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ABSTRACT: Terpolymers based onN-isopropylacrylamide,
sodium 2-acrylamido-2-methyl-propanesulfonate, and N-tert-
butylacrylamide were synthesized by free-radical copolymer-
ization with 2,20-azobisisobutyronitrile as an initiator. The
lower critical solution temperatures (LCSTs) of the linear
polymer aqueous solutions were determined by the mea-
surement of the transmittance on UV at different tempera-
tures. The influence of the polymer concentration, poly-
mer composition, and ionic strength on the LCSTs of the
linear polymers was investigated. The LCST decreased
with increases in the hydrophobic monomer N-tert-butyla-
crylamide, polymer concentration, and ionic strength. The

phase transition became sharp when the polymer concen-
tration and ionic strength increased. Meanwhile, the cross-
linked hydrogels were prepared with the same recipe
used for the linear terpolymers, but a crosslinker was
added to the reaction system. The swelling ratios of the
hydrogels at various temperatures and salt solutions were
determined. The hydrogels possessed both high swelling
ratios and thermosensitivity. � 2007 Wiley Periodicals, Inc.
J Appl Polym Sci 105: 2299–2305, 2007
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INTRODUCTION

A thermosensitive hydrogel is a kind of stimuli-sensi-
tive hydrogel that exhibits a volume phase transition
in response to slight environmental changes. This
kind of hydrogel has received extensive attention
because of its significance both in theories and in
applications such as drug delivery, the immobilization
of enzymes, the dewatering of protein solutions, sol-
ute separation, baby diapers, water-blocking tapes,
and absorbent pads.1–9 The volume-phase-transition
temperature is essential for a thermosensitive hydro-
gel to be used. It is known that poly(N-isopropylacryl-
amide) (PNIPA) undergoes a rapid and reversible
phase transition in response to a small temperature
change around its lower critical solution temperature
(LCST; 31–338C) in an aqueous solution. Copolymers
of N-isopropylacrylamide (NIPA) with hydrophilic
(or hydrophobic) monomers have a higher (or lower)
LCST than the homopolymer PNIPA.10,11 This prop-
erty is often used for adjusting LCST (or the phase-

transition temperature) of copolymers. We previously
reported the copolymerization of NIPA, sodium acry-
late, and N-tetrabutylacrylamide and studied the ther-
mosensitivity of the copolymer.11 Some other reports
regarding the copolymerization of monomers contain-
ing hydrophilic and hydrophobic segments can be
found in the literature.12–14

Sodium 2-acrylamido-2-methyl-propanesulfonate
(AMPS) contains strongly ionizable sulfonic groups
and can dissociate completely in the overall pH range.
The copolymers derived from AMPS exhibit pH-inde-
pendent phase-transition behavior. Therefore, AMPS
is often incorporated into thermosensitive gels as a
hydrophilic component. Szczubialka et al.15 prepared
a copolymer of NIPA and AMPS and studied the
influence of the content of AMPS on the LCST of the
copolymers in aqueous solutions. They also studied
the properties of micelles made from a terpolymer of
NIPA, AMPS, and cinnamoyloxy ethyl methacrylate.16

Durmaz and Okay17 synthesized a hydrogel based on
acrylamide and AMPS and studied the characteristics.
More studies on copolymers containing AMPS have
been reported.18–21

In this study, we are interested in the preparation of
hydrogels with both a high swelling ratio and excel-
lent thermosensitivity. For the aforementioned reason,
we have selected NIPA as a thermosensitive mono-
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mer, AMPS as a hydrophilic monomer to obtain a
high swelling ratio, and N-tert-butylacrylamide
(NTBA) as a hydrophobic monomer to control the vol-
ume-phase-transition temperature of the hydrogels.
We have synthesized linear terpolymers and cross-
linked hydrogels by employing these monomers. The
LCSTs of the linear polymers and swelling behaviors
of the hydrogels have been extensively investigated in
this study.

EXPERIMENTAL

Materials

NIPA, AMPS, NTBA, 2,20-azobisisobutyronitrile (AIBN),
dimethylformamide (DMF), and NaCl were purchased
from Aldrich Chemical Co. (Milwaukee, WI). NIPA
and AIBNwere recrystallized from n-hexane and etha-
nol, respectively. AMPS and NTBA were used as re-
ceived. DMF was dried through stirring overnight
with calcium hydride and was then redistilled after
the removal of calcium hydride by filtration. NaCl
was dried in an oven at 1058C overnight before use.

Linear polymer synthesis

Monomers of NIPA, AMPS, and NTBA with various
molar ratios (100/5/0, 100/5/5, 100/5/10, and 100/
5/20) were dissolved in DMF to form a 14.5 wt % solu-
tion in a flask (100 mL). AIBN (0.1 mol % with respect
to the total monomers) was added to the solution. The
reactant solution was degassed with nitrogen for 30
min. Then, the reactor was sealed and immersed in a
thermostated oil bath at 608C with magnetic stirring
for 24 h. The polymers were poured into abundant
ether with stirring for precipitation. The precipitates
were redissolved in deionized water. The polymer so-
lution was dialyzed with dialysis tubes with a cutoff
molecular weight of 14,000 for at least 5 days in deion-
ized water, which was replaced daily. The solid poly-
mers were obtained after freeze drying. The polymers
were made into aqueous solutions for the measure-
ments of the LCST. The four samples with different
molar ratios of NIPA, AMPS, and NTBA (100/5/0,
100/5/5, 100/5/10, and 100/5/20) were named
NAN-0, NAN-5, NAN-10, and NAN-20, respectively.
The compositions were determined by elemental
analysis (Rario EL III, Analysen Systeme, Hanau,
Germany).

Preparation of the crosslinked hydrogels

In a glass tube (1.5 � 15 cm), monomers NIPA, AMPS,
and NTBA in various molar ratios were dissolved in
DMF to form a 14.5 wt % solution; 0.5 mol % N,N0-
methylene (bis)acrylamide with respect to the total
moles of the monomers was added. The reactant solu-
tion was degassed with nitrogen for 30 min. Then, the

initiator AIBN (0.5 mol % with respect to the total
moles of the monomer) was added. The glass tube
was sealed and immersed in a thermostated oil bath at
608C for 24 h, and this ensured that the polymeriza-
tion was adequately completed. After the polymeriza-
tion, the glass tube was broken by a force. The hydro-
gel was taken out, cut into small pieces, and swollen
in excess deionized water thoroughly. The swollen gel
was washed several times with deionized water to
remove unreacted monomers and linear polymers.
Finally, the hydrogels were freeze-dried to a constant
weight for further experiments. The compositions of
the hydrogels were determined by analysis and calcu-
lation.

LCST measurements

The LCSTs of the terpolymers were determined by
the measurement of the optical transmittance on an
ultraviolet–visible spectrometer (TU-1901, Beijing Pur-
kinje General Instrument, Co., Ltd., Beijing, China)
equipped with a temperature controller. The tempera-
ture was raised from 20 to 708C during the measure-
ments (the temperature rising interval was set at 18C,
whereas near LCST, it was at 0.48C.). The sample cell
was equilibrated at a given temperature for 10 min,
and the end-point value of the transmittance was
recorded. The LCST value of a polymer aqueous solu-
tion was defined as the temperature at which the
transmittance was 50%. The transmittances of the
polymer solutions with different polymer concentra-
tions and ionic strengths were measured and were
monitored at 400 nm.

Determination of the swelling ratio

A xerogel sample (the crosslinked terpolymer before
the absorption of water) was placed in a nonwoven
fabric bag and immersed in deionized water con-
trolled to an optional temperature (20, 22, 25, 30, 35,
38, 40, 42, 45, 50, 55, 60, 65, 70, 75, or 808C) for 1 day.
The bag was removed from the water and sufficiently
drained. The water on the surface of the bag was rap-
idly blotted with tissue, and the bag was weighed.
The nonwoven fabric bag not containing the sample
was treated in the same manner and used as a blank
before the measurement of the sample. The blank was
subtracted from the measured value with the sample.
The swelling ratio was calculated via eq. (1):

Sr ¼ ðWw �WdÞ=Wd (1)

where Sr stands for the equilibrium swelling ratio and
Ww and Wd are the sample weights in the wet and dry
states, respectively. The sample in water was then
brought to an increased temperature for 8 h to attain
equilibrium. The swelling ratio at the new tempera-
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ture was measured with the method mentioned previ-
ously. The measurements were carried out at the tem-
peratures from the lowest to the highest.

RESULTS ANDDISCUSSION

Copolymer syntheses

The syntheses of the terpolymers are shown in Scheme
1. The three monomers—NIPA, AMPS, and NTBA—
were selected for our study for the following reasons:
NIPA is the most often used monomer in the prepara-
tion of temperature-sensitive polymers, and its homo-
polymer has an LCST between 25 and 378C (human
body temperature); AMPS has excellent solubility,
electric capability, and stability; and NTBA is used to
modify the hydrophobicity of the terpolymers and
consequently to adjust the LCSTs of the copolymers.
The linear terpolymer compositions have been calcu-
lated from elemental analysis. The molar ratios for ter-
polymers NAN-0, NAN-5, NAN-10, and NAN-20 are
100 : 4.3 : 0, 100 : 4.1 : 3.1, 100 : 4.0 : 9.5, and 100 : 3.5 :
18.4, respectively.

Effect of the polymer composition on the LCST

The homopolymer solution of NIPA possesses an
LCST of 32.58C.6,11 As the hydrophilic monomer
AMPS is incorporated into the copolymer, the LCST
shifts toward a high temperature. This occurs because
the sulfonic groups in AMPS enhance the hydrophilic-
ity of the copolymer, and this results in the copolymer
becoming more soluble in water. However, as the
hydrophobic component NTBA is incorporated into
the terpolymer, the LCST decreases. For example, in
Table I, at the polymer concentration of 0.2 wt %,
when the molar ratio of NIPA to AMPS is fixed at
100/5, but the molar percentage of NTBA gradually

increases to 5, 10, and 20% with respect to NIPA, the
LCST decreases from 50.38C for NAN-0 to 48.2, 45.3,
and 41.38C, respectively. At the polymer concentration
of 1.0 wt %, the LCST of the terpolymer with the
NIPA/AMPS/NTBA molar ratio of 100/5/20 drops
to 33.48C, close to the LCST of PNIPA. It is easily
understood that the introduction of the hydrophobic
groups into NTBA causes the decrease in LCST. This
result suggests that a copolymer with a desirable
LCST can be obtained by the adjustment of the compo-
sition of the hydrophilic and hydrophobic monomers
incorporated into the copolymer.

Effect of the polymer concentration on the LCST

Figure 1 shows the effect of the polymer concentra-
tion on the LCST for an NIPA/AMPS copolymer and
three NIPA/AMPS/NTBA terpolymers with different
molar ratios. For the NIPA/AMPS copolymer (molar
ratio ¼ 100/5), the LCST is 50.38C at a polymer con-
centration of 0.2 wt %, and the LCST decreases to 46.9,
45.0, 43.1, and 42.58C as the polymer concentration
gradually increases to 0.4, 0.6, 0.8, and 1.0 wt %,
respectively. For the three terpolymers with NIPA/
AMPS/NTBA molar ratios of 100/5/5, 100/5/10, and
100/5/20, the same trend is observed. The higher the
polymer concentration is, the lower the LCST is. The
influence of the polymer concentration on the LCST
can be explained. The turbidity reflects the number of
polymer chains aggregated around the phase-transi-
tion temperature. If the polymer concentration is high,
more polymer chains are present in the solution than
in solutions with lower polymer concentrations. As
the temperature is close to the LCST, more polymer
chains will aggregate, and this will increase the tur-
bidity of the solution and consequently decrease the
LCST. It is concluded that the turbidity of a solution
with a high polymer concentration is bigger than that
of a solution with a lower polymer concentration at
the same temperature. Consequently, the LCST
appears at a lower temperature region. We have also
noted that the rate of the LCST decrease is varied in
different polymer concentration regions. In other
words, the obvious decrease in the LCST occurs only
in a dilute polymer concentration range. When the
polymer concentration changes from 0.2 to 0.4 wt %,

Scheme 1 Terpolymerization of NIPA, AMPS, and NTBA.

TABLE I
LCSTs (8C) of the Copolymers at Different

Polymer Concentrations

Sample

Polymer concentration (wt %)

0.2 0.4 0.6 0.8 1.0

NAN-0 50.3 46.9 45.0 43.1 42.5
NAN-5 48.2 44.2 42.1 40.3 39.7
NAN-10 45.2 41.2 38.9 37.4 36.8
NAN-20 41.3 37.5 35.0 34.8 33.4
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the LCST decreases by 3.4, 4.0, 4.1, and 3.88C for poly-
mers NAN-0, NAN-5, NAN-10, and NAN-20, respec-
tively. However, when the polymer concentration
changes from 0.8 to 1.0 wt %, the LCST decreases by
0.6, 0.6, 0.6, and 0.78C for the same polymer group.
With a further increase in the polymer concentration,
the LCST almost remains constant.

Sensitivity of the phase-transition temperature

In this study, the LCST is defined as the temperature
point at which the transmittance is 50%. Actually, the
phase transition crosses a temperature range. For the
homopolymer NIPA, the LCST range is very narrow,
and this means that the turbidity of the polymer solu-
tion undergoes an abrupt change at a definite temper-
ature. The sensitivity of PNIPA to the temperature is
excellent. However, for a thermosensitive copolymer,
the LCST range is broadened, and this means that the
phase transition is less sensitive. The temperature sen-
sitivity is an important property and is affected by
some factors, such as the polymer composition, poly-

mer concentration, and ionic strength. It is observed
from Figure 1 that the polymer concentration affects
the sensitivity obviously. To quantitatively investigate
the sensitivity, we defined the average transmittance
change rate (Rt) as follows:

Rt ¼ DTð%Þ=DLCST (2)

where DT (%) is the transmittance change and DLCST
is the phase-transition temperature range. The physi-
cal meaning of Rt is the average transmittance change
caused per degree of temperature change. It can be
calculated from Figure 1. The result is shown in Table
II. Rt increases with the increase in the polymer con-
centration. For sample NAN-0. Rt is 4.18% at a poly-
mer concentration of 0.2 wt %, but it increases to
10.86% as the polymer concentration rises to 1.0 wt %.
This reflects that the turbidity increases more for the
condensed polymer solution than for the dilute poly-
mer solution within the same temperature change.
The same results can be observed for the three terpoly-
mers NAN-5,NAN-10, and NAN-20. The higher the
polymer concentration is, the larger Rt is. Figure 1

Figure 1 Transmittance dependence on the temperature at different polymer concentrations for the terpolymers with
NIPA/AMPS/NTBA molar ratios of (A) 100/5/0, (B) 100/5/5, (C) 100/5/10, and (D) 100/5/20.

2302 SHAO AND NI

Journal of Applied Polymer Science DOI 10.1002/app



shows that the curves gradually become steep with
the increase in the polymer concentration. Moreover,
Rt decreases with the increase in NTBA. Because
NTBA is a nonthermosensitive monomer, the thermo-
sensitivity is weakened with the increase in the non-
thermosensitive components. This fact agrees with
our observations in the previous work.11 It is con-
cluded that the sensitivity can be enhanced by
increases in the polymer concentration and thermo-
sensitive components.

Effect of salt on LCST

The ionic strength has a significant influence on the
LCST of the copolymers. The plots of the transmit-
tance versus the temperature at various NaCl concen-

trations are shown in Figure 2. For samples NAN-0,
NAN-5, and NAN-10, the transmittances at the poly-
mer concentration of 0.1 wt % are greater than 50%,
indicating no LCST occurrence. However, the addition
of NaCl dramatically decreases transmittances, that is,
decreases the LCST. The more NaCl is added, the
more the LCST decreases. We also note that the LCSTs
of the different copolymers are affected by salt to vari-
ous degrees. Figure 3 plots the LCST dependence on
the NaCl concentration. The LCST of the copolymer
without NTBA (NAN-0) is not very strongly affected
by NaCl, and this means that the LCST decreases
slowly as the NaCl concentration increases. The LCST
changes from 45.8 to 30.98C when the NaCl concentra-
tion increases from 0.2 to 1.0 wt %. As more NTBA is
incorporated into the terpolymers, the LCST is more
significantly affected by NaCl. For the NIPA/AMPS/
NTBA terpolymer (molar ratio ¼ 100/5/20), the LCST
drops from 41.0 to 30.28C when the NaCl concentra-
tion changes from 0.2 to 0.5 wt %. The curve slope is
much larger than those of the other polymers.

Some explanations have been proposed for the
effect of the ionic strength on the LCST of thermosen-
sitive polymers.12,15 In this study, we illustrate the salt
effect with the chemical potential of water molecules
(mw

o) in the solution. The chemical potential of water

TABLE II
Rt Values at the Phase Transition (%/8C)

Sample

Polymer concentration (wt %)

0.2 0.4 0.6 0.8 1.0

NAN-0 4.18 6.57 8.55 10.32 10.86
NAN-5 3.18 5.10 7.11 8.42 9.95
NAN-10 2.90 4.85 6.23 6.91 8.94
NAN-20 1.75 2.51 4.23 5.36 6.54

Figure 2 Transmittance dependence on the temperature at different ionic strengths for the terpolymers with NIPA/AMPS/
NTBA molar ratios of (A) 100/5/0, (B) 100/5/5, (C) 100/5/10, and (D) 100/5/20 at the polymer concentration of 0.1 wt %.
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molecules in the salt solution [mw
o (Cs,T), where Cs is

the concentration of the salt and T is the temperature]
is expressed by the following equation:22

mowðCs;TÞ ¼ mowð0;TÞ þ RT ln awðCsÞ (3)

where mw
o (0,T) stands for the chemical potential of

water in a salt-free solution, R is the molar gas con-
stant, and aw(Cs) is the activity of water molecules in
the presence of salt. The activity is usually a monot-
onically decreasing function with the increase in the
salt concentration. In a salt-free solution, aw(Cs) ¼ 1,
and mw

o (Cs,T) ¼ mw
o (0,T). However, with the addition of

salts, aw(Cs) < 1, so mw
o (Cs,T) < mw

o (0,T). To compensate
for the decrease in the chemical potential, water mole-
cules bound to the polymer chain dissociate from it
and return to the solution, causing mw

o (Cs,T) to increase
until a new equilibrium is established. When water
molecules leave the polymer chain, the hydrophobic-
ity of the polymer increases, and this results in an
LCST decrease.

Swelling ratio of the hydrogels

A three-dimensional network hydrogel is formed if a
crosslinking agent is added to the monomers during
the polymerization. For a PNIPA hydrogel, the water
uptake is limited. In a common case, its swelling ratio
is not more than 30 g/g, which restricts its applica-
tions as a superabsorbent. To improve the water
uptake, many researchers have tried to introduce a
hydrophilic monomer into PNIPA by copolymeriza-
tion. The swelling ratio of the copolymer of NIPA to
the hydrophilic monomer can be greatly enhanced;
unfortunately, the volume phase transition will shift
to a high temperature region. In this study, we have
employed three monomers to synthesize hydrogels to
compromise the contradiction between the swelling
ratio and phase-transition temperature. The swelling
ratios of the hydrogels are displayed in Figure 4.

The swelling ratio of the NIPA/AMPS copolymer
(molar ratio ¼ 100/5) is close to 500 g/g, but its vol-
ume-transition temperature shifts to a much higher
region. It starts to deswell at 448C until it completely
deswells at 708C. The swelling ratios of the terpoly-
mers decrease with the increase in hydrophobic com-
ponent NTBA. The swelling ratios at 208C are 490,
360, 237, 163, 122, and 92 g/g, respectively, when the
NTBA contents are 0, 5, 10, 20, 30, and 40 mol % with
respect to NIPA. As the temperature drops to 358C,
the swelling ratios decrease to 468, 299, 175, 98, 44,
and 10 g/g for the terpolymers, respectively. Appa-
rently, the swelling decrease results from the function
of the hydrophobic component NTBA. A comparison
of the swelling ratios at 20 and 358C is shown in Table
III. The difference in the swelling ratios at 20 and 358C
increases as NTBA is increased, the change ranging
from 4.5% in the terpolymer without NTBA to 80.4%
in the terpolymer with 40 mol % NTBA. Some of the
terpolymer hydrogels have both significant swelling
ratios and thermosensitivity. This suggests that the

Figure 3 Decrease in the LCST with an increase in the
NaCl concentration for different terpolymers at the polymer
concentration of 0.1 wt %.

Figure 4 Swelling ratio dependence on the temperature for
the thermosensitive hydrogels in deionized water.

TABLE III
Preparation and Swelling for Terpolymer Hydrogels

Sample

NIPA/AMPS/NTBA
molar ratio

Yield (%)

Swelling
ratio (g/g)

Feeda Foundb 208C 358C

1 100/5/0 100/4.86/0 95.7 490 468
2 100/5/5 100/4.93/4.71 97.6 360 299
3 100/5/10 100/4.87/9.60 98.3 237 175
4 100/5/20 100/4.29/19.3 96.8 163 98
5 100/5/30 100/4.37/28.7 95.3 122 44
6 100/5/40 100/4.25/37.3 97.1 92 18

a The amount of NIPA was 2.26 g, and the amount of
AMPS was 0.23 g; they were kept constant for each sample,
but the amounts of NTBA were 0, 0.127, 0.254, 0.508, 0.762,
and 1.016 g for samples 1, 2, 3, 4, 5, and 6, respectively. The
crosslinker and initiator concentrations were 0.5 mol % with
respect to the total monomers.

b Determined by elemental analysis and calculations.
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hydrogels have potential applications as thermosensi-
tive materials.

Effect of salt on the swelling ratio of the hydrogels

The swelling ratios of the hydrogels at different NaCl
concentrations at 208C are shown in Figure 5. The
swelling ratios remain very slightly changed in the
range of dilute NaCl concentrations. The volume
phase transition induced by the salt takes place at dif-
ferent NaCl concentrations for different polymers. The
greater the hydrophobic content is in the terpolymers,
the more dilute the NaCl concentration is that is
needed for inducing the phase transition. In other
words, the hydrogels with greater hydrophobic con-
tent are more significantly affected by an external salt
solution. This fact agrees with the observation of the
salt effect on the LCST of the linear terpolymers. This
is explained as we have discussed previously. As a
salt is added to the hydrogel solution, the chemical
potential of water will decrease. Some of the water
molecules are forced to dissociate from the hydrogel
and return to the solution, increasing the chemical
potential of water and resulting in the deswelling of
the hydrogels. A hydrogel with greater hydrophobic
content absorbs less water and hence is affected by
salt more significantly. However, a hydrogel with
more hydrophilic content absorbs more water; there-

fore, a more condensed salt solution is needed to des-
well the hydrogel.

CONCLUSIONS

Terpolymers based on NIPA, AMPS, and NTBA can
be synthesized by free-radical polymerization with
AIBN as an initiator. Both linear and crosslinked poly-
mers can be obtained. The LCST of the linear polymer
aqueous solution is affected by the polymer composi-
tion, polymer concentration, and ionic strength. The
thermosensitivity is enhanced by an increase in the
polymer concentration and ionic strength. The cross-
linked hydrogels show obviously higher swelling
ratios than the PNIPA gel, and at the same time, the
hydrogels display good thermosensitivity. The hydro-
gels are potentially used as superabsorbent materials
for solute separation and drug controlled delivery.
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