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Kinetic Study of 1-Substituted Aziridines for 
Ring-Opening Polymerization Initiated with 
3-Hydroxy-1 -propane Sulfonic Acid Sultone 

SHIZUNOBU HASHIMOTO and TAKAYUKI YAMASHITA 

Department of Applied Chemistry 
Doshisha University 
Karasuma-imadegawa, Kamikyo-ku, Kyoto 602, Japan 

A B S T R A C T  

Kinetics of the cationic polymerization of 1-substituted aziridines, 
such as 1-methoxycarbonylmethyl aziridine, l-methoxycarbonyl- 
ethyl aziridine, and 1-benzyl aziridine, initiated with J-hydroxy- 
1-propane sulfonic acid sultone have been investigated, and the re -  
sults are compared with the results of the polymerization of 1-p- 
cyanoethyl aziridine. The course of polymerization of l-methoxy- 
carbonylmethyl aziridine involved a termination reaction due to 
the reaction between the growing endgroup and the imino group in 
the polymer chain. On the other hand, the polymerizations of 1- 
methoxycarbonylethyl aziridine and 1-benzyl aziridine were ter- 
minated by a backbiting reaction with the formation of a piper- 
adinium ring on the polymer end. The propagation and termina- 
tion constants were obtained at different temperatures, and the 
enthalpies of activation (AH*) and the entropies of activation (AS*) 
for this polymerization were calculated. 
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876 HASHTMOTO AND YAMASHITA 

Recently, the ring-opening polymerization of 1-substituted aziri- 
dines with such cationic initiators as 3-hydroxyl- 1-propane sulfonic 
acid sultone (PS),  methyl tosylate, and methyl iodide was described 
[l]. The effects of 1-substituted groups on polymerization were very 
interesting in this polymerization. For example, in the polymeriza- 
tion of the lower basic monomer 1-P-cyanoethyl aziridine (CEA, pK a 
5.45 [2] ), a high molecular weight polymer was produced, while the 
more basic monomer, 1-phenethyl aziridine (pKa 7.36 [2] 1, could 

not produce a high molecular weight polymer. It was presumed that 
the termination reaction in this polymerization was markedly af- 
fected by the basicity of the monomer. The course of polymerization 
of CEA involved a propagation stage and a termination reaction due to 
the reaction between the growing chain and the imino groups in the 
polymer chain [l, 31. The polymerization mechanism and the kinetics 
of CEA polymerization were reported in a previous paper [4], and the 
rate of polymerization of CEA i s  given by 

where R = rate of propagation 
P 

[MI 
[MI = concentration of the monomer 

[I] 
k = rate constant of propagation 

P 
k = rate constant of termination t 

= concentration of the initial monomer 

= concentration of the initial initiator 

Equation (1) has been used by others for the ring-opening polymer- 
ization of 3,3-bis (chloromethy1)oxetane [ 51 and 3,3-dimethyl thietane 
P1- 

In this report ,  in order  to explain the effects of 1-substituted groups 
in the aziridine ring for the polymerization of 1-substituted aziridine, 
a kinetic study of this polymerization was reported by using the follow- 
ing aziridines: 1-methoxycarbonylmethyl aziridine (MMA), 1-6-meth- 
oxycarbonylethyl aziridine (MEA), and 1-benzyl aziridine (BEA). 

E X P E R I M E N T A L  

M a t e r i a l s  

MEA was synthesized from ethyleneimine and methyl acrylate as 
described by Yoshida [7]. It was purified by repeated distillation in 
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1-SUBSTITUTED AZIRIDINES 877 

a nitrogen atmosphere (MEA, bp 76 OC/30 mmHg, NMR Hcis 1.16 ppm, 

MMA and BEA were synthesized from ethyleneimine and mono- 
Htrans 1.74 P P d .  

chloroacetic acid methyl ester o r  benzyl chloride by Bestain [81 (MMA, 
by 48"C/6 mmHg, NMR Hcis 1.21 ppm, Htrans 1.8 ppm; BEA, bp 109"C/ 

23 mmHg, NMR Hcis 1.24 ppm, Htrans 1.82 ppm in 10 wt% CDC13). 

3-Hydroxy- 1-propane sulfonic acid sultone (PS) and methyl tosyl- 
ate, as initiators, were commercial reagents which were dried over 
P205 and purified by distillation. 

P r o c e d u r e  

Polymerization was carried out i n  a sealed vessel. The monomer 
and an initial standard (0-dichlorobenzene for MMA, t-butylbenzene 
for MEA, and naphthalene for BEA) in acetonitrile were placed in a 
vessel and left in a thermostatic bath for 10 min. Then an initiator was 
added to this solution with a microsyringe. The rate of polymerization 
was measured by gas chromatography using an internal standard (Sili- 
con Gum SE-30; 2 m;  H2 gas, 60 mL/min at 90°C). The amount of 

monomer w a s  measured at appropriate intervals of time. 

R E S U L T S  AND DISCUSSION 

The bulk polymerization of 1-substituted aziridine was carried out 
with PS initiator at 30°C. The results are shown in Table 1. CEA and 
MMA could be polymerized with PS. They produced a white powdery 
polymer i n  high yield. A greasy polymer was obtained in the polymer- 
ization of BEA. An oily polymer was produced in the polymerization 
of MEA. The structures of the polymers obtained were confirmed by 
NMR spectra [ 11, and the molecular weight of each polymer was mea- 
sured in chloroform by a molecular weight apparatus (Corona Model 
117 vapor pressure osmometer). 

P o l v m e r i z a t i o n  of MMA 

The polymerization of MMA was carried out at several  tempera- 
tures  using PS in acetonitrile. The time-conversion curves of MMA 
are  plotted in Fig. 1. On the basis of these, the polymerization of 
MMA proceeds in a manner similar to that of the polymerization 
mechanism for CEA. Figure 2 shows plots of R /[MI [I] against Ji ([MI - [MI ) dt and gives a linear relationship as expected by Eq. 

(1). The polymerization of MMA with PS can be expressed by Eq. (1). 
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878 HASHIMOTO AND YAMASHITA 

TABLE 1. Ring-Opening Polymerization of 1-Substituted Aziridines 
with 3-Hydroxy- 1-propane Sulfonic Acid Sultone in Bulk (at 20°C for 
24 h, monomer, 5 mmol; initiator, 2 mol% of monomer) 

Yield 
Monomer elo, mP ("c)  qsp/ca MWb 

1-P-Cyanoethyl aziridine 98 111-115 0,78 7000 

1-Methoxycarbonyl- 
methyl aziridine 82 43- 54 0.46 4000 

1- 6-Methoxycarbonyl- 
ethyl aziridine 72 - - 

1-Benzyl aziridine 93 - 0.39 3 100 

c = 0.5 g/100 mL DMF at 30°C. a 
bMeasurements were made on a Corona Model 117 vapor pressure 

osmometer. 

0 100 200 

T i m e  ( m i n )  

FIG. 1. The polymerization of MMA with PS at different tempera- 
tures. Monomer: 1 mol/L in acetonitrile. Initiator: 0.05 mol/L in 
acetonitrile. Temperature: (0) 61"C, (a) 50.5"C, ( 0 )  30°C. 
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=: 
E 
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t I, ([MI0 - [MI) dt 

FIG. 2. The application of the experimental data (Fig. 1) to Eq. ( 1) 
and the effects of temperature: A t  61°C ( o): k = 7.60 X lo-’, k = 

17.4 x At  50.5”C ( B ) :  k = 4.70X lo-’, kt = 9.86x l om4 .  At 
30°C (*): k = 1.21 X lo-’, kt = 2.45 X 

P t 

P 
P 

From these results we conclude that the polymerization of MMA is 
initiated by PS, and that the propagation and termination reactions pro- 
ceed as shown in Eqs. (2), (3),  and (5) in analogy with the polymeriza- 
tion of CEA: 

CH2CH2CH2 + / CH2COOCH3 

so2-- 0 I - p ‘ C H ~ C H ~ C H ~ S O ~ O -  

(1 ) (n) (2)  

N-CH2COOCH3 + I 

-OS02CH2CH2CH2(P;-CH2CH2)n--N+ \7 
(n) + n(1) - I 

CH,COOCHR CH9COOCH3 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
4
3
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



880 HASHIMOTO AND YAMASHITA 

- - CH -N-CH~CH A N - C H ~ C O O C H ~  
2 /  2 /  
CH2COOCH3 CH2 - 

( 4 )  

In the polymerization of MMA with PS, the values of k and kt at 
different tempera tures  were  obtained by the plots shown in  Fig. 2. 

Polymerizations of MEA and BEA were  ca r r i ed  out in the same  
manner as f o r  MMA. The time-conversion curves  of the monomers  
MEA and BEA are plotted in Figs, 3 and 4. The polymerization r a t e s  
of MEA and BEA have been examined by application of Eq. (1). How- 
ever,  the l inear  relationship in Eq. (1) could not be obtained exactly 
due to the termination reaction which forms the piperadium ring by 
the backbiting reaction on the polymer end for MEA and BEA [l] : 

P 

v N’ 

CH2-y\CH2CHi ’ ‘CH~COOCH~ L 

CH2COOCHQ 

The polymerization of MEA was  assumed to  be initiated by zwitter- 
ion (III) which fo rms  by an  additional reaction of the monomer and PS: 

CH2CH2CH2 I)N-CH~CH~COOCH~ + I 0 I - 
so2- 

+ /CH2CH2COOCH3 

‘ Y H ~ C H ~ C H ~ S O ~ O -  
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0 

a 50 

0 
> 
c 
0 
0 

- - 
L 

0 100 200 

T i m e  ( m i n )  

FIG. 3. The polymerization of MEA at different temperatures. 
Monomer: 1 mol/L in acetonitrile. Initiator: 0.05 mol/L in aceto- 
nitrile. Temperature: ( 0 )  58"C, (a) 51"C, (0) 29°C. 

100 
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8 
C 
0 

@ 50 
Q) 

> 
C 
0 
0 

Y 

.- 
L. 

0 50 100 

T i m e  ( m  i n )  

FIG. 4. The polymerization of BEA at different temperatures. 
Monomer: 1 mol/L in acetonitrile. Initiator: 0.3 mol/L in aceto- 
nitrile. Temperature: ( 0 )  60°C, ( o) 50°C, (0) 30°C. 
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882 HASHIMOTO AND YAMASHITA 

After that, cationic polymerization occurred, and then the termination 
reaction was assumed to be as shown by Eq. (5). 

tiation is given as 
On the basis of the results of CEA polymerization, the rate of ini- 

-d[I] /dt = ki[I] [MI (7) 

where [I] is the concentration of the initiator, [MI is the concentra- 
tion of the monomer, and ki is the rate  constant of the initiation reac- 

tion. The rates  of propagation R and termination a r e  given by Eqs. 

(8 )  and (9) ,  respectively: 
P 

R = -d[M]/dt = k [P*][M] ( 8) 

-d[P*] /dt = kt[P*] ( 9) 

P P 

where [P*] is the concentration of the growing chain. 
Integration of Eq. (9)  gives 

-In [P*] = k t + c ( 10) t 

If the zwitterion as a propagation species [P*] is formed rapidly 
in good yield in Eq. (1) at t = 0, then [P*] is equal to the concentra- 
tion of the initiator. Thus C = -In [I]o' Equation 10 can be written as 

0 -In [P*] = ktt - In [I] 

Combining Eqs. (8) and ( 12) gives 

R 
P ( 13) In ~ = In k p - kt 

[MI PI 0 

Here, R is obtained from the tangent at various points of the time- 

conversion curves. 
Figures 5 and 6 show the data in Figs. 3 and 4 for  the polymeriza- 

tion of MEA and BEA, and they give a linear relationship. 
To make sure  that the polymerization of BEA could be represented 

by Eq (131, the polymerization of BEA was carr ied out in chloroform 
with different amounts of methyltosylate as initiator at 50°C. The re- 
sul ts  are plotted in Fig. 7 by Eq. (13) which gives a linear relationship. 
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-4 

-5 

0 - 
-6 

x 
Y 

3 
-7 

-a 

-9 
0 30 60 90 120 

T i rne(rn in)  

FIG. 5. The application of the experimental data (Fig. 3) to Eq. (13). 
At 58°C ( 0 ) :  k = 5 .57X lo-’, kt = 3.13 X 

3.70 X lo-’, k = 2.33 X lom4. At 20°C ( a ) :  k = 0.96 X lo-’, kt = 0.813 

At 51°C (a) :  k = 
P P 

t P x 

0 

4) to Eq. (13). FIG. 6. The application of the experimental data (Fig. 
At 60°C (0): k = 16.1 X lo”, kt = 5.13 X lom4. At 50°C (8): k- = 

9.28 X lo-’, kt = 3.22 X 
P P 

At 30°C ( 0 ) :  k = 2.93 X lo-’, kt = 0.96 
P x lo-‘. 
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0 50 

T i m e ( m i n )  

0 

FIG. 7. The effects on the initiator concentration of the polymeri- 
zation of BEA in chloroform at 50°C and the application of the data to 
Eq. (13). Monomer: 1 mol/L in chloroform. Initiator: Methyl 
tosylate, ( 0) 0.025 mol/L, ( a) 0.05 mol/L, ( 0 )  0.01 mol/L. 

The polymerization of BEA could be expressed by Eq. (13). From 
these results it seems appropriate to consider that the polymerization 
of MEA and BEA proceeds by way of the schemes shown by Eqs. (3) ,  

This difference in the cause of the polymerization mechanism for  
1-substituted aziridines of 1-substituted groups can probably be ex- 
plained by the basicity of the monomer and the different sizes of the 
1- substituted groups. 

According to Eq. (14), as shown by Eyring, the enthalpy of activa- 
tion (AH*) and the entropy of activation (AS*) for the propagation and 
termination reactions were determined by plotting In (k  /T) o r  In (kt/T) 

(4), and (6). 

against 1/T (Fig. 8): P 

k AS* AH* 1 
In (k/T) = In-  + - - __ - 

h R  R T  

where, k = k o r  k , k = the Boltzmann constant, and 
P t  

h = the Planck constant. 

The values for  AH* and AS* are summarized in Table 2 by Eq. (14). 
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1- SUBSTITUTED AZIRIDINES 885 

FIG. 8. The determination of AH *, AHt*, AS *, and ASt* according P P 
toEq. (14). ( - ) h ( k  /T), ( - - ) l n ( k t / T ) ,  (o )BEA,  (o)MMA, ( 0 )  

MEA. P 

TABLE 2. The Thermodynamic Parameters  of 1-Substituted 
Aziridines for Ring-Opening Polymerization 

m *  AHt* AS * ASt * P P 
Monomer (kcal/mol) (kcal/mol) (eu) (4 

1-Methoxycarbonyl 

1- /3-Methoxycarbonyl 

methylaziridine 11.6 11.4 -33.7 -37.1 

ethylaziridine 11.6 8.62 -33.9 -48.7 

1- Benzylaziridine 10.8 10.5 -34.6 -38.4 
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