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Chemical waves in self-oscillating gels
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The behaviors of a po(iN-isopropyl acrylamide(PNIPA) gel coupled with the Belousov-Zhabotinsi§Zz)
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,
T.. The diffusion of HBrQ, which is essential for wave propagation, was hindered with increasing tempera-
ture. The diffusion of HBr@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 numbds): 82.70.Gg, 87.18.Pj

[. INTRODUCTION only for functional materials but also as a different type of
oscillatory chemical reaction system.

Polymer gels are well known to exhibit an extremely In this work, we investigate the behavior of chemical
large volume change in response to a change in externdfaves in a self-oscillating hydrogel in which the catalyst is
conditions such as temperature and solvent compositiofovalently bonded to polix-isopropyl acrylamide
[1_8] Very recenﬂy, Yoshida and co-workers reported a ge|(PN|PA) Our attention is particularly focused on effects of
exhibiting a spontaneous swelling-shrinking oscillation with-the volume phase transition of the gel on the propagation of
out any external stimul{9,10]. Such self-oscillating gels chemical waves. Thermally sensitive PNIPA gels have been
were realized by Combining mechanical properties of ge|§xtensively used as the most suitable candidate for studies of
with the Belousov-ZhabotinskyBZ) reaction, which is Vvolume phase transitions and critical phenom¢@,21].
known as a typical chemical oscillatory reaction exhibiting The PNIPA gel is in a swollen phase at lower temperatures
spatiotemporal patterngl1,12. The self-oscillation of the and in a shrunken phase at higher temperatures. Both the
volume may make it possib|e to app|y hydroge|s as func.VG'OCity and the frequency of the chemical wave are mea-
tional materials including self-walking actuators, pacemak-sured as a function of temperature and catalyst concentration.
ers, and drug delivery systems synchronized with cell cyclesIhe diffusion coefficient of the autocatalytic species is cal-
The use of gels in the BZ reaction system has been so faulated from these data, and its temperature dependence is
confined to eliminating hydrodynamic convection disturbinginterpreted in terms of changes in the gel structure.
chemical pattern$13] and localizing the BZ reaction in a
restr_icted re_gi0|1jl4,1ﬂ. It is essential for such purposes th_at Il. EXPERIMENT
the interaction between the gel structure and the reaction-
diffusion system is negligibly small. Gel systems have We synthesized ruthenium(4-vinyl-4’'-methyl-2,2-
brought about a considerable development in the study dbipyridinebis(2,2' - 2'- bipyridine)bis(hexafluorophosphate
chemical waves. In particular, localized reaction systems off Ru(vmbpy) (bpy}(PFs),] as a polymerizable catalyst ac-
fered the possibility of studying behaviors of chemical wavescording to the procedure of Ghosh and Sgi2@], in order
different from those of conventional chemical wajd$— to covalently bond the catalyst ruthenium(ll)

19]. In these gel systems, gels are no more than the mediais-(2,2' -bipyridine) [ Ru(bpy)s] to the polymer chain. The
supporting the reaction, and their structures do not changdIPA gels with Rybpy); were prepared by a free radical
through the BZ reaction. In self-oscillating gels, in contrast,copolymerization in 1 ml of methanol at 60 °C; the methanol
the polymer network itself takes part in the BZ reaction,has been previously purged with nitrogen gas. The
because the catalyst is covalently bonded to the polymeragents used were as follows: NIPA mononi@rl56 g,
chain. As a result, the reaction medium can change in tim&u(vmbpy)(bpy),(PF;), (8.2 mg, N,N’-methylene-
and space. This means that the chemical reaction inducéss(acrylamide (2.8 mg as a cross-linker, andN,N’-
changes in the gel structure, and induced structural changezobigisobutyronitrile (6.56 mg as an initiator. A capillary
should conversely affect the propagation of the chemicalvith an inner diameter of 52am was used to make a uni-
wave. Thus this self-oscillating gel system is interesting noform cylindrical shape. The cylindrical gels after gelation
were washed with methanol to remove unreacted com-
pounds, with the methanol being gradually replaced by wa-
* Author to whom correspondence should be addressed. ter, and then stored in pure water. The synthesized gel
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[ PNIPA-co-Rubpy);] with a transparent orange color was Length 200pm
cut into lengths of 5 mm, and then immersed in the BZ
reaction solution of NaBrO;]=0.084M, [CH,(COOH),]
=0.625M, and[HNO;]=0.3M. The temperature of the so-
lution was controlled within+0.1 °C. The color change be-
tween orange and green due to the redox reaction did not
take place in the solution, but was confined within the gel.
The features of the propagation of the chemical wave and the
resulting oscillation of the gel were monitored through a
charge-coupled device camera attached to a microscope and
recorded on a videotape recorder. One end of the gel was
fixed at the vessel, while the other end was left free. From
the recorded video images, one pixel line images along the Length  200pm
length of the gel were sampled every 1 s. The recorded im-
ages were transformed to spatiotemporal patterns through
computer processing.

All measurements were carried out after the size of the gel
reached an equilibrium value each time the temperature was
changed. Such an experimental procedure takes a long time
to cover the temperature range investigated here. Since our
experiments were performed in a closed reactor, the BZ re-
action solution evolved irreversibly toward thermodynamic
equilibrium and ultimately the chemical oscillation ceased
after a long elapsed time. Hence, the BZ reaction solutions,

indUding_ gels, were renewed before any degradation in the FIG. 1. Spatiotemporal pattern of chemical waves and the vol-
BZ reaction occurred. ume oscillation at the free edge of awisopropylacrylamide-
Ru(bpy); copolymer gela) in thermal equilibrium at 20 °C an(b)
in the shrinking process at 24 °C. Light and dark gray regions cor-
respond to oxidized and reduced states oftiRy);, respectively.
When the gels reached equilibrium at a given tempera-
ture, oxidizing waves were successively initiated at the fixedeedback effect cannot be evaluated. Instead, we investigated
edge of the gel and propagated toward the free edge. Whedffects of mechanical changes on the chemical wave by ex-
the gel had not yet reached thermal equilibrium, on the othefernally changing the gel structure. This was accomplished
hand, oxidizing waves were initiated at the free edge, angy utilizing the thermally driven volume phase transition in-
moved into the gel. Figure 1 shows the spatiotemporal evoherent in PNIPA homopolymer gels. The volume phase tran-
lution of chemical waves and the volume oscillation of thesijtion of a PNIPA homopolymer gel in pure water takes
gel. Here light and dark gray regions correspond to oxidizeglace around 34 °C. Figure 2 shows the temperature depen-
and reduced states of Rupy);, respectively. Figure (8  dence of the diameter of the cylindrical gel when the tem-
shows the case of the gel in thermal equilibrium at 20 °Cperature was raised from 18 up to 33 °C. Here the diantkter

The edge of the gel oscillates with an amplitude of 20. s normalized with respect to that when the gel was formed
The gel starts to contract when oxidizing waves coming from

the fixed edge arrive at the free edge. Figufle) Shows the 16
case of the gel in the shrinking process driven by increasing

the temperature to 24 °C. The edge oscillates with an ampli-

tude of 40 um. Contrary to the case of the gel at thermal
equilibrium, the gel starts to swell when oxidizing waves -
start to enter the free edge. Thus the oscillation of the gel is 12 F
synchronized with the propagation of the chemical wave, but -
the phase difference between them depends on the state of g
the gel. This can be explained as follows. In the oxidized
state, the gel swells due to an increase in hydration of poly- [
mer chains induced by an increase in the charge from 0.8 -
Ru(bpy)s®* to Rubpy)s> [9,10]. Therefore, the gel starts to [
shrink when oxidizing waves leave the free edge, and starts
to swell when oxidizing waves enter the free edge.

As shown in Fig. 1, the chemical oscillation induces a
periodical volume change in the gel. Conversely, mechanical 5 20 2 3 35
changes in the gel probably induce changes in the diffusion t e
and the local concentrations of reactants at the same time,
and consequently affect the propagation of the chemical FIG. 2. Diameter of a PNIPA-co-Rhpy); gel as a function of
wave. At the present stage, however, the magnitude of suchtamperature. The line is merely a guide to the eye.
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IIl. RESULTS AND DISCUSSION
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FIG. 3. Frequency of the chemical wave in the FIG. 4. Velocity of the chemical wave in the
PNIPA-co-Rubpy); gel as a function of temperature. The line rep- pNIPA-co-Rubpy); gel as a function of temperature. The line is
resents an Arrhenius plot with the activation energy of 58.0 kJ/molmerely a guide to the eye.
in the Rubpy); system.

described by such an Arrhenius relationship. In fact, the ratio
(do). The change ofd is slightly discontinuous at about of vy to v was 0.56 at 20 °C, and this ratio became smaller
29 °C. We regarded this temperature as the volume transitiowith increasing temperature. Thus the behaviov gfis en-
temperaturel ;.. Volume oscillation as shown in Fig. 1 was tirely different from that ofv.

always observed below.. However, since its amplitude It is necessary to represent the wave velocity in terms of
was always very small compared withits contribution tod  the diffusion and concentration in order to understand the
was neglected. observed reduction of the wave velocity in the gel. It is well

Figure 3 shows the temperature dependence of the freéstablished that the wave velocity in aqueous solution is de-
quency of the chemical oscillation. With increasing temperatermined by the initial concentrations of sulfuric acid and
ture, the frequency increases beldw, and then abruptly sodium bromate, in addition to the diffusion and the reaction
decreases nedr,, which synchronizes with an abrupt de- step of the autocatalytic species HBrQ'o a good approxi-
crease ird. It has been reported that the rate constant of thénation, the form of the dependencewqfon these quantities
autocatalytic reaction in aqueous solution has a temperatufé given by[26,27]
dependence described by an Arrhenius relationg2 oom (kD VA[H[BrOy 1) @

ks~exp—Ea/RT), @) whereDy is the diffusion coefficient of HBr@ In order to

represent the wave velocity in the gel, on the other hand, the
following factors must be taken into account: the difference
between reactant concentrations inside and outside the gel,
the restricted diffusion of HBr@and other species through
the polymer network, and the modified rate constant of the
autocatalytic reaction. Based on H@), the form ofv, can

gpen be written as

whereR is the gas constanf, is the absolute temperature,
andE, is an activation energy of 58.0 kJ/mol in the (Bpy);
system[24]. The solid line in Fig. 3 represents an Arrhenius
plot with an activation energy of 58.0 kJ/mol. It should be
noted that the frequency beloW, apparently has the same
temperature dependencelas This is an interesting result,
since the frequency of the chemical wave is not necessaril
determined only by the rate constant of the autocatalytic re- _ 112 + —1\1/2

action [25]. Above T, in contrast, the frequency steeply vg= (kgD g) " (Kyi+Kero, [HTJIBrOs )™ @

decreases in spite of enhancement of the reaction by a te”\}\iperekg is the rate constant of the autocatalytic reaction in

perature increase. This may be related to changes in reac:tatﬂe gel,D, the diffusion coefficient of HBr@in the gel, and

concentration in the gel induced by shrinkage, since concen; o . i .
trations of reactants%n the gel arg no Iongger homogeneoul<H+ andKBfOs’ the partition coefficients of sulfuric acid and

unlike belowT,. sodium bromate, respectively. Since the rate constyasd

Figure 4 shows the temperature dependence of the veloKs are quantities related to the autocatalytic reaction itself,

ity of the chemical wave. With increasing temperature, thehey are considered to take the same values irrespective of
wave velocityv, gradually increases beloW,, and then differences in reaction medium and reactant concentration.

steeply decreases neBy, which is similar in shape to Fig. 1hus the ratio of the diffusion coefficient of HBs@ the gel
3. In this temperature range, the wave velooifyjn aqueous (O thatin the solution is given by

solution has been reported to show a temperature depen-
dence of Arrhenius type with an activation energy of 37.6 ~9_ —. (4)
kJ/mol [24]. A gradual increase imy below T cannot be Ds vs
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FIG. 5. Ratio of the diffusion coefficient of HBrQOin the
PNIPA-co-Rybpy); gel to that in solution as a function of tempera-
ture.

FIG. 6. Dependence of the, /Dy ratio on the reciprocal of the
gel diameter, wherel, is the diameter when the gel was formed,
andD4 andD are diffusion coefficients of HBrQin the gel and in

. o aqueous solution, respectively. The line is merely a guide to the
whereC is a constant and it is assumed that bt and  gye.

Kero,- remain unchanged over the whole temperature range

studied. The temperature dependenc®gfDg is shown in  where the polymer network is moderately homogeneous. In
Fig. 5, where an Arrhenius temperature dependencefts  the high temperature region, in contrast, density fluctuations
assumed. The data show some scatter, especially afiqund of the gel network become pronounced. Consequently, the
In spite of that, the ratio decreases with increasing temperagel network becomes heterogeneous; some portions of the
ture except aroundl.. As will be discussed later, the appar- gel swell and the other portions shrifi82]. In the shrunken
ent hump around . may be associated with dynamic density state, therefore, the average mesh size might not quantita-
fluctuations of the gel network. tively have a linear relationship td. However, as a first

If the messenger species (HBjOinteracts negligibly —approximation this assumption might be allowable. Figure 6
with the polymer chain of the geD is determined only by shows a semilogarithmic plot dd,/Dg againstd,/d. The
the mesh size of the polymer network. According to a calcuD4/Dg ratio is fitted to a straight line in the low temperature
lation based on hydrodynamic theory, the diffusion coeffi-region, but it deviates from a straight line aroufidand in

cient of inactive molecule is described by the shrunken state, as shown in Fig. 6. This indicates that
interaction between the gel structure and the diffusion-
E—ex;{ _&) ) reaction system is no longer negligible expect in the low

Ds £ temperature region.

An important feature of the present gel is that the polymer
whereRy, is the hydrodynamic radius of a Brownian spherenetwork itself takes part in the reaction, because the catalyst
and ¢ the correlation length of the polymer netwdi®8,29. is covalently bonded to the polymer chain. Hence, shrinkage
This formula has been supported by the measurement of dibf the gel would result in a relative increase of catalyst con-
fusion coefficients of probe molecules in p@grylamide  centration; the catalyst concentration is expressed as
gels[30]. We assume that E€5) is applicable to the present
case. c=co(do/d)?, (6)

The polymer network of the gel fluctuates in time and
space. The cooperative diffusion coefficient characterizingvherecy is the initial concentration of immobilized catalyst.
such fluctuations is very small compared with the diffusionin this experimentcy is 9 mM. In the analyses described
coefficient of small compact molecules such as HBrO above, such effects of catalyst concentration on the chemical
Therefore, the polymer network may be regarded as a porougave have not been considered explicitly. Figure 7 shows
medium with an average pore sizefor the diffusion of the dependence of the frequency of the reaction on the
small molecule$31]. Shrinkage of the gel with temperature Ru(bpy); concentration. We see that the frequency decreases
results in a relative increase in the gel concentration. Arwith increase in catalyst concentration. In the most shrunken
increase in the gel concentration decreases the correlati®tate of our experiment, the value oy(d)3, i.e., c/cq,
length of the polymer networf81]. Thus we can say that the goes up to 5.7. In such a high concentration region, the ef-
average mesh size decreases with shrinkage of the gel. facts of the catalyst concentration on the frequency will not
other words, the average mesh size is an increasing functidme negligible. This may be partly responsible for the steep
of gel size. Now we assume that the average mesh size ecrease in frequency aboV¥e shown in Fig. 3.
proportional to the diameter of the gel, namefy;d. This Figure 8 shows the dependence of the wave velocity on
assumption seems reasonable in the low temperature regidhe catalyst concentration. According to earlier studies, the
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§ 7T T 7] unchanged when the gel shrinks. This assumption seems rea-
] sonable in the swollen state. However, it is probable that this

] assumption becomes invalid at high temperature; shrinkage
. ] of the gel with temperature hinders the diffusion of these

] reactants through the network, and consequently their con-
7 centrations are no longer homogeneous. In the shrunken
state, the concentration distribution of these reactants may be
established along the direction perpendicular to the gel sur-
face. This is also responsible for the deviation of Bng/D
ratio from the straight line shown in Fig. 5.

In the case of the PNIPA gel, it is well known that the
correlation length of dynamic density fluctuations of the
polymer network diverges at the volume transition point
[33,34]. Density fluctuations of the polymer network create
[ ] swollen and shrunken regions in the gel even if the total
sl v N .
0 s 10 15 20 volume of the gel remains unchanged. Thus the effective

C [mM] pore size of the network is determined by the correlation
length of such fluctuations. In other words, the assumption

FIG. 7. Frequency of the chemical wave in the thatthe average pore size is proportional to the gel diameter
PNIPA-co-Rubpy); gel as a function of Ribpy); concentration. becomes invalid near the transition point. The increase in the
The line is merely a guide to the eye. correlation length increases the pore size of the network, and

consequently induces an increase in diffusion coefficients.
wave Ve|OCityUs in agueous solution is essentially indepen-The apparent hump arouﬁ'q: seen in F|g 5 may be related
dent of the concentration of the cataly24]. In the present to such fluctuations. Unfortunately, data vary widely around
gel, in contrast, the wave velocity, decreases with increase T_. In this region, it took a long time for the gel to attain a
in the catalyst concentration. Such a decrease has also beg@ady state, which is probably due to critical slowing down.
observed in other porous medit8]. On the assumption that Since long-time use of the batch reactor caused a degradation
vs is constant, it follows from Eq(4) that theDy/Ds ratio  of the BZ reaction, we were often forced to renew samples
shows the same concentration dependence asujoékhus  when the temperature was changed. There was some differ-
theD 4 /D ratio should decrease with increase in the catalysence in the characteristics of the samples used, which is
concentration, as seen from Fig. 8. This decrease is probabfyrobably caused by the sample preparation. This may be re-
because a large amount of the bulky (Rpy)s molecules  sponsible for the scattering of data. At the present stage, we
behave as obstacles for the diffusion of HBr&ince the cannot conclude whether the hump observed arolings
catalyst concentration in the gel is greatly increased wittdue to an enhancement of dynamic density fluctuations or
shrinkage of the gel, as mentioned above, the diffusion conot.
efficient will diminish at high temperature. This explains the
smaller values of theD,/Dg ratio, deviating from the
straight line, in the shrunken state in Fig. 5. IV. CONCLUSION

Ir_1 _the anaflfys_es prefsented S0 fgrt,) we hav_e assumed _that theWe have investigated the behavior of a chemical wave in
partition coefficients of proton and bromate in E8).remain 5 | exhibiting spontaneous and periodic volume oscillation.
The difference between the phases of the mechanical oscil-

f [mHz]

30 ————T—r—T—+7 T 7T ) -
I ' ' ' lation and the chemical one has been found to change de-
pending on whether the gels reach equilibrium at a given

2 | ] temperature or not. We have found that both the velocity and

the frequency of the chemical wave change in response to a
] volume change of the gel. Such changes have been qualita-
i tively analyzed using a simple theory of diffusion. At low
. temperature, the gel structure does not affect the diffusion-
i ] reaction system. Hence, the change in the wave velocity can
24 | . . be explained in terms of the restricted diffusion of HBrO
I I through the gel network. At high temperature, the change of
! ] the wave velocity cannot be explained by simple diffusion
22 + ® . theory. This is probably because inhomogeneities in reactant
[ ] concentrations and the increase in the amount of bulky cata-
| 1 lyst hinder the diffusion and the rate of reaction. It would be
20—t L of interest to see if an anomalous increase of density fluctua-
0 5 10 15 20 : ; .
C [mM] t|o_ns aroundTC_ a_\ffects the_ behavior of che_mlc_al waves. For
this purpose, it is essential always to maintain the BZ reac-
FIG. 8. Velocity of the chemical wave in the tion system at a definite state far from equilibrium. This
PNIPA-co-Rubpy); gel as a function of Ribbpy); concentration. would become feasible by establishing a net flux of reagent
The line is merely a guide to the eye. through the system as in a continuously fed unstirred reactor

A [xm/s]
8
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[35]. Then the whole temperature range studied can be cowthat case, however, the catalyst easily escapes from the gel
ered with only one sample. Work along this line is in during several periods of the redox reaction. Therefore, such
progress. The present paper has not been concerned with thegel system is not suitable for the long-time observation
feedback effect of the mechanical oscillation on the chemicatequired for this study.
one. Such an effect is an interesting problem characteristic of
':ir;eatpi)giss,ent system and will be the subject of on-going inves- ACKNOWLEDGMENTS
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