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Poly(N-isopropylacrylamide) (PNIPA) gel is famous
thermo-sensitive polymer gel which has lower crit-
ical solution temperature (LCST) in the vicinity of
32 ◦C.1–3 Since it shows relatively quick and large vol-
ume change caused by a small temperature change
around LCST and its monomer N-isopropylacrylamide
(NIPA) is commercially available, many applications
of PNIPA gel were proposed.4–7 However, the applica-
tions may be restricted because the operation temper-
atures depend on the LCST and cannot freely be con-
figured. Therefore, polymer gels which show differ-
ent LCST from and equal thermo-sensitivity to PNIPA
gel are needed for practical use. Ito8 reported LCST
of numerous linear poly(N-alkylacrylamide)s and
poly(N, N-dialkylacrylamide)s. The thermo-sensitive
behavior of some poly(N-alkylacrylamide) gels such as
poly(N-ethylacrylamide) gel9 and PNIPA gel was also
observed. The LCST of poly(N-alkylacrylamide)s and
the gels depends primarily on their chemical structure.
However, the swelling behavior of gel was strongly af-
fected by the network structure as well as the chemi-
cal structure. Since poly(N-alkylacrylamide) gels with
the same network structure were not prepared from the
polymerization of the corresponding monomers, rela-
tive thermo-sensitivity of poly(N-alkylacrylamide) gels
could not been determined.

Recently, we have studied heterogeneous reaction of
poly(acrylic acid)-1,8-diazabicyclo-[5,4,0]-7-undecene
(DBU) salt (DAA) with some reagents such as alkyl
halide and alkylamine.10–14 It is found that almost
quantitative amidation of DAA with isopropylamine
(IPA) occurred in the presence of triphenylphosphite
(TPP) as an activating agent to give PNIPA gel. The re-
action of DAA with alkylamines would be expected to
proceed without any relation to structure of alkylamines
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and give poly(N-alkylacrylamide) gels with the same
network structure.

In this communication, a series of thermo-sensitive
poly(N-alkylacrylamide) gels containing C3 alkyl
chains with the same network structure is prepared
from the amidation of DAA with alkylamines such
as n-propylamine (NPA), IPA, allylamine (AA), cy-
clopropylamine (CPA), and mixtures of NPA and IPA
(Scheme 1). Also, we discuss LCST and relative
thermo-sensitivity of the obtained polymer gels.

EXPERIMENTAL

Cylindrical DAA (length and diameter; about
5 mm) was prepared via two-steps; the copolymer-
ization of acrylic acid with 0.5 mol% of N, N′-
methylenebisacrylamide in Teflon tubes (internal diam-
eter; 6 mm) and neutralization of the resulting gel with
excess DBU in methanol according to the previous pa-
pers.12, 13 The samples were sufficiently washed with
methanol by a Soxhlet extractor, and dried in vacuo at
60 ◦C until constant weight.

A typical amidation of DAA is as follows. Mixed
solution (50 mL) of NPA (2.0 mol L−1) and TPP
(1.0 mol L−1) in N-methyl-2-pyrrolidone (NMP) was
charged into a 50 mL simple pressure vessel in a water
bath at 80 ◦C. Some samples of cylindrical DAA were
dipped in the solution. After the disappearance of the
core, the reacted samples were washed away unreacted
substances and by-products with methanol and acetoni-
trile by a Soxhlet extractor. They were dried in vacuo
at 60 ◦C until constant weight.

Equilibrium swelling ratio and swelling rate of gel
were measured according the method reported.14 The
equilibrium swelling ratio is defined as (Ws + Wp)/Wp,
where Ws and Wp are weights of absorbed water and
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Scheme 1. Reaction of DAA with Various Alkylamines using TPP.

Table I. Synthesis of poly(N-alkylacrylamide) from reaction of DAA with alkylaminea

Gel Alkylamine
Content of IPAb

Solvent
Content of NIPAc

(mol%) (mol%)
G-1 NPA 0 NMP
G-2 IPA 100 NMP 99
G-3 AA 0 NMP
G-4 CPA 0 NMP
G-5 NPA + IPA 10 NMP –
G-6 NPA + IPA 30 NMP 17
G-7 NPA + IPA 50 NMP 33
G-8 NPA + IPA 70 NMP 53
G-9 NPA + IPA 90 NMP 83

aReaction of DAA was carried out with a mixture solution of TPP (1.0 mol L−1) and
alkylamine (2.0 mol L−1) in NMP (50 mL) at 80 ◦C for 1000 min. bThe content of IPA in
a mixture of IPA and NPA. cThe content of NIPA unit in the gel was estimated roughly
by the IR spectrum.

dried polymer, respectively.

RESULTS AND DISCUSSION

Quantitative amidation of poly(acrylic acid) is very
important to synthesize a thermo-sensitive poly(N-
alkylacrylamide) because unreacted acrylic acid units
and by-products markedly affected its LCST.9, 13, 15 In
previous paper,14 we reported that the reaction of DAA
with IPA using TPP gave a copolymer gel of NIPA with
phenyl acrylate, and the content depended on the IPA
concentration, although the apparent rate was not af-
fected by the concentration. The amidation proceeded
almost quantitatively when a high concentration of IPA
solution was used. For example, the reaction of DAA
with IPA (1.0 mol L−1) in NMP at 80 ◦C gave a G-
2′ with 96.2 mol% degree of amidation.14 According
to the previous paper,14 the amidation of a cylindri-
cal DAA (length the same as diameter; about 5 mm)
with various alkylamines (2.0 mol L−1) was carried out

in NMP using TPP at 80 ◦C. When DAA was placed
in NMP containing excess amounts of alkylamine and
TPP, the swelling occurred and the gel was divided into
a swelled shell and unswollen cylindrical core. The
disappearing rate of the core is independent of kinds
of alkylamines. After 1000 min, the core disappeared.
The complete reaction with various alkylamines such
as NPA, IPA, AA, CPA, and mixture of NPA and IPA
gave G-1, G-2, G-3, G-4, and G-5∼G-9, respectively
(Scheme 1 and Table I). The IR spectra of typical gels
are shown in Figure 1. The spectrum of the obtained
gels showed strong absorptions at 1650, 1545 (amide
I and amide II), and 3300 cm−1 (N–H, stretching, and
no absorption around 1755 cm−1 (C=O of phenyl ester)
was detected, although a trace absorption at 1755 cm−1

was observed in the spectra of G-2′ with 96.2 mol%
degree of amidation. G-1, G-3, and G-4 showed char-
acteristic absorptions at 1459, 1384, and 1153 cm−1

(n-propyl group), 1422, 1263, 996, and 923 cm−1

(–CH=CH2), and 1456, 1362, and 1026 cm−1 (cyclo-
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Figure 1. IR spectra (KBr) of (A) G-1, (B) G-7, and (C) G-2;
(a) about 1385 cm−1, (b) 1364 cm−1, (c) 1173 cm−1, (d) 1153 cm−1,
(e) 1131 cm−1.

propyl group), respectively. These spectra indicated
that the almost quantitative amidation occurred to give
the corresponding poly(N-alkylacrylamide) gels. In ad-
dition, poly(N-allylacrylamide) gel cannot be prepared
from polymerization of N-allylacrylamide because a
radical copolymerization of acryl group and allyl group
in N-allylacrylamide occurred competitively. G-7 pre-
pared from the reaction of DAA with a mixture of NPA
and IPA (1:1) showed absorptions at 1388, 1368, 1173,
and 1131 cm−1 based on NIPA unit, and absorptions at
1384 and 1153 cm−1 based on N-n-propylacrylamide
(NNPA) unit. The IR spectra of G-5∼G-9 consisted
of those of G-1 and G-2. Therefore, these gels are
copolymers of NIPA and NNPA. The content of NIPA
units in the copolymer gels can be calculated from
A1131/Aamide II or A1153/Aamide II, where A1131, A1153, and
Aamide II are absorbances at 1131 cm−1, 1153 cm−1, and
1545 cm−1, respectively, if the absorption coefficient
of amide II at 1545 cm−1 based on NNPA units is the
same as that based on NIPA units. The contents of
NIPA units in G-6, G-7, and G-8 are about 17, 33,
and 53 mol%, respectively, estimated roughly by this
method, since the week characteristic absorptions were
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Figure 2. Equilibrium swelling ratio of poly(N-alkylacryl-
amide) gels in water as a function of temperature; (�) G-1; (•)
G-2; (�) G-3; (©) G-4.

overlapped with the other absorptions. The content of
NIPA units in the copolymer gels seems to be much
lower than the bulky IPA content in the mixture of IPA
and NPA because the heterogeneous reaction proceeded
under diffusion control conditions.14

Equilibrium swelling ratio of G-1∼G-4 was mea-
sured in water at a wide range of temperature (Fig-
ure 2). The swelling behavior of gel depended
markedly on the network structure. It is difficult to
prepare different gels with the same network struc-
ture from a polymerization method of monomer. On
the other hand, the gels obtained from this synthetic
method had the same network structure if the cleav-
age reaction or crosslinking reaction did not occur as
a side reaction because the same lot of DAA was
used. Therefore, the effect of alkyl group in poly(N-
alkylacrylamide) gel on the equilibrium swelling ratio
can be elucidated. Poly(N-alkylacrylamide) gel was
hardly swollen in water when the water temperature
was higher than the LCST. When the temperature be-
came lower than the LCST, the gel was swelled and the
equilibrium swelling ratio increased drastically, and fi-
nally the swelling ratio was independent of the temper-
ature. The saturated equilibrium swelling ratio of G-1
(molecular formula of monomer unit: C6H11NO) is the
same as that of G-2 (molecular formula of monomer
unit: C6H11NO), and higher than those of G-3 and G-4
(molecular formula of monomer unit: C6H9NO). G-1,
G-2, G-3, and G-4 showed LCST at about 19, 31, 35,
and 43 ◦C. These LCSTs are slightly lower than those
of the corresponding soluble polymers.8

It is well-known that gels having different LCST
from PNIPA gel can be obtained from copolymeriza-
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Figure 3. Equilibrium swelling ratio of copolymer gels in wa-
ter as a function of temperature; (�) G-1; (•) G-2; ( �) G-5; (�)
G-6; (©) G-7; (�) G-8; (�) G-9.

tion of NIPA with other comonomers such as butyl
methacrylate9 or N, N-dimethylacrylamide.15 A tem-
perature change of LCST became larger with increasing
the content of comonomer unit in the copolymer gel;
however, it was so high that the gel showed low
thermo-sensitivity. The equilibrium swelling ratio of
copolymer gels G-5∼G-9, compared with those of ho-
mopolymer gels G-1 and G-2, was shown in Figure 3.
The copolymer gels showed LCST between those of
G-1 (19 ◦C) and G-2 (31 ◦C). The LCST increased with
increasing the IPA content in the mixture of IPA and
NPA in the synthesis of copolymer gels. Surprisingly,
the saturated equilibrium swelling ratio was hardly
changed by the content. When the dried gels were
dipped in water at 15 ◦C, they swelled rapidly since
they became hydrophilic under these conditions. The
swelling rate was also independent of kinds of the gels.
These results suggest that the copolymerization of
NIPA and NNPA caused the LCST to change without
decreasing the thermo-sensitivity. We cannot conclude

at the present whether this copolymer system is special
case because G-1 is structural isomer of G-2. Further
studies on the amidation of DAA with other mixtures of
alkylamines, the model reaction of soluble poly(acrylic
acid) with the mixtures, and characteristics of the re-
sulting polymers are now in progress.
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