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Copolymeric products from 2-methylaziridine and carbon

dioxide showed sharp and rapid phase transitions in response

to both temperature and pH; the responsive property can be

controlled by varying the reaction conditions whilst maintain-

ing the supercritical state.

Phase transition behavior of water-soluble polymers in response to

external stimuli induced by changes in temperature,1 pH,2 light

illumination,3 and electric field,4 has attracted a great deal of

interest. Among them, thermoresponsive materials exhibiting a

lower critical solution temperature (LCST) have been widely

investigated as intelligent materials for drug delivery systems,5

micro actuators,6 sensors7 and gene transfection agents.8 To

develop more sophisticated molecular devices relevant to biome-

dical applications, by combining responses to plural stimuli,

a number of copolymers9–12 and interpenetrated polymeric

networks13 (IPNs) have been designed from components

particularly sensitive to temperature and pH.

We have recently synthesized thermoresponsive polymers from

aziridines and carbon dioxide (CO2) under supercritical conditions

without catalysts.14 The reaction of the aziridines with CO2

proceeds competitively with homo-polymerization of the azir-

idines, leading to copolymers containing aliphatic urethane and

amine units as shown in Scheme 1.15 A decrease in the amine

content of the polymers obtained under supercritical conditions,

caused a marked decrease in their LCSTs in water because of the

decrease in the hydrophilicity of the polymers. We have explored

potential uses of the CO2–aziridine copolymers and found that, in

aqueous solutions, the copolymers show a remarkable phase

transition in response to temperature and pH. We now report the

first example of a double stimuli-responsive material derived

from CO2.
16

Table 1 summarizes experimental results in the preparation of

the copolymers 1–5, bearing various urethane contents, from

2-methylaziridine and CO2.{§ LCSTs for 1–5 were estimated from

temperature-dependent solution transmittance changes monitored

with a UV-vis spectrometer. It should be noted that the LCST of

an aqueous solution of a product was strongly influenced by its

concentration. As shown in Table 2, when the concentration of 5

increased from 0.10 to 0.80 wt%, the LCST decreased from 69 to

45 uC. It turns out that the pH values of the solutions of 5

increased with their concentrations, ranging from pH 9.2 for

0.10 wt% to pH 9.7 for the 0.80 wt% solution, possibly because the

copolymer bears basic amine units. These results imply that phase

transition behavior of the solution of 5 could be controlled by a

change in pH. In fact, when a solution containing the product 5

was adjusted to pH 10.0 by use of a standard solution of

NaHCO3–Na2CO3 (0.025 M:0.025 M), no significant change in

the thermoresponsive properties of the solutions was observed,

even with a large change in the concentration of 5; the LCST being

in the range of 30–32 uC when the concentration was varied from

0.10 to 0.80 wt%.

A sharp stimuli-responsive behavior was observed with a change

in the pH value of solutions containing 5 by addition of dilute

NaOH and HCl as shown in Fig. 1. The LCST value of the
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Scheme 1 Thermo- and pH-responsive poly(urethane-amine) product.

Table 1 Properties of the copolymeric products from 2-methylaziridinea

Product CO2 (MPa) Yield (%)c Urethane content (%) LCST (uC)

1 3.0b 25 33 64
2 8.0 19 34 41
3 12 29 42 37
4 16 26 54 35
5 22 35 62 34
a Conditions: 2-methylaziridine 5 8.8 mmol, 100 uC, 24 h. b Under
subcritical conditions. c After re-precipitation.

Table 2 Effect of concentration on LCSTs of the product 5

Concentration (wt%) pHa LCST (uC)a LCST (uC)b

0.10 9.2 69 32
0.20 9.4 62 31
0.40 9.6 50 31
0.80 9.7 45 30
a For the solutions prepared by addition of deionized water (see Fig.
S3 in ESI). b For the solutions adjusted to pH 10.0 by NaHCO3–
Na2CO3 standard solution (see Fig. S4 in ESI).
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solution was gradually lowered with an increase of pH, indicating

that the thermoresponsive property of the solution was tunable

within a wide temperature range, from 15 uC to 60 uC, depending

on its pH condition. The phase behavior was not observed in the

acidic region below pH 8.

The present multi-stimuli-responsive copolymers are more

appealing from the synthetic point of view because the urethane

content of the copolymers can be easily tuned just by changes in

the reaction conditions. Under similar pH conditions, the LCSTs

of the aqueous solutions of 1–5, with different urethane contents,

varied from 64 to 34 uC (Table 1).17 By changing the pH

conditions, the LCSTs of 1–5 proved to be greatly shifted. As

shown in Fig. 2, the thermoresponsive behavior of each product

was clearly observed in the range of pH 9–13, and the LCSTs

increased with increasing urethane content of the products under

identical pH conditions. In each case, decreasing pH resulted in the

increase of the LCST.

Although the origin of the double stimuli-responsive properties

in the CO2 copolymers is not yet clear, the phase transition

behavior suggests that the copolymer chains might undergo the

coil-to-globule transition with desorption of water molecules from

the chain and hydrophobic aggregation of the colloidal particles.1c

Since the amino function in the copolymers would influence the

hydrophilicity through an equilibrium between the amine and

ammonium forms, an increase in the acidity of the solution should

result in an increase in the solubility of the polymer in water, as

observed in other pH-responsive polymers containing amine

moieties.9a,9b,18

In conclusion, we have successfully synthesized a new family of

smart polymers from 2-methylaziridine and CO2 under super-

critical conditions, which showed sharp and rapid phase transition

behaviors, responsive to both temperature and pH. Thanks to

pressure- and temperature-tunable physical properties of super-

critical CO2,
19 an appropriate hydrophilic–hydrophobic balance in

the structures of the copolymer was achieved. The advantages of

scCO2 as a reaction medium and a reactant offer a sustainable

synthetic route to the bifunctional material and permit control of

the performance in a wide temperature or pH range due to

variable urethane contents.
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2-methylaziridine (8.8 mmol) and CO2 were introduced and then stirred at
100 uC under a pressure of 3.0–22 MPa for 24 h. After re-precipitation, by
addition of a methanol solution of the crude product to diethyl ether, the
product was obtained as a white powder. The molecular weights of these
products were in the range of Mw 5 104–105.
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