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Abstract
ZVITTERION POLYMERIZATION OF 2-METHYL-2-OXAZOLIMNE AND
ACRYLIC ACID
By
Pathiraja A Gunatillake

Adviser: Professor George Odian

The zwitterion polymerization of 2-methyl-2-
oxazoline(MeOX0) and acrylic acid (AA) has beeﬁ investigated
in bulk and solﬁtion ( DMF and acetonitrile) at 60-70°C.
Variation of reaction conditions such as temperature, methods
of monomer addition, high vacuum conditions to avoid advent-
itious terminating agents, solvents , and addition of a
nucleophile to the reaction system resulted in copolymers
having number average molecular weights in the range 590-2760
as determihed by vapor’pressure osmometry.Three stage
polymerization showed that the MeOXO0-AA monomer system does
not behave as one with living characteristics. The copolymer
composition was estabilished as 1:1 ( MeOX0O:AA) by proton
NMR.Proton and 1.30 NMR spectroscopy identified the repeating

unit as -CH CHZN(COCHa)CHZCHchO- and the end groups as

2

olefinic( CH,.=CHCOO=-), carboxyl( -COOH ) and acetamido

2
(—NHCOCHa). Infrared spectroscopy supports the NMR results.
Hydrolysis experiments corroborated both the copolymer
composition and identity of the end groups. N-(2-hydroxy-
ethyl)=B-alanine( from the repeating unit) was isolated

from the hydrolysis products of the copolymer.Presence of
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acrylic acid ( from the olefinic end group) and acetic
acid(from the repeating unit) among hydrolysis products

was confirmed by GC and analytical HPLC. Presence of
ethanolamine ( from the acetamido end group) was confirmed

by isolating it as the dibenzoyl derivative. High performance
liquid chromatography showed that the copolymer product
consists of different-sized molecules and not all molecules
have the same two end groups. Some molecules'héd olefinic

and carboxyl end groups and the others olefinic and acetamido
end groups.A mechanism is proposed to describe the MeOXO0-AA
polymerization.MeOX0 and AA forms a genetic zwitterion

which is responsible for initiation . Polymer growth involves
various-sized zwitterions reacting with each other and with
the genetic zwitterion by a ring opening attack of carboxyl-
ate anion on the quaternery MeOXO ring. Termination occurs

by reaction of growing zwitterions both with acrylic acid

and with a quaternized MeOXO-acrylate salt( formed by proton
transfer between MeOXO-AA ). Direct NMR analysis of the
polymerizing MeOXO-~AA system gaﬁe evidence for the genetic
zwitterion‘and early termination of growing zwitterions

by reaction with quaternized MeOXO-~acrylate salt.
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1.0 INTRODUCTION

Zwitterion polymerization is a recently discovered
polymerization reaction which occurs spontaneously between
nucleophilic ( N ) and electrophilic ( E ) monomers.

Saepusa and coworkers ( 1-9 ) have reported a large number
of pairs of nucleophilic and electrophilic monomers underg-
oing such polymerization to yield interesting polymer
structures.These polymer structures contain a variety of
functional groups as part of the polymer chain and pendant
to the polymer chain. Polymers containing functional groups
such as phosphonite , phosphate, carboxylate ,.amide , car-
bonyl, sulfonate and sulfonamide have been reported.

The N monomers studied include cyclic imino
ethers, cyclic amines, cyclic éhosphite and phosphonite,
and imines. E monomers include B-propiolactone, acrylic
acid and acrylamide, succinic anhydride and a sulfolactone
{ sultone ) . Table 1 lists some of the specific monomers
that Saegusa and coworkers studied. Saegusa has proposed
the following general mechanism to explain the zwitterion
polvmerization of N and E monomers. Initially, the reaction of
nucleophilic and electrophilic monomers forms an intermedi-

ate zwitterion which is referred to as the genetic zwitter-

ion (I ).

+ -
Initiation N + E —— NE (1)

(1)
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The genetic zwitterion is responsible for initiation as
well as propagation. Two genetic zwitterions react to
produce the first propagating species (II), which continues

to grow by successive reactions with the genetic zwitterion.

Propagation
4 o + -
NE + NE~= —> *NENE (2)
(IZa)
*NE-(NE)=NE~ + 'NE= —> *NE~(NE) -NE~ (3)
n n+ .
(IIb) (IIc)

The propagrating species which are larger than (I) are
referred to as macrozwitterions. Polymer growth occurs
not only by the reaction of macrozwitterion with genetic .

zwitterion but also by the reaction of two macrozwitterions.

*NE-(NE)ZNE™ + FNE-(NE)=NE~ ——3"NE-(NE) -NE~ (4)
It is of interest to explore this new type of

polymerization reaction as a means of synthesizing
interesting polymer structures. HoweVer, this method has
to-date been unsuccessful in generally synthesizing copolym-
ers with high enough molecular weights for any practical
utility.Saegusa and coworkers have mainly concentrated on
investirating various possible N and E monomer cambinations
andercoins zwitterion polymerization. The experimental
svidence rrovided is insufficient to understand the

“etailed rection mechanism and the copolymer structure.
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''o mention has been made about possible mode(s) of
termination that limit the copolymer molecular weisht.

Ye have investicated the zwitterion polymerizartion
of 2-methyl-~oxazoline with acrylic acid , 2—oxaz6line with
acrylic acid and 2-oxazoline with A-propiolactone with the
following objectives.

a). To investigate the possibilities of synthesi-
zing high molecular weight copolymers by considering
reaction variables that can be used to overcome premature
termination.

b). To illucidate the mechanism of zwitterion
polymerization with emphasis on mode(s) of termination

throusgh characterization of copolymer.
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2.0 BACKGROUND

In 1972, Saegusa and coworkers (10) reported
the first zwitterion copolymerization reaction between
2-oxazoline (N monomer) and p-propiolactone which proceed
without the need of a catalyst or any added initiator to
yield an alternating copolymer. Since then in more than
two dozen publications,they have reported a large number
of N and E monomer pairs pndergoing zwitterion polymeriza-
tion and some of the specific monomers studied are listed
in Table TI.
Table I
Nucleophilic Monomers (N)
. N\ | J
’ (

(R=H,lie)

.
L N~-R A B
R /P - Ph~CH=HNPh

Electrophilic Monomers (E) 0

- \
’ §

R=H,Ph)

CH2=CHCOOH CH2=CHCONH2 CH2=CHCOOCH2CH20H
CH2=CHSOZNH2
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The scope of zwitterion polymerization can be seen by
considering some of the systems which have been studied.

1. 2-Oxazoline (N) and B-propiolactone(E) or

acrylic acid

\ + —_ 4CH2CH2—§—CH2CH2COO)R (5)
o L——J§o HCO

2. Ethylene phenylphosphonite (N) and acrylic

acid or p-propiolactone(L)

o\> e
-0 + l —_— 4CH20H20- —CHZCHacoo-)n (6)
0

2, 2-llethyl-2-oxazoline (I¥) and 3-hydroxy-1-

propane sulfonic acid sultone (E)

i ‘ '
/S&\C + o 4CH20H2—£—CHZCHZCHZSOZO}n (7)
K:o H3 o” 2 CH,4CO

4, Ethylene phenylphosphonite (N) and acrylamide(Z)

P
\\ @ : i ' CH.CH.CONH)- (8)
//P + CH,=CHCONH,—> 4CH2CH2-OB— oCH, =

5, il-benzylidine aniline (N) and &~-chloroacrylic
acid or o{~-bromoacrylic acid (E)
Hg=ﬂ + CH2=§—COW{-——> éé—f—CHzi—COO)ﬁ (9)

x=Cl,Br /
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Although over 25 pairs of monomers which undergo zwitter-
ion polymerization have been reported , there is a general
lack of understanding of the reaction mechanism that leads
to early termination of copolymer chains.With no exceptions
the basic experimental approach used by Saegusa et al
involved the IR , NMR spectroscopic analysis , alkaline
nydrolysis and elemental analysis of copolymer.It is
appropriate to briefly discuss their experimental approach
on a selected monomer pair , namely the O0X0-BPL system
which is the only system that has been studied in greater
detail.

2.1 Copolymerization of 2-~oxazoline withgp-propiolactone

Based on the results of IR, NMR, elemental
analysis and alkaline hydrolysis , the following mechani-

sm has been proposed to explain the poelymerization reaction.

—0

Q\ + [ initiation
___...>
/ 0

N-CH cazcoo'

2

N-CH,CH,COOCH,CH,_-N-CH,CH,C00™

2v"2 272 ovte
\ uo
+ 4,
p/
y
-(CH20H2—N—CH2CH2COO)-n
HéO

Interestingly when acrylic acid is used in place of
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P-mnnpiolactone the same product is obtained because the
initially formed anion (III) undergoes proton transfer to

vield the same anion (IV) as does B-propiolactone.

CH,.CO0™

CHCOOH I‘\ICH2 5 (10)

\CH,,
) — a\
.

07 (111) Y

N\

(IV)
The amount of each monomer in the copolymer was determined
by elemental analysis and H-NMR data. The proton NMR
spectrum of a mixture of authentic samples of N-(2-Hydro-
xyethyl rp-alanine and formic acid was compared with that
of the hydrolysis products mixture.The similarity between
these two spectra was taken to conclude the presence of
N-(2-hydroxyethyl)-P—alanine and formic acid as hydrolysis
products expected for the amide ester structure of fhe
copolymer (V).The amide ether structure (VI) would have
resulted different hydrolysis products ( eq.14) other than
(VII) and formic acid.

~(CH,CH

-IFI-CHZCHZ,COO-)n

HCO (11)

/S§ — (V)
+
L \i o

-(CHZCHZ—w—COCH
HCO

2

CH,-0-)
e 2 noo(12)

(VI)
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“OH

\ _— HOCH,,CH,NHCH,CH,COOH + HCOOH (13)
(VII)

. “OH

VI > H,NCH,CH,0CH,CH,COOH + HCOOH. (14)

Similarly the presence of any random or block structure in
the copolymer would have resultgd in products other than
(VII) and formic acid.

The results of the hydrolysis experiments
are quantitatively incoenclusive since no attempt was made
to isolate any of the hydrolysis products.Although these
results may suggest the possibility of a backbone struct-
ure V for the copolymer no mention can be made about the
nature of the end groups which would have resulted different
hydrolysis products . Even the'proton NMR and IR spectros-
copic data have not been discussed in sufficient details
to understand the nature of the end groups.

The molecular weight of the 0XO-BPL copolymer
prepared in acetonitrile at 25°C has been reported to be
3500 (10,15) . The 0X0O-BPL system showed the characteris-
tics of a living polymer system ; a second charge of the
two monomers underwent complete polymerization and the.
molecular weight increased.However, the increased MW was
only 4000.The molecular weight was observed to increase
with the reaction temperature although the highest

molecular weight observed was only 4100.
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There was not sufficient data to indicate the effect of
solvent on copolymerization reaction.Except for a very
few monomer systems the molecular weights of the copolymers
are uniformly very low ( 1000-4000). The highest molecular
weight obtained was 13,500 for the 2~oxazoline acrylic
acid system when the polymerization was done at 50—60°C
in acetonitrile.However, the molecular weight was only
3710 when the polymerization was done at 50°C (14).
Although insufficient data are avaiiable to
allow an understanding of the relationship between struct-
ure and polymerization behavior, it appears tgét the copo-
lymer will deviate from a perfectly alternating structure
when the nucleophilic and electrophilic reactivities of
the comonomers are not balanced . 2-Oxazoline and
p-propiolactone yield an alternating copolymer but when
2-methyl -2-oxazoline and 2-phenyl-2-oxazoline are reacted
with BPL the copolymer contains 78% and 88% BPL respectiv-
ely.The presence of the methyl or phenyl group stabilizes
the cyclic imino ether oxonium ion (VIII) and decreases

its reactivity towards the carbonyl end of another zwitte-

rion,

(VIII) R=CH,, @
3v default , the carboxylate anion initiates the homo-

rolymerization of BPL.
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‘With acrylic acid as the electrophilié monomer instead

of BPL , even 2-methyl-2-oxazoline 2-phenyl-2-oxazoline

as well as the unsubstituted 2-oxazoline , yield alternat-
ing copolymers as acrylic acid is not reactive toward
anionic homopropagation.

There is no direct experimental evidence to
show the formation of genetic zwitteriogs during the
copolymerization reaction.However, in the copolymerization
of 2-phenyl-5,6-dihydro-4H-1,3-0oxazine (14) with acrylic
acid a zwitterion intermediate (IX) has been isolated at
low temperature (0°c?.

0

/JLw + CH2=CHCOOH — . =—C 2CHchO (15)
. )
0

(IX)

The polymerization of the isolated zwitterion(IX) produced

a copolymer having only a molecular weight of 800.

2.2 RELATED STUDIES

Aside from Saegusa's work , there are several
- other studies on zwitterion polymerization. Takashi(16,17)

noted that ethylenimine undergoes zwitterion polymerization
with dicarboxylic anhydrides and , unsaturated carboxylic

acids to give very low molecular weight copolymers.

(‘H ‘
I >NH + R<\C ——> -(CH,CH,NHOCRCO03 (¢
. o6
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H

R
i::>NH + CH,=C-COOH ———> = (CH,CH,NHCH,CHRCOO)=
5

2 2

@ . |

H (17)

Several reported polymerizations which involve the
zwitterion mechanism predate Saegusa's earliest reference..
inc;uding the spontaneous copolymerizations of ethylen-
imines (X) with. carbonyl sulfide (XI) (18) and B-lactones
(19) and 4-phenyl -1,2,4,-triazoline-~3,5-dione withvinyl

ethers and vinyl carbamate (20,21,22).

0(s)

CH CH2 i
EN ]// + COS —=> ~(NH~CH,CH,=S(0)~C )~ ;4

(X) (XI)
All of these systems gave low MW products . The papers by
Butler and coworkers are of significance in that the
existance of the zwitterion intermediate (XII) was

estabilished by trapping with an aliphatic ketone.

N e
J *
o) 7| o

H

2°°5

cH..EHOC
] 2

(19)
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Balakrishnan and Periyasamy (13,23) have
reported the zwitterion polymerization of 2-methyl-
2-oxazoline with methacrylic acid and &-bromoacrylic
acid , and a shiff base , N-benzylidine aniline with

X-chloro and X-bromoacrylic acids(eqg.9).

H CH

/ i3 ] 3
l\\o/ﬁk\ca + CH,=C-COOH ——3 GCHZCH2-¥-CH2CHCOO)E
2

3 ) CHSCO (20)
The copolymers are characterizéd by H-NMR and IR spectros-
copy.On the basis of kinetic studies a zwitterion type
mechanism similar to the Saegusa's mechanism have been
proposed,
Tomalia and coworkers (24,é5) studied the
polymerization of acrylic acid with 2-alkyl -2-oxazolines,

2-thiazolines (XIII) and 2-imidazolines (XIV).

——N N
Z:\SQX\h N/B\?
(XIII) (XIV)

The three heterocyclics behave similarly. The polymeri-
zation of Z2-(l-mercaptoisopropyl)-2-oxazoline(XV) reported
ov Tomalia and coworkers probably proceeds by the
zwitterion intermediate XVI (formed by proton transfer

from sulfur to nitroegen)
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N ‘TE';
\ CH : W\ CH
3 + 3
o “CH-CH,SH > Q}ﬁH-CH‘?S_

(xXV) - (XVI)

CH

3
—_ |
4CHCH2SCH2CH2NHCO—A

(21)
with the sulfide nucleophile attacking the oxazolinium ion
at the C-0 bond. The polymer molecular weights obtained
are not high.( XV is formed by the radical addition of
H2S to 2-isopropenyl -2-oxazoline ). The polymer molecular
weight obtained by Tomalia in the various systems were not
high. The products were not sufficiently characterized to
identify the end groups and understand the ‘reasons why
high molecular weights were not obtained.

Schmidt and coworkers (26,27) synthesiied and
isolated cyclic sulfonium phenolate zwitterion XVI from the

reaction of phenol with tetrahydro-thiophene-~l-oxide by

treatment with HC1l followed by base.

O:o . @on HO1, Qi©on

baseE . d_(23)

(XVII)

™e preformed zwitterion XVII which was isolated as a
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crystalline hydrate undergoes spontaneous polymerization
upon removal of water at temperatures of 135-170°C.
Molecular weights as high as 46,000 have been observed in
tie presence of a nucleophile such as NaOMe added at the
beginning of the polymerization.Gel permeation chromatogr-
aphy coupled with mass spectroscopy showed the présence of
about 5% each of cyclic dimer ancd trimer. Althourh this worlk
has gone unnoticed by all other workers in thé field it
can be considered as the most significant work in zwitter-
ion polymerization.

The mechanism involves displacement of sulfonium

moity by a nucleophilic anion.

000 OO
O~

linear dimer

monomer
Growing polymer chain (23)
After the first initiation reaction, an active propagating
species is produced which could grow from either or both
ends of the chain until termination occurs.
Several aryl sulfonium zwitterions having
substituents such as CHg and Cl on the aromatic ring have

been synthesized and polymerized.

- el XVII; X=H, Y=CH,4
XIX ; X=CHj,Y=CH,4
XX ; X=Y=C1
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The chlorinated zwitterion species (XX) are markedly
more stable to polymerization than the unchlorinated
analog (XVIII) and requires considerably high temperatures
( = 170°C ) . The low reactivity is considered to be as
2 result of the presence of electron withdrawing chlorine
ortho to phenoxide group which causes a decrease in |
nucleophilicity . Addition of a nucleophile such as NaOCH3
caused the polymerization to occur at temperatures below
the polymerization temperature of pure XX and resultediﬁ
nigh molecular weight copolymers ( Mn = 46,000).

The importance of zwitterion polymerization as
a new method to synthesize a variety of new types of
polymeric structures can be seen when considering the wide
variety of monomer pairs reporéed in the literature.
However, the molecular weights of polymers obtained are
low in almost all the cases and poorley characterized as
to chemical structure.The proposed reaction mechanism
does not explain why only low molecular weight copolymers
are obtained.

We have investigated the zwitterion polymeriza-
tion of 2-methyl-2-oxazoline with acrylic acid , 2-oxazol-
ine with p-propiolactone and acrylic acid with the object-
ive of understanding the mechanism(s) that limit molecular
weizht and obtain high molecular weights in zwitterion
polymerization.The choice of these monomer pairs was made

hecause they are among the best characterized by Saegusa.
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Except 2-oxazoline the other monomers are readily available
and, in addition, the second system is that which gave the

highest molecular weight in Saegusa's work.

Our research efforts were focussed on the follo-
wing considerations.

1). How does termination occur? How important
are cyclization , reactions other than initial zwitterion
formation between the monomers, intramolecular terminations
and intermolecular terminations with adventitious species.

2). What reaction variables can be used to over-
come premature termination and achieve high molecular

weights,

3.0 PROPERTIES AND REACTIONS OF 2-OXAZOLINES

2-0Oxazoline and 2-methyl-2-oxazoline are colorl-
ess liquids , miscible with water , and have a characteri-
stic pyridine like odour(28-30). Physical properties and
spectral data are summarized in Table II and III respectively.
2-0Oxazolines are imino ether type compounds
and nearly all of their reactions are attributable to
this structure. They are weak bases ( pKa of Me0X0=5.5)
and forms salts with dilute aqueous acids. For example,
MeOX0 reacts with dilute HCl to form a salt which on

boiling with water gives N-acetyl ethanol amine( eq. 24).

N NYHC1~
+ HC1 —— \ H.O
(X T, 2
CH N CH
3 3 HOCH,CH,~NHCOCH  (24)
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Although 2-methyl-2-oxazoline is stable to boiling water

2-oxazoline hydrolyzes to give B-hydroxyethyl formamide (31)

1
V& H,.0 HOCH ,CH ,NHCHO (25)
(i A
0///

On the other hand 2-oxazoline forms an unstable hydrochloride
salt which spontaneously hydrolyzes to N~-B-chloroethyl

formamide (29).

o ntHeL
{ Q& f :>§ 5, C1CH,CH,NHCHO (26)

Substituted 2-oxazolines react with phenol or thiophenol in

the absence of water to give ethers and thioethers (28).

eg;
\
+ PhOH = . PhCONHCHZCHaoPh (27)
0 Ph
Table II
Physical Properties of the I-/Ionomersa
Monomer MMV BP(Oc) Density pKa(250C)
( 1 atm) (g/mL)
Acrylic acid 72.06 139 1.051 4.25b
2-Methyl-2- 85.11 111 1.015 5,5
Oxazoline
-Propiolactone 72.06 1629€C0M 1 1406 -
(51,10 mm)
2~-0Oxazoline 71.08 Q98 - -

aAll data from ref 36 unless otherwise indicated .
bP‘rom ref 37.

CFrom ref 38.
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3.1 POLYMERIZATION OF 2-0OXAZOLINES

Apart from the copolymerization of 2-oxazolines
with electrophilic monomers ( zwitterion polymerization)
cationié homopolymerization of these monomers have been
reported.2-Methyl-2-0xazoline undergoes polymerization
with catalysts such as SnCl4(32) ,SbClS, methyl iodide(33),
methyl'tosylate (34), CGHSCHzBr and CGHSCH2C1 (35) to
give low molecular weight olegomers.

When MeI ,MeOTs or QCHzBr are used as initiators the

propagating chain end is considered to be the correspondi-

ng oxazolinium ion as shown in eqg.28.

CH,I + \ initiationg I
: 7
o CHg4 (28)
(XXI)
XXII + nXXI propagation CH3-(?-CHZCH2-)H-/
___> CH3C=O (+
H3C N\
(29)

Results obtained in kinetic studies and direct NMR analys-
is of the reaction mixture has been given to support the
above mechanism for the polyme;ization. Fufther , N-methyl-
2-methyl-2-oxazolinium iodide and tosylate salts have been
prepared as white crystalline materials which also can
initiate the polymerization,

On the other hand when the nucleophile is strong

such as Cl°, the propagating end is covalent
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N-acetyl-N-(2-chloroethyl) amino group. For example,the
polymerization initiated by ¢CH201 proceed by the

following propagation mechanism.

®CH2Cl + XXI —_——> ¢CH2—3-CHZCH201

CH3 0
~—N—CH2CH201 + N XXI e—3~N _(CHZCHZ—T—)nCHZCHQCl
CH3 0 : CH,CO CH,CO
3 3

(30)
Similarly, 2-oxazoline also undergoes cationic polymeriza-
tion with catalysts such as BFaoEtz,SbFs, CHSI and
p-toluene sulfonic acid.However, metal chlorides such

as SnClS,SbCl5 are ineffective to initiatq 2-0xXxazoline

polymerization.
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Table III

PMR and IR data of the monomers

MONOMER PMR~Chemical shift(ppm)2 IR ( cm—l)
Acrylic Acid 5.94(m,olefinic,3H) 3250(0H)
CH2=CHCOOH 11.18(s,carboxylic,1H) 1735(C=0)

1635,1620(C=C)

1300(C-0)

1190,990,920
2-Methyl-2- L.92(S,CH3) 2885,2908,2970,
Oxazoline 2930(C-H)

Z[:-“Q 3.66(m,N-CH,) 1675 (N=C)
O)\ c, 4.04(m,0-CH,) 1345 (C-Me)
1228( C~0-C)

985,938,898

2-0Oxazoline 3.70(m,—N—CH2) 2988,2912,2890(C-H)
N 4.14(m,-0CH,) 1635(C=N)
[:jij%k\ 6.8 (s,H) 1484,1350,1200,
0 H 1090
-P-Propiolactone 4.06(t,0-CH,) | '3030,2980,2930(C-H)
O 8.38(t,CO—CH2) 1835(C=0)
! 1418,1324,1115,
0 915

100~MHz PMR spectra for acrylic acid,2-methyl-2-oxazoline
and 2-oxazoline were recorded in CDSCN and B~propiolactone
in DMSO-dG.aChemical shift in PPM from TMS.IR data ( thin

mull ,neat on a NaCL plate
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4.0 EXPERIMENTAL

4,1 Purification of monomers and solvents
4,1a 2-Methyl-2-oxazoline (Me0OXO0O) -

2-Methyl-2-oxazoline (Aldrich) was first dried
over anhy. Na2SO4(24 hrs.) followed by anhy. MgSO4( 24hrs.)
The monomer was decanted into a flask containing activated
molecular sieves 3A (5% w/v) and allowed to stand for
seven days. Molecular sieves was activated prior to use
according to the following literature reported proced:ure
of Burfield et al ( 39). Molecular sieves (3A°,8-12 mesh)
was heated in an oven at 320°C for four hours and cooled
to room temperature in a desiccator before use.
After a second drying with a fresh batch of activated
molecular sieves , the monomer was purified by distillati-
on.A distillation apparatus with a built in vigreaux column
and provision for collecting fractions without disturbing
' the distillation was used to distill the monomer.Before
introducing the monomer into the distilling flask , the
apparatus was flushed with dry nitrogen ( after passing
through two CaSO4 drying towers) for half hour.The monomer
vias, introduced into the distilling flask containing CaHe.
The distillation was.carried out under a reduced nitrogen
atmosphere while maintaining a pressure of about 5 torr .
Under these conditions HMeOX0 distilled at 30°C . The rece-
iving flask was cooled with dry ice/ acetone and the
collected middle fraction was used for polymerization

LHLEriments.
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The purity of MeOXO0 was checked with gas chroma-
tography under the following conditions and no detectable
impurity was found. i
Gas chromatograph Hewlett & Packard

F & M Scientific 5750
Column 12 ft x % inch 10%

diethylene glycol succinate

Column Temperature 100°C
Injection port temperature 150°¢
Carrier gas Helium
Retention time 320 sec

4a,1b Acrylic Acid

Acrylic acid ( Aldrich‘) was dried using the same
procedure used for drying Me0OX0 and the ﬁonomer was distilled
using the same apparatus without any drying agent in the
distilling pot..The distillation was carried out at a
pressure of 5 torr under nitrogen atmosphere and the monomer
distilled at 38°C under these conditions.The middle fraction
was collected and used for polymerization experiments.

4,1c Acetonitrile and N,N-Dimethyl Formamide

Acetonitrile and DMF ( Aldrich ) were dried using
the same procedure used for drying MeOXO.Acetonitrile was
fractional distilled under nitrogen at atmospheric

pressure ( bp 80-81°C ) and the middle fraction collected

and used for polymerization experiments.
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N,N-Dimethyl formamide was distilled under a reduced
nitrogen atmosphere at 5 torr pressure with P205 in the
distilling flask. DMF distilled at 57°C under these condit-
ions and the collected middle fractions used for
polymerization experiments.

4,1d PA-Propiolactone ( BPL )

B-Propiolactone ( Fluka ) was dried on molecular
sieves 3A° ( 3 days, repeated twice ) followed by CaH,
overnight. BPL was distilled over CaH2 under a reduced
nitrogen atmosphere while maintaining a pressure of 5 torr.
The middle fraction ( bp 48°C at 5 torr ) was collected

and used for polymerization experiments.

4.1e Synthesis And Purification Of 2-Oxazoline ( 0OXO )

The following literature reported ( 44 ) method
was used'to prepare 2-oxazoline.

Thionyl chloride ( 228 g , 1.91 mol ) was added
dropwise under cooling to a stirred solution of N-(2-hydro-
xyethyl)- formamide ( 170 g , 1.91 mol from Eastman ) in
230 mL of DMF. The mixture was then heated at 40-45°¢
under reduced nitrogen pressure with nitrogen bubbling
for 30 min and subjected to distillation under reduced
pressure. g-(2—chloroethyl)-formamide was obtained as a
colorless liquid ( Yield 80Q%, bp 104—105°C at 3 torr).

To a 50% ajgueous solution of potassium hydroxide

( 530 7 ), N-(2-chloroethyl)-formamide ( 160 g ) was
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added at 10°C with stirring. The mixture.was kept at 15-18°C
for about 5 min and crude 0XO collected in a dry ice/acetone
cold trap under 10 torr pressure. The distillate ( 110 g )
was treated with potassium hydroxide ( 65 g ) under cooling
with ice. The dried 0XO was distilled under reduced nitrogen
atmosphere. The treatment with KOH was repeated to give

60 g of 0X0, which was then treated with activated molecular
sieves 3A° ( seven days , repeated twice ) followed by
distillation under reduced nitrogen pressure ( bp 23°C at

5 torr ) with CaH, in the distilling pot.Yield 38%.

2

Reaction scheme;

HOCH ,CH,NHCHO + SOC1, —— C1CH,CH,NHCHO + 502 + HC1
CICH,CH NHCHO ~ 2d- KOH, KOH + KC1 + H,,0

The purity of 0X0 was examined by gas chromatography under

the following conditions and no detectable impurity was found.

Gas chromatograph Hewlett & Packard
F&M Scientific 5750
Column 5 ft x % inch diethylene

glycol succinate

Column temperature 100°¢
Injection port temperature 150°C
Carrier gas Helium
Retention time 172 sec
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4,2 POLYMERIZATION METHODS

4,2a Method A

The polymerization was carried out by.completely
mixing the two monomers at time zero in a polymerization
tube inside a dry box ( N, atmosphere ). A typical example
is as follows.

2-Meéhy1-2—oxazoline ( 150 mmol ) , acrylic acid

( 150 mmol ) , p-methoxyphenol ( 0.8 mmol ) and acetonitrile
( 15 mL ) were mixed in a vessel inside a dry box and
placed in a polymerization tube.The tube was cooled with
liquid nitrogen , sealed under vacuum and then heated at 70°c

for 48 hours.

4.2b Isolation And Purificatiomr of Copolymer

In all experiments the following general procedure
vas used to isolate the product copolymer

The reaction mixture was added dropwise into a
large excess of anhydrous diethyl ether with stirring. The
ether layer was decanted and the precipitated copolymer
dissolved in methanol and reprecipitated into ether. The

product was dried in a vacuum oven at 40°C for 48 hours.

4,2c¢c llethod B

The apparatus used to carry out the polymerization
accordinr to method B is shown in Figure 1. Monomers were
placed inside two addition funnels ( a and b in Figure 1 )

along with solvents when necessary under a nitrogen atmosphere.
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TICURE 1., Apparatus used in polymerization llethod B.
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The 100 mL four necked round bottom flask was fitted with
the two addition funnels , a mechanical stirrer, a condenser
and a nitrogen inlet tube as shown in Figure 1.  The reaction
flask was heated to 70°C while passing dry nitrogen through
the apparatus for a period of one hour. The monomers were
added to the reaction flask maintained at 70°C over a period
of four hours and further reacted at the same temperature
for 44 hours.The polymer was isolated according to method
4,2b.
The same apparatus was used for the following experiments.
i). Slow addition of one monomer to the other.
ii). Addition of a nucleophile ( NaOMe ) to the
reaction mixture.
iii). Addition of monomers over a very long period
of time.

iv). Addition of monomers in three steps.

4,2d Method C
Figure 2 shows the apparatus used to distill

monomers in a high vacuum manifold. The apparatus was
custom ﬁade using teflon stopcocks ( Rotaflow, supplied
by Corning ) capable of maintaining a vacuum of 10-6 torr.
The apparatus was connected at V to a high vacuum system
consisting of an oil pump , a mercury diffusion pump
and a McLeod gage. The system was thoroughly heated with
a hot air gun under vacuum until the McLeod gage reads

a constant pressure of 1078 torr.
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FIGURE 2. Apparatus used to distill monomers in a high vacuum manifold
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:Acrylic acid was initially dried and purified
according to method 4.1b and introduced into flask R1
with activated molecular sieves 3A° and a smalil quantity
of radical inhibitor , p-methoxyphenol. The monomer was
degassed and flash distilled to flask R2 containing
molecular sieves and radical inhibitor. Finally,acrylic
acid was collécted in ampoule R3 where degassing was

completed by pumping at 10~6

torr pressure.The ampoule R3
fitted with Eck and Kreb breakable seal was sealed off with
a fine point flame under continueous pumping and stored
at 0°C until ready for use.

2-Methyl-2-oxazoilne was refluxed in flask Rl
over CaH, for three hours by connecting a reflux condenser
vpetween stopcock B and flask Rl' The monomer was flash

distilled to flask R, containing CaHQ. After degassing,

2
the monomer was finally distilled into R3 where degassing
was completed by pumping at ].O-6 torr. The sealed ampoule
was stored at 0°C until ready for use.

The required quantities of monomers were transf-
2red intc calibrated break seal tubes by using the appara-
tus shovn in Figure 3 .Initially the ampoule R3 containing
the monomer was sealed to the apparatus and connected to
the high vacuum line via V and degassed until the McLeod
zage reacs a constant pressure of J.O'_6 torr.The system was

sealed off at the constriction .Required guantities of

monomers were transferred to calibrated break seal tubes
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by breaking the seals at e and sealing off at the constri-
ction . .

Ampoules containing the monomers were sealed to a
polymerization tube which contained the radical inhibitor
p-methoxyphenol , as shown in Figure 3. The monomers were
mixed by breaking the seals and polymerization carried out
by heating the tube at 70°C for 48 hours.The product copol-
mer was isolated and purified according to method 4.2b.

4,3 Molecular Weight Determination

The number average molecular weightsof copolymer
samples were determined using a Hewlett & Packard vapor
pressure osmometer model 302B at 55°C with water as the
solvent. The instrument was ca%ibrated with dextrose ( MW=
180,16 ) as the standard compound. The typical concentration
of copolymer samples ranged from 1 to 4%.

4.4 SPECTROSCOPIC ANALYSIS

4,4a 100 MHz Proton NMR

100 MHz proton NMR spectra of copolymers were
recorded on a JEOL, JNH-MH-100 spectrometer. The concentra-
tion of polymer samples usecd ranged from 15-20% ( w/v ) in
DISO-dg ( 99.98% deuterated )e
4,4b 300 MHz and 270 MHz Proton NMR

300 MHz and 270 MHz proton NMR spectra were
recorded on MNicolet / Oxford NT 300 and IBM WP270SY
sfectrometers respectively. Spectra were recorded from
( 100¢% deuterated ) solutions.

DE-'.SO-ci6

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



o
[l

Polymer samples ( 6-8 mg ) was dissolved in 0.5 mL of
DMSO and filtered through glass fiber filter paper before
recording the spectra.

4,4c Infrared spectroscopy

The IR spectra were recorded on é Beckmann 4260
spectrometer.The copolymer ( 2 mg ) was dissolved in methanol
(0.2 mL ) and deposited on a NaCl plate as a thin film . The
NaCl plate was dried in a Vacuum oven at 40° ¢ overnight and
IR spectrum recorded immediately.

13C NIR Spectra

13

4.4d JJatural Abundance

Natural abundance C spectra of copolymer samples
were recorded on a IBM NR/80 spectrometer operating at

20.1 MHz . Spectra were obtained from deuterium oxide ( 20%
w/v ) with CHscN as the internal standard.Polymer samples
were filtered through glass fiber filter paper before reco-
rding spectra.A single frequency off resonance decoupling
experiment ( SFOR ) was done by shifting the 02 vaiue from
6540 ( value used for BB decoupling ) to 4300 . Under these
conditions , the protons directly attached to the carbon

atom can split the 130 NMR signal for that carbon atom.

4.5 Hydrolysis of Copolymer

| The copolymer was hydrolyzed to aid in its
1dentification . Figure 4 shows the procedure used to
isolate and identify the various hydrolysis products. The
copolymer ( 1.0 g ) was refluxed in 10% aqueous NaOH at

106°¢C for three hours , the hydrolyzate acidified to pH 3

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[©)]
(5]

[Copolymer]

1. 10% NaOH

. Acidify

Acidified Hydrolysis Mixture pP——>Analytical HPLC

Column

Gradient elution

|with HZO/NH3

Collect 10 mL Fractions

HOCH2CH2NHCH2CHQCOOH

HOCHZCHZHH2

TLC

¥

Purer Fractions

1. Evaporate to dryness

2. Recrystallize

N2

HOCH?CHQNHCH CHQCOOE

2

shows AA, CHBCOOH,

HOCHZCHZNHCHZCH2COQH

1. Put on cation
exchange column

2. Elute with H,O

2

-

Eluent }—sAnalyticalHPLC

shows AA,CHSCOOH

Extract with

ether

’
GC confirms AA

CHSCOOH

Fisure 4. Alkaline hyd:olysis of [eOXO-AA copolymer,
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and a portion subjected to analytical HPLC. The remainder
of the acidified hydrolyzate was introduced onto a cation
exchange resin column ( Dowex 50 x 8-400 ) which was
prepared by the following method. Dowex resin ( 15 g )

was washed with 100 mL of 2.5 N sodium hydroxide followed
by distilled water until the washings are neutral to 1litmus
paper. The resin was further washed with 100 mL of 2.5 N
HC1l followed by distilled water until the washings showed
no precipitate with an aqueous solution of AgNOS. The washed
resin was packed into'a 30 X 2 cm glass column fitted with
a teflon stopcock.

The resin column after introducing the acidified
hydrolyzate was eluted with water.Three 100 mL fractions
were collected and analyzed by HPLC. The combined fractions
were extracted with two 100 mL portions of diethyl ether
by stirring for several hours.The combined ether layers
were concentrated to about 3 mL and analyzed by gas
chromatography under the following conditions.

Gas chromatograph Hewlett & Packard
F&ll Scientific 5750
Column 5 ft x % inch ethylene

glvcol succinate

.0
Column temperature 13C°C
s . .0
Injection port temperature 18L°C
Carrier gas Helium
Retention times Acetic acid; 165 sec

Acrylic acid; 345 sec
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The cation exchange resin column was further eluted with
two 500 ml solutions of aqueous ammonia having pH 10 and

11 by using a gradient elution method. 10 mL fractions were
collected and analyzed by thin layer chromatography
using water: n-butanol : pyridine ; acetic acid ( 15: 12 :
10 : 2 ) solvent system.Thin layer chromatography of the
various eluent fractions with ninhydrin showed there were
two components present with one component present in much
greater amount than the other. Most fractions contained
only the major component N-(2-~hydroxyethyl)-B-alanine.
These fractions were collected together , evaporated to
dryness , recrystallized from methanol -acetonitrile to
give a white crystalline solid f mp 146°C ). and analyzed by
protoh NMR in D,0. The minor component , ethanolamine , was

isolated in a separate experiment .

4,6 Benzoylation of Hydrolysis Mixture

In another hydrolysis experiment , the copolymer
( 0.5 g ) was refluxed with 10% sodium hydroxide at 100°¢c
for three hours. After the hydrolysis is complete another
5 mL of 10% NaOH was added to the reaction mixture . Under
cooling ( 0°C ) and stirring, benzoyl chloride ( 1.5 g )
was added to the reaction mixture dropwise and a light
vellow precipitate was obtained. The reaction mixture
was extracted with three 10 mL portions of methylene-
chloride. ( Under these conditions , N-(2-hydroxyethyl)-

A-alanine should uncerso benzoylation but the product
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would be soluble as the carboxylate salt.) The combined
methylene chloride layer was extracted first with a 20 mL
portion of dil HC1l followed by distilled water:The dried
methylenechloride layer upon evaporation gave 0.094 g of

a solid material.Analytical HPLC showed that this material
to contain the dibenzoyl derivative of ethanolamine and
another compound. The dibenzoyl derivative was purified

by analytical HPLC on a pBondapak 018 column using methanol:
H20 : TFA ¢ ( 550 : 450 : 0.6, v/v/v ) as the mobile phase
to give 20 mg of a white solid material with a mp of 82°C.

The 100 IMHz proton NMR of the product was recorded in CDCl3

with TMS as the internal standard.

4,7 Bromination of the Copolymer

A solution of bromine in methanol was added drop-
wise under cooling ( o°c ) to a solution of copolymer until
a yellow color is produced. The solution was stirred at room
temperature for one hour and solvent evaporated under wacuum
to give a light yellow solid which was dried overnight in

a vacuum desiccator and 100 MHz proton NMR recorded in

DIMSO=-d,

4,8 PREPARATION OF AUTHENTIC COMPOUNDS

4,6z Preparation of N-Methyl-2-lMethyl-2-Oxazolinium JTodide

The following literature reported ( 33 ) procedure

was utilized.
To a2 stirred solution of methyl iodide ( 8.52 g ,

20 mmol ) in ether ( 10 mL ) was slowly added 2-methyl-2-
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oxazoline ( 1.28 g , 15 mmol ) at 5°C . The solution was
stirred at 20°C for one hour to give a white precipitate
which isolated by filtration and washed with ether. The
solid was further purified by recrystallization with

CH,CN/ether ( mp 145°C , Lit. mp 144-146°C )

4.8b N-( 2-Hydroxyethyl )-A-alanine

The following literature reported procedure ( 45 )
was used.

Ethanolamine ( 0.022 mol, from Aldrich ) was
added dropwise into a stirred solution of A-propiolactone
( 0.01 mol, from Fulka ) in acetonitrile over a period of
about two hours , while maintaining the temperature at
0°C. The precipitated solid was filtered , ‘dried and
recrystallized from methanol to give a white crystalline

material with a mp of 146°C ( Lit mp 145-147°C ).

4,8c Dibenzoyl Derivative of Ethanolamine

Benzoyl chloride ( 5 g ) was added dropwise
under cooling and stirring to a solution of ethanolamine
{ 0.6 ¢ ) in 10% sodium hydroxide ( 10 mL ) . The reaction
mixture was acidified and the resulting white solid
recrystallized with ethanol/water to give a crystalline

solid with a mp of 82°c.

4.8 HIGH PERFORMANCE LIQUID CHROMATOGRAPHY

4.,9a Analytical HPLC

High performance liquid chromatoeraphy was

carried out on a VWaters system consisting of M-6000
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solvent delivery unit and a UBK universal liquid chromatog-
raphy injector, coupled to Waters 450 variable wave ;ength
JV moniter with an 8-pL flow through cell. The pBondapak
C,g column ( 10 pm , 30 cm x 0.39 cm ID ) was also from

Wlaters Associates. Sample injections were made with a 25 pL
syringe ( Hamilton ) . Filtration of solvents was carried

out using a pyrex filter holder ( Millipore ) . All solvents
used were of HPLC grade ( Fiher ) ; water was glass distil-
led. Generally a flow rate of 2 mL/min was maintained by

a pressure of 2000-2500 psi. The recorder chart paper speed
vas 1/2 inch/min. All tests were performed at room temperature,
Sample sizes véried between 1 and 10 pg of polymer material
injected in volumes of 1-25 pL. Detection was usually at

210 nm, The sensitivity of the UV detector was set at 0.1

AUFS ( absorbance units for full scale ).

4,9b Fractionation of Copolymer by preparative HPLC

A Vaters Prep LC / system 500 was used for the
fractionation of the copolymer. pBondapak 018 column was
used with the solvent system , methanol : water : triflu-
oroacetic acid ( 350 : 650 : 0.8 , v/v/v ) . The solvents
used were of reagent grade. A solution of copolymer ( 2 g)
in 20 mL of HPLC solvent system was injected to the column
and eluted at a flow rate of 100 mL/min . 50 mL portions of
the eluent were collected and examined by analytical HPLC
for purity. Impure portions ( fractions with more than

one component ) were discarded..Pure fractions ( i.e
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fréctions containing one component as determined by HPLC )
of the same component were combined , concentrated in a
Rotovapor evaporator under reduced pressure to a volume of
10 mL and freeze dried. During the evaporation of solvent ,
the distilling pot was kept in a water bath maintained at
45°C.Freeze dried fractions were further dried in a vacuum
oven at 40°C and in a Qacuum desiccator overnight each.
300 MHz proton NMR spectrum of each isolated fraction was
recorded in DMSO-d.( 100% ) with TNS as the internal
standard.NMR spectra were'recorded immédiately after the
samples were prepared.

4,10 Direct NMR Analysis of Reaction System.

The following general procedure was used to prep-
are samples for direct NMR anaiysis experiments.

The monomers and solvents were purified as
described in section 4.0. 25Methyl-2-oxazoline ( 11.8 mmol ),
acrylic acid ( 11.8 mmol ) , p-methoxyphenol ( 0.06 mmol )
and deuterated acetonitrile ( 1.5 mL ) were mixed in a
vessel inside a dry box. A sample of the reaction mixture
( 0.5 mL ) was placed in a NMR sample tube with a small
amount of THMS as the internal standard. The NMR tube was
sealed under vacuum . The 100 MHz proton NMR spectrum of
the reaction mixture was recorded at, room temperature
after reacting at 60°C for different time intervals.

The same procedure was used for experiments

involving the monomer system , 2-oxazoline and acrylic

acid.
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5.0 RESULTS AND DISCUSSION

5.1 Molecular weight of copolymer

We have studied the copolymerization-of 2-methyl-
2-oxazoline and acrylic acid under different reaction
conditions with the objective of synthesizing high molecular
Weight copolymers.The rational for our experimental approach
is based on the reaction mechanism proposed by Saegusa and
coworkers which is illustrated in the following reaction

scheme.

CHCOOH

NCH
)

2
\ +  CH,=CHCOOH —

H+ transfer

NCH,,CH,,CO0
+

I ~CH
0* 3

genetic or macro

zwitterion

—N-(CH,CH,COOCH,CH —?-%CH20H2COO-

¢ % 2 2 2 2
[;\ ZﬁX\CH CH,C=0
0~ 3
- '4CH20H2~¥-CHECH2COO-)D
CH,C=0

Tne initially formed genetic zwitterion can be considered
2s the bifunctional reagent in an A-B type of step

rolymerization ... analogous to the polymerization >f
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an amino acid or hydroxy acid with itself. On this basis,
by careful purification of monomers and solvents and
carrying out the reaction to high conversion under inert
atmospheric conditions to prevent termination of growing
macrozwitterions by adventitious species , one should be
able to improve the molecular weight of copolymer.Careful
considerations were given in this study to dry and purify
monomers and solvents. Results reported by Burfield and
coworkers ( 39-43 ) were utilized to find optimum
desiccants and conditions for drying monomers and solvents.
We have investigated three main methods to carry out the
polymerization reaction.Methods A and B employed the usual
methods of purification of materials by vacuum distillation
and carrying out the polymerization ; Method C employed a
high vacuum system.Polymerization by Method C would involve
lower concentration of adventitious impurities such as H20,
and NH_,. Method A involved the rapid initial mixing

2! 3
of 1Me0X0 and AA followed by their reaction.Method B involved

Cco

variations of Method A in which the monomers were slowly
adced together, one monomer slowly added to the other, the
reaction carried out‘in stages ,ror nucleophile added.
Table IV shows a comparison of the results from
ilethods A ,B and C. Although Saegusa and coworkers ( 14 )
reported only the solution polymerization of MeOXO-AA ,
we have observed that polymerization also occur in bulk.
- The bulk polymerization yielded the higher molecular

weirht product Tor lethod A although there was no difference
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for Method B. The lower molecular weight products were
white semisolids with solubility in water, methanol, DMF
and DIISO. The higher MW products were white solids with the
same solubility characteristics. The highest MW ( 2760 )
obtained was for a copolymer made by method C indicating
that adventitious impurities participate in termination
but the effect was not large. Method B generally gave
slightly higher molecular weights than method A. When
polymerization was carried out in bulk a small fraction
( 5-10% ) of the product was insoluble whereas the product
is completely soluble under other polymerization conditions.
The work reported in this thesis on polymer characterization
relates only to the soluble proguct.

Increasing the polymerization temperatufe to
100°¢ significantly decreased the polymer molecular
weight as well as the yield.The use of DMF as solvent
instead of acetonitrile resulted in lower molecular weight.
Similar results were observed by Saegusa and coworkers ( 10 )
who reported ﬁn values of 1600 and 1400 , respectively,
for 1ie0X0O-AA polymerization in acetonitrile and DMF.
Overall, the molecular weight data in Table IV clearly
shows that even when reaction conditions ( Method C ) are
choosen to avoid adventitious terminating agents from the
a2tmosphere as well as those present as impurities in the

monomer , there is no large improvement in the copolymer

AT
lhe e
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Table IV

Comparisen 2f Methods A,B and C for MeOX0-AA polymerizzationa

Polymerization Tempgrature, Yield,d i1
method C n

A ( solution® ) 70 45 1450
A ( solution® ) 60 . 51 920
A ( bulk ) 70 55 1850
B ( solution® ) 70 60 2000
B ( bulk ) | 70 69 1960
B ( bulk ) 100 21 590
¢ ( bulk ) 70 41 2760

aE—Methoxyphenol present in all experiments
bSolution polymerization in CHSCN
Csolution polymerization in DMF

ineld of recrystallized polymer,

llethod B was used to study the effect of
variations in the reaction conditions on molecular weight
( Table V ) .The standard conditions ( experiment 1 )
involved the simultaneous additions of MeOXO and AA to
the reaction flask over a four hour period followed by
heating for an additional 44 hours. This compares with

method A in which the two monomers were rapidly mixed
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together and then heated for 48 hours. The purpose of the
slow addition was to keep the concentration of propagating
centers low so as to increase the copolymer molecular weight.
Experiment 1 showed some increase in yield and molecular
weight relative to method A. However, when the monomer add-
ition period was increased to two days_( Experiment 8 ) and
one week ( Experiment 9 ) , both the yield and molecular
weight decreased significantly. If the propagating centers
remain active for a long period of time , these experiments
should have led to increased molecular weight. The lowered
molecular weights indicate the growing macrozwitterions
undergo termination during these long addition times.
Experiment 4 involved the quick,addition of- monomers
followed by a 12 hour reaction.time. The copolymer yield
and molecular weight were comparable to those obtained

at the standard reaction time of 44 hours. Experiment 5
involved a three stage polymerization in which oné—third
each of the Me0X0 and AA were quickly mixed , reacted for
12 hours, followed by two fresh batches of monomer quickly
added in sequential fashion with a 12 hour reaction time
following each addition. No improvement in copolymer
molecular weight was observed while the yield actually
decreésed. Even if the polymer chains have only one of the
two active ends still active, this experiment should have
vielded hirher molecular weights since a fresh batch of the

monomers can produce genetic zwitterions which could add
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Table V

Variation of Method B for MeOXO-AA Polymerization

Experiment Polymerization Conditions®?P vield®,s ﬁn

1 standara® 69 1960
2 Me0OX0 present iaitially,
AA added slowly 60 1430
3 AA present iaitialiy, MeO0X0
" added slowly 50 1170
4 Standard® 64 1910
5  rionomers added in 3 stages® 41 1940
6 2.6 mol-% CH_ONa gdded at
start of reastion 61 1200
T 9 1 mol-% CH_ONa added after
50% of mongmers added 73 1660
8 lMonomers added over a period
of 2 days 20 1110
Q Monomers added over a period
of 1 week 8 900

aBulk polymerization at 70°c with both monomers being
simultaneously added unless otherwise noted.

DAll experiments involved equimolar amounts of [1eOX0 and AA
with p-methoxyphenol added to AA.

®Yield of recrystallized polymer,

dHonomer(s) added over 4 hours and then reacted for additional
44 hours.

©.ionomers added quickly and then reacted for 12 hours.

fOne—third of I1e0¥0 and AA added in each stage followed by
reaction for 12 hours.
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to the active end of the polymer chain . Thus, we conclude
that the MeOX0-AA system does not behave as one with
living characteristics.

Experiments 2 and 3 were carried out with a
view of ascertaining whether one or the other of the two
monomers was .olel:r responsible for termination reactions
which limit molecular weight. One monomer was placed in the
reaction flask and the other then added over a 4 hour period
followed by reaction for an additional 44 hours.The decrease
in copolymer molecular weight in both experiments indicates
the involvement of both AA and MeOX0 simultaneously in ter-
minating the propagating macrozwitterions. Control experim-
ents were also carried out to ascertain whether either
[1e0X0 and AA undergoes homopolymerization under our
experimental conditions.A small amount of one monomer was
added to the other , the reaction mixture heated for 48
hours and worked up in the usual manner . No polyner was
formed under these conditions . In otﬁer experiments
( Experiments 6 and 7 ) we investigated the éffect of
adding sodium methoxide to the feaction mixture on the
copolymer molecular weight. Addition of NaOCH3 did not
result in higher molecular weights as reported in some
zwitterion polymerizations ( 26,27 ). The molecular weight
decreasec relative to that obtained in the absence of
sodium methoxide. In both cases about 10% of the product
copolymer was found to be insolubtle ir the solvents, that

the copolvmer is normally soluble,The purpose of adding
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sodium methoxide was to terminate oxazolinium end of a
growing macrozwitterion and to keep the carboxylate end
active which may react with the genetic zwitterions to
increase the size of the polymer chain.However, the
presence of large amounts of unreacted acrylic acid in

the medium .which can react with the added sodium methoxide
may prevent it from reacting with the growing macrozwitter-
ions. If there were only zwitterions, genetic or macro in
the reaction medium , this method would have helped to
obtain high molecular weight copolymers.

We have investigated a large number of different
approaches to increase the copolymer molecular weight . The
lack of any significant improvement in molecular weight
indicates that the both monomers are simultaneously involved

in limiting the copolymer molecular weight.

5.2 Copolymerizatior. of 2-Oxazoline( OXO ) with A~Propio-

lactone ( BPL ) and Acrylic Acid ( AA)

Ve attempted to obtain high molecular weight
copolymers from the 0XO-AA monomer system for which Saegusa
and coworkers (10) obtained a MW of 13,500. These two
monomers polymerized in solvents such as acetonitrile or in
bulk to give light yellow ceclored gummy materials. However,
‘when the polymer was purified by precipitation into ether
and dried the resulting rubbery product became insolublée in

solvents such as water , methanol and DMF and formed a gel
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when attempted to.dissolve in these solvents. Saegusa and

coworkers ( 10 ) have indicated that the 0X0-AA copolymer

was only partially soluble in D20 y the solvent they used

for proton NMR analysis.Due to this solubity problem , we

did not determine the ﬁn for this copolymer. The reported

high molecular weight by Saegusa and coworkers may be as a

result of this solubility problem.

Polymerization of 0X0O-BPL system also gave light

vellow colored gummy materials., The MW obtained was
Table VI

Polymerization of OXO with BPL and AA &
Monomer Polymerization Temp. oC Time, Yielde, ﬁn
system method ~hours %
0X0-EPL AP 30 28 64 795
0%.0-BPL BC 25 28 63 708
0X0-aAC B¢ 55 24 51 -
0x0-aAY o ' 75 24 48 -
0x0-nn° AP 60 30 52 -

2p11 polymerizations involved equimolar amounts of the two

monomers ( 44 mmol each ).
. . . R . . .
Zolution polymerization in acetonitrile.

C—

and reacted for 24 hours.

“C.53 liol-t of p-methoxyphenol added to AA,

€ Yield for recrystallized polymer,
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considerably low ( see Table VI ) compared to that
obtained by Saegusa ( ﬁn = 3500 ) However , OXO-BPL
system did not show the solubility characteristies shown
by the 0X0-AA system. The O0XO0-BPL polymer was found to be
soluble in solvents such, as water, methanol, DMF and DMSO.
Inability to obtain higher molecular weight copolymers
from these monomer systems may indicate' the involvement

of monomers themselves in termination reactions similar

to the MeOX0-AA monomer system.
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6.0 SPECTROSCOPIC CHARACTERIZATION OF COPOLYMER

5,1 Proton NMR Spectra

A MeOXO-AA copolymer ( ﬁn = 1452 ) prepared by
method A using acetonitrile as the solvent was used for
characterization experiments.Figure 5 shows the 300 MHz
FT proton NMR spectrum of the copolymer recorded in DMSO-—d6
( 100% deuterated ) .Similar results were obtained at 270
[iHz. The MNHR signals at 12.25 PPM and 7.95 PPM have been
assigned for carboxylic ( -COOH ) and amide ( -NHCO-)
protons, respectively, based on the chemical shift values
and their behavior in the presence of DQO.When the NIMR is
recorded in DMSO in the presence of a small amount of D2O,
both these signals disappear dug to exchange between
hydrogen and deuterium. The multiplet centered at 6.15 PPN
is assigned to olzfinic protons of the group CH2=CHCOO-.
Figqure 6 shows the expanded spectrum in which this signal
can be seen as three sets of multiplets for the three diff-
erent protons of the olcfinic group as expected. This
assiognment is confirmed by the proton NMR of the brominated
copolymer, The brominated copolymer shows no signals in the
resion between 4.5 PPHM and 7.95 PPM as the -OOCCHBrCH2Br
protons absorb upfield of 4.5 PPH.

ronsider the structure -(CHZCHZ_V_CHZCHECOO)H

CHSC=O
2s the the repeating unit structure of the copolymer. Ve

would expect rour multiplets Yor the methylene protons of
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FIGURE 5. 300 MHz proton HIMR spgctrumcﬂ?MeOXO-AAocopolymer. Conditions: 1.8%'w/v
in DMSO-d_ (100%) ; 70  pulse angle ;25 C ; 6.7 sec. delay between
pulses; 2%8 scans ; THMS internal standard.
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main chain and another signal for the side chain methyl

group.The observed MR signals are assigned as follows.

Chemical Shift ( PPM ) Assignment

1.80 Singlet, -NHCOCH,

2.0 Doublet, -NCOCH,

2.50 Multiplet, CH,CO,-
3.45 Multiplet, C§2—N—C§2-
4.13 Multiplet, 0020ﬂ2—
6,15 Multiplet, C§2=C§COO-
7.95 Singlet, -NHCOCH,
12,25 singlet, ~COOH

Although Saegusa and coworkers-( 14) reported proton NMR
data for the MeOXO-AA copolymer , no mention was made of the
presence of signals for carboxylic, olefinic and amido
protons. Saegusa and coworkers reported NMR data showing

c0, CH,CO NCH,and CO,CH no actual spectrum

3 3vYor BHpNLHS 2o
was present in that paper.They proposed the 1:1 alternating

only CH CH
structure based on the HMR data and elemental analysis res-
ults.Balakrishnan and Periyasamy ( 29 ) reported the NMR

of l1le0XO0-IIAA copolymer in D20. Except for the indicated
presence of two weak doublets at 5.2 PPM for olefinic
orotons no mention was made of -NH and -COOH signals,.The
prqposed 1:1 alternating structure,

—(CH20H2-$-CH2$HCOO§n

! C= Y
CH,C=0 CH,

~

is not consistent with the HNIMR data reported.The published
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spectrum shows the signal areas for the two methyls at

1.95 PPM ( -C~CH; ) and 2.05 PPM ( -COCH, ) to be about

1:2 instead of 1:1 as it would be for the alternating copo-
lymer,

Since we observe considerably more detail than
previously_reported for the proton NMR.of the MeQOX0-AA cop-
olymer, a detailed discussion of the results is worthwhile.
The NiIR signals for the methylene groups of the repeat
unit and the side chain methyl group become complicated
as a result of the restricted rotation around the C-N
honda of the amide group. The methyl group protons appear
as a pair of closely spaced singlets at 2.0 PPM instead of
one singlet. If there were free rotation around the C-N
bond , the methylene groups shéuld abpear as four triplets.
Restricted rotation results in four pairs of triplets for
the four methylene groups. However, this detail is not
sufficiently clear in the observed spectrum. The low molec-
ular weight of the copolymer , presence of different end
groups and molecular weight polydispersity further
complicate the HNIR spectrum at a high field such as 300
MHz. For example, the repeat unit adjaeent to an end group
can experience a slightly different NMR environment
comparéd to the other repeat units.

The difference in environment resulting from
restricted rotation around the C-[! bond can.be overcome by

recording the MR at a higher temperature. Figure 7 shows
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the 100 -MHz spéctrum of the copolymer recorded at 150°%C.
The methyl group signal has changed to a sharp singlet .

The CH,-CO0 signal is now a triplet as expected. The two

2
methylenes attached to nitrogen , CHZ-N-CH2, appear as two
overlapping triplets with some additional signals which
probably arise from end groups, e.g.,-OCHECHzNHCOCHS.
Similarly , thc—COO-CHé protons appear as a triplet with
additional signals arising from the end groups.

Overall, our NIR spectra show strong qualitative

evidence for the 1:1 repeat unit ( -CHzcgﬁ-g:8H2CHecOO-%
oC=

and carboxylic ( COOH ) , olefinic ( CH2=CH-COO )
and acetamido ( CHSCONH ) end groups. The following two

structures are proposed for the MeOX0-AA copolymer.

e d c b d c g a'
— —
CH2=CHCOO-(C!—IQCH2-1i1--CHZCH2-COO)ﬁCHcheNHCOCH3
CHqC=O
a
( XXIIla )
e d c b d c b h
,——-)\‘ /._/\
CH2=ChCOO-(CH20H2—$-CHQCH2000%CH20H2-¥—CH20H2000H
CH.C=0 CH,C=0
a a

( XXIIIb )
The 270 liFz and 300 i1Hz proton NMR results were
used to calculate the desree of polymerization ( Table VII )

and copolvmer composition ( Table VIII ) .
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Table VII

Degree of Polymerization of 1Me0XO-AA Copolymer

IO DP Calculated from comparison of e protons
Conditions with protons
a b c d (a+b+c+d) (a'+a+b+c+d)

30g iz 2 17.6 17.6 21.0 16.4  18.2 19.6
70°/6.7 sec” * * * * * *
270 iiliz

o 300/11,6 seca 21.4 15,6 22.0 17.0 19.2 20.8
270 1=z
30°/6.6 seca 18.0 14,0 19,2 15.0 17.2 18.0
AVel"a;’{Ie 19.0 1507 20-7 1601 18.2 1905

@Pulse ancle/ delay between pulses

iR analyses were carried out at a 30°pu1se angle with 6,6
and 11,6 second deleys and at a 70° pulse angle with 6.7
second delay between pulses to make certain that relaxation
times for different protons do not affect the quantitative
results. The variation in DP and copolymer composition

under different conditions appear random, indicating the NMR
results were devoid of relaxation problems under the

ronditions of »nulse angle and relaxation delay.

Bl

'he calculation of DP assumed one olefinic end

e

~roulr per molecule, i.e., the copolvmer consists of molecul-

es -with structures 7Y%IIIa and XXIIIt . The a,b,
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¢, and d protons individually as well as the total and
total plus a' protons in comparison with the e protons
were used to calculate DP ( Table VII ). Each DP value
has been corrected to include the olefinic end group, i.e.,
1 has been added to the value calculated from the NMR
data. The various DP calculated differ in the extent to
wh%ch both carboxyl and acetamido end groups are counted.
The last two calculations are probably the most reliable
since both carboxyl and acetamido end groups are counted.
They are also less prone to an error in the NMR integral
value for any one of the different types of protons since
they are based on the sum of all the protons.The last two
calculations differ in the extent to which.the acetamido
end groups are counted. The calculation based on ( a + b +
¢c + d ) protons under counts the acetamido end groups
since the a' protons are excluded. The last calculation
which uses a' protons to count acetamido groups overcompe-
nsates since it ignores the fact that the acetamido group
is partially counted through the d and ¢ protons. The
average of the two calculations , DP = 18.9 , is probably
a better value than either one of the two. The DP calculated
from the NMR data is in excellent agreement with the value
of 19.4 obtained from the measurement of ﬁn by vapor
nressure osmometry.

e should also note the quantative results for the

acetamido il and carboxyl end group protons. The signal area
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. Table VIIT

Copolymer composition of MeOX0-AA copolymer

NMR .

Conditions MeOX0O/AA molar Ratio calculated from protons
a,b b,d b,c a,c a,d

308 MHz 0.99 0.92 1.20 0.83 . 0.94

707 /6.7 sec

278 MHz a 1.39 1.09 1.43 0.97 1.09

30°/11.6 sec

278 MHz a 1.29 1.07 1.39 0.93 1.09

30°/5.6 =zec

Average 1.22 1.03 1.34 0.91 1.04

Pl

Zpulse angle / delay between pulses

ratio of olefinic protons to the sum of NH and COOH protons
should be 3:1 since structures XXIIIa,b have one olefinic
end group for all molecules with the second group being
either NH or COOH. However, this ratio was found to be about
half of the expectec value, 1.5:1. The most probable
explanation for this result is the presence of traces of
moisture in the DMSO-ds. Water associates with NH and COOH
reéultinp in increases in the signal areas for these protons.
Table VIII shows the copolymer compositions

calculated from various ¢omparisons of the a, b, ¢, and d

mrotons. The most aporopriate copolymer composition to be

(94 (9
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calculated is the composition of the repeating unit
excluding the end groups in order that one can ascertain
the extent to which the zwitterion mechanism is responsible
for propagation. Thus , the a' and e protons have not heen
used in the calculations. However, some of the calculations
in Table IV are still somewhat in error since signal areas
for d and ¢ protons include contributions from the corresp-
ondinz end groups. This error is less than 5% since it int-
roduces an errcor only for the molecules containing
acetamifdo end groups. The carboxyl end group contains one
each of the AA and [1e0X0 units while the acetamido end
~roup contains only aﬁ 1ie0¥0~derived unit. This error is
less than the experimental error inherent in the NMR
analytical method and is not considered further. The copol-
ymer conposition in the last column, for reasons described
above, is probably the most reliable value. The [e0XO0-AA
ratio 'is unity within. experimental error ( at least t 109 ).
?hgldeviation from participation of equimolar amounts of

‘1e0%x0 and AA in the propagation process is no more than

one molecule per ten each of MeOXO and AA.

(¢

.2 Infrared Spectrum

The Infrared spectrum of the copolymer ( Figure 8 )
sunportrs structures XXIIIa and YX¥IIIb. Two strong absorpti-

on nands are observed at 1735 cm~ % and 1642 cem~ 1 for the
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ester and amide carbonyl groups, respectively, of the
repeating unit of the copolymer. Saegusa and coworkers( 14)
also reported IR data for the presence of amide and ester
carbonyls of the copolymer, but no spectrum was

provided. Further , the IR data was not discussed in that
paper to get information about the end groups of the
copolymer.We observed three broad bands in the 3000-3600 cm-1
region of the infrared spectrum arising from the end

pgroups of structures XXIIIa and XXIIIb.The band centered

near 3050 cm™ T , which appears as a shoulder to the sp3

C-H stretching vibration near 2955 em™ ! , is assigned to
carboxyl O0-H stretching vibration ( dimeric carboxyl )

of structure XXIIIb and / or thg olefinic C~H stretching
vibration (45 ). The absorption band centered at 3290 em™t
is assigned to the N-H stretching vibration of the
acetamido end group of structure XXIIia . The absorption
band centered at 340C cm - is assigned to the N-H stretchi-
ng vibration and/or the carboxyl O-H stretching vibration

( non- dimeric e¢arboxyl ) of structure XXIIIb .

The other IR absorption bands are assigned as follows;

Absorption Band ( em™t ) Assignment
2955 . C~H Stretching vibration
1422 C-N " "
1172 C-0 " "
1375 C-H Bending "
310 CH2= Wagging vibration

of olefinic group
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Absorption bands arising from C=C stretching vibration and
N~H bending vibration ( amide II band ) would be expected

near the amide carbonyl band at 1642 cm-1 « AS-.seen in

-1

Figure 8 , the shape of the 1642 cm band suggests the

possible overlapping of all three absorption bands.

13

6.3 - C NIR Spectrum

Figure 9 shows the -°C NMR spectrum of the MeOXO-

AA copolymer. The results are consistent with the proposed
structures XXIIIa and XXIIIb with the various signals

assigned as follows.

18,19 16,17 13,14 9-12 6,7 15 4,5
CH2=CH OO—(CH 2—?— HZCH2COO)BCH20H2NHCOCH3 XXIIIa
) 17
20 CH 3 22 8 21
-3

18,19 16,17 13,14 ©9-1

AW

r"II =CHCOO-(CH CIQ-w—CH CIZTOO) CH Cﬁ/:;j%H CH,COOH XXIIIb
2

i 13 14 9-12 6,7

2 2
///? 2

20 24

/—rg—o
w
{/’%-

[y
1
[6%]
)
w

The chemical shift values of the different signals are

listec in Table IX. The assignments of the various
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sighals were based on the chemical shift values in
relationship to those for analogously substituted carbons
(45,46) . Signals 1~5 were assigned to methyl carbons,
signals 6-15 to methylene carbons, signals 16-19 to olefi-
nic carbons, and signals 20-24 to carbonyl carhons. These
assignments were also facilitated by the results of single
frequency off-resonance (SFOR ) decoupling experiments
in which we observed the expected splitting of each carbon
signal by protons directly attached to the carbon. Within
each of the groups of carbon signals, a number of further
assignments were relatively easy to make based on chemical
shift values. For example, methylene carbons attached to
oxygens ( signals 13-15 ) have higher chemical shifts
than those attached to amide nitrogens ( signals 8-12 )
which in turn have higher chemical shifts than those attac-
hed to ester or acid carbonyls ( signals 6,7 ) . Within
some of the groups , specific assignments were made based
on a comparison of simnal areas and these should be
considered as tentative assignments since we have no
information on relaxation times for different carbons.Thus,
signals 2,3 were assigned to the methyl of the repeating
‘unit wvhile signals 1,4,5 were assigned to the methyls on
the acetamido end group and the repeating unit nearest the
olefinic ena rroup since the signal areas for the former
were much pgreater than for the latter. Similarly, signals
12,14 were aSsigned to the repeat unit OCH2 carbon while

siznal 15 was assigned to the OCH2of the acetamido end
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Table IX

13: chemical Shifts of MeOXO-AA Copolymer
Carbon Number in Structures XXIIIa,b _ ppi®
1 21.16
2 21.44
3 21.61
4 22.75
5 22.88
6 33.09
7 33.75
8 39.02
9 43,16
10 45,32
11 45,82
12 48.45
13 63.06
14 63.27
15 64.36
16 128.09
17 128.24
18 133.42
19 133.65
20 168.65
21 173.78
22 174.39
23 174.99
24 176.18

&chemical shifts are relative to CH3CN ( methyl
carbon 1.70 PPii).
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groups; signals 22,23 were assigned to the carbonyls

of the repeating unit while signals 20,21,24 were assigned
to the carbonyls of various end groups. Two assignments,
signals 22 and 23 , are relatively arbitary.The expected
difference in chemical shift for ester and .amide carbonyls
is too small to allow one to differentiate between them
with any certainty.

The 13

C NMR spectrum shows considerable complexity
-— many of the carbons show two signals and some of the
signals have significant shoulders. Some of this is

evident in Figure 9. It was confirmed when we vieved the
spectrum on an expanded scale.lany of the carbons show

two signals ( each carbon can experience two different NMR
environments due to both steric and anisotropic effects.)
due to restricted rotation about the C-N amide bond.This is
the case for the methyl carbons of the repeating unit

( signals 2,3 ) and the acetamido end group ( signals 4,5 ),
each of the four methylene carbons of the repeating unit

( signals 6,7,9-14 ), each of the carbons of the olefinic
rroup ( signals 16-19 ) and most of the carbonyl carbons

( sisnals 20-24 ).The presence of greater complexity than
two signals per carbon is evident since one observes
shoulders on signals 7-12,15 , the presence of the small
sirnal cctween signals 11 and 12 and the presence of more
than one shoulder on each of sicfnals 21-23, This complexity

in the 13C MR spectrum is ascribed to the low molecular

weinht of the 11e0X0-AA copolymer. Each of the repeating
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units in a molecule of the copolymer is not exactly
equivalent . The same type of carbon atom ( e.g. the CH2N
carbon ) has slightly different chemical shifts depending

on its placement relative to the end groups.

7.0 HIGH PERFORMANCE LIQUID CHROMATOGRAPHY

7.1 Fractionation of Copolvmer

High performance liquid chromatography was found
to be a very useful technique to analyze the MeOXO0-AA
copolymer. Solubility of the copolymer in solvents such as
methanol and water as well as its low molecular weight,
fascilitated the use of a pBondapak 018 reverse phase
column for the HPLC analysis. Dpe to the presence of
amide functional group as part of the copolymer ,a UV
detector was used at the wave lenght of 210 nm. The
copolymer was Tound to be stable under the conditions of
the HPLC procedure, i.e., the HPLC solvent system did not.
hvdrolyze the the copolymer., This was ascertained by
observing the HPLC results to be independent of whether
or not the solution of copolymer in the HPLC solvent system
was allowed to stand for several hours prior to injection
into the HPLC column.

Ficure 10 shows tke high performance liquid
chromatorramrs of the copolymer and a mixture of authentic
samples of AA and MeOX0. It is evident from Figure 10

tihat the purified copolymer sample does not contain any
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FIGURE 10. A: HPLC of a mixture of AA and MeOX0 (authentic compounds) on a
pBondapak C, g column. Mobile phase: methanol-water-TFA (100:900:0.25).

B. HPLC of MeOXO-AA copolymer under same HPLC conditions,
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unreacted monomers.This confirms that the olefinic and

13C signals in the NMR of the copolymer

carboxyl proton and
are due to olefinic and carboxyl end groups and not unreac-
ted acrylic acid.

The copolymer was further analyzed using a diffe-
rent solvent system to examine how many different fractions
are present in the copolymer. Figure 11 shows the chromato-
aram of the copolymer which shows the presence of at least
13 different fractions.The copolymer was fractionated by
preparative HPLC using the method described in the experim-
ental seé¢tion 4.9b. Ten of the 13 fractions were isolated .
Fractions Pl’ Pz,and P4 were not isolated since they eluted
from the column as mixtures. Analytical HPLC of nine diffe-
rent fractions after fractionation are shovmn in Figure 12.
Considering the complexity of the mixture , the fractionat-

ion experiment provided fractions with reasonable purity

as evident from the chromatograms shown in figure 12.

7.2 300 IlHz Proton NMR Spectra of Isolated Fractions

Each isolated fraction was analyzed by 300 liHz
proton NiiR spectroscopy. All the fractions showed similar
71iR signals for the repeat unit structure of tﬁe copolymer.
and for olefinic end groups.However , there were considera-
tle differences in whether or not signals for acetamido and
carboxyl end nroups were .present.Fractions P6, P8 , Pg and
¥ showed signals for acetamido end groups but not for

¢

P7, Pll’ pl? ,and P showed

1z

~
~

[}
Ve

.rrexvl . Fractions P, Pg,
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strong signals for carboxyl end groups énd much weaker
signals for acetamido end groups.The presence of weaker
signals for acetamido end groups in the second§group of
fractions can be due to the presence of minor amounts of
adjascent fractions. For instance, fraction P5 may contain
2 minor amount of PG.Figure 13 shows the proton NMR spectra

of P_ and P_. as representative examples of the two groups

5 6
of fractions. Based on NIR results the following structures

are proposed for these two fractions.

Fraction PS:

CH2=CHCOO—(CH20H2—?-CH2CHZCOO-)7CH20H2~$-CH2CH2COOH

CHBC=O CH3C=O

Fraction P6:

-N-CH,CH

5 QCOO-)7CH CH,NHCOCH

=CHCOO~(CH oCH, 3

Ck

201{2
CH3C=O

2

In the IMIFE spectrum of P6, the signals d and ¢ shows

small details that are not found in 4 and c¢ of the
spectrum of PS' These additional signals can be considered
as due to the two methylene groups -OCHZ— and —NHCHz-

of the acetamido group. Similarly signal b of the spectrum

of P. nas slishtly more details due to the —CH2— next to

(91

the =C00i° end ~roup.3ased on MR results , the first eroup

cf fractions ( P.,P.,P_, PlO ) have structures XXIIIx in
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which the end groupé are olefinic and acetamido.The_ other
fractions have mainly structure XXIIIb in which the end
“roups are olefinic and carboxyl with the presence of
minor amounts of structure XXIIIa species.

The copolymer compositions of the repeating unit
for the various fractions were calculated from the signal

areas for a, b, ¢, and d protons and are shown in Table X.

Table X

Degree of Polymerization of MeOXO-~AA Copolymer Fractions

Fraction DP MeOX0/AA
P, 12.4 ' 0.91
P 13.2 0.82
P6 14.2 0.96
P7 17.8 0.89
P,,2 18.0 0.84
Pg 20.0 0.87
Pio 26.6 1.03
Pll . 33.2 0.88
P12 27.0 0.90
PlS 26,2 0.89

The ;eOX0O-AA ratio is close to unity as found for the

unfractionated copolymer sample. DP values for the fractions
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were calculated from a comparison of the signal areas for
a', a, b, ¢, d protons to the signal area for e protons.

The results indicate that the HPLC separation is based on

a combination of factorsincluding molecular weight and end
group.For example, the fractions containing acetamido end
croups elute from the column in increasing order of
molecular weight. For the lower DP fractions, those with
acetamido end groups elute after those with carboxyl end
gsroups( compare P7 and P8 ) when the DP is the same for the
two types of fractions. However, the reverse is true for the
higher DP fractions ( P10 and P12 ) . Another anomoly is

the reverse dependence of elution time on molecular weight
for fractions Pll’ P12’ and qu. These results incdicate

that some factor other than molecular weight and end group
affect the order of elution. Perhapé there are conformational
differences ( 48 ) between the various fractions which
override the other two factors.

Fractions with low and some intermediate DP values
are absent from the results shown in Table X. The missing
low DP fractions probably comprise the unisolated fractions
as well as the ether solution which results

P P and P

1 22 4
when the 11e0X0-AA copolymer is precipitated from the
reaction mixture. The absence of &ome intermediate DP
~ractions =av indicete that some of the isolated fracsions
contein mixtures. For exanple, PlO may contain molecules

witn P less than 26.6 and sreater than 26.6.
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8.0 HYDROLYSIS OF COPOLYMER

Further proof for the proposed structures XXIIIa
and XXIIIb was obtained by analysis of the products from
alkaline hvdrolysis of unfractionated copélymer. Alkaline
hydrolysis of structure XXIIIb would yield g—(2—hydroxy—
ethyl ) -B-alanine and acetic acid from the repeating.unit

structure and acrylic acid from the olefinic end group.

1. OH™
¥XIIIb ——o (n+1) HOCH,CH,NHCH,,CH,COOH + (n+1) CH,COOH
2, H.0F
3 (XXIV) (XXV)
+ CH,=CHCOOH
1, Oifi
XXIlla —————> n HOCH,CH,NHCH,CH,COOH + (n+1) CH,COOH
3
+ CH,=CHCOOH + HOCH,CH,NH,
(XXVII) (32)

Hydrolysis of structure XNIIIa would yield XXIV, XXV, XXVI
and ethanolamine from the acetamido end group.

Presence of homosequence of either monomer would
result in additional hydrolysis products. XXVIII and XXIX

respectively.

tiomoseaquence of acrylic acid;

1. O~
—(cngcng-w-cnecHzcoo-)5(0hgcwgcoo-)m —>
2. H,0
Ci: C=C 3
r HOCHQCHZCOOH - YV o+ ¥YIV (323)

(¥XVIII)
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Homosequence of Me0OXO;

1. OH™
-(CHECHZ—N—)a(CH20H2-$—CH2CH2COO-)n -
Cli €=0 CH,C=0 3
HO(CH20H2-NH)m+1CH20H2000H + XXV

(XXIX) (34)

Aithough Saegusa and coworkers ( 14 ) reported
evidence from hydrolysis exXperiments to support the
structure, the results were less than conclusive since no
attempt was made to isolate any of the possible hydrolysis
products nor to identify those originating from the end
groups.They provided evidence for the‘presence of XXIV and
“¥V1I among the hydrolysis products by comparing the proton
MR of the hydrolysis mixture with that of a mixture of
authentic compounds of XXIV and XXV.

Figure 14 shows the analytical HPLC of the
hydrolyzed 11e0X0-AA copolymer after acidification with
HC1l . The three peaks were attributed to [-(2-hydrox:-ethyl)
-B-2lanine, acetic acid, and acrylicacid respectively, in
order of increasing retention time by injecting authentic
samples of each compound.Although acrylic acid comes
from the hydrolysis of the end group , the observed
relatively large area for that peak is as a result of
the larqe extinction coefficient of acrylic acid.The
extinction coefficients of acetic acid and gcrylic acid
at 210 nn were determined and found to be 35 and 2621

rospectively.The ratio of acrvlic acid to acetic acid in
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FIGURE 14. A: HPLC of Me0OX0O-AA copolymer hydrolyzate on a
pBondapak C,o column using water-TFA ( 500:0.3)

as the mobile phase.
B: HPLC of an authentic sample of N-(2-hydroxy-

ethyl)-p-alanine under the same !PLC conditions.
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“ne hvdrolysis nroductg when calculated based on these
results was 1:19. This value is higher than the expected
value ( 1:9 ) obtained from NMR data and molecular weight
data. Two possible reasons can be mentioned for this diffe-
rence.

i). The area for the acetic acid peak was
difficult to be determined accurately due to the poor base
line separation. Attempt to find a solvent system to get
a2 better separation was not successful.

ii). Since the hydrolysis was done at 100°C ,the’
sroduct acrylic acid may have undergone other side reactio-

ne such as polymerization which makes the area of AA

smaller than the real value.
Ve isolated li-(2-hydroxyethyl )-B-alanine in
sure form from the hydrolysis products. The proton NHMR

sipectra { Figsure 15 ) and mp were identical with those of

the authentic compound.

Prcton NiiR of N-(2-hydroxyethyl)-B-alanine;

HOCH2CH NHCHZCH COOH
3.86 3.24 2.58
“hemical shift in PPH with respect to internal TMS, signals

4 Ori, I and COOH protons appear as one signal at 4.7 PP

IO Ui,

cince the !MNMR was recorded in D2O. )

=

i

Thz presence of acrylic acid and acetic acid

=~ =me nvdrolysis procucts was shown by gas chromato-

= 5 ard analvitical HPLC ( Figure 196).

~m At Ay 4
S2CTL0T <.
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FIGURE 15. 100 MHz proton NMR of
A: N-(2-hydroxyethyl)-B-alanine (authentic
compound) in D,0 (8% w/v) at room temperature.

B: Sample isolated from hydrolyzed MeOXO-AA

copolymer in D,0 ( 6% w/v) at room temperature.
Internal standdard DSS.

’
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FIGURE 13. A: HPLC of a mixture of acetic acid and acrylic
acid on & pbondapak C,g column usin~ water-TFA
(500:0.3) as the mobile phase.

H“PLC of the eluent from the cation exchanr-e

(9]

resin column under the same HPLC conditions.
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Attempted isolation of ethanolamine from the hydrolysis
products was not successful mainly because of the smaller
amount present.Therefore this material was converted to
its dibenzoyl deriveative directly from the hydrolysis
mixture and purified by HPLC.Comparison of the proton NMR
spectrum of this compound with that of the authentic
compound ( Figure 1& ) clearly indicated that the isolated
product is infact the dibenzoate of ethanolamine.

Proton NMR of dibenzoate of ethanolamine;

3. 82 H«(G

QfOOCH2CH —N—CO¢*”"4

7.36 4,52
( Chemical shift in PPM from internal THS.)
The presence of three multiplets for the proténs of the two
phenyl zroups is as a result of the restricted rotation
zbout the C-I' bond. In the benzoylation procedure , a
second ( minor ) product was obtained along with the
dibenzoate of ethanolamine.This is the component with a
retention time slightly below 7 minutes in the HPLC in
Figure 17, ( The component with a 2 minute retention time
is the solvent. ) The minor product was separated by HPLC
and its proton NIMR -observed.The proton NMR showed comnie::
absorptions in the aromatic region 7.1-7.9 PPl and broad
aliphatic absorptions at 3.6, 3.8, and 4.4 PPK with an
overall aromatic:aliphatic proton ratio of about 2.1:1.
The most likely possibility for this product is the

trivenzoate derivative of MN-(2-hydroxyethyl)-B-alanine
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FIGURE 17. HPLC of crude benzoylated product (A) and product after purification
(B). Stationary phase: pBondapak 018 column.ilobile phase: methanol-
water-TFA (550:450:0.6).
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FIGURD 18. 100 IHz proton MR of

Al ¢COOCH2CH NHCO@ ( authentic sample) in CDC13(8% w/v)
at roonm temperature.

B: Compound isolated after benzoylation of hydrolyzed
11e0X0-AA copolvmer in CDCl3 (4¢t w/v) at roor.
temperature.

Internal standard TS,
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which would have an aromatic:aliphatic proton ratio of
1.9:1 and complex or broad patterns for both aromatic and
aliphatic regions. EBenzoate dervative of XXVIII and X¥IX
are not likely possibilities.The dibenzoate derivative of
AXVIII would have a simple absorption pattern in the
aliphatic regioq and a aromatic:aliphatic préton ratio of
2.5:1, The tetrabenzoate of XXIX ( with m=1 ) would have
the required complex aliphatic and aromatic absorption but
an aromatic:aliphatic proton ratio of only 1.67:1.

In summary.,, the hydrolysis experiments have shown
the presence of the expected hydrolysis products from
structures XXIIIa and XXIIIb. No experimental evidénce has
been found for significant amounts of homosequences of

either MeOX0 or AA.

9.0 DIRECT PROTON NMR ANALYSIS OF REACTION MIXTURE

9.1 2-llethyl-2-0xazoline and Acrylic Acid

The main objective of the direct NMR analysis
experiment was to find evidence for the formation of
“enetic zwitterion intermediates such as XXXI during the

copolymerization reaction.

CHQCHchO-
-+ CH2=C}ICOOI'I _—__) +‘\\

s
<\\0/// Hy 047>k\CH

3
( XXXI)

The large difference in chemical shifts for various
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protons of the two nmonomers ( see Table II ) enables

us tc differentiate these signals even when the NMR spectr-
um of a mixture of the two monomers recorded.If genetic
zwvitterion intermediates are formed , the NMR signal of

the methyvl group attached to the oxazolinium ring of the
renetic zwitterion should have a higher chemical shift

( lower field ) than that of the monomer 1eOXO and the
copolymer methyl groups.In order to find the chemical =saift
of such a methyl group, the model compound N-methyl-2-
methyl-2-oxazolinium iodide ( XXXII ) was prepared.The 100

Iz proton NMR data of the model compound XXXII are shown

below

Chemical shift Assignment z\I-CH3
(PPM) ! I
2.32 C-CH, 7 TH,
3.32 . N-CH3 (XXXII)
4,1¢ N-CH,
4,91 O—CH2

( Spectra taken at 100 MHz in CD3CN with THMS as the

internal standard. )
The methyl group attached to the oxazolinium ring of the
model compound appears at 2.43 PPlM. Therefore it is
reasonable to expect a signal around 2.43 PPM for the reac-
tion mixture if genetic zwitterion intermediates are

formed during the copolymerization reaction.Figure 19A
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FIGURE 19, 100 IMHz proton MMR spectrum of an equimolar
mixture of AA and MeOX0O in CD,CN., A: 3 hours
after mixing. B: 2 hours at 60°C, C: 15 hours ag
60°C. D: Complete spectrum after 40 hours at 60°C,
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shows the 1.5-3 PPM region of the 100 MHz proton MMR
spectrum of an equimolar mixture of MeOX0 and AA in
acetonitrile at room temperature ( 25°C ) .The- signal at
.1.98 PPl is assigned for the methyl group of the monomer
and the new signal at 2.32 PPM can be assigned to the
methyl group of the fenetic zwitterion intermediate.
Ficure 19B and 19C shows the same region NMR spectrum of
the reaction mixture after two hours and 15 hours of
reaction time at 60°¢c , respectively. Figure 19D shows
thé complete spectrum of the reaction mixture after 40
hours of reaction time at GOOC. As the reaction proceeds,
the appearance of signals at 2.06 PPM due to the methyl
sroup of copolymer and at 1.90 PPM due to the methyl group

of -NFHCOCH, can be observed. The multiplet at 2.50 PPM is

3
assigned to the methylene protons of the -CHECO- group of
copolymer.The intensity of the signal at 2.32 PPM decreased
rradually while the intensities of the signals at 2.06,
1.90, 2.5 PPN increased with the progress of the reaction.
Firure 19D which shows the complete spectrum of the
reaction mixture after 40 hours of reaction time at 60°C,
clearly indicates the complete disappearance of the

sirfnal at 2.32 PPl.Further,the spectrum did not show any
appreciable changes even after very long reaction times

( 2 davs at 60°C ) . The disappearance of the signal at

2.32 PPl may indicate that all the active polymer chains

undergo some form of termination .The other important
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results of this experiment can be summarized as follaws.,
i). A broad signal at 7.12 PPi started to appear
in the spectrum almost simultaneously with the- appearance
of the signal at 1.¢ PPli. The area ratio of these signals
was approximately 1:3. Therefore, thisbroad signal can be
2zcsiaoned to the NH proton of the acetamido end group

- MNHCOCH The high field observed for this signal compared

3
to the rosition off the [IH at 7.95 PPM of the isolated
copolymer is considered due to the medium effect resulting
from the use of two different solvents ( 7.12 PPM in CD30N
and 7.95 PPM in DMSO-dG). The broad signal started to appear
in the spectrum of the reaction mixture after about two
hours of reaction time at 60°C: The appearance of the NH
proton signal early in the reaction is an indication of the
early termination of growing polymer chains to give acetamido
type end groups.

ii). The assignment of the 2.32 PPM signal in
Figure 19A to the genetic zwitterion appears definitive.
Other possibilities for this dovnfield shifted C—CH3 signal

are the C=CH,. of the protonated [1e0X0 and the C-CH3 of

3
macrozwitterion.The former is exciuded since no NH type
of sicnal was observed in the spectrum of the reaction
mixture three hours after mixing.The latter is excluded
zince no signals characteristic of the repeating unit are

present in Fi~ure 19A.

iii). The position of the carboxylic proton signal
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changed with the reaction time from an initial value of
12.63 PPl1 to 10.6 PFII after 40 hours of reaction time., This
may be due to the change in the concentration of AA as the
reaction procceds.

iv). Even after a very long reaction time ( 3 days
at 60°C),the NMR spectrum of the reaction mixture showed
the presence of carboxylic broton signal as well as the
olefinic proton signals ( multiplet at 6.0 PPM ).Further, the
area ratio for carboxylic proton signal to olefinic protons
signals was 1:4.8 after 40 hours of reaction time which
should be 1:3 if these signals are due to only unreacted
monomer AA. ‘

The ability to monitor the polymgrization react-
ion by NMR enabled us to study‘the copolymerization under
low temperature conditions. In another experiment ,

_equimolar amounts of Me0OX0 and AA were mixed under liquid
nitroren cooling and the NMR spectrum of the reaction
mixzture recordsd after storing 10 hours in liquid nitrogen.
iR spectrum showed signals for protons of the two monomers
and no sizn of any reaction between the two monomers under
these conditions.However, when the monomer mixture was left
at room temperature for several hours the éppearance of
simnals as described previously indicated the start of the
rolynmerization.A similar experiment was done at 0°C and no
arpreciable reaction was observed at this temperature also.
SJenetic zwitterion formation at reasonable rates appears

s occur onlu at ambient or high temperatures.
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9,2 2-0Oxazoline and Acrylic Acid

Similarly , the direct NMR analysis was used to
monitor the reaction of 2-oxazoline and acrylic acid
monomer system. The possible genetic zwitterion intermedia-
te ( XXXIV ) in this case has a proton attached to the
positively charged carbon 2 of the oxazolinium ring. Hence,
the NIMR signal for this proton should appear at a
significantly lower field relative to the proton of the

free monomer.

/-——N ' Cchnzcoo‘
)\ +  CH.=CHCOOH .
H

K 2 — B
Z H
0 07
) ( XXXIV )
pam——— -(CH20H2—¥—CHZCH2COO)H
HC=0

( copolymer)
Firure 20A shows the NIR spectrum of ( 6.5-8.5 PPI region)
an ecquimolar mixture of 0XO and AA in CDSCN recorded at
room temperature two hours after mixing. The signal at
7.04 PPIi is due to the proton attached to the carbon 2
of the free monomer 0X0O. The new signal at 8.20 PPl can be
assigned to the same proton of the genetic zwitterion
intermediate. Figure 20B and 20C show the NIMR spectra of

the reaction mixture after 1% hours and 44 hours reaction

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



0
w

time at 60°C , .respectively. As the reaction proceeds

the appearance of new NIMR signals at 8.07 PPM and 7.96

PPli for formamido proton ( -NHCO, appears as two signals
due to C-M restricted rotation ) of copolymer can be
seer..Also of significant isssortance is the formation of

a broad signal at 7.18 PPM ( see Figure 19C ) similar to
that observed in the case of MeOX0O-AA system.This signal
can be assigned to the NH proton of the possible formamido
end group.-NHCHO. Figure 20D shows the complete spectrum
of the reaction mixture after a very long reaction time

( 3 days at 60°C ) The spectrum clearly shows the absence
of any unreacted 0X0O in the reaction mixture ( absence of
MMR signal at 7.04 PPM ), and ?he presence .of olefinic

( 6.1 PPM ) and carboxylic protons ( 10.5 PPM ) signals.
In another experiment, 0X0 was used in exqess ( 0X0:AA
molar ratio , 3:2 ) and the NMR spectrum of this reaction
mixture after 90 hours of reaction time is shown in Figure
20L. The presence of unreacted 0X0 in the reaction mixture
can be clearly seen by the signal at 7.04 PPl. Even under
these conditions, NMﬁ signals due to both olefinic and
carboxylic protons can still be seen. Use of excess 0XO
ensures the complete reaction of acrylic acid present in _the
reaction mixture.If the observed signals are due to
unreacted AA , the area ratio for olefinic to carboxylic
proton signals should be 3:1, However, the observed value

of this ratio is 12:1 . Therefore , the observed signals
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FIGURE 20. 100 MHz proton NMR spectrum of equimolar mixture
of AA and 0OXO in CDscN . At 2 hours after mixing
B: 1.5 hours at 60°C. C: 44 hours at 60°C. D:
Complete spectrum after 3 days at 60°C. E: Mixture

of 0XO0-AA (molar ratio 3:2) after 90 hours at 60°c.
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for olefinic and carboxylic protons may come from part
of the polymer chain ( most probably from olefinic and car-
boxylic end groups ) or from some other product fofmed
during the polymerization reaction. |

From the results of the direct NMR analysis
experiments , it appears that both OXO-AA and MeOXO-AA
mononer systems behave in a similar manner. Reactions
responsible for termination of growing macrozwitterions in
the polymerization of 0XO-AA system can be considered to
involve the reaction of a growing macrozwitterion with
quaternized acrylate salt of 0X0O or monomer acrylic acid
vielding polyvmer chains with olefinic and formamido , and
olefinic and carboxylic end froups respectively.Besides the
experimental evidence cbtained to show the formation of
~enetic zwitterions , these experiments have provided

information about the termination reactions involved.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



38
b

U

©°.° PROPOSEC POLYMERIZATIOIN ECIHAMIS!H

A summary of the experimental results is userul
before presenting the proposed poiymerization mechanism,
The copolymer composition has been estabilished as 1:1
py proton HMR. Proton and 13C MiiR have identified the end
nroups as olefin , carboxyl, and acetamido. Infrared
spectroscopy supports this conclusion. Hydrolysis experim-
ents corroborate both the copolymer composition and identi-
ty of end groups. Direct proton NMR analysis of the reaction
mixture pave evidence for the genetic zwitterion. HFLC
showed that the copolymer product consists of different-
sized molecules and not all molecules have the same two

end ~roups.The following reaction mechanism is proposed to

describe the [MeOX0-AA polvmerization.

-

Initiation

M H _

+ CH.=CHCOOH ____ . \ CH.=CHCOOC

\ 2 Pe— + \‘ 2

~

JII3 O/ H3 -
€4¢¢;ﬂ ( AXXIII )

———NCHz—EHCOOH
Y
1
+ )

7
0 Mg

( AXXV )

0

i proton transfer

2COO

( X¥XI ). genetic zwitterion
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The initiation involves the reaction of MeOXO with AA to
form the adduct XXXV which by a proton transfer reaction
forms the genetic zwitterion intermediate XXXI, The evidence
for the formation of genetic zwitterion type intermediate
is obtained in the direct NIMR analysis experiment. The
formation of quaternized oxazolinium acrylate salt XXXIII
can be considered as a competing reaction with the reaction
formine senetic 2zwitterions. There are no experimental
evidence to consider the formation of salt XXXIII soon
after the monomers are mixed at room temperature .

However, as the reaction mixture is heated at GOOC , the
observed NMR signals for acetamido type end group indicates
the reaction of zwitterions with the quaternized salt

XXHII1I to undergo termination.

Propagation
The propagation can be considered to involve

the reaction of genetic zwitterion XXXI with itselfl

ZCH,CH, coo~
>\ cu \ ACH, CH coo~

/—CH CH2COOCIIZCH2—IiI ~CH,CE coo

CH3C—O
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Rh(CH2CH2000CHZCH2 ?%CHZCHQCOO

5 2CH2—$%CHZCH C00
+) CH,C=0

3
0 CH,

\ A
%h(CH2CH COOCH 5

+ XYXI ——>
( IXXVI )

f—~—g-(CHZCUZCOOCHzcﬂz-g-)n+gnzcngcoo
4\ :jk\ CH,C=
0% CHg

The propagation by the reaction between two macrozwitterions

is also possible.

Termination

Two reactions can be considered responsible
for the termination of growing -polymer chains.

i). Termination involving the reaction of a grow-
ing macrozwitterion with monomer acrylic acid to give olef-

inic and carboxylic end groups.

XXTV + CHQCHCOOH _—

CH2=CHCOOCH2CH2-N—(CHZCH2COOCH2CH2
CH3 =0 uH3C=O

-?—)nCHZCHZCOOH

ii). Termination involving the reaction of a
~rowin~ macrozwitterion with the guaternized oxazoliniunm
acrylate salt XINIII to gzive olefinic and acetamido end

“roups
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KXAVI + XXXIII —_—

=CHCOOCH20H2—W-(CHZChQCOOCHQCHQ-T%CHQCHZCOOCH20H2NHCOCH3

CHSC=O CH3C=O

C
.I-12

The proposed polymerization mechanism is
consistent with the isolation of various hydrolysis
products and the spectroscopic data for the presence of
acetamido , olefinic and carboxylic end groups. Larly
termination of growing polymer chains by reacting with
monomer acrvlic acid and with quaternized oxazolinium
acrylate salt explains the difficulty to obtain high molec-
ular weight copolymers in the zwitterion polymerization of

[1e0X0-AA monomer system.
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11.0 GONCLUSIONS

2-Methyl-2-oxazoline and acrylic acid undergo
polymerization without any added initiator or ctatalyst
in solution or in bulk to give low molecular weight
copolymers.Vapor pressure osmometry showed the number
averapge molecular weight to be in the range 590-2760
depending on reaction conditions. Even when the reaction
conditions were choosen to avoid adventitious terminating
acrents from atmosphere as well those present
as impurities in monomers, there was no significant
improvement in the copolymer molecular weight. Reaction
variables such as temperature , different solvents, slow
addition of monomers, addition of a nucleophile to the
reaction mixture did not improve the copolymer molecular
weicht.The lieoX0~-AA monomer system did not behave as one
with livins characteristics.

0X0-BPL system also polymerized to give only
low molecular weight copclyner:s., Similarly, OXO-AA
system polymerized to cive gurmy materials , but the
nrociuct became insoluble after purification and drying.

13C NMR provided strong

Proton NIMR , IR and
evidence for the l1e0X0-AA copolymer to have the repeat

unit structure , -(CH,CH,-}li-CH,CH,C00)= with carboxylic
27 A too 2 2 n

3
( Co0ii ) , acetamido ( -HHCOCH,) and olefinic ( CIi,=CHCOO )
end ~roups. Proton illR also incdicated , the copolymer to

nave 2 1:1 alternating structure.
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Analytical HPLC of the purified copolymer
showed the presence of about 13 different fractions of
which 10 were isolated by preparative HPLC. 300 iz
proton IIIR analysis of these fractions indicated that the
FPLC separation is based on a combination of fTactors
including molecular weicht and end groups. Fractions
containing acetamido end groups elute from the column in
increasins, order of molecular weight. For lower DP fractio-
ns those with acetamido end aroups elute after those with car-
boxyl end groups. when the DP is the same for the two types
of Tractions. However, the reverse is true for higher DP
fractions. Based on the characterization and‘HPLC results,
the following structures are proposed for the i1eOX0-AA

-

copolymer.

CH,NHCOCH

CH2=CHCOO-(CH20H -N=-CH,CH 5CH5 3 (XXIIIa)

2 2
CH4C=0

2COO—)nCH

COOH

M, =CHCOO~- ~H-CH,CF -)_Ck ~N-CH
CH,=CHCOC- (CH,CH, H=CH,CH,CO0 ), CH,CH, N-CH,CH,

Cri,C=C CH30=O

3 (XXIIIb)

The above structures were further confirmed by isolating
.=(2-hydroxyethyl)=-g-alanine as the main hydrolysis

rroduct expected from the repeating unit structure.
®resence of acrylic acid and acetic acid among hydrolysis
rrocucts was proven by analytical HPLC and gas chrdmatogra—

“resgerce of ethanclamine in the hydrolysis procducts

-

3
o]

(
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vas confirmed by isolating it as the dibenzoyl derivative.
Based on these results it can be concluded that the
1ie0X0-AA copolvmer consists of varying sizes of copolymer
chains XXIIIa and XXIIIb.

Results of the direct NMR analysis experiment
vrovided evidence tc consider the involvement of genetic
zwitterion intermediate , as the species responsible for
initiation and propagation. The observation of acetamido
fiH and methyl protons in the reaction mixture after onlyv
two hours at 60°C confirms the early termination reaction
with ¥XXIII vielding polymer chains such as XXIIIa with
olefinic and acetamido end groups.Reaction of a growing
macrozwitterion with acrylic aqid results in a terminated
polvmer chain such as XXIIIb with olefinic and carboxyl
end groups.These termination reactions are responsible
for limiting the copolymer moleéular weight in the
zwitterion polymerization of [leOXo-AA monomer system.

The proposed polymerization mechanism is consistent with

2ll of the experimental results.
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