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Abstract

A crown ether derivative (40-allyldibenzo-18-crown-6, CE) was covalently incorporated into the network of temperature sensitive poly(N-

isopropylacrylamide) (PNIPA) hydrogels by copolymerization in a mixed solvent of water and tetrahydrofuran (H2O/THF). The poly(N-

isopropylacrylamide-co-40-allyldibenzo-18-crown-6) (poly(NIPA-co-CE)) hydrogels exhibited dramatically faster deswelling rates than

normal PNIPA hydrogels at a temperature (50 8C) above their lower critical solution temperatures. The effect of the solvent component ratio

in the mixed solvent during the copolymerization on the swelling properties of the poly(NIPA-co-CE) hydrogel was investigated. The

thermosensitive poly(NIPA-co-CE) hydrogels have potential applications in the extraction of cations and separation of chiral drugs. q 2002

Elsevier Science Ltd. All rights reserved.
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1. Introduction

Intelligent hydrogels can change their volumes abruptly

in response to the changes of the external environmental

factors, such as temperature [1], pH [2], photofield [3], and

antigen [4], etc. Because of their intelligent nature, these

hydrogels have attracted increasing interest and consider-

able research attention in recent years [5–10]. Poly(N-

isopropylacrylamide) (PNIPA) is a typical thermosensitive

polymeric material and demonstrates a transition tempera-

ture (Ttr) or lower critical solution temperature (LCST) at

,32 8C in aqueous solution [11]. This temperature sensitive

polymer can be crosslinked to produce an insoluble, but

swellable hydrogel through redox radical polymerization

[12–14]. This three-dimensional PNIPA network undergoes

phase separation as the external temperature cycles across

its LCST (,33 8C) [15]. Below this temperature, the

PNIPA hydrogel absorbs a lot of water in its network, and

thus exhibits a swollen state. But its swollen state collapses

and displays an abrupt reduction in volume as the

temperature is increased above its LCST. This process of

phase separation is thermoreversible.

Due to their unique properties, PNIPA hydrogels have

been widely used in many fields [16–19]. For example, a

PNIPA hydrogel has been used to recognize and capture a

target molecule [20]. By incorporating a crown ether into

the temperature sensitive PNIPA network, we speculated

that PNIPA hydrogel could be used to extract cations owing

to the excellent ion-solvating capability of crown ethers

[21–23]. Furthermore, one of the important applications of

crown ethers is in enantiomeric separation in the pharma-

ceutical industry [24–26]. Huang et al. showed that the

addition of a crown ether for cyclodextrin-based separation

also could promote enantiomeric separations [27–29].

Based on above considerations, we wish to synthesize a

new hydrogel, which can combine the temperature sensitive
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properties of PNIPA with the excellent capability of

selective separation via a crown ether. However, from the

standpoint of applications, the kinetics of volume changes

of normal PNIPA hydrogels are found unsatisfactory and a

long time is needed for a phase separation to occur. In order

to improve the response rates of PNIPA hydrogels, several

strategies have been proposed in this regard [30–36].

Recently, Yamaguchi et al. reported the fast responsive,

molecular recognition ion gating membrane by using the

temperature sensitive PNIPA linear polymer with a pendant

crown ether as the receptor [37]. However, this method

requires the use of a porous substrate, and the grafted

polymer was formed inside the porous substrate through

plasma-graft polymerization [38,39]. The fast sensing and

high gating properties observed were attributed to the nature

of the linear PNIPA chains grafted in the membrane.

Here, a new temperature sensitive poly(N-isopropylacryl-

amide-co-40-allyldibenzo-18-crown-6) (poly(NIPA-co-CE))

hydrogel was prepared by copolymerization/crosslinking

in a mixed solvent of water and tetrahydrofuran (H2O/THF).

This poly(NIPA-co-CE) hydrogel exhibited much faster

deswelling rate than that of a normal PNIPA hydrogel when

the temperature was raised above the LCST, and the effect

of the solvent component ratio in the mixed solvent during

the copolymerization process on the swelling properties of

the poly(NIPA-co-CE) hydrogel was further investigated.

2. Experimental

2.1. Materials

N-isopropylacrylamide (NIPA) was synthesized and

purified according to Ref. [19]. 40-Allyldibenzo-18-crown-

6 (CE) was kindly provided by Dr Gong SL (Chemistry

Department, Wuhan University, Wuhan 430072, People’s

Republic of China) and used as received. N,N0-methylene-

bisacrylamide (BIS), ammonium persulfate (APS),

N,N,N0,N0-tetramethylethylenediamine (TEMED) and tetra-

hydrofuran (THF) were analytical grade and used without

further purifications.

2.2. Synthesis of hydrogels

For the synthesis of poly(NIPA-co-CE) hydrogels, NIPA

and CE were dissolved in 1.2 ml mixed solvent (H2O/THF)

in existence of a crosslinker (BIS). APS and TEMED were

used as redox initiators. Polymerization was carried out at

25 8C for 6 h and then the hydrogels obtained were cut into

discs (10 mm in diameter and 2.0 mm in thickness) for the

measurement of swelling properties. Before the measure-

ment, discs samples were immersed into distilled water at

25 8C for 48 h and the water was replaced with fresh water

every several hours in order to leach out the unreacted

chemicals. The feed composition for preparation of crown

ether bonded PNIPA hydrogels is listed in Table 1.

2.3. FT-IR measurement

The FT-IR analyses of hydrogel samples were measured

on Nicolet 170SX FT-IR spectrophotometer. The FT-IR

samples were prepared by immersing hydrogels into

distilled water at 50 8C for 2 h and then further dried in

vacuum for 48 h.

2.4. Measurement of swelling ratio of hydrogels

Swelling ratios (SRs) of hydrogel samples were deter-

mined by immersing dry and known weight hydrogel

samples into distilled water at each predetermined tem-

perature for at least 24 h, removing from the water and

wiping off excess water on the surfaces of hydrogel samples

with moistened filter papers. The wet weight of the hydrogel

sample was measured by a balance at room temperature. SR

is calculated from the following formula:

SR ¼ Ws=Wd ð1Þ

where Ws is the weight of water in a swollen hydrogel (wet

weight 2 dry weight) at each predetermined temperature,

and Wd the dry weight of hydrogel.

2.5. Measurement of deswelling kinetics of hydrogels

The deswelling kinetics of hydrogel samples were

measured gravimetrically in terms of water retention

(WR) at 50 8C after wiping off the excess water on the

surfaces of the hydrogel samples with moistened filter

papers. Before the deswelling studies, hydrogel samples

were allowed to reach equilibrium in distilled water at

15 8C, and then transferred to the hot water (50 8C). Weight

changes of hydrogel samples were recorded during the

shrinking period at regular time intervals. WR is defined as

WR ¼ 100ðWt 2 WdÞ=Ws ð2Þ

where Wt is the wet weight of hydrogel at regular time

intervals and the other symbols are the same as defined

earlier.

Table 1

Feed composition of the thermosensitive poly(N-isopropylacrylamide-co-

40-allyldibenzo-18-crown-6) hydrogels (CG), using the mixed solvent

(H2O/THF ¼ 1:1 in volume)

Component Sample ID

CG-I1:1 CG-II1:1 CG-III1:1 CG-IV1:1

NIPA (mg) 100 100 100 100

CE (mg) 1 2 3 4

BIS (mg) 5 5 5 5

5 wt% APS (ul) 50 50 50 50

TEMED (ul) 20 20 20 20

As the volume ratio of H2O to THF in the mixed solvent was changed

into 1.4:1 or 2:1, the hydrogel sample ID was changed to be CG-I1.4:1,

CG-II1.4:1, CG-III1.4:1, CG-IV1.4:1 or CG-I2:1, CG-II2:1, CG-III2:1, CG-IV2:1,

respectively.
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3. Results and discussion

The synthesis of crown ether incorporated, temperature

sensitive poly(NIPA-co-CE) hydrogels is schematically

shown in Fig. 1. It is well known that due to the steric

hindrance of the large ring structure in a crown ether,

especially the 18-crown-6, the copolymerization of crown

ether derivatives with other usual monomers is a very

difficult task. Here, we succeed in incorporating a crown

ether into the backbone of temperature sensitive hydrogels

by the use of mixed solvent (H2O/THF) during the

copolymerization reaction. Based on the experiments, we

found that an obvious hindrance of the CE on the synthesis

of poly(NIPA-co-CE) hydrogels occurred if the CE content

was too high. For example, if the crown ether content

reached a certain level (8.0 wt% or above based on the

NIPA) in the same mixed solvent, the three-dimensional

structure of a desired hydrogel will not form.

We also found that a variation of the ratio of the mixed

solvent components (H2O/THF) had a profound impact on

the hydrogel formation rate. When the volume ratio of H2O

to THF was 2:1 in the mixed solvent, the hydrogel appeared

within 1 min, and as this ratio changed to 1.4:1, the hydrogel

appeared within 3 min. When the volume content of

H2O decreased to be comparable of THF content

(H2O/THF ¼ 1:1), the formation of hydrogel required at

least 8 min. If the H2O volume content was only half of

the THF volume content in the mixed solvent

(H2O/THF ¼ 1:2), the expected poly(NIPA-co-CE) hydro-

gel did not form even after a long time (20 h), although

some soft hydrogel pieces in the mixed solvent appeared. It

was noted that all the hydrogels synthesized in this mixed

solvent are opaque.

The FT-IR spectra of poly(NIPA-co-CE) hydrogel

samples (CG-I1:1, CG-II1:1, CG-III1:1, CG-IV1:1) are showed

in Fig. 2. We found that the FT-IR spectra of all the

hydrogel samples were similar, although the spectrum of

each hydrogel showed slight changes with different crown

ether content. Every spectrum showed a broad band in the

range of 3600–3200 cm21, which belongs to N–H stretch-

ing vibration of the PNIPA. The typical amide I band (A,

,1643 cm21), consisting of CyO stretch of PNIPA and

amide II band (B, ,1534 cm21), including N–H vibration

were evident in every spectrum. The existence of CE was

evident by the presence of the typical band of unsymmetrical

crown ether (C, ,1217 cm21), consisting of C–O–C

stretch, although this band was weak due to the low CE

content in hydrogels. The peak intensity at ,1217 cm21

increased gradually from CG-I1:1 to CG-IV1:1, which

confirmed that the crown ether content increased from

CG-I1:1 to CG-IV1:1.

Fig. 3 shows the equilibrium SRs of poly(NIPA-co-CE)

hydrogels (CG-I1:1, CG-II1:1, CG-III1:1, CG-IV1:1) as a

Fig. 1. The synthetic scheme of poly(NIPA-co-CE) hydrogels.

Fig. 2. FT-IR spectra of poly(NIPA-co-CE) hydrogels (CG-I1:1, CG-II1:1,

CG-III1:1, CG-IV1:1) (A: ,1643 cm21, B: ,1534 cm21, C: ,1217 cm21).
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function of the external temperature in distilled water. The

data show that these CE containing hydrogels absorbed

water and became swollen at low temperatures. As the

temperature increased, hydrogels lost water and shrank in

volume. When the temperature increased above the

hydrogels’ LCSTs, the SRs of hydrogels decreased rapidly

and a phase separation occurred. The level of the CE content

in poly(NIPA-co-CE) hydrogels also exerted an effect on

their SRs; at a low temperature, the SRs of hydrogels

decreased (from CG-I1:1 to CG-IV1:1) as the content of the

crown ether increased in a corresponding hydrogel network,

which is attributed to the increasing hydrophobic nature of

the crown ether.

The de-swelling kinetics (the change of water content

with time) of poly(NIPA-co-CE) hydrogels (CG-I1:1, CG-I1:1,

CG-I1:1 and CG-I1:1) at a temperature (50 8C) above the

LCST are showed in Fig. 4. The most important

observation is an unusually fast deswelling/shrinking

rate. All the hydrogels lost more than 80% of their

original water contents within 1 min and quickly reached

their stable WRs within 4 min, compared to even more than

a month to reach its stable WR with a normal PNIPA

hydrogel [32].

This unusually fast response rate of poly(NIPA-co-CE)

hydrogels is attributed to the heterogeneous network

structure produced in the mixed solvent during copolymer-

ization [40–42]. Briefly, PNIPA chains collapse in the

mixture of two solvents, even though each solvent in

the mixture is a good solvent to the PNIPA chains. During

the polymerization in a mixed solvent, growing polymer

chains become insoluble and collapse together. Thus, the

reaction in this study was actually carried out in a two-phase

reaction system, which would lead to a heterogeneous

network structure of the final hydrogel. The opaque

appearance of the poly(NIPA-co-CE) hydrogels also

suggests their heterogeneous structures. Since the hetero-

geneous structure can provide lots of connective water

channels and the excluded water can diffuse out of the

hydrogel timely and quickly [30,31], these PNIPA-based

hydrogels would exhibit fast deswelling rates at a

temperature above its phase transition temperature.

We further studied the effect of the solvent component

ratio in the mixed solvent on the swelling and deswelling

properties of poly(NIPA-co-CE) hydrogels (CG-II2:1, CG-

II1.4:1 and CG-II1:1) (Figs. 5 and 6). The equilibrium SR of

that hydrogel (CG-II1:1), synthesized in the mixed solvent

with the highest THF content (50 vol%) was the largest,

while the hydrogel (CG-II2:1) synthesized in the mixed

solvent with the lowest THF content (33 vol%) was the

smallest at temperatures below 30 8C (Fig. 5). In a mixed

solvent having high contents of THF, the heterogeneous

property of the produced polymer network becomes more

profound and the hydrogel network is also enlarged

correspondingly [33,36], which would result in a larger

capacity to retain more water at a low temperature (below

the LCST).

Fig. 3. Temperature dependence of equilibrium SR of poly(NIPA-co-CE)

hydrogels (CG-I1:1, CG-II1:1, CG-III1:1, CG-IV1:1) at the temperature range

from 10 to 50 8C.

Fig. 4. Deswelling kinetics of poly(NIPA-co-CE) hydrogels (CG-I1:1,

CG-II1:1, CG-III1:1, CG-IV1:1), measured gravimetrically at 50 8C from the

equilibrated swelling condition at 15 8C in distilled water.

Fig. 5. Temperature dependence of equilibrium SR of poly(NIPA-co-CE)

hydrogels (CG-II2:1, CG-II1.4:1, CG-II1:1) at the temperature range from 10

to 50 8C.
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For the same reason, the deswelling rate of poly(NIPA-

co-CE) hydrogels synthesized in the mixed solvent with a

higher content of THF would be expected to be faster and

Fig. 6 indicated that the deswelling rate of CG-II1:1 was the

fastest as evident. The deswelling rate profiles in Fig. 6

shows that the deswelling rate of CG-II1:1 was the fastest in

the first 15 s and then reached a stable WR the earliest.

While the other two hydrogels (CG-II1.4:1 and CG-II2:1)

reached their stable states relatively slower when comparing

with the CG-II1:1, although the disparity was not apparent.

4. Conclusions

By using a mixed solvent of H2O and THF as the

copolymerization solvent, a crown ether derivative was

incorporated into the backbone of the PNIPA hydrogel. The

ratio of the solvent components in the mixed solvent was

critical for the feasibility of synthesizing poly(NIPA-co-CE)

hydrogel networks. These crown ether incorporated PNIPA

hydrogels showed dramatically fast deswelling rates and

strong temperature-sensitivity as the external temperature

increased above the phase transition temperature. This rapid

response property might be attributed to a heterogeneous

structure generated during the copolymerization in the

mixed solvent. The thermosensitive poly(NIPA-co-CE)

hydrogels have potential applications in the extraction of

cations and separation of chiral drugs.
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