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ABSTRACT

Polymers from Functionally-Substituted Cyclic

Ethers and Cyclic Acetals

(September 1982)

Donald Albert Bansleben

B.A., University of Connecticut,

M.S., University of Connecticut,

Ph.D., University of Massachusetts

Directed by: Professor Otto Vogl

Poly (alkylene oxides) containing pendant car-

boxylate groups separated from the main chain by a spacer-

group of eight methylene units were synthesized from

functionally-substituted epoxide and 1 , 3-dioxolane

monomers

.

Ester-substituted oxyethylene polymers of methyl

10 , 11-epoxyundecanoate and copolymers with various cyclic

ethers were prepared in the presence of an aluminumalkyl-

water coordination initiator system modified with

acetylacetone . Poly (alkylene oxide) ionomers, polyelec-

trolytes and carboxylic acids were obtained by reactions

on the pendant functional groups. The high molecular

weight substituted poly (ethylene oxides) were characterized

by spectral, thermal and dilute solution measurements.
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Oxymethylene polymers containing 0.5-2 mole-

percent pendant ester groups were synthesized by the

cationic copolymerization of trioxane with methyl 10,11-

epoxyundecanoate or 4- (1-carbomethoxynonyl) -1 , 3-dioxolane.

A comparative study of the relative reactivities of the

ester-substituted monomers with trioxane was made. The

substituted 1 , 3-dioxolane monomer was shown to be more

reactive than the substituted epoxide in ring-opening

copolymerization with trioxane. Terpolymers of trioxane

and 1 , 3-dioxolane with each of the two functional monomers

were also prepared. The functional polyoxymethylenes were

characterized by their spectral properties and thermal

degradation behavior.
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CHAPTER I

INTRODUCTION

This dissertation describes the synthesis and

ring-opening polymerizations of a functionally-substituted

cyclic ether, methyl 10 ,11-epoxyundecanoate and cyclic

acetal, 4- ( 1-carbomethoxynonyl ) -1 ,3-dioxolane . The thrust

of this research, therefore, was in the preparation and

characterization of alkylene oxide polymers, in particular

those based on an oxyethylene or oxymethylene backbone,

containing pendant ester, carboxylate or carboxylic acid

groups. The functional groups were separated from the

backbone by a flexible spacer-group containing eight

methylene units. This work was intended to build upon pre-

1 —3vious investigations of functionally-substituted

poly (alkylene oxides) within this research group. Earlier

studies were concerned with the preparation and properties

of alkylene oxide polymers where the pendant functional

groups were attached directly to the polymer backbone.

The underlying interest of this research group in

functionally-substituted poly ( alky lene oxides) lay in

their potential as novel ionomer , polyelectrolyte and drug

carrier systems.

1



The general area of functional polymers is one of

rapidly growing interest. The recognition that properties
intrinsic to a certain polymer structure can be modified,

enhanced or tailored to meet specific and specialized end

uses has spurred much research in the preparation of new

functional monomers and their polymerization as well as in

the area of reactions on polymers. Accordingly, it is the

expressed intent of this introduction to review areas per-

tinent to the theme of this dissertation.

Beginning in Section A.l, the important members in

the alkylene oxide family are briefly introduced. Section

A. 2 highlights the key developments and advances in the

polymerization of epoxide monomers, paying particular

attention to the evolution of initiator systems useful for

the preparation of high molecular weight polyethers. In

Section A. 3, a comprehensive review of the coordination

polymerization of functional epoxide monomers is pre-

sented, including previous studies emanating from these

laboratories. Section A. 4 concludes the review of func-

tional oxyethylene polymers by focusing on the modifica-

tion reactions of epichlorohydrin (ECH) elastomers.

A general introduction to oxymethylene polymers,

or polyacetals, the second class of alkylene oxide poly-

mers investigated in this dissertation, is given in

Section A. 5. Studies concerned with the preparation of



functional polyoxymethy lenes (POM) are reviewed in Section
A.6 .

Section B is devoted entirely to a discussion and

review of efforts to polymerize polar-substituted olefinic

monomers. Both terminally unsaturated and internal olefin

monomers are considered. In many respects, problems in

the coordination polymerization of functionally-

substituted olefins, the precursors to the corresponding

epoxide monomers, are not unlike those encountered with

the cyclic ethers. It was of interest therefore to

include such a review as the final chapter in the

Introduction

.

A. Poly ( Alkylene Oxides)

1. General introductory remarks. A considerable body of

knowledge exists concerning the polymerization of cyclic

ether and cyclic acetal monomers. Poly ( alky lene oxides),

prepared by the ring-opening polymerization of small and

medium-sized oxygen heterocycles , continue to be of both

academic interest and industrial importance.

Much of the interest in these polymers stems from

the flexibility in the range of structures and properties

which are possible. To illustrate the first point. Table

1 depicts the important categories of monomers and poly-

mers in the alkylene oxide family. The range of proper-



TABLE 1

STRUCTURESOF CYCLIC OXIDES AND CORRESPONDINGPOLYMERS
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ties encompassed by the structures in Table 1 is quite

impressive, spanning the gamut from those of low molecular

weight oils to high molecular weight amorphous rubbers or

crystalline thermoplastics.

Considerable variation also exists in the ease of

monomer and polymer synthesis. in general, the ease of

polymerizability for a given heterocyclic monomer is

determined by four factors:"^ (i) ring-size, (ii) electron

density at the heteroatom, (iii) the number, position and

nature of subst i tuents , and (iv) the type of initiator.

Much of the ensuing discussions in the next few

sections will be devoted primarily to various aspects of

substituted epoxide (3-membered rings), subst i tuted-1 ,
3-

dioxolane (5-membered cyclic acetal, DO) and trioxane

(6-membered cyclic acetal, TO) polymers and polymer-

izations. This approach was chosen in order to provide

the necessary background information relevant to the

overall theme of this investigation, while keeping the

discussions of alkylene oxide polymers within manageable

limits,

6~12 5 13-17A number of books and reviews ' may be

consulted which offer more comprehensive discussions of

cycl ic ether and acetal polymer i zations and poly ( alkylene

oxides) in general.



—Historical Persp ectives_ij^^
LOW molecular weight polymers of epoxides have been known
for many years; these are readily obtained using ordinary
acid and base initiators. Ethylene oxide (EO) and propy-
lene oxide (PO), still perhaps the most important members
of the 1,2-epoxide family, were first polymerized by Wurtz

in 1863 and Levine and Walti^^ in 1927,

respectively. Since those disclosures, many other substi-

tuted epoxides have been synthesized and reported to

undergo ring-opening polymerization with a variety of

cationic and anionic initiators.

Among the categories of cyclic ether monomers

shown in Table 1, the epoxides are unique in terms of

their overall react ivity— no other cyclic ether monomer

can be polymerized by both a cationic or anionic
21mechanism. It is by virtue of a large ring-strain energy

2 2of 13 kcal/mole that epoxides are very reactive.

The high reactivity of epoxides toward acid or

base- initiated ring-opening polymerization is usually

balanced, however, by an assortment of molecular weight

limiting side-reactions. The latter can include chain

transfer processes, cyclic oligomer formation (cationic

23polymerization only) and/or chain-termination reactions

of propagating species with initiator fragments.

Nevertheless, low molecular weight poly ( alkylene oxides)



have been well-suited for applications in the
2 4surfactant, lubricant, pharmaceutical, cosmetic and

polyurethane industries

.

25In 1933, Staudinger was the first to

demonstrate that an epoxide, specifically EO , could be

polymerized to high molecular weight with oxides of

calcium, strontium or zinc. Perhaps even more

importantly, the dependence of polymer properties on mole-

cular weight was first demonstrated in this study.

Nearly 25 years passed, however, before a high molecular

weight poly ( alky lene oxide) was commercialized. That

polymer was poly(EO) , commercialized by the Union Carbide
27 2RCorp. in 1957, after Hill and Bailey developed highly

active initiators based on carbonates and amides of

calcium.

The development of a new generation of initiators

for the polymerization of epoxides to high molecular

weight began with the report by Pruitt and

29 30Baggett , ' who found that the react ion product of

ferric chloride (FeCl^) with PO could be used to poly-

merize PO to both a cry s tall ine stereoregular ( i so tactic

)

form of high molecular weight and an amorphous , rubbery

elastomer. The disclosures by Pruitt and Baggett prompted

31Price and Osgan to investigate the mechanism and

stereochemistry of (l-)PO polymerization with the iron
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system and solid potassium hydroxide. Salient features of
Price's proposed mechanism with the FeCl3-P0 initiator
included: (1) coordination of the epoxide with a single
metal atom and growth of the polymer through a 4-membered
transition state, (2) ring-opening at the secondary carbon
atom of the epoxide ring, (3) front-side attack of the

propagating chain on a newly coordinated monomer,

resulting in retention of configuration at the ring-

opening asymmetric carbon and (4) possible racemization of

the asymmetric center during ring-opening under some con-

ditions due to carbonium ion formation (cationic

polymerization). The latter claim was made to account for

an optically inactive poly(PO) fraction. Elegant mecha-

nistic studies by Vandenberg^^"^^ and subsequent studies
25 —33by Price have since shown most of the details of the

proposed mechanism to be incorrect. Despite the short-

comings of the mechanism described above. Price is cre-

dited as the first to recognize the ability of cyclic

ethers to undergo coordination-type polymerization.

The greatest advances in the development of coor-

dination initiators for the preparation of high molecular

weight epoxide polymers are largely attributed to

Vandenberg"^'^ , Furukawa and Tsuruta . '
^"^ Novel organome-

tallic initiators based on the reaction products of

aluminum, "^^ ''^^
zinc'^''" or magnesium^^ alkyls with water
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or alcohols were found to be highly active and effective
for the polymerization and copolymerizat ion of a variety
of epoxide monomers. Of particular significance was the

ability of these modified organometallic compounds to ini-
tiate the stereospecific and/or stereoelect ive polymeriza-
tion of substituted epoxides. Examples of effective

initiator compositions included AlEt -0.5H 0,

ZnEt^-l.OH^O, and MgEt^-l . OH^O

.

In another independent study, Colclough^^ also

found that A1(CH3)3 ^^^^ reacted with water in order to

produce an initiator of high activity for PO

polymerization, particularly for the preparation of

crystalline poly(PO).

The non-activated alkyls of aluminum, zinc and

magnesium were also reported^^"^^ to polymerize EO and PO.

However, the poly ( alkylene oxides) are generally obtained

in significantly lower yields and molecular weights using

organometallic compounds alone. "^^

Vandenberg also found that the activity of the

partially-hydrolyzed aluminumalky Is could be improved

further by additional modification with a stoichiometric

amount or less of a chelating agent. '

51Acetylacetone ( 2 , 5-pentanedione , AcAc ) has been the most

widely studied and versatile of the chelating agents,

which preferably are capable of forming five or six-



membered rings by coordination of unshared electrons with
aluminum. The list of other possible chelating agents,
generally dif unc tional

, is long and includes: diketones,
ketoacids, hydroxyketones

, hydroxyaldehydes
, hydroxy-

esters, dicarboxylic acids and esters, dialdehydes,

ketoximes, dialdehyde monooximes, dioximes, nitro and

dinitroso compounds. The modified aluminumalkyl ini-

tiators have since been recognized as the most versatile

initiator systems for the polymerization of epoxides,

cyclic ethers and lactones to polymers of high molecular

weight

.

Despite the technological success and widespread

use of partially-hydrolyzed organometallic initiators,

significant gaps remain in understanding the nature

of the active site and details of the mechanism by which

epoxides (and other cyclic ethers) are polymerized.

Certain common features, however, have been found in all

of these initiators and are considered essential for good

activity.

35Vandenberg has noted that the partially hydro-

lyzed aluminum, zinc and magnesium initiators contain

5 2 —S 5metal-oxygen-metal groupings as well as residual

metal-alkyl bonds. The presence of metal-oxygen-metal

groupings is a key feature of a mechanism for epoxide

polymerization by the modified aluminum initiators which
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has been proposed by Vandenberg. Equally important was
his finding that all monosubst ituted and symmetrically

disubstituted epoxides polymerize with inversion of con-

figuration at the ring-opening carbon atom, regardless of

the propagation mechanism (cationic, anionic, or

coordination). m the case of coordination

polymerization, the latter finding suggested that a coor-

dination mechanism involves more than one metal atom in

the active site. The true identity of the active ini-

tiator is, however, still unknown.

The partially-hydrolyzed aluminumalky Is and their

chelate-modif ied counterparts have received a great deal

of attention because of their general versatility. Inter-

estingly, but perhaps not unexpected, the AlR -H 0 and

AcAc-modif ied AlR^-H^O initiators are believed to operate

by different mechanisms. Studies by Furukawa^'^ ' and

35Vandenberg have indicated that polymerizations initiated

by the aluminumalky 1-water system may involve propagation

by both a simple cationic mechanism as well as a coor-

dination mechanism. In subsequent investigations , Saegusa

presented evidence that both mechanisms were operative in

the polymerization of ECH with AlR^-H^O, while Price

concluded from his copolymerizat ion studies on aryl-

substituted glycidyl ethers and cyclic ethers that the

AlR^-O.SH^O system exhibited a considerable degree of



Lewis acid character. The partially hydrolyzed aluminum-
alkyls thus appear to exhibit a "dual nature. "^^

By their modification with chelating agents, the

partially-hydrolyzed aluminumalkyls are claimed to poly-
merize epoxides through a coord inated-anionic

mechanism.
' one proposed function of the chelating

agent was to block the fourth coordinate site of aluminum,

thus minimizing the possibility of cationic polymerization

and allowing the fifth and/or sixth coordinate positions

of aluminum to function in a coordination propagation

step. 61

Although many questions are at present still unre-

solved, efforts have continued in the development of new

generations of modified organometall ic initiators.

Prominent examples include binary metal compositions of

the general formula [(RO) Al-0-M.-0-Al(OR)„] ,^2-64 ^^^^^

is a bivalent metal such as zinc, cobalt, or other

transition metals and a chelate type initiator of the

general formula AlR^AcAc-O . 5H20-ZnR2 , where AcAc is the

chelating agent. The first initiator composition

mentioned, i.e., the bimetallic u-oxo-alkoxides , was deve-

loped by Teyssie and coworkers, and has also been shown to

give living polymers from lactones.

In the coordination polymerizations using the in-

itiator systems already described, the concentration of
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active sites must be small. chain transfer reactions
which plague ordinary cationic and anionic polymerizations
of epoxides appear to be insignificant. The most con-

vincing evidence in support of the two foregoing conclu-

sions is the fact that many alkylene oxide polymers and

copolymers can be prepared in high molecular weight. Of

the specific systems reviewed, however, no evidence has

been found to suggest that these are living

polymerizations

.

The interesting and useful properties of high

molecular weight poly ( alkylene oxides) have undoubtedly

contributed to continuing efforts to elucidate the mecha-

nisms of epoxide polymerization, to determine the nature

and identity of active sites, and in the development of

new initiators and epoxide monomers.

3. Coordination polymerizations of functionally -

substituted epoxides. The majority of reports in the

literature dealing with the coordination polymerization of

epoxide monomers have focused on EO , PO, and ECH.

ECH is perhaps the best-known functionally-

substituted epoxide. It can be polymerized in high mole-

cular weight to a crystalline thermoplastic^^ ' or an

amorphous rubber and has a reactive chlorine

substituent. Amorphous poly(ECH) is particularly



interesting as it can be vulcanized (crosslinked) to a

solvent-resistant elastomer. The copolymer of epich-
lorohydrin and ethylene oxide, prepared with an AcAc
modified AIR3-H2O initiator; has also been prepared com-
mercially. The copolymer can also be vulcanized and of-
fers excellent low temperature resiliency . '^^

In anticipation of preparing new polyether elasto-
mers or thermoplastics with useful mechanical and physical

properties, polymerizations of other functionally-

substituted epoxides by coordination initiators have been

gaining in number. A review of such efforts is presented

in the remainder of this Section, including past and on-

going research in these laboratories.

a. Poly (alkylene oxides) with pendant halogen

groups . ECH remains the most widely investigated and only

monomer of the epihalohydrin family to achieve commercial

importance. The remaining members, however, have also

been polymerized in both random or stereoregular con-

figurations by coordination initiators and were also

copolymer i zed.

Epif luorohydrin has been polymerized to a highly

crystalline material which melts at GS'^C with the

FeCl^-PO initiator, or to an amorphous polymer with the

6 8Vandenberg initiator. Attempts to polymerize epiido-

hydrin stereospecif ically with the FeCl^-PO initiator or
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an analagous complex prepared from FeCl3 and epi-

chlorohydrin were unsuccessful
. No mention was made in

Vandenberg's original patent on epihalohydr in polymers

about the polymerizability of epiiodohydr in with modified

aluminumalkyl initiators. The remaining member in the

halomethyl epoxide family, epibromohydr in , was reportedly

polymerized to a mixture of crystalline and amorphous

polymer fractions with the Al ( i-Bu
)

3-0 . 5H2O initiator.

Kambara and Takahashi"^^ studied the coordination

polymerization of 2-chloromethy Ipropy lene oxide and 1,1-

bis-chloromethylethylene oxide, analogs of isobutylene

oxide. Various aluminumalkyl/transit ion metal acetylace-

tonate systems as well as the AlEt3-0.5H20 initiator were

employed. The high molecular weight polymer obtained from

1 ,1-bis-chloromethylethylene oxide was found to be highly

crystalline, with physical properties similiar to those of

the next higher homologue, poly ( 3 , 3-bis-

chloromethyloxacylobutane ) . Surprisingly, the less sym-

metric 2-chloromethy Ipropy lene oxide could also be

polymerized to a crystalline polyether with 4 mole-% of a

AlEt^/oxovanadium bis-AcAc initiator. The nature of the

initiator systems such as the latter is also of interest

35here. Vandenberg has proposed that the AlR^/me tal-AcAc

mixture may react and form the chelated aluminumalkyl type

initiators described in Section 2, especially if adven-



titious traces of moisture were present.

The copolymerization of ECH with THF using the
AlEt3- "2° initiator has been studied by Furukawa and

coworkers. Specifically, copolymerization reactivity
ratios r^^ and were determined. The results

^^ECH"°'^t*^'^THF"^^t^) indicated that the THF-ECH copo-
lymer was blocky in nature, and contained long blocks of

poly(THF). In addition, ECH homopolymer was also found.

On that basis it was concluded that two different propaga-

tion sites may exist in the initiator: i.e. one which

favors propagation of ECH monomer, and the other favoring

THF monomer.

The polymerizability of several ring-substituted

phenylglycidyl ethers, including o-chloropheny 1- , p-

chlorophenyl-, and 2 , 4 , 6-trichlorophenylglycidyl ether

has been examined.^'* Readily crys tall izable polyethers

were obtained from the FeCl^-PO initiated polymerization

of the monochloro derivatives. The bulkier

2 ,4 , 6-trichlorophenylglycidyl ether derivative was suc-

cessfully polymerized to high molecular weight with an

organozinc-water initiating system, but showed a reduced

ability to crystallize and was lower melting.

Gurgiolo and McAda of Dow Chemical have synthesized

several halomethylvinylglycidyl ether monomers and pre-

pared vu lean izable elastomeric homopolymers and
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copolymers'^^ using the AcAc-mod if ied AIR3/H2O initiator.

Particularly interesting was the fact that the elastomeric

compositions could be vulcanized using the zinc oxide-

magnesium oxide (ZnO-MgO) method often utilized for vulca-

nization of Neoprene (or poly ( 2-chloro-l ,3-butadiene ) )

.

Such a system is ineffective in the crosslinking of

poly(ECH) because of the sluggish reactivity of the pri-

mary chlorine atoms. All of the aforementioned polymers

were readily vulcanized without the use of sulfur or the

need for highly reactive crosslinking agents such as

d iamines

,

Halogenated epoxides such as 4 ,4 ,4-tr ichloro-1

butene oxide and the dehydrochlor inated analog,

1 ,l-dichloro-3 ,4-epoxy-l-butene have also been polymerized

in the presence of the Al ( i-Bu) 2/H2O/ACAC (1/0.5/1) ini-
7 7tiator system. Both monomers were found to be con-

siderably less reactive than ECH with the

coordinate-anionic initiator, and could not be vulcanized

through the pendant chlorine atoms. The functional halo-

epoxides were found to be quite reactive in copolymer i za-

tions with PO. Terpolymer ization with PO and

allylglycidyl ether gave compositions which could be

vulcanized through the pendant unsaturated units.

78 79More recently, Vandenberg has described ' the

preparation of polymers and copolymers derived from the



cis- and trans-isomers of 1 , 4-d ichloro-2 , 3-epoxybutane

.

The cis-isomer produced a crystalline (racemic) diisotac-
tic polymer (m.p. 235°^ Tg=95oc) when polymerized

cationically with Al ( i-Bu
)

3-0 . 7H2O at -78°C. The diiso-

tactic polyether from the cis-isomer was shown to

crystallize in a helical chain conformation, whereas the

trans-isomer
, although crystalline, did not. The former

cis-ditactic polyether is of potential commercial interest

due to a combination of attractive properties and the

relatively inexpensive raw materials from which it is

derived, i.e. chlorine, butadiene, and oxygen.

b. Poly(alkylene oxides) with pendant unsatura-

tiQ"» Butadiene monoxide, the simplest epoxide monomer

with pendant olefinic unsaturation can be polymerized in

high molecular weight to stereoregular or amorphous form,

using modified aluminumalky 1 ini t iator s . The

stereoregular, crystalline poly ( butadiene monoxide)

reportedly has properties similiar to low density

polyethylene. Polymerization was shown by IR analysis

to have occurred solely through the epoxide ring.

Of greater importance^ however, has been the copo-

lymer i zat ion of unsaturated epoxide monomers with other

alkylene oxides , in particular PO. Sulfur-curable elasto-

meric copolymers of PO and allylglycidyl ether (5 mole-%)

80 —82have been commercially available since 1972 . The
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copolymer, prepared in the presence of an AIR3/H2O/ACAC
initiator, is amorphous and has the same composition as

the comonomer charge. Excellent low temperature proper-
ties combined with good heat-aging resistance have led to

the use of the cured elastomer in specialty applications
such as automotive engine-mounts.^-^

Fundamental studies of the copolymerizability of

PO with butadiene oxide and diallyl monoxide in the pre-

sence of AlEt3 ^^^^ ^^^^ reported. New

poly(alkylene oxides) structures containing pendant side-

chain unsaturation have been prepared by the coordination

polymerization of 3 , 3-d imethy 1-4 , 5-epoxy-l-pentene , and

copolymerization of THF with diallyl monoxide. Both

olef inic-substituted elastomers were reportedly suitable

for vulcanization, while the unsaturated side groups on

the homopolymer were also used as sites for grafting

reactions

.

c. Poly ( alkylene oxides) with pendant nitrile

groups

.

A number of epoxide monomers containing pendant

nitrile groups have been prepared and their polymerization

reactions investigated. The general aim of such efforts

was to prepare alkylene oxide elastomers with proper-

ties which are superior to those of the well-known nitrile

rubber (copolymers of butadiene and aery loni tr ile )

.

Unfortunately these efforts have met with mixed success.



Wei and Butler^^ have attempted the homopolymer i-

zations of glycidoni trile
, dimethy Iglycidonitr ile , tetra-

cyanoethylene oxide and epicyanohydr in using the

Al(i-Bu)3/0.5H2O/AcAc initiator. The polymerizations of

the polar epoxides were reported to be unsuccessful in all
cases. No attempts were made to try and explain the ina-

bility of the a-epoxynitriles to polymerize, although the

authors concluded that the method^'^'^S ^^^^ prepare the

epicyanohydrin monomer had in fact yielded an unpolymeri-

zable cyclic dimer.

A group of researchers at Uniroyal successfully

homo-, CO- and terpolymer ized various cyanoepoxides in

which the polar nitrile group was not directly substituted
89on the epoxy ring. Substituted epoxy monomers investi-

gated included 3-cyanoethyl glycidyl ether, cyanomethyl

glycidyl ether, 3-chloro-6-cyanomethyl glycidyl ether, and

3 ,4-epoxyvaleronitrile . An attempted homopolymer izat ion

of epicyanohydrin failed to yield any polymer. It was

noted that polymerizations of the polar monomers required

larger quantities of the Al ( i-Bu
)

^/O . 5H2O/O . 5AcAc ini-

tiator as compared to polymerizations of other alkylene

oxides such as ECH or PO. In view of the recognized abi-

lity of nitrile groups to complex with available coor-

dination sites on aluminumalkyls , it was then proposed

that similiar interactions were responsible for the
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reduced activity of the modified organometallic initiator.
Copolymerizations of several of the epoxyni tr iles with ECH
produced elastomers which were readily vulcanized through
the pendant chloromethyl groups. Terpolymer ization with
EO or PO and allyl glycidyl ether gave elastomeric

compositions which could be cured with a metal oxide

system.

At present, no successful polymerizations of epi-

cyanohydrin have been reported in the literature.

^ Poly(alkylene oxides) with pendant amino

g^Q^ps» Vandenberg has descr ibed^""- the preparation of

polymers of amino-epoxides and their copolymers with other

alkylene oxides. Quaternizat ion of the pendant amine

groups gave cationic polyelectrolytes which were reported

to be useful as flocculating agents.

e. Poly ( alkylene oxides) with pendant hydroxyl

groups. Poly(glycidol ) , an alkylene oxide polymer with

pendant hydroxy groups, cannot be prepared in high molecu-

lar weight by the ring-opening polymerization of 2,3-

epoxy-l-propanol . An attempt to polymerize the

hydroxy-substituted epoxide with the AIR2-H2O initiator

gave a polymer with a molecular weight less than 2000.^^

An interesting method has been described in the

9 3patent literature, however, for the preparation of high

molecular weight homo- and copolymers of glycidol. The
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method involves the polymerization (or copolymer ization

)

of the trimethylsilylether of glycidol with the AlEt -0.5

H^O initiator, followed by acid-catalyzed hydrolysis of

the silylether protecting group. corresponding

hydroxyl-substituted poly ( alky lene oxides) are par-

ticularly interesting because of their high hydrophilic

character

.

Tsuruta and coworkers, while studying the asym-

metric selective polymerization of epoxyethyltr imethy Isi-

lane and (2 , 3-epoxypropoxy ) tr imethylsilane with a diethyl

zinc/l-menthol system, have prepared poly
( glycidol )

.

Very little stereoelec ti ve polymerization was found to

have occurred, however, the poly (glycidol ) obtained after

the hydrolysis of the silylether group was found to have a

viscosity-average molecular weight of 28,000.

f. Poly ( alkylene oxides) with pendant sulfone

groups. Epoxy cyclic sulfones have been polymerized in

the presence of modified organoaluminum or organomagnesium
9 6initiators. Polymers and copolymers have been prepared

from 3 ,4-epoxysulfolane , 7-oxa-3-thiabicyclo [ 4 . 1 . 0 .
]

-

heptane-3 ,3-dioxide and 8-oxa-4-thiabicyclo [5 . 1 . 0 ]

-

octane-4 ,4-dioxide . The polar sulfone groups in these

alkylene oxide compositions were found to enhance the

hydrophilic character of the polymers over unmodified

polyether s

.



23

^ Poly(alkvlene ox ides) with pendant amidP
Srou£s^ Several reports can be found in the recent litera-
ture which describe the synthesis of amide-substituted

poly(alkylene oxides).

Acrylamide oxide or glycidamide was polymerized in

57% yield using a par tially-hydrolyzed aluminumalky

1

initiator. ^"^ The acidity of the initiator used was

apparently further modified by the addition of a small

amount of pyridine.

Interesting copolymers of N ,N-disubstituted glyci-

damide and EO, prepared with a A1r^/H20 initiator, have

been prepared by a group of Soviet researchers.^^ These

novel copolymers are reportedly being studied as a poten-

tial plasma-substitute.

h. Poly (alkylene oxides) with pendant carboxylate
99g^Q^PS' Vandenberg reported that alkyl glycidates, in

particular ethyl glycidate (EG), could be polymerized to

the corresponding linear polyethers with pendant ester

groups. Using the AlEt^-0.6 initiator system,

crystalline homopolymers of EG having a reduced specific

viscosity of ca. 0.2 dL/g were obtained from reactions

conducted at -78°C. No characterization other than the

melting point were cited. Copolymer ization of the alkyl

glycidate monomers with other alkylene oxides was not

described.



until recently, only scattered reports of the

polymerizations of carboxyl-subst i tu ted epoxides have
appeared. For example, a somewhat unusual copolymer iza-
tion study has been reported in a Russian article.

The relative reactivity of a highly substituted

epoxy-ester, methyl 3,3-dimethyl glycidate, with a substi-
tuted oxetane was studied in the presence of a partially-
hydrolyzed aluminumalkyl initiator.

In these laboratories, a number of recent

investigations^-^ '101-109
^^^^ ^^^^ concerned with the

preparation of alkylene oxide polymers and copolymers con-

taining pendant carboxylate groups. Carboxyl-substi tuted

polymer chains with heteroatoms in the backbone have

become of interest as ionomer systems as well as for their

potentially useful new properties. Since these polymers

have been relatively unknown, a broad research program was

initiated in these laboratories to study various aspects

of their preparation and properties.

One early study focused on the incorporation of

the simplest carboxyl-substituted epoxide, EG, into a

polyoxymethylene backbone and led to the preparation of

novel POM ionomers. '1^1-10^ The ion-containing POM

investigation will be considered in the next Section in

this Chapter, which deals specifically with functional

oxymethylene polymers.
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The cationic homopolymer ization of EG and its
copolymerization with THF were also examined, using
triethyloxonium tetraf luoroborate (TEOFB) and superacid
ester ini t ia tor s

. ^

'

^^^^^.^^^^ molecular weight
polymers were obtained in each case. Interestingly, a 1:2
EG/THF copolymer was consistently obtained for both ini-
tiator systems, even under conditions which precluded THF
homopolymerization. This rather unusual behavior was

explained on the basis of a reaction mechanism involving a

penultimate effect during propagation.

Ester-substituted alkylene oxide copolymers of EG

and cyclic ethers were also prepared in high molecular

weight using the AlE t3/H20/AcAc (1.0/0.3/0.5)
2 3initiator. ' Elastomer ic copolymers were obtained with

PO, BO, and Ox. EG was found to be relatively unreactive,

however, as levels of incorporation were low (1-4 mole-%)

and copolymer molecular weights and yields decreased when

the concentration of EG in the feed was increased. The

homopolymerization of EG with several other organometall ic

initiator systems, including AlEt^/H20, ZnE t2/CH2N02

,

Al(O-iPr)^ and AlEt^/H20/AcAc , was unsuccessful.

Conversion of the pendant ester groups of a PO/EG copo-

lymer to the sodium carboxylate and carboxylic acid forms

produced the first oxyethylene-based ionomers and

carboxylic acids.



More recently, studies on the preparation and
characterization of poly ( alky lene oxide) esters in which
the pendant ester groups are separated from the backbone
by methylene spacer-groups were reported .

"^^^ ' ^^"^
'

Homopolymerization of a homologous series of methyl o)-

epoxyalkanoates^OS with the AlEt3/H20/AcAc (1.0/0.5/1.0)
initiator revealed that polymer izability of the epoxide
monomers became constant with a spacer-group length of

three or more methylene units between the epoxy ring and

ester group.

Functiona l polv( alkylene oxides) derived from

epichlorohydrin. Nucleophilic displacement reactions on

the chloromethyl groups of poly(ECH) have been studied

extensively and provide another method for side-chain

functionalization of alkylene oxide polymers. This method

falls into the category of reactions on polymers. As

some of our efforts have been concerned with the modifica-

tion of poly(alkylene oxides), it appears appropriate to

briefly outline the scope and diversity of other

investigations

.

Functional side-groups introduced on ECH elasto-

mers via nucleophilic displacement reactions include:

amino, diamino and quaternary ammonium; imide

;

122azide; carboxyl, carboxylate, sulfoxide and phosphorus
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ester; cinnamic ester^^'' '^^S.
hydroxyl;'^ '126

phosphinyl,.127 ^hioether
; aminothioether;129 thiosulfate

;

isothluronlum,131,132 dithiocarbaraate"^ and biologically
active molecules .

"'"^'^

Despite the apparent versatility of poly(ECH) for

modification reactions, base-induced degradation of the

polymer can be an important side-reaction. Degradation is

known to occur in the presence of strong bases or weak

nucleophiles,^^^ and can result in difficulties in purifi-
cation and polymers of lower molecular weight.

Difficulties may also be encountered when attempting

substitution of all chlorine atoms. Nevertheless, a

number of interesting new polymers have been prepared.

5. Oxymethylene polymers ( POM) --general intro -

duction. Polymers containing recurring oxymethylene units

(-OCH2-) have been known since 1859 ,
-"-^^ however it has

only been in the last 30 years that polyoxymethylene of

high molecular weight and which possessed good thermal

stability was first prepared .

"'"^'^"'^^

As the linear polymer of formaldehyde, high mole-

cular weight POM is generally prepared by two methods,

each of which has achieved commercial success. The poly-

merization of anhydrous formaldehyde, a chain-growth reac-

tion which propagates by an ionic mechanism through the



carbon-oxygen double bond, constitutes one method.
Polyacetal formation was found to be quite facile using a
variety of anionic or cationic initiators, many of these
have been recently reviewed by VogL^^^'l^l ^^^^ ^^^^
results are usually obtained with anionic polymerization
initiators

.

The second method of general utility for the pre-
paration of high molecular weight POM, and the method most
relevant to this investigation, involves the ring-opening

polymerization of trioxane (TO), the cyclic trimer of

formaldehyde. 1^2, 143 TO can be obtained in pure anhydrous

form, but can only be polymerized by a cationic mechanism.

Polymerizations of anhydrous formaldehyde or

trioxane are usually accompanied by the formation of con-

siderable amounts of hemiacetal (hO-CH^-O-) end-groups.

The hemiacetal end-groups were recognized as a major

source of the poor thermal stability of POM,^"*"^ and are

formed by chain transfer reactions of the growing polymer

with adventitious traces of moisture or other protic

impurities. Unmodified POM depolymer izes significantly

when heated at temperatures above 90°C by an "unzipping"

mechanism. "''^^ The hemiacetal endgroups are particularly

labile and serve as the weak link in the chain where

depropagat ion can begin.

Thermal stabilization of POM has been achieved
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commercially by converting the labile end-groups to stable
derivatives such as ester groups (by base-catalyzed
esterification with acetic or propionic anhydr idel'^^-149

) ^

or by incorporating stabilizing comonomer units

("zipper- jammers") into the oxymethylene backbone.

Most often the latter is accomplished by the copolymer iza-
tion of TO with about 2 mole-% of cyclic ethers such as EO
or cyclic acetals like 1 , 3-d ioxolane (DO). Statistical

copolymers are usually obtained by this method. Studies
in several laboratories have shown that polymerization of

the more basic cyclic ether or cyclic acetal takes place

before any significant consumption of tr ioxane .
"^^^"^^^

Incorporation of the comonomer units in the POM chain then

occurs by transacetal izat ion reactions.

As will be seen in the next section, copolymeriza-

tion of either formaldehyde or TO with functional comono-

mers has been the most prominent method for preparing

functional oxymethylene polymers. At the same time, copo-

lymerization provides a means to introduce oxyethylene

"zipper- jammer" units in the polyacetal backbone.

6. Functional oxymethylene polymers. Relatively

few reports in the literature have dealt with the prepara-

tion of polyacetals containing polar reactive groups.

Nevertheless, five different routes are known: (i) homo-
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polymerization of functional aldehyde monomers, (ii)

reaction of -OH endgroups with suitable reagents, (iii)
chain transfer reactions during polymerization, (iv) copo-
lymerization of TO or formaldehyde with functional mono-
mers and (V) reactions on POM co- or terpolymers.

The reactions of -OH (hemiacetal) endgroups as

well as chain transfer during polymerization will not be

considered further; these are most often performed for

purposes of end-group blocking, the concept of which was

described in the preceding section. An excellent review

by W. Vickers^^^ has treated these two approaches in

detail.

Interestingly, the homopolymer ization of func-

tional aldehyde monomers has received little attention.

The polymerization of glycidaldehyde , an epoxy-aldehyde

,

has been studied by Furukawa and Saegusa . -""^^ At -78°C in

the presence of A1(C2H^)^ or aluminum isopropoxide
, glyci-

daldehyde yielded the corresponding polyacetal with pen-

dant oxirane groups. However, the course of the

polymerization was also found to be strongly temperature

dependent —at room temperature ring-opening polymerization

of the epoxide occurred and the product obtained was the

linear poly (ethylene oxide) with pendant aldehyde groups.

More recently, Jedlinski has shown the course of this

237 238polymerization ' to be very different than reported



by Furukawa. A Tischenko reaction was found to produce a

dimeric species which then polymerized through one of its

epoxy groups.

Kobayashi and Sumitomo have reported the polymeri-
zation of nitrile-containing aldehydes, in particular

3-cyanopropionaldehyde.l58 ^^.^^ various initiators which

included BF3-etherate, diethylzinc, tr iethy laluminum and

Ziegler-types complexes of tr iethy laluminum-t Itanium

tetrachloride, poly ( cyanoethy 1 ) oxymethylene was success-

fully prepared at -78°C. The polymerizations with

AlEt^ were considered to be initiated by a Gr ignard-adduct

of 3-cyanopropionaldehyde and AlEt^.^^

As mentioned previously, copolymer izat ions of for-

maldehyde or TO with functional cyclic ethers represent

the most widely investigated route to functional POfl. The

best results have been achieved with trioxane.

Nevertheless, preparation of functional POM by the copoly-

merization of formaldehyde with glycidaldehyde or EG has

been claimed in a DuPont patent. "'"^^

Since TO copolymer izes more readily with cyclic

ether monomers than does formaldehyde, the majority of

efforts describing the preparation of substituted POM have

focused on reactions of suitable functional monomers with

trioxane

.

For example, several reports in the patent litera-



ture have described processes for enchainment of func-

tional cyclic ethers such as glycidaldehyde ;
' alkyl

glycidates and glycidonitr ile ;
' l^l"!^'^

or

epichlorohydrinl^5'166 ^^^^ backbone. Each of the

corresponding functional oxymethy lene copolymers can be

obtained by the solution copolymerizat ion of trioxane with

the appropriate cyclic ether. Vogl and Martin also

demonstrated a particularly effective method for the inti-

mate mixing of the comonomers in the gas phase

.

Upon quenching in the presence of a suitable initiator

(BF^ or its complex with alkyl ethers), copolymer izat ion

readily occurred. Base stabilities of the

TO/glycidonitrile and TO/alkyl glycidate copolymers prior

to endcapping were generally less than 60 weight percent,

however after endcapping the copolymers yielded ther-

moplastic resins with good mechanical properties.

The TO/ECH copolymers synthesized by Wissbrun and

coworkers are also interesting. Nucleophilic substitution

reactions on the pendant chloromethyl groups with disodium

thioglycolate (Na"'"~SCH2C00~Na''' ) produced POM

166 167ionomers . ' Copolymers were prepared which ranged in

ECH content from ca. 1,6 - 9 mole percent, however molecu-

lar weights tended to decrease as the fraction of ECH in

the feed increased. After conversion to the ion-

containing polyacetal , the properties of the POM ionomers
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were studied as a function of ionic group content.
Properties characterized included: percent crystallini ty

,

optical clarity, melting and recrystallization behavior,
tensile strength, water sensitivity and flow behavior.

More recently, investigations in these labora-
tories have been concerned with the preparation of POM
ionomers. '101-104 Qxymethylene copolymers and terpolymers
containing pendant carboxylate groups were prepared by the

copolymerization of EG with TO or terpolymer ization of EG

with TO and DO. The various ester-substituted POM poly-

mers were converted to the ionomer form by saponification

of the pendant ester groups with sodium hydroxide.

Characterization of the various POM derivatives, which

contained up to 2 mole-percent comonomer units, included

measurement of their dynamic mechanical, dielectric and

calorimetric properties . -"-^^ Physical properties of the

EG-modified POM were also studied. It was noted that the

fraction of TO/EG copolymer stable to base was relatively

low, indicating perhaps a blocky copolymer composition.

Terpolymer ization of TO and EG with DO was found to

increase the fraction of material stable to base.

New approaches to improving the reactivity of

functional cyclic ethers in copolymer izations with TO have

also been undertaken in these laboratories. An investiga-

tion of the CO- and terpolymer ization of methyl



a)-epoxyalkanoates with TO was recently begun. '

These efforts have since been expanded considerably and
form a portion of the studies undertaken in this

dissertation

.

Polyacetals containing pendant aldehyde, ester,
metal carboxylate, nitro, and amine functional groups have
also been prepared by the terpolymer ization of TO, EO (or

DO), and substituted phenyl glycidyl ethers. lonomeric
and amine-substituted POM were obtained by polymer reac-
tions on the ester- and nitro-substi tuted oxymethylene

terpolymers, respectively.

Polar-substituted vinyl compounds have also been

copolymer ized with TO, although very few examples can be

found. Nevertheless, copolymers of divinyl

sulfone,-*-^^ allyl esters, acrylonitr ile , alkyl acryla-

tes and vinyl esters with trioxane have been claimed.

In contrast to the numerous reports in the litera-

ture detailing various aspects of the copolymer ization of

TO with DO, studies of the preparation of functionally-

substituted POM by the reactions of TO with functional

cyclic acetals are largely unknown. Only one such study

has in fact been reported previously. Novel ester-

substituted 1 ,3-dioxolanes were synthesized

(OCH^OCH^H-R, R=-C02CH3, -CO^C^E^ and

-CH2CH2CH2OCOCH2) and copolymer ized with trioxane using



BF3-dibutyletherate as initiator
. Although levels of

incorporation of the functional DO were not disclosed, the
resultant copolymers were reported to show good thermal
stability (weight loss at 222°C averaged 0.01-0.3 percent
per minute) and were suggested to be cross-linkable

through the pendant functional groups.

Interestingly, claims of the successful cationic

homopolymerization of the functional dioxolane monomers
17 0were also made. However, no details or examples were

cited in support of that report.

Concluding remarks on functional alkylene oxide poly -

mers^ The discussions in the preceding sections have

reviewed exclusively aspects and developments in the pre-

paration of reactive polymers characterized by a polar

backbone. In this respect, polyether and polyacetals are

by far the most important members of the polar-chain

variety usually prepared by a chain-growth mechanism.

Many of the studies cited were undertaken with the

recognition that some properties of the polymers could be

modified, while other desirable properties charac-

teristically associated with the backbone were retained.

Investigations have also been undertaken with the sole

intent of determining the ability of a particular func-

tional monomer to polymerize or copolymer ize.
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B. Functional Polyolefins

Parallel efforts have also emerged in the prepara-
tion of functional hydrocarbon polymers or reactive
polyolefins. As the final chapter in this introduction,
the status of functional olefin polymerizations by coor-
dination type initiators will be reviewed. This last

category has been included in order to bring to light cer-
tain limitations encountered when the polymer izable group
of the functional monomer is a double bond, as compared to

the epoxy group.

1^ General considerations. Certain polar functional

groups are known to have a particularly adverse effect on

coordination initiators frequently used in olefin

polymerizations. Yet the f unctionalization of linear

hydrocarbon polymers is considered highly desirable from

the standpoint of enhancing their adhesion characteristics

and dyeability, influencing their rheological properties

and solid-state morphology, and the possibility of intro-

ducing reactive groups.

Often the polar groups interact with one or each

component of the initiator and thereby reduce or destroy

the activity of the initiator . -"-^^ A common interaction is

complexation of the reactive functional group with the

organometallic constituent, generally through a non-bonded
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pair of electrons on a heteroatom present in the func-
t ional group.

A survey of the literature reveals that many polar
monomers have been claimed to be polymerized by Ziegler-
Natta type initiators, but only a few have been shown to

be polymerized at the same active centers (transition

metal-carbon bonds) that polymerize ethylene and

a-olefins. The Z iegler-Natta system in effect may serve

as another source of cationic, radical or anionic centers

which can initiate polymerization. For that reason, poly-

merizations of a, 3-unsaturated polar monomers will not be

considered, as interpretation of the actual mode of poly-

merization is often ambiguous and lacks supporting

evidence

.

Several strategies have emerged in efforts to

enhance the ability of unsaturated polar compounds to be

polymerized at the same centers that are active for non-

polar olefins. In general, the more closely the polar

monomer resembles an a-olefin, the greater the probability

that destructive interactions can be minimized and poly-

merization at the active metal centers promoted .
''^

^

In practice, this can be accomplished by; (i)

isolating the double bond from the heteroatom by a spacer-

group; (ii) increasing steric hindrance about the

heteroatom; (iii) decreasing the electron-donating



character of the heteroatom by choosing a particular
heteroatom or attaching an electron-withdrawing substi-
tuent to it; (iv) utilizing initiator components with a

reduced tendency or ability to interact with the func-
tional group and (v) lowering or modifying the reactivity
of the organometallic component by complexing it with a

suitable donor. Unfortunately, systematic studies of this

total design are unknown.

2^ Polyolef ins with pendant reactive groups. The

earliest report detailing the coordination polymerization

of an olefin with a pendant reactive group was that by

Natta and coworker s . Allysilane and tr imethylallylsi-

lane were polymerized to the corresponding

poly(allylsilanes) with an isotactic configuration in the

presence of violet titanium trichloride and AlEt^. Owing

to the presence of labile Si-H bonds, the polymer of

allylsilane could be crosslinked by reaction with oxygen,

water or alcohols under suitable conditions. Copolymers

with propylene and 1-hexene were subsequently
175reported. in contrast, substitution of the silyl group

directly on the double bond drastically reduced its abi-

lity to polymerize; vinyl ethylsilane polymerized only in

low yield with AlEt^/VCl^ .
'^^ Thus the presence or absence

of one methylene unit was sufficient to alter the poly-
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merizability of the polar monomer.

In some instances one methylene group is not
enough. For example, allyl halides readily react with
Ziegler initiators, producing hydrogen halides which sub-
sequently deactivate the polymerization sites.

^"^"^

a)-Halo-l-alkenes, like iodo- and bromo-l-undecene were
more readily polymerized or copolymer i zed with

4-methyl-l-pentene with AlEt2Cl-TiCl3 as initiator .
^"^^

w-Chloro-l-alkenes could only be copolymer ized . The

latter study also showed that the relative ease of poly-

merization was related to the size of the halogen group

^

increasing as the halogen atom became larger.

Recognizing the Lewis acid character of Ziegler-

Natta initiators, Backsai prepared modified initiators by

the addition of Lewis bases (ethers or amines) which were

found to be suitable for producing copolymers of a-olefins
179and w-halo-l-alkenes. Tertiary phosphines have also

been claimed as a modifier for Z iegler-Natta initiators

and were used in a-olef in/to-halo-l-alkene

copolymerizations .180 polyolefins containing reactive

halogen atoms in the side chain are considered to be use-

ful for grafting, cross-linking or displacement

(substitution) reactions.

In 1967, Giannini and coworkers reported a study

in which the polymerizations of nitrogen and oxygen con-
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taining monomers such as amines and alcohols were
investigated. several effects were examined which
included: (a) the polymerizability of unsaturated amines
and alcohols in which the heteroatom and/or aluminumalkyl
initiator component were sterically hindered, (b) the use
of polar monomers already complexed with the organome-
tallic component of the initiator, and (c) polymerizabi-
lity of the polar monomer after delocal ization of the

electron-donating character of the heteroatom by bonding

it to a more electropositive atom such as silicon (Si).

Thus, crystalline polyolefins containing branched tertiary

amine groups were prepared in the presence of

Ziegler-Natta initiators in which the organometal 1 ic com-

ponent was also sterically hindered. When the N-alkyl

group was not branched, polymerization only occurred after

complexation of the amine group with a reactive organome-

tallic compound such as diethy laluminum chloride. In such

cases, however, only amorphous polymers were obtained. 0-

and N-silylated 5-hydroxy-l-pentene
, 11-hydroxy-l-undecene

and 5-N-isopropylamino-l-pentene were also polymerized and

subsequently de-silylated to yield the corresponding high

molecular weight crystalline polyolefins containing pen-

dant hydroxyl groups or amorphous polymer with pendant

amine groups.

Olefin copolymers containing pendant carboxylate
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groups are usually prepared by high pressure, free
radical processes; these modified low density polyethyle-
nes constitute an important class of materials. Partial
neutralization of the pendant carboxylic acid groups pro-
duces thermoplastic resins known as ionomers,!!^ which
contain thermally-reversible ionic crosslinks. These poly-
mers are not linear, however, since they contain both

short and long-chain branches.

Several studies have been concerned with the pre-

paration of carboxyl-substituted polyolefins by low

pressure, coordination polymerization processes.

Functional olefin derivatives such as aliphatic or aroma-

tic esters were normally employed in such cases. The free

acid groups are prone to irreversible reactions with the

organometallic component and cannot be used unless an

excess of metal alkyl is present.

High molecular weight linear copolymers of ethyl-

ene or propylene which contained up to 5 mole-percent

pendant ester groups have been claimed in a patent issued
18 2to Farbwerke-Hoechst. The relatively unhindered ethyl

ester of 10-undecenoic acid, as well as the more bulky 2,6-

dimethylphenyl ester were employed as functional monomers.

A variety of copolymer ization conditions and the use of

heterogeneous or homogeneous coordination initiators were

examined. The highest levels of incorporation of the



functional monomers were generally achieved with soluble
vanadium initiator systems which were further modified by
the addition of a Lewis base (dibutyl ether).

Vulcanizable ethylene or propylene copolymers con-
taining pendant unsaturation have also been reported.

Allyl octadecenoate, a non-conjugated functional diene,

was incorporated at very low levels into an ethylene copo-

lymer using an initiator derived from the reaction of

diethylaluminum chloride and a VCI3-THF complex. The copo
lymer contained 0.8% functional monomer. An ethylene-

propylene rubber incorporating the same functional

fatty-acid derivative was also prepared.

In patents issued to ICI , Clark claimed a method

for producing functional olefin copolymers using polar

comonomers which were first complexed with a suitable alu-

minumalkyl compound ( E t^AlCl ) .

^"^^
' Olefins containing

functional groups with active hydrogens such as carboxyl,

hydroxyl or amide as well as ester, keto or cyano groups

were complexed, and then copolymer i zed with ethylene and

a -olefins. This technique was applied in one example to

prepare a copolymer of 4-methy 1-1-pentene and

10-undecenoic acid.

Similiar results have been obtained in cases where

the initiator was prepared using an excess of aluminum-

alkyl to transition metal halide or alkoxyhalide
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(Al/Ti,V,Cr>l). Thus ole f in-alkenoic acid copolymers or
olefin-alkenyl ester copolymers were reportedly prepared
in this fashion. 185-187 m some instances, Al/Ti ratios
of 30:1 were used for copolymer izations of 10-undecenoic
acid derivatives with a-olef ins

.

Many of the studies mentioned have been concerned
with 10-undecenoic acid derivatives, largely due to the

availability of this unsaturated acid. Several high yield

synthetic routes to unsaturated carboxylic acids with

fewer than eight methylene units in the spacer-group are

now known which could make these functional a-olefins more

accessible. These include Bailey's method for the pyroly-
188sis of lactones and Ogibin's oxidative decarboxylation

of dicarboxylic acids. 18^

Copolymers of propylene with unsaturated monomers

containing pendant succinic anhydride, phthalic anhydride

or norbornyl anhydride groups have been claimed using a

TiCl2-AlEt2Cl initiator. Typically, copolymer izations

were carried out using a 5-fold molar excess of aluminum-

alkyl to the functional comonomer.

In a comprehensive patent issued to the Shell Oil

Co. , the coordination polymerization and copolymer ization

of a large number of functional olefins were disclosed . 18

^

This study is probably the most broad-ranging to date, and

employed many of the criteria outlined earlier in this sec-
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tion regarding methods to improve the polymer izability of
functional alkenes. The categories of polar alkenes whose
polymerizabilities were investigated included:

alkenamines, phenoxyalkenes
, alkyl alkenoates, aluminum

tris-(alkenoxides)
, alkenamides, alkenylphosphona tes

,

alkenylphosphines and alkenyl thiophosphona tes

.

Coordination polymerizations of polar-substituted

monomers containing internal double bonds have largely

been restricted to functional nonbornene derivatives. In

that regard, a number of polar norbornene monomers have

been successfully polymerized using the well-known

metathesis initiator systems. Metathesis
191 19 2initiators ' are generally prepared from tungsten or

molybdenum halides and an organometallic compound.

Polymerization occurs by ring-opening at the double bond

and yields the corresponding cyclopentany Iviny lene

backbone

.

Functional polyalkenamer- type polymers prepared

with metathesis initiators were first described in two

independent studies published in 1973.

Hepworth^^^'^^^'^^'7 and Ueshima^^"^ ' disclosed the ring-

opening polymerization of norbornenes which contained

polar substituents such as acetate, alkanoate, halide or

cyano groups. No polymerization was observed with noble

metal catalysts such as hydrated ruthenium trichloride or



45

with the usual type of Z iegler-Natta initiators

(AlEt3-TiCl^).1^5 Polar-substituted norbornenes had pre-
viously been reported to undergo polymerization in the

presence of noble metal salts (ruthenium, osmium,

iridium).

Additional studies have since been disclosed in

which norbornenes substituted with amide, imide ,199 ,200

pyridyl or anhydr ide^^'^ groups were polymerized to the

functionally-substituted polyalkenamers

.

One report in the patent literature claimed the

copolymerization of ethylene with a norborene derivative

using a Ziegler-Natta type intiator.^^l The copolymeriza-

tion of 5-norbornene-2-methoxychloroethylaluminum with

ethylene in the presence of TiCl and Et Al CI was
* >J £^ ^

reported to give resins useful for molding or adhesives.



CHAPTER II
EXPERIMENTAL SECTION

A. Materials

The f ollowi nn chemicals were obtained from the
sources indirat-prl •

acetic acid etnylene oxide M
acetylacetone T formic acid , 88%

benzene MCB 1-hexene A

benzophenone E hydrogen peroxide, 30% F

boron trifluoride
ethera1"P A

magnesium sulfate,
anhydrous B

1-butene oxide A methanol MCB

calcium hydride F nitrogen, prepurif ied M

m-chloroperoxybenzoic
acid , technical A

A

p-chlorophenol A
paraformaldehyde MK

1 , 2-dichloroethane A
phenyl glycidyl
ether T

dichlorome thane MCB dl-a-pinene A

diethyl ether,
anhydrous F

potassium
hydroxide MCB

1 , 4-dioxane F potassium metal B

1 , 3"dioxolane T propylene oxide E

1-dodecene sodium hydroxide MCB

epichlorohydrin E sodium metal B

46
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tetrahydrofuran

toluene

p-toluenesulf onic
acid, monohydrate

4,4,4-trichloro-l
butene oxide

F

F

triethylaluminum,
neat

trioxane

ET

C

trif luoromethane-
sulfonic acid anhydride A

PS 10-undecenoic acid E
sources: A = Aldrich Chemical Co.; B = j.t. Baker Chemical
Co.; C = Celanese Plastics and Specialties Co.; E = Eastman
Organic Chemicals; ET = Ethyl Corp.; F = Fisher Scientific
Co.; M = Matheson; MCB = Matheson, Coleman and Bell; MK =

Mallinckrodt Chemical Works; PS = Polysciences
, Inc.;

T = Tridom Chemical Co.

Purification of Solvents and Reagents

Distillations were carried out using either a 15 or

30 cm Vigreaux column equipped with a variable reflux ratio

distillation head. All distillations, either at atmos-

pheric or reduced pressure, were carried out with magnetic

stirring and under a nitrogen atmosphere.

Acetylacetone (2 , 4-pentanedione) was distilled

(b.p. 133-134°C) and stored under nitrogen in the absence

of light.

Benzene was washed successively with cone, sulfuric

acid, distilled water, 5% aqueous sodium hydroxide, dis-

tilled water and then dried over anhydrous magnesium sul-

fate. A center cut of benzene (b.p. 80°C) was collected by

distillation from a sodium/potassium alloy (50/50 by
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weight) and stored under nitrogen.

Boron trifluoride etherate was distilled (b.p.

122.5-124°C) immediately before use.

1-Butene oxide was refluxed for 12 hours over cal-
cium hydride, then distilled (b.p. 63°C) and stored under
nitrogen.

m-Chloroperoxybenzoic acid (80-90%, technical) was

purified by a procedure slightly modified from the method
202of Kennedy. The crude peracid was washed in a sintered

glass funnel with a phosphate buffer of pH 7.5 (prepared

from 35. 5g sodium orthophosphate , mono-H and 34. Og potas-

sium orthophosphate, di-H in one liter distilled water) and

with distilled water. After partial drying at 20mm over

anhydrous calcium sulfate, the solid was further dried at

0.01 mm and room temperature over phosphorus pentoxide for

7 hours. Purified m-ClPBA was stored at 0°C in a plastic

container.

1, 2-Dichloroethane (DCE) was washed successively

with cone sulfuric acid, distilled water, 5% aqueous sodium

hydroxide, distilled water and then dried over anhydrous

calcium chloride. DCE was refluxed over LAH for 2 days,

distilled (b.p. 82°C) and stored under nitrogen.

Dichloromethane (DCM) was washed in the same manner

as described for 1 , 2-dichloroethane (DCE), distilled (b.p.

40 °C) from calcium hydride and stored under nitrogen.

1,4-Dioxane was heated under reflux over sodium
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metal for 12 hours, then fractionally distilled (b.p.

100°C) and stored under nitrogen.

1,3-Dioxolane (DO) was refluxed over LAH for 12

hours, fractionally distilled and the fraction boiling at

72-750C was collected. The fraction was redistilled (b.p.
74 °C) from fresh LAH after refluxing overnight and was
stored under nitrogen.

Epichlorohydrin (ECH) was distilled (b.p. 113.0-

113. 5°C) from calcium hydride and stored under nitrogen.

Oxetane ( trimethylene oxide. Ox) was refluxed for

12 hours over calcium hydride, then distilled (b.p. 50°C)

and stored under nitrogen.

Phenyl glycidyl ether (PGE) was distilled (b.p.

70°C/1 mm) and stored under dry nitrogen.

Propylene oxide (PO) was refluxed for 30 minutes

over calcium hydride, then distilled (b.p. 34°C) and stored

at 5°C under nitrogen.

Tetrahydrofuran (THF) was distilled (b.p. 62.5°C)

from lithium aluminum hydride immediately before use.

Toluene was washed in the same manner as described

for benzene, pre-dried over phosphorus pentoxide, distilled

(b.p. 110°C) from sodium/potassium alloy (50/50 by weight)

and stored under dry nitrogen.

4 , 4 , 4-Trichloro-l , 2-butylene oxide (TCBO) was

distilled (b.p. 78-81 °C/90-91 mm) from calcium hydride and

stored under nitrogen. A fore-cut of ca. 25% (b.p. 60-
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80°C/91 mm) was discarded.

Trioxane (TO) was fractionally distilled (b.p.

109.5-112OC) from potassium hydroxide, then re-distilled
(b.p. 115-116°C) from a sodium-benzophenone complex. Imme-

diately prior to use TO was once again distilled (b.p.

115°C) from a sodium-benzophenone complex directly into

pre-tared polymerization reaction vessels.

Trifluoromethanesulfonic acid anhydride (TFA) was

used as received, but was transferred in a nitrogen-filled

glove bag to a flame-dried Schlenk tube equipped with a 3-

way teflon stopcock. TFA was stored under nitrogen.

All other solvents and reagents were used as re-

ceived .

C. Preparation of Intermediates
and Monomers

1. Methyl 10-undecenoate . A 2 liter, 3-neck round-

bottomed flask fitted with a reflux condenser, nitrogen in-

let and outlet tubes, and magnetic stirring bar was charged

with 10-undecenoic acid (250 g, 1.36 mole) and absolute

methanol (510 ml, 13 mole). Concentrated sulfuric acid

(7.2 ml) was then added, causing a mild exothermic reaction

to occur. The homogeneous mixture was heated and held at

reflux for 22 hours, then cooled to room termperature

.

After cooling of the yellow solution, excess methanol was

removed under reduced pressure (ca. 35 mm) on a rotary
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evaporator. The remaining yellow oil was transferred to a
large separatory funnel and 500 ml distilled water was
added. Two immiscible layers formed; and after gentle
shaking the lower aqueous layer was decanted and discarded.
The yellow oil was then diluted with anhydrous diethyl
ether (1 I) and washed with 2 x 500 ml portions of dis-
tilled water, 5% aqueous sodium bicarbonate and distilled
water. The ethereal solution was dried overnight with an-
hydrous magnesium sulfate and filtered. Removal of the

solvent on the rotary evaporator gave essentially a quan-

titative yield of crude product. Vacuum distillation (b.p.

116.5-118°C/5 mm) afforded 246 g (91%) of clear, colorless

methyl 10-undecenoate (lit.^^^ b.p. 124 VIO mm) which was

stored under nitrogen. The infrared spectrum (neat)

showed absorptions at 1740 cm"^ (C=0 stretch, ester) and

1640 cm (C=C stretch, monosubstituted olefin) (see

p. 293). The -"-H NMR spectrum (CDCl^) showed 6 : 1.2-1.8 ppm

(-CH2-, 12H) , 1.9-2.2 ppm (=CHCH2-, 2H) , 2.2-2.5 ppm

(-CH^CO-, 2H) , 3.7 ppm (-OCH^, 3H, singlet), 4.8-5.2 ppm

(CH2=, 2H) , and 5.5-6.1 ppm (=CH-, IH) (see p. 312). The
13

C NMR spectrum (CDCl^) showed peaks at 25.07 ppm

(-CH2CH2CO-) , 29. 07 and 29.31 ppm (=CH-CH2-f ^2^5 ) , 33.91

ppm (=CH-CH2-), 34.11 ppm (-CH2CO-), 51.26 ppm (-OCH3)

,

114.25 ppm (CH2=) , 139.02 ppm (=CH-) and 173.95 ppm

(-C=0) (see p. 316) .
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2. Methyl 10
. H-epoxvund^rano^ A 2-liter, 3-neck

round-bottomed flask was equipped with a mechanical stir-
rer, reflux condenser, Claisen adapter, pressure-equalizing
addition funnel, and gas inlet and outlet tubes. The as-
sembled apparatus was flushed with nitrogen and flamed
out. Under a positive pressure of nitrogen, the reaction
vessel was then charged with purified m-chloroperoxybenzoic
acid (66 g, 0.38 mole) and one liter of DCM. After the

peracid had completely dissolved, the contents of the reac-
tion vessel were chilled to 0-5°C. A solution of methyl

10-undecenoate (75 g, 0.38 mole) in DCM (180 ml) was placed
in the dropping funnel, and dropwise addition was carried

out for 2 hours. The contents of the flask were maintained

at 0-5°C during addition and for 1 hour after. A white

precipitate (m-chlorobenzoic acid) began to separate from

the reaction mixture during the latter stages of addition.

The reaction was allowed to proceed for 15 hours at room

temperature, refluxed for 5 hours and finally chilled to

5°C. The precipitated m-chlorobenzoic acid (obtained in

nearly quantitative yield) was collected by filtration and

washed with fresh, chilled DCM. The filtrate and washings

were combined and the solvent was removed on the rotary

evaporator. The remaining colorless oil was dissolved in

anhydrous diethyl ether (600 ml); the ethereal solution

was washed with 2 x 200 ml portions of 5% aqueous sodium

bicarbonate, 3 x 300 ml portions of distilled water, dried
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over anhydrous magnesium sulfate and filtered. Removal of
the ether on the rotary evaporator gave 81 g (99%) of crude
--thyl 10,11-epoxyundecanoate. Polymerization-grade

thyl 10,11-epoxyundecanoate (MEU) was obtained in 74%
yield (60 g) by distillation (b.p. 109 . 0-109 .

5 °C/0 . 6 mm)

from calcium hydride and was stored under nitrogen. The

purity of MEU was determined by gas chromatography to be

> 99.5%. The infrared spectrum (neat) showed absorption

at 1735 cm"^ (c=0 stretch, ester), 910 cm"^ and 830 cm"^

(epoxide ring-stretching modes) (see p. 293). The NMR

spectrum (CDCI3) showed 6 : 1.3-1.8 ppm (-CH2-, 14H)

,

2.2-2.4 ppm (-CH2CO2-, 2H), 2.3-2.8 ppm {CH^^- , 2H) ,

2.7-3.0 ppm (-CH-°, IH) and 3.7 ppm (-OCH3, 3H, singlet)

(see p. 312). The ^^C NMR spectrum (CDCI3) showed peaks at

25.00 ppm (-CH2CH2COOCH3) 26.04 ppm (-C-CH2CH2) , 29.21 and

29.43 ppm (-(CH > ), 32. 58 ppm (-C-CH„-), 34. 07 ppm

(-CH2-COO-), 46.90 ppm (CH -), 51.30 ppm (-OCH^), 52.20 ppm
a 0

~
(-CH-), and 174.03 ppm (-C-) (see p. 316).

3. 1-Dodecene oxide . A 500 ml 3-neck round-bottomed

flask was equipped with a mechanical stirrer, reflux con-

denser, Claisen adapter, pressure-equalizing funnel, and

gas inlet and outlet tubes. The assembled apparatus was

flushed with nitrogen and flamed-out. Under a positive

pressure of nitrogen, the reactor was then charged with

purified m-chloroperoxybenzoic acid (35 g, 0.21 mole) and



150 ml of DCM (spectral grade). The contents of the re-
actor were gently heated, with mixing, until a clear color-
less solution was obtained, and then cooled to room temper-

ature. A solution of 1-dodecene (35 g, 0.21 mole) in DCM

(20 ml) was placed in the dropping funnel and added drop-

wise to the peracid solution over a period of 90 minutes.

The contents of the reaction flask were maintained at room

temperature during addition and for 2 hours thereafter,

then heated under reflux for 4 hours, stirred at room

temperature for 11 hours, chilled to 5°C and filtered. The

insoluble, m-chlorobenzoic acid collected was rinsed with

chilled DCM (50 ml); the filtrate and washings were com-

bined and the solvent was removed on the rotary evaporator.

The oily residue was dissolved in diethyl ether (250 ml).

The ethereal solution was washed successively with 5%

aqueous sodium bicarbonate (2 x 100 ml) and distilled water

(3 X 100 ml) , dried over anhydrous magnesium sulfate and

filtered. The yield of crude 1-dodecene oxide after re-

moval of the solvent on the rotary evaporator was 36 g

(94%). Distillation (b.p. 126-128°C/10 mm) gave 22 g

(63%) of 1-dodecene oxide (DDO) , a clear and colorless

204liquid (lit. b.p. 106-109°C/6 mm). The infrared spec-

trum (neat) showed absorptions at 925 and 835 cm (epoxide

ring stretching modes) (see p. 294) . The "'"H NMR spectrum

(dg-benzene) showed 6 : 0.7-1.1 ppm (-CH^, 3H) , 1.1-1.5 ppm



(-CH^-, 18H), 2.1-2.5 ppm (CH^-, 2H) and 2.5-2.7 ppm
(-CH-, IH) (see p. 313) . The ^mr spectrum (d^-benzene)
showed peaks at 14.33 ppm (-CH3), 23.11 ppm (-CH2CH3)

,

26. 42 ppm (->:hCH2-CH2-) 29. 86 and 30. 04 ppm (-{CU^^^),

32.35 ppm (-CH2CH2CH3), 32.94 ppm (-CH^CH-) , 46.32 ppm
(CH2 -), and 51.75 ppm (-CH-) (see p. 317)

.

~ ^- (l-Car bomethoxvnonyl)-l,3-dioxolane (MEDOX) .

^ 10-Formoxy-ll-hydroxyundecanoic acid . The pro-

cedure described is a modification of the method of Swern
, T

202et al. A clean, dry 250 ml 4-neck round-bottomed flask

was charged with 10-undecenoic acid (25 g, 0.13 mole). The

flask was fitted with a nitrogen inlet and exit tube, re-

flux condenser, thermometer, 125 ml side-arm addition fun-

nel and magnetic stirring bar. The assembled apparatus was

purged with nitrogen for 15 minutes. Formic acid (75 ml,

88% solution in water) was then added, and two immiscible

layers formed immediately. A standard 30% aqueous hydrogen

peroxide solution (18 g, 0.14 mole) was placed in the ad-

dition funnel and added dropwise to the acid mixture over 3

minutes. Following an induction period of 5 minutes, the

reaction became exothermic. The temperature of the reac-

tion was not allowed to rise above 40°C; temperature con-

trol was achieved by the intermittent use of a cold water

bath. At the end of 30 minutes the milky reaction mixture

had transformed into a clear, nearly colorless solution.
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The reaction began to subside after another 15 minutes
(temperature began to drop) but was subsequently maintained
at 40OC an additional 4 hours using a warm water bath.

After cooling to room temperature the solution was poured
into 200 ml of cold distilled water, whereupon two phases

formed. The lower organic phase was decanted and dissolved
in anhydrous diethyl ether (100 ml). The aqueous phase was

extracted with 3 x 100 ml portions of diethyl ether and

discarded. The four ethereal fractions were combined and

washed with distilled water until the washings were neu-

tral. The ethereal solution was dried over anhydrous cal-

cium sulfate for 12 hours, filtered and the solvent removed

on the rotary evaporator. The yield of a light yellow oil

was 28 g (83%). An infrared spectrum (neat) of the crude

product showed absorptions at 3650-2480 cm""'" (0-H stretch,

carboxylic acid and alcohol), 1730 cm"-"" (C=0 stretch, for-

mate ester), 1710 cm"""" (C=0 stretch, carboxylic acid) and

1180 cm (C-0 stretch, formate ester) (see p. 294). No

additional characterization or purification of this inter-

mediate was performed. On the basis of infrared evidence

it was concluded that the expected oxidation product,

10-f ormoxy-ll-hydroxyundecanoic acid, had been obtained.

b. 10 , 11-Dihydroxyundecanoic acid . A 250 ml

round-bottomed flask containing 10-f ormoxy-ll-

hydroxyundecanoic acid (28 g, 0.11 mole) was fitted with a

reflux condenser and magnetic stirring bar. Addition of a



IN aqueous sodium hydroxide solution (125 ml, 0.250 mole
OH") caused an immediate but mild exothermic reaction. The
resulting clear yellow solution was heated at reflux for 1

hour, then cooled to room temperature. A water-immiscible
oil separated out. Upon standing for several hours, the
oil solidified to a wax-like cake. The relatively small
amount of solid present, however, indicated that a consid-
erable quantity of the saponified product remained in solu-
tion. The reaction mixture was acidified by pouring into

a chilled solution of 3N hydrochloric acid (100 ml, 0.30

mole h"^). a large amount of precipitate formed; the acidi-

fied mixture was maintained at S^C and stirred overnight.

The finely-divided, off-white precipitate was collected

by filtration and washed with cold distilled water until

the washings were slightly acidic (completely neutral wash-

ings could not be obtained due to slight solubility of the

product in water) . The yield of crude product, after air-

drying overnight, was 21 g (87%), m.p. 62-70. 5°C. A small

portion of the product was recrystallized from isopropanol-

water, m.p. 66. 0-67.5°C (lit.^°^ m.p. 84-85<'C) . The in-

frared spectrum (KBr wafer) showed absorptions at 338 0 cm"-"-

(0-H stretch, alcohol), 3500-2300 cm"-"" (0-H stretch, car-

boxylic acid), 1695 cm"-*- (C=0 stretch, carboxylic acid),

1190 cm (0-H bending, secondary alcohol) and 1150 cm""^

(0-H bending, primary alcohol). See p. 295. The "''H NMRspectrum

(dg-dioxane) showed 6 : 1.1-1.7 ppm (-CH2-/ 14H) , 2.1-2.4
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ppm (-CH^-CO^H, 2H), 3.1-3.6 ppm (-CH^OH and -inoH, 3H) and
5.1-5.9 ppm (-0H, 2H) . See p. 313. The "-'c NMR spectrum
(dg-DMSO) showed peaks at 26.40 ppm (-CH2CH2COOH) ; 26.94
ppm (-CH2CH26H-); 30.48 ppm, 30.74 ppm and 31.06 ppm

OH
iiCH^^^); 35. 32 ppm (-CH-CH2-) ; 35.64 ppm (-CH2COOH) ;

68^00 ppm (-CH2OH); 73.18 ppm (-CHOH) and 176.04 ppm
(-C-) . See p. 317.

^ Methyl 10

,

ll-dihydroxyundecanoate . m a clean,

dry 100 ml round-bottomed flask was placed 10,11-

dihydroxyundecanoic acid (5.0 g, 23 mmole) , p-

toluenesulfonic acid monohydrate (0.087 g, 0.46 mmole) and

absolute methanol (40 ml, 1 mole). The flask was equipped

with a magnetic stirring bar and reflux condenser fitted

with a T-adapter which was connected to a source of nitro-

gen. The reaction was heated at reflux in an oil bath for

27 hours. After cooling to room temperature, the solution

was then concentrated on the rotary evaporator. The re-

sidual pale yellow oil was dissolved in diethyl ether

(165 ml), washed with one 50 ml portion of 2% (w/w) aqueous

sodium carbonate, 4 x 75 ml portions of distilled water,

dried over anhydrous sodium sulfate and filtered. The

ether was evaporated, leaving a pale yellow oil which crys-

tallized upon standing. The yield of crude product was

4.4 g (83%), m.p. 44-46. 5°C. The low melting solid was

recrystallized from a petroleum ether/anhydrous diethyl

ether mixture (1:1 v/v) , washed with cold petroleum ether
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and dried at 0.05 r™ and room temperature over phosphorus
pentOKide. The yield of pure methyl 10 , 11-dlhydroxyun-
decanoate was 3.8 g (91% recovery), m.p. 46-48»C (lit.

m.p. 45-46»c). The infrared spectrum (neat) showed ab-
sorptions at 3630-3040 cm"! (0-H stretch, alcohol) and
1740 cm-1 (C=0 stretch, ester). See p. 295. The NMR
spectrum (CDCI3) ^^owed &: 1.1-1.8 ppm (-CH^-, 14H) , 2.1-

^^^
oh"" ^h™2''°°'="3'

2H), 2.75-3.0 ppm (-0H, 2H) , 3.3-3.8

ppra (CH^-CH-, 3H) and 3.65 ppm (-0CH3, 3H, singlet). See
1

3

p. 314. The C NMR spectrum (CDCI3) showed peaks at 24.93

ppm (-CHOHCH2CH2-); 25.57 ppm (-CH2CH2COOCH,) ; 29.15, 29.32
OH

and 29. 59 ppm (-(^H^f^) ; 33.14 ppm {-tu-CU^-) ; 34.11 ppm

(-CH2-COOCH3)
; 51.50 ppm (-OCH ); 66. 82 ppm (-CH,,OH) ,

I 0 ~ ^

72.35 ppm (-CHOH) and 174.45 ppm (-C-). See p. 318.

^ 4- (1-Carbomethoxynonyl) -1 , 3-dioxolane . A one

liter round-bottomed flask was charged with methyl 10,11-

dihydroxyundecanoate (50 g, 0.21 mole), paraformaldehyde

(6.7 g, 0.22 mole), p-toluenesulf onic acid monohydrate

(0.82 g, 4.3 mmole) and reagent-grade benzene (400 ml).

The flask was fitted with a Dean-Stark trap, reflux con-

denser topped with a T-adapter which was connected to a

nitrogen source, and magnetic stirring bar. The turbid re-

action mixture was heated at reflux whereupon a homogeneous

solution was obtained. The theoretical quantity of water

(3.9 ml) was collected in ca. 2 hours by azeotropic distil-

lation, but the reaction was maintained at reflux over-
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night. After cooling to room temperature, the pale yellow
solution was transferred to a one liter separatory funnel
and washed successively with distilled water (3 x 200 ml),

5% aqueous sodium carbonate (1 x 200 ml) and distilled
water (5 x 200 ml). The benzene solution was dried over
anhydrous magnesium sulfate, filtered and concentrated on
the rotary evaporator. Purity of the crude 4-(l-

carbomethoxynonyl)-l,3-dioxolane, as determined by gas

chromatography (SE 30 column), was ca. 93%. The yield of

viscous yellow oil, which could be solidified by cooling,

was 52 g (99%). Fractional distillation (b.p. 142.0-

143.0°C/0.28 mm) gave 38 g (73%) of pure-white 4-(l-

carbomethoxynonyl)-l,3-dioxolane, m.p. 29.5-31.5°C. Mono-

mer purity was determined by gas chromatographic analysis

to be 99.5%. The infrared spectrum (neat) showed absorp-

tions at 3100-2600 cm""^ (C-H stretch); 1740 cm"^ (C=0

stretch, ester); 1240, 1195 and 1170 cm"^ (c-0 stretch,

methyl ester) and 1090 cm"""" (o-C-0 stretch, cyclic formal).

See p. 296. The '"H NMR spectrum (CDCl^) showed 6 : 1.1-

1.9 ppm (-CHj-, 14H), 2.1-2.4 ppm (-CH^COOCH^, 2H) , 3.3-
O -z ^

3.5 ppm (CH -, 2H) , 3.6 ppm (-OCH^, 3H, singlet), 3.8-4.15
9 ^0

ppm (-CH-, IH) and 4.8-4.9 ppm ( CH^ , 2H, doublet). See

13
p. 314. The C NMR spectrum (d^-benzene) showed peaks at

^ 0
25.41 ppm (-CH2CH2COOCH3) ; 26.32 ppm (-CH-CH2CH2-) ; 29.61,

29. 69, 29. 83, and 29. 97 ppm ii CE^j- ^) ; 33. 55 ppm
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9
(-CH-CH2CH2-); 34.25 ppm (-CH2COOCH3); 51.10 ppm (-OCH3)

;

69. 89 ppm (CH2-O); 76. 52 ppm Uu-0) ; 95.17 ppm i\uf]

'

and 173.49 ppm (-^-) . see p. 318.

ANAL, calcd. for C^^U^^O^: C, 63.90%; H, 9.90%.
Pound: C, 63.73%; H, 10.07%.

^ Coordination Polymerizati ons of
Mernyi lU , ll-Epoxvundecanoi±i

— General procedure fo r preparation of Al (C2H5

)

AcAc (1.0/0.5/1.0) initiator. A large side-armed Schlenk

tube, equipped with a 3-way pressure stopcock and teflon-

coated magnetic stirring bar, was evacuated to a pressure

of 0.01 mm and then carefully flamed-out. After cooling to

room temperature, the apparatus was alternately filled with

nitrogen and evacuated (3 times total). Triethylaluminum

(7.0 ml, 51 mmole) was carefully transferred to the Schlenk

tube via a nitrogen-purged gas-tight syringe. A heavy

counter-flow of nitrogen was maintained through the tube

during addition of the aluminumalkyl . The tube was then

partially immersed in an ice-water bath (5°C) , fitted with

a clean, dry side-arm addition funnel (with teflon stop-

cock) and the entire apparatus was purged with nitrogen

for 5 minutes. Using nitrogen-purged gas-tight syringes,

the addition funnel was charged with anhydrous diethyl

ether (40 ml) and freshly distilled acetylacetone (5.3 ml,

51 mmole) . The AcAc solution was added dropwise to the

well-stirred, neat triethylaluminum over a period of 3
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hours. A Slight positive pressure of nitrogen was main-
tained through the apparatus in order to sweep away ethane
gas formed as a by-product in the reaction. After the ad-
dition was completed, the pale yellow solution was stirred
for 1.5 hours to allow completion of the reaction. Freshly
distilled water (0.46 ml, 26 mmole) was then carefully
added, dropwise, to the ethereal solution over a 5 minute
interval using a nitrogen-purged, gas-tight syringe. The

AlEt3/H20/AcAc initiator solution (0.97 molar in aluminum)

was stirred under a slight positive pressure of nitrogen

for an additional 2 hours, then stored under nitrogen at

5°C prior to use.

1: Polymeriza tion of methyl 10 , 11-epoxyundecanoate with

A1(C2H5)

V

H20/ACAC (1.0/0.5/1.0) initiator . A 125 x 20 mm

polymerization tube, fitted with a 3-way pressure stopcock,

was evacuated to a pressure of 0.01 mm and then carefully

flamed-out. After cooling to room temperature, the vessel

was alternately (3 times) filled with nitrogen and evacu-

ated to 0.01 mm. Under a strong counter-flow of nitrogen,

the tube was then charged with MEU (2.9 g, 13 mmole) and

benzene (12 ml) using nitrogen-purged syringes. The con-

tents of the tube were then degassed by the usual freeze-

thaw technique (3 freeze-thaw cycles). The Al (C2H^
)

3/H2O/

AcAc initiator solution (2.1 ml, 0.68 mmole aluminum, 5

mole-% based on epoxide monomer) was added with a
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nitrogen-purged syringe and the contents of the tube were
mixed thoroughly. The tube was sealed under vacuum (0.01
mm) after freezing its contents with a liquid nitrogen
bath. Polymerization was allowed to proceed for 7 days at
room temperature in the absence of light. During this
period, the nearly colorless solution gradually increased in
viscosity, finally becoming an immobile, transparent plug
after 4 days. After the tube was opened, the rubbery plug
was removed and dissolved in a mixture of benzene (200 ml),

1,4-dioxane (50 ml) and anhydrous methanol (5 ml). The

polymer solution was filtered through a fritted funnel

(coarse grit) and the volume of the filtrate was reduced to

ca. 75 ml on the rotary evaporator. Poly(MEU) was pre-

cipitated by dropwise addition into acidified methanol

(600 ml methanol, 2 ml cone, hydrochloric acid), collected

by filtration and washed with absolute methanol (300 ml).

The polymer was dried for 48 hours at 0.01 mm and room

temperature over phosphorus pentoxide. Yield of the

white, elastomeric poly(MEU) was 1.4 g (48%). The in-

herent viscosity of the polymer (0.5% in CHCI3, 30°C) was

1.8 dL/g; this corresponds to average molecular weights

= 248,000 and = 578,000 (based on polystyrene cali-

bration standards) as determined by gel permeation

chromotographic analysis of poly (MEU) in THF solution

(.0.15 w/v %) . The infrared spectrum (thin film) showed ab-

sorptions centered at 1740 cm""*" (C=0 stretch, ester); 1240
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1198 and 1170 om^ (c-0 stretch, methyl ester); and 1105
(C-O-C stretch, ether). See p. 296. The ^mr

spectrum (CDCI3) showed peaks at 25.06 ppm

(-CH2CH2COOCH3), 25. 59 ppm (-L-CH2-CH2-); 29. 32 ppm,

29^40 ppm, 29.60 ppm and 29. 94 ppm {-{CE^^) ; 32.31 ppm
(-6H-CH2-); 34.14 ppm (-CH2COOCH3); 51.33 ppm (-OCH3)

;

71.76 and 73.14 ppm (-OCH2CH-); 79.39 and 79.83 ppm (-OCH-)

and 174.07 ppm (-t-) . See p. 319.

ANAL, calcd. for "f C^2"22°3^n * ^' 67.25%; H,

10.35%. Found: C, 67.28%; H, 10.58%; ash < 0.05%.

a. Al ternate work-up procedure for methyl 10,11 -

epoxyundecanoate pol ymerizations . An improved method for

work-up of the polymerization was developed and is de-

scribed here. Polymerizations of methyl 10,11-

epoxyundecanoate with the Al
)

3/H2O/ACAC (1.0/0.5/1.0)

initiator (5 mole-%) were carried out by the method de-

scribed previously, however, reaction times were arbitrari-

ly varied. 1,4-Dioxane containing several percent absolute

methanol was found to reduce substantially the time re-

quired for dissolution of the rubbery polymer plugs and

was adopted as the solvent medium of choice for the work-up

of subsequent polymerizations. This eliminated the need to

use additional aromatic hydrocarbon (benzene or toluene) as

diluent. Another practice adopted was to cut the elastic

polymer plug into numerous smaller chunks prior to dissolu-

tion. This increased the surface area exposed to diluent
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and usually eliminated problems in maintaining effective
magnetic stirring of the mixture. Precipitation, washing
and drying of the polymer were performed according to the
method described.

3. Copolymerizatio n s of methyl 10 11-enn xyundecanoate w^th
cyclic ethers using the A1 (c:>Hc,

)

(1 . 0/0. 5/1

initiator.

— Copolymerization with ethylene oxide (EO) A
thick-walled polymerization tube fitted with a 3-way pres-
sure stopcock was dried in the manner described previously.
The nitrogen-filled vessel was charged with MEU (4.8 g,

23 mmole) and toluene (35 ml). The contents of the tube
were degassed by three freeze-thaw cycles. Ethylene oxide

(3.0 atm, 5.6 g, 130 mmole) was condensed at liquid nitro-

gen temperature into an evacuated one-liter gas bulb (with

attached cold finger) and then was degassed by three freeze-

thaw cycles. The EO was distilled through a vacuum line

directly into the polymerization vessel. The tube, which

contained 15 mole-% MEU in the frozen comonomer charge, was

then partially immersed in an icewater bath (ca. 5°C) . Af-

ter thawing, the contents of the tube were thoroughly mixed

and maintained at 0-5 °C (below the boiling point of EO)

.

The Al (C2H5) ^/H20/AcAc initiator solution (5.6 ml, 5.4

mmole aluminum, 3.6 mole-% based on epoxide monomers) was

injected with a gas-tight syringe, and the reaction
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solution was immediately and thoroughly mixed. The tube
was sealed at 0.01 m^ after freezing its contents at liquid
nitrogen temperature. Polymerization was allowed to pro-
ceed for 3 days at 5°C (an immobile plug was formed after 1

day at 5°C) and an additional 24 days at room temperature.
At the end of this time the tube was opened; the highly
elastic copolymer plug was removed and was dissolved in

1,4-dioxane (500 ml) which contained 3% absolute methanol

(15 ml). The resulting moderately viscous solution was

filtered through a coarse grit sintered glass funnel. The

copolymer was precipitated by pouring the filtrate into

three liters of acidified n-hexane (containing 4 ml

methanol/1 ml cone. HCl). After decanting the hexane solu-

tion, the rubbery copolymer was stirred overnight in

diethyl ether (2 £) . Poly (EO-co-MEU) was collected by

filtration, washed with fresh anhydrous ether (300 ml) and

dried for 2 days at 0.05 mm and room temperature over

phosphorus pentoxide. The yield of tough, white elasto-

meric copolymer was 9.6 g (92%). The inherent viscosity of

the copolymer (0.5% in 1,4-dioxane, 30°C) was 1.64 dL/g.

The infrared spectrum (thin film) showed absorptions at

1735 cm"-"- (C=0 stretch, ester) and 1105 cm"-*- (C-O-C
13stretch, ether). See p. 297. The C NMR spectrum (d^-

6

benzene) showed peaks at 25.45 ppm (-CH2CH2COOCH2)

;

25.94 ppm (-OCHCH2CH2-) ; 29.62 ppm, 29.78 ppm, 29.98 ppm



67

and 30.31 ppm (^CH^^^); 32.75 ppm (-OC^H-CH^-) ; 34. 30 ppm
(-CH,-C00CH3); 51.11 ppm (-OCH3); 70.01, 71.17, 72.10 and
72.33 ppm (-O-CH2CH2-); 74.61 ppm (-OCH^CH-); 79.61 ppm
(-OCH2-CH-) and 173.4 ppm (-|-) . see p. 319.

The relative composition of the copolymer was 4

mole-% MEU and 96 mole-% eo.

ANAL, calcd. for ^C^2«2203^:^^2"40^
96

C, 56.67 %; H, 9.35%. Found: C, 55.40%; H, 9.06%;

ash, 2.2%.

^ Copolyme rization with propylene oxide (PO) . a

polymerization tube, fitted with a 3-way pressure stopcock,

was dried in the manner described previously. The tube was

charged with MEU (1.7 g, 8.0 mmole, 30 mole-% of comonomer

feed), benzene (13 ml), propylene oxide (1.9 g, 30 mmole)

and the Al (C^H^
)

3/H2O/ACAC (1.0/0.5/1.0) initiator (6.0 ml,

1.9 mmole aluminum, 5 mole-% based on epoxide monomers).

The contents of the vessel were de-gassed by three freeze-

thaw cycles and the tube was sealed at 0.01 mm. The clear

yellow reaction solution, initially of very low viscosity,

formed a soft immobile plug after 17 hours. Polymerization

was allowed to proceed a total of 13 days at room tempera-

ture. The tube was opened, the elastic yellow plug ob-

tained was dissolved in a mixture of 1,4-dioxane (150 ml),

benzene (150 ml) and absolute methanol (3 ml). The syrupy

solution was filtered and the volume reduced to ca. 150 ml

on the rotary evaporator. The copolymer was precipitated
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by pouring the viscous residue into three liters of acidi-
fied methanol-water (5 parts methanol to 1 part water by
volume, plus 3 ml cone, hydrochloric acid), collected by
filtration, washed with a methanol-water mixture (500 ml,
1:1 v/v) and dried for 2 days at 0.01 mm and room tempera-
ture over phosphorus pentoxide. Yield of the semi-
transparent, gum-like PO copolymer was 2.1 g (58%). The
inherent viscosity of the copolymer (0.5% in CHCl,, 30°C)
was 1.0 dL/g; this corresponded to average molecular
weights = 106,000 and = 215,000 (based on polystyrene
calibration standards) as determined by GPC analysis of the

copolymer in THF solution (0.15 w/v %) . The infrared spec-

trum (thin film) showed absorptions at 1740 cm""^ (c=0

stretch, ester) and 1100 cm"^ (c-O-C stretch, ether). See

p. 297. The ^^C NMR spectrum (d^-benzene) showed peaks at

18.16 and 19.07 ppm (-CH3); 25.63 ppm (-CH2CH2COOCH3
)

;

26.20 ppm (-OCHCH2CH2-)
; 29.83, 29.98, 30.20 and 30.56

ppm (iCH^^^); 33.04 ppm (-OCHCH2-) ; 34.46 ppm

(-CH2COOCH3); 51.23 ppm (-OCH3); 73.49, 74.22 , 74.79 and

74.99 ppm (-OCH2CHCH3) ; 74.61 ppm (-OCH2CH-) ; 76.17 and

76.78 ppm (-OCH CHCH ); 79.93, 80.26 ppm (-OCH^CH-) and
O

173.58 ppm (-C-). See p. 320.

The relative composition of the copolymer was 22

mole-% MEU and 78 mole-% PO.

ANAL calcd. for .fC^2H22°3^T22-*•C3"60^78= ='
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64.70%; H, 10.38%. Found: C, 64.65%; H, 9.76%; ash,
0.26%.

c. Copolymeri z ation with e pic hlorohydrin (ECU) . a
polymerization tube fitted with a 3-way pressure stopcock
was dried in the manner described previously, then was
charged under positive nitrogen pressure with MEU (1.4 g,
6.5 mmole, 30 mole-% of comonomer feed), toluene (14 ml)
and epichlorohydrin (2.0 g, 22 mir.ole) . The contents of the
tube were de-gassed by three freeze-thaw cycles. The tube
was charged with the Al (C2H5

)

3/H2O/ AcAc initiator (1.4 ml
of initiator solution 0.97 molar in aluminum, 5 mole-%

based on epoxide monomers) and sealed at 0.01 mm. Poly-

merization was allowed to proceed for 40 days at room

temperature. During this period the contents of the tube

underwent gradual changes: transforming from a clear yel-

low solution to a soft, semi-transparent gel (ca. 3.5

days), and finally becoming a soft translucent elastic

plug. The tube was opened and its contents were dissolved

in 400 ml of a benzene-dioxane (1:1 v/v) mixture whose pH

was previously adjusted to 5 by the addition of 2%

methanolic HCl . The resulting turbid solution was clari-

fied by centrifugation; this procedure removed minute white

particles dispersed throughout the solution. Precipitation

of the copolymer as white, crumb-like particles was accomp-

lished by pouring the solution into 2.5 liters of acidified

methanol (pH was adjusted to ca. 4 using anhydrous
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hydrochloric acid). The copolymer was collected, washed
with fresh methanol, stirred overnight in absolute methanol
(one liter) and filtered. Final drying was performed over

phosphorus pentoxide for 1 day at 0.05 m^ and room tempera-
ture. The yield of extremely tough, elastomeric poly-
(ECH-co-MEU) was 2.0 g (60%). The inherent viscosity of
the copolymer (0.1% in CHCI3, 30oc) was 2.6 dL/g. The in-
frared spectrum (thin film) showed absorptions at 1740 cm'^
(C=0 stretch, ester); 1255, 1195 and 1175 cm"l (c-0

stretch, methyl ester); 1120 cm'^ (C-O-C stretch, ether)

and 745 cm"^ (C-Cl stretch). See p. 298. The ^^C NMR
spectrum (d^-benzene) showed peaks at 25.43 ppm

(-CH2CH2COOCH3)
; 25.96 ppm (-OCHCH2CH2-)

; 29.66, 29.71 and

30.21 ppm (-fCH^^^); 32.36 ppm (-OCHCH^-); 34 . 27 ppm

(-CH2COOCH3)
; 44.12 ppm (-CH2CI); 51.11 ppm (-OCH3); 69.91

ppm (-OCH2CHCH2CI)
; 73.39 and 73.46 ppm (-OCH2CH-) ; 79.45

ppm (-OCH2CHCH2CI); 80.01 ppm (-OCH2CH-) and 173.53 ppm

(-C-) . See p. 320.

The relative composition of the copolymer was 16

mole-% MEU and 84 mole-% ECU.

ANAL, calcd. for iC^2''22^3''~:Tr-^3''5''^^K S4

C, 47.61%; H, 6.95%; CI, 26.59%. Found: C, 47.54%; H,

6.93%; CI, 24.45%; ash < 0.5%.

d. Copolymerization with 1-Butene Oxide (BO) . A

polymerization tube fitted with a 3-way pressure stopcock

was dried in the manner described previously. The tube was
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charged under positive nitrogen pressure with MEU
(1.7 g, 7.8 mmole, 30 mole-% of comonomer feed), tolu-

ene (12 ml) and BO (1.9 g, 26 mmole) . The contents of
the tube were de-gassed by three freeze-thaw cycles.
The tube was then charged with the Al (C2H3

)
3/H2O/ACAC

(1.0/0.5/1.0) initiator (1.7 ml of initiator solution 0.97
molar in aluminum, 5 mole-% based on epoxide monomers) and
sealed at 0.01 mm. After 1 day at room temperature the
contents of the tube formed a clear yellow plug, never-
theless the polymerization was allowed to proceed a total
of 4 9 days. The tube was opened and the contents were

dissolved in 1,4-dioxane (150 ml) which also contained 3

ml of acidified methanol (5 drops cone, hydrochloric acid

in 3 ml absolute methanol). The resulting turbid solution

was filtered through a fine grit sintered glass funnel

and the copolymer was precipitated by pouring the fil-

trate into 2.5 liters of acidified methanol (5 drops

cone, hydrochloric acid). The rubbery mass of

poly (BO-co-MEU) was collected by filtration, washed with

absolute methanol (one liter) and dried for 18 hours at

40°C and 0.01 mm over phosphorus pentoxide. Yield of

the snappy, white elastomer was 3.2 g (89%). The inherent

viscosity of the copolymer (0.5% in CHCl^, 30°C) was

2.7 dL/g. The infrared spectrum (thin film) showed absorp-

tions at 1740 cm (C=0 stretch, ester); 1240, 1195 and

1170 cm (C-0 stretch, methyl ester) and 1100 cm~"^ (C-O-C
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stretch, ether). See p. 298. The ^'c NMR spectrum (d,-
benzene) showed peaks at 10.12 ppm (-CH3) ; 25.45 (-CH2CH3
and -CH2CH2COOCH3); 26.10 ppm (-OCH2CH-CH2CH2-

) ; 29.65,

^

29.84, 30.06 and 30.41 ppm iiCH^^^), 32.92 ppm
(-OCH2CHCH2-); 34.27 ppm (-CH2COOCH3); 51.02 ppm (-OCH3);

72.24,^72.40 and 73. 04 ppm (-OCH2(;:hcH2CH3
) ; 73. 56 ppm

(-OCH2CH-); 80.19 ppm (-OCH2CH-); 80.77, 81.24 ppm

(-OCH2CHCH2CH3) and 173.43 ppm (-|-). See p. 321.

The relative composition of the copolymer was 25

mole-% MEU and 75 mole-% BO.

ANAL, calcd. for ^C^2"2203^T2T-^C4«80^ 75 =

66.94%; H, 10.76%. Found: C, 66.55%; H, 11.21%.

±1 Copolymerization with 4 , 4 , 4-trichloro-l-butene

oxide (TCBO). A polymerization tube fitted with a 3-way

pressure stopcock was dried in the usual manner, then

charged under positive nitrogen pressure with MEU (0.93 g,

4.4 mmole, 30 mole-% of comonomer feed), toluene (13 ml)

and TCBO) (2.5 g, 15 mmole). The contents of the tube were

de-gassed by three freeze-thaw cycles. The tube was then

charged with the Al (C2H5
)

3/H2O/ACAC initiator (1.0/0.5/

1.0) (1.0 ml, 0.05 mmole aluminum, 5 mole-% initiator based

on epoxide monomers) and was sealed at 0.01 mm. A clear

yellow plug formed after 2 weeks reaction at room tempera-

ture. The tube was opened after standing a total of 30

weeks at room temperature. The soft elastic plug was re-

moved and was partially dissolved in 1,4-dioxane (175 ml)
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containing acidified methanol (5 ml of 1% hydrochloric
acid). The 1,4-dioxane-insoluble portion was removed by
centrifugation, washed with fresh 1,4-dioxane and soaked in
absolute methanol. The rubbery solid was collected by fil-
tration, washed with methanol, and dried for one day at
56 °C and 0.01 mm over phosphorus pentoxide. Yield of the
elastomeric copolymer was 0.3 g (8%). The relative compo-
sition of the copolymer was 41 mole-% MEU and 59 mole-%

TCBO.

ANAL, calcd for -(C-l2H2203^^^^^H3C130>
^

:

C, 45.69%; H, 6.30%; CI, 32.79%. Found: C, 45.41%; H, 6.54%;

CI, 30.45%.

The 1,4-dioxane solution decanted after centrifuga-

tion was poured into 2.5 liters of acidified methanol (5

drops cone, hydrochloric acid). A white precipitate formed

and was collected by filtration, washed with methanol and

dried for one day at 56 °C and 0.01 mm over phosphorus pen-

toxide. The yield of dioxane-soluble copolymer was 0.5 g

(15%). The inherent viscosity of the copolymer (0.5% in

1,4-dioxane, 30 °C) was 0.15 dL/g. The infrared spectrum

(thin film) showed absorptions at 1740 cm""'' (C=0 stretch,

ester); 1250, 1195 and 1170 cm"-*- (C-0 stretch, methyl

ester) ; 1120 cm (C-O-C stretch, ether) ; 775 and 700 cm""'"

(C-Cl stretch). See p. 299. The """^C NMR spectrum (d^-
6

benzene) showed peaks at 25. 44 ppm (-CH2CH2COOCH3) ;
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I

26.12 ppm (-OCH^CH-CH^CH^-); 29.68, 29.90 and 30.06 ppm
(^CH^^^); 32.66 and 32.92 ppm (-OCH^CHCH^CH^-

) ; 34.26 ppm
(-CH2COOCH3); 51.13 ppm (-OCH3); 57.72 and 57.94 ppm
(-CH2CCI3); 72. 07, 72. 33, 72^ and 72.68 ppm
(-OCH2iHCH2CCl3); 73.65, 73^ and 74.13 ppm (-OCH^iH-)

;

77.75 ppm (-OCH2CHCH2CCI3); 79.94 and 80.17 ppm (-OCH^CH-)

;

97.60 ppm (-CCI3) and 173.75 ppm (-|-) . See p. 321.

The relative composition of the dioxane-soluble
copolymer fraction was 41 mole-% MEU and 59 mole-% TCBO.

ANAL, calcd. for
^C^2''22^3^T4T^^4^s^h^K 59-'

C, 45.69%; H, 6.30%; CI, 32.79%. Found: C, 45.95%; H,

6.38%; CI, 33.27%.

Copolymerization with 1-hexene oxide (HO) . A

polymerization tube fitted with a 3-way pressure stopcock

was dried in the usual manner, then charged under positive

nitrogen pressure with MEU (1.3 g, 6.0 mmole, 30 mole-%

of comonomer feed), toluene (11 ml) and HO (2.0 g, 20

nmole). The contents of the tube were then de-gassed by

three freeze-thaw cycles. The comonomer solution was

charged with the Al (C2H^
)

3/H2O/ACAC (1.0/0.5/1.0) initiator

(1.3 ml, 1.3 mmole aluminum, 5 mole-% based on epoxide

monomers) and the tube was sealed at 0.01 mm. The contents

of the tube formed a soft and transparent yellow plug after

ca. one day. Polymerization was allowed to proceed a total

of 31 days at room temperature. The tube was opened, the

clear elastic plug was removed and dissolved in a benzene/
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1,4-dioxane mixture (3/2 by volume) containing 30 ml of
methanolic HCl (1% HCl). The resulting clear solution was
filtered through a sintered glass funnel (coarse grit).
The filtrate was poured into methanol (three liters) and
the MEU/HO copolymer precipitated as a rubbery, white
solid. After decanting of the supernatant mixture, the
copolymer was then stirred overnight in fresh methanol
(one liter), filtered and washed with absolute methanol.

Poly(HO-co-MEU) was dried for one day at room temperature
and 0.05 mm over phosphorus pentoxide. Yield of the semi-

transparent, gum-like copolymer was 2.7 g (83%). The in-

herent viscosity of the copolymer (0.5% in CHCI3, 30°C) was

0.45 dL/g. The infrared spectrum (thin film) showed ab-

sorptions at 1745 cm~^ (C=0 stretch, ester); 1250, 1198 and

1170 cm (C-0 stretch, methyl ester) and 1110 cm""^ (C-O-C

stretch, ether). See p. 299. The ^^C NMR spectrum (d,-
6

benzene) showed peaks at 14.42 ppm (-CH3) ; 23.38 ppm

(-CH2CH3); 25.33 ppm (-CH2CH2COOCH3) ; 26.04 ppm

(-OCH2CHCH2CH2-); 28.19 ppm (-CH2CH2CH3); 29.56, 29.76,

30. 00 and 30. 34 ppm iiCH^j-^); 32. 53 ppm (-OCH2CHCH2C3H^ and

-OCH2CHCH2-)
; 34.14 ppm (-CH2COOCH3) ; 50.90 ppm (-OCH3);

72.56, 72.81, 73.77 and 74.66 ppm (-0CH2CHC^Hg ) ; 74.66

(-OCH2CH-); 77. 48, 77. 97 and 80.13 ppm (-OCH CHC. H„ ) ;

, 0 ^
80.13 ppm (-OCH2CH-) and 173.21 ppm (-^-) . See p. 322.

The relative composition of the copolymer was 25

mole-% MEU and 75 mole-% HO.
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ANAL, calcd. for .C^,H,^03^^^H,^0,
c,

69.99%; H, 11.36%. Pound: C, 69.90%; H, 11.37^; ash,
0.2%.

g. Copolymeri2ationjd,th__ phen glycidyl ether
_(PGE)_. A polymerization tube equipped with a 3-way pres-
sure stopcock was dried in the manner described previously,
then charged under positive nitrogen pressure with MEU
(1.0 g, 4.7 mmole, 30 mole-% of comonomer feed), toluene
(13 ml) and PGE (2.3 g, 15 mmole) . The contents of the
tube were de-gassed by three freeze-thaw cycles and the

Al(C2H3)3/H20/AcAc (1.0/0.5/1.0) initiator (1.0 ml, 1.0
mmole aluminum, 5 mole-% initiator based on epoxide

monomers) was added. The tube was sealed at 0.01 mm. The
reaction mixture, initially a clear and fluid solution,

formed a soft yellow gel (semi-transparent) after 12 hours,

and became a rigid plug after 2 days. The tube was allowed

to stand at room temperature for 30 weeks and then was

opened. Attempts to dissolve the contents at room tempera-

ture in a 1,4-dioxane (175 ml ) /acidified methanol (5 ml,

1% HCl) mixture were unsuccessful. The tough rigid plug

was fractured into small pieces after immersing in liquid

nitrogen. The small fragments were slurried overnight in

absolute methanol, collected by filtration and dried for 24

hours at 56 °C and 0.01 mm over phosphorus pentoxide. Yield

of the hard rubbery MEU/PGE copolymer was 1.9 g (57%).

A portion of the copolymer was subsequently found
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to be soluble in hot 1,4-dioxane. Thus 1 9 .aiiti. inus 1.9 g of copolymer
was slurried (under nitrogen) in l a ^^genj m 1,4-dioxane (50 ml) and
heated to ca. 100°C Thf:^ hr.+- ^The hot mixture was centrifuged and
the supernatant liquid Dour^H .-r,^quid poured into acidified methanol (250
ml, containing 1% hydrochloric acid) at,..xic acid). A light-yellow rub-
bery precipitate formed. The solid w..ine solid was collected by filtra-
tion, washed with r„ethanol, and dried for one day at ei-c
and 0.01 ^ over phosphorus pentoKide. The yield of dioxane-
soluble MEU/PGE copolymer was 0.5 g ,26,,. The inherent
viscosity (0.5% in 1,4-dioxane, 30«c) was l.i dL/g. The
infrared^ spectrum (thin film, showed absorptions at 3100-
3000 (aromatic C-H stretch), 2990-2720 cn:'^ (aliphatic
C-H stretch), 1470 cm"! (c=0 stretch, ester,, 1250 c:.''

(asymmetric C-O-C stretch, aralkyl ether) , 1150-1080 cm'^
(C-O-c stretch, ether), 750 and 690 cm"! (aromatic ring

out-of-plane bending,
. Seep. 300. The nmr spectrum

(d^-dichloromethane, showed peaks at 26.07 ppm
(-CH2CH2COOCH3,; 26.57 and 26.64 ppm (-OCH^CHCH^CH^-

,

;

30. 33, 30.45, 30. 55 and 30.85 ppm (-(CH^f^); 32. 91, 33. 05
and 33.18 ppm (-OCH^CHCH^-, ; 35.06 ppm (-CH^COOCHj, , 52.27
ppm (-OCH3,,- 69. 08 and 69. 40 ppm (-CH^OPh) ; 70.66, 70.81
and 71.03 ppm (-OCH^CHCH^OPh) ; 74.0 and 74.5 ppm

(-OCH^CH-); 79.05, 79.50 and 80.09 ppm (-OCH^CHCHjOPh)

;

80.82, 80.95 and 81.03 ppm (-OCH^CH-); 115.69 ppm (ortho-

aromatic C); 121.87 ppm (para-aromatic C) ; 130.53 ppm

(meta-aromatic c) ; 160.01 ppm (C^^-aromatic C) and 175.05
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ppm (-C-) . See p. 322.

The relative composition of the dioxane-soluble
copolymer fraction was 28 .ole-% mu and 72 mole-% pge.

ANAL, calcd. for -(C, ,H„0,^ LT H n i12 22 3+-. 28 '^9"l0°2^.72 =

C, 70.29%; H, 8.01%. Found: c, 70.28%; H, 8.04%.
The copolymer fraction insoluble in hot dioxane and

collected by centrifugation was slurried in acidified
methanol (250 ml, containing 1% hydrochloric acid), fil-
tered and washed with fresh methanol. The white elastomer
was dried for one day at 61 »c and 0.01 mm over phosphorus
pentoxide. Yield of the insoluble MEU/PGE copolymer was
0. 75 g (39%)

.

The relative composition of the copolymer was
26 mole-% MEU and 74 mole-% PGE.

ANAL, calcd. for ^C,2«2203^T26-^SH^^02> :

C, 70.40%; H, 7.93%. Found: C, 70. 38%; h, 7. 98%.

— Copolymeri zation with oxetane (Ox) . A polymer-
ization tube equipped with a 3-way pressure stopcock was
dried in the manner described previously, then charged un-

der positive nitrogen pressure with MEU (1.9 g, 8.8 mmole,

30 mole-% of comonomer feed), toluene (12 ml) and Ox (1.7 g,

29 mmole, 70 mole-% of comonomer feed). The contents of

the tube were de-gassed by three freeze-thaw cycles and

the Al(C2H5)3/H20/AcAc (1.0/0.5/1.0) initiator (2.0 ml, 1.9

mmole aluminum, 5 mole-% initiator based on epoxide

monomers) was added. The tube was sealed at 0.01 mm and



allowed to stana at roo™ temperature for 7 weeKs. The vis
cosity Of the solution increased gradually; a se^i-
transparent i^obile plug was formed after ca. 5 days reac
t.on. The tube was opened, the highly elastic plug was re
moved and dissolved in 1,4-dioKane ,250 „1, which also con-
tained acidified methanol ,6 drops cone, hydrochloric acid

3 ml methanol,. The turbid solution, moderately vis-
cous, was filtered through a sintered glass funnel (medium
grit) and further clarified by centrif ugation. Precipita-
tion of the copolymer was accomplished by pouring the
supernate into 2.5 liters of methanol. The pure-white
elastomeric solid was collected by filtration, washed with
methanol, and dried for 2 days at room temperature and 0.01
mm over phosphorus pentoxide. Yield of the MEU-Ox copoly-
mer, a tough gum-like rubber, was 3.1 g (87%). The in-
herent viscosity Of the copolymer (0.5% in CHCI3, 30«C)
was 2.2 dVg. The infrared spectrum (thin film) of the co-
polymer showed absorptions at 1740 cm"^ (c=0 stretch,

ester); 1240, 1195 and 1170 cm"^ (c-0 stretch, methyl
ester), and 1115 cm"! (C-O-C stretch, ether). See p. 300.

13The C NMR spectrum (dg-benzene) showed peaks at 25.61 ppm

(-CH2CH2COOCH3)
; 26.15 ppm (-OCH2CHCH2CH2-)

; 29.87, 30. 03

and 30. 54 ppm (iCH^^) ; 31.15 and 31.71 ppm (-OCH2CH2CH2O-)
;

33.03 ppm (-OCH2CHCH2-); 34.45 ppm (-CH2COOCH3) ; 51.14 ppm

(-OCH3); 67.48, 68.43 and 69.03 ppm (-OCH2CH2CH2O-) ; 74.05

and 74.39 ppm (-OCH2CH-) ; 79.47 , 79.92, 80.32 and 80.53 ppm
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(-OCH,iH-, and 173. 52 pp„ ,4,. 3^3^

ilHF)
.

A polymerisation tube equipped with a 3-„ay pres-
sure stopcocK was dried in the .anner described previously,
then charged under positive nii-r-^ ^posirive nitrogen pressure with MEU
(1.6 g, 7.4 mmole, 30 mnlo-& ^-pmole of comonomer feed) , toluene
(11 ml) and freshly distilled THP (1.8 g, 25 ^ole, 70

mole-% Of comonomer feed). The contents of the tube were
de-gassed by three freeze-thaw cycles and the AKc^H ) /
H2O/ACAC (1.0/0.5/1.0) initiator (1 7 ml l 1

\^
a<-uj. \x. / mi, 1.6 mmole alumi-

num,
5 mole-% based on epoxide monomers) was added. The

tube was sealed at 0.01 mm and allowed to stand at room
temperature for 29 days. The viscosity of the yellow solu-
tion increased gradually and a clear plug was formed after
ca.

4 days reaction. The tube was opened, the elastic yel-
low plug was removed and dissolved in 1,4-dioxane (130 ml)
which had been acidified (pH 4) with methanolic HCl. The
turbid solution was filtered through a sintered glass fun-
nel (medium grit) and poured into two liters of methanol.
The finely divided white solid that precipitated was col-
lected by filtration, slurried overnight in absolute metha-
nol. (200 ml), filtered and dried for one day at 40°c and

0.01 imn over phosphorus pentoxide. Yield of the white elasto-
meric solid was 1.3 g (38%). The inherent viscosity of the
polymer (0.5% in 1,4-dioxane, 30°C) was 0.8 dL/g. The

polymer was identified from its infrared spectrum and
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13 Ĉ NMH spectru. as poX„MEU)

, not the copolymer of MEU an.
THP. The infrared spectru™ (thin fii„, 3howed absorptions^ --^lu; ^nuwt^a aDsorption

t 1740 c™- ,c=0 stretch, ester,, i240, U95 and 1145 c."
(C-0 stretch, methyl ester,; and luo cr»-l <c-o-C stretch

ether,. See p. 301. The "c N„R spectrum (a^-ben^ene,
showed^peaKs at 25.36 pp„ ,-CH,CH3COOC„3,

; 26.04 pp™
(-OCH^CH-CH^CH,-,, 29.60, 29.79, 30.03 and 30.39 pp„
(^CH^^^,; 32.96 pp™ (-OCH.iHCH^-); 34.17 pp. (-CH2COOCH3

,

;

50.89 ppm (.0CH3); 73.80 ppm (-OCH^^h-
, ; 80.22 pp™

(-OCH2CH-, and 173.19 ppm (-|-, . gee p. 323.

-1

E. Polymerizations of ryr., , „ Ethers usingthe AH(,'>H^ ),/H?o/AcAc mmryTT^^
initiator

Polymerizations
of cyclic ether monomers were also carried out in the ab-
sence Of the ester-substituted epoxide MEU for comparative
purposes. Experimental procedures and techniques used for
each individual cyclic ether listed below were identical to
those used (and already described) for their copolymeriza-
tion with MEU. The information provided below is therefore
presented in a highly condensed form. This format was

adopted in order to minimize redundancy with the detailed
descriptions given in Section D. 3 of this chapter.

^ Poly (ethyl ene oxide) . EO (3.3 g, 75 mmole)

,

toluene (10 ml), Al (C2H5
)

3/H2O/ACAC (1.0/0.5/1.0) initiator

(3.8 ml, 3.7 mmole aluminum, 5 mole-%) . Reaction time: 7



82

days; yield: 3 0a (qoos • ^^•0 g (92,); inherent viscosity (0.1% in
CHCI3. 30»C): xn.™ spectru. <th.n .

ether,. see p. 301. ^^c s,e.,rnm (coci,, = 7I 9^
PPm (-CH^CH^O-). see p. 324.

^"-^2ly(P£2Pylene^Kide, po (I.9 g, 30 ™,ole,
,benzene ,10 ™i,, Al ,C,H3, 3/h,o/.c.. ,1.0/0.5/1.0, initia-

tor (4.7 ™i, 1.5 „™ole alu^inu™, 5 .ole-»,. Keaction ti.e-
13 days; yield: 1.9 g (98„; inherent viscosity ,0.1% i„
CHCI3, 30»c,: 6.7 dL/g. infrared spectra™ ,thin fil„,

.

3020-2680 cn-^ ,c-H stretch,, 1105 c™"^ ,c-o-c stretch,
ether). See p. 302.

nal lock,: 18.01 and 18.88 pp™ ,-cH3,; 73. 79 and 74.08
Ppm (-CH2CHO-, and 76.01 ppm ,-CH2CH0-). See p. 324.

c- P°ly(epichlorohydrin,
_. ecH ,3.0 g, 32 mmole) ,

toluene (11 „i)
,

Al (C^Hj) 3/„^o/AcAc (1.0/0.5/1.0) initiator
(1.7 ml, 1.6 ™„ole aluminum, 5 „ole-% initiator). Reaction
time: 40 days; yield: 0.59 g ,20%, of a benzene-soluble
fraction, 2.1 g (70%, of a ben.ene-insoluble fraction; in-
herent viscosity (0.5% in CHCI3, 30<>C) of benzene-soluble
fraction: 0.13 dL/g. infrared spectrum (thin film):
3060-2680 cm-i ,c-H stretch), 1730 cm'^ ,c=0 stretch),

1110 cm'^ ,c-0-C stretch, ether) and 745 cm'^ (C-Cl

stretch). See p. 302. ^^C NMR spectrum (dg-benzene, :

43.98 ppm (-CHjCl), 69.80 ppm (-CH^CHO) and 79.40 ppm
(-CH^CHO-). See p. 325.



^^-^^^^iLih^imBn±.o^. BO ,3.0 g, 42 ™ole,
,toluene ,9.3

, M,c,h, , ,1.0/0.5/1.0,
"itiator ,2.1 .1, 2.1 ^oie alu.inu™, 5 .ole-, initiator,
Keaotion ti™e= 29 aays; yieM: 2.8 , ,S3», .. appearance:
gura-li.e rubber; inherent viscosity ,0.1, in CHCI3, 30«c, =

11 dL/g. infrared spectrum ,thin film, : 3040-2660 cm"!
(C-H stretch,, 1105 cm'^ (c-o-c stretch, ether,. See

P- 303. 13c NMR spectrum ,dg-ben^ene, : 9.96 ppm (-CH,,,-
25.31 ppm ,-CH2CH3); 72.16, 72.35 and 72.88 ppm
(-CH.CHO-); 80. 63 and 81^ pp, (-CH^ino-). See p. 325.

e. Poly (4,4,4-trichl oro-l-buter^^ TCBO
(3.1 g, 17 mmole), toluene (11 ml), Al (c^H^

)
3/H2O/ACAC

(1.0/0.5/1.0) initiator (0.9 ml, 0.9 mmole aluminum, 5

mole-% initiator). Reaction time: 68 days; yield: 3.0 g
(97%), insoluble in benzene or boiling acetone; appearance
crumb-like white elastomer. Infrared spectrum (KBr)

:

3020-2720 cm~^ (c-H stretch), 1190-1000 cm"^ (C-O-C

stretch, ether), 775 and 695 cm"! (c-Cl stretch). See

p. 303.

^ Polyd-hex ene oxide) . HO (3.0 g, 30 mmole) ,

toluene (10 ml) and Al (C2H5
)

3/H2O/ACAC (1.0/0.5/1.0)

initiator (1.5 ml, 1.5 rrjnole aluminum, 5 mole-% initiator).

Reaction time: 31 days; yield: 2.8 g (92%); appearance:

semi-transparent elastomer; inherent viscosity (0.1% in

CHCI3, 30°C)
: 11 dL/g. Infrared spectrum (thin film):
-13060-2600 cm (C-H stretch), 1110 cm"^ (C-O-C stretch.
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ether) . See p. 304 ^3
• C NMR spectrum (d^-benzene) : 14 54

PP™ (-CH3,, 2,.ei pp. ,-eH,e„3,.. .s.44 pp™ .-ch^ch.ch ,•
32.83 pp. <-CH3CH,,„^,„^,. ^3^^^^ ^ ^^3^^
ppn. (-CH.CHO-,; and 80.52 pp. <-ch,6ho-) . see p. 326.

a._^gly(phenyl qlvcid^j_ether).. pge (3.3 g 22
-oxe,, toluene ,13 .1, , .nd .UC^U^, ^yn^oM.Ao .l.o^O.S/
1.0) initiator ,1.1 .1, ^^^^.^^^^ ^

ator). Reaction time: 32 davs • vi*:.i^aays, yield: quantitative;
appearance: hard white pluq insolnhi^ ^t^-Lug. insoluble and non-swellable
in common organic solvents.

h. Oxetane polymeriza tion. Not attempted.

ii--Mternpted_ tet oo^U^n^^^H^^ THF
(2.7 g, 37 mmole), toluene (9.5 ml), and M(C,H3 ) 3/H,o/AcAc
(1.0/0.5/1.0) initiator (1.9 ml, 1.8 mmole aluminum, 5

mole-% initiator). Reaction time: 68 days; appearance:
clear yellow solution, no increase in viscosity. No pre-
cipitate formed when the reaction mixture was poured into
acidified methanol.

F. Modifications of Functiona lly-
Substituted Poly (Alkylene OxideiJ

1. Preparation of poly (alkylene oxide) ionomers and poly-
electrolytes .

a. Saponification of poly (methyl 10,11-

epoxyundecanoate). A clean 4-neck 250 ml round-bottomed

flask was equipped with a mechanical stirring apparatus,



85

reflux condenser, 3-way adapter and n^^-y auapter, and nitrogen inlet and
outlet tubes. The flask was charged with poly,M.U) ,5 0 g
0. 023 ™ole, and then was purged with nitrogen forS.lnutes.
Purified l,.-dio.ano ,120 .1, was added and the f lasK was
partially i,™ersed in a 100=c oil bath. Poly (MEU) dis-
solved rapidly and produced a slightly turbid solution, a
4N aqueous sodium hydroxide solution ,15 .1, 0. 060 mole oh",
was added, causing formation of two x„,n,iscible phases. The
mixture was stirred vigorously. After 10 minutes the reac-
tion mixture became very milky in appearance and the vis-
cosity started to increase rapdily. shortly thereafter a
white solid began to precipitate. The reaction was stopped
after one hour and the contents of the flask wore cooled to
room temperature. The highly swollen, granular mass of
precipitated polymer was collected by filtration and washed
with methanol until the washings were neutral. The pure-
white polymer, a free-flowing powder, was dried for one day
at room temperature and 0.01 mm over phosphorus pentoxide.
The yield of poly (10, 11-epoxyundecanoic acid sodium salt)

was 4.6 g (89t). The inherent viscosity of the polymer

(0.5» in water, 30°C) was 0.41 dL/g. The infrared spectrum
(KBr wafer) showed absorptions centered at 1565 cm"' (CO

"

2
stretch, carboxylate anion) and 1100 cm"^ (C-O-C stretch,

ether). See p. 304. The ''c NMR spectrum (D2O) showed

peaks at 26.57 ppm (-OCII2CHCII2CII2-)
, 27.38 ppm

(-CH^CH^COQ-Na^)
, 29.73 and 30.63 ppm (-fCII^^^), 32.80 ppm
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(-OCH,i„CH,-,. 38.38 pp™ ,-CH,C00-.a^)
, ,3.63 pp„

<-OCH,CH-,, 80.62 pp„ ..ocH^iH-, .n. ,84.SS pp. ,-coO-Ha^,
See p. 326.

ANAL, calcd. for 4c h ^T=r^ x-tC^lH^gNa03>^: c, 59.44%; H,
8.32%; Na, 10.34%. Found- r -^aoi^ound. c, 59. 34%; h, 8.53%; Na, 10.1%.

^^P°^ igi£^ii2II_^l^oly^ ^ 10^11,
^^^^»£^-^te-^^

A4-nelk 250 .1
round-botto.ed flask was equipped with a mechanical stir-
ring apparatus, reflux condenser, 3-way adapter, and nitro-
gen inlet and outlet tubes. The flask was charged with
poly(MEU-co-EO) (6.0 g, 4 .ole-% ester groups) and then was
purged with nitrogen for 5 .inutes. Purified 1,4-dioxane
(150 ml) was added with a syringe and the flask was par-
tially irmnersed in a lOOoc oil bath. Poly (MEU-co-EO) dis-
solved after ca. 4 hours; the resulting solution was turbid
and moderately viscous. a solution of 4N aqueous sodium
hydroxide (10 ml, 0.040 mole oh") was added. The turbidity
of the reaction mixture immediately began to increase,
reached a maximum after ca. 25 minutes, then decreased
rapidly until the solution was nearly transparent. The
reaction was stopped after 1.5 hours and the contents of
the flask were cooled to room temperature. The solution
was divided into two portions of equal volume (75 ml). One

portion was set aside for reaction with glacial acetic

acid, see Sec. F.2.b. in this chapter (p. 89). The remain-

ing 75 ml aliquot was poured into one liter of an ether/
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methanol solution (4/1 by volume) . The poly (alkylene oxide)
ionomer precipitated as a fluffy white solid. After decant-
ing the supernatant liquid, the copolymer was then soaked
for one day in 800 ml of ether/methanol (3/1 by volume) solu-
tion, the supernate was again decanted and the soaking pro-
cedure repeated one final time. The ionomer was collected by
filtration, washed with fresh ether-methanol solution (3/1
by volume) and finally anhydrous diethyl ether. Drying of
the fluffy white copolymer was performed over phosphorus
pentoxide, at room temperature and 0.01 mmfor two days. The
yield of poly (alkylene oxide) ionomer was 1.4 g (47%). The
inherent viscosity of the ionomer (0.5%in H2O, 30°C) was 4.0
dL/g. The infrared spectrum (thin film from methanol)

showed absorptions at 3020-2660 cm'^ (C-H stretch), 1567 cm'^
(C=0 stretch, carboxylate anion) and 1110 cm"^ (C-O-C stretch,

ether)
. See p. 305 . The ^^C NMR spectrum (D„0) showed

peaks at 25.73 ppm (-OCH2CHCH2CH2-) ; 27.15 ppm

(-CH2CH2COOCH3); 29. 89 and 30 . 01 ppm (-(CH2>4 ) ; 31.59 ppm

(-OCH2CHCH2-)
; 38. 87 ppm (-CH2C00~Na'^) ; 69. 28 , 69. 92 , 70. 05

and 71.63 ppm (-CH2CH2O- ) ; 73 . 77 and 74 . 00 ppm (-OCH2CH-) ;

80. 06 ppm (-OCH2CH-) and 185. 03 ppm (-COO'Na"^) . Seep. 327 .

The relative composition of the ionomer was 4 mole-%

10, 11-epoxyundecanoate sodium salt (EUA'Na"*") and 96 mole-% EO.

ANAL, calcd for iC^^E^^NaO^^^-^C^u^O^
^

C,

55. 38%; H, 9.06%; Na , 1.80%. Found: C, 54.15%; H,

9.06%; Na, 1.8%.



88

^"-^^i^^^^^ii^^E52y™dS£2iHi^aci^ A 3-neck
100 .X round-botto^ea flas. was equipped with a ^echanicaX
stxrr.ng apparatus, reflux condenser, and nitrogen inlet
and outlet tubes. The fla<^k ,7=0 uine tlask was charged with poly (10 11-
epoxyundecanoic acid sodiu™ salt, ,1.0 g, 4.6 .nole car-
boxylate groups,, and flushed with nitrogen for 10 .inutes.
The polymer was dissolved in distilled water ,30 „1, and
gave a turbid solution of moderately low viscosity. Gla-
cial acetic acid (6.0 ml, 105 ^ole, was added. Precipita-
tion Of a highly swollen solid occurred almost immediately.
The mixture was stirred vigorously for 2 hours, and then
was poured into acetone (600 ml, and filtered. The white
granular solid collected by filtration was washed succes-
sively with acetone, methanol and then air-dried. An in-
frared spectrum (KBr wafer) showed two carbonyl absorp-
tions, at 1705 cm-1 (c=0 stretch, carboxylic acid, and at
1565 cm-i (c=0 stretch, carboxylate anion, indicating that
some unreacted carboxylate salt groups remained. Complete
neutralization was achieved by slurrying the polymer over-
night in distilled water (25 ml, whose pH had been adjusted
to 4 with glacial acetic acid. The polymer was again col-

lected by filtration, washed with water and dried in a des-

sicator for 1 hour over anhydrous calcium sulfate at 35 mm.

Final drying was performed for 12 hours at 56°C and 0.01 mm

over phosphorus pentoxide. The yield of wax-like poly(EUA)
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was 0.98 q (96?;) >vi^^ a ug (36.). The inherent viscosity of the polymer
(0.5% in 1,4-dioKane, 30»C) was 0.17 dL/g. The infrared
spectru™ (thin fil™, displayed prominent absorptions at
3540-2350 cm"! ,o-H stretch, carboxylic acid,, 1710 cm"!
(C=0 stretch, carboxylic acid), mo cm"! (c-o-c stretch

ether) and 925 cm"! (o-H out-of-plane bending) . see
P. 305. The NMR spectrum (dg-dioxane) showed pealcs at
25.71 ppm (-CH^CH^COOH)

, 26.09 ppm (-OCH.CHCH^CH,-)
, 30.15

ppm (^CH^^^), 32.93 ppm (-OCH^iHCH^-), 34.05 ppm
(-CH2COOH)

, 73.70 ppm (-OCH CH-1 Rn oo , ^ '

t-t- V u«^n2(-H 80. 22 ppm (-OCH^CH-) and
175.17 ppm (-COOH). See p. 327.

ANAL, calcd. for i^^^^^.O^,^. 65.97%; H,

10.07%. Found: C, 65.71%; H, 10.25%; Na, 0.1%.

— PQly (IQai-epoxvundecan oic acid-co-ethylene
22iide)_. A 75 ml aliquot of poly (10 , U-epoxyundecanoic acid
sodium salt-co-ethylene oxide) (3.0 g) in aqueous 1,4-
dioxane had been prepared as previously described in Sec-
tion F.l.b. of this chapter. The turbid solution of

poly(alkylene oxide) ionomer was stirred (mechanically) at

room temperature in a 250 ml round-bottomed flask equipped
with a reflux condenser, and nitrogen inlet and outlet

tubes. Glacial acetic acid (3.2 ml, 56 mmole) was added.

The reaction mixture immediately became very opaque and was

allowed to stir for one day under nitrogen. The mixture

was poured into distilled water (400 ml), the resulting

aqueous suspension of poly (alkylene oxide) carboxylic acid
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was centrifuge, and the supernatant Xi.uia aecantea. The
stxcky, rubbery copolymer was repeatedly washed by re-
suspendin, i„ distilled water, centrifu.in, and decanting
the supernatant liguia. Washings regained slightly acrdic
even after the odor of acetic acid was no longer detected

'

indicating a slight solubility of the copolymer. The
highly swollen copolymer was pre-dried for one day at 0 01
™n in a dessicator, then dried to constant weight at roo.
temperature and 0.01 ,„„ over phosphorus pentoxide. Yield
Of the spongy, white poly (EUA-co-EO) was 1.0 g (33%). The
inherent viscosity of the poly (alkylene oxide) carboxylic
acid was 1.8 dL/g ,0.5% in 1,4-dioKane, so^c) . The infra-
red^ spectrum (thin film) Showed absorptions at 3650-2500
cm (o-H stretch, carboxylic acid), 1730 cm'^ (c=0
stretch, carboxylic acid) and 1110 cm"! (c-O-C stretch,
ether). See p. 3O6. The ^^c NMR spectrum (d^-benzene)
showed^peaks at 25.27 ppm (-CH^CH^COOH) ; 25. 80 ppm
(-OCH2CTCH2CH2-); 29.48, 29.64, 29.83 and 30.15 ppm
i-fCH^^^); 32.55 ppm (-OCH2CHCH2-); 34.31 ppm (-CH^COOH) ;

69.91, 71^, 71.40 and 72. 98 ppm (-OCHjCH,- ) ; 74.44 ppm
(-OCH^CH-); 79.53 ppm (-OCH2CH-) and 170.82 (-COOH) . See

p. 328.

ANAL, calcd. for <C^^^2 0^,^^^C^U^O^
^

C, 56.35%; H, 9.30%. Found: C, 54.37%; H, 8.95%; Na,

0.09%; ash, 5.4%.
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the init iator. TO (? i r. ->:, ,ro (2.1 g, 23 mmole) was distilled under
nitrogen from a blue sodium metalaium metal-benzophenone complex into
a tared, flamed-out 6-inch polymerizat , nn ^ ki ^J-/merization tube. The tube was
equipped With a 3-„ay adapter ,„th teflon stopcoc.) and a
magnetic stirring bar. Purified OCE ,4.6 was added
w.th a nitrogen-purged syringe and the tube was partially
immersed in a f^^^n r^i i wXII a L oil bath. A Derinf^ r,f i c:perioa ot 15 minutes was
allowed for the TO to dissolve and for the solution to at-
tain thermal equilibrium. The tube was then charged with a
stock^O.035 molar TFA/DCE initiator solution (0.11 ml, 3.7
X 10-3 ^^^^ ^^^j ^^.^^^ ^ nitrogen-purged gas-tight
syringe. The reaction mixture became turbid after 40
seconds; several minutes afterwards the entire volume of
solution was filled with the snow-white precipitate of
polyoxymethylene. The tube was kept in the 65«C oil bath
for 33 hours and then was cooled to room temperature. The
polymer was collected by filtration and washed successively
with 5% aqueous sodium bicarbonate (200 ml), distilled
water (100 ml) and absolute methanol (100 ml). Polyoxy-
methylene was dried in a dessicator at 0.05 mm and room

temperature over anhydrous calcium sulfate. The yield of
white, powdery POM was 2.0 g (96%). The infrared spectrum
(KBr wafer) of the polymer showed absorptions at 3180-2760
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- (C-H stretch, and two broad, intense absorptions
centered at 1105 c^-^ ,c-0 stretcb, asy^etrio) and Seo
cm (c-O stretch, symmetrirl a , ,ymmetric). a weak absorption in the
O-H^stretching region of the infrared spectru. ,3660-3240
- )

indicated the concentration of hydroxyl end groups
to be quite low. See p. 306.

'^oPQlymeriz ation of tr^ n^.r.^ (^o) anri i . ^-^^'''^ ^iu; _and 1, 3-dioxoJanp
(DO) with CFr>sOo-)-oO a<; i r. ; 4- ; ^ j.• .?' ^^?~?^ as in itial-nr- TO n 7 rr IQ T X. J-u u. / g, 19 mmole) was

distilled under nitrogen from a blue sodium-ben.ophenone
d..cetyl complex into a tared, fla.ed-out 6-inch poly.eri.a-
txon tube. The tube was equipped with a 3-way adapter
(With teflon stopcock) and magnetic stirring bar. Under

positive nitrogen pressure, the tube was charged with DCE
(4.2 ml,, DO (0.14 g, 2 nm,ole, 10 mole-% of comonomer feed,

and then partially immersed in a 65°c oil bath, fl period
of ca. 15 minutes was allowed for the TO to dissolve and
for the solution to attain thermal equilibrium. A stock
0.035 molar TFA/DCE initiator solution (0.1 ml, 3.5 x lo'^
mmole TFA) was added with a nitrogen-purged, gas-tight
syringe. The clear, colorless solution became turbid after
ca. 2-3 minutes. Rapid precipitation of a finely-divided
white solid began soon after the onset of turbidity. The
tube was kept in the 65»c oil bath for 33 hours and then
was cooled to room temperature. The copolymer was col-

lected by filtration and washed successively with 5%



aqueous sodium bicarbonate (200 n,i ^ ^-UOO ml), distilled water (loOml), and absolute methanol (loO ml)uuu ml). The copolymer was
dried for 12 hourq ^i- nat 0.05 rmn and room temperature over an-hydrous calcium sulfate. The yield of u-.^"e yield of white, powdery TO/DO
copolymer was 1.7 a (qi^) mug (91o). The inherent viscosity of the
copolymer (0.1% in 98 weight-^ n r^hiweignt o p-chlorophenol/2 weight-%
-Pinene, eo»c, was 0.97 aVg. The infrared spectru. <KBr
wafer) showed absorptions at 3660-3300 <o-H stretch
moderately weak,

, 3140-2750 c™"! ,c-H stretch,, 1120 c'^
(C-O-C stretch, asy^etric, and 940 era"! (c-o-c stretch, sym-

metric,, seep. 307. The meltin, point of the copolymer
(as determined by DSC, was 162.5<>c.

--^-^^E2i2H5£i2£tion^^4Hi^ca^^

^^^^^i^^^^-^^^520XI^n^trio^^

iBiii^. TO ,2.5 g, 28 mmole, was distilled under nitro-
gen from a blue sodium-benzophenone diketyl complex into a
tared, flamed-out 6-inch polymerization tube. The tube was
equipped with a 3-way adapter (with teflon stopcock, and
magnetic stirring bar. The assembled apparatus was trans-
ferred to a nitrogen dry box where MEDOX (0.34 g, 1.4
mmole, 5 mole-% of comonomer feed, was added. After re-
moval from the dry box, the tube was charged under positive
nitrogen pressure with purified DCE (5.8 ml), and then was
partially immersed in a eS'c oil bath. A period of ca.

15 minutes was allowed for the monomers to dissolve and the
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solution to reach thermal equilihri,™ „

TPS/nr,. •

<3"ilibrium. A stock 0. 035 molarTFA/DCE rnitiator solution (0.14 ml, 4 9 x lo'^ ,"j-f 'i.y X 10 mmole tfa)was added using a nitrogen-purged gas tlt'uigea gas-tight syringe. The
reaction mixture turned pale orange a.ter . to 3 minutes.
The Change in color was soon followed h. the development o.turMdit, in the solution and precipitation o. an o„-„hite

and then cooled to room temperature Th."perarure. The precipitated
solid was collected hy filtration and washed successively
wxth 51 aqueous sodium bicarbonate ,200 ml,, distilled
water (100 ml, and absolute methanol ,100 ml,. The oxy-
methylene copolymer was dried for 12 hours at 0.05 mm and
room temperature over anhydrous calcium sulfate. The yield
Of chalky, white TO/MEDOXcopolymer was 2 . 2 g (75%, . The
inherent viscosity of the copolymer (0.1% in 98 weight-%
P-chlorophenol/2 weight-, a-pinene, 60»C) was 0.51 dL/g.
The infrared spectrum (KBr wafer, showed the following ab-
sorptions: 3660-3300 cm-1 (0-H stretch, moderately weak),
3080-2760 cm-1 (c-H stretch,, 1740 cm'^ ,c=0 stretch,
ester, weak,, 1100 cm"! (c-O-c stretch, asymmetric) and
940 cm-i (c-O-C stretch, symmetric). See p. 307.

Relative composition of the copolymer, determined by
quantitative infrared analysis, was 1 mole-% MEDOXand 99

mole-% TO.
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0 as
— '-^ Qioxolane_ with (CF-^S Oo-)-

^i^^^^^iii^- ™ (3.1 35 ^oie, aistinea un^ai;
n.tro,e„ f.o™ a blue so.i™-.en.ophenone ai.etyl complex"to a tarea, fla„e.-out 6-inch polymerisation tube. .,e
tube was eguippea with a 3-„ay adapter (with teflon stop-
cock, an. magnetic sti.rin, bar. .he assemble, apparatus
was transferred to a nitrogen dry box where MEDOX (0.43 g.

mole o of termonomer feed) was added. After
removal from the dry box +-ho kary box, the tube was charged under posi-
tive nitrogen pressure with DCE (7 n mi

\

(/.a ml) and DO (0.26 g,
3.5 mmole, 10 mole-e- -i-^^mole

„ of termonomer feed) . The polymeriza-
tion vessel was partially immersed in a 65=c oil bath; a
period Of 15 minutes was allowed for the monomers to dis-
solve and the solution to reach thermal equilibrium. The
clear, colorless solution was then charged with a stock
0.035 molar TFA/DCE initiator solution (0.18 ml, 6.3 x lO'^
-ole TFA)

. The reaction mixture turned pale-orange after
2 to 3 minutes; the change in color was soon followed by
the development of turbidity in the solution. An off-white
solid slowly began to precipitate from the solution. The
tube was kept in the SS^'C oil bath for 33 hours and then
was cooled to room temperature. The precipitated solid was
collected by filtration and washed successively with 5%

aqueous sodium bicarbonate (200 ml) , distilled water (100

ml) and absolute methanol. The terpolymer was dried for 12
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hours at 0.05 mm and room temoer.^.m temperature over anhydrous cal-cium sulfate. The yield of oh nyield of chalky, white TO/MEDOX/DO ter-polymer was 3.0 q (79%) mf.^ • ^
.

^ ^^h^---t viscosity (0.1% in
98 weight-

% p-chlorophenol/2 weiahi- o^ weight-^o a-pmene) was 0.66
dL/g. The melting point of ^-^y puxnr of the terpolymer was 163 °C
(-asurea osc,

. The infrared spectr™ ,KBr wafer,
Showed absorptions at 3640-3320 c.-l ,o-„ stretch
moderately weak,, 3060-2760 c^'l (c-H stretch,, 1735 c.-^
(C=0 stretch, ester, weak,, mo cm"! (c-o-c stretchu u stretch, asym-

metric) and 940 cm~^ (C-O-C str^-H^hu L stretch, symmetric). See
p. 308.

The terpolymer was found by quantitative infrared
analysis to contain 0.5 mole-% medox.

5. Copolymer j ion of methvl in n ^"tetnyl 10.11- epoxyundecanoate (MEU)

^^^^^£^2Si2^^TOWth_(cP3so^
^^,2.0

g, 24 ™„ole, was distilled under nitrogen from a blue sodium-
benzophenone diketyl complex into a tared, flamed-out 6-
inch polymerization tube. The tube was equipped with a 3-
way adapter (with teflon stopcock) and magnetic stirring
bar. MEU (0.24 g, l.i m^ole, 5 mole-l of comonomer feed,
and DCE (4.5 ml, were added by nitrogen-purged gas-tight
syringes. The tube was then partially immersed in a 65 «c
oil bath; a period of 15 minutes was allowed for the TO to
dissolve and the solution to reach thermal equilibrium.
The clear, colorless solution was then charged with a stock
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0.035 .olar TPA/OCE initiator solution ,0.11 .1, 3.8 x 10-3
-ole TP.,

. .,,er IS ho„s t.e contents o. t.e tu.e .eca^e
ixght orange; soon afterwards the solution beoa^e turbia
and an off-white solid began to preoipitate slowly. The

was cooled to room temperature. The precipitated solid was
collected by filtration and washed successively with 5%
aqueous sodiu. bicarbonate ,200 ™i,, distilled water ,100
ml) and absolute methanol (loo ml). The functional
oxymethylene copolymer was dried for 12 hours at 0.05 mm
and room temperature over anhydrous calcium sulfate. The
Yield of chalky, white TO/MEU copolymer was 2.1 g ,94%).
The inherent viscosity (0.1% in 98 weight-% p-chlorophenol/
2 weight-% a-pinene, 60»C) was 0.27 dL/g. The melting
point of the TO/MEU copolymer (determined by DSC) was
166.400. The infrared spectrum (KBr wafer) showed the fol-
lowing absorptions: 3640-3270 cm'^ (o-H stretch, moderate-
ly weak), 3140-2750 cm'^ (c-H stretch), 1740 cm'^ ,c=0

stretch, ester, moderately weak), 1105 cm"^ ,c-0-c stretch,
asymmetric) and 940 cm"^ ,c-0-C stretch, symmetric). See

p. 308.

The copolymer was found to contain 1.6 mole-% MEU
by quantitative infrared analysis.
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~ ^:g £PQlynierizatio n of methvl inn
(MEU)

, tr ioxanp (tO) anr) 1 t ^•

^0 ,2.5 „ 27 r„n,ole) was a.s-
t.lled under nitrogen fro™ a blue sodiu^-benzophenone
diketyl complex into a tared, fla^ed-out 6-i„eh polymeriza-
tion tube. The tube was equipped with a 3-way adapter
(wrth teflon stopcock, and a magnetic stirring bar. MEU
(0.29 g, 1.4 ™ole), DCE (6.1 ml) and DO (0.20 g, 2.7

n»aole, were added by nitrogen-purged gas-tight syringes.
The polymerization vessel was then partially i:™ersed in a
65«C oil bath; a period of 15 minutes was allowed for the
TO to dissolve and for the solution to reach thermal
equilibrium. The clear, colorless solution was then
charged with a stock 0.035 molar TFA/DCE initiator solution
(0.14 ml, 4.9 K 10-3 ^ole TFA) . After 19 hours the reac-

tion mixture became light orange; soon afterwards the solu-
tion became turbid and an off-white solid began to precipi-
tate. The tube was kept in the 65<>c oil bath for 33 hours
and then was cooled to room temperature. The precipitated
solid was collected by filtration and washed successively
with 5% aqueous sodium bicarbonate (200 ml), distilled
water (100 ml) and absolute methanol (100 ml). The ter-

polymer was dried for 12 hours at 0.05 mm and room tempera-

ture over anhydrous calcium sulfate. The yield of chalky,

white TO/MEU/DO terpolymer was 1 . 4 g (46%) . The inherent

viscosity (0.1% in 98 weight-% p-chlorophenol/2 weight-%
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-Pinene, 60»C) was 0.32 .L/g. „elti„, point of the
WMEU/DOterpoly^er (dete^ine. osc, was I66.5.C The
.nfrared^spectru™ showed the following absorptions: 3630-
3320 cm ,0-H stretch, moderately weak), 3060-2760 cm"!
(C-H stretch), 1740 cm~-^ (r-n ^4. ^ ^ ix/^u cm (C-0 stretch, ester), 1105 cm~^
(C-O-C stretch, asynunetric) and 940 cm'^ (c-O-C stretch,
symmetric)

. See p. 309.

The terpolymer was found to con+-^in n cz . „^^lu. uu contain 0.5 mole-% MEU
by quantitative infrared analysis.

iilitiator. Five polymerization tubes, equipped with mag-
netic stirring bars and 3-way adapters with teflon stop-
cocks, were flamed-out under nitrogen, cooled to room
temperature and weighed. TO was then distilled, under
nitrogen, from a blue sodium-benzophenone diketyl complex
into each tube. Immediately after charging with TO and re-
weighing the tubes were transferred to a nitrogen dry-box.
Each successive tube was charged with the appropriate

amount of MEDOXso that comonomer mixtures with 5, 10, 15,

25 and 40 mole-% MEDOXwere prepared. After removal from

the dry box, the tubes were charged under positive nitrogen

pressure with purified DCE. The volume of DCE added to

each tube was that required for the concentration of co-

monomers to be 5 mole-lit"^. The tubes were partially
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immersed in a 65«c oil bath; a period of 15 minutes was al-
lowed for the solids to dissolve and the solutions to reach
thermal equilibrium. Each tube was then charged with the
required amount of a stock initiator solution, 0.035 .olar
TFA/OCE. The ti.e for onset of turbidity was recorded for
each reaction. The tubes were kept in the 65»c oil bath
for 34 hours, removed and cooled to room temperature. Pre-
cipitated solids were collected by filtration in pre-tared
sintered glass funnels. Each copolymer was washed succes-
sively with 5% aqueous sodium bicarbonate (200 ml), dis-
tilled water (100 ml) and absolute methanol (100 ml),
samples were dried for one day at 0.05 m™and room tempera-
ture over anhydrous calcium sulfate. The yields and in-
herent viscosities (0.1% in 98 weight-% p-chlorophenol/2
weight-% a-pinene, 60«C) were determined. Infrared spectra
(KBr wafers) were recorded and showed the following absorp-

tions: 3660-3320 cm"^ (0-H stretch), 3130-2750 cm"^ (C-H
stretch), 1740 cnT^ (c=0 stretch, ester, variable intensi-
ty)

, 1110 cm"^ (C-O-C stretch, ether) and 940 cm"^ (C-O-C

stretch, symmetric). See p. 309.

Refer to Table 2 , p. ici, for quantities of individ-

ual chemicals used in the series of experiments described

as well as for copolymer yields and inherent viscosities.



101

XO 03Q
H O

W Eh
^ H

HoX w0 ffiH Eh
Q

1 cn

I <
*^ Eh

O WS Q
>H H
o Q

o

I

uH

H
Eh

Eh
P4 H
o s

a: oO
H ^
Eh
<: H
b <

o
a^
ou

•H

Sh

0)

o

ou

^H -H

e - I

O W (U
C -P rH
0 -H O
1 S s
u

C: -H 1-1

•H

o o
fd -P

4-1 rH
•H O
G CO

u
•H

Q)

o

CO

•

00 00

iH
• •

rH

H ro
ro

• • •O O O

ro ro
LO

LT)

If)

• •
CO

•

CM
•

CM
*

LO LO 00 CM
rH -H

•
.H H

d o
•

o •

o
•

O

00
•

CO
•

CNJ rH

LO in
• •

ro

LO LO

LO
ro CM O

H O o rH CM fH

(U

iH
0 iH rH ro CM CTi

00 00 ro CO rH

CTi CTl

CM CM CM HH

CM 00 LiO

I

OJ

rH
o
e

o
CM

CM
o
CO
ro

h4
O

0
-P
fC

•H
-P
•H
q

•H

M

O •

w
00 CJ
00 Q

(U

c
•H

?^

I

•

-p

CM\
rH
o

o
u
oH

rG
o

I

(AO

I

-p

0) c 00
G>H

-p -p C
•H- 0O iH C &

0 0 0 om rH •H to
x: +J 0u :3

•H rH +J
•' 0 u

• 1 CO 0)

a^
(AO CO

(D H rHP • TJ
1 o
1 ^
W -P 03

0 U
0 0 UHH > u d

-P rH 0 •H
•H 0 o

>i

0 - -p

u

0 g •HH 0
-P G iH
U 0 m OJ

03 -P
cu 0 0) cu

Q
03

O

0)
CO

03

XI



102

^ Copolymerizabi TijHy of methvl inng£Hiyi_ 10 , ll-epoxvundecanoate

P-e polymerization tubes, equipped with magnetic sti„ing
bars and 3-„ay adapters with teflon stopcocks, were fla.ed-
out under nitrogen, cooled to roo™ temperature and individ-
ually weighed. TO was then distilled, under nitrogen, fro.
a blue sodium-ben.ophenone diketyl complex into each tube
The tubes were tightly stoppered with the 3-way adapters
and reweighed. The desired amounts of „EU ,5-40 mole-% of
comonomer feed, and purified DCE were added to each vessel
using nitrogen-purged gas-tight syringes. After partial
immersion of the tubes in a 65»c oil bath, ca. fifteen
minutes was allowed for TO to dissolve and the solutions
to reach thermal equilibrium. Each tube was then charged
with the desired amount of a stock 0.035 molar TFfl/DCE

initiator solution. The time for onset of turbidity was
recorded for each reaction. Four of the polymerization
tubes (initially containing 5, 10, 15 and 25 mole-% MEU in
the feed) were removed from the SS^C oil bath after 3.5

days; each contained an off-white solid suspended in orange
liquid. The last tube was removed from the bath after 5.5

days. Each of the precipitated solids was collected by

filtration in pre-tared sintered glass funnels and washed

successively with 5% aqueous sodium bicarbonate (200 ml),

distilled water (100 ml) and absolute methanol (100 ml).

Samples were then dried for one day at 0.05 mm and room
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inherent viscosity (0 l& ir. qo weignt-^ P-chlorophenol/2
weight-% a-pinene f^C)°r\ene, 60 c) of each copolymer were determined,
infrared spectra ,KBr wafers, were recorded and showed the
following absorptions: 3650-3320 c.'^ ,o-„ stretch
moderately weak), 3120-2750 cm"^ ,c-H stretch), 1V40 cm"!
(C=0 stretch, ester, variable intensity depending on

sample), mo cm"^ (C-O-C strf>f-^h , iu c stretch, ether) and 940 cm"^
(C-O-C stretch, symmetric). See p. 310.

Refer to Table 3, p. 104 for quantities of individual
Chemicals used in the series of experiments described as
well as for copolymer yields and inherent viscosities.

i^ Attempted copo lgnerlzation^^j-,^^
1,3-dioxolane (MEDOXl and l,3-dioxo1.n. ^nn,

^j,

(CF3S0,»P0 as the init iator. A 6-inch polymerization tube
equipped with a magnetic stirring bar and 3-„ay adapter
(with teflon stopcock) was flamed-out under nitrogen and
placed in a nitrogen dry-box. The tube was charged with
MEDOX (0.33 g, 1.3 m^ole, 5 mole-, of comonomer feed) and
then removed from the dry-box. DO (2.0 g, 27 mmole) and
DCE (5.5 ml) were added by nitrogen-purged gas-tight
syringes. The contents of the tube formed a clear, color-
less solution. The polymerization vessel was partially im-

mersed in a 65°c oil bath; ca. 15 minutes was allowed for

the comonomer solution to reach thermal equilibrium. The
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tube was then charged with a stock 0 ni. is^tocK U. 035 molar TFA/DCE
initiator solution (0.13 ml, 4 5 x 1 o'^'i-^ X 10 mmole TFA) . After
15 hours the reaction mixture was still of •of low viscosity
but gray in color Th^:^ ^..u^lor. The tube was removed from the oil bath
after 33 hours and allowed to stanr^stand at room temperature an
additional 5 .ays. The g.ay solution was poured Into anhy-
drous diethyl ether ,150 .1,. ,ello„ oil that separated
out Slowly crystallised to an off-white solid. After soak-
ing overnight in ether, the wax-li.e solid was collected by
filtration and washed successively with ether, 51 aqueous
sodium bicarbonate (30 ml) riiQi-sn^^mi), distilled water and absolute
methanol (50 .1,. The waxy polymer was dried for 12 hours
at 0.05 nun and room temperature over anhydrous calcium sul-
fate. The yield of polymer was 0.27 g (12%), the inherent
viscosity (0.5% in CHCI3, 30^c) was 0.34 dL/g, and the
melting point was 56-60°C.

Identification of the polymer by spectroscopic
methods (IR and ^^C NMR) showed conclusively the product to
be the homopolymer of DO. The infrared spectrum (thin
film) showed absorptions at 3020-2720 cm"^ (C-H stretch),

1115 cm-1 and 1035 cm'^ (C-0 stretch). See p. 310. The
13

C NMR spectrum (d^-benzene) showed peaks at 67.31 ppm

(-OCH2CH2-O-) and 95.85 ppm (-OCH^-O-) . See p. 328.
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ili^^iiiMator. A polymerization tube fitted with a 3-way
pressure stopcoc. was evacuated to 0.01 ^, fla.ed-out,
cooled to room temperature anc] fin^^ -^u •p i-dcure and filled with nitrogen. The
tube was charged with MEDOX (0 65 a 97^u.b^ g, 2.7 mmole) and DCM
(2.5 The resulting clear, colorless solution was de-

gassed by three free.e-thaw cycles. The contents of the
tube were chill^^r? cor^e Chilled to 5 c using an ice-water bath and boron
trifluoride etherate ,0.02 ml, 5 mole-,, was added using a
nitrogen-purged gas-tight syringe. The tube was sealed at
0.01 mm and kept at room temperature for 6 days. During
this period the reaction mixture turned golden brown, how-
ever, no increase in viscosity was observed. The tube was
then kept at -20"c (dry ice/CCl, bath) for one day and at
-VS-C (dry ice/acetone bath) for 1 hour. The contents of
the tube were allowed to thaw and kept at room temperature
an additional 18 days. The tube was opened and the fluid
brown solution was poured into a vial and washed with 5%

aqueous sodium bicarbonate (5 ml) and distilled water

(3 X 8 ml portions). The dichloromethane layer was ana-

lyzed by gas chromatography. A single product was observed

in the gas chromatogram; it was identified as MEDOXby com-

parison with an authentic sample.
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H. Measuremprn-e

^^-^^^^^^^i^^^2£edure^^n^^
Infrared spectra were

recorded on Per.in-Bl„er ModeX 727 or Model 283 spectro-
photometers, solid samples were measured as KBr pellets
and liquid samples were analysed between NaCl plates. The
xnfrared spectra of raost of the polymers were measured
from thin films cast directly onto a single NaCl plate
from CHCl or dioxane solution The n*.»vJ iucxon. The peak assignments were
made to the nearest 5 cm"-"".

The NMR spectra of intermediates, monomers and
polymers were measured on a 60 MHz T-60 Perkin-Elmer NMR
spectrometer.

1

3

The c NMR spectra were measured on a 22.6 MHz
Varian CFT-20 spectrometer. Solution concentrations were
generally 20-40% (w/v) in deuterated benzene, chloroform
or 1,4-dioxane. Common instrument parameters used during
the acquisition of spectral data included a pulse width
(PW) of 13 to 19 microseconds, a pulse delay (PD) of 0 to

5 seconds and an acquisition time (AT) of 1.023 seconds.

Inherent viscosity measurements were run at 30° or
60°C using Ubbelohde or Ostwald-type viscometers. Values

reported are an average of 3 to 5 determinations. Solution

concentrations were 0.1 or 0.5 g/dl in a suitable solvent.

The glass transition temperatures (Tg) and melting

temperatures (T^^) of the polymers were determined on a
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Perkin-Elmer DSC-2 Dif f erenl- i i crrerential Scanning Calorimeter or
DuPont Model 951 Thermal Analyzer at . h^iidxyzer at a heating rate of
20°C/minute. The instruments were calihr-.^o^were calibrated against a
cyclohexane standard for low ^ard for low temperature measurements and
against an indium standard for hinh i-^ror nigh temperature measure-
ments .

Melting points of low molecular weight solids were
measured on a MEL-TFMP n^-r,^ 1

1

i^hL TEMP capillary melting point apparatus
and are uncorrected.

Thermogravimetric analysis ^Tra^ ^-pciuaiyjais (TGA) of polymers was
performed on a DuPont Model 951 Thermal Analyzer at a heat-
ing rate of 15oc/minute in a nitrogen atmosphere.

Gel permeation chromatography (gpc) was performed
on a waters Associates Model 201 liquid chromatograph

, em-
ploying a set of 5 MicroStyragel® columns (nominal pore
size 500, 10^ (two), 10^ and 10^ A). thf was employed as
solvent, at a flow rate of 1.5 ml/minute. Solutions were
ca. 0.15% (w/v) in THF. Columns were calibrated using
narrow-distribution polystyrene standards.

Wide-angle X-ray diffraction (WAXD) measurements
of bulk polymer samples were obtained using a Siemens Model
D-500 Diffractometer. A copper cathode radiation source
was employed; the wavelength of Cu-Ka radiation was 1.5418
L The X-rays were filtered by a monochrometer located be-
fore the detector.

Gas chromatography (GC) was performed on a Varian
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Aerograph Model 1420 temoerai-nr-o

,,,,, .

"""P^^-ture-progran^able gas chromato-graph, using an SE 30 column and h^t
J-ae column was aenpr-^ii,,generally prograrmned from 100-225°c at aheating rate of 4 or 6»c/minute.

Microanalyses were done by the Microanalytical
Laboratory, Office of Researr^h^L. x\eJ3fc:drcn ServJr-piQ nv^-;. •

.Vices, University of
Massachusetts, AmhPrQ-i-

' ^nerst, Massachusetts.

^^5°I-^^^-^Ui«R.^Pe^^ tMn-„alled NMR tubes
(wxth constricted nec.s, were fitted with 3-„ay pressure
stopcocks, evacuated to 0.01 ™and carefully flame-dried
with a Bunsen burner Tho i-,,k„urner. The tubes were refilled with nitro-
gen, and for the sake of convenience labeled . and B, re-
spectively. Tube A was Charged wrth the appropriate guan-
t.t.es of MEU and purified ben.ene so that the concentra-
tion Of „EU was 1.8 mole.lit-^ Tube B was charged with
the appropriate quantities of DDO and purified benzene so
that the concentration of DDO was 1.8 mole-lit-\ The con-
tents of each tube were degassed by three freeze-thaw
cycles. Each tube was charged under nitrogen with 5 mole-%
AKC^Hjjj/H^O/AcAc (1.0/0.5/1.0) initiator and sealed at
0.01 mm. The NMR spectrum was recorded for each reac-
tion mixture immediately after sealing and allowing the
contents of each tube to thaw. Both tubes were kept at
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room temperature for the r^llr-^^-,•^the duration of the experiment (ca. 3weeks). H NMR spectra were recorded at .<-t;coraed at random intervals
during this time The. o^i j. •time. The solutxons remained relatively mobile

1 to 2 days, thereafter spectra were obtained fro.
gelled polymer solutions.

The relative rate of polymerisation for each mono--r was determined by following the change (decrease, in
the integrated signal intenc;ii-wy intensity of the epoxy group methine
and methylene protons (-^:h- and cu'- 6-23.0- _2 ' 0- ^.J-3.0 ppm) as a
function of time.

3. °'^^^^"etric _determination^
methyl 10

,
ll-epoxyundecanoaf ,^JMgU)_ u_sing Al (c,HO

^ /H.o/

^^^^-^i-^^^-^^i^li^^^Ilitiator. Each of six polymerisa-
tion tubes was equipped with a 3-way pressure stopcock,
evacuated to 0.01 „^ and flame-dried using a Bunsen burner.
The tubes were cooled to room temperature and purged with
nitrogen. Each tube was charged with MEU (0.97 g, 4.5
mmoles) and purified benzene (3.9 ml); concentration of the
monomer solutions was 20% (w/v) . The contents of each tube
were degassed by three freeze-thaw cycles. Under positive
nitrogen pressure, tubes 1-6 were successively charged
with the Al(C2H5)3/H20/AcAo (1.0/0.5/1.0) initiator (0.23

ml, 0.22 mmole aluminum, 5 mole-% based on epoxide monomer)
and sealed at 0.01 mm. Each polymerization reaction was

allowed to proceed at room temperature for a specified
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Perioa Of ti^e. stanaa.. „or.-up procedure ,or each
react.on was to dissolve the contents of the tube In a
benzene ,35 -aci.if iea methanol ,5 hcI, ™i.tu.e,
followed by precipitation of the polymer into methanol
("0 ™l,. ,,,, ^^^^^^^^^ filtration in a
tared sintered glass funnel, rinsed with fresh methanol and
dried to a constant weiaht Th^ w-i^i^ ^weignt. The yield of poly (MEU) was
then determined and recorded. See Table 4, p. 112.

— Dilute Solution^e^^TTl-trir

lene oxide) ionomers

.

iIl£glH£ging£Lts of polv(alkv-

lene oxide copolymer which contained 4 mole-% 10, 11-
epoxyundecanoic acid sodium salt units was prepared (see

p. 86 for origin of copolymer). Thus 0.050 g of the
poly(alkylene oxide) ionomer was weighed into a 10 ml
volumetric flask, and distilled water was added to the
fiducial mark. The resulting ionomer solution was fil-
tered through a coarse fritted funnel. The inherent vis-
cosity of the soapy solution was then determined at 30 °C in

a Ubbelohde-type viscometer. The desired quantity of
sodium chloride (NaCl) was added directly to the copolymer
solution, and the inherent viscosity was re-measured. This

procedure was used for the following four concentrations

(weight-% based on ionomer) of added sodium chloride: 1,



112

TABLE 4

POLYMERIZATION OF METHVT in n r.r.

WITH 5 MOLE-flJIc^ii^.i);;^™- ™-
(1.0/0.5/1.0)3

Tube

1

2

3

4

5

6

Polymerization
Time in Days

1.3

3.0

7.1

12.1

30

54

Yield of
Poly (MEU)
in grams

0. 063

0. 14

0.27

0.41

0.37

0.83

Yield of
Poly (MEU)

in %

6 . 6

14

28

43

38

86

Reaction condition«; c;r>i t7Qr>-(- . u
concentration- 2 0 w/v ^

^^^''^"t- benzene, monomerai^ion. 2U w/v ^, room temperature polymerization
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1-5, 3.5 and 5%.

~ ^^^^suremen^^ effect nf i

tion on inherent- viscositv aviscosity. An aqueous solution of an
ethylene oxide copoly..er which contained 4 mole-%
10,11-epoxyundecanoic acid sodium salt units w..axe units was prepared
(see p. 86 for origin of copolymer,. Thus 0.100 o of

poly(alkyle„e oxi.e, iono^er was weighed into a 10 .1
volumetric flas., ana aistille. water was added to the
fiducial „ar.. .he ionomer solution was filtered through a
fr.tted glass funnel ,10-20 „. .he inherent viscosity of
a known volume Of the one ./dL solution was then determined at
30»C in an Ubbelohde dilution viscometer (si.e 75). Pour
successive dilutions of the ionomer solution were per-
formed; a known volume of distilled water being added each
time. The inherent viscosity was remeasured after each di-
lution, solution concentrations after dilution were 0.75,
0.50, 0.25 and 0.125 g/dL, respectively.

Eoly(oKymethvlenes) by q uantitative infr.red analysis .

^ CaJ-ibration of tr. Blends of methyl 10,11-
dihydroxyundecanoate (MDU) and polyoxymethylene (POM) in
varying proportions were prepared in the form of KBr pel-
lets (average thickness 0.015 mm) and their infrared
spectra were recorded. While the concentration of MDU in
the blends was varied from 0 to 211 by weight; the overall
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concentration of thp vny o^ithe KBr solid solutions was held constant
at 10% by weight. The absorbance of the carbonyl ,c=0,
pea. at 1740 c™"^ was .easu.ed for each sample. . calib.a-
tion plot of Absorbance (1740 cm'^) .r.v-L/'iu cm

) vs moles c=0 in the
sample was constructed.

^^-^5E°l2S£^sa2ples. infrared spectra for ester-
substituted POM samples were measured fro™ KBr pellets
(average thickness 0.015 The pellets were prepared

as 10% by weight solutions of the appropriate co- or
terpolymer in KBr. The carbonyl (c=0) absorbance at
1740 cm-1 was measured and the moles c=0 present in the
sample were then determined from the calibration curve.
The mole-% functional monomer incorporated in each co- or
terpolymer was calculated using the relation:

Mole- I functional
monomer incorporated

(moles c=0 in sample)
sample weight in g

30*

'Formula weight of repeating unit (- OCH^-) .



CHAPTER III
RESULTS AND DISCUSSION

A. Ob-iectivpg

The objectives of this research were: (1) to pre-
pare two categories of poly (alkylene oxides), containing
pendant ester groups separated from an elastomeric oxy-
ethylene or crystallizable oxymethylene backbone by a
flexible hydrocarbon spacer-group; (2) to convert by
polymer reactions selected members in the ester-substituted
polyether family to novel poly (alky lene oxide) ionomers,
polyelectrolytes and polyacids; and (3) to perform both
qualitative and quantitative characterization of the

resultant polymers.

In order to achieve these objectives, polymeriza-
tion studies of two difunctional heterocyclic monomers,

methyl 10 , 11-epoxyundecanoate (MEU) and 4- (1-carbomethoxy-

nonyl)-l,3-dioxolane (MEDOX) , were undertaken. Both of

these monomers were prepared from 10-undecenoic acid, a

relatively inexpensive and readily available intermediate.

Consequently, the two functional groups in each monomer are

separated by an eight carbon spacer-group. The long spacer

group was intended to allow the polymerizable functional

groups to react independent of any effects of the oo-ester

115
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groups While at the sa^e ti^e ensuring optical accessihii-
.ty ana reactivity of the pendant ester moieties for subse-
quent polymer modification reactions.

The functional epoxide, MEU, was successfully
homopolymeri.ed and copolymerized with common cyclic ethers
using a modified aluminumalkyl initiator system. Polymer
reactions including saponification and neutralization of
the pendant carboxyl groups were readily carried out.

Functionally-substituted oxymethylene copolymers
were successfully prepared by two routes-cationic poly-
merization of trioxane with MEU or with the functional
1 / 3-dioxolane monomer MEDOX.

The characterization of the two categories of
functional poly (alkylene oxides) was successfully carried
out using techniques such as infrared and ^^c NMR spec-
troscopy, gel permeation chromatography, and differential
scanning calorimetry. The functional oxymethylene poly-
mers, due to their limited solubility characteristics, were
characterized primarily by IR spectroscopy and dilute solu-
tion viscometry.

B. Preparation and Polymerization of
Methyl 10.11-Epoxyundecanoate

^ Synthesis of methyl 10-undecenoate and methyl 10,11-

epoxyundecanoate. The synthesis of the functional epoxide

monomer, methyl 10 , 11-epoxyundecanoate (MEU), was accom-
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plished in two steD=; =4-=,r<.,-o steps, starting from 10-undecenoio acid
Figure 1 illustrates the reaction sequence used to prepare
HBU.^^iO-Undecenoic acid, a p,rol,sis product of castor
o^l, is readily available and of sufficiently high
purity ,95», to be used without additional purification.
Methyl 10-undecenoate th^ fir-o^- ^oare, the first product shown in Figure 1
was prepared in over 90% yield by an acid-cataly zed
esterification of 10-undecenoic acid in a 10-fold excess of
methanol. Despite the presence of a strong acid catalyst,
sulfuric acid, isomeri.ation of the terminal double bond to
a more thermodynamically stable internal olefin did not
occur. Spectroscopic techniques including infrared and

NMR spectroscopy provided clear and conclusive evidence
that no rearrangement had taken place. Isomerization of
the terminal double bond could have been potentially
troublesome; separation of isomeric esters of 9- and 10-

undecenoic acid would have been extremely difficult under
the best of conditions. More serious would have been the
problem of polymerization of an internal versus terminal
epoxide group; significant differences exist in the respec-
tive rates of their polymerization by modified organometal-
lic initiator systems employed in this study. Internal

epoxy groups polymerize only sluggishly due to steric

crowding at the polymerization site.^

Methyl 10 , 11-epoxyundecanoate (MEU) was obtained in

74% yield by the epoxidation of methyl 10-undecenoate with
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Figure 1 . Synthesis of functional epoxide methyl
10 , 11-epoxyundecanoate (MEU)

.
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™-chXoroper.en.oic acia <.-c.PB., . use o. .Ms pe.aciaover other epoxi^ation a.ents^OS ^^^^ ^^^^^^^^^
acetic or trif luoroperacetic acid was desirable for
several reasons. r„-ciPBA is quite stable. is readily
available, and perhaps most importani- kimportant, can be used under
^iia experimental conditions."'
the reaction mixture is simplified greatly by the poor
solubility Of m-chloroben.oic acid, the by-product of the
oxidation, in the reaction medium. The need for a stronger
oxxdant from among those already mentioned, often required
for the epoxidation of a , B-unsaturated alkenoates,"^ „as
not necessary. Unlike a,B-unsaturated acid esters such as
methyl aery late or even esters of 1-propenoic acld,"^
double bond of methyl 10-undecenoate is not rendered
electron deficient by the electron-withdrawing carboxyl
group. The presence of the long methylene spacer group
(eight carbons in methyl 10-undecenoate) made oxidation of

the double bond quite facile, and as will be discussed in
more detail later in this chapter, had a positive effect on
ease of polymerizability of MEU. The relative ease of
oxidation of the double bond by m-clPBA can be seen by
inspection of Figure 2, which depicts the rate of epoxida-
tion Of methyl 10-undecenoate. Aliquots of an epoxidation
reaction conducted at room temperature in dichloromethane
solution were periodically removed and analyzed by gas

chromatography; their composition was then determined as a
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Figure 2. Rate of epoxidation of methyl 10-
undecenoate with m-chloroperbenzoic acid (m-ClPBA) .
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function of time. Thus, within two hours the functional

epoxide MEU could be obtained in high conversion (>90%) .

As expected, these results are in excellent agreement with
the relative ease of epoxidation of other members within

the same homologous series by m-ClPBA. ""-^^
' The latter

study showed that members with a spacer-group length

greater than two undergo rapid epoxidization

.

In summary, the reaction route for the preparation

of MEU was convenient and provided the desired products in

high yield. It is important to recognize, however, that

the esterification step must precede the epoxidation reac-

tion. While it is expected that 10-undecenoic acid could

be readily epoxidized by m-ClPBA, it is readily apparent

that serious side reactions would be encountered in any

ensuing attempt at acid-catalyzed esterification. Likely

side reactions would be protonation of the epoxide ring

followed by a nucleophilic, ring-opening attack by HSO^~ or

water generated by the esterification reaction. The

stability of a carboxylic acid substituted epoxide ring

prior to esterification is also questionable since epoxides

are known to undergo cationic polymerization in the

9presence of organic acids.

a. Characterization of 10-undecenoic acid and

13derivatives . C NMR spectroscopy was a very useful and

important method for the characterization of intermediates,

monomers and polymers throughout this investigation. Table



5 compiles the chemical shift data for 10-undecenoic acid,
methyl 10-undecenoate and methyl 10 , 11-epoxyundecanoate
relative to tetramethylsilane (TMS)

.

2. Choice of initiator for poly merization of fnnctinn.i

epoxide MEU. The polymerization of MEU was investigated
with the objective of preparing the corresponding ester-

substituted poly(alkylene oxide) of high molecular weight.

The latter requirement substantially narrowed the choice of

possible initiator systems. Excluded from the list of

potential initiators were typical cationic initiators, in-

cluding protonic and Lewis acids, and anionic initiators

such as potassium hydroxide. While it is well known that

epoxides can be polymerized by initiators of either the

cationic or anionic type,^ the resultant polyethers gener-

ally are of low molecular weight (<5,000) due to the fre-

quent occurrence of undesirable chain-transfer reactions.

Consequently, these initiator systems were not investigated

in this work.

One of the most useful initiator systems for the

polymerization of many epoxides to high molecular weight

are those based on the reaction products of an aluminum-
O A

alkyl with water and a chelating agent. Such modified

organoaluminum oxide compositions are easy to prepare, but

still remain at present poorly characterized and often

exhibit complicated behavior. A wide range of activity is
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possible aepending on the identity of the organoalu^inun,
compound, the chelating agent, and the ratio of each com-
ponent (including water). ^5

i„ ^^^^^^^
the structure of the "active" ^n^^-!=^- udctive initiator been clearly
established.

in this research the polymerization of MEU and its
copolymerization with other conm^on cyclic ethers was sue-
cessfully carried out using MiC^U^) ^/u^o/AcAc (1.0/0.5/
1.0) as the initiator. Previous reports in the literature
have described similar organoaluminum oxide compositions
to be active for the polymerization of several cyclic
ethers with ester-substituted epoxides.

.3. Preparation of Al(C,H,)_,/H,o/AcAc (1.0/0.5/1.0^ ^n.-^^-

ator. Triethylaluminum (TEA), a reactive organometallic

compound and acidic in the Lewis sense, was converted in

two steps to an active initiator composition useful for the

preparation of functionally-substituted alkylene oxide

polymers and copolymers. Figure 3 schematically illus-

trates the basic reactions involved in the preparation of

the coordination initiator as well as the most probable

fundamental units of the initiator as proposed by Vanden-

berg.^^

It was established under the experimental condi-

tions used that the sequence in which the polyreactive

additive (water) and the chelating agent (AcAc) were
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Figure 3. Schematic illustration for preparation
of the Al (C2H^) 2/H2O/ACAC (1.0/0.5/1.0) initiator.



128

0 0

CH, CH, ^CH

OH 0

CH3 ^CH CH3

0-
CH

0.5 HgO

CH

CH

HC
^C

-0
\ AK

Et

- 2 CgHg

0

Et

CH

C-CH3



reacted with TEA largely influenced both the nature of the
xn.tiator and its ability to initiate polymerizations.

Briefly, it was found that chelation of the
triethylaluminum (1 mole) with acetylacetone (1 mole)
should precede the hydrolytic reaction with water (0.5
mole). The initiator prepared by this sequence was com-
pletely soluble in diethyl ether and was active in all
epoxide polymerizations attempted.

The reverse sequence yielded starkly different
results, although Vandenberg has claimed both methods to be
equally satisfactory

. when an ethereal solution of TEA
(1 mole) was first reacted with water (0.5 mole), a large
amount of white solid formed. Addition of acetylacetone

(1 mole) failed to solubilize the partially hydrolyzed
aluminumalkyl. The "heterogeneous" initiator obtained was
subsequently found to be completely inactive in the poly-
merization of epichlorohydrin (ECH) or copolymerization of
ECH and MEU. It is now believed that the insoluble white
solid formed was the polymeric aluminum oxide having the

general formula (C^H^AIO) ^. Difficulties in obtaining

the homogeneous initiator by this route were likely due to

the instantaneous but highly localized reaction that occur-

red when drops of water were- added directly to the solution

of triethylaluminum in ether. Alternative, but less con-

venient procedures for avoiding the formation of insoluble

polymeric aloxanes involve the contacting of water vapor
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with the aluninumalkyl^lO

appropriate amount of an organic diluent (e.g., ether)
that is saturated with water. These refined methods were
not investigated.

^^-^^^^^^^^^^^^^^^^^^

MEU was polymerized in benzene or toluene solution (20-25
w/v%) With 5 mole-% of the Al (C^h^) 3/h,o/AcAc (1.0/0.5/1.0)
initiator (Figure 4). The polymerizations were carried out
in sealed tubes in order to exclude the possibility of
introducing moisture or oxygen from the atmosphere or other
sources which would be expected to alter the activity of
the coordination initiator. The rather sizable amount of
initiator used is within the usual limits of concentration
(0.2-10 mole%) reported for polymerizations of other

substituted epoxides.

The results of three separate polymerization

experiments of MEU, conducted at room temperature, are

given in Table 6. in each instance a different batch of

the Al(C2H5)3/H20/AcAc (1.0/0.5/1.0) initiator was used.

The time allowed before work-up of each polymerization

varied considerably {7, 54 and 71 days). Polymerizations

of MEU were found to occur rather sluggishly: a 48% yield

of polymer was obtained after 7 days reaction, 67% after

54 days and 73% after 71 days. All three experiments
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Figure 4. Polymerization of methyl 10,11-

epoxyundecanoate (MEU)

.
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yielded poly(MEU) of high molecular weight. The polyme
were snappy white elastomers with inherent viscosit
ranging from 1.3-2.8 dL/g. The range of inherent
ties may indeed reflect subtle differences in the activity
Of the different batches of initiator. The purity of MEU
was in all cases nearly identical (>99.5% by gas chromato-
graphic analysis). it has been proposed that monomer
impurities and other adventitious reactive species intro-
duced are scavenged by coordination initiators of the type
used.^0 This may be a factor in the number of active
sites available for initiating polymerization.

Spectroscopic techniques such as IR and ^^C NMR
spectroscopy were used to characterize the various

poly (MEU) elastomers. The results obtained were consistent
with those expected for a substituted poly (ethylene oxide)

structure. The IR spectra showed a strong ester carbonyl

absorption at 1740 cm"^ and the characteristic C-0 stretch-

ing mode of the poly (alkylene oxide) backbone centered near

1105 cm"-"-.

13The C NMR spectra provided some interesting in-

sight into the polymerizations of MEU by the modified

aluminumalkyl initiator. The ring-opening polymerization

of a substituted cyclic ether by a coordination initiator

can give rise to regular (head-to-tail) placements, irregu-

lar placements (head-to-head, tail-to-tail), and/or stereo-

regular placements of monomer in the polyether chain.
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Different steric environments about the backbone carbon
atoms thus are reflected by the nu*er of chemical shifts
observed in thp* '•^n mmt-)in the c NMR spectrum for the methine and
methylene atoms of the backbone chain.

For poly(„E„,, the chemical shifts for the methyl-
ene and methine carbon atoms of the poly , alky lene oxide,
backbone appear in the region of 74 ppm and 80 ppm, respective-
ly. Figure 5 shows the backbone region ,in expanded scale,
Of a typical poly(MEU, elastomer prepared by the
Al(C2H5)3/H20/AcAc (1.0/0.5/1.0, initiator. Clearly evi-
dent are multiple absorptions for each type of carbon atom.
It was concluded that stereorandom polymerization had
occurred; stereoregular polymerization would produce a
single chemical shift for each type of backbone carbon
atom. The poly (alky lene oxide) backbone appears to consist
largely of regular head-to-tail placements; a more compli-
cated chemical shift pattern is generally observed for
polyethers (e.g., polypropylene oxide) which are known to
contain significant proportions of irregular placements . ^12

The occurrence of a small proportion of irregular place-
ments cannot be completely ruled out. Methods have been
reported for chemically cleaving polyether chains and

analyzing the fragments by gas chromatography in order to

determine relative proportions of head-to-tail and head-to-

head placements. 36 ^^^^ ^ ^^^^^ beyona the scope of

this investigation, but would appear to offer an added
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Figure 5. C NMR spectrum of poly(MEU) backbonecarbon atoms (expanded scale)

.
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degree of sensitivitv f-r,tivity to the presence of low proportions
of irregular chain placements.

Relative number-average (m^, weight-average
(M„) molecular weights were aeterminea by gel permeation

Chromatography (gpc, for the poly,„EU, sample whose
inherent viscosity was measured to be 1.8 aL/g ,0.5, in
CHCI3, 30«C). The GPC trace is reproduced in Pig^re 6
Relative to polystyrene calibration standards, the calcu-
lated molecular weight averages were: M„ = 24 8,000 and

%= 578,000. The molecular weight distribution (MWD, was
close to the most probable MWD; the ratio of M^M^ „as 2.3.

The thermal properties of the various poly(MEu)
samples were measured by differential scanning calorimetry
(DSC)

.
Detection of the glass transition temperature (T )

for the elastomeric poly (alky lene oxides) was complicate!
by a low temperature endothermic transition occurring over
a fairly broad temperature range (-35 to -5»C) . The maxi-
mum in this transition occurs in the region of -7 to -8°C
for all samples. The exact origin of this transition has
not been establishea. A plausible explanation would appear
to be melting of the Cg side chains. Assignment of the
glass transition (Tg) was therefore unambiguous in only one
instance. Thus, a Tg of -40-C was found for the poly (MEU)

sample with an inherent viscosity of 2.3 dL/g (0.5% in 1,4-

dioxane, 30 "C)
. Quenching of the other poly (MEU) samples

in liquia nitrogen after annealing at temperatures above
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Figure 6. Gel permeation chromatogram of highmolecular weight poly(MEU), tIq = 1.8 dL/g.
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lOOoc (i.e., above the temperature of other melting transi-
tions found) did not aid in detection of T^. a large
endothermic melting transition was also fold to occur above
room temperature in two of the samples and may be associ-
ated with melting of the polymer backbone. Table 7 lists
the values of the transition temperatures (t^ and T^) for
the poly(MEU) samples. The latter two samplL were^of
lower molecular weight (n<0.2 dL/g) . Apparently some
degradation of these polymers had occurred before their
thermal properties were measured. it was concluded that
poly(MEU) is a semi-crystalline elastomer exhibiting rather
complicated thermal behavior. Figure 7 shows the DSC scans
for the first two poly (MEU) samples listed in Table 7.

5. Polymerizability of methyl 10 . H-epoxyundecanoato .

Studies were undertaken in an attempt to more fully

investigate the rate of polymerization of MEU. Figure 8

schematically illustrates the results of the first study,

a comparative rate study for the polymerizations of MEU and

1-dodecene oxide (DDO) . The experiment was designed to

measure the influence of the ester functional groups of MEU

on its polymerizability using 5 mole-% of the coordination

initiator Al (C2H^
)

3/H2O/ACAC . DDO, a monof unctional epox-

ide, has a long side chain (C^^E^^) and was considered a

good standard of comparison for the MEU polymerization as

well as convenient check on the activity of the initiator.



TABLE 7

TRANSITION TEMPERATURESOF POLY(METHYL 10 11EPOXYUNDECANOATE)SAMPLES

Sample
T

g
in °C

Tm
in °C

a
^inh

in dL/g

1 b -7, 81 1.8

2 -40 -7, 45 0.10*^

3 b -7, 43 0.12^

^0.5% solution, 30°C: sample 1chloroform, samples 2 and 3 measured in
Id Not detected.

measured in
1 , 4-dioxane

.

to be 2
Viscosity of

.3 dL/g.
polymer when first isolated measured

to be 1
viscosity of

. 3 dL/g

.

polymer when first isolated measured
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Figure 7. DSC scans of poly(MEU) samples.
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Figure 8. Comparative rates of polymerization forepoxides with long side chains, with and without carboxyl-ate functional groups: (o) MEU and (A) DDO.
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NMR spectroscopy was used to follow the respective
polymerization reactions. The polymerization of MEU was
found to level off after 2 weeks, with ca. 40% of the
monomer converted to polymer. Over the same 2 week period
a 60% conversion of DDO to the corresponding poly (alky lene
oxide) was observed Thf:^ ir.n4--i-,irvea. ine initial rates of polymerization
differed markedly, as seen in Fin « nr^r^J'

f
c t,t;en in tig. 8. DDO was polymerized

to ca. 45% conversion within 2 hr, while 17% of MEU
polymerized in that time. Differences observed in the
rates of polymerization cannot be attributed to grossly
dissimilar steric environments about the oxirane ring or

deactivation of the epoxide ring of MEU by the electron-

withdrawing carboxyl groups. The results shown in Fig. 8

clearly suggest an active participation of the ester func-

tional groups in the modification of initiator activity

over a period of time. It appears likely that the ester

groups begin to compete ever more effectively with the

epoxy groups of MEU for coordination sites on the initiator

as the concentration of polymerizable groups decreases.

Nevertheless, despite a large excess of ester groups as

compared to the amount of initiator used (and active ini-

tiator sites) high polymer is obtained.

In an independent but related set of experiments,

the rather slow conversion of MEU monomer to poly (MEU) was

observed once again by a different method. Six polymeriza-

tion reactions of MEU were conducted at room temperature in
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benzene solution (20 „/v%) with 5 mole-% of the coordina-
tion initiator Al (C^Hj) j/H^O/AcAc (1.0/0.5/1.0). The
batch of initiator was different from that used for the
rate of polymerization experiments monitored by NMR
spectroscopy. Each polymer was isolated after an arbitrary
period of time and the conversion of monomer to polymer was
determined gravimetrically . The results are shown in
Figure 9. AS expected, the yield of poly (MEU) was found to
increase slowly as a function of reaction time. Isolated
yields were: 7% after 1 day, 14% after 3 days, 28% after

7 days, 43% after 12 days, 37% after 30 days and 83% after
54 days.

Both sets of experiments showed qualitatively the

same overall general trend for the polymerization of MEU,

i.e., the polymerization was found to be relatively slug-

gish. Some caution, however, must be exercised when

attempting to compare absolute magnitudes of conversion at

various stages in each study. It is likely that the two

batches of initiator differed in their activity.

C. Copolymerization of Methyl 10,11-Epoxy -
undecanoate and Cyclic Ethers With

AljC^^H^) ^/H2 0/AcAc (1.0/0.5/1.0)
as the Initiator

1. Preparation of poly (alkylene oxide) esters . Copoly-

merization of methyl 10 , 11-epoxyundecanoate (MEU) was

carried out with a number of cyclic ether monomers using
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Figure 9. Polymerization of methyl 10^11-
epoxyundecanoate : polymer yield as a function of time.
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the coordination initiator A1(C2H3
)

3/H2O/ACAC . Comonomers
used were ethylene oxide (EO) , propylene oxide (PO) , epi-

chlorohydrin (ECH)
, 1-butene oxide (BO), 4 , 4 , 4-trichloro-

1-butene oxide (TCBO)
, 1-hexene oxide (HO) , phenyl glycidyl

ether (PGE) , oxetane (Ox) and tetrahydrof uran (THF)

.

Figure 10 illustrates the general copolymerization reactions

and structure of the corresponding poly (alky lene oxide)

esters

.

The copolymerizations were generally carried out

at room temperature in benzene or toluene solution (16-20

w/v %) with 5 mole-% of the modified aluminumalkyl initi-

ator. Comonomer feeds usually contained 30 mole-% MEU and

7 0 mole-% of the desired cyclic ether comonomer. Copoly-

merizations of MEU with EO required slightly different

procedures. EO/MEU copolymerizations were carried out at

ca. 5°C for several days before being allowed to continue

at room temperature (25°C) . This procedure was necessary

to avoid build-up of excessive pressure in the sealed tube

reactor during the early part of the reaction because of

the low boiling point (11°C) of EO. After much of the EO

was consumed, the polymerization was continued at the

higher temperature.

The copolymerizations were allowed to proceed for

periods ranging from 1 to 7 weeks; although the choice of

reaction time was purely arbitrary, in nearly all instances

the comonomer mixture had formed a solid plug after 1 week.
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Figure 10. Copolymer ization of methyl 10,11-
epoxyundecanoate (MEU) and cyclic ethers.
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Optimization of the Dolvmf^ri ^^-f-n 4-

•

puxymerization time was not the fore-
most purpose of this study.

As the results shown in Table 8 indicate, MEU was
found to copolymerize with all 3- or 4-membered cyclic
ethers selected for this investigation. The yields of

functional alkylene oxide copolymers, percent MEU incor-
porated, and inherent viscosities of the copolymers dif-

fered markedly in many instances and reflect differences

in the relative reactivity of the functional epoxide with

other cyclic ethers, slightly varying polymerization con-

ditions and possible variations in initiator activity.

Results from the copolymerizations of MEU with EO

are particularly interesting and significant. In two inde-

pendent experiments, EO was copolymerized with 30 mole-%

MEU and 15 mole-% MEU. The resultant EO/MEU copolymers

were obtained in 57% and 92% yields and were found to con-

tain 15 mole-% and 4 mole-% MEU comonomer units, respec-

tively. Both copolymers were of high molecular weight,

their respective inherent viscosities were 4.8 dL/g (0.5%

in CHCI3, 30°C) and 1.6 dL/g (0.5% in 1,4-dioxane, 30°C)

.

In one respect these results indicate the difficulty of

reproducibility in the copolymerization of MEU with a

highly reactive cyclic ether like EO.

More important is the significance of the success-

ful copolymerizations of MEU and EO, particularly when com-

parisons are made with previous efforts to incorporate the
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functional epoxide ethyl glycidate (EG) into copolymers^ '

3

with EO using coordination initiators. Only EO homopolymer
was obtained under all circumstances. The poor reactivity
of the a-carboxyl substituted epoxide with EO, the most
reactive member in the cyclic ether family, has been at-

tributed to the strong deactivating effect of the carboxyl
group on the oxirane ring. EG was therefore unable to

compete with EO (a stronger Lewis base) for active sites

of the coordination initiator; once polymerization began

the growing polyether chain continued to react exclusively

with EO monomer. In contrast, the spacer group of MEU is

long enough to remove any inductive effects of the carboxyl

group, thereby allowing the functional epoxide to compete

with EO for coordination sites, with subsequent insertion

into the poly (alky lene oxide) chain.

The copolymerizations of MEU (30 mole-%) with

cyclic ethers less reactive than EO gave poly (alkylene

oxide) esters with higher levels of functional monomer

incorporation. Copolymers of MEU with PO or BO were ob-

tained in 90% yields and were found to incorporate 22

mole-% and 25 mole-% MEU, respectively. The PO/MEU copoly-

mer had an inherent viscosity of 1.0 dL/g, this corresponds

to GPC average molecular weights M^ = 106,000 and M^ =

215,000. The GPC curve for the copolymer is shown in

Figure 11. The polydispersity of the sample is 2.0, indi-

cating a statistical copolymer composition. The BO/MEU
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n n ^/^^""""i ^""^^^ propylene oxide/methyl0,11-epoxyundecanoate (78 mole-%/22 mole-%) copolymer!
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copolymer, a gum-like rubber, had an inherent viscosity of
2.7 dL/g (0.5% in CHCI3, SO^C). MEU gave an extremely
tough elastomer in copolymerization with ECH. The ECH/MEU
copolymer had an inherent viscosity of 2.6 dL/g (0.5% in
CHCI3, 30°C), ca. 17 mole-% MEU had been incorporated
(slightly greater than 50% of the methyl cu-epoxyalkanoate)

.

copolymerization of MEU with TCBO gave two fractions; a

1,4-dioxane insoluble crystalline fraction, in 8% yield,

and an amorphous copolymer fraction, in 15% yield, which

was soluble in 1,4-dioxane. The soluble TCBO/MEU copoly-

mer fraction was found to be of relatively low molecular

weight; the inherent viscosity was 0.2 dL/g (0.5% in 1,4-

dioxane, 30«C). Both fractions, however, incorporated a

higher level of MEU (ca. 40 mole-%) than was present in the

comonomer feed (30 mole-%). This is the only copolymeriza-

tion of MEU where this phenomenon was observed. These

results indicate that MEU was the more reactive comonomer;

the strong inductive effect of the trichloromethyl group

undoubtedly reduces the Lewis basicity of the oxirane ring

in TCBO and consequently its ability to coordinate readily

with the Al (C2H5) 3/H2O/ACAC initiator.

MEU was copolymerized in 83% yield with HO. The

copolymer contained 25 mole-% MEU and was of moderately low

molecular weight, the inherent viscosity of the HO/MEU

copolymer was 0.5 dL/g (0.5% in CHCI3, 30^*0. The result-

ing copolymer was a sticky, semi-transparent gum rubber.
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Which possessed little green strength, unlike most of the
other MEU copolymers already described. It would appear
however, that the HO/MEU copolymer does possess potentially
interesting adhesive properties due to its extremely sticky
nature and noticeably strong affinity for substances like
glass.

Like the copolymerization of MEU and TCBO, the
copolymerization of MEU and PGE produced two fractions.
The overall yield of copolymer was 65%. The two MEU/PGE
copolymer fractions were separated by heating the entire
copolymer to 100 °C in 1,4-dioxanP- r^FV- -1-11 x,** uxuxane. jy-6 of the copolymer was
insoluble and was recovered in the form of a tough, white
elastomer. The insoluble MEU/PGE copolymer fraction was
found to contain 26 mole-% MEU, was moderately crystalline
and may have stereoregularity . The fraction soluble in hot

1,4-dioxane amounted to 26% of the copolymer; its composi-

tion was 28 mole-% MEU and 72 mole-% PGE. The soluble

PGE/MEU copolymer had an inherent viscosity of 1.1 dL/g

(1,4-dioxane, 30 °C) and although soluble may have a lower

level of crystallinity

.

MEU was also found to copolymerize readily with

oxetane (Ox) , the simplest cyclic ether with a 4-membered

ring. The Ox/MEU copolymer was obtained in high yield

(87%), had an inherent viscosity of 2.2 dL/g (0.5% in

CHCl^/ 30°C) and was found to contain ca. 25 mole-% MEU.

The attempted copolymerization of MEU and THE by



the coo.a.na..o„
.1 (C,H3, 3/„^0/.c.c „.o/o.VX.O).ave onl. MEU .o^opoX.^er i„ 33, ...^e results arenot surprising as THF polymerization.ymerizations can only be carried

out with cationic initiatorc, . Hitiators; propagation is known to
occur through an oxonium ion intermediate it i^ , .

^'itaiate. it is generally
believed that partially hydrolvzed .1 •y lyaroiyzed aluminum alkyls, when
further modified with chpl^+-ir,^chelating agents such as acetylace-
tone, initiate polymerization by a coordin.i-. • •^ coordinate anionic
mechanism. '-^c nmr cr^o^+-C NMR spectroscopy clearly showed the
absence of any chemical shifts that could be assigned to
tetramethylene oxide units. .hp probably acted as a non-
reactive diluent in the polymerization which may have
served, however, to solvate the propagating MEU centers
Poly(MEU) obtained from this reaction had an inherent
viscosity Of 0.8 dL/g. Analysis of the polymer by DSC
showed identical thermal transitions as described previous-
ly for poly(MEU) (see p. 138), indicating no unusual ef-
fects of the polar diluent on the polymerization reaction.

2. Characterization of me thyl 10 , 11-epoxyundecanoate
copolymers

. Infrared spectra of the various copolymers
had features typical of the MEU units in the polyether
chain and showed as well prominent absorptions assignable
to the alkylene oxide comonomer units. All spectra ex-

hibited an intense band centered at ca. 1100 cm"^, the

characteristic stretching frequency for the polyether
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bac..o„e,^a„a a stron, carbonyl ,c=0, stretch at c'l
C NMR spectra were obtained for all the

P°ly(al.yle„e oxide, esters prepared. Assignments of
individual carbon che.ical shifts were made after compari-
son „xth the spectra of poly,^ffiu, and homopolymerlzation
control samples run for each of the cyclic ether monomers.
The Chemical shift data are compiled in Table 9. The
spectra and data were consistent with those expected for
substituted poly (ethylene oxide, structures, or for the
Ox/MEU copolymer, a poly (trlmethylene oxide/substituted
ethylene oxide, structure. The carbon atoms of the
poly(alkylene oxide, backbone showed chemical shifts in
the region of 70-82 ppm. The chemical shifts of the
methylene carbon atoms in the copolymer backbone were
found in the region of 70-75 ppm; the methine chemical
shifts appeared at lower field or in the region of 77-82
ppm. AS expected, multiple chemical shifts were generally
Observed for each type of backbone carbon as a result of the
sensitivity of the method to triad or dyad structures
in the chain. Pentad structures are usually not detected
for polymers with hetero-atoms in the main chain.

is expected that the copolymer backbone consists pre-

dominantly of regular head-to-tail placements, but may also

contain abnormal placements (head-to-head and tail-to-tall,

or even conf igurational isomers. No attempts were made in

this work to determine quantitatively the relative
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proportions of each type of placement.
The thermal transition temperatures of the

poly (alkylene oxide) pc;i-p.voide) esters were measured by differential
scanning calorimetry (DSC). Theresnlt-cine results are given in Table
in. The values reported for the ,lass transition tempera-
tures ana the meltin, temperatures of the various
copolymer samples were obtained . kuiJtained at a heating rate of 20°C/
min (in a nitrogen atmosphere) m ^.h^hh--. in addition, the transi-
tion temperatures reported in Table 10 were those measured
after 3 scans of the sample over the temperature range of
interest. As indicated in Table i n +-v.^laDieio, the copolymers of MEU
with ethylene oxide; 4,4,4-trichloro-l-butene oxide, and
Phenyl glycidyl ether were semi-crystalline elastomers.
The two EO copolymers, which contained 15 mole-% and 4

mole-» MEU, had T^'s of -63°C and -58°C and T^'s of 43»c
and 56»c, respectively. The values of and\ for the
copolymer incorporating 15 mole-l MEU are significantly
lower than those of the EO rich copolymer. These results
are believed to be consistent with an expected decrease in

the level of crystallinity
, degree of crystalline region

perfection and lowering of Tg due to the higher level of
bulkier MEU comonomer units incorporated. The unusual

MEU/TCBO copolymer, prior to fractionation, was also found

to exhibit a low level of crystallinity: the copolymer

softened at -35">C and showed a small melting endotherm at

41 °C. The last semi-crystalline copolymer listed.
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unfractionated
, melted over a broad temperature

range ,158-220«C) and appeared to decompose during
melting, a check of the samni= itne sample later showed that it had
turned brown. m addition, could not be detected
despite repeated scans. Reasons for this behavior, par-
ticularly decomposition upon melting, have not been
established. All remaining copolymers of mu were found
to be amorphous as no melting transitions were detected.

^ cyclic e ther monomers . The
polymerizations of cvriir-ns or cyclic ether monomers (Fig. 12) were
carried out with 5 mole-% of the coordination initiator
A1(C2H3)3/H20/ACAC (1.0/0.5/1.0). These polymerizations
were conducted in order to gain further insight into what
effects the ester-substituted epoxide MEU had on initiator
activity. In addition the poly (alkylene oxides) provided
valuable samples for comparing (qualitatively) their bulk
properties with the corresponding MEU copolymers and were
essential for the interpretation of copolymer infrared and

NMR spectra, and DSC scans. Table 11 gives the results
of these experiments. As can be seen by inspection of

these results, the homopolymers of EO, PO, BO, ECH, HO and

TCBO were all obtained in yields of 90% or more. In addi-

tion, as indicated by the relative magnitudes of their

inherent viscosities, the polymers of EO, PO, BO and HO

were of very high molecular weight. The inherent viscosity
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Figure 12. Polymerizations of cyclic ethers with
Al (C2H5) 3/H2O/ACAC (1.0/0.5/1.0)

.
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TABLE 11

POLYMERSOF CYCLIC ETHERS^

Polymer
Reaction Time

in Days
Yield

"^0.1% ^Vg

EO 8 92 9.9

PO 13 98 6.7

BO 29 93 10.7

ECH 40 20^
70^

0.13

TCBO 68 97

HO 31 92 10.8

THF 70 0

Polymerization conditions: toluene solution (20%w/v), room temp., 5 mole-% Al (C„H^) o/H^O/AcAc (1.0/0.5/1.0)
initiator. z :> ~> z

EO: ethylene oxide, PO : propylene oxide, BO: 1-
butene oxide, ECH: epichlorohydrin , TCBO: 4,4,4-
trichloro-l-butene oxide, HO: 1-hexene oxide and THF:
tetrahydrof uran

.

Benzene-soluble fraction.

d
Benzene-insoluble fraction.

^Chloroform solution, 30°C.



170

for poly(PO) was 6.7 dL/g (d, CHCI3, 30oc), this
corresponded to a GPC number- average molecular weight
(M,) Of 530,000 and a weight-average molecular weight (MJ

Of 774,000 (polystyrene equivalent molecular weights).
The polymer from ECH gave crystalline and amorphous frac-
tions in 70% and 20% yields, respectively. The soluble,
amorphous poly (ECH) was of relatively low molecular weight;
the inherent viscosity was only 0.13 dL/g (0.1% in CHCI3,
30 °C). This was not totally unexpected as descriptions of
experiments in the patent literature for the preparation of
poly (ECH) with modified aluminumalkyl initiators frequently
cite multiple additions of the initiator. This suggests
possible side reactions of the pendant chloromethyl groups
with the initiator, thereby decreasing or destroying

initiator activity. Poly(TCBO) was obtained in 97% yield,

however the polymer was found to be insoluble in common

organic solvents and could not be dissolved for a viscosity

measurement. The attempted polymerization of THF with the

coordination initiator was unsuccessful. The latter re-

sults were not surprising and strongly suggest that the

AKC^H^) 3/H2O/ACAC (1.0/0.5/1.0) initiator contains no

sites for cationic polymerization nor does it act as a

proton source to initiate cationic polymerization, a theory

suggested by Kennedy . ^''"^

With the exception of poly(EO), the poly (alkylene

oxides) were tough, snappy elastomers. Poly(EO) was a
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tough, leathery polymer. These leathery properties are
attributed to and manifestations of a substantial a.ount
of crystallinity, a fact later verified by DSC.

comparison of the inherent viscosities of the
corresponding poly (alkylene oxide) esters (Table 8) with
those for the cyclic ether homopolymers (Table 11) gave
further indications that MEU interacts strongly with the
Al(C2H3)3/H20/AcAc (1.0/0.5/1.0) initiator. it is unlikely
that the lower molecular weights of the copolymers are due
to decreased polymerizability of the oxirane ring in MEU
by the electron-withdrawing carboxyl group. The long
spacer-group removes any inductive effects. chain trans-
fer by the methyl ester groups would also appear to be
insignificant or absent since the ester groups were present
in far excess of the added initiator and copolymers ob-

tained were still of moderately high molecular weight.

Polymerization work-up procedures for poly (MEU) and the

poly (alkylene oxide) esters provided indirect evidence for

the existence of strong but reversible interactions be-

tween the ester groups of the functional epoxide monomer

and the initiator. it was found that acidified diluents

(either 1,4-dioxane or benzene) were effective and essen-

tial for dissolving the elastomeric plugs produced during

the polymerizations. In contrast, similar plugs obtained

from the cyclic ether control polymerizations did not

require acidification in order for dissolution to occur.



Without acidification, the elastic copolymer piu.s general
ly swelled to ca. 2-5 ti.es their original volume but did
not dissolve. Methanol was generally used in all wor.-ups
(dissolution) to deactivate the coordination initiator but

was Of minimal effectiveness alone for work-up and isola-
tion Of the poly(alkylene oxide) esters. These observa-
tions appear to be consistent with the hypothesis that
specific interactions are occurring between the ester
groups and the initiator. The most likely form of such
interactions would appear to be coordination of the non-
bonded electron pair of the ester carbonyl oxygen with
aluminum. Vandenberg has claimed in an early patent that
ester-containing compounds are among the class of suitable
modifiers for initiators of the type used throughout much
of this work.^0 ^^^^^ ^^^^ initiator activity is

a function of the amount of reactive additives (e.g., h^O)

and chelating agents. It is conceivable that the ester
groups of MEU function in a fashion as suggested above,

competing with acetylacetone ( 2 , 4-pentanedione) for

coordination sites of aluminum. However, it should be

recognized that coordination of aluminum with AcAc is

highly favored because of the resultant 6-membered ring

formed.

It can be reasonably concluded from this work that

interactions (reversible) do occur between the functional

groups and initiator. Most important from the standpoint



Of the success of this work was the fact that activity of
the coordination initiator remained high. This, in effect,
has allowed access to this new family of ester-substituted

'

poly (alkylene oxides).

4. Characteri^atio; ^^^^yeli^^ther^olaer^ Fundamental
characterization of the cyclic ether homopolymers listed
in Table 11 was also carried out and included analysis by
infrared spectroscopy, spectroscopy and differ-
ential scanning calorimetry

.

The dominant absorption in the infrared spectra of
the various poly (alkylene oxides) was the C-0 stretching
mode of the chain backbone. This characteristic absorption
was generally centered near 1100 cm-^. The IR spectrum
of poly(EO) was quite unlike that of the EO/MEU copolymers,

reflecting the substantial differences in crystallinity of

the homo- and copolymers. As expected, poly(ECH) exhibited

a strong absorption at 745 cm"^, characteristic of C-Cl

stretching in the pendant chloromethyl groups. In addi-

tion, a small carbonyl (C=0) absorption at 1730 cm""^ was

also observed in the spectrum of poly(ECH). It appears

some oxidation of the polymer had occurred. Poly(TCBO)

exhibited two C-Cl stretching bands, at 775 and 695 cm""^.

An IR spectrum could not be obtained for poly(PGE) as the

polymer was extremely hard, insoluble and intractable.

The infrared spectra of the various poly (alkylene oxides)



are found in Appendix A, pp. 301-304.

Table 12 compiles the ^^^^.^^^ ^^.^^ ^^^^
for the polyUlkylene oxides, prepared with the coordina-
tion initiator Al (C,H,, 3/H^o/AcAc ,1.0/0.5/1.0).
spectra could not be obtained for poly(TCBO) or polytPGE,-
these polymers were insoluble and non-s„ellable. chemical
shrfts for the carbon atoms in the backbone were found in
the region of 70-81 ppm. The methylene carbons generally
were found at the lower end of this range: 70-75 ppm. The
methine carbons appeared at 76-81 ppm. Poly,po,, poly(BO),
and poly (HO) exhibited multiplets in these regions, indica-
tive of a complex microstructure in these polymers. The
"c NMR spectra of the poly (alkylene oxides) are reproduced
in Appendix C, pp. 324-326.

The glass transition temperatures (Tg) and melting
temperatures (T^) of the cyclic ether polymers were
measured by DSC. The thermal transition temperatures are
reported in Table 13 (values reported are from the third
scan of the sample; all samples were heated under nitrogen
at 20°C/min). As expected, poly(EO) and poly(TCBO) were

semi-crystalline in nature. Tg of the high molecular

weight EO homopolymer was -5 9 °C and T^ was 63 °C. The

glass transition temperature for poly(TCBO) could not be

detected despite several attempts to quench the sample from

the melt. Interestingly, poly(TCBO) prepared in this work

was found to be semi-crystalline, the rubbery polymer
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Polymer'

EO

PO

BO

ECH

TCBO

HO

TABLE 13

THERMALTRANSITION TEMPERATURESFORCYCLIC ETHER POLYMERS^

-"Soin °c

-59

-67

-63

-31^
-24^

e

-66

in °c

63

123

170

^Determined by DSC: heating rate 20oc/min.

1-butene oxidf ''ech"^°'''^?'
'''''' P^^P^l^ne oxide, BO

trichloro-f^hn;. epichlorohydrin, TCBO: 4,4,4-rricnioro 1-butene oxide, HO: 1-hexene oxide.

^Benzene-soluble fraction.

Benzene-insoluble fraction.

Not detected.
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exhibited a large ™elt endothe™ at no^c (T ) w •

Butler have also prepared the ..poly.er of TCBO" with a
-ai.ied trii30..t.lal™i„™ i„,,,3tor, .1 < i-Bu, 3/„^oMc.c
<

1.0/0. 3/1.0,, but reported the pol,.er tobe Jple.el,
amorphous after analysis by .-ray and o^.'^ However, the
TCBO .ono.er used was reported to contain ca. 22% of
l,l-diohloro-3,4-epoKy-l-butene (DCB, and the poly.er
Obtained showed a C=C stretch in the IR spectru™. m
effect, Wei and Butler prepared a copolymer of TCBO and
DCB; thus it is not surprising that differences exist in
the microstructures of the rrRn/nrnnne ICBO/DCB copolymer and the TCBO
homopolymer prepared in this work.

The two fractions of poly(ECH) showed differences
in their thermal properties. The relatively low molecular
weight ben.ene-soluble fraction had a T^ of -31oc and was
amorphous. The benzene- insoluble fraction of poly(ECH)
exhibited a T^ of -24^0 and a melting transition at

123''C.

All the remaining poly ( alky lene oxides) listed in

Table 13 were found to be amorphous.

~ 'Modification Reactions of Poly ( Alkylen e
Oxide) Pendant Reactive Groups

One of the objectives in this research, as stated

at the outset of this chapter, was the conversion of pen-
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Figure 13. Preparation of poly(10,ll-
epoxyundecanoic acid sodium salt) from poly (methyl 10,11-
epoxyundecanoate)

.
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dant ester groups on the functional poly ( alky lene oxides)
to metal carboxylate and carboxylic acid functionalities.

The resultant poly (alky lene oxides) are of interest as a

new family of ion-containing polyethers
, including

polyelectrolytes, ionomers, and polymeric acids. Two

poly(alkylene oxide) esters prepared in this work were

selected for such modification reactions: poly(MEU) and

poly(EO-co-MEU). The polymer of MEU was chosen for

investigation because of its high concentration of pendant

reactive groups (one ester group per repeating unit),

while the EO/MEU copolymer was particularly attractive for

modification because of its hydrophilic properties. The

following three sections are therefore devoted exclusively

to the work carried out in this area.

1. Modification reactions of poly(methyl

10 >ll-epoxyundecanoate)

.

Poly ( alky lene oxide) ester copo-

lymers derived from ethyl glycidate have previously been

shown to be readily converted to the corresponding

poly ( alky lene oxide) ionomers by reaction with strong

1-3
base. The conversion of the pendant ester groups of

poly(MEU) to the sodium carboxylate form was accomplished

under analogous reaction conditions (Figure 13).

Poly(MEU) with an inherent viscosity of 0.12 dL/g

(0.5% in 1,4-dioxane, 30°C) was dissolved in 1,4-dioxane.
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Following the addition of a 4N sodium hydroxide solution (3
fold excess of oh" to ester), two immiscible solutions
resulted which were stirred for 1 hr at 100°C.

Poly(10,ll-epoxyundecanoic acid sodium salt) (abbreviated
as poly(EUA-Na-')), the product of the saponification,

precipitated from the mixture, making recovery

quite simple. Excess base (OH") was readily removed from

the polymer by washing with methanol. The recovered yield
of poly(EUA"Na'^) was 89%.

As expected, the presence of metal carboxylate

groups along the entire length of the polyether backbone

(one carboxylate salt group/repeating unit) influenced

considerably the properties of the polymer. in contrast

to the ester-substituted poly ( alky lene oxide),

poly(EUA Na"*") was not elastomer ic at room temperature.

The polyelectrolyte retained none of the adhesive proper-

ties (tackiness) of its ester-substituted precursor and

behaved instead like a free-flowing powder. Elemental

analysis of the polymer found 10.1% Na , indicating that

nearly 99% of the ester groups had been hydrolyzed.

The solubility characteristics of poly ( EUA~Na^

)

were also markedly different from its esterified precursor

poly(MEU). The poly ( alkylene oxide) carboxylate salt was

found to be completely insoluble in all organic solvents.

The only suitable solvent was water, although solubility
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Of the polymer in cold water was limited to ca . 10 percent
by weight. The inherent viscosity of poly ( EUA-Na^ ) was
0.41 dL/g (0.5% in H2O, 30oc). The lack of a significantly
larger effect on the dilute solution behavior can probably
be attributed to the inability of the polymer chains to

assume conformations that completely minimize electrosta-
tic repulsions between the negatively charged carboxylate
groups. This inability is related to the high con-

centration and proximity of carboxylate groups. it is

conceivable that the poly ( alky lene oxide) backbone solva-

tes the pendant ion-pairs, producing favorable polymer-

polymer interactions. The effect of ionic group

concentration on the dilute-solution behavior of

polyelectrolytes is a well-known and interesting
215 - +phenomenon. Poly(EUA Na ) prepared in this work

represents the first member in a new family of

polyelectrolytes

.

In previous studies mentioned, the transformation

of ion-containing poly ( alky lene oxides) derived from EG to

the corresponding poly ( alky lene oxide) acids was also
1-3

described. Neutralization of the pendant carboxylate

salt groups was accomplished using glacial acetic acid, a

weak organic acid. The procedure worked equally well in a

solution or slurry process. The use of stronger inorganic

or organic acids was avoided in these cases because of the
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Figure 14. Preparation of poly (10,11-
epoxyundecanoic acid) by neutralization of poly (10,11-
epoxyundecanoic acid sodium salt)

.
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well-known sensitivity of polyethers and polyacetals to
Strong acids.

^

In a slightly modified procedure, poly
( EUaW

)

was converted to the polyacid form as shown by the reac-
tion in Figure 14. it was found to be convenient to carry
out the acidification in aqueous solution since the

polyelectrolyte was insoluble or did not readily swell in
organic media. The neutralization with a 20-fold excess
of glacial acetic acid was carried out at room

temperature. Granular white polymer precipitated almost
immediately and was collected after 2 hr, washed and

dried. The IR spectrum of the polymer recovered, however,
revealed the presence of unreacted -COQ-Na-' groups (C=0

stretch at 1565 cm"!). The partially-neutralized

poly(EUA) was slurried overnight in aqueous acetic acid

(pH ca. 4) and the polymer was recovered in 96% yield.

The IR spectrum of the waxy poly(EUA) showed no

-COO Na"^ groups. The inherent viscosity of the polymer

was 0.17 dL/g (0.5% in 1,4-dioxane, 30«C).

Character ization of poly ( 10 , 11-epoxyundecanoic acid

sodium s alt) and poly ( 10 , 11-epoxyundecanoic acid) . The

IR spectra of poly ( EUA'Na"^ ) and poly(EUA) differed

substantially from each other and also from the IR

spectrum of their ester-substituted precursor poly(MEU).
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Figure 15. Comparison of infrared spectra o

functionally-substituted poly (alkylene oxides): (a)

poly(methyl 10 , 11-epoxyundecanoate) , (b) poly(10,ll-
epoxyundecanoic acid sodium salt) and (c) poly (10,11

epoxyundecanoic acid)

.
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com-

The IR spectra of the three functionally-substituted
polyfalkylene oxides) are reproduced for purposes of
Parison In Figure 15. The characteristic stretching .ode
for the poly(alkylene oxide) backbone, i.e. the C-0
stretch, is found near 1100 cm"! in all three IR spectra
shown in Figure 15. The carbonyl (c=0) stretching fre-
quency Of poly(MEU) appears at 1740 cm"! in spectrum a.

Poly(EUA-Na^, obtained by saponification of poly(MEU) ,

shows a strong carboxylate anion stretch at 1565
cm-1 (spectrum b)

. Poly(EUA), obtained by neutralization
of polyCEUA-Na-'), shows the carboxyllc acid C=0 stretch at
1710 cm"-'- (spectrum c) in addition to the broad 0-H
stretch in the region of 3540-2350 cm"-"-.

Poly(EUA"Na"') and poly(EUA) were also charac-
1

3

terized by c NMR spectroscopy and the results were com-

pared with those obtained previously for poly(MEU). As

expected, the most prominent difference in the spectra of

the three functional poly (alky lene oxides) was in the che-

mical shift of the carbonyl carbon. Saponification of the

pendant methyl ester groups of poly(MEU) resulted in a

substantial downfield shift of ca. 11.5 ppm for the car-

bonyl carbon of poly ( EUA'Na"^) . Conversion of the pendant

carboxylate anions (-COO~Na"^) of poly ( EUA'Na"^ ) to the car-

boxyllc acid form of poly(EUA) once again produced a large

change, ca . 9 ppm upfield, in the carbonyl carbon chemi-
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cal shift. The chemical shifts of the oxyethylene back-
bone carbons were relatively unchanged, although
substantial broadening of the methine and methylene carbon
signals was observed in the spectrum of poly(EUAW),
indicating a change in the relaxation behavior of the

poly(alkylene oxide) backbone. The longer relaxation time
for the backbone of poly ( EUA-Na"" ) is probably due to the

influence of the ionic groups on the conformation of the

molecules in solution. The chemical shift data for the

three functionally-substituted poly ( alky lene oxides) are

compiled in Table 14.

The thermal transition temperatures (T and T ) of
g m

the functionally-substituted poly ( alky lene oxides) were

determined by DSC. Results of DSC studies are given in

Table 15 (values reported were those determined on the

third scan of the sample; all samples were heated in a

nitrogen atmosphere at 20°C/min). Despite repeated

attempts, the T^ of poly ( EUA'Na"^ ) could not be detected.

In addition, no melting endotherms were observed at tem-

peratures up to ca. 225°C (500°K). Heating of the ion-

containing poly ( alkylene oxide) to higher temperatures was

not attempted; sample degradation, including decar-

boxylation was expected.

Poly(EUA) exhibited a T^ of 11°C (284°K). Thus,

ultimate conversion of the pendant ester groups of
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TABLE 15

'^cr^?^^^
TRANSITION TEMPERATURESOF FUNCTIONALLYSUBSTITUTED POLY(ALKYLENE OXIDE) HOMOPO^ERsa

^
I

(CH^) gCOOR

EUA H

EUA Na"^ Na"*"

Polymer r ^^^C^ ^m^^"

MEU CH An^^3 -40 16-53

11 105-118, 115-134

Determined by DSC, heating rate 20''C/min.
bNot detected over temperature range -120 to 225°C.



in an
poly(MEU) to the carboxylic acid form resulted
increase in of ca. 50°C. One important factor which
affects the of a polymer is the occurrence of specific
inter- or intramolecular interactions such as hydrogen
bonding. Conversion of the pendant ester groups of
poly(riEU) to the carboxylic acid form opens the possibi-
lity of both modes of hydrogen bonding. Two distinct
possibilities exist: inter- and intramolecular hydrogen
bonding between carboxylic acid groups and/or H-bonding
(inter- and intramolecular) between carboxylic acid groups
and the poly ( alky lene oxide) backbone. Interactions of

either or both type can account for the large increase in

T .

g

Poly(EUA) and the poly(MEU) elastomer from which

it was derived were shown to be semi-crystalline, exhi-

biting broad melt endotherms. Poly(MEU) melted over a

37°C range in temperature (16-53°C or 289-326°K).

Poly(EUA) exhibited two overlapping endothermic transi-

tions: melting occurred at 103-118*'C ( 377-391°K) and

115-134°C (388-407<'K) . The origin of these first order

phase transitions has not been established, i.e. whether

the crystallinity is of the polyethylene oxide type or is

due to side-chain crystallization. The DSC scans for

poly(MEU) and poly(EUA) are reproduced in Figure 16.



193

Figure 16. DSC scans of poly (methyl 10,11-
epoxyundecanoate) (curve a) and poly (10 , H-epoxyundecanoic
acid) (curve b)

.
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3^_ Modification reachinn. pf poly ( ethylene ox^a^ -r^
methyl 10 . ll-epoxynndecanoate

)

. The copolymer of MEU and
EO was converted to the corresponding poly ( alky lene oxide)
ionomer by cleavage of the pendant ester groups with 4N
sodium hydroxide. The reaction, shown in Figure 17, was

carried out in an analogous fashion to the saponification
of poly(MEU). The EO/MEU copolymer used for the reaction

had an inherent viscosity of 1.6 dL/g (0.5% in

1,4-dioxane, 30°C) and contained 4 mole-% pendant ester

groups. A 4 percent by weight solution of the

poly(alkylene oxide) ester in 1,4-dioxane was stirred

vigorously with 4N sodium hydroxide solution (8 molar

excess OH to ester groups) for 1 hr at 100°C. Unlike the

saponification of poly ( MEU) , the ion-containing

poly (alkylene oxide) copolymer did not precipitate from

the reaction mixture. The turbid reaction mixture was

divided into two equal portions, one portion was poured

into a large volume of diethyl ether, causing precipitation

of the poly(alkylene oxide) ionomer as a fluffy white

solid. The ionomeric copolymer, purified by repeated

soakings in methanol-ether mixtures, was isolated in 47%

yield. Elemental analysis of the ionomer found 1.8%

sodium, indicating quantitative conversion of the ester

groups (4 mole-%) to the sodium carboxylate form. The

inherent viscosity of the ionomer (0.5% in water, 30°C)
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Figure 17. Preparation of poly (alkylene oxide)
ionomer

.
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was 4.0 dL/g. The behavior of the ionized copolymer at

room temperature was notably different from the starting

EO/MEU copolymer. The poly ( alky lene oxide) ionomer

,

abbreviated as poly ( EO/EUA'Na"^ ) for poly ( ethylene

oxide-co-10 ,11-epoxyundecanoic acid sodium salt) exhi-

bited neither the property of tackiness nor the elasticity

(snappiness) found in the ester-substituted copolymer.

Presumably, changes in these properties can be attributed

to the presence of the ionic groups.

Preparation and isolation of the poly ( alky lene

oxide) acid, poly ( EO/EUA) , was also carried out. The

remaining poly ( EO/EUA'Na"*" ) /d ioxane solution mentioned

previously was utilized for this purpose. The neutraliza-

tion reaction is depicted in Figure 18. Excess glacial

acetic acid was added to the ionomer solution. The EO/EUA

copolymer was isolated by precipitation into water; the

yield after washing and drying was 33%. Elemental analy-

sis of the copolymer found ca . 0.1% sodium, this

corresponded to 0.2 mole-% residual sodium carboxylate

( -COO Na^ ) groups in the copolymer (indicating 95% of the

pendant ionic groups had been neutralized). The inherent

viscosity of the spongy, white poly ( alky lene oxide) acid

was 1.8 dL/g (0.5% in 1,4-dioxane, 30°C). The relatively

low recovered yield of the copolymer following neutraliza-

tion and precipitation is probably due to some solubility
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Figure 18. Preparation of poly (ethylene oxide-co-
10 , 11-epoxyundecanoic acid). —
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of the material in water. This is not surprising as the

copolymer contained a large proportion of EO. On the

other hand, water was found to be the most suitable medium

for precipitation.

As expected, the comonomer composition in the

poly(alkylene oxide) carboxylic acid was unchanged from

the ester and ionomer forms. The relative composition of

the copolymer was 4 mole-% EUA and 96 mole-% EO

.

4. Characterization of poly ( ethylene

oxide-£LQ-10 , 11-epoxyundecanoic acid sodium salt) and

poly (ethylene ox ide-co-10 , 11-epoxyundecanoic acid ) . The

IR spectra of the poly ( alky lene oxide) ionomer and

poly ( alky lene oxide) carboxylic acid are shown in Figure

19. Also shown for comparative purposes is the IR

spectrum of the ester-substituted copolymer of MEU and

EO. The characteristic C-0 stretching frequency for the

poly ( alky lene oxide) backbone is found near 1110 cm in

all three infrared spectra of Fig. 19. Large differences

in the frequency of the carbonyl stretch (C=0) can also be

observed by comparing the spectra. The carbonyl

stretching frequency of the starting poly ( alky lene oxide)

ester elastomer, poly ( EO/MEU) , appears at 1735 cm""'' in

spectrum a. Poly ( EO/EUA~Na''' ) , obtained by the saponifica-

tion of poly ( EO/MEU) , shows a strong carboxylate anion

stretch at 1565 cm"-^ (spectrum b). Poly(EO/EUA) , prepared
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Figure 19. Comparison of infrared spectra of
farnn?''f irf"^"^'^^^^^ poly(alkylene oxide) copol^ers-a poly ethylene oxide -co-methyl 10 , 11-epoxyundeca^ate)'(b) poly (ethylene oxide-co-10 , 11-epoxyundecanoic acidsodium salt), and (c) poly (ethylene oxide-co-10 , 11-
epoxyundecanoic acid) .

—
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by neutralization of polyC EO/EUA'Na"^ ) , shows the carboxylic

acid C=0 stretch at 1730 cm"^ (spectrum c) and a weak

absorption at 1610 cm"-*- assigned to residual (0.2%) car-

boxylate anions.

Poly(EO/EUA~Na'^) and poly(EO/EUA) were also
13characterized by C NMR spectroscopy; the results were

compared with those previously obtained for poly ( EO/MEU)

.

As expected, the most prominent difference in the spectra

of the three functional poly ( alkylene oxides) was the che-

mical shift of the carbonyl carbon. Saponification of the

pendant ester groups of the alkylene oxide copolymer

EO/MEU resulted in a substantial downfield shift of ca.

11.6 ppm for the carbonyl carbon of poly ( EO/EUA~Na^ )

,

Following neutralization of the ionomer ' s pendant car-

boxylate anions ( -COO Na^) to the carboxylic acid form of

poly(EO/EUA) , a large upfield shift of ca. 14.2 ppm was

observed for the carbonyl carbon. Signals for the

oxyethylene backbone carbons were relatively unchanged.

The chemical shift data for the three functionally-

substituted poly ( alkylene oxides) are compiled in Table

16.

The thermal transition temperatures (T^ and T^) of

the functionally-substituted alkylene oxide copolymers

were determined by DSC. Results of the DSC studies are

given in Table 17. The reported values of T and T^^ are
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those determined on the third scan of each sample. All
samples were heated in a nitrogen atmosphere at 20°C/min.
inspection of the data in Table 17 shows that conversion
of the 4 mole-% ester groups of poly(EO/MEU) to the

corresponding carboxylate salt groups was accompanied by a

6°C rise in the glass transition temperature. The T of
g

the poly(alkylene oxide) ester and ionomer were -58°C and

-52"^ respectively. The effect of ionic groups on the

Tg of polymers has been studied extensively and is well

documented. 217, 218 results given in Table 17 are in

agreement with the general tendency for T^ to increase

when ionic groups are present in a polymer matrix. The

increase in T^ has been ascribed to a reduction in segmen-

tal mobility due to electrostatic forces between bound-

ions in the polymer chain and the counter ions

.

Similarly, the acid form of the alkylene oxide copolymer

showed a higher T^ than the ester-substituted copolymer.

The respective glass transition temperatures of

poly(EO/EUA) and poly(EO/MEU) are -50°C and -58°C.

Presumably, strong interchain attractive forces due to

hydrogen bonding (dimer formation) between pendant car-

boxylic acid groups or with the polyether backbone reduces

segmental motion and serve to raise T .

g

As indicated by the results in Table 17, each of

the functionally-substituted alkylene oxide copolymers was
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TABLE 17

THERMAL TRANSITION TEMPERATURESOF FUNCTIONALLY
SUBSTITUTED ALKYLENE OXIDE COPOLYMERSa

-K)CH2CH24^CH2CH

(CH^) gCOOR

1_

Copolymer R
Tg

in *'C

T
in °C

EO/MEU CH3 -58 56

EO/EUA'Na"*" Na"*" -52 52

EO/EUA H -50 23

a Determined by DSC, heating rate 20*'C/min.

Contained 4 mole-% pendant functional groups
-COOR.
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semi-crystalline in nature. The trend found in the
melting temperatures (T^) of the functional polyethers was
opposite to that seen for as the pendant functional
groups were changed from ester to carboxylate salt to car-
boxylic acid. Sustantial lowering of the melt tem-

peratures is probably due to a reduction in perfection of

crystalline regions. Annealing of samples was not carried

out and so a more precise explanation for the observed

melting behavior cannot be put forward. The DSC scans for

three functionally-substituted alkylene oxide copolymers

are reproduced in Figure 20.

Wide angle x-ray diffraction patterns were

obtained for poly(EO/MEU) and the sodium ionomer

,

poly(EO/EUA~Na"^) . The latter copolymer, as mentioned

previously, contained 4 mole-% salt groups by virture of

complete saponification of the ester-substituted alkylene

oxide copolymer. The x-ray diffraction scans are repro-

duced in Figure 21. Samples were scanned over a range of

Bragg angles, from 2 9 ^ 2° to 2 9 ~ 400, ^he presence of

poly(EO) backbone crystallinity in both samples was

readily apparent from the scattering maxima at 2G = 19.2°

and 29 = 23.4°. These scattering maxima arise from the

monoclinic poly ( ethylene oxide) unit cell. Qualitative

comparison of the relative areas beneath the two scat-

tering maxima indicated that the ester-substituted copo-
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.iv.n
Fig^ife 20. DSC scans of functionally-substituted

methyr?0°?l Ln°^°'r""'= poly (ethylene^xide-co-
cn 1 n il ' ' Poly(ethylene oS^de-
^-^^/ll-fP'^^y^^'^^c^noic acid sodium salt), and (c)poly (ethylene oxide-co-10 , 11-epoxyundecanoic acid?
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scans of fnn^^- 1
^tf^.^'^gle ^-^ay diffraction (WAXD)

no?Wo?h alkylene oxide copolymers: (a)

and^b) ni?""?
o^ide-co-methyl 10 , 11-epoxyundecanoate)

anfd^in^ ^^^^^T^^""^ oxide-co-10,ll-epoxyundecanoicacid sodium salt)

.
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lymer and the ionomer have a similar level of

crystallinity. The most interesting feature in Fig. 21 is

the appearance of a new and relatively weak peak centered
near 26 = 6.5° in the scattering pattern of the alkylene
oxide ionomer. This peak is a common feature of all iono-

mers examined by wide-angle x-ray and has been termed the

"ionic" peak by MacKnight and Earnest. ^^1
nature of

the polymer backbone and the presence or absence of back-

bone crystallinity have no effect on the presence or

absence of the ionic peak.^^^ The occurrence of this

ionic or "low-angle" peak is evidence"''-'-'^ that the solid-

state structure of the ionomer is significantly different

from that of the ester if ied copolymer. VJilson, Longworth

and Vaughan'^"'"^ were the first to observe the "low-angle"

peak and suggested it arises from the presence of a second

phase in ionomers. Much controversy still exists,

however, over the distribution of salt groups in ionomers

and it is outside the scope of this discussion to criti-

cally review this subject. What can be emphasized is that

the finding of the ionic peak for the alkylene oxide copo-

lymer is the first such observation for an ionomer based

on a poly ( ethylene oxide) backbone. A complete listing of

all the scattering peaks in Fig. 21 is given in Table 18.

Wide angle x-ray diffraction measurements were not per-

formed on the carboxylic acid substituted alkylene oxide

copolymer, poly ( EO/EUA)

.
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TABLE 18

WIDE ANGLE X-RAY DIFFRACTION MAXIMA OF FUNCTIONALLYSUBSTITUTED ALKYLENE OXIDE COPOLYMERS

Mr.i« o TP 4.-
Angular Position of

CoDolvmer
Functionality, peak inCopolymer and Type degrees 29

ester 19.2*, 23.4*, 26.3
and 36.0

EO/EUA Na 4, carboxylate 6.5, 19.2*, 23.4*,
^alt 26.4 and 35.9

Major peaks in WAXDscan



behavior of lono.ers in^^I^:Z^~~r~
that- h,= °^ research

has as ,et recei.ea UttXe attention.-^ ,,,,,,

r " P°lyele=troi,.es on the other ha„a-ve been „.e.. ...ti.ate. i^ta.t .st..«-ch .as .een .aae .etwee. .aterU.s ciassi.iea as .no-mers and polyelectroly tes winY^es will be considered briefly
because of its re:eva„ce to the st.aies presentea i„ .,,3sect.on. iono.ers .enerali, contain less than 10 .ole-,
salt ,ro.ps, pol,electrol,tes usually contain one char.ea.-up per repeating unit ana are «ater-solu.le . .He ter™
.ono.er usually refers to a partially-ioni.ea polymer „i..
a nonpolar backbone (e.g. hyarocarbon ,

. ^22
„o„,„,,, ^^^^^

the early studies on ionic POM polymers the ter. has
includea backbones of the polyether type .101-104 , 167 ,169

TWO features common to ionomers of the polyethy-
lene (non-polar) backbone variety ars ,1=^vaLiecy are also present in the
ethylene oxiae basea material preparea in this
investigation. The ionic alkylene oxiae copolymer,
Poly(EO/EUA-Na'-), contains a low level of ionf.j-L^w xevei or ionic comonomer
units (4 mole-%) and shows an ionic peak at low angles in
x-ray scattering. Classification of the ion-containing
alkylene oxide copolymer as an ionomer has been maae on
that basis, on the other hand, it is also well known that



Poly(ethylene oxide) exhihii-c -,

' Polyelectrolyte behavior inaqueous solution. ^23 HoJIih. uHolUday has suggested that the difference between polyelectmi ..^P yelectrolytes and other ionic polymersIS one of degree. 224
The diff. •ihe difference is due to the

hydrophilic nature nf r.^i iof POlyelectrolytes, which is the
result of the existence of a lar-ooe ot a large proportion of ionic
a.d/o. ....opHiUc .roups in tHe Cain. .He .es.its ofthe visco.et.ic studies of polyfEO/EUA-.a^, to be pre-
sented in the following discussion also s.o„ expected
polyelectrolyte behavior of the copolymer in aqueous
n,ed.a. However, for the reasons cited earlier, the ion-
containin, al.ylene oxide copolymer win be classified in
the lonomer family.

The results of two independent studies of the
dilute-solution behavior of poly(EO/EUA-Na^ in water
will now be given. Two separate effects were examined:
a) the effect of iono^er concentration on the inherent
viscosity Of aqueous solutions and b, the effect of added
ionic solute (NaCl) on the inherent viscosity of the
ionomer in aqueous solution.

The inherent viscosity of the poly ( alkylene oxide)
ionomer in aqueous solution was determined at 30»C over
the concentration range 0.13 g/dL-1.0 g/dL. A stock 1.0
g/dL ionomer solution was prepared and its viscosity was
determined. Viscosity measurements were also made
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following dilution of the <,t-n^ir '^-^ "ith the
' amount Of „3te.. .he results of these .easure--nts are shown graphically in Pigure 22. . near-

exponential increase in the viscosity occurred over the
concentration range e.a.ined as the copolymer con-
centration decreased Thnc^sed. Thus at lonomer concentrations
approaching 0.1 g/a. the inherent viscosity of the copo-
lymer solution was measured to be greater than 8 dL/g
At a near 10-fold higher concentration the inherent
Viscosity was 2.3 dL/g. As expected, the observed inverse
relationship between concentration and viscosity is that
typical of polyelectrolytes in solution.

TWO factors are believed responsible for the ano-
malous shape Of the (In n )/c versus concentration

225curve. in the absence of added low molecular weight
ionic solute, as the macro-ion concentration is decreased
the ionic strength of the medium also falls, allowing
expansion of the chain dimensions. Secondly, in the
absence of added salt, the polyelectrolyte chains are
expanded to a degree such that an increase in con-

centration causes the macromolecules to interfere with one
another. Thus an influence of concentration on con-

figuration is also possible. The results of the experi-
ments conducted in this work with poly (EO/EUA-Na-^) showed
its remarkable "thickening" capabilities at low



218

Figure 22 . Effect of alkylene oxide ionomer con-
centration on dilute solution viscosity.





220

concentrations. One further observation of interest made

for the aqueous ionoraer solutions was their soap-like

character. It is conceivable this behavior may result

from the dual hydrophilic/hydrophobic nature of the alky-

lene oxide ionoraer. The hydrophilic nature arises from

the polar polymer backbone and pendant carboxylate groups,

while the hydrophobic character is imparted by the eight

carbon spacer-group.

The influence of added low molecular weight ionic

solute, sodium chloride, on the inherent viscosity of the

ionoraer in water was also studied. The concentration of

ionoraer was held constant at 0.5 g/dL while the salt con-

centration was systematically increased. The results of

this investigation are shown graphically in Figure 23.

The concentration range of sodium chloride investigated

was one to five percent by weight (based on the amount of

polymer in solution). The net effect of adding a neutral

salt such as sodium chloride was to change the ionic

strength of the solution. As can be seen by inspection of

Figure 23, a substantial reduction (47%) in solution

viscosity occurred with the addition of just one percent

NaCl. Increasing the salt concentration five-fold

resulted in an additional 17% reduction in the inherent

viscosity. It was also noted that as the sodium chloride

concentration was increased the "soap-like" behavior of
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Figure 23. Effect of added ionic solute (NaCl)dilute solution viscosity of alkylene oxide ionomer.





the ioncer solution gradually decreased. Although not
investigated, at still higher salt concentrations (>5%)
one would expect the inherent viscosity to reach a lower
limiting value. This trend is in fact evident in Figure
23. At this point the copolymer would behave as an
uncharged molecule, reflecting the hypothetical dimensions
Of the ionomer in solution in the absence of electrostatic
interactions. These higher concentrations could not be
achieved in this work without precipitation of the copo-
lymer from solution.

^ Functionally-Su bstituted Oxymethy lene
Copolymers and Terpolymers

Among the objectives defined at the beginning of

this chapter was the preparation of ester-substituted

polymers based on an oxymethylene backbone. The

discussion up to this point had focused on functional

oxyethylene polymers and copolymers. The success in

incorporating the difunctional cyclic ether MEU, where the

functional groups are separated from one another by means

of a spacer-group, into a polyether chain prompted a

parallel investigation into the use of MEU as a comonomer

in cationic polymerizations with trioxane (TO), the cyclic

trimer of formaldehyde. The direction taken in the pre-

paration of functional POM largely evolved from the early
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work on POM-based ionomers^ ' 161-163 , .involving copolymeri-
^ation Of TO and ethyl glycidate (EG) and the ter-
POlymerlzation of TO with EG and 1 , 3-dioxolane ,do,.
alternative synthetic route to ester-substituted POM was
also developed simultaneously in this work. The synthesis
Of a novel ester-substituted 1 , 3-dioxolane monomer,
4-(l-carbomethoxynonyl)-l, 3-dioxolane (MEDOX), was
accomplished and subsequent copolymeri.ations with TO and
terpolymerizations with TO and DO were carried out. The
results and discussions presented in the following sec-
tions focus on the preparation and basic characterization
of ester-substituted POMs in which the ester groups are
separated from the polymer backbone by long (Cg) spacer-
groups. The advantages of using a spacer-group to separate
the two reactive functional groups have already been

described.

1. Preparatio n o f 4-
( l-carbomethoxynonyl ) -1 , 3-d ioxolane

IMEDOXl. The synthesis of the functional 1 , 3-d ioxolane

monomer MEDOXwas carried out in four steps starting from

10-undecenoic acid (Figure 24). The first compound shown

in Figure 24, 10 , 1 1-d ihydroxyundecanoic acid (DHU) , was

obtained in an overall yield of 87% by the oxidation of

10-undecenoic acid with excess performic acid.^^^ Since

performic acid is relatively unstable, it was prepared in
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Fiqure 24. Preparation of the functional dioxolane

monomer: 4- (l-carbomethoxynonyl) -1 , 3-dioxolane (MEDOX)

.





situ by reaction of 30% aqueous hydrogen peroxide with
formic acid. The reaction of performic acid with the
.-unsaturated acid was exothermic. The mechanism by which
the hydroxylation proceeds is quite interesting and is

worthy of mention. The first product formed in the oxida-
tion reaction is the functional epoxide

10,11-epoxyundecanoic acid.^OS ^^^.^ regenera-
tion of formic acid upon oxidation of the double bond, the
epoxide group reacts instantly with the strong acid to

yield lO-formoxy-U-hydroxyundecanoic acid. The latter
was readily hydrolyzed by two equivalents of strong base
to the sodium salt of 10 ,11-dihydroxyundecanoic acid.

Neutralization of the carboxylate salt with concentrated

HCl yielded the desired dihydroxy-acid DHU. The

recrystallized product ( isopropanol-water ) melted at

66-67. 5°C, ca 20°C below the melting point reported in the
20 5literature (85-86°C, needles from water).

Nevertheless, the IR, NMR and ^^C NMR spectra indicated

conclusively that DHU had been obtained.

Crude DHU was converted to the methyl ester by an

acid-catalyzed ester if icat ion with methanol. The second

product shown in Figure 24, methyl 10 , 11-d ihydroxy-

undecanoate (MDHU) , was recovered in 91% yield after

recrystallization from petroleum ether/diethyl ether

(1:1). The ester if ication proceeded smoothly, no polycon-
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ic

reac-

was

densation side-reactions occurred. The melting point of
the glycol-ester was 46-48°C (lit.206 45.4600.

Formation of the functionally-substituted cycl
acetal MEDOXwas accomplished by the acetalization
tion of MDHU with paraformaldehyde, catalyzed by para-
toluenesulfonic acid (p-TsOH). The water of reaction
removed by azeotropic distillation with benzene. The
functional monomer was a low melting solid, m.p.

29.5-31.5°C, which was obtained in 73% yield after purifi-
cation by distillation (b.p. 142-143 ^C/O . 3mm)

.

A study of the relative rate of dioxolane ring

formation in the preparation of MEDOXwas also carried

out. Aliquots of a reaction mixture were periodically

removed and their composition was analyzed by gas

chromatography. The conversion of MDHU to MEDOXas a

function of time was conveniently monitored in this

fashion. The results are shown graphically in Figure 25.

Reaction of the glycol with paraformaldehyde was initially

very rapid as ca . 50% of the -OH groups were cyclized after

10 minutes. Within 1 hour ca. 70% of the glycol had been

consumed, after this time the rate of conversion rapidly

tailed off. An ultimate conversion of 76% was attained

after 10 hr reaction. IR analysis of the product after

work- up confirmed the presence of unreacted hydroxyl

groups, Hydroxylic-containing starting material was
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Figure 25. Rate of the acetalization of methyl

10 , 11-dihydroxyundecanoate (MDHU)

.





easily removed by distillation.

several attempts were also made to prepare MEDOX
employing a slight change in the sequence oE steps depic-
ted in Pig.re 24. roUowing the preparation of OHU , first
product in Pigure 24,, acetali.ation of the glycol-acid
was attempted prior to esterifying the carboxylic acid
group. A complicated mixture of products was obtained
thus indicating that serious side-reactions had occurred.
Analysis of the mixture by IR spectroscopy showed two
types Of carbonyl absorptions, the cyclic acetal ring
stretch (indicating that some of the desired carboxyl-
substituted DO had been formed, and unreacted OH groups.
The carbonyl absorption of the carboxylic acid starting
material DHU was still present (1700 cm"!), however, a

second carbonyl appeared at 1740 cm"!. The latter absorp-
tion was located in the region where aliphatic ester
groups absorb, suggesting the possibility that a side-

reaction involving the formation of methyol esters may

have occurred. 226 distribution of products ap-

peared to be nearly equal and problems in purification were

anticipated, this route to MEDOXwas not pursued further.

2j Copolyme rizations and terpolymerizations of

4-(l-carbomethoxvno nyl)-l,3-dioxolane (MEDOX, . The copoly-

merization of MEDOXwith TO and terpolymerization with TO



and DO were investigated using tr if luoromethanesulf onic
acid anhydride (TFA) as the initiator (Figure 26). TEA is
known to copolymer ize TO and DO ( cationically ) at high
rates and to high conversions, requires a short induction
period and produces levels of unstable fractions com-
parable with those of other init iator s . Consideration
of the aforementioned characteristics suggested that the

use of TFA as the initiator for preparing functionally-

substituted polyoxymethylenes was highly desirable.

Two series of experiments were therefore conducted

in order to determine the co- and terpolymer izability of

MEDOX. All reactions were run in 1 , 2-d ichloroethane (DCE)

at 60°C using 0.016 mole-% TFA (based on an initial

monomer concentration of 5 mole-lit-1).

The first series of experiments, whose results are

shown in Table 19, were designed to determine whether or

not MEDOXcould be readily incorporated into the POM

chain. Co- and termonomer feeds which contained 5 mole-%

MEDOXwere prepared for that purpose. A TO homopolymer i-

zation control was also carried out for comparison as was

an attempted copolymer ization of MEDOXand DO. All poly-

mers isolated from these experiments were characterized by

IR spectroscopy and dilute solution viscometry.

Viscosity-average molecular weights (M^) reported in Table

19 were calculated from the inherent viscosity-molecular
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Figure 26. Copolymerization and terpolymerization
of 4- (1-carbomethoxynonyl) -1 , 3-dioxolane (MEDOX)

.
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weight relationship derived by Wagner and Wissbr.n.228
As can be seen by inspection of Table 19, the

control polymerization of TO proceeded rapidly and
gave a 96% yield of bright-white POM. similarly, copoly-
merization of TO and 10 mole-% DO gave the corresponding
oxyethylene stabilized POM in high yield (91%) and reaso-
nably high molecular weight (M^=45,000). medox was suc-
cessfully incorporated into a POM copolymer and terpolymer
in yields of 75% and 79%, respectively. The TO/MEDOX
copolymer was found by IR analysis to contain 1.2 mole-%
ester groups, indicating that ca. 20% of the functional
dioxolane present in the feed had been consumed. The

TO/MEDOX/DO terpolymer contained ca. 0.5 mole-% ester func-

tionality but was of considerably lower molecular weight

(Mv=27,000) than the TO/DO copolymer (Mv=45,000).

Two possible explanations for the differences in molecular

weight can be put forward. Chain transfer processes are

known to govern the average degree of polymerization in

TO/DO copolymers prepared when TFA is used as
• 227initiator. Conceivably, MEDOXmay be more prone to

chain transfer than DO. Secondly, if the incorporation of

MEDOXwas not truly random, functionally-substituted POMs

of reduced thermal and hydrolytic stability would be

obtained. Since viscosity solutions were prepared by

dissolving samples at 110°C in an acidic solvent
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(P-ch:orophenol,.^2B
^^^^^^^^^^ ^^^^^^ ^^^^

™ore Chain degradation is liKely to occur it these samples
were not truly statistical polymers. The poly-
(oxymethylenes) prepared and listed in Table 19 were not
end-capped or heat-treated and should be considered more
labile to degradation under the conditions cited due to
the presence of unstable hemiacetal end groups.

The attempted copolymerization of HEDOX and DO
gave only poly, DO) in 12% yield with an inherent viscosity
of 0.34 dL/g (0.5% in CHCl at 30°)^^3 ac

) . c NMR spectroscopy
Showed conclusively that MEDOXhad not been incorporated.
Only two signals appeared in the nmr spectrum (p. 328);

the chemical shift of the oxyethylene carbon atoms in the

poly(DO) backbone appeared at 67.3 ppm while the oxymethy-
lene carbon chemical shift appeared at 95.9 ppm. in

addition, the infrared spectrum was indentical to a

spectrum of poly (DO) obtained from the literature . ^^9

The second series of experiments carried out was

designed to examine more fully the copolymer izability of

MEDOXand trioxane
. Five copolymerization reactions in

which the comonomer feeds contained 5, 10, 15, 25 and 40

mole-% MEDOXwere conducted simultaneously. Reaction con-

ditions were identical to those described previously.

That is, copolymerizations were conducted in DCE solution

(5 mole-lit in comonomers) at 60''C with TFA (0.016
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.ole-», as the Initiator. ..e results o£ these experi-
ments are ,iven in Table 20. overall it was concluaea
fro. the results that the reactivity of medox with TO
was low. The highest level of incorporation of MEDOXwas
1.8 mole-%. Furthermore, as the proportion of MEDOX in
the co.ono.er feed was increased, the yields and molecular
weights of the functionally-substituted POMs were found to
decrease. The difference in induction times, which ranged
from 2 min for the lower MEDOX feed ratios to 4 min for
the highest feed ratio, was not considered to be highly
significant. Explicit reasons for the low reactivity of
MEDOXhave not been determined, although thermodynamic con-
siderations are believed to be important and are discussed
below.

^ Atte mpted homopolymer ization of 4 -(l-carbo-

initiator. The ring-opening polymerization of MEDOXusing
BF3-etherate as the initiator was examined briefly.

Successful polymerization of MEDOXwould yield a structure
which corresponded to an alternating copolymer of TO and

MEU. The reaction was conducted in dichloromethane solu-

tion (1 molar in MEDOX) using 5 mole-% BF^-diethyl

etherate. Six days at room temperature failed to produce

any observable change in the viscosity of the solution,
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although the reaction .i.tu.e aia .eco.e <,o:aen .ro„n in
color. The seaiea tu.e reaction was subse^.entl, .ain-
tained at -20°C for 1 day -7Rop ^ ,cay, 78 C for 1 hr and at room tem-
perature for an additional 18 days. Analysis of the
reaction mixture after this time by gas chromatography
Showed only one product, which was identified as .EDOX by
comparison with an authentic sample. These results were
not totally unexpected. Sumitomo has cited the reluctance
Of 4-allcylsubstituted-l,3-dioxolanes to undergo ring-
opening homopolymerization and has shown that polymeriza-
bility decreases as the substituent size increases . 230

The bulkiest alkyl substituent examined was the isopropyl
group. 4-Isopropyl-l,3-dioxolane was reported to be very
reluctant to polymerize at temperatures above -78°C.
Polymerizations of substituted dioxolanes are reportedly
dominated by a monomer-polymer equilibrium reaction; the
reluctance of 1 , 3-dioxolanes with bulky substituents to

homopolymerize has been explained on the basis of unfa-

vorable thermodynamic properties arising from confor-

mational isomers of high energy in both the monomeric and

polymeric states . ^31-233

The low reactivity of MEDOX in copolymer izations

with TO is therefore not surprising in view of its

apparent inability to homopolymerize under the conditions

investigated .
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^^^^^^^^^^^^^^^-^-^^^^^^^ TFA initiatPr^j-rrt initiated copolymeri-
-tions Of MEU with t.ioxane, and terpoly.erizat ions with
TO and DO were also investigated under conditions iden-
tical to those used when the functional monomer was MEDOX.
The copolymerization reaction and structure of the

functionally-substituted POM prepared from MEU are shown
in Figure 27. In Table 21 are shown the results of two
experiments which established that the functional epoxide
could be incorporated into the POM backbone under the
reaction conditions of interest. The copolymerization of

5 mole-% MEU with TO gave the corresponding ester-
substituted POM in 94% yield, but of a relatively low

viscosity-average molecular weight (Mv=7,700). The TO/MEU
copolymer was shown by IR spectroscopy to contain 1.6

mole-% ester groups, indicating that 32% of the MEU in the

comonomer feed had been incorporated into the POM chain.

Terpolymerization of TO, MEU (5 mole-%) and DO (10 mole-%)

unexpectedly gave a 46% yield of the functional POM which

was, however, of slightly higher molecular weight

(Mv=9,800) than the TO/MEU copolymer. The terpolymer con-

tined 0.5 mole-% MEU, or about 10% of the functional

monomer in the original feed.

Induction periods of 15 hr and 19 hr were observed

for the copolymerization and terpolymerization reactions.
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Figure 27. Preparation of functionally-substituted

polY(oxymethylenes) based on methyl 10 , H-epoxyundecanoate

.
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respectively. Precipitation of solia poly.e. aia not occur
before this ti.e. shortly before the onset of clouainess
and precipitation each reaction solution changed fro.
colorless to light orange. The long induction times,
levels Of MEU incorporated into the POM chain and color
changes reported here agree well with earlier findings
by Z. Janovic. -"-^^

A more detailed and systematic study of the copo-
lymerizability of MEU with TO was also carried out, analo-
gous to the copolymerization experiments of MEDOXand TO
which were described in Section 1 of this Chapter. Thus,
TO/MEU comonomer solutions (5 molar) which contained 5-40
mole-% MEU were prepared in DCE , and their copolymeriza-
tion was carried out at 60°C using 0.016 mole-% TEA as

initiator. The results of these experiments are shown in

Table 22. Induction times for the copolymerization

reactions, shown in the second column of Table 22, were

long and increased as the proportion of MEU in the como-

nomer feed increased. Copolymerization of MEU and TO was

found to occur only reluctantly at the higher feed ratios

of MEU, e.g. a 2% yield of copolymer was obtained after

ca. 5.5 days reaction when the comonomer feed contained

40 mole-% MEU. In general, the yield of copolymer was

found to decrease as the proportion of functional como-

nomer in the feed increased. Inherent viscosities and the





ccrespona.., v.^cosi.,-...,,,,
^^^^^^^

Ta.xe 22 were .o. untreated ,or unsta.iu.ea,
HEU-.oaiMea POM. ..e Hen-™oaiaea o.y.et.,,ene copol,.e.3
«ere an o. relative!, low .olec.lar wei,.. as was less
t.an 10,000 in all cases. Oete^ination o. eacH copol,.er
composition was acco.plishea quantitative IK analysis
on the average, the functional POHs contained 1 „ole-.
MEU. These results indicated that MEO was relatively
unreactive in copolymerizations with TO, and that to a
first approximation the level of incorporation was inde-
pendent Of the functional monomer concentration.

Similiar findings have been made in the polymeri-
zation Of ethyl glycidate ,EG) with TO and DO when triflic
acid was used as the initiator. ^ The range of EG con-
centration studied in the investigation was 5-15 mole-%.
EG was found to be relatively unreactive as only 2 mole-,
could be incorporated in the POM chain. Furthermore,
these levels of incorporation were achieved by the addi-
tion of EG to the polymerization reaction after the poly-
merization had started. When DO was added as a termonomer
in the polymerization of EG and TO, considerably higher
Yields of the EG-modified POM were obtained. In attempted

"one-step" copolymerizations of EG and TO, no polymer was

obtained after 3 hr at 40»C. The latter results are now

more readily understood based on the long induction times
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observed in copolymeri^ah i r^n ^P ymerization experiments of TO and meu.
Explicit react iorm fny ^-k^ ifor the long induction times have not
been established.

or of 4-
( l-carbom ethoxynnnyi )-1 i-Hir^vrNi-.

^^^i^^^P-YHIl^^^ Since the copolymerizations
Of both MEDOXand MEU with TO were conducted under analo-
gous reaction conditions, the copolymerizability of each
functional monomer can be contrasted with the other. The
discussion which follows is intended for that purpose.

Figure 28 compares the yield of ester-substituted
POM as a function of the mole-% functional monomer in the
initial comonomer feeds. The curves were constructed from
data taken from Tables 20 and 22. The upper curve in

Figure 28 depicts functional POM yields for copolymer iza-

tions of TO with MEDOX, while the lower represents the

corresponding copolymerizations with MEU. The yield

which corresponds to 0 mole-% functional monomer in the

feed (y-intercept) was that obtained from the homopoly-

merization of TO. Comparison of the two curves shows

that MEDOXgave consistently higher yields of ester-

substituted POM than did MEU over the entire range of

functional monomer concentration investigated (5-40

mole-%). Both functional monomers, however, produced the

same overall trend in copolymer yields. That is.
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Figure 28. Yield of ester-substituted polY(oxy-
methylene) as a function of comonomer feed composition:
(A) 4- (1-carbomethoxynonyl) -1 , 3-dioxolane, (•) methyl 10,11-
epoxyundecanoate

.
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increasing the proportion of functional monomer in the
feed resulted in a reduction of the copolymer yield.

Figure 29 is a plot of the inherent viscosity (n)
of the TO/MEDOX and TO/MEU copolymers as a function of the
amount of each functional monomer present in the initial

copolymerization charges. The inherent viscosities for

each copolymer were determined at 60 °C on 0.1 g/dL solu-

tions in p-chlorophenol/a-pinene (98/2 wt %). The visco-

sities were measured on unf rac tiona ted and untreated

copolymers. Although levels of incorporation of MEDOXand

MEU in the copolymers were found to be similar (1-2 mole-

%), comparison of the two curves indicates that the func-

tional POMS obtained were generally higher in molecular

weight when MEDOXwas the comonomer. This conclusion is

also supported by comparison of the 0-H stretching region

(3660-3300 cm-1) in the infrared spectra of the TO/MEDOX

and TO/MEU copolymers. For example, see p. 309 and p. 310 in

Appendix A. MEU-modified POM generally exhibited an

absorption of slightly greater intensity in the 0-H

stretching region than did TO/MEDOX copolymers. The 0-H

absorption arises from the presence of hemiacetal

(HO-CH2O-) end-groups, indicating that the concentration

of endgroups is higher (hence the molecular weight lower)

for copolymers derived from MEU. However, molecular

weights of the functional POMs were significantly lower
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Figure 29. Comparison of solution viscosities for
functional oxymethylene copolymers prepared from (A)
4- (1-carbomethoxynonyl) -1 , 3-dioxolane (MEDOX) and (•)
methyl 10 , 11-epoxyundecanoate (MEU)

.
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than the molecular weiqht (m =4^; nnn\ ^.u^ mv 45,000) of the TO/DO copo-
lymer standard.

Perhaps the most striking differences observed in
the preparation of ester-modified POMs using MEDOXor MEU
were the widely different induction periods associated
with both types Of monomers. This behavior is most easily
seen by referring to Figure 30, a semi-logarithmic plot of
the induction times observed for each copolymer izat ion
reaction as a function of the concentration of functional
monomer in the initial feed. The induction time

corresponded to the onset of cloudiness in each reaction

solution, which preceded the rapid precipitation of copo-

lymer from solution. The ordinate intercept in Figure 30

corresponds to the induction period measured for the homo-

polymerization of TO. Thus it can be seen by comparing

the two curves that throughout the feed composition exa-

mined (5-40 mole-%) functionally-substituted POM was

formed ca. 1000 times slower when the comonomer was MEU.

Yet despite the large differences in induction times both

MEU and MEDOXwere incorporated in similar amounts (1-2

mole-%) into the POM chain.

Although the mechanisms of these reactions were

not studied, it appears appropriate to comment on the

observed behavior from the standpoint of mechanistic

features of related systems as reported in the literature.
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Figure 30. Observed induction times in the prepa-
ration of functional oxymethylene copolymers: (A) TO/MEDOX
and (•) TO/MEU.
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Pence, ana co-„o..ers have stuaiea the copoly.eri.ation
Of TO ana no by TP. ini.ution. it was p.oposea that the
first step in the initiation was the ring-opening of no
proaucing a aiester aaauct of DO ana TFA.^^^ .^^^.^^
Chain growth was envisioned to occ.r by "cationation" of
TO ana/or DO in a macroester-.acroion equilibrium process
(a process similar to the accepted mechanism of THF poly-
merization by triflic acia ana its derivatives"). The
mechanism of BF3 • aibutyletherate initiatea copolymeri.a-
tion Of TOjith ethylene oxiae (EO) has also been reviewea
recently. has been shown that EO is almost comple-
tely consumed before any significant TO consumption

153occurs. DO and 1 ,3 ,5-trioxepane are formed as by-

products in the solution stage of TO copolymer izations and
are consumed during the heterogenous stage. it is con-

ceivable that initiation in copolymer izations of TO and

MEU may proceed through some rate-determining step which
could involve MEDOX. Formation of MEDOXmay occur by

the insertion reaction of Meu and free formaldehyde.

Yamashita and coworkers have shown that substituted

1 ,3-dioxolanes are formed as products in the cationic oli-

gomerization of substituted epoxides in the presence of

triflic acid derivatives. ^^"^ '^-^^

At present, however, reasons for the observed

behavior remain unknown.
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^^Mte). Representative samples of the ester-
substituted POMS were selected for- ^-v.^^xected for thermal analysis
studies. The focus o£ these studies were the .elting
behavior and thermal degradation of the functional OKy-
methylene polymers. m addition, the high Molecular
weight TO/DO copolymer was similarly evaluated.

The melting behavior of the DO, MEDOXand
MEU-modified POMS was examined after samples were heat-
treated to give a constant thermal history. Thus, all
samples were heated to 200°C (at 20°C/min), annealed at
200'>C for 3 minutes and cooled to room temperature
(20°C/min). The DSC scans for four of the POMs are repro-
duced in Figure 31, and represent the second heating cycle
for each sample. In all cases, a fraction of the sample
vaporized during the heat-treating procedure, since the
POMS had not been end-capped, volatilization was probably
due to some thermal unzipping of the polymers due to the

presence of unstable hemiacetal end-groups. "2 ^ ^^^^^^^^
list of the melting (T_^) and onset of recrystallization

temperatures (T^^j^g^^^) for the oxymethylene co- and ter-

polymers analyzed are given in Table 23. Also listed are

the heats of fusion as measured on the DSC and the percent

crystallinity of each sample. The calculation of percent

crystallinity was made on the basis of initial sample
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Fiqure 31. Comparison of DSC scans of modified
oxymethylene co- and terpolymers: (a) TO/DO, (b) TO/MEDOX,

(c) TO/MEU/DO and (d) To/MEDOX/DO.
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weights and assumed AH of 100% cr^7c,i-^^^A .c -Luuo crystalline POM is 50
cal/g. Since portions of the samples invariably vola-
tilized during analysis, values o£ AH^ and percent-
crystall ini tv in hhf^ 4-in the last two columns of Table 23 must be
interpreted with some caution.

unlike the results from calorimetric studies of
TO/EG/DO terpolymers/ only one melting endotherm was
Observed for all modified POMs analyzed in this work. m
addition, peak melting temperatures for the functional
POMS derived from MEDOXand MEU were, on the average,
3-9°C higher than T^, for EG-modified POM.^ The latter
results are consistent with a higher level of crystal per-
fection in the MEDOX- and MEU-modified POM, since the

comonomer content and average molecular weights are simi-

lar to those reported for the TO/EG/DO polymers studied

previously. Such differences may be due to complete

exclusion of oxyethylene units with the long side chain

from the crystalline regions. Wegner has shown that a low

level of oxyethylene units do incorporate into the

crystalline regions of POM.^^^ This possibility appears

much less likely for MEDOXand MEU than for EG.

Differences found in the percent crystallinity of

the MEDOX-modif ied and MEU-modified POM are also of

interest. Higher levels of crystallinity were found in the

substituted POMs which were prepared with the functional
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co^onomer MEDOX. The .eason for the very low level of
crystallinity ,25%, in the TO/MEU copolymer has not been
established. The results in Table 23 do show a similar
trend in percent-crystallinity as a function of co.ono^er
content^observed in previous studies of substituted
POMs. ' That is, POM rrvQfa i i 4.run crystailinity vvas found to
decrease as the comonomer content increased.

Thermogravimetric analysis of the TO/DO and

TO/MEDOX copolymers as well as the TO/MEU/DO terpolymer
provided some insight into the relative thermal stabili-
ties of the untreated oxymethylene polymers prepared in

this work. The TGA curves are reproduced in Figures 32-34
along with the corresponding derivative curve, the latter

being a profile of the rate of degradation. For purposes

of easier comparison, the three TGA curves are also

collectively reproduced in Figure 35. The relative order

of thermal stabilities, as seen by referring to Figure 35,

is TO/DO > TO/MEDOX > TO/MEU/DO. Both functional POM

samples showed some degradation before the TO/DO

copolymer, although it should also be pointed out that the

functionally-substituted POMs are of considerably lower

molecular weight than the unsubsti tuted copolymer.

The approximate temperatures at which degradation

began in untreated TO/DO, TO/MEDOX and TO/MEU/DO were

120°C, 95°C and 85°C, respectively. Maximum rates of
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Figure 32. TGA and derivative curves of untreated
TO/DO copolymer.
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Figure 33. TGA and derivative curves of untreated
TO/MEDOX copolymer.
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TO/MEU/DolS^oly^er!"'' derivative curves of untreated
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Figure 35. TGA curves of untreated TO/DO co-
polymer ( ) , TO/MEDOX copolymer ( ) , and TO/MEU/DO
terpolymer ( )

.
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degradation occurred at igs^C, Isg^C and 210«C,
respectively. The TO/do copolymer was completely degraded
(100% weight loss) by 275oc. The two ester-substituted
POMS, however, were completely degraded only at higher
temperatures, suggesting the possibility that thermally-
induced crosslinking through the ester groups may occur.
Crosslinking conceivably could occur through anhydride
formation between ester groups. Approximately 20% of the
initial TO/MEDOX copolymer mass remained at 350oc, while
nearly 20% of the TO/MEU/DO terpolymer remained at 370 °C.

If the lower- temperature degradation processes which

accounted for ca. 8-10% weight loss in the functionally-

substituted POMS can be overcome, it appears likely that

polyoxymethylenes of improved thermal stability can indeed

be prepared.

F. Conclusions and Future Work

The major objectives which formed the basis of

this dissertation have been successfully accomplished.

High molecular weight functional polymers based on an

oxyethylene backbone were prepared by the homopolymer iza-

tion of an ester-substituted epoxide, methyl

10 ,11-epoxyundecanoate , and its copolymer ization with a

number of cyclic ether monomers. The high polymer izabi-

lity of the functional epoxide was primarily ascribed to
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the development of an optimal modified aluminumalkyl ini-
tiator composition and removal of intramolecular interac-
tions in the difunctional monomer by a long, flexible
hydrocarbon spacer-group.

Representative examples of the ester-substituted
poly(alkylene oxides) were converted to poly ( alkylene
oxide) ionomers and carboxylic acids. An ion-containing
poly(alkylene oxide) derived from an EO-MEU copolymer was
shown by wide-angle x-ray diffraction to exhibit evidence
of microphase separation previously observed in ionomers
based on hydrocarbon polymers. The highly polar

poly(alkylene oxide) ionomer was also water-soluble and

exhibited behavior in solution typical of polyelectro-
ly tes

.

New advances were made in the preparation of

functionally-substituted poly ( alkylene oxides) based on a

predominantly oxymethylene backbone. Incorporation of a

functional cyclic ether or cyclic acetal monomer into POM

was studied under analogous reaction conditions. The

interest in carboxylated POM lay in its potential as iono-

mers with a highly polar and crystall i zable backbone.

Based on the results obtained in this work, the preferred

functional comonomer for preparing functional POM by copo-

lymerization with trioxane is the 4-subs t i tuted cyclic

acetal, 4-(l-carbomethoxynonyl)-l ,3-dioxolane or MEDOX.



Both MKOOXana MEU
, however, were found to be relatively

unreactive in cationic copoly.eri.ations with trioxane or
in terpoly.eri.ations with trioxane and 1 ,3-dioxolane.

While much was accomplished, numerous possibili-
ties also exist for future studies in the area of

functionally-substituted poly < alky lene oxides), studies
Of both fundamental and practical interest can be pursued.
For example, an investigation seeking to establish the
kind and nature of interactions that undoubtedly occurred
between the aluminum coordination catalyst and the func-
tional epoxide should, in the opinion of this author, be
carried out. A better understanding of such processes
could be used to influence the kinetics of the polymeriza-
tion reaction and perhaps ultimately the properties of the

poly{alkylene oxides). The possibility of producing opti-
cally-active functional poly (alky lene oxides) by

stereoelective polymerization is also quite intriguing.

This would involve the preparation of optically-active

initiating species, which should be possible if chiral

modifiers are employed.

The major thrust of future efforts, however,

should focus on the poly(alkylene oxide) ionomers. In

particular, a detailed investigation of solid-state pro-

perties and solution behavior of the elastomeric ionomers

should be undertaken. The fundamental question is whether
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not the pola. backbone interacts wit. t.e pen.ant ionic
.roups ana if so, then how a.e the properties of the
polymer affectea. .t present, a sin.le piece of evidence
(Wide-angle x-ray) obtained in this wor. suggested that
ionic domains do exist in the solid-state. More conclu-
sive and definitive evidence is still needed.

Of considerable interest is the preparation of
ion-containing poly ( alkylene oxides) neutralized with
divalent or trivalent .etal cations. Conceivably, a new
family of elastomeric network polymers based on a

polyether backbone would result. This would also provide
a means of influencing the solubility behavior of the
highly polar polymers in aqueous media. One potential
application of water-swellable poly ( alky lene oxide)
ionomers, pseudo-crossl inked by multivalent cations, would
be as a new family of hydrogels.

An area which may prove to be very fruitful is the

potential of the ester- or carboxylic acid substituted

oxyethylene polymers as carriers for controlled drug

release. Drugs could be covalently bound to the polyether
chain through the pendant carboxyl groups. Lower molecu-

lar weight functional copolymers based largely on ethylene

oxide could be used. it is expected that such materials

would be water-soluble and exhibit a good potential solu-

bility in the bloodstream. Poly ( ethylene glycols) have
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exh.b.t no known .elete.io.s effects in the boa,
Sta.iXi..tion Of the functional pol.ethe.s a.ainstox.dat.on in any f.tu.e stuaies is consiaerea to .e a .eyto preventing degraaation of these materials

susceptibility Of the alKylene oxide poly.ers to oxidation
was a problem at times in this work.

Many interesting questions also arose from the
author's efforts in the preparation of functionally-
substituted oxy.ethylene copolymers. Pore.ost is the
peculiar difference in induction times observed in pre-
paring ester-substituted POM using a functional epoxide
versus functional dioxolane as comonomer. Gas chroma-
tographic analysis of reaction aliquots from the solu-
tion phase of trioxane/ethylene oxide copolymer-

158izations has provided valuable insight into the latter
copolymerization process and should prove to be equally
useful in this work. Major emphasis should also be placed
on increasing the molecular weights of the functionally-
substituted POM as well as determining if the copolymers
produced are truly random. Indications were obtained in

this work that endcapping or heat-treatment of the ester-
substituted POM would result in POMs of improved thermal
stability as compared with TO/EG or TO/DO copolymers. If

molecular weight deficiencies can be overcome, the use of
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a functional dioxolane comonomer like MEDOX in the pre-
paration Of POM may prove to be an attractive method for
improving the thermal stability of the commercially impor
tant thermoplastic.

Conversion of the pendant ester groups to the
metal carboxylate form should also be carried out and the
solid-state properties of the ion-containing POMs studied
in a fashion similar to earlier work on POM ionomers.
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