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Chemical waves in self-oscillating gels
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The behaviors of a poly~N-isopropyl acrylamide! ~PNIPA! gel coupled with the Belousov-Zhabotinsky~BZ!
reaction has been investigated as a function of temperature and catalyst concentration. In this type of gel, the
chemical oscillation in the BZ reaction induces periodic and autonomous swelling-shrinking volume changes
of the gel, and conversely a volume change of the PNIPA gel affects the propagation of the chemical wave.
Our attention was focused on the effects of mechanical changes on the chemical wave by utilizing the
thermally driven volume phase transition of the gel. Both the velocity and the frequency of the chemical wave
increased with increasing temperature, and abruptly decreased at the volume transition temperature of the gel,
Tc . The diffusion of HBrO2, which is essential for wave propagation, was hindered with increasing tempera-
ture. The diffusion of HBrO2 through the gel network in the low temperature region was explained in the same
way as a simple diffusion of inactive molecules through a restricted environment.

PACS number~s!: 82.70.Gg, 87.18.Pj
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I. INTRODUCTION

Polymer gels are well known to exhibit an extreme
large volume change in response to a change in exte
conditions such as temperature and solvent compos
@1–8#. Very recently, Yoshida and co-workers reported a
exhibiting a spontaneous swelling-shrinking oscillation wi
out any external stimuli@9,10#. Such self-oscillating gels
were realized by combining mechanical properties of g
with the Belousov-Zhabotinsky~BZ! reaction, which is
known as a typical chemical oscillatory reaction exhibiti
spatiotemporal patterns@11,12#. The self-oscillation of the
volume may make it possible to apply hydrogels as fu
tional materials including self-walking actuators, pacem
ers, and drug delivery systems synchronized with cell cyc
The use of gels in the BZ reaction system has been so
confined to eliminating hydrodynamic convection disturbi
chemical patterns@13# and localizing the BZ reaction in a
restricted region@14,15#. It is essential for such purposes th
the interaction between the gel structure and the react
diffusion system is negligibly small. Gel systems ha
brought about a considerable development in the study
chemical waves. In particular, localized reaction systems
fered the possibility of studying behaviors of chemical wav
different from those of conventional chemical waves@16–
19#. In these gel systems, gels are no more than the m
supporting the reaction, and their structures do not cha
through the BZ reaction. In self-oscillating gels, in contra
the polymer network itself takes part in the BZ reactio
because the catalyst is covalently bonded to the poly
chain. As a result, the reaction medium can change in t
and space. This means that the chemical reaction ind
changes in the gel structure, and induced structural cha
should conversely affect the propagation of the chem
wave. Thus this self-oscillating gel system is interesting

*Author to whom correspondence should be addressed.
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only for functional materials but also as a different type
oscillatory chemical reaction system.

In this work, we investigate the behavior of chemic
waves in a self-oscillating hydrogel in which the catalyst
covalently bonded to poly~N-isopropyl acrylamide!
~PNIPA!. Our attention is particularly focused on effects
the volume phase transition of the gel on the propagation
chemical waves. Thermally sensitive PNIPA gels have b
extensively used as the most suitable candidate for studie
volume phase transitions and critical phenomena@20,21#.
The PNIPA gel is in a swollen phase at lower temperatu
and in a shrunken phase at higher temperatures. Both
velocity and the frequency of the chemical wave are m
sured as a function of temperature and catalyst concentra
The diffusion coefficient of the autocatalytic species is c
culated from these data, and its temperature dependen
interpreted in terms of changes in the gel structure.

II. EXPERIMENT

We synthesized ruthenium~4-vinyl-48-methyl-2,28-
bipyridine!bis~2, 28 - 28- bipyridine!bis~hexafluorophosphate!
@Ru(vmbpy)(bpy)2(PF6)2# as a polymerizable catalyst ac
cording to the procedure of Ghosh and Spiro@22#, in order
to covalently bond the catalyst ruthenium~II !
tris-~2,28-bipyridine! @Ru~bpy!3# to the polymer chain. The
NIPA gels with Ru~bpy!3 were prepared by a free radica
copolymerization in 1 ml of methanol at 60 °C; the methan
has been previously purged with nitrogen gas. T
reagents used were as follows: NIPA monomer~0.156 g!,
Ru~vmbpy!~bpy!2~PF6!2 ~8.2 mg!, N,N8-methylene-
bis~acrylamide! ~2.8 mg! as a cross-linker, andN,N8-
azobis~isobutyronitrile! ~6.56 mg! as an initiator. A capillary
with an inner diameter of 525mm was used to make a un
form cylindrical shape. The cylindrical gels after gelatio
were washed with methanol to remove unreacted co
pounds, with the methanol being gradually replaced by w
ter, and then stored in pure water. The synthesized
793 ©2000 The American Physical Society
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@PNIPA-co-Ru~bpy!3# with a transparent orange color wa
cut into lengths of 5 mm, and then immersed in the B
reaction solution of@NaBrO3#50.084M , @CH2~COOH!2#
50.625M , and@HNO3#50.3M . The temperature of the so
lution was controlled within60.1 °C. The color change be
tween orange and green due to the redox reaction did
take place in the solution, but was confined within the g
The features of the propagation of the chemical wave and
resulting oscillation of the gel were monitored through
charge-coupled device camera attached to a microscope
recorded on a videotape recorder. One end of the gel
fixed at the vessel, while the other end was left free. Fr
the recorded video images, one pixel line images along
length of the gel were sampled every 1 s. The recorded
ages were transformed to spatiotemporal patterns thro
computer processing.

All measurements were carried out after the size of the
reached an equilibrium value each time the temperature
changed. Such an experimental procedure takes a long
to cover the temperature range investigated here. Since
experiments were performed in a closed reactor, the BZ
action solution evolved irreversibly toward thermodynam
equilibrium and ultimately the chemical oscillation ceas
after a long elapsed time. Hence, the BZ reaction solutio
including gels, were renewed before any degradation in
BZ reaction occurred.

III. RESULTS AND DISCUSSION

When the gels reached equilibrium at a given tempe
ture, oxidizing waves were successively initiated at the fix
edge of the gel and propagated toward the free edge. W
the gel had not yet reached thermal equilibrium, on the ot
hand, oxidizing waves were initiated at the free edge,
moved into the gel. Figure 1 shows the spatiotemporal e
lution of chemical waves and the volume oscillation of t
gel. Here light and dark gray regions correspond to oxidiz
and reduced states of Ru~bpy!3, respectively. Figure 1~a!
shows the case of the gel in thermal equilibrium at 20
The edge of the gel oscillates with an amplitude of 20mm.
The gel starts to contract when oxidizing waves coming fr
the fixed edge arrive at the free edge. Figure 1~b! shows the
case of the gel in the shrinking process driven by increas
the temperature to 24 °C. The edge oscillates with an am
tude of 40mm. Contrary to the case of the gel at therm
equilibrium, the gel starts to swell when oxidizing wav
start to enter the free edge. Thus the oscillation of the ge
synchronized with the propagation of the chemical wave,
the phase difference between them depends on the sta
the gel. This can be explained as follows. In the oxidiz
state, the gel swells due to an increase in hydration of p
mer chains induced by an increase in the charge fr
Ru~bpy!3

21 to Ru~bpy!3
31 @9,10#. Therefore, the gel starts t

shrink when oxidizing waves leave the free edge, and st
to swell when oxidizing waves enter the free edge.

As shown in Fig. 1, the chemical oscillation induces
periodical volume change in the gel. Conversely, mechan
changes in the gel probably induce changes in the diffus
and the local concentrations of reactants at the same t
and consequently affect the propagation of the chem
wave. At the present stage, however, the magnitude of su
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feedback effect cannot be evaluated. Instead, we investig
effects of mechanical changes on the chemical wave by
ternally changing the gel structure. This was accomplish
by utilizing the thermally driven volume phase transition i
herent in PNIPA homopolymer gels. The volume phase tr
sition of a PNIPA homopolymer gel in pure water tak
place around 34 °C. Figure 2 shows the temperature de
dence of the diameter of the cylindrical gel when the te
perature was raised from 18 up to 33 °C. Here the diametd
is normalized with respect to that when the gel was form

FIG. 1. Spatiotemporal pattern of chemical waves and the v
ume oscillation at the free edge of anN-isopropylacrylamide-
Ru~bpy!3 copolymer gel~a! in thermal equilibrium at 20 °C and~b!
in the shrinking process at 24 °C. Light and dark gray regions c
respond to oxidized and reduced states of Ru~bpy!3, respectively.

FIG. 2. Diameter of a PNIPA-co-Ru~bpy!3 gel as a function of
temperature. The line is merely a guide to the eye.



t
iti
s

fr
ra

-
th
tu

,

us
be
e
,
r
re

ly
te
ct
e

ou

lo
th

.

pe
.6

tio
ller

of
the
ell
de-

nd
ion

the
ce
gel,

h
the

in

d

elf,
e of
ion.

e
p-

o
is

PRE 62 795CHEMICAL WAVES IN SELF-OSCILLATING GELS
(d0). The change ofd is slightly discontinuous at abou
29 °C. We regarded this temperature as the volume trans
temperatureTc . Volume oscillation as shown in Fig. 1 wa
always observed belowTc . However, since its amplitude
was always very small compared withd, its contribution tod
was neglected.

Figure 3 shows the temperature dependence of the
quency of the chemical oscillation. With increasing tempe
ture, the frequency increases belowTc , and then abruptly
decreases nearTc , which synchronizes with an abrupt de
crease ind. It has been reported that the rate constant of
autocatalytic reaction in aqueous solution has a tempera
dependence described by an Arrhenius relationship@23#,

ks;exp~2Ea /RT!, ~1!

whereR is the gas constant,T is the absolute temperature
andEa is an activation energy of 58.0 kJ/mol in the Ru~bpy!3
system@24#. The solid line in Fig. 3 represents an Arrheni
plot with an activation energy of 58.0 kJ/mol. It should
noted that the frequency belowTc apparently has the sam
temperature dependence asks . This is an interesting result
since the frequency of the chemical wave is not necessa
determined only by the rate constant of the autocatalytic
action @25#. Above Tc , in contrast, the frequency steep
decreases in spite of enhancement of the reaction by a
perature increase. This may be related to changes in rea
concentration in the gel induced by shrinkage, since conc
trations of reactants in the gel are no longer homogene
unlike belowTc .

Figure 4 shows the temperature dependence of the ve
ity of the chemical wave. With increasing temperature,
wave velocityvg gradually increases belowTc , and then
steeply decreases nearTc , which is similar in shape to Fig
3. In this temperature range, the wave velocityvs in aqueous
solution has been reported to show a temperature de
dence of Arrhenius type with an activation energy of 37
kJ/mol @24#. A gradual increase invg below Tc cannot be

FIG. 3. Frequency of the chemical wave in th
PNIPA-co-Ru~bpy!3 gel as a function of temperature. The line re
resents an Arrhenius plot with the activation energy of 58.0 kJ/m
in the Ru~bpy!3 system.
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described by such an Arrhenius relationship. In fact, the ra
of vg to vs was 0.56 at 20 °C, and this ratio became sma
with increasing temperature. Thus the behavior ofvg is en-
tirely different from that ofvs .

It is necessary to represent the wave velocity in terms
the diffusion and concentration in order to understand
observed reduction of the wave velocity in the gel. It is w
established that the wave velocity in aqueous solution is
termined by the initial concentrations of sulfuric acid a
sodium bromate, in addition to the diffusion and the react
step of the autocatalytic species HBrO2. To a good approxi-
mation, the form of the dependence ofvs on these quantities
is given by@26,27#

vs5~ksDs!
1/2~@H1#@BrO3

2# !1/2, ~2!

whereDs is the diffusion coefficient of HBrO2. In order to
represent the wave velocity in the gel, on the other hand,
following factors must be taken into account: the differen
between reactant concentrations inside and outside the
the restricted diffusion of HBrO2 and other species throug
the polymer network, and the modified rate constant of
autocatalytic reaction. Based on Eq.~2!, the form ofvg can
then be written as

vg5~kgDg!1/2~KH1KBrO3
2@H1#@BrO3

2# !1/2, ~3!

wherekg is the rate constant of the autocatalytic reaction
the gel,Dg the diffusion coefficient of HBrO2 in the gel, and
KH1 andKBrO3

2 the partition coefficients of sulfuric acid an

sodium bromate, respectively. Since the rate constantskg and
ks are quantities related to the autocatalytic reaction its
they are considered to take the same values irrespectiv
differences in reaction medium and reactant concentrat
Thus the ratio of the diffusion coefficient of HBrO2 in the gel
to that in the solution is given by

Dg

Ds
5

Cvg
2

vs
2 , ~4!

l

FIG. 4. Velocity of the chemical wave in the
PNIPA-co-Ru~bpy!3 gel as a function of temperature. The line
merely a guide to the eye.
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whereC is a constant and it is assumed that bothKH1 and
KBrO3

2 remain unchanged over the whole temperature ra

studied. The temperature dependence ofDg /Ds is shown in
Fig. 5, where an Arrhenius temperature dependence forvs is
assumed. The data show some scatter, especially aroundTc .
In spite of that, the ratio decreases with increasing temp
ture except aroundTc . As will be discussed later, the appa
ent hump aroundTc may be associated with dynamic dens
fluctuations of the gel network.

If the messenger species (HBrO2) interacts negligibly
with the polymer chain of the gel,Dg is determined only by
the mesh size of the polymer network. According to a cal
lation based on hydrodynamic theory, the diffusion coe
cient of inactive moleculesD is described by

D

Ds
5expS 2

Rh

j D , ~5!

whereRh is the hydrodynamic radius of a Brownian sphe
andj the correlation length of the polymer network@28,29#.
This formula has been supported by the measurement of
fusion coefficients of probe molecules in poly~acrylamide!
gels@30#. We assume that Eq.~5! is applicable to the presen
case.

The polymer network of the gel fluctuates in time a
space. The cooperative diffusion coefficient characteriz
such fluctuations is very small compared with the diffusi
coefficient of small compact molecules such as HBrO2.
Therefore, the polymer network may be regarded as a po
medium with an average pore sizej for the diffusion of
small molecules@31#. Shrinkage of the gel with temperatur
results in a relative increase in the gel concentration.
increase in the gel concentration decreases the correla
length of the polymer network@31#. Thus we can say that th
average mesh size decreases with shrinkage of the ge
other words, the average mesh size is an increasing func
of gel size. Now we assume that the average mesh siz
proportional to the diameter of the gel, namely,j}d. This
assumption seems reasonable in the low temperature re

FIG. 5. Ratio of the diffusion coefficient of HBrO2 in the
PNIPA-co-Ru~bpy!3 gel to that in solution as a function of temper
ture.
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where the polymer network is moderately homogeneous
the high temperature region, in contrast, density fluctuati
of the gel network become pronounced. Consequently,
gel network becomes heterogeneous; some portions of
gel swell and the other portions shrink@32#. In the shrunken
state, therefore, the average mesh size might not quan
tively have a linear relationship tod. However, as a first
approximation this assumption might be allowable. Figure
shows a semilogarithmic plot ofDg /Ds againstd0 /d. The
Dg /Ds ratio is fitted to a straight line in the low temperatu
region, but it deviates from a straight line aroundTc and in
the shrunken state, as shown in Fig. 6. This indicates
interaction between the gel structure and the diffusio
reaction system is no longer negligible expect in the l
temperature region.

An important feature of the present gel is that the polym
network itself takes part in the reaction, because the cata
is covalently bonded to the polymer chain. Hence, shrink
of the gel would result in a relative increase of catalyst co
centration; the catalyst concentration is expressed as

c5c0~d0 /d!3, ~6!

wherec0 is the initial concentration of immobilized catalys
In this experimentc0 is 9 mM . In the analyses describe
above, such effects of catalyst concentration on the chem
wave have not been considered explicitly. Figure 7 sho
the dependence of the frequency of the reaction on
Ru~bpy!3 concentration. We see that the frequency decrea
with increase in catalyst concentration. In the most shrun
state of our experiment, the value of (d0 /d)3, i.e., c/c0 ,
goes up to 5.7. In such a high concentration region, the
fects of the catalyst concentration on the frequency will n
be negligible. This may be partly responsible for the ste
decrease in frequency aboveTc shown in Fig. 3.

Figure 8 shows the dependence of the wave velocity
the catalyst concentration. According to earlier studies,

FIG. 6. Dependence of theDg /Ds ratio on the reciprocal of the
gel diameter, whered0 is the diameter when the gel was forme
andDg andDs are diffusion coefficients of HBrO2 in the gel and in
aqueous solution, respectively. The line is merely a guide to
eye.
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wave velocityvs in aqueous solution is essentially indepe
dent of the concentration of the catalyst@24#. In the present
gel, in contrast, the wave velocityvg decreases with increas
in the catalyst concentration. Such a decrease has also
observed in other porous media@18#. On the assumption tha
vs is constant, it follows from Eq.~4! that theDg /Ds ratio
shows the same concentration dependence as doesvg

2. Thus
theDg /Ds ratio should decrease with increase in the cata
concentration, as seen from Fig. 8. This decrease is prob
because a large amount of the bulky Ru~bpy!3 molecules
behave as obstacles for the diffusion of HBrO2. Since the
catalyst concentration in the gel is greatly increased w
shrinkage of the gel, as mentioned above, the diffusion
efficient will diminish at high temperature. This explains t
smaller values of theDg /Ds ratio, deviating from the
straight line, in the shrunken state in Fig. 5.

In the analyses presented so far, we have assumed tha
partition coefficients of proton and bromate in Eq.~3! remain

FIG. 7. Frequency of the chemical wave in th
PNIPA-co-Ru~bpy!3 gel as a function of Ru~bpy!3 concentration.
The line is merely a guide to the eye.

FIG. 8. Velocity of the chemical wave in th
PNIPA-co-Ru~bpy!3 gel as a function of Ru~bpy!3 concentration.
The line is merely a guide to the eye.
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unchanged when the gel shrinks. This assumption seems
sonable in the swollen state. However, it is probable that
assumption becomes invalid at high temperature; shrink
of the gel with temperature hinders the diffusion of the
reactants through the network, and consequently their c
centrations are no longer homogeneous. In the shrun
state, the concentration distribution of these reactants ma
established along the direction perpendicular to the gel
face. This is also responsible for the deviation of theDg /Ds
ratio from the straight line shown in Fig. 5.

In the case of the PNIPA gel, it is well known that th
correlation length of dynamic density fluctuations of t
polymer network diverges at the volume transition po
@33,34#. Density fluctuations of the polymer network crea
swollen and shrunken regions in the gel even if the to
volume of the gel remains unchanged. Thus the effec
pore size of the network is determined by the correlat
length of such fluctuations. In other words, the assumpt
that the average pore size is proportional to the gel diam
becomes invalid near the transition point. The increase in
correlation length increases the pore size of the network,
consequently induces an increase in diffusion coefficie
The apparent hump aroundTc seen in Fig. 5 may be relate
to such fluctuations. Unfortunately, data vary widely arou
Tc . In this region, it took a long time for the gel to attain
steady state, which is probably due to critical slowing dow
Since long-time use of the batch reactor caused a degrad
of the BZ reaction, we were often forced to renew samp
when the temperature was changed. There was some d
ence in the characteristics of the samples used, whic
probably caused by the sample preparation. This may be
sponsible for the scattering of data. At the present stage
cannot conclude whether the hump observed aroundTc is
due to an enhancement of dynamic density fluctuations
not.

IV. CONCLUSION

We have investigated the behavior of a chemical wave
a gel exhibiting spontaneous and periodic volume oscillati
The difference between the phases of the mechanical o
lation and the chemical one has been found to change
pending on whether the gels reach equilibrium at a giv
temperature or not. We have found that both the velocity a
the frequency of the chemical wave change in response
volume change of the gel. Such changes have been qua
tively analyzed using a simple theory of diffusion. At lo
temperature, the gel structure does not affect the diffusi
reaction system. Hence, the change in the wave velocity
be explained in terms of the restricted diffusion of HBrO2
through the gel network. At high temperature, the change
the wave velocity cannot be explained by simple diffusi
theory. This is probably because inhomogeneities in reac
concentrations and the increase in the amount of bulky c
lyst hinder the diffusion and the rate of reaction. It would
of interest to see if an anomalous increase of density fluc
tions aroundTc affects the behavior of chemical waves. F
this purpose, it is essential always to maintain the BZ re
tion system at a definite state far from equilibrium. Th
would become feasible by establishing a net flux of reag
through the system as in a continuously fed unstirred rea
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@35#. Then the whole temperature range studied can be c
ered with only one sample. Work along this line is
progress. The present paper has not been concerned wit
feedback effect of the mechanical oscillation on the chem
one. Such an effect is an interesting problem characterist
the present system and will be the subject of on-going inv
tigations.

Observation of phenomena such as those described in
study is possible only in a gel system in which the catalys
covalently bonded to the polymer chain. Immobilization
the catalyst in the gel can also be achieved by adsorption
d
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em
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v-
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of
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In

that case, however, the catalyst easily escapes from the
during several periods of the redox reaction. Therefore, s
a gel system is not suitable for the long-time observat
required for this study.
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