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Polymerization of Cyclic Imino Ethers. X.
Kinetics, Chain Transfer, and Repolymerization

M. LITT,* A, LEVY,T and J. HERZ{

Central Research Laboratories
Allied Chemical Corporation
Morristown, New Jersey 07960

ABSTRACT

The main conclusions in studies on polymerization catalysts
and the nature of chain transfer in the polymerization of cyclic
imino ethers were that there is extensive chain transfer in the
2-alkyl oxazolines to produce polymer with a reactive end.
Toward the end of polymerization, these chain-transferred
molecules repolymerize back on the active center producing

a multibranched star polymer. A theory for the data was
developed.

INTRODUCTION

The polymerization of cyclic imino ethers has been studied by
four groups [1-9] over the last few years. While the mechanism
has been recognized as a cationic polymerization from the first,
it has not been studied in detail until recently. Tomalia and Sheetz
[3] investigated the polymerization of methyl oxazoline with BF;
etherate. In this case the counterion is destroyed, Recently,
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Kagiya and Matsuda [8] studied the polymerization of phenyl oxazoline
using a wide variety of catalysts. They found that perchloric acid
produced the fastest rate of polymerization. There were no unusual
phenomena connected with this study except that the polymerization
rate constant in solvents was smaller than in bulk. Saegusa has
concentrated on the polymerization of unsubstituted oxazolines [9].
Our studies were, in the main, on alkyl oxazolines and oxazines.
Potential catalysts were surveyed, the better ones were looked at
more closely, and finally one of the best, perchloric acid, was
investigated in detail. The polymerization mechanism is much
more complicated in the aliphatic oxazoline series compared to
the aromatic oxazoline series. This paper summarizes our studies
on catalysts, reaction rates, chain transfer, and repolymerization.

EXPERIMENTAL
Monomers

Monomers were synthesized as described previously [6, 7].

Catalysts

In the initial screening, catalysts were purchased from various
supply houses and used as received. HI, HBr, and perchloric acid,
obtained as aqueous solutions, and p-toluene sulfonic acid hydrate
were used in the form of salts of phenyl oxazine.

Preparation of Mineral Acid Salts of 2-Phenyl A2-Oxazine

HC10, Salt. To a solution of 5.08 g (0.032 mole) of 2-phenyl
oxazine in 30 ml of absolute ethanol was added an equivalent amount
of mineral acid [perchloric acid 70% solution, 4.6 g (0.032 mole)]
dissolved in 30 ml of absolute ethanol. Upon chilling to 0°C, white
crystals precipitated. A further crop was obtained by adding
ether. After drying under vacuum, a total weight of 6.9 g (83%
yield), mp = 118.5 to 119.5°C, was obtained.

Element analysis: Calculated for CioH;2CINOs: C, 45.90;

H, 4.62; N, 5,35. Found: C, 46.21; H, 4.37; N, 5,97,

Toluene Sulfonic Acid Salt. Ina 250-ml flask was
placed 6.44 g (0.040 mole) of 2-phenyl oxazine and 50 ml of abso-
lute ethanol. To this was added 7.48 g (0.0039 mole) of hydrated
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p-toluene sulfonic acid in 50 ml of absolute alcohol. Upon chilling,
9.0 g (69%) of the expected salt, a white crystalline solid, precipitated.
It was filtered and dried under vacuum, mp = 157.5°C,

Analysis for CyH(NO,S: Calculated: C, 61.24; H, 5.74; N, 4.20;
S, 9.62. Found: C, 60.93; H, 6.05; N, 4.65; S, 9.7,

Heating for 2 days at 85°C under vacuum turned the compound
pale pink, mp = 155.5 to 157.5°C.

HI Salt. A solution of 5.25 g (0.033 mole) in 30 ml of absolute
alcohol was mixed with 8.94 g (0.033 mole) of 47% HI in 30 m] of
ethanol. After chilling and adding several milliliters of ethyl ether,
a yellowish crystalline solid precipitated. It was washed several
times with absolute ether and gave a pale yellow product, mp =
97 to 98°C.

2-p-Chlorophenyl A2-Oxazolenium Perchlorate (PCOP)

To a solution of 18.16 g (0.10 mole) 2-(p-chlorophenyl) A2-oxazoline
in 100 ml absolute ethanol was added 14.5 g of 70% HC1O, solution
(0.10 mole). The solution was refrigerated overnight (~4°C); the
precipitate was filtered out and washed with absolute ether. Yield,
21.4 g (75%). The salt was recrystallized from absolute ethanol,
mp = 193.5 to 195°C.

Polymerizations

Screening

Lewis acid initiators were screened as follows. About 5 g of
pure monomer, either 2-phenyl oxazine or one of several alkyl
oxazolines, was distilled into a dried weighed polymerization tube.
To this was added the Lewis acid; the tube was chilled, degassed,
and sealed under vacuum. When the initial screening was done on
oxazolines, catalyst was added in a ratio of about 1:500 to monomer,
For 2-phenyl oxazine, the Lewis acid added was weighed in and was
used either at a monomer/initiator ratio of 200 or 500. The sealed
tubes were heated in an aluminum block for the times indicated.
Where no times are indicated, they were heated for at least 20 hr
at 130°C. The results are summarized in Table 1.

Oxygen and halogen acids were tested as the free acid, ester,
or as "'onium" salts. The procedure described above was used.
p-Toluene sulfonic acid was obtained as the hydrate. It was
dried under vacuum at 150°C before use.
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Relative Polymerization Rates

The procedure was the same as in the Screening section above.
All monomer to initiator molar ratios (M/I) were 200. Tubes,
polymerized in a heated alunimum block, were removed every half
hour and inverted. The time to complete polymerization was taken
as the time when the viscosity of the polymerizate no longer
increased. This is a rough estimate, but the relative order of
initiators can be told by this method. The relative rates were
reasonably meaningful (£25%).

Measurement of Polymerization Rate

An appropriate amount of the perchloric acid salt of 2-(p-chloro-
phenyl) oxazoline was weighed into a cleaned, flamed flask. An
appropriate amount of 2-heptyl oxazoline was distilled from sodium
through a spinning band column into the flask. Where solvent was
used, the dried solvent was then distilled into the same flask using
a second column. When the initiator had dissolved, known amounts
of solution were syringed into cleaned, flamed polymerization tubes.
These were then sealed under vacuum after chilling. They were
polymerized by setting all the tubes in an oil bath set at a tem-
perature of either 115, 130, or 145°C, and removing tubes at
appropriate intervals,

Polymer was isolated by adding the polymerizate to dioxane,
making the resulting solution acid with HCl, and then adding water.
The polymer precipitated cleanly, The procedure was then repeated.
It was filtered into a sintered glass funnel, washed with water, and
dried under vacuum at 40°C for 60 hr. Constant weight was achieved
after 30 hr drying in a separate experiment.

Runs to Complete Conversion

The perchloric acid salt of 2-(p-chlorophenyl) oxazoline was
dissolved in dried, distilled acetonitrile to make up a 0.1-M solution,
An appropriate amount of this solution was syringed into a cleaned,
flamed polymerization tube and the acetonitrile evaporated away
slowly. After drying and weighing, the tube was connected to a
distilling column and the monomer, either 2-pentyl or 2-isobutyl
oxazoline, was distilled from sodium, using a spinning band column,
into the polymerization tube. This was chilled, sealed under vacuum,
and reweighed. It was polymerized for an appropriate period of time
at 160°C, usually 4 hr for those with a molar ratio of less than 10,000
and 40 hr for those with a higher ratio. Complete polymerization is
about 1.5 hr at M/I = 10,000. A check was carried out by polymeriz-
ing two samples of 2-isobutyl oxazoline with M/I = 14,500. One was
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heated for 7.5 hr and one for 67 hr, in and [n] were unchanged

within experimental error. X_ increased from 3,500 to 5,000.
This is discussed later.

Characterization

Element analyses were performed by the analytical staff at
Allied Chemical Corp. Reduced viscosities were normally run
as a 0.52% solution of the polymer in m-cresol. When other con-
centrations or solvents were used, it is noted in the text.

Intrinsic viscosities were run in a dilution viscometer in various
solvents. These are noted in footnotes to the tables.

Number=-average molecular weights were measured in chloro-
benzene using high-speed membrane osmometry.

Weight-average molecular weights were measured by light
scattering in acetic acid or butanol or both, Zimm plots were
made and the values given are for turbidity extrapolated to zero
concentration and zero degrees.

RESULTS AND DISCUSSION

This work was done over a period of many years and thus some
parts are crude. Related research has been done more elegantly
by the present researchers [8, 10, 11]. The areas covered are
1) effects of catalysts, 2) rate of polymerization of 2-heptyl
oxazoline with HC1O, as a function of temperature and solvent,
and 3) molecular weights of the polymers.

Effect of Catalyst

As is well known, the cyclic imino ethers are highly basic com-
pared to other cationically polymerized monomers. They therefore
destroy the Lewis acid catalysts [3]. However, oxygen acids, their
esters, as well as iodides and bromides, are stable catalysts for
the system. General data summarizing scanning work on yields
of polymer covering various oxazolines and oxazines are given
in Table 1.

BF; etherate and SbFs are consumed before polymerization is
complete if higher M/I ratios are used. While the times of heating
were long to insure maximum polymerization, most reactions were
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over in 1 to 2 hr. The only unusual point of Table 1 is that anhydrous
Mg(Cl10,): is an initiator for oxazoline polymerization.

Similarly, the effect of various oxygen and halogen acids, esters,
and salts on the viscosity of polymers from phenyl oxazine is given
in Table 2,

As can be seen, phenyl oxazine polymerized by a strong acid
can achieve high molecular weights, nsp/c = 2.4. Aliphatic oxazines

cannot be prepared with viscosities greater than 1 at 130°C, no
matter what catalyst is used [7].

Esters or anhydrides of weak acids, e.g., acetic acid, cannot
initiate polymerization; the anion is too reactive and adds to the
cationic end of the polymer. The same seems to be true for alkyl
chlorides, though these do react very slowly. We have found that
the use of chlorinated aliphatic solvents such as CHCIs or C2H:Cl,
in monomer preparation can cause slow polymerization of the
monomer when such a solution stands at room temperature for
several months.

The effect of catalyst on the relative rates of polymerization
and viscosities for 2-phenyl and 2-pentyl oxazine polymers is
shown in Table 3.

The relative rates at 130°C for methyl tosylate and HI initiators
are of the same order of magnitude as those found by Saegusa (10].
The major points are 1) the use of dimethyl sulfate or fuming H.SO,
lowers the viscosity by a factor of 2, showing that both ends of the
sulfate group grow polymer molecules; and 2) the use of iodide or
bromide initiators also lowers the viscosity tremendously, indicat-
ing some unknown chain transfer reaction which is greater for the
more nucleophilic bromide.

The alkyl substituent allows more rapid polymerization by a
factor of 2 to 3 over that of the aromatic substituent. Surprisingly,
phenyl oxazoline seems to polymerize at about the same rate as
phenyl oxazine.

Rates of Polymerization of 2-(n-Heptyl) Oxazoline

Polymerizations were done in bulk at 129.6°C using 2-(p-chloro-
phenyl) oxazolinium perchlorate (PCOP) as initiator. A typical
polymerization curve is shown in Fig. 1. The observed rate as a
function of initiator concentration is shown in Fig. 2. This is about
2.5 to 3 times faster than that found for phenyl oxazoline in nitro-
methane, a solvent which slowed the polymerization [12]. This
corresponds to the relative rates shown in Table 3 for oxazines
of about three to one.
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FIG. 1. First-order plot for bulk polymerization of n-heptyl
oxazoline at 129,6°C with 2-(p-chlorophenyl oxazolineium perchlorate
as initiator.
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The work at different temperatures was done in a solvent since
the polymer crystallized below 130°C. Initially, dimethyl acetamide
was chosen as the solvent. However, the rate constant of polymeri-
zation (first order in monomer and initiator) was solvent dependent
as shown in Fig, 3.

(A wide variety of solvents has been investigated in the polymer-
ization of phenyl oxazoline by Kagiya, Matsuda, and Hirata [12]. All
polymerizations were done at 3 M concentration of monomer, and
the relative rates of polymerization were compared as a function
of polarity and nucleophilicity. For high dielectric constant solvents,
the higher the nucleophilicity, the lower the rate.)

We found that the rate diminished rapidly by a factor of 2 up to
50% dilution and then seemed to remain constant. This cannot be
explained in terms of competitive solvation and reaction of the
active cation with a solvated monomer. It can be explained by
saying that the monomer solvated cation attacks a free monomer
twice as fast as a DMAC solvated cation, and at 50% solvent essen-
tially all the cation is solvated with DMAC, This seems unlikely,
though it may be true. Kagiya et al, [12] postulated a similar
equilibrium.

We therefore chose to work in butyrolactone as it is a relatively
nonnucleophilic, polar solvent. The rate constant at 50% solvent

o
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FIG. 3. Rate constant of polymerization as a function of monomer
concentration in DMAC and butyrolactone (BL).
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TABLE 4. Propagation Rate Constants (kp) and Activation Param-

eters in the Polymerization of Heptyl Oxazoline with PCOP (50%
Monomer in y-Butyrolactone)

T (°C) kp (kg/mole sec)
115.0 0.0334

129.6 0.100

145.0 0.216

AEp (kcal/mole) 21.3

Ap (kg/mole sec) 3.2 x 10%°

was 0.100 vs 0.127 kg/mole sec in bulk. In DMAC the rate constant
dropped by a factor of 2.3 from the bulk, The data for rate constants
as a function of temperature are given in Table 4.

The activation energy is about that found for most cyclic imino
ether polymerizations [10, 11]. However, our pre-exponential factor
is very high when compared to that of phenyl oxazine [11] though
lower than that for oxazoline [9]. As our lowest M/I ratio was 500,
complete initiation was achieved early in the polymerization and we
only observed the polymerization.

Chain Transfer and Repolymerization

Chain transfer has been noted for most oxazolines and oxazines.
Some extreme examples were found; benzyl oxazoline (nsp/ c =0.21

at 130°C and M/I = 1000) [6] and 2-(acetoxymethyl) oxazoline
(nsp/c =0.37 at M/I = 1300 and T)sp/c =0.34 at M/I =500) [13].

For comparison, a normal n-alkyl oxazoline such as pentyl oxazo-
line will have nsp/c =~ 0,7 at M/1 =560 [14] and one can easily get

reduced viscosities above 1 for 2-(n-alkyl) oxazolines at M/I > 2000.
(The mechanism for chain transfer in 2~phenyl oxazoline and oxazine
is still a puzzle.) We therefore decided to investigate the mechanism
and effect of chain transfer in alkyl oxazolines. Two sets of experi-
ments were run. First, heptyl oxazoline was polymerized at 130°C
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with M/I = 9810 (I = PCOP). Samples were ' removed at various
times, and conversion, intrinsic viscosity, Pn’ and PW were deter-

mined for each sample. The data are given in Fig, 4. From the
time the conversion reached 50%, where _enough polymer could be
isolated for all the determinations, [n], Pn, and Pw remain constant

at least to 78% conversion. At 100% conversion, 56 hr at 130°C, all
three values rise considerably; the greatest rise is in Pw which

goes from ~1000 to 7100. The constant value of ﬁn at ~300 and
the relatively low and constant ratio of Bw to ﬁn’ 2.8, during the

polymerization indicates that the major reaction controlling the
degree of polymerization is chain transfer, and the chain transfer
constant to a 2-(n-alkyl) oxazoline at 130°C is about 1/300.

The upturn in all the values at 100% conversion was puzzling.
A series of experiments were therefore run with 2-pentyl oxazoline
and 2-isobutyl oxazoline at various M/I concentrations (I = PCOP)
from ~500 to ~40,000. All polymerizations were taken to 100%
conversion (3.5 hr at 160°C and 0.5 hr at 180°C for 2-pentyl
oxazoline except for M/I = 37,000, which was heated for 44 hr
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at 160°C, and similar heating times for 2-isobutyl oxazoline). The
data are presented in Figs. 5 and 6 and Tables 5 and 6. _
In Fig. 5 and Table 5 it can be seen that even at M/I = 500, Pn is

less than 500 while Bw is about 1000, with _Pw/l_)n = 2.3. The ratio

rises rapidly as M/ I increases. Heating time and temperature
obviously affect Pn greatly as shown by the 44-hr heating for

M/I = 37,000 and the large 5w/ ﬁn value for the sample with

M/1 =10,535. This last was heated to 180°C, above the melting
point of the polymer,

The same effect is shown to a lesser degree by 2-isobutyl
oxazoline, Fig, 6. At M/I =500, Pn = Pw = 500; living mono-

disperse polymer was obtained. The chain transfer constant is
obviously much less than 1/500. As M/I increases, Pn becomes

constant at about 1000, which means that the chain transfer con-
stant is near 1/800 at 160°C. Pw’ however, increases steadily

with increasing M/I as does [1] to a lesser degree.

The above data make sense when the following reactions are
postulated. The major site of chain transfer must be the carbon
a to the 2-carbon of the ring. This is shown by the greater chain
transfer on oxazoline polymers with activated o-methylene groups
such as 2-benzyl [6] and 2-acetoxymethyl oxazoline [13]. Conversely,
shielding the a-methylene group as in 2-isobutyl oxazoline lowers the
chain transfer constant considerably. We can visualize the chain
transfer reaction as

“op e R‘flsﬂ "the
'w‘i?o * NJ\O — '\'N)\O + H,{)l\/o

/ / W/

R\an R\CH R-c\l-::zzo Q,:}dm
m@o + N'{/_.\_? —_— 'Il—CHz—CHz—:I;H

This was proposed earlier, but supporting evidence was not given
[13]. The chain transferred polymer is now an enamine, though
hindered, and can attack active sites such as quaternized oxazolines
(polymer reactive ends), though apparently more slowly than does
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monomer. Thus polymerization is initially Poisson as shown here
for 2-isobutyl oxazoline, Fig. 6, and by Kagiya and Matsuda for
2-phenyl oxazoline [15]. However, with alkyl oxazolines, chain
transfer occurs readily, generating many polymer molecules per
active center. These chain transferred molecules have a reactive,
though hindered, enamine end. At the end of the polymerization,
the chain transferred polymer molecules repolymerize on the
active center, generating branches near its end. The molecule

is probably star-shaped, with some extra branches along the
chain.

The extent of repolymerization can be seen qualitatively in
Tables 5 and 6. We can compare the last experiment in Table 5,
M/I = 10,444 but polymerized only to 79% conversion, with that
polymerized to 100% conversion. Pn rose by about 50% while

3‘” rose by about 840%. ﬁw/ﬁn rose from 1.67 to 9.2. The

individual determinations are accurate only to ~+20%, but the
change is remarkable,

The star branching can also be noted in the Huggins constant,
k', of the viscosity determinations. It is high, 0.5, even at
M/I =531, and rises steadily as M/I rises. However, for the
incompletely polymerized sample, k' is only 0.17, showing a
relatively linear molecule, There is probably some repolym-
erization during the whole polymerization, generating polymer
with long branches.

Similarly, Table 6 compares two samples of about the same
M/1, ~14,000. Heating for 67 hr as compared to 7.5 hr did not
change Pn but did raise PW by about 25%. As the polymers were

crystalline (Tm = 210°C [6]) and mobility is restricted, this is a
significant change. fw/ 13n rose, showing greater polydispersity.

There was almost no change in viscosity at higher M/I values,
showing that the average molecular volume in solution was almost
independent of Pw. The effect of steric factors on the repolymeri-

zation can be seen by comparing Tables 5 and 6. In gpite of the
greater chain transfer for the n-pentyl oxazoline, Pn is almost the

same as for isobutyl oxazoline because of more repolymerization,
However, due also to this, Pw is much higher at a given M/I for

n-pentyl oxazoline,
The extent of repolymerization can be calculated easily from
the rise in Pn and PW if a chain transfer constant is assumed.
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For example, take heptyl oxazoline in Fig, 3. —Pn rises from ~300

to ~700 at 100% conversion, meaning that about 60% of the polymer
molecules have repolymerized. Since there were about 35 chain
transfers, the star molecules must contain about 21 chains each.

A similar effect, though much less marked, seems to be present
for the phenyl derivatives. One can easily get very high viscosity
polymers in this system. Table 7 gives some data on phenyl
oxazine; we have similar results on phenyl oxazoline which are
being analyzed further at present.

The Huggins constant is ~0.42. This is much higher than that
found in truly linear molecules, where it is about 0.2 to 0.25, but
lower than that found for pentyl oxazoline at 100% conversion, even
at low M/I. Thus there is extensive branching. However, the
molecule increases in size as M/I increases. It is obviously a
longer molecule than those obtained from the alkyl oxazolines at
similar M/I as shown by the higher [], and thus probably has
less branching and longer branches.

The problem is: What is the mechanism of chain transfer ?
One tentative suggestion is that there is very slow cationic
attack on the benzene rings, either of monomer or polymer.
Another possibility is that the ring-opened ester, present in
equilibrium with the salt, can have the elements of acid removed
by monomer, leaving either a vinyl amide or a propenyl amide.

TABLE 7. Polymerization of 2-Phenyl Oxazine with Dimethyl
Sulfate,@ Effect on Viscosity

= b c d
M/I P alc n Sp/ c [n] K
1000 500 0.9
2500 1000 2.0 1.88 0.42
4700 2350 2.4 2.35 0.43

3polymerized for 18 hr at 160°C.
b0,52% in m-cresol, 25°C.

CIn m-cresol, 25°C,

dHuggins constant.
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Theoretical Treatment of Repolymerization

An equation describing the final fn and _ﬁw can be derived readily

if the following assumptions are made:

1. No repolymerization of polymer chains occurs until essentially
all the monomer has been used up.

2. No chain transfer can occur on the dead polymer chains.

3. All active centers have an equal chance to. repolymerize all
the polymer molecules. o

4, With no early repolymerization, Pn/ P =2

We can make the following definitions:

P = initial number average degree of polymerization result-
n(0) .
ing from chain transfer
X = number of chain transfers per active center
= M/ [IP n(O)]
n = number of polymer molecules which have repolymerized

on the active center by the end of the reaction

The following equations can be written for the star portion of the
polymer. If i molecules have been added to the active end, each of
average molecular length Pn(O)’ by standard molecular weight

theory, with a most probable distribution:
pn(i) = (i + I)Pn(O) (1)

I_Jw(i) = (i + 2)3:1(0) (2)

We can sum over all i's. If the agssumption is made that all
active ends have had the same chance to add, i.e., the distribution
of chains in a repolymerized active center is a Poisson distribution,
the equations are easily solvable,

% G+ l)Pn(o)f(i)
Y, £(i)
0

n(n)
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where
i
1) = 7" & (4)
5 . -php 3 G+Dn Dn' 4 1) (5)
n(n) n(0) 0 i! n(0)
2 [P 2§(i+2)22i
_ n(0) 0 il
w(n) - i (6)

-2 5 °°. n
2 apn(o)g:(l-f-l)l—'

Summing by standard methods:

= _n2+5n+4

Pom) = T+ 1 Fn T+ YP ™

The molecular weight of the total polymer is the average of the
repolymerized star molecules and the single chain transferred
molecules. It can be written as

i Z[Pw(x)]w(1) ) = Pw(l)Pn(1)f(1) ®
v zwl) (1))
_ ZP (i)
P - N 9)

n = (i)

For each active center which has had n chain transfers and an
average of x repolymerizations, there is one star molecule. With
an average degree of polymerization described by Egs. (5) and (7),
and (x - n) chain transferred single molecules of average molecular
weight Pn(O) and Pw(O) =2 pn(O)'

= m+1)+(x=-n)= o x+1 =
Pn - x-n)+1 1:.n(O) T x-n+1 Pn(O) (10)
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Using Eq. (7) to calculate ?w’ we get

Pw n+l+x-n n(0) ~ x +1 Pn(O)

=(n2+5n+4)+2(x-n)5 n®+3n+4+2x = (11)

The ratio P_/P is therefore
w 'n

_ (n2+3n+4+ZX)(X-n+1) (12)

(x + 1)°

gl 's'dl

n

This can correlate the data for isobutyl oxazoline quite well using
a chain transfer constant of 1/800. The equations work properly
only when M/I is greater than three times the chain transfer constant,
as the initial portion of the polymerization, before chain transfer has
given an equilibrium distribution of molecular weights, is ignored.
The results for 2-isobutyl oxazoline are given in Table 8, while
those for 2-pentyl oxazoline are in Table 9.

One value did not fit; that where the sample M/I = 13,500 was
heated for 67 hr. Here Pn was lower than that sample heated less

time, showing that there was some random error.

TABLE 8. Comparison of Experimental and Theoretical Values of
P w/ P for Poly(N-isovaleryl Ethyleneimine)

P /P
M/1 x* nb Calc Exptl
4,500 5.63 1.26 2.52 2.40
13,500 16.9 5.64 3.30 3.04
40,000 50.0 14.0 4,86 4.62

3Calculated using a chain transfer constant of lé 800.
Calculated from Eq. (9), n =(x+1)(1 = P (0)/P ).
CHeated for 7 hr at 160°C. men
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TABLE 9. Comparison of Experimental and Theoretical Values of
P w/ Pn for Poly(N-hexanoyl Ethyleneimine)

Pw/lsn
M/1 2 n° Calc Exptl
531 3.2 1.94 2.56 2.3
2,030 12.2 10.2 2.81 2.9
5,056 30.3 25.9 4.48 5.0
10,535 63.2 55.7 7.0 9.2
317,000 222.0 211.6 10.5 5.5

aCalculated using a chain transfer constant of 1/161.
bcalculated from Eq. (9).

A reasonable fit was found for polymers of n-pentyl oxazoline
below M/C = 10,000, using a chain transfer constant of 150 to 200,
Table 8. At the higher values of M/I, especially at 40,000, P

determined by osmometry is too inaccurate to get good agreement.
For poly(N-octanoyl ethylene1m1ne) the agreement for the sample
polymerized to 100% conversion is P /P n exp =6.22, P /P cale =

6.65 (chain transfer constant of 1/200) = 5,86 (chain transfer constant
of 1/300), Overall, the data indicate that some repolymerization
occurs with n-alkyl oxazolines before 100% conversion, but most
happens at the end.

SUMMARY AND CONCLUSIONS

This paper covers several aspects of the polymerization of
oxazolines and oxazines but concentrates on chain transfer.
Results on the 2-phenyl derivatives imply that these polymers
are branched at high M/I. Work in progress with T. Provder
confirms this. Also, the iodide and bromide counterions par-
ticipate in a chain transfer reaction, which may go through the
ring-opened ester.
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The 2-alkyl oxazines and oxazolines show clear evidence for
extensive chain transfer. The chain transfer constant for n-alkyl
oxazolines where n > 4 is in the neighborhood of 1/200 to 1/300.
(It is larger for 2-methyl oxazoline, i.e., viscosities are lower
for this polymer at comparable M/I as compared to other alkyl
oxazolines.)

The chain transferred polymer has an end which is basically a
substituted enamine ether and as such is quite nucleophilic. It
thus can add back to the active center, regenerating another
oxazolineium or oxazineium cation. However, as it is more
hindered and less nucleophilic than a monomer, it reacts slowly.
There is some repolymerization of chain transferred polymer
molecules onto growing chains during the polymerization, giving
long branches. However, most of the repolymerization occurs
during the last few percent of the polymerization and thus tends
to generate a star polymer. These may have as many as 100 to
200 branches to the star when M/I = 37,000.

With branching near the methylene carbon a to the ring, chain
transfer and repolymerization are both reduced due to steric _
hinderance. The polymer molecular weight increases and Pw/ Pn

decreases. One can easily obtain living polymers in this system.
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