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(ABSTRACT)

j The study of the polymerization of alkyl vinyl ethers initiated by HI/I2 catalyst is

J directed into two areas: the kinetics of the polymerization and the strategy of amine I

. functionalized prepolymer synthesis.

The polymerization reactions show living behavior in nonpolar solvents at low

temperatures. The observed rate of polymerization under reaction conditions is linearly

dependent on the initial concentration of hydrogen iodide and iodine, respectively.

However, the monomer concentration does not influence the rate of

polymerization(apparent zero order). Two possible reaction schemes are proposed from

the observed rate equation and attcmpts are made to distinguish them by using

UV/visible spectroscopy and carbon-13 NMR spectroscopy. In both schemes a revers-

ible interaction between a monomer and an iodine molecule is postulated as a necessary

elemental reaction to fit the observed expression for the rate of polymerization. From

spectroscopic analysis results, the interaction between the iodide compound(chain end)

and the iodine molecule seems to be very weak compared to the interaction between the

monomer and the iodine molecule.

A synthetic strategy for amine functionalized prepolymer synthesis has been de-

veloped via a series of model reactions. Incorporation of a styrenic monomer at the

propagating chain end of living poly(alkyl vinyl ethers) provides a convenient interme-

diate synthesis of a relatively stable amine functionalized prepolymer. Proper selection



of substituents at the styrenic monomer optimizes the cross addition reaction and

amination reactions. Linear alkylamines with lower carbon numbers are used in the

amination reaction in order to promote the nucleophilic substitution reaction and to

minimize possible elimination reactions. A series of amine functionalized oligomers are

synthesized by employing the synthetic strategy in combination with the previous kinetic

result of the homopolymerization. For oligomers, incorporation of a few units of ethyl

vinyl ethers at the chain end facilitates the cross addition reaction. Synthesized amines

are characterized by various spectroscopic methods. Then, titrated molecular weights

show good agreement with their theoretical molecular weights in several cases.
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Chapter I

Introduction

Ionic polymerization includes important branches ofpolymerization processes such

as anionic and cationic polymerizations. Many polarizable monomers are prime candi-

dates for ionic polymerization. Polymerizations initiated by coordination compounds

and solid metals or metal oxides are usually also ionic in nature. These are termed

stereospecific or coordination polymerizations and have great importance in the com-

mercial utilization of less polarizable monomers such as ethylene or propylene.

Compared to radical polymerization a smaller number of carbon-carbon double

bond containing monomers undergo ionic polymerization. But ionic polymerizations are

indispensable in the polymerization ofmonomers which cannot be polymerized by other

means, including many monomers with carbon-carbon double bonds and almost all cy-

clic monomers.

Many ionic polymerizations are not well understood. The nature of the active chain

end is often not clear because many side reactions accompany these polymerizations.

The use of heterogeneous inorganic initiators also clouds the understanding. Extreme
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sensitivity to the presence of small concentrations of impurities and other adventitious

materials is another of the characteristics which make understanding and practical ap-

plication difficult.

For many anionic polymerizations and some cationic polymerizations, side re-

actions such as termination or transfer steps are not involved in polymerizations if the

polymerization systems are clean and impurity free. Thus a polymerization reaction can

be dealt with by initiation and propagation steps only. These polymerizations are re-

ferred to as "living" polymerizations[l]. The initial charge ratio of monomer to initiator

controls molecular weight and molecular weight distribution well in living

polymerization provided the rate of initiation is much faster than that of propagation.

Living ionic polymerization can be referred to as, or included in, ’controlled’

polymerization which generally means polymerization in which the structure of the

polymer can be controlled. One of the biggest advantages of ionic polymerization lies

in the presence of this living polymerization.

When a living polymerization is initiated by a functional initiator or terminated by

a compound with a functional group, the formed polymer becomes a functionally-

terminated prepolymer, very important in the structural design of polymer

molecules[2-3]. For example, the functional group in the prepolymer can be reacted fur-

ther with monomers to generate graft copolymers or can be converted into block

copolymers by reaction with other living polymers or prepolymers. In the preparation

of functionally-terminated prepolymers living polymerization has played a great role.

The preparation of a well-defined functionally-terminated prepolymer depends largely

on ionic living polymerizations.

Ionic polymerizations have many very similar characteristics in their propagation

reactions. Both anionic and cationic polymerizations depend on the formation and

propagation of ionic species, negative in one case and positive in the other. For both
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cases, gegenions(counterions) are present in the polymerization system in order to meet

the requirement of electroneutrality. Thus the propagating species for a polymerization

system ranges from the extreme of a completely covalent species to one of a completely

free or highly solvated ion, depending on the degree of dissociation between the active

chain end and the the gegenion[4]. Intermediate species include the tightly bound or

contact ion pair, and the solvent-separated or loose ion pair. The above propagating

species for a given polymerization system can exist in equilibrium, and the direction of

the equilibrium can be shifted by the reaction medium, temperature, and gegenion. The

nature of the solvent has an especially large effect in ionic polymerizations by altering

the identities and relative concentrations of propagating species present.

Since free ions are generally more reactive than ion pairs in a polymerization

reaction[5], the degree of dissociation of an active chain end and its equilibrium are very

important to the rate of polymerization. This can be related further to the possibility

of side reactions. When a polymerization proceeds via free ionic species, some

polymerization parameters such as solvent polarity and reaction temperature have to be

regulated in order to make the systems living. In other words, a polymerization system

could become a living system if the nature of the propagating species is altered to reduce

its reactivity.

Many polymerization systems in anionic polymerization undergo living anionic

polymerization due to the enhanced stability of the carbanion relative to carbocationic

intermediates. However, for some polymerization systems fully dissociated carbanionic

intermediates are too reactive to yield living polymerizations. In order to direct a

polymerization reaction toward living polymerization, therefore, the polarity of the sol-

vent and its reaction temperature are usually decreased.

But this methodology of polymerization via ionic intermediates has certain limita-

tions for some monomers containing side groups vulnerable to the attacks of
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carbanions[6]. With these monomers the formation of living polymerization has been

only partly successful with conventional ionic propagating species. To circumvent this

problem a slightly different type of polymerization method in which polymerization

proceeds via a ’non-ionic’ intermediate has to be applied. A good example is the

polymerization of methacrylate monomers via group transfer po1ymerization[7] where

the polymerization occurs via a ’covalent’ intermediate.

Some cationic polymerizations of heterocyclic monomers have been known as liv-

ing systems, but the cationic living polymerizations of monomers with carbon-carbon

double bond are very rare due to the high reactivity of the carbocationic species toward

side reactions. Chain transfer reactions are usually predomiriant in carbocationic

polymerization[8] so that control of molecular weight and molecular weight distribution

is extremely difficult. Various attempts to overcome this problem have been made.

One example is the initiator transfer polymerization[9] in which the chain transfer

reaction is utilized in the preparation of telechelic polymers. This polymerization is dif-

ferent from living polymerization strictly defined, but it gives hope for carbocationic

polymerization controllability because the molecular weight and functionality can be

controlled reasonably well.

Major efforts, however, have been made by utilizing less reactive propagating spe-

cies. A good example is the polymerization via a ’covalent' propagating species, where

a mixed catalyst system is applied. Examples of the mixed catalyst system includes hy-

drogen iodide/iodine[l0], esters/Lewis acids[l l-I2], and esters/titanium tetrachloride[l3].

Polymerizations with these catalyst systems have been proven successful in the achieve-

ment of living polymerizations. These polymerization achievements result largely from

the idea of pseudocationic polymerization[14] proposed two decades ago from the

polymerization of styrene initiated by perchloric acid. Though pseudocationic
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polymerization is not living, the idea of covalent propagating species is the common

bases of the recent trend of polymerization where mixed catalyst systems are applied.

Besides this approach utilizing covalent propagating species, another approach

utilizing less reactive propagating species by modification of the nature of the active

chain end with a second component of solvent containing ethers[l5] has been tried. But

all these approaches are so new that more development and investigation is needed in

order to expand the horizon of living carbocationic polymerization research.

Alkyl vinyl ethers are highly reactive monomers toward cationic polymerization.

During polymerization the oxygen atom adjacent to the carbocation stabilizes the

carbocationic intermediates via resonance. Due to the high reactivity of alkyl vinyl

ethers compared to that of styrenic or other monomers they have often been used as

major monomeric species in many kinetic investigations of cationic polymerization.

Recently polymerization of alkyl vinyl ethers has been initiated with mixed catalyst

systems, and it has been found that living polymerizations occur. Polymerization by the

hydrogen iodide/iodine initiation system[l0] is especially interesting and has given great

impetus to the development of cationic living polymerization.

The following review of the literature lays the foundation for the work discussed in

this dissertation. lt reviews controlled ionic polymerization in general and emphasizes

polymerization via covalent propagating species, especially in cationic polymerization.

First, the polymerization of alkyl vinyl ethers by a hydrogen iodide/iodine initiation

system is studied via kinetic investigation in order to get more information on this rela-

tively new, relatively unknown and controversial polymerization system. Then, various

attempt to apply this polymerization in the preparation of functionally-terminated

prepolymers will be presented. Living poly(oxazoline) synthesis and utilization in the

preparation of block copolymers will be presented. Finally, various characterization
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techniques for the conlirmation of structures of starting materials and polymers will be

presented throughout this research.
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Chapter II

Review of Literature

A. Controlled Iorzic Polymerizatiorz

1. Introduction

There are two major types of polymerization methods used to convert small mole-

cules into polymers. One is addition polymerization and the other is condensation

polymerization. Recent usage defines addition polymerization as chain growth or chain

reaction polymerization, and condensation polymerization as step growth or step re-

action polymerization. The major distinction between these two methods is a result of

differences in the kinetics of polymerization reactions.

In a chain growth polymerization, a vinyl or alkene monomer is transformed into

a long chain macromolecule via a chain reaction process. This process involves the ad-
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dition of a monomer to an activated or initiated form of the monomer and involves a

change in the bonding from an spz to an
sp’

type bond. This process of chain

polymerization is usually not spontaneous but rather must be catalyzed or initiated. For

most monomer systems of this type, one can discern at least three individual steps in the

overall process of polymerization: an initiation step; a propagation or growth step; and

a termination step. The details of these three individual events are highly dependent on

the exact mechanism of polymerization. The active intermediates produced may be cat-

egorized as either radicals, anions, cations, or coordinated species, depending especially

on the electronic nature of the transition state of the polymerization.

It is often possible to avoid the termination step for some of these mechanistic

processes. These systems are termed "living" polymerization[l] systems. In a living sys-

tem, only the initiation and propagation steps are important. This in turn, perrnits pre-

diction of number average molecular weight on the basis of the initial ratio of the

monomer concentration to the initiator concentration. When the initiation reaction is

much faster than the propagation reaction, the polymers produced may have a very

narrow molecular weight distribution[l6], as opposed to the much broader Gaussian

type random distributions observed especially in step growth reactions.

Living polymerizations are often described as ’controlled’ polymerizations because

molecular weights, molecular weight distributions, etc. are predictable. Also ’controlled’

polymerization is often used when the nature of the propagating species is regulated

through reaction parameter changes in a polymerization.

Living polymerization has even been reported for several cases in radical

polymerization[l7-20] and many times in ionic or coordination polymerization[21]. Thus

living polymerization has become very important because precise molecular structural

design is quite feasible. Anionic polymerization is the earliest and perhaps most repre-

sentative example of a living polymerization. Accordingly, this polymerization has be-
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come a novel polymerization route to produce block copolymers. For monomers which

can be polymerized anionically, many possible combinations of block copolymers have

been reported.

However, there is a restricted number of available monomers which can undergo

anionic polymerization. Scheme l shows a general critenon for the types of chain

polymerization of a double bond[22]. Sometimes coordination polymerization is also

included in the ionic polymerization category. The number of available monomers means

that synthesizable polymeric materials are limited. Therefore, researchers are extending

the concept of controlled polymerization to other monomers in order to meet the need

for new materials. One good example is in the field of cationic polymerization where

highly reactive carbocationic intermediates are not easily suited to controlled

polymerization[23].

The traditional concept of ’free’ carbocationic propagation has been modified by

many workers by introducing several concepts such as inifer[9], dissociation

suppression[24], transfer suppression[25], covalent bond activation[26], pseudocationic

polymerization[l4,27], etc. Essentially, the principal effort has been to alter the reactiv-

ity of a carbocationic propagating chain end.

By reducing the reactivity of a carbocationic intermediate, the reaction rate be-

comes slower and the nature of the intermediate(or propagating chain end) approaches

that of a ’covalent’ -like bond. Similarly, the reactivity of anionic and coordination

intermediates can also be modified in order to better control the polymerization. Reac-

tivity modification in anionic polymerization is usually attained by the proper selection

of reaction media, temperature, and counterionic group. Thus, the nature of the bond

in the propagating species can be shifted toward a more covalent-like nature in anionic

or cationic polymerization, as shown in Scheme 2. The more covalent-like nature means

that the orbital changes to a more ’f1lled-like' structure which more closely satisfies the
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K R Inductive
CH2=C\ or Cationic polymerization

R Resonanoe

Z R Inductive
CH2=C\ or Anionic polymerization

R Resonance

Intermediate Free radical polymerization

• Electron density at the double bond may determine whether a particular
monomer polymerizes via anionic, cationic or free radical mechanism.

• Some monomers can polymerize via two or more routes.

Scheme 1. Types of chain polymeri2ation[22].
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C' Y* ·j·—> C-Y <—— C* Y'

Anionic Covaient Carbocationic

SP3 SP3 SP3
Octet structure Octet structure Non·octet structure

C : Propagating chain end - carbon.

Y : Counter group.

Scheme 2. Possible extremes in the nature of propagating chain end.
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octet rule than, for example, the isolated carbocation does. Consequently, the stability

changes as well as the reactivity.

In order to change the nature of the propagating chain end in an ionic

polymerization, the easiest parameters to change are the reaction media and the tem-

perature. Of course there are certain limits to the range of modification possible. On

the other hand, a small change in the structure of a counter group may lead to a large

difference in the nature of the propagating chain end and resultant polymerization be-

havior. Use of this method of modification is a recent trend in ionic polymerization re-

searches as seen in group transfer polymerization[7], pseudocationic

po1ymerization[l4,27], HI/I2 initiated polymerization[l0,26], etc.

2. General Applicability of Ionic Polymerization

Ionic polymerization includes the typical elementary reaction steps of initiation,

propagation, termination, and chain transfer - as in other chain polymerizations[28]. The

above four steps are similar for both anionic and cationic polymerization but differences

exist in each step, especially in the initiation and chain transfer steps. In this review,

anionic polymerizations and cationic polymerizations are discussed separately and com-

pared in each elementary reaction step.

a) Initiation Reaction

The fundamental process involved in any initiation reaction is the generation of an

active site by the attack of an anion or cation on a monomer, which is capable of

propagating the kinetic chain through further monomer addition steps.
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l) Anionic Polymerizationz Anionic initiators, broadly speaking, include all electron do-

nors of varying base strengths. These include covalent or ionic metal amides such as

sodium amide, lithium dialkylamides, alkoxides, hydroxides, cyanides, phosphines,

arnines, organometallic compounds such as n-butyl lithium and phenyl magnesium

brornide, and alkali metals or alkali metal complexes. The required initiator type for a

particular polymerization depends on the ease with which an anion can be formed from

the monomer, which acts as an electron acceptor in anionic polymerizations.

Very strong nucleophiles such as the amide ion or alkyl carbanions[29] are required

to polymerize hydrocarbon monomers, such as styrene and 1,3-butadiene which have

relatively weak electron-withdrawing substituents. A nucleophile of medium strength

such as 1,1-diphenylethyl lithium[30] can polymerize monomers within a relatively broad

reactivity range. Weaker nucleophiles such as enolate or alkoxide ions can polymerize

monomers, such as acrylonitrile and methyl methacrylate which have strong electron-

withdrawing substituents. A monomer, such as methyl tx-cyanoacrylate, with two such

substituents can be polymerized with very mild nucleophiles such as Br“,
CN’, amines,

phosphines, and even with water[3l].

The general relationship between the reactivity of an alkali metal initiator and that

of a monomer has been qualitatively investigated[32] for specified monomers. The

anionically polymerizable monomers may be classified into five reactivity groups(Table

l), wherein polymeric anions of those in the lower numbered group can initiate the

polymerization of monomers in their own or higher numbered group, but not conversely.

In that case then, styrene(group 1), methyl methacrylate(group 2), and

acrylonitrile(group 4) can be chosen as probe monomers to examine initiator reactivity.

lnitiators are therefore divided(Table 2) into three categories according to their ability

to initiate all three monomers(group 1), the last two(group 2), or only acrylonitri1e(group
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3). However this relationship excludes polymerization where the use of coordinating

additives leads to the unusual reactivity of an initiator[34].

Two principal anionic processes[l,36] are nucleophilic attack on the monomer and

electron transfer. The process of nucleophilic attack is the addition of a negatively

charged entity to the monomer and involves mainly alkali metal alkyls, metal alkoxides,

metal amides, and Grinard reagents. The general initiation process is:

H H
I

Z·B + CH; = C —> B-CH;-C" *Z (1)
I
X X

where the nucleophilic part of the initiator is denoted B and the gegenion is forrned from

the metal Z. X is pendant group. The group ofelectron transfer initiators includes alkali

metals and complexes of these metals with aromatic hydrocarbons. The general reaction

is:

*7 *7I
Z —*+zX

x

The formed radical·anion dimerizes to form a dicarbanion.

7 T *7
2 ·

CH;-C" -• 'C-CH;CI-I;-C' (3)
· I I

x X X

2) Cationic Polymerizationz Cationic initiators are usually protonic acids, Lewis acids,

and organic cationic salts. Unlike the anionic process, the actual initiation process is

often preceded by a reversible reaction or series of reversible reactions between the ini-
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Table l. Relative Reactivities of Monomersa

Group Monomers

1 Styrene, 2-methylstyrene, butadiene, isoprene, o- and
p-halostyreneb, 2- and 4-vinylpyridine, 1,2·dihydronaphthaIene,
tetraethylvinyl germanium, triethylvinyl tin

2 Acryiates, methacrylates

3 Ethylene oxide, ethylene sulüde, propylene sulüde, dimethyl ketone,
formaldehyde

4 Acrylonitrile, methacrylonitrile, mono- and di—isocyanates,
carbodiimides, N-substituted maleimides

5 Nitroethylene, nitropropene, cyanogen, vinylidene cyanide

a Data from [33].
b It has been subsequently reported that the p-bromostyrene does not polymerize

styrene[35], possibly due to major side reactions.
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Table 2. Relative Rcactivities ol' Alkali Metal Initiatorsa

Group Inltlators

1 Metal, organometalllc oompound
Monometal and dlmetal adducts of aromatic hydrocarbons
Dlmetal adducts of aromatic carbonyl compounds, azomethlnes
nitriles

2 Monometal adducts of aromatic carbonyl compounds, azomethines
and nltriles
Dimetal adducts of aromatic azo, azoxy and nitroso compounds

3 Monometal adducts of aromatic azo, azoxy and nitroso compounds
Metal alkoxide

a Data from [32].
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tiator and other species. The preinitiation reaction sequence may be quite complex and

attainment of the equilibria involved is often slower than subsequent initiation or prop-

agation reactions.

The general reaction between an olelin and a protonic acid HA can be written as:

R RH*A‘
+ CH}=Q, —• CH}~§:

’A
(4)

R R

Acids such as HZSO.}, I·IClO.1, and H}PO.} are better initiators than hydrogen halides

because their anions are larger and less nucleophilic. If the anion A is a strong

nucleophile, then it will react with the carbocation to form a nonpropagating covalent

compound.

Initiation by proton addition is usually accomplished by interaction of a Lewis

acid(cocatalyst) with a second compound(cazalyst) that can donate a proton or

carbenium ion to the monomer(the old term ’cocataß:st’ is now called ’cataß:st,’ and also

’cazalyst' is called 'cocatalvstf but still, old terminology is oßen used'). Lewis acids include

halides and alkyl halides of Group II I metals and of transition metals in which the d

orbitals are incomplete. Compounds like BF}, SnCl.r, AICI}, AIRZCI, SbCI}, etc. are

good examples. Typical catalysts are water, protonic acids, and alkyl halides.

The initiation process can be generalized as:

K
ZX„ + BA ——> [ZX„B]‘ A* (5)

*3 kr *3
[zx„ß1·A+ + CHz=QI’ —> Ac1~1z-<§jizx,,ß}— (6)

R R
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where ZX,, is a Lewis acid, BA is an ionizable cocatalyst. Z here is a metal, and X is

generally a halogen or an organic entity. The activity of a catalyst - cocatalyst complex

is dependent on its ability to donate a proton or cation to the monomer which, in turn,

depends on the catalyst, cocatalyst, and monomer. The extent of formation of the cata-

lyst · cocatalyst complex(i.e., the value of K in equation 5 ) and its rate of addition to

monomer(i.e., the value of k, in equation 6) generally increases with increasing acidity

of the Lewis acid. Thus, the general order of activity of aluminum catalysts becomes:

AlCl; > AIRCIZ > AlR;Cl > AlR;[37]. The activity of the complex also increases with

increasing acidity of the initiator, for example, hydrogen chloride > acetic acid >

nitroethane > phenol > water > > methanol > acetone in the polymerization of

isobutylene with SnCl4[38].

Some organic cation salts can be isolated as crystalline solids. Examples of such

initiators are hexachl0roantimonate( SnCl6' ) salts of triphenyl methyl( (C6l~I5)3C* )

and cycl0heptatrienyl( C1 H1 carbenium ions[39] ( According to recent conventions, the

term ’carbenium’ ion is usedfor trivalent trigonal sp2 hybridized species, and 'carbonium'

is used for pentavalent positively charged carbon ions[40]. Both species are called

'carbocation.’ But still, the use of the new terminology is not widespread, and in many cases,

'carbonium' means ’carbocation.’). The stability of carbenium ions is enhanced if the

electron·deficient carbon is conjugated with olefm or aromatic groups, or with at0mS

with unshared electron pairs(O, N, S). These initiators are very similar to the catalyst-

cocatalyst complex in equation 5, thus their initiation processes are fairly straightfor-

ward compared to the complicated equilibria that can exist in other systems. This

simplifies the study of the kinetics of the propagation and other processes involved in

cationic polymerization. Since these cations are stable, their use is limited to the initi-

ation of more reactive monomers like N-vinyl carbazole and alkyl vinyl ethers[4l].
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b) Propagation

Monomers are consumed during the propagation reaction and the site of the reac-

tive center changes, but the number of active centers does not change. The propagation

reaction is probably the most fundamental of all the elementary reactions which com-

prise a polymerization process since it is the repetitive act which produces polymeric

species. The rate of propagation is influenced by equilibria between various degrees of

association of the active center and its gegenion. This will be reviewed in the next sec-

tion.

The propagation reaction in anionic polymerizations, though complex, is better

understood because chain transfer or terrnination reactions can often be minimized.

Only initiation and propagation reactions are involved for many anionic

polymerizations.

- In contrast, cationic polymerizations usually display complex chain transfer re-

actions in their propagation reactions. The propagation reaction can be complicated by

the occurrence of intramolecular rearrangement due to hydride( H:') ion or carbanion(
I

R2') shifts in some cases. Such polymerizations are often referred to as isomerization

-polymerizations[42]. The extent of rearrangement during cationic polymerization de-

pends on the relative stabilities of the propagating and rearranged carbenium ions and

on the relative rates of propagation and rearrangement.

c) Chain Transfer and Termination

Chain transfer reactions interrupt the growth of a polymer chain by terminating

one chain and generating a new active center capable of adding more monomers. When
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the chain transfer reaction occurs without generating a new active center, it essentially

becomes a termination reaction. This distinction is ambiguous in many cases and de-

pends upon the reactivity of the newly formed ionic species( or active center ).

The newly formed ionic species cannot initiate polymerization in many anionic

polymerizations. But the newly formed ionic species are active enough to reinitiate

polymerization in many cationic polymerizations. This chain transfer reaction makes

most cationic polymerizations more complicated.

l) Anionic Polymerization: As discussed earlier, many anionic polymerizations are rig-

orously clean systems and do not have termination or chain transfer reactions. Such

systems are referred to as living systems. In these cases, termination occurs by impurities

or deliberately added transfer agents such as water, methanol, carbon dioxide, and

ethylene oxide. Newly formed ionic species( e.g. hydroxide ion ) are usually not sufli-

ciently nucleophilic to re-initiate polymerization, and the kinetic chain is broken as in

equation 7. This method may be used to make functionally terrninated prepolymers.

'Ü
~CH;-C:‘ + HOR —> ~CH;-(EH +

RO“
(7)

ds ¢
In the absence of terminating agents, the concentration of carbanion centers in a

solution of living styrene decreases very slowly over a long period of tirne(day or weeks)

by ß-hydride elimination[43]. A propagating carbanion sodium salt will generate an

unsaturated end group and a sodium hydride as indicated in equation 8. Sodium hydride

is more than sufliciently reactive to reinitiate polymerization. However, termination of

the kinetic chain occurs when the allylic hydrogen of the unsaturated end group in the
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above equation is abstracted by a propagating carbanion to yield an unreactive

1,3-diphenylallyl anion.

*7*~Cl—I;-(F:'Na* —• ~Cl—l;$H-CH=€IH + I-l:"Na* (8)
¢ ¢ ¢

Anionic polymerizations of polar monomers, such as methyl methacrylate[MMA],

methyl vinyl ketone, and acrylonitrile, are much more complicated than those of non-

polar monomers. These monomers contain substituents that are reactive toward

nucleophiles. ln MMA, three different major side reactions are observed[6,36,44]. One

example is the attack of an alkyl lithium initiator on the carbonyl of the monomer,

converting the active alkyl lithium to a less active alkoxide initiator. This problem can

be avoided to a large extent by using a less reactive initiator, for example,

l,l-diphenylhexyl lithium[30]. Lower reaction temperatures and more polar solvents

favor normal propagation relative to the carbonyl side reaction. Polymerizations in

vinyl ketones and acrylonitrile are also complicated by addition reactions of initiators

and propagating nucleophiles to the ketone[6,45] or nitrile[46] groups.

2) Cationic Polymerizationz Most reactions which temiinate the growth ofa propagating

chain do not terminate the kinetic chain because a new propagating species is formed in

the process. They are thus kinetically indistinguishable from propagation, but slight

traces of impurities can still exert significant effects because of the high reactivity of the

propagating species. In a wide variety of possible transfer reactions, some are general

and apply to any monomer susceptible to attack from electrophilic reagents, while others

are specific to certain monomers only.
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Chain transfer to monomer is one of the most common chain-breaking reactions

for many monomers. It usually involves transfer of a proton to a monomer molecule

with the formation of terminal unsaturation in the polymer molecule.

T T T TI
~CH;·C*X‘ + CH;=(iT -> ~CH=C + CH;-(E*X“ (9)

I I
R R R R

Another type of chain transfer to a monomer is a hydride ion abstraction from the

monomer by the propagating species. This is a less likely mode of transfer compared to

a proton transfer to a monomer due to the stability of carbenium ions.

Chain~breaking can also take place by spontaneous regeneration of protonic cata-

lyst species.

T T~Cl—l;·$*X‘ —> ~CH=(E + M*X” (10)
R R

The ejected proton is a powerful electrophile and can readily add to another monomer

molecule, initiating a new polymer chain. This type of termination is also referred to as

a chain transfer to a gegenion.

Chain breaking by the combination of a propagating carbonium ion with a

gegenion occurs, for example,

TT ?T=
~CH;-C* (BCl;OH)‘ —> ~CH;-C-Cl + BCIZOH (ll)

| I
CH3 CH:
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This combination differs from other modes of transfer in that a kinetic chain is usually

terminated by the decrease of the initiator-coinitiator complex concentration. For ex-

ample, termination in BCI; initiated polymerizations of isobutylene and styrene occurs

almost exclusively by combination with ch1oride[47]. For BF; initiated polymerization,

chain transfer to monomer is the major mode of termination with a minor contribution

by combination with OI-I. The differences are explained by the order of bond strengths:

B-F > B-O > B-Cl[48]. A similar reaction is envisaged in the polymerization of

isobutylene by aluminum chloride cataIysts[49], or in the polymerization of vinyl ethers

by SbCl6‘ salts[50]. When aluminum alkyls-alkyl halides, initiator-coinitiator systems

are used, termination occurs by combination[37a—b,5l], either by alkylation or

hydridation, whenever the aluminum alkyls have ß-hydrogens.

One or more other transfer reactions besides the chain—breaking reactions men-

tioned above may be important in any specific polymerization system. Backbiting re-

actions, which occur in the polymerization of styrene and most other aromatic

monomers with the formation of a terminal indanyl structure[4la-b,52] and chain

transfer to polymer in the polymerization of a—olefins such as propylene[53], are good

examples. Various transfer agents such as solvents, impurities, or compounds delib-

erately added to the system, can also terrninate the growing polymer chain by chain

transfer.
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3. Nature of the Active Intermediate

a) Free Ions and Ion Pairs

Ionic polymerizations involve successive insertions of monomers between a

macromolecular ion(macroion) and a more or less tightly attached gegenion of an op-

posite charge. Electroneutrality demands that macroion and gegenion form an organic

salt which may exist in several forms in the reaction medium. Depending on the distance

between the charged particles, which in tum is determined by the intrinsic properties of

the ions and experimental conditions, a continuous spectrum of ionicities

exists("Winstein spectrum”)[6,8,54]. lf we represent the organic ionic species as M
*X‘,

then several forms must be considered:

MX
;‘

M*X“ M*
+X‘

(12)

covalent contact solvent solvated free

bonding (tight) separated (loose) ions

ion pair ion pair ion pair

The form actually important in a given polymerization will depend on the natures of

species M and X, the solvating ability of the medium, and the temperature. In general,

greater separation of the the macroion and its gegenion leads to higher propagation

rates. Steric control of the polymer microstructure is greater, however, when the

macroion and the gegenion are associated. It is not unusual to find two of the above

forms coexisting in significant quantities in a given polymerization. In general, more

polar media favor loose ion pairs or free ions. Free ions will not coexist in hydrocarbon

media where other equilibria may occur. Multiple ion clusters have been postulated to
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occur in anionic polymerizations[55], particularly in hydrocarbon solvents. However the

cationic polymerization literature lacks studies along these lines.

In polymerization reactions in solvents with a medium polarity, the concentration

of contact ion pairs is often neglected because the concentration and reactivity of inti-

mate ion pairs are negligible compared to those of solvated ion pairs. The equilibrium

which exists between associated ions and free ions as in equation I3 has been studied

much in the field of anionic polymerizations because the active species are stable, or

living. Signiflcant advances have been made in defining kg (rate constant of ion pair

propagation), kg (rate constant of free ion propagation), and dissociation constant Kd.

Kd

M*X- M* + X- (13)

kg monomer monomerl kg or kg

Polymer Polymer

Only the Kd has been deterrnined[56] by conductivity measurements in cationic

polymerizations. The relatively high reactivity of the propagating species makes the

deterrnination of kg and kg diflicult in most cationic polymerizations.

b) Reactivity

The reactivity of ionic polymerization is generally dependent on charge separation

of the propagating species, and is measured as the rate constant of propagation. The

observed kg(usual1y the apparent rate constant,k;PP) in the above simplilied reactions is

composed of contributions from ion pairs and free ions, for example, in a cationic

polymerization
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kgpp
= ak; + (1- oz)kp* (14)

where oz is the degree ofdissociation of ion pairs into free solvated ions and the k, values

are defined as in equation l3[57].

In solvent like CI—I;C12(die1ectric constant 9.1) the kg values for cationic olefin

polymerizations are of the order of 105
~

105 1/mol.s. These values are similar to the kg

for anionic polymerizations with free ions. Typical kg values in anionic polymerization

are of the order of 104
~

105 l/mol.s, and kf are ~
102 1/mol.s. But the comparison is

not strictly valid because the anionic reactions are carried out in solvents with relatively

lower dielectric constants. In media of low polarity, however, the kg values could in-

crease to the order of 105
~

109 1/mol.s.

Carbenium ions are more reactive than carbanions under similar conditions due

mainly to unfilled bonding orbital considerations. A carbenium ion has vacant bonding

orbitals while the orbitals in the propagating carbanion and monomer are already filled.

The formation of an anionic transition state requires the use of the antibonding orbitals

of the monomer[28b].

c) E_/feet ofReaction Medium

The type of solvent suitable for ionic polymerization is limited to nonpolar solvents

or aprotic polar solvents. Any tendency of the medium to interact with the initiator

would jeopardize the chance of obtaining a reasonable concentration of active species.

Even with formally acceptable solvents, care must be taken to ensure that no specific

chernical interaction occurs, especially in cationic polymerization.
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The reaction medium can affect polymerization by altering the relative concen-

trations of free ions and ion pairs and the type of ion pair present. If the dielectric con-

stant of the medium is taken as a measure of its ability to solvate and thus stabilize ionic

or polarized species, solvents can be classified broadly into three categories: nonpolar

solvents(s = 2~6), solvents of modest polarity(s = 7~l5), and polar solvents(6 > 15).

Large increases in the rate and degree of polymerization are generally observed as one

increases the dielectric constant[23,38,47,58]. The dielectric constant is only a general

indication of the solvating power of a solvent. Specific solvation effects and

polarizability are sometimes more important.

Although many solvent effects are well recognized and have been investigated in

great detail, no quantitative theory is available to guide researchers in this area. Only

qualitative or at best semiquantitative theories are available starting with the Born

equation[59].

2 2AG = tg—éJ <¤5>

In this equation the change in free energy AG is determined by the radius a and charge

z of the ion transferred from the gas phase(s1 = 1) into a solvent with a dielectric con-

stant sz. Thus the energy of solvation of an ion increases with increasing sz and is in·

versely proportional to a.

This equation is not accurate, however, because bulk dielectric constants are not

valid in the immediate neighborhood of an ion. Correction of this equation has been

tried by using an effective radius of the ion[60], but still it is extremely difficult to define

what is meant by polarity of a solvent, because of the multiplicity of special effects that

may operate and thus complicate or even completely obviate predictions derived from

the above equation. Examples of special effects include distortion of the dielectric
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continuum by placing a charged particle in it, mixed solvent and nonsolvent(monomer),

solvent shell saturation, solvent shell reconstruction due to charged entities, solvent

polarizability, geometry effects, aggregation effects, non-uniform charge distribution,

and preferential solvation.

In anionic polymerization, the rate of polymerization is affected drastically by

changing the polarity of the solvent. One example is the polymerization of styrene by

sodium naphthalene( 3x10·‘ M) at 25°C[6l] as in Table 3. The apparent propagation

rate constant is increased by two and three orders of magnitude in

tetrahydrofuran(THF) and 1,2-dimethoxyethane, respectively, compared to the rate

constants in benzene or dioxane. The higher reaction rate in 1,2-dimethoxyethane com-

pared to that in THF is due to a specific solvation effect of the ether group. The in-

creased rate observed with increasing solvating power of the reaction medium is mainly

due to the increased fraction of free ions relative to ion pairs.

Solvent polarity also affects the rate of cationic polymerization greatly. One ex-

ample is the polymerization of p-methoxystyrene by iodine[62] at 30°C as in Table 4.

The apparent propagation rate constant increases by more than two orders of magni-

tude, going from the low dielectric constant, CCl4(6 = 2.2 ) to the higher dielectric

constant CI—12Cl2(.•: = 9.1 ).

In general, polar solvents speed polymerization by changing the nature of the ion

pair from the intimate ion pair to the solvent-separated ion pair and by increasing free

ion concentration. But both kg( or kg) and kf decrease with increasing solvent

polarity[23]. The transition state theory of chemical reactions suggests that this is be-

cause the initial state(monomer plus ion or ion pairs) is more polar than the activated

complex in which the monomer is associated with the macroion and the charge is dis-

persed over a larger volume. A comparison of reported kg values for cationic
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Table 3. Effects of Solvent on Anionic Polymerization of Styrenea

Sovent Dielecfric kpapp (liter/moI6.sec)

oonstanf(c)

Benzene 2.2 2

Dioxane 2.2 5

_ Tetrahydrofuran 7.6 550

1 ,2-Dimethoxyethana 5.5 3,800

a Data from [61].
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Table 4. Effects of Solvent on Cationic Polymerization of' p·Methoxystyrenea

Sovent Dielectric kpapp (liter/moIe.sec)
oonstant(z:)

CCI4 2.1 0.12

CH2CI2/CCI4, 1/1 - 0.31

CHZCI2/CCI4, 3/1 - 1.8

CH2C|2 9.1 17

a Data from [62].
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polymerizations of isobutyl vinyl ether[23] and styrene[63] in different solvents indicates

a decrease in kg with increasing solvent polarity.

d) Effect ofGegenion

Whenever ions are the chain carriers in a polymerization there will be an equal

amount of gegenions(counterions), except in initiating systems involving electron

ejection from the monomer and formation of bare ions[64-66]. The identity of the

gegenion is expected to exert an influence on ionic polymerizations involving ion-pair

propagating species. The larger and less tightly bound the gegenion, the greater is the

predicted reactivity of the ion pair toward propagation. Gegenion solvation plays a great

role in the rate of polymerization by promoting more solvent separated ions. The effect

of a gegenion on the reactivity of ion pairs is well·established due to the good stability

of active centers and simplicity of gegenions especially in anionic polymerization. Table

5 shows the value of Kd(dissociation constant) and the propagation rate constant for ,

free ions and ion pairs in styrene polymerization in THF and dioxane at 25°C. with

various alkali metal gegenions[67].

In dioxane, solvation is apparently not important, since conductivity measurements

show that there is no detectable dissociation of ion pairs to free ions. The solvation of

contact ion pairs to solvent separated ion pairs is also very weak. Hence, the ion pair

with the highest reactivity is that with the weakest bond between the carbanion center

and the gegenion. As the size of gegenion increases, the bond strength decreases. In

THF, however, the reactivity of the carbanion decreases as the size of the gegenion in-

creases. The smaller Li* is solvated to the greatest extent and the larger Cs" is the least

solvated.
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Table 5. E1Tect of Gcgcnion on Anionic Polymerization of Styrenea

Gegenion Dioxane THF

I I 7 -kp kp Kd x 10 kp

Li" 0.94 160 2.2 6.5 x104

Na*' 3.4 80 1 .5 6.5 x1O4
K"’

19.8 60-80 0.8 6.5 x1O4

Flb* 21 .5 50-80 0.1 6.5 x104

Cs"' 24.5 22 0.02 6.5 x104

a Data from [67].
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In equilibria of ion pairs and ions increasing solvation promotes the formation of

free ions as well as solvent-separated ion pairs. The fraction of ion pairs that are of the

more solvent-separated type increases with the increasing solvation of the gegenion.

Because solvent-separated ion pairs are much more reactive than contact ion pairs, the

highest values of kg in THF relative to dioxane are a consequence of the presence of a

higher fraction of the more reactive solvent-separated ion pairs. Also, the dissociation

constant for the ion pair decreases in going from Li* to Ce* as the gegenion. The de-

crease in Kd has a very significant effect on overall polymerization since there is a very

significant change in the concentration of the highly reactive free ions. Thus, the free

ion concentration for polystyryl cesium is less than 10 % of that of polystyryl lithium.

In cationic polymerization, gegenions, i.e. anions such as Cl", Br", and

CCl3COO‘, are obtained in polymerizations initiated by Brpinsted acids or large

coordinately bonded conjugate bases of Lewis acids such as BF;OI—I‘, SnCl6‘, and

AlBr4“. In some cases, gegenions may be present, as solvated free electrons in high-

energy induced carbocationic polymerizations, or as ill-defined entities embedded in sol-

ids in heterophase cationic processes. The larger and less tightly bound the gegenion,

the greater should be the reactivity of the ion pair toward propagation. But little exper-

imental verification has been attained due to the complexity of carbocationic

polymerization and the variety of gegenions.

The nucleophilicity of a gegenion determines its ability to recombine with the

carbocation. For gegenions derived from Brßnsted acids, nucleophilicity is the measure

of the covalent nature of the propagating chain ends. Highly nucleophilic anions such

as Cl' and CH;COO' have a great tendency to form covalent bonds with carbocations

and, therefore, except under very special circumstances where extremely basic monomers

or very polar media are involved, the life time of the ionic active centers is very limited.

Accordingly, the reactivity or rate of polymerization is very low. Efforts to quantify
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nucleophilicities of various gegenions have been made in aqueous media[68], but similar

nucleophilicity scales have not been devised for gegenions in nonaqueous media or for

Friedel-Crafts acids.

Though an absolute scale of nucleophilicities of gegenions does not exist, workers

in this field generally agree that the nucleophilicity of gegenions derived from Friedel-

Crafts acids is low. A scale, however, is valuable in helping to determine the outcome

of cationic polymerizations with regard to yields, conversions, and product molecular

weights. Experimental results make it possible to obtain information on gegenion

nucleophilicities of Friedel-Crafts acids[69-71]. Thus, molecular weights of

polyisobutylenes obtained under carefully comparable conditions change as indicated in

Table 6.

Counterion nucleophilicity is determined not by its actual size but ejfeczive size,

that is, the area over which charge delocalization occurs[70]. In the latter series of ex-

periments the number and nature of alkyl groups were constant and only the identity

of halogen was changed. This and other data are interpreted to mean that the molecular

weight of polyisobutylene is determined by the nucleophilicity of gegenion, which in

tum, is determined by charge delocalization over electronegative groups. For gegenions

with an equal number of similar alkyl groups, nucleophilicity is determined only by the

nature of halogens; that is, nucleophilicity decreases as R;AlC1‘ > R;AlBr“ >

R;All‘. However, the acidity sequence of Lewis acids is different, for example, BF; <

BC13 < BBI'3 AIBI'3 Of MC3Al < MCzAlCl <

MeAlClz < AICI;. The unexpected acidity sequence of Boron based Lewis acids has

been investigated by many workers. Some investigators[72,76-77] conclude that the va-

cant 2p orbital of boron in boron halides is partially occupied by back-donation by

nonbonding electrons resulting in contributions by double bonded structures:
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Table 6. Relative Nucleophilicity of Gegenion from Friedel-Crafts Acida

Me2A|Cl2° Et2AlC|2'

Me2AlCIBr° Et2AICIBr‘

Mn Et2AIC|2‘ Mn Et2AlBr2'
(nucleophilicity)

Et2AIC|Br' Et2A|Cll°

MeA|C|2OH' E Et2AlBr|'

Et3A|Br° E!2AIl2'

Et3AlC|'

a Data from [70].
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On the other hand, the nucleophilicity of a gegenion is linked to Drago’s

equation[78-82]. The equation was developed by Drago et al. in order to estimate

semiquantitatively the enthalpy AH of the reaction A + B —» AB. The equation

—AH = EAE8 + CACA (16)

contains four empirical constants, EA, CA, EA, and CA, characteristics of acids and bases(

subscripts A and B respectively). Table 7 shows EA and CA values reported for various

acids, and EA and CA data for different bases.

One example of the application of' this equation is(AH in kcal/mole):

BF3 + F- —> BF4-

—AH = 55.47 using 7.96 and 3.08, 45.86 using 9.88 and 1.62

BF; + OH- •·* BF3OH-

—AH = 59.54 using 7.96 and 3.08, 48.97 using 9.88 and 1.62

SbCl; +
Cl‘ —• SbCl;

—AH = 67.78

Thus the relative stability sequence for the three gegenions f'or which data are available

is SbCl; > BF3OH‘ > BF;.
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Table 7. Drago’s Empirical Constants for the Calculation ol' AH of Friedel-Crafts Acid-Base Reactionsa

Acid

SbCl5 BF3 b lodine ICI |Br I* CH3* Et*

EA 7.38 7.96 1 5.10 2.41 68.72 62.1 51.49
9.88

CA 5.13 3.08 1 0.830 1.56 4.57 7.30 7.05
1.62

n—Pr* Ph"

EA 48.93 57.08

CA 7.08 7.77

Base

F' CI' Br' I' Me'
Et‘

OH' Ph°

EB 2.94 2.47 2.47 2.46 3.24 3.29 3.10 2.80

CB 10.38 9.66 8.59 7.50 12.07 11.66 11.32 12.86

a Data from [78].
b The two EA and CA values have been obtained by applying two different assumptions

in the calculation.
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e) Eßéct of Temperature

The effect of temperature is related to the kinetics and thermodynarnics of a

polymerization. Frequently, the activation energy of the side reactions in a

polymerization is higher than that of propagation or initiation. In these instances, a

lower temperature gives cleaner systems, but the extent of the decrease of the temper-

ature depends upon the effect it has on the main reaction. The best operating temper-

ature, therefore, depends on the values of the activation energies of possible alternative

steps.

In general, the effect of temperature on ionic polymerizations can be described by

the Arrhenius equation:

k =
Ae‘E“’"

(17)

where k is the rate constant of reaction, A is the pre-exponential factor, Ea is the acti-

vation energy, and R is the gas constant. For a living polymerization, the activation

energy for the rate of polymerization(ER,) becomes that of the rate of propagation(E,).

For a polymerization of slow initiation and an appreciable extent of termination, the

activation energy ER, is the combination of those of initiation, termination ,and propa-

gation.

For a particular process by a particular ion in a Winstein spectrum, activation en-

ergy has a positive sign. However, this overall reasoning based on kinetics must be ac-

companied by its thermodynamic counterpart, i.e., the effect of temperature upon the

equilibria among the active species formed.

From the equilibria as in equation I3, the dissociation constant can be

represented[83] as
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Kd = exp ( -22/askT) (18)

where z is the charge of the ions, a is the sum of the van der Waals ionic radii, and k is

Boltzmann’s constant. It is well known that the dielectric constant(6) of a medium in-

creases, as the temperature, T, decreases. Thus, free ions are favored by cooling. In a

poor solvent(nonp0lar solvent) ion pairs are tightly bound and there is a negligible

fraction of solvent-separated ion pairs at all temperatures. Where ion pairs exist almost

as solvent separated ion pairs, i.e. within a good so1vent(polar solvent), the Winstein

spectrum does not change much with temperature. In both cases, the rates of

polymerization increase as the temperature increases. Thus, for a solvent with interme-

diate polarity, a decrease in temperature increases the dielectric constant enough that it

may itself considered a polar solvent, in turn affecting the Winstein spectrum. For ex-

ample, the dielectric constant of CHZCIZ is 9.1 at 25°C, but becomes 13.4 at -60°C, and

17.0 at -l00°C[84]. A good illustration of this is the polymerization of styrene in

THF[85].

4. Ionic Polymerization via ’Covalent’ Propagating Species

In an equilibrium of free ions and ion pairs, as in the Winstein spectrum[4],

covalent bonding is usually considered as an inactive species. However, it has been

shown that for certain systems, these covalent species can propagate the growth of a

polymer chain. While there is no doubt about the fact that propagating covalent species

are less active than their ionic counterparts, their importance can be overwhelming if the

specific conditions under which a polymerization is carried out is highly unfavorable to

the presence of the latter, and if one achieves the highly desirable living polymerization.
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a) Pscudocationic Polymerization

The existence of active ester molecules in the cationic polymerization of styrene

was recognized in 1964 by Gandini and Plesch[87]. Plesch also proposed the concept of

pseudocationic polymerization. Before their papers were presented, Pepper et al.[88-90]

reported on polymerization of styrene by sulfuric acid and perchloric acid using polar

solvents, but they interpreted their observations in terms of conventional carbocationic

polymerization schemes though they had difliculties in explaining the unusually high

activation energy of propagation(Ea = 8.5 kcal/mole). This idea of pseudocationic

polymerization was not easily accepted and a widespread controversy over its validity

has continued until today.

Evidence of pseudocationic polymerization appears most established in the

perchloric acid initiated polymerization of styrene, at 30 to 20°C, in methylene chloride.

By using spectrophotometry and conductivity measurements coupled with kinetic

studies[l4,27,86,9l] ions are shown to be absent during propagation and to be formed

only when the concentration of styrene is less than four times of that of the acid.

Polymerization proceeds through three successive stages. There is a rapid, but

short-lived reaction involving ions in stage 1 followed by a much slower reaction stage

2 in which ions cannot be detected by conductivity or spectroscopy. In stage 3 there is

a reaction involving the rapid and simultaneous increase in conductivity and rate of

polymerization. Apparently, free ions are formed in stage 1, but these are insufliciently

stable. Ion combination yields the covalent ester, which is stabilized in solution by the

monomer. At high conversion, there is insuflicient monomer to stabilize the ester. As a

result, ionization occurs, leading to the rapid reaction in stage 3. The reaction in stage

2 is attributed to a pseudocationic mechanism in which propagation involves monomer

insertion into the C-O bond of a perchlorate ester[92] as in equation 19.
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Pseudocationic polymerization has been proposed in many systems as in Table 8[8].

The most compelling evidence for the existence of a covalent propagating species is the

absence of any effect of added water on the rate of polymerization in stage 2 though

stage 1 and 3 are suppressed.

iq}, f
‘i’

~C1~I2—C1-1 C10; -• ~C1—1z-CH-CH;-C1-IOCIO; (19)

6’ "‘

More recent evidence lies in the observation of a bimodal molecular weight

distribution(MWD) by GPC in this polymerization[96]. A bimodal MWD consists of a

mixture of two MWDs of sufficiently different molecular weights that one can observe

each MWD separately. The higher MWD portion was assigned due to propagation by

free ions or ion pairs and the lower MWD portion to propagation by the covalent ester.

A bimodal MWD indicates the presence of the covalent ester species simultaneously

with free ions. Hence, these two types of species is expected to interconvert at a much

slower rate, allowing sufficient life times for each to give rise to a different molecular

weight distribution.

Bimodal molecular weight distributions have been observed in a number of other

polymerizations: styrene initiated by CF;SO;H, CH;COClOa, and CF;CO2H ; p-

methoxystyrene and p-methylstyrene initiated by iodine; p-chlorostyrene by CF;SO;H

and Cl-I;COClOa[63,97-100]. The polymer of higher molecular weight distribution in

these systems appears to be due to propagation by free ions as evidenced by its sup-

pression when a common ion salt is added, for example, (n·CaH9)4N*ClO4' in

polymerization initiated by Cl-l;CO*ClOa“. Another interpretation of the result of the
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Table 8. Systems That Proceed by Pseudocationic Polymerizationa

Monomer Initiator Solvent Reference

Styrene HCIO4 CH2CI2 86
HCIO4 (CH2C|)2 14
HCIO4 EtNO2 91
HCIO4 EtNO2 + (CHZCI)2 91
H2OSnC|4 CH2CI2 14
CQK-I CH2C|2 14
C6H5CH(CH3)CIO4 CH2CI2 14

p-Methoxystyrene CFSCII}-I CH2CI2 91

Acenaphthylene HCIO4 CH2CI2 91

N-Wnylcarbazole HCIO4 CH2CI2 91
HZSO4 CH2CI2 91

1,1 -Di—p—methoxyphenyI- •
ethylene CCISCII}-I CSHG 34, 93

1 ,1 -DiphenyIe1hyIene HCISbCI3 CSHS 95

a Data from [8].

Review of Literature 42



addition of salt is that water adsorbed on the salt reacts with the free ion present which

suppresses kf and propagation occurs exclusively through the covalent ester[63a].

Recently,_the idea of pseudocationic polymerization has been reinvestigated and

challenged again by several workers. The molecular weight distribution of polystyrene

formed at 50°C in 1,2-dichloroethane(DCE) or mixtures of DCE and benzene by

trilluoroacetic acid, is found to be bimodal. Increasing the solvent polarity facilitates the

formation of the high polymers[l0l]. However, when the styryl ester(l-phenylethyl

trifluoroacetate) is used as an initiator no polymerization is observed under the same

conditions. This observation certainly complicates the theory of pseudocationic

polymerization. To clarify this observation more experiments were performed by Plcsch

using high vacuum dilatometry[l02]. These are summarized as followsz

•
When Tritluoroacetic acid(TFA) is not dried at all, but where the [H20] is still sub-

stantially less than [TFA], the reaction rate becomes

(20)

where St = styrene.

• The product of the polymerizations with undried TFA contains an appreciable

amount of oligostyrene of DP(degree of polymerizatiori) about 3.
• When TFA is partly dried(with calcium sulfate) the reaction rate becomes

-„1|jsr]/dr = /<[Sr][TPA]x (21)

where x is unknown.
• When TFA is dried(with phosphorous pentoxide) the rate of polymerization be-

comes
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—d[sr]/dr = k,[sr]’[rFA JS (22)

where [TFA]„ is the initial concentration of TFA.
•

The product formed in the dry systems contains very little oligomer.
• At the end of the polymerizations the reaction mixture contains poly-(and oligo-)

styryl trifluoroacetates and a conducting species; the latter is formed rapidly from

the start when the TFA is wet, but only near complete conversion when the system

is well dried. It is most probably the free TFA which is present when the

polymerization is completed.
•

Polymerizations reach completion even with the lowest [TFA] for both wet and dry

systems. However, the irreproducible results indicate that there may be a threshold

[TFA](f'or any given [M], ) below which polymerizations do not reach completion.
•

The ester, 1-phenylethyl trifluoroacetates(PET) alone does not initiate

polymerization of styrene.
•

The presence of PET in a polymerization mixture reduces the rate of polymerization.
•

The presence of PET produces a distinctly bimodal molecular weight distribution.

Finally, GPC traces change to bimodal from monomodal when the TFA becomes wet

or mixed with PET, as in Figure l[l02]. Recently, Matyjaszewski and Sigwa1t[l03] re-

ported that the polymerization of styrene by CF380; H, which was assumed previously

to proceed via a pseudocationic mechanism, could be explained more satisfactorily by a

more classical ionic mechanism. They also pointed out the different behavior of

perchloric acid and triflic acid, previously considered to be similar in the polymerization

of styrene. Upon the addition of N-ter:-butylaziridine to the polymerization system of

styrene initiated by triflic acid, a mixture of homo polystyrene and homo
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poly(N-ter!-butylaziridine) was obtained. This observation is different from the one ob-

served in HCIO., system in which block copolymer was obtained[l04].

The idea of pseudocationic polymerization has, therefore, not been strictly proved.

However, the concept that chain carriers can be covalent species instead of being ionic

remains. Certainly this concept sheds some new light upon cationic polymerization

known for a long time to be difficult to convert to controlled polymerization.

b) Group Transfer PoIymerization(GTP)

Group transfer polymerization is a new polymerization process discovered by sci-

entists at E. I. du Pont de Nemours & Company in l983[7,l 1,105-109]. This

polymerization makes it possible for the derivatives of acrylic and methacrylic acid to

be polymerized with controlled molecular weights using silicon containing initiators in

the presence of catalysts. Interestingly, GTP combines the important advantages of liv-

ing polymerization, such as controls of molecular weight and molecular weight distrib-

ution, facile preparation of block and functionalized polymers[105,llO-lll], with the

additional advantage that the polymerization can be carried out at ambient temperature

or above. In contrast, anionic polymerization of methacrylates creates living polymers

only at low temperaturesll I2] with the exception of ter:-butyl methacrylate.

CH, O 1) (CH,),SiH CH, OSi(CH,),

CH, OCH, 2) (Ph),RhC1 CH, OCI-I,

L
The components of a GTP include an initiator, catalyst, monomer, and a solvent

such as acetonitrile, THF, chlorinated aliphatics, or toluene. The initiator in GTP is a

Review er Literature 45



Ä 36
32
28

/•

Molecular weight

10s10‘25

30 35 LO «•5 SO
Elufion volume in counfs

Figure l. GPC chromatograms of polystyrenes prepared with different TFA: No 28; drying with
P;O,, No 4 and 32; CaSO„ No 36; no drying, No 33; CaSO.(PET present)[l02|.
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usually silyl ketene acetal, e.g., trimethylsilyl dimethylketene methyl acetal as in _1 , which

could be generated by the reaction as in equation 23. Besides this initiator, compounds

which can rearrange themselves into ketene acetals such as cz-silyl esters(equation 24),

or compounds which can generate ketene acetals, for example, trimethylsilyl cyanide or

trimethylsilyl methyl sulfide, act as initiators(equation 25)[113-114].

OCHQCHB

(CH;);SiCH;CO;CH;C1—l; == C1—l2=éIOSi(Cl—1;); (24)

(Cl~Ia)aSiCN + CHz=?-CO;C1—l; —» NC-CH;-C=(€ (25)

CH3 OSi(CH3)3

These initiators alone cannot initiate the polymerization of MMA, but given the pres-

ence of a catalyst, polymerization takes place as in Scheme 3[7,115-116]. In the pro-

posed mechanism the trimethylsilyl group is transferred to the carbonyl oxygen of the

incoming monomer repetitionary, hence the name is "group transfer." In a broad sense

the transfer of the trimethylsilyl group is equivalent to the participation of an initiator

fragment in a polymerization as in the case of a gegenion in an ionic polymerization.

But the GTP dilfers since the participation of the trimethylsilyl group is not straightfor·

ward.

In GTP the catalyst has a wide variety of choices. Nucleophilic catalysts such as

soluble fluorides, billuorides, azides, and cyanides are thought to activate the initiator[7].

The amount needed is small - as low as 0.1% based on the initiator. In contrast,

electrophilic catalysts or Lewis acids such as zinc halides, alkylaluminum chlorides, and

alkylaluminum oxides are thought to operate by activating the monomer[l17]. The
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amount needed is large - as much as 10% based on the monomer. Recently nucleophilic

catalysts based on quartenary ammonium acid salts which include carboxylate,

phenolate, sullinate, phosphinate, sulfonamidate, and perfluoroalkoxide were also found

to have catalytic activity[1l8]. Table 9 shows the listing of some catalysts which were

used in GTP.

Though the properties ofGTP allow one to control the molecular weight accurately

up to the range of 20K(K= 1000), obtaining a high molecular weight polymer is more

difficult since the amount of initiator needed is so low that it begins to match interfering

impurity levels. Thus the monomer purity requires an anionic grade attainable by pu-

rification from the mixture of alkylaluminum-momoner complex[30c]. Using very pure

monomers, solvents, catalysts, and initiators, it is possible to make polymers in the range

of molecular weights of 100K to 200K[l13].

Another branch of GTP, referred as aldol·GTP, developed as a result of the re-

action of aldehydes with silyl vinyl ethers[120·l2l]. Aldehydes are known to react with

silyl vinyl ethers to give silylated crossed-aldol products[l22]. Since a new aldehyde

group is formed in aldol condensation of silyl vinyl ethers, continued addition of the silyl

vinyl ether should give a polymer. The reaction scheme is represented in equation 26.

O Cat. O
@-CH + 1-I;C=C1-lOSiMe;(tBu) —% Cl-1-Cl-1zCH

n I-1;C= Cl-1OSiMe;(tBu) O
ill" CI-I—(C1-I2-C1-1),-CI-IZCH (26)

Cat. (gSiMe;(tBu) (gSiMe2(tBu)
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Table 9. Catalysts Used in GTP

Catalyst Reference

Electrophillc 1 17

Znl2, ZnBr2, ZnCI2, iBu2AICl, (iBu2AI)2O, Et2AlCI

Nucleophilic

Based on (Me2N)3S* a TAS* 3

TASHF2, TASCN, TASF2SiMe3

TAS
9

sirpms

Based on quartemary ammonium salt

Et4NCN, Bu4NF 119
Bu4NOAc, Bu4NOOCPh, Bu4NOPh, Bu4NOOC(Ph-NO2), 118

Bu4NO(Ph-F), Bu4NOOC(Ph-CN), Bu4NO(Ph-OCH3).
Bu4NOOC(Ph-Cl)

Bu4NO3S(Ph-Me) 118
Quartemary ammonium salts + Acids(1/1) 118
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The products are stable and neutral living polymers whose hydrolytic stability depends

on the bulkiness of the silyl group. By using terr-butyl dimethyl silyl ethers which are

more stable than the corresponding trimethyl silyl ethers, the molecular weight of the

polymer is well controlled over a wide temperature range(-80 to + 70°C).

Lewis acids, such as zinc halides and diisobutylaluminum chloride, or titanium

tetrachloride, act as catalysts. Good results were obtained using zinc halides in

dichloromethane. In contrast to the Lewis acid catalyzed GTP of methacrylates, where

catalyst levels of about l0~20% are needed relative to the monomer for quantitative

conversion, a much smaller amount of catalyst is needed in the aldol-GTP. This usually

ranges from 10*** to 10** mole% relative to the monomer. These living polymers can

themselves be hydrolyzed to make poly(vinyl alcohol). They are also used in the pro-

duction of Reformatsky products, i.e. as a result of the reaction of the terminal aldehyde

with another ketenyl silyl ether. The combination of living PMMA in GTP with living

poly(t-butyl dimethyl silyl vinyl ether), thus creates block copolymers. After hydrolysis,

these become PMMA-poly(vinyl alcohol) block copolymers.

c) Living Cationic Polymerization

1) Polymerization by the HI/I; Initiation System: Although the catalytic effect of

hydrogen~iodide/iodine has been recognized since the l960’s[l23], a synthesis of living

polymers by this initiation system had not been reported until recently. Japanese

workers[l0,26,l24] were the first to experiment living polymerization with this initiation

system. When this initiation system was added to isobutyl vinyl ether in a nonpolar

solvent, polymerization showed living behaviors. These included the possibility of se-

quential addition polymerization, narrow molecular weight distribution, and the linear

relationship of molecular weight versus conversion. Interestingly, hydrogen iodide can-

Review ur Literature si



not initiate polymerization by itself but requires iodine to initiate it these conditions. In

the polymerization, the hydrogen iodide makes adduct, Z, quantitatively[l25] with an

alkyl vinyl ether, as in equation 27. This adduct acts as an initiator in the

polymerization though it cannot initiate the polymerization under this condition:

HI + CH;=CH-OR —» CH;-CHI-OR (27)

Polymerization is initiated by further addition of iodine.

The above process was elaborately studied using isobutyl vinyl ether(IBVE) and the

following polymerization scheme(Scheme 4) is proposed based on the following

observations[26].

• Prior to the polymerization, HI is added quantitatively to yield adduct, 2.
• HI or 2 can barely polymerize IBVE.
• Addition of iodine to an apparently quiescent mixture of IBVE and HI, however,

induces polymerization without an induction period and yields monodisperse

polymers.
• The -CHl terminal groups are observable throughout the process.

•
The molecular weight of the living polymer produced by HI/I2 initiator is dependent

only on the HI concentration and is independent of the iodine concentration.

For this mechanism, Higashimura et al. assumed from a UV spectroscopic study

and alcoholysis experiment with methanol that the added iodine in part forms a diiodo

compound as in equation 28.

CH;=CHOR + I2 -» ICH;-CHI-OR (28)
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The compound remains intact throughout the polymerization, and the remainder of the

iodine stays free at a constant concentration in the polymerization mixture. During

polymerization the role of iodine is often thought to be equivalent to that of Lewis acid. .

The carbon-iodine bond is activated by iodine, thus making the monomer insertion into

the activated carbon·iodine bond possible.

The amount of iodine used was usually a l/l ratio to the initial HI concentration

at the initial stage of the development of this polymerization technique, because the

formation of triiodide ion was thought to be the major gegenion formation

reaction[l24a]. Later, it was possible to reduce the amount of iodine in a solvent with

medium·polarity[l26], and a linear relationship between the rate of polymerization and

the initial concentration of the iodine was reported[l27].

This polymerization system can be applied to the monomers which have a high

reactivity toward cationic polymerization. Examples include alkyl and aryl vinyl ethers,

p·methoxystyrene, alkyl propenyl ethers, and 5·methyl-2,3-dihydrofuran[128]. Much

more reactive monomers such as N-vinyl carbazole are not included. The reactivity of a

monomer toward a specific catalyst in cationic polymerization was visualized recently in

terms of the stability of growing carbocation, derived from a monomer, and the

nucleophilicity of the counteranion, derived from an initiator[24]. The relationship is

shown in Figure 2. In this Figure, the carbocations need not be free ions, but may have

a covalent nature depending on the polymerization condition.

This living polymerization certainly utilizes the nature of the covalent active center,

such as low reactivity, longer lifetime, and low chance of side reactions.

2) Polymerization by the Ester]Lewis Acid Initiation System: The complexes of esters

of carboxylic acids and Lewis acids have been known for a long time[l29]. In some cases,

for example in the case of ester-BCI; complexes, the chemical behavior was studied
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earlier[l30]. The application of these compounds to cationic polymerization was, how-

ever, not attempted until l986[1l-12,131].

When the polymerization of IBVE was initiated by the EtAlCl2/ acetate complex,

the molecular weight, MWD, and rate of polymerization became quite different from

those initiated only by EtAlCl;.

•
Polymerization was retarded so much that the half life of the monomer consumption

became quite longer than that of the polymerization initiated by EtAlCl2 alone[12],

as follows

EtAlCl2(0.2 hr) < EtAlCl2/ethyl benzoate(6.5hrs) < EtAlCl2/ethyl acetate(27 hrs)

•
The molecular weight and molecular weight distribution decreased as the

polymerization rate decreased. With EtAlCl2/CH;COOEt catalyst, narrow molec-

ular weight distribution was obtained(l.l2—l.l5) in toluene solution and the

polymerization was living at the even higher temperature, 25°C.

During polymerization fairly large amount of ethyl acetate(l00% to the monomer) was

used and the molecular weight increased as the polymerization temperature increased,

i.e., not all the EtAlCl; molecules generated polymer chains. The initiation efficiency

was rather low, so although this polymerization system is living it needs more study.

Another example of the application of the complex to polymerization is isobutylene

polymerization initiated by BCI;/t-butyl acetatell l]. The polymerization system consists

of isobutylene, t·butyl acetate, BCl;, and chlorinated solvents. At low temperatures, the

molecular weight of the polymer formed was linearly proportional to the conversion,

though the molecular weight distribution was rather broad(l.3~2.0). But carefully con-

trolled experiments gave a narrow molecular weight distribution(l.l7~l.3).

lnterestingly, the effect of moisture was not important in the polymerization, which was
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similar to the case of pseudocationic polymerization, but quite different from that in the

usual cationic polymerization. The polymerization of isobutyl vinyl ether by

acetate/EtAlCl2 was also different, since the molecular weight of the polymer was de-

termined by the initial ratio ofmonomer/t-butyl acetate. The acetate initiation efficiency

was rather low(24~5l% for t-Bu). When the acetate was changed from t-butyl acetate

to 2,4,4-trimethylpentane-2-acetate or cumyl acetate, the initiation efficiency became

close to l, but deviation still occurred due to the rather broad molecular weight distrib-

ution of the resultant polymer. Possibly imperfect mixing is also important here.

Polymerization is thought to take place as in Scheme 5[1l].

When considering the fact that metal halides(MX„) by themselves lead to uncon-

trollable and transfer-dominant cationic polymerization except under special

conditions[l32], the success of living polymerization as a result of the use of Lewis

acid/acetate complexes, as in the above two examples, is a quite remarkable step towards

a better understanding of the cationic polymerization.

3) Polymerization by the Cumyl Ether/TiCL,: Quite recently the polymerization of

isobutylene was advanced one step further by using

CH3OC(CH;);-p-C6Ha-C(CI—I3);OCH;/ TiCla initiating system in CH3Cl/ n-C,H„

(40/60 v/v) at -80°C[l3]. ln this polymerization the initiation efficiency of dicumyl

methyl ether was almost quantitative when the addition sequence of the reagents fol-

lowed the pattern of dicumyl ether - monomer - TiCla. The molecular weight distrib-

utions of the resultant polymers were quite narrow(l.05~l.l7). Therefore, the

undesirable indanyl end groups, which form in the initiation process of the

polymerization even at -80°C, could be elin1inated by selecting proper addition sequence

of reagents. The indanyl formation and polymerization can be visualized as in Scheme

6. Interestingly, the rate of polymerization showed zeroth order dependence on the
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monomer concentration as in the polymcrization of alkyl vinyl ether initiated by HI/I2

catalyst[l27].

5. Controlled Cationic Polymerization via ’Ionic’ Propagating Species

a) Introduction

Cationic polymerization is clearly different from anionic polymerization and is

usually a transfer dominant polymerization process. However, in some cases, the

polymerizations proceed without any noticeable side reactions and thus can be consid-

ered as controlled polymerizations. The living cationic polymerizations as mentioned in

the previous section would be one example of controlled cationic polymerization.

The active intermediate must meet certain requirements to qualify as a controlled

polymerization since cations(especially carbocations) are inherently unstable and reac-

tive species. When polymerization proceeds via solvent separated or free ion pairs in the

Winstein spectrum, it is very difficult to meet these requirements. Clearly, a less reactive

cation is needed in order to minimize possible side reactions and maintain chain end in-

tegrity. The monomers which can generate stable cationic species thus can generate a

controlled polymerization. Many heterocyclic monomers which can produce a relatively

stable cation, such as an oxonium ion, sulfonium ion, or immonium ion are attractive

in this regard. However, for a monomer which has a carbon·carbon double bond, the

stability of the carbocation is the most important factor in determining the

controllability.

Carbocation stability is deterrnined by microstructure and by the nature of atoms

in the vicinity of the carbocationic center. Electronic and steric effects are of particular
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importance. Charge dispersion by conjugation with aromatic rings or heteroatoms with

unshared electrons are important in the determination
of‘

the carbocation stability. When

a monomer is being polymerized, this stability may be roughly related to the case of in-

itiation or the basicity of the monomer.

Monomers which have carbon-carbon double bond and are polymerizable by

cationic mechanism, can be classified into four main categories[97]: (i) aliphatic mono-

olefins, (ii) aliphatic dienes, (iii) aromatic olefins and (iv) monomers in which the vinyl

group is attached to an electron donating atom. Within each category, the case of" initi-

ation for the most representative monomers follows approximately the order given be-

low:

(i) isobutene> 2-butene> cyclohcxene> pr0pene> l-butene

(ii) cyclopentadicne> pinenes> isoprene> butadiene> chloroprene

(iii) p-methoxystyrene> l,l-diphcnylethylene> cx-methylstyrene> indenc>

styrene> p-chlorostyrene

(iv) rx-vinylcarbazole> vinyl ethers 5 vinyl sulfides> chlorovinyl ethers

For the four categories, the qualitative order of basicity is (iv) > (iii) > (ii) > (i). The

approximate ranking of the carbocation is the same order. These criteria are only shown

to indicate broad tendencies. Factors such as the nature of' the catalyst used, the type

of gegenion and the physical conditions prevailing, are of course also important in de-

termining specific results.

The quantitative carbocation stability expressed in thermodynamic or kinetic terms

is elusive, and polymer scicntists have to contend with relative stability scales derived

by comparisons of large numbers of' various cationic rcactions. Several methods have

been proposed for the estimation of relative carbocation stabilities. One example is to

Review of Literature 6l



use the enthalpy required to dissociate an alkyl halide RX into R* and
X“

as in

equation 29.

AH, AH, AH;
RX —• R·+X·—• R++e+X·—— R++X' (29)

AHgwhere

AH,, AH;, and AH; are the enthalpy changes due to homolytic bond cleavage,

ionization potential, and electron affmity respectively, and

AHg = AH, + AH; + AH;

Table 10 shows representative enthalpies of carbocation formation calculated in this

manner from some alkyl bromides[l33].

Another method of determining carbocation stability is to compare ionization po-

tentials of the parent radicals( AH; in the above equation) as shown in Table ll[l34].

Carbocation stability is also estimated by solvolysis rates of the 5,,,, reaction[l34],

by comparison of carbocation formation enthalpies from the corresponding

alcoho1s[l35—l36], or by quantum mechanical calculations[l37].

Controlled cationic polymerization of various monomers has become of great in-

terest recently. Nevertheless, the controlled cationic polymerization via a very reactive

carbocation such as styrene has not been reported yet.

This review contains several examples of controlled cationic polyrnerizations. For

all cases the reactivity of the active cationic chain end is not high due to the charge

dispersion for a carbocation and due to the existence of stabilizing electrons for a

heteroatom. This review also includes an example of controlled polymerization via

modification of the reactivity of a carbocation by a second component of solvents[l5].
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Table I0. Enthalpies of Carbocation Formation from Alkyl and Aryl Bromidesa

Carbocation AHg (kcavmole)

Methyl 214

Allyl 152

Benzyl 147

p-Cl·BenzyI 151

o-Me-Benzyl 142

m-Me-Benzyl 145

p-NO2-Benzyl 139

m-NO2-Benzyl 164

m-CN-Benzyl 164

p-CN-Benzyl 161

a Data from [133].
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Table ll. Ionization Potentials of Parent Radicals Derived from Electron Impact Studiesa

Radical lonization potentiaI(kcaI/mole)

CH3 229.4 1 0.7
CHSCH2 202.5 1 1.2
CH3CH2CH2 200.4 1 1.2
(CH3)2CH 182.2 11.2
(CH3)3C 171.8 1 1.2
C6H5CH2 178.9 1 1.8
p-CN-C6H5CH2 197.9 1 2.3
p-MeO-CSHSCHZ 157.7 1 2.3
(C6H5)2CH 168.8 1 2.3
CH2=CH 217.9 1 1.2
CH2=CHCH2 188.2 1 0.7
CH3CH==CHCH2 177.8 1 1.2
HCEC CH2 190.2 1 1.8

a Data from [134].
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b) Living Polymerization of THF

Synthesis of high polymers by cationic ring-opening polymerization ofheterocycles

is hampered by chain transfer which may occur[l38] by:

• Back biting or end·to-end closure(intramolecular chain transfer)
• Scrambling by intermolecular chain transfer
• Proton transfer(formati0n of double bonds at the chain end)

All these polymerizations proceed to a large or smaller extent in the cationic

polymerization of any heterocyclic monomer. In the polymerization of THF, however,

these reactions are not a serious problem, and the rate can be reduced.

Macrocyclization, for example, is not a serious problem because a THF monomer has

higher basicity than the polymeric units or the macrocycles of thermodynamically unfa-

vorable sizes. Macrocyclization can also be reduced by carrying out the reaction in bulk

rather than dilute solution. The last two side reactions, on the other hand, can be re-

duced by proper selection of an initiator.

The polymerization of THF is only mildly exothermic, and thus shows a

propagation-depropagation equilibrium. The equilibrium monomer concentration [M],

at which the rate of polymerization becomes zero is reviewed below[l39]:

kp

RM* + M ": M* (30)

ln M AHP ASP AGP 31([¤]g)—%—T—·P$ ()
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For bulk polymerization [M], can have only one unique value at a given temper-

ature as in equation 3l[l40]. The plot of ln[M], versus 1/ T is a straight line with slope

AH/R. At 25°C the experimentally determined AH, = -18.8 kl/mole, AS, = -75.3 _

J/mole, and AG, = - 3.35 kJ/mole[141-143]. Therefore, the composition of the polymer

at equilibrium increases as the temperature decreases[142-143]. At 25°C, equilibrium

monomer concentration is 3.1 mole/l. [M], depends on the nature and volume fraction

of the solvent when solvent is added and the corresponding parameters include the

interaction with solvent, thus [M], depends on [M],. The stronger the solvent-monomer

interaction, the higher [M], for a given [M]„[144]. The explanation given for this phe-

nomenon involves the higher nucleophilicity of the THF relative to that of the polymer

segments. The stronger interaction between the THF and the solvent is not fully com-

pensated for by the comparatively weaker solvent-polymer interaction. The stronger the

interaction, the higher [M], for a given [M]„. Thus, [M], increases in the following order;

CHZCIZThe

reaction is carried out in the bulk, at constant temperature, with a known

amount of initiator. The polymerization time required to reach a given conversion X,

or a given molecular weight(Mn) can be calculated by knowing the rate constant of

propagation k, and the equilibrium monomer concentration [M], at the polymerization

temperature from the well-known expressions.

ln = kp[M*]t (32)

X = 1
--äA\—/%-

(33)

DP„ = (34)
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ä

where [M*] is the concentration of active sites which is equal to the initiator concen-

tration provided initiation is fast and quantitative, and DP, is the degree of

polymerization. Polymerization is usually stopped at low conversion, e.g., less than 20%

in order to synthesize poly(THF) with a narrow molecular weight distribution[ 145-147].

Various initiators lead to the living polymerization of THF. Ionic initiators such

as Et;O"BF4“, Et;O*AsF6‘, Et;O‘PF6°, and Et3O*SbF6‘, have faster initiation

rates and the propagating species in the polymerization is exclusively the oxonium

i0n[l48]. In contrast, superacid esters have slower initiation rates and the propagating

species is an ionic species which is in equilibrium with covalent esters[149-150]. Table

12 shows kinetic data of the initiation of the Tl·lF polymerization with three superacid

esters, which are compared with the corresponding data with a typical ionic initiator,

Et;O*BF4‘. The rate constant of superacid esters are much smaller than that of

Et;O*BF(. In addition, the initiation processes with superacid esters are characterized

by lower activation enthalpy(AIL*) (favorable) and more negative entropy(AS,*). This

tendency has often been observed in various dipole-dipole 5,,,, reactions producing ionic

species, e.g., in the Menschutkin reaction[l5l].

R3N + RX —» RaN*X‘

In polymerization initiated with ionic initiators, macroion pairs coexist with free

macroions. Interestingly, the reactivities of the both species were reported to be of equal

sca1e[l44] though earlier fmdings reported normal scale[l52-153]. The influence of the

anion structure on the rate constant of propagation was reported and the ionic propa-

gating rate constant apparently does not depend on the anion structure[l48,l54]. When

polymerization is initiated with superacid esters, on the other hand, macroion pairs co-

exist with macroester with equilibrium as in equation 35[l55—l57].
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Table I2. Kinetic Data of Initiation of THF Polymerization by Superacid Esters

inInitiators

FSO3Et C|SO3Et CF3SO3Et Et3O*BF4°

ki x 105 at 0 ° C 0.33 0.38 0.80 6.1 9

AHi* (Kcavmol) 13.5 12.8 10.5 16.4

ASi* (6.u.) -34 -37 -44 -16

a Data from [150].b At 2.5 · o.
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ki
(35)

kH
CF3SO§

The rate constant of collapse of an ion·pair with CF;SO;‘ anion is close to the rate

constant of monomer addition to the growing cation. The ratio of rate constants, k,, */

k,,*, depends on solvent polarity and the total concentration of the active species due to

the formation of higher aggregatcs of macroion pairs[l58]. The reactivity of macroester

is much lower than that of the macroion pair, approximately lO·3 times depending on

the polarity of the medium, so that the formation of the ester may be regarded as a

temporary termination[l56·l57,l59-160]. Table I3 shows the rate of propagation in the

polymerization of THF initiated by some initiators.

c) Living Polymerization ofOxazoline

A number of cyclic monomers containing imino ether linkage[l66]( ·N=C-O- )

have been successfully polymerized by cationic ring-opening polymerization, which in—

clude 2-oxazo1ines(ß), 5,6-dihydro-4H-I,3-oxazines(§_), 2·iminotetrahydrofurans(§),

ethylene iminocarbonates(§) and 2-imino-l,3·oxazolidines(l).

3 3 4 4 s 4 5

N ¤' N o. z °
(3 N O

Y Y O. ^«.. H6 ..=
N N

R R R R

,1
·

2, E, L
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Table l3. Rate Constant of Propagation in the Polymerization of THF

Initiator Solvent Temp.(° C) kp Reference

Et30"'BF4' ClCH2CH2C| 0 4.8x10°3 139
Et30+BF4' CHZCI2 -0.5 1 .4x10'3 a 161
Et3O*AsF6‘ CCI4 0 9.8x10'3 148
Et30"’SbF6' CCI4 0 9.8x10°3 148

CHSCH2 +C0SbF6' bulk 0 3 x10'3 147
CHSCHZ +C0SbF6° CH2Cl2 25 2.7x1 0'3 1 62
CHSCHZ *C0SbF6° bulk 25 3.1 x1 0'3 162

Ph *C0SbF6' bulk 25 3.1 x1 0'3 162
Ph3C"SbC|6' bulk 50 1 .4x10°2 163

FS03Nb CH2Cl2 0 1 .7x1 0°3 b 164
CF3S03Et CH2Cl2 0 1 .7x10'3 b 157
CF3S03Et CCI4 0 8.4x10'4 b 157

Et3A| + H20 + P C bulk 0 6.4x10'3 b 165

a Ion pair reactivity.
b Apparent rate constant.

°
p = Epichlorohydrin, propylene oxide, or ß-propiolactone.
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Among these, 2-oxazolines are the most exclusively studied monomers. The main driving

force of these polymerizations is the isomerization of the reactive imino ether linkages

to produce the thermodynamically more stable arnide bond -N—Q= O. Hence,

polymerization usually reaches completion, without the formation of macrocyclization

or equilibrium monomer concentration which is often observed in a ring-opening

polymerization.

Cyclic imino ethers are highly nucleophilic monomers, perhaps second only to cy-

clic amines. Their polymerization can be initiated by various kinds of cationic

initiators[l66-167]. They may be classified into several categories: Metal halides of the

Friedel-Crafts type and stable salts such as BF;O(C;l—l5)2 or SbF5, Lewis acids ofmetal

halides such as SnCL·. or TiCla, strong protic acids and their salts with monomers such

as sulfuric acid or p-toluenesulfonic acid, esters of sulfuric, sulfonic, and picric acids, and

acid anhydrides such as dimethyl sulfate or methyl p-toluenesulfonate, and weak

cationogenic compounds such as alkyl halides.

2·Alkyl-2-oxazolines are nucleophilic enough to be polymerized in the presence of
Br‘

or
l‘ gegenions, i.e., it successfully competes with Br' and I‘ during propagation.

Also molecular iodine is usable[l68]. With Cl', however, polymerization proceeds very

slowly. n·Butyl chloride was found to be inactive for polymerization of 2-oxazoline[l69].

The polymerization of 2-oxazoline has been studied by several workers since the

l960’s [170-174] and has been further developed by Saegusa et al. The latter authors

observed directly the active species for the first time by using NMR spectroscopy, and

determined the rate constants of initiation and propagation in the presence of different

initiators[l75]. An interesting finding in a series of mechanistic studies of the

polymerization of various oxazolines is the fact that there are two different mechanisms

conceming the nature of propagating species[l69,176-l8l]. Depending on the nature of

the counter anion which is derived from the initiator, the propagation of polymerization
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proceeds via either ionic or covalent species. There is also a difference between unsub-

stituted oxazoline and a substituted one. When the polymerization of unsubstituted

oxazoline is initiated with Mel, polymerization proceeds via a propagating species of a

covalent alkyl iodide which has electrophilic reactivity.

N ki
‘N·

-man + Q
—> +_ I + MeNCH2CH2I

O SIÜW ÖrastN

(36)

a 'S
O—-a Me-N-CH,CH2-N, —> M•NCH,CH,NCH,CH21
"¤ HC=O S l HC=O HC =O

O

When the polymerization is initiated with methyl t0sylate(MeOTs), however,

polymerization proceeds via an ionic propagating species, oxazolinium tosylate.

N ki ÄM• N, °OT=
0O

NQ-)
(37)

O
1--) Me-NCHQCHQ-N} 'OT8

*¤ nc :0 S

Nucleophilicity of a gegenion is, therefore, closely related to the nature of a prop-

agating species. A highly nucleophilic gegenion tends to make covalent active species

and a poor nucleophile makes ionic active species. The presence of an electron donating

substituent in the oxazoline monomer, on the other hand, stabilizes the cation in the
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ionic intermediates, and so promotes ionic active species. This relation can be seen in

Table l4[l82]. The rate of polymerization of an ionic intermediate is much faster than

that of a covalent intermediate.

The rate of polymerization becomes faster in polar solvents than in nonpolar

ones[l76]. A solvent of great nucleophilicity such as pyridine or DMSO, however, coor-

dinates strongly to the propagating end, thereby preventing the coordination of the in-

coming monomers; kp is, therefore, decreased[l76,l83]. The nuclcophilic reactivity of

2-substituted 2-oxazolines toward methyl p-toluenesulfonate(reflected in the k, values)

has been found to be in the order 2-CH; > H > 2-CGHS; The order of polymerizability

by methyl p-toluenesulfonate initiator is H > 2-CH; > 2-C6H5. Assuming that the

polymerizability, which is estimated from kp values, is govemed by the nuclcophilic re-

activity of a monomer and the ring-opening reactivity of the corresponding oxazolinium

ion, it can be concluded that the ring-opening reactivity of propagating ions is in the

order of H > 2-C6H5 > 2·CH;[l84]. In the copolymerization of 2-oxazolines the ease

of monomer incorporation into the polymer parallels the monomer basicities, benzyl >

methyl > isopropyl > phenyl[l85].

d) Living Polymerization ofN- Vinyl Carbazole

N~Vinyl carbazole(NVC)[l86] is among the most reactive vinyl monomers in

cationic polymerization. Its high cationic polymerizability arises from the electron-

donating carbazolyl pendant, which also serves to stabilize the propagating NVC cation

by providing a conjugating system where the positive charge is delocalized as in equation

38.

Due to its high reactivity the polymerization of NVC can be initiated by various

kinds of cationic initiators: protic acids such as HC1, HBr, HI[l87], AcOH[188], or
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Table I4. Polymerization Mechanisms of Oxazoline in CH;CNa

R in kp x1O4(° C) lonic(I) AEp*
Ap‘°

Initiator (VmoIo.s) or (kcal/mole) (I/moIe.s)Covalent(C)
R O

H MaOTs 19(40) I 25 7.5x1 01 4

H Mel 0.18(40) C 13.5 5.0x105

CHS Mel 1 .14(40) I 17.4 1 .7x108

CH3 PhCH2BI' 1.2(40) I 17.1 1.1 x1 08

CHS PhCH2CI 0.03(40) C 14.8 6.5x104

a Data from [182].
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HNO;[l89], stable carbenium salts such as tropylium salts[4lb,l90-191] or trityl

salts[41a,132a], esters such as diethyl sulfate[l92], metal perchlorate such as

AgClO.t[l_93-194], Grinard reagents such as n-BuMgBr[195·l96], phosphorus derivatives

such as PC1;[197], and various oxides[l98-200]. Among these catalysts, only 12, HI, and

HI/I2 are known to produce living polymerization[20l].

~CHz·CH + "*‘* ~CHz-CH

s 9TlI 1 TÜV (38)7Q * Q Q
6 5 4 3

When polymerization was conducted by either HI, I2, or HI/I2 in a nonpolar sol-

vent such as toluene[24], at low temperatures, it showed living behavior, but po1y(NVC)

has limited solubility in the nonpolar solvent. Therefore precipitation occurred. Also,

when polymerization was initiated by iodine in either CI—I2Cl2 or CH2Cl2/CCL mixed

solvent at -50°C[202], the number average molecular weight of the polymers increased

linearly with increasing monomer conversion, and by further addition of a new monomer

feed to a completely polymerized solution. However, when polymerization was con-

ducted in CH2Cl2 at -78°C[203], the iodine alone could not make living polymerization,

but needed the presence of common ion salt, n·BuaNI, in the range of 0.5 S

[ri-Bu.1NI]/[12];) S 1.0. The number of polymer chains formed was half the amount of

the initial iodine concentration, i.e., one living chain was formed from two iodine mole·

cules. At higher temperatures(2 -30°C) the system was not living. The best

resu1t(MWD: l.l8~l.26) was obtained when the polymerization was initiated with HI

in CH2Cl2 at -78°C[24], in the presence of n·Bu4NI(l mole % to HI concentration),

which suppresses the ionic dissociation of the propagating species in polar media[20l].
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The polymerization in salt free CHZCIZ was very rapid and was not living. Addition of

a small amount of the common ion salt retarded the polymerization remarkably and

gave quantitative conversion of NVC. Whereas a higher salt concentration(salt/Hl =

l /40) retarded the polymerization so much that the conversion apparently leveled off at

a low percentage.

In the absence of the salt, the propagating species is dissociated and becomes re-

active because of the polarity of CHZCIZ, and it induces a rapid polymerization where

initiation is slower than propagation. Thus a broad molecular weight distribution results

though the lifetime of the intermediate is long enough to maintain the linear increase in

the polymer molecular weight given sequential addition of the monomer. In contrast, the

added common ion salt suppresses the dissociation of the growing chain end, in tum

rendering propagation slower than initiation, and creating a narrow molecular weight

distribution of the polymers. This concept of dissociation suppression via common ion

salts is closely related with two internal factors: the stability of the growing carbocation

derived from a monomer and the nucleophilicity of the gegenion derived from an initi-

ator. The relationship is represented in Figure 2.

e) Polymerization by the ”Inü“er" Technique

When a polymerization is initiated with halogen containing Lewis acids, the modes

of termination(0r transfer) become different depending on the types of halogen in the

catalyst. One example is the different behavior between similar two catalysts such as

BCI; and BF;. For BF; initiated polymerization, the major mode of termination is via

the chain transfer to the monomer with the generation of a double bond at the polymer

chain end. Combination with an OI—I‘ gegenion also creates a minor contribution.
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However, the terrnination in the BCI;-initiated polymerizations of isobutylene and

styrene occurs almost exclusively by combination with chloride as in equation 39[47].

~CH;C"(CH;);(BCI;OH)' —» ~CH;-C(CH;);Cl + BCIzÜH (39)

When isobutylene is polymerized with BCI; in the presence of p-dicumylbenzene

chloride, i.e., when the gegenion is BCI4', the polymer formed consists of

a,w-bifunctional polyisobutylenes which contain chloride at the both ends of a

chain[204·205]. The existence of the chloride is further confirmed by block

copolymerization with a·methyIstyrene[9]. In this polymerization the alkyl halide, § ,

functions

CH; CH;
I

Cl*"'C C*CI (E X-R-X)
I

CH; CH;

2.
simultaneously as the initiator and transfer agent, so the name ”inifer" was

introduced(initiation·transfer agent). Inifers X·R-X must fulfill two functions simul-

taneously: as initiators they must initiate two·kinctic chains *C-R-C*, and as

bifunctional transfer agents they must affect the following chain transfer sequence:

~C* + X·R-X —> ~CX + X-R*

nM
X-R* + M —> X·RM* —• X-R* (40)
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The collapse of the ion pair in this polymerization, which is a similar reaction to

that in equation 38, is regarded as an irreversible termination. The frequency of these

events is considered to be low compared to that of the transfer to inifer. According to

a thorough analysis of the mechanism, the molecular weight distribution of Cl-

polyisobutylene-Cl prepared by the inifer technique must be 1.5, and this was corrob-

orated by experiments[206]. However, when the inifer was monofunctional(cumyl

chloride) rather than di- or tri-functional[207], the polymerization was not ideal but

needed a proron trap(2,6-di-t-butyl pyridine) to control the functionality of the

product[208-209].

The concept of inifer is certainly of importance in the preparation of telechelic

polymers[2l0] in the field of cationic polymerization. But the negligible influence of ion

pairs[2l1] and possibility of self ionization of BCl;[2l2] make it difficult for one to refine

the description of the polymerization by "inifer" technique. Interestingly, the initiation

system of bifunctional acetates/BCI; was reported to have the capability to make a living

polymerization of isobutylene[l1,213]. Terminal chain ends of the resultant polymers

after polymerization were found to have one chlorine atom at each end in order to be

telechelic. This inifer system can be compared with the lactone/BCI; initiation system in

the ring expansion polymerization[2l4].

f) Polymerizatiort via Modüied Carbocatiort or Oxonium [ons

In order to achieve living cationic polymerization of vinyl compounds, the counter

ions have to interact strongly with the propagating carbocations and thereby stabilize

the active chain ends[20l]. One way is to make the lifetime of the growing species longer

by stabilization via the strong cation—anion interaction, as in the ’covalent’ propagating
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species. And another way is to create a less reactive active chain end by some modifica-

tions.

Recently, the polymerization of' isobutyl vinyl ether was investigated in the pres-

ence of ether compounds[l5]. When the polymerization was initiated with

ethylaluminum dichloride in conjunction with a stoichiometric excess of

dioxane(5~10%) in n-hexane at 0°C, we11·defined living polymers were obtained. This

finding is quite interesting when one compares it with the non·living behavior of the

polymerization initiated by ethyl aluminum dichloride in the absence of any other com-

pound. In the presence of dioxane, the number-averaged molecular weight of the

polymers increased in direct proportion to polymerization conversion and the molecular

weight distribution stayed quite narrow( Mw/Mr: = 1.1~1.25 ). As the amount ofether

compounds increased, the rate of polymerization became slower, and the molecular

weight distribution became narrower.

A good result was (MWD = 1.1~l.25) obtained for a rather high concentration

of dioxane( 10 volume % which was the same concentration as that of the initial

monomer). Similar behavior was observed f'or THF and Et;0. lnterestingly, the amount

of added ethers needed for living polymerization depended on their basicity; Et;O >

Dioxane > THF.

O O‘——/ /—\
~CH *··•-B

“ l-} ~CH *····O O
I I ;\—/

OR OR
B‘

10
"\¢

9 and/or (41)”" /—x
~ CH — 0* 0

I Ä—/
OR B“ 11¢‘\¤
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From the above observations, the role of an ether compound in the polymerization was

proposed that the ether may solvate the growing carbocation(as in 10) and/or may even

form an oxonium ion L1 that is much more stable than the carbocationic species Q.

Therefore the stabilization mechanism is different from the mere cation-counteranion

interaction. This reveals that not only a gegenion, but also an externally added basic

compound can prolong the lifetime of the propagating carbocation.

6. Synthesis of Functionally Terminated Prepolymers

The term prepoymer originated in the field of thermoset plastics, and refers to an

incompletely polymerized polymer which can be poured into an appropriate mold and

can then be cured[2l5]. But generally, a prepolymer refers to a low-molecular-weighted

polymer that can be reacted to increase its molecular size.

When a prepolymer has its reactive functional groups at its chain ends, it may be

called a functionally terminated prepolymer or an end-functionalized prepolymer. This

in tum can be further divided into more categories such as macromonomers, telechelic

prepolymers, and others. For these species the molecular weights generally range from

1,000 or less to 20,000 or more. But the distinction between these species is not always

clear because the definitions of these species are based on different criteria. lf a polymer

has an end-functional group which can participate further in the polymerization proc-

esses, giving access to graft copolymers, then it is called a macromonomer[2]. But if a

polymer has end-functional groups at both ends of the chains or at every end of the

chain, then it is called a telechelic polymer. The difference is well-represented in Figure

4.
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Figure 4. Functionally terminated prepolymers: X
-

-0H, ·NH;, ·COOH, -C!, etc.
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Macromonomers, oFten called macromolecular monomers or Macromer®(trade

mark oF CPC International Inc.), are linear macromolecules carrying at their chain end

some polymerizable Functional groups[216]. In most cases, this Functional group is an

unsaturated group, but it also be an oxirane ring or another heterocycle that can un-

dergo polymerization. Macromonomers can also be bifunctional carrying an active

double bond or an adequately reactive heterocycle at each end oF their chains.

Polymerization 0F such species should result in network Formation. Polymer chains

bearing at one end two Functions which are able to participate in a stepwise growth

process( polycondensation reaction) can also be reFerred to as macromonomers. But iF

the Functional groups are at both chain ends, they are called telechelic polymers because

they can be incorporated into a linear polycondensate, but not as a chain extension in-

volving branching. On the other hand, polymer chains bearing only one Functional group

which is able to participate in a condensation reaction, cannot be reFerred to as

macromonomers or telechelics but as just Functionally-terrninated polymers.

A considerable amount oF work has been done in recent years in universities and

in industrial laboratories to synthesize well-defined prepolymers oF various kinds, to

characterize them thoroughly and to exarnine their ability in copolymerizations. The

interest devoted to these species arises From the Fact that they are useFul intermediates

in polymer synthesis. In particular, they give easy access to the structural design oF

copolymers via graFt and block copolymers. The important parameters/properties oF the

polymer such as thermal, processability, mechanical, optical, chemical resistance, trans-

port, surFace behavior, and blending characteristics can be well controlled, by a proper

structural design oF a polymer. The area oF block and graFt copolymers has been well

reviewed by many workers[3,2l7—229].

A great variety oF methods have been developed to synthesize Functionally-

terminated prepolymers by ionic, radical, or two step processes. In this review, the gen-
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eral synthetic features of the variety of methods will be discussed. Furthermore, the

synthetic methods involving ionic living polymerizations - initiator and end-capping

methods - will be discussed because the ionic living polymerization techniques are well

suited to synthesize prepolymers, of molecular weight chosen at will, of narrow MWD,

and carrying quantitative functionality.

a) General Synthetic Features ofFunctionally Terminatetl Prepolymers

Functionally terminated prepolymers are prepared by many techniques, for exam-

ple, by step polymerizations or by chain polymerizations such as radical, anionic, and

cationic polymerizations. Among these, the preparation methods by step

polymerizations are quite obvious. Stoichiometric imbalance of A-A and B-B types of

monomers leads to the preparation of telechelic prepolymers of designed molecular

weight utilizing the Carothers equation[230-231]. Some elegant applications of this

equation can be seen in many areas of polymer synthesis. The synthesis of an amine-

terminated poly(ether sulfone) or a maleimide-terminated poly(ether ether ketone) is one

good example of the app1ication[232] of that equation. In polymerization, the third type

of monomer such as B-C as well as A-A and B-B is employed. The functional group C

does not react with A nor B during the polymerization reaction. The resultant polymer

becomes a C-terminated telechelic polymer if the stoichiometric balance is provided be-

tween A and B. The molecular weight is determined by the relative ratio of B-C to the

A-A and B-B. This relationship is represented in equation 42.

xA-A + (x — 1) B-B + 2 B-C —» (42)
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The derivatization oF a Functional group into a different Functional group is another

method oF preparation. For example, the hydroxyl group in polyethylene oxide is reacted

with succinic anhydride to make a carboxylic acid Functional group. This then is reacted

with glycidyl methacrylate[233].

Another example is the preparation oF amine-terminated polysiloxane via equilib-

rium polymerization(ionic polymerization)[234]. In this polymerization, tetra

dimethylsiloxane("D.,”) is reacted in the presence oF a bifunctional compound such as

bis(3-aminopropyl) tetramethyl disiloxane or similar acid[235]. Again, the amine Func-

tional group is not involved in the polymerization reaction. The molecular weight oF the

resulting polymer is controlled by the amount oF the disiloxane which acts as an

endblocker.

The preparation method oF a Functionally terminated prepolymer by chain

polymerization reaction is very versatile. Many attempts have been made to utilize

anionic polymerization, radical polymerization and recently, cationic polymerization.

However, all these preparation methods by chain polymerization reaction have two

common Features in their synthetic schemes, i.e., the polymerizations are either initiated

with Functional initiators or terminated with end-capping agents.

In living ionic polymerizations, these two schemes are quite simple because the re-

actions themselves are quite predictable. And even in the radical polymerizations which

are more complex than the living ionic systems, those two schemes are well applied. The

preparation methods via ionic polymerization will be reviewed in the next two sections.

In a radical polymerization, a radical Formed upon homolytic cleavage oF a Func-

tional initiator carries the corresponding Functional group. Since upon initiation the

primary radical adds to a monomer, this Functional group remains attached to the

Formed polymer molecule. Typical Functional Free radical initiators include the deriva-

tives oF azobisisobutyronitrile, such as 4,4’-azobis(4-cyanovaleric acid), I2, and
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4,4’-azobis(4·cyano-n-pentanol)[236-239], 11, or diethyl 2,2’-azobis(isobutyrate)[240].

The hydroxyl groups are also incorporated by the initiation with H;O;[24l-242].

CHs CH:

HOOC·(CH;); —
C-

N=N—(%— (CH;);-COOH

CN CN

12

CH; CH;

HO-(CHz)s"
é

— N=N— (%— (CHZ);-OH

CN CN

E,
However, this functionalization procedure, i.e., the initiation by a radical initiator, -

is far from being ideal due to chain transfer to monomer or solvent, and due to the

concurrence of disproportionation and recombination. Control of the molecular weights

of the polymers formed under standard experimental conditions is not possible. Only by

carrying out polymerization in the presence of a large amount of a functional radical

initiator, it is possible to lower the molecular weight of the formed polymer[243].

On the other hand, the functionalization by radical chain transfer is more successful

in the control of molecular weight and functionality. Functionalization at only one

chain end can be achieved by means of eilicient functional transfer agents which simul-

taneously aHow functionalization and adequate control of the molecular weight. A large

value of chain transfer coefficient, C, , is essential for this purpose. Typical functional

chain transfer agents include 2-mercaptoethanol, HS-CH;CH;-OH[244], thioglycolic

acid, HS·CI—l;-COOH[245·246], thiomalic acid, HOOC-CH;CH(SH)-COOH[247],

tz-thioglycerol, HS-CH;-CH(OH)CH;OH[248], and iodoacetic acid[249].
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The combination oF a Functional initiator and a Functional chain transfer agent can

be used For functionalization[250], and a telomerization reaction can also be used[25l].

Equation 43 shows the Functionalization process by using thioglycolic acid. _

~CH;-CH· + HS—CH;-COOH —• ~CH;·CH; + ·S-CH;COOH

R R (43)

HOOC·CH;-S- + CH;=CH -• HOOC·CH;-S-CH;-CH-

R R
In the polymerization, the existence of a mixture oF Functional and nonfunctional ends

is expected. Experimental data, however, reveals that there is greater functionality than

is predicted due to the selective reaction of the initiator with the chain—transFer agent in

the initiation process[252].

Besides chain polymerization, functionalization can be attained by addition

polymerization. A good example is the Michael addition reaction of an amine to the

styrenic double bond[253·256]. p-Divinyl benzene is reacted with N,N'-diethyl

ethylenediarnine in the presence of a lithiated diamine. The reaction is fast and a

monoadduct is Formed by using a stoichiometric amount- oF the amine to the double

bond. After purification, the monoadduct is further reacted via the Michael type self

addition reaction in the presence of lithium diisopropylamide.

BuLi

CH; = CH-@CH= CH; + l—l1Tl-CH;CH;- TH lä
C;‘H5 C;H5 (44)

(iPl'):NLi

CH: = CH·@·CH:-CHz* ITl·CH:CH:—·I[lH *—·—·%
CzHs CzHs

Functionally terminated prepolymer
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The same kind of addition reaction can be performed with substituted bisacxyl

amides such as bisacryloyl piperidide and N,N'-dimethyl ethylenediamine. However, the

difference in the reactivity between the two acrylic double bonds is much less pro-

nounced than in the case of p-divinyl benzene, so that a mere polyaddition reaction oc-

curs. Using a proper stoichiometric imbalance, telechelic prepolymers of a known

molecular weight have been obtained[257-258].

F7
CH;=CH-CO·N N- CO·CH=CH; + NH —CH;-CHz—NH ·—%

L! | |
CH; CH;

(45)/'—\ / \
CHz=CH-CO N N-CO-CHzCHz·NCl·IzCHz·N-CHzCH;·CO N N-CO-CH=CHz

\./ g | n
\../

CH; CH;

b) Synthesis via Functional Initiators

In this and the next sections, preparation methods utilizing ionic living

polymerizations will be reviewed.

In a living polymerization, the absence of spontaneous termination and transfer

reactions makes the synthesis of well-defined Functionally terminated prepolymers pos-

sible. lf the initiation by a Functional initiator proceeds by addition to the monomer

chosen and if the Functional group of the initiator is insensitive to the attack by the ac-

tive intermediate(anion or cation), the process should yield a Functionally terminated

prepolymer. Most Frequently used Functional groups include the carbon·carbon double

bond, and cationically or anior1ically polymerizable monomers.
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However, when a Functional initiator utilized in an anionic polymerization contains

an unsaturated double bond, there are some drawbacks:

l. Efliciency is impeded by the Fact that the unsaturated double bond is generally sen-

sitive to the attack by reactive carbanions wliereby branched structures are Formcd.

But iF the polymerization involves oxirane monomers, the Functional group(the

carbon-carbon double bond) is quite insensitive to the attack of an alkoxide.

2. The rate of initiation by a less reactive initiator such as a vinyl lithium compound

is Fairly slow for the styrene monomers, so the molecular weight distribution be-

comes broader.

3. An allylic type double bond at the chain end is not adequate for the subsequent

radical copolymerization because of its low reactivity towards radicals and of the

isomerization that can take place.

Thus, the use of Functional initiators in anionic polymerizations is good for the

polymerization of heterocyclic monomers. Recently a protected Functional initiator is

used in group transfer polymerization in order to make telechelic hydroxyl Functional

PMMA. After the polymerization, p-(bromomethyl) benzyl bromide is added to induce

coupling, and the protecting group(trimethyI silyl) is replaced by a proton[l2l].

Table 15 shows the available combinations of monomers and Functional initiators

in anionic polymerization.

In cationic polymerization, Functional initiators were used usually in the

polymerizations of heterocyclics because almost olefinic and vinylic monomers do not

produce living cationic species. THF and oxazolines are the most studied monomers

because they undergo living polymerizations.
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Table I5. Functional lnitiators in Anionic Polymerization

Initiator Monomer Reference

Mgcu MMA 259
vinylpyridine 259

CH2-CHLI styrene 260, 261

CH2=CH-CH2LI styrene 262

H2C Oü { E/c-©—cI~I20I< 263, 264
H3C

O>—@- OLE 265, 266
N

H3C\ /O·CH2CH2-O-Si(CH3)3
C=C\ MMA 1 13

H3C/ O·Si(CH3)3

+trans-PhCH-CHCHO H2C=CHOSiMe2(tBu) 121

+ ZnBr2
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For THF, propagation is a reversible process and an equilibrium monomer con-

centration can be deüned at each temperature. The polydispersity oF the prepolymer

tends to be broader iF the polymerization conditions approaching the ceiling temperature

are used[267]. Many polymerizations oF THF are initiated by using Functional initiators

which contain the methacryloyl group because the methacrylic carbon-carbon double

bond does not polymerize cationically. The initiators are conveniently prepared in situ

by a metathetic reaction between the corresponding acyl halides and AgSbF6.

»9 9
R·C\ + AgSbF6 —> R-C* SbF6' + AgX (46)

X

In the polymerization oF THF, the polymerization process is carried out preferably

in bulk, and around O~l0°C, in order to prepare samples oF low polydispersity. The

process is stopped when the chains have reached the desired molecular weight. Deacti—

vation is performed by the addition oF an efiicient nucleophile such as phenoxide[268],

amine, phosphine{269], or lithium bromide.

Besides the carbon-carbon double bond, phenolic ·OH terminated prepolymers are

synthesized by the initiator method using oxazoline and isobutylene. The polymerization

oF isobutylene is not living, but the molecular weight is controlled by the iniFer tech-

nique. Table l6 shows some Functional initiators used in cationic polymerization.

c) Termination with Functional End Capping Agents

This method oF deactivation has been more successFul than the initiation method

in the preparation oF Functionalized prepolymers. When a living ionic polymer is reacted

with a Functionalized capping agent in order to make a good prepolymer, the rate oF
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Table I6. Functional Initiators in Cationic Polymcrization

Initiator Monomer Reference

CH2=C-COC! + AgSbF6 7 264, 270

IcH2=c-©-cnzer + AgSbF6 I 7 264

0
cH2=cH-@cH2a1 + AgSbF6 Q 7

264

0©-cH=cH-ouzar + AgSbF6 Q 7 271
N 272
0

N N

@ [7 S +Tf0Mea CHg< j 266
H0 0 0

I /HO -©— c-ci + aois cH2=c\ 273
CH3 CH3

(CH3)2C=CH-CH2C| + BC|3 CH2=C\ 274

FHS
CH2=CH-@—CH2CI + BCIS + H20 CH2=C\ 275

‘?HS
CH2-C-C00-(CH2)20CH-CH2 + HI/I2 CH2=CH-0-iBu 276

a Methyl trifluorosulfonate.

Rcvicwofhitcraturc 92



termination has to be faster than the side reaction which can occur between the active

chain end and the functional group. Functional groups include the carbon-carbon

double bond, the hydroxyl group, amines, etc. Among these, the double bond is the one

which has been studied the most exclusively.

In anionic polymerization, the functional capping agent is usually an unsaturated

electrophile. Thus, there is possible competition between the termination reaction and

the side reaction as in equation 47. Because these reactions are determined mainly by the

nucleophilicity of the active chain end, electrophilicity of the end-capping agent and the

polymerizability of the double bond have to be taken into consideration. Only the right

combinations of the above two creates efficient capping reactions.

I

~CH;-CH‘M " CH; = CH ·——··—> ~CH;-CH-CH;-CH'M *

© + © © ©
CHQCI CH2CI

\
Il (47)

- MÖ ~CH-CH;©CH= cu;

In order to suppress the side reaction I, a modification of the reactivity of the

carbanion is necessary. When the gegenion is lithium, the reaction depends strongly

upon the reaction medium, so the use of polar aprotic solvent such as THF is needed in

order to suppress the side reaction[277]. However, the living carbanionic polystyrene

formed with lithium or potassium gegenions cannot be reacted directly with an unsatu-

rated electrophile such as methacryloyl chloride, because the high nucleophilicity of

styrene carbanions gives rise to side reactions involving the double bond. An intermedi-
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ate addition of diphenylethylenel278-279] or oxirane[278,280] is required to lower the

nucleophilicity of the end-standing site, prior to the reaction with the end-capping agent.

This has been extensively tested by Milkovich[278].

As the nucleophilicity of the living chain end decreases - polystyrene >

polyvinylpyridine > polyalkylmethacrylate > polyethylene oxide - the chance of side

reactions decreases. The nucleophilicity of vinyl pyridine carbanions is still rather high

and therefore, an intermediate addition of oxirane is required when methacryloyl

chloride is used as the capping agent. For alkyl methacrylate carbanion the intermediate

addition of oxirane is of no help because this reaction is far from being quantitative.

Direct deactivation by p·vinylbenzyl bromide at low temperature is preferable.

The right choice of end capping agent is also important in the successful prcpara-

tion of prepolymers. Allyl halides, vinylbenzyl halides, methacryloyl chlorides, and

vinylsilyl chlorides are the most frequently used end-capping agents. Among them, allyl

bromide and vinylbenzyl bromide were tested to be good for living poly MMA[28l], but

the direct use of allyl halides in polystyrenic living polymer is accompanied by side re-

actions, and the use of the allyl group is not that desirable due to the low reactivity to-

ward radical polymerization. Methacryloyl chloride is a good end-capping agent for less

reactive nucleophiles such as alkoxides, but it is accompanied by side reactions for re-

active nucleophiles such as styrenic or acrylate carbanions. On the other hand, there is

a broader spectrum in its choice of nucleophiles if vinyl silyl chloride is used. lt can be

reacted indirectly after the addition of oxirane[282a].

Generalizations about the correct combinations of nucleophiles and electrophiles

cannot be made easily, since they are dependent upon the natures of each species in a

reaction at given reaction conditions. Table 17 shows the list of some end-capping agents

in anionic polymerization. This includes functional groups, other than the carbon-

carbon double bond, as well as the carbon-carbon double bond.
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Table l7. Functional Capping Agents in Anionic Polymerimtion

Monomer Initiator Deactivator Reference

Styrene BuLi BrCH2CH=CH2 278

Styrene 0uK Brci-I2cH=cI-I2 278
(CumyI Potassium)

Styrene euu o¤cH2©o=cH2 277
HIR)

Styrene 264
Bh

Styrene CH3©CH2K 264
‘?“ FHS

Styrene CH3©CH2K CH2=C-Ph+ 8mHZ©c=cH2 264

0
Styrene Bul.i @ + CICHz©CH=CH2 264

0
Styrene cu< 278

0
sryrene cH3©cH2K /..\ + emH2©cH=cH2 264

FHS
Styrene BuLi CI-CO·C=CH2 278

0 CH4;.
·

3
Styrene BuLi + CI—CO—C=CH2 264

Styrene CuK LÄ + CI·CO-C=CH2 278, 283

(to be continued)

Review of Literature 95



Table 17 (continued)

Monomer Initiator Deactivator Reference

9**3
Styrene CuK CI-Ci-CH=CH2 282

9**3
Styrene CuK /BuLi CI-CH2·§i-CH=CH2 282

Styrene CuK /BuLi 282

O CHS
Styrene CuK/BuLi Ä + CI-CH2-Ci-CH=CH2 282

O„
Styrene CuK /BuLi cg 278

Styrene CuK /BuLi CI—CH2CH2·O·CH=CH2 278

9** QStyrene CuK /BuI.i CH2=-C-Ph + CICH2 -O-CH=CH2 278

Styrene BuLi CO2 + H3O* 284

O
Styrene BuI.i CICHP + H3O* 278

O
Styrene BuLi [ ß + HSO * 280

(to be continued)
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Table 17 (continued)

Monomer Initiator Deactivator Reference

F FH FHS
2-Vinylpyridine 264

Ph
FHS

2-Vinylpyridine (Ph)2CHK BrCH2<§>C=CH2 264

I
2-Vinylpyridine (Ph)2CHK Li + CICO-C=CH2 264

FHS
4~VinyIpyridine (Pn)201-IK amH2©c=0H2 264

MMA auu 6:0142-01—1=0H2 281

MMA aut.: 6mH2@cH=0H2 281
(I)

c en
MMA 0-c-0-c-0-L1 c1cH2@cH=cH2 264

Ph (Br)

0 Ph CHS
° ° · °—c¤—¤ 264MMA 0-0-c-0-0-L1 6mH2©c- 2

Ph FHS
MMA (Ph)2CHNa BßH2@C=CH2 264

0 0142
MMA (1=n)2c1-1K @+ 01000-0+12 264

I116uMA (1=>n)2c1—1~a BßH2@C=CH2 264

(to be continued)
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Table 17 (continued)

Monomer Initiator Deactivator Reference

9**3
t-BuMA (Pn)3cl-u< area-i3@>c=ci-I3 264
Methacrylate EIH3
(-cH3cH3sa(cl-i3)3) (r=n)3cHi< 6«cH3©c=cH3 264

Methacrylate CH3
/0-0 u=m3ct-u< 0mH3@ö=cH3 264

(cH3)3 o\ |
0-0-cH3-

$**3Ethylene oxide (Ph)2CHK CI-CO- =CH2 263, 264

9**3Ethylene oxide CH3O(CH2)2OK CI-CO—C-=CH2 263, 264

Propylene oxide Bis-A + Al-porphyrin MeOH 285

9**3
D3 (cl—l3)3sa0u ci-es-© cl-i=cl-I3 286, 287

9**3
D3 286

9"3
03 287

9**3
D3 sec-BuLi 288
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Most cationic polymerizations involve transfer and/or termination reactions, and

are not suited for direct functionalization. It is only feasible to make functionalized

prepolymers with certain monomers. Monomers with the carbon-carbon double bond,

such as alkyl vinyl ethers, isobutylene, p-methoxystyrene, and N-vinyl carbazole, are

known to undergo living polymerization. But research efforts into the preparation of

functionalized prepolymers with these living polymerizations are at the very beginning

stage of development because discoveries about living polymerizations are relatively new

and there is a greater possibility of side reactions compared to those in anionic

polymerizations. In Contrast, the living polymerizations of cyclic monomers such as

oxolane, dioxolane, N-substituted aziridines, and oxazolines, have been known for many

years and thus the majority of research efforts concerning functionalizations have been

devoted to these cyclic monomers.

Frequently used functional deactivators include unsaturated nucleophiles such as

p-vinylphenoxide, p-vinylbenzylate, sodium methacrylate, or p-vinylpyridine, and ordi-

nary nucleophiles such as amines, carboxylates, or hydroxides. When these deactivators

are reacted with living polymers of cyclic monomers, especially poly(TH F), the efficien-

cies of deactivations are usually high, giving rise to well-defined functionally-terminated

prepolymers. If living poly(TI—IF) is reacted with pyridine or tertiary amines, the result-

ant polymers contain quartemary ammonium sites and therefore their characterization

becomes difficult.

Sometimes transfer reactions are used for preparations of functionally terminated

prepolymers. A representative example is the inifer technique developed by Kennedy

et.al.[289-292]. This preparation method utilizes the fact that transfer to the gegenion is

the predominant mode of termination reaction when the polymerization of isobutylene

is initiated by BCI; and cumyl chloride compounds. Though the polymerization system

is not living, the molecular weight can be accurately controlled. The polymerization
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generates a chloride-terrninated polyisobutylene and this becomes the precursor of

functionally terminated polyisobutylene. The w-chloro-polyisobutylene is

dehydrochlorinated in order to make a terminally unsaturated prepolymer, and this re-

action can be followed further by hydroboration and selective oxidation to yield the

w-hydroxy-polyisobutylene.

Besides this inifer technique, other modes of transfer reactions were applied in the

preparation of functionally terminated prepolymers. Examples of these include the syn-

thesis of functionalized polyisobutylenes via substitution reaction and elimination

reaction[293]. If 2-methylfuran is added to the growing chain of polyisobutylene initi-

ated by EtAlCl;, the carbocation of the growing chain end attacks the furan ring and the

substitution reaction takes place as in an electrophilic aromatic substitution reaction.

Though the reaction yield is not that high, 50~70%, this method provides a convenient

means to prepare functionalized prepolymers.

On the other hand, if 1,3-pentadiene is added to the growing chain end of

polyisobutylene initiated by BF}, proton transfer occurs predorninantly from the

polyisobutylene active chain end to the 1,3-pentadiene. Hence, a double bond is formed

at the chain end of polyisobutylene. The newly formed active center on l,3—pentadiene

becomes allylic carbocation and propagates much more slowly.

Therefore, if one knows the exact modes of termination, and can promote a specific

mode of termination by proper use of reactant and by modification of reaction condi-

tions, the specific mode of termination can be utilized for the preparation of a

functionalized prepolymer.

Table 18 shows the lists of some end-capping agents in cationic polymerization.

Also this table includes chain transfer agents which are used for the preparation of

functionally terminated prepolymers.
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Table l8. Functional Capping Agents in Cationic Polymerization

Monomer Initiator Deactivator Reference

CH2=CHO-iBu HI + I2 NaCH(COOEt)2 + OH' 294

CH2=CHO·iBu Hl + I2 H2N@ 295
COOH

THF EtSO*BF4’ NaO<®CH=CH2 146, 296
(f = 0.95)

THF 146, 297

I
THF CHSCH2COC| + AgSbF6 KOCH@C=CH2 147

THF EtSO*BF4° NaOOC-CH=C|·-I2 146

THF EtSO*BF4° NaOOC-é=CH2 146. 298
(f • 1.0)

‘n~II= - NO >-ci-izci-I2 299

THF - (cH3)2N©-cH=cH2 299
N FHS

MeOTs a H2N(CH2)2N(CH2)2@CH=CH2 272
O

?'*¤
t-Bu-NZ] CHSOSO2CFS NaOOC-C=CH2 300

(f
-

1.0)

(to be continued)
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Table 18 (continued)

Monomer Initiator Deactivatcr Reference

/CH3 (FH QH3
CH2=C BF3 + CI-0©0-CI Initiator-transfer 210, 301

bw, ons ons

CH2=C€ EtAIC|2 UCH3 293
(f = 0.5-0.7)

CH2=Cä BF3 1 ,3-pentadiene 293
CH3 (f ¤ ~ 0.5)

O Et3O*PF6‘ generation of H*PF6' 302
(f = 0.3-0.9)

a Methyl tosylate.
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B. Cationic Polymerization ofAlkyl Vinyl Etlzers

1. Introduction

Vinyl ethers form one of the most important group of monomers that can be

polymerized by cationic methods.

The first polymerization of a vinyl ether was reported in 1878 by Wislicenus[303].

The attempted synthesis of a 1,2-diiodo compound led to the discovery that the addition

of iodine to ethyl vinyl ether produces a violent reaction resulting in the formation of a

resinous material. However, the major impetus for the study of vinyl ethers began with

the discovery of a simple method of producing the monomers by Reppe and co·workcrs

at I. G. Farbenindustrie[304]. Lewis acids, such as boron trifluoride, were found to be

excellent catalysts for the polymerization and a rubbery poly(isobutyl vinyl ether)

produced in this way was sold in Germany under the trade name Oppanol C even before

the World War ll.

Due to the high nucleophilicity of these monomers many cationic initiation systems

can initiate polymerization ofthese monomers. But, it is known that vinyl ethers produce

only low molecular weight polymers when initiation is carried out with free radical cat-

alysts, ultraviolet radiation, or heat alone. Anionic initiation systems apparently fail the

initiation completely, as would be expected from the electron donating nature of the

ether substituent.

On the other hand, when vinyl ethers are copolymerized with electron deficient

monomers such as the acrylates, methacrylates, maleic anhydride, vinyl chloride, vinyl

acetate, etc. Polymerization occurs by using a free·radical initiation system. Alternating
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copolymers are obtained by using a highly electrophilic monomer such as maleic

anhydride[305].

Vinyl ethers are used in many areas of chemistry as well as other related areas, e.g.,

in the manufacture of glutaraldehyde[306], as synthetic intermediates[307], as monomers

or comonomers in vinyl polymers, or as a general inhalation anesthetic for procedures

of short duration[308]. Vinyl ether copolymers are used largely in specialty polymeric

areas such as adhesives, surface coatings, lubricants, greases, elastomers, molding com-

pounds, übers, ülms, and chernical processing[309].

2. Monomer Preparation and Properties

a) Preparation

There have been variety of routes taken in the synthesis of vinyl ether monomers

starting with the early attempt to prepare ethyl vinyl ether from diethyl chloroacetal and

sodium[303]. The major commercial process used in the manufacture of vinyl ethers is

the reaction of acetylene with alcohols under basic conditions, which was developed by

Reppe and coworkers in Germany. The German plant used a reaction tower packed with

Raschig rings and ülled with the alcohol containing 1~5% KOH at l60~l80°C.

Acetylene was continuously recycled up through the tower. Heat of reaction( ca. 125

kJ/mole, or 30 kcal/mole) was removed by cooling coils. Fresh alcohol and catalyst were

added continuously at the top and the product was withdrawn from the base of the

tower. Yields of puriüed distilled product were quantitative[3l0]. The vinylation of al-

cohols from methyl to butyl was carried out under pressure; 2~2.3 MPa(20~22atm) for

methyl at l60~l65°C and 0.4~0.5MPa(4~5atm) for isobutyl at l50~l55°C,
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respectively[3l 1]. Vinylation of high boiling alcohols can be carried out at atmospheric

pressure.

On the other hand, a typical procedure for a batch vinylation would be conducted

in a high-pressure autoclave with a suitable safety barricade. The reactor would be half

charged with alcohol containing either alkali metal hydroxide or alkoxide, purged of air

with nitrogen, and the temperature raised to l20~180°C. A gas mixture of acetylene and

nitrogen(usually 1 part acetylene to 2 parts nitrogen) is introduced in at an operating

pressure of 100 psi or above and held at that pressure by continuous feed until there is

no further uptake of acetylene[304,3l2]. A likely mechanism for the reaction involves

addition of the metal alcoholate to the triple bond in the rate-controlling step followed

by metal-alcohol exchange[304].

HCECH + ROM —• ROCH=CHM (48)

ROCH = CHM + ROH -» ROM + ROCH=CHz (49)

Another important commercial process for the preparation of vinyl ethers is the

thermal cracking ofacetals. The cracking reactions are usually conducted at 250 - 400°C

over catalysts such as palladium on asbestos[3l3], thoria[3l4], or metal sulfates on

alurnina[3 15].

CH;Cl—I(OR)2 —» CH;=CH-OR + ROH (50)

The acetal precursors are prepared by the reaction of acetaldehyde with appropriate al-

cohols using acid catalysts. Calcium chloride is an especially advantageous catalyst since

it also functions to remove water and drive the polymerization to completion. Acetals

are also forrned in good yield by the reaction of acetylene with alcohols in the presence
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of acidic mercuric catalysts(Hg0 + BF1)[3l6]. Also the reaction of primary alcohols

with vinyl acetate in the presence of a similar type of catalyst[3l7], or the reaction of

ethylene with alcohols using platinum derivatives[3l8], can give acetals.

Some interesting synthetic routes which use ethylene were reported as in equation

51. Another method that gives very high yields by exchange reaction was reported as in

equation 52[3l9-320].

Pdclz-CUCI2-HC1

ROH + CH1=CH1 01 H10 (5l)

ROH + C1—I1=CH-OCCH1 ——·—l> R0CH=CH1 + CH1C0H (52)

If the acetal precursor is difficult to prepare or if the vinyl ether cannot withstand

the hot basic conditions of the vinylation reaction, the exchange or trans·vinylation re-

action can be used as in the equation 53. This reaction is catalyzed by mercuric salts and

is carricd out in vapor phase[321]. This method is good for the laboratory preparation

of the vinyl ethers.

Hg2+
CH1 = CH + R'0H CH1= CH + ROH (53)

é é
I I
R R'

Certain vinyl ethers have been produced by dehydrochlorination reactions both

commercially and in laboratory preparations. Reaction of 2,2’·dichlorodiethyl ether

with sodium hydroxide is used commercially to manufacture 2-chloroethyl vinyl ether

as in Equation 53[322]. Pyrolytic dehydrochlorination of l,1'-dichlorodiethyl ether, on

the other hand, is used to manufacture divinyl ether[308].
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CICHZCHZOCHZCHZCI + NaOH —> CH2=CHOCH2Cl·l2Cl + NaC1 + H2O(54)

Polyhydric alcohols and saccharides can be vinylated if the hydroxyl groups are

separated by two or more carbon atoms or adjacent hydroxyls are protected by ketal

formation with acetone. Unless this is done, intramolecular acetals result by addition

of a free hydroxyl group across a vinyl ether. Primary and secondary hydroxyl groups

are readily vinylated, whereas tertiary alcohols require more vigorous conditions or spe-

cial techniques such as the use of potassium rer:-butoxide. Vinyl ethers have been pre-

pared from most simple alcohols, glycols, triols, sugars, phenols, pentaerythritol, cyclic

hydroxyl compounds, terpene alcohols, and a number of rniscellaneous hydroxyl

compounds[323].

b) Physical Properties

Table 19 lists the physical properties of the C1~C., vinyl ethers[3l0a,324]. The

ethers are soluble in solvents such as hexane, CCI4, methanol, ethanol, ether, dioxane,

ethyl acetate, benzene, and ethoxyethanol. These monomers are the principal cornmer-

cially available monomers. Table 20 shows the physical properties of some of other alkyl,

aryl, divinyl, a- and /3-substituted, and functionally substituted vinyl ethers[324-325].

c) Reactions and Applications

The chemical reactions of the vinyl ethers are typical of most vinyl compounds.

Extensive discussion of their polymerizations can be found in references, 309b, 324, 326,

and 327.
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Table l9. Physical Properties of the C; · C; Vinyl Ethersa

Methyl Ethyl lsopropyl n-Butyl lsobutyl

Freezing point -122.8 -115.4 -140 -91.9 -112.1
l° Cl

Bolling point 5.5 35.7 55-56 93.5 83.0
(° C, 760 torr)

Specific gravlty 0.7511 0.7541 0.753 0.7790 0.7682
<¤.,·’*°>

Refractlve index 1.3730 1.3767 1.3829 1 .4020 1 .3966
(nom) (0 ° C) (25 ° C)

Flash point -56 <-18 - -1 -7
( ° C)

Heat of vaporatlon - 87.8 - 75.6 77.2
(1 atm, cavg) A

Solubllity in water 1.5 0.9 - 0.2 0.3
(20 ° C, wt %)

Odor sweet pleasant pleasant pleasant pleasant
pleasant

a Data from [310a, 324].
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Table 20. Physical Properties of Various Vinyl Ethcrsa

Vinyl others Boiling point, ° C nD2° d42°

R or Ar (mm Hg) (° C)

s-Butyl 81 1 .3970 0.7715
t·ButyI 75 1 .3922 0.7691
n-Amyl 1 19 1 .4105(30) -
Isoamyl 1 10 1 .4070 0.7833
n-Hoxyl 143.5 1.4171 0.7966
n·Oc1y| 58(4) 1 .4268 0.8024
2-Ethylhoxyl 178, 61 ·63(1 1) 1.4247(25) 0.8088
n-Docyl 101 (10) 1 .4346(25) -
n~Tetradecy| 140~145(4) 1.4457(30) ·
n-Hoxadecyl 160-165(4) 1 .4490(30) -
n-Octadecyl 182(3)(mp, 30 ° C) 1.4515(25) -

Phonyl 155-157 1.5226 -
o~CresyI 170 - -
p-Cresyl 174 1 .5186 -
a·NaphthyI 259 1 .6152 -
ß-Naphthyl 264(mp, 64 ° C) - -

CH2=CH- 28.5(mp, -101 ° C) 1.3989 0.773
CH2=CH-O-CH2CH2- 126 1.4388 ·
CH2=CH-O-CH2· 90 — -

Mothyl a—methyI 32.5-33.5 1.3788 0.73
Mothyl a—chIoro 122-123 - -
Isopropyl ß-mothyl

(cis·) 83(750) 1 .400 -
(trans-) 90.5(750) 1 .4018 -

-CH2CH2OH 140 1.4532 -
—CH2CH2CI 108(mp, -70 ° C) 1.4361 1.04932o2°
·CH2CH-FH2 138-139 1.4458(11) 1.1051111

O

a Data from [324, 325].
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Vinyl ethers are hydrolyzed to the corresponding alcohol and acetaldehyde in the

presence of an acid[303,328-329].

ROCH=CH2 + H;O* —» ROH + CH3CHO + H* (55)

A kinetic study of the reaction showed the following order of reactivities: t-butyl >

isopropyl > ethyl > methyl[328]. This is the same order observed in simple cationic

polymerization and is related to the basicity of the oxygen rather than electron release

to the double bond. This reaction, on the other hand, was used for the monomer analysis

of the vinyl ethers by Reppe. In the analysis, the aldehyde formed is titrated as in a

typical aldehyde analysis[3l2,330-331]. But this suffers from the disadvantage that

aldehydes and acetals, typical impurities, act as interfering impurities and cannot be de-

tected.

Vinyl ethers undergo the usual addition reactions of oleiinic compounds. Catalytic

hydrogenation proceeds smoothly to the corresponding ethyl ethers[3l2]. Chlorine and

bromine add extremely vigorously giving high yields of 1,2-dihaloethyl ethers with a

proper control[332]. ln the presence of an alcohol, halogens add as hypohalites, giving

a 2-haloacetal[333].

CH2=CHOR + X2 + R’Ol-I -—> XCH2CH(OR)(OR’) + HX (56)

This reaction is used in the analysis of vinyl ethers. Excess iodine in the presence of

methanol gives the iodoacetal with the vinyl ether and is back titrated with thiosulfate

as in equation 57[33l].

CH;=CHOR + CH;,OH + I2 -» ICH2CH(OR)(OCHa) + HX (57)
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In this method, aldehydes and acetals do not interfer. The pH must not be allowed to

go below two if acid impurities are present, as this Vleads to iodine formation from the

HI. High pH must also be avoided since under basic conditions vinyl ethers and

acetaldehyde impurities can give iodoform by reaction with iodine.

Vinyl ethers have been used as protecting groups in organic synthesis. In particular

they have been used to convert hydroxyl groups to acetals, which are stable under neu-

tral or alkaline conditions and are easily hydrolyzed with dilute acid after other desired

reactions have occurred[334-336].

ROH + CH;=CH·OR = ROCH(CHs)(OR) (ss)

Besides alcohols, many labile hydrogen compounds add across the double bond as in

equation 58. Carboxylic acids give 1-alkoxy ethyl esters[337], and thiols give

thioacetals[338]. Addition occurs in the Markovnikov direction.

Vinyl ethers and a,ß-unsaturated carbonyl compounds react by cycloadditior1[306a]

as in equation 59 by heating the two reactants in an autoclave, with a small amount of

hydroquinone to inhibit polymerization. The resultant 2,3·dihydropyran is hydrolyzed

in the synthesis of glutaraldehyde[339].

0
CH CH, (59)u +nCHCH
mo \OR G on

When ketene is used instead of unsaturated carbonyl compounds, vinyl ethers cyclize to

cyclobutanones[340].
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Since vinyl ethers are prone to hydrolysis and to polymerization by acidic materials,

acids and water are to be avoided. Stabilizers ordinarily used are solid alkalies(KOIl

pellet), or high·boi1ing arnines such as triethanolamine. No radical-trap stabilizers are

ordinarily required if there is adequate removal of air during handling and distillation.

Protected from air, moisture, and other contamination, vinyl ethers are stable for years.

Because of their high vapor pressure, the lower alkyl vinyl ethers represent a severe

fire hazard and must be handled accordingly. lnhalation should be avoided. Although

vinyl ethers form peroxide more slowly than saturated ethers, distillation residues must

be handled with caution.

At a concentration of 64,000 ppm in air, methyl vinyl ether immobilized a group

of test rats within one-half hour. When removed from the test atmosphere, all rats re-

covered and appeared normal after 72 hours. One died after 96 hours, the remaining five

rats seemed normal for the total two week observation period.

Isobutyl vinyl ether showed a single oral LD,„ (50% lethal dosage) for rats of 17

rnl/kg and a single skin penetration LD„ for rabbits of 20 ml/kg. Concentration of 16,000

ppm in air gave 50% rat mortality in 4 hours[3l0a].

3. Polymerizations and Characteristics

Vinyl ethers are converted to high molecular weight polymers only by cationic ini-

tiators. Because of the ability of the alkoxide group to donate electrons, the rz bond in

vinyl ether is very nucleophilic. It is therefore attacked extremely readily by carbenium

ions, even by the compounds as stable as the triphenylmethyl carbenium ion[34l]. Fur-

thermore, the carbenium ion resulting from the addition is stabilized by the ability of the
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alkoxide group to delocalize the positive charge. Hence, the strong tendency of vinyl

ethers to undergo cationic polymerization can be readily understood.

H H
I I

~CHz""C+
*—*

~CHz"'C

I _ II
10- 10*

I I
R R

14
*'\¢

I? H
I

(14) + CH2=CH-OR -i·> ~CHz°?·CHz'*'C* (60)”
I

101 101
I I
R R

a) Rcactivity

Vinyl ether monomers with highly branched alkyl groups generally exhibit greater

reactivity[342], and a greater tendency to form stercoregular polymers than straight-

chain monomers[343]. Long chain alkyl ethers are generally less reactive than the short

chain homologues. Aromatic vinyl ethers are less reactive under cationic initiation than

alkyl vinyl ethers and more susceptible to side reacti0ns[326], but they have markedly

greater reactivity than styrene[344].

The reactive polymerizability of selected alkyl and aryl vinyl ethers is shown in

Table 21. In this Table, alkyl vinyl ethers cannot be compared directly with aryl vinyl

ethers. In the first part(alkyl vinyl ethers) of the Table, reactivity of the monomers was

deterrnined by the rate of reaction with dich1orocarbene[345] as in equation 61, by the
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rate of hydro1ysis[328], and by the rate of polymerization initiated by cycloheptatrienyl

hexachloroantimonate[346].

ROCH= CH; + :CCl; —» ROCHlCH; (61)
\ /

CCl;

In the second part(aryl vinyl ethers) of Table 21, reactivity of the monomers was

deterrnined by the reactivity ratios in the copolymerization of phenyl vinyl ether(M;)

and its derivatives(Mz)l347].

The heat of polymerization of isobutyl vinyl ether was reported to be around 22.3

kcal/mole at 0°C[50].

With a complexed boron fluoride catalyst, the rate of polymerization changes by

side group as follows: anisole > isopropyl ether > ethyl ether > n-butyl ether >

tetrahydrofuran[305,348]. Also with a metal sulfate-sulfuric acid complex catalyst the

rate of polymerization of alkyl vinyl ethers decreases as follows: ethyl > n-butyl > n-

hexyl 2 n-octyl [349].

But Schildknecht and others[326,350] reported a different tendency in the

polymerization initiated by boron trifluoride etherate, in the following order: t-butyl >

isopropyl > isobutyl > n-butyl > ethyl > methyl. The reactivity of the monomer,

therefore, can be changed by a change of catalyst and reaction conditions.

Usually the reactivity of monomers in cationic polymerization is detcrmined by (1)

the use of the rate constant, (2) the use of reactivity ratios, or (3) HC NMR.

The knowledge of rate constants, particularly the propagation rate constant k,,

provides an estimate of monomer reactivity toward its own cation. However comparison

of k,
’s

of different monomers is not always reliable for the evaluation of relative reac-

tivities because in addition to experimental difficulties k, is determined not only by the

nature of the monomer, but also by the growing cation and experimental conditions. The
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Table 2l. Relative Polymerizability of Selected Alkyl and Aryl Vinyl Ethers

Alkyl vinyl ethers Relative reactivity Relative pelymerizability C

xzciza I-l3o+b

Ethyl 1.0 1.0 1.0
Methyl 0.86 0.50 -
Isopropyl 1 .3 3.6 7.4
Isobutyl 0.83 0.8 ·
t-Butyl 2.0 6.6 25
2-Chloroethyl 0.40 0.09 0.1

Aryl vinyl ethers r1 rz Relative polymerizability
<M2>

° wm
Phenyl - - 1
p-Methoxyphenyl 0.42 2.1 2.38
p-Methylphenyl 0.55 1 .76 1 .82
m-Methylphenyl 0.79 1 .50 1 .27
m-Methoxyphenyl 0.71 1.1 1 .41
p-Chlorophenyl 3.6 0.27 0.278
m·Chlorophenyl 21.6 0.19 0.217

a KO-tBu + CHCI3, 0-5 ° C[345).
b HCI in 80% aqueous acetone, 25 ° C[328].

° C7H7SbCI6 in CH2CI2, 0 ° C[346].
d SnCI4 in toluene, -78 ° C[347].
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different degree of dissociation of an active species under different conditions is one of

the biggest difficulties in the determination of the rate constant[35l]. Also the different

impurity level makes the data different. Table 22 shows some of the polymerization rate

constants of vinyl ethers. Transfer constant k,, has also been used to estimate the reac-

tivity of growing ions of styrenic monomers[354-355].

Monomer reactivity ratios reflect relative monomer reactivities toward the same

active species. According to Mayo and Lewis[356], or Alfrey and Goldfinger[357], four

propagation steps were proposed in a copolymerization regardless of the nature of the

active species. For cationic copolymerization the four propagation steps are as follows.

+ ku +~M] + M1
‘°+

ku +~MI + M21•~MlM2+

kn +~M2 + M}-'•+

"=¤ +
~M2 + M2

-—•whereMr, M2, Mi *, and Mf are the two monomers and corresponding carbenium

ions, and k is a rate constant. Then reactivity ratios n, and rz for monomer l and

monomer 2 are defined, respectively.

ku
r = 1 (66)‘ kn

Review of Literature II6



Table 22. Rate Constant of Polymerization of Some Alkyl Vinyl Ethers

Monomer Initiation system kp x10°3 Reference
(Alkyl group) (° C / Initiator! solvent) (M°‘sec°‘)

Methyl 0/ C7H7*SbCl6' / CH2CI2 0.14 346

Ethyl 0 / C7H7*SbCl6' / CH2Cl2 1.5 346
0/ Ph3C*SbCl6‘ / CH2Cl2 5.1 352
0/ 6°Co / bulk 8.3 352
30/ 8°Co / bulk 60 353

Isobutyl 0/ Ph3C*SbCl6' / CH2CI2 14.8 352
0/ C-,H7*SbCl6' / CH2Cl2 6.8 346
0/ 6°Co / bulk 38 352

Isopropyl -25/ Ph3C*SbCI6°/ CH2CI2 0.32 351
0/ Ph3C*SbCl6' / CHZCI2 0.42 351
15/ Ph3C*SbC|6° / CH2Cl2 1.0 351

_ 0/ 6°Co / bulk 900 352
0/ y—ray / bulk 390 351
30/ 7-ray/bulk 1300 353

t·Butyl 0/ C7H7"’SbCl6° / CH2Cl2 3.5 346
0/ 6°Co / bulk 50 352

Cyclohexyl 0/ C7H7"’SbCl6° / CH2Cl2 3.3 346

2-Chloroethyl 0/ C7H7"’SbCI6° / CH2C|2 0.2 346
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V2 = (67)

When M1 is a reference monomer the value of I/r1 is a measure of the preference

of the attack of M1 * on M; or its own monomer M1. If k,, is taken to be unity, I/r1 is

a measure of the reactivity of M2 toward cation M1
‘.

Consequently, I/r1 values for a

set of M2 monomers may be used to express their reactivity toward the same cation.

Absolute values of I/r1 depend on the nature of the reference monomer. In the absence

of steric effects, monomer reactivities obtained by different methods give the same reac-

tivity values[358-359].

Second part of Table 21 shows the reactivity relationship via reactivity ratios.

Comprehensive compilation of reactivity ratios can be seen in Kennedy’s book[8].

Following Karplus and Pople's[360] proposition that a HC NMR chemical shift re-

flects TI electron density on carbon atoms, attempts have been made to correlate HC

NMR chemical shifts with monomer reactivity[36l]. Thus Higashimura et al.[362] cor-

related HC NMR chemical shifts with the reactivity of ß-substituted styrenes and vinyl

ethers. A ß-methyl group was found to decrease the reactivity of styrene and increase the

reactivity of vinyl ethers.

Table 23 shows HC NMR shifts of /3-carbons for several vinyl or alkenyl ethers.

Examination of the data in this Table shows that the chemical shift of ß-carbon in n-

butyl vinyl ether and isopropyl vinyl ether decreases upon methyl substitution. The de-

crease caused by an ethyl group is larger than that caused by a methyl group. The

changes in chemical shift suggest that the 7I electron density on the ß-carbon of an

olefmic double bond decreases on introduction of an alkyl group on the ß-carbon, and

this change in chemical shift in vinyl ethers is similar to the general trend observed in

substituted hydrocarbons.
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Table 23. Carbon-l3 NMR Chemical Shifts of ß-Carbonsa

AO Population of (ß-C)„b

Monomer 6c(ppm) Model oompounds AO Population

(from CS2) of (ß—C)„°

CH2=CHO·n-C4Hg 107.8 CH2=CHOCl-l3 1.131

cis-CH3-CH=CHO-n-C4Hg 93.5 cis-CH3-CH=CHOCH3 1 .043

cis-C2H3-CH=CHO-n-C4H3 84.5 cis-C2H5·CH=CHOCH3 1.043

CH2=CHO-i-C3H7 102.2 CH2=CHOCH2CH3 1.131

cis·CH3-CH=CHO-i-C3H7 93.0 - ·

CH2=CHOCl-l2CH2Cl 104.6 - ~

a Data from [362].
b Atomic orbital population in the 1:orbitaI(1: electron density).
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Evidently the increase of reactivity due to ß-alkyl substitution is not due to an in-

crease of TC electron density on the ß-carbon. Also chemical shift does not reflect reac-

tivity of vinyl ethers. The reactivity of vinyl ethers decreases in the following order;

CH; = CH·O-iPr > CH; = CH-O-nBu > CH; = CH~O·CH;CH;Cl, whcreas the down-

field shift of ß-carbon resonance is CH; = CHO-nßu > CH; = CH-O-CH;CH;Cl >

CH: = CH-O-iPr.

Since an upfield shift usually indicates increased TI electron density on the carbon

atom as in styrenic monomer, the reactivity of vinyl and alkenyl ethers does not parallel

7I electron density on the ß-carbon. Thus the carbocation attack on the ß-carbon is not

the rate-deterrnining step[328,363].

Hatada et al.[364] noted that with increasingly electron-donating alkyl groups in

vinyl ethers, the chemical shift of the oz-carbon of the vinyl group shifts to a higher field

and that of the ß-carbon to a lower field. These observations were explained by assuming

that the contribution of the CH;‘-CH=O*·R of resonance structure decreases with

increasing electron-repelling power of the alkyl group. A good correlation between the

chemical shifts of the vinyl groups and monomer reactivity was obtained as in Table 24.

b) Initiation System

Polymerization of a vinyl ether was first observed by Wislicenus in 1878, using

iodine as cata1yst[303]. In 1932, Charmers obtained polymers using Friedel-Crafts

catalysts[366]. A few years later, 1.G. Farben obtained a patent in which the

polymerization of isobutyl vinyl ether by boron trifluoride was described in considerable

detai1[367]. Since that time many catalyst systems have been found for the

polymerization of vinyl ethers, and many systems generate stereoregular polymers. Good

reviews on the catalyst systems of vinyl ethers can be found in the
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Table 24. Carbon-I3 NMR Chemical Shifls of an- and ß-Carbons and Monomer Reactivity a

Alkyl group Chemical shift from CS2(ppm) a Reactivity b

in ***-**1*** (1/r1)

R'O'l'lCa= G ß

Methyl 40.5 109.6 0.18

Elhyl 39.7 108.5 0.49

n-Butyl 40.6 108.1 1 .0

lsobutyl 40.8 108.7 1 .37

Isopropyl 42.3 106.2 2.63

t-Butyl 46.9 103.5 5.26

a Data from [364].
b EtAlCl2 catalyst in toluene at -78 °C[365].
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literature[309a,327,348,368-369]. Some of the representative examples are shown in Ta-

ble 25.

Atactic vinyl ether homopolymers can be readily prepared by initiation with acid

catalysts, especially by Friedel-Crafts type catalysts such as boron fiuoride, aluminum

trichloride, stannic chloride, etc., either in bulk or in inert dry solvents. The reaction may

be extremely vigorous, so it is important to moderate it for safety and in order to control

the molecular weight. The extraordinary rapid polymerization brought about the term

"flash polymerization"[370], especially in the polymerization of the lower alkyl vinyl

ethers by boron trifluoride.

Much greater control of the polymerization reaction can be obtained if

polymerization is carried Out at low temperatures(-40 to ·70°C) and if the Lewis acid is

complexed(e.g. boron trifluoride etherate). Some hcterogeneous initiators such as mo-

lecular sieves and vanadium pentoxide make atactic homopolymers at room

temperature[37l-372].
[

Often slight modification of the reaction conditions or the catalyst system changes

the tacticity. A good example is the polymerization of isobutyl vinyl ether[348,373-376].

When liquid propane(~ -70°C) containing a boron trifluoride catalyst(0.0l% or more)

is rapidly added to cooled isobutyl vinyl ether diluted with liquid propane, nearly in-

stantaneous or "flash polymerization" takes place. The polymer obtained is tacky,

rubberlike and amorphous. On the other hand, when boron trifluoride etherate is used

at —80° to -60°C, polymerization proceeds slowly and the polymer grows around the

catalyst as a separate phase. This type of polymerization is termed[376] "polyphase" or

"proliferous polymerization/' The polymer is a nontacky solid which gives a crystalline

x-ray diffraction pattem in the unstretched condition and a sharp fiber diagram on

stretching.
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Table 25. Some Initiation Systems for the Polymerization of Alkyl Vinyl Ethersa

Monomer b Initiation system Remark
(Alkyl group) (° C / Initiator! solvent)

Methyl 3-5 / BF2.2H2O / bulk -
Ethyl -10/ SO2/ bulk -
Isobutyl 12 / SnCI2 / bulk -
Isobutyl 25/ I2 / ethyl ether -

- 0-8/ CrO2Cl2 / hexane -
Isobutyl -70/ BF3.Et2O / propane -

n-Butyl 5-100 / Al2(SO4)3.3H2SO4 / heptane crystalline
n-Butyl -78 / AIClEt2 / toluene-propylene(5/3) crystalline

n-Butyl -78/ AlCl2Et / loluene-propyIene(5/3) crystalline

n-Butyl -78/ AlCI2(OEl) / toIuene—propylene(5/3) crystalline

Isobutyl -78/ I2 / ethyl ether syndiotactic

Isobutyl 0/ C-,l~l7*SbCl6‘ / CH2Cl2 lsotactic
Isobutyl 30 / V2O5 + AlEt3/benzene isotactic
Isobutyl 30/ POCl3 + AIEt3/benzene isotactic
Isobutyl 30/ V2O5 + AIEt3/benzene isotactic
Isobutyl 25/ Fe2O3 / toluene isotactic
Ethyl -20/ FGZO3 ltoluene ·
Allyl -10/ SbCl5 /toIuene isotactic
t-Butyl -76/ (C6H5)3C"’BF4‘ / CH2Cl2-toIuene(7/3) isotactic

a Data from [309, 327, 368-369].
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Another example is the change oF coinitiator in the polymerization oF isobutyl vinyl

ether initiated with vanadium pentoxide. Addition oF benzaldehyde causes a 50% in-

crease in the rate oF the polymerization in benzene at room temperature, whereas re-

placement oF benzaldehyde with triethylaluminum changes the nature oF the

polymerization From atactic to stereoregular in the same medium[373].

In the polymerization oF t-butyl vinyl ether at -78°C by BF;OEt2,

8/ l(volume/volume) ratio oF CHZCIZ-toluene solvent makes an atactic polymer, a

1/l(v/v) ratio oF toluene-nitroethane solvent makes a syndiotactic polymer, and toluene

makes an isotactic polymer[377-378].

The Formation oF stereoregular vinyl ether homopolymers produced by cationic

polymerization has been the subject oF numerous investigations. Historically, the

poly(vinyl ethers) occupy an important place in the development oF polymer science,

since crystalline polymers recognized later to be isotactic, were prepared as early as

l948[348]. Initiators For the stereoregular polymerization oF vinyl ethers can be classilied

into eight categories[309,379]: metal halides, organometallic halides, metal organic or

inorganic halides, metal oxides and metal oxyhalides, organometallic or metal alkoxide-

sulfuric acid, metal sulfates, Ziegler-Natta initiators, and Grinard reagents.

Heterogeneous initiator systems Frequently provide alkyl vinyl ether polymers with

greater stereoregularity than homogeneous initiators, especially at near room temper-

ature. Pioneering research on complex catalysts prepared From sulFuric acid and an

aluminum salt shows the preparation oF high crystalline alkyl vinyl ethers[349,380].

Fe2O; initiator system also creates high yields oF semicrystalline polymers[38l].

Besides the chemical initiation systems mentioned above, many physical initiation

systems have been applied in the polymerization oF vinyl ethers. Initiation by high en-

ergy radiation, initiation by electrochemical reaction, etc., are the examples. A recent
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review by Gandini and Cheradame[97] documents well many cationic initiation processes

of vinyl ethers.

c) Polymerization Mechanisms

Eley and his coworkers investigated in detail the kinetics of polymerization of se-

veral alkyl vinyl ethers using different catalysts under a variety of conditions[382]. The

ionic nature of the polymerization reaction is clearly demonstrated[34l] by the acceler—

ation effect[383] of solvents of high dielectric constant. In the polymerization of n-butyl

vinyl ether with stannic chloride, Eley and Richards[34I] proposed a basic scheme of el-

ementary reactions which include initiation, propagation, termination, and chain transfer

to the monomer. Each of these elementary reactions is very similar to the corresponding

general reaction of cationic polymerization reviewed well by Kennedy[8].

In this section, the differences between the polymerization of vinyl ethers and other

cationic processes will be reviewed. The focus will be upon the chain transfer reaction,

the initiation with iodine catalyst, and steric control mechanisms.

l) Chain Transfer Reaction: Among the elementary reactions, the chain transfer to the

monomer has been studied extensively by many workers. It has been suggested that it

is one of the most important reactions that control the molecular weight of the

poIymer[384]. Ledwith and his coworkers[50] have shovm that the propagation reaction

in the polymerization of isobutyl vinyl ether is faster only 30~50 times than the transfer

reactions, with both processes having rather similar activation energies.

Direct proton transfer to the monomer, for example, functions as in equation 68,

but the tremendous efliciency of monomer transfer in this case suggests that other forms
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of monomer transfer may be operative. At least two alternative reactions may account

for the ease of monomer transfer.

~CH;·%};I X' + CH;= CH -9 ~CH=CH + CH;—(f:l;I X‘

? ? ? ?
‘“”

R R R R

Studies of carbocation behavior were established beyond a doubt that protonated

cyclopropanes constitute active intermediates in many reactions of simple alkyl

cations[385], as in equation 69. There is still some uncertainty regarding the exact

structure of protonated cyclopropanes, as to whether the ring is face protonated, edge

proronated, or corner protonated, but a primary alkyl cation may be represented as an

equilibrium between classical and non-classical structures.

RCHzCHzCHz
”'

RCH —· Cl·l; (69)
\

CH? H *

For a simple alkane structure the order of carbenium ion stability falls in the fol-

lowing sequence, rert- > sec- > proronared cyclopropyl- > primary-. However, for sub-

stituted derivatives, the free energy differences between protonated cyclopropyl and

secondary or tertiary classical structures are not very great[386]. lt is plausible, there-

fore, that the propagating classical cation in vinyl ether polymerization is in equilibrium

with a very small concentration of the non-classical protonated cyclopropyl derivatives,

for example as in equation 70. ln this particular example, the presence of stabilizing

alkoxy groups would overwhelmingly favor the open chain classical structure, but

cyclopropanes are much less basic than similarly substituted olefins, and this provides a

simple explanation for the observed facile monomer transfer reaction. The proposition

of the cyclic intermcdiate was introduced for the explanation of head-to·tail type struc-

tures of the polymer[368,387], and supported by theoretical calculations as well as by the
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enhancement of the polymerization reactivity of the vinyl ether resulting from methyl

group substitution for hydrogen on the ß·carbon of the vinyl ether monomers[37l,388].

~CHz-CH—CH;—— C_H ‘?..,‘*“
~CHz— C —CHz

OR
RO/ \C)<H*

(70)
/ \

H OR

CH2 = CHOR
~CH;—C——CH2 + CH;-C_H

RO/OR

Another altemative monomer transfer process would be possible if the propagating

carboxonium ion attains stabilization by neighboring group effects of monomer seg-

ments in the same chain. The reaction is shown in Scheme 7[23]. The cyclic oxonium ion

formed by intramolecular stabilization would have electrophilic reactivity at positions

l, 2, and 3, according to the nature of the substituents, but here again reactivity at po-

sition l would be heavily favored by the alkoxy substituent. Reaction at position 1 leads

to propagation and would be expected to dominate; reaction at position 2 constitutes a

monomer transfer reaction in which an alkyl group has been transferred; and reaction

at position 3 results in propagation with branching. It has also been proposed that a

cyclic oxonium ion explains the stereoregular nature ofvinyl ether polymerizations with

heterogeneouscatalysts[389].In

very pure systems- true termination reactions are scarce in cationic

polymerization. However, a small amount of spontaneous termination occurs as the re-

sult of the reaction of the active center with the counterion. In the polymerization initi-

ated by SbCl6‘ salts, termination reactions were reported as the result of combination

with chloride[50], the combination with chloride followed by self-initiation reaction of
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Scheme 7. A monomer transfer process[23].

Review of Literature I3



the salt[382], or the combination reaction which occurs simultaneously with an elimi-

nation reaction[50].

2) Initiation by iodine: The polymerization of vinyl ethers is considered to proceed by

way of a conventional cationic mechanism, however, details concerning initiation are a

matter of controversy. Kinetic[390], spectroscopic[305,39l], and conductometric[392]

studies have not been conclusive in this regard. Careful works by Ledwith and

Sherrington[393], and Johnson and Young[394] clarified aspects of the first stage of re-

action in iodine-initiated polymerization of ethyl, n·butyl, and isobutyl vinyl ethers in

various solvents. According to these workers, an equilibrium is established between vinyl

ethers and iodine, and equilibrium constant and enthalpy data indicate that the first

product is 1,2-diiodide, and not a charge transfer complex which has been suggested by

many investigators[392,395-396]. Rate studies, spectrophotometry, and ethanol substi-

tution experiments seem to confirm these conclusions. The first step of initiation is pro-

posed to involve the following reactions:

CH2=Cl—I-OR + I2 ='— Cl—Iz=CHOR...I2 (fast) (7l)

CH2=CH-ÜR...I2 + I2 —> I3

(slow)Accordingto Ledwith and Sherrington[393], initiation is complicated by the for-

mation of the ion pair

ICH;-CH(OR)I + I2 .—:. ICH;-CH=O’-R lf (73)

The iodine initiated polymerization will be reviewed in detail in the Iodine as a

Cata(ysr/ Initiator section.
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3) Mechanisms for Steric Control: Many catalyst systems make stereospecific poly(vinyl

ethers) via coordination mechanism. And any mechanism to explain the stereospecific

growth of polymer must involve a means by which the configuration of the chain end is

fixed in the transition state and a means by which the direction ofattack of the monomer

on this chain end can be controlled. The way in which these requirements have been

met for vinyl ether polymerization is divided into three classes by Ketley[369]; formation

of cyclic chain ends, retention of partial
sp’

character in the carbenium ion, and multi-

functional catalysts and gegenions. The first two classes include simple homogeneous

catalyst systems, and the last class includes heterogeneous catalyst systems and compli-

cated homogeneous systems.

Formation of the cyclic chain end was proposed by Bawn and Ledwith[389](Scheme

8), and the proposed six·membered ring at the growing end is very similar to the one

shown in the chain transfer reaction in Scheme 7.

In order to explain the formation of isotactic poly(isobutyl vinyl ether) in the

presence of BF3 coinitiator, Cram and Kopecky[397] suggested the following Scheme 8.

In the Scheme, substituents P(polymer chain) and -OR(R= isobutyl) are visualized to

occupy the least compressed equatorial positions in the transition state and the carbon

carrying the -OR group is inverted during ring opening. The relative configurations of

the two asymmetric centers formed determine the overall configurations of the chain. lf

the configurations are identical an isotactic polymer is formed, whereas if they are op-

posite a syndiotactic polymer is formed.

Cram's mechanism has also been used by Goodman and Fan[398] to explain the

formation of syndiotactic poly(methyl a-methyl vinyl ether). The authors suggest that a

growing oxonium ion in the form of a pseudo six·membered ring is formed by the

interaction of the terminal carbenium ion with the ether oxygen of the penultimate unit.
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Scheme 8. Steric control via cyclic chain end[397].
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Perhaps the major objection to this theory is the almost nonexistent role of the

catalyst in determining isotacticity. It would seem that any catalyst capable of yielding

a carbenium ion on reaction with the vinyl ether would result in stereospecific growth.

This objection has been solved somewhat by Bawn and Ledwith[389,399] by the as-

sumption that positive charge resides primarily on carbon and the gegenion is closely

associated with the carbenium ion[397].

Retention of partial
sp·’

character in the carbenium ion was proposed by

Higashimura et al.[400] as an explanation for steric control. A carbenium ion that is not

strongly associated with its gegenion should be a true
sp’

hybrid and consequently

planar. An attack upon this ion by an incoming monomer should therefore be of the

same probability irrespective of which side the monomer approaches from. Conse-

quently, propagation of such a free completely sp2 carbenium ion should lead to the

formation of an atactic polymer unless there is a strong steric interaction between the

alkoxide group on the chain end and the alkoxide group on the monomer. In the latter

case, a syndiotactic polymer should be formed, and there is some evidence that this in

fact occurs[377b]. It is therefore assumed that, for an isotactic polymer to form, the

carbenium ion must have a partial sp’ character.

Higashimura and his coworkers have suggested that the carbenium ion is closely

associated with the gegenion. When monomer addition takes place the monomer is ori-

ented with the alkoxide group as far from the polymer end as possible[-100] in the tran-

sition state. These authors suggest that the direction of tacticity depends on how closely

the gegenion is bound[377b].

It is not made clear exactly how the gegenion can effect isotactic placement, how-

ever, even though the evidence suggests that it does. One possibility is that in the prop-

agation step, reaction proceeds through a four-center transition state in which the
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gegenion is partially bound to both the carbonium ion that is reacting and the one that

is being formed.

It has recently been suggested that the extent of association between the growing

cation and the counterion is a signilicant element in the steric control of alkyl vinyl ether

polymers[401-402]. The most stable conformation of the last two units of a growing

poly(vinyl ether) cation is shown in Scheme 9[403]. The relative ease of front- or back-

side attack by the monomer is determined by the tightness of the growing ion pair and

the steric hindrance of the approaching monomer with side-chain substituents. Thus,

front-side attack leading to the formation of syndiotactic polymers is favored in highly

polar solvents where more separated ion pairs are stabilized. However, nonpolar sol-

vents, e.g., toluene, favor tight association between the propagating cation and its

counterion, leading to back-side approach and an isotactic polymer. When the growing

ion-pair end is crowded by a bulky substituent, such as t-butyl, interfercnce between the

bulky side chain and the counterion may result, thereby lowering coulombic attraction

between ion-pair components which would favor front-side attack. Figure 5 shows how

the fraction of syndiotactic dyads P,„ in poly(t-butyl vinyl ether) decreases as the

dielectric constant of polymerization solvent increases[404].

Theories concerning the stereospecilic polymerization of alkyl vinyl ethers that

emphasize the role of the catalyst most strongly are those that consider the catalyst to

bc a multifunctional entity capable of reacting simultaneously with both the chain end

and the attacking monomer molecule. Natta, among others, emphasized this approach.

In the polymerization of cis- and trans-/3-chlorovinyl ethers, diisotactic polymers

are formed, which indicates a constant mode of presentation of the monomer units.

Natta suggested that this may be accomplished by the monomer coordinating by both

its double bond and its ether oxygen atom to the dimeric form of the catalyst(in this

case, EtAlC1;), which, in turn, is bound to the polymer chain-end(Scheme l0)[369].
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The concept of a multifunctional catalyst is also used by Natta to explain the ob-

servation that the catalyst (C5H5)zTiCl;AlR; gives a crystalline polymer below 30°C

and an amorphous polymer above this temperature[405]. The stereospecific catalyst is

assumed to be a complex that is stable only at low temperatures. At high temperatures

the complex dissociates to give a fragment or fragments that are still active but cannot

influence the steric course of the reaction.

T
C\

Al Al ?
P-·-·~CHg—CH? \Cl’

czH°

Scheme 10. Monomer unit coordinated by both its olefm bond and ether oxygen
to dimeric aluminum alkyl chl0ride[369].

In heterogeneous catalysts, the heterogeneous nature of the catalysts presumably

play a key role in the various stages involved in stereospecific polymexization. Lal and

McGrath[349] proposed a coordinated cationic mechanism as in Scheme ll with the use

of sulfuric acid·metal sulfate complexes. Polymerization is initiated by a proton bound

to a large heterogeneous counterion derived from the metal sulfate complex. The metal

center coordinates with the ether oxygen of the vinyl ether carbonium ion and thereby

exercises further steric control for the incoming monomer. The ether oxygen of the in-

coming monomer is also presumed to coordinate with the metal on the catalyst surface.

The ability of these heterogeneous catalysts to yield high molecular weight

polymers at somewhat elevated temperature Suggcsts that the transfer to monomer and

termination reactions are suppressed by the heterogeneous complex counterion.

Furukawa[406] has suggested that such a complex catalyst should possess at least two

coordination centers. As a general trend, an increase in bonding between metal sulfate
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and sulfuric acid increases the stereoregularity of the polymer and its molecular weight.

The strong coordinating ability of the catalyst stabilizes the bisulfate anion by complex

formation and leads to the formation ofa high molecular weight polymer even at higher

temperatures. Furthermore, a high coordinating ability of the catalyst facilitates the

coordination of the substituent in the monomer on the catalyst surface thereby produc-

ing a polymer of higher stereoregularity even at higher temperatures.

d) Structure, Properties, and Applications

The physical properties of poly(alkyl vinyl ethers) depend on molecular weight, the

nature of the alkyl group, and stereoregularity. Homopolymers may appear as viscous

liquids, sticky liquids, rubbery solids, or brittle solids. Polyethers with long alkyl chains

are very waxy. The glass transition temperatures of the amorphous straight-chain alkyl

vinyl ether homopolymers decrease with increasing length of the side chain. Also the

melting points of the semicrystalline poly(alkyl vinyl ethers) increase with increasing

side-chain branching. On lengthening the side chain by one carbon, specific volume in-

creases by l4%[325,348], and it represents an increase in free volume,i.e., within exper-

imental error the same value was found for poly(n-alkyl methacrylate)[407]. Table 26

shows the glass transition temperatures, melting points, densities, and solubility param-

eters of poly(alkyl vinyl ethers).

Traditionally, the molecular weight of vinyl ether polymers has been estimated by

the so-called K value, a viscosity measurement originated by Fikentscher[368,409]. lt is

obtained by making use of the relationship shown in equation 74, where r;„, is the ratio

of the viscosity of the solution to that of the solvent and C is the concentration of

polymer, in g/dl.
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Table 26. Physical Properties of Poly(Alkyl Vinyl Ethers)a

PoIy(aIkyI vinyl Solubility

Methyl -31 144 - 7.94

Ethyl -42 86 0.951 7.54

n-Propyl -49 76 - -

Isopropyl -3 190 0.924 -

n-Butyl -55 64 0.926 7.85

sec~BulyI -20 - 0.924 -

lsobulyl -19 165 0.916 7.50

t·ButyI - 238 - ·

n-Peniyl -66 - 0.918 7.86

n-Hexyl -77 - 0.902 7.81

2-Ethylhexyl -66 · 0.897 -

n·OctyI -80 - 0.893 7.87

a Data from [325].
b Data from [327].
C Data from [325, 408].
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k (74)
1 + 1.5kC

The Fikentscher K value equals 103/t. lt has been found that the intrinsic viscosity,

[rr], of methyl and ethyl ether polymers in 2-butanone at 30°C can be related to molec-

ular weight M, by equation 74[410], where [1;] is in dl/g.

[rr} = l.37x10”3M°‘54 (75)

Natta and his coworkers have shown that the crystalline form favored by

poly(a-olefms) with a linear side group is a ternary helix. Such a conformation is in ac-

cord with theoretical predictions[41l]. However, when the poly(a-olelin) contains a

branched side chain, steric hindrance makes the formation of temary helix too energetic.

Therefore conformational modifications occur. The nearer the branching is to the back-

bone chain, the greater the deviation from the ternary helix, for example,

poly(3-methy1butene- 1) crystallizes in a quartemary helix[369,412],

poly(4-methyl-pentene-1) does in a helix containing seven monomeric units in two turns

of the spiral. Po1y(5-methylhexene·1), where the branching is distant from the chain,

also forms a ternary he1ix[4l3].

In poly(vinyl ethers), the ether oxygen functions very much like the methylene

group adjacent to the chain in poly(a·olef1ns). A general similarity in the ways the two

sets of polymers crystallize is therefore observed.

P01y(methyl vinyl ether) was found by Bassi to possess a rhombohedric cell with

a= 16.20 3 0.10A and c= 6.5 3 0.05A(chain axis). The polymer forms a temary helix,

and there are 18 monomer units in the unit cel1[369,414]. These results are analogous to

those obtained for one of the crystalline forms of isotactic polybutene-1[415] and for

isotactic 1,2-polybutadiene[416]. Poly(n-butyl vinyl ether) also crystallizes in a
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rhombohedric cell with a= 23.7 i 0.2A and, as expected, c= 6.5 i 0.05A[369,4l7]. The

spectrum is consistent with this polymer also forming a ternary helix.

The degradative effects of y radiation on diethyl ether solutions of poly(vinyl

ethers) have been studied under a variety of conditions[418]. A11 alkyl vinyl ether

polymers, except t-butyl vinyl ether, exhibit similar degradative behavior showing free

energy of scission(Gsc) values of 0.3~0.9 scissions per 100 eV at 0°C. Degradation is

much more pronounced for poly(t-butyl vinyl ether), which has a Gsc of 3.6 at 0°C.

Poly(vinyl ethers) must be stabilized by the addition of antioxidants or ultraviolet-

radiation absorbers. Amorphous homopolymers exhibit outstanding tack characteristics

and are, therefore, widely used in pressure-sensitive adhesives, tackifiers, and plasticizers.

They are often modified by the additions of many polymers. The homopolymers can

be cured by radiation or peroxides to produce interesting vulcanizates[419-423].

Copolymers with small amounts of vulcanizable groups(such as dienes, allyl vinyl ethers,

2-chloroethyl vinyl ethers, etc.) have also been studied[348].

The application of the homo poly(vinyl ethers) includes many interesting areas of

polymer science. Some of the recent applications of homopolymers are as follows[309a];

•
Poly(methyl vinyl ether)(PVM) is used as pressure-sensitive adhesive composition

that adheres to wet surfaces and is removable with water[424]. Remarkably low

hygroscopicity( 5% water pick up at 90% relative humidity) and compatibility with

a wide variety of other polymers make this polymer useful. Another application is

the use of in the extention of desalination efficiency
of‘

reverse osmosis membranes.

Service life of the membranes is extended 70% by treatment of the membranes first

with 100 ppm aqueous PVM and then 10 ppm PVM[425]. This polymer is also used

for viscosity control and dry—fi1m flexibility in UV photoresist coating solutions.
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• Poly(ethyl vinyl ether) is used in adhesives and also in m0isture·permeable, non ir-

ritating surgical casts. Poly(2-chloroethyl vinyl ether) is used in x-ray beam resists.

The resists are three times more sensitive and give twice the resolution of poly(ethyl

vinyl ether) based resists[426].
•

Lower alkyl vinyl ether homopolymers are used in adhesives and in photoresists.

They impart dry-film flexibility and build viscosity to a photochemical resist coating

composition[427].

4. Controlled Polymerization

Almost all initiation systems lead alkyl vinyl ethers to uncontrollable

polymerizations in terms of regulation of molecular weight and molecular weight

distribution(living polymerization).

Bawn et al.[50] reported that the polymerization of isobutyl vinyl ether by stable

carbenium sa1ts( (C6H5);C*SbCl6“, C7H7‘SbCl6°, (C6H5);C’BF.,') is one of the

simplest models of cationic polymerization, i.e., it becomes a living polymerization. The

authors assumed rapid and complete initiation, propagation by free ions, and negligible

terrnination. Chung et al.[428] repeated some of the experiments using more rigorous

purilication and drying techniques. Following the usual assumptions, the obtained kp

values were 2 to 3 times higher than those reported previously and it was concluded that

propagation was essentially due to the free ions since these rate constants agreed with

those measured in radiation-induced polymerizations of the same monomers. However,

no attempts were made to study the process of initiation.

Later, Subira et al.[429] carried out a very detailed and thorough study of the

polymerization of the above polymerization system and found that the oversimplified
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reaction scheme previously assumed to hold for the above systems was in fact erroneous.

The mistake arose due to insufficient study of initiation process. Also some termination

was observed. Using (C6l~I5);C"SbCl6° in methylene chloride, the values of k, was 5.4

l/mol.sec and k, was 7xl0’ l/mol.sec at 0°C.

Some living polymerization systems have recently been reported by using many

initiation systems - iodine containing initiation systems, modified alkyl aluminum
I

chloride initiation system, modified titanium chloride initiation system, and modified

boron trifluoride initiation system. The review of all these living systems is given in the

previous section Comrolled Ionic Poßwmerizarion.

C. Iodirw as a Catalyst/Initiator

1. Equilibrium Reactions with Iodides

Molecular iodine is thought to act like a Lewis acid. lt forms many complex ions

with iodide[430]. The equilibrium reactions between these complex ions have been

studied by many workers and the effects of temperature and solvent were reported.

Haddock et al.[43l] proposed ions of form of I°, If, lg! , Is', lg! and If in aqueous

solution, and stressed the importance of species
I‘,

lf, and If. In the following

equilibrium reactions, the value of K, is very small compared to those of K, and K,.

K3I‘
+12 .—= l,‘ _ (76)
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K6
ig- + I; '-•'=I5'-K7

I5- +1;[7-As

the concentration of iodine decreases the formation of If increases first then the

formation of
I5‘

follows. In relatively higher concentrations of iodine and iodide(0.l M

of total iodide and 0.04 M of total iodine), one or more ions form in addition to I;
‘

and

ls'. When the concentration of iodine is less than 7xl0·‘ M, the values of K, and IQ in

aqueous solution at 25°C are as follows.

In 2.00 M KNO; ; K, = 743.lj; 0.6, K, = 20.2 i 0.8

In0.l M KNO;;KQ = 769i5,IQ = l6i7

In a solution with a relatively low concentration of iodine, the ratio of [I5‘]/[Ia']

is represented by the concentration of iodine and IQ as in equation 79.

[lf]/[Ia-] = (KgK5U-][I2]2/Kgllfllizl} = KSU2] (79)

Only the structure of the triiodide ion, [I;
‘], is of real significance in this case.

Palmer et al.[432—433] reported that the equilibrium constant K, has a temperature

dependence. They proposed following equation in studies using spectroscopic measure-

ments and distribution experiments in aqueous solutions.

logK, = A/T+ B + C(log7) (80)

Review of Literature I44



where T is absolute temperature, A is 555.0, B is 7.355, and C is -2.575. This equation

correlated well with experimental values. At 3.8°C the observed equilibrium constant K,

was 1160 whereas the calculated value was 1170. At 50.2°C, the observed equilibrium

constant was 409 and the calculated value was 405.

The equilibrium constant K, has solvent dependence. Hayakawa et al.[433] found

that K, increased as the content of alcohol increased in water-alcohol mixed solvents.

Benoit et al.[434] also reported that the equilibrium constant became larger in nonpolar

aprotic solvents than in polar aprotic solvents, and concluded that non~coulombic con-

tribution must be important from the result of comparison between the free energy, AG

and the electromotive force value, AE, for the equilibrium reaction(equation 76).

The equilibrium reaction in DMF and in acetonitrile are significantly different

though the dielectric constants are nearly identical, 36.7 and 38.8 respectively. The

change of the free energy of the formation of I; °, AAG(13 ‘), becomes dependent on the

parameter ß as in equation 81, where ß is the Kamlet·Taft[436] parameter which ex-

presses basicity in terms of electron donor effects.

AAG(I;°) = ·0.81AAG(I°) + 2.08ß · 1.22 (81)

2. Organic Reaction Systems

In the organic reaction system, molecular iodine has been used especially in the

solvolysis of tertiary alkyl halide[437]. Iodine catalyses the solvolysis of t-butyl and t-

amyl iodides in aqueous ethanol and in aqueous hexafluoropropan-2-ol. The catalytic

effect is also found for t-butyl bromide in aqueous ethanol but to small extent. The
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strongest catalysis by iodine was found in the aqueous ethanolysis of l-adamanthyl

iodide.

The catalytic constants for aqueous ethanolysis of t-butyl iodide decrease less

steeply than the rate constants of the uncatalyzed reactions as the proportion of ethanol

in the medium increases. The proposed reaction mechanism is shown in equation 82 and

it involves a pre-association mechanism which is assumed to be rapid[438].

RX + I2 =—•RX.I2 ==- R*XI2' —-> products (82)

According to this mechanism, catalysis is the consequence of two effects: (I) a fa-

vorable equilibrium between covalent alkyl iodide and iodine, and (2) the fact that Ig'

is a better leaving group than I'.

Another example of iodine catalysis is seen in the methanolysis of

2-iodopropane[393]. When the solution of 2-iodopropane in methanol containing I2 was

allowed to react at 50°C, methyl isopropyl ether was readily formed. The rates of

methanolysis was determined by titration of the evolved HI. The existence of iodine

catalyzed the solvolysis several orders of magnitude faster.

3. Polymerization Systems

Iodine is an efficient initiator of the polymerization of some reactive monomers,

e.g., p-methoxystyrene, alkyl vinyl ethers, N-vinyl carbazole and to a lesser extent

styrene and acenaphthylene[l23,440]. But alkenes do not polymerize in the presence of

iodine, instead they give the corresponding diiodides.
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Molecular iodine reacts with double bonds and sometimes polymerizations occur.

The addition reaction is complicated due to the apparent occurrence of both a radical

and a polar contribution to the mechanism. Fraenkel and Bartlet[44l] studied the addi-

tion of iodine to styrene and showed that a radical inhibitor reduced the rate of reaction

considerably, but did not inhibit it completely. The addition reaction of iodine to alkenes

such as propene, butenes, and l-pentene is rapid, and the diiodides formed tend to de-

compose in the presence of iodine[442]. Diiodide compounds of pentenes are stable in

the absence of iodine, but with traces of iodine they generate hydrogen iodide and tend

to polymerize[443].

The polymerizations of aromatic monomers by iodine have been studied by many

workers. Okamura et al.[439,444] obtained the propagation rate constants k„’s in the

polymerizations of p-methoxystyrene and styrene. They assumed that the total amount

of initiator used in the polymcrization was distributed among three species; free initiator,

initiator complexed to the monomer, and active species, in the early stages of reaction.

The determination of the rate constant was in fact erroneous since the iodine bound to

the polymer was not taken into account. It was also assumed that stationary-state con-

ditions existed, yet these were not achieved in either system.

Giusti et al.[l23b,445] found that the polymcrization of styrene by iodine has an

induction period which can be eliminated by addition of a cocatalyst, hydrogen iodide.

They envisaged the addition of iodine to the olefinic double bond and the slow sponta-

neous formation of Hl in the noncocatalyzed process, that is

PhCH=CH; + I2 7-* PhCHI-CHZI (83)

slow
PhCl—lI-CHZI 7-* PhCH=CHI + HI (84)
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HI + 21; 7—° Hlf + Ia' (85)

l;‘ + HI2* + PhCH=CHz —> (PhCHI-CH;)2l2 (86)

Participation of HI as shown in the scheme results in the formation of l-phenylethyl

iodide which yields an active cationic center by ionization with iodine. Deliberate addi-

tion of HI accelerated the establishment of these equilibria, and hence the formation of

active centers. But the HI alone does not cause any polymcrization. They concluded that

the polymcrization must be pseudocationic, the active species being both l-phenyl iodide

and styrene diiodide polarized by the specific solvation of iodine molecules. Similar work

was carried out on acenaphthylene and the same mechanistic conclusions were

reached[l23a, 446]. The lack of the effect of high electric fields applied to the

polymerizing solutions was an additional element in favor of pseudocationic propa-

gation.

Higashimura et al.[l00, 447-450] studied the polymerizations of p-methoxystyrene

and p-methylstyrene by molecular iodine, and they observed bimodal molecular weight

distributions of the resultant polymers under specific conditions. They concluded that

among the active species present in these systems one might be non-ionic.

Copolymerization studies with vinyl ethers as second monomer seemed to confirm the

presence of more than one type of chair1 carriers[447]. An interesting but incomplete in-

vestigation was also carried out on the possible living character of the polymcrization

of p—methoxystyrene by iodine in media of low polarity[449-450]. In this situation the

active species seem to be long lived and non-ionic, and the molecular weight of the

polymers increased with conversion and with second monomer additions after the end

of the first polymcrization. Unfortunately this study was limited to the measurement of

the degree of polymerization(DP).
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The polymerizations of many reactive monomers other than those mentioned

above have been studied. 2-Vinyl furan[45l—-152], N-vinylcarbazole and N-vinyl

indole[97], anethole[·'-153] are examples. Polymerization phenomena are usually compli-

cated and similar to those of styrene. No definitive polymerization mechanisms have

been proposed. In the polymerization of N-vinylcarbazole[366], iodine was found to be

incorporated in the polymer probably as C-l bonds in terminal groups.

Among the monomers which can be polymerized by iodine, alkyl vinyl ethers have

been studied the most and the polymerization of alkyl vinyl ethers using molecular iodine

was reported by Wislicenus in as early as l878[303]. Eley and Richards[34l} demon-

strated that ions, not free radicals as proposed earlier[454], are the active intermediates

and suggested that a number of equilibria are involved prior to polymerization. They

proposed Scheme 12 as the initiation mechanism of the polymerization in ether

solvent(ROR).

In Scheme 12, the compound, 1,5, represents a so-called "inactive 1:-complex" which

does not take part in the polymerization. Later Ledwith and Sherrington

re·exarnined[393] these systems in an attempt to clarify some anomalies in the reported

ultra-violet/visible spectra[392], and found that interaction ofmolecular iodine with alkyl

vinyl ethers in methylene chloride leads initially to equilibrium formation of approxi-

mately substituted 1,2-diiodoethanes. They proposed Scheme 13 as the initiation mech-

anism. When the initial ratio of monomer to iodine is sufiiciently small for appreciable

quantities of free iodine to remain, initiation occurs by iodine catalysis of carbon-iodine

bond heterolysis. When the initial ratio is so large that all iodine is consumed rapidly

by addition to the monomer double bond, then only comparatively slow initiation results

following unimolecular heterolysis of the iodine adduct.

This study of polymerization of alkyl vinyl ethers by iodine was extended by

Johnson and his coworkers[394]. In an investigation of the initiation phenomena,
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ÖH 0H'

Initiation

Scheme 12. Proposed initiation mechanism of alkyl vinyl ethers by iodine[341].
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Scheme 13. Proposed Initiation mechanism ofalkyl vinyl ethers by iodine[392].
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Johnson and Young demonstrated that the addition of iodine to the vinylic double bond

is the key process preceding the formation of active species, based on the large value of

heat of reaction of the addition process of double bond and iodine. They also showed

that these systems produce polymers containing terrninally-bound iodine and that the
DP’s

of these products increase upon further additions of monomer, i.e., these

polymerizations possess some degree of living character. No real termination occurs,

therefore, and the chains retain their potential for propagation.

Recently Higashimura and his coworkers reported many interesting papers on the

polymerization of alkyl vinyl ethers initiated by iodine. They observed an increase in

polymer molecular weight with conversion in the iodine-initiated polymerization of

isobutyl vinyl ether at low temperatures[388]. But a great improvement in

polymerization was attained by employing the hydrogen iodide-iodine catalyst[l24]. By

using an equimolar mixture of Hl and iodine, they observed almost ideal living

polymerization of isobutyl vinyl ether in nonpolar solvents at low temperatures.

Polymerization by the HI/iodine catalyst is reviewed in the previous section, Ionic

Polymerization via 'C0vaIem' Propagazirrg Species. ,
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Chapter III

Experimental

A. Materials and Their Puryication

e
1. Initiators

a) HI Solution

Hydrogen iodide was obtained from the Aldrich Chemical Company as 57%

aqueous solution. Dehydration was performed by dropping the solution onto

phosphorus pentoxide, and the evolved gas was dried by passing it through a tube tilled

with phosphorus pentoxide. Then the gas was absorbed into predistilled cold n-hexane

or carbon tetrach1oride[l23b].
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The apparatus used in the preparation of the III solution is shown in Figure 6.

Typically, about 30 grams of the phosphorus pentoxide was placed into a 250 ml round

bottom flask having a small side arm, and purged with a weak stream of dry argon.

Approximately 27 ml of 57% aqueous HI was added through a 30 ml dropping funnel

mounted at0p the flask. The drying tube was more than half-filled with phosphorus

pentoxide and the drying agent was evenly distributed along the tube in order to provide

a thin channel through which the gas could pass. The solvent was added(2l0 ml) into the

absorption flask via a syringe and the whole apparatus was protected from light using

aluminum foil. The target concentration was around ca. l M. Time was allowed before

the addition of solvent into the absorption flask to purge it of air because hydrogen

iodide becomes oxidized in the presence of air and generates iodine. Throughout all ex-

periments, unnecessary contact with air or moisture was avoided.

The solvent was stirred via magnetic stirrer in order to facilitate absorption of the

gas, and the rate of gas evolution was regulated by controlling the dropping rate of the

aqueous Hl solution. When the concentration of the solution was relatively high (such

as more than 0.8 N), the solutions were difficult to handle, especially the n-hexane sol-

utions. Therefore, the solutions were sometimes diluted.

b) Iodine

Resublimed iodine was obtained from the Fisher Chemical Company and purified

by sublimation from potassium iodide and ignited lime[455]. Typically, 20 g of iodine, 2

g of potassium iodide, and 4 g of ignited lime(CaO) were mixed and sublimed. Crystals

were collected and kept in a brown bottle in a dark place.

In order to use the iodine as a catalyst, an n-hexane or carbon tetrachloride sol-

ution was prepared just before each polymerization by dissolving the required amount

ExperimentallS4



O

\

°\
aa

—-
Eä
E „

E
,._

.E>°•E.g_3 g.8
-2 _'_l_„__-

-1¢~i«§~§~ri~r$¤<¤6¤<2 w é ‘Ä.•,

/ .'::° .

Zxi I'.I; E
l

l 2‘° ‘°
" .§•

ä
„ g

0I ä
3

ä
N S'.

I <
- 6

[-ugII* E

V'

Experimental155



of iodine in a certain amount of clean solvent in a septum-capped dry llask protected

from light. The solution concentration was controlled to be no more than l wt./vo1.%

due to the solubility restriction at experimental temperatures.

c) Organometallic Compounds

Triethylaluminum(Et;Al), diethylaluminum chloride (EtzAlCl), and ethylaluminum

dichloride(EtAlC12) were obtained from the Aldrich Chemical Company as 1.0 M hexane

solutions. Antimony pentachloride(SbC15) was obtained from the same company as 1.0

M methylene chloride solution. n-Butyllithium was also supplied by Aldrich as a 1.6 M

hexane solution. All these organometallic compounds were used as received.

These compounds were always handled under dry, purilied nitrogen or argon using

clean, dry glass syringes with teflon plungers. All transfers were performed via syringes

with stainless steel needles and adaptors. All glassware was cleaned, flamed and purged

prior to use. For more detailed information regarding the handling of air sensitive rea-

gents, see Aldrich's " The Safe Handling of Air-Sensitive Reagents " [456].

d) Boron Trüluoride Ethcrate

Boron tritluoride etherate(BF;.OEt2, molecular weight(mw); 141.93, density(p);

1.154*° ) was obtained from the Aldrich Chemical Company and used as received.
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e) Met/zyl p- T0luenesuUonate(MeO Ts)

CH; —©—SO;CH;

Methyl p-toluenesulfonate was obtained from the Aldrich Chemical Company(mw;

186.23, boiling point(bp); l44~145°C/5 mmI—1g, melting point(mp); 27.5°C, p; 1.22) and

distilled under vacuum(7-8 torr). Typically, the first 10 ml of distillate from ~80 ml was

discarded, and the next ca 50 ml of distillate was col1ected(130-l35°C) and used. The

reported physical properties are[457]: bp; 292°C(760 torr) or l40°C(20 torr); colorless;

soluble in alcohol, ether, benzene, etc.; and soluble in water.

f) Benzyl Iodide and Iodomethylstyrene

Benzyl iodide was prepared by the reaction of benzyl chloride with sodium

iodide[458].

R acetone R

H;Cl + Nal ———-9 l + NaCl (87)
reflux

R E H-, CH; = CH-

Typically, 15.1 ml of benzyl chloride(0.l3 mole, reagent grade from Fisher) and 30.2 g

of sodium iodide(50% excess, reagent grade from Fisher) were added into a 250 ml llask

and relluxed with 130 ml ofacetone(HPLC grade from Fisher) for one hour. The formed

salt was filtered off after the reaction, and the filtrate was evaporated by using a rotary

evaporator. The resultant slurry·1ike material was then dissolved by the addition of 100

ml ofwater and 100 ml of diethyl ether.
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After separation, the ethyl ether layer was washed 3 times with each 50 ml of 5%

aqueous sodium thiosulfate(Na;S;O;) solution in order to remove iodine and benzyl

alcohol then dried with anhydrous MgSO., and filtered. The solvent was evaporated and

the resultant material was dissolved in 40 ml of n-hexane and recrystallized in a freezer.

Colorless, powdery, needle shaped crystals were obtained by liltration with a glass filter.

The crystals and another portion of crystals obtained from the recrystallization of the

filtrate were combined and washed with cold n-hexane, yielding 20.5 g(72% of theore-

tical). The product is a lachrymator, and the melting point agreed well with the literature

value. Reported properties of the product and its related compounds are;

Benzyl iodide: mw; 218.04, mp; 24.5°C, bp; 93‘°, p; 1.7335*-*

Benzyl chloride: mw; 126.6, mp; -43~-48°C, bp; l79°C

Benzyl alcohol: mp; -l5.l9°C, bp; 204.7, water soluble(4 g/100 ml)

1odomethylstyrene(mw; 244.07, mp; 9~l0°C) was also prepared from

chloromethylstyrene(reagent grade from Aldrich, mw; 152.62, para/meta ratio is ca.2)

and sodium iodide, according to the procedure described in the above mentioned litera-

ture. Crystals of a powdery needle shape were obtained.

2. Monomers

a) Alkyl Vinyl Ethcrs

CH; = CH·O·R, R E nBu-, Et-

n-Butyl vinyl ether(nBVE) was obtained from the Aldrich Chemical Company. It
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was washed three times with 5% aqueous sodium hydroxide solution, then washed with

distilled water until the pH( hydrogen—ion exponent) became neutral. This monomer was

dried over potassium hydroxide pellets(Fisher) and fractionally distilled over finely

ground calcium hydride through a 6 inch column packed with glass beads of 5 mm di-

ameter. Then the nBVE was redistilled either by a trap to trap method in the presence

of a small amount of n-butyllithium and 1,1-diphenylethylene or by distillation over

sodium metal under argon atmosphere before use. No difference was observed in the

polymerization using either purilication procedure. Distilled nBVE was kept in 50 ml

doubly septum-capped bottles in a freezer and used. For detailed information regarding

the trap to trap method, see reference 30c. Ethyl vinyl ether(EVE) was obtained from

Polysciences(technica1 grade). It was treated and fractionally distilled using the same

procedure described for nBVE, then redistilled over sodium metal under argon atmos-

phere and kept in septa bottles in a freezer.

b) Oxazolines

N
R-( E R E CH;-, CH;CH;-

O

2·Methyloxazoline(MeOXZ) was obtained from the Aldrich Chemical Company.

It was stirred overnight over finely ground calcium hydride then distilled under nitrogen

atmosphere. The middle portion was collected and kept in a septa bottle in a freezer.

2-Ethyloxazoline(EtOXZ) was kindly supplied by the Dow Chemical Company. It

was stirred over NaOH pellets for 2 days, distilled under reduced pressure, then

redistilled over finely ground calcium hydride after relluxing for one hour. The middle

portion was collected and kept in a septa bottle in a freezer. The reported physical

properties of these monomers are[l66];
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2-Methyloxazoline: mw; 85.11, bp; 111°C, p; 1.0052**, ng"; 1.434

2-Ethyloxazolinez mw; 99.13, bp; l28.4°C, mp; -62°C, p; 0.982*°, nf}; 1.4370

c) Styrenic Monomcrs

Styrene(from Fisher), p·methy1styrene(p-MeSt, from Aldrich), and

a-methy1styrene(from Eastman Kodak) were vacuum distilled after being stirred over-

night over finely ground calcium hydride. They were kept in septa bottles in a

refrigerator. p-tert-Butylstyrene(p-t-BuSt, from Polysciences) was used after filtration

through activated alumina or after distillation from calcium hydride.

p-Methoxystyrene(p-MeOSt, from Aldrich) was used as received. The reported physical

properties of these monomers are[457];

Styrene: mw; 104.16, bp; l45.2°C, mp; -30.63°C, p; 0.906i°

p-Methylstyrene: mw; 118.18, bp; 173°C, p; 0.926l}§j

a-Methylstyrene: mw; 118.18, bp; l65.4°C, mp; -24.5°C, p; 0.9106i°

p-t-Butylstyrene: mw; 161.27, bp; 219°C, p; 0.8818

p-Methoxystyrene: mw; 134.18, bp; 204~205”‘, p; 1.0001P

d) Propylenc Oxide

Propylene oxide(from Aldrich) was used after fractional distillation over tinely

ground calcium hydride. It was stirred ovemight over calcium hydride before

disti11ation(mw; 56.06, bp; 63°C, p2; 0.859).
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3. Solvents

a) n-Hexane

n-Hexane was obtained from Baker(HPLC grade) Chemical Company or

Mallinckrodt(AR HPLC grade). lt was first stirred over concentrated sulfuric acid(l00

ml of sulfuric acid to 900 ml of n-hexane) for a week to remove olefinic impurities. The

yellowish acid layer was washed with distilled water until the pH of the aqueous layer

became neutral. After drying with anhydrous sodium sulfate or sodium pellets, the sol-

vent was refluxed over sodium-potassium alloy overnight. The alloy was prepared by

addition of chips ofpotassium metal(mp; 63.6°C) and sodium metal(mp; 97.8°C) into the

flask. The solvent was distilled under argon.

n-Hexane was fractionally distilled over calcium hydride and redistilled over sodium

metal in the early part of these experiments, but no difference was observed in the

polymerization reactions.

b) Carbon Tctrachloride

Carbon tetrachloride was obtained from the Fisher Chemical Company and frac-

tionally distilled over finely ground calcium hydride under argon after being stirred

overnight.
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c) Acetonitrile

Acetonitrile(HPLC grade) was obtained from Fisher and distilled over finely

ground calcium hydride under argon after being stirred overnight.

d) Dimethyl Formamide(DMF)

DMF was obtained from Fisher and distilled over a mixture of BaO and calcium

hydride under arg0n[459].

e) Ethyl Et/zer

Ethyl ether(anhydrous grade) was obtained from Fisher and used as received.

f) Mcthylenc Chloride

Methylene chloride was obtained from Fisher and treated with concentrated

sulfuric acid, then distilled water, and distilled from finely ground Call;.

4. Others

n-Buty1amine(nBuNH2, mw; 73.14, bp; 77.8°C, p; 0.7414}** ) was obtained from

Fisher and used as received. n-Propy1ami11e(nPrNH2, mw; 59.11, bp; 47.8°C, p;

0.7173}** ) was obtained from Fisher and used after distillation from CaH2.
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Isopropylamine(iPrNH;, mw; 59.11, bp; 32.4°C, p; 0.689l§° ) was obtained from Aldrich

and used as received. Triethylamine was obtained from Fisher and used with the addi-

tion ofmolecular sieves into the bottle. Dioxane(from Fisher) was used after distillation

from calcium hydride. Ethanol and methanol(from Fisher) were used as received.

Other chemicals were obtained from various companies and used without further

puriiications.

B. Polymer Synthesis

l. Alkyl Vinyl Ether Polymers

initiator

n CH; =CH -———-é -(-CH;-CH); (88)
I

O O
I I
R R

a) Polymerization by BF3OEtz

To a septum-capped round bottomed flask protected from light with aluminum foil,

was added 40 ml of puriiied n-hexane and 5 ml of purified nBVE. The llask was cooled

to -78°C in a dry ice—acetone bath while nitrogen pressure(3~5 psi) was maintained via

hypodermic needle. The BF;OEt; initiator(0.05 ml) was then charged at -78°C. After

two hours of reaction(ppt was observed), the reaction was terminated by injecting 3 ml
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of NH;-McO1·I(1/4 volume/volume of 28% aqueous NH3 solution and methanol)

solution[460]. After evaporation of the solvent and unreacted materials, 0.7 g of sticky

rubbery material was obtained.

b) Polymerization by Iodinc

To a 100 ml septum-capped round bottomed flask, were added 5 ml of purified

nBVE and 30 ml of purilied n-hexane. The flask was cooled to -l5°C in a methanol bath

via a Neslab® irnmersion cooler. Then, 10 ml of iodine initiator solution prepared by

dissolving 0.295 g of I2 in 45 ml of purilied n-hexane, was charged at -l5°C.

The polymerization llask was usually light protected by aluminum foil, but the

course of the polymerization was watched in a unprotected flask. The iodine color dis-

appeared immediately after the addition process, and the color of the polymerization

mixture was almost clear. Only a slightly pink-yellow tint was observed during the

polymerization. At the end of the polymerization, the color turned brown to reddish-

black. ·

After allowing the polymerization to proceed for a given time( e.g., 5 hours), the

polymerization was terminated with a triethylamine-methanol so1ution(1/2

volume/volume). The after-treatment of the polymer was the same as described in

Polymerization by HI/I;

c) Polymerization by HI/I;

To a 100 ml septum-capped round bottomed flask, were added 10 ml of purified

nBVE and 21 ml of purified n-hexane. The flask was cooled to -25°C in a methanol bath.
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Into this flask 0.55 ml of HI-hexane solution(0.680 N) was added with a dry syringe.

Then 12 ml of iodine solution(0.32l g of purified iodine in 40 ml of purified n-hexane)

was charged with a syringe. The reaction time was calculated from the moment the

iodine solution was injected.

The reaction mixture was stirred with a teflon coated magnetic bar, and the Ilask

was usually protected from light by aluminum foil. However, the course of the

polymerization was watched in an unprotected flask. The addition of hydrogen iodide

maintained a colorless solution. In the addition process of the iodine, the iodine color

disappeared immediately after addition, and the resultant color of the polymerization

mixture was almost clear. A slight pink-yellow tint was observed during the

polymerization. At the end of the polymerization, the color turned brown to reddish-

black. These observations were very similar to those in the iodine initiated

polymerization.

After allowing polymerization to proceed for a given time, the reaction was termi-

nated with 4 ml of triethylamine-methanol( l/2 v/v) solution. Upon injection of the ter-

° minator, the color of the reaction mixture turned a deep reddish-brown. Upon stirring

~2 hours, two layers separated. The top layer was colorless and the bottom layer was

reddish-black(small volume, l~2 ml). The solvent and unreacted materials were re-

moved by using a rotary evaporator. The polymer was dried in a vacuum oven(ca. l torr)

for 2 or 3 days at ~50 °C. Higher drying temperatures yielded undesirable colors in the

polymer. The polymer was a viscous liquid, and the polymerization yield was calculated

from the weight of the polymer. In this calculation, the initially charged weight of the

catalyst was subtracted from the total dried weight.

% Yield = Dried weight · Weight of I3 X 100 (89)Weight of charged monomer(7.70g)
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The product was dissolved in n-hexane, washed 3 times with a 5% aqueous sodium

thiosulfate solution in order to remove iodine, washed several times with 5% aqueous

NaOI—1 and with distilled water, then dried over anhydrous sodium sulfate. A viscous,

liquid~like polymer was obtained by the removal of the solvent by using a rotary

evaporator, followed by drying under vacuum. The obtained polymer was analyzed by

GPC and other techniques.

d) Polymerization by HI/Lewis Acid

1) Polymerization by H1: To a 100 ml, septum-capped round bottomed flask, were added

5 ml of purified nBVE and 40 ml purilied n-hexane. The llask was cooled to -20°C in a

methanol bath, then 1.90 ml of I—ll—n-hexane so1ution(0.2l0 N) was injected via a dry

syringe. After wrapping with aluminum foil, the llask was transferred to a water bath

whose temperature was maintained at +20°C. After a given time, the polymerization

was quenched with Et3N, and the resultant polymerization mixture was purified using

a similar procedure to that described in Polymerization by HI/I2.

2) Polymerization by H1/EtzAlC1: To a 100 ml, septum-capped round bottomed llask,

were added 10 ml ofpurilied nBVE and 33 ml of purified n-hexane. The llask was cooled

to -l5°C, then 0.95 ml of n-hexane-H1 so1ution(0.40 N) was injected followed by the

injection of 0.5 ml of EtzAlCl solution( 15 wt% in hexanes). After 2 hours of reaction,

the polymerization was quenched by the injection of 2 ml of Et3N-MeO1—1(1/2 v/v) sol-

ution. For comparison, another reaction was run at the same time in the absence of Hl.

All reaction conditions were the same. Purilication and drying procedures were similar

to those described in the preceeding section. Polymerization yields were calculated by

measuring the weight of the dried polymer.
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3) Others: Polymerizations were conducted using the initiation systems l-ll/Et;Al,

Et;A1, HI/SbCl;, and SbCl;. All procedures were approximately the same as those de-

scribed in the preceeding section.

2. Oxazoline Polymers

a) Polymerization by Methylp- Tosylatc

R R
MeOTs

n O N -——-> CH; N-CH;CH; NÖ ‘OTs (90){gkOlg
n-1

To a 20 ml, septum·capped ampoule, were added 5 ml(49.5 mmole) of purilied

ethyloxazoline, 7 ml of purilied acetonitrile, and 0.38 ml(ca.2.5 mmole) of methyl

tosylate.

The contents of the ampoule were frozen in a dry ice-acetone bath and evacuated

through a needle by vacuum line. Then, the ampoule was back-filled with argon and

thawed. Then again, the ampoule was frozen, evacuated, argon back·filled, and thawed.

After this degassing procedure was repeated 2 times, the ampoule was sealed offwith a

propane-oxygen torch.

Polymerization was conducted in an air convection oven for 21 hours at 80°C. A

slightly yellow-red polymerization mixture was obtained. A small portion(ca.20°/0) of the

reaction mixture was precipitated twice into 50 ml of diethyl ether, and a white powder

was obtained. The white powdery polymer was dried in a vacuum oven(ca.l torr). The
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yield was almost quantitative(ca.95%). The rest of the polymerization mixture was used

in a copolymerization reaction.

b) Polymcrization by Bcnzyl Iodide

Ä B21
n O \ N —-—-9 2 N-CHZCHZ — N-CH2CH2l

\'*‘/ C= O (i= O (91)

To a 20 ml septum-capped ampoule were added 3.4 ml(34 mmole) ofethyloxazoline

and 0.377 g of benzyl iodide dissolved in 2 ml acetonitrile. Then, 5 ml of acetonitrile was

added.

Degassing, sealing, polymerization, and after-treatment were almost the same as lll

the previous section. The reaction product was more reddish than in the preceeding

section and the yield was almost quantitative.

A similar polymerization was conducted ir1 a DMF solvent at 98°C. A slightly

yellowish, glassy polymer was obtained with 95% conversion.

Methyloxazoline was also polymerized in a 50 ml round bottomed flask equipped

with a 3 way stopcock in DMF solvent at 98°C for l hour. The polymer was obtained

as a white powder or a yellowish gum. The polymer(expected Mn was 850) was so

hygroscopic that the white powder became gummy after ca.l0 minutes. Conversion was

almost quantitative.
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3. Amine-Terminated Alkyl Vinyl Ether Oligomers

a) Direct Approach

l) 1-11/I;

n CH: = (EH —·-··—) -[CH;-$1-l]~NH-R' (92)

(? 2) HzN-R' S)
R R n

1) Model Reactions: Into a 25 ml septum-capped round bottomed flask, were added 1

ml of nBVE and 12 ml of I-lI(0.688 N, ~20% excess) at -25°C. Then the temperature

of the bath was raised to -l5°C. After 10-20 minutes 6.5 ml of nBuNH; was

injected(730% excess to the HI). The mixture was further reacted for 1 % hours at ~l5°C,

then for 1 hour at room temperature. The reaction mixture was washed 4 times with 5%

aqueous NaOI—1 solution, 7 times with distilled water, then dried using a rotary

evaporator. A small amount(~l.38 g) of product was obtained. This compound was

analyzed by *1-1 NMR,
‘°C

NMR, Fourier transform infrared spectroscopy(FTIR), and

thin layer chromatography(TLC).

Synthesis of a model compound from EVE and aniline was tried in another exper-

iment. Into a 50 ml, septum-capped round bottomed llask were added 10 rr1l ofn-hexane

and 0.75 ml of purified EVE. Then 10 ml of Hl/n-hexane solution( 0.688 N, ~5% excess

to EVE) was added at room temperature. The mixture was reacted at room temperature

for 1 hour with agitation and protection from light. Then 1.3 ml(l00% excess) ofaniline

was added, and the mixture was further reacted for 20 minutes. After a quick washing

with aqueous NaOH and distilled water, the so1vent(and also hopefully unreacted
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aniline) was evaporated using a rotary evaporator, and ca. 0.6 g of hard, black material

was obtained. The compound was soluble in acetone.

2) Oligomers: To a 100 ml septum·capped round bottomed flask with a magnetic bar,

were added 15 ml of purilied n-hexane and 5 ml of purilied nBVE. The flask was cooled

to ·25°C, then 9.5 ml of Hl/n-hexane (0.688 N) and 19 ml of iodine/n~hexane

solution(0.6732 g of 12 in 80 ml of n-hexane) were added. The added amount of iodine

was 0.1 equivalent per equivalent of HI. After the injection of the iodine solution, the

bath temperature was increased to -l5°C. Then, the temperature was maintained at

-l5°C. lt took ca. 10 minutes to attain -l5°C from -25°C. The polymerization llask was

protected from light by aluminum foil from the beginning.

After 30 minutes of reaction, the polymerization was terminated by the injection

of 6.5 ml of n-BuNH;(900% excess to the Hl), further reacted 2% hours at -l5°C, then

reacted at room temperature for 1.5 hours. The resultant polymerization mixture was

washed 5 times with 5% aqueous Na;S;0; solution, 4 or 5 times with 5% aqueous

Na0H solution, then 7-8 times with distilled water. After the polymer solution was dried

with anhydrous Na;S04, the solvent and unreacted materials were evaporated by using

a rotary evaporator. The obtained weight of the polymer was 3.89 g(almost quantita-

tive). The amine group was titrated with alcoholic HC1.

b) Indirect Approach

1) Model Reactions: The model reaction is illustrated in Scheme 14. The reaction con-

sists of 3 steps.
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1) addition of HI
equiv. HI

CH3-QHI

Q CCI4, -15 ¤c Q
nBu nBu

2) cross addition reaction

1) c112=01~1©0113
11) 12

CH3-CH-I —-——j—> CH3·CH· CH3-CH·I~-I2
' IS) CCI,, , -15 ¤0 Q (il

nBu 2 11 nBu'S 0113

3) amination reaction

excess H2N-nBu
l-———> CH3-QH- CH3·CH-NH-nBu

Et2O, reflux QB
U U 0113

Scheme 14. Model synthesis of amine terminated alkyl vinyl ether.
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In the first step, 0.57 ml of distilled EVE and 2 ml ofdistilled CCI., were added into

a 50 ml, septum-capped round bottomed flask. Then the temperature was lowered to

-l5°C, and 3 ml of HI-CC14 so1ution(0.997 N) was added into the flask.

In the second step, 6 ml of iodine/CC14 solution(0.l59 g I2 in 6 ml CC14, 0.1 molar

equivalent to the amount of Hl) and 0.76 ml of p-methylstyrene(1.0 molar equivalent

with respect to the amount of HI) were added. Reaction time was 2 hours.

In the third step, 5 rnl of n-butylamine and 20 ml of diethyl ether were added and

refluxed for 10 hours. The reaction mixture was washed 5 times with 5% aqueous NaOH

solution, then 5 times with distilled water. The organic phase was dried with anhydrous

sodium sulfate, and the solvent was removed by rotary evaporator. The weight of the

product was 1.69 g(theoretical, 1.58 g).

In another experiment, nBVE was used instead of EVE. 0.380 ml of nBVE in 1

ml of CC14 was reacted with 3 ml of CC14-HI solution, followed by reaction with 0.382

ml of p-methylstyrene in the presence of iodine. The reaction mixture was refluxed with

2 ml of n-butylamine and 15 ml of diethyl ether for a total of 10 hours.

2) Oligomers: Into a 100 ml, septum·capped round bottomed flask, were added 4 ml of

nBVE and 32 ml of n-hexane, followed by the addition of 3.10 ml of n-hexane-HI

solution(0.680 N) at -20°C. After 5 minutes 10 ml of iodine solution(0.0533 g I; in 10

ml n-hexane) was added and the temperature was increased to -15°C. lt took ~5 minutes

to increase the temperature from -20 to -15°C. As the reaction proceeded, the color of

the polymerization mixture changed from slightly pink to a dark color.

After 40 minutes 1 ml of EVE was injected, and the color of the reaction mixture

again became almost colorless, but a thin layer of a dark precipitate was observed

around the bottom of the flask. This precipitated layer(probably formed during the

polymerization of nBVE) dissolved after agitation and the color of the mixture became
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brownish but homogeneous and transparent. After 5 minutes the color of the system

darkened, then after another 5 minutes the, system was shaken and the color of the sys-

tem became an opaque dark brown.

Into this reaction system 0.55 ml ofp-methylstyrene( 100% excess) was injected and

reacted for 5 hours. The color and the opacity remained unchanged.

Upon addition of 4 ml of n-propylarnine(ca. 2100% excess), the color of the re-

action mixture became reddish and then changed to a transparent yellow with a small

amount of a reddish-black precipitate on the bottom of the llask( ~1 ml). The reaction

mixture was refluxed with 25 ml of diethyl ether for 10 hours, then washed 4 times with

5% aqueous NaO1—I so1ution(25 ml each) and 5 times with distilled water. The collected

aqueous layer was extracted with 50 ml of hexanes, washed with aqueous NaOH sol-

ution and distilled water, then combined with the main portion of organic layer. The

combined organic layer was dried over anhydrous Na2SO4, and the solvent was evapo-

rated using a rotary evaporator. The polymer was dried under vacuum for two days at

room temperature, and the obtained weight of the polymer was 4.08 g(theoretical, 4.28

g) with a viscous, liquid-like property(theoretical Mn=2040). The amine functional

group was titrated with alcoholic HC1.

4. Block Copolymers

a) Sequential Polymerization

1) Alkyl Vinyl Ethers: Poly(nBVE)-block-poly(EVE) was synthesized as an intermediate

in the preparation process for amine-temiinated poly(alkyl vinyl ethers). In that case, 5

monomeric units of EVE were incorporated after the polymerization of nBVE. The
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number of the monomeric units in the first poly(nBVE) block were 5, 15, and 45 de-

pending on the molecular weights of the desired oligomers. The purpose of this block

copolymerization was to reduce the steric hindrance which could possibly present during

the crossover addition reaction (the reaction step 2 in the model reaction). Experimental

procedures are included in the previous section entitled Irzdirect Approach.

2) Alkyl Vinyl Ether-Oxazoline: The nominal structure of the block copolymer described

in the following procedure is 5 units of nBVE - 5 units of EVE - 1 unit of p-MeSt - 10

units of EtOXZ.

Into a 20 ml septum-capped ampoule with a magnetic bar in it, was added 0.64 ml

of nBVE in 1 ml CCIA, and 1 ml of HI-CCl4 solution(0.997 N) at -l5°C. 2 ml of

I2-CCL, solution(0.l295 g I; in 10 ml CCL,) was then added. The reaction rnixture be-

came heterogeneous. After 5 minutes, 0.475 ml of EVE in 1 ml of CCL, was added and

reacted for 5 minutes. Each reaction time was more than twice the time required for

100% conversion based on the results of the kinetic study.

In the next step 0.153 ml(20% excess) of p-methylstyrene was injected and reacted

for two hours, then 1 ml of ethyloxazoline was added with 7 ml of acetonitrile. The

ampoule was degassed and sealed, then put in an oven at 80°C.

After 24 hours, the reaction mixture became a transparent reddish color. After an-

other 24 hours, the reaction mixture turned black, and a small amount of a precipitate

formed. The reaction mixture could not be precipitated into diethyl ether. The solvent

was evaporated, and the product was dried in a vacuum oven for 2 days at 40~50°C.

A brownish-black hard material weighing 1.80 g(theoretical yield, 1.89 g) was obtained.

Decolorizing carbon did not remove the color from the product.
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b) Coupling Reaction
X

A living poly(ethyloxazoline) of molecular weight ca. 1000 was terrninated with an

amine-terminated alkyl vinyl ether oligomer(Mn= 2140) for the preparation ofA-B type

block copolymers.

Et

A
Poly(EtOXZ)·N 'OTs + Pr-NH·Poly(alkyl vinyl ether) —-e

‘OTs

Poly(EtOXZ) ·- T- CH;CH;— TH—Poly(alkyl vinyl ether) (93)

C = O llr

lit

First, poly(ethyloxazoline) was prepared by following the procedure described in

Oxazoline Po(ymers. Then, 3.43 ml(34 mmole) of EtOXZ, 0.50 rnl(3.28 mmole) of

MeOTS and 5 ml of acetonitrile were reacted for 20 hours at 80°C after degassing 3

times. From the total 7.95 g ofpolymerization mixture, one portion(3.07 g) was quickly

transferred into a nitrogen filled, clean, round bottomed flask(25 ml) and the rest of the

mixture was precipitated into diethyl ether. I

The precipitated portion of the polymerization mixture was filtered and dried in a

vacuum oven for 2 days at ca. 50°C, yielding 2.42 g(theoretical, 2.45 g) of a white,

powdery material was obtained.

The contents of the round bottomed llask were quickly equipped with a 3-way

stopcock, then 2.685 g of amine-terminated oligomer in 4 ml methylene chloride was
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injected. The dissolution beaker was rinsed with 2 ml of methylene chloride, and this

solution was injected into the round bottomed flask also.

The contents of the flask were degassed with dry nitrogen three times by a freeze-

thaw technique, then reacted at room temperature with agitation. Small portions of the

reaction mixture were sampled after 12 and 24 hours then mixed with Et3N-MeOH sol-

ution and dried for GPC analysis. The total reaction time was two days.

Following the reaction, the solvent was removed by rotary evaporation and dried

in a vacuum oven for 1 day. The polymer obtained was jel1y—like, non-sticky, insoluble

in water but soluble in methanol.

C. Kinetic Studies

1. HI/Iz System

Time versus conversion was investigated in the kinetic studies. Experimental pro-

cedures were almost the same as described in the section entitled Poßwmerization by

HI/I;. A series of reactions at each temperature were carried out using 3~6 round

bottomed flasks(l00 ml). Reaction times were calculated from the moment the iodine

solution was injected into an individual flask. The temperature of the bath was kept

homogeneous by stirring with a magnetic bar. After given reaction times, the

polymerizations were quenched via injection of a triethylamine/methanol solution. For

one series of polymerizations performed at -15°C, diethylamine/methanol was used. Ex-

perimental temperatures were -5, -15, -25, -35, and -45°C. In order to study the effects
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o{ initial iodine concentration on the polymerization, only the initial concentrations o{

the iodine were varied. Other reaction parameters such as the initial concentration o{

HI, nBVE, reaction temperature, or reaction time remained identical.

2. HI System

Experimental procedures {or these reactions were similar to those described {or the

kinetic study with the HI/I2 system. Here also 5 ml o{nBVE and 40 ml o{n-hexane were

used, the solution was cooled to ·20°C, then 1.90 ml o{ HI/n·hexane solution(0.2l N)

was injected. Polymerization was conducted in a water bath whose temperature was

regulated within $0. l°C. All the flasks were protected {rom light with aluminum {oil, and

the temperatures investigated were 20, 30, and 40°C.

D. Structural Analysis

1. Nuclear Magnetic Resonance Spectroscopy(NMR)

a) Proton NMR

‘H
NMR analysis was performed using either a Bruker WP-270SY superconduct-

ing multinuclear NMR or a Bruker WP·200SY superconducting multinuclear NMR.
‘H

NMR spectra were obtained on the monomers, reaction intermediates, oligomers, and
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polymers. The solvent used was usually deuterated chloroform with

tetramethylsilane(TMS) as the internal standard. In some cases, the solvent was n-

hexane or CCI4, and a deuterated solvent was put into a small capillary tube inside a

NMR tube to function as the lock solvent.

b) Carbon-I3 NIVIR

"C NMR analysis was performed using a Bruker WP-270, Bruker WP-200SY, or

Bruker NR-80. Proton decoupled
‘°C

NMR spectra were usually obtained with nuclear

overhauser enhancement(NOE). For quantitative analysis,
‘°C

NMR Spectra were ob-

tained without NOE.

Low temperature
‘°C

NMR spectra(50.3 MHz) were recorded on the Bruker

WP-200SY spectrometer in CCI4 at ·20°C with deuterated acetonitrile as a locking sol-

vent in a 5 mm(outside diameter) sealed inner tube. All soluti0ns(nBVE, HI/CCI4, and

iodine/CCI4 solution) were transferred under dry nitrogen via dry syringes in a septum-

capped NMR sample tube( 10 mm outside diameter) which was placcd in a low temper-

ature bath(·20°C). Then, the NMR sample tube was cooled in a dry-ice acetone bath in

order to avoid undesirable temperature build-up during transfer to the NMR probe.

Proton decoupled
“C

NMR spectra were recorded with NOE when the temperature of

the probe equilibrated at -20°C.

For the spectra of a-alkoxy alkyl iodide, 127 pl of nBVE(l mmole) in l ml CCI4

and 1 ml of CCLI/HI solution(1 mmole) were used. For the spectra of cx-alkoxy alkyl

iodide/iodine, 64 pl of nBVE(0.5 mmole) in 0.5 ml of CCl4, 0.5 ml of HI/CCI4

solution(0.5 rnrnol), and 65.0 mg of I;(0.25 mmol) in 3 ml CCla were used. Higher con-

centrations of iodine, such as 130 mg in 3 ml CCIA, could not be used due to solubility
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considerations. NMR spectra were obtained up to 300 ppm from TMS. The INIEPT

microprogram[46l] was run for the assignment of each carbon atoms.

For tacticity detcrmination, proton decoupled
‘°C

NMR spectra of poly(nBVE) and

poly(EVE) were obtained with NOE in deuterated chloroform at room temperature at

a polymer concentration of 5~20 w/v%.

2. Fourier Transform Infrared Spectroscopy(FTlR)

All FTIR spectra were obtained using a Nicolet MX-l FTIR spectrometer. Sam-

ples were generally run as thin cast liquid films on salt plates.

3. Ultraviolet/Visible Spectrosc0py(UV/vis)

UV/visible spectra were recorded on a Perkin-Elmer 552 Spectrophotometer. Sol-

utions were injected via dry syringes into a septum-stoppered quartz cell which was

placed in a methanol bath(-2l°C). Enough time was allowed to attain temperature

equilibrium, then the methanol on the cell walls was quickly wiped off and the cell was

quickly inserted into the cell chamber of the spectrophotometer. The cell chamber was

purged with dry argon throughout this experiment to prevent possible moisture

condensation on the cell walls. A fast scan speed, (480 nm/rnin), was used in order to

rninimize the temperature change of the cell during the measurement.

UV/visible spectra of HI, I2, cx-alkoxyalkyl iodide, and a-alkoxyalkyl iodide/iodine

were obtained in n-hexane solution.
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4. Titration

Titrations were carried out using a Fisher Scientific Titrimeter ll automatic titrator.

Titrations were performed using a 10 ml buret filled with standardized alcoholic sol-

utions of acid.

Amine-terminated oligomers were titrated with isopropyl alcohol-HC1 solution.

Thus, 0.1641 g of amine-terminated oligomer(expected molecular weight, 2040) was dis-

solved in 80 ml of isopropyl alcohol and titrated with 0.0999lN isopropyl alcohol-HC1.

The starting pH was ~9.05 and 0.76 ml of standard HC1 solution was consumed to reach

the endpoint(the calculated molecular weight was 2161). In a repetitive titration, 0.2039

g of oligomer consumed 0.98 ml of standard HC1 solution(calculated molecular weight

was 2082). On the average, the titrated molecular weight was 2120 g/mole. Other

oligomers and model compounds were titrated similarly.

The normality of the HI solution was also determined by titration. Usually 5.0 ml

of HI solution was sampled by a syringe and injected into distilled water(~50 ml) inside

a 125 ml separatory funnel. HI was extracted by shaking and separated. The total

amount of aqueous H1 solution became ~100 ml after two more extractions, and this

acid was titrated with standard methanolic KOH solution.

For some titrations, 1 drop of methanolic phenolphthalein solution was added to

the sample solution to confirm the endpoint by the appearance of the distinctive red

color.
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S. Separation

Effort was made to separate model compounds by thin layer

chromatography(TLC) or by column chromatography. Plastic backed TLC plates(silica

gel GF254) were obtained from Kodak, and used after being cut to a proper size. De-

veloping solvents used were CHCI;/hexanes(2/8 v/v), ethylacetate /n-hexane(l/40 v/v),

and other combinations of solvents. After the selection of a suitable solvent system for

the separation of a certain mixture, column chromatography or dry column

chromatography[462] was performed. For dry column chromatography, 230 mesh silica

gel containing material which fluoresced at 254 nm, in ca.l0 inch long(packed length)

and a one inch wide nylon tube, was used. The tube was obtained from the Fisher

Chemical Company. The structure of the column was very similar to that for column

chromatography except that the bottom was clamped and a couple of vent holes were

made at the bottom.

Dry column chromatography used was just an extension of the TLC technique with

large volumes of separation materials. The solvents and sample handling procedures

were the same as for the TLC except that the solvent was developed from top to bottom.

6. Molecular Weight and Distribution

a) Gel Permeation Chromatography(GPC)

Molecular weights and their distributions were determined by size exclusion

chromatography(GPC) with a Waters 244 instrument or Waters 150C variable temper-
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ature instrument typically equipped with a a 5-column set(500, 103, 10^, 103, and

106A) of microstyragel columns. A differential refiactive index(RI) detector was used.

Usually a 0.1 wt/vol. percent solution in THF was used with a flow rate of 1.0 ml/min.

For analysis of amine-terminated oligomers and coupling reaction products, a

4-column set(500, 103, 10‘*, and 103A) of ultrastyragel columns was used in THF.

GPC columns were calibrated with polystyrene standards. Data were analyzed by

a linear least square method(linear fit) or by a cubic fit. Most of the time the linear fit

method was used.

b) Vapor Phase Osmometry( VPO)

Number averaged molecular weights(Mn) of a series of poly(nBVE)s were deter-

mined by VPO with toluene as the solvent.

c) Viscosity Determination

lntrinsic viscosities of' oligomers were measured using a Cannon-Ubbelohde di-

lution viscometer in a thermostatically controlled water bath. Four concentrations of an

oligomer in chloroform were used for the measurements. For each concentration, spe-

cific viscosity 11,, was calculated by using the solution flow time,t, and pure solvent flow

time, :1,, as in equation 94.

71 — 11 t — t
USP = 7).2. g (94)
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The intrinsic viscosity value in deciliters/gram was determined using a computer program

which determines the intercept of the specific viscosity versus concentration relationship

as in equation 95(as the concentration C —• 0).

‘ "Sp 2DI] + KHDI] C (95)

where K„ is the Huggins constant.

7. Thermal Analysis

Thermal properties of the polymers were determined by difTcrential scanning

calorimetry(DSC) and thermogravimetric analysis(TGA) using a Perkin—Elmer Model-2

thermal analyzer. Glass transition temperature(Tg) and decomposition temperatures

were measured. A typical heating rate was l0°C/min.
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Chapter IV

Results and Discussion

A. Polymerization ofAlkyl Vinyl Ethers by HI/I2

Initiation System

The original objective of this research was to investigate the possibility of the

preparation of a functionally·terminated poly(alkyl vinyl ether), especially an amine-

terminated one via the newly developed HI/I2 initiation system. Preliminary synthetic

attempts of amine-terminated prepolymers ended in failure due to unknown factors in

the polymerization and the instability of the final product. Therefore this research effort

has been directed along two paths - one investigates the polymerization behavior via

kinetic study, the other investigates the possibility of increasing the stability of an

amine·terminated prepolymer.
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Many interesting and useful results were obtained in the kinetic studies, which have

significance of their own in the investigation of the nature of the propagating chain end.

Also the kinetic data aided in the preparation of amine-terrninated prepolymers by fa-

cilitating the prediction of necessary reaction times for a given polymerization system

under a certain condition via the known rate constants of polymerization. In general,

kinetic data are related with a reaction mechanism which govems every reactions in that

system. A correct reaction mechanism makes modification and improvement of a given

reaction system possible.

1. Kinetic Studies

Iodine has been used as a catalyst in the polymerization of alkyl vinyl ethers for a

long time. Hydrogen iodide, however, has been used as a component of initiation sys-

tems since l960's[l23].

Recently Higashimura et al.[10,26] reported the living polymerization of a series of

alkyl vinyl ethers initiated by a mixture of hydrogen iodide and iodine. The degree of

polymerization of the poly(alkyl vinyl ethers) was inversely proportional to the initial

amount of hydrogen iodide and the molecular weight distributions(MWD) were quite

narrow. They propose that the propagating chain end has a relatively stable covalent-

like structure, such as li, activated for polymerization by iodine.

~CH2 'CH·l
I

O
I
R

15
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There are relatively few kinetic measurements of the polymerization of alkyl vinyl

ethers initiated by the hydrogen iodide-iodine system, which is in marked contrast to the

wealth of data available for iodine-initiated polymerizations. A kinetic investigation ap-

peared necessary in order to establish reliable data to generate mechanistic reaction

schemes. In this work, rates of polymerizations of nBVE and EVE were measured and

the effects of hydrogen iodide, iodine, and monomer concentrations on the rates of

polymerizations were determined and expressed in a rate equation. The observed rate

equation has been analyzed in conjunction with spectroscopic measurements in an at-

tcmpt to gain information about the polymerization reaction.

a) Addition ofHI to Double Bond

The addition of HI to the double bond of an alkyl vinyl ether monomer(M) is very

rapid. This fact was confirmed by using NMR with the addition of a stoichiometric

amount of hydrogen iodide to the monomer in carbon tetrachloridc solution. The re-

action took place inside a septum-capped 5 mm NMR tube at -l5°C. The tube was

quickly inserted into an NMR probe, and NMR was run at room temperature. The re-

sultant compound is the addition product CH;CHI-O—Alkyl(RI). This is shown in Fig-

ure 7.

This observation was very similar to that of Higashimura et al.[26], however, the

RI seems to be unstable at room temperature. Proton NMR spectra of the compound

in CCI4/CDCIQ solution(3/l v/v) changes and the NMR peaks become quite different

after about two hours.
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b) Time versus Conversion

Polymerization initiates by an addition of the hydrogen iodide solution into.the

monomer solution followed by the injection of the iodine solution. Reaction times are

taken from the moment when the iodine solution is injected.

When the polymerization is quenched with Et;N/MeOH, the following reactions

are possible.

Et

~CH3•$H •I.„Ig + Et3N ' ~CHz·(fH'*l%i+-EI I3-

0 0 Et

I I
MeOI·l

•l'% ~CH;·CI·l -OMe + Et;NH* If (96)

ä
I
R .

A dried polymerization mixture contains salt. The weight of the salt and -OMe has to

be subtracted from the gross weight in order to calculate the yield. Only the weight of

I; + HI is subtracted in the real calculation because it constitutes the major weight

fraction(74% of the salt and -OMe). Table 27 shows the conversion data, calculated by

equation 89.

Initial amounts of monomer were all 10.0 ml and weighed around 7.70 g.

Throughout this experiment the concentrations of iodine, hydrogen iodide, and the ini-

tial monomer concentrations in all llasks were constant in n-hexane. Only the reaction

temperatures differed. At -5°C, 2 more data points were tried with reaction times of 90

minutes and 150 minutes, but the conversion had already reached ~lO0%.
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Table 27. Time-Conversion of the Polymerization of nBVE at Various Temperaturesa

Reaction Reaction time(mln.)
temp., ° C % Conversion

(g yaeld) b

-5 30
38.8
(2.98)

·1 6 30 60 90 120 240
15.8 25.8 32.3 43.3 78.4
(1.22) (1 .99) (2.49) (3.31) (6.04)

-25 92 120 180 270
17.0 30.4 43.2 58.1
(1 .30) (2.34) (3.33) (4.48)

-35 90 180 270
10.5 18.9 26.5
(0.81) (1 .45) (2.04)

-45 122 212 300
5.8 9.0 1 1 .7
(0.45) (0.69) (0.90)

a [M10 = 1.77 mole/I, [HI10 = 8.73 mM, [I2]0 = 8.49 mM, Total reaction
volume

-
43.4 ml.

b Total dried weight · I3.
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Figure 8 presents plots of the kinetic data. The plots of percent conversion versus

time show straight lines with decreasing slopes as the polymerization temperature de-

creases. The rate of polymerization(Rp) shows a zeroth order dependence on monomer

concentration. The lines do not fall on the zero point of the time axis at any temper-

ature probably because the temperature of a polymerization mixture was slightly higher

than the specified temperature at the beginning stage of polymerization. The iodine

solution used was at room temperature, and also heat may have evolved from the

complexation between iodine and the monomer.

The initial concentration of the monomer was reduced to 0.173 mole/1 from 1.77

mole/l for further confirmation of the effects of monomer concentration on the

polymerization. Time versus conversion data are included in Table 27. The time versus

conversion plot still shows a linear relationship(Figure 9). In this case, the nBVE em-

ployed was 1 ml (~0.772 g), so the experimental data is more scattered. The observed

rate constant(116 1/mole.min) is similar to that calculated(85 l/mole.min) from the pre-

vious time-conversion experiment as plotted in Figure 8.

When carbon tetrachloride(c = 2.238 at 20°C) is used as the reaction medium in-

stead of hexane(s = 1.890 at 20°C), the rate of polymerization increases. EVE shows a

more rapid polymerization than nBVE as indicated in Figure 10. One data point in Fig-

ure 10 deviates from the straight line because of the inaccurate temperature controls of

the polymerization bath. The order of reactivity(ethy1 > n-butyl) is very similar to one

observed with a metal sulfate—sulfuric acid complex catalyst in heptane[349], but different

from one observed with a boron trifluoride etherate catalyst[326,350].

Figure ll shows the dependence of the number averaged molecular weight of

poly(nBVE) on the conversion. The molecular weight is directly proportional to the

polymerization conversion for a given condition. The molecular weight distributions

shown in Figure 12 are also quite narrow as predicted in living polymerizations.

Results and Discussion 190



1 0 0
B

<° _ c
C_<_g 5 0 A

O
(D o D

E
O O

:
0 100 200 300

Tim e, mi n.

Figure 8. Time·conversion plots of nBVE polymerization at various tcmperatures in n-hexane: [M].,

- 1.77 1v1, [un., - 8.73 111191,11,},, - 8.49 mM; A) -s·c, 81 ·l6°C, c) -zs·c,¤1-ss·c.rs) 4s··c.

Results and Discussion l9l



O

¤
>

Q
•

C
,9 5 O
U1
L.
Q)

O>
Q O
OU 0

Time, m in .

Figure 9. Time-conversion plot of nBVE polymerization at low monomer concentration in
n-hexane: [M],

-
0.173 M, [H1]., = 2.42 mM, [1,].,

-
2.31 mM; temperature, -15.S°C.

Results and Discussion 192



6
>
c:~ •

B.9 5 O
U)
C
Q2
>
C
O
L)

Ti m 6, m E n .

Figure 10. Time-conversion plots of nBVE and EVE polymerization in CC].: |M]„ = 1.77 M, [H1].,
= 8.7 mM, [1;],; =¤ 8.5 mM; temperature, -l6°C.; A) EVE, B) nBVE.

Results und Discussion 193



4 O

·

A

3 O
°é> • B

X 2 0

F °E 1 0 °
•

O

0 20 40 60 80 100
Conversion, °/„

Figure ll. Conversion·Mn plot of poly(nBVE) obtained st -l6°C in n·hexane: [M]„ =· 1.77 mM,
[Hl]„ -

8.73 mM, [1;];, = 8.49 mM; A) GPC with polystyrene standard, B) VPO.

Results and Discussion 194



Ün 17 n

1.05 1.04

32 34 36 30 32 34 EV(ml)
20 10 S 30 20 10 5 MW(x103)

C) M D) M E ’
M

Un Ün Fm

1 .03 1 .0 7 1 . 29

32 34 34 36 38 36 38 EV(ml)
20 10 5 10 5 1 5 1 MW(x103)

Figure I2. MWD of poly(nBVE) obtained at various temperatures in n-hexane: Temperature( %
conversion); A) ·5°C(39), B) -l5.5°C(I00), C) -25°C(58), D) -35"C(27), E) —45°C(12).

Results and Discussion 195

_



Interestingly, the molecular weight distribution is altered by changing the

quenching solution in a polymerization. All the GPC traces in Figure 12 are from those

polymers quenched with an Et;N/MeOH solution. All showed narrow molecular weight

distributions. When the polymerization was quenched with an Et2NH/MeOH

solution(-l6°C), however, the molecular weight distribution tended to be broader with

longer storage times. The polymers in Figure ll were all quenched by a

diethylamine/MeOH solution, and dried in a vacuum oven at ca. 60°C for one day to

estimate the yields. When the polymers are quenched, the following reaction takes place:

MEÜH I3- Et
/

~Cl-1;-CH -1...1; + Et2NH ·——·> ~CH2·CH—lf*\ (97)
O O H Et

il l
16

Here, the further substitution of the quartemary amine group of compound 16 with

methanol is more difficult than is the case in equation 96 where the quartemary amine

is tetra-substituted. Therefore, during the drying process, compound L6 could undergo

some kinds of reactions to broaden the molecular weight distributions.

Table 28 shows the raw data Figure ll. Though conversion versus molecular

weight shows a linear relationship, the molecular weight distributions are broad and the

obtained molecular weights are higher than the expected values calculated based on the

initial charge ratio of monomer to HI. Undesirable reactions during the drying process

would be the major reasons for those differences when the sample is treated with

diethylamine/methanol.

Another interesting example of MWD broadening is the polymerization which is

quenched by ammoniacal methanol or n-BuNHz under the same reaction conditions.
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Table 28. Molecular Weights of Polymers Quenched by Et;NH/MeOH

Reaction time 0.5 1 1.5 2 4
(hrs.)

Initial nBVE, g 7.72 7.61 7.64 7.67 7.72

Dried weight a 1.37 2.14 2.64 3.46 6.19

% Conversion b 15.8 26.1 32.6 43.2 78.2

Mn, GPC C 7,800 12,600 15,000 20,800 33,600

MWD 1.74 1.60 1.51 1.49 1.46

Mn, VPO 4,480 10,310 9,900 14,750 24,740

Mn, Theor. 3,210 5,310 6,630 8,780 15,900

a Dried weight in vacuum(—1 torr) for 24 hours at ca. 60 °C. This contains salts.
b {(Dried weight - I3 )/ 7.7} x 100.

°
Polystyrene standard.
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Quenching with ammoniacal methanol gave Mn ~3700(GPC) with MWD ~l.40(at

quantitative conversion), and quenching with n-BuNI—I2 gave Mn ~3600 with MWD

~l.34. On the other hand, the polymerization with a I; catalyst gave Mn ~l7,000 with

MWD ~1.65(at 77% conversion) when quenched with n-BuNH;. Especially when a

polymer was dried at high temperature and for long time, the obtained polymer was

brown colored and hard to wash. In those cases, front tailing(high molecular weight)

was usually observed in the GPC trace. On the other hand, Japanese workers[l0,26]

have not reported a broadening of the molecular weight distributions of polymers

quenched by ammoniacal methanol because they did not treat the samples in the same

way as in this research. Recently, they have briefly mentioned that the quenching of the

polymerization with arnrnoniacal methanol brought a little bit broader molecular weight

distribution than was the case where the quenching was done with aniline

derivatives[295]. They now agree that the chain end quenched with primary alkyl amine

is unstable. This phenomenon of molecular weight distribution broadening is directly

related to the stability of the terminal group of a polymer. Thus, the compound 16 is less

stable than the acetal in equation 96. The stabilities of the related compounds are dis-

cussed in detail in the Synthesis of Amine-Terminated Oligomers section.

c) lnfluence of Iodine Concentration

In order to determine the effects of iodine concentration on the polymerization, the

concentrations of hydrogen iodine and monomer were fixed and the ratio of

iodine/hydrogen iodide was varied. Figure 13 shows the dependence of the

polymerization conversion of nBVE on the initial ratio of iodine/hydrogen iodide for a

given polymerization time. The conversion or the number averaged molecular weight of

the polymer is linearly proportional to the initial concentration of iodine. When the

Results and Discussion l98



iodine is absent, polymerization does not occur. The concentration of active species

calculated from the conversion/number averaged molecular weight is essentially equal

to the initial hydrogen iodide concentrations. One data point was omitted due to its

large deviation from the line.

In a kinetic investigation a separate time versus conversion curve is usually ob-

tained for each concentration of iodine[34l]. That is, several time versus conversion

curves have to be obtained for varied iodine concentrations. However, only one time

versus conversion data was obtained in this experiment because the polymerization sys-

tem is known from previous experiments to be very simple.

The polymerization system is a living system where the concentration of active

center becomes initial HI concentration, and has zeroth order dependence on [M]. When

the zeroth order dependence on [M] holds for all ratio of iodine/hydrogen iodide, the rate

of polymerization Rp, becomes

Rp = = klmlollzlä @8)1

where [HI]0 is the initial concentration of hydrogen iodide, [12]0 is the initial concen-

tration of iodine, k is the rate constant, and x is the unknown constant. The equation

98 can be integrated for a reaction time 1, and both sides are divided by [M]0 which is

the initial concentration of monomer. It then becomes

lM]o · [M] /<lHIlolIz]ii
[Mlo = [M10 r (99)

When the values of [HI]0, [M]0, and k(i.e., reaction temperature) are fixed, the

conversion(left side expression) is directly proportional to [I2]; at any reaction time r.

Therefore the log-log plot of conversion versus [I2]0 makes it possible to obtain the un-
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known constant x. When the constant x is 1, the conversion is directly proportional to

[Iglo when other values are fixed. In this experiment x = 1, and this observation is tested

by plotting conversion versus initial iodine concentration.

d) Obscrved Rate of Polymerization

In these experiments the following were observed:

•
Living polymerization.

•
Zeroth order dependence of Rp on monomer concentration.

•
First order dependence of Rp on the initial iodine concentration.

•
First order dependence of Rp on the initial hydrogen iodide concentration.

Therefore, the observed rate of polymerization can be expressed as

Rp = k,Ä‘°‘°l1zlol1”11lo (100)

where [Iglo is the initial concentration of iodine and [HIlo is the initial concentration of

hydrogen iodide. The apparent rate constant of the polymerization, /<;¤P, and the exper-

imentally determined rate constants of the polymerization are shown in Table 29.

The overall activation energy of the polymerization of nBVE in n-hexane was cal-

culated from an Arrhenius plot(Figure 14) and found to be about 9.1 kcal/mole(38

k.I/mole). This value is very similar to the value of 9.7 kcal/mole obtained earlier from

the polymerization of nBVE in heptane using a metal sulfate-sulfuric acid complex

cata1yst[349] and to the value of 10.0 kcal/mole obtained from the polymerization of

2-ethylhexyl vinyl ether in petroleum ether using an iodine catalyst[341l. However, it
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Table 29. Apparent Propagation Rate Constant of nBVE and EVE in the Polymerization lnitiated by
Hl/I; Catalyst

Temperatura kpapp (VmoI.min)
(
°C)nBVE EVE

n-hexane CCI4 CCI4

-16 71 137 271

-25 52

-35 21

-45 7.8
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is higher than the values(ca.6~7 kcal/mole) reported for polymerizations initiated with

free ion sa1ts[50,429,463].

e) Possible Elementary Reactions

1) Addition of HI: This polymerization systexrm clearly involves several elementary re-

actions. One simple reaction is the addition of H1 to the double bond of an alkyl vinyl

ether monomer, where the resultant addition product becomes the main source of the

active chain ends. This reaction is seen in Figure 7.

2) Monomer-Iodine Complexation: Among the many possible elementary reactions, one

possible major reaction is a reversible equilibrium between iodine and a monomer. This

equilibrium has been studied by many workers[395], and the majority of the

reports[392,396,439] conclude that a charge transfer complex is formed.

_ Kleq.
M(monomer) + 12 .—:. C(complex) (101)

Other researchers suggest that the reversible equilibrium may not actually be a

charge transfer complexation, but rather may involve reversible diiodide

formation[123b,393,394]. Ledwith and Sherrington[393] suggest that the reversible

equilibrium involves reversible adduct formation as in equation 102.

K
1; + C1-1;=Cl—IOR

=—• ICH;-C1-11-OR (102)
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They propose that a free iodine molccule catalyzes the dissociation of the adduct to the

corresponding carboxonium and triiodide ions, and polymerization takes place by a

further reaction between the carboxonium ion and a monomer.

Later Johnson and Y0ung[394] studied the initiation reaction of molecular iodine

induced polymerization of alkyl vinyl ethers and suggested that the initiation reaction

involves fast complexation, as in equation 101, followed by the slower adduct formation.

C + 12 —» lCH;CH(OR)1 + I2 slow (103)

In proposing these equations, they argue that the observed rate equation of the disap-

pearance of the iodine, Rp = k[M}[I;]2, has three obvious interpretations: (a) the rate-

determining step is the simultaneous collision of one monomer and two I; molecules, (b)

I2 molecules react pairwise to form an equilibrium concentration of an intermediate

which reacts slowly with a monomer, or (c) one monomer and one I2 molecule form an

equilibrium concentration 01] for example, a charge-transfer complex which rcacts with

a second I; in a rate determining step. Of these possibilities, they state that (a) seems

impossible, but either (b) or (c) are plausible, with (c) the more likely. Also they mention

that the rate dependence of the disappearance of iodine on the dielectric constant of a

solvent is understandable with interpretation(c). After obtaining a series of equilibrium

constants, they obtain the heat of reaction of -33 kJ/mole from the Van’t Hoff plot of

the equilibrium constants for the addition of I2 to the double bond of nBVE in

cyclohexane. The value is similar to that predicted for the formation of 1,2-diiodides(ca.

40 kJ/mole) using standard tables of bond strengths.

One cannot decide conclusively which opinion among these is most reasonable.

Depending on the relative reactivity of the diiodide compared to the reactivity of a

propagating active species, any of these opinions could be reasonable.
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lf the reactivity of the diiodide is similar to that of the iodide, the diiodide forma-

tion will increase the total concentration of iodides and should lead to broader molecular

weight distributions. However, this has not been observed in these HI/I2 initiated

polymerization systems. To comply with the observed living nature of the

polymerization, under the given polymerization conditions, the possible diiodide forma-

tion reaction[394,439] between iodine and the complex has to be slow enough to be ig-

nored. The reaction only becomes significant if the amount of iodine is large compared

to that of hydrogen iodide. Slow diiodide formation could explain the induction periods,

observed by many workers, in the polymerization of alkyl vinyl ethers initiated with

iodine only. On the other hand, the reaction in equation 102 is not plausible under this

assumption.

If the reactivity of the diiodide is very low compared to that of the iodide[26],

reversible diiodide formation would not significantly increase the number of propagating

chain ends, and the observed living behavior is explainable. Also, the initiation reaction

for a simple iodine-initiated polymerization can involve the dimeric iodide formed by the

reaction between a diiodide and an iodine molecule in the presence of a monomer, but

this initiation reaction is probably not the reaction in equation 103.

In the current study the disappearance of the iodine color seems to be consistent

with the formation of a charge transfer complex, C, whose identity is somewhat different

from a normal charge transfer complex because it has an exceptionally strong interaction

and reversible equi1ibrium( equilibrium constant 24.5 1/mole and AH° = -33 kJ/mole,

compared to a typical benzene-I2 complex which has equilibrium constant 1.72 1/mole

at 25°C and AH° = -14.7 kJ/mole)[394]. The structure of the complex may be similar

to that of the diiodide structure in a classical reaction coordinate but in any event, an

iodine atom must be in close contact with the other iodine atom in order to attain
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equilibrium rapidly. The charge transfer complex, C, is defined as a species whose idenrizy

and reactivizy are unknown in this research.

The equilibrium constant of the complexation at a certain temperature can be cal-

culated from the Van’t Hoff plot by using a literature value of IQ„„_ and the correspond-

ing AH. By using AH = -33 k.I/mole, K,,,,_ becomes 24.5 l/mole. at 23°C in cyclohexane.

The calculated values, from equation 104, are,

lnK„q_ = — (AH/R)/T+ constant(4.539) (104)

76 at 0°C, 176 at -15°C, and 239 at -20°C. Therefore complexation increases as the

temperature decreasesf

3) RI...Iz Complexation: In addition to the complexation between a monomer and

iodine, iodide can also form another charge transfer complex R-1...1; with an iodide

compound, RI, in the reaction system.

K2eq.
RI + 1; —•= R1...I2 (105)

This equi1ibrium(equilibrium constant Km) can be reasonably assumed from the fact

that iodine acts as a Lewis acid and can attract an iodide ion to make a triiodide ion as

in the equilibrium in equation 76. The equilibrium constant toward the I; formation

has been reported to be ca. 740 in an aqueous medium at room temperature[43l]. Like-

wise, the iodine molecule attracts iodine atom in the carbon-iodine bond, but the extent

of the attraction depends on the nature of the carbon—iodine bond. This complexation

is discussed later in later sections.
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4) Chain Growth: At least two propagation reactions can be proposed, and identifying

the correct reaction mechanism depends on how the propagation reactions are defined.

One possible propagation mode is (A), the reaction between charge transfer com-

plex, C, and iodide compound, RI. Another possibility is (B), the insertion ofa monomer

into the activated carbon-iodine bond in the complex. The former reaction (A) can be

assumed due to the nature of the charge transfer complex. The exceptionally strong

interaction and reversible equilibrium between iodine and monomer suggest that the

complex has the possibility of being somewhat activated, which is different from the idea

of an inaczive[392] complex.

kp
RI + C —• RI + I; (106)

where k, is the rate constant ofpropagation reaction.

On the other hand, the Iatter reaction (B) is very similar to a conventional ionic

propagation or propagation where the propagating chain end is activated by a

catalyst[7,l I]. Scheme 4 represents this reaction[26].

k'p
RI...I; + M —• RI...I; (107)

where k', is the rate constant ofpropagation reaction.
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f) Kinetic Reaction Schemes

The combinations of the major elementary reactions appear to fit the observed rate

ofpolymerization. Here the reaction schemes are divided into two from the previous two

chain growth modes.

Fast addition of hydrogen iodide(HI) to a monomer(M) leads to an iodide

compound(RI) whose reactivity is assumed to be equal to that ofpolymeric iodide. Any

iodide compound is designated as RI and the total concentration of iodide compounds

is represented as [RI]o, and [R1]° = [HI]o from the living nature of this polymerization.

Both propagation modes mentioned above fit the observed pseudozeroth order depend-

ence of Rp on the monomer concentration. Also, the combination of these two leads to

the same result. In both schemes fast equilibria of complexations are assumed. Fol-

lowings are the possible two reaction schemes.

1) Reaction Scheme A: The chain grows via interaction between the monomer-iodine

charge transfer complex and the iodide compound.

lodide formation

M + HI —» RI (108)

Complexation of I;

Kleq.
M + I; =.• C (101)

Chain growth
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R1+ C E RI + I2 (106)

Then the rate ofpolymerization becomes

Rp = kp[RI][C] = kp[HI]o[C] (109)

From the equilibrium constant, [C] becomes

[C] = Knq.{MlUzl (110)

And the total concentration of iodine becomes the initial concentration of iodide, then

[lzlo = {Cl + [iz} (lll)

From equation (110) and (111),

[Cl (112)

Then, by the substitution of equation 112 into equation 109, the rate of polymcrization

becomes

Rp = ——·——“’”ä°‘1¥‘Y«ÜÄlYE§li'“‘ <“3>
; k„[HI]o[1;]o (114)

for K„q_[M] >> 1
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Under a typical polymerization conditions IQ„_ is on the order of 102 and [M] is on

the order of l0°~10·‘, therefore the assumption holds until the polymerization conver-

sion reaches a very high percentage.

2) Reaction Scheme B: The chain grows via insertion of a monomer into the activated

carbon-iodine bond.

Iodide formation

M + HI —• RI (108)

Complexation of 1,

K
M + 1,

.li‘°
c (101)

K2eq.
R1 + I, .—; RI...1, (105)

Chain growth

k’p
RI...I, + M -• RI...I, (107)

Then the rate of polymerization becomes

Rp = k'p[M][R1...I,] (115)

From the equilibrium constants,

[Cl = K„q.lM1[!=l (UO)
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[Rl...I2] = K2€q_[Rl][I2] (116)

And from the mass balance of [Iglo and [Rllo, ·

[12]o = [I2] + [C] + [RI...I2]. (117)

·
[R1]o = [R1] + [RI...I2] (118)

It then becomes

[RI...I2] = (119)

gKleq.[M]

for K„q_[M] >> K2,q;[C]

and becomes

[I2] = [C] + [Rl...I2] + (121)

Then, from equations (120) and (121),

[111...12] g- (122)1 + K2eq.1Rllo + Kieq.lMl

By substitution of equation (122) into the equation (115),
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/<’„Kz€q.lRl1«>llz1¤[Ml
Rp 2 l————-—— (123)

1k'pK2eq.[HIl0lI2l0
2 -i—l- (124)

Kleq.

for Km,_[M] > >(1Under

a typical polymerization conditions, the initial [M]/[1·l1]0 is on the order of

l02~l0‘, [C] 2 [1;] 2 [HI]0, K,„,_ is on the order of 102, and [M] is on the order of

10°~10·‘. Therefore both of the above assumptions hold well until the conversion re-

aches a very high percentage for similar values of K,,„_ and Km, and hold better for the

smaller value of K,„„_ than that of K,,,,_.

The two rate equations above are obtained by using equilibrium constants, and no

steady state approximation is made. With steady state approximations, similar equations

are obtained with proper assumptions, though the steady state approximations are less

reasonable than using equilibrium constants because these approximations assume con-

stant concentration of an intermediate.

When equation 101 is represented as,

kc

M + 12 7.· C (125)
/(-C

where k, and k_, are the rate constants for forward and reverse reactions respectively,

steady state approximation can be set for [C], and a similar rate expression as in

equation 114 can be obtained when k„[M] > > k,[RI] + k_, . Also, for the scheme (B),
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steady state approximation can be set for [R1...12], but the derivations of equations be-

come more difficult.

The existence of the monomer-iodine complexation is indispensable in the deriva-

tion of the final rate expression in the reaction scheme (B). If the complexation between

12 and RI (equation 105) is predominant compared to the complexation between 12 and

M (equation 101), then equation 101 can be omitted in the reaction scheme. And if

equation 101 is omitted, the final rate expression will not have the form of pseudozeroth

order dependence on [M]. Neither derivation via an equilibrium constant nor derivation

via steady state approximation generates a desirable rate expression.

The primary difference between the above schemes (A) and (B) is in the rate con-

stant expressions. In case (A), the k, value is equal to the observed rate constant, but in

case (B), the k', value is determined by the relative magnitude of the values of

K,„,_ and K,,,,_ for an observed rate constant. If the ratio of KM/K,,,_ is small, the value

of lt', has to be large. For a conventional anionic[5] or cationic[464] polymerization, rate

of polymerization becomes larger as charge separation increases. Similarly, the more the

carbon·iodine bond is activated by the iodine molecule, the closer the structure of the

iodide will be to I;
‘, and the value of k', will be larger.

2. Spectroscopic Characterization of RI...Iz

a) UV/ Visible Spectroscopy

A series of UV/visible spectroscopic measurements were performed in order to es-

timate the value of I<Q„,_. The measurements and interpretations of the UV/visible
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spectra of the all elements of the polymerization are rather complicated and difficult, so

this measurement was limited to the complexation between R1 and I2(equation 105).

Available data on „l,,,,,,(absorption maximum) and c,,,,,(molar absorption coeflicient)

of iodide compounds in nonpolar solvents are very limited in the literature. However, in

aqueous solutions the ,1,,,,,, and 6,,,,, are well documented. Table 30 shows the molar

absorptivities of I2, I', and I;' in an aqueous solution[432]. In Table, 6,,,,,, ofiodine is

on the order of 102, but that of I;' is on the order of l0".

In Figure 15, the absorption bands of CH3CHI·O-nBu(R1) and iodine appear at

270 and 510 nm respectively in n-hexane solvent. Calculated 6,,,,, values from the fol-

lowing Beer-Lambert equation are ca. 924 for RI, and ca. 797 for iodine.

A = abc (126)

where A is absorbance, s is molar absorption coefficient(l/mo1.cm), b is path length of

the cel1(cm), and c is the concentration of the solution(mol/1). The value of 6,,,,,, of R1

is close to the reported value of 1.13 xl0’[4], and can be compared to data in the litera-

ture for the n—>a' transition of alkyl iodides(e.g., RCH(CH3)I;

,1,,,,,, = 260 nm, s = 5.8xl02 in ethanol[465]). The small bump around the 300~400 nm

region of the iodine spectra is due to some noise and is not the absorption band.

Figure 16 shows the UV/visible spectra of the mixture of R1 and iodine. As the ratio of

RI/I2 changes, the extent of absorption of R1 and I2 changes as expected. As the ratio

of I;/RI increases the absorption peaks at 300-400 nm where the triiodide ion absorption

peak is reported to occur [392-393] increases, but only slightly. The iodine band and the

RI band do not show any distinctive change after they were mixing, except for a slight

shift of ,1,,,,,, of RI. The absorption peak at 300-400 nm may originate from a structure

similar to the triiodide compound. lf the structure of the complex is similar to that of

the triiodide ion, the molar absorptivity would be expected to be large because that of
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Table 30. Molar Absorptivities of lodine and lodides in Aqueous Solutiona

Molar absorptivity b
Species

460 nm 370 nm 350 nm 288 nm

I2 730.9 31.7 16.1 83.5
18 95

I' 0.009 0.011 0.057

I3° 18,980 25,750 38,790
26,400 40,000

a 25 ° C, ionic strength 0.02 [432].
b Vmo|.cm.
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Figure IS. UV/vis spectra of iodine and CH;CHl-0-nBu in n—hexane et -2l°C: A) iodine, 1.5 mM;
B) CH;CH-O-nBu, 1.0 mM.
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the triiodide ion is on the order of l0" in an aqueous solution. ln that case, the equilib-

rium constant, I§„„_, should be very small. However, more than one charge transfer

complex could exist in this system, so that only a qualitative estimate is possible with the

given experimental data.

b) NIVIR Spectroscopy

Complex formation between RI and I; leads to the activation of the carbon-iodine

bond where charge separation of the bond occurs. The resultant ionic character of the

bond can be studied by using the NMR chemical shift difference between the iodide

compound and its corresponding complex.

NMR is a powerful technique to elucidate the ionic nature of a bond. Many

workers[466—468] have discussed the use of "C NMR in the determination of the ionic

character of a carbon. The ionic character of a carbonium ion correlates with the "C

NMR chemical shift[467] as in the following equation.

dz = 160z (127)

where eg is
‘°C

NMR chemical shift(ppm), after the elimination of the ring current por-

tion, z is the charge on carbon. Also Musher[469] reported that the chemical shift in

proton NMR would be approximately

dz = 10z (128)

where 6L is the proton NMR chemical shift(pprn) after the elimination of the ring cur-

rent portion, and z is the charge on the carbon attached to the proton. For example, in

(CH;)2CH*, dc„_ = 5.04 ppm and dc„ = 13.50 ppm.
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Figure I6. UV/visible spectra of the mixture of CI-I;CHI-O-nBu in n—hexane ut
·2l°C: [CI-I;CHI-O-nBu]/[1;], mM/mM: A) 0.80/0.31, B) 0.67/0.51, C) 0.57/0.65.
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ln certain cases for single bonds "C-H coupling constants, J, are correlated to the

s character, az, associated with the C-H bond orbital.

J(‘3C, 11) = s00c= (129)

By using any of the above equations cationic character or anionic character of the

carbon can be predicted(e.g., as in alkyl vinyl lithium compounds[57,466]). In this re-

search equation 127 was used with obtained "C NMR spectra.

ln Figure 17, the chemical shift of the carbon attached to the iodine atom(peak 1)

shifted 0.83 ppm downlield by tl1e addition of 0.5 equivalents of iodine. No other peaks

were observed up to 300 ppm from TMS. From the above equation 127, the calculated

degree of overall activation clearly becomes very small.

If complexation of iodine compound(RI) consists of only one equilibrium such as

in equation 105, two interpretations are possible. One is the case where almost all of the

iodide compound is inactive and only a quite small portion of the iodide compound is

activated, like a free ion pair. The other is the case where a large portion of the iodide

compound forms a complex with only weak interaction. In the complexation, however,

the strength of the complexation as well as the equilibrium constant KM , would be de-

termined by the negative charge density of the iodine atom of the carbon-iodine bond.

The small shift in the carbon-13 NMR spectra suggests that the strength and the equi-

librium constant are small values. By contrast, if the complexation consists of multistep

equilibria, then the interpretation becomes more complicated. For all cases, however, the

interaction between iodide compound and iodine molecule appears to be very weak,

compared to the interaction between monomer and the iodine molecule.

Thus, in the polymerization, almost all of the iodine should form a charge transfer

complex with monomer and only a very small amount of the iodine could produce a
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charge transfer complex with the iodide compound. Then, the rate constant k', in scheme

(B) has to be large, enough to be compared to that of conventional cationic

polymerization, to comply with the observed rate constant.

3. Tacticity

a) Carbon-].? NMR

Proton decoupled BC NMR spectra of poly(ethyl vinyl ether) were obtained with-

out NOE as shown in Figure 18.

The side group methyl carbon(-CH;) and main chain methine carbon(-CH-) are

insensitive to the stereochemical configuration, and the microstructures of the main

chain methylene carbon (-CH;-) and side group methylene carbon(-CHZO-) were as-

signed according to the Hatada’s paper[470]. Their assignment was based on the micro-

structure of poly(methyl vinyl ether), in the order of rrr, mrr, mrm, rmr, mmr, mmm,

from low to high field. Here the individual integrations of the tetrads of main chain

methylene carbon were not tried due to the poor resolution, instead they were summed

up and integrated as r and m. The integration result of the main chain carbon and the

result of the side chain methylene carbon showed very similar tacticity result as in Table

31. Thus the assignments were intemally consistent as pointed Out by Matsuzaki et

al.[47l].

The reported spin-lattice relaxation time T, values of side chain -OCH;— are 0.29

sec. at 22°C(68 MHZ) for po1y(allyl vinyl ether)[472], and 1.19 sec., 1.15 sec. at 110°C(25

MHZ) for poly(ethyl vinyl ether) mm, mr diads, respectively. So the relaxation delay 5

sec. between each pulse was assumed to be enough from the following equation[473].
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Table 3l. Tacticities of Alkyl Vinyl Ethers

Polymerization Triads observed a Diads Diads
Polymer system % calculated b observed °(%) (%)

rr rm mm r m r m

PoIy(EVE) HI·I2/ CCI4/-16°C 7.8 63 29.2 39.3 60.7 38 d 62 d

PoIy(EVE)
°

BF3OEt2 / toluene / ·78°C 8 37 55 26 74 - ~

Poly(EVE)f BF3OEt2 / toluene / ·78°C 8 36 56 26 74 25 75

PoIy(EVE)f BF3OEt2/ CH2C|2/ 0°C 12 50 38 37 63 35 65

Poly(EVE)f PF5 / CH2Cl2 / 0°C 12 54 34 39 61 36 64

PoIy(nBVE) HI-I2 / n·hexane / -5°C 16.2 38.7 45 35.6 64.4 - -

PoIy(nBVE) HI~I2/ n~hexane/ -15.5°C 13.9 33.9 52.1 30.9 69.1 - -

PoIy(nBVE) Hl~I2/ n~hexane/ ·45°C 12 30 58 27 73 · ~

a Triads were determined from the resonanoe peaks of the side group -OCH2—.
b These diads were calculated from the triads, m = mm + (1/2)mr,

r = rr + (1/2)mr.
c Determined from the resonanoe peaks of the main chain —CH2-.
d Determined by the weights of paper Cuts of the spectrum.
e Data from [470].
f Data from [471].
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cc —/gf (130)

where 71 is viscosity of the solution, k is Boltzmann constant, and T is temperature in

Kelvin. At lower temperature the T, value decreases because the viscosity of a polymer

solution increases and the value of T becomes less. The expected 7] value is less than 1

sec. Relaxation delay of 57] allows 99% recovery toward equilibrium nuclear spin

population.

Also the decoupled C·13 NMR spectra of poly(nBVE) were obtained with and

without NOE. For a specific carbon in po1y(nBVE), the spectra with NOE and the

spectra without NOE, did not show any difference. For the tacticity measurement, de-

coupled spectra with NOE were used. As shown in Figure 19, only the main chain

methylene carbon and the side chain methylene carbon are sensitive to the

stereoconfiguration. The shapes of these two resonance peaks are very similar to that

of poly(EVE), and the side chain methylene peak reveals fine microstructure. But the

assignment was tried only for triads, rr, mr, mm, due to the difficulty of the assignment

of the peaks more than triads. Better resolution is also needed for the assignment of

tetrads or finer microstructure.

The integration values are already shown in Table 3l. lnterestingly isotacticity in-

creases as the polymerization temperature decreases. This observation is the reverse of

the one observed in the polymerization ofmethyl methacrylate with free radical or group

transfer catalysts[474], or with alkyllithium catalysts in toluene[475]. This observation

is similar to the one observed in the polymerization of (-)mentyl vinyl ether or

(S)-l-methyl propyl vinyl ether with C—;I—I7SbCl6 in CH2C1;[476]. As the polymerization

temperature decreases, the optical activities of both polymers increases in the direction

of the optical activities of the monomers. But a direct comparison cannot be made be-
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cause of the differences in technique and monomers. On the other hand, available data

on this subject in cationic polymerization is quite scarce.

From the data in Table 31, the persistence ratio, p, which is a criterion for

Bemoullian statistics, was calculated by

2(m)(r)
p = li 131(mr) ( )

Also the first order Markov conditional probabilities P{m/r) and P(r/m) were calculated

by

0.5
P(m/r) =

—-gl
(132)(m)

0.5
P(r/m) = Ä (133)(r)

The calculated results are shown in Table 32. The data deviate noticeably from the

Bemoullian statistics. On the other hand, the reported values for the polymers prepared

with BF3OEt2, showed close resemblance to the Bemoullian statistics. Therefore the

polymerization system with H1/I2 should be different from the polymerization

system(homogeneous) with a BF;OEt2 catalyst. The attempts to establish a higher order

stereopolymerization model needs finer tacticity data.

b) Proton NMR

The 270 MHz spectrum of poly(ethyl vinyl ether) exhibits two components for the

ß·proton resonance(backbone methylene) in CDC13 at room temperature. The

oz-proton(methine) overlaps with side group methylene protons and is very difficult to
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Table 32. Tacticity Analysis of P0|y(AlkyI Vinyl Ethers)

Polymerization Triads observed perslstence P(m/r)
Polymer temp.(°C) Mn -——————— ratio(p) + P(r/m)

ff lm ITIITI

Po|y(EVE) -16 14,000 0.078 0.63 0.292 0.757 1.32

Po|y(nBVE) -5 8,000 0.162 0.387 0.45 1.185 0.844

Po|y(nBVE) -15.5 15,000 0.139 0.339 0.521 1.260 0.794

Po|y(nBVE) -45 2,400 0.12 0.30 0.58 1.314 0.761

Po|y(EVE) a -78 - 0.08 0.36 0.56 1.069 0.936

Po|y(EVE) a 0 - 0.12 0.50 0.38 0.932 1.073

a Data from [471].
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resolve. When the ß-protons are decoupled from oz-proton, they show multiplet splittings

very similar to the typical AB quartet of isotactic diads, mixed with other peaks( Figure

20).

In a typical case, e.g., in poly(methyl methacrylate) [473,478] or in poly(vinyI

formal) [473], syndiotactic diads exhibit a singlet peak at the middle of the AB quartet.

Therefore l or 2 peaks in the middle have to be assigned to the syndiotactic diads in the

spectra, but the assignment of the peaks was not attempted. It seems as if the spectra

reveal fine structure, such as tetrads, so the assignment cannot be straightforward.

On the other hand, a similar but broader spectrum was obtained by Ramey et

al.[479] with a sample prepared with BF; etherate in toluene at -78°C. They obtained

coupling constant JA, = I5 cycles/sec., but no attempt was made to integrate the peaks.

Another similar spectrum can be seen in reference 472 with poly(allyl vinyl ether). ln this

experiment, no attempt was made to optimize the splittings of NMR spectra by chang-

ing either NMR solvent or temperature. Some of the reported solvents are CH2Cl;(at

80°C)[47l], C6H6[479], and CS;[479].

Resonance peaks overlapped so much in the spectrum of poly(n-butyl vinyl ether)

that neither oz-proton nor ß-proton could be resolved(Figure 2l).

4. Thermal Analysis

The DSC and TGA results of the representative samples of poly(EVE) and

poly(nBVE) are summarized in Table 33.

The DSC traces( 2nd run) of both polymers are shown in Figure 22. For both

polymers first run and second run traces are almost same. For poly(EVE), observed glass
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transition temperatures(Tg) are -34°C for the first run and -32.4°C for the second run.

For poly(nBVE), Tgs are -57.5°C for the first run and ~59.5°C for the second run.

The Tg values of poly(EVE) are slightly higher than the data(-42°C) shown in Ta-

ble 26, in Chapter II, but are within a range similar to the reported value of

poly(EVE)(-3l°C) prepared a with BF;OEt2 catalyst in toluene at -78°C[470]. On the

other hand, the Tgs of‘ poly(nBVE) are very close to the reported value(·55°C) in Table

26.

The thermogravimetric analyses of" the samples are shown in Figure 23. The first

5'% weight loss in air occurred at 230°C for both samples, and the first 5% weight loss

under the nitrogen atmosphere occurred at 350°C for poly(EVE) and 3l0°C fior

poly(nBVE). The existence of the ether linkage probably enhances the decomposition

in air.

5. Nature of the Active Chain End

The kinetic studies suggest that the active chain end has less ionic character during

polymerization, and the UV/visible study and NMR spectroscopy support this point of

view.

A similar polymerization system(i.e., iodine catalyzed polymerization) has been

studied by many workers[l23b,34l,392] through conductivity measurement, and they

point out that little or no conductivity is detectable during the polymerization. Johnson

and Young[394] observe that there is very Little conductivity during the polymerization,

but it increases rapidly at high conversion. Low conductivity during the polymerization

implies that either the solvent-separated ion pair or the free ions are almost absent in
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Table 33. Thermal Data of PoIy(A|kyl Vinyl Ethers)

Poly(EVE) Po|y(nBVE)

Polymerization
condition HI·I2 / CCI4 /-16 °C H|·|2 / CCI4 /-15.5 °C

Mn 14,000 15,000

% Isotactic triad 29.2 52.1
(mm)

T9, °C -32.4 -59.5

5%Weight loss, °C
(under air) 230 230

(under N2) 350 310
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Figure 22. DSC scans of poly(alkyl vinyl ethers): A) poly(EVE); B) poly(nBVE)
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this polymerization system because the conductivity measurement is highly sensitive to

these species[467].

The polymerization, therefore, proceeds through an almost covalent carbon-iodine

bond in the Winstein spectrum, but still the biggest question is how the carbon-iodine

bond is activated ?

As seen in Table 29, the rate constant of the polymerization doubles as the

polymerization solvent changes from n-hexane to CCl4. Therefore, the polymerization

mechanism probably involves an ionic transition state as pointed out by Eley and

Richards[34l]. This sensitivity of the polymerization to the polarity can be seen even in

the polymerization in a fixed nonpolar solvent. A higher concentration of monomer can

change the polarity of the system and therefore change the rate of polymerization. A

slightly different kinetic equation recently report[480] probably results from this fact.

Interestingly, a similar polymerization phenomena is observed in the

polymerization of styrene with a perchloric acid catalyst[48l]. When the polymerization

is conducted in CCL; at 30°C, the time versus conversion plot shows the zeroth order

rate dependence on the monomer concentration. But when the polymerization is con-

ducted in CCL;/CHZCIZ mixed solvent(65/35, v/v) at 0°C, the plot deviates from the

zeroth order. The authors envisage the polymerization reaction as a process in which:

1) the monomers make reversible complexation with HCIOA attached or unattached to

a growing chain end; 2) the complex slowly undergoes ionization to an ion·pair state;

3) in that form attacks a styrene molecule in solution or one already associated with the

complex by first or zeroth order kinetics, respectively. After analyzing similar results

with Laidler and Eyring's theory[482], they propose that the transition state is a fully

developed ion-pair. Therefore, their concept of the transition state is different from the

concept of pseudocationic polymerization[9] because they hypothesize an additional

ionic character.
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A similar behavior is also observed in the polymerization of styrene by

trilluoroacetic acid[l02]. The polymerization cannot be represented by a single, simple

equation, so the importance of complexation is implied, but there is no interpretation

of the polymerization reaction in terms of reaction mechanism.

Another interesting phenomena can also be found in the coordination

polymerization. The polymerization of styrene with VCI;/Al(iBu)3 catalyst[483a], or the

polymerization of propylene with AlEt2Cl/V(acac); (where acac E acetylacetonate)

catalyst[483b] shows zeroth order kinetics. Coordination polymerization studies cast

light on the area of cationic polymerization. For example, the use of an acetate/BCI;

complex catalyst[ll] is very similar to the use of benzoate in a coordination

polymerization [483 c,d,e].

In the polymerization of alkyl vinyl ethers with an Hl/I2 initiation system, the

complexation between monomer and iodine plays the biggest role in the observed re-

action kinetics. In reaction scheme B, the complexation regulates the amount of iodine

which can activate the RI compounds. Here the complex, C, exists as a reservoir of

iodine. But in reaction scheme A, the complex takes part in the polymerization reaction

as an activated complex. So, the difference between both mechanism lies in the reactivity

of the complex. However the reactivity and identity of the complex have not been

studied systematically, though many people [26,392,394] conjecture that the complex is

not a real complex but an adduct(based on the UV/visible spectra of the monomer-

iodine mixture).

Whether the complex is an adduct or not, there is no doubt about the reversibility

of the process. The route to the complex from the simple mixture of monomer and

iodine has to be activated in some manner in order to form the product, so the complex

will have a certain moment during its formation process when it can be considered as

an active species. A similar example is the formation of a halonium ion intermediate in
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the addition process of a halogen to a double bond[484]. The reversible complexation

process can therefore be considered as a prelirninary process for the polymerization re-

action, and the imaginary transition state can be proposed as in Scheme 15.

Scheme 15 is closely related to the concept of pseudocationic polymerization, but

it may involve an ionic transition state in the carbon-iodine bond. The role of the oxygen

atoms in the ether linkages remains as unknown in this scheme, and the position of the

iodine in the complex is difficult to be comprornised and therefore remains tentative. The

reported average bond distance of the C= C double bond is 1.34A, and the I-I bond is

2.67A[457]. Therefore two iodine atoms can make a close contact with each other while

they maintain their contacts with both carbons and oxygen. Perhaps only one iodine

atom can make contacts with two carbons and oxygen.

On the other hand, the polymerization scheme B will be similar to the mechanism

in Scheme 4, which is similar to the Schemes 3 or 5. ln the scheme B, a carbon-iodine

bond is activated by iodine, and a monomer is inserted into the activated carbon-iodine

bond. However, the insertion step is still not clear, especially in its ionic character. As

mentioned before, the carbon-iodine bond has to be fully dissociated in order to explain

the observed rate of polymerization. If the mechanism involves coordination type

chemistry, however, the mechanism is very complicated, and the in situ C-13 NMR

technique[483f] which was utilized in the coordination polymerization of olelines, prob-

ably can help the elucidation of the mechanism. Interestingly, the group transfer

polymerization is reported to proceed with Bemoullian statistics[474] which is different

from the propagation statistics in this HI/I2 polymerization system.

Unfortunately analysis of the polymer microstructure cannot help the proposal of

a reliable mechanism much, due to the lack of detailed information. But the data does

show that the polymerization system of HI-I;/n-hexane at low temperatures is not gov-

emed by Bemoullian random statistics, whereas the reported polymerization systems of
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SbCls/Péntane/-72°C[472,485], BF30Etz/toluene/-78°C[470,471], or

BF;OEt2/CHZCIZ/0°C[47l] are govemed by Bemoullian random statistics.

In the polymerization of vinyl ethers, it has been reported that the steric structure

of the polymer remarkably dependent on the size of counter ions and the polarity of the

medium. For oz-substituted vinyl ethers, isotacticity generally increases as the size of the

counter ion increases, or as the polarity of the medium decreases[486]. This trend is very

similar in the polymerization of a-methylstyrene[402b]. But in the polymerization of

aß-disubstituted vinyl ethers, the steric hindrance between the substituents of the in-

coming monomer and of the growing chain end plays a more important role in deter-

rnining the steric structure of the polymer than the steric interaction between the

growing chain end and the counter ion[487]. But all these findings are for cationic

polymerization with traditional ionic catalysts, where the positive active chain ends make

close or loose association with the counter ions. Therefore the mechanism of

stereocontrol in the polymerization of the HI/I 2 initiation system difI'ers from the one

proposed[403,485] in Scheme 9 because the polymerization proceeds via quite nonionic

propagating species. The development of a reliable stereocontrol mechanism requires

more reliable data.

Results and Discussion 240



B. Polymerization of n-Bntyl Vinyl Etlzer by HI Catalysts

l. Polymerization by HI .

The polymerization of nBVE was conducted at 20°C, 30°C, and 40°C in the pres-

ence of HI only. Measurements of time versus conversion data are summarized in Table

34 and plotted in Figure 24.

At 20°C one of the polymerization flasks was checked after 10 hours of reaction

time, and no color was observed. When the polymerization mixture was quenched with

5 ml of the Et;N/MeOl-l(l/2 v/v) solution, neither precipitation nor a color was ob-

served.

After ~40 hours of reaction time the conversion reached ~30°/o, but the conversion

did not increase by further reaction during the remainder of the total reaction time of

94 hours. The active chain end appeared to be dead. However, when 1% of iodine rel-

ative to the initial amount of HI was added to the reaction system, the polymerization

reaction resumed and quantitative conversion was reached. lnterestingly, the observed

rate of polymerization of 790 1/mole.min( calculated from the conversion for the first 9

hours after the addition of iodine) was very similar to the value of 740 l/mole.min cal-

culated from equation 100 and the Arrhenius equation with the activation energy of 38

kJ/mole.

At 30°C the rate ofpolymerization was fast, and the polymerization reached almost

quantitative conversion without any addition of I2, but the molecular weights deviated

markedly from the predicted, and the distributions were rather broad. The

polymerization mixture was reddish color for the polymerization flask with the 95.3%
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Table 34. Time-Conversion ol' the Polymcrization of nBVE with Hla

20 ° C

Reaction time
(hrs) 5 10 20 42 69 94 94 +9 C 94 +18 C

%Conversion 8.9 10.1 10.1 29.7 33.5 32.7 69.7 97.1
Mn (GPC) C 800 900 800 - 1800 1400 4000 -
Mn (Theor.) C 900 1000 1000 2900 3300 3200 6900 9600
MWD 1.2 1.21 1.23 - 1.44 1.42 1.28 -

30 ° C

Reaction time
(hrs) 5.7 24.4 40 60

%Conversion 13.2 59.3 95.1 95.3
Mn (GPC) C 1100 3300 4000
Mn (Theor.) C 1300 5800 9400
MWD 1.21 1.34 1.43

40 ° C

Reaction time
(hrs) 0.5 1 3 5.3 7

%Conversion 15.6 22.7 29.4 62.7 68.9
Mn (GPC) C 700 700 2500 1500 3100
Mn (Theor.) C 1500 2200 3000 6200 6800
MWD 1.42 1.57 1.16 1.76 1.43

C [nBVE]0 = 0.84 M, [Hl]o = 8.53 mM, n-hexane solvent.
C Reaction time after addition of 1% iodine.
C Linear lit with polystyrene standard.
C Based on the assumption of living polymerization.
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conversion when the aluminum foil was opened before the quenching of the solution.

At 40°C the observed polymerization phenomena were very similar to those at 30°C, but

the molecular weights deviated more than those obtained at 30°C.

2. Polymerization by HI/Lewis Acids

Polymerization of nBVE was conducted with I·l1/Lewis acid initiation systems. The

polymerization was also conducted with each Lewis acid without any added HI for the

purpose of comparison. Lewis acids used were Et;Al, EtzAlCl, and SbC15. Table 35

summarizes the reaction conditions and the conversion data.

The polymerization did not occur in the temperature range of -78 ~ 25°C with

Et3Al only, and polymerization occurred when HI was present in a 1/1 ratio, the

polymerization occurred. With HI/Et;A1 initiation system at 25°C, the polymerization

conversion reached 30.1% after 10 hours of reaction. This value can be compared to

10.1% conversion without Et3Al at 20°C with a reaction time of 10 hours, or to 59.3%

conversion without Et3Al at 30°C with a reaction time of 24.4 hours rccorded in Table

34. This indicates that the existence of Et;Al did not contribute much to the

polymerization conversion of nBVE. Qualitatively speaking, the acceleration effect(or

catalytic effect) of Et;A1 approached zero in this polymerization system. This observa-

tion is very similar to the one reported on the polymerization of isobutyl vinyl ether in

to1uene[405]. No polymerization was observed in that system either. Et;Al appears in-

sufficiently active to ionize the carbon-iodine bond.

With Et2AlCl, polymerization was observed for both cases. The rate of

polymerization was faster with Et;AlC1 only, than was the case where Hl/Et2A1Cl was

used. The obtained polymer was sticky and flowed with standing for a day or two. The
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Table 35. Experimental Result of the Polymerization with Hl/Lewis Acida

Reaction temp. Reaction time % Conversion
Catalyst (°C) (hrs) l----l

Without Hl Vlüth HI(1/1 ratio)

EIBAI -78 2 0.2 1.5

-34 2 0.3 1.4

-5 2 0.3 3.1

25 2 0.5 18.2

25 10 - 30.1

E12/\lCi -15 2 98.2 70.0
(very high mw) (low mw)

SbCl5 -15 7 99.1 99.1
(low mw) (low mw)

a [flBVE]0 = 1.76 M, [Lewis acid]0 = 8.5 HIM, [Hi]O = 8.5 mM.
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molecular weight of the polymer appeared to be very high. In contrast, the polymer

obtained with the 1-11/Et2AlCl initiation system was a free flowing viscous liquid.

In the polymerization initiated with Et2AlCl, the polymerization takes place via an

EIzAlClOH_ counterion[l5,28] generated by the reaction of Et2AlCl with water present

in the polymerization system(I—l20 in n-hexane was ~l0 ppm by Karl-Fisher titration).

H20 + Et2AlCl -» H*Et2AlCl0H‘ (134)

But in the polymerization initiated with HI/Et2AlCl, polymerization takes place via an

Et2AlCll° counterion[28] generated by the reaction of Et2AlCI with RI. RI is instanta-

neously produced when HI is added into the monomer solution.

RI + Et2AlCl —» R+(IEIzAlCl)_ (135)

Although the concentration of the active chain end of the system with

EIZAICIOH- is less than that of the other system, this system shows a faster rate of

polymerization probably due to the greater stability[78] of the Et2AlCl0H‘ counterion

compared to that of Et2AlClI‘. This observation can be interpreted as a similar trend

as in Table 6. However, "nucleophilicity" seems to be misdefined in reference 8.

"Nucleophilicity" usually refers to basicity although nucleophilicity is a kinetic term,

whereas basicity is thermodynamic term)[488]. A more stable anion is less nucleophilic

toward a carbocation.

From Drago’s empirical constant(Table 7) 0H“ is more reactive than I‘, so the

-AH of 0H‘ in equation 16 is greater than that of l‘ for a fixed Lewis acid(Et2AlCl).

That means the stability of Et2AlCl0H“ is greater than the stability of Et2AlClI'.

Therefore in the polymerization reaction the Et2AlCl1‘ will be more associated with
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propagating carbocations and will promote a slower reaction as observed in this exper-

iment.

On the other hand, properties important in influencing nucleophilicity are[489]: 1)

the solvation energy of the base; 2) the strength of its bond to a carbon 2p-orbital; 3) its

effective size; 4) the electronegativity of the attacking atom; and 5) the polarizability of

the attacking atom.

With SbCI5, however, polymerization behavior for both cases was very similar and

the viscosity of the polymers appeared to be very similar. One of the possible reasons is

the self-ionization of SbCl5 molecule into SbCls° and Cl*[8,490] for the polymerization

system with SbCl5 only. But other possibilities can not be ruled out. When the initiator

solution(CH2Cl2) was injected into the n-hexane reaction solution, dark precipitation

was observed, probably due to the poor solubility of the catalyst in n-hexane.

3. Nature of the Active Chain End

The polymerization of nBVE with HI was expected to proceed as an ionic propa-

gating species for both HI only and HI/Lewis acid, but the polymerization with HI only

was not as simple as expected. At 20°C the polymerization stopped after ~30°/o con-

version, and the polymerization became sluggish, However, the active chain end, RI,

remained as a dormant species which could resume polymerization by the addition of

iodine. Therefore, the carbon-iodine bond in RI is thought to be insufficiently active to

polymerize at 20°C in n-hexane. At 30°C the polymerization mixture showed reddish

color after 60 hours of reaction(almost a quantitative conversion). The appearance of

the iodine color is a typical phenomenon of the HI/I; or I2 polymerization system at the

end of polymerization. If the polymerization at 30°C is hypothesized to proceed via a
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111/12 polymerization system, then the observed straight time versus conversion curve

can be understood, and the amount of iodine present in the system can be back-

calculated from the observed rate of polymerization. The amount of iodine calculated

by the expected reaction rate constant 1250 1/m0le.sec(from Arrhenius equation and

activation energy) and equation 100 is ~0.38% as compared to the initial H1 concen-

tration. Similarly, the amount of iodine calculated at 40°C from the estimated reaction

rate constant 2020 l/mole.sec is 0.95%.

Therefore the polymerization in these systems seems to take place mostly via the

R1/iodine initiation system. The iodine can be formed from the oxidation of H1 with the

adventitious oxygen in the system. At standard temperature and pressure 0.45 ml of air

contains 4
x10·‘

mole of oxygen, equivalent to the 1% of initial H1 in the system.

Though precautions were taken against the involvement of oxygen in this system, the

existence of adventitious oxygen still cannot be ruled out considerg the equipment used.

But other possible sources of oxidation cannot be ruled out either. At higher reaction

temperatures the R1 can generate H1, as in equation 136, and the 111 can be

oxidized[455].

~C112-C111-0R —» ~C11=CH-0-R + 111 (136)

4I‘
+ 411* + 02 —+ 212 + 21120 (137)

On the other hand, equation 136 can explain the broad molecular weight distrib-

utions noted in Table 34. The reactivity of the carbon-iodine bond toward

polymerization and dehydroiodination determines the rate of polymerization and the

molecular weight distribution. The reason for the leveling off of the polymerization at

20°C(Table 34) is uncertain, but one explanation might be the existence of a reaction

which involves the true consumption of iodine, similar to the reaction in equation 103.
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Then the activation encrgies of the reactions in equations 103, 136, 137, and the

polymerization can make the polymerization reactions different at different reaction

temperatures.

The polymerization of nBVE with a H1/Lewis acid proceeds via an almost ionized

carbon-iodine bond, which differs from the HI only initiation system. But here, the

cocatalysts(Lewis acids) used were unable to promote a synergistic effect, i.e., no specific

acceleration of the reaction was observed. No calculation of molecular weight distrib-

utions was tried, however, so other effects cannot be commented upon.

Recently Sawamoto et al.[49l] reported a new initiation system. instead of using

I2, they used Znlz, which itself alone is inactive in the polymerization of iBVE. When

Znlz was used with HI, the rate of polymerization became faster than that of the

H1/I2 system, and a narrower molecular weight distribution was observed. Though the

exact nature of the active chain end is still unknown, this kind of synergistic effect is

required for a cocatalyst. Interestingly, Znlz, which is thought to make complexation

with MMA monomer, is one of the catalysts used in the group transfer polymerization

of MMA[1 17] as an electrophilic catalyst.

C. Polymerization of Oxazoline

The polymerizations of oxazolines were attempted with methyl tosylate, benzyl

iodide, benzyl iodide/iodine, and iodine. When 2-methyloxazoline was reacted with

benzyl iodide, benzyl iodide/iodine, or iodine in DMF at ~98°C for ~l0 hours, all three

reactions showed almost quantitative conversion, but the best result was obtained with

benzyl iodide. The obtained polymer (expected Mn ~l000, from the initial charge ratio
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of monomer/initiator) with benzyl iodide is a hygroscopic white powdery material which

becomes a yellowish gum upon absorption of moisture, but the obtained polymer with

benzyl iodide/iodine or iodine is a reddish black gummy material. When the

polymerization temperature is changed to 60°C, the polymerizations show 55%, 63%,

and 64% conversions for benzyl iodide, iodine, and benzyl iodide/iodine respectively.

The appearances of the obtained polymers were almost the same as those obtained at

98°C. The powdery poly(2-methyloxazoline) is soluble in water, methanol, ethanol,

CHCl;, acetone, acetonitrile, and DMF, but insoluble in THF, dioxane, and toluene.

Polymerization of 2-ethyloxazoline was conducted in DMF at 98°C for 1 hour, and

a slightly yellowish glassy polymer was obtained with 95% conversion(expected Mrz

~l200). The polymer is soluble in water methanol, ethanol, CHCl;, THF, dioxane,

CH2Cl;, acetone, acetonitrile, and DMF, but insoluble in toluene. The polymerization

of 2-ethyloxazoline was also conducted with methyl tosylate in acetonitrile at 80°C for

22 hours. White powdery material is obtained with almost quantitative

conversion(expected Mrz ~l200). A better result is usually obtained with a methyl

tosylate catalyst in an acetonitrile solvent. Poly(2—ethyloxazoline) of Mrz ~2200 was also

synthesized.

The physical properties of oxazoline polymers and their polymerization behaviors

were not studied in this research because this area is not a major concern of this re-

search. They were only synthesized in order to be incorporated into the A-B type block

copolymers. The nature of their active chain ends and their polymerization behaviors

are relatively well-known in the literature. Some of these discussions are plotted in Re-

view ofLiterature.
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D. Synthesis of Amine- Termimzted Oligomer

1. Direct Approach

a) Oligomer

The preparation oF a Functionally-terminated oligomer was originally the primary

objective oF this research. Therefore, the polymerization oF nBVE(theoretica1 Mn ~10K

at 100% conversion) was quenched by MeOI—I, Ä/1eOH/NaOH, and diethylamine, in or-

der to prepare -01-1 and amine-terminated prepolymers.

When the polymerization is quenched by large quantity 0F methanol, the IR

spectra oF the obtained polymers show strong O·H stretching bands. And when the

polymerization is quenched with a NaOH-MeOH solution, the IR spectra show some

absorption peaks oF -OH Functional groups. When the polymerization is also quenched

by diethylamine(neat), absorption peaks are observed in the -C-N- stretching band

region(l260 cm·‘). These IR spectra are shown in Figure 25.

The GPC trace 0F the polymer quenched with NaOI—I-MeOH shows Front tailing

very similar to imbedded bimodal distribution with Mn ~63K and Mn ~l2.6K(area ratio,

1/5). A similar GPC curve was obtained For the polymer quenched with diethylamine.

These GPC curves are similar to those obtained in the kinetic study with quenching

other than Et3N/MeOH.

From the IR spectra, the synthesis oF a Functionally terminated prepolymer ap-

peared to be promising. The hydroxyl absorption peak oF the polymer quenched with

MeOI—I-NaOI—I is rather small compared to that oF polymer quenched with MeOI—I. The
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reason For the -0H absorption peak oF the polymer quenched with Me0H, is still un-

certain. H20 contamination oF the Me0H or other chemical reactions are suspected.

However, trouble resulted From the titration oF the polymer quenched with Et2NH. The

polymer was titratable, but the titration result was not reproducible.

The molecular weight of the polymer was decreased to ~600 in order to better ob-

serve the Functional group. This polymerization was quenched with n-BuNl·l2, and its

IR spectrum is shown in Figure 26. Compared to the 1R spectrum oF the high

po1y(nBVE)(synthesized with BF20Et2, Mn ~l5 xl0‘, outside oF exclusion limit oF

GPC), the polymer shows 3 dilTerent absorption peaks at 3330, 1669, and l635cm·‘. The

absorption peak at 3330cm*‘ can be interpreted as N-H stretching vibration, but the

absorption was too weak, and the peaks at 1669 and 1635cm·‘ cannot be rationalized

because the expected secondary amine usually does not show any absorption peak at this

region[492]. The possibility oF N-H bending vibration oF an amine salz was ruled out

because the sample was washed several times with an ~5% aqueous Na0H solution.

On the other hand, the C-N stretching band was missing at ~1260cm·‘. ThereFore, the
° IR spectra do not support the existence oF a secondary amine. Ncither the proton NMR

nor the titration support the existence oF an amine Functional group.

b) Model Compound

A model reaction was perFormed in order to conlirm the structure oF the amine.

The desired reaction was the reaction in equation 138.

The obtained yield was 1.35 g(theoretical 1.38 g) aFter evaporation oF solvents by

rotary evaporator, but Further evaporation with a rotary evaporator(~30 min. more in

a warm water bath) yielded 1.21 g. The product develops into more than 2 spots in TLC

in hexane/acetone(7/3 v/v) solvent and shows more than 3 spots in acetone. The proton,
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NMR spectrum of the product is very complicated. Many strong peaks at 1.85 and 2.0

ppm, many small peaks at 1-3 ppm, strong 3 to 5 mixed resonance peaks of triplets and

quartcts at 3.1-3.7 ppm, a strong quartet at 4.7 ppm(probably CH;-CH(OR)N-), and a

small triplet at 7.7 ppm were observed. Existence of -NH- was diflicult to confirm.

CH;- CH—I + excess HZN-nBu————A

\
nBu

CH;- CH NH-nBu + salt (138)

A
\

nBu

ll
In carbon-13 NMR, a CH peak was observed at ~100 ppm(probably

-CH(OR)-NHR), and a quartemary carbon peak was observed at ~167 ppm(probably

C= O in amide). The intensity of the peak at 167 ppm indicates that the compound is

one of the major compounds in the product.

In Figure 27, the IR spectrum of the model reaction product was compared with

that of N,N-dibutylacetamide[493]. The absorption bands at 1716, 1666
cm·‘

of the

model reaction product show similar patterns to those of the acetamide. In addition, the

model reaction product contains an -NH- absorption band.

Not much information can therefore be drawn from either the NMR results or

from the IR spectra. The model reaction must involve more than one reaction product

because of the instability of the desired reaction product. A low temperature separation

technique, such as room temperature gas chromatography, may help the identification

of the product and the reaction itselfi
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c) Stability of Chain End

The instability of the amine chain end contributes to the failure of the amine-

terminated poly(nBVE) synthesis. The structure of the desired reaction product, ll, is

very similar to that of an acetal, lß, known to be stable in a basic condition and unstable

in an acidic condition(R, R' = alkyl).

CHs· CH- O-R'

2)
I
R

Bi
At a different pH, the stability of an acetal is so distinctive that this property is used in

the protection of a hydroxyl group in organic synthesis[494]. If the -OR in lß is ·OH,

then the structure is known as a hemiacetal forrned by the addition of water to an

aldehyde. In a basic condition a hemiacetal is in an equilibrium with its starting material.

lt can be converted into acetal in the presence of large amount of alcohol when in an

acidic condition. The structure of the chain end obtained by the quenching with MeOH

or MeOH/NaOH is thought to have the hemiacetal structure. The existence of an

aldehyde is predicted because the hemiacetal forms an equilibrium with aldehyde.

The structure of the compound, 11, is known as l,l·amino ether(a-amino ether)

or carbinolamine ether[495a]. Low molecular weighted 1,1-amino ethers derived from

secondary amines are liquids that can be distilled without decomposition, often at at-

mospheric pressure. They are readily soluble in organic solvents but not in water. They

are rapidly hydrolyzed by aqueous media. The compounds are useful aminomethylating

agents[495b].
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Compounds similar to 1,1-amino ethers are 1,1-amino alcohols(carbinolamines),

which are readily dehydrated to imines, or enamines with base or acid catalysis[488]. The

chemistry of these compounds is quite well known compared to that of amino ethers.

General base catalysis of dehydration of the tetrahedral intermediate is usually formu-

lated as involving nitrogen deprotonation concerted with elimination of a hydroxide ion.

R
zw ^ I
B H——lT—$——k}0H

+ B*H + R'N=CRg +
0H‘

(139)

R' R

General acid catalysis of carbinolamine intermediate breakdown occurs with the assist-

ance of the expulsion ofwater.

R
JW I ^H—N— C— 0H H- A i} R’l:l* =CR2 + H20 + A' (140)
I I V H
R' R

The formed imine compounds are so extremely unstable that separation is usually im-

possible except with aromatic irnines.

0n the other hand, disubstituted amines cannot form imines, and dehydration

proceeds to give carbon-carbon double bonds bearing amino substituents(enamine).

T i
R2’N—<f-CH2R $> R2’N—

C=CI—lR + H20 (141)

0H

The enamines have better stability than the similar imines due to the possible resonance

structure involving nitrogen. Enamines are still hydrolyzed in basic or acidic media,

however, and the resonance structure makes the ß-carbon nucleophilic.
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Therefore, as seen in the dehydration mechanisms in equations 139 and 140, the

chemistry of 1,1-amino ethers is expected to be very similar[495a] to that of

carbinolamines though 1,1-amino ethers have been reported to be more stable.

The observed result of this research, therefore, seems to coincide with the stabilities

of the chain ends. Oligomers end-capped with a primary amine did not show the exist-

ence of any amine by either titration or IR, probably because the amine chain end was

decomposed during the work-up and drying procedures. The oligomers end~capped with

a secondary amine were titratable because the amine could exist as enamines or

1,1-amino ethers due to the superior stability of the more highly substituted structure.

However, the metastable nature of this structure could lead to irreproducible titration

results. Also, the N-H stretching band of the model compound can be rationalized as

indicating the existence of a small amount of 1,1-amino ether structure because this

product was dried with a rotary evaporator at moderate temperatures, and the time al-

lowed between preparation and the IR measurement was relatively short.

Still, the biggest puzzle remains the interpretation of the absorption band at

~l670cm·‘ in the IR spectra of Figure 26-A and Figure 27-B. As mentioned above, one

possible interpretation is the existence of a disubstituted amide formed via an unknown

rearrangement reaction. But the compound itself has not been identified, therefore this

is a just conjecture. Proper separation of the reaction product in the model reaction may

help the identification of the components and further the establishment of a reliable re-

arrangement scheme.

Similarly, not much information can be drawn from a model reaction of ethyl vinyl

ether with aniline(EVE + HI + aniline) except that the obtained hard brownish black

product may be a C-N polymer or a hexahydrotriazine derivative.
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ThereFore, For the sake oF the stability oF the Functional chain end, a less

electronegative atom is desirable in the geminal position, Y, oF the Functional hetero

atom, X, perhaps the proton or carbon in alkyl or aryl groups.

T
~CH;- C-X—R (X = NH, O)

Y (Y = H, C)

19

2. Indirect Approach

a) Model Reaction

The possibility oF a stable amine-terminated poly(alkyl vinyl ethers) synthesis was

checked by model reactions with ethyl vinyl ether or n-butyl vinyl ether. As mentioned

earlier in Experimental part, a model reaction consists oF 3 steps: addition oF HI; cross

addition reaction; and amination reaction as in Scheme 14.

1) Addition of HI: The addition oF H1 to the double bond oF an alkyl vinyl ether

monomer is believed to be very Fast. Addition oF HI to ethyl vinyl ether produces an

adduct a—iodoether in CC1.; solution at -20°C. Figure 28 shows the proton NMR spec-

trum oF the adduct. The sample was prepared in an NMR tube in CCIA and kept For 2

days in a Freezer( -20°C), then the spectrum was obtained at room temperature using an

internal capillary tube containing CDCI; and TMS. This spectrum clearly shows the

structure oF the expected adduct. Small peaks at 1 ~ 2 ppm are believed to originate
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from unknown impurities probably formed by the decomposition of the product at room

temperature. On the other hand, this spectra can be compared to the one in Figure 6,

which is derived from n-butyl vinyl ether. The observed multiplet of n-butyl vinyl ether

adduct at ~6 ppm can be interpreted as a result of the presence of decomposition pro-

ducts because this spectrum was obtained with a CDCI;/CCl.i mixed solvent at room

temperature. Obtaining a good proton NMR spectrum of the nBVE/Hl adduct requires

a lower temperature NMR technique similar to the combination in Figure 9.

2) Cross Addition Reaction: The l/l addition product of HI and alkyl vinyl ethers was

reacted with an equivalent amount of styrenic monomer in the presence of iodine in the

cross addition reaction.

CH,-CH—I...1, + CH2=C—R, --9GI @1
Ä R2

Tl
CHs- CH-CI—12—C—l...12 (142)G @I

R R;

where R = Et, nBu; Ri = ·H, -CH3; and R; = -l—I, p-CHS, p-OCHs, p-t-Bu.

In tl1is reaction the reaction rate is dependent on the nucleophilicity of the double

bond of the styrenic monomer, which is a function of the substituent groups Ri, and

R;. These groups affect the reaction in at least three ways: polar effects; steric effects;

and side reactions such as aromatic substitution or reaction with the substituent groups.

The side reactions which have been reported in strong acid initiated systems should be

less important, however, in this reaction(indanyl structure in the polymerization of the
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styrene[l3] initiated by ionic catalysts is one of the well-known examples ofan aromatic

substitution reaction). The 6 value in the Hammett equation[496] and the Es value in the

Taft equation[497] determine the effect of the substituent R2. For both substituents R,

and R2, however, the Q-e scheme usually used in a random copolymerization can be used

as the criteria for the selection of substituent groups.

The Hammett equation is represented as

logk/ko = 6p (143)

where k is the rate constant of a reaction, ko is the rate constant of the standard

reaction(e.g. when R2 = H), p is the proportional constant which determines the charge

density of the transition state ofa reaction(a ( +) signilies a negatively charged transition

state, whereas a (-) signifles a positively charged transition state), and 6 is the polarity

constant of a substituent(a positive value indicates an electron withdrawing group,

whereas a negative value indicates an electron donating group). The 6 is further divided

into inductive factor 6,, and resonance factor 6,, as in the following equation.

6(=6,„) = 6, + 6,, (144)

For this cross addition reaction, p becomes negative because the transition state is

positive(cationic reaction), and therefore a substituent with a more negative 6 value

makes the double bond more nucleophilic.

The Taft equation is represented as

logk/ko = Es (145)

where k, k,, are the same as before, and Es denotes the extent of bulkiness(a positive sign

means less bulky, whereas a negative sign means bulkier). A bulkier group will prevent
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both the aromatic substitution and the cross addition reaction. But because the

ß-carbon of the double bond is located in slightly remote from the substituent, the effect

of steric hindrance is expected to be less for the cross addition reaction.

Q and 6 values in a Q-6 scheme are determined by the reactivity ratios r, and rg in

a binary copolymerization. Q is the resonance stabilization factor, and 6 is the polar

factor. A more positive Q and a more negative 6 mean a more nucleophilic double bond.

The stability usually considered in the Q-6 scheme is the radical stability, but the stability

of the cationic species in this research is similar.

Table 36 shows the reported values of 6, Es, 6, and Q[499]. As shown in Table 36,

the 6 value generally parallels the value of 6 or Q. Many workers[500-502] have tried to

correlate the reactivity ofa monomer with Hammett reaction parameters. Sometimes the

relative reactivity of a homologous series of monomers is related[500] with the

Pavelich-Taft equation[503] as in equation 146.

IOSÜ/V1) = 1Og(/(12//(ll) = 9161 + ÖES (146)

where 1-, is the reactivity ratio, k,, and k„ are the rate constants in

copolymerization(equation 62, 63), 6 is the proportional constant, and the other pa-

rameters are defined as before. This equation takes into account the effects of both the

polar and steric factors of a homologous series of monomers. On the other hand, the

Q-6 scheme can be applied more widely for different kinds of monomers, and the reac-

tivities of different monomers can be related with this scheme. One example is the cor-

relation between the anionic polymerizability of unsaturated monomers and the polar

factor 6[28b,33]. The 6 value is a more sensitive measure than the Q value for similar

monomer structures[500,502].
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Table 36. Values of e, Q, 6, and Es of Some Monomersa

6 Q 6 Es

Styreno -0.800 1.000 0 1.24

p-Methy|- -0.980 1.270 -0.15 0

p-MeO- - - -0.15 -

p-t-Bu- -0.900 1.370 -0.24 -1.54

a-M6- -1 .270 0.980 - ·

EVE -.1 .170 0.032

nBVE -1 .200 0.087

nPrVE -1.520 0.014

EBVE -1.770 0.023

a Data from [494a, 499].
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The cross addition reaction and the subsequent amination reaction have to be

considered simultaneously, since the oz-substituent(R1) promotes the former as well as

possible side reactions(e.g. the elimination reaction in the latter).

Several styrenic monomers were tried in the cross addition reaction. A styrenic

monomer was allowed to react with an EVE/HI adduct in the presence of iodine, and

after reacting, the carbon-iodine bond was replaced by carbon-oxygen-methyl by

alcoholysis with methanol. The cross addition reaction was so sluggish for styrene that

only small fraction of the styrene was reacted in a given reaction time. The cross addi-

tion reaction were faster for other monomers like p-methylstyrene, p-methoxystyrene,

and p-t-butylstyrene. For p-methoxystyrene, the yield recovered after the rotary evap-

oration of the benzyl ether structure was 65% and TLC was too complicated. For t-

butylstyrene, the yield recovered was 98% and the TLC was not good either. Among

these monomers, p·methylstyrene showed the best result under this reaction condition.

Its yield was 92% and FTIR, NMR, and TLC showed prornising results. The

product(for the case of p-methylstyrene) was separated with high performance liquid

chromatography(HPLC) and the observed results are discussed in the next section,

Stereochemistry of the Chain End.

The exact sequence of the reaction rates of the styrenic monomers can be obtained

by monitoring the cross addition reactions with a proton NMR at low temperature.

Other information such as side reactions and the thermal stabilities of the reaction pro-

ducts may also be obtained, but these were not gathered in this experiment.

Figure 29 shows the proton NMR spectra of the cross addition reaction product

for nBVE and p-methylstyrene. The spectrum of the product for EVE and p-

methylstyrene is almost identical in the region of 3 ~ 8 ppm. The multiplet in the region

of 5.3 ppm is believed to have originated from the stereo-isomers of this compound.

These are all -CH-I peaks.
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Figure 29. 270 MHz proton NMR spectra of cross addition reaction
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The cross addition reaction is catalyzed by the iodine as in the homopolymerization

of alkyl vinyl ethers. Under reaction conditions, the rate of further propagation of the

carbon-iodine bond in the p-methylstyrene unit is predicted to be very small compared

to that of the cross addition reaction because the nature of the carbon-iodine bond is

quite different from that of the carbon-iodine bond in an alkyl vinyl ether/Hl adduct.

Usually no polymerization takes place for styrene or p-methylstyrene under these re-

action conditions. Therefore, the expected structure of the cross addition reaction prod-

uct will be a 1/ 1 addition product. A relative reactivity sequence can be seen in the rate

constant of polymerization initiated by I2 at 30°C in ethylene chloride solvent as shown

in Table 37[504].

3) Stereochemistry of the Chain End: When the cross addition reaction product of

EVE/H1/p-methylstyrene is refluxed in methanol with Et;N, the NMR spectrum of the

obtained product shows complicated resonance peaks. The p-methyl proton shows two

peaks overlapped at 2.3 ppm, and the benzylic proton shows splitting into a quartet and

a trip1et(Figure 30). The carbon-I3 NMR spectrum also shows very complicated peaks,

but these peaks can be considered as a group of two sets of peaks having similar inten-

sity. All these derivatives are thought to have originated from the different configura-

tions of the reaction product.

When the cross addition reaction product(iodo compound) is reacted with

methanol in the presence of Et;N, the reaction occurs as in equation 147. Therefore, the

configuration is expected to be retained, due to the two consecutive backside attacks.

The configuration of the product can be treated as same as the cross addition reaction

product(iodo compound).

Results and Discussion 268



Table 37. Propagation Rate Constant of Vinyl Monomers in the Polymerization lnitiatcd by lodinea

Monomar kp (VmoI.min)

p-Chlorostyrene 0.071

Styrena 0.22

p-Methylstyrene 5.7

p·Methoxystyren6 350

2-Chloroethyl vinyl ether 290

Isobutyl vinyl ether 390

a In ethyleno chloride at 30 °C[504].
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~CHl + NEt; *—··—+ ~CH—N*Et;

Me Me

MeOH

————> ~CH-O-Me + Et;N1—I*I‘ (147)

Sm @
Me

When Cahn·Ingold-Prelog notation[488] is employed, the product has four possible

isomers because the model compound has two asymmetric carbons. The four possible

iodo compounds are represented in Figure 31, and their relationship is shown in Scheme

16.

3R, 1R 3S, 1R
(RR) (SR) I enantlomers

6i>
3S, 1S <—-———> 3R, 1S diastereomers

(SS) (RS) (.._>

Scheme 16. Relationship of stereo isomers.

lf intramolecular hydrogen bonding is assumed between oxygen and the benzylic

proton, then through the intemal hydrogen bondings, the five-membered ring structures

are subjected to strains from the bulky substituents. The chemical shift difference of the

benzylic proton in the NMR spectra can then be explained. Each enantiomeric pair is

expected to have the same chemical shift values for ·Cl—II-, but the diastereomers is ex-

pected to have different values. From Figure 31 and from molecular models, the RR and
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Ä 4 0

3H,1H 3S,1R

H
4

= fi /°{ 7 x
E4 4

as,1s 3R,1S

Figure 3l. Possible 4 stereo isomers ol' a model compound.
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SS structures are thought to have less steric hindrance for the closer O...H interaction.

Therefore the NMR chemical shift of RR and SS compounds appears more down field.

For the methanol substituted compounds, RR and SS are expected to have more

_ intramolecular hydrogen bonding and thus be less polar toward intermolecular inter-

action. The assignment of the HPLC chromatogram might then resemble Figure 32 be-

cause the HPLC column used was reverse phase(C,, column) and the eluent used was

polar(acetonitrile). But this assignment is tentative, so further verification is needed.

Separation of the isomers followed by NMR spectroscopy will be one method of verifi-

cation.

TLC was used in an attempt to separate the methanol substituted model com-

pound, but the compound could not be separated. On the other hand, an ethanol sub-

stituted model compound was separated by TLC in CHCI;/hexanes(2/S v/v). The

compound was separated by using column chromatography, and then the main portion

was separated again in order to obtain one of the major isomers. Figure 33 shows the

carbon-13 NMR of one of the separated compounds. The resonance peaks correlate

well with the structure of the expected model compound. And in the proton NMR

spectrum, only one resonance peak of the methyl(2.35 ppm) in the p-methylstyrenic unit

and only quartet(4.45 ppm) from the benzylic proton, were observed. The separation of

other isomers was unsuccessful.

When the p—methylstyrene was changed to p-methoxystyrene or p-t-butylstyrene,

the TLC of the obtained methanolysis product showed many spots believed to have

originated from side products. During the alcoholysis reaction model compounds can

accompany possible side reactions because the benzylic carbons have an electron rich

environment due to the inductive effect of the substituents. The styrenic monomer with

the more negative e value in the Q-6 scheme will have more side reactions under a given

reaction condition. Side reactions with the substituent are also expected under severe
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reaction conditions. A mild reaction condition is required for the iodo compound which

has a polar styrenic unit.

The configuration of the iodo compound is quite important in the final step of the

model reaction because major steric interaction is believed to occur between the incom-

ing nucleophile and the C4 methyl group of the iodo compound. Thus, the less hindercd

configuration toward the backside attack of the incoming nucleophile - RR, SS - will

have the faster rate of reaction. lf the methyl group is replaccd by a polymer backbone,

steric hindrance will be increased. Also a nucleophile of smaller size will have a faster

rate of reaction.

4) Amination Reaction: In the amination reaction, the desirable rcaction is the substi-

tution reaction and the side reaction is elimination (Scheme l7)[494a]. The ratio of

substitution/elirnination is deterrnined by R1, R2, R3, and solvent polarity. The effects

of R; and R2 will be similar to those in cross addition reactions. Electron donating R,

and R; promote both reactions but drive the reaction toward the Sm side from S_„. For

a fixed R; and R2(R1 = H, R; = Me in this experiment), tl1e reaction parameters can

be narrowed down to the bulkiness of the R; in the amine and to the solvent polarity.

The size and the basicity of a nucleophile are very important in a bimolecular

nucleophilic substitution(S„,) reaction. For a selected base, R; has to be small in size

and linear in shape in order to suppress possible elimination reactions. Solvent polarity

also may be very important. More polar solvents favor an unimolecular reaction and the

substitution/elimination ratio is then deterrnined by the nature of the carbon-iodide

bond. For this situation, the choice of the amine contributes little to the substitution

reaction. Therefore, in order to suppress possible unimolecular reactions, the solvent

should be less polar. In this experiment Et2O was used.
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6·S 6·O 5•5 5•O

PPm

Figure 34. Monitoring of amination reaction by proton NMR: A) before reflux, B) 30 min. reflux,
C) 90 min. reilux, D) reiiux for 6 hours.
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R1
CH2 -QH- CH2— I- - - I2 + H2N·R2

9
FI

Rz

Substitution R Elimination

$1 $1
CH3 - (PH- CH2—

- NH - R2 CH2 -<%H- CH=C

R2 2 @
R2 R2

Schema 17. Amination raactiou.
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Amination reaction was monitored by proton NMR as shown in Figure 34. With

gentle refluxing, the left side of the peaks(5.42 ppm) of -CHI- disappear first, then the

peaks corresponding to the -CHI· (5.42, 5.33 ppm) disappear almost completely. A small

amount of elimination product is also Formed. The shape of the peaks(doublet, quartet)

agrees well with the predicted peak shape of the ·CII=CH· double bond. Here, the

amount of the elimination product is less than 5% based on the integration of the NMR

peaks. More elirnination is observed with a longer reflux. The proton NMR spectrum

of the model compound is shown in Figure 35.

The small side peak at ~7.2 ppm originates from the unreacted iodo compound.

No splitting is observed in the -CH2 of p·methylstyrenic unit for this model compound.

The existence of the amine Functional group is confirmed by FTIR as in Figure 36 by

the N-H stretching band around 3350 cm·‘.

The model compound with EVE shows almost same result. Both proton NMR

spectra are almost identical in the region of l0 ~ 4 ppm, and FTIR spectra are almost

same. In the FTIR spectra the presence of the C-I bond can be confirmed by the weak

but sharp absorption band at 625 cm·‘. No absorption band is observed at this region

For either model compound. The existence oF an amine Functional group can usually be

confirmed also by the disappearance of the broad NMR resonance peaks of -NH- when

the proton is exchanged with deuterium. The proton NMR spectrum

changed(disappeared) in the region of ~3.7 ppm For the model compound with EVE

when the proton was exchanged with deuterium by shaking with D20. But For the model

compound with nBVE, no noticeable change was observed. This technique seems in-

sensitive to the existence of -NH- in these model compounds compared to the FTIR

technique.

Other amines besides nBuNH2 such as nPrNH2, iPrNH2, and CH2NH2 were tried

in the arnination reaction. With iPrNH2 a longer reaction time(more than 10 hours) was
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needed and more elimination was observed. used was in a 40% aqueous sol-

ution, and isopropanol was used in the arnination reaction as a solvent in order to make

a homogeneous reaction mixture. The mixture was reacted by stirring for I4 hours at

room temperature.

The final products were titrated with 0.1 N standard alcoholic HC1 in isopropanol

and the percent amine functionality of a sample was calculated by using equation 148.

% Amim = Titrated molar quantity x Theoretical MW x 100 (14S),
Weight of the sample

Double inflection points were usually observed in the titration curve( mV versus ml or

time). The second inflection point was taken as the equivalent point of the titration.

Only a single inflection point was observed for the model compound with Cll;NlI2.

Several inflection points were observed for the model compound with nBVE-nBuNH2,

but these could be grouped into two large inflection points. Four titrations were per-

formed with this sample, and the results showed scattered values from 60% to 80%. The

average amine content value was ~70%. The reason for the double inflection points in

the titration curves is still unknown.

The results of the titrations are surnrnarized in Table 38.

b) Oligomer Synthesis

A series of oligomers were synthesized by employing the synthetic strategies as

shown in the model reaction in combination with the previous kinetic result of the

homopolymerization. For oligomers, 5 units of EVE were incorporated in order to fa-

cilitate the cross addition reaction because the steric hindrance of EVE is expected to
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Table 38. Titration Results of Amine Compounds

Structurea Yield Yield Mn Mn %Amine
(g) (Theor., g) (Titrated) (Theor.)

EVE — nBu 1.69 1.580 310 263 85

EVE — Me 1.25 1.328 295 221 75

EVE - iPr - 1.496 361 249 69

nBVE - nBu - 0.874 415 291 70

5nBVE - 5EVE - nBu 1.040 1.050 1460 1053 72
(soo: 1.86)c

15nBVE - 5EVE - nPrC 4.081 4.284 2080 2040 98
(1800: 1.71)¢

45nBVE — 5EVE - nPrC 10.632 10.595 9800 5045 51
(6900: 1.17)C

a EVE · nBu means 1 unit of EVE - 1 unit ot p-methylstyrene - nBuNH2,
5nBVE - 5EVE -nBu means 5 units of nBVE - 5 units of EVE - 1 unit ot
p-methylstyrene - nBuNH2.

C Prepared in n—hexane solvent, others were prepared in CCI4.
C Mn by GPC and the MWD in linear frt with polystyrene standard.
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be less than that of nBVE, especially when the polymer backbone has a tendency to

make a 3/1 helix with high isotacticity as mentioned in Review of Literature. The AB

blocks need not be separated strictly in the structure of" the block copolymers, but the

higher probability of an EVE unit at the chain end will be enough to reduce steric hin-

drance in the cross addition reaction.

The 5 units of EVE were incorporated into oligomers by sequential addition

polymerization. For example, for the oligomer of molecular weight ~2,000, 15 units of

nBVE and 5 units of EVE were used. Based on the reaction rate constant k;¤= ~74

1/mol.min at -15°C and the initial concentrations of the reactants, the expected reaction

time for the 100% conversion of nBVE is ~48 minutes using equation 99. The expected

reaction time for the 100% conversion of EVE is ~8 minutes using km ~2k„,,,,,,. The rest

of the reaction was very similar to the model reaction. Thus oligomers of different mo-

lecular weights were synthesized and their expected molecular structure was

—CH;·CH ·CH>* CH;— H-NH— nPr
J) (Ä @ nBu
\ I

nBu n Et 5 CH;

The synthesized oligomers were titrated with alcoholic HC1 in isopropyl alcohol

and the percent amine was calculated using equation 148. The results are summarized

in Table 38. As seen in the Table the titration results range from 69 to 85% except for

the oligomers of Mn~ 2040, 5045(theoretical).

For the Mrz of 5045 the titration shows quite low percent amine, probably due to

the lower concentrations of the functional group and the p·methylstyrene in the reaction

mixture(dilution effect). As the molecular weight of the oligomer increases, the percent

amine under this reaction condition is expected to decrease(charged mole ratio of

oligomer/p·methylstyrene was usually 1/l).
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On the other hand, quite a good result was obtained For the oligomer oF theoretical

molecular weight
of“

2040 probably due to the difFerent charge ratio oF oligomer/p-

methylstyrene. Unlike the other experiments, a 100% excess amount
of‘

p·methy1styrene

was used here. ThereFore, the a-iodo ether compound has enough available p-

methylstyrene molecules in the cross addition reaction though the addition reaction goes

toward completion. As shown in Table 37, the cross addition product(iodo compound)

is almost impossible to propagate with p·methylstyrene monomer. ThereFore, at the end

of' the cross addition reaction, the cross addition reaction product and an excess amount

oF p-methylstyrene are expected to be present. Even in the case where selF-propagation

takes place, an excess amount oF p-methylstyrene is beneficial.

The unreacted p-methylstyrene can react with an amine via a Michael type addition

reaction[494a] as in equation 44. But the presence oF this reaction product in the final

product is unlikely because: 1) a catalyst is usually employed in the addition reaction For

the less reactive styrenic double bond; 2) the product was vacuumed For two days at

room temperature so the absence oF small molecules is expected; 3) the titration value

is quite exact - more than 100% is expected in the presence oF low molecular weighted

amine compounds. Molecular weight determinations by NMR and VPO will show in-

dircct evidence in support oF this conjecture.

Spectroscopic identification oF amine Functional groups was quite diflicult as the

molecular weight of the oligomers increased. Figure 37 shows the FTIR spectrum oF the

oligomer oF theoretical Mn~ 1053. The weak absorption peak oF the N-H stretching

band was observed at ~3,350 cm·'. On the other hand, For the oligomer oF theoretical

Mn~ 2040, only a very weak bump was observed.

The molecular weights oF the oligomers were determined by GPC and the data are

summarized in Table 38. Because the molecular weights are located close to the exclu-
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sion limit of the GPC column, the calculated molecular weights are expected to deviate

considcrably from the real values. The GPC traces are shown in Figure 38.

E. Block Copolymerization

1. Sequential Polymerization

In this research, several sequential polymerizations were attempted as follows:

• Poly(nBVE) - poly(EVE)
•

Poly(nBVE) - poly(propylene oxide)
• Poly(alkyl vinyl ethers) - p-methylstyrene - poly(EtOXZ)
•

Poly(EtOXZ) - poly(nBVE)
• Poly(EtOXZ) - poly(propylene oxide)

Among these trials only poly(nBVE) · poly(EVE) and poly(alkyl vinyl ethers) - p-

methylstyrene - poly(EtOXZ) showed positive results. No block copolymerization was

observed for other cases.

The middle monomeric unit(or units) acts as a junction unit in the preparation of

a A-B type block copolymer, and the stability of the junction unit is very important in

the final stability of the block copolymer. The importance of this unit is similar to that

in amine terminated prepolymers. The stability of a block copolymer formed by the re-

verse addition sequence of monomers is predicted to be different from the one formed

by forward addition sequence. The 5, 15, and 45 units of nBVE and each 5 units ofEVE
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Figure 38. GPC chromatograms of amine terminated oligomers in THF: RI detector, polystyrene
standard; the theoretical MWs of oligomers are A)5045, B)2040, C)l053.
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were polymerized in the synthesis of poly(nBVE) - poly(EVE). As previously mentioned,

this structure was introduced as an intermediate to the cross addition reaction in order

to facilitate the cross addition reaction by rendering less bulky EVE units. This

polymerization is relatively easy and the structure of the block copolymer can be well

regulated as reported by other workers[l0,505].

In the attempt of the synthesis of poly(nBVE) - poly(propylene oxide), the possi-

bility of cross propagation with Hl/I2 initiation system was checked. When propylene

oxide monomer was introduced into the reaction flask of one unit of nBVE/Hl in the

presence of iodine, no polymerization was observed. The inability of the cross propa-

gation seems to have two possible origins. One is that propylene oxide does not have a

double bond with which the activated complex mechanism(Schcmc 15 in the kinetic

study) can work. The other is that the reaction condition is not suflicient to activate

cross propagation(if one assumes reaction mechanism B as in Scheme 4), due to the

different reactivities of these monomers. But it is interesting to note that the oxygen

atom in the propylene oxide has the possibility of forming an oxonium ion during

polymerization(as proposed in equation 4l) if the propagation reaction proceeds via

dissociated ionic species[l5]. Therefore it will be very interesting to find out what will

happen ifa polymerization reaction of nBVE or other monomers with double bonds is

tried in the presence of propylene oxide at higher reaction temperature with an I Z or a

Znl; catalyst. The Hl/Znlz initiation system is reported to yield living polymerization

of vinyl ethers at temperatures up to 40°C in toluene. This reaction may generate a

critical clue to the selection of polymerization mechanisms.

For the synthesis of" poly(alkyl vinyl ethers) - p-methylstyrene — poly(EtOXZ), an

oligomeric iodo compound(5 units of" nBVE - 5 units of EVE - 1 unit ofp-methylstyrene)

was synthesized first by employing a Hl/l2(10/1 molar ratio) initiation system in CCla.

Then the block copolymerization of EtOXZ was attempted(l0 units of EtOXZ) at 80°C
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for 48 hours. ln this block copolymer the styrenic unit acts as a junction point to sta-

bilize the block copolymer. The chain end of the oligomeric iodo compound has a

benzylic -Cl—1—l bond very similar to the structure of the benzylic iodide used as an ini-

tiator in the polymerization of EtOXZ. The reactivity of oligomeric -CH-I is predicted

to be larger than that of benzyl iodide because in a sense the carbon is secondary. The

polymerizability of EtOXZ by this oligomeric iodo compound is doubtlcssly seen in the

yields of the products( 1.8 g / 1.83 g theoretical for the p-methylstyrcne junction unit and

2.05 g for the p-methoxystyrene junction unit). The formed polymers were brittle and

foamy due to vacuum drying for the one with p-methylstyrene junction and slightly

sticky with less foam for the one with p-methoxystyrene junction unit.

It seems better to stop the polymerization reaction before the polymerization re-

action mixtures turn dark. The iodine is thought to intervene in the polymerization re-

action by self initiation as seen in the homopolymerization of oxazolines by benzyl

iodide/I; or 12. In the polymerization, the iodine molecule is expected to form 13
’

by the

presence of I“ in a polar solvent, and the expected color of 1g' is usually a brownish

dark color. But in this research, a clear reddish color was obscrved for both

polymerizations(for p-methylstyrene junction or p-methoxystyrene junction) after a 24

hours reaction time. Therefore, this observation suggests that the iodine in the

polymerization may have other identity other than lf, such as a complex with the

EtOXZ monomers.

ln any case, however, the amount of iodine has to be reduced in order to suppress

possible self initiation of the iodine molecule. The rate of cross addition reaction is

traded off in this case because the iodine catalyzes the cross addition reaction. By se-

lecting a reactive monomer such as p-methoxystyrene as the junction unit, this drawback

can be compensated for. But the stability problem of the junction point and the possible

elimination of Hl from the iodo compound before cross propagation toward EtOXZ,

Results and Discussion 290



still remain for this situation. A milder reaction condition is desirable in the reaction in

order to suppress the possible decomp0sition(or side reactions) of alkyl vinyl ether units

by active ions.

In order to suppress self initiation of iodine, the iodine was removed from the iodo

compound after the cross addition reaction by washing with aqueous Na;S2O; followed

by washing with water and drying in vacuum oven, but the copolymerization result was

worse than in the reaction done without removal of iodine. Another method of I2 re-

moval seems desirable.

In the attempt to synthesize poly(EtOXZ) - poly(nBVE), and poly(EtOXZ) -

poly(propylene oxide), living poly(EtOXZ) was prepared first, and then nBVE or

propylene oxide was added(reaction temperature, 35°C). No polymerization was ob-

served in either case with living poly(EtOXZ) prepared either by benzyl iodide or by

methyl tosylate. The reason has to do with the reactivity of the monomers. In the

polymerization of oxazolines, propagation is explained by the nucleophilic attack of a

monomer on the oxazolinium ion[l84-185]. The basicity of a monomer can thus be

considered as the reactivity of the monomer in this reaction. The basicities for both

nBVE and propylene oxide are believed too low to open the oxazolinium ring.

2. Coupling Reaction

Block copolymerizations were tried by using a coupling reaction of living

poly(EtOXZ) with an amine temiinated oligomer, .I€fT&H1lHC(GmiN€ rerminared

pofyfpropylene oxide) from Texaco), and poly(propylene oxide).

When poly(propylene oxide) of Mrz ~2,000 was refluxed for two days with living

poly(EtOXZ) of Mrz ~2,000 in acetonitrile, the obtained product was heterogeneous.

Results and Discussion 29l



Also, when a similar mixture was refluxed in the presence of Et;N as a possible acid

acceptor, the reaction mixture separated into two phases. Therefore, with alcoholic -0H

groups the coupling reactions were unsuccessful.

On the other hand, when the living poly(EtOXZ) of Mrz ~2,000 was reacted for two

days with Jaffamine of Mrz ~2,000 in CIIZCIZ at room temperature, the reaction mixture

became homogeneous.

The best results are obtained by the reaction of the amine terminated oligomer of

Mrz ~2,040 with living poly(EtOXZ) of Mrz ~l,2l0. This reaction scheme is represented

in equation 93. During the reaction, a small amount of reaction mixture was sampled for

GPC analysis. Figure 39 shows the GPC chromatograms of oligomers, poly(EtOXZ),

and the reaction products. As the reaction times increase, the bimodal distribution

changes to a monomodal distribution, but the chromatogram of the final reaction

product did not move to a higher Mrz, probably as a result of the negligible contribution

of the po1y(EtOXZ) block to the total hydrodynamic volume of the final block

copolymer in THF solvent.

The hydrodynamic volume of po1y(EtOXZ) in THF is thought to be very small.

The reported surface tension of the poly(EtOXZ) of Mrz ~1,300 is 52.6 dyn/cm[506] and

the rcported GPC solvcnt is usually CHCI;. In this solvent, rcported MWDs of living

polyoxazolines are quite narrow(l.l ~ 1.3). The po1y(EtOXZ) of theoretical Mrz ~l,2l0

shows Mrz ~300 in THF with MWD of 1.54. For the poly(EtOXZ) of Mrz ~2,000, the

peak height of the chromatogram was too small and the shape was quite irregular. The

discrepancy of Mrz may be partly caused by the exclusion limit of the column, but the

small hydrodynamic volume is probably the major reason.

Intrinsic viscosities were measured in CHC13 for the starting materials and the

product. Poly(EtOXZ) of Mrz ~l,2l0 shows [ry]§„c,_ = 0.03 dl/g, the amine terminated

oligomer of Mrz ~2,040 shows [ry]§„C,_ = 0.06 dl/g, and the block copolymer shows
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Figure 39. GPC chromatograms of coupling reaction in THF: A) poly(EtOXZ) of Mn ~12l0, B)
-NH- terminated oligomer of Mn ~2040, C) after reaction of 0.5 day, D) alter reacüon of
1 day, E) after reaction of 2 days.
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[r;]§°„c,J = 0.095 dl/g. The intrinsic viscosity data suggest that this coupling reaction is

a good way to make a block copolymer. This kind of coupling reaction For a small mol-

ecule in the preparation of a functionally terminated prepolymer was reported in the

literature with a quantitative conversion[272].

The formed block copolymer is soluble in methanol but insoluble in water, whereas

the poly(EtOXZ) is soluble in both solvents, and the amine terminated oligomer is in-

soluble in water. The block copolymer is expected to exist as an amine salt and can be

changed to the corresponding tertiary amine by passage through an anion exchange

resin[l82].
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Chapter V

Conclusions

This research has generally focused on cationic polymerization where

polymerization proceeds via covalent-like propagating species. The polymerization sys-

tem of poly(alkyl vinyl ethers) initiated by Hl/I 2 initiation system was chosen as a sys-

tem of current interest, and the research was directed toward the investigation of the

nature of the active propagating species and the preparation of a functionalized

prepolymer.

Some conclusions about the nature of the active propagating chain end of the

chosen system have been reached by kinetic study with spectroscopic measurements.

•
The introduction of charge transfer complexation between monomer and iodine can

explain the observed rate of polymerization of alkyl vinyl ethers initiated by an

HI/I; initiation system well, regardless of the specific identity of the complex. At

least two propagating modes are proposed. The identity, reactivity, and role of the

monomer-iodine charge transfer complex are thought to be important in this
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polymerization process. In one of the proposed modes, the complex participates in

the propagating reaction. However in the other proposed mode, the complex be-

comes inactive, and only a small portion of the iodide chain end is activated by

iodine. At present there is no strong evidence for elirninating either of the proposed

propagation modes. More systematic investigation of the propagating chain end will

perhaps reveal the real polymerization pathway in these interesting polymerization

systems.
• A HI catalyst alone seems to be insufficient for the polymerization of alkyl vinyl

ethers. Another cocatalyst component is needed.
• Tacticity measurement shows that the association between propagating chain end

and the possible counterion seems to be very intimate, as evidenced by non-random

polymerization behavior. The tacticity results support both proposed modes of

propagation, but they eliminate the possibility of propagation via a fully dissociated

ion pair in one of the propagation modes. lnstead, close association of the

counterion is the more likely pathway in that mode of propagation. _

A synthetic strategy was developed in the synthesis of amine-terminated poly(alkyl

vinyl ethers). Incorporation of a styrenic monomer at the propagating chain end of

living poly(alkyl vinyl ethers) provides a convenient intermediate synthesis of a relatively

stable amine-functionalized prepolymer. The cross addition and amination reactions are

optimized by proper selection of substituent groups at the styrenic monomer. This ap-

proach to prepolymer synthesis is quite successful as evidenced by the block

copolymerization of the resultant amine-terminated prepolymer with living

poly(ethyloxazoline).
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Chapter VI

Future Work

The findings from this research have generated many unanswered questions.

Throughout this research, an attempt has continually been made to identify potential

research areas. These are described in this chapter.

•The polymerization system of alkyl vinyl ethers by a HI/catalyst initiation system

is sufficiently notable and promising to merit further study. It appears that this system

is closely related to group transfer polymerization or coordination polymerization in

which many initiation systems are employed. A selected initiation system can be modi-

fied by changing the initiator or catalyst, or by the addition of an ether or carbonyl

compound. This research indicates that polymerization with a different catalyst, those

used in GTP or coordination polymerization are potentially useful.

Kinetic and spectroscopic investigation of HI/Znlz or ZnBr; initiation systems will

help refine our understanding of polymerization mechanisms. More refined tacticity

measurements of poly(alkyl vinyl ethers) initiated by HI/I2 or HI/Znlz at various tem-

peratures may give a clue to a more reliable polymerization scheme. More detailed
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kinetic investigation of the polymerization of an alkyl vinyl ether with low initial ratios

of [M]/[I2} may also give a range oflimits where pseudozeroth order kinetics can be ap-

plied.

Utilization of the living polymerization technique in the synthesis of well-defined

poly(vinyl ethers) will be rewarding. For example, polymers with specific pendant

groups such as mesogens can be synthesized by using a selected initiation system. These

polymers are very useful for the study of structure-property relationships.

The preparation ofAB or ABA type block copolymers with poly(alkyl vinyl ether)

units and the investigation of the properties of the block copolymers are beneficial to

polymer science for the preparation of new materials. The following studies are needed

for the successful synthesis of block copolymers by using amine-terminated prepolymers:

a) quantitative kinetic investigation of the cross addition reaction with various styrenic

monomcrs probably by using low temperature NMR; b) functionality dependence of the

amine-terminated oligo-(alkyl vinyl ethers) as the molecular weight of the oligomer

increases(good yield is expected up to Mrz ~5,000 with excess amount of p-

methylstyrene); c) checking the stability of the resultant block copolymer(by using GPC)

after a treatment of the sample with heat or reflux in a solvent, when a reactive styrenic

monomer other than p-methylstyrene is used as a junction unit of the block copolymer

of poly(alkyl vinyl ether)-poly(EtOXZ).

Unsaturated prepolymers can be prepared by the reaction of the cross addition re-

action product with a proper salt of an unsaturated carboxylic acid, such as sodium

methacrylate. Selection of a proper solvent will be the key factor in the reaction. The

stability of the prepolymer will depend upon the structure of the chain end. Telechelics

are also possible by the initiation with a bifunctional alkyl vinyl ether/HI adduct.

Finally, this study confirms that the living polymerization of oxazolines is quite

simple and the formed living oxazolinium ion is quite stable for a long time under inert
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atmosphere. After living polymerizations, block copolymers can be prepared by coupling

reactions with an amine-terminated prepolymer such as amine-terminated polysiloxane

or some other prepolymer. The properties of the polyoxazoline block can be changed

by changing the substituent.

Future Work 299



References

1. M. Szwarc, "Carbanions, Living Polymers and Electron Transfer Processes," Interscience,
New York, 1968.

2. P. F. Rempp and E. Fra.nta, Advances in Polymer Science, 58, 1(1984).

3. A. Noshay and J. E. McGrath, 'Block Copolymersz Overview and Critical Survey," Ac-
ademic Press, New York, 1977.

4. S. Winstein, P. E. Klineclinst, Jr., and G. C. Robinson, J. Am. Chem. Soc., 83,
885(1961).

5. M. Szwarc, "Ions and Ion Pairs ir1 Ionic Po1ymerization," in ”Ions and Ion Pajrs in Or-
ganic Reactions," Vol.2, Ed. by M. Szwarc, Wiley·1nterscience, New York, 1974.

6. K. Hatada, T. Kitayana, K. Fumikana, K. Onta, and H. Yuki, in "Anionic
Polymerization: Kinetics, Mechanisms, and Synthesis," Ed. by J. E. McGrath, ACS
Symposium Series, No.166, 1981.

7. O. W. Webster, W. R. Hertler, D. Y. Sogah, W. B. Farnham, and T. V. Rajanbabu, J.
Am. Chem. Soc., 105, 5706(l983).

8. J. P. Kennedy and E. Marechal, ”Carbocationic Polymerization/' Wiley-lnterscience,
New York, 1982.

9. J. P. Kennedy and R. A. Smith, J. Polym. Sci., Chem. Ed., 18, l539(l980).

10. M. Miyamoto, M. Sawamoto, and T. Higashirnura, Macromolecules, 17, 265(1984).

11. R. Faust and J. P. Kennedy, Polymer Bull., I5, 317(1986).

12. S. Aoshima and T. Higashimura, Polymer Bull., 15, 417(l986).

13. G. Kaszas, J. Puskas, and J. P. Kennedy, Polymer Bull., 18, l23(1987).

References 300



14. A. Gandini and P. H. Plesch, J. Polym. Sci. Polym. Lett., B3, 127(l965).

15. T. Higashimura, Y. Kishirnoto, and S. Aoshima, Polymer Bull., 18, 1l1(1987).

16. P. J. Flory, J. Am. Chem. Soc., 62, 1561(1940).

17. T. Otsu, M. Yoshida, and T. Tazaki, Makromol. Chem., Rapid Commun., 3, 133(1982).

18. T. Otsu, M. Yoshida, and A. Kuriyama, Polymer Bull., 7, 45(l982).

19. A. Kuriyama and T. Otsu, Polymer J., 16, S11(1984).

20. T. Otsu and A. Kuriyama, Polymer Bull., 11, 135(l984).

21. M. Szwarc, Adv. Polymer Sci., 49, 1(1983).

22. J. E. McGrath, J. Chem. Educ., 58, 844(l98l).

23. A. Ledwith a.nd D. C. Sherrington, ”Reactivity and Mechanism in Cationic
Polymerization/’ in "Reactivity, Mechanism, and Structure in Polymer Chernistry,” Ed.
by A.D. Jenkins and A. Ledwith, Wiley—Interscience, New York, 1974.

24. M. Sawamoto, J. Fujirnori, and T. Higashimura, Macromolecules, 20, 9l6(l987).

25. G. Heublein and S. Spange, Makromol. Chem., Macromol. Symp., 3, 65(l986).

26. T. Higashimura, M. Miyamoto, and M. Sawamoto, Macromolecules, 18, 611(1985).

27. P. H. Plesch and A. Gandini, "The Chemistry of Polymerization Processes,” Monograph
20, Society of Chemical Industry, London, 1966.

28. For general review, see a) G. Odian, "Principles of Polymerization," 2nd Ed., Chap. 5,
Wiley-lnterscience, New York, 1981. b) A. Rudin, '1"he Elements of Polymer Science
and Engineeringf Chap.9, Academic Press, New York, 1982. c) Chaps.9, 11 in reference
23.

29. R. N. Young, R. P. Quirk, and L. J. Fetters, Adv. Polym. Sci., 56, 1(l983).

30. a) D. Freyss, P. Rempp, and H. Benoit, J. Polym. Sci., Polym. Lett., 2, 217(1964). b)
D. M. Wiles and S. Bywater, Trans. Farad. Soc., 61, 150(1965). c) R. D. Allen, Ph.D.
Thesis, Virginia Polyteclmic Institute and State University, 1984.

31. a) E. F. Donnelly, D. S. Johnston, D. C. Pepper, and D. J. Dunn, J. Polym. Sci., Polym.
Lett., 15, 399(I977). b) J. C. Berington, J. A. L. Jenunett, and P. F. Onyon, Eur. Polym.
J., 12, 255(1976).

32. N. G. Gaylord and S. S. Dixit, Macromol. Rev., 8, 51(l974).

33. L. J. Fetters, J. Polym. Sci., C26, l(1969).

34. a) S. Boileau, P. Hemery, B. Kaempt, F. Schue, and M. Viguer, J. Polym., Sci., B12,
217(1974). b) D. Garg, S. Horing, and J. Ulbricht, Makromol. Chem., Rapid Commun.,
5, 6l5(l984).

35. E. Franta and P. Rempp, C. R. Lebd, Seanc, Acad. Sci.(Paris), 254, 674(1972).

References 301



36. S. Bywater, "Anionic Polymerization/’ in ”Progress in Polymer Science," Vol.4, Ed. by
A. D. Jenkins, Pergamon Press, New York, 1975.

37. a) M. DiMaina, S. Cesca, P. Giusti, G. Ferraris, and P. L. Magagnini, Makromol.
Chem., 178, 2223(1977). b) J. P. Kennedy, J. Polym. Sci., Symp., 56, l(1976). c) P. L.
Magagnini, S. Cesca, P. Giusti, A. Priola, and M. DiMaina, Makromol. Chem., I78,
2235(l977).

38. a) P. H. Plesch, ”Isobutene," in "The Chemistry of Cationic Polymerizations/’ Ed. by P.
H. Plesch, The Macmillan Co., New York, 1963. b) J. P. Kennedy, J. Polym. Sci.
A·1(6), 3l39(l968).

39. a) G. W. Cowell, A. Ledwith, A. C. White, and H. J. Woods, J. Chem. Soc. (B),
227(1970). b) T. Kunitake and S. Tsugawa, Macromolecules, 8, 709(1975).

40. G. A. Olah, J. Am. Chem. Soc., 94, 808(1972).

41. a) J. M. Rooney, J. Polym. Sci. Symp., 56, 47(I976). b) J. M. Rooney, Makromol,
Chem., 179, 165, 24l9(1978). c) A. Ledwith, Pure Appl. Chem., 51, 159(1979).

42. a) J. P. Kennedy, L. S. Mickler, G. Wanless, and R. M. Thomas, J. Polym., Sci., A2,
2093(1964). b) C. Como, G. Ferraris, A. Priola, and S. Cesca, Macromolecules, 12,
404(I979).

43. a) G. Spach, M. Levy, and M. Szwarc, J. Chem. Soc., 355(1962). b) B. J. Schmitt,
Makromol. Chem., I56, 243(1972). c) J. Comyn and M. D. Glass, Makromol. Chem.,
175, 695(1974).

44. a) R. P. Chaplin and S. Yaddehige, J. Macromol. Sci. Chem., A14, 23(l980). b) V.
Warzelhan, G. Lohr, H. Hocker, and G. V. Schultz, Makromol. Chem., 179, 2211(l978).

45. a) P. Hrdlovic, J. Trekoval, and 1. Lukac, Eur. Polym. J., 15, 229(1979). b) E. Nasrallah
and S. Baylouzian, Polymer, |8, 1173(l977).

46. a) H. Vankerckhoven and M. Van Beylen, Eur. Polym. J., 14, 189, 273(1978). b) Ch.
B. Tsvetanov, Eur. Polym. J., 15, 503(1979).

47. a) J. P. Kermedy and S. C. Feinberg, J. Polym. Sci. Poly. Chem. Ed., 16, 219l(1978).
b) J. P. Kennedy, S. Y. Huang, and S. C. Feinberg, ibid, 15, 2801, 2869(1977).

48. K. F. Purcell and J. C. Kotz, "Inorganic Chemistry,' Saunders, Philadelphia, 1977.

49. J. P. Kennedy, "Isobuty1ene and Butyl Rubber," in "Polymer Chemistry of Synthetic
Elastomers," Part.1, Ed. by J. P. Kennedy and E. Tomquist, Wiley-lnterscience, New
York, 1968, p.291.

50. C. E. H. Bawn, C. Fitzsirmnons, A. Ledwith, J. Penfold, D. C. Sherrington, and J. A.
Weightman, Polymer, 12, 119(1971).

51. L. Reibel, J. P. Kennedy, and D. Y. L. Chung, J. Polym. Sci., Chem. Ed., 17, 2757(l979).

52. K. Hatada, T. Kitayarna, and H. Yuki, Polym. Bull., 2, 15(l980).

53. P. H. Plesch, J. Chem. Soc., 1653(1953).

54. W. G. Young, S. Winstein, and H. L. Goering, J. Am. Chem. Soc., 73, 1958(l951).

References 302



55. a) I. C. Wang, Y. Mohajer, T. C. Ward, G. L. Wilkes, and J. E. McGrath "Anionic
Copolymerization of Butadiene and lsoprene with Organolithium lnitiators in Hexane/’
in "Anionic Polymerization: Kinetics, Mechanisms, and Synthesis" Ed. by J. E.
McGrath, ACS Symp. Series No. l66(1981). b) B. J. Wakeiield, ”The Chemistry of
Organolithium Compounds,' Pergamon, New York, 1974.

56. R. M. Fuoss, Trans. Faraday Soc., 30, 967(I934). b) R. M. Fuoss, J. Am. Chem. Soc.,
80, 5059(l958). c) R. M. Fuoss and F. Accasiona, ”E1ectro1ytic Conductance,” lntersci-
ence, New York, 1959. d) W. R. Gilkerson, J. Chem. Phys. 25, l199(l956).

57. For general review, see M. Szwarc(Ed.), "Ions and Ion Pairs in Organic Reactions," Vol.1
& 2, Wiley-Interscience, New York, 1974.

58. a) P. E. M. Allen and C. R. Patrick, 'Kinetics and Mechanisms of Polymerization Re-
actions," Wiley-lnterscience, New York, 1974. b) A. R. Mathieson, "Styrene," in "The
Chemistry of Cationic Polymerization," Ed. by P. H. Plesch, Macmillan, New York,
1963.

59. M. Bom, Z. Physik., 1, 45(1920).

60. W. M. Latirner, K. S. Pitzer, and C. M. Slansky, J. Chem. Phys., 7, 108(1939).

61. M. Szwarc and J. Smid, "The Kinetics of Propagation of Anionic Polymerization and
Copolymerization," in ”Progress in Reaction Kinetics," Vol.2, Ed. by G. Porter,
Pergamon, Oxford, 1964.

62. N. Kanoh, K. Ikeda, A. Gotoh, T. Higashirnura, and S. Okamura, Makromol. Chem.,
86, 200(l965).

63. a) M. Sawarnoto and T. Higashimura, Macromolecules, ll, 328, 501(1978). b) M.
Sawarnoto and T. Higashimura, Macromolecules, 12, 58l(l979).

64. A. Chapiro, "Radiation Chemistry of Polymer Systems,” Chap. IV. Wiley—Interscience,
New York, 1962.

65. J. E. Wilson, "Radiation Chemistry of Monomers, Polymers and Plastics, " Chaps.1-5,
Marcel Dekker, New York, 1974.

66. H. Kubota, V. Ya. Kabanov, D. R. Squire, and V. Stannett, J. Macromol. Sci. Chem.,
A12, l299(l978).

67. a) D. N. Bhattacharyya, C. L. Lee, J. Smid, and M. Szwarc, J. Phys. Chem., 69,
612(1965). b) D. N. Bhattacharyya, J. Smid, and M. Szwarc, J. Phys. Chem. 69,
624(l96S).

68. C. G. Swain and C. B. Scott, J. Am. Chem. Soc., 75, l4l(l953).

69. J. P. Kennedy and S. Rengachary, Adv. Polym. Sci., I4, I(1974).

70. J. P. Kennedy and P. D. Trivedi, Adv. Polym. Sci., 28, 83(l978).

7l. J. F. Deters, P. A. McCusker and R. C. Pilger, Jr., J. Am. Chem. Soc., 90, 4583(l968).

72. H. C. Brown and R. R. Holmers, J. Am. Chem. Soc., 78, 2l73(1956).

73. N. N. Greenwood and B. G. Perkins, J. Chem. Soc., 1141, l145(1960).

References 303



74. D. C. Mente, J. L. Mills, and R. E. Mitchell, Inorg. Chem., I4, 123(1975).

75. V. A. Plotinikov and S. l. Yakubson J. Phys. Chem., U.S.S.R. I2, 20(l938).

76. F. A. Cotton and J. R. Letto, J. Chem. Phys., 30, 993(1959).

77. H. Kakubari, S. Konaka, and M. Kirnura, Bull. Chem. Soc. Jap., 47, 2337(I974).

78. R. S. Drago, G. C. Vogel, and T. E. Needharn, J. Am. Chem. Soc., 93, 60l4(l97l).

79. R. S. Drago, M. S. Nozari, and G. C. Vogel, J. Am. Chem. Soc., 94, 90(1972).

80. R. S. Drago, J. A. Nusz, and R. C. Courtright, J. Am. Chem. Soc., 96, 2082(l974).

81. D. R. McMil1an and R. S. Drago, Inorg. Chem., II, 872(1972).

82. A. P. Marks and R. S. Drago, J. Am. Chem. Soc., 97, 3324(1975).

83. J. T. Dennison and J. B. Ramsey, J. Am. Chem. Soc., 77, 2615(1955).

84. F. Bucldey and A. A. Maryott, J. Res. Nat. Bur. Std., 53, 229(1954).

85. B. J. Schmitt and G. V. Schulz, Eur. Polym. J., II, 119(I975).

86. A. Gandini and P. H. Plesch, Proc. Chem. Soc., 246(1964).

87. P. H. Plesch, Pure Appl. Chem., I2, ll7(1966).

88. R. E. Burton and D. C. Pepper, Proc. Chem. Soc., A263, 58(1961).

89. M. J. Hayes and D. C. Pepper, Proc. Chem. Soc., A263, 63(l961).

90. A. Albert and D. C. Pepper, Proc. Chem. Soc., A263, 75(196l).

91. A. Gandini and P. H. Plesch, J. Chem. Soc., 4765(1965).

92. D. J. Dunn, Eur. Polym. J., I2, 1(1976).

93. A. G. Evans, N. Jones, and J. H. Thomas, J. Chem. Soc., l824(l955).

94. A. G. Evans, N. Jones, P. M. S., and J. H. Thomas, J. Chem. Soc., 104, 2095(1957).

95. A. G. Evans, E. A. James, and E. D. Owen, J. Chem. Soc., 3532(l96l).

96. D. C. Pepper, Makromol. Chem., I75, 1077(1974).

97. A. Gandini and H. Cheradame, Adv. Polym. Sci., 34/35, 1(1980).

98. M. Sawamoto, T. Masuda, and T. Higashimura, J. Polym. Sci. Chem. Ed., I6,
2675(l978).

99. M. Sawamoto, T. Masuda, and T. Higashirnura, Makromol. Chem. 178, 1497(l977).

100. T. Higashimura, O. Kishiro, and T. Takeda, J. Polym. Sci., Chem. Ed., 14, l089(l976).

References 304



101. M. Sawarnoto, T. Masuda, T. Higashimura, S. Kobayashi, and T. Saegusa, Makromol.
Chem., 178, 389(I977).

102. W. Obrecht and P. H. Plesch, Makromol. Chem., 182, 1459(1981).

103. M. Matyjaszewski and P. Sigwalt, Makromol. Chem., 187, 2299(1986).

104. P. K. Bossaer, E. J. Goethals, P. J. Hacket, and D. C. Pepper, Eur. Polym. J., 13,
489(l977).

105. D. Y. Sogah, O. W. Webster, J. Polym. Sci., Polym. Lett. Ed., 21, 927(1983).

106. O. W. Webster, W. R. Hertler, D. Y. Sogah, W. B. Famham, T. V. Rajanbabu, Polym.
Prepr.(Am. Chem. Soc., Div. Polym. Chem.) 24(2), 52(1983).

107. D. Y. Sogah, O. W. Webster, Polym. Prepr.(Am. Chem. Soc., Div. Polym. Chem.),
24(2), 54(1983).

108. W. B. Famham and D. Y. Sogah, U.S. Pat. 4,414,372, E. I. du Pont de Nemours &
Company, 1983.

109. O. W. Webster, U.S. Pat. 4,417,034, E. 1. Dupont de Nemours & Company, 1983.

110. O. W. Webster, W. R. Hertler, D. Y. Sogah, W. B. Farnham, T. V. Rajanbabu, J.
Macromol. Sci. Chem., 21, 943(1984).

111. F. P. Boettcher, J. Macromol. Sci. Chem., 22, 665(198S).

112. A. H. E. Muller, in "Anior1ic Polymerizationz Kinetics, Mechanisms, and Synthesis,” Ed.
by J. E. McGrath., ACS Symposium Series 166, 1981, p.441.

113. O. W. Webster, Polymer Prepr. 27(1), 161(l986).

114. F. Bandermann, H. D. Sitz, and H. D. Speikamp, Polymer Prepr., 27(1), 169(1986).

115. W. B. Famham and D. Y. Sogah, Polymer Prepr., 27(1), 167(1986).

116. P. M. Mai and A. H. E. Muller, Makromol. Chem., Rapid Commun., 8, 99(I987).

117. W. R. Hertler, D. Y. Sogah, O. W. Webster, and B. M. Trost, Macromolecules, 17,
1415(1984).

118. l. B. Dicker, G. M. Cohen, W. B. Farnha.rn, W. R. Hertler, E. D. Laganis, and D. Y.
Sogah, Polymer Prepr., 28(l), 106(1987).

119. F. Bandermann and R. Witkowski, Makromol. Chem., 187, 2691(1986).

120. D. Y. Sogah, Polymer Prepr., 27(1), 163(1986).

121. D. Y. Sogah and O. W. Webster, Macromolecules, 19, 1775(1986).

122. a) E. Colvin, "Silicon in Organic Synthesis," Butterworths, London, 1981. b) P.
Brownbridge, Synthesis, 1, 85(1983). c) M. E. Jung and R. B. Blum, Tetrahedron Lett.,
3791(1977).

References 305



123. a) P. Giusti, G. Puce, and F. Andruzzi, Makromol. Chem., 98, l70(1966). b) P. Giusti
and F. Andruzzi, J. Polym. Sci., Part C, 16, 3797(1968).

124. a) T, Higashimura and M. Sawamoto, ”Chemistry of the Propagating Species in Cationic
Polymerization of Vinyl Compoundsz Living Cationic Polymerization and New Polymer
Synthesis Thereby," in "Cationic Polymerization and Related Pr0cesses," Ed. by E. J.
Goethals, Academic Press, New York, 1984. b) M. Sawamoto, M. Miyamoto, and T.
Higashimura, ”Living Cationic Polymerization of Vinyl Ethers and Related Monomers/’
in Goethal’s book in reference 124a.

125. M. Miyamoto, M. Sawamoto, and T. Higashimura, Macromolecules, 18, 123(l985).

126. T. Enoki, M. Sawamoto, and T. Iligashimura, J. Polym. Sci., Chem. Ed., 24, 226l(l986).

127. C. G. Cho and J. E. McGrath, Polymer Prepr., 28(1), 455(1987).

128. M. Sawamoto and T. Higashimura, Makromol. Chem., Macromol. Symp., 3, 83(l986).

129. M. F. Lappert, J. Chem. Soc., 817, 542(196l).

130. W. Gerrard and M. A. Wheelans, J. Chem. Soc., 4l96(1956).

131. K. Bronstert et al.(BASF A.-G.) Ger. Offen. DE 3,509,272(1986); Chem. Abstr., 106,
19165m, 1987.

132. a) J. M. Rooney, D. R. Squire, and V. T. Stanett, J. Polym. Sci., Polym. Chem. Ed.,
14, l877(1976). b) V. V. Stenanov, A. R. Barantseva, V. D. Krasikov, V. V. Nesterov,
and S. S. Skorokhodov, Acta Polymerica, 36, 605(1985). c) J. P. Kennedy et al., J.
Macromol. Sci., Chem. A18, 1185(l982-83).

133. D. Bethell and V. Gold, "Carbonium 1ons,' Academic Press, New York, 1967, p.6.

134. R. Baker, "Carbonium Ions,' in "Reactivity, Mechanism and Structure in Polymer
Chemistry,” Ed. by A. D. Jenkins and A. Ledwith, Wiley-Interscience, New York, 1974.

135. E. M. Amett, Acc. Chem. Res., 6, 404(1973).

136. E. M. Amett, N. Pientq, and C. Petro, J. Am. Chem. Soc., 102, 398(1980).

137. W. J. Hehre, Acc. Chem. Res., 8, 369(1975).

138. S. Penczek, P. Kubisa, K. Matyjaszewski, Adv. Polym. Sci., 68/69, 979(1985).

139. D. Vofsi and A. V. Tobolslcy, J. Polym. Sci., A3, 326l(1961).

140. F. S. Dainton and K. lvin, Quart. Rev., 12, 61(1958).

141. P. Dreyfuss and M. P. Dreyfuss, Adv. Polym. Sci., 4, 528(1967).

142. M. P. Dreyfuss and P. Dreyfuss, J. Polym. Sci., Al(4), 2179(1966).

143. P. Dreyfuss, "Po1y(tetrahydrofuran),' Gordon and Breach Science Publishers, New York,
1982.

144. S. Penczek and K. Matyjuazewski, J. Polym. Sci., Symposium, 56, 255(l976).

References 306



145. R. Asami, M. Takaki, Y. Havima, and S. Tsuzuki, Polym. J., 13, 141(l98l).

146. R. Asarni and M. Takaki, Makromol. Chem., Suppl., 12, 163(1985).

147. J. Sierra-Vargas, P. Masson, G. Beinert, P. Rempp, and F. Franta, Polymer Bull., 7,
277(1982).

148. K. Matyjaszewski, P. Kubisa, and S. Penczek, J. Polym. Sci., Polym. Chem. Ed., 13,
763(1975).

149. S. Smith, W. J. Schultz, R. A. Newmark, "New Aspects of the Chemistry of Living THF
Polymers Initiated by Tnlluoromethane Sulfonic Anhydride,” in "Ring Opening
Po1ymerization," Ed. by T. Saegusa and E. Goethals, ACS Symposium Series, 59, 1977.

150. T. Saegusa and S. Kobayashi, J. Polym. Sci., Symp., 56, 241(1976).

151. K. Wieberg, "Physica1 Organic Chemistry," Wiley, New York, 1966, p.379.

152. J. M. Sangster and D. J. Worsfold, Macromolecules, 5, 229(l972).

153. P. Bourdauducq and D. J. Worsfold, Macromolecules, 8, 562(1975).

154. P. Dreyfuss and M. P. Dreyfuss, Advances in Chem., 91, 335(l969).

155. S. Smith and A. J. Hubin, J. Macromol. Sci., Chem., A7, 1399(1973).

156. K. Matyjaszewski and S. Penczek, J. Polym. Sci., Chem. Ed., 12, 1905(1974).

157. S. Kobayashi, H. Danda, and T. Saegusa, Macromolecules, 7, 415(l974).

158. K. Matyjaszewski ar1d S. Penczek, J. Polym. Sci., Chem. Ed., 15, 247(l977).

159. K. Matyjaszewski, P. Kubisa, and S. Penczek, J. Polym. Sci., Chem. Ed., 12, 1333(1974).

160. K. Matyjaszewski, A. Buyle, and S. Penczek, J. Polym. Sci., Chem. Ed., 14, 1(1976).

161. J. M. Sangster and D. J. Worsfold, Polymer Prepr., 13(1), 72(1972).

162. E. Franta, L. Reibel, and J. Lehmann, J. Polym. Sci., Symp., 56, 139(1976).

163. A. Ledwith, Advances in Chem., ACS Series, 91, 317(1969).

164. S. Kobayashi, K. Morikawa, a.nd T. Saegusa, Macromolecules, 8, 386(1975).

165. T. Saegusa, S. Matsumoto, and Y. Hashimoto, Polymer J. (Japan), 1, 31(1970).

166. For a good review, see T. Saegusa and S. Kobayashi, "Cyc1ic lmino Ethers,
Polymerization," in 'Encyc. of Polymer Sci. Tech.," Ed. by H. F. Mark and N. F.
Bikales, Wiley Interscience, Suppl. Vol. 1, New York, 1976, p.220.

167. Reference 138, p.209.

168. W. Seelinger, Ger. Pat. 1,206,586(1965); Chem. Abstr., 64, 6783(l966).

169. T. Saegusa, H. Ikeda, and H. Fujii, Polymer J., 3, 176(1972).

References 307



170. M. Litt and A. Levy, Belgian Pat. 666,829(1965).

171. T. G. Bassiri, A. Levy and M. Litt, J. Polym. Sci., Polym. Lett., 5, 87l(1967).

172. A. Levy and M. Litt, J. Polym. Sci., Polym. Lett., 5, 881(1967).

173. T. Kagiya, S. Nirisawa, T. Maeda, and T. Fukui, J. Polym. Sci., Polym. Lett., 4,
44l(1966).

174. D. A. Tomalia and D. P. Sheetz, J. Polym. Sci., Part A-1, 4, 2253(1966).

175. T. Saegusa, Makromol. Chem., 175, 1l99(1974).

176. T. Saegusa, H. Ikeda, and H. Fujii, Polymer J., 3, 35(1972).

177. T. Saegusa, H. Ikeda, and H. Fujii, Macromolecules, 5, 359(1972).

178. T. Saegusa and H. Ikeda, Macromolecules, 6, 808(1973).

179. S. Kobayashi, K. Morikawa, N. Shimizu, and T. Saegusa, Polymer Bull., 11, 253(1984).

180. T. Saegusa, S. Kobayashi, and A. Yamada, Makromol. Chem., 177, 2271(1975).

181. T. Saegusa, S. Kobayashi, and Y. Nagura, Macromolecules, 7, 265, 272(1974).

182. T. Saegusa and S. Kobayashi, Makromol. Chem., Macromol. Symp., 1, 23(1986).

183. T. Kagiya, T. Matsuda, and R. Hirata, J. Macromol. Sci., Chem., A6, 135(1972).

184. T. Saegusa, H. lkeda, and H. Fujii, Polymer J., 4, 87(1973).

185. K. Kagiya, T. Matsuda, M. Nakato, and R. Hirata, J. Macromol. Sci., Chem., A6,
l631(1972).

186. For a review see, S. Tazuke and S. Okamura, "Vinyl Carbazole Polymers," in •"Encyc.
Polymer Sci. Tech.,' Ed. by H. Mark and N. F. Bikales, Wiley-Interscience, Vol. 14, New
York, 1971, p.28l.

187. J. Pielichowski, J. Polym. Sci., Symp., 42, 451(l973).

188. A. Gandini and S. Prieto, J. Polym. Sci., Lett., 15, 337(I977).

189. S. Tazuke, T. B. Tjoa, and S. Okamura, J. Polym. Sci., A-1, 5, 191 1(1967).

190. C. E. H. Bawn, C. Fitzsimmons, and A. Ledwith, Proc. Chem. Soc., 391(1964).

191. P. M. Bowyer, A. Ledwith, and D. C. Sherrington, Polymer, 12, 509(1971).

192. C. Hemandez and A. Gandini: Rev. CNlC(Cuba), 4, 49(I973); Chem. Abstr., 84,
547l(1976).

193. O. F. Solomon and M. Dimonie, J. Polym. Sci., C4, 969(1962).

194. O. F. Solomon et al., J. Polym. Sci., Lett., 6, 551(1968).

195. M. Biswas and K. J. John, J. Polym. Sci., Chem. Ed., 16, 971(1978).

References 308



196. M. Biswas and K. J. John, J. Polym. Sci., Chem. Ed., 16, 639(l978).

197. T. Taninaka and Y. Minoura, J. Polym. Sci., Chem. Ed., 14, 685(1976).

198. M. Biswas, M. M. Maiti, and N. D. Ganguly, Makromol. Chem., 124, 263(l969).

199. M. Biswas and P. K. Mishira, Makromol. Chem., 163, 37(I973).

200. M. M. Maiti, N. D. Ganguly, and M. Biswas, Proc. Indian Nat. Sci. Acad., 41,
127(1975).

201. T. Higashimura and M. Sawamoto, Adv. Polym. Sci., 62, 49(I984).

202. T. Higashimura, H. Teranishi, and M. Sawamoto, Polymer J., 12, 393(l980).

203. T. Higashimura, Y. X. Deng, and M. Sawamoto, Polymer J., 15, 385(l983).

204. J. P. Kennedy and R. C. Smith, Polymer Prepr., 20, 306(1979).

205. J. P. Kennedy and R. C. Smith, J. Polym. Sci., Chem. Ed., 18, l523(1980).

206. A. Fehervari, J. P. Kennedy, and F. Tudos, Polymer Prepr., 20, 320(1979).

207. J. P. Kennedy, L. Ross, J. E. Lackey, and O. Nuyken, Polymer Bull., 4, 67(l98l).

208. O. Nuyken, S. D. Pask, and M. Walter, Polymer Bull., 8, 45l(1982).

209. O. Nuyken and S. D. Pask, Polymer Bull. 8, 475(l982).

210. O. Nuyken, S. D. Pask, A. Vischer, and M. Walter, Makromol. Chem., Macromol.
Symp., 3, 129(l986).

211.. O. Nuyken, S. D. Pask, A. Vischer, and M. Walter, Polymer Prepr., 26(l), 44(l985).

212. L. Bui, H. A. Nguyen, and E. Marechal, Polymer Bull., 17, l57(l987).

213. A. Nagy, R. Faust, and J. P. Kennedy, Polymer Bull., 15, 41l(1986).

214. A. F. Fehervari, R. Faust, and J. P. Kennedy, Polymer Prepr., 28(1), 382(l987).

215. S. H. Rider and E. E. Hardy, ’Prepolymer Technology for Crosslinked Plastics,” Chap.
13 in ”Polymerization and Polycondensation Processes," Ed. by N. A. J. Platzer, ACS,
Van Nostrand Reinhold, New York, 1962.

216. O. Vogl, J. Polym. Sci. Symp., 64, l(1978).

217. J. E. McGrath, J. Chem. Educ., 58, 914(1981).

218. J. Moacanin, G. Holden, and N. W. Tschoegl, Eds., "Symposium on Block Copolymers,"
(J. Polym. Sci.,Symp. 26), Wiley-Interscience, New York, 1969.

219. S. L. Aggawal, Ed., "Block Polymers," Plenum Press, New York, 1970.

220. G. E. Molau, Ed., "Col1oida1 and Morphological Behavior of Block and Graft
Copolymers,” Plenum Press, New York, 1971.

References 309



221. J. J. Burke and V. Weiss, Eds., "Sagarnore Conference on Block and Graft Copolymers,"
Syracuse Univ. Press, 1973.

222. Allport and W. H. James, Eds., "B1ock Copolymers," Halsted Press, New York,

223. R. J. Ceresa, Ed., ”B1ock and Graft Copo1ymerization," Vol. 1&2, Wi1ey·Interscience,
New York, 1973&1976.

224. L. H. Sperlins, Ed., "Recent Advances in Blends, Grafts, and B1ocks," Plenum Press, New
York, 1974.

225. J. P. Kennedy, Ed., 'Cationic Graft Copolymerization/’ Wiley, New York, 1977.

226. E. B. Bradford and L. D. Mckeever, ”B1ock Copolymers," in Prog. Polymer Sci., Vol.3,
Ed. by A. D. Jenkins, Pergamon Press, New York, 1971.

227. A. Casale and R. S. Porter, Adv. Polym. Sci., 17, 1(l975).

228. B. R. M. Gallot, Adv. Polym. Sci., 29, 85(l978).

229. G. Smets, Adv. Polym. Sci., 22, l73(l960).

230. W. H. Carothers, Trans. Faraday Soc., 32, 39(1936).

231. S. H. Pirmer, J. Polym. Sci., 21, 153(l956).

232. a) M. J. Jurek, Ph.D. Thesis, Virginia Polytechnic Institute and State University. 1987.
b) J. L. Hedrick, Ph.D. Thesis, Virginia Polytechnic Institute and State University. 1985.

233. C. W. Graetz, Eur. Pat. Appl., 12, 524(1980).

234. C. S. Elsbemd, D. K. Mohanty, and J. E. McGrath, Polymer Prepr., 28(2), 399(l987).

235. J. E. McGrath, P. M. Sormani, C. S. Elsbemd, and S. Kilic, Makromol. Chem.,
Macromol. Symp., 6, 68(1986).

236. C. H. Bamford, A. D. Jenkins, and R. Johnston, Trans. Faraday Soc., 55, 179(1959).

237. C. H. Bamford, A. D. Jenkins, and R. P. Wayne, Trans. Faraday Soc., 56, 935(1960).

238. S. F. Reed, Jr., J. Polym. Sci., Part A-1, 9, 2029, 2l4l(l97l).

239. S. F. Reed, Jr., J. Polym. Sci., Chem. Ed., 15, 3079(1977).

240. W. H. Stubbs, C. R. Gore, and C. S. Marvel, J. Polym. Sci., A-1, 4, 1898(l966).

241. J. C. Brosse, M. Baunier, a.nd G. Legeay, Mikromol. Chem., 182, 3457(l98l).

242. J. C. Brosse, M. Baunier, and G. Legeay, Makromol. Chem., 183, 303(l982).

243. W. Konter et al., Makromol. Chem., 182, 26l9(l98l).

244. K. F. Gillman and E. Senogles, J. Polym. Sci, Polym. Lett., 5, 477(I967).

245. K. Ito, N. Usami, and Y. Yarnashita, Macromolecules, 13, 2l6(l980).

References 310



246. Y. Yamashita et al., Polymer Bull., 5, 335(l981).

247. Y. Yarnashita et al., Polymer Bull., 5, 36l(l98l).

248. Y. Chujo, T. Tastuda, and Y. Yarnashita, Polymer Bull., 8, 239(1982).

249. Y. Yarnashita et al., Polymer J., I4, 255(l982).

250. F. A. Waite, J. Oil Col. Chem. Ass., 54, 342(l971).

251. B. Boutevin and Y. Pietrasanta, J. Polym. Sci., Chem. Ed., I9, 499, 511(l98l).

252. R. D. Athey, Jr., and W. A. Mosher, J. Polym. Sci., Chem. Ed., 15, 1423(1977).

253. T. Narita, T. Yamashita, and T. Tsuruta, Bull. Chem. Soc. Japan, 46, 3825(l973).

254. N. Imai, T. Narita, and T. Tsuruta, Tetrahedron Lett., 38, 3517(1971).

255. M. Maeda, Y. Nitadori, and T. Tsuruta, Makromol. Chem., 181, 2245, 225l(1980).

256. T. Tsuruta, "Synthesis and Properties of Functional Polymers Having Amino Groups-
Polyaminc Macromers," in ”Polymeric Amines and Ammonium Sa.lts,” Ed. by E. J.
Goethals, Pergamon Press, New York, 1980.

257. P. Ferruti, D. Arnoldi. M. A. Marchisio, E. Martuscelli, M. Palma, a.r1d F. Riva, J.
Polym. Sci., Polym. Chem. Ed., 15, 2l5l(l977).

258. P. Ferruti, ”Biomedical and Pharmacological Applications of Tertiary Amino Polymers,"
in "Polymeric Amines and Ammonium Sa1ts,” Ed. by E. J. Goethals, Pergamon Press,
New York, 1980.

259. G. Greber and A. Balciunas, Makromol. Chem., 79, l49(l964).

260. R. Waack and M. A. Doran, Polymer, 2, 365(l961).

261. R. Waack, U.S. Patent, 3,235,626(l966).

262. R. Waack and M. A. Doran, J. Org. Chem., 32, 3395(l967).

263. P. Masson et al., Polymer Bull., 7, 17(1982).

264. P. Rempp, P. Lutz, P. Masson, and E. Franta, Makromol. Chem., Suppl., 8, 3(1984).

265. S. Kobayashi, M. Kaku, T. Mizutani, and T. Saegusa, Polymer Bull., 9, l69(1983).

266. S. Kobayashi, T. Mizutani, and T. Saegusa, Makromol. Chem., 185, 441(1984).

267. W. B. Brown a.r1d M. Szwarc, Trans. Farad. Soc., 54, 4l6(l958).

268. T. Saegusa and S. Matsumoto, J. Polym. Sci., Part A, 6, 1559(1968).

269. K. Brzezinska et al., Makromol. Chem., 178, 249 1(l977).

270. J. Sierra Vargas, J. G. Zilliox, P. Rempp, and E. Franta, Polymer Bull., 3, 83(l980).

271. F. J. Burgess et al., Polymer, I9, 334(l978).

References 31I



272. S. Kobayashi, M. Kaku, S. Sawada, and T. Saegusa, Polymer Bull., I3, 447(1985).

273. J. P. Kennedy and J. D. Carter, Polymer Prepr., 27(2), 29(1986).

274. a) J. P. Kennedy, S. Y. Huang, and R. A. Smith, Polymer Bull., I, 371(1979). b) J. P.
Kennedy, S. Y. Huang, and R. A. Smith, J. Macromol. Sci., Chem., A14, l085(l980).

275. J. P. Kennedy and C. Y. Lo, Polymer Prepr., 23, 99(l982).

276. T. Higashimura, S. Aoshima, M. Sawamoto, Makromol. Chem., Symp., 3, 99(l986).

277. R. Asarni, IUPAC 28th. Symp. on Macromolecules, Amherst(USA), p.7l(1982).

278. a) R. Milkovich, Polymer Prepr., 21, 40(l980). b) R. Milkovich and M. T. Chiang, U.S.
Pat. 3,786,116(1974); 4,085,168(l978); 3,862,102, 3,862,267(1975); 3,846,393, 3,832,423,
3,842,050, 3,842,057, 3,842,058, 3,842,059(l974).

279. D. Freyss, M. Leng, and P. Rempp, Bull. Soc. Chim. Fr., 22l(l964).

280. M. Brody, D. H. Richards, and M. Szwarc, Chem. and Ind.(London), 1473(l958).

281. B. C. Anderson et al., Macromolecules, 14, l599(l98l).

282. a) P. Chaumont, J. Herz, and P. Rempp, Eur. Polymer J., 15, 537(l979). b) P.
Chaumont et al., Eur. Polymer J., 15, 459(1979).

283. P. Masson, E. Franta, and P. Rempp, Makromol. Chem., Rapid Commun., 3,‘ 499(l982).

284. R. P. Quirk and W. C. Chien, Makromol. Chem., 183, 207l(l982).

285. Y. Yoo and J. E. McGrath, Polymer Prepr., 28(2), 360(I987).

286. Y. Kawakami et al., Polymer J., 14, 9l3(l982).

287. Y. Kawakarni and Y. Yamashita, "Synthesis and Applications of Polysiloxane
Macromers," in ”Ring Opening Polymerizationf Ed. by J. E. McGrath, ACS Symp. Se-
ries 286, 1985.

288. S. D. Smith and J. E. McGrath, Polymer Prepr., 27(2), 31(1986).

289. V. Chang and J. P. Kennedy, Polymer Bull., 5, 379(l98l).

290. B. Ivan, J. P. Kennedy, and V. Chang, J. Polym. Sci., Chem. Ed., 18, 1523, 1539,
3177(1980).

291. J. P. Kennedy and J. P. Liao, Polymer Bull., 5, 11(1981).

292. J. P. Kennedy and J. P. Liao, Polymer Bull., 6, l35(1981).

293. H. Razzouk, K. Bouridah, A. Gandini, and H. Cheradame, "Functionalized Oligo-and
Po1yisobutenes," in "Cationic and Related Processes,' Ed. by E. J. Goethals, Academic
Press, New York, 1984.

294. M. Sawarnoto, T. Enoki, and T. Higashimura, Macromolecules, 20, 1(1987).

References 312



295. M. Sawamoto, T. Enoki, and T. Higashimura, Polymer Bull., 18, 117(l987).

296. R. Asami, M. Takaki, K. Kyuda, and E. Asakura, Polymer J., 15, 139(1983).

297. R. Asarni, M. Takaki, K. Kita, and E. Asakura, Polymer Bull., 2, 713(1980).

298. M. Takaki, R. Asarni, and T. Kuwabara, Polymer Bull., 7, S2l(l982).

299. L. Reibel, P. Lutz, A. Dondos, and E. Franta, ”Po1yammonium Salts Obtained by
Cationic Deactivation of Living Poly(tetrahydrofuran)," in "Po1ymeric Amines and
Amrnonium Sa1ts," Ed. by E. J. Goethals, Pergamon Press, New York, 1980.

300. E. J. Goethals and M. A. Vlegels, Polymer Bull., 4, 52l(1981).

301. J. P. Kennedy, "Te1eche1ic Prepolymers and Networks,” in "Catior1ic Polymerization and
Related Process," Ed. by E. J. Goethals, Academic Press, New York, l984(p.335).

302. J. Kops ar1d H. Spanggard, Macromolecules, 15, l225(l982).

303. J. Wislicenus, Ann., 192, l06(l878).

304. W. Reppe( to I. G. Farbenindustrie A. G.) U.S. Pat., 1,959,927(May 22, 1934); Chem.
Abstr., 28, 443l(1934).

305. D. D. Eley and A. Seabrooke, J. Chem. Soc., 2226(l964).

306. a) R. I. Longley, Jr. and W. S. Emerson, J. Am. Chem. Soc., 72, 3709(l950). b) R. I.
Longley, Jr., W. S. Emerson, and T. C. Shafer, J. Am. Chem. Soc., 74, 2012(1952).

307. J. W. Copenhaver( to GAF Corp.), U.S.Pat., 2,500,486(Mar.l4, 1950).

308. D. E. Keeley, "Ethers,' in M. Grayson, Ed., 'Kirk-Othrner Encyc. Chem. Tech.,” 3rd
Ed., Vol.9, Wi1ey·Interscience, New York, 1983, p.392.

309. a) E. V. Hort and R. C. Gasman, "Viny1 Ether Monomers and Po1ymers,” in M.
Grayson, Ed., 'Kirk-Othrner Encyc. Chem. Tech.,” 3rd Ed., Vol.23, Wiley-lnterscience,
New York, 1983, p.937. b) "Alkyl Vinyl Ethers,' Technical Bulletin, 7543-055, GAF
Corporation, 1966.

310. a) E. V. Hort, 'Acety1ene·Derived Chemicals,' ir1 M. Grayson, Ed., ”Kirk-Othmer Encyc.
Chem. Tech.,” 3rd Ed., Vol.1, Wiley-Interscience, New York, 1983, p.270. b) J. W.
Copenhaver and M. H. Bigelow, 'Acetylene and Carbon Monoxide Chemistry/’
Reinhold, New York, 1949, pp.37-38.

311. S. A. Miller, "Acetylene, Its Properties, Manufacture and Uses," Vol.2, Academic Press,
Inc., New York, 1965, pp.199·202.

312. W. Reppe et al., Ann. Chem., 601, 81(1956).

313. K. Bauer( to I. G. Farbenindustrie A. G.), U.S.Pat. 1,931,858(Oct. 24, 1934); Chem.
Abstr., 28, 485(1934).

314. M. Calanac, Compt. Rend., 190, 881(1930).

315. M. Kitabatake, S. Owari, and K. Kuno, Soc. Synth. Org. Chem. Japan, 25, 70(1967).

References 313



316. J. A. Neuwland, R. R. Vogt, and W. L. Foohey, J. Am. Chem. Soc., 52, 1018,
2892(1930).

317. W. J. Croxall, F. J. Glavis, and H. T. Neher, J. Am. Chem. Soc., 70, 2805(1948).

318. W. D. Schaeffer( to Union Oil), U.S.Pat. 3,285,970(Nov. 15, 1966); Chem. Abstr., 66,
37437(I967).

319. D. L. K1ass( to Union Oil), U.S.Pat. 4,057,575(Nov. 8, 1977); U.S.Pat. 4,161,610(July
17, 1979).

320. K. Tagaki and C. Motobashi( to Sumitomo), Jpn. Kokai Tokkyo Koho 80·02,416(Ja.n.
19, 1980).

321. a) R. 1. Hoaglin and D. H. Hersch( to Union Carbide Corp.), U.S.Pat. 2,566,415(Sept.
15, 1951); Chem. Abstr., 46, 2562(1952). b) W. H. Watanabe and L. E. Colon, J. Am.
Chem. Soc., 79, 2828(1957). c) H. Yuki, K. Hatada, K. Nagata, and K. Kaziyama, Bull.
Chem. Soc. Japan, 42, 3546(1969).

322. a) L. H. Cretcher, J. A. Koch, and W. H. Pittenger, J. Am. Chem. Soc., 47, 1175(1925).
b) C. E. Rehberg, J. Am. Chem. Soc., 71, 3247(l949).

323. E. M. Smolin and D. S. Holfenberg, ’Acety1ene and Acetylenic Polymers," in N. G.
Gaylord, Ed., "Encyc. Polym. Sci.," Vo1.1, 1964, p.49.

324. D. H. Lorentz, ’Viny1 Ether Po1ymers," in N. M. Bikales, Ed., "Encyc. Polym. Sci.," Vol.
14, Wiley-lnterscience, New York, 1971, 504-510.

325. J. Lal and G. S. Trick, J. Polym. Sci., Part A, 2, 4559(1964).

326. C. Schildknecht, "Vinyl and Related Po1ymers,” John Wiley & Sons, lnc., New York,
1952.

327. N. D. Field and D. H. Lorentz, in E. C. Leonard, Ed., 'Vinyl and Diene Monomers,”
John Wiley & Sons, Inc., New York, 1970, Chap.7.

328. A. Ledwith and H. J. Woods, J. Chem. Soc. (B), 753(1966).

329. T. L. Jacobs and S. Searles, J. Am. Chem. Soc., 66, 684(I944).

330. S. Siggia, Anal. Chem., 19, 1025(1947).

331. S. Siggia and R. L. Edsbcrg, Anal. Chem., 20, 762(1948).

332. L. Summers, Chem. Rev., 55, 317(l955).

333. O. W. Cass( to Du Pont), U.S.Pat. 2,433,890(Jan. 6, 1948).

334. I. W. J. Still, J. N. Reed, and K. Tumbull, Tetrahedron Lett., 17, 1481(1979).

335. A. I. Meyer et al., J. Am. Chem. Soc., 101, 7104(1979).

336. K. F. Bemady et al., J. Org. Chem., 44, 1438(1979).

337. E. Levas, C. R. Acad. Sci., 228, 1443(1949).

References 314



338. F. Kipnis, H. Solonay, and J. Omfelt, J. Am. Chem. Soc., 73, 1783(l951).

339. R. C. Schultz and H. Hartmann, Chem. Ber., 95, 2735(1962).

340. R. W. Aben and H. W. Scheeren, J. Chem. Soc. Perkin Trans., 1, 3l32(l979).

341. D. D. Eley and A. W. Richards, Trans. Faraday Soc., 45, 425(l949).

342. C. E. Schildknecht, A. O. Zoss, and F. Grosser, Ind. Eng. Chem., 41, 2894(l949).

343. T. Fueno, T. Okuyama, and J. Fuyukawa, J. Polym. Sci., Part A-l, 7, 3219(1969).

344. S. Okamura, T. Higashimura, and K. Fujii, Chem. High Polymers Japan, 15, 425(1958).

345. A. Ledwith and H. J. Woods, J. Chem. Soc.(B), 973(I967).

346. A. Ledwith, E. Lockett, and D. C. Sherrington, Polymer, I6, 31(1975).

347. T. Fueno, T. Okuyama, T. Matsumura, and J. Furukawa, J. Polym. Sci., Part A-l, 7,
l447(l969).

348. J. Lal, "Poly(Vinyl Ethers),’ in J. P. Kennedy and E. Tomqvist, Eds., "Polymer Chem-
istry of Synthetic Elastomer," Part l, Interscience Publishers, New York, 1968,
pp.33l-376.

349. J. La.l and J. E. McGrath, J. Polym. Sci., Part A, 2, 3369(I964).

350. L. Fishbein and B. F. Crowe, Makromol. Chem., 48, 22l(l96l).

351. C. C. Ma, H. Kubota, J. M. Rooney, D. R. Squire, and V. Stannett, Polymer, 20,
317(1979).

352. V. Stannett, H. Garreau, C. C. Ma, J. M. Rooney, and D. R. Squire, J. Polym. Sci.,
Symp., 56, 233(1976).

353. V. Stannett and A. Deflienx, 'Cationic Polymerization and Grafting lnitiated by High
Energy Radiation," in E. J. Goethals, Ed., "Cationic Polymerization and Related Proc-
esses,” Academic Press, New York, 1984.

354. Y. lmanishi, A. Mizote, T. Higashimura, and S. Okamura, Polymer Sci. Jap., 20, 49,
58(1963).

355. Y. Imanishi, Z. Momiyama, T. Higashimura, ar1d S. Okamura, Chem. High Polym. Jap.,
20, 369(I963).

356. F. R. Mayo and F. M. Lewis, J. Am. Chem. Soc., 66, 1594(1944).

357. T. Alfrey, Jr. and G. Goldfinger, J. Chem. Phys., 12, 205(1944).

358. S. Cohen and E. Marechal, J. Polym. Sci., Polym. Symp., 52, 83(l975).

359. A. H. Nguyen and E. Marechal, Polymer, 19, 1303(1978).

360. M. Karplus and J. A. Pople, J. Chem. Phys., 38, 2803(l963).

361. T. Masuda, J. Polym. Sci., 11, 2713(l973).

References315



362. T. Higashimura, S. Okamura, I. Morishirna, and T. Yonezawa, Polym. Lett., 7, 23(l969).

363. T. Okuyama, T. Fueno, H. Nakatsuji, and Y. Furukawa, J. Am. Chem. Soc., 89,
5826(l967).

364. K. Hatada, K. Nagata, and H. Yuki, Bull. Chem. Soc. Jap., 43, 3195(l970).

365. H. Yuki, K. Hatada, and M. Takeshita, J. Polym. Sci., Pa.rt A-1, 7, 667(I969).

366. W. Chalmers, Can. J. Res. B7, 464(1932).

367. U.S.Pat. 2,061,934 to I. G. Farbenindustrie(Apri1, 1934).

368. N. M. Bikalcs, "Viny1 Ether Po1ymcrs," in N. M. Bikales, Ed., "Encyc. Polym. Sci.," Vol.
14, Wiley-Interscience, New York, 1971, pp.511-521.

369. A. D. Ketley, "'Stereospecilic Polymerization of Vinyl Ethers,” in A. D. Ketley Ed., "I"he
Stereochemistry of Macromolecules," Vol. 2, Marcel-Dekker, Inc., New York, 1967,
pp.37-109.

370. M. Otto, H. Guterbock, and A. He11emans( to Jasco), U.S.Pat. 2,311,567(1943).

371. M. Biswas and N.C. Maity, J. Macromol. Sci., Chem., A15, l153(1981).

372. M. Biswas, G. M. A. Kabir, and S. S. Bhagawan, Makromol. Chem., 179, 1209(l979).

373. C. E. Schildknecht, A. O. Zoss, and C. McKinley, Ind. Eng. Chem., 39, l80(1947).

374. C. E. Schildknecht, S. T. Gross, H. R. Davidson, J. M. Lambert, and A. O. Zoss, Ind.
Eng. Chem., 40, 2104(l948).

375. C. E. Schildknecht, S. T. Gross, and A. O. Zoss, Ind. Eng. Chem., 41, 1998(19-19).

376. C. E. Schildknecht, A. O. Zoss, and F. Grosser, Ind. Eng. Chem., 41, 2891(1949).

377. a) S. Okamura, T. Komada, and T. Higashimura, Makromol. Chem., 53, 180(1962).
b) T. Higashimura, K. Suzuoki, and S. Okamura, ibid, 86, 259(1965).

378. a) S. Murahashi, S. Nozakura, and K. Matsumura, J. Polym. Sci., Part B, 4, 59(1965).
b) S. Murahashi, S. Nozakura, M. Sumi, H. Yuki, and K. Hatada, ibid, 4, 65(1965). c)
S. Murahashi, S. Nozakura, and M. Sumi, ibid, 3, 245(1965).

379. T. Tanaka, Kagaku Kogyo, 25, 257(l974).

380. a) S. A. Mose1y( to Union Carbide) U.S.Pat. 2,S49,92l(Apr. 24, 1951). b) E. J.
Vandenberg( to Hercules) U.S.Pat. 3,284,426(Nov. 8, 1966). c) R. F. Heck( to Hercules)
U.S.Pat. 3,157,626(Nov. 17, 1964). d) E. J. Vanderberg( to Hercules) U.S.Pat.
3,159,613(Dec. 1, 1964).

381. M. Hino and K. Arata, Chem. Lett., 8, 963(1980).

382. D. D. Eley, in "The Chemistry of Cationic Polymexizationf P. M. Plesh, Ed., Pergamon
Press, New York, 1963.

383. D. C. Pepper, Nature, 158, 789(1946).

References 316



384. D. D. Eley and A. W. Richards, Research( London), 2, l47(1949).

385. C. C. Lee, Prog. in Phys. Org. Chem., 7, 129(1970).

386. G. J. Karabatsos, N. Msi, and S. J. Keyerson, J. Am. Chem. Soc., 92, 62l(l970).

387. T. Higashimura and K. Yamamoto, Makromol. Chem., 175, 1l39(l974).

388. T. Ohtori, Y. Horokawa, and T. Higashimura, Polym. J., 11, 471(l979).

389. C. E. H. Bawn and A. Ledwith, Quart. Rev., I6, 362(l962).

390. D. D. Eley and J. Saunders, J. Chem. Soc., 4l67(l952).

391. T. Higashimura, N. Kanoh, and S. Okarnura, Makromol. Chem., 47, 35(1961).

392. D. D. Eley, F. L. Isack, and C. H. Rochester, J. Chem. Soc., 872, l65l(l968).

393. A. Ledwith and D. C. Sherrington, Polymer, 12, 344(197l).

394. A. F. Johnson and R. N. Young, J. Polym. Sci., Symp., 56, 211(1976).

395. L. J. Andrews and R. M. Keefer, 'Molecular Complexes in Organic Chemistry,"
Holden-Day, San Francisco, 1964.

396. N. Kanoh, K. Ikeda, A. Gotoh, T. Higashimura, and S. Okamura, Makromol,. Chem.,
86, 200(l965).

397. D. J. Crarn and K. R. Kopecky, J. Am. Chem. Soc., 81, 2748(1959).

398. M. Goodman and Y. L. Fan, J. Am. Chem. Soc., 86, 4922( 1964).

399. C. E. H. Bawn, Proc. Chem. Soc., 165(l962).

400. T. Higashimura, T. Yonezawa, S. Okarnura, and K. Fukui, J. Polym. Sci., 39, 487(l959).

401. D. J. Sikkema and H. Angad-Gaur, Makromol. Chem., 181, 2259(1980).

402. a) T. Kunitake and C. Aso, J. Polym. Sci., Part A-1, 8, 665(l970). b) T. Kunitake and
S. Tsugawa, Macromolecules, 8, 709(1975).

403. A. Ledwith, E. Chiellini, and R. Solaro, Macromolecules, I2, 240(l979).

404. T. Kunitake and K. Takarabe, Makromol. Chem., 182, 8l7(l98l).

405. G. Natta, G. Dall’Asta, G. Mazzanti, U. Giannini, and S. Cesca, Angew. Chem., 71,
205(l959).

406. J. Furukawa, Polymer, 3, 487(l962).

407. S. S. Rogers and L. Mandelkem, J. Phys. Chem., 61, 985(l957).

408. P. A. Small, J. Appl. Chem., 3, 7l(l953).

409. H. Fikentscher, Cellulose Chemie, I3, 60(1932).

References 317



410. J. A. Manson and G. J. Arquette, Makromol. Chem., 37, 187(1960).

411. C. W. Bunn and E. R. Howells, J. Polym. Sci., 18, 307(1955).

412. G. Natta, P. Corradini, ar1d I. W. Bassi, Atti Accad. Nazl. Lincei Rend. Classe Sci. Fis.
Mat. Nat., 19, 404(l955).

413. G. Natta, P. Corradini, and I. W. Bassi, Makromol. Chem., 18·19, 455(l9S5).

414. I. W. Bassi, Atti Acad. Nazl. Lincei Rend. Classe Sci. Fis. Mat. Nat., 29, l93(l960).

415. G. Natta, P. Corradini, and I. W. Bassi, Makromol. Chem., 21, 240(1956).

416. G. Natta, P. Corradini, and 1. W. Bassi, Atti Acad. Nazl. Lincei Rend. Classe Sci Fis.
Mat. Nat., 23, 363(1957).

417. G. Dal1’Asta and 1. W. Bassi, Chim. Ind.(Mi1an), 43, 999(1961).

418. Y. Suzuki, J. M. Rooney, and V. Stannett, J. Macromol. Sci. Chem., A12, 1055(1978).

419. J. Lal and J. E. McGrath, Rubber Chem. Tech., 36, 248(l963).

420. J. Lal and J. E. McGrath, Rubber Chem. Tech., 36, l159(1963).

421. J. Lal and J. E. McG1*ath( to Goodyear), U.S.Pat. 3,507,866(Apri1 21, 1971).

422. J. Lal and J. E. McGrath, J. Polym. Sci., Part C, 16, 33(I967).

423. J. Lal and J. E. McGrath, J. Polym. Sci., A·1, 6, 821(l968).

424. Brit. Pat. l,245,410(Sept. 8, 1971)( to Kuramoto Sangyo).

425. S. Nakamura and Y. Misaka( to Kuxita Water Industries), Jpn. Kokai 78·28,083(Mar.
15, 1978).

426. S. Imamura, S. Sugawara, and K. Murase, J. Electrochem. Soc. Solid State Sci. Technol.,
30, l139(1977).

427. C. W. Christensen( to Shipley) U.S.Pat. 3,634,082(Jan. ll, 1972).

428. Y. J. Chung, J. M. Rooney, D. R. Squire, and V. Starmett, Polymer, 16, 527(1975).

429. F. Subira, G. Sauvet, J. P. Vairon, and P. Sigwalt, J. Polym. Sci. Symp., 56, 22l(1976).

430. J. E. Huheey, "lnorg. Chem.," 3rd. ed., Chap. 15, Harper & Row, New York, 1983.

431. A. Haddock, Jr., M. Steidemann, and M. Readnour, Synth. React. Inorg. Met-Org.
Chem., 9(1), 39(I979).

432. D. A. Palmer, R. W. Ramette, and R. E. Mesmer, J. Solution Chem., l3(9), 673(1984).

433. K. Hayakawa and S. Nakamura, Bull. Chem. Soc. Jap., 50(3), 569(1977).

434. R. L. Benoit, M. F. Wilson, and S. ·Y. Lam, Can. J. Chem., 55, 792(l977).

435. E. Bienvenue, R. Msika, and J. E. Dubois, J. Chimie Physique, 77(9), 803(l980).

References 318



436. M. J. Kamlet, M. E. Jones, R. W. Taft, and J. -L. Abboud, J. Chem. Soc. Perkin 11,
342(1979).

437. B. G. Cox and H. Maskill, J. Chem. Soc., Perkin Trar1s. II, 1901(1983).

438. V. Gutman, Ed., 'Halogen Chemistry,' Vol. 1, Academic Press, London, 1967, p.41.

439. S. Okamura, N. Kanoh, and T. Higashimura, Makromol. Chem., 47, l9(1961).

440. D. Giusti and F. Andruzzi, Symp. of Macromol. Chem., Prague, 1965, Paper p.492.

441. G. Fraenkel and P. D. Bartlett, J. Am. Chem. Soc., 81, 5582(1959).

442. G. Sumrell, et al., Can. J. Chem., 42, 27l0(l964).

443. R. L Ayres, C. J. Michejda, and E. P. Rack, J. Am. Chem. Soc., 93, 1389(1971).

444. N. Kanoh, T. Higashimura, and S. Okamura, Makromol. Chem., 56, 65(l962).

445. P. Giusti, Chim. Ind.(Mi1an), 48, 435(l966).

446. P. Cerrai, F. Andruzzi, and P. Giusti, Makromol. Chem., 117, 128(1968).

447. K. Yamamoto and T. Higashimura, J. Polym. Sci., Chem. Ed., 14, 2621(1976).

448. T. Higashimura and K. Yamamoto, J. Polym. Sci., Chem. Ed., 15, 301(1977).

449. T. Higashimura, et al., J. Polym. Sci., Chem. Ed., 16, 503(1978).

450. T. Higashimura, M. Mitsuhashi, and M. Sawarnoto, Macromolecules, 12, l78(1979).

451. A. Gandini, Adv. Polym. Sci., 25, 47(I977).

452. C. Stoicescu and M. Dimonie, Rev. Roum. Chim., 13, 109(1968).

453. P. Cerrai, et al., Eur. Polym. J., 10, 1141(1974).

454. W. Chalmcrs, Can. J. Res., 7, 464, 472(l936).

455. I. M. Kolthoff, E. B. Sandell, E. J. Meehan, and S. Bruckenstein, "Quantitative Chem.
Ana1.,' 4th ed., Macmillan Co., New York, 1969, p.848.

456. ‘The Safe Handling of Air·Sensitive Reagents,' Aldrich Publication.

457. R. C. Weast and M. J. Astle, Ed.,
”CRC

Handbook of Chemistry and Physics/’ 60th ed.,
CRC Press, Inc., Boca Raton, Florida, 1979.

458. A. S. Gozdz, Polymer Bull., 4, 577(1981).

459. D. D. Perrin, W. L. F. Armarego, and D. R. Perrin, "Pu.rification of Laboratory Chemi-
cals ", Pergamon Press, New York, 1980.

460. C. E. Schilknecht, C. H. Lee, and W. E. Maust, Macromol. Sym., Coll. Vo1.1, p.l13(Ed.
by J. A. Moore).

References 319



461. a) G. A. Morris, J. Am. Chem. Soc., 102, 428(1980). b) G. A. Morris and R. Freeman,
ibid, 101, 760(1979).

462. a) B. Loev and M. M. Goodman, Chem. Ind., 2026(1967). b) B. Loev and K. M.
Snader, ibid, l5(1965).

463. J. D. Coombes and D. D. Eley, J. Chem. Soc., 3700(l957).

464. D. C. Pepper, J. Polym. Sci., Part C, 56, 39(I976).

465. R. N. Haszeldine, J. Chem. Soc., 1764(I953).

466. R. N. Young, Progr. NMR Spec., I2, 261(1979).

467. G. A. Olah and P. R. Schleyer, Ed., "Carbonium lons,” Vol.1, Interscience, New York,
1968.

468. a) G. A. Olah, Ange. Chem., I2, 173(1973). b) G. A. Olah and A. M. White, J. Am.
Chem. Soc., 91, 5801(1969). c) G. A. Olah, G. Liang, G. D. Matteescu, and J. L.
Riemenschneider, J. Am. Chem. Soc., 95, 8698(1973).

469. J. I. Musher, J. Chem. Phys., 37, 34(I962).

470. K. Hatada, T. Kitayama, N. Matsuo, and 1·1. Yuki, Polymer J., 15, 719(1983).

471. K. Matsuzaki, H. lto, T. Kawamura, and T. Uryu, J. Polym. Sci., Polym. Chem. Ed.,
I1, 971(l973).

472. H. Angad~Gaur and D. J. Sikkema, Makromol. Chem., 181, 2385(1980).

473. F. A. Bovey, "High Resolution NMR of Macromolecules/' Academic Press, New York,
1972.

474. M. A. Muller and M. Stickler, Makromol. Chem, Rapid Commun., 7, 575(l98_6).

475. P. Pino and U. W. Suter, Polymer, I7, 977(I976).

476. A. Ledwith, E. Chiellini, and R. Solaro, Macromolecules, I2, 240(I979).

477. For a good review see, J. L. Koenig, "Chemica1 Microstructure of Polymer Chains,"
Wiley—Interscience, New York, 1980.

478. F. A. Bovey, "Cha.in Structure and Conformation of Macromoleculesf Academic Press,
New York, 1982, p.59.

479. K. C. Ramey, N. D. Field, and A. E. Borchert, J. Polym. Sci., Part-A, 3, 2885(1965).

480. V. Heroguez, A. Defiieux, and M. Fontanille, Polymer Bull., 18, 287(1987).

481. S. D. Hamann, A. J. Murphy, D. H. Solomon, and R. 1. Willing, J. Macromol. Sci.-
Chem., A6, 77l(1972).

482. K. J. Laidler and H. Eyring, Ann. N. Y. Acad. Sci., 39, 33(1940).

483. a) D. R. Burlield, ir1 'Transition Metal Catalyzed Polymerizations·Alkenes and Dienes,”
Ed. by R. P. Quirk, MMI Press, New York, 1983, p.17l. b) G. G. Evens and E. M. J.

References 320



Pijpers, ibid, p.245. c) T. Keii, E. Suzuki, M. Tamura, and Y. Doi, ibid, p.97. d) N.
Kashiwa, ibid, p.379. e) B. L. Goodall, ibid, p.355. 1) G. Fink, ibid, p.495.

484. G. A. Olah, "Ilalonium Ions," Wiley·Interscience, New York, 1975.

485. H. Angad-Gaur and D. J. Sikkema, Makromol. Chem., 2259(I980).

486. T. Kunitake, K. Takarabe, and S. Tsugawa, Polymer J., 8, 363(I976).

487. Y. Hirokawa, T. Higashimura, K. Matsuzaki, T. Kawamura, and T. Uryu, Polymer Bull.,
1, 365(1979).

488. F. A. Carey and R. J. Sundberg, "Advanced Organic Chemistry] Part A, Plenum Press,
New York, 1977.

489. A. Streitwieser, Jr., "Solvolytic Displacement Reactions,” McGraw-Hill, New York, 1962.

490. W. Brake, W. J. Cheng, J. M. Pearson, and M. Szwarc, J. Am. Chem. Soc., 91,
203(1969).

491. M. Sawamoto, C. Okarnoto, and T. Higashimura, Macromolecules, 20, 2693(1987).

492. R. M. Silverstein, G. C. Bassler, and T. C. Morrill, "Spectrometric Identification of Or-
ganic Compounds,” 4th ed., John Wiley & Sons, New York, 1981.

493. From Sadtler NMR spectra, 6703M(IR Prism 1880), Sadtler Research Laboratories,
Philadelphia, Penn., 1962.

494. a) J. March, "Advanced Organic Chemistry: Reactions, Mechanisms, and Structure/’ 3rd
ed., Wiley, New York, 1986. b) A. I. Meyers, D. L. Cornins, D. M. Roland, R.
Hemming, and K. Shirnizu, J. Am. Chem. Soc., 101, 7104(1979).

495. a) I. O. Sutherland, Ed., ”C0mprehensive Organic Chemistry," Vol.2, Pergamon Press,
New York, 1979, p.104. b) H. Hellmann and G. Opitz, Chem. Ber., 89, 81(1956).

496. H. H. Jaffe, Chemical Rev., 53, l91(1953).

497. R. W. Taft, Jr., in ”Steric Effects in Organic Chemistry] M. S. Newman, Ed., John Wiley
& Sons, Inc., New York, 1956, pp.556-675.

498. T. Alfrey, Jr. and L. J. Young, 'The Q-e Scheme,” Chap.II in " Copolymerizationf G.
E. Harn, Ed., Wi1ey—lnterscience, New York, 1964.

499. J. Brandrup and E. H. Immergut, Eds., 'Polymer Handbook,” 2nd ed., Wiley-
Interscience, New York, 1975.

500. R. Van der Meer, E. H. M. Van Gorp, and A. L. German, J. Polym. Sci., Chem. Ed.,
15, l489(l977).

501. C. A. Barson and D. K. Burns, Eur. Polym. J., 14, 733(1978).

502. T. Otsu and H. Tanaka, J. Polym. Sci., Chem. Ed., 13, 2605(1975).

503. W. A. Pavelich and R. W. Taf}, Jr., J. Am. Chem. Soc., 79, 4935(1957).

References 321



504. N. Kanoh, A. Gotoh, T. Higashimura, and S. Okamura, Makromol. Chem., 63,
106(l963).

505. T. Higashimura and M. Sawamoto, Makromol. Chem., Suppl., I2, l53(1985).

506. S. Kobayashi, T. Igarashi, Y. Moriuchi, and T. Saegusa, Macromolecules, I9, 535(l986).

References 322




