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Foreword

THE ACS SYMPOSIUM SERIES was first published in 1974 to provide
a mechanism for publishing symposia quickly in book form. The pur-
pose of the series is to publish timely, comprehensive books devel-
oped from ACS sponsored symposia based on current scientific re-
search. Occasionally, books are developed from symposia sponsored
by other organizations when the topic is of keen interest to the chem-
istry audience.

Before agreeing to publish a book, the proposed table of contents
is reviewed for appropriate and comprehensive coverage and for in-
terest to the audience. Some papers may be excluded in order to better
focus the book; others may be added to provide comprehensiveness.
When appropriate, overview or introductory chapters are added.
Drafts of chapters are peer-reviewed prior to final acceptance or re-
jection, and manuscripts are prepared in camera-ready format.

As a rule, only original research papers and original review pa-
pers are included in the volumes. Verbatim reproductions of previ-
ously published papers are not accepted.
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Preface

This volume is based on an international symposium on “Anionic Polymeriza-
tion. Practice and Applications” which was held during the National American
Chemical Society Meeting in Orlando, Florida in the fall of 1996. The goal of
the symposium was to provide state-of-the-art presentations by industrial re-
search scientists practicing in the area of anionic polymerization. The sympo-
sium presentations [see Polym. Prepr. Am. Chem. Soc. Div. Poly. Chem. 1997,
37(2), 626-733] and the corresponding papers included herein describe the use-
fulness of anionic polymerization research and emphasize the industrial research
perspective on anionic processes for the preparation of polymeric materials.

Living anionic polymerization proceeds in the absence of the kinetic steps
of chain transfer and chain termination and provides methodologies for the syn-
thesis of polymers with controlled, well-defined structures. Polymers can be
prepared with control of the major variables which affect polymer properties in-
cluding molecular weight, molecular weight distribution, copolymer composi-
tion and microstructure, stereochemistry, chain-end functionality and molecular
architecture.

This inherent aspect of control in living anionic polymerization stimulated
tremendous industrial research activity which led to the development of numer-
ous technologies for the preparation of important commodity and specialty ma-
terials. The papers collected in this monograph provide a unique glimpse into
industrial anionic polymerization research and technology. To provide a self-
contained and useful book, a general introduction to the principles of anionic
polymerization (Quirk et al.) and the commercial applications of anionic poly-
merization (Hsieh) are included.

Four papers are grouped under the heading of fundamentals and polymeri-
zation processes: The subjects include chain-end aggregation (Fetters et al.,
Exxon), process monitoring by UV (Viola, Bortolotti et al., EniChem), tertiary
amine-functionalized initiators (Tadaki et al., JSR) and soluble lithium amide
initiators (Lawson et al., Bridgestone/Firestone). One of the unique and useful
aspects of living polymerization is the ability to prepare block copolymers by
sequential monomer addition or by direct tapered block copolymerization; the
four papers on block copolymers include styrene-butadiene—styrene thermo-
plastic elastomers (Lovisi et al., Petroflex), styrene—isoprene—styrene triblocks
for pressure-sensitive adhesives (Matsubara and Ishiguro, Nippon Zeon), pack-
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aging films based on styrene-butadiene block copolymers (Knoll and Niessner,
BASF), and tapered styrene-butadiene copolymers for use in asphalt modifica-
tion and as impact modifiers (Moctezuma et al. and Martinex, Industrias Ne-
gromex).

Another unique aspect of controlled anionic polymerization is the ability to
prepare star polymers which often exhibit unique processing and property ad-
vantages. Three star polymer papers describe high temperature processes (Schué
et al., Université Montpellier), pressure-sensitive adhesives based on asymmet-
ric star block copolymers (Ma et al., 3M) and randomly branched polystyrenes
(Hahnfeld et al., Dow).

The advantage of controlled diene microstructure for elastomers is exempli-
fied by descriptions of new isoprene polymers (Ishii et al., Kuraray) and 1,2-
polybutadiene (Arest-Yakubovich et al., Efremov Synthetic Rubber and Karpov
Institute). Other applications of controlled anionic polymerization include mac-
romonomer techniques (Roos and Miiller, Rohm GmbH and Universitit Mainz)
and preparation of lithographic resists polymers (Ito, IBM).

Many commercial processes have been developed for the polymerization of
polar and inorganic monomers. This subject includes poly(ethylene oxide)
(Tsvetanov et al., Bulgarian Academy of Sciences), industrial applications of
lactam polymerization (Udipi et al., Monsanto), poly(e-caprolactam) as solvent
for blends (Chorvath et al., Eindhoven University), functionalized poly(methyl
methacrylates) (Lindsay, ICI Materials), and siloxane copolymers (Zavin et al.,
Russian Academy of Science).

In summary, this monograph describes many exciting and useful aspects of
anionic polymerization research. It is anticipated that students, faculty and other
practitioners of anionic polymerization will benefit from and be stimulated by
learning about industrial research in this area from this work.
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Chapter 1
Principles of Anionic Polymerization: An Introduction

Roderic P. Quirk, Qizhuo Zhuo, Sung H. Jang, Youngjoon Lee,
and Gilda Lizarraga

Maurice Morton Institute of Polymer Science, University of Akron,
Akron, OH 44325-3909

The general mechanistic aspects of living alkyllithium-initiated
polymerization of styrenes and dienes are presented. The structural
variables which can be controlled are discussed including molecular weight
and molecular weight distribution. Methods for the synthesis of well-
defined block copolymers, star polymers and chain-end functionalized
polymers are described. New developments in polymer synthesis using
functionalized alkyllithium initiators are presented. The controlled
alkyllithium-initiated polymerization of alkyl methacrylates is considered
in terms of proper choice of initiator, solvent and temperatures. New
additives which permit anionic alkyl methacrylate and acrylate
polymerization at higher temperatures are discussed. The anionic
polymerization of alkylene oxides (epoxides) is discussed with emphasis
on ethylene oxide and propylene oxide. The mechanism and
characteristics of anionic polymerization of lactams are also described.

The almost coincident reports of the delineation of the characteristics of living
anionic polymerization by Szwarc, Levy and Milkovich (/,2) and of the uniqueness
of lithium metal-initiated polymerization of isoprene to form high cis-1,4-
polyisoprene by Firestone researchers (3) heralded the advent of controlled
polymerization to form a wide variety of polymers with low degrees of compositional
heterogeneity. Shortly thereafter, Tobolsky and coworkers (4,5) reported that the
same high cis-1,4-polyisoprene was obtained in hydrocarbon solutions using n-butyl-
lithium as initiator. In addition, they reported that the high stereospecificity was lost
in polar solvents such as tetrahydrofuran or diethyl ether and also using either sodium
or potassium counterions in hydrocarbon solution (6).

A living polymerization is a chain polymerization that proceeds in the absence
of the kinetic steps of termination and chain transfer (7,8). Such polymerizations
provide versatile methodologies for the preparation of polymers with control of the
major structural variables that affect polymer properties. The following sections will

2 ©1998 American Chemical Society

In Applications of Anionic Polymerization Research; Quirk, R.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1998.



Publication Date: June 30, 1998 | doi: 10.1021/bk-1998-0696.ch001

describe general mechanistic aspects of living alkyllithium-initiated polymerizations of
styrenes and dienes and the applications of controlled anionic synthesis for a variety
specific polymer structures. A brief discussion of anionic polymerization of alkyl
methacrylates, epoxides and lactams is also included.

Mechanism of Alkyllithium-Initiated Polymerization.

The mechanism of alkyllithium-initiated polymerization is analogous to other
chain reaction polymerizations, except that the Kinetic steps of random termination
and transfer are absent, as shown in Scheme 1 for sec-butyllithium-initiated
polymerization of styrene (8). Although alkyllithium compounds are generally
soluble in hydrocarbon media, they are associated into dimers, tetramers and hexamers
(9). Polymeric organolithium compounds are also associated into dimers, tetramers
and higher aggregates (8,10). As a consequence of this association behavior of the
initiator and propagating polymeric organolithium chain ends, the actual kinetics of
initiation and propagation are complicated in hydrocarbon media. A further
complication results from cross-association of the unreacted initiator with the growing

Scheme 1. Mechanism of alkyllithium-initiated polymerization of styrene.
Initiation

K K

eq eq
1/4 (sec-C4HgLi)g4 <==C4HgLi or 1/6(n-C4HgLi)¢ === C4HgLi
RH RH

kj

C4HgLi + CH=—CH > C4H9CH,CHLI
6Hs CgHs

C4HgCHCHLI Ky 1/2 [C4HgCHCHLI])
~
CgHs CeHs
Propagation
kp

C4HgCHCHLi + nCHy==CH —> C4Ho—{CHyCHIFCHyCHLI

CeHs 6Hs CeHs  CeHs

polymeric organolithium chain ends (eq. 1); because of this complication, reliable
kinetic data for the initiation process can only be obtained at low conversions of the
initiator.

(RLi)p, + (PL)yy =—== (RLi)X(PLi)y (1)
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In general and especially in aromatic solvents, the kinetics of initiation exhibit a
fractional order dependence on the concentration of alkyllithium initiator (8). For
example, a one-sixth-order dependence on n-butyllithium concentration is observed for
initiation of styrene polymerization in benzene solution (eq. 2). Since n-butyllithium
is aggregated predominantly into hexamers in hydrocarbon solution, the fractional
kinetic order dependence of the initiation process on total concentration of initiator has
been rationalized on the basis that the species that reacts with styrene monomer must
be the unassociated form of the initiator which is in equilibrium with the hexameric
aggregate (see Scheme 1). Similarly, the analogous one-fourth order dependence
observed for initiation using sec-butyllithium (eq. 3) is also consistent with reaction of
the unassociated alkyllithium form, since sec-butyllithium is associated predominantly
into tetramers in benzene solution (see Scheme 1).

Ri= kiKeqln-BuLi] 1/6[S] ()
Ri= kiKeq[sec-BuLi]l/4[S] 3)

However, the observed inverse correlation between reaction order dependence
for alkyllithium and degree of alkyllithium aggregation is not observed in aliphatic
solvents. The use of aliphatic solvents leads to decreased rates of initiation and
pronounced induction periods. In fact, a different reaction mechanism involving the
direct addition of monomer with aggregated organolithium species has been proposed
for aliphatic solvents (8).

The anionic propagation kinetics for styrene (S) polymerization with lithium
as counterion are relatively unambiguous. The reaction order in monomer
concentration is first order as it is for polymerization of all styrene and diene
monomers in heptane, cyclohexane, benzene and toluene (/-3). The reaction order
dependence on total chain end concentration,[PSLi], is one-half as shown in eq. 4 (4).

Rp = -d[S}/dt = kops[PSLilo1/2[S] 4)

Investigations of the kinetics of propagation for dienes have shown that
although the rates exhibit first order dependence on monomer concentration, fractional
order dependencies are generally observed for the concentration of active centers (8).
Isoprene exhibited one-fourth order kinetics and butadiene exhibited one-fourth or one-
sixth order dependencies. Recent kinetic studies for isoprene reported that the kinetic
order dependence on active center concentration is 1/4 at [PLi]>10'4M and 1/2 at
[PLi]<10-4M in benzene at 300C (I1). These results were explained in terms of a
concentration-dependent change in degree of association from predominantly
tetrameric at higher concentrations to predominantly dimeric at lower concentrations
(see Scheme 2). Comparison of these kinetic orders with the degrees of association of
the poly(dienyl)lithium chain ends is complicated by the lack of agreement regarding
the predominant degree of association of these species in hydrocarbon solution.
Predominant degrees of association of both two and four have been reported by
different research groups using the same techniques, i.e. concentrated solution
viscometry and light scattering. Furthermore, recent evaluation of the association
states of poly(butadieny!)lithium chain ends in benzene by small-angle neutron
scattering, as well as both dynamic and static light scattering, indicates that higher
order aggregates (n > 100) exist in equilibrium with dimeric species (/0). Several
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recent papers provide a critical evaluation of propagation kinetics with respect to the
presumption of unreactivity of aggregated organolithium species (12, 13).

Control Variables in Alkyllithium-Initiated Polymerizations.

Molecular weight. Molecular weight is one of the most important variables affecting
polymer properties. The molecular weight in a living polymerization can be controlled
Scheme 2. Kinetic scheme for diene polymerization.

K¢

2(PLi),

(PLi),
Kq
(PLi), === 2PLi

Rate = -d[I]/dt = kobs (1]

Kobs = katI/ 4K 41/2[P411/4 at high concentrations

Kobs = kad1/2[P2]1/2at low concentrations

by the stoichiometry of the reaction and the degree of conversion (8). With a
monofunctional initiator, one polymer chain will be formed for each initiator molecule
or species. As a consequence, the expected number average molecular weight at
complete conversion can be calculated using eq. 5. At intermediate degrees of

Mp = grams of monomer/ moles of initiator (5)

conversion or for equilibrium polymerization of monomers with low ceiling
temperatures, the number average molecular weight is proportional to the grams of
monomer consumed (eq. 6). Of course, it should be recognized that this ability to

Mp, = grams of monomer consumed/ moles of initiator (6)

control molecular weight presupposes that the initiator is sufficiently reactive to be
completely consumed prior to the consumption of monomer. For less reactive
initiators such as n-butyllithium, incomplete consumption of the initiator can occur
depending on the solvent, temperature, monomer and monomer concentration (/4).
From a practical point of view, it is possible to prepare polymers with predictable
molecular weights ranging from = 103 g/mol to > 106 g/mol using living anionic
polymerization methodology (15,16).

Molecular weight distribution. Synthetic polymers are mixtures of macromolecules
with similar structures but with different sizes. Most chain reaction polymerizations
produce polymers with a distribution of molecular weights which is governed by the
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random nature of the termination reaction, i.e., the molecular weight distribution
corresponds to the so-called most probable distribution (Mw/Mp = 2.0). This
distribution is a consequence of the simultaneous and random occurrence of initiation,
propagation and termination. For a chain polymerization which proceeds in the
absence of chain transfer and chain termination, it is possible to prepare a polymer
with a narrow molecular weight distribution (Poisson distribution) (/7-19). The
essential requirements for formation of a polymer with a Poisson molecular weight
distribution are as follows:

1. The growth of each polymer molecule must proceed exclusively by
consecutive addition of monomer to an active terminal group.

2. All of these active termini, one for each molecule, must be equally
susceptible to reaction with monomer, and this condition must prevail
throughout the polymerization.

3. All active centers must be introduced at the onset of the polymerization.

4. There must be no chain transfer or termination (or interchange).

5. Propagation must be irreversible (i.e., the rate of depropagation should
be vanishingly small).

From an operational point of view, it has been proposed that the
characterization "narrow molecular weight distribution" be reserved for Myw/Mp < 1.1
(20). In general, it is possible to prepare a polymer with a narrow molecular weight
distribution using a living anionic polymerization when the rate of initiation is
competitive with the rate of propagation (27). These kinetics ensure that all of the
chains grow uniformly for essentially the same period of time.

Flory (17,18) described the relationship between the polydispersity and the
degrees of polymerization (number average, Xp; weight average, X) for a living
polymerization as shown in eq. 7; the second approximation is valid for high

XwXn=1+[Xn/Xn+1)2] =1+[1/Xn] (D)

molecular weights. From a practical point of view, it is easier to make higher molecular
weight polymers with narrow molecular weight distributions; the preparation of lower
molecular weight polymers with narrow molecular weight distributions generally
requires careful attention to experimental details. Broader molecular weight
distributions are obtained using less active initiators, with mixtures of initiators or with
continuous addition of initiator as involved in a continuous flow, stirred tank reactor
(8). With respect to processing characteristics, polymers, particularly elastomers,
exhibit desirable non-Newtonian behavior when either their molecular weight
distribution is broad or if they have significant amounts of long-chain branching
(22,23). In contrast, linear polymers exhibit singularly Newtonian rheological behavior
in that they exhibit constant bulk viscosity over a wide range of shear rates.

Synthesis of Block Copolymers.

One of the unique and important synthetic applications of living
polymerizations is the synthesis of block copolymers by sequential monomer addition
(24,25). The ability to prepare block copolymers is a direct consequence of the
stability of the carbanionic chain ends on the experimental laboratory time scale when
all of the monomer has been consumed. Since a living polymerization and the ability
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to prepare well-defined block copolymers requires the absence (or reduction to a
negligible level) of chain termination and chain transfer reactions, monomer purity and
the absence of side reactions with the monomer are necessary requirements (26).

A further consideration for successful design and synthesis of block
copolymers is the order of monomer addition. In general, a carbanionic chain end
formed from one monomer will crossover to form the chain end of another monomer
and initiate polymerization of this monomer provided that the resulting carbanion is
either of comparable stability or more stable than the original carbanion (8). The pKa
values of the conjugate acids of carbanions provide a valuable guide to the relative
stabilities of carbanions. Thus, crossover will generally occur to monomers which
have conjugate acid pKg values which are the same or smaller than the pKj of the
conjugate acids corresponding to the initiating carbanionic chain ends. For example, to
prepare a block copolymer of methyl methacrylate and styrene it is necessary to first
polymerize styrene (estimated pKja of toluene = 43) (27) and then add methyl
methacrylate (estimated pKg of ethyl acetate = 30-31) (27) to form the second block;
the ester enolate anion formed from methyl methacrylate cannot initiate
polymerization of styrene. With these limitations in mind, living anionic
polymerization provides a powerful synthetic method for preparing block copolymers
with well-defined structures, including copolymer composition, block molecular
weights, block molecular weight distributions, block sequence and with low degrees of
compositional heterogeneity (8,21,26,28).

There are three general methods for anionic synthesis of triblock copolymers:
(1) three-step sequential monomer addition; (2) two-step sequential addition followed
by coupling reactions; and (3) difunctional initiation and two-step sequential monomer
addition (8,26). Each of these methods has certain advantages and limitations.

Block copolymer synthesis by three-step sequential monomer addition. The
preparation of block copolymers by sequential addition of monomers using living
anionic polymerization and a monofunctional initiator is the most direct method for
preparing well-defined block copolymers. Detailed laboratory procedures for anionic
synthesis of block copolymers are available (29-33). Several important aspects of
these syntheses can be illustrated by considering the preparation of an important class
of block copolymers (see Scheme 3), the polystyrene-block-polydiene-block-
polystyrene triblock copolymers.

The goal of each step in this sequence is to prepare a block segment with
predictable, known molecular weight and narrow molecular weight distribution without
incursion of chain termination or transfer. The first step is simple alkyllithium-
initiated polymerization of styrene. In order to obtain the desired polystyrene block
segment with relatively low molecular weight (12,000-15,000 g/mole) and with narrow
molecular weight distribution (Mw/Mp, < 1.1) (see eq. 7), it is necessary to use a
reactive initiator which effects a rate of initiation which is competitive with or faster
than propagation as discussed previously. Hsieh and McKinney (34) have shown
that this condition is fulfilled for sec-butyllithium, but not for n-butyllithium, with
styrene and diene monomers. In a three-stage block copolymer system, at the
completion of each step a sample of polymer can be removed and characterized
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Scheme 3. Triblock copolymer synthesis by 3- step sequential monomer addition.

C4HgLi + n CHy=CH —> C4H9 2CH']—CH2CHL1
hydrocarbon
solvent

PSLi
PSLi + m CHy=—=CH—CH=—=CHyp—3»

PS{CHzCH =CHCH2]—-CH§H=CHCH2Li
m-1

PS-b-PBDLi

(Lewis base)
PS-b-PBDLi+ n CH2=CH — PS-Q—PBD—[—CH2CH']_1CH2CHU
n-

PS-b-PBD-b-PSLi
PS-b-PBD-b-PSLi + ROH——» PS-b-PBD-b-PS

independently with respect to molecular weight, molecular weight distribution and
composition.

The second step in the three-step synthesis of a triblock copolymer by
sequential monomer addition requires that the carbanionic chain end of the first block
initiate polymerization of the second (diene) monomer. A hydrocarbon solvent is
required to obtain polydiene block segments with high 1,4-micro-structure and low
glass transition temperatures. Obviously, the monomer added at this step must be
very pure to prevent significant termination of the active poly(styryl)lithium chain
ends. To the extent that this occurs, the final product will be contaminated with
polystyrene homopolymer and the molecular weight of the second block will be
increased because of a decrease in chain end concentration (see eq. 5). The carbanion
formed from addition to the second monomer must be either more stable or of
comparable stability relative to the propagating carbanionic chain end corresponding to
the first block segment. Thus, styrene and diene monomers can crossover to each
other and also to a variety of polar vinyl and heterocyclic monomers. In order to
obtain a narrow molecular weight distribution for the second block, the rate of
crossover to the second monomer, i.e. the initiation reaction for the second block, must
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be competitive with or faster than propagation. This can be a problem for polar
monomers which exhibit rapid rates of propagation. The crossover reaction of
poly(styryl)lithium to butadiene to form a poly(butadienyl)lithium chain end is a very
fast reaction compared to the rate of propagation for butadiene monomer. The order
of reaction rate constants is kgB>kSS>kBB>kBS (35). An analogous kinetic situation
exists for the order of reaction rate constants for styrene and isoprene (36). Thus, it is
relatively easy to obtain polystyrene-block-poly(butadienyl)lithium diblock segments
with controlled, predictable block molecular weights and narrow molecular weight
distributions.

In the third step, styrene monomer is added, usually in an amount which
corresponds to formation of an end block with the same molecular weight as the first
polystyrene block. The purity of styrene monomer is critical at this step also, since if
impurities are introduced, living diblock chains will be terminated and the final triblock
copolymer will be contaminated with the diblock copolymer, polystyrene-block-
polybutadiene. In addition, impurities will lead to an increase in the molecular weight
of the third block because of a decrease in chain end concentration in accord with eq. 5.
Unfortunately, the rate of the crossover reaction of poly(butadienyl)lithium to styrene
monomer to form a poly(styryl)lithium chain end is slow compared to the rate of
styrene propagation. Because of the slow rate of styrene initiation relative to
propagation, a broader molecular weight distribution would be expected for the final
polystyrene block segment. In order to obtain a polystyrene end block with narrow
molecular weight distribution, a Lewis base such as an ether or amine is often added
before styrene monomer addition in this third stage of the triblock copolymer
synthesis (37-41).

Block copolymer synthesis by two-step sequential monomer addition and
coupling. Another general method for synthesis of A-B-A triblock copolymers
involves a two step sequential monomer addition sequence followed by a coupling
reaction with a difunctional electrophilic reagent as illustrated in Scheme 4. For the
two-step synthesis of a polystyrene-block-polybutadiene-block-polystyrene triblock
copolymer analogous to the polymer prepared by the three-step sequential monomer
addition process, the first polystyrene block synthesis and the crossover reaction with
butadiene monomer would be analogous to the three-step process. However, the
amount of butadiene monomer added in the second step would correspond to only
one-half of the amount required for the three-step process. The coupling reaction can
be effected efficiently with a variety of difunctional linking agents such as o,0'-
dichloro-p-xylene which is illustrated in Scheme 4. A variety of difunctional coupling
agents have been investigated and useful, i.e., efficient, coupling agents include,
dimethyldichlorosilane, 1,4-dihalo-2-butenes and esters such as ethyl benzoate (42).
This two-step method with coupling offers many advantages over the three-
step sequential monomer addition method. From a practical point of view, the
polymerization time is reduced to one-half of that which is required for the three-step
synthesis of a triblock copolymer with the same molecular weight and composition.
One problem which is avoided in the two-step process is that the final crossover step
from poly(butadienyl)lithium to styrene is eliminated. The elimination of the third
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Scheme 4. Triblock copolymer synthesis by 2-step sequential monomer addition
followed by coupling.

hydrocarbon )
C4HoLi + n CHy==CH—>  C4Hg—+CHCH}—CH,CHL

solvent n-1 I

PSLi

hydrocarbon

PSLi + m/2 CHy=—=CH—CH=—=CH, l_>t
solven

PS —f CH,CH==CHCH}—CH,CH==CHCHLi
m/2-1

PS-b-PBDLi

PS-b-PBDLi +CH,Cl —-——)PS-Q-PBD—CHZ—©—CH2—PBD-Q-PS

PS-b-PBD-b-PS

CH,Cl

monomer addition step also decreases the possibility of termination by impurities in a
third monomer addition.

Another advantage of the two-step process is that it is more versatile with
respect to the chemical composition of the center block. With the two-step method,
the center block can be a more reactive monomer which would not be capable of
reinitiating polymerization of styrene because of the increased stability of the chain
end. For example, a polystyrene-block-poly(methyl methacryloyl)-lithium diblock
could be coupled with o, a'-dibromo-p-xylene to form a polystyrene-block-
poly(methyl methacrylate)-block-polystyrene triblock; this triblock copolymer could
not be synthesized directly by a three-step sequential monomer addition sequence.

The limitations of the two-step monomer addition plus coupling procedure are
primarily associated with the coupling reaction. The efficacy of the coupling step
requires both an efficient coupling reaction and high precision in controlling the
stoichiometry of this reaction (43). In practice, it is difficult to control the
stoichiometry of the coupling reaction and many two-step syntheses yield triblock
copolymers with significant amounts of uncoupled diblock contaminants (43,44). Itis
reported that commercial Kraton™ triblock copolymers possess bimodal molecular
weight distributions with 15-20 wt% of apparently diblock polymers with one-half of
the molecular weight of the triblock copolymer (43,44). In general, the presence of
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diblock material affects the triblock copolymer morphology (44), which has a
detrimental effect on the physical properties of triblock copolymers (40,43).
However, the presence of diblock material reduces the viscosity of the polymer which
facilitates processing.

Block copolymers by difunctional initiation and two-step sequential monomer
addition. In principle, one of the most versatile methods for the synthesis of A-B-A
triblock copolymers is the use of a difunctional initiator with a two-step sequential
monomer addition sequence as illustrated in Scheme 5. The main limitation with
respect to the synthesis of triblock copolymers using dilithium initiators is the fact
that most dilithium initiators are not soluble in hydrocarbon media, as required for
polymerization of dienes, because of the association of the chain ends to form
insoluble network-like structures. Many successful dilithium initiators require the
addition of polar additives such as ethers and amines for solubilization. Another
problem with respect to dilithium initiators is due to the association of the polymeric
organolithium chain ends which can result in higher viscosities of the dilithium
polymer solutions compared to the monolithium analogs. Furthermore, any loss of
difunctionality, either in the initiator or after addition of the diene, leads to formation
of undesirable diblocks.

A practical two-step synthesis of a polystyrene-block-polybutadiene-block-
polystyrene triblock copolymer requires the use of a hydrocarbon soluble, dilithium
initiator such as the initiator shown in Scheme 5 which is formed by the addition of 2
moles of sec-butyllithium to 1,3-bis(1-phenylethenyl)benzene (DDPE) (45-47).
Detailed experimental procedures have been reported recently for the preparation of a
dilithium initiator based on the addition of two moles of t-butyllithium to meta-
diisopropenylbenzene (48). A hydrocarbon soluble, dilithium initiator ensures that
the polydiene center block will have a high 1,4-microstructure and a correspondingly
low glass transition temperature. The number average molecular weight of the center
diene block is uniquely determined by the stoichiometry of the reaction in accord with
eq. 8. One of the advantages of using a difunctional initiator and a two-step

grams of monomer

Mn = . ®)

1/2 moles of initiator
sequential monomer addition is the fact that, analogous to the two-step coupling
method, the elimination of a third monomer addition step decreases the possibility of
termination by impurities in a third monomer addition step. Also, the dilithium
initiator is the most versatile method with respect to the chemical composition of the
end blocks. The a,m-dilithiumpolydiene center block can be used to initiate the
polymerization of polar monomers to form both end blocks simultaneously. For
example, this initiator has been utilized to prepare poly(t-butyl methacrylate)-block-
polyisoprene-block-poly(t-butyl methacrylate) triblock copolymers (45). This type
of tribock copolymer with polar end blocks cannot be prepared either by the three-
step sequential monomer addition process or the two-step monomer addition with
coupling method.

Synthesis of Star-Branched Polymers.

Molecular architecture, and particularly long-chain branching, can have a
profound effect on the processing and properties of polymers. The methodology of
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Scheme S. Triblock copolymer synthesis by 2-step sequential monomer addition
with dilithium initiator.

CH2 CH2

hydrocarbon
solvent

2 sec-C4HgLi + @r @ @ —>

Cq4Hg—

DDPELIj (ILi5)
LiCHzCH=CHCH2—[-CH2CH=CHCH2‘]2—'CH2CH=CHCH2Li
m

Li-PBD-Li
Li-PBD-Li + 2nCHy=—=CH—>

LiCHCH,+ CHCHZ-]—PBD —[—CHZCHi—-CHzCHLl

00 00

Li-PS-PBD-PS-Li

Li-PS-b-PBD-b-PS-Li + ROH —> PS-b-PBD-b-PS

living anionic polymerization provides a variety of procedures for the synthesis of
both compositionally homogeneous and compositionally heterogeneous branched
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the three-armed star product (52). However, high linking efficiency to form the 3-
armed star is obtained with methyltrichlorosilane (52).

There have been two general approaches which have been used to increase the
efficiency of linking reactions of polymeric organolithium compounds with
multifunctional silyl halides. The first procedure is to add a few units of butadiene to
either the poly(styryl)lithium or poly(isoprenyl)lithium chain ends to effectively
convert them to the corresponding less sterically-hindered poly(butadienyl)lithium
chain ends. For example, after crossover to butadienyllithium chain ends, the yield of
four-armed star polyisoprene with silicon tetrachloride was essentially quantitative in
cyclohexane (52). The second method is to utilize a polychlorosilane compound in
which the silyl halide units are more separated to reduce the steric repulsions in the
linked product.

The efficiency of the linking reactions of polychlorosilanes with
poly(dienyl)lithium compounds has been documented by synthesis of well-defined,
narrow molecular weight distribution, 18-armed star-branched polyisoprenes, poly-
butadienes, and butadiene end-capped polystyrenes by linking reactions with a
decaoctachlorosilane [(SiCl);8](53,54). The linking reactions of poly(butadienyl)-
lithium (Mp = 5.3-89.6 x 103 g/mol) with carbosilane dendrimers with up to128 Si-Cl
bonds have been reported to proceed smoothly at room temperature but requiring
periods of up to 3 weeks (55).

From a practical point of view, the effective molecular weight distribution of an
anionically prepared polymer can be broadened by reaction with less than a
stoichiometric amount of a linking agent such as silicon tetrachloride. This results in a
product mixture composed of unlinked arm, coupled product, three-arm and four-arm
star-branched polymers. Heteroarm star branched polymers can be formed by
coupling of a mixture of polymeric organolithium chains which have different
compositions and molecular weights. This mixture can be produced by the sequential
addition of initiator as well as monomers.

Divinylbenzene linking reactions. The linking reactions of polymeric organolithium
compounds with divinylbenzenes (DVB) provides a very versatile, technologically
important, but less precise method of preparing star-branched polymers. The linking
reactions with DVB can be conceptually divided into three consecutive and/or
concurrent reactions: (a) crossover to DVB; (b) block polymerization of DVB; and (c)
linking reactions of carbanionic chain ends with pendant vinyl groups in the DVB
block [poly(4-vinylstyrene)] (8,49,56,57). These reactions are illustrated in Scheme 6.
The uniformity of the lengths of the DVB blocks depends on the relative rate of the
crossover reaction (a) compared to the block polymerization of DVB (b) and the
linking reactions (c). This block copolymerization-linking process has been described
as formation of a DVB microgel nodule which serves as the branch point for the star-
shaped polymer (49). In principle, j molecules of divinylbenzene could link together
(j+1) polymer chains (49). Although the number of arms in the star depends on the
ratio of DVB to polymeric organolithium compound, the degree of linking obtained for
this reaction is a complex function of reaction variables (49, 56-59). It should be
noted that these linking reactions are effected with technical grades of DVB which
have been variously reported to consist of (a) 33 % DVB (11% p-divinylbenzene,
22% m-divinylbenzene) and 66% o-, m- and p-ethylvinylbenzene (EVB) (49); (b) 78
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polymers (8,25). A star-branched polymer is a particularly important type of
anionically prepared branched polymer that consists of several linear chains linked
together at one end of each chain by a single branch or junction point. Thus, after
anionic polymerization of a given monomer is completed, the resulting living polymer
with a reactive carbanionic chain-end can be reacted with a variety of linking reagents
to generate the corresponding star-branched polymer with uniform arm lengths. After
analogous sequential polymerization of two or more monomers, linking reactions with
the resulting living diblock, or multiblock, copolymers will generate star-branched
block copolymers with uniform block arm length (28). It is noteworthy that, in
principle, each arm is of uniform block copolymer composition with precise block
molecular weights and narrow molecular weight distributions, i.e. with low degrees of
compositional heterogeneity. Although various types of linking agents have been used
to prepare star-branched copolymers, two of the most useful and important types of
linking agents are the multifunctional silyl chlorides and divinylbenzenes.

Linking reactions with silyl halides. The most general methods for the preparation
of regular star polymers are based on linking reactions of polymeric organolithium
compounds with multifunctional electrophilic species such as silicon tetrachloride as
shown in eq. 9. Analogous linking reactions with multifunctional halogenated hydro-

4 PLi +SiClg —> P4Si + 4 LiCl 9)

carbons are complicated by side reactions such as lithium-halogen exchange, Wurtz
coupling and elimination reactions (9). In contrast to these complexities for
organolithium reactions with polyfunctional halogenated hydrocarbon-type linking
agents, the reactions with chlorosilane compounds are very efficient and
uncomplicated by analogous side reactions. However, the extents and efficiencies of
these linking reactions are dependent upon the steric requirements of the carbanionic
chain end (49).

In general, for a given multifunctional silicon halide, the efficiency of the
linking reaction decreases in the order poly(butadienyl)lithium > poly(isoprenyl)-
lithium > poly(styryl)lithium. In pioneering work by Morton, Helminiak, Gadkary
and Bueche (50) in 1962, the reaction of poly(styryl)lithium (Mp = 60.6 x 103 g/mol;
Mw/Mp =1.06) with a less than stoichiometric amount of silicon tetrachloride in
benzene at S0°C for 48 hours produced a polymer product with My = 1.93 x 105
g/mol. After fractionation of this product, a four-armed star polymer (My =2.57 x
105 g/mol; Mw/Mp = 1.09) and a three-armed star polymer (M = 1.70 x 105 g/mol;
Mw/Mp= 1.0) were isolated in weight fraction amounts corresponding to 0.252 and
0.349, respectively.

In contrast to the results of inefficient linking for poly(styryl)lithiums, the
linking reactions of poly(butadienyl)lithiums with methyltrichlorosilane and silicon
tetrachloride in cyclohexane at 50°C for 3 hours were reported to proceed efficiently
to form the corresponding 3-arm and 4-arm stars, respectively (5/). However, the
linking efficiency of poly(isoprenyl)lithium with silicon tetrachloride is not high,
analogous to poly(styryl)lithium. The stoichiometric reaction of
poly(isoprenyl)lithium with silicon tetrachloride is reported to form predominantly
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Scheme 6. Branching chemistry of polymeric organolithium compounds with
divinylbenzenes.
crossover (a)

PLi + m CH=CHp —»  P-CH,—CHLi

H=—=CH, H==CH,
1

homopolymerization (b)

P-CHy—CHLi + m CH==CH,—> P-{CH,—CHJ}-CHy—CHLi

29

branching CH==CH, CH CHy
©) P'L1

CH==CH,CH==CH,

P—[—CHZ—CH—]—CHz—CH —CH,— CHLi

m-
CH==CHj, CH—CH2 CH=CH,

iP'3

% DVB ( meta/para=2.6), 22% ethylvinylbenzene isomers (58);(c) 56% DVB, 44%
EVB isomers (59); d) 18 mole % p-divinylbenzene, 39 mole% m-divinylbenzene, 10
mole % p-ethylvinylbenzene, and 33 mole % m-ethylvinylbenzene (49,60). The
purity of DVB is critical, because impurities can terminate the active chain ends and
this will also change the effective molar ratio of DVB to active chain end concentration.
For poly(styryl)lithium chains, the rate of crossover to DVB is comparable to
the rate of DVB homopolymerization and both of these rates are faster than the rate of
the linking reaction of poly(styryl)lithium with the pendant double bonds in the
poly(vinylstyrene) block formed from DVB. Therefore, it would be expected that the
DVB block formed by crossover from poly(styryl)lithium would be relatively uniform
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and that the linking reaction would generally occur after the formation of the DVB
block. In general, the linking efficiency of poly(styryl)lithiums by DVB is quite high
except for very low ratios of DVB/PSLI (8).

For poly(dienyl)lithium chain ends, the rate of crossover to DVB is much
slower than the rate of DVB homopolymerization. Therefore, it would be expected
that the DVB block length would be longer for poly(dienyl)lithiums compared to
poly(styryD)lithium. As a consequence, although one obtains a higher degree of
branching, the linking efficiency is lower for diene versus styrene stars. However, it is
possible to obtain good linking efficiences for dienyllithium chains using ratios of
DVB/PLi 2 3 (8).

When small amounts of DVB are added as a comonomer during polymerization
of styrenes and dienes, it is incorporated into the chain in a statistical distribution
dictated by the comonomer reactivity ratios and the feed composition. Subsequent to
DVB incorporation, growing chains can add to the pendant vinylstyrene units
followed by further monomer addition to generate long-chain branching sites (5).
Although the resulting branch structure is not well-defined, it is very effective in
modifying the low and high shear viscosity characteristics of the resulting polymers.

Synthesis of Chain-End Functionalized Polymers.

Chain-end functionalization by termination with electrophilic reagents.
Another unique facet of living anionic polymerization is the ability to tailor-make well-
defined polymers with low degrees of compositional heterogeneity and with functional
chain-end groups (8,61). The products of living anionic polymerization are polymer
chains with stable carbanionic chain ends. In principle, these reactive anionic end
groups can be readily converted into a diverse array of functional end groups by
reaction with a variety of electrophilic species as shown in eq. 10, where PLi is a
polymeric organolithium chain, E is an electrophilic reagent and X represents a chain-
end functional group. Unfortunately, many of these functionalization reactions have

PLi + E » P—X +LiY (10)

not been well characterized (8,61). Thus, it is generally necessary to carefully
develop, analyze and optimize new procedures for each different functional group
introduced by a specific post-polymerization functionalization reaction. Fortunately,
several important functionalization reactions have been carefully investigated.
Carbonation. The carbonation of polymeric carbanions using carbon dioxide
is one of the most useful and widely used functionalization reactions. However, there
are special problems associated with the simple carbonation of polymeric
organolithium compounds. Even when carbonations with high-purity, gaseous carbon
dioxide are carried out in benzene solution at room temperature using standard high
vacuum techniques, the carboxylated polymers are obtained in only 27-66% yields for
poly(styryl)lithium, poly(isoprenyl)lithium and poly(styrene-b-isoprenyl)lithium
(62). The functionalized polymer is contaminated with dimeric ketone (23-27%) and
trimeric alcohol (7-50%) as shown in eq. 11 where P represents a polymer chain. It
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was proposed that the formation of these side-products is favored relative to the
desired carboxylated polymer by aggregation of the chain ends in hydrocarbon

GOz H30®
PLi —> —> PCOoH + P,CO + P3COH (D)

solution (63). Furthermore, it has been reported that the addition of sufficient
quantities of Lewis bases such as tetrahydrofuran (THF) and N.N.N’,N’-
tetramethylethylenediamine (TMEDA) can reduce or even eliminate the association of
polymeric organolithium chain ends (64-66). In accord with these considerations, it
was found that addition of large amounts of either THF (25 vol%) or TMEDA
([TMEDAY/[PLi] = 1-46) was effective in favoring the carbonation reaction to the
extent that the carboxylated polymer was obtained in yields >99% for
poly(styryDlithium, poly(isoprenyl)lithium and poly(butadienyl)lithium (62).
Hydroxylation. The preparation of hydroxyl-terminated polymers from
polymeric organolithium compounds by reaction with ethylene oxide is one of the few
simple, efficient functionalization reactions. The reaction of poly(styryl)lithium with
excess ethylene oxide in benzene solution produces the corresponding
hydroxyethylated polymer in quantitative yield without formation of detectable
amounts of oligomeric ethylene oxide blocks (eq. 12) (67). For example, 13C-.NMR
analysis of a hydroxyethylated polystyrene (Mp=1 .3x103g/m01, Myw/Mp=1.08)
showed no evidence for the formation of any ether linkages expected for
oligomerization of ethylene oxide. This result is surprising in view of the steric strain

+
0 H30
PSLi + /\ —>» —> PSCH,CH,OH (12)

and intrinsic reactivity of ethylene oxide toward nucleophiles. Apparently the high
degree of aggregation of lithium alkoxides and the strength of this association even in
polar solvents renders them unreactive (68).

Amination. Richards, Service and Stewart (69) have reported that
poly(butadienyl)lithium can be functionalized efficiently by reaction with N-(3-
chloropropyl)dialkylamines as shown in eq. 13. The reported yields were as high as
95%. Recent work has confirmed the efficiency of this functionalization

PBdLi + Cl-(CHp)3-NRp------->PBd-CHy-CH,-CH-NR) (13)

reaction for dienyllithiums in hydrocarbon solution [85 % functionalization for
poly(isoprenyl)lithium and 90% functionalization for poly(butadieny!)lithium].
However, the corresponding functionalization reaction of poly(styryl)lithium forms
the corresponding tertiary amine-functionalized polymer in only 65 % for direct
addition and 77 % by inverse addition of PSLi to the alkyl chloride (70). This
reinforces the fact that these functionalization reactions are sensitive not only to the
experimental conditions, but also to the nature of the polymeric chain end.

Functionalized initiators. An alternative procedure for the preparation of end-
functionalized polymers is to use alkyllithium initiators which contain functional
groups as shown in Scheme 7 (7/). Because most functional groups of interest (e.g.,
hydroxy!, carboxyl, primary amino) are not stable in the presence of either simple or
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Scheme 7. Synthesis of linear and branched polymers using functionalized initiators.
X-PBD-H g-functionalized

CH;0H|(a) ) X-PBD-Z o,w-functionalized

. Z-Y (electrophilic reagent
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(c)\& ’ CH,0H
d 3

SiCl
4 V( ) X-PBD-b-PSLi —» X-PBD-b-PS-H
o-functionalized block
PBD-X

X-PBD —Si—PBD-X (-functionalized star

BD-X

polymeric organolithium reagents, it is generally necessary to use suitable protecting
groups in the initiator (7/). A suitable protecting group is one that is not only stable
to the anionic chain ends but is also readily removed upon completion of the
polymerization. There are several distinct advantages in the use of a functionalized
initiator. For a living alkyllithium-initiated polymerization, each functionalized
initiator molecule will produce one macromolecule with a functional group from the
initiator residue at the initiating chain end (a, alpha) and with the active carbanionic

propagating species at the other chain end (w, omega) regardless of molecular weight.
Advantages relative to functionalization by electrophilic termination are that it is not
necessary to be concerned about efficient and rapid mixing of reagents with viscous
polymers or with the stability of the chain end, which is of concern at the elevated
temperature polymerization conditions often employed (8). This methodology of
producing o-functionalized living polymers which retain the carbanionic chain end
provides the added advantages of the ability to prepare telechelic (o,w—functionalized)
polymers [see (b) in Scheme 7], functionalized block copolymers [see (c) in Scheme 7]
and star-branched polymers with functional groups at the initiating ends of each
branch [see (d) in Scheme 7] .

Shepherd and Stewart (72,73) have recently described a series of protected
hydroxyl initiators based on the trialkylsilyloxy-protecting group prepared in hexane
from the corresponding halides and lithium metal. Thus, 3-(t-butyldimethylsilyloxy)-
1-hexyllithium initiated the polymerization of butadiene at 5°C followed by
polymerization at room temperature; the propyllithium analog was also described.
After termination with methanol, the resulting silyloxy-functionalized polybutadiene
exhibited excellent correspondence between the calculated (Mp = 2x103 g/mole) and

observed molecular weight (Mp = 2.1x103 g/mol), narrow molecular weight
distribution (Myw/Mp = 1.1) and high 1,4-microstructure (89%). Furthermore,
telechelic polybutadienes were prepared by either termination with ethylene oxide or
by coupling with dimethyldichlorosilane. The t-butyl-dimethylsilyloxy-protecting
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group was removed by stirring the polymers in tetrahydrofuran at room temperature
in the presence of tetra(n-butyl)ammonium fluoride and then precipitation into
methanol. This is a milder method of removing the protecting group than that
apparently required for the acetal-protected polymers.

Schwindeman, Granger and Engel (74) have described analogous w-alkoxy-
protected 1-alkyllithium initiators for polymerization of dienes (see Scheme 8). Using

Scheme 8. Synthesis of a,w—difunctional polymers using functionalized initiators.
(CH3)3CO(CHy),CH,Li +m isoprene —» (CH3)3CO(CH2)3—PILi
CeH12
(CH3)3CO(CHy)3—PI—CH,CH,OH

1) & T2)ROH

. hco
(CH3)3CO(CHp)3—PILi —2>(CH3)3CO(CH2)3-PI—CO2H
2)ROH
l(CH3)2N(CH2)3Cl

(CH3)3CO(CH2)3—PI —(CH»)3N(CH3)y

these hydrocarbon-soluble initiators such as 3-(t-butoxy)-1-propyllithium or the
corresponding isoprene chain-extended initiator, 1, polydienes with high 1,4-
microstructures and well-defined structures can be prepared. For example, initiation

(CH3)3CO(CHy)3—[CHyCH=C(CH3)CHy]oLi
1

of polymerization of butadiene with 1 at 30°C in cyclohexane produced the
corresponding a-hydroxy-functionalized polybutadiene [Mp, (calc) = 4.0x 103 g/mole;
Mp, (obs) = 4.35x 103 g/mole; Mw/Mp, = 1.09; 81 % 1,4-microstructure] after
deprotection with an acidic catalyst.

Anionic Polymerization of Alkyl Methacrylates

The proper choice of initiator and rection conditions is essential for controlled anionic
polymerization of alkyl methacrylates. In general, a less reactive initiator such as 1,1-
diphenylhexyllithium, formed by the addition of butyllithium to 1,1-diphenylethylene
(eq. 14), is an effective initiator (75-80). More reactive initiators such as butyllithium
react with the ester carbonyl group in competition with the Michael addition to the
conjugated double bond; less than half of the initiator molecules initiate chain growth

81). These polymerizations must be carried out at low temperatures, e.g. -78°C,
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CeHs
C4HgLi +CHp==C(CgH5)2 —> C4HgCHoCLi (14)

CeHs

(although it has been reported that polymerizations can be carried out at higher
temperatures in the presence of lithium chloride (82,83). It is even possible to effect
controlled anionic polymerization of t-butyl acrylate in the presence of lithium
chloride (84-86) or lithium 2-(2-methoxyethoxy)ethoxide (87) in THF at low
temperatures. In addition, the anionic polymerization of t-butyl methacrylate can be
carried out at room temperature (88). The solvent has a dramatic effect on the
stereochemistry of the polymerization. Highly isotactic polymer can be formed in
hydrocarbon solvents such as toluene, whereas highly syndiotactic polymer is formed
in tetrahydrofuran (89). However, polymerizations in toluene are characterized by
broad or multimodal molecular weight distributions and termination reactions even at
low temperature.

Anionic Polymerization Of Alkylene Oxides

Comprehensive studies on the mechanism and kinetics of the anionic ring-opening
polymerization of epoxides have been reported in the last three decades and several
reviews have been published on the subject (91-94). Ethylene oxide polymerizes
readily to form (-O-CH2-CH3-)y, in the presence of alkali metals (95, 96), classical
bases (carboxylates, alkoxides, hydroxides) (92), radical anions (97) and anions such as
those derived from triphenylmethane, fluoradene, 9-methylfluorene and carbazole
(98-100). The behavior of ethylene oxide in anionic polymerization is complicated by
the association of ion pairs which subsist down to low chain end concentrations and
occur even in high polarity solvents such as hexamethylphosphoramide (HMPA)
(101) (€ =30 at 25°C). Moreover, ion pair to free ions dissociation constants are very
low in solvents of medium polarity such as tetrahydrofuran (€ =7.3 at 25° C) (/02),
which results in low propagation rate constants. The stability of these polymeric
alkoxide aggregates decreases with increasing cation size from Na* to Cs™. The total
inactivity of the Li* counterion in ethylene oxide polymerization has been verified
numerous times (95, 103, 104). The association of alkali metal alkoxide end-groups of
living poly(ethylene oxide) can be avoided by complexing the cations with suitable
cryptands (/05,106). When chain-end aggregation is avoided by the use of suitable
conditions (i.e. choice of counterion, solvent, additives) and provided that protic
substances that might act as chain transfer agents are absent, ethylene oxide
polymerizes in a living fashion such that control of molecular weight and narrow
polydispersities (Mw/Mp, < 1.1) have been achieved (106,107a,108).

Propylene oxide can also be polymerized via anionic techniques (92,94).
However, the anionic polymerization of propylene oxide is complicated by a chain
transfer reaction of the alkoxide chain ends by hydrogen abstraction from the methyl
group of propylene oxide to form allyl alkoxide that, subsequently, initiates new

In Applications of Anionic Polymerization Research; Quirk, R.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1998.



Publication Date: June 30, 1998 | doi: 10.1021/bk-1998-0696.ch001

21

chains. This chain transfer reaction limits the attainable molecular weight and broadens
the molecular weight distribution of the resulting polymer. It also reduces the
hydroxyl functionality of polyols obtained by hydroxide-initiated polymerization.

Anionic Polymerization of Lactams

Strong bases such as alkali metals, metal hydrides, metal amides and metal
alkoxides initiate the polymerization of lactam monomer (107b) according to Scheme 9.
The imide dimer has been identified to be the actual initiating species. Slow initial
reaction rates can be observed as the concentration of imide dimer builds up, which has
prompted the use of very high reaction temperatures (255-285°C) in order to minimize
this problem. Slow initial reaction rates are a consequence of the formation of the
unstable nitranion as shown in step 1 in Scheme 9. In contrast, the imide dimer forms
a more stable amide anion (see step 3, Scheme 9). As a further consequence of this,
only the more reactive lactams such as caprolactam undergo polymerization by strong
bases alone. This limitation has been overcome by forming an imide by reacting the
monomer with an acyl chloride or anhydride to form the more reactive, or 'activated',
N-acyllactam. The reaction temperature can then be lowered considerably. This
acyllactam-promoted anionic ring-opening polymerization allows for fast cycle times,
which makes it amenable to reaction injection molding (RIM) processing.

Lactam polymerizations are seldom living because of side reactions which
destroy propagating centers and result in branching and chain cleavage (109).
Controlled polymerization can be achieved with four-membered ring lactams. Thus,
monodisperse polyamides have been prepared through the living anionic
polymerization of a B-lactam having a bulky substituent, 3-butyl-3-methyl-2-

azetidinone, in tetrahydrofuran at 27°C using butyllithium as initiator and the
corresponding N-benzoyllactam as the activated monomer (//0). Polymerization
under mild conditions is desirable to suppress side reactions. The molecular weights
obtained were as high as 2,000 g/mol and polydispersities were apparently narrow
based on the published SEC chromatograms. Living anionic polymerization of 3,3-
dimethyl- and 4,4-dimethyl-2-azetidinones in N,N-dimethylacetamide containing
lithium chloride was achieved (/117), despite the fact that these lactams contain active
hydrogens at the a-position of the lactam carbonyl group. These polymerizations
were initiated with potassium pyrrolidonate using the corresponding N-pivaloyl-
lactams as the activated monomers. The molecular weights obtained were as high as
50,000 g/mol and MwMp < 1.1.

Summary and Conclusions

Alkyllithium-initiated anionic polymerization of styrene, dienes and alky]
methacrylates is one of the most versatile methodologies for the preparation of
macromolecules with well-defined structures and low degrees of compositional
heterogeneity. With this technique it is possible to synthesize macromolecular
compounds with control of a wide range of compositional and structural parameters
including molecular weight, molecular weight distributions, composition and
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Scheme 9. Activated monomer mechanism for anionic ring-opening polymerization of
g-caprolactam.
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microstructure, stereochemistry, branching and chain-end functionality. Anionic ring-
opening polymerization of alkylene oxides provides controlled polymerization to
form useful, hydrophilic polymers, macromonomers and amphiphilic block
copolymers; the rapid ring-opening polymerization of lactams provides a route to
nylons via reactive extrusion technology.
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Chapter 2

Industrial Applications of Anionic Polymerization:
An Introduction

Henry L. Hsieh

Phillips Fellow Emeritus, 700 Fearrington Post, Pittsboro, NC 27312

Anionic polymerization occupies a key position in the industrial production of
polydiene rubbers (BR, IR), solution styrene/butadiene rubbers (SBR), thermoplastic
elastomers of styrenic-type (SBS, SIS), and other non-rubber products, such as clear
impact-resistant polystyrene resins, binders for solid rocket fuel, adhesives and others
.

The polymerization of vinyl monomers with alkali metals was reported by
several chemists as early as 1910. Ziegler studied the polymerization of butadiene with
n-butyllithium (n-BuLi) in ether solution in the late 1920s and early 1930s. The
German workers created methyl rubber in World War I (1914-1918) using 2,3-
dimethylbutadiene, sodium metal, and carbon dioxide (a chain modifier). Later some
other polydiene rubbers were produced also with sodium or potassium in World War
I by the Germans. Russians continued to produce polybutadiene rubbers by using
sodium or potassium metals in World War II (1939-1945). United States and others
during the WWII period and early postwar period relied on the emulsion processes for
the production of styrene/butadiene copolymers. These copolymers, SBRs, were the
backbone of the synthetic rubber industry.

In the early 1950s, the synthesis of polyisoprene having high cis-configuration
(cis-polyisoprene) was discovered by using either lithium metal or alkyllithium in
hydrocarbon solution. Synthetic natural rubber was born. The stereospecific
polymerization of isoprene stimulated and regenerated interest in alkyllithium-initiated
polymerizations. Intensive research in this area has been done in industrial laboratories
as well as in academic institutions. About the same time, the so-called living
polymerization (no premature termination) by employing alkali metal types of initiator
was recognized. While the stereospecificity created the initial excitement, it was the
unprecedented control over polymer properties provided by anionic polymerization that
led to the development of several important commercial products. New products and
new applications continue to appear in the marketplace based on anionic
polymerization. This control is most easily exerted when polymerization is initiated by
hydrocarbon soluble organolithium and includes: polymer composition, microstructure,

28 ©1998 American Chemical Society
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molecular weight, molecular weight distribution, monomer sequence distribution in
copolymers, choice of functional end groups, and branching. The recently published
book entitled Anionic Polymerization: Principles and Practical Applications by Hsieh
and Quirk (2) provides an extensive discussion regarding structure and bonding in
carbon ionic compounds, anionic and living polymerization, kinetics and mechanism
in anionic polymerization, anionic synthesis of polymers with well-defined structures,
anionic polymerization of polar monomers and commercial applications of anionically
prepared polymers. The last section mentioned should be of particular interest to the
readers of this symposium series book. It covered polydiene rubbers, styrene-diene
rubbers, styrenic thermoplastic elastomers, applications of styrenic thermoplastic
elastomers in plastics modifications, adhesives, and footwear, clear impact-resistant
polystyrene, nonfunctional liquid polybutadienes and telechelic elastomers and
prepolymers. A brief summary of each of these industrial developments will be
presented here as an introduction to the chapters that follow in which the recent
advances in industrial applications of anionic polymerization are discussed.

Firestone and Shell started commercial production of cis-polyisoprene by the
anionic process in the 1950s, but these plants are no longer in operation. Firestone
technology employed lithium metal, while Shell used an alkyllithium initiator. The
anionic produced polyisoprene rubber has 92-94% cis-1,4 microstructure, while the
other technology using tri-alkylaluminum/titanium tetrachloride as initiator produces
polyisoprene rubber of 96-98% cis-1,4 microstructure, ensuring more rapid
crystallization and hence higher tear strength in vulcanizates, which are closer in
mechanical properties than those from natural rubber (3-5). About the same time,
Phillips and Firestone started manufacturing polybutadiene rubber by the anionic route
and ever since, their use has grown steadily, particulary in tire applications. These
polybutadienes in general have low vinyl content (typically, 8-10%), but some
interesting applications have been found for medium vinyl polybutadiene as well (6).
Polybutadiene with 50-55% vinyl content behaves like efaulsion SBR in tire-tread
formulations and exhibit similar tread wear, wet skid resistance, low heat buildup, and
other characteristics. Medium vinyl polybutadiene is also effective as a partial or
complete replacement for SBR in a variety of routine applications.

Polybutadiene rubbers with molecular weight of 250,000 g/mole will have a
desirable combination of vulcanizate properties, but will also have a high cold flow,
high compounded Mooney viscosity, and poor processibility. These problems were
solved by broadening the molecular weight distribution and/or introducing long-chain
branching in the polymer molecule. Introduction of one or two long-chain branches
into a polydiene molecule leads to profound changes in rheological behavior. For
instance, in polybutadiene, at low molecular weight, the Newtonian viscosity is
decreased relative to a linear polymer of the same molecular weight (7). At higher
molecular weight, the Newtonian viscosity rises rapidly above the corresponding value
for a linear polybutadiene. At a higher shear rate, the viscosity of the branched
polymers is uniformly lower than that of the linear polymers of an identical molecular
weight. In other words, the non-Newtonian behavior of the branched polymers become
rapidly more pronounced at a higher molecular weight. A long-chain branched polymer
has higher resistance to flow at low shear rate (i.e., low cold flow) and has more flow
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at moderate and high shear rate (i.e., better processing) than the corresponding linear
polymer. Commercially, both the use of a difunctional monomer, such as
divinylbenzene (8), and the use of a multi-functional coupling (linking) agent, such as
silicon tetrachloride, are employed to produce long-chain branched polymers (9,10).
Nonfunctional liquid polybutadienes are produced frequently with
organolithium organosodium, and organopotassium compounds or the metals
themselves. A complex of RLVROM(M=Na, K, Rb, Cs) can also be used for this
purpose (11-13). Often a promoter (e.g., THF, TMEDA) is used in conjunction with
a chain transfer agent or telogen (e.g., toluene) (14,15). A wide range of microstructure
varying from 10% vinyl to 90+% vinyl can be produced. Functional polybutadiene
prepolymers (telechelic polybutadienes) were first commercially produced by Phillips
in 1962 (16,17) These liquid polymers with either carboxy or hydroxy-end groups
(carboxy-telechelic or hydroxy-telechelic) were used almost exclusively as solid rocket
fuel binder for thirty years (18). Improved versions with lower vinyl content, thus
lower Tg, were introduced in more recent years. Nippon Soda in Japan introduced a
product with 90% vinyl. It was produced in THF at a very low temperature employing
a sodium-based initiator. This product, in its applications, served as a prepolymer to
produce a high-molecular weight product via multi-linking reactions with a di-or tri-
coupling agent. At the same time, the active vinyl side chains served as sites for further
chemical reactions, such as cyclization with the neighboring vinyl group.
Butadiene/styrene copolymers are the workhorses of the synthetic rubber
industry. Anionic polymerization is the most versatile technology to produce the
copolymers. The anionic process has the ability to control the monomer sequence
distribution as no other known polymerization process is capable of accomplishing to
a similar degree (19,20). In addition, the anionic process can conveniently regulate
molecular weight, molecular weight distribution, vinyl content (short branching of the
diene and long-chain branching. Thus, pure block (B-S), tapered block (B~B/S-S),
random block (B/S-S) as well as random (B/S) copolymers can be produced on a
commercial scale. In the copolymerization of butadiene (or isoprene) and styrene, the
reactivity ratios are influenced by the solvent and the nature of the anionic initiator (i.e.,
the ionic character of the character of the carbon-metal bond). Pure block copolymers
can be produced by incremental addition of monomers. Tapered (graded) block
copolymers can be made by polymerizing the butadiene/styrene mixtures in
hydrocarbon solution with #»-BuLi initiator. A tapered block copolymer containing
75% butadiene and 25% styrene (about 18% styrene in block form) was the first
solution copolymer produced commercially by Phillips in 1962 (19). This polymer has
outstanding extrusion characteristics, low water absorption, low ash, and good electric
properties. As a result, it is useful in such diverse applications as wire and cable
coverings, shoe soles, and floor tiles. Random butadiene/styrene copolymers, solution
SBRs, are produced commercially in several different technologies based on
independent discoveries and developments. One can prepare random SBRs by using
an alkyllithium initiator in the presence of small amounts of ether of tertiary amine (21).
Use of these polar randomizers also increases the vinyl unsaturation in the copolymer.
The random copolymers can also be prepared by slow and continuous addition of the
two monomers or by incremental addition of butadiene to a styrene rich monomer
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mixture during polymerization. These methods would produce low vinyl unsaturation
(10%). Thus, one can also produce constant composition copolymers by continuous
polymerization. Another general method to prepare random copolymers is the use of
a mixture of alkyllithium and alkali metal alkoxide (e.g., RONa, ROK, RORb, ROCs)
as the initiator (22-24). Thus, one can prepare copolymers of various randomness and
various vinyl unsaturation.

Solution SBRs have much narrower molecular weight distribution than those
of emulsion-produced products. The low molecular weight component in the emulsion
copolymer helps it to process better, but has an undesirable influence on hysteresis.
The solution copolymer, on the other hand, is characterized by a sharp molecular
weight distribution with only a small amount of lower and higher molecular weight
fractions. This feature leads to improved hysteresis properties and better abrasion
resistance, but also results in more difficult processing. In general, solution SBRs have
performed well in tire-tread formulation. They require about 20% less accelerator than
emulsion SBR and give higher compounded Mooney, lower heat buildup, increased
resilience, and better retread abrasion indexes.

Intensive efforts were made to improve further the performance of the random
copolymers in tire-tread applications. This effort was focused in particular upon
increasing abrasion resistance or decreasing rolling resistance while maintaining or
improving processing characteristics and wet traction. It was shown that abrasion
resistance decreases and skid resistance increases as styrene or vinyl content is
increased. Processability is also improved by the increase of styrene or vinyl content
in the rubber. Rolling resistance is predominately related to the loss tangent (i.e., the
tan § at comparatively low frequency and at appropriate temperatures above the glass
transition temperature, [Tg]). Rolling resistance is related to low tan 6. The sliding
friction or traction on a wet pavement during braking involves a high-frequency
deformation of the tire tread, and is predominantly dependent on the Tg.

Selectively hydrogenated copolymers of styrene and dienes (both block and
random) are tailor made and used as a viscosity index (VI) improver in multi-grade
lubricating oils (25,26). Hydrogenation is essential to impart resistance to oxidative
degradation. Crystallinity is undesirable and by control of microstructure and
distribution of randomly incorporated styrene, an outstanding property of these
polymers is their shear stability.

One group of styrene/diene block copolymers is unique in that they are
characterized as two phases and two Tgs and by high raw strength, complete solubility
and reversible thermoplasticity. These copolymers are known as styrenic thermoplastic
elastomers (27). The blocks are arranged with the rubbery (soft) block in the middle
of two polystyrene (hard) blocks, S-B-S type. The glassy polystyrene block is
associated in domains, but since there is one at each end of a long rubbery block, a
single molecule may be connected to two different domains. As long as the
polystyrenes are in their glassy, rigid state, the product will appear as a network
structure with the rubbery chains anchored between two fixed domains. In this form,
as long as the polystyrenes are below their glass transition temperature, the polymer has
good tensile strength without chemical cross-linking or vulcanization. The unique
behavior of these thermoplastic elastomers combines the features that were previously
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considered to be mutually exclusive, namely, thermoplasticity together with elastic
behavior. The styrenic thermoplastic elastomers are used extensively in injection-
molded rubber goods, footwear, pressure-sensitive and hot-melt adhesives, and in
mechanical goods. These copolymers also find applications in blends with various
thermoplastic resins. The commercial productions of these triblock copolymers utilize
(1) the use of a dilithium initiator and sequential addition of monomers; (2) the use of
an alkyllithium initiator and sequential addition of monomers; or (3) the use of an
alkyllithium initiator and utilizing linking reactions. Chemically modified (e.g.,
hydrogenated) versions of these copolymers are also available commercially. Shell
Chemical is the major producer of these styrenic thermoplastic elastomers.

Other thermoplastic elastomers include olefins, urethanes, copolyester ethers
and others. In 1995, global demand for these polymers reached 2.14 billion pounds and
is estimated to reach 2.87 billion pounds by the year 2000. Styrenics produced by
anionic polymerization represent about half of the total demand.

Styrene-butadiene block copolymers containing over 60% styrene constitute a
family of transparent resinous thermoplastics with good impact strength (28). The
lower diene content makes these copolymers non-elastomeric. These resins are
generally crystal clear, have moderate to good toughness, good impact strength,
excellent to good rigidity, excellent printability and gloss, and excellent organoleptic
properties. These resins supplied to free-flowing pellet form can be injection-molded,
blow-molded, or thermoformed. Ease of processing allows for a variety of end uses
including packaging, medical devices, toys, bottles, office articles, disposable cups, and
films. These resins are basically a mixture of block copolymers of styrene and
butadiene formed in situ by incremental additions of alkyllithium initiator and
monomers followed by some form of chain linking. These clear resins are being
produced in the United states, Europe and Asia. The estimated total capacity is around
500 million pounds and increasing. Phillips is the first and the major manufacturer.
Others include BASF, Firestone, Fina, Denka-Kaguku, and Asahi Chemicals.

Commercial applications of anionic polymerization via graft copolymerizations,
either graft from or graft on, or the use of macromonomers (Macromers) are receiving
increasing attention. New products are being introduced in the marketplace.

In conclusion, anionic polymerization has long emerged from laboratory
curiosity to an important industrial process. Millions of tons of elastomers,
thermoplastics and speciality polymers are manufactured in plants around the world.
Dedicated and innovative scientists, engineers and technologists are working diligently
to develop new products and processes. Many of these developments are published in
this book.
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Chapter 3

Aggregation Behavior of Polymer Chains with Living
Anionic Lipophobic Head-Groups
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Institute Laue-Langevin, 156, Avenue des Martyrs, BP 156 F-38042 Grenoble,
Cedex 9, France

Small angle neutron scattering (SANS) has been used to evaluate
the self-assembling behavior of the highly lipophobic styryl- and
dienyllithium head-groups in benzene and cyclohexane. These
monofunctional chains were found to self-organize into
aggregates ranging from dimers to mass-fractal clusters.

This paper describes the self-assembling behavior in hydrocarbon solvents of living
polymer chains having the lithium counter-ion at one end. These head-groups
undergo self-assembly due to their considerable ionic character(1). The commonly
invoked mechanism(2-4) uses the interdependent conjectures that the aggregated
head-groups are dormant, that propagation ensues only when the head-group is
momentarily unaggregated and that reaction orders directly yield structural
information regarding the association state of the self-assembled aggregates. The
advocates of that mechanism have not offered an explanation, other than the
implied one of kinetic convenience, as to why and how the aggregated state
purloins head-group activity.
For these polymerizations the generic propagation rate expression is:

/
R,/ [M] = kapp [PLilo" " )

where n was taken to denote the number-average aggregation state taken as 4 for

dienyllithium and 2 for styryllithium head-groups, kapp the apparent propagation
rate constant and [PLi]y the total concentration of organolithium head-groups. A
survey(S) of the exponents of equation (1) for various diene systems shows that, in
addition to the orthodox 1/4 order, other values ranging from ~ 0.1 to 1 have been
observed. Styrenic monomers exhibit the more limited range of 0.48 to 0.87 forn™".
Static light scattering (SLS) measurements yielded apparent aggregation
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values of ~ 4 for the butadienyl- and isoprenyllithium head-groups and 2 for
styryllithium(6); values in felicitous accord with those based upon the measured
reaction orders. Those authors(6) did note the presence of “anomalous
scattering”which was perceived to occur only at angles below 90°. This scattering
was ascribed to “fine glass particles” produced by the rupture of breakseals. That
explanation is incorrect. Pyrex is a weak scattering material in hydrocarbon media
as demonstrated by its use as sample cells in light scattering experiments.
Furthermore the ~4 fold density difference between the solution and Pyrex particles
effectively precludes their long term existence as suspended material. The SLS data
of Figure 1 shows that the anomalous scattering was not caused by the presence of
particulate Pyrex. The solid line represents the scattering signal from cyclohexane
whilst the solid symbols denote the measured scattering with the fragmented Pyrex
present. The scattering behavior for both systems is angle (Q) independent over the
angular range of 6 to 160°. Thus the cause of the anomalous scattering reported for
the cyclohexane solutions in ref.(6) lies elsewhere and the presence of large scale
aggregated structures is an obvious explanation. It was also observed (Fig. 1 of ref.
6) that the intensity (90°) did not vary linearly with concentration for
polyisoprenyllithium in cyclohexane. That behavior can be caused by an
association-dissociation process that could lead to changes in aggregate size as
concentration is altered. Thus, measurements at different concentrations would
observe dissimilar species. That problem is serious for experiments that rely on
extrapolations to zero concentration in order to generate single particle data. An
additional potential pitfall is the existence of non-trivial correlations between the
associated ionic aggregates.

The claim has also been made(6) that SLS measurements demonstrated the
dimeric aggregation state for the SLi head-group. That conclusion is invalid since
quantitative SLS measurements on colored solutions will be vitiated by optical
absorption, i.e., Amax is 328 nm for SLi in cyclohexane(7). This problem is further
complicated by the change in absorption as the head-group population varies.
These SLS results (6) have been accepted as the definitive measurements regarding
head-group aggregation states (see refs. 2, 3 and 4). This generally universal and
long-term acceptance was doubtlessly encouraged by the pleasing apparent
confluence of association states from the SLS measurements and propagation
reaction order results.

The essential premise of the conjectured mechanism for dienes invokes
equilibria involving tetramers (T), dimers (D) and singlets (S) where the more
highly aggregated structures are favored:

Krp
(PLi); &2 2(PLi), )
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Kps
(PLi); = 2PLi ©)

For styrenic monomers equation (3) is taken to describe the mechanism involving

chain propagation. For both types of monomers the aggregates are deemed
unreactive while the sole active entity is conjectured to be the singlet head-group.
This postulate (which dates back nearly four decades) has acquired the status of fact
through frequent repetition. In conflict with that premise is the observation (8) that
vitrified polystyryllithium will react with gaseous 1,3-butadiene at room
temperature followed by propagation. This observation contradicts the above
mechanism since the formation of free head-groups would involve the reptational
diffusion of chain ends away from each other along the path of the tube; an
impossible event in the glassy state over any laboratory time scale. In turn the
reassembly process demands the statistically improbable near-simultaneous
reversal of the reptational direction of movement of the free head-groups. It has
also been shown(9) that isoprene and butadiene vapors will react with crystalline
ethyllithium with propagation following. These dual observations yield prima facie
support to the notion that the initiation and propagation events can involve
aggregated structures.

Viscosity measurements(10-12) involving concentrated solutions of chains
with the styryl- and dienyllithium head-groups have without exception delivered the
weight-average aggregation state (Nw) of 2 where Ny denotes the measured
viscometric association state as opposed to that of n which is adduced from
propagation reaction orders. That commonality of findings was referred (13) to as
“perturbing”; an assessment based on the conflict with the conjectured mechanism
which does not tolerate identical primary aggregation states for the dienyl- and
styryllithium head-groups. As an outcome the solution based viscometric data were
dismissed as unreliable(2,3,4,13).

A provocative finding regarding head-group aggregation is available via the
1966 report of Makowski and Lynn(14). Their approach involved melt state
measurements of viscosities of oligomeric butadienyllithium and their terminated
counter-parts. Those results, at 20°C, are shown in Figure 2. It is evident that
during the early stages of chain growth the viscosity of the butadienyllithium
system decreases, even though polymer chain length is increasing. This attenuation

of viscosity is reversed at a number-average degree of polymerization (DPp) of

about 15 and is replaced by an increase in viscosity for progressively higher DPy
values. For comparison sake, the viscosities of the terminated chains (measured)
and the dimer counterpart (calculated) are given in Figure 2. That data is replotted
in Figure 3 as T'Iag/ﬂd vs. the DP;, of the parent chain. The subscripts refer to
aggregate and dimer. This rendition of the Makowski-Lynn data shows the
diminution of the T]ag/nd ratio as the parent chain DP;, increases. The changes seen
are compatible with the initial presence of highly extended large scale structures
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Figure 1. Scattering behavior of powdered Pyrex in cyclohexane at 20°C. The
solid line denotes baseline scattering behavior of cyclohexane while the symbols
denote the scattering with particulate Pyrex present.

T\(Stokes)

Figure 2. Viscosity behavior at 20°C of oligmeric butadienyllithium as a

function of the measured DP,, of the parent terminated polymer. The dashed
line represents singlet chain behavior while the solid line denotes dimer

behavior; ng =4.24 x 10 DP,,Z'20 (Stokes); cc: = 0.992.
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Figure 3. The ratio of Nag/N4 as a function of the measured DP,, of the parent
terminated polymer. The dashed line denotes the approximate behavior of

tetrameric aggregates (N¢/Mg)-
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which undergo an attenuation in the extent of aggregation as chain length increases.

For DP;, of > 102 the dimer structure seems to be favored in the melt state.
Such macrolattice formation in the melt for amorphous associating polymers
has been found for polyisoprenes with the highly polar sulfo-zwitterion groups at

one end (15). For low DP;, values (ca. 32 to 68) high-resolution small angle X- ray
scattering (SAXS) studies revealed a lattice with the symmetry of a triangular array
of cylinders with the zwiterionic head-groups as the spine. The lattice ordering was

strong with the nominal domain size in excess of 5x103A. At higher DP; this
distinctive spatial ordering underwent a structural phase transition to a bec cubic
lattice with long range order. Rheological measurements have also shown the
existence in the melt of large scale structures(16). Furthermore, in consonance with
the SAXS results, the extent of aggregation was found(16) to diminish as the chain
length increased. Thus, the behavior of the zwitterionic head-group is similar to
that of its oligomeric butadienyllithium counterpart (14).

The mechanism in question was subjected(7,17) to a computer based
(Silicon Graphics 4/D 35) non-linear curve fitting program with the purpose of
determining the singlet head-group concentrations, the respective equilibrium
constants {equations (2) and (3)} and the corresponding propagation rate constants.
This was done for the data sets involving the dienyl(7) and styryl(17) head-groups.
Generally incoherent intramural behavior was found for both monomer families.
An example of this is represented by styrene in cyclohexane (17) at 25 and 40°C.
The lower temperature data set yielded Kpg = 1.6 x 10™* M while the 40°C data set
yielded a Kpg=4.5 x 108 M ; see equation (3). Thus, the physically absurd picture
emerges of a 15 degree temperature increase engendering a 3.6 x 10° fold decrease
in Kps. Since the formation of aggregates must necessitate a loss in translational
freedom, and thus a decrease in entropy, the process must be exothermic in order to
occur spontaneously. It follows that Kpg must decrease with decreasing
temperature. This result serves as strong indirect evidence for the flawed nature of
the mechanism in question. When the foregoing is coupled with other cited(7,17)
examples a re-evaluation of the head-group aggregation behavior is mandated. This
was done using SANS which allows the coverage of a large range of scattering
vectors, Q, where:

0= %sing €))

with A the wavelength of radiation and 0 the scattering angle. The Q range covered
via SANS was 0.13 to 1.3 x 107 A™",

Experimental

The general experimental protocols have been given elsewhere(5) in detail. The
following serves as a brief summary. Freshly prepared s-BuLi was used as the
initiator. The solutions were clear and colorless and did not contain the
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decomposition product LiH. d¢-Benzene was used as the solvent while the base
chain was made from hg-styrene which was distilled directly into the reactor. This
precludes the presence of a thermally prepared high molecular weight polymer.
Such material will form at ca. -15°C in the neat monomer over storage time. The
head-group change was done using deuterated dienes to form the dienyllithium
head-groups while hydrogenous diphenylethylene and ethylene oxide were used to
form their respective head-groups. These latter two species do not propagate. Thus
only a single unit adds to each head-group. Active and terminated solutions were
captured from the reactor into 5Smm quartz cells. Termination was done by distilling
CD;0D into the reactor. The SANS scattering was done using the D-11
spectrometer at the Institute Laue-Langevin (ILL); Grenoble, France. The SLS
measurements (A= 6328 A) were done with the Santa Barbara Light Scattering
Instrument.

Standard vacuum line procedures(18) were utilized for solvent and
monomer purifications. The presence of hydrogenous particulate materials has no
influence on the SANS measurements since those length scales are outside our Q
range. Silicate based particulate material lacks contrast. The combination of
deuterated solvents and hydrogenous styrene was chosen since it has been long
recognized(19) that the Q independent incoherent scattering of deuterated solvents
is generally about a decade less intense than that found for their hydrogenous
counterparts. In all cases, the base chain was polystyrene which ranged in
molecular weight from 3.1 x 10° to 3.3 x 10°. Concentrations were kept below the
overlap concentration (c* = 0.75 M,, ! RG'3) where the dimer My was used in the

calculation. The calculated radii of gyration (Rg) came from the power laws given
elsewhere(20). The measured values where obtained via Guinier plots. Molecular
weights were determined using a combination of SANS, SLS and SEC. The latter
measurements revealed apparent M,/My, and M,,/M;, ratios no greater than 1.05.
These values were not corrected for column broadening effects. Hence the
authentic values are < 1.05. Sample identification follows the format(5) involving
the head-group and molecular weight of the base polystyrene chain, e.g., SBLi(3.1)
denotes the butadienyllithium head-group attached to a 3.1K polystyrene chain.

Results and Discussion

The initial SANS measurements(5) were limited to a relatively small Q range. This
situation has been corrected by the reopening of the ILL following a four-year
closure. The coherent scattering intensity I(Q) can be defined as the coherent cross

section, d=(Q)/d<;

Q) = (Ap*)(NA)" S(Q) = dZ(Q)/dQ ©)
Here Q is the solid angle into which the radiation is scattered, S(Q) is the static
scattering factor (or structure factor) and Ap2 denotes the average contrast factor
between the polymer and the solvent. S(Q) contains the intraparticle parameter the
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radius of gyration (Rg). In effect the parameter S(Q) predicts the probability of
neutrons being scattered as a function of Q. It should be recalled that for polymers
SANS measurements are feasible since hydrogen and deuterium differ markedly in
their neutron scattering lengths. That parameter is a measure of neutron-nucleus
interactions and is independent of atomic number.

Figure 4 shows the SBLi(3.1) head-group over a two decade Q range at the
respective volume fractions of 9.60 and 0.58%. The upward curvature at low Q in
I(Q) signals the presence of aggregates larger than tetramers. In comparison the
terminated counterparts yield intensities independent of Q which is the expected
behavior of linear chains. The data shown for the polymeric systems are the
measured intensities prior to subtraction of the background scattering of dg-
benzene. The dg¢-benzene scattering is Q independent over the entire Q range. This
demonstrates that no contribution to the aggregate scattering emerges from the
solvent.

One of the more interesting phenomena in random growth (self-assembly)
events is that systems with only short range forces and lacking long range order can
aggregate into large scale structures that are distinctive and statistically well
defined. Some of these structures are definable as mass fractals which are objects
whose molecular weight (M) scales as their radius (R) to a power D which is less
than the dimension of space d. Thus we have the familiar power law relation where
R MP and 1<D <3.

Beaucage(21,22) has developed the following to describe I(Q) of a mass
fractal structure:

1(Q) = G exp(-Q*{Rg}*/3) + B exp(-Q*{Rs}*/3)(1/Q*)"
+ Gs exp(-Q*{Rs}?/3) + Bs(1/Qs*)"* %
with Q* = Q/[erf(QkRc/t6} )], Q*s = Q/[erf(QkRs/(6} "] and erf is the

error function. G, Gs, B and Bg are amplitude factors and k is an empirical
constant found(21,22) to be = 1.06. The first term of (7) describes the sizes of the
large scale aggregates (Rg) which in turn are composed of arbitrary subunits (S)
whose size is given in the third term of the equation as Rg. The second term in this
formula describes the mass-fractal regime with two structural limits. The final two
terms capture the characteristics of the subunit.

The underlying picture of the aggregate is a supramolecular mass fractal
structure(23,24) of overall size Rg and fractal dimension P which in turn is formed
of subunits of size Rg with the subunit fractal dimension of Pg. The formula,
equation (7), is a mathematical model designed to describe such a structure and thus
must not be viewed as a comprehensive theory. Nonetheless the use of this
expression yields, Figure 5, an excellent fit to the low concentration data of Figure
4 over the entire Q range. Also shown in Figure 5 is the linear fit (12 data points)
for the low Q data which yields the slope, D, of 2.99. That value is a signature of a
mass fractal structure. In Figure 6 the results are shown in the form of a Kratky
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Figure 4. SANS intensities, I, vs. Q for d¢-benzene, the SBLi (3.1) head-group
at two different concentrations and the terminated parent polystyrene chain.
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Figure 5. S(Q) vs Q for the low concentration SBLi(3.1) head-group. The fit
1s based upon equation (7).
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plot. As can be seen the model yields a good description of the peak and the upturn
at low Q. This latter feature is missing for linear chains. The parameters of the fit
via equation (7) for the mass-fractal are Rg = 1260 A, P =2.96, R; = 41A and Ps =
1.67 which is the value expected for a swollen chain in a good solvent(21,23,24).
The mass fractal dimension of two is found for P for a chain that displays Gaussian
statistics. Hence, the value of 2.96 can be taken to signal the presence of a very
dense structure relative to its size. The chain dimension of the polystyrene tails in
the aggregates based on the SBLi head-group is 21 A. This value invites
comparison with the calculated(20) value of Rg of 16 A for the base polystyrene
chain. This finding is evidence of some chain stretching in the micelles and is
behavior consistent with that of polymer brushes (25).

Figure 7 shows the SBLi(33) head-group at two concentrations. The Guinier
plot for the high concentration run yields an Rg of 93 A while the calculated
value(20) is 89 A for the dimer. Conversely, the molecular weight was found to be
8.0 x 10* g mol™' which of course, is larger than the anticipated value of 6.6 x 10* g
mol™! for the dimer. Similar behavior was observed for the SILi(33) head-group.
Dynamic light scattering on the SBLi(33) and SILi(33) solutions show the presence
of aggregated species with a Ry = 260 A(26). Thus, this combination of
measurements has shown the coexistence of dimers and moderate scale structures
(multimers). The lower concentration is well fitted by equation (9). In this case the
mass-fractal gradient D is 2.35. The extension of these trends to higher molecular
weights and polymer concentrations leads to the conclusion that under those
conditions the dominant species is the dimer. That result is in accord with the
findings based upon the melt and concentrated viscosity measurements.

This is understandable on entropic grounds. The type of structures formed
are the outcome of the interplay between the enthalpic contribution resulting from
the act of aggregation and head-group packing preferences and the entropic loss
undergone by the tails when in their tethered state. In other words the act of
aggregation causes a loss in translational freedom of the tail and thus a loss in
entropy. The spontaneity of the dimeric aggregation event dictates its exothermic
(AHps) identity which appears to be about 33 kT per dienyllithium head-
group(10,27,28). The structures can be viewed as dense polymer brushes and thus
the entropy loss incurred by the polystyrene tails involves contributions arising
from the elastic energy of chain stretching. Increasing chain length will result in an
increase in entropic loss that would be expected to lead to a decrease in the mean
state of aggregation. This explains the decrease in aggregation states found by
Makowski and Lynn(14) with increasing chain length of oligomeric
butadienylithium as well as the similar changes observed for the polyisoprenes
tipped with zwitterions(15,16). In an analogous fashion increasing the polymer
concentration will cause an increase in chain interactions with again an entropic
penalty resulting. Thus the dual increases in chain length and chain concentration
during the polymerization event would be anticipated to cause a corresponding
decrease in the level of aggregation. Hence these polymerizations can be pictured
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as producing an ever changing continuum of structures during, at least, the earlier
stages of chain growth.

SANS evaluations were done on the SLi(12.4), SBLi(12.4) and the
SILi(12.4) aggregates in djs-cyclohexane at 40°C (the O state). At present it is
sufficient to mention that all three head groups form large scale structures. In
addition to the head-groups discussed in this paper those derived from 1,1
diphenylethylene (DPE) and ethylene oxide have been evaluated in d¢-benzene. It
can be noted at this juncture that both head-groups also form large scale aggregates.
Thus this self-assembling behavior of the styrene and DPE based chain-ends signals
the extinction of the reaction phenomenon anointed “the memory effect”(29-31).
That kinetic phantasm was predicated on the notion of the sole existence of dimers
for the styrenic based head-groups along with the compulsory dormancy of those
aggregates.

Conclusions

The current findings have led to the following insights regarding the association
capacities of these living anionic lipophobic head-groups. The co-existence of large
scale aggregates with intermediate (multimers) and small scale species (dimers) is
shown by SANS over the Q range of 1.3 x 102 to ca. 0.13 A’ The population of
large scale structures decreases as polymer concentration and molecular weight
jointly increase with dimers then becoming the primary aggregate for the diene and
styrenic head-groups. This commonality of association state is in agreement with
the viscosity based findings(10-12). These results thus correct the assertion(32) that
those data were “frequently incorrect and self-contradictory”. The self-assembling
behavior of 1,3 diphenylallyllithium, allyllithium and benzyllithium in the solid
state is compatible with the large scale self-assembled SLi , SILi and SBLi
structures in solution (see ref. 1 for sources). Also the tetrameric structure is not the
primary aggregation state for the SILi and SBLi head-groups in solution. Within the
framework of the self-assembling behavior of surfactants(33), ionomers(34) and
block copolymers(35-37) the association behavior of these anionic lipophobic head-
groups is understandable. These data thus correct the erroneous notions and
conjectures(2-4,6,13,31,38) regarding aggregate reactivity and the self-assembling
capacities of these anionic head-groups in hydrocarbon milieu.
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Chapter 4

Process Monitoring: UV Spectrophotometry
as a Practical Tool

M. Bortolotti, G. T. Viola, and A. Gurnari

EniChem Elastomeri, R&D Center, via Baiona 107/111, 48100 Ravenna, Italy

Real time process control techniques permit consistent product
quality improvement. It is therefore important to take advantage of
on-line analytical facilities even for consolidated production process
like living anionic polymerization of SBS and SIS. Although UV
spectroscopy was extensively used in the laboratory in early studies on
anionic polymerization, UV monitoring of industrial processes was
postulated but no further communications appeared about the
feasibility of such an analytical tool.

We present in this communication results of work covering the
monitoring of pilot plant production of typical block copolymers
(styrene-butadiene and styrene-isoprene) under conventional solution
polymerization conditions (10-15% solids).

Information obtained obviously permits control of the most important
molecular parameters related to product performance (basically MW
of arm for linear/radial SBS and linear SIS); furthermore this gives
on-line data that is relevant to process parameters, i.e. solvent or
monomer purity, abnormal kinetics, etc. Another useful feature offered
by on-line UV spectroscopy is the detection of abnormal
concentrations of batches. This gives warning of high concentration
which may lead to dramatic run-away reactions.

On line measurements take an important role in the improvement of quality of

production and in the increase of economics of operations. It is therefore of primary interest,
even for consolidated production processes like styrene-diene block copolymerization through
living anionic polymerization, to take advantage of on line UV spectroscopy, a powerful tool,
for monitoring anionic polymerization.
Currently, on line measurements carried out in the polymerization step are mainly physical
process relevant parameters (i.e. flow rates, reactor temperature and pressure, agitator
power). Finished product analysis significant to product relevant parameters (i.e. rheological
measurements like Melt Indexes) are possible. The only drawback is that these analysis can be
done some time after the material has come out from the reactor. Possible correction are not
taken in real time. Moreover, the complexity of the relationship between viscoelastic response
of elastomers in respect of their molecular parameters can not lead to straightforward
correction steps.
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UV spectroscopy has been extensively used since '60s in many laboratories'. This has been
done mainly on high vacuum equipped glass reactors. We took the challenge to bring this
powerful tool also to common 1 | glass reactor and finally to the pilot plant.

UV spectroscopy for polymerization monitoring in industrial processes was postulated’ many
years ago, but no further communication has appeared about the feasibility of this analytical
tool.

In this paper monitoring of pilot plant production of different kinds of polymers is reviewed
and advantages and limitations discussed.

Potential data gained from on line UV spectroscopy are really impressive and are summarized
here. It is not necessary to emphasize their relevant importance for industrial process control:

- molecular weight of base (before any coupling reaction) copolymer

- molecular weight of first block and therefore efficiency of propagation from first to second
block

- conversion during styrene polymerization

- direct evaluation of efficiency of linking reactions (reacting polydienyllithium with
polyfunctional electrophiles, i.e. SiCl,, PhSiCl,, etc.)’

- direct monitoring of deactivation of living polymers during addition of terminating agents.
(i.e. ethanol or water).

This information obviously permits control of the most important molecular parameters related
to product performance (basically MW of arm for linear/radial SBS and linear SIS), because of
the close correlation existing between molecular weights and the architecture of polymers and
the technological performances’. Furthermore, this gives on-line data that are relevant to
process parameters, i.e. solvent or monomer purity, abnormal kinetics, etc. With these data
any possible process problem can be correctly addressed.

Another useful feature offered by on-line UV spectroscopy is the detection of abnormal
concentrations of batches. This can give warning of high concentrations potentially leading to
dramatic run-away reactions.

Also impressive is the versatility of UV spectroscopy in terms of monitoring batch reaction of
different products (only considering EniChem Elastomeri products by anionic route):
-Thermoplastic elastomers (SBS, SIS)

-Multiblock copolymer (SBS, tapered-block)

-Diblocks (SB) copolymers, pure and tapered

-Random styrene-butadiene copolymers (S-SBR)

-Low cis polybutadiene (PBDE).

We present in this communication results of work covering the monitoring of pilot plant
production of typical block copolymers (styrene-butadiene and styrene-isoprene), tapered
diblocks and random styrene-butadiene rubbers under conventional solution polymerization
conditions (10-15% solids).

EXPERIMENTAL

The system utilized in the pilot plant consists of a photometer equipped with a flow
through-cell in which a solution of living polymer in hydrocarbon solvent is continuously
pumped from and returned to the reactor.

For process control, it was decided to abdicate to sensitivity and selectivity offered by typical
laboratory photometer, for such technical requirements as long term stability, ruggedness, ease
of maintenance and use.

Therefore a process photometer was used (Perkin Elmer Fagos 100: technical most relevant
data are collected in Table I) that enables continuous monitoring at different wavelengths.
Cells (optical length ranging from 0.5-1.5 mm) are connected via fiber optics to the
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photometer which is located in a flame-proof cabinet. Signals from the photometer are sent to
a PC which is configured for alarms, possibly giving on-line active lithium concentrations for
process control.

Table I: Perkin Elmer Fagos 100, technical relevant data

Light Source Xenon Flashlamp
Interference filters 1 to 18 (spectral width <10 nm)
Range of measurement 2x10“ A up to approx. 3 A
Detector Si
Liquid Probe SS, temp. -20 to 120°C

Cromophores relevant to process monitoring appear at different wavelengths.
Polystyryllithium anions absorb at 330 nm peak maximum, the shoulder of the absorbance
bands of polydienyllithium can be located around 290 nm. Maximum peaks related to
polydienyllithium are not easily recognized due to a superimposition with a strong absorption
band of phenyl ring (if present).

Also styrene concentration can be monitored during polymerization using the absorption band
at 290 nm. Diene concentration can be monitored at 250 nm in absence of styrene, whose
high extinction in the considered spectrum region raises the absorbance up to 4 U.A .
Sequential styrene-butadiene-styrene copolymers of different M.-W.s were synthesized and
analyzed. Diblock tapered styrene-butadiene and random styrene-butadiene copolymers were
also monitored and some considerations regarding active chain ends at total conversion are
also possible. Coupling reaction of living styrene-butadienyllithium with SiCl, at different
ratios of Li/Cl were also monitored. It was then possible to get different coupling efficiencies
of branched radial structures.

Before and after every polymerization, the line and cell in which the living polymer solution
was pumped were washed with hydrocarbon solvent thus permitting registration of blank
signals. After polymerization, washing operations were conducted till the UV absorbance
between 250-270 nm (polystyrene absorption) decreased to initial values.

Samples for M.W. analysis were collected directly from the reactor through bottle under
nitrogen atmosphere and shortstopped, if necessary, by adding a small amount of isopropyl
alcohol. Samples were redissolved in THF and filtered. An HP 1090 gel permeation
chromatography (GPC) was used to determine the molecular weight averages. PL. columns
(2x10°, 10*, 10°, 10°, 500 A) were installed in series.

RESULTS AND DISCUSSION

A typical polymerization reaction (Styrene reaction, isoprene reaction, coupling to
linear SIS) is shown in Figure 1. Two signals related to styryllithium (330 nm) and to
isoprenyllithium (290 nm) are displayed with reaction time.

In order to establish a correlation for practical usefulness several SBS's of different M.W.
were sinthetized. A very good relationship is obtained (Figure 2, 3) between molecular
weights of copolymers (GPC analysis) and their absorbances registered during their synthesis,
following both the 330 nm styryllithium absorption band and the 290 nm polydienyllithium
absorption band. There is no need’ to calibrate by taking spectra of deactivated polymer
because there are no other cromophores absorbing at the wavelengths considered.

Also, for diblock tapered copolymers, it is possible to achieve a good relationship between
molecular weight of copolymer and absorption signal registered at total conversion as shown
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Time drive UV monitoring: SIS block copolymerization . Styrene polymerization
(zone A), Isoprene polymerization (zone B), coupling reaction (zone C).

Curves 1 and 2 registered at 290 nm and 330 nm respectively.
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in Figure 4. For this kind of copolymerization, the absorption band at 310 nm gives a more
precise indication than the 290 nm one. This can be explained by the residual styrene
absorbance at 290 nm which alters the absorption due to the shoulder of the
polybutadienyllithium band. Even though the extinction is lower, decreasing the signal/noise
ratio, it is convenient to measure absorption of dienyllithium at 310 nm for polymerization in
which residual concentration of styrene could lead to overestimation of concentration at 290
nm.

It is also possible to monitor any kind of deactivation reaction that causes a loss of living
centers. Figure 5 shows the relationship between the coupling efficiency as measured by GPC
and the change in absorbance (as measured before and after coupling reaction). The good
relationship obtained holds when less than stoichiometric amounts of electrophilic reagents are
used.

For styrene copolymers it is also possible to follow styrene conversion by monitoring the
absorbance variation at 290 nm. It is clear that, due to the very high extinction coefficient of
styrene, it is not possible to obtain a linear relationship between absorbance and styrene
concentration. However, as shown in Figure 6, the first order derivative of the signal variation
gives a good agreement with residual styrene concentration as measured by GC.

Moreover, ‘it is possible to gain from UV spectroscopy applied to pilot plant interesting
information which give relevant insights to the process. Some examples pertaining to
sequential triblock copolymerization and to random copolymerization of styrene and butadiene
under different condition will be briefly discussed here.

With the aim to achieve as high a pure triblock (SBS) copolymer, three different reaction
strategies may be followed:

-classical synthesis by sequential monomer addition.

-end linking reaction of SB diblocks with difunctional reactive groups

-starting the polymerization from the middle point of the macromolecule by a difunctional
initiator.

For different reasons, depending on dissimilar plant set up some producers prefer either the
first, the second or the last strategy. We show in this example that in some case, like the one in
which a modification of diene microstructure is needed and obtained by the use of ethers, the
first strategy decreases its efficiency. Due to the small differences in MW between SB and
SBS produced from sequential polymerization (i.e. 77500 Dalton for SB and 90000 for SBS
for a typical SBS copolymer with 30% total styrene content), GPC does not easily distinguish
between diblock and triblock copolymer. In Figure 7 it appears clear that the signal of
styryllithium in the third step (2° styrene polymerization) of a sequential polymerization is
considerably lower than in the first step (1° styrene polymerization). After correction for
dilution of the solution due to the addition of butadiene and styrene, it is possible to calculate
that, in this particular case, the triblock content is only 80% and not 100% as inferred by GPC.
With this information it is then possible to change the process condition to maximize the
formation of triblock if needed.

Other useful examples of on-line process monitoring are shown in Figure 8 and Figure 9 in
which two different randomizing systems are used for the batch copolymerization of SBR(S).
In Figure 8 it can be seen that approaching total conversion styryllithium cromophore
concentration (330 nm) increases. This means that possibly styrene blockiness may be formed
in the polymerization. This is confirmed by O,/HPLC analysis’ which estimates that 10%
(related to total styrene) of the styrene was not statistically distributed in the copolymer. In
Figure 9 it is shown that copolymerization proceeds in a totally random fashion, taking
advantage of a better randomizing system. The concentration of the two cromophores
(butadienyllithium and styryllithium) are constant along conversion leading to perfect random
copolymer (O,/HPLC gave block styrene <1%).
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Curves 1 and 2 recorded at 290 nm and 330 nm respectively.
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Also interesting is the monitoring of active chain ends at total conversion. When an efficient
randomizing modifier is used, it appears that dienyllithium prevails, as compared to the
preference of styryllithium in the unmodified case (Figures 8 and 9). Indeed after some time
also in this case the terminal chain end is converted to dienyllithiumg. This is probably due to
the capping action of residual butadiene in the gas phase of reactor.

Some encountered problems are the decrease of precision in the monitoring of chain end
concentration at high temperature, where, in absence of monomers, deactivation reaction takes
place leading to the formation of new cromophores® (i.e. trienyllithium). The superimposition
of these cromophores impedes measurement of active chain lithium concentration.

Also the monitoring of coupling efficiency is precluded when these cromophores are present,
and the appearing in GPC of multimodal molecular weight distribution can not be anticipated
from UV monitoring.

In respect of ruggedness of the system no problems of polymer build-up in the optical cell
were encountered and monitoring in the pilot plant was successfully operated for more than 12
months: UV spectrophotometry is now being scaled-up on the industrial plant.
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Chapter 5

Polymerization of Butadiene with Novel tert-Amino
Group Initiator

Toshihiro Tadaki, Iwakazu Hattori, and Fumio Tsutsumi

Elastomers Laboratory, Yokkaichi Research Laboratories, Japan Synthetic Rubber

Company, Ltd., 100 Kawajiri-Cho, Yokkaichi, Mie, 510, Japan

A study was made on a new initiator N, N-dimethyl-aminobenzyllithium
(TD-Li) with the purpose of improving functionality of the initial chain
end in anionic polymerization. After reacting N,N-dimethyltoluidine
(TD) with n-butyllithium (BuLi), polymerization of 1,3-butadiene was
conducted in several solvents.

The "Functionality Introduction Ratio" of polybutadiene was influenced
by the polarity of the solvents. That is, the higher the polarity, the higher
the "Functionality Introduction Ratio." On the basis of on results of a
model reaction, in high polarity solvents the reaction between TD and
BuLi advanced efficiently, and the polymerization of butadiene advanced
by the benzyllithium type initiator (ID-Li). On the other hand, in a
solvent having low polarity, because TD-Li formed partially, the
polymerization was initiated by the mixed system of TD-Li and BuLi.
Furthermore, in the case where TMEDA was added to the reaction
system, the "Functionality Introduction Ratio" was improved.

In recent years, lower rolling resistance has become one of the items most talked about
in the tire industry. The reason is that "rolling resistance” is a characteristic which is
closely related to the fuel economy of cars. Not only original equipment tires which
demand good fuel economy, but also replacement tires which boast high grip
performance demand better fuel economy these days.

Rolling resistance is primarily related to the hysteresis in the tire tread compound.
Thus, the carbon black filled vulcanizates having low hysteresis are in demand as
materials for the tire tread, in order to lower the rolling resistance.

As rubber for low hysteresis compositions, various solution polymerized rubbers (S-
SBR) of which the chain ends have been chemically modified, have been developed.
They were obtained by the reaction between the living reactive chain ends and some
modifiers such as tin compound (I-2), isocyanate compound (3) or 4,4'-bis-
(diethylamino)-benzophenone (4).

It is believed that hysteresis characteristics are improved in carbon black vulcanizates
using the above SBR because of the following action. That is, the interaction between
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the modified molecular ends and the carbon black heightens, and as the numbers of
free ends decrease, the dispersion of carbon black is improved.

However, the modifying points of such SBR are only the ends which have completed
polymerization. In the case of anionic polymerization, the polymer obtained always
has an initiator fragment (residue) at the initiating point. If a functional group can be
introduced to the polymerization initiator itself, it will be possible to synthesize "the di-
functional polymer" which is expected to more strongly interact with carbon black.
Even up to now, several studies have been made on initiators having functional groups.
For instance, alkali metal amide initiators (5-7) or a tributylstanyllithium initiator (8)
correspond to this.

In this report, a study is made on a new initiator "N,N-dimethylaminobenzyllithium
(TD-Li)" that contains aromatic tertiary amino group, and discussion is made on the
experimental results of 1,3-butadiene polymerization based on such an initiator.

The reason we introduced aromatic tertiary amino group as substitution group in the
initiator is that we thought the said functional group had strong interaction with
carbonblack.

Actually, it is reported that the carbonblack vulcanizates using polymers modified with
the aforementioned 4,4'-bis-(diethylamino)-benzophenone bas shown improved
hysteresis characteristics.

Therefore, if the initiator containing aromatic tertiary amino group (which is used in
this study) effectively initiates polymerization, it is anticipated that the hysteresis loss
of the polymers obtained will be lowered significantly.

CHj Bui CH,Li  Butadiene CHy~— Li
— _—
@ ~CHy @ ~CHg @N/CHs
“CH;, ~CHs ~CHz3
D TD-Li

-~ :polybutadiene

Scheme 1

EXPERIMENTAL

Polymerization of 1,3-Butadiene Using a N,N-Dimethyltoluidine/n-
Butyllithium as Initiator. All polymerization reactions were done under a
nitrogen atmosphere inside of pressure resistant bottles capped with crown-caps. To
various test solutions in which N,N-dimethyltoluidine (TD; 39.1 mmol) was dissolved,
cyclohexane solution of n-butyllithium (BuLi; 39.1 mmol) was added, and reaction
was conducted for specified time in a hot water bath set at 60°C. Twenty-five grams
(462 mmol) of 1,3-butadiene was added to the reaction solvent, and reaction was
conducted for 60 minutes at 60°C. Subsequently, 2-ethylhexanol (78.2 mmol) was
added and the polymerization was stopped. After separating the polymer by making it
precipitate in methanol, it was dried under reduced pressure in an oven set at S0°C.

Characterization of the Polymers. The microstructure of the polymer was
obtained by the following two methods. That is the infrared spectroscopy (calculated

by Morero's Method, (9)) and the calculation of peak area ratio of IH-NMR.
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The molecular weight of the polymer was obtained by gel permeation chromatography
(GPC) based on the standard polybutadiene calibration curve. The measurement of
GPC was carried out with RI and UV (254 nm) dual detectors.

As it is well known, polybutadiene has no aromatic protons.

Thus, no peaks are observed in the vicinity of d = 6.7~7.1 ppm, and no UV
absorption should exist at 254 nm.

Model Experiments for Verifying the Formation Rate of the Initiator
Consisting of N,N-Dimethyltoluidine/n-Butyllithium.  Similar to the
polymerization experiments described above, the reaction was conducted under
nitrogen atmosphere inside of pressure resistant bottles capped with crown-caps. To
TD (9.37 mmol) dissolved in various test solvents, cyclohexane solution of BuLi
(9.37 mmol) was added, and reaction was conducted for a specified time in a hot
water bath set to 60°C. By adding a cyclohexane solution of benzylchloride (9.37
mmol), the reaction was quenched. When the reaction solution was left as it was for a
while, white precipitation of lithium chloride formed. After washing the reaction
solution sufficiently, the white precipitate was dissolved in water and removed. The
water layer used for washing was extracted three times with diethyl ether. Then the
whole organic layer was washed with saturated brine, and dried on anhydrous
magnesium sulfate. The reaction solvent and diethyl ether were removed by reduced
pressure distillation, and the reaction product was obtained.

The characterization of the reaction product obtained was done by 1H-NMR
measurement and high performance liquid chromatography using THF as the carrier.

RESULTS AND DISCUSSION

Polymerizations of 1,3-Butadiene in Several Solvents. First of all, the
preparation of initiators was done (reaction of N,N-dimethyl-o-toluidine and n-
butyllithium) and polymerization of butadiene was conducted in various solvents
having different polarity.

The solvents used in the study were cyclohexane (CHX: Dielectric Constant = 2.02),
diethyl ether (Et20: e = 4.34), and tetrahydrofuran (THF: € = 7.58).

All reactions were carried out at 60°C as described above. The results are shown in
Table I.

The all polymerization reaction advanced in a uniform system where there were no
precipitation or deposition.

In all cases, high conversions of 75% or above were obtained for the polybutadiene.
In Figure 1, the IH-NMR spectra of polybutadiene obtained in THF by using
"TD/BuLi Initiator," and polybutadiene obtained in the same solution by using only
"BuLi Initiator" are shown. The peak close to 7.0 ppm is attributable to aromatic
proton, and the sharp peak close to 2.6 ppm conforms to the aromatic dimethylamino
group in TD.

The IR spectra of polybutadiene obtained in THF by using only "BuLi Initiator," and
polybutadiene obtained in the same solvent by using "TD/BulLi Initiator," are shown in
Figures 2 and 3. Polybutadiene using "TD/BuLi Initiator" showed an absorption based

on tertiary amino group close to 1300 cm-! and an absorption based on aromatic

group close to 750 cm~1. (Figure 3)
In Figure 4, GPC elution curves for polybutadiene obtained in THF by using
"TD/BulLi Initiator" and polybutadiene obtained in the same solvent by using only
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Figure 1. 1H-NMR spectra of polybutadienes.
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Figure 2. Infrared absorption spectrum of polybutadiene initiated by BuLi
Initjator.
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"BulLi Initiator" are shown. In the case of the former, GPC molecular weight can be
obtained from UV absorption at 254 nm. On the other hand, in the case of the latter,
no UV absorption existed at 254 nm.

Table 1. Polymerization of 1,3-butadiene using TD/BuLi initiator in
several solvents

(a) Electrical © @
Initiator ~_Property Conv'n Microstructures M./M, Functionality
Solvent ¢ ® cis trans vinyl Introduction Rate
(%) () (%) (%) (%)

(1) TD/BuLi

CHX 2.02 100 30 52 19 1.2 0

Et:O 4.34 100 19 29 52 1.1 49

THF 7.58 79 8 9 83 1.1 91
(2) BuLi

CHX 2.02 100 31 52 18 1.3 —

THF 7.58 100 5 6 88 1.2 —

(a); CHX = cyclohexane, ET:O = diethyleter, THF = tetrahydrofuran
THF = tetrahydrofuran

(b) ; the dielectric constant

(c) ; measured by Infrared spectroscopy calculated by Morero's Method (6 )

(d) ; values obtained by 'H-NMR of polybutadiene

NMR spectra of Figure 1 and IR spectra of Figures 2 and 3 suggest that in the case of
polybutadiene obtained by using TD/BuLi initiator in THF, aromatic tertiary amino
groups are introduced into the chain. Furthermore, in the GPC elution curves of
Figure 4, the fact that UV absorption existing at 254 nm in case of the polybutadiene
obtained by using "TD/BulLi Initiator," also supports this result. Based on the results
of the above spectra of polybutadiene obtained in THF, we conclude as follows: As
shown in Scheme 1, benzyllithium type reaction product is formed, and this acts as the
initiator, and the polymerization advances.

As a result of using several solvents, we noted that the reaction of TD and BuLi was
affected by the polarity of the solvents. In other word, in THF solvent which has high
polarity, aromatic tertiary amino groups were introduced into more than 90% of the
polybutadiene obtained.

However, in the case of diethyl ether, the amount of aromatic tertiary amino group
introduced into the polymer was about 50%, and in the case cyclohexane was used as
the solvent, that was nearly zero.

Moreover, the microstructure of polybutadiene obtained by using TD/BuLi as the
initiator has changed according to the polarity of the solvents. The molecular weight
distributions were narrow with an Mw/Mn value of 1.1~1.2. They were
approximately the same as the polybutadiene obtained by using only BuLi initiator.

In Applications of Anionic Polymerization Research; Quirk, R.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1998.



Publication Date: June 30, 1998 | doi: 10.1021/bk-1998-0696.ch005

Downloaded by UNIV OF SYDNEY on October 1, 2012 | http://pubs.acs.org

68

Polymerization of 1,3-Butadiene in a Mixed Solvent of Cyclohexane
and Tetrahydrofuran. Next, in order to clarify the effect of solvent polarity on
the "Functionality Introduction Ratio," polymerization of polybutadiene was
conducted in a mixed solvent of CHX and THF using TD/BulLi as the initiator.

Two cases were adopted for the reaction time of TD and BuLi, namely, 60 minutes
and 10 minutes. Polymerization time for polybutadiene which followed was 60
minutes. All reactions were done at 60°C.

The results are shown in Table II.

In Figure S, the relation between the CHX/THF ratio of the mixed solvent and the

"Functionality Introduction Ratio" (values obtained by 1H-NMR) are shown. As the
THF ratio increases (that is, as the polarity becomes higher) the "Functionality
Introduction Ratio" of polymer increases. Furthermore, even when the same solvents
are used, if the reaction time of TD and BuLi is shortened to 10 minutes, the
"Functionality Introduction Ratio" decreases.

Furthermore, when aromatic tertiary amino groups are introduced into the
polybutadiene, UV absorption appears. Thus, by measuring the UV absorption
intensity, it should be possible to judge the functionality. In Figure 6, the relation
between "CHX/THF ratio of the mixed solvent" and the "Ratio of UV Intensity and RI
Intensity of GPC (compensated by the molecular weight)" are shown. This figure
shows a similar trend to the preceding Figure 5.

Table II. Polymerization of 1,3-butadiene using TD/BuLi initiator in
mixed solvents of cyclohexane and tetrahydrofuran

(@) (b)
Solvent Initiator Microstructures M. /M. Functionality
CHX /THF Aging Time 1,2- 1,4- Introduction Ratio

(wt / wi) (min.) (%) (%) (%)

100/0 60 19 81 1.2 0

99 /1 60 47 53 1.1 11

95/5 60 69 31 1.2 15

88/12 60 69 31 1.1 35

75/25 60 81 19 1.1 93

69/31 60 82 18 1.1 90

39/61 60 83 17 1.1 92

100/0 10 22 78 1.2 0

75/25 10 76 24 1.1 42

64 /36 10 83 17 1.1 43

53/47 10 86 14 1.1 89

41/59 10 87 13 1.1 100

(a) ; measured by '"H-NMR
(b) ; values obtained by "H-NMR of polybutadiene
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Analysis of Reaction Product of TD and BuLi. The first reaction shown in
Scheme 1 (where TD-Li formed from TD and BuLi) is influenced by the solvent
polarity. Thus, it may be hypothesized that the "Functionality Introduction Ratio" of a
polymer varies with the polarity of the solvent.

Thus, a slight excess of benzylchloride was added to the solvent in which TD and

BuLi were made to react. Then the reaction product was analyzed by 1H-NMR. If
benzyllithium type compounds (TD-Li) are formed, upon reaction with benzylchloride
N, N-dimethylamino-1, 2-diphenylethane (I) should be obtained. On the other hand, if
a hydrogen of the methyl group bound to the nitrogen atom is replaced by lithium,
compound (II) should be formed by the reaction of benzylchloride. In addition, from
the reaction of BuLi and benzylchloride, pentylbenzene (III) is obtained. (Scheme II)
In Figure 7, the 1H-NMR spectrum of TD (N,N-Dimethyl-o-toluidine) which is the
raw material of the initiator is shown. The peak at 2.6 ppm is attributable to the
dimethylamino group, and the peak at 2.3 ppm is attributable to a methyl group bound
to the aromatic ring. The peak area ratios are 2:1.

The 1H-NMR spectrum of the reaction products obtained by using the solvent system
of CHX/THF = 100/0 is shown in Figures 8. The peak at 2.6 ppm consists of two
kinds of protons. One of them is equivalent to the proton of dimethylamino group, and
another is believed to be the proton of benzyl position of (III). The peak area ratio of
dimethylamino group protons (at 2.6 ppm) and the peak of 2.3 ppm equivalent to the
protons of the methyl group bound to the aromatics was 2:1, similar to TD.
Furthermore, peaks believed to be attributable to an n-butyl group were observed near
0.5~2.0 ppm.

HaG CHs
CH N
2\ CHa -
“CH, y C-CHacH <Y
CH,

N CHs BulLi TD-Li (n
@7 \CHa @_CH2C|

™ CHs  cppl| \ HaG_CH,CH, {19
S X",
CHa @'CHa
(n)
- cHLl
BuLi  — " ()~ CHy(CHy)sCHs
()

Scheme I
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Figure 8. IH-NMR spectrum of the reaction products obtained in CHX/THF =
100/0.
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The 1H-NMR spectrum of the reaction products obtained by using the mixed solvent
system of CHX/THF = 75/25 is shown in Figure 9. Contrary to the above, the peak
corresponding to the methyl group bound to the aromatics had decreased. (The peak
area ratio for the peak at 2.6 ppm and 2.3 ppm was 5.15:1.) A new peak which is
believed to be attributable to protons of the benzyl position appeared at 2.9 ~3.0 ppm.
In addition, peaks near 0.5 ~ 2.0 ppm became very small. Furthermore, the peak area
ratio of the peak of dimethylamino group (at 2.6 ppm) and the peak of aromatic
protons was almost 2:3 (6:9). This peak area ratio is in good agreement with the
corresponding protons in the structure of (I).

On the basis of the results of the above spectra, the authors conclude as follows:

In the solvent system of CHX/THF =100/0 the reaction of TD and BuLi hardly
advanced (i.e., TD remained as it is). The only reaction product with benzylchloride
was (III). On the other hand, since in the case of mixed solvent system of CHX/THF
= 75/25, the methyl group bound to the aromatics of TD decreased, and protons of
benzyl position increased, it was believed that the reaction of TD and BuLi advanced,
and TD-Li was formed. In addition, the lithiation reaction of a methyl group bound to
nitrogen did not occur in the reaction of TD and BuLi.

Next, measurements were made with a high performance liquid chromatography
(HPLC) on the reaction products obtained by using mixed solvent system of
CHX/THF at varying ratios.

In Fig. 10 the HPLC curve for the reaction product of TD and BulLi in a solvent
system of CHX/THF = 88/12 is shown.

Beside the solvents (CHX) and the peak of TD which is unreacted raw material, two
additional peaks were confirmed in Figure. From the respective molecular weight, the
peaks are believed to be (I) and (III). The formation ratios were calculated from the
peak areas, and the results are shown in Table III.

From Table III, it was found that the formation ratio of (I) and the "Functionality
Introduction Ratio" obtained by polymerization of butadiene, matched well.

From the above experiments, the following was made clear. In the case of a mixed
solvent of CHX/THF having low concentration of THF, the TD-Li forms partially, so
the polymerization of butadiene begins with a mixed system of TD-Li and BuLi. As
the concentration of THF rises, the reaction product of TD-Li increases, and the
"Functionality Introduction Ratio" of polymer improves.

Addition effect of N,N,N,'N’'-Tetramethylethylenediamine. Based on
the above results, in order to introduce aromatic tertiary amino groups into the
polybutadiene efficiently, the authors found that it was effective if reaction was
conducted in a solvent having high polarity. However, the microstructure of
polybutadiene thus obtained is also influenced by the polarity of the solvent. The
higher the polarity of the solvent, the more the 1,2 bonds of the polybutadiene.
Polybutadiene having high 1,2 content has high glass transition temperature (Tg), and
it is believed that this polymer can be used effectively in tires demanding high grip
performance. However, if we are to place importance on high abrasion resistance,
polybutadiene having low Tg and low 1,2 bond contents is demanded. In particular,
products with low 1,2 bond content can be effectively polymerized in solvents having
low polarity.

In order to improve the "Functionality Introduction Ratio" of polymer, the efficient
promotion of the first reaction of the mechanism shown in Scheme I (Benzyl hydrogen
of TD being replaced by lithium) becomes the key.

With the aim of improving the reaction efficiency of TD and BuLi in a low THF
concentration, a study was made on the addition of N,N,N,'N'-Tetramethyl-
ethylenediamine (TMEDA).
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Figure 9. TH-NMR spectrum of the reaction products obtained in CHX/THF
=75/25.
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Figure 10. HPLC curve of the reaction products obtained in CHX/THF = 88/12.
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Table III. Formation ratio of TD-Li and BuLi in mixed solvents
of cyclohexane and tetrahydrofuran

(a) (b)
Solvent TD-Li Functionality
CHX /THF (TD-Li + BuLi) Introduction Ratio

(wt / wt) (molar ratio, %) (%)

100/0 0 0

95/5 21 15

88/12 37 35

75/25 84 93

69/31 88 90

39/61 89 92

18/82 88 91

(a) ; calculated from the peak areas of high performance liquid
chromatography on the reaction products of TD/BuLi and
benzylchloride

(b) ; values obtained by '"H-NMR of polybutadiene

In Figure 11, the relation between the CHX/THF ratio of a solvent and "Functionality

Introduction Ratio (value obtained by 1H-NMR)" when the addition amount of
TMEDA is varied, is shown.
As we anticipated, by adding TMEDA, the functionality improved significantly.
Furthermore, it was found that the more TMEDA is added, the greater the
improvement of functionality.
In Fig. 12 the relation between the 1,2 bond content in the polymer and the

"Functionality Introduction Ratio" (value obtained by 1H-NMR) is shown.

In a system where TMEDA is added, we found that polybutadiene having aromatic
tertiary amino groups efficiently introduced can be obtained at comparatively low 1,2
bond content.

Conclusion

A study was made on a new initiator N,N-dimethylaminobenzyllithium (TD-Li) with
the purpose of improving functionality of the initial chain end in anijonic
polymerization. Experiments on polymerization of 1,3-butadiene using this initiator
were made, and the following results were obtained.

1). After reacting TD with BuLi in THF, when polymerization of 1,3-butadiene was

conducted, polymers were obtained at a high conversion rate. From TH-NMR,
Infrared Absorption and GPC analyses, it was found that the polymer contained an
aromatic tertiary amino group which is the residue of the TD-Li initiator.

2). The "Functionality Introduction Ratio" of the polybutadiene obtained by using the
initiator TD/BuLi, was influenced by the polarity of the solvents used in the
polymerization. The higher the polarity, the higher the "Functionality Introduction
Ratio."

3). Solvent effect would be dominant in the step of the initiator synthesis.

Namely, based on the results of the model reactions, in high polarity solvents the
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reaction between TD and BuLi succeeded efficiently, and a benzyllithium type
compound (TD-Li) was formed. The said compound acted as the initiator, and the
polymerization of butadiene proceeded.

On the other hand, in a solvent having low polarity where TD-Li formation was
incomplete, the polymerization of butadiene was initiated by the mixed system of TD-
Li and BuLi.

4). In the case where TMEDA is added to the reaction system, the "Functionality
Introduction Ratio" is improved. Consequently, we found that polybutadiene having
aromatic tertiary amino groups efficiently introduced can be obtained at comparatively
low 1,2 bond content
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Chapter 6

Anionic Polymerization of Dienes Using Homogeneous
Lithium Amide (N-Li) Initiators, and Determination
of Polymer-Bound Amines

D. F. Lawson’, D. R. Brumbaugh', M. L. Stayer’, J. R. Schreffler’,
T. A. Antkowiak’, D. Saffles’, K. Morita?, Y. Ozawa®, and S. Nakayama2

1Bridgestone/Firestone Research, Inc., 1200 Firestone Parkway, Akron, OH 44317

*Bridgestone Corporation Technical Center, 3-1-1 Ogawahigashi-cho, Kodaira-shi,

Tokyo 187, Japan

Polymerizations of dienes have been achieved using N-Li dialkylamide
initiators under homogeneous conditions in hexanes. The
copolymerization of butadiene and styrene with the reagent N-Li
pyrrolidinide-2THF is an example: the products showed narrower
polydispersities than those previously described, the polymerizations
were reproducible and they proceeded with reasonable concentrations
of live ends for further reaction. A number of the products also
showed some potential for use in low hysteresis rubber compositions.
The approach can be used to synthesize polymers with both head and
tail functionality for enhanced hysteresis reduction. Using >C NMR
experiments with lower molecular weight polymers, it was determined
that the amine is tethered to the chain through nitrogen. A UV-visible
method was successfully used to estimate the concentration of amine
ends in high molecular weight polymers. Evidence was found for
base-catalyzed retroaddition of the amino group from the living
polymer chain at elevated temperatures. The loss is stopped by
neutralization, via quenching with ROH or end-linking with SnCl,.

Lithium dihydrocarbon amides have been known for some time as alternative
initiators for anionic (co)polymerization of dienes. (I-6) However, the limited
product characterizations reported from polymerizations in hydrocarbon solvents are
typified by low conversions and broad polydispersities. The preponderant theme in
these reports is that N-Li dialkyl or cyclic amides are insoluble in aliphatic
hydrocarbons, and that initiations using these reagents under these conditions are
heterogeneous.

The challenge was then establishing conditions that ensure the homogeneity of
a N-Li dialkyl or cyclic amide initiator in aliphatic hydrocarbon solvents, in order to
overcome these problems. The purpose of our work was to synthesize polymers
having reproducible narrow polydispersities, and active lithium terminals capable of
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further reaction, through the use of anionic polymerization from homogeneous N-Li
hydrocarbon amide initiators in aliphatic hydrocarbon solvents. With the functionality
incorporated into the initiator, a polymer may be made in which all chains are
functionalized at the head. After functional termination, polymers with both head and
tail functionalities are possible.

This is of interest to a tire company because in tire compounds the carbon
black has a tendency to agglomerate in networks, which are a source of energy losses
in the system. Functional polymers, through their end groups, can attach to reactive
sites on the carbon black particles, providing a steric stabilization of the dispersion,
and preventing re-agglomeration of the dispersed particles. Energy losses via the
carbon black network are prevented, giving a measurable reduction in hysteresis,
which translates into improved fuel economy. A functional elastomer can thus be a
useful raw material for products such as energy-efficient power belts and mechanical
goods, as well as fuel-efficient tires.

Experimental

Methods for polymerizations in bottles and small reactors have been described. (7)
Organometallic reagents were prepared and handled using Schlenk-type
procedures.(8) Polymeric products were characterized by 300 MHz NMR (Varian
Gemini 300), DSC (TA 920), and SEC (standard Waters equipment, using a linear
ultrastyragel column). Compounding and methods for evaluating compounded
properties have been described elsewhere. (7-10) Chain-bound amine levels in
polymers of Mn <60000 were estimated by ’C NMR (220,000 transients). The
amine content of these and higher MW polymers were also determined
semiquantitatively at ppm concentrations by UV-visible analysis.

The general procedure described by Palit (12) was followed to determine
polymer-bound amine. Several changes were made to improve the accuracy of the
amine determinations. (1) Patent Blue VF (Aldrich Chemicals) was used in place of
Disuphine Blue VN150 as the dye. The test solution was agitated vigorously at room
temperature for 2.5 hr in order to attain equilibrium. For best separations,
centrifugation was necessary, followed by careful pipetting to remove the aqueous
phase (aqueous droplets affect the results). The optical density of the organic phase
was measured at the same wavelength used in the calibration, about 628 nm. (Since
the band is broad in this region, the precise Amsx may vary by 1-3 nm without
significantly affecting the results.) The test solution should be made to a concentration
that gives an absorbance in the range of 0.2-1.2 Absorbance units at this wavelength.
The concentration of the amine is estimated from a calibration curve, obtained
separately as the linear least squares fit through at least five experimental points in the
same absorbance range, correcting for the absorbance of a chloroform blank made
with the reagent in the absence of an amino compound. For calibration purposes the
N-(1-dodecyl) or other suitable derivative of the identical or very similar amine was
used as a reference compound. For example, the reference compound for pyrrolidino
head groups was N-(n-dodecyl) pyrrolidine. Amine concentrations are determined as
pmol/g.  Reliable MW measurements are needed to estimate the polymer
functionality.
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If the structure of the reference compound is very different from that of the
unknown, there may be a significant error in the concentration estimates, owing to
differences in the equilibria of different amines in the formation of the dye
complexes. UV-visible response is strongly influenced by the nature of the amine,
including basicity and steric requirements. Tertiary aliphatic and cycloaliphatic
amines gave the most intense responses, obeyed Beer’s Law, and could be measured
at the lowest concentrations. Primary amines did not follow Beer’s Law. The method
is appropriate for single amines whose structures are known, or mixtures of amines
whose structures and ratios are known. The functionality is estimated by using a
calibration curve developed for a reference compound having the same amine
structure with a long-chain alkyl group substituent on the nitrogen atom.

Results and Discussion

Polymerizations of 1,3-butadiene and styrene run using N-Li initiators generated
from secondary amines as described in the literature (I-6) gave erratic results in
hexanes.(8)  We had previously observed that adducts of alkyllithiums with
aromatic aldimines formed N-Li type initiators giving consistent results in
diene/styrene (co)polymerizations in hexanes. Other N-Li reagents based on simpler
amines were sought that formed homogeneous solutions in aliphatic hydrocarbons.
(7) Three approaches were taken to generate homogeneous initiator reagents: a.)
selection of N-Li reagents inherently soluble in the polymerization solvent; b.) the
formation of a soluble reagent, either as a complex with near-equivalent amounts of
a donor reagent, or by chain-extension of the N-Li reagent immediately upon
generation, by oligomerizing with a diene or olefin, resulting in a N-containing C-Li
reagent; c.) generation of the initiator in-situ in the presence of monomer. The last
method is described in a companion paper. (13)

Table I lists some of the amines of this study and the effect of solubilization
with two equivalents of tetrahydrofuran (THF). These results showed that most of
the N-Li reagents were insoluble at greater than 0.2M in acyclic hexanes. In a few
cases, solubility improved in cyclohexane. However, all of the N-Li compounds
were solubilized in hexanes when complexed with two equivalents of THF. The
abilities of the THF-solubilized reagents to initiate diene (co)polymerizations varied.
Initiation was apparently hindered by steric effects: those reagents having branching
at the carbon adjacent to N-Li either produced polymers having broad
polydispersities, or failed to initiate polymerization within 16 hrs at 50°C (e.g.,
LDA). LDIBA (lithium diisobutylamide) was soluble in hexane and behaved like a
good initiator, but the products did not exhibit reduced hysteresis. Only the cyclic
reagents, with the exception of LPIP, gave elastomeric products with reduced
hysteresis in carbon black-filled compounds.

The behavior of these reagents is illustrated in the remainder of this paper by
the example of the solubilized N-lithiopyrrolidinide-2THF (LPY-2THF) system. LPY
is sparingly soluble, at best, when generated in hexanes or cyclohexane. However,
when generated in hexanes in the presence of two equivalents of THF, reagent
solutions of ~1M are produced that are capable of initiating polymerizations, and are
stable for weeks at room temperature (see Scheme I). LPY-2THF was used to
initiate polymerization at 45°C, with TMEDA/Li (molar) = 0.5/1,
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Table I. Summary of solubilities and polymerization results of selected N-Li
dialkylamides.

Initiation | Hysteresis
Solubili ability | reduction
Structure Abbr. [Hexanes | c-Hex [ THF(2eq.))Hex| Mw/Mn effect

n-BulLi + + + <1.1 -
/I\ II‘IIJ\ LDA + + + no pzn -
~~w " | LNPA - - + 1.2 -

Li
\\/\Nﬁ/ LDIBA + + + 1.1 -
Li

)\N/\/\ LBPA

N - . + 1.8 .
CN““ LPY - - + 1.1 +
< N-Li LPIP - - + <1.1 -
CN—U LHMI - + + 1.1 +
/ESN'“ LTHMI | . ) + 1.1 +
CN. R V'R U . 11 .
O ., |Loomi| . + 1.2 +
/@QN LTABO| + + 15 +
SLi

following a procedure described elsewhere, (8) to produce a medium-vinyl SBR in
99% conversion (see Table II). The product had M, = 130000, with a relatively
narrow polydispersity, MwW/M, = 1.14. The composition contained 20% styrene, as
charged, having 53% of the butadiene content in the 1,2-addition mode, to yield an
elastomer with Ty = -38°C (onset temperature). The polymer cement was still
substantially living when the polymerization was complete, evidenced by the fact that
upon end-linking with SnCl, the products obtained had 50-65% of their mass at
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Scheme 1. Generation of LPY-2THF

@

2 THF o 7N\ 1 sty
CN-H + n-BuLi ——— CN—LI _ CN“[(S)BR]'U
hexanes x
0
soluble

Table II. Summary of characterizations of LPY-2THF-initiated SBR, 45°C, in
mixed hexanes (0.98 meq N-Li phgm, 0.35TMEDA/Li, 18.5% solids).

M,x 102 | 130 242

Polydispersity 1.14 1.79
% vinyl 53 --
%ostyrene 20 -

T,(DSC) | -38°C | -

ML/1+4/100,
raw / 29/ 78/
compound 82 103

Terminator ROH SnCl,

higher molecular weight than the initial polymer. Figure 1 shows a model SEC trace
of a polymer end-linked with SnCly, compared with the corresponding base polymer
quenched before end-linking. The amount of end-linking is estimated as the relative
area under the high-molecular weight portion of the curve.

The polymer was mixed with carbon black in a typical formulation (see Table
M) and cured. The physical properties of the cured compound are listed in Table IV.
They showed a 40-50% reduction in hysteresis, as measured by tan & at 50°C of
0.080, compared to a BuLi-initiated SBR of the same molecular weight. The uncured
compound had a bound rubber content of 31% (measured as the weight percentage of
rubber content in a carbon black-filled compound remaining insoluble in toluene after
two days at room temperature under quiescent conditions), about 50% higher than
that of the BuLi-initiated SBR. The hysteresis was further reduced, and the amount
of bound rubber markedly increased to 42%, by end-linking with SnCls. The results of
several additional LPY-2THF-initiated polymerizations and functional terminations by
SnCly coupling or R;SnCl end-capping are summarized in Table V.  The
polymerizations continued to show relatively narrow polydispersities (e.g., base
polymer examples A, C, and E) and viability of the living C-Li (e.g., end-capped
examples B and D). The tan 8 results provided additional evidence for reduced
hysteresis physical properties in the cured, carbon black-filled compounds prepared
according to the recipe in Table IIl. Figure 2 compares the hysteresis results for
polymers initiated with LPY-2THF against those of a series of SBRs which contained
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Figure 1. Model SEC traces of polymers made with and without end-linking by

SllC|4.
//
0.32 // >
tan o 0.2 . -
" Unmodified SBR
50°C, 1Hz o / /

. //
0.2 ;/
0.16 L
0.12'7(
0.0 %mg 2THF/BD/Sty __|
0.04 |
0.0

0.5

1.0 15
100,000/M (Base M,)

Figure 2. Comparison of hysteresis of cured, compounded LPY-2THF-initiated
SBR with unmodified SBR, as a function of molecular weight of the uncoupled

base polymers.
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Table III. Experimental Test Formulation.

Ingredient Mix Order PHR
Polymer 1 100
Carbon black, N351  added together 2 55 Masterbatch
60 RPM,

Naphthenic oil 3 10 150-170°C
Zn0O 4 3
Antioxidant 5 1
Wax 6 2

Total masterbatch: 171
Stearic acid 2 Final,
Sulfur 1.5 40 RPM,
Accelerator (N-z-butyl-MBT 1 77-95°C
sulfenamide) Total final: 175.5

Table IV. Compounded results for LPY-2THF-initiated SBR of Table I1.

Termination: ROH  SnCl,

Tensile strength, psi
Ey %
Bound rubber, wt%

Tangent 8, (Dynastat,

50°C, 1 Hz)

2082

431

313

0.080

2956

403

42.0

0.076

Table V. Characterizations and cured, compounded hysteresis results of
LPY-2THF-initiated SBRs, including examples of dicapped polymers.

A B C D E
Myx10° 100 251 145 144 127
Polydispersity 1.10 1.48 1.15 1.17 1.27
% styrene / %vinyl 20/43 -+ 19/43 -+ 21/37
Termination ROH SnCl, ROH R3SnCl ROH
Tangent§, (Dynastat, 0.100 0.079 0.079 0.056 0.096
50°C, 1 Hz)

no functional modification. An inverse relationship between MW and tan  was
apparent, and the entire group of N-Li-initiated SBRs fell well below the curve for
theunmodified SBRs. A slight, additional level of crosslinking has sometimes been
observed in compounds of the N-Li-initiated polymers. Concerns that hysteresis
reductions were obtained-as a result of an accelerator effect from the amino moiety
are felt to be minimal, since it was found that compounds adjusted to the same cure

level showed the same comparisons as those of Figure 2.
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The progress of polymerization from LPY-2THF was monitored in a separate
experiment by following the °C NMR of the pyrrolidine head-groups during the
polymerization of SBR (see Figure 3). The polymerization conditions used were:
80/20 butadiene/styrene, 1.8 meq N-Li phgm, 16% solids, 50°C. The assignments
were confirmed using several decoupling techniques. The amino group was shown
to be tethered to the polymer chain at the nitrogen atom. Samples were taken at
increasing degrees of conversion, and the ratio of the N-C carbons (53-55 ppm) to
the remaining aliphatic carbons was used to estimate molecular weights. Reasonable
agreement was obtained between SEC molecular weights and NMR molecular
weights up to M, of about 4-5 x 10°. Beyond that, the smaller of the two 0.-C peaks
tended to be eliminated by the NMR instrument’s scanning algorithm. The results
are summarized in Figure 4. It was concluded that the amine was incorporated at the
head of the polymer chain, and that N-Li was indeed the site of initiation.

For polymers of molecular weight beyond 50000, e.g, M, 2 10°,
semiquantitative UV-visible analysis of amine-dye complexes was found to be a
more reliable method. (1) Polymer-bound pyrrolidine functionalities determined by
UV-visible analysis, using calibration curve “PY” in Figure 5, generally confirmed
those found by the °C NMR method (Table VI).

Table VI. Analyses of head-group pyrrolidine functionality in LPY-2THF-
initiated SBR by ’C NMR and UV-visible dye extraction methods.

Estimated Estimated
Functionality from Functionality from
M, (SEC) SEC/UV-vis SEC/NMR
14000 0.93 0.93
27000 0.86 1.38
37000 0.89 0.88
62000 0.75 0.74

In Table VI there is some attrition of head-group apparent in the highest
molecular weight polymer, which was sampled two hours after initiation. This was
found to result from an apparent elimination or retroaddition process occurring in the
living polymer after complete conversion, under monomer-starved conditions. The
elimination was markedly accelerated at 80°C by charging additional n-BuLi in a
two-fold excess, and is believed to be a base-catalyzed retroaddition of the type
described by Tsuruta, et al. (see Scheme II). (I4) The elimination process was
stopped upon end-linking of the living chains with SnCl, or quenching with a proton
source.

Scheme II. Base-catalyzed elimination of amino head-groups.
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Figure 3. °C NMR of aliphatic region of PY-SBR-H, M, = 37000, showing
carbons adjacent to nitrogen (inset).
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Figure 4. Comparison of 3C NMR and GPC estimates of molecular weight in
PY-SBR-H.
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(key to abbreviations is found in Table I).
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Chapter 7

The Influence of Uncoupled Styrene-Butadiene Diblock

Copolymer on the Physical Properties of SBS
Thermoplastic Elastomers

H. R. Lovisi, L. F. Nicolini, A. A. Ferreira, and M. L. S. Martins

Technical Department, Petroflex Indistria e Comércio S.A., 25221-000—Duque
de Caxias, Rio de Janeiro, Brazil

Commercial linear SBS copolymers are obtained by anionic
polymerization either by a three-step sequential monomer addition or a
two-step sequential monomer addition followed by coupling with a
difunctional agent. Since 100% coupling is difficult to achieve,
typically, 10-25% residual uncoupled SB diblocks remain in the final
product. In the present work, we have studied the influence of styrene-
butadiene diblock copolymers on the viscoelastic properties of SBS
triblock copolymers and their impact on product performance in
footwear applications. We have found through dynamic mechanical
thermal analysis that SB diblocks decrease the elastic response of
SBS/SB blends which will be translated into a decrease in abrasion
resistance and hardness and an increase in melt flow index. These
properties are extremely relevant for the shoe sole manufacturer. Thus,
anionic polymerization processes which minimize the formation of SB
diblocks should be preferred for the production of SBS thermoplastic
elastomers.

Styrene-butadiene-styrene triblock copolymers are thermoplastic elastomers widely
used in footwear, asphalt and plastic modification and adhesives applications. SBS
copolymers are obtained by anionic polymerization which allows strict control over
molecular weight and block structure (/-4). Although intensive research is being
conducted on anionic diinitiators (4-6), up to this point there are only two commercial
processes to produce linear triblock copolymer, e.g., a three-step sequential monomer
addition or a two-step sequential monomer addition followed by coupling of the
styrene-butadiene diblocks with a difunctional agent(5). Since an efficient coupling
reaction and a precise control of the stoichiometry between diblocks and coupling
agent are difficult to accomplish (4), some uncoupled diblocks usually remain in the
final product. Morton ef al (1) and Fetters (7) alerted about the importance of these
contaminants on the physical properties of SBS triblock copolymer and that the high
SB content in some commercial products, around 10-25 wt% could not be neglected
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(7). Recently, McKay et al (8) showed how residual SB diblocks have a detrimental
effect on the performance of SBS in asphalt and adhesive applications. Even though
some aspects of this subject have already been discussed by other authors (7-4,8,9),
we think we can contribute to this discussion by bringing some new additional data.

The main focus of our work will be on TPE performance in shoe sole
application and how residual uncoupled SB diblocks affect it. Our special interest in
footwear is due to the fact that Brazil is one of the largest footwear
producers/exporters in the world. Most of the TPE consumed in Brazil, 78%, goes for
the shoe sole industry. So it is quite important to understand how SB diblocks affect
the abrasion resistance, hardness and melt flow rate, which are seme of the most
essential properties for the shoe soles manufacturer. We have also correlated product
performance with SBS/SB blends viscoelastic behaviour using dynamic mechanical
thermal analysis (DMTA).

Experimental

A commercial SBS triblock copolymer (Product A) with 35 wt % of bound styrene
was produced by a three-step sequential monomer addition process . An average
molecular weight (Mw) of 150.000 was determined by GPC analysis (Figure 1A),
comparing to polystyrene standards. Product B is a commercial SBS with same
styrene content as Product A, which was obtained by coupling process. It has an
average molecular weight (Mw) of 160.000 for the triblock copolymer and 80.000 for
the uncoupled SB diblock (Figure 1B). Both products are extended in paraffinic oil
(31wt%), according to thermal gravimetric analysis (TGA).

The SB diblocks, which were used to make blends with Product A, were
synthesized separately in order to reproduce a residual uncoupled diblock copolymer
of the corresponding triblock copolymer (Product A), with half of its molecular
weight and same styrene content. The triblock copolymer A and the diblocks were
dissolved in cyclohexane and blended in defined proportions to give mixtures
containing 5, 10, 15, 20, 25 and 30 wt% of SB diblock. Antioxidant (1.1 wt%) and oil
were added in order to obtain a material similar to commercial products used for shoe
sole manufacturing, such as Product B. The material was coagulated in water at 90°C
and dried in an oven at 50°C overnight. Final oil content in the SBS/SB blends was
checked by thermogravimetric analysis and confirmed to be 31% by weight.
Molecular weight and diblock content were determined by gel permeation
chromatography .

DIN abrasion of the resulting materials was obtained in a DIN abrader (DIN
53516) . Hardness (Shore A) was measured according to ASTM D2240. Melt Flow
Index was determined according to an adapted methodology based on the ISO 1133
but at a lower temperature (e.g. 180°C). Dynamic Mechanical Thermal Analysis
(DMTA) was performed in a DMTA MK III from Rheometric Scientific, with a
frequency of 1Hz, temperature range -100 to 200°C in a shear mode. GPC analysis
was carried out in a Waters 150-C equipment.
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Results and Discussion

Figure 1 presents size exclusion chromatograms of two commercial linear SBS
thermoplastic elastomers. Product A was obtained by a three-step sequential
monomer addition and Product B by coupling SB diblocks with a difunctional agent.
It is apparent to see that Product B presents a high content of residual uncoupled
diblocks (21%wt), which is typical of this coupling technology.

Figure 2 shows the abrasion resistance of products A and B. The dramatic
decrease in abrasion resistance observed for product B can only be explained in terms
of its high SB diblock content. Similar performance was found for the corresponding
thermoplastic rubber compounds, which means Product A will generate a better
quality shoe sole, with a much longer life time.

We then started to investigate the impact of SB diblocks on the physical
properties of SBS thermoplastic rubbers and on their performance in footwear
applications. It was our intent to quantitatively describe the relationship between
performance and SB diblock content. What we have found was a very drastic
reduction in abrasion resistance, hardness and an exponential increase in melt flow
index for increasing SB diblock content (Figures 3, 4 and 5).

These results are all interrelated and can be explained on the basis of the
imperfections imparted by the SB diblocks on the ideal SBS thermoplastic elastomer
network.

The unique behaviour of SBS thermoplastic elastomers, combining
thermoplasticity and elastic behaviour, is basically due to the incompatibility between
its polybutadiene and polystyrene segments. Since they are chemically bonded, they
cannot separate in a macroscale, so they separate in a microscale(4). Polystyrene
concentrates in domains which act as physical crosslinkings for the rubbery
polybutadiene, forming a tridimensional network with elastomeric properties (4,8,9).
The elastomeric nature of SBS triblock copolymer depends on having both of its ends
anchored in polystyrene domains. On the other hand, the residual styrene-butadiene
diblock has only one polystyrene segment, which stays embedded in styrene domains,
while its loose polybutadiene endblock behaves as a dangling chain end, disrupting the
ideal tridimensional network. The polybutadiene in the SB diblock has more mobility
and is able to dissipate energy by chain reptation inside the rubbery matrix, which
increases the viscous character of the material (8,9).

So, the sharp decline in abrasion resistance and hardness of the SBS triblock
upon addition of SB diblock (Figures 3 and 4) can be interpreted as a reduction of the
elastic response. The viscous character imparted by the SB diblock to the rubbery
matrix increases the heat build up which supposedly favours the material loss by
abrasion (70). Similarly, hardness is a function of the elastic modulus, which depends
by its turn on the degree of organization of the SBS network. As the SB diblock
disorganizes this system, hardness will be affected consequentely.

The increase in melt flow index can also be explained in terms of the higher
chain mobility promoted by SB copolymers. (Figure 5). SB diblocks will weaken the
intermolecular interactions in the SBS network, making it easier for the chains to
flow. SB diblocks behave, in this case, like plasticizers. The effect of SB diblocks on
the Melt Flow Rate was so dramatic, that measurements had to be done at 180°C
rather than 200°C. These MFI results parallel in a certain way the reduction of the
microphase separation temperature (MST) with the addition of SB diblocks observed
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Figure 1. Gel Permeation Chromatogram.

A - Commercial Linear SBS Copolymer (Sequential Addition Process).

B - Commercial Linear SBS Copolymer (Coupling Process).
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Figure 2. Abrasion Resistance.

A - Commercial Linear SBS Copolymer (Sequential Addition Process).

B - Commercial Linear SBS Copolymer (Coupling Process).
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by McKay et al (8). Mc Kay showed that total phase mixing between polystyrene and
polybutadiene phases could be achieved at lower temperatures (8) for higher SB
diblock levels. The SB diblocks would lessen the connectivity between domains in the
TPE network, favouring phase mixing.

The viscoelastic behavior of SBS/SB blends was studied with the aid of dynamic
mechanical thermal analysis (Figures 6 and 7). If we take a closer look at the rubbery
plateau region (Figure 7), we can see that there is a linear relationship between loss
tan delta and SB diblock content (Figure 8). So, the higher the SB content, the higher
will be the viscous character of the material, with a corresponding decrease in the
elastic response . This is in very good agreement with the performance observed in the
abrasion resistance test, in the hardness test and melt flow rate measurements.

Our experimental results are also coherent with the work of McKay et al (8) and
Berglund & McKay (9) who have observed a linear rise in the viscous character of
SBS or SIS triblock mixtures for increasing SB or SI content and a corresponding
decline in product performance for asphalt and adhesives applications.

Conclusions

Styrene-butadiene diblock copolymers (SB) have a deleterious influence on the
physical properties of styrene-butadiene-styrene triblock copolymers (SBS). They
decrease the elastic response of the final polymer, increasing its viscous character,
which will be translated into a decrease in abrasion resistance and hardness and an
increase in the melt flow rate. These properties are extremely relevant for the shoe
sole manufacturer. Since SBS triblock copolymer is the main constituent of the shoe
sole formulation it imparts its properties to the final compound. Thus anionic
polymerization processes which minimize the formation of residual SB diblocks are
highly desired.

MFI x SB %

50

MFI, g/10 min

0 10 20 30
SB %
Figure 5 . Melt flow index vs. SB diblock content (wt %) at 180°C/5kg.
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Chapter 8

The Effect of SI Diblock in SIS Block Copolymer
on Pressure-Sensitive Adhesive Properties

Tetsuaki Matsubara and Minoru Ishiguro

Research and Development Center, Nippon Zeon Company, Ltd.,
Kawasaki 210, Japan

We found that Styrene-Isoprene (SI) diblock in Styrene-Isoprene-
Styrene (SIS) copolymer improves carton sealability which is one of the
important properties of carton sealing tapes. Diblock copolymer reduces
storage modulus of adhesive compound. The low modulus gives poor
shear adhesion but improves wettability to rough surface which seems
to be a predominant factor on carton sealability.

SIS block copolymers produced by living anionic polymerization technique are applied
in the largest volume to pressure sensitive adhesive (PSA) tapes, especially to carton
sealing tapes. The copolymers produced by coupling method, which is the most
commonly used in commercial production processes, contain some uncoupled SI
diblock copolymers. There have been some studies of the effect of diblock in SIS
copolymers on adhesive properties (/-2). However, the effect on carton sealability has
not been discussed while unfolding failure of a carton boxes sealed with a tape is the
most serious problem. In this paper, the effect of diblock content in SIS on PSA
properties, especially on carton sealing properties, is discussed from rheological
viewpoints.

Experimental Section
Three commercial SIS block copolymers were investigated in this study. They are

produced by a traditional coupling method which consists of sequential polymerization
of styrene and isoprene, and a coupling reaction.
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SIS Block Copolymers. The molecular characteristics of the three copolymers are
shown in Table I. They are similar in styrene content and Mw which represents overall
weight average molecular weight, but not in SI diblock content. It should be noted that
the same Mw does not mean the same GPC peak top molecular weight of SIS triblock.
Though both of Quintac 3422 and Quintac 3520 have the same Mw, the molecular
weight of diblock copolymer or its coupled triblock copolymer in Quintac 3520 is
considerably higher than each corresponding molecule of Quintac 3422. Because
Quintac 3520 contains much more amount of diblock copolymer whose molecular
weight is equal to a half of that for coupled triblock copolymer (Figure 1).

Table I. Molecular Characteristics of the Investigated Polymers

POLYMER Quintac 3422 Quintac 3433 Quintac 3520
Styrene Content [wt%] 15 16 15
SI Diblock Content  [wt%] 10 52 78
Mw* [x10%] 200 170 200

overall weight average molecular weight determined with Gel Permeation
Chromatography (GPC) which is calibrated with polystyrene standard.

Measurements of PSA Properties. In order to evaluate PSA properties, the SIS
copolymers were compounded with an aliphatic hydrocarbon resin with softening point
of 96°C (Quintone R100) and a naphthenic process oil (Shellflex 371N). The PSA
compounds were coated on a 25 pm polyester film with coating thickness of 25 pm.
The PSA properties were measured in accordance with PSTC (Pressure Sensitive Tape
Council) standard (3) except carton sealability which was developed by ourselves.

Tack. A PSA tape specimen was arranged adhesive side up in line with the
raceway of the PSTC standard incline so that it was free of any wrinkles, creases, or
splices. The end of the tape opposite the incline was held to the table with a weight. A
steel ball with 14/32 inch diameter was placed on the upper side of the incline. The ball
was released and allowed to roll to a stop on the adhesive. This property was measured
at 23°C. Tack is expressed in terms of the average of the stopping distance which was
determined through five tests for each tape specimen. (unit: mm).

Peel Adhesion (Adhesive Strength). A PSA tape specimen with width of
10mm was stuck on a stainless steel plate. After dwell time of one hour, the tape was
peeled off at 23°C in a direction of 180° at a rate of 300mm/min.(unit: g/10mm).
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Holding Power (Shear Adhesion). A PSA tape specimen was stuck on a
stainless steel panel with contact area of 25mmx10mm. When a paper (Kraft liner)
panel was applied as the adherend, the contact area was 1/2inchx1/2inch. The panel
was placed in the rack of the tester so that the extending tape hang downward. A load
of 1kg was applied to the tape gently without swinging so that no more than the
specified weight is acting on the specimen. This property was measured at 50°C with
the stainless steel panel, and at 23°C with the paper panel. Holding power is expressed
in terms of the time taken for the tape to separate from the panel.(unit: min.).

Carton Sealability. Two pieces of corrugated paper with dimensions of
100mm=50mm and 50mmx50mm were prepared. They were connected lengthwise
with glass cloth backing tape which would not stretch at all when tension was applied,
then stapled so as to allow free folding. A pair of the connected pieces of corrugated
paper were placed side by side lengthwise and connected with a tape specimen with
dimension of 50mm long and 25mm wide (Figure 2).

The prepared test assembly was turned over so that the tape specimen faced down,
and its ends were fixed tightly to the frame of the tester. A 500 gram weight was
placed on the test piece. It would act as a substitute for repelling force of the
corrugated paper flaps. A timer with a limit switch being placed below the test
assembly was started immediately. When the test assembly failed, the weight fell and
stopped the timer automatically (Figure 3).

Six specimens were tested for each PSA compound. The results were reported as
the mean time to failure (MTTF) calculated by a statistical method based on the
Weibull distribution function instead of a simple arithmetic mean (unit: min.).

Measurements of Rheological Properties. Dynamic viscoelastic properties of SIS
copolymers and PSA compounds were measured with frequency of 1Hz by a
viscoelastic spectrometer (. Stress relaxation of PSA compounds was measured with
5% strain at 23°C.

Results

Table IT shows the test results. The effect of diblock on tack was not so significant.
The tackifying resin rich formulation (Formulation 2) showed poorer tack.

The results of peel adhesion and holding power were similar to those in the
previous reports (/-2). In peel adhesion of PSA compounds with lower resin content
(Formulation 1), a PSA with higher diblock content (Quintac 3433) gave a higher
value than one with lower diblock content (Quintac 3422) in the same failure mode,
and a PSA with further higher diblock content (Quintac 3520) caused a change of
failure mode. In Formulation 2, failure modes were varied by changes in diblock
content.

In Applications of Anionic Polymerization Research; Quirk, R.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1998.



Publication Date: June 30, 1998 | doi: 10.1021/bk-1998-0696.ch008

Downloaded by UNIV OF SYDNEY on October 1, 2012 | http://pubs.acs.org

SIS of Quintac 3422

SIS of Quintac 3520

Sl of Quintac 3422

1 L 1 1 1

High Mol. Wt «—— — Low Mol. Wt.

Figure 1. Molecular weight distribution of Quintac 3422 and Quintac 3520
(Reproduced with permission from ref: 4. Copyright 1995 Pressure Sensitive Tape Council.)
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Figure 2. Preparation of a test piece for carton sealability test
(Reproduced with permission from ref. 4. Copyright 1995 Pressure Sensitive Tape Council.)
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Both holding powers to steel and to paper decreased with increase of diblock
content of SIS used in both formulations. Formulation 2 gave lower holding power
than Formulation 1. The difference between the two formulations seemed to be smaller
for paper than for steel.

As for carton sealability, higher diblock content apparently gave better carton
sealability, and Formulation 2 seemed to improve the property. The difference between
the tendency in carton sealability and that in holding power is noteworthy.

Table IL. PSA Properties of the Investigated Polymers

Formulation 1 1 1 2 2 2
Ingredients
Quintac 3422 100 ——-- ——-- 100 -—-- -—--
Quintac 3433 ———- 100 ———- ———- 100 -—--
Quintac 3520 ———- ———- 100 ———- ———- 100
Quintone R100 100 100 100 140 140 140
Shellflex 371N 20 20 20 20 20 20
PSA Properties
Tack (Rolling Ball) 74 51 58 225 147 193
Peel Adhesion 530" 1350° 1340° 1080" 1540° 1470

Holding Power to Steel 4530 1900 440 1030 410 160

Holding Power to Paper 9460 3940 1370 7860 2670 880

Carton Sealability 230 990 3480 480 1230 3240
*Adhesive Failure, “Cohesive Failure, *Stick Slip

Discussions

Comparing properties of Quintac 3422 and Quintac 3520 in detail, difference between
them should be due to their diblock content. Because the two copolymers have
completely the same molecular characteristics in styrene content and molecular weight.
We noted wettability of PSAs and investigated from rheological aspects.

Wettability to Rough Surface. Curves of the storage modulus of Quintac 3422 and
Quintac 3520 are shown in Figure 4. The lower storage modulus should give better
wettability to the adherend. In order to prove this idea, we measured peel adhesions
with different dwell times. According to the results shown in Figure 5 and Figure 6,
longer dwell time gives higher peel adhesion values with Quintac 3422 based PSAs.

In Applications of Anionic Polymerization Research; Quirk, R.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1998.



Publication Date: June 30, 1998 | doi: 10.1021/bk-1998-0696.ch008

Downloaded by UNIV OF SYDNEY on October 1, 2012 | http://pubs.acs.org

103

iron weight (500g)

/pressing lever

test piece

pressing rod

aluminium frame

%%\‘vﬁ

tray with spring, connecting a
limit switch of a time counter

Figure 3. Schematic procedure of carton sealability test
(Reproduced with permission from ref. 4. Copyright 1995 Pressure Sensitive Tape Council.)
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Figure 4. Storage Modulus of Quintac 3422 and Quintac 3520
(Reproduced with permission from ref. 4. Copyright 1995 Pressure Sensitive Tape Council.)
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Figure 5. Peel adhesion by dwell time (Formulation 1)
(Reproduced with permission from ref. 4. Copyright 1995 Pressure Sensitive Tape Council.)
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Figure 6. Peel adhesion by dwell time (Formulation 2)
(Reproduced with permission from ref 4. Copyright 1995 Pressure Sensitive Tape Council)

In Applications of Anionic Polymerization Research; Quirk, R.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1998.



Publication Date: June 30, 1998 | doi: 10.1021/bk-1998-0696.ch008

Downloaded by UNIV OF SYDNEY on October 1, 2012 | http://pubs.acs.org

105

On the other hand, very short dwell time can give nearly maximum values with Quintac
3520 based ones. It implies that Quintac 3520 is more wettable than Quintac 3422.

As the differences between two dwell times seem to be smaller in Formulation 2
than in Formulation 1, higher resin content in PSA could give a more wettable PSA.
Figure 7 shows curves of storage modulus of Quintac 3422 based PSA compositions.
Lower storage modulus of Formulation 2 should relate to better wettability. From all
these data, we can conclude that high SI diblock content in SIS or high resin content in
PSA gives low storage modulus, which results in good wettability to the adherend.

Peel Adhesion. The reason for the high peel adhesion of Quintac 3520 compared
with Quintac 3422 should be explained by high loss tangent (Figure 8). However, it
could be interpreted by tensile properties, because they show a physical response to
large deformation under high deformation rate which coincides well with peel test
conditions. Figure 9 shows tensile properties of Quintac 3422 and Quintac 3520. The
stress on Quintac 3422 rapidly increases as strain increases while the stress change on
Quintac 3520 is gentle. Elongation of Quintac 3520 is larger than that of Quintac
3422.

We also measured peel adhesion at various peel rate from 0.lmm/min. to
1,000mm/min. in order to investigate peel phenomena in detail. The results are shown
in Figure 10 and Figure 11. Quintac 3520 shows higher peel values than Quintac 3422
at any peel rate while its tensile strength is lower.

Generally, adhesive strings are observed along the peel line during peel test. In an
adhesive failure, the strings are pulled apart from the surface of the adherend before
they are broken. On the other hand, they should be broken in a cohesive failure. The
Quintac 3422 based PSA fails adhesively over the entire range of the peel rates with
continuous change of the peel values. For the Quintac 3520 based PSA, the failure
mode varies as peel rate increases and adhesive failure is unexpectedly observed with
discontinuous change of peel adhesion value at very low peel rate. Actually, this result
is the opposite of the normal pattern reported before. Some previous studies pointed
out that PSAs should fail cohesively at low peel rate from dynamic rheological
viewpoints (5-6). However, it should be considered that there are a lot of complicated
factors of peel adhesion or of failure mode. At least, neither dynamic rheological
properties nor tensile properties could not determine the peel adhesion values.
Meanwhile, wettability should affect on the peel values as well as rheology of the PSA
compounds. High peel adhesion values in PSAs based on high diblock content SIS
sould be due to their excellent wettability.

Carton Sealability. In the measurement of carton sealability, a weight is placed on a
test assembly instead of experiencing the repelling force of carton flaps. When the
weight is placed, the test piece sinks slightly and a very small angle is generated
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Figure 7. Storage Modulus of Quintac 3422 based adhesive
(Reproduced with permission from ref. 4. Copyright 1995 Pressure Sensitive Tape Council.)
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Figure 8. Loss tangent of Quintac 3422 and Quintac 3520
(Reproduced with permission from ref. 4. Copyright 1995 Pressure Sensitive Tape Council.)
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Figure 9. Tensile properties of Quintac 3422 and Quintac 3520
(Reproduced with permission from ref 4. Copyright 1995 Pressure Sensitive Tape Council)
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between the test piece surface and the horizontal plane (Figure 12). Tension T is
generated along the specimen tape widthwise and acts as shear stress to the adhesive
layer. Load W and tension T should balance according to equation 1.

W = 2Tsin6 )

T would be much larger than W as 0 is very small. The value of T rapidly
decreases as 0 increases from zero. For example, T becomes half when 6 increases 1
degree to 2 degrees. Therefore, larger 6 is more advantageous from the viewpoint of
force balance, but adhesive layer is forced a larger deformation at the same time. A
PSA based on low diblock SIS like Quintac 3422 can take only very small 6 because of
its high shear strength, and it tends to be pulled apart easily due to its poor wettability.
On the other hand, a PSA based on high diblock SIS such as Quintac 3520 can take
larger 6 than that based on low diblock SIS because it can deform easily. Furthermore,
its excellent wetting to the adherend also contributes to improved carton sealability.

In order to support this consideration, we observed stress relaxation of four PSA
compounds (Figure 13). The stress on PSAs with Formulation 2 relaxes very quickly at
the beginning. A considerable differences between Quintac 3422 based PSAs and
Quintac 3520 based ones are also observed. The significant fall of stress or relaxation
modulus on Quintac 3520 based PSA or resin richer formulation should contribute to
the large deformation at the beginning of carton sealability test and to wettability.

Holding Power. In the case of carton sealability, the adhesive layer of a tape
specimen bears some deformation at the beginning of measurement process. But the
situation is different with holding power to paper. When a weight is hanged, no distinct
shear deformation is observed at least at the beginning of measurement. A specimen
tape coated with low diblock SIS based PSA fails suddenly without any evidence of
cohesive failure. On the other hand, A soft PSA based on high diblock SIS fails
cohesively to some extent in this test. It seems that the predominant factor affecting
this property is not wettability to the paper but essentially the shear strength of the
PSA.

Conclusions

High diblock SIS based PSAs tend to deform easily and show excellent wettability to
the adherend. This behavior is advantageous for peel adhesion and carton sealability of
a tape applied only to the closed flaps of a carton box. On the other hand, for holding
power to paper, which is considered as corresponding to sealing property of both ends
of a tape applied to both sides of a carton box, low diblock content is advantageous.

It is difficult to answer how much diblock content is optimum for box sealing tape.

In Applications of Anionic Polymerization Research; Quirk, R.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1998.



Publication Date: June 30, 1998 | doi: 10.1021/bk-1998-0696.ch008

Downloaded by UNIV OF SYDNEY on October 1, 2012 | http://pubs.acs.org

110

Weight
Corrugated Paper

Figure 12. Force balance in Measurement of carton sealability
(Reproduced with permission from ref. 4. Copyright 1995 Pressure Sensitive Tape Council.)
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Because, the repelling force of carton boxes is not constant, and because the
contributing ratio of carton sealability and holding power to total sealing properties
may vary with the dimension of a carton box, width of a tape and length of tape ends
applied to both sides of a box. But we can point out that a PSA based on a
conventional SIS with low diblock content is generally hard, difficult to deform and
poor in wettability.
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Chapter 9

Styroflex: A New Transparent Styrene—Butadiene
Copolymer with High Flexibility

Synthesis, Applications, and Synergism with Other Styrene Polymers

Konrad Knoll' and Norbert NiePner?

'Polymers Laboratory ZKT/I-B 1 and * Polymers Laboratory ZKT/C-B 1, BASF
Aktiengesellschaft, D-67056 Ludwigshafen, Germany

Styroflex, a new styrenic thermoplastic elastomer, is obtained by
sequential anionic polymerization of styrene and butadiene having a block
sequence S-SB-S. It proved to match the property profile of plasticized
PVC in the most important features such as transparency, mechanics,
processability, and permeability. Impact strength and elastic recovery are
even more pronounced. Styroflex is currently being tested as material for
the food packaging industry. Together with Styrolux and general purpose
polystyrene it forms a unit construction system e.g. for transparent film
materials and injection molded parts allowing finetuning of hardness and
toughness.

Styroflex is a new experimental product based mainly on styrene and butadiene. Our
goal was to create a resin for extrusion and injection molding with similar or even
improved characteristics compared to plasticized PVC. The new experimental product
should exhibit the mechanics of a thermoplastic elastomer, e.g. low modulus and yield
strength, high elongation and excellent recovery. It should be suited for high speed
processing, especially for thin films. The latter aspect requires an intrinsic high
thermal stability in order to avoid gel formation during processing.

Structure and Synthesis

To meet these goals we chose the block sequence hard-soft-hard typical for TPEs with
a block length ratio of about 15:70:15 (7). The hard segments consist of polystyrene,
but instead of a commonly used butadiene soft segment we introduced a statistical SB
sequence with a glass transition temperature similar to that of plasticized PVC,
located between -10 and -30 °C and an S/B ratio of approximately 1. Thus the overall
styrene content of Styroflex reaches almost 70 % which is in a range known for
transparent, impact modified polystyrene like Styrolux. To obtain an easily

112 ©1998 American Chemical Society
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processable material having a melt flow rate of about 15 g/10 min. (200°C) the molar
mass has been adjusted to about 140 000 g/mol (2-4).

The polymer is prepared by butyllithium-initiated sequential anionic
polymerization in cyclohexane (Figurel). In order to generate the statistical SB block
the presence of a randomizer is required (5). Commonly at least 0.2 to 0.5 vol%
tetrahydrofuran (THF) is added, based on cyclohexane. Using less THF renders a
styrene end block which changes the hard-soft-ratio and results in the loss of elastic
recovery. Unfortunately THF changes the butadiene microstructure raising the 1,2-
vinyl content from about 8 % in pure cyclohexane up to 30 % in the presence of 0.25
vol% THF. Because 1,2-vinyl units undergo crosslinking more readily than 1,4 units
the thermal stability of the SB rubber is reduced. In this respect the THF content has
to be kept as low as possible, accepting some gradient from butadiene to styrene.
Dividing the SB block into several short blocks supports on the other hand the
formation of a homogeneous soft phase. As an alternative, potassium alkoxides can be
added as randomizers. Most favorable are sterically hindered tertiary alkoxides like
triethyl carboxide (6). Best results are obtained with a K/Li molar ratio of 1:30 (6,7).
The even incorporation of styrene and butadiene could be shown by taking samples
during the copolymerization and analyzing the butadiene content.

There are three basic synthesis routes to Styroflex (Figure 1): sequential
polymerization, coupling of a living S-SB diblock, or bifunctional initiation (§).
Bifunctional coupling agents X such as dichlorodimethylsilane and butanediol
diglycidyl ether give almost quantitative coupling yields. Carboxylic esters like ethyl
acetate work only well when donor solvents are not used. In the presence of THF the
coupling yield drops to 30-40%.

Essentially ether-free bifunctional initiators giving highly bifunctional
growing polymers have been developed by BASF (9). At the time our goal was to find
a starting system for the preparation of 1,4-polybutadienediol. Starting materials for
the bifunctional initiators are alkylated, particularly methylated, 1,1-diphenylethenes,
and B-alkylstyrenes. Reductive coupling with lithium metal in an ethylbenzene/ethyl
ether mixture yields the desired 1,4-dilithiobutane derivatives in quantitative yield.
The ether serves as charge transfer catalyst. In the case of 1,1-diphenylethylene at
least two methyl groups are required to achieve solubility in ethylbenzene. Best suited
in terms of accessability and side reactions is 1-(3,4-dimethylphenyl)-1-phenylethene,
which can be readily made by addition of ortho-xylene to styrene in the presence of
sulphuric acid followed by dehydrogenation. After the reductive coupling the ether
and ethylbenzene are stripped under reduced pressure leaving the dilithiobutane as a
deep red, viscous liquid, which tends to crystallize after several hours. Hydrolysis and
GC analysis did not show any ether remaining. At least-one equivalent THF per
dilithiobutane remains ligated however, if THF instead of ether is used. The
dilithiobutane derivatives themselves proved to be poor bifunctional initiators. About
60% monofunctional growth has been observed. A possible explanation is fast lithium
hydride elimination during the initiation step. In order to obtain a useful bifunctional
initiator the dilithiobutane is reacted at 0°C with 10 equivalents of butadiene which
plays the role of both activator and solvent. The resulting pale yellow oligomeric
initiator, which is obtained as a viscous liquid, can be diluted with cyclohexane, and
virtually quantitative bifunctional initiation of butadiene and/or styrene is observed.

Morphology

Figure 2 shows the TEM micrograph of a compression-molded Styroflex sample. Due
to the phase/volume ratio of about 30 % polystyrene in the block polymer, the
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Figure 1. Synthesis routes to Styroflex. The bars indicate the chemical composition
along the polymer chain. The light gray areas within the bars symbolize butadiene, the
dark areas styrene.

Figure 2. Transmission elecron micrograph of Styroflex.
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transmission electron micrograph of Styroflex depicts spherical morphology with the
SB rubber as matrix and polystyrene as spheres. The fuzzy borders of the spheres
indicate an extended interphase typical of a system close to the order-disorder
transition (ODT). The repulsive interaction between the polystyrene and the SB phase
is greatly diminished compared to a polystyrene/polybutadiene system. Styroflex has
however a higher molecular weight than commercial SBS TPEs, which in turn favors
phase separation. When cooling from melt within a few minutes no long range order
could develop, but the arrangement of the styrene domains is quite regular yet.
Styrene domains are predominantly hexagonally surrounded by their neighbors. The
domain identity period is about 39 nm.

Thermal Properties

The DSC analysis (Figure 3) shows the glass transition temperature of the soft phase
at around -17 °C. The long flat slope up to 80 °C indicates an extended interphase
ending in a barely separated hard phase. We proved that this is not an effect of the
heterogeneity of the SB rubber phase by synthesizing and analyzing the pure rubber
block. In this case the glass transition was limited to a temperature range between -30
and 0°C.

DMTA measurements (Figure 3) on Styroflex show two softening points
around
-20°C and +70°C, which are in good agreement with the DSC measurement.

Rheology

Figure 4 depicts the relationship between the melt viscosities at 190 °C and the shear
rate for three different triblock copolymers. Styroflex is compared with Styrolux KR
2691 (BASF), which is a symmetrical SBS triblock with a molecular weight (MW) of
approx. 70 000 g/mol and a butadiene content of about 26 %, and with Kraton D 1102
(Shell), an SBS-type thermoplastic elastomer with a MW of approx. 70 000 g/mol and
a butadiene content of about 70 %. It can be seen that the three triblock copolymers
behave quite differently. At low shear rates the melt viscosities of both Styroflex and
Kraton D show little rate dependence in contrast to Styrolux KR 2691, where a
decreasing rate is accompanied by a pronounced increase in viscosity, which is
characteristic of thixotropic behavior. At high shear rates both Styrolux KR 2691 and
Styroflex show significantly more shear thinning compared to Kraton D 1102,
indicating good processability.

Determination of the Order-Disorder Transition Temperature (ODT). Rheologi-
cal measurements have been performed between 110 and 220°C in order to determine
the ODT. Figure 5 depicts the the reduced storage and loss moduli at 190°C reference
temperature. Between 150 and 220°C the time-temperature shift works perfectly well
indicating a homogeneous melt. This notion is also supported by the slope ratio of 2.
Below 150°C a deviation to higher viscosities occurs.

Plotting the reduced storage modulus at a frequence of 3 rad/s against the
temperature allows fairly accurately the determination of the ODT, which is found at
145°C (Figure 6). This temperature is well below the favored Styroflex processing
temperature (170 - 210°C). Thus, the production of thin films with diminished
residual melt history is facilitated. The low ODT is a key advantage over conventional
SBS block copolymers.
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Figure 3. Top: DSC analysis of Styroflex. Sample quenched from melt; heating rate
20 K/min. Bottom: Dynamical mechanical thermoanalysis (DMTA) of Styroflex.
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Mechanical Properties

The mechanical behavior of Styroflex is that of a typical thermoplastic elastomer
(Figure 7). It appears to be somewhat harder than a classical SBS TPE. With an
annealed specimen, an ultimate elongation at break of approx. 900 % can be achieved,
whereas typical SBS polymers fail at elongations of about 1000 %. Similar behavior is
observed with metallocene polyethylene.

At elongations well below failure, Styroflex follows Hooke's law. In contrast
Styrolux KR 2691, a highly transparent and tough polystyrene with symmetrical SBS
triblock structure and a butadiene content comparable to that of Styroflex, has a
pronounced yield point followed by plastic deformation. The tensile strength of PVC
depends on the annealing time - indicated by the dashed line. In films Styroflex
achieves a similar hardness to plasticized PVC due to orientation.

Films designed particularly for food wrapping should maintain their smooth,
optically attractive surface over an extended period of time even after touching,
stapling and other manipulations, which might cause indentations. Therefore a
preferentially complete recovery of the stretched film is desirable.

Adapted hysteresis experiments have been performed in order to compare the
recovery of Styroflex with other film materials (Figure 8). The sample is elongated to
200% and released to stress zero at a constant rate of 100% per min. The further
recovery is then monitored for five minutes. The experiment is repeated up to 300 and
finally 400%. The measurements prove that the recovery of Styroflex is in the range
typical of SBS-TPEs and far better than plasticized PVC. In fact after 30 min. the
residual deformation is reduced to 3%. In comparison even the least crystalline
metallocene linear low-density polyethylene (density 0.903) does not show a good
recovery. The ratio of plastic to elastic deformation increases rapidly with density.
Conventional SBS TPEs behave comparable to Styroflex, however their major
drawbacks are poor thermoplastic processability and extensive thermal crosslinking.
Thus, they are not destinated for sophisticated extruded and molded parts.

One of the predominant features of Styroflex is its great toughness. We
compared 14 micron Styroflex film with 19 micron plasticized PVC film and 15
micron metallocene PE film. The dart drop test proves its superior performance over
plasticized PVC (note: oriented, extruded blown film was used for mechanical tests,
see Table I). Due to the orientation the Shore D hardness is roughly the same as with
PVC. The great elongation at break makes Styroflex the material of choice for stretch
and cling film applications, particularly food packaging.

Processability

Due to the fact that Styroflex has the same phase/volume ratio as that of commercial
SBS TPEs, but with a high (70 %) styrenic content, it proved to be readily processable
by all common methods. The blown and cast film extrusion is especially of
commercial interest, and places highest demands on thermal stability. Experiments on
a typical 60 mm &/25 D single screw extruder at output rates of 80 kg/h showed that
Styroflex has superior temperature resistance compared to other SBS elastomers
(Table II). Under typical blown film conditions (approx. 200 °C mass temperature,
220 °C die temperature) SBS elastomers tend to build up crosslinked gel particles
which prevent thin film gauges. Under the same conditions, Styroflex is stable, and
can be blown down to 10 - 15 um thickness.
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Table I. Properties of Styroflex vs. Plasticized PVC and Metallocene PE:
Extruded Blown Film

Styroflex plasticized PVC metallocene
(22 % dioctyl adipate)  polyethylene

Film gauge (um) 14£5 19+3 14+ 4
Dart drop test (g) 2 600 290 500
Shore D hardness® 39 36 42
Vicat AP (°C) 40 - 87
Elastic recovery ++ ++ +/-
Elongation at break (%) 250/ 350 180/210

parallel / transverse to
extrusion direction

aWeight (g) of a falling dart until failure of film sample. °Determined on
compression-molded specimen (T = 200°C / 5 min).

Table I1. Extrusion Conditions of Materials for Packaging

Typical processing Max. processing temperatures
temperatures [°C] [°C]

metallocene PE 200 240

plasticized PVC 190-200 220

Styroflex 170-210 230

Permeability

It is well known that polymers with a continuous rubbery phase are very permeable to
gases and water. Styroflex contains approx. 70 vol % of a butadiene-co-styrene rubber
phase and is therefore a highly permeable material (Figure 9). In food packaging,
permeability is a crucial parameter besides mechanical strengh. For some applications
like fresh meat packaging, high permeability to oxygen is necessary to maintain the
red color of myoglobin over a storage time of several days. This important application
is dominated by plasticized PVC films combining high permeability with impact
resistance and recovery. Since Styroflex matches this combination of properties very
well, one of its target applications will be fresh food packaging.

Competitive Analysis of Commercial Fresh Meat Packaging Films

Although plasticized PVC film dominates the fresh food packaging sector e.g. beef,
pork, poultry, other films based on polyolefins are emerging. Typically, these films
consist of coextruded structures, based on low density polyethylene as the major part
of the core layer, and commonly ethylene-vinyl acetate top layers (Table III).
Styroflex as core layer enhances the impact strength (dart drop test) as well as the
elastic recovery of such coextruded structures. The comparision clearly shows that
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only Styroflex fulfills the high requirements of today’s high performance packaging
films.

Table III. Comparison of Styroflex-Containing Fresh Food Packaging Films
with State-of-the-Art Technical Films

EVA%Styro-  Plasticized EVA/PE- Metallocene

flex/EVA PVC LLD/EVA PE
Structure (um) 2/10/2 14 2/10/2 14
Dart drop test (g) 600 210 250 500
Recovery® (%) 95 80 40 50
Oxygen permeability® 30 000 12 000 20 - 25000 20 000

3EVA = copolymer of 8 % vinyl acetate with ethylene (density: 0.928 g/ml, MVR
(190/2,16) = 4,0). PRecovery 5 min after 200 % elongation of a tight film by a 2sharp
tip like a nail. 100% means complete recovery, no visible deformation. (ml/m”-d-bar).

Synergistic Blends with other Styrene Polymers

80 % of Styrolux, the transparent and tough polystyrene of BASF with styrene
butadiene block structure, is blended with general-purpose polystyrene (GPPS) in
applications like packaging film, beakers and injection molded parts (/0). This type of
polymer was introduced by Phillips Petroleum in the late fifties and is now a steadily
growing speciality in a.m. applications (//). Adding Styroflex as a third blend
component opens up new possibilities (Figure 10).

In order to understand the role of transparent and tough polystyrene like
Styrolux as blend component, its molecular design is discussed briefly. All Styrolux
grades exept the already mentioned KR 2691, a linear, symmetrical S-B-S triblock,
consist of unsymmetrical star block copolymers. When subsequently referred to
Styrolux star polymer grades are meant. The Styrolux grades cover a butadiene
content from about 20 to 30%, differing in their toughness/stiffness ratio. Styrolux
combines a pronounced yield point (25-35 MPa) with plastic deformation up to 300%.

Synthesis, Structure and Morphology of Styrolux. Transparent and tough
polystyrene is prepared by sequential anionic polymerization, where butyllithium may
be added in more than one charge. A possible synthesis consists of the formation of a
long styrene block in the first step, followed by further addition of butyllithium and
styrene, yielding short styrene blocks. The molar ratio of short to long chains is
significantly larger than 1. In Styrolux, a mixture of styrene and butadiene is added
finally, resulting in a butadiene/styrene block with a tapered block transition. This
mixture consisting of short, butadiene-rich and long, styrene-rich triblocks is coupled
with an oligofunctional coupling agent giving on average an unsymmetical star
polymer with about 4 arms (Figure 11) (/2). The coupling reaction is of course a
statistical process and all possible combinations of long and short arms are observed
in an amount predicted by Pascal’s triangle, taking the molar ratio into consideration.
The morphology of Styrolux does not fit into the common morphology scheme
of styrene/butadiene block copolymers with spheres, cylinders and lamellae, as basic
morphologies. Figure 12 shows TEM micrographs of a compression-molded Styrolux
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Figure 9. Water and oxygen permeability of packaging films, 16 microns, 23°C, 0%
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Figure 10. Styrene polymers for blends with tailor-made properties.
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Figure 12. TEM micrograph of Styrolux.
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sample. At first glance, the impression is of an irregular, wormlike morphology.
Styrene and butadiene form an interpenetrating network with styrene as the
predominant phase (Figure 12, left). A closer look however reveals that the butadiene
“lamellae‘ are often split and appear to contain small styrene cylinders and spheres.
Remarkable is the difference in scale (diameter): large styrene “worms*: 25 nm, small
styrene inclusions in butadiene: 6 nm, butadiene ,,Jamellae*“: 8 nm. One explanation
might be that long and short styrene blocks partly demix. Particularly the short styrene
block in the core of the star polymer might form a separate phase. [This notion is also
supported by DSC measurements discussed later. The glass transition temperature of
the hard phase is unusually broad and stretches from 105 down to 30°C suggesting an
at least inhomogeneous polystyrene phase.] In blends with polystyrene the “double
lamellae” continue to exist unchanged while only the large styrene domains are
widened.

Styroflex / Styrolux Blend System. Extruder blends of Styroflex and Styrolux
have been prepared for a number of mixture ratios. The transparency was virtually
unimpaired by the blend composition and remained at the high level of the pure
materials (Figure 13), indicating homogeneity of the blends well below the
wavelength of visible light. The mechanical properties such as modulus and
elongation at break vary almost linearly with composition. This enables finetuning of
hardness, toughness and flexibility of films and injection-molded parts.

In Figure 14 the morphologies of pure Styrolux and Styroflex (top and bottom
TEM) are compared with two blends. Styrolux (bottom) exhibits the already discussed
complex wormlike morphology containing two different types of styrene domains
with the long PS arms concentrated in the thick ,lamellae®. When blended with
Styroflex two phases become apparent. One phase is butadiene-rich and contains
spherical PS domains, the other phase large styrene worms. The phase ratio does not
reflect the mixture ratio of Styroflex and Styrolux, but the “Styroflex phase‘ seems to
have a far larger volume ratio. The domain identity period is at roughly 15 nm less
than half that of Styroflex. In view of the fact that the small styrene cylinders
embedded in the butadiene lamellae disappear with increasing Styroflex content it
appears most likely that Styroflex extracts the butadiene-rich stars containing only
short arms and forms a new phase. Since this separation process occurs on a scale of
about 80 nm transparency does not decrease.

The DSC analysis supports the conclusions from the TEM interpretations
(Figure 15). Only one soft phase is visible in both blends containing 20 and 60 %
Styroflex respectively, with average glass transition temperatures.

Styroflex / Styrolux / Polystyrene Blend System. The already discussed
Styroflex /Styrolux blend system enables the property range between transparent
polystyrene and soft thermoplastic elastomers to be covered which has recently been
named “plastomer* by metallocene LLDPE producers due to the characteristic large
plastic deformation. The stress-strain diagrams for a series of blends is depicted in
Figure 16 center, showing how the balance of elastic to plastic deformation shifts with
increasing Styrolux content. The bottom diagram elucidates the transition from a
tough, relatively soft to a stiff, but fairly brittle thermoplast. Mixing Styroflex with
small amounts of general purpose polystyrene (GPPS) increases the hardness but
retains the elasticity (Figure 16 top). We also investigated the ternary blend system
and found it to be a predictable and calculable unit construction system e.g. for
tailormade film materials (Table IV). Styrolux plays mainly the role of a
compatibilizer between Styroflex and GPPS. The fact that a certain degree of
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Figure 13. Styroflex / Styrolux blend system: mechanical and optical properties.
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Table IV. Properties of Styroflex / Styrolux / Polystyrene Blends?

Mixing Ratio® MVR® vSTY  Modulus YPSf Breakt: Transpa-

A B Stress  Stress/Strain Tency®Y
flex lux PS °C) (MPa) (MPa) (MPa) (%) (%)
100 0 O 11,6 352 - 34,9 2,2 14,1 479 84,4
80 20 O 10,6 39,3 - 125 35 16,7 445 85,1
60 40 O 10,4 476 - 349 5,7 18,6 395 83,8
40 60 0 10,7 56,3 - 712 9,3 19,8 353 80,9
20 80 O 10,9 66,1 38,7 892 14,7 20,8 305 82,6
10 90 0 11,5 69,7 429 1081 18,6 20,9 291 82,4

0 100 O 12,3 75,6 48,7 1288 21,6 20 257 83,8
80 0 20 98 489 - 270 7,8 17,2 163 78,5
60 0 40 88 698 39 736 158 193 118 66,5

40 0 60 7,8 91,8 61,5 1807 29,7 238 36 63,4
20 0 8 52 103 894 2750 50,7 50,7 34 62,6
0 0 100 3 106 101 3200 55 55 3 90,0

0O 8 20 94 851 604 1763 299 179 204 83,3

0 60 40 72 948 733 2161 348 23,7 20,6 77,9

0 40 60 6 99,7 84,7 2542 408 30,7 11,3 71,3

0 20 8 4,7 104 959 2988 49,7 454 39 72,2

75 5 20 91 542 375 316 7,8 17,9 264 78,8

55 5 40 84 70 438 832 162 19,6 112 68,2

60 20 20 8,6 568 378 550 8,8 18,6 235 78

40 40 20 8,6 649 385 812 11,2 20,6 224 73,9

20 60 20 9 757 485 1354 204 21,1 195 73,6

10 70 20 92 809 544 1579 26,1 17,7 43 77,4

40 20 40 7,6 774 48 1159 18,6 20,2 105 58

20 40 40 7,5 883 60,3 1679 259 20,5 559 55,7

10 50 40 7,5 91,5 66,8 1945 32,7 20,1 245 65,7

20 20 60 7 974 76,1 2223 39,2 24 19,6 50,3

10 30 60 6,2 992 804 2415 434 278 8,6 57,9
3Blending: ZSK 25 twin screw extruder, 150 r.p.m., mass temperature: 200°C, output:
10 kg/h; sample preparation: injection molding, 220°C mass temperature, 45°C mold
temperature, in the case of ,,soft“ specimens 25°C. The pure components have been
extruded and molded in the same fashion in order to obtain comparable results. In the
case of the pure block copolymers stress and strain at break are about 2/3 compared to
the values found for compression molded samples; the the difference decreases with
increasing PS content. Pflex = Styroflex; lux = Styrolux 693 D (star shaped
asymmetrical SBS block copolymer according to Fig. 11, with 25% butadiene
content); PS = general purpose Polystyrene Polystyrol 158 K (BASF). “Melt volume
rate @ 200°C, 5 kp, [ml-10 min" ] (ISO 1133). dvicat softening temperature @ 50 K/h
(ISO 306). ©Yield Point. For Styroflex rich blends only a shoulder instead of a
maximum is observed. In this case the height of the shoulder has been taken.
fDetermination of tensile properties (ISO 527). 82 mm plate thickness.
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toughness can be achieved with a higher GPPS content as with binary Styrolux/GPPS
blends makes the ternary system particularly attractive in respect to thermal stability
and cost reduction.

Conclusion

Styroflex, the new BASF experimental styrenic polymer, combines the advantages of
SBS elastomers (high toughness, recovery) with the properties of transparent, impact-
modified SBS polymers like Styrolux (good processability, thermal stability, high
transparency).

It is obtained by sequential anionic polymerization of styrene and butadiene. It
proved to match the property profile of plasticized PVC in the most important features
such as mechanics, processability and permeability. Impact strength and memory
effect are even more pronounced. Styroflex is currently being tested as material for the
food packaging industry and as impact modifier for styrene polymers.

Together with Styrolux and general purpose polystyrene it forms a unit
construction system e.g. for transparent film materials and injection molded parts
allowing finetuning of hardness and toughness.

References

1.  Hashimoto, T. in Holden, G.; Legge, N. R.; Quirk, R. P.; Schroeder, H. E.
Thermoplastic Elastomers, 2nd ed.; Carl Hanser: Munich, 1996; Chapter 15A,
pp 429.

2. Knoll, K.; Gausepohl, H.; NieBner, N.; Bender, D.; Naegele P. DE-A4 4420952.

Knoll, K.; Nieiner, N. P96, 37(2), 688.

4. NieBner, N.; Knoll, K.; Skupin, G.; Naegele, P.; Beumelburg, C. Kunststoffe
1996, 87, 66.

5. Hsieh, H. L.; Quirk, R. P. Anionic Polymerization, Principles and Practical
Applications; Marcel Dekker: New York, 1996, pp 237.

6.  Smith, S.D.; Ashraf, A. I %4, 35(2), 466.
Smith, S.D.; Ashraf, A.; Clarson, S.J. ACS Polym. Prep. 1993, 34(2), 672.

w

7.  Wofford, C.F.; Hsieh, H.L. J. Polym. Sci., Part A-1 1969, 7, 461.
8. Lit.cit.5., pp. 307
9. Bronstert, K.; Knoll, K.; Hidicke, E. EP 0477679

10. Fahrbach, G.; Gerberding, K.; Mittnacht, H.; Seiler, E.; Stein, D. DE 2610068.
11. Phillips Petroleum US 3078254
12. Fahrbach, G.; Gerberding, K.; Seiler, E.; Stein, D. DE 2550227.

In Applications of Anionic Polymerization Research; Quirk, R.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1998.



Publication Date: June 30, 1998 | doi: 10.1021/bk-1998-0696.ch010

Downloaded by UNIV OF SYDNEY on October 1, 2012 | http://pubs.acs.org

Chapter 10

Tapered Block Copolymers of Styrene and Butadiene:
Synthesis, Structure, and Properties

Sergio A. Moctezuma, Enrico N. Martinez, Rodolfo Flores,
and Enrique Fernandez-Fassnacht

Industrias Negromex, S.A. de C.V., P.O. Box 257-C, Tampico, Tams. 89000, México

In this work we describe the synthesis, structure and properties of four
tapered block copolymers of styrene and butadiene (TBC’s) that were
tested as asphalt and high impact polystyrene (HIPS) modifiers. In both
cases, the polymers improved significantly the properties such as the
softening point temperature in asphalt-TBC mixtures and the Izod
impact in HIPS-TBC blends prepared by mechanical mixing.
Rheological measurements on pure asphalt as well as 4% by weight
polymer modified asphalts were carried out and a noticeable rise in
storage modulus G’ with a lowering of Tan Delta was achieved by TBC
modification of the asphalt. No difference attributable to structure
differences between the several polymers was observed.

Among a variety of elastomers synthesized by anionic polymerization, Industrias
Negromex produces tapered block copolymers of styrene and butadiene (TBC’s),
which are used for different applications including asphalt modification, plastic
modification, pressure sensitive adhesives and shoe soles. For this reason, we are
interested in knowledge of the performance of those polymers in their applications, as a
means of making increasingly better products for both specific and general uses. In this
work we describe the evaluation of four different TBC’s in asphalt-polymer mixtures
and HIPS-polymer blends.

Anionic polymerization is used to synthesize of polymers with very narrow
molecular weight distribution and to control molecular weights, microstructures and
morphologies (/-4). Tapered block copolymers of styrene and butadiene (TBC’s) are
synthesized by anionic polymerization and therefore have a well-defined structure. They
are copolymers of the SB type and are extensively used in asphalt modification for
paving and in plastic modification for HIPS and ABS production.

The synthesis, structure and properties of these block copolymers have been
reviewed and it has been reported that because of their structure the TBC’s exhibit
characteristics such as high modulus and hardness, low shrinkage, good extrusion, high
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resistance to abrasion, low brittle point, transparent and glossy appearance and
thermoplastic behavior (5,6).

For road pavements it has been mentioned that the use of asphalt with different
materials such as sulfur, carbon black, asbestos, glass fibers, adhesion promoters and
particularly rubbers improves toughness and crack resistance. Recent studies in the
asphalt paving industry have pointed out the need for polymers in order to obtain softer
mixtures at low temperatures, which increase flexibility and decrease cracking. On the
other hand, polymers allow also stiffer mixtures at high temperatures which reduces
flow and therefore permanent deformation (rutting). For paving application, the use of
block copolymers and other thermoplastics, synthetic and natural rubbers and others
(ground tire, fibers, etc.) has been reported. Among other polymers the following have
been mentioned: SB, SBS, SIS, SEBS, SEPS, LDPE, EVA, EPDM and APP (7-10).
For SB copolymers, it has been mentioned that there is a need to add sulfur to the
mixture with asphalt, in order to improve the resulting mechanical properties (8).

Rheological studies of asphalt-SBS mixtures for roads have recently been
reported, which emphasize one of the most important failures of roads submitted to
high temperatures and/or high traffic loadings: rutting or permanent deformation. For
roofing membranes and other water-proofing systems, the use of radial thermoplastic
block copolymers, i.e. Solprene 411, is well known to modify the asphalt into a rubber-
like substance with 10-14 wt % of rubber content. This block copolymer may prove to
be too expensive for road surfacing, depending on the concentration necessary to meet
the specifications for road surfacing (//-72).

Block copolymers of styrene and butadiene have been reported as impact
modifiers for PS, both in polymerization “in situ” and in mixing by extrusion. In
addition, these copolymers have been used to improve the properties of high impact
polystyrene (HIPS) by extrusion mixing. Traditionally, elastomers have been used to
increase the toughness of plastics because of their properties at low temperature which
diminish the brittleness and improve the impact behavior of the mixtures at low
temperature. On the other hand, because of their structure and morphology, block
copolymers can lend transparency and gloss to certain grades of HIPS. Annealing of
extruder blends of PS and block copolymers to decrease brittleness is said to reduce
transparency because the regular arrangement of domains is crucial for the transparency
of the blends (/3).

In the first part of this work we describe the structure of the TBC’s that were
studied. The second part deals with the asphalt-TBC mixtures. Particularly, the
properties of the asphalt used and the preparation of mixtures, as well as the method
for the rheological measurements are presented. In the third part we report the
preparation of the HIPS-TBC blends and their properties. The results and discussion
are given in the fourth part, where performance properties in both applications are
analyzed.

Experimental
Tapered Block Copolymers Characteristics. The TBC’s used in this work are listed

in Table I. The main differences between these polymers are styrene content and
molecular weight.
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Table I. Characteristics of the TBC’s

TBC Molecular Weight® Tg®  Bound Styrene Polystyrene Block
Mn® Mw/Mn [°C] [wt %] [wt %] Mw*
A 230 1.09 -89.8 15.0 11.0 15
B 110 1.10 -87.2 25.0 18.0 12
C 220 1.06 -86.3 30.0 22.0 32
D 300 1.06 -86.8 40.0 30.0 52
*PS Standards.
® Thousands.
¢ Polybutadiene part.

Relative molecular weights and molecular weight distributions were measured
via GPC, in a Millenium-Waters 410 chromatograph with a refractive index detector;
the columns used were Millipore KF-804, KF-805 and KF-807, and polystyrene
standards were used for the calibration curve. The polymers were dissolved in THF
which was also used as the carrier at flow rate of 1 ml/min. The concentration of the
sample was 1.5 mg/ml and the injection volume was 25 pl.

The glass transition temperature were measured according to ASTM E-1356-
91 method in a DSC TA Instruments 2910 calorimeter. Bound styrene and block
polystyrene were measured according to ASTM D-1416 and ASTM D-3314,
respectively.

GPC chromatograms of these TBC’s showed a narrow distribution and very
similar molecular weights for samples A and C (Figure 1). TBC’s B, C and D have
increasingly higher molecular weight and styrene content.

Asphalt-Tapered Block Copolymer Mixtures. The composition of the asphalt used
in the mixtures with TBC’s is shown in Table II. Clay-Gel analysis was employed to
determine such composition, according to ASTM D-4124.

Sample Preparation. Mixtures were similarly prepared for all copolymers. A
ROSS High Shear Rate Mixer was used at temperatures between 185-195 °C and 2500
rpm. The mixing procedure consisted of heating the asphalt to 160-180 °C, followed by
gradual addition of the polymer in a maximum time of 10 minutes with continuous
stirring. The temperature was then increased and kept within the control limits during
the time necessary to observe complete incorporation of the polymer. By mixing 10
minutes more after this the complete dispersion of the rubber in the asphalt was
assured. This procedure was used to prepare mixtures with concentrations of 4, 6, 8,
10 and 12 % by weight for each TBC. The mixing times were 90-100 minutes for the
first two concentrations, and 120-130 minutes for the other three.
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Figure 1. Relative molecular weight distribution of the TBC’s.

Table IL. Asphalt Composition®

Composition % Weight
Asphaltenes 23.0
Saturates 9.6
Polars 54.0
Aromatics 13.4

*by Clay Gel analysis (ASTM D-4124).

Typical Properties of Mixtures. Brookfield viscosity at 160 °C and Ring &
Ball softening point temperature of both pure asphalt and mixtures were measured
according to ASTM D-4402 and ASTM D-36, respectively. This was done to refer our
observations to properties which are very commonly used in paving.

Rheological Measurements. The dynamic mechanical analysis of the pure and
modified asphalt samples was performed with a Paar-Physica 200 Universal Dynamic
Spectrometer. Small angle oscillatory shear experiments were done at 2% of strain
amplitude using a parallel plate geometry with a 12.5 mm radius and a 1 mm gap height
at 60 °C; the mixtures were stored at room temperature. At the strain amplitude applied
all samples were within the linear viscoelastic range, and therefore G’ is independent of
the applied strain as can be seen in Figures 2 and 3 which show the strain sweeps for
pure and modified asphalt samples at 10 rad/s. Samples were allowed to stabilize for 10
minutes at the preset evaluation temperature before running the isothermal tests. In all
cases, the isoconfigurational state of the materials was achieved and checked.

In Applications of Anionic Polymerization Research; Quirk, R.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1998.



Publication Date: June 30, 1998 | doi: 10.1021/bk-1998-0696.ch010

Downloaded by UNIV OF SYDNEY on October 1, 2012 | http://pubs.acs.org

1000 . 5000
- 60 °C, 10 rad/s ]
[ 1 4000 =
Y I R
- : ] 1 3000 2
=) ] £
o . 1 2000 %
10 ¥ - ] g
- L] ] =
" o G' 1 1000 ~
o = Shear Stress
1 e ———10
0 50 100 150 200 250 300

Strain [%]

133

Figure 2. Storage modulus and shear stress of Asphalt as a function of strain
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Figure 3. Strain dependency of storage modulus of Asphalt and Asphalt-TBC
mixtures (4 %wt).

HIPS-TBC blends.

A high impact polystyrene (Table III) was used to test the

effectiveness of the several TBC’s as impact modifiers by mechanical mixing. A Haake
Biichler TW-100 counter rotating twin screw extruder was used to prepare the
mixtures, at 75 rpm and with a 190/200/200/200 °C temperature profile. The TBC’s
were fed continuously to the extruder in powder form, while the HIPS was used as
pellets; TBC concentrations were 5, 10 and 13 % by weight. The mixtures were
stabilized with 0.2 phr BHT plus 0.2 phr Irganox-1010; Loxamide (1 phr) and
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magnesium stearate (3 phr) were used as lubricants. The extruded blends were used to
prepare injection molded test specimens in a Negri-Bossi 70 injector at 1400 psi, 200
°C, 150 rpm and 70 s cycle time.

In order to determine the Izod Impact values for the HIPS-TBC blends, a
Tinius Olsen 66 Impact tester was used according to ASTM D-256 method. Tensile
and flexural moduli were measured by means of a Zwick Dynamometer with ASTM D-
638 and D-790 methods.

Tabla III. HIPS Characterization

Molecular Weight * Tg
Mn® Mw/Mn [°C]
HIPS 72 2.98 97.9

* PS Standards.
® Thousands.

Results and Discussion

Figure 4 shows the Brookfield viscosity values for the modified asphalt samples as a
function of copolymer concentration. An exponential rise in viscosity is observed with
increasing TBC concentration. Also, blend viscosity increases with polymer MW as
well as with the block polystyrene content in the TBC. Mixing times increased with
MW also. Softening point temperature as a function of polymer concentration is shown
in Figure 5; increasing MW and block polystyrene content cause a rise in blend
softening points, while higher polymer concentrations also lead to higher softening
points. Within the range of concentrations studied it is clear that all TBC samples were
capable of modifying the asphalt properties, the correct choice depends upon the
particular requirements of the application as well as economics.

The G’ isotherms at 60 °C for pure asphalt and 4 % by weight polymer
modified asphalts are shown in Figure 6, while the Tan Delta profiles are given in
Figure 7. A noticeable rise in storage modulus G’ with a lowering of Tan Delta is
achieved by TBC modification of the asphalt. Therefore, TBC-asphalt blends present a
higher resistance to flow than pure asphalt which is very desirable to reduce permanent
deformation in road paving. Moreover, all modified asphalt blends show a very similar
behavior with no difference attributable to structure differences between the several
polymers used.
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Figure 4. Brookfield viscosities of Asphalt-TBC mixtures as a function of TBC
concentration and type of TBC.
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Figure 5. Softening point temperatures of Asphalt-TBC mixtures as a function of
TBC concentration and type of TBC.

However, for the cases of the higher MW and block polystyrene content, the
value of G’ tends to remain constant at frequencies below 1 rad/s which would indicate
better properties at high temperatures.

Figure 8 shows the Izod impact values for the HIPS-TBC blends at varying
concentrations. Impact increases with increasing TBC content and the best results are
achieved with polymer C.
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Figure 7. Tan Delta of Asphalt-TBC mixtures as a function of frequency, 4 % wt
of TBC.

In Figures 9 and 10, tensile and flexural moduli are given, respectively, for the
different blends. In both cases, the modulus goes down with increasing TBC
concentration, with less dramatic reductions for the blends with samples C and D
(higher MW and block polystyrene content).

Clearly, the best modifying balance is shown by polymer C, with the highest
Izod impact results and a smaller effect on tensile and flexural moduli which indicates
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there must be an optimum MW and block polystyrene content for the TBC to be a

good impact modifier by mechanical mixing.
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Figure 8. Notched Izod Impact (1/2”) of HIPS-TBC blends as a function of TBC

concentration and type of TBC.
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Figure 9. Tensile modulus of HIPS-TBC blends as a function of TBC
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Figure 10. Flexural modulus of HIPS-TBC blends as a function of TBC
concentration and type of TBC.

Conclusions

This work shows that relatively simple to produce and inexpensive, linear TBC’s can be
good asphalt modifiers as well as high impact modifiers for HIPS.

In the case of modified asphalts, there does not seem to be a clear difference in
performance between the several TBC’s in the range of variables studied and with the
particular asphalt sample chosen. Further studies in which the blends will be vulcanized
and analyzed by fluorescence microscopy are forthcoming.

All TBC’s showed interesting impact modifying capabilities for HIPS extruded
mixtures. Polymer C, with an intermediate MW and block polystyrene content gave the
best results by reasonably maintaining the tensile and flex moduli while increasing Izod
impact by more than 300 % yielding blends with the best balance of toughness,
brittleness and stiffness.
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Chapter 11

High-Temperature Anionic Polymerization Processes:
Synthesis of Star-Branched Polymers

F. Schué', R. Aznar’, J. Couve’, R. Dobreva-Schué’, and P. Nicol®

"Laboratoire de Chimie Macromoléculaire, Université Montpellier IL, Place E.
Bataillon, 34095 Montpellier Cedex 5, France
’G.R.L. Groupement de Recherche de Lacq (ELF Atochem) Lacq,
64170 Artix, France

Basic studies on the stability of polystyryllithium and
polybutadienyllithium species at high temperature, have been of great
interest to further synthesis of well defined styrene-butadiene
copolymers.

Subsequent works on the coupling of living poly(styrene-b-
butadienyl)lithium with diesters have led to the control of star shaped
structures. The molecular characteristics of these polymers called CLIPS
(clear Impact polystyrene) have been checked with regard to their
synthesis. Asymmetrical star-shaped copolymers have been developped
in a high temperature, high solid content process. A good concordance is
observed between the theoretical and the experimental values.

Much kinetic data are available which elucidate the initiation and propagation
reactions of anionic polymerization systems. They are described as "living
polymerizations", and the presence of a termination reaction is often neglected.
These polymerizations result in the formation of narrow molecular-weight
distribution polymers (1-3). The absence of a termination reaction is a good
assumption when impurities are absent and low temperatures are involved. However,
some polymerization processes frequently operate at much higher temperatures (50°
to 100°C) than these at which kinetic data have been reported. Under such process
conditions, termination does occur along with other complex reactions which
significantly alter the molecular-weight distribution of the polymer (4, 5). There is
also a significant amount of kinetic data describing the thermal stability of
alkyllithium compounds (6-8).The mechanism of these elimination reactions is
conveniently elucidated by manometric methods, and mechanistic interpretations
have been proposed. However, there are less published accounts of the thermal
stability of polymer lithium systems (2-9). There is a need to have kinetic data
describing the thermal termination of "living" polymers at lithium concentrations
approaching those of commercial polymerization systems. This paper will discuss
the thermal stability and chain transfer to solvent of concentrated solutions in
ethylbenzene of polystyryllithium, polybutadienyllithium and poly(styryl-b-
butadienyl)lithium. Finally, we examine the practical case for a high concentration of
monomers for the polymerization of styrene at 70°C followed by a block
copolymerization with butadiene at 90°C with lithium as counterion. The resulting
living block copolymers were finally reacted with diesters and epoxidized soyabean
oil to produce star-branched polymers.

142 ©1998 American Chemical Society
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Results and discussion

Thermolytic behaviour of polybutadienyllithium and polystyryllithium in
ethylbenzene at high concentrations

Polystyryllithium. In a first experiment we synthesized low Mw polystyryllithium
respectively in pure decalin, decalin + 10 % (by vol.) ethylbenzene and in pure
ethylbenzene with polymerization conducted at room temperature (n-BuLi = 1.6 x
10-2 mol.L-1, solvent = 87 % by weight). The thermal stability of polystyryllithium
as well as the chain transfer to ethylbenzene were estimated (Figure 1). The UV
titration data indicated that the decrease in polymer lithium concentration is slightly
enhanced when changing from pure decaline to pure ethylbenzene. These results may
suggest that the degradation reactions are in fact the predominant ones in
ethylbenzene compared to chain transfer. Indeed the occurrence of transfer was
confirmed by Sigwalt and co. in the case of the anionic polymerization of styrene in
toluene (10). In a second set of experiments, the polystyryllithium was prepared
using n-butyllithium as a catalyst. Polymerization of the styrene was initiated at
room temperature and maintained at that temperature through out the polymerization.
After polymerization was complete, the concentration of the living polymer in
ethylbenzene was about 67 % (by weight) and the temperature of the reactor was
increased to 80°C desired for thermolysis. The 340 nm peak characteristic of the
polystyryllithium end - groups, gradually disappears and a new peak appears in the
region of 440 nm together with some tails of absorption between 500 and 600 nm.
Indeed polystyryllithium solution changed from yellow to dark red upon heating.
The thermolysis of polystyryllithium can involve an elimination reaction with the
formation of unsaturation in the polymer chain and lithium hydride.

vW\» CH, - CH Lit — v\ CH=CH+LiH—l

>

As shown by Spach et al (11) the new polymer formed, with the C=C end-group,
possess a relatively acidic hydrogen which may be transfered to the carbanion of the
non-isomerized polymer.

W~ CH- CH=CH + vV CH,-CH Li* —
+

Li
v\ C- CH=CH + v\ CH, - CH,

>

But this reaction is responsible for the absorption at 535 nm, which does not appear
clearly on our spectra (Figure 2). It is also impossible in our experimental conditions
to detect a new absorption related to the formation of a metalated ethylbenzene,
which probably proceeds more or less at high temperature, and is able to initiate
styrene and/or butadiene polymerization. The kinetic analysis (Figure 3) of the
titration data measured by UV spectrophotometry shows a slower rate of decrease in
polymer-lithium concentration as the concentration of polystyrene increases. If we
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Figure 1. Decrease in polymer-lithium concentration followed at 340 nm as a
function of heating time at 100°C for polystyryllithium. (Concentration of living
species 1.6 x 10-2mol.L-1.

Concentration of polymer = 13 % in weight). : pure decalin ; : decalin + 10 % (vol)
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Figure 2. Variation of the UV-visible spectrum of polystyryllithium (67 % in weight
of polystyrene in ethylbenzene) at 80°C versus time. (1) End of the polymerization at
room temperature.

(2) After 1.5h of heating time. (3) After 2h of heating time.

(4) After 3.5h of heating time. (Concentration of living species 1.1 x 102 mol.L-1).
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assume that the decrease in polymer-lithium concentration as a function of heating
time is mostly due to a complex mechanism involving elimination and metalation
reactions, we can suppose that the slower rate mentioned previously can be attributed
to an increase of the viscosity of the solution. Moreover, the occurrence of the chain
transfer to ethylbenzene decreasing with increasing polystyrene concentration, can
also contribute to the observed data.

Polybutadienyllithium. Initially, polybutadienyllithium solutions were colorless to
light yellow, but upon heating the color changed through dark yellow to dark amber.
The dark color of heated polymer solutions was destroyed by complete termination
(4). Ultraviolet spectrophotometric analysis of polybutadienyllithium solution in
ethylbenzene at 100°C showed a peak at about 300 nm which gradually disappears
together with some tails of absorption appearing between 350 and 500 nm (Figure4 ).
The titration data in figures 5 and 6 show the carbon-bound lithium concentration of
polybutadienyllithium and poly(styryl-b-butadienyl)lithium solutions as a function of
heating time at 80°C and 100°C and for several concentrations of polymer in
ethylbenzene. Antkowiak and Nentwig (12) and Sinn (5) have studied the
thermolytically induced reactions for poly(butadienyl-) and (isoprenyllithium) in
hydrocarbon solvents. Their combined findings are shown in the
following equations :

CH

2 VWV CH, - CH = CH - CH,Li —> ™\~ CH, - CH ** " CHLI
Li

* v\ CH, - CH=CH - CH;4

J\N‘CHZ-CH=CH-CH2LiTNv~ CH=CH- CH=CH, + LiH

These results show that the elimination of lithium hydride can occur and that
dilithiated chain ends can be formed. The formation of such species may account for
the dark red to brown coloration these solutions develop upon heating with no
monomer present. As for polystyryllithium, we observe a slower rate of decrease in
carbon-bound lithium concentration as the concentration of polybutadiene or
poly(styrene-b-butadiene) increases. In order to explain such a behaviour, the same
conclusions can be drawn as before. The kinetic data for polystyryllithium and
polybutadienyllithium can be compared. In the same conditions of concentrations of
living species, polymer and of temperature and time, polybutadienyllithium is three
times more stable than polystyryllithium. The degrees of association of
polystyryllithium and polybutadienyllithium in aromatic solvents have been
proposed to be dimeric and tetrameric (13). It is interesting to note that the observed
thermal stabilities are consistent with these suggested degrees of association. We
believe also that, even if we cannot conclude definitively for the time being, the
chain transfer to ethylbenzene is less effective for polybutadienyllithium, compared
to polystyryllithium.

Polymer and copolymer synthesis.

Finally, we examine the important practical case in which pure ethylbenzene is used
as solvent as well as high concentration of monomers for the polymerization of
styrene at 70°C followed by a block copolymerization with butadiene at 90°C with
lithium as counterion. The importance of transfer and thermolytic reactions of
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Figure 3. Decrease in polymer-lithium concentration followed at 340 nm as a
function of heating time at 80°C for 30 %, 50 % and 67 % by weight of polystyrene

in ethylbenzene. (Concentration of living species 1.1 x 10-2 mol.L-1).
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Figure 4. Variation of the UV-visible spectrum of polybutadienyllithium (20 % by
weight of polybutadiene in ethylbenzene) at 100°C versus time. (1) End of the
polymerization at room temperature. (2) After 1.5h of heating time. (3) After 2.5h of

heating time. (Concentration of living species : 1.6 x 10-2 mol.L-1).
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Figure S. Decrease in polymer-lithium concentration followed at 300 nm as a

function of heating time at 100°C for 20 % and 70 % by weight of polybutadiene in
ethylbenzene. (Concentration of living species : 1.6 x 10-2 mol.L-1).
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Figure 6. Decrease in polymer-lithium concentration followed at 300 nm as a
function of heating time at 80°C for 30 % and 60 % in weight and at 100°C for 60 %
by weight of poly(styryl-b-butadiene) in ethylbenzene. (Concentration of living

species : 1.2 x 102 mol.L-1),
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polystyryllithium and polybutadienyllithium was deduced from the experimental
molecular weight and the molecular-weight distribution observed. In a first
experiment we synthesized a polystyryllithium in pure ethylbenzene at 70°C
(initiator : n-BuLi, styrene = 60 % by weight, time of polymerization : two hours).
The resulting mixture was then devided into two parts, the first for molecular-weight
characterization, the second for adding 16 % by weight of butadiene at 90°C for one
hour. GPC analysis of the first sample shows that the polymer had a unimodal
molecular-weight distribution (Figure 7a) with Mp1heor. = 38,000 ; Mp1exp. = 40,000
; and I = 1.2. The sample obtained after the addition of butadiene shows always a
unimodal molecular-weight distribution (Figure 7b) with Mp2theor. = 52,400 ;
Mn2exp. = 55,000 ; and I = 1.2

The increase for the experimental molecular weights compared to the theoretical
ones are partly in accordance with the decrease in polymer-lithium concentrations for
polystyryllithium (about 15 % at 67 % by weight of polystyrene at 80°C) and for
polybutadienyllithium (about 7 % at 70 % by weight of polybutadiene at 100°C).
The fairly low polydispersity index of the polymers obtained and the absence of a
second GPC signal are indicative respectively of a low decrease of carbon-lithium
concentration and apparently nearly no transfer to ethylbenzene. Indeed, if the
polymerization is realized during a relatively short time, the extent of transfer is
small because the transfer constant is lower than the propagation constant (14, 15).
Moreover, the solvent concentration being low, the occurence of transfer can be
neglected.

Synthesis of star-branched oligomers by reaction of oligobutadienyllithium with
diesters and epoxidized soyabean oil.

Anionic polymerization can produce branches with low molecular weight and narrow
molecular weight distributions (16-21). Post polymerization linking involving the
still active chain ends can then be done to produce branched oligomers with a
predetermined number of arms. These species are then excellent model compounds
for testing high molecular weight branches. Here we chose the reaction of
oligobutadienyllithium with mono, diester and epoxidized soybean oil (22-24).

Oligobutadienyllithium. In a first experiment, we synthesized in pure toluene (20
ml) a very low molecular-weight oligobutadienyllithium with polymerization made
at room temperature (n-BuLi = 0.028 mol. ; butadiene = 0.14 mol.) followed by a
deactivation with methanol. The following equations can be written :

CH3'€ CH?_)'_;' Li + X CHZ =CH-CH= CH2 —_—

CHj + CHyy—¢ CHZ-(IZH-)&_—y;( CH, - CH = CH - CH, ¥z:;,CH, - CH = CH - CHPLi ©

T CH;0H

CH,

CH; + CHyyy— CHyCHosyt CH, - CH = CH - CHy ey CH, - CH = CH - CHy)

CH
I +CH;00Li ©
CH,

From the IH NMR spectrum (Figure 8), the ratio of the vinyl group to the aliphatic
methyl groups indicated a (DPp)exp. close to the theoretical one and a percentage of
1,4 addition equal to 69 % (table I). GPC analysis (Figure 9) shows that the polymer
had a unimodal molecular weight distribution and a number average molecular
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Figure 7. Molecular-weight distribution of polystyrene (a) and poly(styrene-b-
butadiene) (b) synthesized in ethylbenzene at high temperature.

6.0 5.0 40 3.0 20 1.0 ppm
Figure 8. IH NMR Spectrum in CDCI3 of oligobutadienyllithium.
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weight equal to 652 (calibration curve being made with polystyrene) which has to be
divided by 1.96 in order to fit the real molecular weight obtained by NMR.

Table 1. Characterization by 1H NMR and GPC of an oligobutadienyllithium
deactivated by MeOH.

TH NMR GPC (polystyréne calibration)
DPy, (theor.) 5
DPn (exp.) 5.1
Mn (exp.) 332 652
Mw (exp.) 780
I 1.2

Coupling with a monoester : ethylacetate (EA). The former living
oligobutadienyllithium was added at room temperature to EA in a molar ratio 2/1 and
stirred for 48 hours. The TH NMR spectrum of the coupled oligomer showed the
absence of the -OCH2CH3 group at 4.01 ppm indicative of the complete leaving of
the alkoxide group (Figure 10). Moreover, GPC analysis (Figure 9) shows that the
oligomer has a Mp(corrected) = 669 and a Mw(corrected) = 723, leading to a degree
of coupling equal to 2. In these conditions, the normal product from the reaction of
an oligobutadienyllithium compound with an ester remains a tertiary alcohol
according to the following equations (BD = 1,4 or 1,2 addition of butadiene :

I
CH;-C-OCH,CH; + CHj €CH, )yBD )-BDO Li®

0 l

i
CH;-C <BD¥—CH,3-CH; + CH;CH,00Li®

t CH; €CH, }vBD )-BDO Li®

PLi® OH
I CH,0H I
CH; ? +BD— CH, 33 CH, CH3-? 4 BD3s— CH, 33 CH;
(BD) (BD)
| | > +CH,00Li®
((|3H2)3 ($H2)3
CH, CH,

Coupling with a diester :

Dimethyladipate (DMA). Several molar ratios "R" : 4/1, 3/1 and 2/1 of
oligobutadienyllithium over DMA were tested. The mixture was stirred for 48 hours
at room temperature. In all cases, the 1H NMR spectrum showed the absence of the-
OCH3 at 3.6 ppm and allows to estimate the degree of coupling. Therefore, the
product resulting from a molar ratio 2/1, having a degree of coupling equal to 2,
remains a diketone :
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Figure 9. GPC Curves of the precursor oligomer (a) (before coupling) and of
products from coupling with ethyl acetate (b), dimethylphthalate (c) and epoxidized

soybean oil (d).

|V

2.0 1.0 ppm

6.0 5.0 L0 3.0
Figure 10. !H NMR Spectrum in CDCI3 of oligobutadienyllithium coupled with
ethyl acetate.
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(0] (0]
1] Il
CH, ~ CH, 3~ BD)5 C « CH, 3 C~+ BD3s5~ CH, ¥3 CHs

For R = 3 and 4, the corresponding degrees of coupling are respectively 2.2 and 2.4.
It seems that some steric hindrance decreases the rate of addition onto the carbonyl

group.

Diethyladipate (DEA). A similar result is obtained for R = 4, and for which the
degree of coupling estimated by IH NMR equals 2.7, close to the one determined by
GPC, 2.78.

Dimethylphthalate (DMP). For R = 3, the degree of coupling was estimated by
1H NMR and GPC (Figure 3). In both cases the value obtained was close to 2.5.

Coupling with an epoxidized soyabean oil (ESO). The ESO used in our coupling
reaction has a molecular weight of about 930 and a number of epoxy groups per
mole equal to 4.3. In Figure 11 we reported the 1H NMR of ESO with all the
assignments. The living oligobutadienyllithium was added to ESO in several molar
ratio "R" : 4.3/1,6/1,8/1 and 10/1.

Table II shows the efficiency of the coupling reaction determined by 'H NMR and
GPC as R increases.

Table II. Characterization by 1H NMR and GPC of an oligobutadienyllithium
reacted with ESO.

Theoretical degree  Degree of coupling  Degree of coupling

R of coupling estimated by estimated by GPC
1H NMR
43 1.43 1.9 1.6 (Fig. 9)
6 2 23 2.1
8 2.67 1.8 2.1
10 33 2.25 2.5

When R increases from 4.3 to 10, the efficiency of the coupling reaction increases
too from 1.6 to 2.5 estimated by GPC. There is also a fairly good fit between these
results, those determined by !H NMR, and theoreticall. We also have to point out
that whatever the value of R, we note the absence in the 1H NMR spectrum of the -

|
O - CH? - group at around 4.3 ppm. This may also be true for the - O-CH group at
5.4 ppm well hidden by the oligobutadiene. Moreover, in all cases, we noted the
O
7\
presence at around 3.1 of some unreacted epoxy group - CH - CH -, According to

these observations, we can conclude that in the presence of oligobutadienyllithium,
the rate of cleavage of the ester group is faster than the addition to the epoxy group
(0]

1l
by ring opening. For R = 6 we observed the absence of the ~ CH,-C-0O- group at
2.4 ppm. At these conditions, the normal product from the reaction of the
oligobutadienyllithium with ESO remains a tertiary alcohol with an almost unreacted
epoxy group, according to the following equations (BD = 1,4 or 1,2 addition of
butadiene) :
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6 CH,; ¢CH,}BD)};-BDOLi®

+
9 /N
CH,- O- C- CH~ CHyyreyy( CH - CHOr3{ CHpY); CH;
’ Q /N
CH-O- C-CHs« CHppy( CH - CHy3{ CHp); CHs

7
CH,-0- C- CHy~ CHy¥ery(CH - CHr( CHpy CH

=OO

6 CH;0H
. /
3 CHy ~ CH 93~ BD35 C - CHy~{ CHyeyt CH - CHora CHy 35 CHg
(1|3D)5
(?Hz)s
CH, + CHy - CH- ?H2
|
OH OH OH
+ 6 CH,00Li @

According to the result observed for R = 6, we can assume a sjgnilar pehaviour fo; R
= 4.3, and suppose the presence of a mixture of a monoaddition with a remaining
ketone :

/N
CH; < CH, 33— BD35 |(|3 - CH,~ CHzémy( CH - CHz3€ CH2-)3,- CH,3

and a biaddition as described before. For R = 10, the degree of coupling estimated by
GPC is approaching 3. We also were able by 1H NMR (Figure 12) to estimate 41 %
(mol.) of residual epoxide group. In these conditions, we are now in the presence of a
mixture of a biaddition as before and a triaddition due to the ring opening reaction of
the epoxide group :

OH OH
i I
CH; 4 CHy 37 BD 35 ? - CH,~ CHyyery—CH - CH + CH,3; CH,
(1|3D)5 (1I3D)5
((I:H2)3 ((|3H2)3
CH3 CH3
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6.0 5.0 4.0 3.0 20 1.0 ppm

Figure 11. 'H NMR Spectrum in CDCl3 of epoxidized soybean oil.

]

6 A 2 0 ppm
Figure 12. !H NMR Spectrum in CDCI3 of an oligobutadienyllithium coupled with
epoxidized soybean oil (R = 10).
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Star-branched polymer synthesis.

Basic studies on the stability of polystyryllithium and polybutadienyllithium species
have been of great interest to further synthesis of well defined styrene-butadiene
copolymers. Subsequent works on the coupling of living poly(styrene-b-
butadienyl)lithium with diesters have led to the control of star shaped structures. The
molecular characteristics of the last polymers called CLIPS (Clear Impact Poly
Styrene) have been checked with regard to their synthesis. Asymmetrical star-shaped
copolymers have been developped in a high temperature, high solid content process,
according to the following scheme :

First step (temperature 70°C in ethylbenzene 300 g). A first population of
polystyryllithium PS(I) is obtained by polymerizing a first charge of styrene (B1 =
337 g) with a molar amount (o] = 0.0042 mole) of n-butyllithium.

Second step (temperature = 70°C). In the same medium (the first population
remaining living) a second population PS(II) obtained by polymerizing a second

charge of styrene (B2 = 174 g) with a molar amount (a2 = 0.0127 mole) of n-
butyllithium :

Bs B B>
first step. o | | o | I 1
PS (I —
D 2nd step. I |
PS (II) |

0.1 - is the molar fraction of n-butyllithium needed to initiate the first population, o]
is also the average number of "long chains" in the sample.

B1 - is the weight fraction of styrene used in the first charge, the number average
molecular weight Mn (PS(1)) of the first population being the ratio B1 (gram)/a1
(mole).

0.2 - is the molar fraction of n-butyllithium needed to initiate the second population,
a2 is also the average number of "short chains" in the sample.

B2 - is the weight fraction of styrene used in the second charge.

Third step (temperature = 90°C, final solid content = 70 % by weight).
Butadiene (189 g, 27 % by weight) was then added to the resulting mixture from step
2 in order to obtain the block copolymer :

copolymer : |—————— e
Fourth step (temperature = 90°C). Finaly the resulting block copolymers from step

3, have been linked with a diester (didecyladipate DDA) in a molar ratio R = 3/1 of
living chains over DDA.
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GPC analysis of the samples taken at different steps are reported in table III and
(Figure 13).

Table III. Characterization by GPC of the synthesis of a star-branched
polymer.

Theoretical Experimental

frsisep TS0 T
I - 1.2

Bipop. PS Mn 30,000 28,000

2nd gep M}v 78,2()%0

Mn (long PS) 90,000 93,000

Mn (Short PS) 10,000 11,000

Bipop. SB Mn 41,000 45,000

3rd ste Mw 81,000

p
1.8
1

linked SB Mn 92,000 87,000

4th step Mw 166,000
I 1.9

S/B 73/27 73.8/26.2

A good concordance is observed between the theoretical and the experimental
values.
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Figure 13. Characterization by GPC of the synthesis of a star-branched polymer.
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Chapter 12

Asymmetric Star Block Copolymers: Anionic Synthesis,

Characterization, and Pressure-Sensitive Adhesive
Performance

J.-J. Ma, M. K. Nestegard, B. D Majumdar, and M. M. Sheridan

3M Adhesive Technologies Center, 3M Center Building 201-4N-01,
St. Paul, MN 55144-1000

Asymmetric star block copolymers were prepared using conventional
anionic polymerization methodology. The asymmetric star block
copolymer contains at least two kinds of arms with varied molecular
weight polystyrene (S) endblocks, typically, high molecular weight S
endblocks and low molecular S endblocks. When formulated into
pressure sensitive adhesives with selected tackifiers, the high
molecular weight S blocks provide a necessary physical crosslinking
network while the lower molecular weight S blocks provide the
system with good deformability and improved lifting resistance.

Poly(styrene-b-diene-b-styrene) block copolymers have been widely used in
fabrication of pressure sensitivie adhesives because of their unique thermoplastic
elastomer features (/). The conventional block copolymers known as Kraton
polymers of poly(styrene-b-isoprene-b-styrene) (SIS) poly(styrene-b-butadiene-b-
styrene) (SBS) and their hydrogenated versions, however, do not always provide
satisfactory performance in removable tape applications where the balanced
adhesion and resistance to lifting from the substrate are critical. In this paper, we
describe synthesis and characterization of a new kind of asymmetric star block
copolymers prepared by sequential addition of styrene monomer and sec-
butyllithium initiator. The asymmetric star block copolymer contains at least two
kinds of arms with varied molecular weight polystyrene (S) endblocks, typically,
high molecular weight endblocks of Sy;,, =10,000 to 30,000 Dalton and low
molecular endblocks of S, =3,000 to 8,000 Dalton (2). When formulated into a
pressure sensitive adhesive with the selected tackifiers, the high molecular weight S
endblocks provide necessary physical crosslinking networks while the lower
molecular weight S endblocks provide the system with good deformability and
improved lifting resistance. The synthesis, morphology and adhesive performance
of the asymmetric star block copolymer will be discussed in this paper.
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EXPERIMENTAL

Solvent, initiator, monomer and coupling agent. Cyclohexane, styrene, isoprene
and divinylbenzene were purified according to the procedure described by Morton
and Fetters (3). sec-Butyl lithium of 12 wt % in cyclohexane was purchased from
FMC Corporation Lithium Division and used without further purification.

Polymerization. Polymerization was conducted in a single neck round bottom flask
equipped with a Rotoflo™ stopcock and a magnetic stirring bar under argon
atmosphere. The mixed molecular weight polystyrene (S) end blocks were made by
the sequential addition of styrene and sec-butyl lithium initiator. The living
polystyrene anion solution was then added into a flask pre-filled with cyclohexane
and isoprene and kept at 55 °C for one to two hours. The living poly(styrene-b-
isoprene) (SI) anions were then linked into a star architecture by using
divinylbenzene as a coupling agent (4). The number average molecular weight (M,)
of S endblocks, arms and star block copolymers was determined by a Hewlett-
Packard Model 1082B size exclusion chromatograph (SEC) using polystyrene
standards.

RESULTS AND DISCUSSION

Synthesis. The synthesis route of the asymmetric star block copolymer is shown in
Scheme I. The mixed molecular weight polystyrene endblocks, S, and S,,,, , were
prepared by sequential addition of styrene (St) monomer and sec-butyllithium (sec-
BulLi) initiator. The living S endblocks were then allowed to polymerize isoprene
(I) to form two kinds of diblocks, I-Sy;,, and I-S,,,, . The final star contains a

Scheme I

1st charge (St + sec-BuLi) — S,-Li +

2nd charge (St+ sec-BuLi)— Sy -Li +8,-Li
Isoprene 1
Spign-I-Li + Sy, -I-Li

- DVB l
——— Shlgh
I [Shigh'I]n'X’[I' Slow]m

statistical combination of two kinds of arms after coupling reaction using
divinylbenzene (DVB) (4). The size exclusion chromatography (SEC) curve of the
mixed molecular weight S endblocks showed a bimodal molecular weight
distribution with peak areas proportional to the ratio of S, /S,,, (Figure 1). The
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coupling reaction with DVB typically gave 85-95% coupling efficiency as shown in
Figure 1. The SEC results of the asymmetric stars with varied molecular structures
are listed in Table .

Table I. Star block copolymers with mixed molecular weight S endblocks.

Sample Mn (10° Dalton)* Coupling®  Tg(°C)*
No. Shigh Siow (Shign/Siow) Arm  Star (%) I Block
A 26 4 0.2/0.8 173 1,270 90 -62
B 15 3  04/0.6 135 1,136 99 -64
C 9 2 0.6/04 96 775 97 -64
D 4 175 1,166 84 -64
E 13 140 1,109 92 -64

? Measured by SEC using polystyrene standards. ® Calculated from SEC profile.
9 Measured by DSC.

10E7 10E6 10ES 10E4 10E3
Moleculer Weight (Dalton)

Figure 1. SEC profiles of mixed molecular weight S endblocks (top) and
an asymmetric star (bottom, Table I, Sample B).
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Morphology and Rheology. It is well known that regular SIS triblock copolymers
and (SI), star block copolymers have phase separated morphology. The shape of
polystyrene domains may be sphere, rod or lamella depending on polystyrene block
percentage (St %) (5). Transmission Electron Microscopy (TEM) pictures of the
asymmetric star (Table I, Sample B) showed sphere-shaped polystyrene domains
evenly distributed in rubber matrix (Figure 2). This is not surprising since the
asymmetric star block copolymers listed in Table I have relatively low St %, about
6-10%. The polystyrene domains of the asymmetric have a comparable size to the
regular (SI), star (Table I, Sample E). This seems to indicate that the endblock
domain size of the asymmetric star mainly depends on the high molecular weight
endblocks, S, ; both Sy, and S, blocks stay in the same domain.

Figure 2. TEM pictures of an asymmetric star block copolymer (Left,
Table I, Sample B) in comparison to a regular star block copolymer
(Right, Table I, Sample E).

The asymmetric star block copolymer showed sloped plateau on Log G’ vs.
Temperature plot (Figure 3, Sample A and B). The star with S,,,,=26,000 dalton
showed no obvious drop off point (Figure 3, Sample A) within the temperature
range tested. Apparently, the rheological behavior of the asymmetric star block
copolymer is different from that of the regular star, which generally shows a flat
plateau region with a clearly defined drop off point (Figure 3, Sample E). The Log
G” vs. Temperature plot of the asymmetric star block copolymer showed an
obvious damping peak in the temperature range of 20-70 °C (Figure 3, Sample A
and B). The additional energy dissipation peak might be associated with relaxation
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of the low molecular weight endblocks, S,,,, , from the physically crosslinked
network. It has clearly been shown that the rheological behavior of the asymmetric
star block copolymer can be manipulated by the molecular structure parameters of
this kind of star polymer.

| —o—Sample E|
| —a— Sample A |

Log G'(Pa)
N

4 1 - \ : :
100 -50 0 50 100 150 200

Temperature ( °C)

75 L | —o—Sample E |
7 1 | = Sample A
—— Sample B |

Log G" (Pa)
WK
wn

3.5 . ‘ : t :
2100 =500 50 100 150 200

Temperature (°C )

Figure 3. Log G’ and Log G’* vs. Temperature plots (0.3 HZ ) of
asymmetric star block copolymers (Table I, Samples A and B) in
comparison to a regular star block copolymer (Table I, Sample E).
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Mechanical Properties. Table II shows the tensile behavior of an asymmetric star
block copolymer (Table I, Sample A), a regular star with S endblock molecular
weight of 13,000 Dalton (Table I, Sample E), and a commercial star block
copolymer (Kraton D1320, Shell Chemical Company). The asymmetric star
sample showed greatly reduced tensile strength and increased elongation at break as
compared to the regular and commercial star block copolymers. The asymmetric
star block copolymer also showed reduced tensile modulus. These results indicate
that the introduction of low molecular weight S endblocks provides the asymmetric
star with better deformability under stress compared to the conventional block
polymers.

Table II. Tensile properties of star block copolymers with different molecular
structures®

Molecular Modulus Stress Max  Strain Max
Structure (MPa) (MPa)

Regular Star (Sample E)° 0.74 8.71 12.2
Kraton D1320(Shell Star)® 0.58 7.64 13.2
Asym. Star (Sample A)® 0.47 3.97 20.3

* Tensile properties were tested on an Instron with crosshead speed at 90 in/min.
® See Table I for molecular structure of the star block copolymer. © Commercial
sample from Shell Chemical Company.

Tape Performance. One of the objectives of developing the asymmetric star block
copolymer is to provide a base polymer which can be formulated into pressure
sensitive adhesives suitable for a variety of tapes including removable tapes. This
objective has been difficult to achieve by using regular triblock or star block
copolymers. Conventional block copolymers usually lack sufficient resistance to
low stress peel when formulated into a range of adhesion desirable for removable
tapes. The adhesive performance of asymmetric star block copolymers (Table III,
Sample A, B, and C) is listed in comparison to the regular stars with S endblocks of
4,000 Dalton (Table III, Sample D) and 13,000 Dalton (Table III, Sample E)
respectively.

The adhesive made from an uncrosslinked block copolymer having only low
molecular weight S endblocks showed insufficient resistance to low stress peel (3.2
minutes) and failed in the cohesive mode, leaving adhesive residue on the substrate
upon separation (Table III, Row 4,). The tape comprised of an uncrosslinked block
copolymer having only high molecular weight styrene endblocks also showed
insufficient resistance to low stress peel (18 minutes, Table III, Row 5,). When
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crosslinked, Sample D showed improved resistance to low stress peel but still failed
cohesively, and Sample E had unsatisfactory resistance to low stress peel.

Tapes made from the asymmetric star (Samples A, B, and C) showed good
resistance to low stress peel; they resist lifting under light loads. They maintained
moderate adhesion, thereby being easy to remove. They were removed cleanly from
the substrate without leaving adhesive residue (Table III, Rows 1-3 and 6-9). In
addition, crosslinking the adhesive further improved its cohesive strength, and
temperature and solvent resistance. This adhesive performance is very useful for
making removable tapes such as masking tapes, packaging tapes and labels.

Table IlII. Adhesive formulation and performance.?

Polymer  Dose Adhesion LSP°
(Mrads) (0z/in) (N/m) (min) Fail Mode
A 0 44.8 490 193 ADH
B 0 54.4 595 399 ADH
C 0 54.4 595 546 ADH
D 0 43.2 472 3 COH
E 0 448 490 18 ADH
A 5 25.6 280 4000 ADH
B 5 35.2 385 6000 ADH
C 5 30.4 332 5000 ADH
D 5 70.4 770 10000 COH
E 5 28.8 315 10 ADH

2 All samples were formulated with 40 phr tackifier and 30 phr plasticizer.
® LSP: low stress peel was measured on 4x0.75 in® against stainless steel under 200
gram load at 90 degree. ADH indicates adhesive failure and COH cohesive failure.

CONCLUSION

We demonstrated in this paper that an asymmetric star block copolymer having both
low and high molecular weight polystyrene endblocks can be made using anionic
polymerization method by sequential addition of styrene monomer and butyllithium
initiator. Mechanical and rheological behaviors of asymmetric star block
copolymers depend on the molecular structure. The properties of the asymmetric
star block copolymer can be adjusted by simply tuning the molecular parameters,
such as the molecular weight of S, and S, and the ratio of S,;,/S,,. The presence
of both high and low molecular weight S endblocks on the same molecule is
essential to provide adhesives with desired removable adhesion and good resistance
to lifting with or without crosslinking.
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Chapter 13

Preparation of Branchef Polystyrenes with Known
Architecture

J. L. Hahnfeld, W. C. Pike, D. E. Kirkpatrick, and T. G. Bee

STYRONG® Resins Research and Development, The Dow Chemical Company, 438
Building, Midland, MI 48667

Three-arm and randomly branched polystyrene samples with well
characterized architecture have been prepared for comparison with
linear polymers. In order to investigate the influence of polymer
architecture on the properties of atactic polystyrene, we have prepared
branched polystyrene samples using anionic synthesis. Randomly
branched polystyrenes were synthesized by preparing polystyryl
dianions of specified molecular weight and coupling these dianion
macromers using o,0,0’-trihalomesitylene and o,0’-dihaloxylene.
Equations to accurately calculate the branch density and molecular
weight were developed. By controlling the ratio of dianion to di- and
tri-functional coupling agent, the branch density and molecular weight
of the polystyrene could be predicted and controlled. Polystyrene
samples with branch densities of zero to 0.75 branches per 500
monomer units were prepared.

Atactic general purpose polystyrene is a multi-million ton per year polymer which
was commercialized more than 55 years ago. The commercial success of polystyrene
is largely due to transparency, lack of color, ease of fabrication, thermal stability, low
specific gravity, relatively high modulus, excellent electrical properties, and in
particular, its low cost. Today, commercial polystyrene is virtually all produced via
free-radical polymerization.(/) General purpose polystyrene is a relatively pure and
simple product. The primary variables which differentiate products are molecular
weight , molecular weight distribution, and additives. Due to the polymerization
chemistry, commercial polystyrene’s architecture is essentially linear.

The purpose of this study was to determine the effect of polymer architecture on the

properties and processability of polystyrene. In particular, this paper will describe
the preparation of polystyrene samples with well characterized architecture. It is
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particularly important to be able to control and predict the architecture of these
model polymers in order to accurately assess the effects of molecular architecture. It
should be noted that as a commercial supplier of polystyrene, we are most interested
in the effect of polymer architecture on polymer properties. We are interested
whether changing the architecture of the polymer will fundamentally change
rheology of the polymer such that processing advantages can be obtained. There are
numerous studies which have shown that polymer architecture can significantly
affect the relationship between molecular weight and viscosity. We consider this
effect to be relatively unimportant for this study and are interested in the effects of
polymer architecture on rheology irrespective of molecular weight. Due to these
priorities, we are most interested in investigating the effects of random branching in
polystyrene.

Synthetic Approach

There are many examples of the preparation of star branched polystyrene.(2,3) The
number of branches in these polymers can be varied almost infinitely. Comb
polymers are also well known in the literature.(3,4) By comparison, there are
relatively few examples of the preparation of well characterized, randomly branched
polymers.(5) We will describe the preparation of randomly branched polystyrenes in
which the number of branches and the molecular weight can be controlled and
predicted. Our study of the effects of branching also included the preparation of
polymers containing a single branch point (symmetrical three-arm stars). Three-arm
stars are, in fact, the most simple branched polymer structure and result in arms with
the highest available molecular weight for entanglements. Similar synthetic
approaches were used for the preparation of the three-arm stars and the randomly
branched samples. Figure 1 shows the general scheme for the preparation of these
branched polymers. Both of the synthetic schemes rely on the coupling of polystyryl
anions with tri-halo mesitylene to form branch sites. In the case of 3-arm stars we
used polystyryl mono-anions and in the case of the randomly branched polymers we
coupled polystyryl dianions. «, o’-Dihaloxylenes are also used to extend chains in
the syntheses of randomly branched polymers.

Sodium naphthalene was chosen as the difunctional initiator for the preparation of
polystyryl dianion. Thus, in the randomly branched samples, the counterion was
sodium. A number of initiator systems exist which form similar dianions, many with
lithium counterions. Sodium naphthalene was chosen for its high yield of dianion,
convenience, and reproducibility.

Model Reactions The reaction conditions were chosen to optimize the coupling
efficiency of the polystyryl anions. Figure 2 shows the possible reaction paths when
coupling is attempted.(6) Reaction path (a) is the desired nucleophilic substitution.
The side reactions shown in paths (b) and (c) are proton abstraction and electron
transfer to radical respectively. Proton abstraction, path (b), leads to chain transfer
resulting in uncoupled polymer. Electron transfer, path(c), leads to radical coupling
which is uncontrolled. Experiments were designed to help determine the conditions
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Figure 1. General reaction scheme for the preparation of three-arm and

randomly branched polystyrenes.
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Figure 2. Reactions of alkyl metals with benzyl halides.
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leading to exclusive nucleophilic substitution. Polystyryl dianions were reacted with
benzyl halide and dihaloxylene in separate reactions. Figure 3 shows that, if
nucleophilic substitution is taking place, the reaction with benzyl halide results in
polystyrene with no molecular weight change but reaction with dihaloxylene results
in a large increase in molecular weight. The results of proton abstraction are shown
in Figure 4. In this case, the reaction with benzyl halide as well as the reaction with
dihaloxylene will result in polymer showing no change in molecular weight. Finally,
Figure 5 shows that electron transfer with radical coupling will result in an increase
in molecular weight in reactions with benzyl halide as well as dihaloxylene. The
amount of proton abstraction is expected to increase in the coupling agent order of
®-CH,I < ®-CH;Br < ®CH,Cl < ®-CH,F and as the counterion ranges from lithium
to potassium. However, the amount of electron transfer is expected to follow the
inverse order in both halide and counterion. Also, additives which complex the
counterion and low termperatures suppress both of these side reactions.

Reactions in model systems were carried out in order to optimize the amount
of nucleophilic substitution. Figure 6 illustrates the reactions of polystyryl dianion
with benzyl chloride and benzyl bromide in benzene. Nucleophilic substitution
should result in virtually no increase in molecular weight when the dianion is capped
with the benzyl halides. The GPC curves in Figure 6 indicate that in the reaction
with benzyl bromide significant molecular weight increase is seen, indicating
electron transfer and radical recombination is taking place. This pathway is
suppressed in the reaction with benzyl chloride. The relatively small amount of
molecular weight increase indicates that nucleophilic substitution or proton
abstraction predominate. Figure 7 shows the results of the reaction of polystyryl
dianion with dihalozylenes in benzene. With nucleophilic substitution we would
expect a large increase in molecular weight. The GPC molecular weight results in
Figure 7 show that reaction of the dianion with both a,o’-dibromo-p-xylene and
o, 0’ -dichloro-p-xylene result in significant polymer remaining which shows no
molecular weight increase. The large amount of polymer showing no molecular
weight increase indicates relatively low coupling efficiencies, indicating proton
abstraction is interfering.

The poor coupling efficiencies can be improved by changing the solvent to a
1:1 mixture of benzene/THF and using the chloride coupling agents. Figure 8 shows
the reaction of polystyryl dianion with o, 0’ -dichloro-p-xylene and benzyl chloride in
benzene/THF. The reaction with o,0’-dichloro-p-xylene results in a very nice
molecular weight increase with very little of the original molecular weight material
remaining. This indicates that proton abstraction has been efficiently suppressed.
The reaction with benzyl chloride results in almost all of the polymer not changing
molecular weight. There is a very small peak at twice the original molecular weight
which could result from a small amount of radical transfer or contamination with a
small amount of oxygen which also results in coupling. Evaluation of these reactions
indicate that the coupling efficiency of this system is 95%.

Preparation of branched polymers using this strategy requires the reaction of three
macromers at the same branch point. To determine if steric hindrance significantly
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Figure 3. Products expected from nucleophilic substitution in the
reaction of polystyryl dianion with benzy! halide and dihaloxylene.
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Figure 4. Products expected from proton abstraction in the reaction of
polystyryl dianion with benzyl halide and dihaloxylene.
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Figure 5. Products expected from electron transfer and radical coupling
in the reaction of polystyryl dianion with benzyl halide and dihaloxylene.
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lowers the coupling efficiency at these branch points, mono-functional polystyryl
lithium can be reacted with o,0’,0-trichloromesitylene to form three-arm star
polymers. Figure 9 shows the synthetic route and the GPC molecular weight data for
the preparation of three-arm star polystyrene. In this synthesis the polystyryl anion is
generated using n-butyl lithium in benzene/THF. Bryce and coworkers have
performed this experiment and determined the coupling efficiency, p, to be 92%.(7)
We obtained similar results in our laboratory.

Synthesis and Purification of Three-Arm Polystyrene In the synthesis of three-
arm polymers, the molecular weight is most accurately determined by removing a
small amount of the reaction solution for molecular weight analysis after the
generation of the polystyryl anion. The coupling reaction is then carried out by
adding the a0, -trichloromesitylene to the anion solution. The best results are
obtained when the coupling agent is the limiting reagent. In this case the three-arm
star contains a small amount of uncoupled material. If the polystyryl anion is the
limiting reagent the final product contains three-arm, two-arm, and uncoupled
material. We have prepared materials with molecular weights of 120,000, 200,000,
300,000, and 450,000. Each of these materials was contaminated with a small
amount of uncoupled material. The uncoupled material can be effectively removed
by molecular weight fractionation via selective precipitation.(§) The benzene/THF
solution (1 part) was mixed with 8 parts acetone and 1 part methanol to selectively
precipitate the desired product. These results are shown in Figure 10. The solution
contains essentially all of the uncoupled product and a small amount of the three-arm
polymer. A very small amount of two-arm product is also seen in this solution. The
precipitated polymer is essentially all three-arm polymer. Each of the three-arm
polymer samples was purified in this manner.

Synthesis of Randomly Branched Polystyrene  The reaction scheme for
preparing the randomly branched polymer is shown in Figure 11. In this reaction
scheme, polystyryl dianion of a specified molecular weight is prepared using sodium
naphthalene as the initiator. The polystyryl dianion is coupled using o, 0’ -dichloro-p-
xylene and o,o’,o”-trichloromesitylene as the coupling agents. The branching
density depends on the ratio of tri-functional coupling agent to polystyryl dianion.
The molecular weight of the final polymer depends on the molecular weight of the
polystyryl dianion and the molar ratio of difunctional coupling agent, tri-functional
coupling agent and polystyryl dianion. Choosing the molecular weight of the
polystyryl dianion fixes the minimum distance between branch points. Thus, these
polymers are not truly random in the sense that two branches cannot be closer than
this minimum segment molecular weight. They are random from the step growth
polymerization point of view. However, given the low concentration of branches, we
do not expect the rheology of these polymers to vary significantly from a randomly
branched polymer where each styrene monomer could potentially be a branch point.

Calculation of Molecular Weight and Branch Density While the synthetic
scheme provides a pathway to the preparation of branched polymers, the utility is
realized only when the branching and molecular weight of the polymers can be
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controlled and predicted. These variables can be predicted if one knows the
molecular weight of the polystyryl dianion macromer and the ratios of dianions and
difunctional and tri-functional coupling agents. These calculations are similar to
those used in some condensation polymerizations. The molecular weight of the
branched polystyrene can be predicted using the equations below. These equations
were derived using a Macosko-Miller approach.(9)

Br(1+p(F-1))(p+p*r)

Gpr + 1-p?r(F-1)
M,=1+ X 104.15
(5r+3-rF)
-5r+rF-3
M, = -5r+rF-3+6pr X104.15

wherein:

104.15 = molecular weight of styrene monomer

p = extent of reaction, probability that chloride group has reacted (0.95).
r = stoichiometric ratio of chloride groups to anion groups.

F = average functionality of chloride groups as defined by:

(3 X Cl from trihalo coupling agent) + (2 X Cl from dihalo coupling agent)
total Cl groups on dihalo and trihalo coupling agents

The branch density of the randomly branched polymers is a function of the ratio of
tri-functional coupling agent to anion groups and the molecular weight of the
polystyryl dianion. Knowing these variables we can also calculate the branch density
of our randomly branched polymers using the Flory approach.(10) We express the
branch density as the number of branches per 1000 carbon atoms in the polymer
backbone. This is also the number of branches per 500 monomer units. The branch
density is predicted by the following formula:

(mole fraction trichloride coupling agent ) ( p*)
(' mole fraction polystyryl dianion ) ( Mw dianion/104.15)

Br/1000C =

! 4r-2rF , 3
(-5R+rF-3) P

500 ( =g )( Mw dianion/104.15 )
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Wherein:

Mw dianion = Molecular weight of the polystyryl dianion before coupling

Synthesis Thus, using the equations above, polymers with given
molecular weights and branch densities can be reliably synthesized. In a typical
synthesis, freshly prepared sodium naphthalene initiator is used to initiate the anionic
polymerization of styrene to a chosen molecular weight. The samples reported here
used a polystyryl dianion molecular weight of 20,000. A small aliquot of the reaction
mixture is removed to accurately determine the molecular weight of the polystyryl
dianion. Using the equations above, the correct amounts of o, 0’ -dichloro-p-xylene
and o,0’,0-trichloromesitylene are chosen via iterative calculation. A dilute
solution of the coupling agents is slowly added to the polystyryl dianion macromer
with vigorous mixing. After the addition is complete, the reaction is terminated via
the addition of degassed methanol. The reactions are typically run using 1 mole of
monomer in 1500 ml of solvent.

There are several reaction variables which are important for the success of
this polymerization. The macromer synthesis is subject to the normal constraints of
an anionic polymerization. The coupling reaction is extremely rapid and care must
be taken to ensure a completely homogeneous reaction. The styrene concentration
must be low enough that viscosity does not begin to limit coupling efficiency.
However, the styrene concentration is kept high enough to ensure production of a
useful quantity of polymer. Mixing during the coupling reaction is very important.
If the coupling reaction is not completely homogeneous, the result is the formation of
gel as well as macromer which has not coupled. Therefore the coupling agent is
slowly added as a dilute solution with vigorous mixing. Gel formation is certainly
one indictor of inhomogeneous coupling. The amount of uncoupled macromer is
another very good indicator of coupling efficiency. Due to the stoichiometry of
macromer to coupling agents, there is always some uncoupled macromer left at the
end of the reaction. By comparing the amount of uncoupled macromer with that
predicted from the reaction stoichiometry, the coupling efficiency can be analyzed.
Analysis of the amount of uncoupled macromer was used to optimize the reaction
conditions. The temperature is also held below 50°C to limit side reactions and anion
degradation. The amount of THF is also important: too little gives poor coupling
efficiencies while too much can lead to reaction with the<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>