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ABSTRACT: Thermally sensitive polymers change their properties with a change in
environmental temperature in a predictable and pronounced way. These changes can
be expected in drug delivery systems, solute separation, enzyme immobilization, energy-
transducer processes, and photosensitive materials. We have demonstrated a thermal-
sensitive switch module, which is capable of converting thermal into mechanical en-
ergy. We employed this module in the control of liquid transfer. The thermally sensitive
switch was prepared by crosslinking poly(N-isopropylacrylamide) (PNIPAAm) gel in-
side the pores of a sponge to generate the composite PNIPAAm/sponge gel. This gel,
contained in a polypropylene tube, was inserted into a thermoelectric module equipped
with a fine temperature controller. As the water flux through the composite gel changes
from 0 to 6.6 3 102 L m22 h, with a temperature change from 23 to 40°C, we can
reversibly turn on and off the thermally sensitive switch. © 2000 John Wiley & Sons, Inc.
J Appl Polym Sci 75: 1735–1739, 2000
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INTRODUCTION

Smart polymers, which change their properties
with a change in environmental stimuli, have
been extensively studied in recent years. These
polymers are significant in the control process of
auto-feedback delivery systems and self-regulat-
ing systems. Smart polymers can be fine-tuned for
a wide variety of applications, such as drug deliv-
ery,1 biocatalysis,2 size-selective separation,3,4

energy transduction,5 and analysis.6 Tempera-
ture-sensitive polymers are important smart
polymers because temperature change is easy to
control. Among thermally sensitive polymers,
poly(N-isopropylacrylamide) (PNIPAAm) has been
of great interest because aqueous solutions of

PNIPAAm undergo fast reversible changes
around its lower critical solution temperature of
32°C.7 Crosslinked PNIPAAm gels extend the ap-
plication field of PNIPAAm because the volume–
phase transition leads to dramatic changes in the
physical properties of the PNIPAAm gels. Mean-
while, the mechanical properties of PNIPAAm gel
are improved by the generation of crosslinked
networks. PNIPAAm and its copolymer gels were
suggested to serve as (1) actuator,8 (2) tempera-
ture-modulated bioconjugator to control enzyme
activity,9,10 (3) separation module to extract wa-
ter from the solution of macromolecules,11 (4) re-
versible surface,12 (5) biomimetic materials,13 (6)
temperature-sensitive surfactant,14 and (7) drug-
delivery systems.15,16,17

In this study, we demonstrated one novel
temperature-sensitive switch prepared by the
composite-crosslinked PNIPAAm sponge gels.
The characteristics of the temperature-sensitive
switch from the composite PNIPAAm sponge gel
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shows a potential application in the control of
liquid transfer by a change in environmental tem-
perature.

EXPERIMENTAL

Materials

PNIPAAm (97%, Aldrich, Milwaukee, WI) was
recrystallized in hexane. Potassium persulfate
(K2S2O8; 99%, Aldrich) was recrystallized from
ethanol. N,N9-methylenebisacylamide (BisAAm;
99%, Aldrich) and N,N,N9,N9-tetramethylenedi-
amine (TMEDA; 99%, Aldrich) were used without
further purification. Ultrapure water with a con-
ductivity of 18 S cm21 was used in all of the
experiments. A polypropylene (PP) tube (Fisher
Sci., Pittsburgh, PA) with a volume of 50 mL and
a diameter of 21 mm was used to contain the
composite PNIPAAm sponge gel. Sponge of poly-
urethane (Polymer Technology Inc., Newark, DE)
with a density of 0.03 g/cm3 and a mean pore size
of 300 mm was used as the supporting material for
the composite PNIPAAm sponge gel.

Preparation of Composite PNIPAAm Sponge Gel

The sponge was cut to a diameter of 21 mm and a
thickness of 40 mm and inserted inside the PP
tube. 1 gram of NIPAAm, 0.017 g of BisAAm, and
0.032 g of K2S2O8 were dissolved with 20 mL of
water. The solution was stirred with a magnetic
stirrer for 1 h and poured into the PP tube. The
solution was purged by nitrogen gas for 0.5 h to
remove air dissolved in solution. Then, the tube
was evacuated first and filled with nitrogen gas.
This process was repeated three times. Finally,
the upper space of the tube was filled with nitro-

gen gas. To start polymerization, 0.2 mL of
TMEDA was injected into the tube by syringe.
The polymerization was kept at room tempera-
ture. After 0.5 h, the crosslinked PNIPAAm gel
was generated inside the pores of the sponge. To
remove the unreacted chemicals, the tube was
immersed in water for 24 h, and the water was
changed once every 8 h. A crosslinked PNIPAAm
gel without the sponge was prepared by the same
procedure.

Measurement of Volume Change of Polymer Gel

Polymer disks with a diameter of 21 mm and a
thickness of 9 mm were immersed in water at a
fixed temperature at least 4 h for equilibrium.
The polymer disks were removed from water, and
the change in size was measured with caliper.
The change in polymer volume were defined as
Vt/V0, where Vt is the volume of a polymer disk in
water at different temperatures and V0 is the
volume of a dried polymer sample.

Measurement of Water Flux

The equipment shown in Figure 1 can be used to
measure the water flux through the composite
gels. The tube filled with the composite
PNIPAAm sponge gel was inserted in one ther-
moelectric module (TEM). The TEM is a semicon-
ductor-based electronic component that functions
as a small heat pump. By applying a low-voltage
DC power source to a TEM, heat is moved
through the module from one side to the other.
One module face, therefore, is cooled while the
opposite face is simultaneously heated. This pro-
cess can be reversed with a change in polarity of
the applied DC voltage. The temperature of the
tube can be controlled precisely.

Figure 1 Schematic of equipment for evaluating the temperature-sensitive switch
characteristics of composite PNIPAAm/sponge gels. C: Computer; P: power amplifier; T:
temperature adjustment; V: voltage amplifier; TEM: thermoelectric module.
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The whole process was monitored by a com-
puter. The upper side of tube was filled with wa-
ter, and the flux of water was measured by col-
lecting permeated water over 20 min. The mean
value of three measurements was given in Fig-
ures 2, 3 and 4. The switch function of the com-
posite PNIPAAm sponge gel was evaluated by the
flux of water through the tube at different tem-
peratures.

RESULTS AND DISCUSSION

Figure 2 shows the volume change of polymer
disks as a function of temperature. The PNIPAAm
gel shows a negative thermosensitivity as ex-
pected.18 An increase in temperature decreases
the amount of water absorbed by the gel. There-
fore, the volume changes of polymer disk de-
creases. Conversely, the PNIPAAm gel swells by

Figure 2 Effect of temperature on ratio of volume change of polymer gels. PNIPAAm/
BisAAm 5 80 (molar ratio).

Figure 3 Temperature-sensitive switch characteristics of composite PNIPAAm/
sponge gel. PNIPAAm/BisAAm 5 80 (molar ratio); sponge size: diameter, 21 mm,
thickness, 40 mm; mean porous size: 300 mm.
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decreasing the temperature and the volume
change of the polymer disk increases. These prop-
erties can be attributed to the reversible forma-
tion and cleavage of the hydrogen bonds between
the NH and CAO groups of PNIPAAm chains and
the surrounding water molecules with changing
temperature.19 We believe that the pentagonal
water structure is generated among water mole-
cules adjacent to the hydrophobic molecular
groups of PNIPAAm. Because the pentagonal
structure is stable at low temperatures and un-
stable at high temperatures,20 the reversible
swelling–unswelling process can be observed
with the variation of temperature.

Figure 3 shows the characteristics of composite
PNIPAAm sponge gel as the temperature-sensitive
switch. At room temperature, the gel swelled and
filled the whole space of the sponge pores. The flux
of water through the tube became zero. The flux of
water increased to 660 L m22 h21 as the composite
gel heated to 40°C. It takes about 6 min to switch off
the flux of water, compared with 8 min to switch on
the maximum flux of water. This process is revers-
ible, and the experimental results can be repeated.
It is clear that the composite PNIPAAm sponge gel
demonstrates intelligent switch characteristics and
can be expected to be used as the switch element in
the process of liquid transfer. Another advantage
of the intelligent switch from the composite
PNIPAAm sponge gel is the energy savings, be-
cause the response switch only depends on small
changes in environmental temperature.

Figure 4 shows the effect of temperature on the
flux of water. The sigmoid pattern was observed

as predicated. The rapid increase of water flux
around 35°C is attributed to the abrupt shrinkage
of PNIPAAm gel, which filled the inside of the
porous channels of the sponge. It is clear that the
flux of water can be controlled depending on the
change of environmental temperature. Because
the flux of water depends on the variation in the
porous spaces of the sponge, it can be expected
that the pore size and the dimension of the sponge
as well as the crosslinking density of PNIPAAm
gel have significant effects on the flux of water.

The mechanism of the temperature-sensitive
switch from the composite PNIPAAm sponge gel
is further schematically described by Figure 5. At
room temperature, the PNIPAAm gel was swollen
and filled the whole space of the porous channels
of the sponge. The swelling gel blocked the trans-
fer of water. As the temperature increased, the
PNIPAAm gel began to shrink and the spaces
appeared between the gel and the porous chan-
nels of the sponge. Water transferred through the
tube along these spaces.

We are further evaluating the relationship be-
tween the structure of composite gels and their
temperature-sensitive switch characteristics.

CONCLUSION

Composite-crosslinked PNIPAAm sponge gels can
be employed as the temperature-sensitive switch
to control the transfer of water. The sponge im-
proved the mechanical strength of PNIPAAm

Figure 4 Flux of water and temperature. Composite PNIPAAm/sponge gel:
PNIPAAm/BisAAm 5 80 (molar ratio); sponge size: diameter, 21 mm, thickness, 40
mm; mean porous size: 300 mm.
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gels. Because the crosslinking density of PNIPAAm
gel plays an important role in controlling the re-
lease rate of water and the pore size and its dis-
tribution in the sponge will affect the morphology
of PNIPAAm gel,21 it is reasonable to speculate
that the switch properties of composite gel will de-
pend on the crosslinking density of polymer gel and
morphology of sponge. As the composite gel shows
advantages in energy savings and flexible and in-
telligent characteristics, it can be expected that the
composite gels could be used in the controlling pro-
cesses of liquid transfer.

Pacific Northwest National Laboratory is operated for
the U.S. Department of Energy by Battelle under Con-
tract DE-AC06–76RLO 1830.
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Figure 5 Schematic of temperature-sensitive switch principle.
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