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Ring-Opening Polymerization of Sultones.
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ABSTRACT:

The present paper describes the polymerization of 3-hydroxy-1-propane

sulfonic acid sultone (PS) with tertiary amines at 80°C.

The course of polymerization involved an early stage which was a slow initiation,
a propagation step, and an equilibrium state between polymer and monomer. The slow
initiation seemed to be the following reaction:
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It was explained that the low reactivity of the anion side of the zwitterion is

attributed to the intramolecular ion-pair.

The low reactivity of the anion side of the

zwitterion could be expected from the fact that the coulombic energy of charge separa-
tion in the intramolecular ion-pair is higher than that in the macrozwitterion.

This mechanism was explained practically from the rate of addition reaction of PS
with tertiary amines in solvents, and from the formation of zwitterion in bulk poly-
merization, which was directly monitored by using an NMR spectrometer.

The rate constants kp of propagation for quinoline, triethylamine, diethyl sulfide,
and sulfobetain (formed from PS and diethylaniline) showed fairly close agreement with

each other.
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In a previous paper we described the general
features of the polymerization of cyclic sulfonic
acid ester, 3-hydroxy-l-propane sulfonic acid
sultone (PS) (I), with tertiary amines (II) or
diethyl sulfide.™?

The polymerization was shown to be initiated
by zwitterion (sulfobetain) (ILI), which was
formed by the addition reaction of PS to tertiary
amines as an initiator (eq 1). Then an anionic
living-polymerization through macrozwitterion
(1V) occurred (eq 2): it proceeded by the reaction
via alkyl—oxygen cleavage of the O-methylene
group in the monomer. The equilibrium state
between monomer (PS) and polymer was observed
in this polymerization (eq 3).

CH,CH,CH, ki

| | + RN —
SO,

ey ey

R,N*CH,CH,CH,S0,0"
(ITI)

(1)

(III) + n(I) —>_ R,N*(CH,CH,CH,S0,0),-
CH,CH,CH,S0,0™ (2)
(IV)

k
(IV) + (I) — R,N*(CH,CH,CH,S0,0),, -
-p
(3)

In this polymerization, if the zwitterion (ILI)
is formed rapidly in good yield as shown in eq 1,
the rate of polymerization is given by following
equation.

CH,CH,CH,S0,0"
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In eq 4, [M] is the concentration of monomer,
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[P*] is the concentration of growing chains and
is equal to the concentration of initiator, k, is
the rate constant of propagation, and k_j; is the
rate constant of depolymerization.

Integration of eq 4, with [M]=[M], when
t=0, gives eq 5.

1, ML—[M].

kpt:‘——*- In
[P7]  [M]—[M],

(5)

Here, [M], is the monomer concentration in
the equilibrium state and [M], is the initial
monomer concentration.

In PS polymerization, an S-shaped curve was
obtained for the time—conversion curves. As
shown in Figure 1, except for the early stage,
the plot of eq 5 shows a fairly linear fit.
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sulfobetain (0.45 mol//) formed by the addition of
PS and diethylaniline; 80°C.
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Figure 1. Time — curves for the

From the slope of this straight line, the rate
constant k, of the propagation can be evaluated.
The rate constant k;, and the induction period
(early stage) are shown in Table I.

The k;, for quinoline, triethylamine, and diethyl
sulfide show a close agreement with each other,
but k, for pyridine and diethylaniline are much
lower than those of the others. From the close
agreement of k, for quinoline, triethylamine, and
diethyl sulfide, the relation of [P*]=[initiator]
in eq 5 has been found to hold.

On the other hand, the induction period de-
creases in the following order: pyridine» diethyl-
anilinex»diethyl sulfide >triethylamine > quinoline.
This is in conflict with the rate of eq 1, which
was expected from the basicity of the initiator.

To explain the slow initiation, more details
of the initial propagation step were studied in
the following manner: First, the rate of equi-
molar addition reaction of PS and tertiary amines
was determined in benzene and acetonitrile.
Secondly, the formation of zwitterion from
initiator and PS in bulk polymerization of PS
was directly monitored by using an NMR
spectrometer.

RESULTS AND DISCUSSION

Addition Reaction of PS and Tertiary Amines

The reaction of sultone with tertiary amines
to form the sulfobetain (zwitterion, III) is well
known.?

The addition reaction was carried out in
acetonitrile or benzene at reflux. The time—
conversion curves of PS to III are plotted in
Figures 2 and 3.

If this addition reaction proceeds via Sy2 reac-
tion, the rate of addition is given by eq 6.

—d[PS]_

< =k|[PS|[TA] (6)

Table I. Rate constant kp and induction period of bulk polymerization of PS with tertiary
amines or diethyl sulfide (80°C)

Initiator Quinoline Triethylamine Diethylaniline Pyridine  Diethyl sulfide
kpx10~4, 1/mol sec 2.72 2.75 2.03(2.76) = 1.98 2.72
Induction period, min 16 20 65 140 30

= Rate constant kp of PS bulk polymerization with sulfobetain formed by the addition reaction of PS

and diethylaniline.
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Here, [PS] is the monomer concentration, [TA]
is the concentration of tertiary amines, and k;

is the rate constant of the addition reaction.
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Figure 2. Addition reaction of various tertiary
amines to PS in acetonitrile at 82°C (reflux): O,
quinoline 1.0 mol/l, PS 1.0 mol/l; ®, triethylamine
0.5mol/l, PS 0.5mol/l; @, pyridine 0.2 mol//, PS
0.2 mol/l.
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Figure 3. Addition reaction of various tertiary

amines to PS in benzene at 80°C (reflux): O,

quinoline 1.0 mol//, PS 1.0 mol//, ®, triethylamine

0.5 mol/l, PS 0.5mol//; @, pyridine 0.5 mol//, PS

0.5 mol/l.
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Integration of eq 6 with [PS]=[TA] and [PS]=
[PS], at t=0 gives eq 7.

_[PS],—[PS]

= IpS][PS], (7)

Here, [PS], is the initial concentration of PS.
Figure 4 shows that the data in Figures 2 and 3
give a linear relationship of ([PS],—[PS])/[PS][PS],
against the reaction time, as expected from eq 7.
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Figure 4. Application of the experimental data
of the addition reaction of PS and tertiary amines
to eq 7. Solid line, in acetonitrile and broken
line, in benzene: (O, quinoline; @, triethylamine;
@, pyridine.

Table II. Rate constants k; of addition reaction
of various tertiary amines and PS in
solvent at reflux

ki x 104, 1/mol sec

Amine k, 1/mol sec®
Acetonitrile Benzene
Quinoline 1.53 0.92
Triethylamine 8.91 1.72 1.13x10-¢
Pyridine 13.3 2.46  1.55x10-¢

@ Rate constant of Menschutkin reaction of iso-
propyl iodide and tertiary amines in nitrobenzene
at 25°C4.
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The rate constant k; was evaluated from the
slope in Figure 4 and is shown in Table II.

The order for k; in the addition reaction of
pyridine and triethylamine with PS agreed well
with that in the Menschutkin reaction of iso-
propyl iodide and tertiary amines in nitrobenzene
at 25°C. The formation of sulfobetain from PS
and diethylaniline was much slower than that
of the other amines.

Bulk Polymerization of PS

The k; in Table II are in conflict with the
order for the induction period. This fact indicates
that the slow initiation is not dependent on the
rate of eq 1.

To obtain some clarification of the slow ini-
tiation mechanism, the polymerization of PS
with sulfobetain was examined, and the result
is plotted in Figure 1 using eq 5.

The induction period was the same as that
of the polymerization with diethylaniline, and
k, was greater than that of the polymerization
with diethylaniline.

The k, for sulfobetain was also in fair agree-
ment with k, for quinoline, triethylamine, and
diethyl sulfide.

Consequently, this suggests that the early stage
was independent of the rate of eq 1, and [P¥]

a: after 10 minute.

in the PS polymerization with diethylaniline was
smaller than the concentration of initiator.

In the bulk polymerization of PS with quinoline
and pyridine at 80°C, the formation of zwitterion
(sulfobetain) from initiator and monomer was di-
rectly monitored by using an NMR spectrometer.

Figure 5 shows the NMR spectrum of the
bulk polymerization of PS.

The NMR spectra (Figure 5a) at 10 min after
the beginning of polymerization consist of peaks
caused by the monomer, the quinolinium cation
group, and a very small amount of quinoline
remaining in the system.

After 30min, the NMR peaks due to the
methylene adjacent to the quinolinium cation
appeared (Figure 5b, =N"—CH,—; 5.3 ppm).

In the polymerization with pyridine, the NMR
spectra consisted of peaks due to the pyridinium
cation group (8—9 ppm), the methylene (4.9 ppm)
adjacent to the pyridinium cation group, and
the monomer at 10 min after the beginning of
the PS polymerization (Figure 6).

These NMR peaks were identified by compar-
ing this NMR spectrum with that of sulfobetain
and polymer.*

From these experimental facts, it seems to be
quite all right to consider that the reaction of
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Figure 5. Bulk polymerization of PS in NMR sample tube:

80°C.
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after 10 minute.
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Figure 6. Bulk polymerization of PS in NMR sample tube: PS, 11.09 mol/; pyridine, 0.79 mol/l;

80°C.

eq 1 proceeds rapidly to form the zwitterion in
good yield in the presence of a large excess of
monomer without solvent.

Accordingly, assuming that the reaction of eq 1
proceeds rapidly, and k, for propagation with
each initiator are in fair agreement with each
other, the rate-determining step at the slow ini-
tiation seems to be the following reaction (eq 8)

07—80, CH,CH,CH,
CH, + | | —
SO,—O

R,N*
\CH,CH,”
R,N"CH,CH,CH,S0,0CH,CH,CH,S0,0"

(8)

This conclusion would be explained in the
following manner: The low reactivity of the
anion side of the zwitterion can be expected
from the effect of the neighboring quarternary
ammonium cation, and the coulombic energy
of charge separation in eq 8 would be higher
than that in the propagation step (eq 9)

CH,CH,CH,
~ CH,80,0" + | l
SO,——O

— CH,SO,0CH,CH,CH,S0,0~

kp
—_—

(9)

In such a case, the zwitterion (III) cyclizes to
form an intramolecular ion-pair.
From the above description, it was concluded

Polymer J., Vol. 8, No. 1, 1976

that the polymerization of PS with tertiary
amines proceeded via eq 1, 8, and 9, and the
induction period was observed for eq 8. This
was explained by the reactivity of the anion side
of zwitterion. The reactivity of zwitterion is
affected by the electron-attractive effect of the
quarternary ammonium cation on the intramo-
lecular ion-pair.

After eq 8 was completed, polymerization
proceeded without termination. The propaga-
tion step was not affected by the initiator, and
it proceeds by the reaction of the sulfonate anion
with polymer and monomer (eq 9).

Consequently, the propagation rate constants k,
for quinoline, triethylamine, diethyl sulfide, and
sulfobetain (formed from PS and diethylaniline)
showed fairly close agreement with each other.

For the ring-opening polymerization of §-
propiolactone and 2-methyl-2-oxazoline, it has
been reported that the early step of polymeriza-
tion was affected by the reactivity of zwitterion
formed from monomer and initiator.>*

EXPERIMENTAL

Reagents

The monomer PS was a commercial sample.
It was dried with sodium sulfate and purified by
repeated distillation under nitrogen; bp 129.5—
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131°C/8.5—9 mmHg. The quinoline, pyridine,
diethyl sulfide, triethylamine, and diethylaniline
were commercial samples, and were distilled
under nitrogen before use. Acetonitrile and
benzene were dried with P,O; or metallic sodium
and distilled.

Addition Reaction of PS and Tertiary Amines
The rates of reaction were measured by gas-
chromatography using an internal standard. The
reaction was carried out at the equimolar of
PS and tertiary amines at reflux in benzene or
acetonitrile. The amounts of PS were measured
at appropriate intervals of time, and rate con-
stants were evaluated from the plots of Figure 4.

Chromatograph:
Column:
Carrier gas:

Silicon SE-30 (5%) 2m
H, (60 m//min)

Bulk Polymerization of PS with Tertiary Amines

or Diethyl Sulfide

Polymerization was carried out in a sealed
tube. PS was placed into a glass tube and was
dried under high vacuum. Then the glass tube
was filled up with dry nitrogen gas. An initiator
was added to this solution with a microsyringe.
After the glass tube was sealed, it was left in
the thermostat bath for the required time.

After the polymerization, the reaction mixture
was poured into excess methanol, and the pre-
cipitated polymer was separated by filtration,
washed with methanol, and weighed.

20

The progress of change of PS and initiator to
zwitterion in the early step of PS polymerization
was directly determined by means of NMR
spectroscopy. PS was introduced into an NMR
sample tube at 80°C, and then tertiary amine
as an initiator was added. The polymerization
system was monitored by recording NMR spectra
at several reaction times on a Varian HA-100
NMR spectrometer.

Bulk Polymerization of PS with Sulfobetain

Equimolar amounts of PS and diethylaniline
were charged into a glass tube. The glass tube
was placed in the thermostat bath (80°C) for
4hr. And then PS as a monomer was introduced
in this glass tube.

Polymerization was carried out in the same
manner as described above.
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