
Polymer Journal, Vol. 34, No. 2, pp 63—71 (2002)

Synthesis of Poly(N-isopropylacrylamide) Gel
and Core-Shell Type Gel with Thermo-Sensitive Shell Layer

by Amidation of Poly(acrylic acid) Gel

Takashi IIZAWA,† Naoki MATSUNO, Masashi TAKEUCHI,
and Fumihiko MATSUDA

Department of Chemical Engineering, Graduate School of Engineering, Hiroshima
University, Kagamiyama, Higashi-Hiroshima 739–8527, Japan

(Received October 9, 2001; Accepted December 4, 2001)

ABSTRACT: To synthesize a novel gel capsule containing a thermo-sensitive shell and hydrophilic core portions,
we investigated the amidation of poly(acrylic acid) (AA) gel–1,8-diazabicyclo[5,4,0]undec-7-ene salt (DAA) with iso-
propylamine (IPA). The reaction of DAA with IPA proceeded almost quantitatively in NMP in the presence of triph-
enylphosphine (TPP). However, the amidation took place in competition with the esterification to give a copolymer of
N-isopropylacrylamide with phenyl acrylate. The selectivity of amidation increased with increasing the IPA concentra-
tion although the observed decreasing rate of unswollen part was independent of the concentration. When the reaction
was carried out at 1.0 mol L−1 of the IPA concentration in NMP, the amidation from the outside took place almost se-
lectively to give poly(N-isopropylacrylamide) gel through a DAA-NIPA type gel capsule consisting of a hydrophilic
unreacted core part and amidated shell layer. The swelling of the gel capsule and release of Methyl Orange from the
gel capsule were studied. Above the lower critical solution temperature (LCST) of poly(N-isopropylacrylamide) gel, the
gel capsule swelled as well as DAA, and the shell layer did not work as a permeability barrier of water. However, an
AA-NIPA type gel capsule containing a AA core part and thermo-sensitive shell layer, which was prepared from the neu-
tralization of DAA-NIPA type gel capsule, showed on-off chemical release in response to stepwise temperature changes
cross the LCST.

KEY WORDS Core-Shell Type Gel / 1,8-Diazabicyclo-[5,4,0]-7-undecene / Amidation / Poly-
(acrylic acid) Gel / Poly(N-isopropylacrylamide) Gel / Thermo-Sensitive /

Polymers with pendant carboxylic acids such as
poly(acrylic acid) (AA) and poly(methacrylic acid) are
interesting starting polymers for synthesis of functional
polymers because the reactions of pendant carboxylic
acid such as neutralization, esterification, and amida-
tion are useful for the modifications. However, quan-
titative esterification and amidation of these polymers
are very difficult since the property of resulting poly-
mers changes dramatically from hydrophilicity to hy-
drophobicity.

Nishikubo and Iizawa et al.1 have studied the es-
terification of pendant carboxylic acids in polymers
with alkyl halides using 1,8-diazabicyclo-[5,4,0]-7-
undecene (DBU) as an acid acceptor. The quantita-
tive esterification is achieved under mild conditions us-
ing DBU as an acid acceptor in an aprotic polar sol-
vent. When DBU salt (DAA) of AA gel was used,
the esterification with alkyl halide proceeded from
the outside to give a core-shell type gel (gel cap-
sule) consisting of an esterified shell layer and hy-
drophilic unreacted core part.2 This method is suit-
able for synthesis of core-shell type gels of mm size
or over. Other reactions such as a selective thermal
acid-catalyzed deesterification of internal poly(t-butyl
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methacrylate) gel in a solvent,3 which show high re-
activity and selectivity, may be applicable to synthe-
sis of gel capsules. Also, the reactions could be
expected to introduce functionalities except for hy-
drophobicity into the shell layer. We paid atten-
tion to thermo-sensitive poly(N-isopropylacrylamide)
(NIPA) which has lower critical solution temperature
(LCST) in the vicinity of 32◦C.4 This polymer has
not been prepared except radical polymerization of N-
isopropylacrylamide. Recently, Akashi et al.5 have
reported that its isomer, poly(N-vinylisobutyramide)
was prepared by the condensation of poly(vinylamine)
hydrochloride with isobutyric acid using 1-ethyl-3-
[3-(dimethylamino)propyl]carbodiimide hydrochloride
and triethylamine as activating agents. However,
the degree of acylation was not satisfactorily high.
The synthesis of poly(N-isopropylacrylamide) from
the condensation of AA with isopropylamine (IPA)
requires for activating agents with high reactiv-
ity and selectivity because the LCST of poly(N-
isopropylacrylamide) is very sensitive to small amounts
of impurities such as unreacted acrylic acid units
and by-products.6 These agents have been investigated
widely in direct polycondensation.7 Higashi7a studied
synthesis of polyamide with high molecular weight by
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Scheme 1. Reaction of DAA with IPA using TPP.

the direct polycondensation of dicarboxylic acid with
aromatic diamine using triphenylphosphite (TPP) and
pyridine system. Yamazaki and Higashi8 also studied
peptide synthesis using the TPP and pyridine system.
However, the reaction of carboxylic acid with aliphatic
amine shows lower selectivity than that with aromatic
amine using this system, although the former reaction
has higher reactivity than the latter.

The previous communication9 reported the success-
ful synthesis of poly(N-isopropylacrylamide) gel from
amidation of DAA with IPA in the presence of TPP as
an activating agent. This study reports that the amida-
tion of DAA with IPA is investigated in detailed. Selec-
tive amidation from the outside would afford poly(N-
isopropylacrylamide) gel through a novel gel capsule
consisting of a hydrophilic unreacted core and thermo-
sensitive shell (Scheme 1). The shell layer would be ex-
pected to show dramatic permeability changes for many
chemicals in response to temperature changes cross the
LCST. We also discuss the preparation and the charac-
terization of the gel capsule prepared from this reaction.

EXPERIMENTAL

Materials
Monomers and solvents were distilled prior to

use. Commercial N,N′-methylenebisacrylamide,
DBU, IPA, TPP, diphenylphosphite (DPP), and
Methyl Orange were used without further purification.
Cylindrical DAA (length and diameter (2R0: about
5.0 mm) was prepared via two-steps; the copoly-

merization of acrylic acid with 0.5 mol% of N,N′-
methylenebisacrylamide in Teflon tubes (internal di-
ameter; 6.0 mm) and neutralization of the result-
ing gel with excess DBU in methanol according
to the previous papers.3b Poly(phenyl acrylate) and
poly(N-isopropylacrylamide) were prepared by radi-
cal polymerization of the corresponding monomer in
the presence of 2, 2′-azobis(isobutyronitrile) in N,N-
dimethylformamide (DMF) at 60◦C for 24 h.

Apparatus
IR spectra were obtained on a JASCO model IR-700

spectrophotometer. UV spectra were measured on a
Shimadzu model UV 2100S spectrophotometer.

Amidation of DAA
A typical amidation was as follows. A mixture so-

lution of TPP (1.0 mol L−1) and IPA (1.0 mol L−1) in
N-methyl-2-pyrrolidone (NMP) (50 mL) was charged
into a 50 mL cylindrical cell in a water bath at 80◦C.
A cylindrical DAA was dipped in the solution. The
gel began swelling and divided into a swollen shell and
unswollen core. Radius (rt) of the core after t = t min
were periodically observed by a digital video camera
(Sonny, DCR-VX1000). After the disappearance of the
core, the resulting gel was washed away unreacted sub-
stances and by-products with methanol by a Soxhlet ex-
tractor. It was dried slowly, and finally dried in vacuo
at 80◦C until constant weight. The gel was dipped in
TEA solution in THF (10 mmol L−1, 25 mL) at room
temperature for 24 h. Although free carboxylic acid in
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the gel was measured by neutralization titration of the
filtrate with 10 mmol L−1 aqueous HCl solution, it was
not detected. The degree of amidation was 96.2%, cal-
culated from Aester/Aamide, where Aester and Aamide are
absorptions at 1755 and 1650 cm−1, respectively.

Synthesis of DAA-NIPA Type Gel Capsules
A typical synthesis of DAA-NIPA type gel capsules

was as follows. 200 mL of the mixed solution of
TPP (1.0 mol L−1) and IPA (1.0 mol L−1) in NMP was
charged into 300 mL of Erlenmeyer flask in a water
bath at 80◦C. Dozens of DAA samples (2 R0 = 5.0 mm)
were soaked in this solution, and were kept till the
thickness of shell layer (1 − rt/R0) became 0.10 for 55
min. The gels were taken out from the reaction mix-
ture, and were placed into a large quantity of methanol
to stop the reaction. After the reaction, they were suffi-
ciently washed with methanol with a Soxhlet extractor.
They were dried carefully and slowly, and finally dried
in vacuo at 60◦C until constant weight.

Synthesis of AA-NIPA Type Gel Capsules
A typical synthesis of AA-NIPA type gel capsules

was as follows. A dozen of DAA-NIPA type gel cap-
sules (rt/R0 = 0.90) were neutralized with acetic acid
solution in methanol with Soxhlet extractor for 3 days.
After the reaction, they were sufficiently washed with
methanol with a Soxhlet extractor. They were dried
carefully and slowly, and finally dried in vacuo at 60◦C
until constant weight.

Chemical Release from the Gel Capsule
The gel capsule was dipped into a solution (0.1 mmol

L−1) of Methyl Orange in methanol-acetone mixture
(1:1) and allowed to swell for 1 day at 30◦C. After dry-
ing, the shell layer was selectively washed with acetone
by a Soxhlet extractor and dried again. The sample was
placed in 50 mL water at 50◦C. At, absorbance of the
solution at 468.5 nm after t min, was measured by a
UV spectrophotometer.

Measurement of Swelling Rate
A sample was placed in water in a 50 mL cylindrical

cell at a desired temperature. The change of external ra-
dius (R′t/R′0), where 2R′0 and 2R′t are external radii of
the original gel and the gel swelled after t = t min, re-
spectively, was recorded using the digital video camera
system described above.

Measurement of Equilibrium Swelling Ratio
A sample was immersed in water at a desired temper-

ature (the initial temperature was 50◦C). The equilib-
rium swelling ratio was measured according the method

reported.6a It is defined as (Ws +Wp)/Wp, where Ws and
Wp are weights of absorbed water and dried polymer,
respectively.

RESULTS AND DISCUSSION

Synthesis of Poly(N-isopropylacrylamide) Gel by Ami-
dation of DAA gel

Amidation of a cylindrical DAA (length the same as
diameter; about 5.0 mm) with various concentrations
of IPA solution was carried out in NMP using TPP at
80◦C. When DAA was placed in NMP containing ex-
cess amounts of IPA and TPP, the swelling occurred and
the gel was divided into a swollen shell and unswollen
cylindrical core (Figure 1). The shell expanded with de-
creasing the core in size during reaction. At the end of
the reaction, the core disappeared. This reaction mode
is similar to the esterification mode of DAA with alkyl
halide.2 The mechanism of the esterification was in-
vestigated in detail,2c,d and the heterogeneous reaction
has three rates; intrinsic esterification rate of DBU salt
of carboxylic acid with alkyl halide, diffusion rate of
alkyl halide through a swollen part, and diffusion rate
of alkyl halide through an unswollen part. It can be
considered that only the part with high esterification
swells in the solvent, and the degree of esterification
is equal to any part in the shell layer when an excess
amount of alkyl halide is added. The relative magni-
tude of intrinsic reaction rate for two diffusion rates
caused the decreasing pattern of unswollen part to de-
termine. Higashi et al.8a reported that the amidation of
N-benzoyloxycarbonylglycine with ethyl glycine hy-
drochloride using DPP-pyridine system as an activating
reagent at room temperature for 30 min gave ethyl N-
benzoyloxycarbonylglycylglycinate in 92% yield. The
amidation of DAA with IPA using TPP was faster than
that using DPP (Table I). The decreasing pattern of
unswollen part [(1 − rt/R0) vs. t/τ] was the same in
all reaction, although the time (τ) for the complete dis-
appearance of unswollen part depended on the reaction
conditions (Figure 2). In addition, the decreasing pat-
tern agreed with the esterification pattern of DAA with
alkyl bromide.2a,b These results support similar reaction
mechanism to diffusion control of the unreacted-core
model;10 the intrinsic reaction is much faster than the
diffusion rate of reagents through a swollen part using
TPP, and the reaction zone is restricted to the boundary
between the swollen part and the unswollen part. The
amidation was carried out at various concentrations of
TPP and IPA at 80◦C in an aprotic polar solvent (Fig-
ure 3). The τ depended on the concentration of TPP,
but was independent of the concentration of IPA. The
τ became longer when the concentration of TPP was
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Figure 1. Typical photograsphs in reaction of DAA with a mixture solution of TPP (1.0 mol L−1) and IPA (1.0 mol L−1) in NMP (50 mL)
at 80◦C.

Table I. Reaction of DAA with IPAa

Gel
Conc. of IPA

mol L−1

Conc. of TPP
mol L−1 Solvent

τ

min
CIb

mol%
G-1 0 1.0 NMP 980 0d

G-2 0.05 1.0 NMP 1010 32.0
G-3 0.3 1.0 NMP 980 84.1
G-4 1.0 1.0 NMP 970 96.2e

G-5 1.0 1.0c NMP 2220 –
G-6 1.0 0.3 NMP 1880 95.8
G-7 1.0 0.5 NMP 1210 –
G-8 1.0 1.0 DMF 540 95.3
G-9 1.0 1.0 DMSO 700 91.9
G-10 1.0 1.0 DMAc 760 95.3

aReaction of DAA was carried out with a mixture solution of
TPP (1.0 mol L−1) and IPA (1.0 mol L−1) in a solvent (50 mL)
at 80◦C. bCI: content of N-isopropylacrylamide unit, it was cal-
culated by the IR spectrum as shown in eq 4. cDPP was used
instead of TPP. dContent of acrylic acid unit was 1.9 mol% de-
termined from the back-titration. eAcrylic acid unit was not
detected by the back-titration.

adjusted to 10 mol L−1 (about 20 vol%) or more, be-
cause TPP which is not a suitable solvent for this reac-
tion increased too much in the reaction mixture. The
rate increased nearly with decreasing molecular size of
solvent in following order; DMF > dimethylsulfoxide
(DMSO) > N,N-dimethylacetamide (DMAc) > NMP
(Table I). This suggests that the overall reaction de-
pends markedly on the diffusion rate of TPP and sol-
vents through the reacted shell layer.

The complete reaction with various concentrations

Figure 2. Amidation of DAA with concentrations of IPA in
presence of TPP in NMP at 80◦C; (•) [IPA]0 = 1.0 mol L−1,
[TPP]0 = 1.0 mol L−1; [ �] [IPA]0 = 0.05 mol L−1, [TPP]0 =

1.0 mol L−1; [�] [IPA]0 = 0 mol L−1, [TPP]0 = 1.0 mol L−1; [�]
[IPA]0 = 0.5 mol L−1, [TPP]0 = 1.0 mol L−1; [�] [IPA]0 = 0.3 mol
L−1, [TPP]0 = 1.0 mol L−1.

(0, 0.05, 0.3, and 1.0 mol L−1) of IPA solution gave
G-1–G-4 in the presence of TPP (1.0 mol L−1), re-
spectively. G-4 was swollen in many solvents such
as water, methanol, acetone, benzene, and NMP; how-
ever, G-1 was hardly swollen in protic solvents such
as water and methanol. The IR spectra of these
gels are shown in Figure 4. The spectrum of G-
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Figure 3. Dependence of time (τ) for the complete reaction on
concentrations (C0) of IPA and TPP: (©): [TPP]0 = 1.0 mol L−1;
(•): [IPA]0 = 1.0 mol L−1.

4 showing strong absorptions at 1650, 1545 (amide
I and amide II), and 3300 cm−1 (N–H, stretching)
was different from that of AA, and almost the same
as that of poly(N-isopropylacrylamide). The spec-
trum of G-1 showed strong absorption at 1755 cm−1

(C=O of ester, stretching), and was consistent with
that of poly(phenyl acrylate). The content of acrylic
acid unit in G-1 was 1.9 mol%, calculated from the
back-titration using the triethylamine solution in THF
(10 mmol L−1) −10 mmol L−1 aqueous HCl solution
according to the reported procedure.3b Therefore, the
quantitative esterification of DAA with TPP occurred
to yield the poly(phenyl acrylate) gel under these con-
ditions. The spectrum of G-2 showed mixed ab-
sorptions based on poly(N-isopropylacrylamide) and
poly(phenyl acrylate). This spectral data indicated
that G-2 is a copolymer of N-isopropylacrylamide
and phenyl acrylate with 0.5 mol% of N,N′-
methylenebisacrylamide. Since absorptions of mixture
films of poly(N-isopropylacrylamide) at 1650 cm−1

(Aamide) and poly(phenyl acrylate) at 1755 cm−1 (Aester)
were not overlapped, the Aester/Aamide was proportional
to the wide molar ratio of phenyl acrylate unit (y) to
N-isopropylacrylamide unit (x) in the mixtures (eq 4).

y/x = 1.31(Aester/Aamide) (4)

From the relation, the contents of N-isopropyla-
crylamide units in theamidated gel, which was re-
garded as a copolymer of phenyl acrylate and N-
isopropylacrylamide with 0.5 mol% of N,N′-methy-
lenebisacrylamide, can be estimated. The calculated
contents of N-isopropylacrylamide units of G-2, G-3,

Figure 4. IR spectra (KBr) of A) AA gel, B) G-1, C) G-2, and
D) G-4.

and G-4 were 32.0, 84.1, and 96.2 mol%, respectively.
In addition, the content of acrylic acid units in G-4
was not detected by the back-titration described above.
These results suggested that the amidation of DAA with
IPA took place preferentially when high concentration
(1.0 mol L−1) of IPA solution was used. Yamazaki and
Higashi7a investigated the reaction of carboxylic acid
with amine using pyridine-TPP or DPP system, and
proposed the reaction mechanism through acyloxy N-
phosphonium salt of pyridine. The reaction of car-
boxylic acid-DBU salt with IPA in the presence of TPP
can be explained similarly to that using TPP-pyridine
system as shown in Scheme 2. Since this reaction was
independent of the concentration of IPA, it seems that
the formation of intermediate was a rate-determining
step, and the reaction of the intermediate with IPA or
phenol was very fast. Therefore, the formation of inter-
mediate is an important factor for smooth reaction, and
may be attributed to balance between basicities of IPA
and tertiary amine such as pyridine or DBU. A weaker
tertiary amine such as pyridine than IPA was difficult to
form the acyloxy N-phosphonium salt. However, IPA
did not inhibit with the formation of intermediate of
DBU because DBU (pKa = 11.5) is stronger base than
IPA and pyridine (pKa = 5.25). The intermediate can

Polym. J., Vol. 34, No. 2, 2002 67



T, IIZAWA et al.

Scheme 2. Reaction mechanism of carboxylic acid with amine using TPP-DBU system.

Figure 5. Equilibrium swelling ratio of gels obtained from the
amidation in water as a function of temperature; (•): G-2; (�):
G-3; (�): G-4; ( �): G-8; (�): G-9; (©): G-10.

react with IPA and phenol resulting as a by-product to
give the corresponding amide and phenyl ester, respec-
tively. Under homogeneous conditions, the aminolysis
proceeds preferentially since IPA shows much higher
nucleophilicity than phenol. As the intrinsic amidation
rate was much faster than the diffusion rate of IPA and
phenol through the swollen part in the reaction of gel,
the concentration of the resulting phenol was high and
the concentration of IPA was very low in the reaction
zone. Under these diffusion control conditions of the
unreacted core model,10 the esterification took place in
competition with the amidation to give a copolymer of
N-isopropylacrylamide with phenyl acrylate.

The equilibrium swelling ratio of gels obtained from
the reaction was measured in water at a wide range

of temperature (Figure 5). The LCST of copolymer
of N-isopropylacrylamide is very sensitive to content
and hydrophilicity of the comonomer unit.6 If the ob-
tained gel contained small amounts of unreacted DBU
salts or free carboxylic acids, the LCST was higher than
32◦C. For example, poly(N-isopropylacrylamide) gel
containing 1.0 mol% of hydrophilic acrylic acid units
showed LCST around 35◦C, and G-4 showed almost
the same LCST at about 30◦C as the corresponding gel
(content of phenyl acrylate units: 4.8 mol%) obtained
from copolymerization of N-isopropylacrylamide with
phenyl acrylate.9 These indicated that the reaction of
DAA with excess amounts of IPA and TPP proceeded
quantitatively to give poly(N-isopropylacrylamide) gel
with small amounts of phenyl acrylate units as by-
products under these conditions. The content of phenyl
acrylate units in the obtained gel was also depen-
dent on the IPA concentration and the reaction sol-
vent. The LCST and the equilibrium swelling ratio be-
came lower with increasing the content of hydropho-
bic phenyl acrylate units. When NMP was used as a
solvent, the obtained gel showed LCST at about 30◦C
close to that of poly(N-isopropylacrylamide) gel.

Synthesis and Properties of a Gel Capsule
A gel capsule (DAA-NIPA type gel capsule, rt/R0 =

0.90) was synthesized from the amidation of DAA with
IPA using TPP in NMP at 80◦C for 55 min. When
the obtained gel capsule was dipped in water at 40◦C,
the swelling took place as shown in Figure 6. The
swelling was evaluated by R′t/R′0, where R′0 and R′t
are external radii of the dried gel and the gel swelled
in the solvent for t min, respectively. Since thermo-
sensitive poly(N-isopropylacrylamide) gel became hy-
drophobic and was hardly swollen in water at 40◦C
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Figure 6. The swelling rate of gels in water at 45◦C: (•):
DAA; (�): G-4; (©): DAA-NIPA type gel capsule.

Figure 8. Typical photographs in swelling of AA-NIPA type gel capsule in water.

which is higher temperature than the LCST, the shell
layer was expected to depress the swelling of the core
part. However, this effect of shell layer was not recog-
nized at all, and the gel capsule showed almost the same
swelling behavior as DAA. The fact that the transition
of poly(N-isopropylacrylamide) gel in the shell layer
did not occur may be attributed to the strong water-
absorbing power of DAA in the core part. In order
to improve this, the conversion of DAA in the core
part to AA gel, which had much lower water-absorbing
power than DAA, gave a novel AA-NIPA type gel cap-
sule consisting of a hydrophilic AA core and thermo-

Figure 7. The swelling rate of AA-NIPA type gel capsule in
water: (•): 20◦C; (�): 25◦C; (�): 30◦C; (�): 35◦C; (�): 40◦C;
(©): AA gel at 30◦C.

sensitive poly(N-isopropylacrylamide) shell. The AA-
NIPA type gel capsule was easily prepared from the
neutralization of DAA-NIPA type gel capsule washed
with methanol containing a small amount of acetic acid
by a Soxhlet extractor. As the conversion of DAA
(molecular weight of monomer unit: 224.3) to AA gel
(molecular weight of monomer unit: 72.1) was accom-
panied with a big volume shrinkage, the resulting AA-
NIPA type gel had some dimples on its surface. The
swelling behavior of AA-NIPA type gel capsule was
measured in water at various temperatures (Figure 7).
When the water temperature (20 or 25◦C) was lower
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Figure 9. Methyl Orange release profiles from AA-NIPA type
gel capsule: (©): 25◦C; (•): 35◦C.

than the LCST, the shell layer as well as the core part
swelled. When the temperature (35 or 40◦C) was higher
than the LCST, the gel capsule was slightly swelled
since the shell layer became hydrophobic. Also, the
pictures of gel capsules equilibrated in water at 25 and
35◦C were shown in Figure 8. The difference between
the two gel states; swelling state and no swelling state,
was so large that the properties of shell layer were ex-
pected to change dramatically in response to the tem-
perature changes. When the temperature was the vicin-
ity of the LCST, the gel showed the transition between
the two gel states. Therefore, the shell layer showed the
LCST at about 30◦C by exchanging DAA for AA gel
in the core part, and worked as a permeability barrier
of water at the high temperature. When an AA-NIPA
type gel capsule with dye in the core part was put in
water, the swelling of shell layer at 25◦C caused dye
in the core part to diffuse through the shell layer and
to release outside (Figure 9). However, dye was hardly
released since the shell layer was not swollen at 35◦C.
Accordingly, at the low temperature, the chemical re-
lease became a state of “on” and became a state of “off”
at the high temperature. Furthermore, the chemical re-
lease of dye from the gel capsule was observed in water
when the temperature was changed stepwisely between
25◦C and 35◦C every 6 h (Figure 10). The swelling of
gel capsule and the chemical release was not detected
at 35◦C. When the temperature dropped to 25◦C after
6 h, the swelling of gel capsule and the release of dye
started in response to the swelling of shell layer. As
soon as the temperature was raised to 35◦C, the shell
layer shrank again. The shrinking caused the swelling
of gel capsule and the release of dye to stop. The same
changes were repeated in response to the stepwise tem-

Figure 10. Methyl Orange release profiles from AA-NIPA
type gel capsule in response to stepwise temperature change.

perature changes. The swelling and deswelling phe-
nomenon of shell layer played a role as a switch for
the drug release (Scheme 3). Similar phenomenon
has been observed in chemical release from poly(N-
isopropylacrylamide) gel.6a The deswelling of poly(N-
isopropylacrylamide) gel swelled in water caused the
gel to develop the dense surface skin layer which acted
the same as the shell layer of gel capsule. The gel
shrank very slowly with increase of the skin layer to
original size and with slow release of water and chemi-
cals. In contrast, the AA-NIPA type gel capsule swelled
in water did not show the shrinkage when it was placed
in water at 35◦C. Therefore, AA-NIPA type gel cap-
sule is different from poly(N-isopropylacrylamide) gel
in the swelling -deswelling characteristic for tempera-
ture. These results suggest that AA-NIPA type gel cap-
sule is useful for novel thermo-sensitive drug carrier.

CONCLUSION

The synthesis of poly(N-isopropylacrylamide) gel
and the gel capsule have been investigated by the ami-
dation of DAA with IPA using TPP as an activating re-
gent and the following conclusions have been obtained:
(1) The reaction DAA with IPA using TPP as an acti-

vating agent took place from the outside to give a
core-shell type gel containing a reacted shell layer
and unreacted core part. The decreasing pattern of
unreacted core part agreed with the esterification
pattern of DAA with alkyl bromide. The reaction
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Scheme 3. Schematic illustration of on-off chemical release in response to stepwise temperature changes (T1 = 35◦C, T2 = 25◦C).

rate depended on the concentration of TPP, but was
independent of the concentration of IPA.

(2) This reaction gave a wide variety of copolymer
gels of N-isopropylacrylamide with phenyl acry-
late. The selectivity of amidation was controlled
by the reaction conditions such as the reaction sol-
vent and the concentration of IPA. When the re-
action with excess amounts of IPA was carried
out at 80◦C in NMP, a thermo-sensitive gel which
showed almost the same properties as poly(N-
isopropylacrylamide) gel was obtained.

(3) The selective amidation from the outside af-
forded a DAA-NIPA type gel capsule consist-
ing of a hydrophilic unreacted core and poly(N-
isopropylacrylamide) shell. However, the shell
layer was also swollen and did not depress the
swelling of the core part when the gel was place
in water at a higher temperature than the LCST.

(4) The AA-NIPA type gel capsule was prepared from
the neutralization of DAA-NIPA type gel capsule.
The shell layer worked as a permeability barrier of
chemicals in water at a higher temperature than the
LCST. In addition, the gel capsule showed on-off
chemical release in response to stepwise tempera-
ture changes cross the LCST of the shell layer.
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