 and 1.00, respectively. (For the 
TIPA elastomer, the ratio was 1.00 only if the questionable hydroxyl content, 
mentioned above, is correct.) The existence of minima indicate that 
crosslinking by excess isocyanate through allophanate formation, or other 
side reactions, did not occur to a significant extent. In preparing the 
elastomers for detailed study, the N C O / O H ratios given above were used. 

Preparative Procedures. Special precautions were taken to exclude 
moisture during the mixing, casting, and cure of the elastomers. For two of 
the elastomers, about 400 mL of an analyzed degassed master batch of PPG 
and triol was added to a 1-liter resin flask, which had been dried and sparged 
with dry high-purity nitrogen, equipped with a vacuum-tight mechanical 
stirrer. The mixture was degassed, and then the required amount of freshly 
distilled TDI was metered accurately into the mixture without exposure to air. 
After degassing again, the catalyst was added. This mixture was next cast, 
again without exposure to air, into two carefully dried Teflon-coated molds 
placed in a large vacuum chamber. The molds were circular and closed 
except for a funnel at the top which was filled with the curing formulation. 
After cure under the conditions already mentioned, cured sheets 12 inches in 
diameter and about O.085-inch thick were obtained. 

In preparing elastomers by the two-step procedure, the entire quantities 
of LHT-240 and TDI were mixed in the resin flask under high-purity 
nitrogen for 2 hours at 50°C. Even without catalyst, this period was 
sufficient to obtain complete reaction, or essentially so, because of the 
relatively high reactivity of the para isocyanate group in the TDI. The 
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mixture was cooled to room temperature, then the PPG was added and stirred 
for 15 minutes, and finally the catalyst was added. This mixture was vacuum 
cast in the manner mentioned above. 

Stress-Strain Data. Tensile tests were made with an Instron tester at 
some seven crosshead speeds from O.02 to 20 inches per minute at five or six 
temperatures from 30° to —46°C. The tests were made on rings cut with a 
special rotary cutter from the circular sheets of the elastomers. The 
dimensions of each ring were determined from the weights of the ring and the 
disc from its center, the thickness of the ring, accurately measured, and the 
density of the rubber. Typically, the outside and inside diameters were 1.45 
and 1.25 inches, respectively, and the thickness was about O.085 inch. The 
test procedure used is describe
in ref. 12, was used to comput
crosshead displacement. 

Swelling and Sol Fraction. A small weighed specimen O.085-inch thick 
was placed in benzene for four days. Thereafter, the swollen specimen was 
weighed, then dried in a vacuum oven, and finally weighed again. From the 
weights of the swollen and dried specimen and the densities of benzene and 
the unswollen specimen, the volume fraction of polymer in the swollen 
specimen, v 2 , was calculated. (The densities of the elastomers prepared from 
LHT-240 and TIPA were 1.045 and 1.053 g/cm3, respectively.) The sol 
fraction was calculated from the initial weight of the specimen and its "dry11 

weight after swelling. Values of v 2 and the percent sol are included in 
Table I. 

Separate experiments showed that four days were sufficient to establish 
swelling equilibrium. Unfortunately, the sol possibly was not completely 
extracted because a swollen specimen was not placed in fresh benzene 
periodically and especially because four days may not have been sufficient for 
all of the sol to diffuse out of the relatively thick specimen. 

To obtain accurate values of the sol, thin specimens (1 mm) in one 
study (13) were kept in the solvent for six weeks; in another study (H), thin 
specimens were extracted for more than 18 days in Soxhlet extractors. 
When the present experimental data were obtained (6), there was little 
interest in knowing the sol fraction accurately. However, as discussed 
subsequently, to compute the extent of the curing reactions and the 
concentration of elastically active network chains, the sol fraction must be 
known accurately. 

Experimental Results 

Stress-Strain Data. Figure 1 shows the tensile data obtained on the 
LHT-240 elastomer at 30°C and at seven crosshead speeds from O.02 to 20 
inches per minute. The nominal or engineering stress σ is plotted against 
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time on doubly logarithmic coordinates. The time equals (λ— 1 ) / λ where λ 
is the extension ratio and λ ( = dA/dt) is the extension rate. The lines, 
which have zero slope, connect values of the stress at strains from 7.5 to 
200%. The scatter of points about each Une is small and undoubtedly results 
because the test at each extension rate was made on a different specimen. 
At all extension rates except the highest, which corresponds to a crosshead 
speed of 20 inches per minute and gave the left-terminal point on each line, 
the specimen broke at a value of (λ - 1) less than 2.0, i.e., 200%. The 
data on the other two elastomers at 30°C gave plots similar to those in 
Figure 1. 

Values of stress and strain obtained from Figure 1 and from similar 
plots of data obtained on the other elastomers yield the plots of λσ 
vs. (λ - 1) in Figure 2, wher
cross-sectional area of the
1.0 (100% elongation) give straight lines whose slopes equal the equilibrium 
tensile moduli, E; values of E/3 are given in Table I. 

In Figure 3, σ / (λ—λ" ) is plotted against l / λ to obtain the constants 
2Cj and 2 C 2 in the Mooney-Rivlin equation. The intercepts at l / λ = 0 
and the slopes of the Unes give the values of 2Cj and 2C 2 , respectively, 
listed in Table I. If these plots actually represent data accurately as λ 
approaches unity, then 2(C| + C 2 ) would equal the shear modulus G which 
in turn equals E/3 where Ε is the Young's (tensile) modulus. An inspection 
of the data in Table I shows that 2(Cj + C 2 ) / (E/3) is somewhat greater 
than one. This observation is in accord with the estabUshed fact that Unes 
like those in Figure 3 overestimate the stress at small deformations, e.g., see 
ref. 15. 

Table I. Properties of Elastomers 

Designation / NCO \ ( a ) 

V OH / 
v<b> % Sol ( c ) 2CX 

MPa 
2 C 2 

MPa 
E/3 
MPa 

LHT-240 1.02 O.178 4.1 O.217 O.151 O.340 
Tri-NCO 1.02 O.182 2.8 O.212 O.196 O.367 
TIPA 1.00 O.160 2.6 O.292 O.174 O.430 

(Calculated from the quantities of ingredients and the determined hydroxyl 
concentrations. 

(Volume fraction of network in specimen swollen with benzene at ambient 
temperature. 

(Minimum values. 
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Figure 1. Stress-time data from stress-strain curves measured in simple tension 
at 30°C on the LHT-240 polyurethane elastomer at seven extension rates, Κ from 
9.4 χ 10'3 to 9.4 min1. Key: Ο , . , stress as a function of time; (λ — at the 

indicated values of strain, (λ — 1). 

Strain, λ - 1 

Figure 2. True stress plotted against strain. Data represent equilibrium behavior 
from Fig. 1 and similar plots of data on the other two polyurethane elastomers. 

Quantity A introduced for clarity. 
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Figure 3. Data from Figure 2 shown on plot of σ/(λ — Κ2) versus Ι/λ, prepared 
to evaluate 2Ct and 2C2. Key to symbols given in Figure 2. 
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Evidence for Equilibrium. The lines in Figure 1, as well as those from 
data obtained on the other two elastomers, have a zero slope over three 
decades of time, an indication that the data represent elastic 
(time-independent) properties. Furthermore, the moduli of the elastomers at 
5°C, evaluated as illustrated by Figures 1 and 2 and based on the dimensions 
of the specimens at 5°C, are less than those at 30°C. The ratio E 3 0 / E 5 is 
1.06 for the LHT-240 and Tri-NCO elastomers and 1.08 for the TIPA 
elastomer. These values are only slightly less than 303/278 ( • 1.09) which 
is essentially the theoretical value for the ratio of elastic moduli at 30° and 
5°C. Actually, the data at 5°C showed a slight amount of relaxation during 
three decades of times. But relaxation was complete at 30°C, as indicated by 
the above remarks. 

Glass Temperature. Th
polyurethane elastomers, similar to those discussed herein, were found (1) to 
increase linearly with the concentration of urethane moieties, CU]. For the 
present elastomers prepared using LHT-240 and TIPA, [U] should be 1.10 
and 1.15 moles/kg, respectively. Their glass temperatures should be about 
—57°C, indicated by the previous data. 

Discussion of Results 

Background. Consider that pairwise interactions between active 
network chains (L3), commonly termed trapped entanglements, do not 
significantly affect the stress in a specimen deformed in simple tension or 
compression. Then, according to recent theory (16,17), the shear modulus 
for a network in which all junctions are trifunctional is given by an equation 
which can be written in the form (13): 

G c = (l-2h/3)*>cRT = [ σ / ( λ - λ " 2 ) ] lim (1) 
λ - 1 

where vc is the moles of elastically active chains per unit volume, RT is the 
usual product of the gas constant and the absolute temperature, and h is a 
parameter whose value is between zero and one. (When a junction is 
trifunctional, the three emanating chains must be active, otherwise the 
trifunctional moiety does not function as a network junction.) 

When the network junctions are entirely immobilized by the 
surrounding chains, h equals zero. Then the junctions in a deformed 
specimen are displaced in proportion to the macroscopic strain, i.e., the 
deformation is affine. Alternatively, h equals unity when junction 
fluctuations are not impeded, the defining characteristic of a phantom 
network (16, 17). The parameter h was introduced (13) to allow empirically 
for different degrees of fluctuations. For undiluted networks at small 
deformations, h should usually be small, though not necessarily zero. 
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Data obtained by various investigators (13,14,|8,19) indicate that 
trapped entanglements commonly contribute to the modulus. To represent 
the modulus, an equation has been used which, if all junctions are 
trifunctional, becomes: 

G = (l-2h/3)p c RT + T e G e

m a x (2) 

where Gj? a x is the maximum possible contribution of entanglements to the 
modulus and T e is the fraction that actually contribute. Now, unless T e G{? a x 

is essentially zero, h presumably can not be unity because if network chains 
are unable to suppress the fluctuations of junctions at all, then it seems 
unreasonable to expect that pairwise interactions between chains can 
contribute to the modulus. 

Data have also been
references cited therein) wh
contribute to the modulus. 

Preliminary Considerations. Table II gives the mole/kg of the 
components used in preparing the LHT-240 and Tri-NCO elastomers. The 
values are based on the assumption that the concentrations of hydroxyl and 
double-bond groups in the PPG are in fact those obtained from the analyses 
already discussed and that the N C O / O H ratio is 1.00 instead of 1.02, listed 
in Table I. In reality, this ratio may have been essentially unity because, as 
mentioned already, the degree of swelling in benzene and the sol fraction 
were found to be minima when the nominal ratio was 1.02. The results 
obtained from the calculations discussed subsequently, and summarized in 
Table ΠΙ, do not differ significantly from those obtained if the N C O / O H 
ratio is equated to 1.02. 

Table II. Components in LHT-240 and Tri-NCO Elastomers 

Component mole/kg wt., g 
* ** 

w i 

LHT-240 
HO(PPO)OH 
HO(PPO) 
TDI 

o.ioo5 

O.3904 

O.0276 

O.5550 

69.9 
805.0 
28.5 
96.6 

O.2716 

O.7035 

O.0249 

O.0699 
O.8050 
O.0285 
O.0966 

*aj = fjAj/SfjAi where Aj is the moles of the i t h hydroxy-terminated 
component and f| is its functionality. 
W| is the weight fraction of the i t h component in the entire formulation. 
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Let us now assume momentarily that the elastomers are perfect, in the 
sense that all functional groups (originally present in equivalent amounts) 
have reacted in such a manner that no sol exists. Under such idealized 
conditions, each molecule of monohydroxy PPO will in effect produce one 
inactive junction. (Strictly speaking, i molecules of monohydroxy PPO can 
produce somewhat more than i inactive junctions.) Thus, the concentration 
of junctions in the network becomes about O.073 mole/kg instead of 
O.100 mole/kg (Table II). As each junction gives 3/2 chains, the modulus, 
after equating h to zero in eq 1, is given by 

G = p(7.3 χ 10"5)(3/2)RT = O.288 MPa (3) 

where the density ρ is 1.045 g/cm 3 and Τ equals 303 K  This value is 
substantially less than O.340
Tri-NCO elastomers (Tabl  I) ,  simplifie
that entanglements contribute to the modulus. 

Though unrealistic, the above calculations rest largely on the accuracy 
of the chemical analyses which show that the mole fraction of monohydroxy 
PPO in the PPG is O.066. This value, which corresponds to a 
number-average functionality of 1.93, is similar to those found in previous 
studies of elastomers prepared from PPG, TDI, and other ingredients. The 
reported analytical data on separate batches of PPG-2025 used in two studies 
(1,23) give functionalities of 1.95 and 1.94. Furthermore, Sung and Mark 
(4), who recently studied elastomers prepared from several PPG's and a 
triisocyanate, report that the functionality of their PPG samples was "2.0 to 
within approximately ±4%", and thus the functionality could be as low as 
1.92, though probably only for the two samples of highest molecular weight 
(8). The functionality of the samples was estimated from the determined 
hydroxyl content and the molecular weight obtained with a vapor pressure 
osmometer, probably a method of limited accuracy. 

For present purposes, the exact value of the functionality need not be 
known because the concentration of active junctions depends strongly on the 
sol fraction. 

Calculations. The presence of sol in a network indicates that the curing 
reaction was not complete or the ingredients were not present in 
stoichiometric amounts, either of which give elastically inactive chains, i.e., 
chains attached to the gel at one end only. (Also, the monohydroxy PPO in 
the present formulations will always give sol.) 

Let P x i be the probability that a chain originating in a afunctional 
moiety terminates in the gel. For a afunctional moiety to be an active 
junction, all three emanating chains must terminate in the gel, the probability 
of which is P3j. Thus, the concentration of active junctions is [triol] P 3j and 
the concentration of active chains is (3/2)[triol]P3|, where [triol] denotes 
the mole/cm3 of trifunctional moieties in the network. 
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According to the equations derived by Miller and Macosko (24), 
outlined in the Appendix, the probability that a short segment selected at 
random in the network is part of an elastically active chain is (Ρχΐ/ρ) 2 where 
ρ is the final extent of the curing reaction. If an entanglement results from 
pairwise interactions between chains, as proposed ( Π ) , then T e in eq 2 can 
be equated to (P x i /p) 4 , which is the probability that two interacting chains 
are active. 

In studies of networks of polybutadiene ( ,18) and an ethylene-propylene 
copolymer C13), h was found to be essentially zero, though for various 
poly(dimethylsiloxane) (PDMS) networks, h has been found (19) to be 
greater than zero. Nevertheless, without further justification, h will here be 
equated to zero. Equation 2 now becomes 

G . (3/2)[triol]RT

which is equivalent to 

G - (*c + ve)KT (5) 

where vc is a quantity, not precisely definable physically, that equals 
T e G ™ a x / R T . Stated otherwise, pairwise interactions between active chains 
increase the modulus by an amount that is equivalent to ve moles of chains 
per unit volume. 

Equation A l in the Appendix shows that P is a function of p, and 
thereby the sol fraction (eq A2) depends solely on ρ and certain mole and 
weight fractions given by the a's and w's (Table II). From the determined 
minima values of the sol fraction (Table I), ρ and P x i for the LHT-240 and 
the Tri-NCO elastomers were first evaluated by an iterative process, and then 
G£* a x , ? c, and vQ were obtained from eqs 4 and 5. These quantities are 
given in Table III. Those for the TIPA elastomer are not included because 
its composition is somewhat questionable, as mentioned earlier. However, if 
its initial ingredients were in fact 1.00 χ 10"4 mole/g of TIPA, PPG, and a 
stiochiometric amount of TDI, the calculated values of G{?ax, 10 4 P c , and 
10 4 P E are O.350 MPa, O.966, and O.741, respectively. 

Table ΙΠ. Calculated Quantities 

Elastomer Ρ w s 
r<< max 

MPa 
ioV 3 mole/cm 

IOV 
3 

mole/cm 

LHT-240 
TRI-NCO 

O.9859 
O.9907 

O.8023 
O.8389 

O.041 
O.028 

O.308 
O.258 

O.814 
O.930 

O.536 
O.527 
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Comments on Calculated Data. In several studies (13,18,19), G™*x 

has been found to equal, or possibly be somewhat less than, the plateau 
modulus, G 0 , of a high molecular weight polymer whose chemical 
composition is the same as that of the network chains. Although G° for 
amorphous PPO has not been reported, it can be estimated from Z c , the 
number of chain atoms per molecule above which the viscosity increases 
approximately with the 3.4 power of Z. This quantity has been reported 
(25,26) to be about 400. As the chain atoms between entanglements is 
commonly about Z c / 2 , it follows that the molecular weight between 
entanglement loci is about 3900, and thus G§f C (p/M e)RT3 is about 
O.65 MPa at 30°C. 

This estimated value of Ggj is twofold or more larger than the 
computed values of G a x i
fractions (Table I) are actuall
mentioned earlier, and if h is greater than zero. For PDMS elastomers 
containing trifunctional junctions, h has been reported (19) to be O.95. 

Other evidence suggests that the obtained values of G°* a x may be 
approximately correct. Allen et al. (2) studied polyurethane elastomers 
prepared from 4,4,-diphenylmethane diisocyanate (MDI) and a series of 
mixtures of PPG and a PPO triol, the equivalent weight per hydroxyl group 
in each material being about 1000. Their plot of the shear modulus against 
the weight percent of triol in the polyol mixture extrapolates to O.20 MPa at 
zero triol concentration which corresponds to linear chains formed from PPG 
and MDI. Though O.20 MPa might at first sight be equated to G% this 
value is not likely to be correct for several reasons, including the fact that the 
extrapolation procedure underestimates G° (14). When a similar procedure 
was applied to data on PDMS networks containing trifunctional junctions 
(19), the modulus obtained by extrapolation was about 30% less than G ° . 
Thus, if O.20 MPa is arbitrarily increased by 30%, it becomes similar to the 
values obtained for G|? a x . 

For networks prepared from MDI and a PPO triol whose molecular 
weight and functionality were 2630 and 2.89, respectively, Dusek and Ilavsky 
(27) found the moduli to be about twofold greater than those calculated from 
the sol fraction when h and T e G j ? a x in eq 2 are equated to zero. Thus, 
vc/(vc + ve) is about O.50 whereas the data in Table III give O.62, 
approximately. 

Though somewhat invalid, the calculation given under Preliminary 
Considerations illustrates the sensitive of the modulus to the precise 
functionality of the PPG. However, if the mole fraction of monohydroxy 
PPO in the PPG is considered, for illustration, to be O.040 instead of O.066, 
the calculated values of G*? a x, 10 4 P c , and 104i>e for the LHT-240 elastomer 
are O.318 MPa, O.789, and O.551, respectively. These values differ only 
slightly from those in Table ΠΙ. Such results because, both ρ and P must 
become smaller with a decrease in the amount of monohydroxy PPO so that 
the calculated sol fraction will agree with that observed. 
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It is of interest to note that the concentration of active chains is highly 
sensitive to the extent of reaction. Such results because, as a first 
approximation, three inactive chains result from each isocyanate group that 
remains unreacted in the gel. Two molecules of monohydroxy PPO are 
required, again as a first approximation, to produce three inactive chains. 

Ultimate Tensile Properties 

The strength and extensibility of a noncrystallizable elastomer depend 
on its viscoelastic properties (28,29), even when the stress remains in 
equilibrium with the strain until macroscopic fracture occurs. In theory, such 
elastomers have a time- or rate-independent strength and ultimate elongation, 
but such threshold quantitie
rough estimates have been

Figure 4 shows stress-strain curves measured at an extension rate of 
94% per minute on the TIPA elastomer at 30°, - 3 0 ° , and - 4 0 ° C . With a 
decrease in temperature from 30° to - 4 0 ° C , the ultimate elongation 
increases from 170% to 600%. The modulus E c r ( l ) , evaluated from a 
one-minute stress-strain isochrone, obtained from plots like shown in 
Figure 1, increases from 1.29 MPa at 30°C to only 1.95 MPa at - 4 0 ° C . 
This small increase in the modulus and the large increase in the engineering 
stress and elongation at fracture results from viscoelastic processes. 

Although the curve measured at 30°C represents equilibrium behavior, 
as discussed under Evidence for Equilibrium, the fracture point moves along 
the curve with a change in the extension rate, as illustrated in Figure 5. In 
this figure, the true stress-at-break is plotted against the strain-at-break for 
the three polyurethane elastomers. The lower curve, which represents data 
on the LHT-240 elastomer, shows that the elongation-at-break increases 
from 100% to 230% and the true stress-at-break increases six-fold with a 
1000-fold increase in the extension rate. In moving from the top to the 
bottom of this curve, the time-to-break increases 400-fold. 

Data obtained on the TIPA elastomer at various extension rates at six 
temperatures are shown in Figure 6 where the temperature-reduced true 
stress-at-break is plotted against the strain-at-break on doubly logarithmic 
coordinates. The fact that a single curve results suggests that an equivalence 
exists between an increase in extension rate and a decrease in temperature. 
Either of these changes effects an increase in the rate of energy dissipation. 
Energy dissipation clearly impedes the growth of a microcrack to a critical 
size at which catastrophic crack-propagation occurs (28,29). The tearing 
energy also increases by several orders of magnitude with an increase in the 
rate of energy dissipation (30). 

When the tearing (fracture) energy is measured under conditions at 
which energy is not dissipated in viscous processes, its value is termed the 
threshold tearing energy, T Q (30,31,32). If T 0 for the TIPA elastomer is the 
same as that for a hydrocarbon elastomer whose 2Cj equals that for the 
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V - - 4 0 ° C 

2 3 4 
Strain, λ - 1 

Figure 4. Stress-strain curves for the TIPA polyurethane elastomer measured at 
the indicated temperatures at an extension rate of O.94 min'1. Arrows indicate 

fracture. 
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Figure 5. True stress-at-break plotted on doubly logarithmic coordinates against 
the strain-at-break. Conditions: 30°C.; extension rates from 9.4 χ 10~3 to 9.4 

min'1. Quantity A introduced for clarity. 
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Figure 6. Temperature reduced true stress-at-break plotted on doubly logarithmic 
coordinates against the strain-at-break. Ultimate elongation increases from 80 to 

600% while decreasing in temperature and increasing in extension rate. 
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TIPA elastomer, then T 0 for the latter equals 80.7 J /m 2 , obtained from 2Cj 
in Table I and the equations in ref. 32. A crude estimate can now be made 
of the minimum (threshold) values of X b a b and (X b - 1) by assuming they 
are given by (28,30) 

b * b )o - ( E T 0 / i r c ) 1 / 2 (6) 

and 

( λ „ - 1 ) 0 = (λ„σ„) /Ε (7) 

where Ε is again the equilibrium modulus and c is the size of an inherent 
flaw, which typically is 50 μπι or thereabouts (30,33). (The quantity c is 
considered to be the lengt
to that from the inheren
(X b a b ) 0 and (X b - 1)Q for the TIPA elastomer are about O.81 MPa and 
O.63, respectively. Figures 5 and 6 show that the smallest observed values 
(1.09 MPa and O.86) are substantially larger than the estimated threshold 
quantities. 

Summary and Conclusions 

The results presented clearly show that topological interactions (trapped 
entanglements) contribute significantly to the (initial) shear modulus. 
Calculations based on the initial formulation and sol fractions show that the 
concentrations of elastically active chains, vc, in two similar polyurethane 
elastomers correspond to moduli (?CRT) of O.205 and O.234 MPa, provided 
the fluctuations of junctions in the networks are suppressed completely. The 
observed moduli, G, are approximately 61% larger, the values being O.340 
and O.367 MPa. For each elastomer, the difference (G - vcKT) is equated 
to TeG3X

9 the contribution from topological interactions. Calculations of 
T e , the probability that two interacting chains are both active, show that the 
average values of G£* a x and T e are O.28 MPa and O.48. If fluctuations of 
the junctions are not suppressed completely, a likely possibility, then Gj? a x 

becomes larger. Whether Gj? a x is larger, in fact, cannot be determined 
because sufficient data are not available. 

The conclusions reached are valid qualitatively if the amount of 
monohydroxy PPO is less than that obtained from the chemical analyses of 
the PPG. In fact, if no monohydroxy PPO were present, then the calculated 
values of i>cRT and G™ a x for the LHT-240 elastomer become O.13 MPa and 
O.48 MPa, respectively. Such results because, to obtain the observed sol 
fraction (O.041), the extent of reaction must be O.9728 instead of O.9859 
(Table III). Similarly, if the true values of the sol fraction are somewhat 
larger than those found, calculations then show that ?CRT is less and Gj? is 
larger than those reported in Table ΙΠ. 
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The finding that vc is O.814 χ 10"4 mole/cm3 for the LHT-240 
elastomer indicates that M c / p a c = 1.23 χ 104 where M c is here the molecular 
weight of the linear portion of the active chains and p a c is the concentration 
(g/cm3) of such chains. The concentration of the linear portion of the active 
chains is clearly less than the density of the elastomer because both sol and 
inactive chains are present. 

The obtained values of ?CRT differ from 2C1 by only 10% or less, 
whereas other investigators (]3,lj8,34) have found that topological 
interactions contribute significantly to 2Cj. To account for this different 
finding, additional data on polyurethane elastomers would be required. 

Data are presented which illustrate that the tensile strength and 
elongation-at-break depend significantly on the extension rate even when the 
stress remains in equilibriu
estimate was made of th
stress-at-break and the elongation-at-break for the TIPA elastomer. The 
estimated quantities are about 26% less than those found at an extension 
rate of about O.01 m i n - 1 at 30°C. 
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Appendix 

Miller and Macosko (24) have derived equations that enable ρ and 
in eq 4 to be calculated from the sol fraction. In the derivation, they 
assumed that all functional groups of a given type are equally reactive, that 
the groups react independent of one another, and that no small loops form. 
Although certain systems having groups of unequal reactivities have been 
considered (35), the effect of unequal reactivities gradually disappears as the 
reaction approaches completion, as shown by the treatment. Thus, unequal 
reactivities need not be considered here, even though the meta and para 
isocyanate groups in TDI have substantially different reactivities and some 
primary hydroxyl groups exist in LHT-240 and PPG, though the hydroxyls 
are largely secondary. 

In the terminology of Miller and Macosko (24), the present 
formulations can be denoted by A 3 + A 2 + Aj + B 2 where the A's are the 
tri-, di-, and monohydroxy materials and B 2 is TDI. The following equations 
are applicable only when the concentration of hydroxyl and isocyanate 
groups are equal, which is assumed to be true, as discussed in the text. 
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[(2a3 + a 2 ) p 2 - l ] / a 3 p 2 (Al) 

where aj = fjAj/SfjAj in which Aj is the initial moles of component A | (i = 
1,2,3) whose functionality is f| and ρ is the extent of reaction for the cured 
elastomer. 

The probability that a randomly selected chain is elastically active can 
be equated, in the Miller-Macosko terminology, to either 
[1 - P (Ff ) ] [ l - P(F| u t )] or [1 - P ( F u t ) ] [ l - P ( F ) ] . By use of 
eq A l and their eqs 17, 18, and 20, both of these expressions can be shown 
to equal ( P / p ) 2 . Thus, the probability, T e , that two interacting chains are 
active is (P xj/p)- 4 

The sol fraction is give

where Q = (1 - P x i) and the Wj's are the weight fractions of the A s in 
the entire formulation, and similarly w B is the weight fraction of TDI. The 
above expression is eq 39 in ref. 24 except that the factor (1 — Ρχΐ/ρ) is 
there denoted by P(Fg u t ). These quantities can be shown to be equivalent. 
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Chain entangling is found to dominate the elastic 
properties of highly cross-linked 1,2-polybutadiene at 
elastic equilibrium. Cross-linking of the linear polymer 
with 125 kGy of 10 MeV electrons in the strained state 
virtually separates the effects of chain entangling and 
chemical cross-links: GN = 0.75 MPa and Gx = 0.25 MPa for 
the corresponding moduli, independent of type of strain 
during cross-linking. The two-network method and the re
quired assumptions are examined in detail. A new stress
-relaxation two-network method, requiring fewer assump
tions, is also discussed. The latter method shows direct
ly, without the need of a theory, that the equilibrium 
contribution of chain entangling is equal to the non-
equilibrium stress-relaxation modulus prior to cross
-linking in the strained state. The new method also direct
ly confirms six of the eight assumptions required for the 
original two-network method. 
The role of chain entangling in cross-linked elastomers is an 

old issue which has not yet been settled. The success of Flory 1 s 
new rubber elasticity theory (J-5) in describing some of the depar
tures from the simple Gaussian theory has acted as a strong catalyst 
for new work in this area. 

Since the excellent work of Moore and Watson ((3), who cross-
linked natural rubber with t-butylperoxide, most workers have as
sumed that 'physical cross-links 1 contribute to the equilibrium 
elastic properties of cross-linked elastomers. This idea seems to 
be fully confirmed in work by Graessley and co-workers who used 
the Langley method on radiation cross-linked polybutadiene (7.) and 
ethylene-propylene copolymer (60 to study trapped entanglements. 
Two-network results on 1,2-polybutadiene (9.,J0) also indicate that 
the equilibrium elastic contribution from chain entangling at high 
degrees of cross-linking is quantitatively equal to the pseudo-
equilibriian rubber plateau modulus (11) of the uncross-linked poly
mer. 
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Ronca and Allegra (2) and Flory (J»2) assume e x p l i c i t l y in 
their new rubber e l a s t i c i t y theory that trapped entanglements make 
no contribution to the equilibrium elastic modulus. It i s proposed 
that chain entangling merely serves to suppress junction fluc
tuations at small deformations, thereby making the network deform 
affinely at small deformations. This means that the limiting value 
of the front factor i s one for complete suppression of junction 
fluctuations. 

Experimental values of 4 - 6 for the apparent front factor ( 7 ) 
have been reported for networks produced by radiation cross-linking 
of long linear chains. Analyzing the data according to the Langley 
method, Graessley and co-workers (J$8) found very large contribu
tions from trapped entanglements and front factors of one for the 
contribution from chemical cross-links  It seems to be clearly 
demonstrated that chain
such as polybutadiene
propylene copolymer which have high rubber plateau moduli ( 1 1 ) . 

Networks with t r i - and tetra-functional cross-links produced 
b v end-linking of short strands give moduli which are more in 
accord with the new theory if quantitative reaction can be assumed 
G»J3) . However, the data on polydimethylsiloxane networks, may 
equally well be analyzed in terms of modulus contributions from 
chemical cross-links and chain entangling, both, if imperfect reac
tion i s taken into account ( 1 J O . Absence of a modulus contribution 
from chain entangling has therefore not been demonstrated by end-
linked networks. 

The two-network method (Jj5) offers an alternative method for 
studying the effect of chain entangling in cross-linked elastomers. 
It i s the only method which allows a virtual separation of the 
elastic effects of chain entangling and chemical cross-links: An 
uncross-linked elastomer i s strained at a temperature of about 
Tg+8K in order to be in the rubber plateau region. Then the sample 
i s quenched to below T and heavily cross-linked with high energy 
electrons. After heating and release, the sample retracts to a 
stress-free equilibrium state in which the elastic effects of chain 
entangling and chemical cross-links are equal and opposite in direc
tion. It was found by Ferry and coworkers ( 1 6 ) that the modulus 
contribution from chemical cross-links i s much smaller than the 
equilibrium contribution from chain entangling. And furthermore, 
the equilibrium contribution from chain entangling in a highly 
cross-linked network was found to be approximately equal to the 
non-equilibrium rubber plateau modulus ( 9»17 ) . 

In spite of these important results, the two-network method 
has had l i t t l e impact on the discussion of the role of chain 
entangling in cross-linked elastomers. It was therefore decided to 
make a more detailed examination of the method and to try to 
develop a simpler method which would require fewer assumptions. 
The present paper i s a discussion of recently published and unpub
lished work. 

The paper i s divided into three parts. The f i r s t part presents 
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some of the results of the two-network theory which forms the basis 
of the two-network method. The second part describes the two-network 
method and the necessary assumptions. Results for three different 
types of strain are presented. The third part i s a discussion of a 
new stress-relaxation two-network method which requires fewer as
sumptions. It shows directly, without the need of a theory, that 
the equilibrium contribution from chain entangling i s equal to the 
non-equilibrium stress-relaxation modulus immediately prior 
to cross-linking. 
Part 1. Two-Network Theory 

The two-network theory for a composite network of Gaussian 
chains was originally developed by Berry, Scanlan, and Watson (18) 
and then further developed b  Flor  (19)  Th  composit  network i
made by introducing chemica
sequently in a strained state. The Helmholtz elastic free energy 
of a composite network of Gaussian chains with affine motion of 
the junction points i s given by the following expression: 

Δ Α Θ 1 = τα2

χ+λ2

γ+λ2

ζ-3) + 2 R T U 2 + A 2
y ; 2 + A f ; 2 - 3 ) ( 1 ) 

where v<| and are the concentrations of e l a s t i c a l l y active network 
strands, R i s the gas constant, and Τ i s the absolute temperature. 
The extension ratios for the f i r s t network are to be measured 
relative to the isotropic state ( λ χ , λ γ , λ ζ ) and for the second network relative to the strained state during cross-linking (λ χ.2. 
Xy . 2 f λ ζ « 2 ) . Although the composite network strands are physically 
part of £>oth networks, the theory shows that the effects of the 
two networks are conveniently separated, mathematically. A l l e-
la s t i c properties may be calculated from eq. 1. 

After introduction of cross-links in the strained state, the 
composite network retracts, upon release, to a stress-free state-
of-ease ( J9). The amount of retraction i s determined by the degree 
of strain during cross-linking and by the ratio v - j A . The elastic 
properties relative to the state-of-ease are isotropic for a Gaus
sian composite network (18,19»20). 

Flory (j9) has treated the interesting case of subsequent 
removal of the f i r s t stage cross-links without chain scission. 
Even after complete removal, i.e. v-j =0, there i s still a certain 
memory of the structure of the f i r s t network since the composite 
network strands were physically part of both networks. According 
to Flory 1s theory, the resulting network may be treated as if a 
certain fraction, Φ , of the strands of the second network were 
effectively converted into strands of the f i r s t network, v 1 e . 

ν , = Φν 0 (2) 
l e 2 

ν ο = ( ΐ - Φ ) ν 0 (3) 
z e λ 
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Φ i s given in Flory 1 s paper as a function of φ 2 where 
φ £ (4) 
Ψ2 V 1+V 2

 K J 

The result i s important for the discussion in Part 3 . Multiplication 
of the ν-values by RT gives the corresponding moduli. The effective 
modulus of the f i r s t network after removal of f i r s t network cross
l i n k s , G i e , has been calculated for a f i r s t network modulus, G 1 § 

of O.75 MPa. In Figure 1 , G 1 e i s plotted against the modulus of 
the second network before removal of the f i r s t network cross-links, 
G2. It can be seen that the memory effect increases with increasing 
modulus or degree of cross-linking of the second network. G x and 
2,max a r e r e l a t e d t o the experiment to be discussed in Part 3 . 

Part 2 . Two-Network Method
Uncross-linked linear polymers of high molecular weight ex

hibit a pronounced rubber plateau for a certain range of time and 
temperature ( 1 1 ) . In this region, the material behaves similarly 
to a cross-linked elastomer: The shear modulus i s typically of the 
order of 1 MPa, the extensibility i s several hundred percent with 
nearly complete recovery, and the isochronal stress-strain curve 
follows Mooney-Rivlin behavior ( 2 1 ) . These properties are a l l non-
equilibrium properties; given enough time the chains w i l l disentan
gle, the modulus drops towards zero, and the recovery w i l l be 
incomplete. However, the properties described above indicate that 
the highly entangled chains form a temporary network structure 
with rubberlike properties. The question i s whether the introduc
tion of chemical cross-links w i l l trap the entangled structure in 
such a way that i t gives a large modulus contribution at elastic 
equilibrium or whether the effect relaxes to zero. 

It was proposed by J.D. Ferry ( 1 5 , 2 2 ) that the temporary 
network of highly entangled chains could replace the f i r s t network 
of the two-network theory. The experiment i s performed in the 
following manner : An uncross-linked amorphous polymer i s strained 
at about Tg+8K. The central portion of the rubber plateau should 
be reached after a few minutes and the sample i s quenched to a 
temperature well below Tg and irradiated with high energy electrons 
to a high degree of cross-linking. After heating and release, the 
sample retracts to the stress-free state-of-ease, see Figure 2 . 

Expressed in terms of moduli, the Helmholtz elastic free energy 
relation i s given by eq. 5 . 

M e l = ν λχ + λΚ" 3> + G x a x ; 2 + A y ; 2 < 2 - 3 ) «> 
where GN i s the equilibrium modulus of the f i r s t network of entan
gled chains, and Gx i s the equilibrium modulus of the second network 
due to chemical cross-links. From eq. 5 , the stress-strain relations 
for different types of strain can be derived ( J 0 ) . Measurements of 
the stress-strain properties and the three lengths shown in Figure 
2 allow calculation of GN and Gx. 
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Figure 1. Effective first network modulus, Gle, after complete removal of first 
network cross-links plotted against second network modulus, G2. Calculated from 

the composite network theory of Flory (19) for Gt = O.75 MPa. 

TWO-NETWORK METHOD 

Chain entangling : G N 

>*f Crosslinking : + G X 

State-of-ease after release 

Figure 2. The principle of the two-network method for cross-linking in a state of 
simple extension. First network with modulus GN is entirely due to chain entangling. 
Second network with modulus Gx is formed by cross-linking in the strained state. 

Both GN and Gx can be calculated from the two-network theory. 
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The r e s u l t s are shown i n Figure 3 for 1 t 2-polybutadiene cross-
linked i n states of either simple extension, e q u i b i a x i a l extension, 
or pure shear. The samples were allowed to relax for 3 0 s at T g +8K 
before quenching and i r r a d i a t i o n with 10 MeV electrons at Tg -27K. 
I t can be seen that the magnitude of the equilibrium modulus con
t r i b u t i o n from chain entangling i s independent of type of s t r a i n . 
When extrapolated to zero s t r a i n , G/G x = 3 , which means that 
chain entangling contributes about 7 5 % of the t o t a l modulus for 
these samples which are h i g h l y cross-linked ( 1 0 ) . Furthermore, the 
equilibrium modulus contribution of chain entangling i s found to 
be approximately equal to the pseudo-equilibrium plateau modulus, 
Gjf, of a polybutadiene with a s i m i l a r microstructure ( 1 1 ) . Figure 
3 shows that G N decreases and G x increases with increasing s t r a i n 
for simple extension. Th  s t r e s s - s t r a i  propertie f th  composit
networks are c l e a r l y non-Gaussia
b i a x i a l extension and pur ,  propertie
more nearly Gaussian ( 1 0 ) . 

The two-network method has several advantages, e s p e c i a l l y when 
the free energy i s expressed i n terms of moduli as shown i n eq. 5 . 
The following information need not be known: 

1. I n i t i a l molecular weight and molecular weight d i s t r i b u t i o n as 
long as the molecular weight i s very high. 

2 . F u n c t i o n a l i t y of the c r o s s - l i n k s . 
3. Value of the front f a c t o r . 
4. Degree of c r o s s - l i n k i n g . 
5 . The r e l a t i o n s h i p between degree of c r o s s - l i n k i n g and trapping 

of the entangled structure (the trapping i s nearly complete 
i n the present work). 

Please note that the frequently used terms 'entanglements 1 and 
'entanglement trapping 1 (7.»8.,J1) i n the present work are replaced 
by the l e s s s p e c i f i c terms 'chain entangling' and 'trapping of the 
entangled structure'. 

Unfortunately, the method i s based on a f a i r l y large number 
of assumptions. I f we want to r e l a t e G to the pseudo-equilibrium 
rubber plateau modulus, G§, and to the e f f e c t of chain entangling 
i n ordinary networks produced by c r o s s - l i n k i n g i n the unstrained 
s t a t e , the following assumptions are required: 

A 1 . C r y s t a l l i n i t y i s n e g l i g i b l e (23,24,25). 
A2. Cross-links introduced at a c e r t a i n s t r a i n contribute nothing 

to the stress at that p a r t i c u l a r s t r a i n . 
A3. The end-to-end distance of the free strands i s p r a c t i c a l l y 

unchanged by the c r o s s - l i n k i n g process, i . e . , the,extent of 
chemical modification of the polymer chains produced by high 
energy r a d i a t i o n should be small. 

A4. Chain s c i s s i o n i s n e g l i g i b l e . 
A5. Chain disentangling p r i o r to and a f t e r introduction of chemi

ca l c r o s s - l i n k s i n the strained state i s n e g l i g i b l e . 
A6. The f i r s t network i s p r a c t i c a l l y at e l a s t i c equilibrium when 

the second network i s being formed. 
A7. The c r o s s - l i n k i n g process i s f a i r l y random (26). 
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Figure 3. Modulus contributions from chemical cross-links (Gx, filled triangles) 
and from chain entangling (GN, unfilled symbols) plotted against the extension ratio 
during cross-linking, λ0, for 1,2-polybutadiene. Key: O, GN, equibiaxial extension; 
• , GN, pure shear; A, GN, simple extension; GN°, pseudo-equilibrium rubber 
plateau modulus for a polybutadiene with a similar microstructure. See Ref. 10. 
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A8. The Helmholtz elastic free energy relation of the composite 
network contains a separate term for each of the two networks 
as in eq. 5. However, the precise mathematical form of the 
strain dependence i s not c r i t i c a l at small deformations. 

Although a l l the assumptions seem to be reasonably f u l f i l l e d , a 
simpler method, which would require fewer assumptions, would ob
viously be desirable. A simpler method can be used if we just want 
to compare the equilibrium contribution from chain engangling in 
the cross-linked polymer to the stress-relaxation modulus of the 
uncross-linked polymer. The new method is described in Part 3. 

Part 3. Stress-Relaxation Two-Network Method 
The method (27) can best be explained with reference to Figure 

2. After stretching to 1  th  forc  f i d  functio f 
time. The strain i s kept
At a certain time, the sample i s quenched to a temperature well 
below the glass-transition temperature, Tg, and cross-linked. Then 
the temperature i s raised to the relaxation temperature, and the 
equilibrium force i s determined. A direct comparison of the equi
librium force to the non-equilibrium stress-relaxation force can 
then be made. The experimental set-up i s shown in Figure 4. 

The results for a sample of 1,2-polybutadiene with a Tg of 
263K (27) are shown in Figure 5. The upper curve shows the tem
perature, and the lower curve shows the logarithm of the stretching 
force plotted against the logarithm of time reduced ( J J ) to the 
stress-relaxation temperature, Tg+8K. The sample i s quenched to 
Tg-27K after 1000s, and chemical cross-links are introduced in the 
glassy state at a dose of 150kGy of 10 MeV electrons (the dose was 
erroneously given as 200 kGy in references 27 and 28). The spike 
observed on the force curve i s due to thermal contraction of the 
sample and the connecting rods by cooling below Tg. As the rate of 
relaxation i s practically zero in the glassy state, log t / a T remains 
unchanged during the cross-linking process. After cross-linking, 
the rate of relaxation i s observed to be extremely slow at Tg+8K. 
When the temperature i s increased to Tg+68K, the rate of relaxation 
i s increased approximately by a factor of 10. Ten minutes at Tg+68K 
means that log t/a-j- i s increased to about 9. The equilibrium force, 
f e q , at Tg+8K i s f i n a l l y obtained by lowering the temperature to 
Tg+8K. The equilibrium force i s found to be only 7% less than the 
non-equilibrium stress-relaxation force immediately prior to cross 
-linking. This difference i s the mean of two experiments. A d i f 
ference of only 4% has been observed in an experiment in which the 
stress-relaxation prior to cross-linking was extended to log t / a T 

equal to 4.5. 
Subsequent measurements of the strain (λ s = 1.152) and the 

modulus (G s = 1.29 MPa at 323K) in the state-of-ease together with 
the strain during cross-linking (λ = 1.49) allow calculation of 
GN = O.75 MPa and G x = O.49 MPa from the two-network theory (10). 

The new method (27) has a number of advantages in comparison 
to the original two-network method (10). Sample dimensions and the 
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Figure 4. Experimental setup for stress-relaxation and cross-linking at constant 
simple extension. Key: A, electron accelerator; B, beam aperture; C, force trans
ducer; D, thermostated box; E, sample; F, stretching device; G, connecting rods. 

log t / a T (s) 

Figure 5. Logarithm of the retractive force at 49% strain (lower curve) and sam
ple temperature (upper curve) plotted against logarithm of time reduced to 263 K. 
Cross-links are introduced at log t/aT is 3 in the glassy state where the spike on the 
force curve is due to thermal contraction upon cooling below the glass transition 
temperature. Equilibrium force at 263 Κ after cross-linking is feq. (Reproduced, 
with permission, from Ref. 27. Copyright 1981, Journal of Chemical Physics.) 
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degree of strain need not be known. Assumption 1 from Part 2 i s 
not required if we just want to make a comparison of the equilibrium 
and non-equilibrium forces. It i s still required if we want to find 
the magnitude of the modulus contribution from chain entangling by 
i t s e l f . This point w i l l be discussed in detail below. The other 
assumptions can quickly be disposed of. The experimental fact, 
that the equilibrium and non-equilibrium forces are practically 
equal, simplifies the analysis, and i t shows directly that assump
tions 2-6 of Part 2 are f u l f i l l e d , subject to the comments given 
below. Assumptions 7 and 8 are unnecessary in the stress-relaxation 
method since the sample i s kept at constant length during the entire 
experiment. The cross-links merely serve the purpose of trapping the 
entangled structure. 
Re A3. High energy radiatio  cyclizatio f th

dant vinyl group
the chain and thus a  increase  <r|  o  the free networ
strands. The modulus should then be decreased by the ratio 
<r2>/<r§> (30). However, the effect i s apparently too 
small to cause a significant decrease in the modulus. 

Re A5. The experiment shows that no chain disentangling takes 
place after introduction of chemical cross-links in the 
strained state. Chain disentangling may take place prior 
to cross-linking if the relaxation period i s long enough. 

Re A6. It may seem surprising that the entangled network should 
be at virtual equilibrium when the second network i s 
being formed. It probably means that there i s short range 
equilibrium during most of the process of disentangling 
of linear chains, namely the reptation process (3}). It 
is the latter process which i s prevented by trapping of 
the entangled structure. 

The stress-relaxation two-network experiment would have been d i f 
f i c u l t to analyze if the equilibrium force were much smaller than 
the non-equilibrium force immediately prior to cross-linking. It 
would then have been necessary to make a detailed discussion of 
the possibility of complete disappearance of the f i r s t stage network 
( 19). The memory effect discussed in Part 1 could give rise to an 
appreciable equilibrium force. However, Figure 1 shows that the 
memory effect, expressed as the modulus G 1 E, could never exceed 
about 50% of for the degree of cross-linking produced in the 
present experiment. The curve in Figure 1 i s calculated for G = 
GJJ = O.75 MPa. Since the composite network modulus G G >, G-j + G2, 
i t follows that the maximum possible modulus of the second network 
G2 max = 1 , 2 9 MPa. This case i s included for comparison only. G X 

i s the modulus contribution from the second network calculated 
from the two-network theory without taking disappearance of the 
f i r s t network into consideration. It i s concluded from Figure 1 
that the memory effect cannot explain the experimentally observed 
near equality of the non-equilibrium and equilibrium moduli shown 
in Figure 5. 

The only question remaining, i s the following: Is i t possible 
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that the str e s s - r e l a x a t i o n modulus and the equilibrium modulus 
observed i n Figure 5 could be p a r t l y due to c r y s t a l l i n i t y ? The 
a t a c t i c 1,2-polybutadiene sample used i n the experiment has a den
s i t y of 885 kg m"3 a n c j shows no sign of c r y s t a l l i n i t y by d i f f e r e n 
t i a l scanning calorimetry with a scanning rate of 40K per minute. 
I t has been suggested by Flory (23) and by Mark and co-workers 
(24,25) that m i c r o c r y s t a l l i t e s may still play a big r o l e for the 
e l a s t i c properties. The st r e s s - r e l a x a t i o n two-network experiment 
o f f e r s an i d e a l method for t e s t i n g t h i s hypothesis. Referring to 
Figure 2, only chain entangling and possibly c r y s t a l l i n i t y con
t r i b u t e to the r e t r a c t i v e force at the length 1 Q . The equilibrium 
force should therefore be measured as a function of tempeature for 
constant extension r a t i o , X Q f corrected for thermal expansion. Any 
melting of c r y s t a l l i t e  giv  r i s  i
the force-temperature curv
r e s u l t s are shown i n Figure 6. In the temperature range 263 to 
373K the behavior i s completely r e v e r s i b l e , i . e . , no melting has 
taken place. When the temperature i s increased to 393K and s l i g h t l y 
above, d i s c o l o r a t i o n and degradation take place. The experiment i s 
performed i n a nitrogen atmosphere but consumption of the an
ti o x i d a n t i n the c r o s s - l i n k i n g process has decreased the s t a b i l i t y 
of the polymer. I t i s obyious from Figure 6 that no melting of 
c r y s t a l l i t e s takes place up to at l e a s t 383K. According to Obata 
and co-workers ( 2 ) any melting i n a t a c t i c or nearly a t a c t i c 
1,2-polybutadiene should take place below 340K. It i s concluded that 
m i c r o c r y s t a l l i n i t y plays no r o l e i n the present work. 

Conclusions 
The two-network method has been c a r e f u l l y examined. A l l the 

previous two-network r e s u l t s were obtained i n simple extension for 
which the Gaussian composite network theory was found to be inade
quate. Results obtained on composite networks of 1,2-polybutadiene 
for three d i f f e r e n t types of s t r a i n , namely e q u i b i a x i a l extension, 
pure shear, and simple extension, are discussed i n the present 
paper. The Gaussian composite network e l a s t i c free energy r e l a t i o n 
i s found to be adequate i n e q u i b i a x i a l extension and possibly pure 
shear. Extrapolation to zero s t r a i n gives the same r e s u l t for a l l 
three types of s t r a i n : The contribution from chain entangling at 
e l a s t i c equilibrium i s found to be approximately equal to the 
pseudo-equilibrium rubber plateau modulus and about three times 
larger than the contribution from chemical c r o s s - l i n k s . 

A new st r e s s - r e l a x a t i o n two-network method i s used for a more 
d i r e c t measurement of the equilibrium e l a s t i c contribution of chain 
entangling i n highly cross-linked 1,2-polybutadiene. The new method 
shows c l e a r l y , without the need of any theory, that the equilibrium 
contribution i s equal to the non-equilibrium s t r e s s - r e l a x a t i o n mo
dulus of the uncross-linked polymer immediately p r i o r to cross-
l i n k i n g . The new method also d i r e c t l y confirms s i x of the eight 
assumptions required for the o r i g i n a l two-network method. 
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Figure 6. Retractive force at constant strain, λ0 corrected for thermal expansion, 
plotted against temperature. Behavior is completely reversible in range of 263 to 

373 K. Serious degradation takes place above 393 K. 
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I t i s c l e a r l y s h o w n t h a t c h a i n e n t a n g l i n g p l a y s a m a j o r r o l e 
i n n e t w o r k s o f 1 f 2 - p o l y b u t a d i e n e p r o d u c e d b y c r o s s - l i n k i n g o f l o n g 
l i n e a r c h a i n s . The t w o - n e t w o r k m e t h o d s h o u l d p r o v i d e c r i t i c a l t e s t s 
f o r n e w m o l e c u l a r t h e o r i e s o f r u b b e r e l a s t i c i t y w h i c h t a k e c h a i n 
e n t a n g l i n g i n t o a c c o u n t . 

A c k n o w l e d g e m e n t s 
T h i s w o r k w a s s u p p o r t e d i n p a r t b y G r a n t N o . 5 1 1 - 1 5 4 2 5 f r o m 

t h e D a n i s h R e s e a r c h C o u n c i l . 
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24 
Optical Studies of Rubbers 

R. S. STEIN, R. J. FARRIS, S. KUMAR, and V. SONI 

University of Massachusetts, Polymer Research Institute, Amherst, M A 01003 

This paper deals with the application of 
photoelastic, swelling, and light scattering 

measurements to the study of crosslinked (model 
networks as well as randomly crosslinked) 
rubbers. Molecular weight between the crosslinks 
is determined from equilibrium swelling measure
ments. Deviations in the birefringence occur 
from the Gaussian theory. Increase in the glass 
transition temperature and in density is 
observed with an increase in the crosslinking 
density. Light scattering experiments are done 
to study the inhomogeneities in the networks 
which are of the order of the wavelength of 
light. These experiments suggest the presence 
of regions of varying degree of crosslinking in 
the randomly crosslinked samples. Use of 
neutron scattering is contemplated to study the 
inhomogeneities which are of appreciably smaller 
size than can be studied by light scattering. 

There have been numerous studies to understand the 
Gaussian s t a t i s t i c a l theory of rubber e l a s t i c i t y (or the 
departures from i t ) (1-13). Deviations from Gaussian theory 
occur for three reasons: ( i ) chains reach l i m i t i n g extension 
so that the Gaussian assumption inherent in both the 
birefringence and the stress theories is no longer adequate, 
( i i ) when the Gaussian assumption no longer applies, the 
assumption of affine transformation of cross!inking points (or 
t h e i r mean positions) does not s u f f i c e , and ( i i i ) for highly 
extended chains, the assumption of entropie origin of stress 
i s inadequate. Enthalpic contributions ensue because of con
formational changes, bond angle bending, and stretching. 
Recent small angle neutron scattering experiments shed uncer
tainty on the assumption of affine deformation (14-18). There 
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i s signif icant work going on to understand the effect of junc
tion fluctuations and that of chain entanglements on various 
network properties (19-25). Deviations from ideal behavior 
have conventionally been described by the empirical 
Mooney-Rivlin equation. Since this equation is applicable 
only to the restricted section of the stress-strain curve, an 
alternative to the Mooney-Rivlin equation has recently been 
proposed by Gee (28). The network collapse problem has been 
worked on by Eichinger (29). The number of monomer units per 
s t a t i s t i c a l segment could be determined either from stress-
birefringence (30) or from infrared dichroism (31). 

Inhomogeneities in a real network may occur either 
because of a continuous distr ibution of molecular weight 
between crosslinks or due to the regions of different average 
molecular weights (as ma
networks). 

A general treatment of the scattering of radiation by an 
inhomogeneous material was developed by Debye and Bueche (32) 
and v i s i b l e l ight scattering was used to investigate the 
inhomogeneities in the glass. Application of l ight scattering 
to determine inhomogeneity in networks has been theoretically 
demonstrated by Stein (33) and experimentally by Bueche (34). 
This is based on the principle that the effect of heteroge
neity on the local degree of swelling results in enhanced 
l i g h t scattering arising from resulting refractive index f l u c 
tuations in the swollen state (33). Wun and Prins (35) have 
also given a separate t h e o r e t i c â T treatment and experimental 
results to assess the non-random crosslinking in polymers 
using l ight scattering. However, l ight scattering w i l l deter
mine the inhomogeneities of the order of wavelength of l i g h t . 
Inhomogeneities of smaller order in magnitude may be deter
mined using x-ray or neutron scattering. X-ray scattering may 
not be very useful because of the small difference in electron 
density of most diluents from that of the polymer. 

The present study was undertaken to understand and 
possibly answer some of the above questions. Some of the pre
liminary results of this study are presented in this paper. 

Experimental 

Two types of networks were prepared ( i) randomly 
crosslinked polybutadiene, and ( i i ) model urethane networks, 
(a) polybutadiene based, and (b) poly(c-caprolactone) based. 
The randomly crosslinked networks were prepared from polybuta
diene (Duragen® 1203 obtained from General Tire and Rubber 
Co.) crosslinked with di-cumyl peroxide. Specifications of 
the as obtained polybutadiene are given in Table I. 
Polybutadiene was purified by dissolving in benzene and p r e c i 
pitat ing in methanol. Precipitated polybutadiene was 
redissolved in benzene. Seven different weights of dicumyl 
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peroxide (hereafter referred to as DCP) were dissolved in ben
zene and these solutions were mixed in seven solutions of 
polybutadiene in such a way that the concentration of DCP in 
polybutadiene was 2%, 4%, 7.7%, 11%, 15.3%:, 20.3%, and 30% by 
weight. One percent (by weight of polybutadiene) antioxidant 
[2,2*-methylene bis(6-tert -buty l -p-cresol)] was added in each 
solut ion. Films were cast from these solutions in Teflon 
lined molds, and later cured at 140°C under a pressure of 2000 
lbs./sq. inch for 40 min. These networks are hereafter 
referred to as But 21, But 22, But 23, But 24, But 25, But 26, 
and But 27. 

Model networks were prepared using hydroxyl terminated 
polymer and isocyanates. (a) Bifunctional hydroxyl terminated 
polybutadiene (Butarez, from P h i l l i p s Petroleum) was 
crosslinkined with t r i s
(Desmodur RF, from Mobay Chemical Co.). This crosslinked 

NC0 

H0(CH2CH=CHCH2)n0H + 0 C N < 0 - Ρ =S 

à 
NC0 

network is hereafter referred to as B2. (b) Trifunctional 
poly(e-caprolactone) (PCP-0310, from Union Carbide) was cross-
linked with hexamethylene diisocyanate. 

ε = [(CH 2 ) 5 C - 0 ] n 

CH3 

I 
HO - ε - CH2 - C - CH2 - ε - OH + 0CN(CH2)6NC0 

I 
CH2 

ε 
I 
OH 

This network is hereafter referred to as PCP2. In both cases 
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(a) and (b), the hydroxyl terminated polymer was degassed in 
vacuum for about 2 hours at 50°C. Stoichiometric ratio of the 
corresponding isocyanate was added and reactants mixed under 
vacuum for about 15 minutes. During this time, temperature 
rose to about 75°C. The reaction mixture was then poured into 
Teflon lined molds and cured at 100°C for 24 hours. 

A l l these networks, B2, PCP2, and But 21-27, were 
st i r red in benzene for 5 days and the uncrosslinked polymer 
extracted. 

Equilibrium swelling measurements have been done on B2 
and on But 21-27 in benzene. No swelling data i s reported for 
the PCP2 system for the reasons stated later in this paper. 
For the measurement of the stress-optical c o e f f i c i e n t , 
birefringence was measured on a special set up on the Instron 
(36). This set up uses
through crossed polaroids (polaroids make 45° angles to the 
stretching axis) and the transmitted l ight intensity was 
recorded using a photomultiplier tube. For the calculation of 
true birefringence, thickness of the sample at extension ratio 
λ was taken to be t / Ζ λ , where t is the thickness of the 
unstretched sample. 

The glass transit ion temperature was measured on a 
Perkin-Elmer DSC-II at a heating rate of 20°C/minute on 
But21-27 samples. Light scattering studies have also been 
done on these samples at equilibrium swelling using a one 
dimensional optical multichannel analyzer (37). In a second 
experiment, l i g h t scattering was measured on a sample which 
has polybutadiene, dicumyl peroxide, and benzene in the same 
weight fractions as the crosslinked sample at equilibrium 
swelling. 

Theory 

The swelling of a network i s described by the 
Flory-Rehner theory (38) which gives 

M pVl(v2m - 2v2m1 / 3) m 

2Dn(l - va„) + v 2 m + XV2m2] 

where Mc i s the molecular weight between crossl inks, V2m i s 
the volume fraction of rubbe£ in the swollen network, p i s the 
density of the dry rubber, V-j i s the partial molar volume of 
the solvent, and χ i s the solvent-solute interaction 
parameter. Equation (1) i s applicable if chains deform 
a f f i n e l y . Since the assumption of affine deformation may not 
be true (14-18), the most rel iable interpretation of the 
swelling results u t i l i z e s the recent theory of Flory (39). In 
this the extent to which the deformation is non-affine depends 
on the looseness with which the crosslinks are embedded in the 
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network structure. From this theory the molecular weight 
between crosslinks is given by the following relationship 
(13,39) 

M - F 3 Ρ - V l V 2 c 2 / 3 - van1 7;* ( 2 ) 

° l n ( l - V2m) + V2m + x l V 2 m Z 

where F3 i s a factor characterizing the extent to which the 
deformation in swelling approaches the affine l i m i t and v 2 c i s 
the volume fraction of polymer incorporated in the network 
structure. 

Calculation of χ . Th
given by (40) 

= V ] V 2 ( ô i - δ 2 ) 2 (3) 

where V] and v 2 are volume fractions of the diluent and 
polymer, respectively, δ] and δ 2 are s o l u b i l i t y parameters 
of the diluent and the polymer respectively. Heat of mixing 
per unit volume is given by (41) 

AHm = kTXHniv2 (4) 

where k i s the Boltzman constant, Τ the absolute temperature, 
XH i s the enthalpic contribution to the interaction parameter 
between diluent and polymer [interaction parameter (χ) = 
entropie contribution ( χ $ ) + enthalpic contribution (*H)]» a n c l 
n-j i s the partial number of moles of diluent in one molar 
volume of the mixture. Under the assumption that at low con
centration of the polymer, the partial molar volume "7i i s 1 τ* 

approximated to the molar volume V-j, eqns. (3) and (4) gives 

(δ! - δ2)?νΊ 

ΧΗ = (5) 
S o l u b i l i t y parameter values for the diluents were taken from 
the l i terature (42) and for polymers these values were calcu
lated using SmalP's method (43), according to which 

β -IE 
0 V 
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where I? i s the summation of molar attraction constants over 
a l l groups, and is defined as £F=(EV)V2, where Ε i s the molar 
cohesive energy. Using the values of F given by Small, the 
value of XH calculated for the polybutadiene-benzene system is 
O.199. 

There is an enthalpic as well as entropie contribution to 
the interaction parameter. It was thought (44) that probably 
the major contribution is enthalpic. However, empirical 
values between O.1 - O.2 (44) and between O.2 - O.3 (43) were 
quoted for entropie c o n t r i B ï ï t i o n to the interaction parameter 
by Huggins and Small, respectively. Flory (45) has shown for 
a number of polymer-solvent systems that entropie contribution 
to the interaction parameter is very signif icant and sometimes 
much larger than enthalpic contribution. For the polybuta
diene-benzene system, Rowlan
experimental value of χ=O.387. Using =O.199 for this system 
as previously calculated, we obtain xs=O.188. Though XH was 
calculated for the PCP2-benzene system, χ could not be 
obtained in the absence of x s for this system and hence Mc was 
not calculated from the swelling data on PCP2. 

The above values are applicable only in the l i m i t i n g case 
of i n f i n i t e d i l u t i o n . The interaction parameter varies with 
the volume fraction of polymer network as has been demonstrated 
for the PDMS-benzene system by Flory (47) and PDMS-methyl 
ethyl ketone, PDMS-methyl isobutyl ketone, PDMS-ethyl-n-butyl 
ketone, and PDMS-diisobutyl ketone by Shiomi et a l . (48). 
Theoretically calculated and experimentally observed values of 
χ as a function of volume fraction of polymer are given for 
PDMS in alkanes, aromatic hydrocarbons, and dimethyl siloxane 
oligomers by Gottlieb and Herskowitz (49). In the case of 
PDMS-alkanes, χ was pract ical ly independent of the volume 
fraction of polymer. 

Birefringence. The birefringence of a crosslinked 
Gaussian rubber subjected to an affine deformation is 
described by the theories of Kuhn and Griin (1) and Treloar 
(2). These predict a stress-optical coefficient given by 

45k Tn 

where η i s the average refractive index of the rubber, k i s 
the Boltzman constant, Τ i s the absolute temperature and 
(b-j - b 2 ) s i s the difference between the principal polar izabi-
l i t i e s of the s t a t i s t i c a l segment, (b-j - b 2 ) s may be related 
to bond p o l a r i z a b i l i t i e s , molecular geometry, and confor
mational energies using the rotational isomer theory of Flory 
(50). The theory predicts that C should be independent of 
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degree of crosslinking and inversely proportional to T. This 
prediction has been borne out by early experiments of Treloar 
(51), Saunders (52), and more recent work by Fukuda et a l . 
(Tj. However, i t is found that deviations occur at high 
degrees of crosslinking and at l i m i t i n g extension. These 
deviations may occur because at l i m i t i n g extensions the 
chain's deformation may not be Gaussian, and the assumption of 
aff ine transformation of crosslinking points may not be 
correct as discussed e a r l i e r . Kuhn and Grun (1), Treloar (7), 
and Treloar and Riding (8) have given non-Gaussian theories 
for stress as well as for birefringence. Under the assumption 
that ( i ) a l l the chains in the network have η l i n k s , ( i i ) 
chain vector lengths in the unstrained state are equal to the 
root mean square vector length of the free chain, ( i i i ) defor
mation i s a f f i n e , and (iv
of volume, Treloar has given the following non-Gaussian 
equation for optical anisotropy 

Nn{b,' : III - * - •/» »U5P ( 6 > 4 T 21 - 8 / > 2 ) 

+ 350n"3 0 0 X 6 * 6 λ 3 " 1 6 / X 3 ) ( 7 ) 

where Ν i s the number of chains per unit volume, η is the 
number of s t a t i s t i c a l segments in a chain, 3-j and $ 2

 a r e t n e 

principal p o l a r i z a b i l i t i e s per unit volume, and λ i s the 
extension r a t i o . In addition, temperature dependence (53) of 
(b-j - b 2)c a n ( * distortional birefringence (54) may also be 
responsible for departures from eqn. (6). TFiese effects 
become more important as the temperature is lowered toward Tg 
and dominate as Tg i s reached. This has been demonstrated by 
Stein et a l . (55) in studies of the temperature coefficient of 
C for lactoprene rubbers. 

Light Scattering. A perfectly homogeneous medium w i l l 
not scatter and that scattering results from fluctuations from 
uniformity. The fluctuation in p o l a r i z a b i l i t y i s defined by 

n(rj = a( r j - â 

(For x-ray scattering, the fluctuation in electron density 
rather than in p o l a r i z a b i l i t y i s used.) 

The intensity of scattering of l ight by a swollen network 
i s related to two factors. One of these is the mean square 
fluctuation in refractive index <Δη2> which is proportional to 
the mean squared fluctuation in M c , <AMC

2> with a propor
t i o n a l i t y constant determined by the difference in refractive 
index between the rubber and the di luent. The second is the 
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size of the region of inhomogeneity which may be related to 
the correlation function of these fluctuations 

y(r) - < A n i * A n J>r - < A M i ' A MJ>r l 8 ) 
Ύ Κ } " <Δη2> * <AMC2> k ; 

where Δη-j and ΔΜ-j refer to the difference between the refrac
t i v e index and the molecular weight between crosslinks 
respectively, and < >r refers to an average over pairs 
separated by distance Γ. y(r) may be obtained from a Fourier 
inversion of the variation of scattered intensity I(q) with 
scattering vector q or else may be approximated by an exponen
t i a l function as proposed by Debye and Bueche

Y(r) = exp (-r/a) (9) 

where a is a correlation distance which serves as a measure of 
the average size of the region of crosslink heterogeneity. 

Scattering powers are conventionally represented in terms 
of the Rayleigh factor defined as 

R - I s r 2 

where I s i s the scattered intensity, r i s the sample to the 
detector distance, I 0 i s the incident intensity, and Vs i s the 
scattering volume. The Rayleigh factor for exponential 
expression of eqn. (9) can be written as 

D o>4 sin m ftraV n m 
R V V - - 4 ( 1 + q2a2)2 ( 1 0 ) 

where q i s the scattering vector given by (4π/ γ ) $ ι η θ/2, and 
θ i s the scattering angle and γ i s the wavelength of the r a d i 
ation. From this eqn. a plot of R-V2 vs q 2 should give a 
straight l ine of slope/intercept equal to a 2 . The stretching 
of an inhomogeneously crosslinked network leads to inhom
ogeneity in the local strain characterized by <Δε2>, and also 
in the local fluctuations in the orientation. Since the local 
birefringence is related to local strain via Kuhn and Grun 
type theory (1), f luctuations in local refractive index aniso-
tropy δ=η)|-η1 w i l l result which w i l l be associated with 
enhanced depolarized l ight scattering of the sort discernible 
by an extension of the theory of Stein and Wilson ( 5 6 ) . 

Wun and Prins (32) have used a Gaussian form for the c o r r e l 
ation function, and then defined a non-random index in terms of 
a correlation volume rather than in terms of correlation length. 
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Results and Discussion 

The data on DCP crosslinked polybutadiene is given in 
Table I. The characteristics of the uncrosslinked polybuta
diene are also given in Table I. The values given in various 
columns of Table I are weight percent of dicumyl peroxide in 
polybutadiene, volume fraction of polymer at equilibrium 
swelling (v2m), fraction of the extracted material (1-V2c)» 
density of the crosslinked samples, molecular weight between 
crosslinks (Mr), average number of monomer units between 
crosslinks (N), glass transition temperature (Tg), and inhomo-
geneity length [ a ( v 2 m ) 1 / 3 ) . Mc values for these randomly 
crosslinked samples were calculated using eqn. (1) and χ=O.387 
(41). These molecular weights (M ) between crosslinks are 
plotted in Figure 1 as a
the extracted material did not show a peak in the molecular 
weight range of the uncrosslinked polybutadiene. This was 
expected however, because the extracted polymer would be the 
degraded one. For the calculation of Mc for this system, eqn. 
(2) was not employed, due to uncertainty in V 2 C . Because in 
the extracted material, the reaction byproduct may also be 

present (a major part of i t is l i k e l y to evaporate). However, 
since the degree of nonaffine deformation is l i k e l y to be 
greater in higher crosslinked samples, the actual Mc may be 
lower than the one reported in Table I. It has been reported 
that the density of the crosslinked rubber is higher than the 
density of the stoichiometric ratio of the reactants (24, 27). 
The density estimates for But 21-27 networks were made by 
measuring their reduction in weight in methanol. These den
s i t y values are also given in Table I, and the density 
increases at higher degrees of crosslinking. It was these 
density values which were used in the calculation of M c . 
Glass transition temperature is plotted with increasing degree 
of crosslinking in Figure 2. There is a signif icant increase 
in glass transition with increasing degree of crosslinking. 

The data on isocyanate crosslinked polybutadiene (B2) is 
given in Table II, and for this the molecular weight (Mc) was 
calculated using eqn. (2) (MC=10,100F3). The expected value 
of Mc as obtained from GPC on uncrosslinked polymer should be 
somewhere in the range of Mn (5100) to Mw (7400). Comparison 
of GPC and swelling data yields that F3 i s in the range of 
O.51-O.73, which in turn determines the extent up to which the 
chains deform non-affinely. 

CH3 

CH3 
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TABLE II* 

Butarez Cross!inked Polybutadiene (B2) 

Trans 38% 

Cis 35% 

Vinyl 27% 

Specific o.91 
Gravity 

Mn=5100 
GPC{ Mw=7400 

diluent V2m ν 2c Mc 

benzene O.154 O.92 IOIOOF3 

*See text for d e t a i l s . 
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Birefringence of isocyanate cross!inked polybutadiene 
(B2) and for HMDI cross!inked poly(e-caprolactone) (PCP2) i s 
plotted as a function of stress in Figures 3 and 4 respec
t i v e l y at room temperature. Now in the framework of eqn. (6) 
such a plot should be unear. In the case of the B2 system 
(Figure 3) we observe signif icant deviations from l i n e a r i t y 
while in the case of the PCP2 deviation from l i n e a r i t y is 
i n s i g n i f i c a n t . However, in both cases birefringence has a 
downward turn, that is to say that the stress optical coef
f i c i e n t i s decreasing with increasing tensile deformation. 
Ilavsky et a l . (57) have also observed a decrease in the 
stress optical coefficent at higher extension r a t i o s . The 
molecular weight of the uncross!inked poly(e-caprolactone) 
( t r i o ! ) was 900. The effective molecular weight between junc
tions w i l l be equal to 2/
polymer plus the molecula
cyanate (at low molecular weights of polymer, the molecular 
weight of HMDI cannot be neglected). Therefore, an effective 
Mc for the PCP2 system is approximated as 800. The exten
s i b i l i t y of these samples was very low [λ (at break) = 1.40], 
and this may be the manifestation of the low molecular weight 
between crosslinks or the overall inhomogeneity in the 
network. 

For the B2 system (Figure 3), the deviations from 
l i n e a r i t y are signif icant and well beyond the l imits of 
experimental error ( Δ η is accurate within ±O.4 χ 10-4). 
Birefringence for this system is also plotted as a function of 
λ2- ΐ/λ in Figure 5. This figure also shows a downward turn of 
birefringence. Though the Mc value for this network is about 
5000, the extensibi l i ty was still poor [λ (at break) = 1.75]. 
The deviation from l i n e a r i t y can occur because of two reasons: 
( i ) strain induced c r s y t a l l i z a t i o n , and ( i i ) non-Gaussian 
deformation of molecular chains. To consider the effect of 
strain induced c r y s t a l l i z a t i o n , birefringence of a 
semicrystalline polymer can be written as (neglecting the 
effect of form birefringence) 

Δ η = X A n c ° f c + (1 - X) A n a ° f a (11) 

where Δ Π ς ° and Δ η 3 ° are i n t r i n s i c birefringences of 
c r y s t a l l i n e and amorphous regions respectively, f c and f a are 
their orientation factors, and X is the volume fraction of 
c r y s t a l l i t e s . It has been calculated (58) that the i n t r i n s i c 
birefringence values for the c r y s t a l l i t e s of polybutadiene are 
c i s Δ η ο ° = O . 2 8 6 , trans Δ η 0 ° = O . 1 8 3 , and syndiotactic-1,2 PBD 
Δη ο °=O.0054. In another study (59), the birefringence of the 
amorphous regions of polybutadiene (60% trans, 30% c i s , and 
10% vinyl) in the case of l imit ing orientation was estimated 
to be O.0296. Strain induced c r y s t a l l i t e s w i l l also have very 
high orientation. Therefore, in the event of strain induced 
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Figure 3. Birefringence of triisocyanate cross-linked polybutadiene (B2) vs. stress 
(at room temperature). 
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3 0 H 

T R U E S T R E S S ( P a ) X 10 

Figure 4. Birefringence of HMDI cross-linked polycaprolactone (PCP2) as a 
function of stress (at room temperature). 
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c r y s t a l l i z a t i o n (f c>fa) a n d ( A n c ° > A n a ° ) , the birefringence 
curve in Figure 5 i s expected to take an upward turn rather 
than a downward turn. This suggests the predominance of a 
different phenomenon over strain induced c r y s t a l l i z a t i o n ( i f 
not the complete absence of i t ) . 

Attempts were made to explain the data of Figure 5 in 
terms of non-gaussian eqn. (7). Optical anisotropy calculated 
from eqn. (7) for n=5 is plotted as a function of (\2 - 1/λ) 
in Figure 5. In this curve the departures from l i n e a r i t y are 
not very signif icant (however this is not unexpected, because 
deviations from gaussian theory occur at high strains). From 
Figure 5 i t is evident that the non-gaussian theory repre
sented by eqn. (7) does not explain the experimental results. 
Doherty et a l . (4) (Figure 2 of reference 4) have observed 
similar results on styren
ference that in their case the deviation occurs at much larger 
extensions and at low temperatures (Mc values for their 
samples are not known). Attempts were also made to explain 
the results of Figure 5 in terms of a four-chain model (7) 
(non-gaussian, non-affine deformation). In the l i m i t s of 
small strains, the optical anisotropy results of this model 
(n=5) almost superposes the results of eqn. (7) (n=5). For 
the four chain non-gaussian model if the optical anisotropy is 
plotted as a function of stress (Figure 10.3, reference 2), 
t h i s curve gives a downward curvature, and this curvature 
increases with decreasing n. Though i t seems possible to f i t 
our birefringence-stress data in Figure 3 using small values of 
η (less than 5) in terms of four chain model, but that cannot 
explain the birefringence-strain results of Figure 5. 

To explain the difference between the experimental 
results and theory, Doherty et a l . (4) have given an empirical 
and a theoretical hypothesis. The theoretical hypothesis 
concerns the question of the meaning to be attached to the 
concept of the "equivalent random link" in the s t a t i s t i c a l 
theory of the randomly-jointed chain. According to Doherty et 
a l . , the assumption that the optical properties of the chain 
are describable by a randomly jointed model, using the same 
value of n, as for the description of stress has no s t r i c t l y 
logical foundation. 

In the derivation of eqn. (7) i t was assumed that η 
(number of equivalent random l inks) is the same for a l l chains. 
For our samples (B2 system, Mw/Mn=1.45), this assumption is 
d e f i n i t e l y not correct. Therefore, i t i s desirable to obtain 
birefringence results on networks prepared from monodisperse 
polymer (in that η is constant), before the v a l i d i t y of η 
i t s e l f i s questioned. 

Figures 6 and 7 give the data of Fukuda et a l . (3) and 
that of Saunders (52). The variation of stress optical coef
f i c i e n t of the high c i s and high trans, 1,4-polybutadiene i s 
plotted against Μς in Figure 6, where i t i s compared with 
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Figure 7. Stress optical coefficient χ temperature as a function of temperature 
(3). PBD is polybutadiene. Key: O, p-xylene; A, toluene; Φ, benzene; -Θ-, CClk; 

all of swollen trans-i,4 PBD. 
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values by Saunders (52) for c i s - and trans-1,4 polyisoprene. 
It i s noted that SOC is independent of Mc above values of 
Mc of about 5000 (even more). At lower values of Mc network 
chains are s u f f i c i e n t l y short that non-gaussian contributions 
must be considered. 

Figure 7 shows the data on PBD in the swollen and in the 
unswollen state. From this i t is evident that the product of 
stress optical coeffient and temperature is almost constant 
with temperature in the swollen state, while in the unswollen 
state i t exhibits considerable deviation from birefringence 
theory (eqn. 6) due to c r y s t a l l i z a t i o n . Therefore, i t is best 
to compare experiments and theory in the swollen state. 
Gumbrell et a l . (60) use the following empirical relationship 
for the stress in the swollen state. 

σνο1/3 
— ~- = Ci + C 2 A (12 
2(λ - 1/λ2) 1 ά 

where σ i s the stress referred to the unstrained unswollen 
area, λ i s the extension ratio referred to the unstrained 
swollen dimensions, and v 2 i s the volume fraction of rubber in 
the swollen state. C] and C 2 are independent of the swelling 
l i q u i d , but C 2 decreases with increased degree of swelling and 
C2=0 at v2 m=O.25. This is another advantage of doing experi
ments at high degrees of swelling, so that stress can be 
interpreted by a simpler relationship, when C2=O. 

Typical l ight scattering data at equilibrium swelling 
(But 22, But 24, But 27) are given in Figure 8, where the 
Rayleigh factor i s plotted as a function of square of the 
scattering vector. Several l ight scattering tests were run on 
uncrosslinked PBD and DCP and antioxidant dissolved in 
benzene. These components were taken in the ratio as they 
were o r i g i n a l l y present in But 21-27 samples at equilibrium 
swelling. The variation in the scattered intensity with these 
different ratios was not very s i g n i f i c a n t . A representative 
scattering pattern of this uncrosslinked system i s also given 
in Figure 8. Scattered intensity increases with increasing 
degree of cross!inking, and the intensity of the uncrosslinked 
system i s very small. Inverse square root of the difference 
of the two Rayleigh factors (cross!inked-uncrosslinked) is 
plotted in Figure 9 as a function of square of the scattering 
vector, and this is a straight l ine as predicted by the theory 
(eqn. 10). Correlation distance 'a' was calculated from 
Figure 9 and i s given as (slope/intercept)V2. Now since the 
l i g h t scattering studies were done at equilibrium swelling, 
the correlation distance in the unswollen state i s defined by 
a ( v 2 m ) V 3 . These correlation distances are reported in Table 
I for But 22-But 27 samples, and are plotted in Figure 10 as a 
function of the concentration of DCP. η 7 i s proportional to 
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Figure 8. Rayleigh factor as a function of the square of the scattering vector for 
But 27, But 24, But 22, and 1. Key: q, units of scattering vector, (μπι)'1. 
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But 2 7 

Figure 9. Inverse square root of the difference of the Rayleigh factors of cross-
linked [R(l)] and uncross-linked [R(0)] samples as a function of square of the 

scattering vector. 
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<ΔΜς2>, therefore from eqn. ( 1 0 ) 

( 1 3 ) 

Where Κ i s a constant obtainable from eqn. 1 0 . Therefore, 
from the values of a obtained in swollen state (since Ryy i s 
measured in swollen state), the relative magnitudes of 
A M c were calculated using the above relationship (averaged 
over several q values). The variation of A M C (in arbitrary 
units) as a function of M C i s plotted in Figure 1 1 . 

The correlation function yields a measure of the size of 
the regions of inhomogeneit
samples is of the order of 5 0 0 0 Â. Considering But 2 7 , for 
which M C = 6 5 0 , the average junction to junction distance in 
t h i s sample would be of the order of 5 0 Â. Inhomogeneities of 
the order of 5 0 0 0 Â in magnitude could not arise because of 
the molecular weight d i s t r i b u t i o n . Large dissymmetries are 
also observed by Bueche ( 3 4 ) in polymeric methacrylate and 
s t y r è n e gels. A possible cause for such a large inhomogeneity 
may be the presence of regions of varying degree of cross-
l i n k i n g at the microscopic l e v e l . Such a situation is 
explained in Figure 1 2 , where we have several regions, each of 
mol ecular weight between crosslinks equal to M and size a-j . 
The average of these sizes w i l l be measured from l ight scat
tering as correlation function 'a*. 

In Figure 1 1 , Û M c i s shown as a function of M C . At 
high degrees of crosslinking Δ Μ 0 i s small and increases as 
M c i s increased. However, if one looks at the dependence of 
( Û M C / M Ç ) on M C , i t is found to increase as Mc i s reduced. 
Using ( A M C / M C ) as a measure of the inhomogeneity of a net
work, we find that these networks become more inhomogeneous 
as the degree of crosslinking is increased. Such an 
increase in network structure inhomogeneity could possibly 
account for the low elongations at break of the highly 
crosslinked samples. 
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Figure 12. Inhomogeneity model. 
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Some Comments on Thermoplastic Elastomers 

ROBERT E. COHEN 

Massachusetts Institute of Technology, Department of Chemical Engineering, 
Cambridge, MA 02139 

A brief review is given of the important quali
tative features of thermoplastic elastomers. Parti
cular emphasis is given to the molecular structure, 
bulk morphology and interfacial character of these 
materials. Both equilibrium and nonequilibrium 
structures are discussed 

A large proportion of the papers in this symposium on "Elas
tomers and Rubbery Elasticity" have been based on research on 
materials which may be called "conventional elastomers", which 
are part of the larger category of materials known as thermosets. 
In a conventional elastomer the long flexible macromolecules are 
chemically linked together to form a single interconnected macro-
molecular network. Many of the advantageous properties of these 
materials can be related to the details of the structure of the 
covalent network, as discussed in detail in other papers in this 
volume. For completeness, it is worthwhile to include a brief 
review of another category of materials known as "thermoplastic 
elastomers". This relatively new class of materials(commercially 
available since around 1960), was developed in response to certain 
disadvantages inherent in the thermoset character of conventional 
elastomers. In particular, thermoplastic elastomers exhibit 
thermal- or solvent-induced reversibility in their network struc
tures. This allows recycling of off-grade or scrap materials 
after processing. Furthermore many of the high-rate processing 
operations developed for engineering thermoplastics are readily 
adaptable for use with thermoplastic elastomers. The paragraphs 
which follow will provide a very brief review of this broad 
class of materials; emphasis will be given to the strong relation
ship between molecular structure, bulk morphology and the rubbery 
mechanical properties of these materials. For more complete de
tails, the reader is referred to the excellent reviews which have 
already appeard on this topic(l-7). 
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Structure and Properties 

To explain the unique properties of thermoplastic elastomers, 
i t is necessary to appreciate the fact that these materials gener
a l l y exhibit phase-separated morphologies in the bulk state. The 
long f l e x i b l e chains of the rubbery network are held together at 
multifunctional junctions which act as physical, rather than 
chemical, linkages. In one major catagory of thermoplastic elas
tomers, these physical linkages are discrete domains(e.g. spheres 
of ca. 20 nm diameter) of a r i g i d glassy polymer embedded in a 
rubbery matrix. Because many f l e x i b l e rubbery chains originate 
in a given domain and terminate in neighboring domains, a contin
uous network structure i s obtained. At temperatures above the 
softening p o i n t ( i n the present example, the glass transit ion 
temperature, Tg) of the
l i k e a thermoplastic polymer melt; i t is important to note, how
ever, that the two-phase domain structure may persist in the melt 
state giving rise to very complicated rheological behavior(8). 
After the melt processing i s complete, the material is cooled 
below the domain Tg, the fixed network structure i s re-established, 
and elastomeric benavior i s observed. Thus, the upper l i m i t of 
temperature for u t i l i z i n g a given thermoplastic elastomer as a 
rubbery component is dictated by the softening temperature of 
the dispersed domains. The lower bound on u t i l i z a t i o n tempera
ture i s , as in conventional elastomers, governed by the value of 
T g ( o r the c r y s t a l l i z a t i o n temperature, Tm) of the continuous 
rubbery phase of the material. 

Variations of the glassy/rubbery structure described above 
are also found in commercial thermoplastic elastomers. In addi
tion to dispersed glassy domains, multifunctional linkages can 
be formed by regions of c r y s t a l l i n i t y , ionic attraction or strong 
hydrogen bonding. In many cases the characteristic dimensions 
of the domains are smaller than the wavelength of v is ib l e l i g h t 
so that, even though a phase-separated morphology e x i s t s , optical 
transparency i s observed. The fact that these domains are, how
ever, much larger than the typical tetrafunctional chemical l i n k 
age of a conventional elastomer means that some account must be 
made of the f i l l e r effect imparted by the domains. Often this 
f i l l e r effect has a favorable, reinforcing influence on the large-
strain mechanical history. Another aspect of the submicron do
main size characteristic of thermoplastic elastomers is the fact 
that for a given volume fraction of r i g i d phase, the surface-to-
volume ratio is relat ively large(9,10) compared to that of a 
corresponding polymer blend in which very much l a r g e r ( t e n s or 
hundreds of microns) domains are found; furthermore the nature of 
the connectivity of chains across the interfaces in thermoplastic 
elastomers has a covalent bond character whereas relat ively weak 
forces act across the interfaces in conventional blends. Thus in 
thermoplastic elastomers knowledge and control of the details of 
the interfacial structure are l i k e l y to be especially important 
in the understanding of physical properties(11,12). 
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The microphase-separated morphologies which give rise to the 
characteristic behavior of thermoplastic elastomers i s often a 
result of a structure at the molecular level which is of a block 
copolymer n a t u r e ( 2 ) . Considerable progress has been made in the 
f i e l d of thermodynamics in predicting the complete details of the 
microphase morphology(domain s i z e , shape, spatial arrangement) 
from knowledge of the block copolymer molecular structure and 
composition(13-15). Some theoretical work has also been done 
on the nature of the interfaces in block copolymer thermoplastic 
elastomers(16-17). Although careful experimental work has shown 
that the predictive capabi l i t ies of thermodynamic theories are 
quite good(18), this is only true for samples which have been 
carefully prepared so as to achieve, as nearly as possible, an 
equilibrium structure in the phase separated morphologies. In 
actual practice, kineti
morphology, and therefore the properties, of a processed thermo
p l a s t i c elastomer a r t i c l e ; strong thermal history effects have 
been found(e.g. changes in properties on annealing(19) or i s o 
thermal ageing(20)) and remarkably strong processing history 
effects are seen in solvent casting operations(nature of the 
s o l v e n t ( 2 J ) , or rate of solvent evaporation(22)). Nonequili-
brium structures in the interfacial regions of thermoplastic e las
tomers can also be envisioned with a corresponding p o s s i b i l i t y 
for influencing properties. On the one hand, these strong non-
equilibrium effects add greatly to the d i f f i c u l t y of establishing 
structure/property relationships for thermoplastic elastomers at 
the same level as has been achieved for conventional elastomers. 
On the other hand, however, nonequilibrium effects may be used 
to advantage in achieving various levels of performance for a 
single thermoplastic elastomer composition. 

Methods of Synthesis 

The methods of synthesis of thermoplastic elastomers vary 
widely as may be expected from the wide variety of molecular 
structures which can be used to provide the desired morphologies 
and p r o p e r t i e s ( ] ) . One part icular ly versati le synthetic method 
is homogeneous anionic polymerization(23,24) which can be used 
to obtain an essential ly unlimited variety of block copolymers. 
Using this technique i t i s possible to control the essential de
t a i l s of the chain structure, including t a c t i c i t y , microstructure, 
molecular weight and i t s d i s t r i b u t i o n , in each block sequence of 
the copolymer. Condensation polymerizations involving monomers 
and prepolymers, heterogeneous(Ziegler-type) catalyt ic polymeri
zation, end-or graft - l inking of functionalized polymers, and 
mechano-chemistry can also be used to provide compositions which 
exhibit the properties of thermoplastic elastomers. 

With such a variety of powerful synthetic methods available 
i t appears certain that new and improved types of thermoplastic 
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elastomers w i l l be developed in the future and that further under
standing of the relationships between the molecular structure of 
these materials and their properties w i l l be obtained. At the 
present time the anionically polymerized styrene-diene block co
polymers and their hydrogenated analogs hold the largest share of 
the thermoplastic elastomer market(T). Segmented polyurethane 
block copolymers account for another large fraction of the current 
market for these materials. 

Summary 

Reversible network structure i s the single most important 
characteristic of a thermoplastic elastomer. This novel property 
generally arises from the presence of a phase-separated morphology 
in the bulk material whic
structure, often of a block copolymer nature. A wide variety of 
synthetic methods can, in p r i n c i p l e , produce endless varieties 
of thermoplastic elastomers; this fact coupled with the advanta
geous processing characteristics of these materials suggest that 
the use of thermoplastic elastomers w i l l continue to grow in the 
1980's. 
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26 
Homogeneous and Heterogeneous Rubbery-
Rubbery Diblock Copolymers and Polymer Blends: 
A Unified View 

ROBERT E. COHEN 

Massachusetts Institute of Technology, Department of Chemical Engineering, 
Cambridge, M A 02139 

The present
in which to view the results of previous experimental 
studies on rubbery/rubbery diblock copolymers and 
blends. This framework takes the form of a three 
dimensional plot which specifies three quantities 
for each blend: (i) the overall composition ( w e i g h t 
fraction) of the AB mixture (ii) the percentage 

(weight basis) of diblock copolymer in the blend 
and (iii) the number average molecular weight of 
the blend. Existing thermodynamic theories of 
phase separation in homopolymer blends and in block 
copolymers were used to define certain l i m i t i n g 
boundaries of the three dimensional diagram, and 
some ad hoc assumptions were made to extend these 
ideas to intermediate regions of the plot. Solu
bility parameters were used to provide estimates of 
the AB interaction parameters required for the 
thermodynamic theories. Quantitative comparison 
with a large array of experimental data indicates 
that such a framework is a meaningful way to consoli
date the results of experiments and to anticipate 
the behavior of untested blends. 

For the past several years, experimental work in this labora
t o r y (1-7) has led to the accumulation of a large body of data on 
various elastomer blends and corresponding rubbery/rubbery diblock 
copolymers. Certain binary mixtures of one rubbery homopolymer 
with a diblock copolymer have been studied, as well as ternary 
mixtures consisting of two homopolymers and the corresponding d i 
block copolymer. Using a variety of techniques, including thermal 
analysis, transmission electron microscopy and dynamic mechanical 
testing, we have been able to establish the morphological nature(whether homogeneous or heterogeneous) of each of these composi
tions. What has emerged to date is a qualitative understanding 
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of the following: ( i ) Certain rubbery/rubbery diblock copolymers 
are homogeneous materials even though the corresponding binary 
blends of homopolymers are heterogeneous, ( i i ) Variations in 
block molecular weights and copolymer composition may result in 
a change from a heterogeneous to a homogeneous morphology in a 
given AB system, ( i i i ) Diblock copolymers act as emulsifying 
agents in ternary blends, regulating the size and shape of the 
dispersed phase of the heterogeneous morphology, ( i v ) Diblock 
copolymers, in certain cases, may also act as homogenizing agents, 
transforming an otherwise incompatible system into a compatible 
one. 

What has been missing in a l l of this previous work i s a uni 
f i e d framework(7,8) in which to view a l l of the results obtained 
to date and from which the phase behavior of new m a t e r i a l s ( c o 
polymers and blends) migh
sent paper is to provide such a unified view for the particular 
case of the multicomponent rubbery systems described above. Be
cause we have restricted our studies to rubbery materials which 
at room temperature are well above their glass transit ion tempera
tures, we can expect relat ively l i t t l e influences of the non-
equilibrium effects which greatly complicate the interpretation 
of multicomponent systems containing one or more glassy components(9-11). Thus from the outset we can hope to f ind a unifying 
framework in the regime of equilibrium thermodynamics, a f i e l d in 
which considerable progress has been made in describing the mor
phological behavior of polymer blends(12-14) and block copolymers(15-18). Similarly since our data have been obtained on macro
molecules with essentially non-polar hydrocarbon structures, i t 
seems reasonable as a f i r s t attempt to estimate the AB interaction 
parameters required for the above-mentioned thermodynamic theories 
using readily available s o l u b i l i t y parameters(]9,20) and Van-Laar 
type i n t e r a c t i o n s ( 2 1 ) . 

Materials 

Table 1 l i s t s some of the homopolymers and diblock copolymers 
which have been employed in our experimental i n v e s t i g a t i o n s (1 - 8 ) . 
Particular emphasis has been placed on blends containing 1,4 
polybutadiene(1,4B). In one case, 1,4B was blended with various 
amounts of 1,2 polybutadiene(1,2B) and the corresponding 1,2B/1,4B 
diblock copolymer. A second major set of samples was constructed 
from various combinations of 1,4B and cis 1,4 polyisoprene(1,41) 
and 1,4I/1,4B diblock copolymers. A large number of ternary 
blends were studied, the preponderence of which contained either 
25%, 50% or 75%(by weight) of a selected diblock copolymer, the 
remainder of the blend being comprised of one or both of the cor
responding homopolymers. Homopolymer blends(0% diblock) and 
the pure copolymers(100% diblock) were also studied in d e t a i l . 
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TABLE 1 Homopolymers and Diblock Copolymers 

(a) 

(b)(b) 

Sample Code 

30K 1 ,2B 
90K 1 ,2B 

100K 1,4B 
45K 1 ,4B 

30/50 
30/100 
30/150 
30/200 

120K 1,4B 
133K 1 ,41 
Diblock 3 
Diblock 4 
Diblock 8 

Weight Fraction of: 
1,41 1,2B " " 

Mn of block: (f) 

(c) 
(d) 

0 
0 
0 
0 
0 
0 
0 
0 
0 
1.00 
O.56 
O.39 
O.71 

1.00 
1.00 
0 
0 
O.38 
O.23e) 

O.13(e) 

0 
0 
0 
0 
0 

M B 
0 
0 
1.00 
1 .00 
O.62 
O.77 

O.87 
1 .00 
0 
O.44 
O.61 
O.29 

1,41 1,2B 1,4B 

0 
0 
0 
0 
0 
0 

0 
0 

133000 
140000 
103000 
192000 

28900 
85000 
0 
0 
32000 
31000 

26000 
0 
0 
0 
0 
0 

0 
0 

97000 
43000 
52000 

102000 

176000 
120000 
0 
110000 
161000 

78000 

Ta) Microstructure is greater than 98% 1,2 addition(22,23) 
(b) 36% cis 1,4: 51% trans 1,4; 13% 1,2 addition 
(c) 45% cis 1,4; 45% trans 1,4; 10% 1,2 addition 
(d) Greater than 90% cis 1,4 addition 
(e) Weight fraction of the block 1,2 polybutadiene. This number 

does not include the contribution of the 13% 1,2 addition in 
the 1 ,4 polybutadiene block 

(f) Microstructures of the 1,2B and 1,4B blocks of copolymers 
30/50, 30/100, 30/150 and 30/200 are essential ly identical to 
those of the corresponding homopolymers: 30K 1,2B; 90K 1,2B; 
100K 1,4B; 45K 1,4B. Similarly Diblocks3,4 and 8 are matched 
in microstructure to homopolymers 120K 1,4B and 133K 1,41. 

Results and Discussion 

Surveying the various theories for microphase separation in 
block copolymers(14-18) reveals a general qualitative prediction 
that the c r i t i c a l molecular weight [ M c r i t ] for the appearance of 
a heterogeneous structure is higher for a diblock copolymer than 
for the case of the corresponding homopolymer blend. In other 
words, i t is expected from these thermodynamic theories that in 
p r i n c i p l e , there i s a regime of molecular weight in which a cer
tain diblock copolymer sample is homogeneous but would spon-
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taneously form a heterogeneous morphology if a l l of the diblock 
molecules were suddenly cut at the junction between the dissimilar 
blocks. Leibler's theory(18) makes the specif ic prediction that 

M c r i t ° C k s h o u l d e x c e e d M c r i t d b y a f a c t o r o f 5 . 2 5 . 
The existence, on a qualitative basis, of the above-mentioned 

region(homogeneous diblocks and heterogeneous blends) adds meas
urably to the understanding of much of our e a r l i e r data on rubbery/ 
rubbery systems. We have recently extended this explanation to a 
more quantitative level by calculating(7) values of M c r - j t for 
various AB pairs. The AB interaction parameter for each p a i r , re
quired for the calculation of M [ o c k or M £ d , was estimated 
(7.) using s o l u b i l i t y parameters(19,2(3) and the previously pub
l i s h e d interaction paramete
isoprene(24). Results of these calculations, shown in Table 2, 
reveal that for the two rubbery/rubbery systems under considera
tion here(1,2B/1,4B and 1,4I/1,4B) the "standard" regime of 
polymer molecular weights, say 50,000 - 250,000, f a l l s d i r e c t l y 
in the region of homogeneous diblocks and heterogeneous blends. 
Furthermore, i t i s clear from Table 2 that for a l l but the most 
closely similar polymers(δ/\~δβ), the values of M C n - t are so low 
that both heterogeneous diblocks and blends w i l l be expected at 
essentially a l l molecular weights of practical significance. A l l 
of this discussion, of course, is predicated on the assumption 
mentioned in the introduction that the selected polymers are of a 
type that AB interactions are well-described by simple s o l u b i l i t y 
parameter considerations. For other types of polymers a more 
complicated formalism w i l l be required. 

Using the results of Table 2 and data from the previously 
described experimental work, we have constructed(7) a "phase 
diagram" describing the overall picture for rubbery/rubbery d i 
block copolymers and the corresponding binary blends of homopoly
mers(Figure 1). The upper curve in Figure 1, based on c a l c u l a 
tions using Helfand's Fortran program(15,16)> describes the 
boundary between homogeneous and heterogeneous diblock copolymers; 
the use of dimensionless molecular weight for the ordinate and 
weight fraction for the abcissa makes i t possible to compare 
results obtained for various diblock copolymers(7). The lower 
curve in Figure 1, representing the boundary between homogeneous 
and heterogeneous homopolymer blends, is the locus of points de
scribing the spinodal curve calculated from the Flory-Huggins 
theory(14); f ° r binary blends of this type, the value of M on 
the abcissa s ignif ies the number average molecular weight of the 
overall sample, thus allowing for the case in which Mn t Μβ. An 
examination of the various data points in Figure 1 indicates that 
the previous experimental findings are reasonably well described 
by this approach. For example, the four diblocks of 1,2B/1,4B(solid squares in Figure 1) closely follow the boundary for block 
copolymers; the point for sample 30/50 l i e s just inside the 
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O.5 

H O M O G E N E O U S 
B L O C K C O P O L Y M E R S 

H E T E R O G E N E O U S 
B L E N D S 

M O G E N E O U S B L O C K C O P O L Y M E R S A N D B L E N D S 

O.4 O.6 

WEIGHT FRACTION 1,4 Β 
1.0 

Figure 1. Phase diagram showing the three distinct regions discussed in the text. 
Key-' CL diblock copolymers; O, homopolymer blends; pip up, heterogeneous; pip 
down, homogeneous; solid points, 1,2B/1,4B; open points, 1,41 /1,4 Β; half-open 

point, 1,41/1,2Β with the abscissa representing the weight fraction of 1,2Β. 
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heterogeneous region while the other three samples f a l l somewhat 
below the curve, in the homogeneous region, as expected from pre
vious r e s u l t s ( 7 ) . Simi lar ly , the diblocks of 1,41/1,4B l i e just 
within the homogeneous region. Al l of the homopolymer blends(1,41 + 1,4B and 1,2B + 1,4B) were found to be heterogeneous in 
our e a r l i e r work and a l l but one of the data points for these 
samples l i e within the region of heterogeneous blends. Final ly a 
single data point for a blend of 1,2B and 1,41 has been included 

in Figure 1; because of the very large value of M f o r this 
combination(Table 2) this point f a l l s inside the region of homo
geneous blends, and this is in agreement with experimental obser
vations for this system(2,7,8). 

With the discussion above in mind, i t i s now possible to 
provide a similar semiquantitativ
results obtained on ternary systems(homopolymer A, homopolymer B, 
diblock AB) and on binary blends of one homopolymer and a diblock 
copolymer. Of particular importance i s the need for an explana
tion of the fact that the diblock copolymer may serve either as 
an emulsifying a g e n t ( 9 2 5 J or as a homogenizing a g e n t (1 , 4 ) in 
ternary blends. 

The three dimensional representation of Figure 2 is useful 
for c l a r i f y i n g the experimental observations on ternary blends. 
The curve in the plane at the right side of this figure is the 
boundary between homogeneous and heterogeneous d i b l o c k s ( i . e . 
the uppercurve of Figure 1); this right hand plane represents AB 
compositions composed entirely of AB diblock copolymer. The plane 
at the extreme l e f t of the three dimensional diagram represents 
AB homopolymer blends, and the curve lying in this plane i s the 
Flory-Huggins spinodal separating regions of homogeneous and 
heterogeneous behavior(lower curve of Figure 1). The shape and 
location of curves on intermediate planes(the plane of AB compo
sit ions containing 50% diblock copolymer is shown in Figure 2) is 
open to speculation; there i s need for theoretical work to provide 
guidance in this regard. As a f i r s t and arbitrary approximation, 
a l inear combination of the two extreme curves has been chosen to 
represent the behavior of our rubbery/rubbery blends. The curve 
in the central plane of Figure 2 shows the result of this approach. 
A l l ternary compositions above the curve are expected to be 
heterogeneous and here the diblock copolymer w i l l function as an 
emulsifying agent. Below the curve, the block copolymer serves 
as a homogenizing agent. "Positive deviations" from the assumed 
l i n e a r i t y ( i . e . a concave downward locus of c r i t i c a l points) would 
result if the selected block copolymer had strong tendencies to 
act as a homogenizing agent; "negative deviations" would be ob
served for block copolymers with strong emulsifying tendencies. 

A quantitative test of these ideas is shown in Figure 3. 
Here the s o l i d curve representing the boundary between homogene
ous and heterogeneous blends i s located at a position halfway 
between the two curves of Figure 1. The various data points shown 
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TABLE 2 Quantitative Considerations 
of Selected Polymer Pairs 

(a) Solubi l i ty parameter, 6( c a l / c m 3 ) 1 2 

Polymer 

Range of δ 
in 1iterature(19,20) 

Value selected 
for determination 
of α(19,20) 

Polystyrene(PS) 8.6 - 9.7 9.12 
1,4 Polybutadiene 8.35-8.60 8.38 
1,2 Polybutadiene 8.10 8.10 
ci s 1,4 Polyisoprene 

(b) Interaction parameter , α(m - 3 ) 

Polymer 1 0 3 Τ " Ί(δ«-δ β) 2 

Pair , AB M B 

(t) 
α 

M d i b l o c l J # ) Mblend 
c r i t c r i t 

PS/1,4B 1.5 uni*) 14,300 2,700 
1,2B/1,4B O.26 193 76,800 13,800 
1,41/1,4B O.081 60.0 247,000 42,000 
1,4I/1,2B O.048 16.3 930,000 76,200 

\ For the polystyrene-containing p a i r , the glass transit ion tem
perature of PS(T = 373K) was used; for a l l other pairs T=298K. 

* This value of α i s used by Helfand(15) for PS/1,4B and is 
based on the experiments of Rounds(24). A l l other values of 
α were obtained by scaling to this PS/1,4B value. 

# Obtained using Helfand's program to search for the molecular 
weight at which the free energy of mixing, AG, equals zero for 
the case of a diblock copolymer in which M = M„ + Mg and at a 
weight fraction of O.5. 

@ Obtained by searching for the molecular weight at which 
2 2 

δ AG/oV. =0(spinodal) using the Flory-Huggins expression(14,7) for a 50:50 AB polymer blend. Here M is the number 
average molecular weight for the two component system, which 
allows for the p o s s i b i l i t y that the two monodisperse homo-
polymers in the blend may not be of identical molecular weight. 
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Figure 3. Detail of the plane at 50 weight percent diblock content in Fig. 2 includ
ing various data points from previous studies(1, 4, 26Λ Key: 1,41/1,4B; O, 
1,2 Β /1,4 Β; solid points, homogeneous materials; open points, heterogeneous mate
rials; half solid point, a blend for which contradictory results were obtained in 

various experimental modes(26). 
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are taken from our e a r l i e r studies on 1,41/1,4B(1-4) and from 
ongoing work on 1,2B/1,4B(26). In every case the blend contains 
50 wt % of a diblock copolymer, the remainder of the composition 
being comprised of one or both of the corresponding homopolymers. 
Inspection of Figure 3 reveals immediately that shi f t ing the l o 
cation of the boundary to an intermediate position is clearly the 
correct approach; a l l of the homogeneous blends l i e on or out
side the curve as required, and essentially a l l of the heterogene
ous blends are located inside the curve. There is no doubt that 
neither the boundary for pure diblocks(upper curve in Figure 1) 
nor the one for homopolymer blends(lower curve in Figure 1) 
would adequately f i t the data points of Figure 3. Similar good 
f i t s were obtained for the arrays of data at 25% and 75% diblock(1,4,26) using the appropriate l inear combinations of the two 
l i m i t i n g curves. 

More experimental work i s needed to define the various 
boundaries more precisely, and theoretical work is needed to 
j u s t i f y or refute some of the ad hoc assumptions made here. 
Nevertheless, the ideas presented here do provide a semiquantita
t i v e , unified explanation for a large set of experimental observa
tions. A three dimensional representation such as Figure 3 is 
also useful for predicting in advance whether or not a given 
binary or ternary composition w i l l be homogeneous or heterogeneous 
and for anticipating how much of a given homogeneous diblock co
polymer w i l l be required to homogenize an incompatible polymer 
blend. 

Conclusions 

Existing thermodynamic theories can be used to describe 
the morphological behavior of rubbery/rubbery compositions com
prised of diblock copolymers and one or both of the corresponding 
homopolymers. The required interaction parameter for the theories 
can be estimated from s o l u b i l i t y parameter data if only nonpolar 
hydrocarbon rubbers are considered. A three dimensional plot , 
which simultaneously d e s c r i b e s ( i ) the overall composition of a 
given b l e n d , ( i i ) the proportion of the blend which is comprised 
of block copolymer molecules a n d ( i i i ) the number average molecu
l a r weight of the blend, provides a clear picture of the role 
of diblock copolymers in these systems. More experimental work 
i s needed to define precisely the shape and location of the 
contours of this three dimensional plot, and guidance i s required 
from theory regarding the correct form of the plot for various 
types of polymer systems. 
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27 
Fundamental Aspects of the Chemical Applications 
of Cross-linked Polymers 

DAVID LIVE and STEPHEN Β. H. KENT1 

The Rockefeller University, New York, NY 10021 

High resolutio
to study in detail the properties of swollen copoly

(styrene-1%divinylbenzene) with an emphasis on fac
tors relating to its use as a support in novel 
solid-phase methods for chemical synthesis. 1% 
cross-linked and linear polystyrene in chloroform 
and dimethylformamide have been compared. We have 
been able to demonstrate a high degree of mobility 
in chain segments at frequencies > 108/s uniformly 
throughout the resin comparable with linear poly
styrene. This implies good solvation of the chain 
segments even though the polymer beads are macro-
scopically insoluble. Pendant chains show an even 
greater degree of freedom, and their effects on 
the properties of the system have been investigated. 
The environment in the swollen 1% cross-linked bead 
is substantially like a solution of linear polymer 
with no evidence for a fundamental resin-caused 
physical limitation to the solid-phase synthesis 
method. 

The novel concept of synthesizing a molecule while attached 
to a swollen cross-linked resin bead was introduced and demon
strated by R. B. Merrifield with the solid-phase peptide synthesis 
method about 20 years ago(1,2). The procedure involves the cova-
lent attachment of an amino-acid residue to the polymer bead 
followed by the addition of subsequent amino-acid units in a step
wise manner under conditions that do not disrupt the attachment 
to the support. At the completion of the assembly of the peptide, 
the product is cleaved from the resin and recovered. The macro-
scopically insoluble support provides convenient containment of 
the desired product so that isolation and purification from 
soluble co-products in the synthesis can be achieved by simple 

1 Current address: Molecular Genetics, Incorporated, Minnetonka, Minnesota 55343. 
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washing and f i l t r a t i o n procedures. The speed and simplicity of 
the manipulations are an important advantage compared to conven
tional solution synthesis methods. This allows for the stand
ardization of reaction conditions i n the solid-phase method. 
Recently i t has been realized that there are also i n t r i n s i c 
chemical advantages which derive from the solvation effects im
parted to the pendant molecule by the supporting polymer(3 ) . 
This has the potential for extending the range of environments in 
which a particular chemical transformation can take place which 
has important implications for the general usefulness of the 
solid-phase method. 

Although a variety of supports have been employed for so l i d -
phase syntheses i n general and the peptide version i n particular(4), cross-linked polymer beads produced by suspension co-
polymerization have been by far the most widely and successfully 
employed. In particula
support originally used(2)
cross-linked. Among i t s advantages are favorably physical and 
chemical properties and a v a i l a b i l i t y . From time to time, however, 
questions have been raised about limitations on the use of this 
methodology purportedly arising from inadequacies i n the physical 
properties of this support. Generally the hypotheses have been 
based on rationalization of chemical d i f f i c u l t i e s and have not 
been substantiated by direct physical investigations(5, 6). 

It i s our goal to investigate the physical properties of the 
swollen, cross-linked resin-pendant molecule system to develop a 
fundamental understanding of the behavior of components in the 
system and their interplay. This has been accomplished by exam
ining the molecular structure and dynamics of the polymer and 
pendant chain at a molecular level using high-resolution NMR 
spectroscopy. The study has been carried out i n the context of 
the solid-phase peptide synthesis method because i t offers a means 
of correlating chemical to physical effects, practical applicabil
i t y of the results to a widely used technique, and proven chemical 
procedures for manipulating the system. The relevance of the 
results i s not limited to improving the use of these supports i n 
chemistry, but also to provide a better understanding of the 
phenomena of rubber e l a s t i c i t y . 
Approach 

Although high-resolution NMR has been widely used in stud
ying polymers(7, <8, 9), there are only scattered reports of i t s 
application to cross-linked material(10, 11, 12, 13, 14, 15). 
This i s probably because the swollen cross-linked polymer gives 
the appearance of an insoluble phase, and from this i t might be 
concluded that the rapid molecular tumbling and internal rotations 
associated with a dissolved species, and required to observe a 
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high resolution spectrum, would be absent. The necessity for 
rapid motions i n this experiment arises from the need to average 
out the effects of local magnetic fields from other nuclei in the 
sample on the one being observed. I f this condition i s not met, 
the lines i n the spectrum can increase i n width by several orders 
of magnitude and much more elaborate procedures are required to 
extract the desired data. Even though the NMR spectroscopist 
might be put off by the appearance of the sample, there i s ev
idence that some of the c r i t e r i a might be met from the fact that 
the cross-linked resin swells i n certain solvents. This implies 
an intimate interaction of solvent and chain segment akin to dis
solution(16). The po s s i b i l i t y of using high-resolution NMR to 
study the system of interest here, cross-linked polystyrene, has 
been recognized by several investigators d ha  bee d
analytical method and t
15). The use of electro  spi  reporte
address some of the questions under study here(17). Although 
ESR has the substantial advantage of being readily observable i n a 
variety of physical states of the sample, i t s observation i n these 
systems requires the introduction of a spin label or spin 
probe whose a b i l i t y to monitor the complex motions of the native 
polymer i s not always clear. NMR, on the other hand, uses the 
indigenous nuclei to monitor a variety of interactions within the 
sample. We have employed both *H and 1 3C NMR to examine some of 
the basic aspects of the material that are relevant to solid-phase 
synthesis. 

Proton NMR has the advantage of relative experimental ease 
due mainly to i t s i n t r i n s i c high sensitivity, though the relaxa
tion properties of the proton resonances are generally more 
d i f f i c u l t to interpret i n terms of dynamics than are those from 
protonated carbon nuclei. The widths of the proton resonances 
can conveniently be used as a qualitative measure of some of the 
motional properties. 

The 1 3C NMR sensitivity can sometimes be a problem, but for 
the kind of samples studied here the effective concentration of 
monomer units i s several molar which does not place excessive 
demands on present Fourier transform NMR spectrometers. In addi
tion to the sensitivity of the chemical shift to structure( 9 ) , 
the relaxation of protonated carbons i s dominated by dipole-dipole 
interaction with the attached proton(9 ). The dependence of the 
relaxation parameters T, or spin-lattice, and T, or spin-spin, 
on isotropic motional correlation time for a C-H unit i s shown 
schematically i n Figure 1. The T- can be determined by standard 
pulse techniques(9 ), while the linewidth at half-height i s often 
related to the T. Another parameter which i s related to the 
correlation time i s the nuclear Overhauser enhancement factor, η. 
The value of this factor for 1 3C coupled to protons, varies from 
about 2 at short correlation times to O.1 at long correlation 
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times(9). A problem -that can complicate a quantitative inter
pretation of the data i n terms of molecular fluctuations arises 
from the anisotropy of the molecular motion which i s neither 
known i n detail nor simply characterized mathematically. The 
problem of dealing with this situation has been recently reviewed(9). The functional dependence remains basically the same, 
however, and the values derived from the isotropic case can be 
used as a semi-quantitative estimate. 

Materials and Methods 

3000 and 17,500 MW polystyrene(PS) were from Polysciences. 
Copoly(styrene-l%divinylbenzene)(S-DVB) was in the form of Bio-
Beads SX-1, 200-400 mesh from Bio-Rad Laboratories  Peptide 
samples were prepared usin
phenylacetamidomethyl(PAM

NMR spectra were obtained in continuous wave mode on a Varian 
T-60, and in the pulsed Fourier transform mode on a Varian HR-220 
with Nicolet TT-100 Fourier transform accessory, a Nicolet NT-300 
wide bore system, and a Bruker WM-500. 1 3C T- data were obtained 
at 25 °C using the inversion recovery method 19) . Integrated peak 
intensities were analyzed to give relaxation times using the T13IR 
data reduction routine i n the Nicolet software package(18). 
L i t t l e difference was noted when peak heights were used. The 
error in the T data i s less than + 10%. Nuclear Overhauser 
enhancement factors(η) were obtained by measuring the integrated 
intensity of peaks in a difference spectrum from one with enhance
ment minus one with no enhancement and dividing that value by the 
integral from the one with no enhancement; i.e. η =»(lnQe Ino nOeV(Ino n Q ) . Accuracy should be 10% or better. Linewidtns were 
measured* at half heights, and chemical shifts are relative to TMS. 

Results 

Proton NMR. An example of the 1H NMR spectrum of CDCl 
swollen 1% cross-linked PS i s i n Figure 2. There are four resolv
able regions of the spectrum: meta and para protons at 7.04 ppm, 
the ortho protons at 6.52 ppm, the methine proton at 1.82 ppm, and 
the methylene protons at 1.41 ppm. These assignments have been 
previously reported(19). The widths of these envelopes are due 
to a combination of effects: to coupling between nuclei(not 
resolved here), to the chemical shift range for each of the 
protons from the distribution of conformations in the polymer, and 
to the i n t r i n s i c linewidth of each component related to molecular 
motion. Since the calculated width contribution from couplings, 
based on simulations with published values(19) are somewhat less 
than we observe, and the widths are proportional to magnetic f i e l d 
over the range of 1.4 Τ to 11.7 Τ(60-500 MHz), i t can be conclud
ed that the major factor i s the chemical shift dispersion due to 
the atactic nature of the polymer and incomplete averaging of 
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10 J 

c o r r e l a t i o n t i m e ( s ) 
Figure 1. Schematic representation of dependence of the Tt and T2 relaxation 
times on isotropic correlation time(rc) of motion for a C-H fragment assuming 

dipole-dipole relaxation and 7 Τ magnetic field. 

τ 1 \ 1 1 1 ρ—ι 1 1 1 1 1 
10 5 0 PPM 

Figure 2. A 300-MHz 1H NMR spectrum of 1% cross-linked polystyrene(Bio-
beads SX-1) in CDCls. Shifts relative to TMS. 
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rotational conformers. The observed linewidths in Table I are 
then upper limits on the i n t r i n s i c linewidths of the component 
resonances. 

Table I 
Proton Multiplet Widths in Hz at 220 MHza 

Solvent Chloroform Dimet hy 1 f ormamide 
Sample 
PS(3000 MW) 
PS(17500 MW) 
Bio-Beads SX-1 

Bio-Beads SX-1-(LAGy)xlb 

Bio-Beads SX-1-(LAGV)x5b 

aAverage widths at half height of the two resolvable envelopes 
in each region. 

kpeptide- resin with the designated number of units of(leucyl-
alanylglycylvalyloxymethylphenylacetyl) attached. Peptide 
loading was O.2 mmole/g PS(1 phenyl in 50 substituted). 

Aromatic protons 
40 

Aliphatic protons 
50 

Aromatic protons Aliphi prot( 

40 50 40 75 
5 60 125 

200 175 200 175 
250 200 

The linewidth i s of interest here since i t can be used as a 
qualitative if not quantitative measure of the rate and amplitude 
of molecular motion. The widths of these envelopes for linear PS, 
1% cross-linked PS and 1% cross linked PS with peptide attached 
are given i n Table I. The data for the respective spectral com
ponents of linear and 1% cross-linked PS in chloroform are not 
substantially different. These results suggest two conclusions. 
First that the motions involved in the relaxation of linear and 
cross-linked material are comparable, and second, that the dis
tribution of conformers i s probably similar. It has been previous
ly observed(.8) that local segmental motion i s the dominant mo
tion for relaxation in these systems. With the peptide-resin i n 
chloroform there i s substantial broadening of both the aromatic 
and aliphatic resonances. This indicates an increase in lower 
frequency motions and/or a reduction i n the rate of conformation*-
a l averaging(for example phenyl group reorientation). These 
could be caused by the pendant chains entangling the PS chain 
segments or by branch points acting to load down the chain segr 
ments so they cannot move as freely as before. We prefer the l a t 
ter explanation since the phenomenon i s not strongly dependent on 
on the length and amount of peptide present. Our preliminary data 
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indicate that behavior in methylene chloride i s similar to that 
in chloroform. Another solvent which i s used widely in s o l i d -
phase synthesis i s DMF, a poorer solvent for polystyrene. The 
breadth of the aliphatic resonances in linear PS i s greater here 
than for the aromatics. This would suggest less freedom of motion 
in the backbone of the polymer and would be consistent with a more 
ordered structure as expected i n a poorer solvent. The widths 
for the cross-linked sample i n DMF are substantially greater than 
for the linear material i n DMF or the cross-linked resin i n chlo
roform. Physically the beads swell half as much in DMF than i n 
chloroform or methylene chloride(3) resulting in a concentration 
within the bead of 40% w/v PS. At this concentration interference 
of neighboring chains may play an important role. This concentra
tion was greater than that d fo  th  linea  material  i
fact, achievable with i t
widths in chloroform and  are quite simila  whic s l i k e l y 
related to the fact that the swellings of such peptide resin beads 
in the two solvents are comparable(3). 

An estimate of the rate of the dominant motion i n the relaxa
tion can be made using the isotropic motional model(9). This 
gives an upper l i m i t of about 10° s for the correlation time. I t 
should be pointed out that a variation of less than an order of 
magnitude would be required to explain a l l the variation i n widths. 
Integrals of the cross-linked resin sample relative to a reference 
indicate that a l l of the protons are being observed. That means 
there are not any significant regions where the motion i s highly 
restricted i n the bead. 

In a recent study on the proton spectrum of 2% cross-linked 
PS i n CCl,, a solvent of comparable quality to chloroform, the 
lines were found to be much broader than reported here(11). The 
lines could be narrowed by rapidly spinning the sample at the 
magic angle(54.7°) relative to the magnetic f i e l d . This i n d i 
cates that dipolar interactions are the primary mechanism of 
broadening in their case, which suggests a reduction in frequency 
of motion of two orders of magnitude or more relative to that 
observed in this study. The trend of the results for 1% and 2% 
of cross-linked material argues in favor of using the former for 
synthesis. 

1 3C NMR of linear cross-linked PS. The proton decoupled 1 3C 
NMR spectra of linear and 1% cross-linked PS at 75 MHz in chloro
form are i l l u s t r a t e d i n Figure 3. These spectra are similar to 
those for linear and cross-linked chloromethylated PS previously 
reported at lower f i e l d ( 1 4 ) , although we have been able to re
solve more structure in tEeT aliphatic and aromatic regions here. 
The quarternary and methylene carbon resonances at about 146 ppm 
and between 40 and 50 ppm respectively, are the most strongly 
affected by stereochemistry(20). The ortho and meta resonances 
at 128.4 ppm show pa r t i a l l y resolved structure in the linear PS, 
as does the para carbon at 126.1 ppm. The methine resonance at 
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i . L , , , Λ m4t ι a»wim* 

Ί 1 1 Γ π — ι 1—Γ 
1 5 0 1 0 0 5 0 0 

P P M 

Figure 3. Protein decoupled 13C NMR spectrum at 75 MHz of 17,500 MW poly
styrene at 20Ψο w/v in CDCl3/CHCls(lower trace). One percent cross-linked poly

styrene(Biobeads SX-1) in the same solvent(upper trace). 
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40.9 ppm appears as an overlapping doublet. The spectra of these 
samples i n DMF are of similar appearance. Several parameters 
from the 1 3C spectra which we can use to elucidate molecular 
dynamics are given i n Table I I . The widths of the ortho, meta 

Table II 
1 3C Linewidth(Hz), Nuclear Overhauser Enhancement Factor(η), and 
T- ( s ) , for Linear PS and 1% Cross-Linked PS i n Chloroform and 
Dimethylf ormami de. 

1 17,500 MW PS LW η Τ 
ortho, b 45.0(61.8
meta 

Para 20.1(18.6) O.78(O.58) O.22(O.21) 

methylene O.86(O.65) O.12(O.12) 

methine 33.0(35.0) O.90(O.49) O.21(O.22) 

1% cross-linked PS 

ortho, b 54.6(66.5) O.73(O.55)c O.21(O.23)C 

meta 
methylene O.68(O.58) O.11(O.14) 

methine 32.0(34.0) O.88(O.55) O.20(O.23) 

Values for dimethylformamide i n parentheses following those for 
chloroform. Measured at 75 MHz. 

b F u l l width of combined ortho and meta resonances. 
c 
Includes contribution from para carbon. 

para and methine carbons show l i t t l e effect of solvent. The width 
of the para carbon cannot be measured accurately in the cross-
linked sample because of i t s position on the side of the combina
tion ortho and meta peaks that have almost completely coalesced. 
The overall width of the ortho-meta combination peak here can be 
accounted for with only a slight broadening relative to linear PS. 
The width of this combination peak varies proportionally with 
f i e l d between 7.0 and 11.7 Τ indicating chemical shift dispersion 
as the main mechanism for broadening. The methine resonance, 
which also shows a f i e l d dependence, does not change significantly 
on cross-linking. Using these data as upper l i m i t s , as for the 
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protons, the same limiting value for the correlation time of 
10~8s i s obtained. 

T 1 values(Table II) for linear PS i n chloroform and DMF are 
about the same, and f a l l within the region of the minimum T 
values(Figure 1) where this parameter i s least sensitive to cor
relation time. The η value, which i s at i t s most sensitive i n 
the region, i s greater for the chloroform solution. From the com
bination of these results we can conclude that the correlation 
time(s) effective i n chloroform are shorter, indicating more rapid 
molecular motion. Factors contributing to the difference may be 
the concentration of the samples(the DMF was 30% w/v PS to em
ulate the concentration i n the swollen bead as opposed to 20% for 
the chloroform), and the poorer nature of DMF as a solvent for PS. 

In the cross-linked resin samples the T f s are again not 
solvent dependent and th
chloroform. The value
a lower l i m i t of less than 10 8 s for the correlation time. 

Integrations of the spectra of linear and cross linked 
material accumulated without nuclear Overhàuser enhancement give 
ratios of intensities that are consistent with the chemical struc
ture. If a significant number of carbon nuclei were affected by 
dipolar broadening this would probably not be the case since 
different classes of carbons would l i k e l y be affected to different 
levels. These 1 3C NMR results show no gross differences between 
linear and 1% cross-linked material and are consistent with sub
stantial freedom of motion within the bead. The results we have 
observed reflect at least qualit iti v e l y the changes expected with 
magnetic f i e l d when they are compared to data un linear and cross-
linked material previously reported(14, 21). 

Pep tide-resin. The behavior of a pendant chain i s more 
effectively examined by 1 3C NMR than by XH NMR because of the 
relatively greater chemical shift dispersion and narrower res
onances of the former(9). In addition, 1 3C specific labelling 
can be used to identify a site of interest. As an example of a 
peptide-resin we have investigated I N isoleucylalanylglutamyl-(f-0-benzyl)-PAM-resin with 20% 1 3C uniformly enriched isoleucine 
incorporated. The resin was derivatized to a level of 1.8 meq/g 
of PS, resulting i n about one pendant chain for 5 or 6 styrene 
units. This i s substantially above the normal levels of O.3 to 
O.5 meq/g commonly used i n solid-phase peptide synthesis, which 
should exacerbate any potential problems. Synthetic target mol
ecules are usually significantly longer than the three residues in 
this model, but in light of the peptide-resin results from 1H NMR 
discussed ea r l i e r , this case should be of general relevance. 

A proton decoupled 1 3C NMR spectrum of the resin-peptide 
sample swollen in methylene chloride i s shown i n Figure 4. The 
spectrum obtained i n DMF i s quite similar. The strong line at 
175 ppm i s from the l i e carbonyl, and the six intense resonances 
between 60 and 10 ppm are due, in order of increasing f i e l d to the 
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Figure 4. Proton decoupled 13C NMR spectrum at 75 MHz of H2NIleAlaGlu(0-
Bzl)-(PAM)-(s-DVB) in CH>Cl2/CD>Cl2. Shifts relative to TMS. 
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Ca, the solvent, the C , the C Y , the C , and the C respect
ively. Weaker lines deriving from other portions of the peptide 
are also v i s i b l e in this region. The peak immediately downfield 
of the C resonance i s from the methine of the PS. The aromatic 
region around 129 ppm i s made up of resonances from PS phenyl 
carbons and the aromatic carbons of the ΡAM group and the benzyl 
group. Some of the latter ones are probably responsible for the 
sharp component of the peak. In relaxation studies i t was clearly 
observed that there was a sharp central component that relaxed 
more slowly than the rest. These non-styrene carbons should ac
count for about 20% of the intensity i n the region and they w i l l 
tend to bias the width measurement, T, and Overhauser enhancement 
values since the peak i  that regio  considered  singl  unit

Table III 
13 

C Linewidth(Hz), Nuclear Overhauser Enhancement Factor(η) and 
T x ( s ) of H2N-IleAlaGlu(Y-0-Bzl)-PAM-(S-DVB) in Chloroform and 
Dimethylf ormamide.a 

LW η h 

Aromatic*5 125.9 (87. 4) O. 82 (O. 98) O.37 (O. 67) 
He C a 29.6 (25. 2) 1. 32 (1. 32) O.46 (O. 42) 

28.6 (23. 1) 1. 21 (1. 38) O.38 (O. 45) 

29.4 (28. 0) 1. 44 (1. 46) O.33 (O. 34) 

24.3 (23. 6) 1. 70 (1. 34) O.57 (O . 67) 
c& 24.9 (24. 4) 1. 67 (1. 62) O.64 (O. 86) 

aDimethyIformamide value follows the chloroform value in 
parentheses. Measured at 75 MHz. 

Includes contirgutions from a l l aromatic carbons. 
0 Ν C'Y2 

Labeling of isoleucyl reisidue i s Λ J.B. Γγ Γδ 

The widths of resonances arising from the l i e residue(Table 
III) are f a i r l y uniform, and do not show much solvent dependence. 
Those numbers probably reflect a significant contribution from 
the f i e l d inhomogeneity in this heterogeneous sample since the 
normally sharp(less than 1 Hz) solvent line i s 20 Hz wide. 
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The aromatic region provides the only PS related line that i s 
readily measurable, although i t can only provide an approximation 
for the reasons mentioned above. The width of this combination 
i s somewhat greater than found in the resin above, which i s con
sistent with the proton results. 

The values of T- and η of the l i e carbons point clearly to 
an increase of mobility over that for chain segments i n the cross-
linked samples. In general a linear chain attached to a polymer 
shows greater mobility(22) from the additional degrees of rota
tional freedom about i t s bonds * It i s of great interest from 
the chemical point of view that these T values are comparable 
with those for small free peptides i n solution(23). The use of 
the approximation of isotropic motion improves as the mobility 
becomes greater, and using this  a correlation time on the order 
of 10 1 0 s i s estimated fo
unavoidable bias, the result  proton  sugges
tive of an increase of motional freedom for the resin. 

The similarity of results for peptide resins i n both solvents 
f i t s nicely with the estimate that this resin sample with about 
50 weight % peptide should have similar swelling characteristics 
i n the two solvents C3) . In these samples we have measured the 
integrals of the aromatic region relative to an unenriched peptide 
peak, and the results are consistent with the observation of a l l 
the carbon nuclei, and hence the results are typical of a l l por
tions of the cross-linked matrix. 
Conclusions 

The aim of this work has been to develop an understanding of 
the environment at a molecular level within the cross-linked PS 
resin matrix and to determine if there were any fundamental phys
i c a l limitations to the use of such supports in chemical syn
thesis. The physical evidence has shown that to a good approxima
tion the properties of chain segments i n swollen copoly(styrene-
l%divinylbenzene) closely reflect those of linear PS molecules i n 
solution under conditions typical of those used i n solid-phase 
synthesis. The dynamics of both chain segments and free molecules 
are characterized by rapid fluctuations of substantial magnitude 
at frequencies of 108/s or greater arising from segmental motions 
i n the chain. The high degree of mobility in the cross-linked 
material indicates that for the samples examined PS chain segments 
are well solvated. From the intensities of the NMR signals, our 
data show that these characteristics are present uniformly 
throughout the matrix. This i s the contrast with an analysis of 
results reported by others(14) on a cross-linked, 25% chloro-
methylated resin. 

From the chemical point of view, the rapid fluctuations mean 
that diffusion of solvents and reagents should be rapid, a l l sites 
on the resin readily accessible,and pendant chains easily accom
modated throughout the matrix. The uniformity of physical 
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properties should rule out any dispersion in reactivity from site 
to site on the resin. The pendant chains appear to have even 
greater rotational freedom than the PS chain segments, approaching 
that typical of such a free molecule in solution. From the data 
presented here there is no evidence for a fundamental resin-caused 
physical limitation on the application of the solid phase method. 
These results indicate that older notions of pore-like cavities 
in a semi-rigid matrix were incorrect(24); on the contrary the 
interior of the resin bead can be visualized as a solution of 
intermingled polymer and pendant chains. 

An additional point illustrated in this paper is the useful
ness of high resolution NMR techniques in examining elastomer 
gels. This provides a relatively simple approach to dynamic and 
conformational information at a basic molecular level  The 
interpretation of the dat
molecular motion may be
tion of motional modes, but by sampling at a variety of fre
quencies of different nuclei and at different magnetic fields i t 
should be possible to develop a more accurate picture than we 
have been able to present here. 
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28 
Approximative Methods for the Evaluation of 
Equilibrium Moduli of Relaxing Rubber Networks 

BOUDEWIJN J. R. SCHOLTENS and HENK C. BOOIJ 

DSM, Central Laboratories, Geleen, Netherlands 

An examination wa
luating the equilibriu
rubbers, in this case peroxide-cured EPDM networks, 
from oscillatory measurements in torsion. A 
somewhat modified time-temperature superposition 
method could be used to extend the experimental 
frequency range at the lower side. Further extension 
by time-crosslink density superposition appeared 
to be impossible. Because no frequency-independent 
modulus was found, five formulas for separating the 
storage moduli into their relaxational and their 
equilibrium components were tested. Of these curve
-fitting equations, the one based on the generalized 
Maxwell model proved to be the most successful. This 
approach is applicable only after evaluation of the 
relaxation spectrum over a very broad time interval, 
which could be accomplished very accurately with an 
iterative method. That the other four analytical 
curve-fitting equations offer only limited possi
b i l i t i e s could best be demonstrated by comparing 
their corresponding relaxation spectra. 

From a theoretical point of view, the equilibrium modulus 
very probably gives the best characterization of a cured rubber. 
This is due to the relationship between this macroscopic quantity 
and the molecular structure of the network. Therefore, the deter
mination of the equilibrium modulus has been the subject of many 
investigations(e.g. If 9) . For just a few specific rubbers, the 
determination of the equilibrium modulus is relatively easy. The 
best example is provided by polydimethylsiloxane vulcanizates, 
which exhibit practically no prolonged relaxations(8, 9). 
However, the networks of most synthetic rubbers, including 
natural rubber, usually show very persistent relaxations which 
impede a close approach to the equilibrium condition(1-8). 

0097-6156/82/0193-0517$06.00/0 
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Consequently, one is forced either to extrapolate from the 
measured time-dependent moduli in one way or another, or to e s t i 
mate their time-independent component. 

A l l usual methods to estimate equilibrium properties are 
based on an empirical extrapolation in the terminal region. Some 
approaches extend this terminal region by considering either the 
temperature(10, 1), or the network concentration(11, 4), or 
even the crosslink density(6, 3, 4), as a reducing variable. 
Another very popular procedure is to f i t the time-dependent modu
lus by an analytical relationship in which the equilibrium modu
lus is one of the adjustable parameters(1-5). It should be 
pointed out here that, in very many studies, these approaches 
were tested with or applied to rubbers with a relatively low 
entanglement plateau modulus  so that the intensities of the 
relaxations in the termina
usually only one transien  quantity ,
very smooth function of time due to these low relaxation 
intensities. Therefore, we found i t useful to test these 
approaches more c r i t i c a l l y with rubber networks which exhibit 
strong relaxations. For this purpose we employed terpolymers of 
ethylene, propylene and a diene monomer, EPDM, which possess an 
extremely high entanglement modulus, about three times as high as 
natural rubber and even five times as high as polydimethyl-
siloxane. This is probably bound up with the high f l e x i b i l i t y , 
low molar volume and small chain thickness(12) of EPDM. Oscilla
tion measurements were performed, because these provide at least 
two viscoelastic characteristics with quite different frequency 
dependences; one of these is insensitive to the actual dimensions 
of the sample(viz. the loss angle). This fa c i l i t a t e s a c r i t i c a l 
testing of any empirical superposition or extrapolation method 
and, in addition, these data are indispensible for our new 
approach, the spectrum method. 

Experimental 
Three EPDM samples were chosen, two containing 

5-ethylidene-2-norbornene as the diene monomer, v i z . samples D 
and Κ with 1.0 and 2.5 mol % respectively, and one, viz. sample 
N, comprising 1.0 mol % 1,4-hexadiene. Sample D contained 58 mol 
% ethylene, Κ and Ν both 65, and their Mn was 65 kg/mol. Measure
ments with a Perkin Elmer DSC-2 confirmed that the Κ and Ν 
samples were amorphous at Τ > 283 Κ, whereas sample D was 
amorphous at Τ > 240 Κ. 

The samples were cured with O.2, O.4, O.8 and 1.6 wt.% dicu-
myl peroxide. In this way, we obtained twelve different networks 
with great variations In relaxation intensities. Dynamic mechani
cal measurements were performed in torsion in the linear region(deformations smaller than 5 %) with a mechanical spectrometer, 
using the parallel-plate geometry. The frequency ranged from O.01 
to 15 Hz and the temperature was usually between 300 and 435 K. 
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At the highest temperature we performed stress relaxation 
measurements to extend the experimental frequency range. From 
these relaxation experiments, the corresponding oscillatory data 
were calculated with the well-known approximate relationships of 
Schwarzl(13). More details on the preparation of the networks 
and on the measurements were published previously(14). 

Approximative methods to estimate the equilibrium modulus 

The following approaches were used to estimate, from the 
measured storage moduli Gf(a)), the frequency independent 
equilibrium part, G f(o): 

1. time-temperature superposition of the oscillation Isotherms 
to form Gf(u)a.£) maste

2. curve-fitting of th
various functions, in which G (o) is one of the adjustable 
parameters; 

3. time-crosslink density superposition of a set of Gf(u)aT) 
master curves of one network family with differences in 
crosslink density only. 

Results and Discussion 

Time-temperature superposition. Because of the relatively 
strong relaxations in the frequency range at room temperature(300 K), oscillation measurements were also performed at 345, 390 
and 435 K; in addition the D networks were measured at 265 K. 
For a l l networks we were able to superimpose the oscillation 
isotherms to form one very smooth master curve. In Figure 1 the 
storage and loss modulus master curves at the reference tem
perature TQ = 300 Κ are presented for the complete D family. 
Within one family, the horizontal shift factor could be taken 
independent of the degree of crosslinking. Table I summarizes the 
log a T values for the three families. The vertical shift factors 
b-j were derived from the shifting of the G"(a)a.p) curves, and are 
given in Table II for the four D networks. For the other families 
very similar values were found. The Gf(o)aT) curves needed an 
additional correction due to differences In vertical shift factor 
between the equilibrium and relaxational components of Gf(o)aT). 
The details of this superposition scheme were discussed i n ( 1 4 ) . 
Figure 1 clearly demonstrates that a frequency-independent value 
of Gf(o)aT) is not observed for any of the D networks within the 
experimental frequency range of more than eight decades; this 
held also true for the other networks. 

Curve-fitting of the storage modulus master curve. A l l 
individual Gf(o)a«jO master curves were smoothed out and digitized 
equidistantly(d log(a)a.£) = O.2). The data so obtained were 
analyzed with the following curve-fitting equations: 
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Figure 1. Time-temperature superimposed master curves of storage and loss 
moduli as functions of reduced frequency. The four networks belong to the D 

family. Numbers indicate wt. % dicumyl peroxide. 
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Table I: The values of the horizontal shifts log a T for the net
work families K, D and Ν with respect to the reference 
temperature T 0 = 300 K. 
network 
code 26

log a

Κ - -1.51 -2.38 -3.06 
D +1.65 -1.36 -2.15 -2.70 
Ν - -1.27 -2.06 -2.61 

Table I I : The values of the vertical shift factors bf for the 
four D networks with respect to TQ » 300 K. 

network 
code 265 Κ 

b«£ 
345 Κ 390 Κ 435 Κ 

D O.2 1.11 O.97 O.98 O.96 
D O.4 1.11 O.95 O.93 O.91 
D O.8 1.17 O.90 O.85 O.84 
D 1.6 1.16 O.91 O.86 O.86 
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β'(ω) = G'(o) + G'(o)(ωτ0)π [1] 
G'(u>) = G'(o) + AG(ωτ0)°7(1 +(ωτ 0) α) [2] 
G'(o>) = G'(o) + AG(ωτ0)β/(1 + ωτ0)β [3] 
G'(<o) = G'(o) + AG(ωτ0)«β/(1 +(ωτ0)α)β [4] 
The adjustable parameters, G f(o), τ 0, m, AG, α and β were deter
mined by a least-squares analysis. In physical terms Gf(o) i s the 
equilibrium modulus, AG represents the Increment to the entangle
ment plateau modulus, τ 0 i s a characteristic time, related, for 
the last three equations, to the frequency in the point of 
inflection, and the exponent d β relat  t  th  slop t 
the characteristic frequency

Relation [1] is the frequency-dependent analogue of a for
mula proposed by Chasset and Thirion(2, 3) which has since been 
applied very frequently to relaxation measurements on cured rub
bers. The next three equations are inspired by similar relations 
i n dielectrics(they are not derived from these): Equation [2] by 
the Cole-Cole and Equation [3] by the Davidson-Cole relation(15, 
16). Both are special cases of the most general Equation [4] 
which contains five parameters(17). 

This most general Equation [4] was always very d i f f i c u l t to 
work with, because i t had many relative least-squares minima. 
However, in the lowest minimum, which was usually hard to find, 
the values of i t s parameters always degenerated to those of 
Equation [3], with α » 1 and the values of α and β showing strong 
coupling. For this reason we shall further neglect the results of 
this equation and concentrate on the other three. 

We found that none of the empirical equations could cover 
a l l Gf master curves within the experimental accuracy(about 1 %) 
over the frequency range of eight decades. Omission of part of 
the high frequency data resulted in a considerable improvement, 
as demonstrated in Table I I I . For five representative samples, 
this table presents the results of the three curve-fitting 
equations. The second column indicates the frequency range, since 
the lower limit was always -5.5. Relatively the best results were 
usually obtained with Equation [3], which could cover the widest 
frequency interval with the lowest standard deviation. Equation 
[1] must always f a i l for a curve with an inflection point, which 
a l l our curves had. Therefore i t can only be applied in a very 
limited frequency range. Below this inflection point the results 
of Equations [1] and [3] are comparable for soft rubbers, but 
dif f e r alarmingly for harder rubbers(see e.g. Ν 1.6 and Κ 1.6). 
With Equation [2] the largest systematic deviations always showed 
up at the low frequency side, where the experimental curvature 
was always weaker than described by this equation. Apparently, 
this relation contains too few long relaxation times, which makes 
It inappropriate for extrapolation purposes. At the high fre-
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quency side, however, i t is superior. Because Equation [3] always 
had i t s largest deviations at that high frequency side, far away 
from G f(o), and the value of Gf(o) was usually not much dependent 
on the width of the frequency interval, we must conclude, in view 
also of the other arguments given above, that our results are 
clearly in favour of the use of this Equation [3], not the far 
more widely applied Equation [1]. 

The spectrum method. Since we are dealing with linear 
viscoelastic measurements, the following equation might provide a 
very general approach for an estimate of G f(o): 

G f ( W ) = Gf(o) + / Η(τ)(ωτ)2/(1 +(ωτ)2) άΐητ [5] 

This equation, based on the generalized Maxwell model(e.g. 19 p. 
68), indicates that Gf(o) can be determined from the difference 
between the measured modulus and i t s relaxational part. A 
prerequisite, however, is that the relaxation spectrum Η(τ) 
should be known over the entire relaxation time range from zero 
to i n f i n i t y , which is impossible in practice. Nevertheless, the 
equation can still be used, because this time interval can 
generally be taken less wide, as w i l l be demonstrated below. 

From each G"(and/or Gf) master curve, a corresponding part 
of a provisional spectrum can be estimated by means of one of the 
well-known approximative methods(e.g. 1 chapter 4). Only in the 
middle of i t s frequency interval is good agreement observed bet
ween the original G" master curve and the one recalculated from 
this provisional spectrum as: 

, l n tmax „ 
G"(u)) » / Η(τ) ωτ/(1 +(ωτ) 2) dim; [6] 

l n i n 
where <%£n and ω τ η 3 χ represent the lower and upper limits of the 
reduced frequency interval. On approaching these ends of the 
interval, increasing differences are found between G" measured 
and G" recalculated. 

The next step i s , therefore, to extrapolate this provisional 
spectrum at both ends. At the short time side, the extension 
usually covers three decades of time, any farther extrapolation 
not resulting in a further improvement because the kernels in 
both Equations [5] and [6] approach zero. The extrapolation to 
longer times always consists of the two possible extremes: 
a linear extension, and a sharpy deflecting one with ultimate 
slope of -1. Theoretical arguments for such a sharp increase in 
the slope of Η(τ) at long times were given in a molecular theory(10). 
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Both extended spectra are now optimized by t r i a l and error 
corrections of Η(τ) in such a way that, over the entire reduced 
frequency interval, G"(a)) calculated by means of [6] approximates 
G"(u)) measured, and G f ( ω ) measured minus G f ( ω ) calculated by 
means of [5] approximates a constant value. Of course, Equations 
[5] and [6] are now used with the extended integration l i m i t s . 
With some routine, this procedure yields two optimized spectra 
after about eight iterative adjustments of the entire extended 
spectra. 

In Figure 2, these two extreme spectra are shown for the 
typical network D O.4. Over a very wide interval, the two spectra 
coincide exactly, namely from the short time limit to approxima
tely - l o g ( % £ n + 1.5, as indicated by the bold part of the 
curves. The long time extension
whole fan of extrapolation
equally well. The only difference between these spectra is the 
increasing value needed for the adjustable constant G'(o) in [5] 
with increasing negative slope of Η(τ). Figure 3 illustrates the 
close agreement between the experimental data, the symbols, and 
the Gf and G" master curve recalculated from any of the spectra 
of Figure 2 with Gf(o) as the only adjustable constant. 
Apparently, the correspondence is excellent. So we are unable to 
discriminate with our experimental data between any of the exten
sions within the two extremes. The value of G'(o) must therefore 
f a l l within the limiting values obtained with these extreme 
spectra. The spectra with the short- and long-dash extrapolations 
require the values of O.065 and O.046 MPa, respectively, for 
G'(o) in [5], so that Gf(o) - O.056 + O.009 MPa. The limits are 
relatively wide for these low values of G'(o), but they come 
closer together for higher values(as indicated in the last 
column of Table I I I ) . In Figure 2 we should note the very long 
relaxation times required to approach equilibrium. For a l l EPDM 
networks these times were of the same order of magnitude, so that 
this seems a phenomenon specific for EPDM. 

Although our spectrum method is admittedly time-consuming 
because of i t s Iterative character, i t is more powerful, ver
sa t i l e and reliable than the usual curve-fitting approaches: a l l 
Gf and GM data are used to estimate G'(o), ultimate limits are 
obtained for G f(o), and i t is absolutely necessary that the Gf 

and G" master curves be internally consistent. The method i s 
applicable over the entire experimental frequency range. This is 
illustrated in Figure 4, which shows the difference between Gf 

measured and i t s relaxational part as a function of reduced fre
quency for six representative samples. This difference indeed 
proves to be frequency-independent. The last column in Table III 
compares the results of the spectrum method with those of the 
three empirical curve-fitting equations. The results of the best 
analytical function [3] usually f a l l within the limits obtained 
with [5], whereas Equation [1] clearly f a i l s alarmingly for hard 
rubbers with less strong relaxations. 
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-log(6t>aT) 

— ! 

+ 2 

Figure 3. Comparison of experimental data of network D OA and calculated 
master curves, using any of the curves of Fig. 2 and Eqs. 5 and 6 with appropriate 

adjustable constant and integration limits. 
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Comparison of the relaxation spectra with those relating to 
the empirical functions [l]-[4] provided us with more insight 
into the inherent shortcomings of these functions. The analytical 
expressions for these spectra were derived from the Equations 
[l]-[4] by a substitution method involving complex algebra(1, 
17, 18, 19). For Equations [1] and [4], these formulas read: 

Η(τ) =(2/TC) G f(o)(τ/τ 0 )~™ sin(nnt/2) [1A] 

Η ( τ ) (2/TQ AG sin(αβπ/2 - φ) 
[1 +(τ/τ σ) 2 α + 2(τ/τ σ) α cos(απ/2)]β/2 

with φ = β arc tan [ s l n

(τ/τ 0) α + cos(απ/2) 
with ο < φ < αβ/2 and ο < αβ < 1. 

The spectra for Equations [2] and [3] are obtained from [4A] and 
[4B] by inserting β = 1 and α = 1, respectively. For τ » τ 0 a l l 
spectra are straight lines with a slope equal to minus the expo
nent of ω in Equations [ l ] - [ 4 ] . Their differences show mainly 
around and below τ 0. Figures 5 and 6 compare, for two represen
tative networks, the optimum spectra, represented by the symbols, 
with the analytical functions. Figure 5 compares the results of 
Equations [1] and [3], and Figure 6 collates those of [2] and 
[4]. The curves in long dashes are based on the parameters which 
cover a l l eight decades, whereas the short-dash curves relate to 
the parameters describing only the lowest five decades of 
frequency. Note f i r s t of a l l the difference in slope at long 
times for these two networks with differences in crosslink den
sit y only. Secondly, Figure 5 shows why Equation [1] must always 
f a i l over too wide a frequency interval because of the non-linear 
character of the spectrum at short times. Figure 6 shows why 
Equation [2] can give a good description of Gf(ω) at high, but 
not at low frequencies: at short times the curvature is a l l 
right, but at long times the spectrum is usually too steep. 
Finally, the spectra of [3] and [4] are usually closest to the 
symbols, with the largest deviations at the short-time side. In 
addition, these f a l l better within the two extreme extrapolations 
of the spectrum. 

Time-crosslink density superposition. Work of Plazek(6) 
and Chasset and Thirion(3, 4) on cured rubbers suggests that 
there is one universal relaxation function in the terminal 
region, independent of the crosslink density. Their results i n d i 
cate that the molar mass between crosslinks might be considered 
as a reducing variable. However, these findings were obtained 
from compliance measurements on natural rubber vulcanizates, 
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Figure 4. Plot of the difference between experimental G'(«>aT) and its relaxational 
contribution versus the reduced frequency for six representative networks. 

\ K D O.2,T0 = 3 0 0 K 

Figure 5. Comparison of relaxation spectra of D O.2 obtained by different meth
ods. Symbols assessed by the spectrum method(1). Curves drawn from the analyti
cal expressions relating to Eq. 1 and Eq. 3, respectively(2). Key: , 
— . — ., parameters for —5.5 < log ωατ < 2.3; , - . - ., parameters for 
—5.5 < log ωατ < —O.7. The two sets of points at long times are two possible 

extreme extrapolations. 
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Figure 6. Comparison of relaxation spectra of D O.8 obtained by the different 
methods used in Fig. 5 but for Eqs. 2 and 4. 
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which approach has been commented on above. Actually, this method 
of time-crosslink density superposition implies that the relaxa
tion spectra of a l l networks of one family have the same shape in 
the terminal region and thus are superimposable there. 

A l l our attempts to extend the frequency range of the time-
temperature superimposed master curves to lower values by time-
crosslink density superposition failed completely. We were not 
able to superimpose any two sets of Gf and G" master curves over 
several decades of frequency. Because of the very strong relaxa
tions of EPDM, and because we had G1 and G" data at our disposal, 
we could check this point very profoundly. The reason for this 
can be made clear very easily by comparing the corresponding 
relaxation spectra. We observed that, in the terminal region, the 
slopes of these spectra decreased systematically with an increase 
in degree of crosslinking
networks of the D family
four analytical curve-fitting equations represent the negative 
slope of the relaxation spectrum at long times. A l l four 
equations showed the same trend: with an increase in crosslink 
density the value of this exponent decreased. This Is exemplified 
in Fig. 8, in which the best f i t t i n g values of the exponent β of 
Equation [3] for a l l twelve networks are plotted versus the 
extrapolated equilibrium modulus. Apparently, time-crosslink den
sit y superposition is not applicable to our networks, which is in 
sharp contrast with(3, 4, 6). We suspect this finding to have 
more general va l i d i t y . 

Conclusions 

- The terminal region of EPDM networks can be extended by time-
temperature superposition. 

- At a l l degrees of crosslinking the relaxation times are very 
much prolonged. 

- The spectrum method appears to be the most reliable method to 
estimate G'(o) and to describe Gf(o)) and G"(o)). The spectrum 
required can be evaluated very accurately by an approach of 
iterative adjustments. 

- The most satisfactory empirical relationship proves to be 
Equation [3], not the far more widely used Equation [1]. 

- Time-crosslink density superposition is inapplicable to our 
data. 
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Figure 7. Relaxation spectra of the four samples of Fig J. 
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Figure 8. Value of the exponent of Eq. 3 as a function of the degree of cross-
linking for all 12 networks. 
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29 
Characterization of Elastomers for Use in 
Circulatory Assist Devices 

C A R L R. McMILLIN 

Monsanto Research Corporation, Dayton Laboratory, Dayton, OH 45418 

The introductio f d bette  elastomer  fo
use in the rubbe
devices is currently hampere y
-term fatigue tests to evaluate candidate materials. 
Monsanto Research Corporation (MRC) has been evalu
ating a variety of accelerated fatigue tests that 
could be used to test candidate elastomers. Al
though blood is generally considered to be a very 
corrosive environment, our tests indicate that it 
actually extends the fatigue l i f e of elastomers 
compared to air or water environments. A combina
tion of fatigue tests using both cut-initiated and 
uncut test specimens appears to provide the most 
information to predict the long-term fatigue char
acteristics of elastomers for use in circulatory 
assist devices. 

The development of cardiac assist devices and other instru
mentation and components which come in contact with the cardiovas
cular system requires materials which will perform in a physiolog
ical environment. One particularly di f f i c u l t application is the 
diaphragm for blood pumps, which requires an elastomer to undergo 
cyclic deformation and/or flexing while in contact with blood. 

Currently, few data are available on the fatigue properties 
of elastomers cycled at body temperature and in contact with 
blood. A r t i f i c i a l heart device applications are particularly 
demanding of elastomers since even a three-year implantation of a 
heart will involve in excess of 108 cycles. 

Evaluation of the fatigue properties of elastomers suitable 
for cardiovascular application is currently a long, and therefore, 
costly proposition. This is especially true if the fatigue tests 
are to be conducted in contact with blood. 

0097-6156/82/0193-0533$06.00/0 
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The objectives of this research are to develop short-term 
in vitro fatigue test methodologies that w i l l predict long-term 
in vivo performance of elastomers used in cardiac assistance and 
related devices and to evaluate the fatigue l i f e of candidate 
materials for potential use in these applications. 
Materials Characterization 

Many studies, particularly in the l i f e sciences area, are not 
reproducible because small quantities of unique materials were 
used i n the research. A commitment was made when the present pro
gram began to characterize f u l l y the elastomers u t i l i z e d in the 
development of accelerated fatigue tests. At the start of the 
program, a limited number of candidate materials was selected to 
be obtained in quantity
developmental testing. 

The materials selected for evaluation included three mate
r i a l s currently being used i n these applications: Biomer(Thoratec Laboratories Corporation, Emeryville, CA), representa
tive of segmented ether-type polyurethanes; Avcothane-51(Avco 
Everett Research Laboratory, Inc., Everett, MA), a block copolymer 
of 10% silicone rubber and 90% polyurethane; and Hexsyn(Goodyear 
Tire and Rubber Company, Akron, OH), a sulfur vulcanized hydro
carbon rubber that i s essentially a polyhexene. Also selected, 
because of their easy a v a i l a b i l i t y , were Pellethane(Upjohn Com
pany, North Haven, CT), an ether-type of polyurethane capable of 
being extruded i n sheet form, and a butyl rubber formulation, 
compounded and molded at the National Bureau of Standards. The 
material thickness varied, but the sheets were generally about 
1 mm thick. 

The quantity of these materials needed for a l l of the i n 
tended fatigue testing research(by three contractors) was e s t i 
mated to be about 10 m2 each. Since this i s about two orders of 
magnitude greater than the amount of these specialized materials 
generally manufactured at any one time, a substantial manufactur
ing effort was required prior to any fatigue testing. A l l of 
these materials were extensively characterized(physical/ 
mechanical/and biological properties) prior to the i n i t i a t i o n of 
the fatigue tests. These tests have included tensile strength, 
elastic modulus, and elongation at several temperatures, differen
t i a l scanning calorimetry, thermal gravimetric analysis i n di f 
ferent atmospheres, surface tension, permeability to fl u i d s , 
molecular weight, cytotoxicity, mutagenicity, thermal mechanical 
analysis, rheovibron testing, oxygen aging, Fourier transform 
infrared analysis of surface and interior absorbed protein, tear 
strength and tear energy before and after long term exposure to 
blood, and many other properties and characteristics. 

The majority of the characterization for Hexsyn and Pelle
thane were conducted at MRC while Biomer was characterized at the 
University of Washington i n St. Louis by Dr. J. Kardos and Avco-
thane and butyl were characterized at the National Bureau of 
Standards by Dr. R. Penn. A few of the characteristics of the 
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Pellethane and Hexsyn are summarized here. The Pellethane 2363-
80A tested by MRC i s commercially available. Our samples had a 
tensile strength of 7,830 psi and an elongation of 380% at 37°C. 

Hexsyn is a trade name of Goodyear Tire and Rubber Company, 
Akron, OH, for a family of materials synthesized by the copolymer-
ization of a C 4 to C 1 0 α-olefin with a mixture of 4-methyl- and 
5-methyl-l,4-hexadiene(1, 2). The "standard" Hexsyn in use has 
been produced by Goodyear by polymerizing a mixture of 95% 
1-hexene and 5% methyl hexadiene with the 4-methyl and 5-methyl i n 
a 2:3 ratio using a Ziegler-Natta hetrogeneous catalyst. The gum 
rubber has a molecular weight of Mw = 781,000 by light scattering. 
The gum rubber i s then vulcanized using a traditional accelerated, 
high crosslink efficiency carbon black f i l l e d mixture. The 
resulting rubber has a
tion of 285% at 37°C. Th
found to be -52°C by differential scanning calorimetry. 
Fatigue Tests 

In the literature i t i s easy to observe that different types 
of fatigue tests rank materials i n different orders. Thus, to 
predict a material's behavior for specific long-term end-use 
application, i t i s important to select the correct fatigue test. 

Most early a r t i f i c i a l hearts and l e f t ventricular assist 
devices consisted of a hemispherical diaphragm alternately i n 
flated and deflated by compressed a i r . The controls generally 
consisted of the amounts of pressure and vacuum applied to the 
device. In this case, the elastomeric diaphragm was exposed to an 
alternating pressure or stress and would deform(or strain) 
accordingly. For this situation, the most predictive type of 
fatigue test would be a constant stress test that applied an 
alternating stress or load on the test specimens. That i s , i n 
each cycle a load of 2 kg, for example, would be applied to each 
test specimen. Creep tests tend to rank the candidate materials 
in the same order as constant stress fatigue tests. 

More recently, the National Institutes of Health have been 
emphasizing hearts and assist devices capable of mechanical or 
elec t r i c a l operation. Most of these devices have a pusher plate 
that moves back and forth to displace the diaphragm a fixed(but 
adjustable) distance, generally independent of the pressure of 
each stroke. The fatigue test which most closely mimics this con
dition w i l l deform the test specimens to a fixed deformation or 
strain i n each cycle. This is the type of fatigue test machine 
that MRC has constructed for this program. 

A l l of the uniaxial fatigue data reported to date have been 
generated using a fatigue testing machine b u i l t by MRC that i s 
based on the principal of a wobble plate. The machine has posi
tions for 30 specimens and is capable of operation at controlled 
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temperatures using a wide variety of testing media. The tester 
provides a sinusoidal strain to the specimens and has a variable 
speed, although a l l data presented here were tested at 120 cycles 
per minute. 

Standard fatigue tests normally require extended periods of 
time to complete regardless of the type of stress/strain used. 
Accelerated fatigue tests change some conditions of the test i n 
the hope of reaching the same end point i n less time. Potential 
means of accelerating the tests include changing factors such as 
the temperature, frequency, chemical environment, levels of stress 
or strain, or the addition of stress concentrators. 

If the strain or stress i s to be changed, one possible method 
of accelerating the fatigue test involves increasing the strain(or stress) i n either discrete steps or in a progressive manner(â> i0 . This type of fatigue test has now been used for testing 
steel, polystyrene, poly(methy
forced p l a s t i c ( 5 ) . Althoug
6), this type of test has the advantages of speed, elimination of 
long-term run-outs, and reduction of scatter of the data near the 
endurance l i m i t . One potential problem with a l l methods that use 
a higher than end-use strain or stress i s the po s s i b i l i t y that the 
failure mechanism changes at higher strains, which may lead to 
erroneous predictions. However, a l l accelerated fatigue tests 
suffer from this potential d i f f i c u l t y ; conditions for a l l of them 
vary from real l i f e . 

An increasing strain was used to accelerate the test for a l l 
of the uniaxial fatigue data generated at MRC to date. Five inch 
ASTM "dog bone" tensile specimens were used. The strain was gen
erally increased 5% each day. In addition to using normal test 
specimens, some of these tests were conducted after a 1 mm razor 
blade cut was placed i n the side of the fatigue test specimen. 
These specimens were tested under conditions where the strain was 
increased 1.5% each day. The type of test conducted can be seen 
in Table I where the maximum cyclic strain i s increasing from 1.7% 
on day 1 to 35% on day 20. These data were plotted as cumulative 
probability to failure versus percent strain at failure, as shown 
in Figure 1. Regression lines are then f i t to the data. The 
strain at 50% probability of failure has been used for a l l com
parisons of data. 

Uniaxial Fatigue Test Results 
Increasing temperature decreases the modulus of e l a s t i c i t y of 

elastomers at the same time that accelerated chemical effects 
occur. In our constant strain fatigue tests i t has been found 
that the effect on the modulus(lower stress at the same strain) 
is significantly more important than chemical degradation effects, 
as shown in Figure 2. Thus, failure occurred much more rapidly at 
4°C than at 37°C or 60°C. This may be one manner in which fatigue 
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TABLE I. CHRONOLOGICAL FATIGUE LIFE FOR AVCOTHANE-51, 
MRC LOTS 141265 AND 1412690 CUT-INITIATED 
SPECIMENS, CYCLED AT 120 CPM IN DISTILLED 
WATER AT 37°

Testing Percent Specimens Accumulated 
day c y c l i c s t r a i n f a i l e d cycles 

1 0-1.7 
2 0-3.5 
3 0-5.2 
4 0-7.0 
5 0-8.5 
6 0-10.0 
7 0-11.5 
8 0-13.0 
9 0-15.0 
10 0-17.0 
11 0-19.0 
12 0-21.0 
13 0-22.8 
14 0-24.6 2,332,800 
15 0-26.3 
16 0-28.0 * 2,678,400 
17 0-29.8 2,851,200 
18 0-31.5 * 3,024,000 
19 0-33.3 
20 0-35.0 * 3,369,600 
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STRAIN, % 

Figure 1. Cumulative distribution function for a step-increasing strain fatigue test 
cycled at 120 cpm in distilled water at 37 °C using cut-initiated specimens. 

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



McMiLLiN Elastomers in Circulatory Assist Devices 

ex 

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



540 E L A S T O M E R S A N D R U B B E R E L A S T I C I T Y 

tests can be accelerated. Extreme care must be taken, however, to 
assure that the tests remain va l i d , even at 4°C, since the glass 
transition temperature [Tg] of the candidate materials are di f 
ferent. Extrapolating data taken close to the Tg of one material 
to end-use conditions may not be the equivalent of reduced temper
ature testing of other materials with much lower glass transition 
temperatures. 

Another set of fatigue tests evaluated the effect of oxygen 
on accelerated fatigue tests. These tests found no apparent 
effect of oxygen on the fatigue l i f e of the uncut test specimens, 
as shown in Figure 3. On the other hand, fatigue tests using test 
specimens with a 1-mm cut in the side showed a substantial de
crease in fatigue l i f e i n the presence of oxygen, as shown in 
Figure 4. The dependenc
believed by MRC to be
approximately three to six weeks i n both tests. One hypothesis we 
are investigating i s that unless accelerated fatigue tests demon
strate an oxygen dependence, they are probably representative of 
the wrong portion of the fatigue l i f e curve and may not properly 
predict long-term results. Further research on the significance 
of oxygen dependence on the v a l i d i t y of predictive accelerated 
fatigue tests w i l l be conducted by MRC. 

Environmental effects also need to be considered when devel
oping fatigue testing methodology. The human body presents an 
unbelievably corrosive environment for foreign materials. The 
best stainless steels, cobalt alloys, and even platinum undergo 
pi t t i n g , cracking, and failure when used in vivo. It i s l i t t l e 
wonder that the physical properties of polymers are generally de
graded after i n vivo implantation. 

MRC has evaluated the effect of fatigue testing of candidate 
cardiovascular materials in human blood versus fatigue testing in 
air and saline - a l l at 37°C(Figures 5 and 6). Whole human blood 
was chosen as one of the mediums for testing at 37°C, in spite of 
the d i f f i c u l t i e s associated with this testing. 

We used outdated human CPD(citrate-phosphate-dextrose) blood 
from the Dayton Community Blood Center. At 21 days, CPD blood 
still retains 78% survival of the red blood cells and would f a i r l y 
well simulate in vivo physiological conditions. During these 
tests, many enzymes and proteins may denature and/or precipitate. 
Even after suffering that trauma, the resulting f l u i d i s more 
suitable for material testing than other pseudo-physiological 
flu i d s , since i t still contains most of the salts, l i p i d s , hor
mones, oligomers, nucleotides, saccharides, etc., found i n whole 
blood in vivo. 

We have found that blood used i n our fatigue tester needs to 
be changed about once a week. We routinely add p e n i c i l l i n , strep
tomycin, and mycostatin to the blood to prevent bacterial and 
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Figure 5. Strain at 50 percent failure in fatigue tests conducted at 37°C on uncut 
specimens. 

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



544 ELASTOMERS A N D R U B B E R ELASTICITY 

8 

ο 
κ 

•3 
ο 

.00 

1 
•S 

ο «ο 
Q 
s: 
I 
CO 

.00 

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



29. M c M I L L I N Elastomers in Circulatory Assist Devices 545 

mold growth. Also, heparin and/or ethylenediaminetetraacetate(EDTA)(a calcium chelator) are added to prevent blood clotting. 
In spite of these precautions, the viscosity of the blood begins 
to increase and microbiological growth begins to occur after about 
one week. The instrument i s therefore drained, cleaned with a 
mild soapy solution, and r e f i l l e d on a weekly basis. 

Results from our fatigue tests have shown that, in the one-
to two-month accelerated fatigue tests, blood i s a less severe 
environment than saline or a i r . This may be due to adsorption of 
the blood components into the microcracks, resulting i n reduced 
stress concentrations. More work i s anticipated to study the 
effect of blood on the fatigue l i f e of elastomers. 

A l l of the above results were generated by tests i n which the 
cyclic strain was starte
the specimens broke. Longe
crete, strain levels are also planned for the future. 

Ranking of the Candidate Cardiovascular Materials 
Results from our accelerated fatigue tests and static 

mechanical/physiological tests have confirmed our assumption that 
a durability ranking of the selected materials with respect to 
their usefulness in cardiovascular devices i s decidely influenced 
by the type of testing methodology selected. Table II i s a com
parison of five candidate materials* relative rankings using five 
test methodologies. The asterisk denotes the material with the 
longest durability or highest resistance to the particular test 
method indicated. A l l five materials tested were each found to be 
superior in one of the five tests cited in Table I I . Thus, a l l 
five materials being tested could be argued to be the superior 
elastomer currently being tested. This ill u s t r a t e s the d i f f i c u l t y 
of ranking candidate materials. 

Care must be taken to assure that the correct types of tests 
are used to rank materials for specific applications. For 
example, most recently designed circulatory assist devices u t i l i z e 
a pusher plate mechanism i n which the pusher plate i s displaced a 
predetermined distance. This type of device would best be modeled 
by a constant strain fatigue test. Materials which creep and have 
a high permanent set tend to f a i l more rapidly on a constant 
stress fatigue test but last a longer time in constant strain 
fatigue tests. The bending and compression of finger joint pros
theses or the r o l l i n g of the side material i n pusher plate c i r 
culatory assist devices may not be well modeled by either of the 
above tests. 
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TABLE I I . FATIGU
TH

Cut growth 
Cut Uncut blood fixed strain 

growth at 37°C Uncut cycle 1 hr. 
air at strain at Uncut N 2 a i r at failure 

Elastomer 37°C 50% failure at 37°C 37°C strain 

Hexsyn 18* 190 150 125 30 

Biomer 12 260* 140 150 25 

Avcothane 16 - >290* - -
Pellethane 6 210 205 175* 12 

Butyl 12 140 110 115 >45* 

The material with the longest durability or highest resistance 
to the particular test method indicated. A l l numbers 
represent percent strain at 50% failure. 
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Conclusions 
After extensively characterizing and fatigue testing the five 

candidate materials, we have some opinions on their usefulness i n 
cardiovascular applications: 

Biomer - This material performs well under a variety of ex
perimental conditions and should be considered for use in most 
cardiovascular applications. Particular advantages are the low 
permanent set, high resistance to creep, and generally good fa
tigue resistance. Disadvantages include a relatively high per
meability to flu i d s , a necessity to be film cast i n multiple 
layers as the only method of fabrication, and an uncertainty as to 
the effect of thickness on performance(better fatigue results 
were obtained with the thinner films). 

Hexsyn - Performanc
variety of fatigue tests
in most cardiovascular applications. Particular advantages i n 
clude low permeability to flu i d s , high resistance to cut growth i n 
fatigue, the a b i l i t y to be compression molded(good for high vol
ume application), relatively low cost of the raw materials, and 
ready i n medical grade material. Disadvantages include an inter
mediate amount of permanent set, lower resistance to creep, lower 
modulus of ela s t i c i t y ( w h i c h may be an advantage i n some applica
tions), and low tear strength(although Hexsyn has a high resis
tance to cut growth in fatigue). 

Avcothane - This material performs exceptionally well i n most 
constant strain fatigue tests and should be considered for use i n 
most cardiovascular applications. A particular advantage i s i t s 
fatigue test performance under a variety of conditions. Disad
vantages include a very high permeability to fl u i d s , a very high 
permanent set, a very low resistance to creep, a high cost of 
materials, and a necessity to be film cast i n multiple layers 
under r i g i d controls available only at the material suppliers 1 

f a c i l i t i e s . 
Pellethane - This material performed satisfactorily i n some 

of the fatigue tests and should be considered for some cardiovas
cular applications, particularly i n noncritical locations. Advan
tages of this inexpensive, commercially available thermoplastic 
include i t s a b i l i t y to be formed into parts by a wide variety of 
methods such as extrusion, blow molding, injection molding, or 
film casting. In fatigue situations without stress concentrators, 
Pellethane 1s performance was similar to that of Biomer. From our 
tests, if a thick part were required, Pellethane should be con
sidered. Disadvantages include a rapid decrease i n fatigue resis
tance i n the presence of cuts or other stress concentrators. Its 
permeability to fluids i s similar to Biomer1 s, but i t has a 
slight l y higher permanent set and lower resistance to creep. 
Although Pellethane i s probably the most inexpensive material 
tested, i t i s not available i n a specific, closely controlled, 
medical grade. 
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Butyl rubber - This material generally had the least endur
ance in fatigue tests, but i t may be adequate for some cardiovas
cular applications. Advantages include less sensitivity to stress 
concentrators than Pellethane, a very low permeability to fluids, 
a moderate creep resistance and widespread availability at low 
cost. Disadvantages include a relatively low fatigue resistance 
compared to the elastomers specifically designed for these appli
cations. The rubber tested was not designed for medical applica
tions and had standard rubber additives and modifiers that were 
cytotoxic unless the material was extracted after manufacture. 

Further testing of these and a wide variety of other mate
rials is continuing at MRC. 
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Crystalline domains, thermo

plastic elastomers with, 
101-117 

Crystalline lamella, 127 
Crystalline melting point, 

155, 162 
Crystallinity 

of block copolymers, 124 
effect of temperature, 117f 
effects in two-network 

method, 449 
Crystallinity level of 

polybutadiene, 147 
Crystallinity of natural 

rubber, 94£ 
Crystallinity in 

trans-polybutadiene 
rubber, 88 

Crystallinity in 
trans-styrene-butadiene 
rubber, 94f, 95f 

Crystallizable elastomers 
high melting point 

homopolymer, 48 
low melting point 

homopolymer, 34-46 
synthetic, 33-53 

Crystallization 
effect of end block 

content, 105 
imperfect, 67 
strain-induced, 57-71 
of stretched networks, 

293-308 
temperature of, 162 
of uncross-1inked c i s -

polybutadiene, 63t 
Crystallographic spacing 

values, 180 
Curing conditions, 421 
Curve-fitting of the storage 

Cyclization of pendant vinyl 
groups, 448 

1,5-cyclooctadiene, 
polymerization activity, 
160 

1,5-cyclooctadiene 
preparation, 156 

Cyclopentene, polymerization, 
156-160, 159t 

D 
Dangling chains, 404 
Debye theory, 243 
Decreasing cross-linking 

density in polyurethane 
networks, 411 

Deformation gradient tensor, 
247 

Deformation ratio, 301 
Deformation, reversible 

recovery, 2 
Degradation of polyisoprene, 

105t 
Degree of cross-linking, 531f 
Degree of c r y s t a l l i n i t y , 295 
Degree of polymerization, 6, 11 
Degree of polymerization, 

cationic polymerizations, 
15 

Density, percent 
c r y s t a l l i n i t y , 130£ 

Determination of sol fraction, 
422 
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Deviations from Gaussian 
behavior in polymer 
networks, 397 

Deviations from Gaussian 
theory, 453 

Dialkoxyvanadium oxychloride, 
65 

Diaphragm for blood pumps, 533 
Diblock copolymer, 491t, 495, 

496f 
Diblock content, plane at 50 

wt percent, 497f 
£-Dicumyl chloride silver 

hexafluoroantimonate as 
in i t i a t o r , 214 

Dicumyl peroxide cross-linke
polybutadiene, 462 

Different types of strain in 
two-network method, 442 

Differential scanning 
of calorimetry 
butadiene-butadiene-
butadiene copolymer, 109, 
HOf, 112f 

butadiene-isoprene-butadiene 
copolymer, 109, 111£, 112£ 
polybutadiene, 126£ 
trans-styrene-butadiene 

rubber, 9 If 
triblock copolymers, 126jE 

Differential thermal analysis 
of polybutadiene rubber, 
82 

Diene elastomers 
characterization, 75 
controlled structure 

polymerizations, 74-75 
polymer c r y s t a l l i n i t y , 75 
polymer properties, 75-76 
synthesis and properties, 

73-100 
Diluent, networks formed in 

the presence of, 338 
Dimer, 5 
Diolefins, cis/trans control 

in elastomers, 155-165 
Dipolar lineshape, 280 
Dispersed rubbery phase, 

function, 142 

Dissipation function, 
Rayleigh, 245 
αω-Divinyl 
poly(dimethylsiloxane), 
329, 332, 337 

Domain texture, 120 
Dominant motion in 

relaxation, 508 
Driving force for 

rearrangement, 264 
DSC See Differential scanning 

calorimetry 
Dynamic and equilibrium 

moduli, consideration of 

sample preparation 
method, 147 

Dynamic mechanical properties 
of block copolymers, 14, 
146-151 

Ε 
Eigenvalues, 246 
Elastic experiment, wave 

vector, 259 
Elastic force, 330 
Elastic free energy in 

lamellar crystallization, 
297 

Elastic network, 101 
Elastic properties of bimodal 

networks, 355£ 
Elastic(time-independent) 

properties of single 
phase polyurethane 
elastomers, 419-436 

Elastic recovery, 133 
Elastically active network 

chains, 403, 406 
Elastically active network 

chains, concentration, 
405-406 

Elastically inactive cycles, 
404, 406 

Elast i c i t y measurements of 
polyurethane networks, 411 
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E l a s t i c i t y and structure of 
cross-linked polymers 
with comblike 
cross-links, 309-329 

Elastomeric diaphragm, 535 
Elastomeric networks, bimodal, 

349-364 
Elastomeric properties of 

poly(dichlorophospha-
zene), 231 

Elastomers, 243 
configurations, via sol i d 

state NMR, 279-291 
diene, 73-100 
fatigue l i f e , 533 
polyphosphazene, 229-24
preparation, 420-422 
properties, 1-4 
strain-induced 

c r y s t a l l i z a t i o n , 360 
synthesis, 1-31 
synthesis of, with 

strain-induced 
c r y s t a l l i z a t i o n , 57-71 

Electron spin resonance 
applied to cross-linked 
materials, 503 

Elemental iodine, 158 
Elongation, network moduli, 352 
Emulsifying agent, 495 
Emulsion polymerization, 13-14 
End block content, effect on 

c r y s t a l l i z a t i o n , 105 
End-linked elastomers 

Langley-Graessley plot, 
345f 

small angle neutron 
scattering experiments, 
273 

tear strength, 371 
End-linked polybutadiene, 369 
End-linked 

polydimethylsiloxane, 368 
End-linking, tetrafunctional 

cross-links production, 
440 

End-linking, t r i - f u n c t i o n a l 
cross-links produced, 440 

End-linking agent, 369 

End-linking agent in 
diviny1-poly(dimethy1-
siloxane, 370£ 

End-linking networks 
variations of conditions, 
415f 

End-linking reactions to 
produce model networks, 
395 

End-to-end distance as a 
function of angular bias, 
287f 

End-to-end distance of 
poly(dimethylsiloxane)

Energy required for rupture, 
363 

Energy at 298 Κ vs. 
branching density, 319 

Entanglement(s), 119, 146, 
249-255, 430 

of chains, 250£ 
contributions, 346 
plateau modulus, 522 
strain-dependent 

contribution, 346, 3 
Entrapment, 116 
Entropie contribution to 

interaction parameter, 459 
Entropie driving force, 2 
Epoxide networks, 408, 416 

dependence on sol 
fraction, 415J; 

phantom network behavior, 
408 

preparation, 404 
sol fraction, 408, 409£ 
stress-strain, 405, 408 
superimposed reduced 

moduli, 410£ 
Equation of motion 

continuum, 247-249 
for longest wavelength 

mode, 247 
molecular, 244-247 

Equilbrium c r y s t a l l i n i t y , 303 
Equilibrium e l a s t i c i t y 

measurements, 416 
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Equilibrium moduli of relaxing 
rubber networks, 517-531 

Equilibrium properties, 
reducing variables, 518 

Equilibrium shear modulus, 
406, 419 

Equilibrium stress-relaxation 
force, 446 

Equilibrium tensile behavior 
of silicone networks, 
329-347 

Equilibrium tensile moduli, 423 
Equivalent random link, 470 
Ethylene-propylene, conjugated 

diene rubber, 172 
Ethylene-propylene copolymer
Ethylene-propylene copolymers, 

vulcanizate tensile 
strength, 208-210 

Ethylene-propylene-diene 
monomer, 518 

Ethylene-propylene-diene 
terpolymers, 195-210 

effect of distribution of 
double bonds, 202 

gel permeation 
chromatographs, 209j[ 

incorporation of 
dicyclopentadiene, 207f 

polymerization, 196 
structural factors and 

tensile properties, 
195-210 

vulcanizate tensile 
properties, 197-202 

Excess scattering of isolated 
chains, 258 

Exclusion distance of 
poly(methylene), 284 

Experimental data vs. 
calculated master curves, 
526f 

Extent of cross-linking in 
networks, 344£ 

Extent of cross-linking, 
Mooney-Rivlin constants 
dependence, 342£ 

Extent of reaction, number of 
ring structures per 
molecule as a function 
of, 381f 

Extinction probability, 405 

F 
F-block catalysts, 34-35 
F-block catalyst selectivity, 
39 
Fatigue l i f e , 537t 
Fatigue l i f e of elastomers, 533 
Fatigue tests, 534, 535 
Fiber patterns of 

methylhexadiene polymers, 
181 

F i b r i l l a r crystallization, 293 
F i b r i l l a r model, lateral 

c r y s t a l l i t e dimensions, 
304 

Fire retardant thermal 
insulation, 238 

First network modulus, 444J[ 
Flory-Huggins spinodal 

separating regions, 495 
Flory-Huggins theory, 492 
Flory theory of rubber 

e l a s t i c i t y , 331-347, 439 
Fluctuations, 264 
Fluctuations of junctions, 325 
Fluctuating cross-link model, 

309 
Fluorine separation, 290 
Folded chain morphology, 293 
Folded chain structures, 131 
Formation of isomerization 

products, dependence on 
catalyst, 174 

Formation of polymer networks, 
379-400 

Four chain non-Gaussian model, 
470 

Fracture point, 431 
Free energy of 

crystallization, 297 
Frequency range of time-

temperature superimposed 
master curves, 529 

Friction factor, 245 
Fringe micelle, structures, 131 
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Front factor, 403 
of polyurethane networks, 

411 
in tetrafunctional 

cross-links, 407 
in trifunctional 

cross-links, 407 
Functional groups, chemical 

cross-linking, 25 
Functional groups, concept of 

equal reactivity, 5 
Functionality of the 

cross-linker, 330 
Functionally terminated 

polymers, 88 
G 

Gas chromatographic analysis 
of unreacted monomers, 160 

Gaussian behavior, deviations, 
in polymer networks, 397 

Gaussian chains, neutron 
scattering, 258-265 

Gaussian network theories, 276 
Gaussian stress-strain 

behavior, deviations, 398 
of butadiene-butadiene-

butadiene copolymer, 104f 
of butadiene-isoprene-

butadiene copolymer, 104£ 
of ethylene-propylene-

diene, 209f 
of methylhexadiene polymer, 

185f 
of poly(dichloro-

phosphazene), 232£ 
of poly(isobutyl vinyl 

ether), 216, 217f 
of polystyrene, 89 f 
of polystyrene-

polybutadiene, 89j[ 
Gel point, 395, 411 

and network properties, 
390-398 

and shear modulus, 392, 395 
in random polymerizations, 

384 
of networks from bulk 

reaction systems, 395, 397 

E L A S T O M E R S A N D R U B B E R E L A S T I C I T Y 

Gel-point data 
analysis, 389£ 
determination of effective 

functionalities, 388-390 
of diacid chlorides, 387jE 
plotted to determine 

functionality, 391f 
for trifuncional 

polyester-forming 
systems, 386 

Gelation theories, 384 
Geometrical parameters of 

poly(p-f luorostyrene), 
285£ 

Glass transition temperature, 
155, 395 

in cross-linked 
polybutadiene, 464£ 

of poly(dichloro-
phosphazenes), 231 

of poly(difluoro-
phosphazene), 231 

of polyurethane 
elastomers, 426 

GPC. See Gel permeation 
chromatograms 

Green strength, 51, 66f, 96, 
97f 

Green strength of 
trans-but ad iene-
piperylene copolymers, 53£ 

Green strength of 
trans-styrene-butadiene 
rubber, 96-98 

H 
1H NMR spectra, 503, 504 
of copolymerization of 

hexene with 
methylhexadiene, 186t 

of cross-linked polystyrene, 
506f 

of methylhexadiene polymer, 
176, 177f, 178t, 179f 

of the soluble and insoluble 
fractions of isobutyl 
vinyl ether, 225f: 

of trans-hexadiene 
polymer, 176 
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HB. See Polybutadiene 
Heat of fusion, 128, 131 

in lamellar crystallization, 
297 

percent c r y s t a l l i n i t y , 130£ 
Heat of mixing, 458 
Helfand's Fortran program, 492 
Helmholtz elastic free energy 

of a composite network, 
441 

Helmholtz elastic free energy, 
in terms of moduli, 442 

Heterogeneous blends, 498 
Heterogeneous rubbery-rubbery 

diblock copolymers
489-498 

Hexachlorocyclotriphosphazene, 
polymerization, 230 

Hexadiene isomerization 
product, 174 

1,4-Hexadienes, polymers, 
171-192 

cis-1,4-Hexadienes, polymers, 
172 

trans-1,4-Hexadienes, 
polymers, 172 

Hexadiene polymers, molecular 
weight distribution, 183 

trans-Hexadiene polymer, 
ln NMR, 176 

Hexamethylene diisocyanate, 456 
1,2,6-Hexanetriol, 420 
Hexene-methylhexadiene 

copolymer, l C NMR 
data, 189t 

Hexsyn, 172, 534, 535 
Hexsyn, glass transition 

temperature, 535 
High angular bias, 286 
High elongations, 284 
High functionality networks, 

340 
High melt viscosity, 120 
High melting point 

homopolymer, 48 
Highly cross-linked network, 

chain entanglement, 440 

Homogeneous anionic 
polymerization, 485 

Homogeneous blends, 498 
Homogeneous blends, c r i t i c a l 

molecular weight, 495 
Homogeneous rubbery-rubbery 

diblock copolymers, 
489-498 

Homogenizing agent, 495 
Homopolymers, 49It 
Homopolymer blends, 495, 496f 
Homopolymerization of 

butadiene, 58-65 
Homopolymerization of 

Horizontal shifts, 521jt 
Horizontal shift factor, 519 
Human body effects on fatigue 

l i f e in circulatory 
assist devices, 539 

Hydrogenated block copolymers 
of butadiene and 
isoprene, 119-152 

Hydrogenated block copolymers 
of isoprene, 119-152 

Hydrogenated methylhexadiene 
polymer, 1 3C NMR, 183 

Hydrogenated polybutadiene 
block, 121-122 

Hydrogenated polyisoprene 
blocks, 121 

Hydrogénation of 
butadiene-butadiene-

butadiene, 103 
butadiene-isoprene-

butadiene, 103 
methylhexadiene polymer, 

183 
polybutadiene, 146 
poly(5-methyl-l,4-

hexadiene), 173 
Hy drogenmethy1si1oxane-

dimethylsiloxane 
copolymers, synthesis, 
313f 

Hydroxy-terminated 
poly(propylene oxide), 420 
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Hysteresis behavior, 119-120 
of block copolymers, 

143-146 
of butadiene-butadiene-

butadiene copolymer, 143, 
144f 

of isoprene-butadiene-
isoprene copolymer, 145£, 
146 

I 
Idealized scattering curves, 

267 
Immobilized network junctions, 

426 
Impenetrabaility of polyme

chains, 257 
Imperfect crystallization, 67 
Imperfect reaction, 440 
Imperfectness in perfect 

networks, 404 
Incipient crystallization, 304 
Incorporation of 

dicyclopentadiene in 
ethylene-propylene-
diene, 207J: 

Inertial term, 244 
Inhibited junction 

fluctuations, 271f 
Inhomogeneity of seItene 

earth-butadiene, 63t 
Inhomogeneity length, 476f 
Inhomogeneity model, 479£ 
Initiation, chain 

polymerization, 9-10 
Initiator(s) 

cationic polymerization, 14 
£-dicumyl chloride silver 

hexafluoroantimonate, 214 
radical polymerization, 11 

Initiators, Ziegler-Natta, 10 
Instantaneous separation of 

flexible polymer chains, 
259 

Intensity of light scattering, 
460 

Interchain interactions, 427 
Interfacial structure in 

thermoplastic elastomers, 
484 

Intermolecular and intra
molecular competition 
reactions, 380 

Intramolecular reaction, 384, 
390 

effect on modulus of 
trifunctional networks, 
395 

and gelation, 383-390, 394£ 
Iodine cocatalyst, 165 
Iodine cocatalyst in 

copolymerization 
reactions, 160 

Iodine  elemental  158 

solvent dependency, 18 
temperature, 18 
termination, 15 

Ionizing radiation, 15 
Ionomer-type elastomers, 30 
IR of cis/trans structure, 

162, 163f 
IR spectroscopy, methyl

hexadiene polymer, 176, 
177f 

Irregular folds, 295, 305 
Isobutyl vinyl ether, 213 

effect of i n i t i a t o r 
concentration on 
molecular weight, 216, 
219f 

effect of solvent polarity 
on quasi-living 
polymerizations, 220, 221f 

effect of temperature on 
quasi-living 
polymerization, 216, 220 

α-methyl vinyl ether 
polymers, 226 

α-methylstyrene block 
copolymer, 224-226 

molecular weight-cumulative 
weight relationship, 216, 
218f, 223t 

*H NMR spectra of the 
soluble and insoluble 
fractions, 225f 
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Isocyanate cross-linked 
polybutadiene, 462 

Isomerization, cis/trans, 162 
Isomerization reactions, 

sterically inhibited, 176 
Isoprene block in block 

copolymer, 148 
Isoprene block, glass 

transition temperature, 
151 

Isoprene-butadiene-isoprene, 
hysteresis behavior, 145, 
146 

Isoprene-ethylene copolymer
67-71 

alternating, 69f 
stress-strain curves, 7 If 
x-ray diffraction pattern, 

70f 
Isotactic structures, 20 
Isotropic correlation time, 

503, 505f 
Isotropic swelling, 260, 263 

J 
Junction concentration in a 

network, 428 
Junction coordinates, affine 

deformation, 279 
Junction fluctuations, 322, 331 
Junction functionality of 

bimodal networks, 353 
Junctions, poly(methyl-

hydrogensiloxane),333 
Junctions in a real network, 

330 
Κ 

Kilb's linear sequence, 385£ 

L 
Lagrangian vector multiplier, 

298 
Lamella, chains, 299£ 
Lamellae containing multiple 

folds, 303 
Lamellar crystal geometry, 

294, 296f 

Lamellar crystallization 
elastic free energy, 297 
heat of fusion, 297 
theory, 295-303 
variation of retractive 

force, 306 
Lamellar formation in 

stretched networks, 294 
Lamellar morphology, 294 
Lamellar texture, 131 
Langley-Graessley plot, 407 

applications, 411-417 
for end-linked elastomers, 

345f 

for networks, 339jf 
small-strain theory, 343, 

347 
Lanthanide catalysts, 34, 42, 

43f, 44f 
see also Rare earth 

compounds 
Large dissymmetries, 477 
Lateral c r y s t a l l i t e dimensions 

of f i b r i l l a r model, 304 
Lateral c r y s t a l l i t e growth, 

294, 305 
Leibler's theory, 492 
Light microscopy, 105 
Light scattering, 461-462 
Light scattering data at 

equilibrium swelling, 473 
Limited chain extensibility, 

360 
Limited chain extensibility in 

bimodal networks, 357 
Linear chain attachment to a 

polymer, 514 
Linear cross-linked 

polystyrene 1 3C NMR, 
508-511 

linewidth, 510t 
Overhauser enhancement 

factor, 510t 
Linear, irreversible, 

polymerizations, 
intramolecular reaction, 
383 

Linear polymerizations, 383 
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Linear polymerizations, ring 
structure formation, 383 

Linewidth in 1R NMR, 507 
Linewidth for linear 

cross-linked polystyrene, 
510t 

Linewidth of peptide-resin, 
513t 

Living anionic polymerization 
of butadiene, 122 

Living carbocationic 
polymerizations, 213 

Living polymerization, 16, 29, 
88 

Long wavelength eigenvectors
246 

Longest wavelength mode, 
equation of motion, 247 

Loose step polyaddition 
networks, 403-417 

Low angular bias, 286 
Low vinyl content, 

polybutadiene, 121 
M 

Macroscopic parameters, 243 
Magnetogyric ratio, 280 
Master curves, calculated, vs. 

experimental data, 526J[ 
Mean junction coordinates, 

affine deformation, 279 
Measuring threshold tear 

strength, 372 
Mechanical hysteresis, 124 
Melting point 

of butadiene-isoprene 
copolymers, 37 f 

crystalline, 155 
depression, 127 
of trans-poly(butadiene 

co-piperylene), 49£ 
Methyl vinyl ether, 213 
S-Methyl-l-hexadiene. See 

Methylhexadiene 
Methylene carbon resonance in 

polystyrene, 508 
Methylhexene, 

copolymerizations of 
hexene with, 192 

Methylhexene polymer, NMR 
spectra, 184£ 

Methylhexad iene, 
copolymerization of 
hexene with, 174, 183-192 

Methylhexadiene, 
polymerization, 173 

Methylhexadiene polymer 
13C NMR spectroscopy, 176 
fiber pattern, 181 
gel permeation 

chromatogram, 185£ 
lE NMR spectra, 176, 

177f  179f 

hydrogenated, x-ray fiber 
diagram, 182£ 

by IR spectroscopy, 176 
ozonolysis, 173, 180 
structure and t a c t i c i t y , 

176-181 
x-ray diffraction, 180 
x-ray fiber diagram, 182£ 

Micelles, 13 
Microphase separation in block 

copolymers, 491 
Microphase-separated 

morphologies, 485 
Microscopic parameters, 243 
Microstructure of 

polybutadiene rubber, 
dependence on mole ratio, 
84 

M i l l behavior of seltene 
erden-polybutadiene, 64f 

M i l l behavior of 
t itanium-polybutad iene, 
64f 

Miller indices, 180 
Miller indices for polymers of 

trans-hexadiene, 18It 
Mobility of junctions, 322 
Model networks, preparation, 

456 
Moderate strains, s t a t i s t i c a l 

theory, 322 
Moderately cross-linked 

network, 303 
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Modification of elastomers by 

chemical reaction, 24-25 
Moduli in polyurethane 

elastomers, 430 
Modulus contributions from 

chemical cross-links, 445£ 
Molar mass between 

cross-links, 527 
Molar mass between ela s t i c a l l y 

effective junction 
points, 39Uf 

Mole ratio of barium 
t-butoxide-hydroxide to 
η-butyllithium, 76 

Molecular architecture,
Molecular configuration

elastomers, computer 
method, 282-290 

Molecular configurations of 
elastomers via solid 
state NMR, 279-291 

Molecular equation of motion, 
244-247 

Molecular networks, threshold 
tear strength, 367-376 

Molecular weight 
Ba-Li polymerization, 82 
of polybutadiene, 60 
effect of polymerization 

temperature, 6 If 
polymer, 4 
vs. conversion, 47£ 

Molecular weight between 
cross-links, 458, 463jE 

stress optical coefficient 
as a function, 471f 

variation, 478JE: 
Molecular weight control of 

polymers, 157 
Molecular weight - cumulative 

weight relationship of 
isobutyl vinyl ether, 
216, 218f, 223t 

Molecular weight distribution, 
8, 13 

anionic polymerization, 17 
effect of Lewis acid, 63t 
in hexadiene polymers, 183 
of poly(isobutyl vinyl 

ether), 217f 
radical polymerization, 13 
temperature dependency, 8 If 

Moments, u t i l i t y , 280-281 
Monocyclic olefins, 156-158 
Monocyclic olefins, cis/trans 

control in elastomers, 
155-165 

Monomer reactivity ratios, 192£ 
Monte Carlo generation of a 

polymethylene chain, 282 
Mooney-Rivlin 

constants, dependence on 
extent of cross-linking, 
342f 

constants from 
strain-dependent 

equation, stress-strain 
plot to evaluate, 424£ 

plots, 323£ 
plot of stress-strain data 

for triol-based polyester 
networks, 399j[ 

relation, 330 
Morphology of block 

copolymers, 124, 142 
Morphology, characterized by 

light microscopy, 105 
Morphology of triblock 

copolymers, 141f 
Multiblock copolymers, 3 
Multifunctional end-linking of 

poly(dimethylsiloxane) 
chains, 349 

Multifunctonal junctions as 
physical linkages, 484 

Ν 
Naphthalene radical anion, 16 
Natural rubber, 92 
Neodymium catalyst, 36f 46, 

47f 
Network chain(s) 

calculation of structural 
parameters, 405-406 

degree of crystallization, 
304 

density, 335, 343 
dimensions, 360 
effect of chain ends, 314 
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Network chain(s) — continued 
elastically active, 403 
extent of cross-linking, 

344f 
length distribution, 337 
moderate deformations, 320 
simple elongation, 331 
short, 354JE 

Network collapse, 454 
Networks with comblike 

cross-links, 309-329 
Network cross-links, 297 
Network cross-links, 

temperature dependency, 
318f 

Network defects, 395 
Network densities, 316t, 321 
Network energy, 320 
Network formation 

in bulk, 333-338, 339f, 342f 
high extent of reaction, 

333 
Langley-Graessley plots, 

341f 
modified Langley-Graessley 

plot, 341 
in the presence of 

diluent, 338 
in the presence of sol, 428 
functionality, 334£, 336f 
Langley-Graessley plot, 

339f 
Network microstructure, 322 
Network moduli in elongation, 

352 
Network tensile behavior, 338 
Networks with tetrafunctional 

cross-links, 316 
Networks, theoretical vs. 

experimentally observed 
moduli, 320 

Network structure, dependence 
of properties, 352-357 

Neutron scattering 
of Gaussian chains, 258-265 
of an oriented polymer 

sample, 26If 
from polymer networks, 

257-276 

NMR applied to cross-linked 
materials, 502-504 

NMR determination of block 
composition, 122 

NMR procedure for determining 
molecular configurations 
of elastomers, 290 

NMR spectra See 1 3C NMR, 
lU NMR 

Nominal stress vs. elongation, 
364f 

Non-affine deformation, 457, 
462 

Noncrystallizable elastomer 

Nonequilibrium 
stress-relaxation force, 
446 

Non-Gaussian effect in bimodal 
networks, 357 

Non-Gaussian e l a s t i c i t y 
theories, 360 

Nonlinear polymerizations 
dependence of number of 

ring structures per 
molecule, 380 

irreversible intramolecular 
reaction, 383 

ring structure formation, 
383 

Nonpolar media in quasi-living 
polymerizations, 220 

Nonrandom index, 461 
Number-average functionality 

of e l a s t i c a l l y active 
cross-links, 405 

Number-average functionality 
of elastomers, 428 

Number of ring structures per 
molecule as a function of 
extent of reaction, 381f 

Nylon-6, 1, 2 
0 

Oligomeric poly(dimethyl-
siloxane), 332, 338 

Optical anisotropy, 470 
Optical studies of rubbers, 

453-479 
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Optimum conditions for 

quasi-living 
polymerization, 223 

Optimum spectra, 527 
Organolithium initiated 

polymerizations, 74 
Osmometric molecular weight 

measurements, 103 
Overhauser enhancement factor, 

503, 510t 
for linear cross-linked 

polystyrene, 510t 
of peptide-resin, 513t 

Oxygen effect on fatigue l i f e 
in circulatory assis
devices, 539, 541f 

Ozonolysis of methylhexadiene 
polymer, 173, 176, 180 

Ρ 
Peak melting temperatures of 

block copolymers, 127 
Pellethane, 534, 535 
Peptide resin beads, swelling, 

507-508 
Peptide-resin, 511-514 
Percentage c r y s t a l l i n i t y , 128 

from density, 130£ 
from heat of fusion, 130£ 

Percent hysteresis, 124 
Perfect networks, 404, 416 
Peroxide cross-linking, 27 
Petroleum resistant polymers, 

236 
Pendent ethyl groups, 121 
Phantom imperfect network, 407 
Phantom modulus, 333 
Phantom network, 257-258 

behavior of epoxide 
networks, 408 

behavior of volumeless 
chains, 407 

chains, 310 
different cross-link 

functionalities, 27If 
model, 267 
theory, 321 
theory vs. branching 

density, 323f 

Phase diagram for 
rubbery-rubbery diblock 
copolymers, 492, 493f[ 

Phase separation in 
butadiene-isoprene-
butadiene, 103, 105, 108f 

Phenyltungsten trichloride 
catalyst, 158 

Phosphazene elastomers, 
alternate synthesis, 238 

Phosphazene fluoroelastomers, 
236, 238, 239f 

Photomicrograph of 
butadiene-butadiene-

Photomicrograph of 
polybutadiene, 106 f 

Photomicrograph of 
polyethylene, 106£ 

Physical cross-links, 3, 135, 
143, 439 

Physical cross-linking, 28-31 
Plane at 50 wt percent diblock 

content, 497£ 
Platinum catalyst, 314 
Polyaddition networks, loose 

step, 403-417 
Poly(aryloxyphosphazene) 

elastomers, 236 
Poly(aryloxyphosphazene) 

properties, 234 
Polybutadiene(HB), 135, 490 

center blocks, 102 
cis content, 58, 60 
c i s t a c t i c i t y , 36f 
cross-linked, 62 
c r y s t a l l i n i t y level, 147 
dicumyl peroxide 

cross-linked, 462 
differential scanning 

calorimetry, 126f 
dynamic mechanical 

properties, 146-147 
effect of hydroxide content, 

78f 
end blocks, 102 
green strength, 65 
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Polybutadiene(HB) - continued 
hydrogénation, 146 
microstructure, 78f 
microstructure, catalyst 

molar ratio dependency, 
85f 

molecular weight, 60 
molecular weight 

distribution, 62 
photomicrograph, 106J[ 
randomly cross-linked, 372 
rate of crystallization, 62 
differential thermal 

analysis, 82 
scanning electron 

micrograph, 132£ 
stress-strain, 133 
tackiness, 66t 
temperature-dependence, 

149f 
tensile properties, 135 
x-ray diffraction pattern, 

125f 
1,2-Polybutadiene, 

cross-linked, 443 
cis-Polybutadiene, 

crystallization of 
uncross-1 inked, 63t 

cis-l,4-Polybutadiene, 38j[ 
trans-Poly(butadiene 

co-piperylene), melting 
point, 49£ 

Polybutadiene block, 
hydrogenated, 121-122 

Poly(dichlorophosphazene 
elastomeric properties, 

230-231 
gel permeation 

chromatography, 232£ 
synthesis, 232f 

Polydiene triblock copolymers 
with crystalline end 
blocks, 101-117 

Polydienes, catalyst systems 
for high c i s t a c t i c , 45£ 

Polydienes, high c i s t a c t i c , 
uranium based catalysts, 
40f 

Poly(d ime thy1s i1oxane)(PDMS), 
311 

σ ω-divinyl synthesis, 332 
multifunctional 

end-linking, 349 
end-linked, 368 
networks, 331-332, 440 
networks with 

tetrafunctional 
cross-links, 321 

oligomeric, 332 
radial distributions, 362f 
randomly cross-linked, 369 
vulcanizates, 517 

Poly(ethylene), 1, 286 
Polyethylene networks, 293 
Polyethylene photomicrograph, 

106f 
Poly(fluoroalkoxphosphazene) 

elastomers, 236 
Poly(j>-f luorostyrene), 286, 

288f, 291f 
Poly(]>-fluorostyrene), 

geometrical parameters, 
285t 

Polyisobutylene, 2, 4-9 
chains produced per unit 

i n i t i a t o r , 219£ 
gel permeation 

chromatogram, 216, 217£ 
monomer input and 

in i t i a t o r , 219f 
1,4-Polyisoprene, 2 
cis-l,4-Polyisoprene, 22-23, 

38f 
trans-1,4-Polyisoprene, 22-23 
Polyisoprene blocks, 

hydrogenated, 121 
Polyisoprene center blocks, 102 
Poly(halophosphazene), 

properties, 230-231 
Poly(5-methy1-1,4-hexadiene) 

See also Methylhexadiene 
polymer 

hydrogénation, 173 
x-ray diffraction 

patterns, 174 
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Poly(methyl vinyl ether) 
chains produced per unit 
i n i t i a t o r , 220 

Poly(methyl vinyl ether) 
molecular 
weight-cumulative weight 
relationship, 220, 222jf 

Poly(methylene), exclusion 
distance, 284 

Poly(methylene), geometrical 
parameters, 285£ 

Poly(methylhydrogensiloxane), 
329, 332, 337 

Poly(methylhydrogensiloxane) 
junctions, 333 

Polymers of 1,4-hexadienes
171-192 

Polymer blends, 489-498 
Polymer chain for orientation, 

angle variable, 283£ 
Polymer characterization, 

173-174 
Polymer molecular weight, 4, 

6, 12 
Polymer, molecular-weight 

control, 157 
Polymer networks, formation 

and properties, 379-400 
Polymers with a phosphorus 

nitrogen backbone. See 
Polyphosphazene elastomers 

Polymer structure 
atactic, 21 
effect of polymerization 

temperature, 157 
isotactic, 20 
syndiotactic, 20 

Polymer synthesis with 
Ba-Mg-Al catalyst, 82-84 

Polymer, viscosity, 4 
Polymerization activators for 

Cg cyclic olefins, 158 
Polymerization activity in 

1,5-cyclooctadiene, 160 
Polymerization activity in 

cyclopentene, 160 
Polymerization of butadiene by 

uranium catalysts, 59t 
Polymerization of 

cyclopentene, 159t 

Polymerization rate, 6 
Polymerization temperature, 67 
Polymerization temperature 

dependence, 
trans-polybutadiene, 79, 
80f, 86f 

Polymerization temperature, 
effect of, on polymer 
structure, 157£ 

Polymerization of vinyl ethers 
by slow monomer addition, 
215 

Polymethylene chain, Monte 
Carlo generation  282 

Polysulfide cross-links, 26 
Polysulfide elastomers, 

synthesis, 28 
Polysulfides, synthesis, 4 
Poly(aminophosphazene) 

properties, 236 
Poly(organophosphazenes), 

231-236 
Poly(organophosphazene), 

typical, elastomers, 235£ 
£is-Polypentanamer, 157 
Polyphosphazenes, effect of 

substituent on 
properties, 234 

Polyphosphazene elastomers, 
229-240 

Polystyrene, 286 
Polystyrene, gel permeation 

chromatogram, 89£ 
Polystyrene-polybutadiene, gel 

permeation chromatogram, 
89f 

Polyurethane elastomers, 4 
cross-linking, 27-28 
components, 427£ 
equilibrium shear modulus, 

419 
glass temperatures, 426 
moduli, 430 
properties, 423t 
stress-strain curves, 

424f, 432f 
ultimate tensile 

properties, 431 
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Polyurethane-forming systems, 
388 

Polyurethane networks, 408, 416 
decreasing cross-linking 

density, 411 
front factor, 411 
preparation, 405 
reduced moduli, 413£-414jE 
sol fraction, 408, 411, 412£ 

Poly(vinyl fluoride), 286 
Pre-gel intramolecular 

reaction, 380-384, 395 
Pre-gel intramolecular 

reaction, dependence on 
the size of the smalles
ring structure, 38

Preparation of block 
copolymers samples, 123 

Preparation of cyclopentene, 
156-157 

Preparation of polymers from 
bicycloheptenes, 155 

Press-quenched samples, 123 
Principle of the two-network 

method for cross-linking, 
444f 

Processibility of 
trans-butadiene-
piperylene 
copolymers, 53£ 

Properties, copolymer, 19-20 
Properties of networks from 

bulk reaction systems, 395 
Properties of polymer 

networks, 379-400 
Properties of polyurethane 

elastomers, 423£ 
Properties of thermoplastic 

elastomers, 484-485 
Proton multiplet widths, 507t 
Purpose of cross-links, 448 

Q 
Quantitative considerations of 

selected polymer pairs, 
494t 

Quasi-living carbocationic 
polymerization of alkyl 
vinyl ethers, 213-227 

Quasi-living dication, block 
polymers, 215 

Quasi-living poly(isobutyl 
vinyl ether), blockage, 
226t 

Quasi-living polymerizations 
chain transfer, 220 
of isobutyl vinyl ether, 

215-220 
of isobutyl vinyl ether 
effect of solvent polarity, 
220, 221f 
of isobutyl vinyl ether, 

effect of temperature, 

220-224 
nonpolar media, 220 
optimum conditions, 223 
as route to block 

copolymers, 224 
R 

Radial distributions for 
poly(dimethylsiloxane), 
362f 

Radiation cross-linked 
networks, 440 

Radiation cross-linked 
polystyrene, small angle 
neutron scattering 
experiments, 273 

Radical polymerization, 10-14 
Random polymerization 

chain structure, 385£ 
gel-point, 384 
various functional groups, 

382f 
Random walk theory, 251 
Randomly cross-linked 

polybutadiene, 372 
Randomly cross-linked 

polybutadiene, 
preparation, 454 

Randomly cross-linked 
poly(d imethy1s iloxanes), 
369 

Randomly cross-linked 
polyisoprene, 372 
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Randomly-linked elastomers, 
tear strength, 371 

Ranking of cardiovascular 
materials, 545, 546t 

Rare earth compounds, 58, 60 
See also Lanthanide catalyst 

Rate of radical 
polymerization, 11 

Rate of step polymerization, 5 
Rayleigh dissipation function, 

245 
Rayleigh factor, 461 
Rayleigh factors of 

cross-linked and 
uncross-linked samples
475f 

Rayleigh factor as a function 
of the scattering vector, 
474f 

Reduced frequency interval, 
526f 

Reduced frequency vs. 
relaxâtional 
contribution, 528£ 

Reduced moduli of polyurethane 
networks, 413f-414£ 

Reducing variables in 
equilibrium properties, 
518 

Regions of c r y s t a l l i n i t y , 484 
Regular folds, 295 
Relaxing rubber networks, 

517-531 
Relaxation in cross-linked 

materials, 507 
Relaxation spectra, 527, 528£, 

530f 
Relaxâtional contribution vs. 

reduced frequency, 528£ 
Retraction, amount, 441 
Retractive force, 447f 
Retractive force at constant 

strain, 450£ 
Retractive force, variation 

of, in lamellar 
crystallization, 306 

Reversible network structure, 
486 

Reversible reactions, 7 

Reversible recovery from 
deformation, 2 

Rheo-optical studies of trans-
sty rene-but ad iene rubber, 
92-96 

Ring-opening catalysis, 156 
Ring-opening polymerization, 

9, 23-24 
Ring-opening polymerization, 

termination, 24 
Ring structure formation in 

linear polymerizations, 
383 

Ring structure formation in 

Role of entanglements in the 
equilibrium force, 254 

Rotational isomeric state 
model with deformation, 
281-282, 286 

Rubber, butyl, 172 
Rubber, conjugated diene, 

ethylene-propylene, 172 
Rubber e l a s t i c i t y , classical 

molecular theories, 330 
Rubber, hexsyn, 172 
Rubber industry requirements, 

172 
Rubber networks, relaxing, 

517-531 
Rubber, tackiness, 62, 65 
Rubbery plateau modulus, 331 
Rupture, required energy, 363 

S 
SALS technique, 131, 132£ 
SANS See Small angle neutron 

scattering 
Sample deformation and chain 

deformation, 
relationships between, 
263-264 

Sample preparation method, 
dynamic mechanical 
behavior as a function, 
147 

Samples, press-quenched, 123 
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Samples, solutions cast from 
toluene, 123 

Scanning electron micrograph, 
131 

Scanning electron micrograph 
for butadiene-butadiene-
butadiene polymer, 132£ 

Scanning electron micrograph 
for butadiene-isoprene-
butadiene polymer, 132J: 

Scattering theory, numerical 
results, 265-267 

Scattering vector, Rayleigh 
factor as a function of, 
474f 

Second network modulus
Segmented elastomers, 9 
See also Thermoplastic 
elastomer 

Seltene Erden See Rare earth 
compounds 

Seltene erden-polybutadiene, 
62-65f 

Seltene erden-polybutadiene, 
m i l l behavior, 64£ 

Selten erden-polybutadiene, 
x-ray diffraction, 64£ 

Semicrystalline block 
copolymers, variation of 
composition, 119-152 

Semicrystalline domains, 142 
Semicrystalline network, 295 
Semicrystalline structure, 

continuous, 142 
Separate mnicrophases, 120 
Sequential anionic 

copolymerization, 119 
Shear modulus and gel point, 

392, 395 
Shear modulus and gel point of 

polyurethane systems, 392 
Shear modulus for a network 

with trifunctional 
functions, 426 

Silicone networks 
equilibrium tensile 

behavior, 329-347 
high junction 

functionality, 329-347 

Silicone o i l , 372 
Simple elongation of network 

chains, 331 
Single-phase polyurethane 

elastomers, 419-436 
Single-phase polyurethane 

elastomers, elastic 
(time-independent) 
properties, 419-436 

Slow monomer addition, 
polymerization of vinyl 
ethers by, 215 

Small angle neutron scattering 
(SANS)  258  279 

on radiation cross-linked 
polystyrene, 273 

of swollen polystyrene 
networks, 272f 

on tetrafunctionally 
end-linked 
po 1yd ime t hy 1 s i 1 oxa ne 
chains, 273, 275 f 

Small-strain moduli, 325 
Small strain by trapped 

entanglements, 343 
Softening temperature, 484 
Sol fraction, 405, 416 

determination, 422 
of epoxide networks, 408, 

409f 
of polyurethane networks, 

408, 411, 412f 
Solid-phase peptide synthesis 

method, 501 
Solid-phase synthesis, 

solvents, 507-508 
Solid-phase synthesis, 

supports, 502 
Solid-state nuclear magnetic 

resonance of affine 
deformation, 280 

Solution cast from toluene 
samples, 123 

Solvent dependency, ionic 
polymerizations, 18 

Solvent-induced rev e r s i b i l i t y , 
483 
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Solvents in solid-phase 
synthesis, 507-508 

Spatial heterogeneity in 
bimodal networks, 353 

Spectral density, 248-249 
Spectrum method for linear 

viscoelastic 
measurements, 524-527 

Spherical coordinates for 
calculating dipolar 
interaction, 283£ 

Spherulitic structure, 105, 
131, 133 

St a t i s t i c a l chain segments, 
affine deformation

St a t i s t i c a l theory at moderat
strains, 322 

St a t i s t i c a l theory of rubber 
el a s t i c i t y , 279 

Step polyaddition networks, 
controlling concentration 
of elastically active 
network chain 
characteristics, 411 

Step polymerization, 4-9, 29-30 
Stereochemistry of chain 

polymerization, 20-23 
Steric restrictions on 

silicon-oxygen bonds, 376 
Sterically inhibited 

isomerization reactions, 
176 

Stoichiometric network chain 
concentrations, depdence 
of structure factors, 336£ 

Stokes f r i c t i o n , 246 
Storage moduli, 519 
Strain-at-break vs. 

stress-at-break, 432£ 
Strain-dependent contribution 

of entanglements, 346 
Strain-dependent measurements, 

Mooney-Rivlin constants, 
325t 

Strain in fatigue tests, 540£, 
543f, 544f 

Strain-induced c r y s t a l l i t e s , 
466 

Strain-induced 
crystallization 57-71, 357 

Strain-induced crystallization 
in elastomers, 360 

Strain-induced crystallization 
in trans-styrene-
butadiene rubber, 92 

Strain tensor, 247 
Stress-at-break vs. 

strain-at-break, 432f 
Stress-birefringence, 454 
Stress-optical coefficient, 

96, 466 
Stress-optical coefficient as 

a function of molecular 
weight between 

a function of 
temperature, 472£ 

Stress-relaxation and 
cross-linking at constant 
simple extension, 447J: 

Stress-relaxation two-network 
method, 446 

Stress-strain behavior of 
but ad iene-but ad iene -
butadiene copolymer, 109, 
112f, 113f 

Stress-strain behavior of 
butadiene-isoprene-
butadiene copolymer, 109, 
112f, 114f 

Stress-strain curves of 
isoprene-ethylene 
copolymer, 7If 

Stress-strain curves of 
polyurethane elastomer, 
424f 

Stress-strain data, 422-424 
Stress-strain data for 

triol-based polyester 
networks, 398 

Stress-strain of epoxide 
networks, 405 

Stress-strain fatigue test, 
536, 538f 

Stress-strain isotherms 
for bimodal networks, 353£, 
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Stress-strain isotherms, 
effect of temperature, 

353, 358f 
Stress-strain measurements of 

epoxide networks, 408 
Stress-strain plot to evaluate 

Mooney-Rivlin equation, 
425f 

Stress-strain of 
polybutadiene, 133 

Stress-strain properties, 140£ 
of block copolymers, 

133-143 
of composite networks, 443 
of triblock coplymers

119, 133-135 
Stress tensor, 247 
Stress-to-break, 142 
Stretched network e l a s t i c i t y , 

293-308 
Stretched networks, lamellar 

formation, 294 
Structural factors and tensile 
properties of ethylene-

propylene -diene, 195-210 
Structural variables in 

e thy1ene-propy1ene-
diene, 196 

Structure and the 
functionality of 
cross-links, theory, 
310-311 

Structure and tac t i c i t y of 
methylhexadiene polymers, 
176-181 

Structure, dependence of, on 
network functionality, 
336f 

Structure, dependence of, on 
stoichiometric network 
chain concentrations, 336£ 

Structure factors for 
networks, 343 

Structure(s) 
folded chain, 131 
of fringe micelle, 131 
of thermoplastic 

elastomers, 484-485 
Styrene, 135 

Styrene-butadiene, block 
copolymers, 88 

Styrene-diene, triblock 
copolymers, 101 

Sulfur cross-links, 3 
Superimposed reduced moduli of 

epoxide networks, 410J: 
Supports in solid-phase 

synthesis, 502 
Swelling in bimodal networks, 

357 
Swelling of peptide resin 

beads, 507-508 
Swelling solvents, 372 

Synthesis of 
chemically-cross-linked 

elastomers, 2 
elastomers, 1-31 
homopolymers and 

copolymers, 235£ 
networks, characterization 

data, 312t 
poly(organophosphazenes), 

232f 
polysulfide elastomers, 4, 

28 
polyurethanes, 4 
thermoplastic elastomers, 

485 
Synthetic crystallizable 

elastomers, 33-53 
Τ 

Tack strength, 98, 99f 
Tackiness of polybutadienes, 

62, 65, 66t 
Tactic structures, 34 
Tacticity and structure of 

methylhexadiene polymers, 
176-181 

Tear strength 
See also Threshold strength 
of end-linked elastomers, 

371 
of polydimethylsiloxane, 

367 
of randomly-linked 

elastomers, 371 
of threshold conditions in 

measuring, 369 
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Tear test, 373f 
Tearing(fracture) energy, 431 
Temperature 
dependence in 

polybutadiene, 149f 
dependence of the reduced 

stress in network 
cross-links, 318£ 

dependence of the storage 
modulus in network 
cross-links, 318JE 

effect of, on 
cr y s t a l l i n i t y , 117£ 

effect on stress-strain 
isotherms, 353 

reduced true 
stress-at-break vs. 
strain-at-break, 433£ 

effect on butadiene-isoprene-
butadiene, 109-116, 115f 

effect on tensile 
strength, 115f 

Temporary network of highly 
entangled chains, 442 

Tensile behavior of networks, 
338 

Tensile differences dependence 
on structural factors, 
197-202 

Tensile difference in 
ethylene-propylene-
diene, 198f 

Tensile properties, 199£-201f 
of comparable samples, 
203-205f 
dependence on catalyst, 195 
effect of molecular 

weight, 197 
of polybutadiene, 135 
of ethylene-propylene-

diene terpolymers, 195-210 
Tensile set of butadiene-

butadiene -bu t ad i ene 
copolymer, 114.f 

Tensile set of butadiene-
isoprene-butadiene 
copolymer, 113£ 

Tensile strength, 116 

Tensile strength, effect of 
temperature, 115f 

Terminal vinyl groups, 340 
Ternary systems, 495 
Tetrafunctional cross-links, 

316 
front factor, 407 
po1yd ime thy1s i1oxane 

networks with, 321 
produced by end-linking, 

440 
Tetrafunctional network from 

random polymerization 393£ 
Tetrafunctional polydimethy1-

275f 
Tetrafunctional systems, 

intramolecular reaction, 
388 

Tetrafunctionally end-linked 
po1yd imethy1siloxane 
chains, SANS experiment, 
273 

Tetrakis-dimethylsiloxsilane, 
368 

Theoretical vs. experimentally 
observed moduli in 
networks, 320t 

Theories of gelation, 384 
Theory of high junction 

functionality in silicone 
networks, 330-331 

Theory of lamellar crystal
li z a t i o n , 295-303 

Theory of phantom networks, 321 
Theory of randomly jointed 

chains 470 
Thermal-induced r e v e r s i b i l i t y , 

483 
Thermoelastic data of bimodal 

networks, 358£ 
Thermoplastic elastomers, 135, 

483-486 
with crystalline domains, 

101-117 
interfacial structure, 484 
properties, 484-485 
as a rubbery component, 484 
structure, 484-485 
synthesis, 485 
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Thermosets, 483 
Threshold conditions in 

measuring tear strength, 
369 

Threshold strength of 
polybutadiene networks, 
368 

Threshold tear energy, 375j[, 
431 

Threshold tear strength, 
measurements, 372 

Threshold tear strength of 
molecular networks, 
367-376 

Time-cross-link density 
superposition, 527

Time-temperature superimposed 
master curves of loss 
moduli, 520f 

Time-temperature superimposed 
master curves of storage 
module, 520i 

Time-temperature 
superposition, 519 

Tire rubbers, requirements, 77f 
Titanium catalyst, 65 
Titanium-polybutadiene, m i l l 

behavior, 64£ 
£-Toluenesulfonylhydrazide, 119 
Transmission electron 
micrograph of 

butadiene-isoprene-
butadiene copolymer, 108f 

Trapped entanglements, 
426-427, 434 

See also Elastically active 
network chains 

Trapping factor, 405-406 
Transposed cross-link model, 

309 
Trialkylaluminum cocatalyst, 

157 
Triblock copolymers, 3, 103-118 

differential scanning 
calorimetry, 126£ 

molecular architecture, 
102t 

morphology, 14 lj[ 
stress-strain properties, 

119, 133, 134f, 135 

Triblock copolymers—continued 
variation in composition 

on properties, 150£ 
Trifunctional cross-links, 

front factor, 407 
Trifunctional cross-links 

produced by end-linking, 
440 

Trifunctional junctions, 
concentration dependence 
on extent of curing 
reaction, 419-420 

Trifunctional 
poly(e-caprolactone)  456 

Trisocyanate cross-linked 
polybutadiene, 
birefringence, 467£ 

Triol-based polyester 
networks, stress-strain 
data, 398 

Triol samples, 
characterization, 390£ 

Tris-dimethylsiloxyphenylsilane, 
368 

True stress plotted against 
strain of polyurethane 
elastomers, 424£ 

Two-network method, 440 
advantages, 443 
for cross-linking, 

principles, 444£ 
strain in, 442 
stress-relaxation, 446 

Two-network theory, 441-451 
Two-phase domain structure, 484 

U 
Ultimate properties of 

copolymers, 136 
Ultimate strength of bimodal 

networks, 353 
Ultimate tensile properties of 

polyurethane elastomer, 
431 

Uncross-linked elastomers, 440 
Uniaxial deformation, 263 
Uniaxial elongation, 281 
Uniaxial fatigue test, 536 
Uniaxial stretching, 260 
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Uniaxially oriented elastomer, 
scattering intensity vs. 
aziumthal angle, 268f, 
269f, 270f 

Unreacted monomers, gas 
chromatographic analysis, 
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