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ABSTRACT: Polyoxazoline hydrogel was prepared by means of intermolecular Diels-Alder reaction between 
furan-modified poly(N-acetylethylenimine) (PAEI) and maleimide-modified PAEI, which were synthe- 
sized from the partially hydrolyzed PAEIs by the reaction with furan- or maleimidecarboxylic acid, respec- 
tively, in the presence of dicyclohexylcarbodiimide. A film was prepared by casting a methanol solution of 
these two functionalized PAEIs onto a glass slide. After reaction in bulk film in the dark at room temper- 
ature for 1 week, the polyoxazoline gel was obtained in a good yield. The film was much swollen in water 
and stable enough at  ambient temperature to be handled. A series of the PAEIs having varying amounts 
of the functional groups were prepared and subjected to the cross-linking reaction. The swelling degree 
depended on the content of the functional groups in the prepolymer. These gels were gradually dissolved 
by heating to regenerate a pair of the starting polymers by the so-called retro-Diels-Alder reaction. This 
observation shows that the gelation system via Diels-Alder reaction between maleimide moiety and furan 
moiety in the polymer pendant is thermally reversible. It is the first example of a thermally reversible 
hydrogel through the covalent bond. 

Introduction 
Hydrogels are known to  be one of the  most interest- 

ing polymeric materials and have been used in the vari- 
ous fields for several years. The  commercially available 
polymeric hydrogels a re  usually based on the  cross- 
linked polyelectrolytes such as poly(acry1ic acid) salt. A 
large volume change of the  gels with temperature or with 
solvent has been successfully explained by the phase tran- 
sition of the  cross-linked ionic gel. The  generality of these 
phenomena has been under investigation extensively by 
Tanaka's group.2 In  aqueous salts, the  swelling degrees 
of these ionic hydrogels are known to be diminished largely 
in comparison with those of nonionic hydrogels made from 
poly(o~yethy1ene)~ or p~ly(acrylamide)."~ However, less 
varieties of nonionic hydrogels were prepared than those 
of ionic hydrogels so 

A thermally reversible hydrogel system prepared from 
poly(N-alkylacrylamide) was also studied for the utiliza- 
tion as a drug delivery system.14-17 The  reversible change 
of the  swelling volume or sol-gel transition with temper- 
ature was caused by the  change of the  physical cross- 
linking, i.e., the change of the  solubility in water. How- 
ever, very little has been known about the thermally revers- 
ible systems through covalent bonds. Only a few examples 
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were demonstrated by using the  thermal equilibrium of 
Diels-Alder reaction.1s-20 However, these covalent cross- 
linked polymers were studied in view of the  polymer pro- 
cessing for thermosetting or thermoplastic properties. 
Accordingly, they are based on the thermoplastic elas- 
tomers such as polyisobutylene18 or polyphosphazene.20 
No study on the  thermally reversible cross-linked poly- 
mer system through covalent bonds has been carried out 
using the hydrophilic polymers. This system may offer 
a thermally reversible hydrogel through the covalent cross- 
linkings. 

We have been studying the  ring-opening polymeriza- 
tion of 2-methyl-2-oxazoline (1) for several years.21 The  
resulting poly(N-acetylethylenimine) (PAEI) (polyoxazo- 
line) has high hydrophilicity and  high compatibility with 
several commodity polymers.22 Very recently, we reported 
the preparation of polyoxazoline gels by two indepen- 
dent  methods, i.e., partial hydrolysis ~ r o s s - l i n k i n g ~ ~  and  
copo lymer i~a t ion .~~  They have characteristic properties 
as a nonionic hydrogel, i.e., a large swelling degree both 
in water and  in aqueous salts. 

In this article, we describe a novel method for the prep- 
aration of polyoxazoline hydrogels by means of Diels- 
Alder reaction between the maleimide-modified PAEI and 
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furan-modified polymer. The reversible interconversion 
between hydrogel and the linear soluble polymer by a 
change in temperature was also achieved using this sys- 
tem. 
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Experimental Section 
General Procedures. IR spectra were recorded on a Hita- 

chi 260-50 grating spectrophotometer. 1H NMR spectra were 
obtained on a Hitachi R-600 (60 MHz) or a JEOL JNM-JX- 
400 (400 MHz) spectrometer. All NMR spectra were recorded 
in deuterated solvent relative to the internal standard tetra- 
methylsilane. GPC analysis was carried out on a Toso CCPD 
(TSK gel, G4000) after calibration with standard polystyrene 
samples. 

Materials. All solvents and reagents were used as supplied 
except the following cases. N,N-Dimethylformamide (DMF) 
was distilled from BaO under reduced pressure. Nitromethane 
or 1,Zdichloroethane was distilled from P2O5 under nitrogen. 
Acetonitrile was distilled from calcium hydride. Acetic anhy- 
dride was kept with P206 overnight and distilled under nitro- 
gen. Thionyl chloride was distilled from triphenyl phosphite. 
Methyl p-toluenesulfonate (2) was distilled under reduced pres- 
sure. 2-Methyl-2-oxazoline (1) or diethylamine was distilled from 
potassium hydroxide. Tetrahydrofuran (THF) was distilled from 
LiAlH4 under nitrogen atmosphere. fl-Furylacrylic acid (9) was 
synthesized from furfural and malonic acid according to a 
literature.25 

3-(2,5-Dioxo-1H-pyrrolyl)propanoic Acid (7). To a solu- 
tion of maleic anhydride (5) (23.2 g, 0.236 mol) in 100 mL of 
dry THF was added 20.06 g (0.225 mol) of ,%alanine with vig- 
orous stirring. The resulting slurry was stirred for 1 week under 
nitrogen at room temperature. The white precipitate was col- 
lected by filtration, washed with several portions of THF, and 
dried in vacuo. N-(Carboxyethy1)maleamic acid (6) (42 g) was 
obtained (99%) and used without further purification: lH NMR 

7 Hz), 6.33 (d, 1 H, J = 11 Hz), 6.48 (d, 1 H, J = 11 Hz), 9.27 
(br s, 1 H), 13.29 (br s, 2 H); MS 184 (M+); IR (KBr) 3320, 
3040, 1700, 1680, 1620, 1560, 1400, 1220, 1200, 1150 cm-l; mp 

A mixture of maleamic acid (6) (10.85 g, 58.0 mmol) and sodium 
acetate (9.5 g, 115.8 mmol) was added to 120 mL of acetic anhy- 
dride and heated at  70 "C for 3.5 h. After cooling to room tem- 
perature, acetic anhydride was removed by vacuum distilla- 
tion. The dark brown residue was dissolved in 40 mL of water 
and acidified by concentrated hydrochloric acid at 0 "C. An 
aqueous mixture was extracted with several portions of ethyl 
acetate (400 mL and 100 mL X 4). The combined organic layer 
was washed with distilled water, dried over sodium sulfate, and 
concentrated in vacuo to give a black oily solid. The resulting 
solid was recrystallized from dichloromethane to yield 1.3 g (13%) 
of 3-(2,5-dioxo-1H-pyrrolyl)propanoic acid (7): lH NMR 6 2.71 
(t, 2 H, J = 7 Hz), 3.86 (t, 2 H, J = 7 Hz), 6.69 (s, 2 H), 9.30 (br 

110 (M+ - CH2COOH); IR (KBr) 3430,3080,2930,1700,1450, 
1410,1245, 1145,940,825 cm-l; mp 104-108 "C. 
NJV-Diethyl-3-(2,5-dioxo- 1H-pyrroly1)propanamide ( 12). 

3-(2,5-Dioxo-1H-pyrrolyl)propanoic acid (7) (1.44 g, 8.52 mmol) 
was dissolved in 5 mL of thionyl chloride under nitrogen atmo- 
sphere. After the mixture was stirred for 5 h at room tempera- 
ture, excess thionyl chloride was removed under reduced pres- 
sure to yield an acid chloride as a brown solid: IR 1780 cm-1. 

The resulting residue was dissolved in 10 mL of freshly dis- 
tilled 1,2-dichloroethane, and the solution was transferred to a 
dropping funnel. To the solution of diethylamine (1.43 g, 19.5 
mmol) in 15 mL of 1,2-dichloroethane was added the solution 
of acid chloride dropwise at  0 "C, and the resulting reaction 
mixture was allowed to stand at  room temperature with stir- 
ring. Diethylamine hydrochloride was removed by filtration, 
and the solvent was evaporated under reduced pressure. The 
brown residue was purified by column chromatography (eluent, 
ethyl acetate) to yield a yellow solid. After recrystallization 
from light petroleum ether and chloroform, N',N'-diethyl- 
amide 12 was obtained in a yield of 0.902 g (47%): 1H NMR 6 
1-09 (t, 3 H, J = 7 Hz), 1.16 (t, 3 H, J = 7 Hz), 2.50 (t, 2 H, J = 

(CDC13-DMSO-d6) 6 2.54 (t, 2 H, J = 7 Hz), 3.52 (dt, 2 H, J = 

151-153 "C. 

S, 1 H); MS 169 (M+), 151 (M+ - HzO), 123 (M+ - COOH, H), 

7 Hz), 3.25 (q, 2 H, J = 7 Hz), 3.35 (q, 2 H, J = 7 Hz), 3.99 (t, 
2 H, J = 7 Hz), 6.70 (s, 2 H); MS 224 (M+), 152 (M+ - EtzN), 
110 (M+ - CH2CONEt2); IR (KBr) 3080,2950,1700,1605,1580, 
1440, 1400, 1360,1290, 1160, 1065,817 cm-l; mp 57-58 "C. 

3-(2-Furyl)propanoic Acid (10). 342-Fury1)propanoic acid 
(10) was prepared by the catalytic hydrogenation of 3-furyl- 
acrylic acid (9) according to a literature.26 Yield was 88.5%: 
1H NMR 6 2.70 (dt, 2 H, J = 8 Hz, J = 0.6 Hz), 2.97 (t, 2 H, J 
= 8 Hz), 6.03 (dd, 1 H, J = 0.6 Hz, J = 4 Hz), 6.30 (dd, 1 H, J 
= 4 Hz, J = 2 Hz), 7.31 (d, 1 H, J = 2 Hz); mp 54-55 "C (lit.26 
mp 57-58 "C). 
N,N-Diethyl-3-(2-furyl)propanamide (13). To a solution 

of 3-(2-furyl)propanoic acid (10) (1.5 g, 10.7 mmol) in 20 mL of 
dry acetonitrile was added 2.25 g (10.9 mmol) of dicyclohexyl- 
carbodiimide (DCC) at 0 "C. After the mixture was stirred for 
10 min in an ice bath, diethylamine (0.78 g, 10.7 mmol) was 
added to the resulting white suspension. After dicyclohexyl- 
urea was removed by filtration, the solvent was evaporated under 
reduced pressure. The brown oil was diluted with 5 mL of ethyl 
acetate and stored in a refrigerator (4 "C). The white precipi- 
tate generated was removed by filtration. After the solution 
was concentrated in vacuo, the oil was subjected to silica gel 
chromatography (3 cm X 15 cm; eluent, ethyl acetatelm 
hexane = 1/2). N,N-Diethylamide derivative 13 was obtained 
as a light yellow oil. Yield was 0.767 g (36.7%): lH NMR 6 
1.11 (t, 6 H, J = 7 Hz), 2.46-2.73 (m, 2 H), 2.97-3.11 (m, 2 H), 
3.27 (q, 2 H, J = 7 Hz), 3.39 (9, 2 H, J = 7 Hz), 6.02 (d, 1 H, J 
= 4 Hz), 6.26 (dd, 1 H, J = 4 Hz, J = 2 Hz), 7.28 (d, 1 H, J = 2 
Hz); MS 195 (M+); IR (KBr) 3080,2950,1640,1600,1420,1380, 
1240, 1135, 1080, 1005, 720 cm-'. 
Poly(N-acetylethylenimine) (PAEI) (3).23 To a solution 

of 2-methyl-2-oxazoline (1) (30.7 g, 361 mmol) in 60 mL of ace- 
tonitrile was added methyl p-toluenesulfonate (2) (0.354 g, 1.9 
mmol; [monomer] / [initiator] = 190) at room temperature under 
nitrogen. The reaction mixture was heated at  60 "C for 125 h. 
The resulting orange-yellow solution was diluted with 300 mL 
of chloroform. This polymer solution was poured into ca. 1500 
mL of diethyl ether to precipitate the polymeric product. The 
white precipitate was collected by filtration and redissolved in 
200 mL of dichloromethane. After evaporation of the solvent 
and freeze-drying with 10 mL of benzene, PAEI (3) was iso- 
lated in a yield of 28.25 g (90%). The molecular weight of this 
polymer was estimated by GPC analysis: M ,  = 15 800, M,., = 
22 500, M,/M, = 1.44 (polystyrene standard; eluent, DMF with 
0.4% triethylamine). 

Partially Hydrolyzed PAEI [Poly(ethylenimine)-Poly- 
(N-acetylethylenimine) Random Copolymer] (4).23 A typ- 
ical procedure of the partial hydrolysis of PAEI (3) is as fol- 
lows. A mixture of PAEI (3) (5.46 g, 64.2 mmol, equivalent 
NH) and sodium hydroxide (0.43 g, 1.08 mmol) was dissolved 
in 20 mL of distilled water. This solution was heated under 
reflux for 92 h. After cooling to room temperature, the poly- 
mer solution was dialyzed with distilled water (ca. 200 mL X 
2), methanol/water = 1/1 (v/v) (ca. 200 mL X 2), and metha- 
nol (ca. 200 mL X 2) to remove salts. The solvent was removed 
in vacuo, and the polymeric residue was extracted with dichlo- 
romethane. After filtration to remove insoluble parts, the sol- 
vent was removed under reduced pressure. After freeze-drying 
with benzene, 3.69 g (72%) of partially hydrolyzed PAEI (4) 
was obtained. From the results of titration with perchloric acid 
in acetic acid and of 1H NMR spectrum, the degree of hydrol- 
ysis was determined (12.8% hydrolyzed). 

MaleimideModified PAEI (8). In a typical procedure, 12.8% 
hydrolyzed PAEI (4) (0.512 g, 0.826 mmol, NH equivalent) and 
3-(2,5-dioxo-1H-pyrrolyl)propanoic acid (7) (0.296 g, 1.73 mmol) 
were mixed and freeze-dried with benzene (ca. 5 mL). After 
dry nitrogen was introduced, the mixture was dissolved in 30 
mL of dry acetonitrile and cooled to 0 "C. To this solution was 
added dicyclohexylcarbodiimide (DCC) (0.215 g, 1.04 mmol). A 
white precipitate was separated immediately, and the white sus- 
pension was stirred overnight. After dicyclohexylurea (DCU) 
was removed by filtration, the solution was concentrated. The 
residue was exctracted with 15 mL of methanol and precipi- 
tated into ca. 150 mL of diethyl ether. The white polymer was 
collected and washed well with diethyl ether. The polymer was 
redissolved in dichloromethane, and the insoluble part was fil- 
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tered off. After reprecipitation with diethyl ether and drying 
in vacuo, maleimide-modified PAEI (8) was obtained (0.533 g, 
83%). The degree of substitution was determined by 1H NMR 
(in the text). 

Furan-Modified PAEI (1 1). A typical procedure is as fol- 
lows. Partially hydrolyzed PAEI (4) (12.8% hydrolyzed, 0.468 
g, 0.754 mmol, NH equivalent) and 3-(2-furyl)propanoic acid 
(10) (0.184 g, 1.31 mmol) were mixed and freeze-dried with ben- 
zene (ca. 5 mL). After dry nitrogen was introduced, the mix- 
ture was dissolved in 30 mL of dry acetonitrile and cooled to 0 
"C. To this solution was added DCC (0.184 g, 0.89 mmol) and 
the resulting white suspension was stirred overnight. After DCU 
was removed by filtration, acetonitrile was evaporated under 
reduced pressure. Reprecipitating twice with diethyl ether and 
drying in vacuo produced furan-modified PAEI (11) (0.414 g, 
74%). The degree of substitution was determined by 1H NMR 
(in the text). 

Model for Diels-Alder Reaction. A model reaction was 
carried out both in CDC13 in an NMR tube at room tempera- 
ture as well as in bulk. In the bulk reaction, N,N-diethyl deriv- 
atives of 3-(2,5-dioxo-1H-pyrrolyl)propanoic acid (12) (0.159 g, 
0.71 mmol) and that of 3-(2-furyl)propanoic acid (13) (0.136 g, 
0.70 mmol) were mixed at room temperature without any sol- 
vents. The mixture was stirred in the dark for 7 days. Then, 
the yellow oil was dissolved in a small amount of dichlo- 
romethane. The Diels-Alder adduct (14) (164 mg, 56%) was 
isolated by silica gel column chromatography (eluent, ethyl ace- 
tate-ethanol). The isomer ratio (endo/exo isomer) was about 
4.6/1. 1H NMR (CDCl3): endo isomer, (14a), S 1.17 (m, 4 H), 
2.46-3.72 (m, 14 H), 5.14 (br s, 1 H), 6.45 (br s, 2 H); exo iso- 
mer (14b), 6 1.10 (m, 6 H), 2.50 (m, 4 H), 3.10-3.53 (m, 6 H), 
5.24 (d, 1 H, J = 5 Hz), 6.30 (br s, 2 H). 

Gelation by Diels-Alder Reaction. A mixture of maleim- 
ide-modified PAEI (8) (55.8 mg, 12.8% functionalized) and furan- 
modified PAEI (11) (55.8 mg, 12.8% functionalized) was dis- 
solved in 0.5 mL of methanol in a Petri dish (3-cm diameter) 
by shaking gently and kept for 6 h in the dark. The resulting 
film was placed in the dark at room temperature for 1 week to 
complete the cross-linking reaction. The formed gel was immersed 
in methanol, washed well, and collected. After the mixture was 
dried in vacuo, 0.108 g (96.8%) of polyoxazoline gel (15) was 
obtained. 

Swelling Properties. The equilibrium swelling properties 
in water were examined as follows. The carefully dried and 
weighed gel 15 (0.108 g) was immersed in ca. 100 mL of deion- 
ized water (the resistance was more than 12 MQ) for 24 h at 
room temperature. The weight of the swollen gel was mea- 
sured (0.222 g) after filtration by a 1G4 glass filter under reduced 
pressure (ca. 17 mmHg, 2 min). The swelling degree was cal- 
culated by the following equation: (Wg(s) - W,(d)J/W&d), where 
Wg(s)  is weight of the swollen gel and W&d) is weight of the 
dry gel. The swelling degree was proved to be 1.05. 

Cleavage of the Gel by Retro-Diels-Alder Reaction. The 
polyoxazoline hydrogen (15) (10 mg) prepared from 5.3% male- 
imide-modified polymer (8) and 4.8% furan-modified PAEI (1 1) 
by Diels-Alder reaction in bulk film was swollen in CD3N02 or 
in aqueous methanol. After the reaction mixture was heated 
for several hours, the solvent was removed in vacuo. The result- 
ing polymer was obtained quantitatively and was easily dis- 
solved in chloroform, in methanol, and in water. The 1H NMR 
spectrum of the obtained polymer is shown in the text. 

Change of the Swelling Properties by Retro-Diels-Al- 
der Reaction with Heating. The gel 15 (20 mg) was swollen 
in 30 mL of methanol/water = 1/1 (v/v) and heated for 1 h. 
The suspension was cooled to room temperature by an exter- 
nal ice bath and kept for 40 h. The weight of the swollen gel 
(0.162 g) was measured as described above. The dried weight 
(13 mg, 65%) was also measured after drying the gels in vacuo. 
The swelling degree was calculated from these values as men- 
tioned above (swelling degree = 11.5). 

Regelation of the Product by Retro-Diels-Alder Reac- 
tion. The gel 15 (20 mg) was swollen in 5 mL of nitromethane 
and heated for 24 h. After the gel was dissolved, the solvent 
was removed in vacuo. The resulting polymer film was redis- 
solved in a small amount of methanol and cast upon a clean 
glass slide. The film was placed in dark under air at room tem- 
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perature for 1 week. The formed gel was washed repeatedly 
with several portions of methanol and dried in vacuo. Yield of 
polyoxazoline gel was 16 mg (65%). 

Results and Discussion 
Syntheses of Maleimide-Modified PAEI (8) and 

Furan-Modified PAEI (11).  The preparations of male- 
imide-modified PAEI (8) and furan-modified PAEI (1 1) 
are outlined in Schemes I and 11, respectively. A series 
of partially hydrolyzed PAEI (4) with various degrees of 
hydrolysis were prepared by the slightly modified method 
from the previous report.23 The  degree of hydrolysis could 
be successfully controlled by the  amount of alkaline. 

These polymers with various degrees of hydrolysis were 
treated with 3-(2,5-dioxo-1H-pyrrolyl)propanoic acid (7) 
or with 3-(2-furyl)propanoic acid (10) in the presence of 
a few equivalents of dicyclohexylcarbodiimide (DCC) as 
a condensing agent. Figure 1 illustrates 'H NMR spec- 
tra of furan- and maleimide-modified PAEIs (8 and 11). 
The  peak of the  methylene protons adjacent t o  the  sec- 
ondary amino groups disappeared completely. This result 
is taken to support the quantitative introduction of a male- 
imide or furan group in PAEI. The  substitution degrees 
of furan or maleimide groups could be calculated by the  
integral ratio of olefin (in the  case of dienophile) or of 
ring (in diene) protons to acetyl protons. Table I sum- 
marizes the  results of the preparation of maleimide-con- 
taining PAEIs (8), and Table I1 shows those of furan- 
containing polymers (1 1). 

The  substitution degrees were in good agreement with 
the hydrolysis degrees in the  starting partially hydro- 
lyzed PAEI (4). In the case of lower functionalization of 
the hydrolyzed polymer (2.5%), the peak of furan or male- 
imide in lH NMR was too small to estimate the  substi- 
tution degree. The titration of the secondary amino groups 
in the resulting polymer showed no remaining amino group 
could be detected within an  experimental error. The  
results of the swelling properties of the resulting gels were 
also comparable with the  degrees of the  substitution (vide 
infra). These results strongly support the  complete intro- 
duction of functional groups to  the  starting polymer. In 
other words, the  functionality of the furan or maleimide 
PAEIs could be easily controlled by the  degree of hydrol- 
ysis in the starting polymers. 

No significant change of the  molecular weights of these 
functionalized PAEIs (8 and 11) was recognized in com- 
parison with those of the parent polymers (PAEI, 3). The  
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Figure 1. 1H NMR (400-MHz) spectra of (A) maleimide-modified (8) (4.1%) and (B) furan-modified (11) (4.0%) poly(N-acetyl- 
ethy1enimine)s. Asterisks show the peaks due to solvents. 

Table I 
Synthesis of Maleimide-Modified PAEI (8) 

4 8 
run Mno q / @  + q ) b  yield, % n / ( m  + n). 
1 15 800 0.025 I9 
2 15 800 0.051 92 0.041 
3 15 800 0.068 81 0.053 
4 15 800 0.128 83 0.131 
5 15 800 0.234 89 0.219 

a Determined by GPC (PSt standard). Degree of hydrolysis (p ,q  
in Scheme I) was determined by titration. Degree of substitution 
(m,n in Scheme I) was determined by lH NMR. 

Table I1 
Synthesis of Furan-Modified PAEI (11) 

4 11 
run ~ / ( p  + q ) b  yield, % n / ( m  + n)C 

~~~ 

1 15 800 0.025 12 
2 15 800 0.051 74 0.040 
3 15 800 0.068 79 0.048 
4 15 800 0.128 14 0.138 
5 15 800 0.234 80 0.213 

0 Determined by GPC (PSt standard). Degree of hydrolysis (p ,q  
in Scheme 11) was determined by titration. Degree of substi- 
tution (m,n in Scheme 11) was determined by 1H NMR. 

molecular weight distributions (M,/M, = 1.5) of the result- 
ing polymers were also similar to those of the starting 
polymers. These data indicate that  no significant chain 
degradation and cross-linking occurred during the con- 
densation reaction for the preparation of these function- 
alized PAEIs. 

Model Reaction. As shown in Scheme 111, N , N -  
diethyl derivatives 12 and 13 were prepared from the cor- 
responding carboxylic acids and subjected to the Diels- 
Alder reaction. The adduct 14 was isolated by silica gel 
column chromatography in 60% yield. The  stereoiso- 
mers of the Diels-Alder adduct are characterized by the 

Scheme 111 

(12) + (la 

in CHCl, 

1 week 
c 

0 

+ 

multiplicity of the bridgehead proton (at  C,) in their lH 
NMR spectra.27 That  is, an endo isomer (14a) shows a 
singlet peak a t  6 5.14, while an exo isomer (14b) shows a 
doublet (J = 5 Hz) peak a t  6 5.24 due to the coupling 
with the proton a t  C6. Thus, the ratio between endo and 
exo isomers was about 4.6/1 calculated from the values 
of their isolated yields. Kinetic study a t  room tempera- 
ture in CDCl3 also showed that the peaks due to the Diels- 
Alder adduct in lH NMR increased to a constant level. 
After 3 days of reaction, the conversion of Diels-Alder 
reaction was estimated about 50-60'31 from the integral 
ratio between the olefinic protons (CZ, C3)27 of the Diels-. 
Alder adduct and those of maleimide. Isolated yield of 
the Diels-Alder adduct was also 50-60%. As a result, 
the Diels-Alder reaction between maleimide and furan 
derivatives was not quantitative under the present con- 
dition and about half of them reacted within a few days. 

Gelation by Diels-Alder Reaction. The intermolec- 
ular Diels-Alder reaction was carried out in bulk film in 
dark place a t  room temperature as represented in Scheme 
IV. A mixture of dienophile- and diene-PAEIs (8 and 
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Scheme VI 

Scheme V 

prepolymersb 
run 8 11 15: yield, % swelling degreec in HzO 
1 4.1 0 0 
2 0  4.0 0 
3 4.1 4.0 70 
4d 4.1 4.0 89 

14.8 
11.8 

a 3 days, at room temperature, in bulk film, in dark. * Mole per- 
cent of maleimide (8) and furan (11) (n/(m + n). c Grams of HzO 
per grams of dry gel. d 7 days. 

Table IV 
Gelation by Diels-Alder Reaction. 

prepolymersb 
run 8 11 15: yield, 70 swelling degreec in HzO 
1 2.5 2.5 Od 
2 4.1 4.0 89 
3 4.8 5.3 88 
4 13.8 13.1 97 
5 21.3 21.9 95 

11.8 
5.6 
2.0 
1.1 

a 7 days, at room temperature, in bulk film, in dark. * Mole per- 
cent of diene and dienophile. = Grams of Hz0 per grams of dry gel. 
d No gel products. 

11) were cast onto a glass slide to  form a transparent 
film without phase separation. The results of the Diels- 
Alder gelations between furan and maleimide polymers 
(substitution degree, ca. 4 % )  are summarized in Table 
111. The  obtained gel 15 was insoluble in water, metha- 
nol, and other organic solvents. The  film made from the 
furan- or maleimide-modified PAEI alone, respectively, 
gave no gel under the same reaction conditions, which 
were soluble in methanol. This result shows that the cross- 
linking to  form a stable gel was caused by the intermo- 
lecular Diels-Alder reaction between the furan- and male- 
imide-modified PAEIs. 

Swelling Property in Water. Table IV shows the 
results of the Diels-Alder gelation between furan- and 
maleimide-modified PAEIs with various substitution 
degrees and the swelling degrees of the obtained polyox- 
azoline gels. The  transparent gel films were obtained in 
good yields in all cases where the contents of each func- 
tional groups were higher than 2.5%. The obtained gels 
swelled in water and showed characteristic properties as 

Yield 65% 

Swelling Degree in water Swelling Degree in water 

5.6 11 .8  

5 10  

Elution Count (mL) 

Figure 2. GPC traces of (A) 4.0% furan-modified (11) and 
(B) 4.1% maleimide-modified (8) PAEIs and (C) regenerated 
polymer after retro-Diels-Alder reaction. 

a hydrogel, which had enough strength and stability to  
be handled in water. A pair of low-substitution poly- 
mers (run 1) gave no gel because of insufficient cross- 
linking points. The  equilibrium swelling degrees in water 
increased with the decrease of substitution degrees of each 
polymer. This means that  the swelling property can be 
controlled by t h e  subst i tut ion degrees and  conse- 
quently, the hydrolysis degrees of the starting PAEIs. 

Reversibility of the Diels-Alder Reaction. Within 
a few hours, the gel product 15 after Diels-Alder reac- 
tion was redissolved into hot solvent (methanol/water 
or nitromethane). This solubility change can be explained 
by the retro-Diels-Alder reaction, which cleaves the cross- 
linking bonds by heating (Scheme V). The  GPC chart 
of the regenerated polymer is illustrated together with 
those of the starting diene and dienophile polymers in 
Figure 2. No apparent increase of the molecular weight 
was recognized after one-cycle conversion of polymer- 
gel-polymer. Without heating, the Diels-Alder gel was 
only swollen in the same solvent for a longer reaction 
time (vide infra). The  'H NMR spectrum of the result- 
ing soluble polymer is shown in Figure 3. Both the ole- 
finic protons of the maleimide moiety (6 6.9) and the ring 
protons (6 6.3-7.0) of the furan moiety are observed in 
this spectrum. The  integral ratio between these peaks 
and acetyl protons in the polymer backbone was in good 
agreement with that  calculated from the substitution 
degrees of the initial polymers. Thus, the Diels-Alder 
gel turned out to be soluble by heating reversibly. It should 
be noted that  the present diene- and dienophile-PAEI 
systems are the first examples of a thermally reversible 
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gel was also swollen in water to form a stable hydrogel. 
The swelling degree was almost the same as that of the 
original Diels-Alder gel. In conclusion, the present gela- 
tion system proved to be a complete thermally revers- 
ible hydrogel system through the covalent cross-linking 
points by means of the Diels-Alder reaction (Scheme VII). 

Figure 3. 1H NMR (400-MHz) spectrum of regenerated poly- 
mer after retro-Diels-Alder reaction. Asterisks show the peaks 
due to solvents. 

Scheme VI1 

Swollen 
or 

Dilute 
> B O T  
> 2h 

- 
Bulk Film 

r.t. 
l d  

- 
Diene-Modifled 

polyoxazoline 

+ 

Dienophile-Modified 
Polyoxazoline Gel polyoxazoline 

by Diels-Alder reaction 

hydrogel through the covalently cross-linking points via 
the Diels-Alder reaction. 

Change of the Swelling Properties by Heating. The 
partial cleavage of the Diels-Alder gel 15 was carried out 
in methanol/water = 1/1 for a few hours (Scheme VI). 
The gel was swollen in this mixed solvent more and more 
by heating at 80 "C. After 1 h, the resulting gel showed 
a swelling degree about 2 times as large as that of its 
original gel. The retro-Diels-Alder reaction occurred by 
heating, and a part of the cross-linking points was cleaved 
to increase the swelling degree. 

Recycle of the Diels-Alder Gel. The soluble poly- 
mer prepared by the retro-Diels-Alder reaction described 
above gave the gel product 15 again under the same con- 
dition as that of the previous Diels-Alder gelation reac- 
tion (1 week, in bulk film, in the dark). The resulting 
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