Polymer Journal, Vol. 13, No. 1, pp 33—39 (1981)

Polymerization of Oxetanes with Organoaluminium Catalysts.
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ABSTRACT: Molecular-weight distributions and polydispersity parameters of the polymers
formed in the polymerization of 3-methyl-3-chloromethyloxetane with the Al(-C,H,);-H,O
catalyst system have been investigated. It was shown that the main feature of this process is the
ability of macromolecules to regulate their own size in the formation of a polymer of high molecular
weight (~10°) and narrow molecular-weight distribution (M,/M,=1.30+0.05) without any
dependence on conversion, and the initial monomer and catalyst concentrations. Proceeding from
the suggestion that the ratio of the termination to propagation-rate constants (k,/k,) depends on the
size of the macromolecules, equations for the unnormalized weight molecular-weight distribution
(MWD), and polydispersity parameters were derived. The experimental and calculated values of
weight MWD and polydispersity parameters are in satisfactory agreement. On the basis of these
data, a model for polymerization is proposed, assuming the formation of an active centre in the
form of an ion-pair of the polymer zwitter-ion solvated by its own polymer chain. This model
explains adequately the dependence of the k/k, ratio on the degree of polymerization and the
observed molecular-weight characteristics of the polymer.
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It was shown in the preceding paper' that the
polymerization of 3-methyl-3-chloromethyloxetane
(MCMO) with the Al(i-C,H,),—H,O catalyst system
involves not only the initiation and propagation
reactions but also the termination of growing chains
and the deactivation of the catalyst by the polymer.
The propagation, termination, and initiation con-
stants can be arranged in the following order:
ko> k> k;. The lifetime of each macromolecule is
much shorter than the time of the entire process and
quasi-monomolecular reactions dominate the termi-
nation stage. After a relatively short induction
period, a situation typical of the ‘“‘equilibrium”
polymerization could be observed: M, and the width
of the unimodal molecular-weight distribution
(MWD) do not change with conversion (see Table I

in ref 1).

However, in this case the M, /M, and M_ /M,
ratios are much lower than the “most probable”
ratio (M,,/M,=2.0) or the “recombination” ratio
(M, /M,=1.5)* and are nearly equal to each other.
The systematic increase in the M, /M, ratio as
compared to the M /M, ratio does not exceed 5.0%;.

EXPERIMENTAL

Procedures

Polymerization was carried out by a previously
described method.! The number-average molecular
weight was determined by osmometry with a High-
Speed Membrane Osmometer, Hewlett—Packard,
model-502 automatic apparatus in toluene solution
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at 37°C. MWD and polydispersity parameters were
calculated with a Mir-2 computer (USSR) accord-
ing to the data of high-speed sedimentation de-
termined with the 3170 analytical centrifuge (MOM,
Hungary). Sedimentation coefficients (S) were de-
termined in methyl ethyl ketone at 21°C and the
rotor speed of 40 000 rev min~! and the distri-
butions of shifts g(x) were established at different
times and at four different concentrations. Diffusion
coefficients were determined with a Tsvetkov po-
larizing diffractometer® and with an ultracentrifuge
at a low rotor speed. Sedimentation coefficients were
‘extrapolated to zero concentration, according to the
equation 1/s=(1/S,) (1+k.c), the value of k, being
40dlg™! at S,=26 Svand 2.3dlg ! at S§,=23 Sv.
Molecular weights were calculated according to
Svedberg’s equation from S, and D and the value of
partial specific volume (7) taken to be approx-
imately equal to reciprocal density i~1.17 cm®
g

The MWD curves were calculated from sedimen-
tograms by a published method.* Distributions of
shifts g(x) were converted into those of sedimen-
tation coefficients g(S). Several distributions g(S)
obtained at different times were converted into a
single distribution corresponding to infinite time.
This prevented the diffusion spreading of the
sedimentation boundary. As a result, the distri-
butions of sedimentation coefficients g(S) were
obtained at four concentrations for each sample.
The exclusion of concentration dependence S(c) led
to the distribution curve of sedimentation constant
g(S,) the relative width of which ¢,/S (see Table I in
ref 1) is the experimental characteristics of poly-
dispersity. If the dependence S,~ M° is assumed,
parameters o,/S can be converted into the poly-
dispersity characteristics M,/M,,={[1/(1—b)](c,/
S)}? and if the Schultz distribution is assumed,
the parameters of inhomogeneity M, /M, can be
evaluated (data reported in Table I in ref 1). The
closeness of the values of molecular weights
and polydispersity parameters is also retained
if another limiting value of the exponent (1—5)=
0.4 is incorporated into the equation S,=
kM P, This value could have been corrected to
osmometric values of M, but we did not do so,
taking into consideration the agreement between the
osmometric values of M, and those obtained from
sedimentation analysis.

Virtually the same polydispersity characteristic
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values were obtained by treating the sedimentation
curves in the Gaussian approximation according to
a published method.* This also made possible
avoiding the distorting effect of concentration and
diffusion spreading of the concentration boundary
on the g(S,) shape.

RESULTS AND DISCUSSION

It follows from the general principles of the
statistic theory of polymerization® that when the
statistical width of MWD and the absolute values of
g-average molecular weights (MW) are independent
of conversion and when recombination is im-
possible,! the distributions more narrow than the
“most probable” distribution (and, even to a greater
extent the ‘“‘recombination” distribution) appear
only if the propagation to termination-rate ratio
(R,/R,) decreases with a increase in the length of the
growing chains. It is known that in the most general
case when, in stationary processes, the probabilities
of chains propagation or termination depend on
chain length, the equilibrium distribution is de-
termined by the equation,?

M
go(M)=a(M)exp _,[ «o(M)dM 1)
0

where a(M)=R,/R,=F(k/k,).

In our case, the parameters of polydispersity do
not change with conversion. This means that the
distribution parameter « depends on one parameter
only, MW, but does not depend on conversion. The
dependence of « on MW can be brought about by a
change in either k, or k, or both of these with
increasing MW.

It may be expected that this dependence is
continuous and that it can adequately be described
by an approximation of the type,

a(M)=o,M? 2

where o, and S are constants that should be
determined.
In this approximation eq 1 becomes,

g(M)=ayMP exp —%M‘” ' 3)

The distribution moment of the order v is given by,

e M_<ﬂ+1)"“/’+”v r( ; )
M=j0Mq“(M)d “\ g B+1 \B+1

@
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where I' is the complete gamma-function.

It follows from the character of averaging that all
moments M* are number-average values of M. The
first v-average weight (M) is the number-average
molecular weight (M,).

Using eq 4 it is easy to obtain the expressions for
the corresponding average molecular weights and
polydispersity prameters,
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Equations 5 and 6 show that polydispersity
parameters depend only on the f constant. Its
numerical value can be determined by selection,
comparing the experimental values of polydispersity
parameters and their values calculated from eq5
and 6 (Table I). The data in Table I shows that at
p=0.9—1.0 the calculated values of M,,/M, and
M,/M,, are closest to experimental values (see Table
I in ref 1). The agreement between the calculated
and experimental values of polydispersity param-
eters shows that the selected approximation (eq2)
is valid and actually means that the distribution
parameter o (or the k /k, ratio) is proportional to
MW.

Substituting the value of f=1.0 into eq3 and
multiplying by MW(M), we obtain the expression
for the unnormalized weight MWD,

o
q.,=M?exp (—EOM2>. )
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Table I.

Parameters of polydispersity calculated

according to eq 5 and 6 vs. value

of the f coefficients

ﬁ MW/M'I MZ/MW
0.5 1.46 1.27
0.6 1.41 1.25
0.7 1.37 1.23
0.8 1.33 1.21
0.9 1.30 1.19
1.0 1.27 118
L1 1.25 1.17
1.2 1.23 115
1.3 1.21 1.14
1.4 1.19 1.13
L5 1.18 1.13

a, (M x107

0 10 20
M X107>
Figure 1. MWD curves of poly(MCMO) for con-

versions of (1) 4.6% and (2) 89.0%. Points represent the
experimental values and lines represent the calculated
values. Initial conditions: [M,], 0.55 moll™!; [H,0],
0.003 mol 17%; [i-Bu,Al], 0.01 mol 17*; a chlorobenzene
solution, 20°C.

It is possible to determine «, from the condition
of the coincidence of the maxima for calculated and
experimental curves of weight MWD. Under this
condition, we have

dg,

%o
Wz(szax - aOM::ax) exXp <_7 Mrznax> =0.

Hence, ay=2/M?2,, where M, is the MW value
corresponding to the maximum of the experimental
curve of weight MWD.

Using eq 7, we obtain the final expression for the

unnormalized weight MWD,

MZ
gy=M?exp <—M2 ) ®)

max

35



G. P. ALEKSIUK et al.

The curves of weight MWD calculated according
to eq8 reproduce satisfactorily the experimental
results (Figure 1). The curves are normalized to the
maximum value of the ordinate of experimental
curves of weight MWD. Satisfactory agreement
between the experimental and calculated MWD
curves and polydispersity parameters confirms the
suggestion that the k/k, ratio depends on the length
of the growing chain.

In our kinetic analysis of the MCMO poly-
merization,’ the dependence of propagation and
termination constants on the length of the growing
chain was not taken into account. Therefore it
should be shown that this dependence does not
contradict the assumed kinetic scheme of the
process on the basis of which the main kinetic
equations were derived and by which constants for
the elementary reactions were calculated.

It has been shown previously® (see theorem (eq 1))
that the kinetic scheme of reactions of single-centre
addition polymerization satisfies the condition of
quasi-stationary propagation under which the ratio
of the probability of propagation to that of
termination is determined only by the length of the
growing chain. This scheme does not depend on
conversion, and both the MWD of “dead” chains
(DC MWD) and that of the growing chains (GC
MWD) depend on the relative values of pro-
pagation and termination constants rather than on
their absolute values. The same values of DC MWD
and GC MWD correspond to each number-average
degree of polymerization (P,) regardless of the ratio
and absolute values of initial monomer and catalyst
concentrations.

Since it was shown experimentally that in the case
considered P, is independent of conversion, it
follows that in accordance to ref3 GC MWD also
remains constant during polymerization. Thus, we
have

[e¢]
n*=Y n¥
j=0

is the current concentration of growing chains and

0

ky=Y k;n¥/n*=const,

j=0
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since nf/n*=const; is the number-average norma-
lized GC MWD.
In a similar manner, it is possible to determine

” " nJ

k; —jgo k o

so that the equation dn*/dt=—k/'n* should be
satisfied.

Hence, the hypothesis that k, and &, depend on
the length of the growing chain does not contradict
the kinetic analysis carried out previously.!
However, the rate constants for elementary re-
actions determined previously! should be con-
sidered as “‘average kinetic” constants obtained by
averaging over the GC MWD, i.e., by averaging
over lengths. They cannot determine P, since this
value is determined from the averaged k,/k, ratio
rather than from the average values of &, and £,
constants.

Hence, we established that in the MCMO
polymerization with the i-BuyAl-H,O catalyst sys-
tem, a real mechanism of self-limitation of chain
propagation exists and that the k,/k, ratio increases
with the degree of polymerization. These facts show
that the Flory principle, which states that the
reactivity of an active centre of a linear macromo-
lecule is independent of the length of the polymer
chain, is not observed here. It is not observed if the
free energy of the growing chain varies non-linearly
with its length. In principle, this may be due to
various structural or energetic factors.

Our analysis of this situation showed that the
most satisfactory interpretation of experimental
data is based on the concept of a ‘“cyclic”
propagation of the polymer chain. In accordance
with this concept, the growing macromolecule is a
zwitter-ion. Owing to electrostatic interaction, its
charged ends do not become separated from each
other during chain propagation but associate to
form an ion-pair which is the active centre.

A similar mechanism of chain propagation was
observed in the anionic polymerization of acrylo-
nitrile, formaldehyde, and p-propiolactone with
triethylphosphine® and in the polymerization of «-
oxides with cationic catalysts.’

Evidently, if chain propagation occurs via a ring
closed with an ionic-pair, the thermodynamic
disadvantage of this stage increases with the chain
length as a result of a decrease in cyclization
entropy, and the probability of dissociation of
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charged-chain ends increases. The *“‘breaking” of the
ring via the ion-pair leads to a sharp gain in
configurational entropy. The higher the degree of
polymerization of the “living” macroring, the
greater is this gain. Model calculations taking into
account the entropy contribution to the free energy
of the chain that grows via the ring®® have shown
that the dissociation constant of the ion-pair of a
polymer zwitter-ion is a function of the degree of
polymerization of the growing chain and increases
with ring size.

The energetic barrier, at which the ring “‘breaks,”
occurs at the moment when the forces of electro-
static interaction can no longer compensate for the
increasing thermodynamic disadvantage of the
propagation “via ring formation.” In the approxi-
mation used (eq2), the B parameter takes into
account the effect of all possible factors (thermal or
entropy factors), limiting and determining the size
of the growing macroring.

In the case being investigated here, the dis-
sociation moment of charged ends of the polymer
chain should be considered similar to the irrever-
sible “decay” of the active centre as a result of its
interaction with a fragment of its own chain. The
fact that M,, MWD, and the polydispersity pa-
rameters are independent of conversion shows
that reactions of intermolecular termination or
reinitiation do not occur.

The autosolvation of the active centre by its own
polymer chain, and the polydentate character and
thermodynamic flexibility of the polymer chain
favour the preferred intramolecular termination.
The autosolvation effect, in turn, is due to the
presence in the chain of a donor heteroatom capable
of strong interactions with the cation. Hence, the
polymer can successfully compete with the mo-
nomer for the formation of the solvent layer of the
active centre.

It should be borne in mind that the longer the
chain, the higher is the probability of the location of
the active centre inside the polymer coil. In this case,
the coefficient of the monomer diffusion to the active
centre should decrease with the degree of poly-
merization, leading to a limitation of propagation
rate. Diffusion effects cannot be the major factor in
the mechanism of self-regulation of the size of the
macromolecules itself since, close to the active
centre, the dependence of the solvent layer on the
chain length is weak and the density of the entire
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coil should decrease with chain length.'°

Hence, this model of polymerization “via ring
formation” adequately accounts for the increase in
the k/k, ratio with the degree of polymerization
(owing to increasing k, and decreasing k,) and
agrees with the experimental data.

When the polymer chain grows ‘“via ring for-
mation,” the size of the macromolecule is de-
termined primarily by the tendency of the ion-pair
of the polymer zwitter-ion to undergo dissociation
and this tendency increases with the degree of
polymerization. The oxonium ion in the ion-pair is
shielded by the counter-ion and this prevents its
interaction with the polymer chain. At the moment
of dissociation, unoccupied vacancies appear in the
solvent layer of the oxonium ion. In consideration
the difficulty of the monomer diffusion to the active
centre, it may be assumed that the probability of
occupying these vacancies by the polymer is very
great. The preferred interaction of the cyclic
oxonium ion with a fragment of its own chain leads
to the formation of a monomacroring and to the
decay of the active centre as shown by the following.

3

CH 8/CH2\
2 CRy K CH
Rg/‘ \QHZ/ Xt ?( ] 2
’ R,
: AL S
\'“--CH2—O'—CH2'"" ~CHy 0 —CHs

Since the probability of intramolecular termi-
nation by the proposed mechanism does not depend
on the monomer and polymer concentrations, it
becomes clear as to why the molecular-weight
characteristics of the polymer do not depend on the
initial concentrations of the monomer and the
catalyst, and conversion. Evidently, if chain pro-
pagation and termination occur by this mechanism,
the values of M,, MWD, and parameters of
polydispersity are determined only by the ratio
of the k/k, constants which depends on the size
of the macromolecules and the polymerization
temperature.

Our results do not permit a strict formulation of
the chemistry of the elementary reactions in the
polymerization of MCMO with the i-Bu;Al-H,0
catalyst system. However, by taking into account
the literature data available, the polymerization
scheme may be represented as follows.

The mechanism of the formation of active centres
comprises two stages:
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1. The addition of the monomer to the alum-
oxane solution leads to the rapid formation of stable
complexes with the (1:1) composition.

2. The initiation stage consists in the transfor-
mation of this complex into the active centre by a
ring opening in the complexed monomer and the
formation of a cyclic oxonium ion capable of
initiating chain-propagation.

The second stage consists of two elementary
reactions: the nucleophilic coordination of a mo-
nomer molecule with the a-carbon atom of the
monomer molecule complexed with alumoxane and
the ionic-ring opening with the addition of this
molecule to the broken bond. The first reaction is
reversible and, as quantitative analysis of kinetic
data shows, the equilibrium shifts to the left and k;
is much less than k’;. The second reaction is
irreversible and leads to the formation of a zwitter-
ion whose positive charge is borne by the cyclic
oxonium ion.

0
CH. ' "
/Al/ \Al\ o AN 5L.>A1/ \Al’ X
w2k \5 cnz\
/ \ 2 CHZ \ /R2
2 \CRZ/ \CR
it AINe,
—= >p LS CHz /CH2

0

I |

CH CH.
?\CRZ/ 2

The suggested mechanism of the formation of
active centres is approximate and requires further
specification. For example, the part played by the
second aluminium atom in the alumoxane molecule
is not clear.

The propagation also consists of two stages:

CHy Chp ky [ CH

\ Ny —Pa / N, (Kb
—CH,—0 CRy+ 0 CR, === |-..—CH CR,|-2-
2 2 2= s 2
Ny Neny 2 Kp ! \.cn/
2 2 ‘ @ 2
CH N
2 Hotl eH
Ko o —CHy— > 2
5 2 °< CRy Nery J
i ! 2
R
HoC CH
2 >
Nery

2

The first stage is the nucleophilic coordination of
the monomer molecule to the a-carbon atom of the
cyclic oxonium ion. This is a reversible reaction but
the equilibrium strongly shifts to the right, k is
much greater than k_,, and the active centre is
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always complexed with the'monomer. In the second
stage, the monomer molecule is attached to the
broken bond of the oxonium ion with the formation
of a new cyclic-oxonium ion. This is an irreversible
reaction and proceeeds more slowly, its rate
determining the propagation rate.

For simplicity of the scheme, the counter-ion has
been omitted but it should be remembered that
propagation occurs by the ion-pair of the polymer
zwitter-ion and the polymer chain solvates its own
active centre.

The deactivation of the catalyst by the polymer is
brought about by the coordination of the polymer
with the a-carbon of the monomer complexed with
alumoxane. This prevents an attack of the catalyst
centre by the monomer and thus prevents initiation,

S / \Al\
1\/ \Al’\ /CHZ_,,,‘\(_ig >AIS
/ \ ”2'" Kasc \CH2 0
\CR/ 2 .....

The mathematical treatment of the kinetic data
showed that the equilibrium of this reaction shifts to
the right and k,, is greater than k... The displace-
ment of the monomer by the polymer from the
complex with alumoxane seems very doubtful since
these complexes are known to be very stable and
resistent to heat up to 100°C. Our data confirm this.
The inability of the alumoxane- (C,H;),0 system to
initiate the polymerization of MCMO shows that
the monomer is unable to desplace diethyl ether
from the complex with alumoxane.!!

CONCLUSIONS

The results of the present work show that the
polymer is an active component of the poly-
merization system and can profoundly affect both
the kinetics of the process and the molecular-weight
characteristics of the product. Hence, for a thor-
ough understanding of the mechanism for the
formation of hetero-chain polymers, it is necessary
to analyse in detail the possible participation of the
macromolecules in all elementary reactions of
polymerization. Otherwise serious errors can arise
in the interpretation of experimental results and in
the elucidation of the mechanisms for these
reactions.
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