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Oscillatory Phenomenon in Chemistry

Development of Temporal Order in Molecular Assembly

Kenichi Yoshikawa 3 JI W —

College of General Education, University of Tokushima,

Minamijosanjima, Tokushima 770, JAPAN
ABSTRACT

After the brief introduction on non-linear oscillations in various
chemical systems, two oscillatory systems were focused as the typical
examples of the non-linear, non-equilibrium chemical oscillations : (1)
Electrical oscillation in an oil-water interface and (2) periodic
water-flow in a system with salt-water and pure-water.

Rhythmic, sustained electrical oscillation was generated for an
oil-water interface, containing a surfactant in the water phase, where
typical oscillatory patterns in non-linear oscillators were observed.
Oscillatory flow of salt-water and pure-water was observed when the
vessel of salt-water was connected with narrow pore to the vessel to
pure-water. Interestingly, entrainment of the oscillatory flows was
obtained when two oscillators were coupled. Theée experimental results
were interpreted using a theory based on a set of non-linear

differential equations.

1. Introduction

Various biological systems exhibit rhythmic phenomena, e.g.,
oscillations of cells of nerve and muscle tissue including heart,
oscillations in mitochondria and biological clocks. These phenomena
have recently received much attention as "dissipative" effectl) in non-
linear, non-equilibrium systems. However, biological systems are, in
general, too complicated to understand the full detail of the mechanism

of oscillation. A biophysist Belousov in USSR found a periodic change
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of chemical reaction in a homogeneous aqueous-solution when he - was

2)

studying oxidative reaction of citric acid. This compound is a key

metabolite for living organisms to uptake energy from foods. This

3)

system is now called the Belousov-Zhabotinskii reaction. The
Belousov-Zhabotinskii reaction has recently received much attention
from many physists and also mathematicians as a typical non-linear
oscillatory system. This is because the Belousov-Zhabotinskii reaction
shows various interesting phenomenon, i.e., limit cycle oscillations,
multi-periodicity, hysteresis, entrainment, chaos, formation of
spacial structures such as developing target or spiral pattern.4) To
simulate there interesting features, non-linear difference equations
have been proposed which could reproduce the oscillatory phenomenon at
least qualitatively.4) As is shown in Table I, there are many other
chemical oscillatory systems beside the Belousov-Zhabotinskii

reaction.5'6)

All of them has not been interpreted fully and should be
solved based on the theory of non-linear, non-equilibrium
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thermodynamics.

If one thinks of various oscillatory phenomena in biological
systems, one will notice that interface or membrane plays an essential
role to induce oscillation. For example, excitation in biological

. . + +
nervous membrane is caused by the gating flow of Na and K was across

[ Na*
AE ) L S AE
4 i v
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Chart. Exitation in Biological Nervous Membrane
Table I Osciltations in Artificiol Membrane
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the nervous membrane. The concentration difference of Na+ and K+ ions
inside and outside the membrane are the driving force of the
excitation. Thus, in order to understand the mechanism of biological
excitation and/or oscillation, studies of artificial membranes with
excitability become important. Most of the artificial membranes
examined were excitable under an external force, such as pressure,
voltage, or electric current (Table II). On the other hand, in
excitable biomembranes the difference in the compositions of
electrolytes, especially K+ and Na+, across the membrane plays the
essential role. Investigations on "self-excitable" artificial membranes
are therefore important in wunderstanding the mechanism and/or
oscillation in biological systems.

In the present article, we would like to describe on two "self-
excitable" chemical systems, i.e., electrical oscillation at an o0il-
water interface and oscillatory flow in a simple system with salt-water

and pure-water.

2. OSCILLATIONS AT AN OIL-WATER INTERFACE
2-1 Oscillatory Phenomenon in Oil-Water Two-Phase System

Mass transfer accompanying chemical reactions is involved in many
biological and industrial processes. Under certain conditions it causes
interfacial turbulence, i.e. the Marangoni effect.s) In general, the
movement of the interface due to the Marangoni~instability is depressed

9)

in the presence of a surfactant. Contrary to this known trend,

Dupeyrat et al. founa 0 1)

quasi-periodic variations of a relaxation
type in the interfacial tension and the electrical potential between
two immiscible phases, a solution of hexadecyltrimethyl chloride, a
long-chain cationic surfactant, in water and an organic solution of
picric acid in nitrobenzene. Recently we reported;z) sustained,
rhythmic oscillations under c6nditions somewhat different from those in

their experiment. We extended this study to liquid membranes in a

water-oil-water system, and found that spontaneous rhythmic
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oscillations of electrical potential are generated in the liguid
membranes in the presence of various cationic and anionic surfactants

in one of the aqueous phases.l3—l6)

2-2 Experimental Results

Experiments were performed in an apparatus in a U-shaped glass
tube (12-mm inner diameter). The apparatus is shown schematically inv
Figure 1. A nitrobenzene solution (4ml) of 5mM 2,2'-bipyridine was
placed in the base of the U cell. BAgueous solutions (10ml each) were
introduced simultaneously, into the arms of the U cell, above the
organic phase without stirring. All measurements were carried out at
25°C. The voltage across the liquid membrane was measured with a high-
impedance voltmeter connected by two salt bridges to two Ag/AgCl

electrodes.

recorder

[ |

mV meter

" salt bridge

Figure 1 Experimental apparatus for measurements of the
oscillation of electrical potential in a liquid
membrane, water-oil-water systems. (A) Aqueous
solution of surfactant, (B) 0.5M NaCl agueous
solution, (C) Nitrobenzene solution. '

Figure 2 shows the tracing of the voltage oscillations across the
organic phase of nitrobenzene in the presence or absence of sodium

oleate and/or propanol. Though small fluctuations of the electrical
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Figure 2 Oscillations of electrical
potential with (A) 0.1lmM

® sodium oleate, (B) 5 v/v%

5 40 l-propanol and (C) O.1lmM
£ - sodium oleate and 5 v/v$%
wzo l-propanol in the left
aqueous layer.
T : . -
90 105 120 135
T/min
potential are recognized only
(8) with sodium oleate (Figure 2A)
540.#-———_~_p~*~_ and with propanol (Figure 2B),
£ A A
Qﬁo great pulses are generated in the
T ) presence of both sodium oleate
iER) 105 120 135 ; i
T /min and propanol (Figure 2C). This
apparently suggests that the
transfer of the surfactant and
S alcohol through the oil-water
? 20 interface is essentially
W
**J\-A~—k-—ka_~kh~ﬂj\_ﬂjk important to induce oscillations.
o . .
T ) _ Figure 3 shows various profile of
‘90 105 120 135
T/min the oscillatory pattern in the

presence of several kinds of
chemical species. Figure 4 exemplifies the oscillation at an oil-water
interface in the presence of a phospholipid. This result is interesting
because phospholipids are the main constituent of biomembranes,
including nervous membrane.

Here, it 1is noteworthy that rhythmic and sustained oscillations
are generated spontaneously in the absence of any external stimuli such
as hydrostatic pressure or electrical current. In these 1liquid
membranes, the concentrations of the surfactant, together with other
chemical substances such as alcohols, are in "far-from-equilibrium
conditions". Thus, the dissipation of the free energy due to the solute
transfer induces the oscillations. We have. also succeeded in observing

3) This result

. . . . 1
the oscillatory change of the interfacial tension.
suggests that rhythmic change of the electrical potential is connected
with the repeated change of concentration of the surfactant at the

interface.
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Oscillation of electrical potential across the organic layer
between two aqueous solutions, one of which contains 0.1lmM
sodium oleate. (A) 5 v/v% l-propanol and (B) 5 v/v% l-butanol.
(C)-(F) show the oscillations induced by the addition of
0.5ml of (C) 0.1M sodium chloride, (D) 1M sucrose, (E) 1mM
quinine chloride, and (F) 0.03M hydrochloric acid to the left
aqueous solution which contains 10 v/v% l-propanol. '
o' T 20 35
T/min
L _ Figure 4 Oscillations of electrical
Ly . \ , potential with (A) 0.0035
o 10 20 30 w/v%, (B) 6 v/v% l-butanol,
T/min soybean lecithin, and (C)
6 v/v% l-butanol and 0.0035
t w/V% soybean lecithin.
o' 70 20 30

T/min

(7)



221

2-3 Comparison of the Effect of Alcohol on the Oscillatory Profile

with Various Types of Surfactants.

We have found that spontaneous oscillations of electrical
potential occur across a liquid membrane of nitrobenzené placed between
two aqueous layers, one of which contained a cationic surfactant, such
as cetyltrimethylammonium bromide (CTAB).13) It has also been found
that the liquid membrane of nitrobenzene exhibits a spontaneous
oscillation even when CTAB is replaced by an anionic surfactant such as
sodium dodecyl sulfate (SDS).14’15)

The changes in patterns of oscillations of the liquid membrane
with CTAB, SDS and sodium oleate, in response to added alcohols, are
shown schematically in Figure 5. In the liquid membrane with CTAB, the
frequency increased with an increase in the hydrophobicity of the
alcohol, whereas the amplitude remained essentially constant. For the
liguid membrane with SDS, the shape of the oscillations changed
remarkably. In the liquid membrane with sodium oleate, the amplitude

increases but the frequency did not change so much with an increase in

the bulkiness of the alkyl chain of the alcohbl.

o W = P

(A-3) -LLLLLLL M Figure 5 Schematic representation

of the effect of the
manner of oscillations
with (A) the increase of
alkyl chain and (B) the
increase of concentration
of alcohol for the 1liquid

membrane with (A-1,B-1)
(B-1) CTAB, (A-2,B-2) SDS and
. (A-3,B-3) sodium oleate.

(8)
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When the concentration of the alcohol was increased, the frequency
increased in the liquid membrane with CTAB. A similar change of the
oscillations was encountered for the liguid membrane with SDS. However,
no marked change of oscillation was observed for the liquid membrane
with sodium oleate. These results suggest that, by studies on excitable
phenomena in various ‘liquid membranes, it may be possible to develop a
new type of chemical sensor capable of distinguishing various chemical
substances quantitatively, on the basis of information on the ampli-

tude, frequency and shape of electrical pulses.l3)

2-4 Mechanism of the Oscillation

The mechanism for the sustained oscillations in the 1liquid
membrane can be explained in the following manner. Here, we would like
to explain the oscillation'for the oil-water system with sodium oleate,
as an example. As a first step, oleate anions (0Ole ), which are mainly
present as micelles in the aqueous phase, move towards the interface
and become situated at the interface. Simultaneously, molecules of
alcohol move toward the interface. Ole and alcohol moleéules move
toward the interface in a cooperative manner. Thus, the concentrations
of Ole  and alcohol near the interface increase gradually, and the
sur factant, Ole‘, tends to form a monolayer at the interface. When the
concentration of the anionic surfactant at the interface reaches a
critical value, Ole are abruptly transferred to the organic phase owe
to the increase of the surface pressure. The Ole molecules at the
interface them, form inverted micelles in the organic phase. This step
should be associated with the transfer of alcohol from the interface to
the organic phase. After the abrupt decrease of the Ole  concentration
at the interface, accumulation of the surfactant begins and the cycle'

is repeated.

2-5 Phenomenological Equation to Interpret the Oscillation

(9)
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The above interpretation of the mechanism, although of necessity
somewhat speculative, provides a useful kinetic model. Let X, Y and Z
be the concentrations of the key chemicals; Xi' the concentration of
Ole near the interface; Yi’ the concentration of alcohol near the
interface; Zi’ the concentration of the aggregate or complex of Ole
and alcohol at the interface. The following scheme can be considered
as the mechanism to be correlated with the oscillation in the 1liquid
membrane, where X and Y, mean the concentrations of 0le” and alcohol

b b
in the bulk aqueous phase.

- =~

X, —%> x. N
b i

Yb —\ﬁ Yi L

S ——

It may be expected that the rates of transfer of ole  and alcohol, k1
and k2, respectively, are affected by the negative feedbackvof Zi. A
dotted arrow indicates this effect. In other words, the diffusion rate,
kl' of Ole from the aqueous phase to the interface may decrease with
the net increase of Olef at the interface, Xi and Zi' A similar

situatién may hold for the diffusion rate, k of alcohol from the

’
aqueous phase to the interface. ’ ’

The system kinetics may be considered under the following
assumptions: (a) the concentrations of Ole and alcohol in the bulk
aqueous phase remain constant; (b) the rates of diffusion of Ole and
alcohol from the bulk aqueous phase to the interface are expressed as
k (a,=b X.-Z.) and k,(a

-b Xi-Zi), respectively; (c) the rate of

2
formati;; of Zi from Xi and Yj is expressed as a function F(Xi,Yi); and
(d) the rate of escape of Zi into the bulk organic phase is expressed
as a function G(Zi). Under these assumptions, the kinetics of the
migrations of Ole and alcohol are written by the differential

equations.

(10)
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dXi/dt = kl(al—lei—Zi) {1-a)
in/dt = k2(a2—b2Yi—Zi) (1-b)
dZi/dt = k3(F(Xi,Yi)—G(Zi)) : (1-c)

F(Xi,Yi) is given by c(Xi+Yi), a simple form for synergetic effect of

X, and Y,, and a,, b,, and c are constants.
i i i i
Self-oscillatory states can be obtained if G(Zi) has "N"-shape

non~linearity. G(Zi) may be simply expressed as a cubic function.
G(z.) = -2, +2,°/3 (@
i i i
The physical meaning of this non-linearity is assumed based on the fact

that 2-dimensional system of surfactant molecules fregquently shows "N"-

shape non-linearity for the relationship for the surface pressure vs.

17)

concentration.

2.6 Analogy with the Oscillation in an Electrical Circuit

Let us consider an electrical circuit with a negative resister shown

(v)
J N\
P % g

[ E1 TEz

Figure 6 Oscillatory electrical circuit analogous to
the liquid-membrane oscillator.

in Figure 6.

(11
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The governing equations of this circuit are as follows.

L fi} = E.-R_i_-v V(3—a)
1 it 1171
di
L2 ;;- = E2~R212~v (3-b)
dv
C ;; = 1l+12+J—g(v) (3-c)

It is clear that eq. (3) corresponds to eq. (1l). If the branch with L2
is open, the set of (3-a) and (3-c) become the BVP equation.ls) BVP
egquation is quite famous as a model equation to interpret the
excitatory phenomena in biological nervous membrane. In the usual BVP
equation, interesting features such as multi-periodicity, chaos and
intermittency could not be produced and, thus, the various types of
oscillations as are shown in Figure 3 could not be obtained either.

The minimum requirement to reproduce the various characteristic
features beside the simple limit-cycle oscillation in non-linear
systems is to use three variables, as in eq.(3).

It is also to be noted that the BVP equation is a useful model
system in the oscillatory phenomena in the nervous membrane, where the
transfer of ionic species such as Na+ and K+ is the drivingrforce of
the oscillation. In our oscillatory phenomena at an oil-water
interface, the transfer of surfactant and alcohol induce the periodic
change. Thus, the mechanisms of oscillations in the nervous membrane
and in the oil-water system are analogous each other from the view
point of molecular process. 4

Figure 7 exemplifies the numerical results of the eguations. It is
quite interesting to note that the numerical results in Figure 7
correspond well to those of the experimental trends shown in Figure 3.
This means that various patterhs of the oscillaﬁions shown at the oil-
water interface are, for the most part, attributable to the change of
the rate of diffusion of Ole and /or alcohol. The change of the

diffusion rate should be induced by the chemical substances added to

(12)
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(A)® (©

(88 (D)

t ‘ 1
Figure 7 Computer simulation for the electrical
oscillation at the oil-water interface.
Parameter : k. _=0.6, k_=0.1, 5, a.=1.4,
1 =b —O 3% and c—i (0] 2
(%) a ,=0.06, (B) a.=0.1,

(C) al =0.6, and (D} a- ~2.86

the aqueous phase. . Though the experimental basis of the parameters is
not yet satisfactorily resolved, it may be expected that the intrinsic
nature of the oscillations in the 1liguid membrane can be interpreted

within the context of the above theory.
‘3. HYDRODYNAMIC OSCILLATOR WITH SALT WATER AND PURE WATER

3-1 Discovery of the Oscillator

In 1970, Martinlg) found a curious phenomenon that rhythmic
oscillations of water flow are generated when a vertically oriented
hypodermic syringe, with the plunger removed, is filled with salt-water
and partially submerged in a beaker of pure-water. The oscillations
appear as a downward jet of salt-water, followed by an upward jet of
pure-water, and so on for many cycles. Prior to this discovéry, Teoréll

0)

reported2 an oscillatory streaming of water solution across a porous
charged membrane, separating salt solutions of different
concentrations, through which a constant electric current was passed.
He discussed this osciilatory phenomenén by comparing it with the

excitable phenomenon in biomembranes. Though the Teorell oscillator is

(13)
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that of physiology, it is somewhat too complicated because there are
many thousands of pores within the membrane. We therefore decided to
further investigate Martin's oscillator, in which system there is only

a single path of water flow.

3-2 Outline of the Experiment

Figure 8 (A) Hydrodynamic oscillator

(A . .
) e 2b —3f with a plastic cup.

1 3 (B) Experimental apparatus to
s Tf T monitor the interference
P Az h between the two hydro-

| e | N 220 dynamic oscillators.

’F:'—ﬂé: : |
2a ,

L Figure 8A shows the experimental
apparatus we used to observe the
B) ‘ hydrodynamic oscillator with salt-
[ recorder | [ recorder | water. Into the outer vessel was placed

[ [ l l ure-water and into the plastic c¢
Lmv meter ] I mV meter ] P wa and 1 P up was

poured salt-water. The experiment was
Ag/AgCl .
electrode started at the time when the water

level of the outer vessel was slightly

high in order to balance the

hydrostatic pressure. When the salt-

water happened to flow downward, the

flow terminated after a while, and then
the pure-water in the plastic cup began
to go upward through the narrow pore. It stopped after several periods
of ten-seconds, and the salt-water again went downwards. This cycle was
repeated agéin and again for more than hundred times. Periodic water
flow was observed even when the pure-water began to go upward for the
first time. In other words, the limit cycle is insensitive to the
initial condition.

The electrical potential of the salt-water to the pure-water could
be monitored with a pair of Ag/AgCl electrodes. Figures 9A and 9B
indicate - that the electrical potential is high when the salt-water

flows downwards through the narrow pore and the potential is' low when

(14)
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the pure-water flows upwards into the plastic cup. It is to be noted

that the electrical potential depends mainly on the direction of water

flow but is almost independent on the rate of the flow.

(A)

(C)

AE

(B)

—_—
30 sec

Figure 9 Oscillation of electrical potential associated with
the periodic flow for a single cup, (&) 5M NaCl
solution and diameter of the hole, ¢=1.1 mm. (C)
Entrainment of the oscillations when the above two
oscillators run simultaneously in the same outer
vessel.

(A) ®

AE

'
]
‘
‘
'
'
i
i
'
i
i
'
]
‘
'
'
l
.
I

— P
30 sec . 30 sec

Figure 10 Entrainment of the oscillatory flows in the system
of Figure 8. (A) 3M NaCl with ¢=1.4mm and 3M NaCl
with ¢=1.1mm, and (B) NaCl with ¢=1.4mm and 3M NaCl
with ¢=1.1mm.

Another interesting phenomenon has been observed for.the

oscillation of salt-water. In this case, two plastic cups were used.

(15)



The experimental apparatus is shown in Figure 8B. The result of the
electrical measurement of the water flow was given in Figures 9C and
10. It is noteworthy that the frequency of oscillatiéns are pulled in
towards each other. The ratio of the entrained frequencies was found to
be 1:1, 1:2, 1:3, 1:4, 2:3, 2:4, 3:4, and so on. That is, the ratio of
the frequencies was modulated to the ratio of the nearest natural

numbers.
3-3 Phenomenological Equations of the Oscillatory Flow

The motion of incompressible, viscous fluid is generally described

using the Navier-Stokes equation,

du 1
— + (mgrad)u = -—grad p + yu + k (4)
ot p

where m: vertical velocity, p: density, p: pressure, Kk: external force
per unit mass, U: viscosity, and V=li/p. For the fluid motion within the
narrow pore, Hagen-Poiseuille pipe flow is expected to represent the
velocity profile. We choose a cylindrical coordinate system with its
origin at the bottom of the narrow pore, so that r and z are the radial

19)

and vertical coordinates, the Navier-Stokes equation then becomes

ou op pv 9 au
p—~—=-—-pg+ — —(r —) (5)
ot dz r 9r Jdr .

In our case, P and V are alsc time-dependent. When the flow in the
narxrow porelgoverns the whole flow in the oscillation, integration of
Eq. (5) over the volume of the narrow tube gives the approximaté
governing Eg. (6), except for the short period that the tubetis filled

with both salt~water and pure-water, i.e. when the direction of flow is

inverted.
du p(0)-p(d) 2pv4 du

Py = T -~ p 9+ - — | , 3=1 or 2 (6)
ot d a dr r=a

(16)
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where

2
u(t) = ——E.Jau(r,t)rar (7)
a”Jy . ,

When j=1, pure-water flows up the pore, so that pl=po (the density of

-wat d =
pure-water) an vl-vo

water flows down the pore, so that Py = Py (the density of salt-water)

(the viscosity of pure-water); when j=2, salt-

and\)2 ='vs (the viscosity of salt-water). Though P5 and pj change with
time, accompanied by the oscillatory flow, the magnitudes of the
variations are considerably small during one cycle of the oscillation.
Actually, the pure-water entered into the plastic cup was layered at
the top of the cup and the salt-water downward the vessel was placed at
the bottom. Thus, it may be estimated that(Dj and(bj remain essentially
constant, at least for the period of several oscillations. In addition,

Eq. (8) approximately represents the Hagen-Poiseuille flow.

- === | (8)

The pressure difference, p(0)-p(d), equals the hydrostatic pressure
difference between the ends of the pore minus a pressure loss or a head
loss, which is a function of the shape of the 'head' and the flow of
kinetic energy pjﬁlﬁ{/z. Thus the pressure difference becomes, for

upward flow,

p(0)-p(d) = pogh - psg(x—d) - apoﬁlﬁl (9-a)

and for downward flow,
P(0)-p(d) = P gh - p_g(x-d) - Bp_ulq] (9-b)

where ¢ (1) and B (1) are the parameters depending on the shape of the

‘head’ and, thus, on the effective section-area of the flow just after

(17)
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the narrow pore. From continuity and incompressibility, we obtain

Eg. (10).

[\

ol

(10)

c‘|m
N

From Egs. (22)-(27), the following egquations are obtained. For upward

flow,

2 4 2

po® .. o 2 BoouoP . pgd . PoIP
77X + ¥ + 2 X + ——x —pof(x) =

a da . a d d

+ (ps—po)g (11-a)

2 4 2
psb . Bpsb .2 8psvsb . psg . pOgh
5 X - 4x + 7 X + —Xx —psf(x) = e— (11-b)
a da a d d .

The function, f(x), is the force originated from the continuity of the
fluid and the effect to accelerate the motion of the fluid in the pore.
This is because the portion of the fluid Jjust passed through the pore
is successively accelerated due to the density gradient. As it is quit
difficult to  estimate the precise function, f(x), theoretically, we
have assumed f (%) is expressed as a simple function, where A and B are

the constants.
£(x) = {a(p o po)*BI = (Bl +B) X (12)

The fesult_of a model calculation using Egs. (1ll-a) and (11l-b) is
shown in Figure 11. The entrainment of the two cup-oscillators are also
simulated, taking into the relationship among the water levels of outer
vessel and the two cups. These experimental and theoretical results
clearly demonstrate that the cup-oscillator is a useful system to study
non-linear oscillations, because this system is one of the most simple

non-linear oscillators.

(18)
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Computer simulation of the entrainment of the
oscillatory flows in the system of Figure 8B.
Parameters p.=1.,0, a=0.05 cm, d=0.1 cm, b=2.5
cm,V = vs=0.01 cm /s, 0.=f =0.01, and area of the
outer surface in 628 _cm . .2

Function, f(x) a” (200Ap +18)x/b"..

Two different cups with p =1.2 and p =1.15 were
used, where the periods for the each S'single cup
were originally 7.96 sec and 5.73 sec,
respectively. Due to the entrainment, the periods
became 7.32 sec and 5.49 sec about 4:3, as are
shown in the figure. Thus the relative ratio of
the period was changed from 1.39 to 1.33 (~4/3).

Figure 11
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