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ABSTRACT: The polymerization of N-methylazetidine (NMA) with triethyloxonium 
tetrafluoroborate in dichloromethane has been studied. This polymerization is charac
terized by an instantaneous and quantitative initiation reaction followed by a relatively 
fast propagation. The existence of a termination by reaction of the growing chains 
with amino groups of the polymer chain was shown by kinetic and viscosity measure
ments. The propagation constants kp and termination constants kt at different temper
atures were calculated. The enthalpies of activation for propagation and termination 
are respectively !lHp* =57 kJ mol-1, !lHt* =63 kJ moJ-1, and the corresponding entropies 
of activation are JSp*=-71Jmol-1 K-1 and JS,*=-117Jmol-1 K-1• These results 
have been compared with those obtained earlier for 1,3,3-trimethylazetidine. 
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During the last five years several reports on 
_the polymerization of four-membered cyclic 
amines, azetidines, have been published. 1 - 6 In 
a previous publication we reported that the ca
tionic polymerization of l ,3,3-trimethylazetidine 
(I) leads to a "living" polymer. This was ex
plained by the fact that the basicity of the 
nitrogen atom in the monomer is considerably 
higher than that in the corresponding polymer. 
In addition the steric hindrance around the 
amino groups in the polymer is greater than that 
around the monomeric amino group. As a result, 
termination by an attack of a polymeric amino 
group on the active center of the growing chain 
is negligible compared to the propagation re
action. Similar results have been obtained by 

Enikolopyan1 and coworkers for the cationic 
polymerization of conidine (II). In the present 
work the results of a study on the cationic poly
merization of N-methylazetidine (NMA) (Ill) are 
reported. This monomer has a basicity7 close to 
that of linear tertiary amines and therefore it 
seemed to be of interest to investigate whether 
or not this polymerization would also be of a 
living type. 
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RESULTS 

The polymerization of N-methylazetidine 
(NMA) was carried out in dichloromethane, 
with triethyloxonium tetrafluoroborate (TEFB) 
as the initiator, at temperatures ranging from 
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0° to 40°C. Poly-NMA, as isolated from the 
polymerization mixture after the kinetic meas
urements were stopped, is a tacky substance. It 
is soluble in chlorinated hydrocarbons, ethanol, 
diluted aqueous acids, and insoluble in ether, 
benzene, and toluene. 

Time-Conversion Curves 
Time-conversion curves of polymerizations 

obtained for different concentrations of initiator 
and for varying temperatures are shown in 
Figures 1 and 2. The polymerizations were 

followed by dilatometry. At the point the dil
atometric measurements were stopped, the con
version was determined by NMR spectroscopic 
analysis of the reaction mixture. 

The first-order plots gave straight line curves 
in the early stages of the polymerizations only, 
indicating the presence of a termination reaction 
(Figure 3). 

Viscosity Measurements 
As shown in Figure 4, the reduced viscosity 

of the polymerization mixture continues to in-
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Figure 1. Time-conversion curves for the polymerization of NMA in CH2Cb at 30°C. [M]o=0.975 
mol /-1; [C]o=A, 0.01; B, 0.015; C, 0.0275; D, 0.037 mol /-1• 
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Figure 2. Time-conversion curves for the polymerization of NMA at various temperatures in 
CH2Cb. [M]o=0.975 mol /-1; [C]o=0.037 mol /-1; temp: A, 10; B, 20; C, 25; D, 30°C. 
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Figure 3. First-order plots of the polymerization of NMA in CH2Cl2 at 30°C. Conditions are the 
same as shown in Figure I. 
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Figure 4. Viscosity of polymerizing NMA solution and time-conversion curve in CH2Cb at 30°C. 
[M]o=0.47 mol /-1; [C]o=0.035 mol z-1• 

crease after the polymerization has reached high 
conversion levels, proving that the molecular 
weight of the polymer increases without mono
mer consumption. 

Additional Experiments 
In order to see whether, after high conversion 

has been attained, the polymer still contains ac-

Polymer J., Vol. 9, No. 3, 1977 

tive centers, more monomer was added to the 
reaction mixture. This freshly added monomer 
started to polymerize immediately but the rates 
of these second polymerizations decreased as the 
initiating polymer solution became older. Ex
amples of time-conversion curves of second 
polymerizations are shown in Figure 5. 
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Figure 5. Second monomer addition experiments. Time-conversion curves for NMA in CH2Cb at 
30°C: e, original polymerization; O, monomer added 360 min after first initiation; ...,., monomer 
added 600 min after first initiation. 

DISCUSSION 

Initiation Reaction 
The initiation reaction in the polymerization 

of NMA with TEFB is obviously an alkylation 
of the monomer with formation of the corre
sponding azetidinium salt. 

CH2 

/ "' CH2 N-CH3 + EtaOBF4 ----4 

"' / CH2 
CH2 CH3 

/ "'-+/ 
CH2 N + Et2O 

"' / "' CH2 Et 
BF,-

This reaction occurs instantaneously and is 
quantitative as was proved by means of NMR 
spectroscopy. On adding an excess of TEFB to 
the monomer, within seconds, all monomer dis
appeared and the corresponding azetidinium salt 
was formed. 

Propagation Reaction 
The most plausible propagation reaction in

volves a nucleophilic attack of the nitrogen atom 
of the monomer at the a-carbon atom of the 
azetidinium ion. 
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The driving force of this reaction is opening 
of the strained active chain end, and monomer 
is acting as a nucleophile that causes the ring 
opening. 

The rate of polymerization Rp, at any mo
ment, is given by: 

Rp=-d[M]=kp[Pn+][M] ( 1) 
dt 

where [M] is the monomer concentration and [ P n +] 
the concentration of growing chains. 

The slope of the tangent at the first-order plots 
at any time is given by 

d In [M] __ 1_ ~[M] 
dt [M] dt 

( 2) 

Equations 1 and 2 gives 
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( 3) 

Because the initiation reaction is instantaneous 
and quantitative, at t=O, [P,/]=[C]0 and eq 3 
leads to 

I. d In [M] _ k [CJ 
1m1-o dt - - p o ( 4) 

with [C]0 =the initial concentration of TEFB. By 
plotting the tangent of the initial slope of the 
first-order plots vs. the corresponding [C]0 values, 
the kp values can be determined. The results 
are given in Table I. 

Termination Reaction 
If there had been no termination reaction, the 

concentration of growing species would have 
remained constant throughout the polymeriza
tion and be equal to [C]0 • First-order plots should 
give straight lines, but as shown in Figure 3 this 
is not the case. Also the second monomer addi
tion experiments demonstrate that the concen
tration of active species decreases as a function 
of time. These observations are in concordance 
with the occurrence of a termination reaction. 
The most plausible mechanism for this termi
nation reaction is that the growing species is 
attacked by an amino function of the polymer 
chain instead of monomer. In this way the 
strained azetidinium ion, which provides the 
driving force for propagation, is transformed 
into a linear (or eventually macrocyclic) non
strained and therefore unreactive quaternary 
ammonium salt. 

If the reacting amino group is part of another 
polymer chain, branched structures will be form
ed. As a consequence the viscosity must con-
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tinue to increase even at high monomer con
version because of the progressing termination 
reaction. As shown in Figure 4 this phenomenon 
was indeed observed. 

From the change in polymerization rate Rp, 
as a function of time, the propagation and ter
mination rate constants kP and kt can be cal
culated. 

The value of Rp at any time t, is the slope of 
the tangent at the corresponding point on the 
time-conversion curve. If the termination oc
curs by reaction of the active species with an 
arbitrary polymeric amino group (the concen
tration of which is equal to that of monomer 
already polymerized) the rate of termination R, 
will be given by 

Rt=- d[P,,+]=kt[Pn+]([M]o-[M]) ( 5) 
dt 

from which 

In [ Pn +]=ln [ Pn +]0-kt ~:c[M]0 -[M])dt ( 6) 

Since the initiation reaction is immediate and 
quantitative the initial concentration of growing 
chains [ P n +]0 is equal to [C]0 , thus 

In [Pn +]=In [C]0-k1 ~: ([M]o-[M])dt ( 7) 

or 

[Pn+]t=[C]0 exp{-kt ~:c[M]0 -[M])dt} (8) 

~: ([M]0 - [M])dt corresponds to the area I under 

the time-conversion curve up to time t, if the 
molar concentration of monomer which has been 
polymerized ([M]0-[M]) is plotted on the y-axis. 
Equation 8 can be written as 

[P+]=[CJoe-ktI ( 9) 

Combination of eq 9 and 1 gives 

Rp= kp[M][C]0e-ktr (10) 
or 

R In P =ln kp-k1l (11) 
[M][CJo 

By plotting Rp/[M][C]0 vs. the corresponding I, 
a straight line with a slope equal to kt and inter
cept of the ordinate equal to In kp is obtained. 
Figure 6 shows such plots for polymerizations 
carried out at various temperatures. The values 
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Figure 6. Determination of kp and kt at different 
temperatures according to eq 11. 

of kP and kt obtained from those curves are 
summarized in Table I. 

According to eq 12, 

In kp = In k* + LJS* - LJH* (12) 
T h R RT 

k*=Boltzman constant, h=Planck constant 

the enthalpy of activation LJH* and the entropy 

of activation LJS* for the propagation and the 
termination reactions were determined by plot
ting In kp/T and In ktfT vs. 1/T, respectively 
(Figure 7). These thermodynamic parameters 
are brought together in Table II. For compari
son, the corresponding values for 1,3,3-trimethyl
azetidine (TMA) have been added. 

At room temperature the ratio kp/kt for NMA 
is ca. 230. This means that the monomeric 
amino function is 230 times more reactive than 
the polymeric amino function in its reaction with 
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Figure 7. Determination of thermodynamic pa
rameters according to eq 12. 

Table I. Rate constants for propagation and termination 

[M]o, [C]ox 102, Temp, kpxl02,a 
mol /-1 mol /-1 oc l mo1-1 sec-1 

kpxl02,b kt X 105,b 
l mol-1 sec-1 l mol-1 sec-1 

0.975 1.00 30 1.08 1.09 4.30 
0.970 1.50 30 1.06 1.02 4.44 
0.975 1.84 30 0.95 0.98 4.20 
0.975 2.67 30 0.96 0.9 4.77 
0.974 3.66 30 1.10 1.08 4.45 
0.487 3.66 30 0.98 
0.979 3.70 25 0.68 0.63 2.50 
1.095 2.06 20 0.48 0.49 2.00 
0.976 2.76 20 0.47 0.50 1. 70 
0.975 3.68 20 0.46 0.45 1.56 
0.975 3.68 10 0.23 0.21 0.65 

• Determined from initial slope of first-order plots. 
b Determined according to eq 11. 
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Table II. Thermodynamic parameters for the polymerization of NMA and TMA 

Monomer iJHp*, kJ mol-1 JSp*, Jmol-1K-1 '1Ht*, kJ mol-1 '1St*, J mol-1 K-1 

CH3 CH2 

"' / "' C N-CH3 75 

/ "' / CH3 CH2 

the azetidinium ion. Since the basicities of these 
two amino functions are not very different, this 
leads to the conclusion that basicity is not the 
major factor that determines the rates of these 
reactions. It is believed that steric hindrance 
around the nucleophilic nitrogens is the rate deter
mining factor. Due to its cyclic structure, the 
monomeric amino function is very little sterically 
hindered compared with the polymeric ones. 
This influence of steric hindrance is reflected in 
the marked difference between JS/ and JS/. 
The importance of steric hindrance is confirmed 
on comparion of the polymerization of NMA 
with that of TMA. The latter monomer poly
merizes much more slowly than the former be
cause it shows not only a higher JH/ but also 
a much more negative JS/. This can be attri
buted to the much higher steric hindrance caused 
by the gem-dimethyl groups on the monomer as 
well as on the active species. 

The effect of these gem-dimethyl groups is even 
more pronounced in the polymer since poly-TMA 
did not show any sign of termination even at 
8O°C. 

CONCLUSION 

The cationic polymerization of NMA with 
TEFB is characterized by a very fast initiation 
reaction followed by a relatively fast propagation 
and a slow termination, occurring between the 
active species and the amino functions of the 
polymer. It can therefore be classified under 
the "suicidal" polymerizations8 since the reac
tion is killed by its own polymer. The transfer 
of the onium salt from active species to the 
polymer chains has already been observed with 
other four-membered heterocycles such as the 
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thietanes9 and selenetanes.10 Quite recently 
this has also been found to occur in the poly
merization of oxetane. 11 Therefore it may be 
safely accepted that this is a general behavior 
in cationic ring-opening polymerization of four
membered heterocycles. In the case of thietanes 
it has been found that the relative importance 
of the termination compared with propagation 
is greatly influenced by the presence of sub
stituents on the monomer. 12 From this paper 
it follows that the same effect is found in the 
case of azetidines: TMA polymerizes much 
more slowly than NMA but with the former 
monomer the termination is no more detectable. 
Although the absolute rate of polymerization 
decreases, it appears that the presence of sub
stituents retards the termination more than it 
does the propagation. 

EXPERIMENTAL 

Materials 
N-Methylazetidine (NMA) was prepared by 

ring closure of N-methyl-3-hydroxypropylamine, 
according to the method of Gabriel. 13 The 
amino alcohol was synthesized as described by 
Schloegl. 14 The monomer was dried on sodium 
and purified by fractional distillation; bp 41 °C 
(lit. 13 4O°C). It was freshly distilled just before 
use. Gas chromatographic analysis indicated a 
purity higher than 99.9%. 

Triethyloxonium tetrafluoroborate (TEFB) was 
prepared as described by Meerwein15 and purified 
by several reprecipitations with ether from its di
chloromethane solution. It was stored at -3O°C 
as a solution in dichloromethane. 

Polymerization Procedure 
The kinetic measurements were carried out 
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by dilatometry. After solvent, monomer, and 

initiator had been introduced, the dilatometer 
was connected to a vacuum line, the solution 

being cooled in liquid nitrogen. The apparatus 

was sealed off under vacuum and then put in a 

water bath thermostatted at the desired temper
ature. The decrease of the volume of the re

action mixture during polymerization was de

termined by monitoring the level of the solution 

in the capillary tube by means of a cathetometer. 

The concentrations of monomer and polymer at 

the end of the dilatometric measurements were 

determined by NMR spectroscopy with a Varian 

HR-300 apparatus. The triplet at a 3.12 ppm 

corresponding to the a-methylene groups in NMA 
was shifted to a 2.25 ppm in the polymer. The 

ratio of monomer to polymer was obtained by 
integration of these methylene protons. 
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