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For an artificial membrane prepared by infiltrating dioleyl phosphate (DCPH) into pores of a Millipore fitter. we propose a 

theoretical model for explaining observed data on electric behavior. such as d.c. current-voilage characteristics and self-sus- 

tained oscillations of the electric potential. The model consists of a simple electric circuit composed of electric resistances and 

czpacitancej as given functions of internal variables which represent conformational states of DOPH molecules and salt 

concentraion inside the pore concerned. The kinetic equations for these variables are the same as those pressnted previously 

for describing a phase transition of DOPH. except for a slight modification taking account of effects of salt accumulation 

inside the pore. The present theory can describe well the I-V hysteresis and various features of spike-like oscillations with long 

periods of up to a few hours in the absence of external force and also short-period oscillations with periods of the order of 1 s 

under pressure difference. 

1. Introduction 

A DOPH-Millipore membrane is composed of 
a Millipore filter whose pores are choked up with a 

lipid analogue, dioleyl phosphate (DOPH). This 
model membrane displays an appreciable variation 
in electric capacitance, electric resistance or mem- 
brane potential near the critical concentration nt 
of salt, such as KCl. These phenomena are attri- 
buted to a phase transition of DOPH. molecules in 
pores, where the transition occurs between hydro- 
phobic oil droplets at lower salt concentrations 
and hydrophilic micelles or bilayer (or sometimes 
multilayer) leaflets at higher concentrations [l-3]. 

Two kinds of self-sustained oscillations of elec- 
tric potential V with quite different periods have 
also been found, according to the experimental 
conditions. One is the self-oscillation with a rather 

l Present address: Toshita Corporation (Nasu Works) 1385-1, 

Shimoishigami, Otawara, Tochigi 329-26, Japan. 

long period between several minutes and a few 
hours, which appears in the absence of applied 
forces such as electric current I,, electric voltage 
difference V, and pressure difference AP, [4]_ The 

other has a short period of the order of 1 s 
observed only in the presence of some imposed 
external forces [5,6]. Several theories have been 
presented to account for these self-sustained oscil- 
lations [6,7]. However, these theories are not suffi- 
cient for describing detailed characteristics such as 
their wave forms, apart from the fact that each 
kind of oscillation has been explained by means of 
each of the models, which are different from one 
another. 

The d-c. current-voltage relation of the DOPH- 
Millipore membrane is known to be quite char- 
acteristic owing to the appearance of a hysteresis 
curve of the observed electric current I with varia . 

tion in V, as well as a hysteresis curve of the 
observed electric voltage V under control of 1, 
[2,6]. While such a current-voltage relation may 

0301-4622/84/SO3.00 0 1984 Elsevier Science Publishers B.V. 
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result from the phase transition of DOPH mole- 
cules in pores, no quantitative explanation of the 
relation has been provided so far. 

The purpose of this paper is to discuss compre- 
hensively long- and short-period oscillations as 
well as the d-c. current-voltage characteristics in a 
DOPH-Milliporc membrane, based on a single 
theoretical model. The present model consists of 
an equivalent electric circuit model of the system 
composed of electric capacitances and electric re- 
sistances which reflect the conformational states of 
DOPH molecules in the relevant pore. As men- 
tioned later in detail, only one pore is considered 
to participate in oscillations. The kinetic equations 
for describing the conformational change in DOPH 
molecules in the pore are formally the same as 
those presented previously [3.7]. However, the ef- 
fect of salt accumulation in the pore is taken into 
account in the present theory to explain the large 
degree of difference in the duration between long- 
and short-period oscillations: In the presence of an 
applied pressure d P,, the resultant salt accumula- 
tion above the critical salt concentration nt in a 
pore forces the majority of DOPH moIecules to 
undergo slow phase transitions to multilayers. 
Since only an extremely small proportion of the 
total number of DOPH molecules in the pore 
concerned at the side of lower external salt con- 
centration has a chance of encountering salt ron- 
centrations lower and higher than II, according to 
the conformational states c.f DOPH, it repeats 
phase transitions rapidly to result in short-period 
oscillations. In the absence of an external pressure 
difference, on the other hand. the salt concentra- 
tion in the pore may be relarively low due to little 
penetration of salt under the concentration gradi- 
ent alone, which yields a long-period oscillation 
accompanied by a slow repeat of phase transitions 
of a large fraction of DOPH molecules in the pore. 

Since the electric behavior of DOPH-Mil!ipore 
membranes is known to be quite sensitive to the 
preparation conditions of samples, a series of ex- 
perimental results observed in the samples for 
which details of the preparation conditions are 
known well is clearly better for quantitative com- 
parison with theoretical results. Some of the ex- 
perimental results obtained in this manner are 
summarized in section 2, together with the behav- 

ior of a bursting-like oscillation containing succes- 
sive wave bundles composed of oscillations with a 
period of several seconds. The present theoretical 
model is introduced in section 3 as a set of general 
equations. A reduction of the general equations so 
as to be applicable to each observed phenomenon 
is carried out in section 4. In section 5, these 
theoretical results are quantitatively compared with 
the experimental results described in section 2. 

2. Experimental results 

The DOPH-Millipore membranes used in the 
present experiments were prepared by the same 
method as reported previously [7]. Millipore filter 
papers of 8 pm pore size were used, and the 
membranes were immersed in 5 mM KC1 solution 
so that DOPH molecules were expected to be oil 
droplets before measurements. Each membrane 
was pIaced between two cells with two pairs of 
Ag-AgCl electrodes, one of which was used for the 
measurement of membrane potential or voltage 
difference across the membrane, the other being 
for the current supply. In the case of voltage 
supply, the current was estimated from the in- 
duced voltage difference at both ends of a 20 ka 
resistance. The cells were manufactured so that the 
pressure difference A Pa could be imposed on the 
membrane. 

Fig. 1 shows an example of self-oscillations 
with a period of about 30 min when the membrane 
was placed between 5 and 100 mM KC1 solutions_ 
This :ype of oscillation usually began several hours 
after the membrane had been placed between the 
two cells, which implies that it takes several hours 
until salt has penetrated deeply into pores to in- 
duce slow phase transitions of DOPH [3]. In spite 
of the long period of ahout 30 min, the wave form 
is spike-like with a pulse width of only about 4 
min. as has been reported to be a noticeable 
feature in long-period oscillations [2,7]. The period 
increased with increase in the amount of DOPH 
adsorbed in the filter (Q), the pulse width also 
increasing to a small extent [7]. When the electric 
current 1, was imposed on the membrane, the 
period decreased gradually for increasing I,, the 
oscillation finally stopping for 1, = 0.4 PA [7]. 
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Fig. 1. An example of long-period oscillations with Q = 5.6 mg/cd. The electric voltage difference was measured at the origin of the 

cell on the 5 mM side. 

Fig. 2 shows an example of self-oscillations 
with a period of about 1 s observed when a 
pressure difference of 33 cmH,O and a current of 
0.6 PA were imposed on the membrane from the 
100 mM to 5 mM side. Whereas the occurrence of 
such short-period oscillations does not always re- 
quire the current supply [S], application of the 
current usually makes self-oscillations begin soon 
after the pressure difference has been imposed, 
and hence all experiments on this type of oscilla- 
tion usually finish before the long-period oscilla- 
tion begins. An increase in the pressure difference 
A P, above some threshold value A PC,, brings about 
an oscillatory state of the membrane [5,6]. Even 
below the threshold value A Pth, however, the oscil- 
lation appears for an increase in current Z, above 
some threshold value I,,, [6]. The frequency of 
oscillation increases almost linearly for further in- 
crease in AP, or Z,. It is noticeable that the im- 

posed current Z, stops long-period oscillations, 
while Z, brings about short-period oscilIatio.ns. 

Fig. 3 shows an example of bursting-like oscilla- 

T 1OOmV 

5se; 
Fig. 2. An example of short-period oscillations with Q = 3.6 

mg/cd under An, = 95 mM, A P, = 33 cmH,O and I, = 0.6 
PA. 
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Fig. 3. An rxamplr of bursting-Ike oscikxions with Q = 3.1 mg/cm’ when the membrane was placed between 5 mM and 100 mM 
KC1 solutiona. 

tions which sometimes appear even under no im- inset to fig. 3, however, the period and wave form 

posed external force such as Al’, or 1,. It should of each wave in the bundle closely resemble those 
be noted that this type of oscillation appears several in the short-period oscillations under A P, and 1, 
hours after the gradient of salt concentration has shown in fig. 2. This suggests that the mechanism 

been imposed. instead of long-period oscillations. of short-period oscillations does not differ greatly 

In fact. the period between successive bursting from that of long-period oscillations, although the 
bundles is of the order of 1 h. As shown in the presence of a pressure difference may affect the 

a b 

I I I 

o-2 O-6 

Fig. 4. Eramples of d.c. currenr-vollagc characteristics. (a) The iower and higher sal: concentnilions in IWO cells were chosen as 5 and 
100 mM. respectively. The pressure difference of 52 cmHzO was imp0se.l cm the membrane with Q - 3.6 mg/cm’. (t) Tine salt 
concentrations were equal to 5 mM. and d P, was not iniposed. Q = 4.8 mg/cm’. 
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value of average salt concentration and accord- 
ingly the conformational states of DOPH mole- 
cules in pores. Such peculiar oscillations probably 
appear only when DOPH molecules are adsorbed 
tightly so that their distribution is probably non- 
uniform inside the pore concerned and also near 
the surfaces of the filter. 

Fig. 4 illustrates typical examples of the d-c. 
current-voltage characteristics with hysteresis 
curves, where many spikes appearing randomly [4] 
are omitted. These characteristics can be obtained 
irrespective of the presence or absence of an exter- 
nal pressure difference and/or salt-concentration 
difference across the membrane, provided the salt 
concentration at least in one cell is lower than the 
critical concentration nr (= 30 mM). 

3. A theoretical model 

In this section, let us first present a set of 
kinetic equations for the phase transition of DOPH 
and salt concentration, which can be used even in 
the presence of external salt-concentration dif- 
ference An,, pressure difference A P, and electric 
current 1,. Next, an equivalent electric-circuit 
model is introduced to connect the internal varia- 
bles appearing in the kinetic equations for DOPH 
with the observable quantity such as I or V. 

3.1. Equations /or Iength of rhe phase-transition 
region, DOPH molecules and salt concentration 

3.1. I. Length of the phase-transition region inside a 
pore 

According to Kobatake’s [1,2] suggestions and 
some related experimental facts [S], DOPH mole- 
cules are considered to undergo transitions be- 
tween three phases composed of oil drop!ets, 
spherical micelles and multilayers. If the external 
salt concentrations in the right and left cells are 
equal, the phase transition can be discussed by 
regarding both the conformational states of DOPH 
and the salt concentration as macroscopically 
homogeneous along the pore wall [3]. 

If the salt concentration in one cell is different 
from that in the other, however, the situation 
becomes more complex. DOPH molecules in only 

one pore may repeat phase transitions and hence 
are responsible for the observed self-oscilla:ions, 
as described quantitatively in section 3.2 and the 
Appendix. The salt concentration inside a pore is 
supposed to increase gradually from the side of the 
cell with a lower salt concentration, n,, to the 

. . . 
opposite side with a higher concentration, n,,. By 
considering first a stationary state of the salt con- 
centration inside the pore, we obtain the macro- 
scopic features of internal variables such as the 
salt concentration and the conformational states of 
DOPH. This enables us to estimate the size of the 
region where DOPH molecules participate in self- 
oscillations. To discuss self-oscillations, it is suffi- 
cient to focus on describing the kinetic behavior of 
DOPH and salt concentration only within this 
region. 

Fig. 5 illustrates the conformational states of 
DOPH in a pore under An, (=nh-n,>O), AP, 

and 1,. where a DOPH molecule is illustrated as a 
small circle with two ‘tails’. DOPH molecules may 
make an assembly form of hydrophobic oil drop- 
lets at lower salt concentrations but hydrophilic 
micelles or multilayers at higher salt concentra- 
tions [l-3]. Oil droplets can be considered as large 
aggregates composed of many loosely packed lipids 
in a random phase, which are shown schematically 

by the amorphous shapes occupied by dots in fig. 
5. Spherical micelles are, on the other hand, formed 
From about 100 lipids, and multilayers have planar 
lamellar structures with tight packing, while all 
polar head groups are in contact with the aqueous 
phase. The fact that DOPH can form black mem- 
branes in a relatively concentrated solution [1,2] 
may suggest that DOPH filling pores of the Milli- 
pore filter can also form bilayers or multilayers in 
consideration of the observation for phosphati- 
dylcholines of multilayer formation in filter pores 
[S]. A direct transformation, however. from oil 

droplets to bilayers or multilayers is not expected 
to occur so easily under the usual conditions be- 
cause of the large size of the oil droplets. In the 
model, therefore, oil droplets are supposed as hav- 
ing been transformed to many small micelles in 
the first stage of increasing salt concentration. 
Thereafter, some of them diffuse into an equilibra- 
tion layer, inside which they can undergo electric 
and van der Waals interactions with multilayers, 
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Fig. 5. Illustration of conformations of DOPH molrculcs and salt concentration within a pore under An,. d P, and I._ The dashed line 

in Iht lower figure shows n(x) given by rq. 3. and the solid line denotes n, and ii, in the phase-transition and higher salt-concentration 

regions. respectively. 

being incorporated into multilayers [3]. as and multilayers in the region of salt concentration 

expressed explicitly later. higher than nt_ The local salt concentration inside 
In fig. 5. the major fraction of DOPH is com- a pore may change almost monotonically from n, 

posed of oil droplets in the region of salt con- to Trh along the pore wall arrayed almost per- 
centration lower than the critical concentration II, pendicular to the filter surface. As has been pointed 



out [7], however, the repetition of phase transitions 
among three phases of DOPH molecules mainly 
occurs in the region of lower salt concentration, 
where the accumulation and release of salt occurs 
accompanied by repc2ting phase transitions. The 
region of higher salt concentration occupied mainly 
by the multilayer phase does not contribute to the 
oscillations, owing to the impossibility of a trans- 
formation from multilayers to oil droplets [7]. Even 
if the majority of DOPH molecules remain in the 
oil-droplet phase for several hours after the mem- 
brane has been placed between two cells, they 
cannot repeat phase transitions among three phases 
due to the presence of high salt concentration, but 
tend to change slowly to multilayers. 

Thus, we divide the region inside the pore into 
two regions in order to simplify the problem by 
reducing it to a zero-dimensional one ]9]. In other 
words, we shall adopt the approximation that the 
salt concentration is spatially constant in each 
region, as shown in fig. 5, where the salt con- 
centrations in the regions of lower and higher salt 
concentrations are denoted by rri and iii, respec- 
tively. Since the region of lower salt concentration 
directly relates to oscillations originating from the 
repeating phase transitions of DOPH, we here 
term this region a phase-transition region. 

The length of the phase-transition region, I, 
may be defined so that the stationary concentra- 
tion in this region is lower than the critical con- 
centration nr (= 30 mM), above which the major 
fraction of DOPH is transformed into multilayers. 
For the purpose of deriving an expression for I as 
a function of An,, AP, and 1. (or V,), let us use 
the phenomenological equations for the salt con- 
centration n(x) which have been adopted in a 
glass-filter system [lo]: 

ap a+ 
Urn= -AK-B=, 

j= _/&!c,an 
ax ax’ 

where Q,, is the mass flow. i the electric current 
and J, denotes the salt flow within the relevant 
pore. The pressure, electric potential and salt con- 

centration within the pore along the x-axis are 
designated by P, + and n. respectively. The rele- 
vant phenomenological coefficients are introduced 
by A, B. A. A’. D and D’. 

Eq. 1 has a constant numerical coefficient, B, 
while the corresponding coefficient is B/G in the 
glass-filter system ilO] due to the presence of fixed 
charge. The dynamic conformational change in 
DOPH molecules has been suggested to play an 
essential role in phenomena such as variations in 
electric characteristics with changing salt con- 
centration and self-sustained oscillations of mem- 
brane putential [l-7]. We omitted the \/;; depen- 
dence for simplicity and performed linearization in 
the expression for U,, since this dependence no 
longer seems to hold in such a complex system as 
that considered here and rather a nonlinearity 
expressed by the phase transition of DOPH may 
be indispensable to an explanation of the observed 
experimental facts in this system. 

Let us assume a stationary state given by 

divLJ, = divi = divJ= = 0. (2) 

Taking into account the boundary conditions of 
n=n,atx=Oandn=n,atx=L,weobtainthe 
expression for n(x): 

n(x) = 
1 _u,L 

UL 
1 -exp * L 

( 1 

1 nh -n, exp 
( 1 D 

, 

where fi is given by 

b=~-kD’$. (4) 

It may be more convenient to express U, in terms 
of the applied pressure difference AP, and the 
electric voltage difference V by means of the rele- 
vant phenomenological positive coefficients L, and 
L,, respectively, as follows: 

U, = - L,A Pa - L,V. (5) 

The length of the phase-transition region, I, can 
be estimated by putting n(l) = nr from the defini- 
tion, and is given by 



I=L+$ h[(l-2) exp(-y)+$5] 
(6) 

;vith An, given by 

Al?, = t1, - 11,. (7) 

As can be seen from eqs. 5 and 6, the length I 
decreases for increasing A Pa or V. 

The values of numerical parameters such as L, 
and L, are summarized in table 1 in the appendix 
tsgether with the other parameters. 

If the external salt concentrations in two cells 
are equal. we set An,/Atz, in eq. 6 as equal to 
unity. which leads to I = L as expected. 

_?.I._‘. Kinetic equations for rhe phase rransirion of 

DOPH molecules 

The equations for the phase transition of DOPH 
molecules are the same as those in the previous 
papers [3.7]. If we define 7, q,,, and q, as the 
fractions of DC PH molecules in micelles in the 
inner bulk layer far from the pore wall, multilayers 
near and parallel to the wall and micelles in the 
equilibration layer in contact with each phase. 
respectively. kinetic equations for DOPH may be 
given by 

dr 

(8a) 

(gb) 

where the coefficients k,. X-_,. X-2. A-_,. X-o and 
x- _r, designate the relevant rate constants. The 
fraction of DOPH in oil droplets corresponds to 
(1 - n - 9, - T),). The salt concentration n, refers 
to that in the phase-transition region with length I, 
which approaches the length L of the whole region 
in a pore when the external salt-concentration 
difference AU;, is decreased. 

Among the rate constants. X-r, and k _ n reflect 
the well-known relation between a diffusion con- 
stant and a free volume [ll]: 

li,,=c,-‘A--r,= 9, exp[ --d,/(l + d2f)H)] - (9) 

where u designates the volume ratio of the equi- 
libration layer to the inner one, and Do, d, and d, 
are numerical parameters. DOPH molecules in the 
solution inside the pore can move more easily as 
the free volume is increased accompanied by de- 
velopment of the multilayer phase. 

An expression for the rate constant k_, was 
derived by taking account of an electrochemical 
free energy of the system composed of the charged 
multilayer and aqueous solution [12,13]: 

k -z=X-OJni, 

with the constant k!,. 

(10) 

Eqs. Sa-c can be reduced to more simplified 
ones, if we note that the values of k, and k_, are 
much smaller than those of other rate constants. 
With the aid of a quasi-stationary approximation, 
we obtain [7] 

ds 
L=k,[(kJk_2)5-_(l +u)n,,,]. 

dt 

(lla) 

(lib) 

where 5 is the total fraction of spherical micelles 
defined by 

.C=71,+n- 02) 

In this paper, we shall take into account ex- 
plicitly the effects of An,, AP, and f, on these 
equations to describe self-oscillations and the d.c. 
current-voltage characteristics. In the present the- 
ory these effects are expressed through the depen- 
dences of I given by eq. 6 on An,. A Pa and I,_ 
Since eqs. 8 and 11 represent overall reactions of 
DOPH molecules in pores, the rate constants 
should depend on the number of DOPH molecules 
related directly to the phase transition contribut- 
ing to self-oscillations. and the values of such rate 
constants are known to increase as the number of 
molecules involved decreases [14]. As mentioned 
above, DOPI* molecules responsible for oscilla- 
tions belong to the region of lower salt concentra- 
tion shown in fig. 5. i.e.. the phase-transition re- 
gion. Since the number of molecules concerned 
may decrease while length I decreases in the pre- 
sent model. the rate constants are considered to 
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increase as functions of I. Thus, we assume the when discussing the electric circuit model. Owing 
following simple relation between them, because a to the existence of a large electric capacitance of 
detailed selection of functional forms scarcely al- (104-3 x 10’) pF/cm*, the DOPH-Millipore 
ters the final results: membrane behaves as a kind of electric capacitor. 

k, = x-;/(1/L), De = D,*/(VL), (13) 
In the zero-dimensional approach [9], the equa- 

tion for ni can be written as 

and so on. 
Eqs. 8 and 11 with the rate constants of eqs. 9, 

10 and 13 through eq. 6 are the basic equations to 
describe the kinetics of phase transitions of DOPH 
even in the presence of An, and AP,, if the salt 
concentration ni is given explicitly_ As will be seen 
later, oscillations occur as a result of phase transi- 
tions of DOPH coupled with kinetics of salt con- 
centration. 

$+[fi-+J, 

with A defined by 

~=X,[X,+C-X*)?,(S)] 

(14) 

3.1.3. Equation for the salt concentration n i 
In this section we deal with a kinetic equation 

for the salt concentration rri, which is the average 
quantity in the phase-transition region (or the 
whole region in a pore when the salt-concentration 
difference is not imposed). When the salt con- 
centrations rrO in two cells are equal, rzi is consid- 
ered as nearly equal to rzo for small adsorbed 
amounts of DOPH, which is really the case per- 
formed in usual experiments [l-3]. 

X[l -Cl -&u2(7I,)l+~.. (15) 

where X,, X, and X, are the numerical parame- 
ters, and the final term A, expresses salt accu- 
mulated due to the applied current 1, or voltage 
Va. as given later explicitly in the electric circuit 
model. The functions?, ,I, and 2, may be given by 

r71 

If the salt-concentration difference An, is im- 
posed across the Millipore membrane, ui becomes 
dependent on the conformational states of DOPH, 
as already pointed out [7]: if the greater part of the 
DOPH molecules form multilayers, tii may be 
reduced to nearly n,, since this phase may be 
packed compactly to result in empty space in the 
pore, which adjoins the phase-transition region to 
the left cell with n, in fig. 5. In fact, DOPH 
molecules in higher salt concentrations show lower 
electric resistance [1,2]. If micelle and oil-droplet 
phases develop as a result of depletion of the 
multilayer phase, ni may increase almost to ni,, 
because the phase-transition region and the left 
cell break off as a result of the interruption through 
hydrophobic oil droplets and salt is accumulated 
in the hydrophilic micelle phase by the penetration 
from the side of right cell with n,,. 

i,(S) = (UL)‘[1 .+(Us;)‘l-‘~ (16a) 

jz(n,) = (n,/~,,)~‘[l +(s,/v,,)~‘] -‘. (l6b) 

B=&exp{ -d,/[l+d,({+n,)*]}_ (17) 

In eqs. 16a and b, the numerical constants are y. 

Y’, S, and vmc- The functions 1, and f, are con- 
structed in order to express the above-mentioned 
features that the multilayer phase releases salt 
while the spherical-micelle phase accumulates salt. 
In eq. 17, diffusion of salt is expressed in almost 
the same way as that of DOPH given in eq. 9. The 
smaller the amount of oil droplets, the faster the 
salt may move in the pore. The numerical parame- 
ters included in the diffusion coefficient i> are 
designated by d, and Jt, and the parameter for 
expressing the magnitude of diffusion speed, i>,, 
may depend on the amount of DOPH adsorbed 
and the volume of the region concerned as already 
pointed out [7]. When the equation for hi is ex- 
pressed by eq. 14, it is reasonable to assume b,, as 
being inversely proportional to the square of (I/L): 

Furthermore, we must take into account an 
effect of the imposed current 1, or voltage V, on 
ni_ This effect will be described in detail later 

bo = 5$/< I/L)*, 

with the numerical constant 1>,*_ 

(18) 



3. .?. Equicralent electric-circuiz model 

Fig. 6 shows a description of the system by 
means of electric resistances and capacitances, 
where the situation of equal salt concentrations in 
two cells is depicted in panel a, and the case with 
Jrz,. AZ’, and Z, for oscillations is in panel b. It 
can be easily seen that fig. 6a corresponds to the 
limiting case of fig. 6b at dn, = 0. 

Let us first discuss fig. 6a. Since the electric 
resistance Rr and the elrctric capacitance C, of 
the membrane are much larger than those in the 
aqueous solution, the measured values of electric 
characteristics are considered to be reflected by R, 
and C, to a good approximation at the applied 
frequency of 1 kHz used previously [3]. where 
drastic changes in electric characteristics are ob- 
served [Ij. In fact. a fairly good agreement be- 
tween the theoretical result of C, and the observed 
data was obtained. if C, was assumed as being 
proportional to the fraction of multilayers q,,, with 
the numerical coefficient Ct: 

c, = c+n,. (19a) 

Thus. it may be reasonable to adopt this relation 
for Cr. 

The electric resistance R,. on the other hand. 
may be related to internal variables such as the 
salt concentration /I, and the conformational states 

CT t- 
-6, 

RT 
Fig. 6. Equivalent electric-circuit model. The electric quantities in the exrrmal aqueous solutions are denoted by C, and R,. The 

electric charnctaristics of the DOPH-hlillipore membrane are expressed by the ekctric circuit composed of CT and R, in panel a or 

that of C;,. R,,. C. R and E, in panel b. A limiting case of b when -In. is zero corresponds to a. 

of DOPH. Le: us express R, in the following form 
so as to reproduce the observed transition-like 
change near n,: 

R,(n )= rlfrh exp[?(ni-nt>l 

1 +exp[p(ni-n,)] ’ 

with 

4 
I-h =-, 

“i 

(19b) 

where r,. r,” and t are the numerical parameters, 
and the subscripts 1 and h denote lower and higher 
salt concentrations, respectively. Eq. 19b is re- 
duced to r, of several megohms at lower concentra- 
tions and rh given by eq. 20 at higher concentra- 
tions. which is inversely proportional to rrr (= no 
in this case), as observed [1,2]. 

We next discuss the case depicted in fig. 6b, 
where oscillations occur under An,. WhiIe about 
lo6 pores per unit area (cm2) are contained in a 
filter. only one pore is considered to be involved in 
oscillations. As mentioned in the appendix_ our 
estimate of electric resistance supports the possi- 
bility of one pore being concerned with oscilla- 
tions. While oscillations probably originating from 
t\-IO pores sometimes appeared, they usually could 
not continue, as also shown in fig. 12. In addition, 
the amount of DOPH adsorbed is necessarily large 

b 

I 
- 
- 



for the occurrence of oscillation [7]. It would take 
too much time for all DOPH molecules to make 
transitions. In this situation, self-oscillations are 
supposed to appear in some pore containing the 
small adsorbed amount compared with those in 
other pores. As shown later, the calculated results 
of oscihations based on the above idea in practice 
give a good agreement with observed data. 

The electric circuit of a membrane consists of 
two parallel parts, one of which represents an open 
pore occupied by DOPH molecules responsible for 
seIf-oscillations, the other representing the remain- 
ing closed pores choked up by DOPH molecules of 
oiI dropIets. While the former is expressed by the 
parallel circuit of R and C in fig. 6b, the latter is 
expressed by C, with paraflel elements of R, and 
the e.m.f. E,. While the e-m-f_ is not shown in the 
pore related to oscillations, it may be considered 
as equal to a diffusion potential, which has a value 
of nearly zero for KCI, due to sufficient penetra- 
tion of salt into the pore concerned probably with 
relatively sma.! amounts of adsorbed DOPH. 

These elements are intimately related to the 
conformationaf states of DOPH as we11 as the salt 
concentration. Among them, however, such ele- 
ments in closed pores as R, and Ca contributing in 
no direct way to oscillations are regarded as con- 
stant. The e_m.f. E, is now considered as the 
Nemst potential: 

E, = 59.2 fog ( 1 2 ) (21) 

where the numerical coefficient is evahtated at 
25 o C in millivolts. 

As for the elements in open pores, it is reasona- 
ble to adopt almost the same relations as those 
expressed by eqs. 19a and b. Since the open pore, 
composed of two regions, lies in parallel with the 
remaining closed pores, the electric capacitance C 
is given by 

‘=N I/L+---. ( 1 --i/L 

c c; ?m 1 ill3 ’ 

where N is roughly supposed as equal to or smaller 
than the number of pores, and vn, and 3, desig- 
nate the fractions of multilayers in the phase-tran- 
sitian region and the region of higher salt con- 

centration in the open pore, respectively. The 
kinetics of fraction q,,, is given by eq. SC or Ilb. 
Fraction ij,, on the other hand, may not change 
with time as much as q,,, during self-oscillations, 
since the salt concentration is always high in this 
region. We therefore consider ij, as approximately 
constant during self-osciifations. While the value 
of 9, may be nearly zero for a few hours after the 
membrane has been placed between two cells, G71, 
may approach unity after enough time has passed. 
This point is important for clarifying the apparent 
contrasting effects of the imposed current on short- 
and long-period oscillations, and is discussed in 
detaii in section 6. 

The electric resistance leads to 

R(q, iii) = N 
[ 

RT(rzi) $R,(# -$ 

(22b) 

where R,(nj> and RT(iii) are given by eq. 19b 
with ni and iii the salt concentrations in the rele- 
vant regions, shown in fig. 5, The salt concentra- 
tion iii in the region of higher sah concentration 
may have the following form within the present 
scheme of approximation in fig. 5: 

iii=n,+n,-n,. (23) 

Using the present equivalent electric circuit, we 
can easily obtain such a measured quantity as Yin 

terms of q,.,,, 3,. ni, A,, RZ,, nh and I,: 

where EN and R are given by eqs. 21 and 22b, 
respectively. In deriving eq. 24a, the electric resis- 
tance in the aqueous sofution was omitted because 
of its smal! value compared with R, and R. In the 
open pore, the following relation holds: 

V=Ri, (24b) 

where i is the current flowing through the open 
pore. 

Furthermore, the voltage V is proportional to 
the electric charge q accumtdated in the capaci- 
tance C: 

q=cv, (25) 



with C being expressed by eq. 22a. This may imply 
that the electric current or voltage makes salt 
accumulate within a pore. This effect was intro- 
duced by A, in the expression for A of eq. 15. It is 
necessary to transform 4 into the salt concentra- 
lion A,: 

ilJ = hq, (26) 

where thr numerical constant Ii is estimated in the 
appendix. 

4_ Application of basic equations to each phenome- 
non 

Since the basic equations introduced in the 
previous sections are those for a general case, it 
may be desirable to rewrite these equations in a 
tractable form for describing each case according 
to experimental conditions. 

4. I. Phuse trunsition under equul suit concentrutians 

Since neither the pressure difference nor the 
electric current is imposed on the mrmbrane in 
usual experiments for the investigation of phase 
transitions of DOPH molecules [l-3]. we here 
consider the case where An;,. APn and I, are equal 
to zero. Furthermore. the amount of DOPH ad- 
sorbed is so small that the relaxation may be 
observed under the usual experimental conditions. 
Penetration of salt into pores may therefore be 
much faster than the movements of DOPH mole- 
cules in Pores. and the salt concentration II; in 
pores is expected to equal the external ones n,, in 
CdlS. 

The following set of equations is sufficient for 
describing the phase transition of DOPH: kinetic 
equations given by eq. S or 11 with the rate 
constants, eqs. 9. 10 and 13. where n, and I are set 
equal to ,I,, and L. respectively. The observed 
elrctric capacitance can be safely approximated by 
eq. 19a. which explains fairly well the transition 
characteristics that relaxation curves are sigmoid 
after an increase in salt concentration, while the 
curves are exponential in form after a decrease [3]. 

4.2 Self-sastaiaed oscillations 

4.2.1. Long-period oscillations 
Since large amounts of adsorbed DOPH are 

necessary for the occurrence of oscillation, kinetic 
changes in ~1, can no longer be neglected. As seen 
later, the membrane potentia1 V is negligibly small. 
Neglecting V in eq. 5. therefore, length I without 
A P, is rewritten from eq. 6 as 

I=& 
a 

(27) 

Taking account of experimental conditions of 11, = 
5 mM and An, = 95 mM, I equals (5/19)L for 
tr,=30mM. 

It may be more convenient to use the simplified 
eqs. lla and b in this case. Under the condition of 
1, = 0, the observed quantity such as the mem- 
brane potential is given from eq. 24a as follows: 

v= -gyp”’ 
0 

where E, and R are expressed by eqs. 21 and 22b. 
respectively. While the last term in eq. 15, A,, 
originates from V, as seen from eqs. 25 and 26. it 
is negligibly small for V of about 100 mV. It 
implies that the salt accumulation due to V does 
not affect self-sustained oscillations. We can. 
therefore, approximate eq. 15 by 

~=~xtxa+o-xA)i,(5)1 
x [I --_(I - XL3)L(?7m)l- (29) 

The membrane potential of long-period oscilla- 
tions can be calculated as follows: eqs. lla, llb 
and 14 with subsidiary eqs. 16 and 29 are solved 
numerically using the rate and diffusion constants 
expressed by eqs. 9, 10, 13, 17 and 18 for I given 
by eq. 27. If the calculated ~1, is put into R(ni, iii) 
of eq. 22b with eq. 23, then the membrane poten- 
tial is described by eq. 28. As can be understood 
from the above procedure, the kinetic equations 
for DOPH and ni do not interact with I/ directly, 
because of the omission of it, in eq. 15. 

When the electric current 1, is imposed on the 
membrane showing Iong-period osciilations, the 
term irn can no longer be neglected because of 
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large values of V reaching a few volts. The proce- 
dure for calculation in this case is almost the same 
as that for short-period oscillations under f, 
and/or AP,, and hence is detaiied below. 

4.2.2. Short-period oscillariorts 
Considering first the case in the presence of A,r, 

and A P, [S], we can use almost the same equations 
as for long-period oscillations under 1, = 0. While 
V and A are reduced to eqs. 28 and 29, respec- 
tively, the length I must be used in the form of eq. 
6 with eq. 7. It may be possible to neglect the 
effect of V on I in this case as well. As can be seen 
from the expressions for the rate and diffusion 
constants of eqs. 13 and 18. the frequency of 
oscillation is expected to increase for decreasing i 
as increasing AP, shown in eq. 6. 

If an electric current is also imposed on the 
membrane, A, is no longer negligible because the 
voltage reaches a value as large as a few volts. In 
other words, the salt accumulation due to the 
voltage becomes effective on self-oscillations. A 
procedure in this case is as follows: kinetic equa- 
tions lla, llb and 14 are solved numerically using 
subsidiary eqs. 15 and 16 with the rate and diffu- 
sion constants, eqs. 9, 10, 13, 17 and 18, where A, 
is given in terms of qrn, ni, I and I, by eq. 26 with 
eqs. 24a and 25 for C and R expressed by eqs. 22a 
and 22b, respectively. This procedure is performed 
for AP, and 1, through eqs. 5 and 6 with eq. 24a. 

4.23. Bursting-like oscillations 
Since short-period oscillations are considered to 

occur in a small proportion of DOPH molecules 
near the surface due to AP,, the rapid components 
appearing in bursting-like oscillations also seem to 
reflect a similar situation casually, since DOPH 
molecules may also be adsorbed on the surface of 
filter, as well as in pores. This may be noted if we 
observe the preparation of the membrane. In fact, 
DOPH in oil droplets is sometimes visible to the 
naked eye on the plane surface of a filter when the 
membrane with large adsorbed amounts is im- 
mersed in 5 mM KC1 solution. 

Fig. 7 illustrates the situation when the burst 
occurs: the layer of DOPH molecules adsorbed on 
the surface at the side of lower salt concentration 
is added to the model shown in fig. 5. This surface 

layer plays an essential role on the fast component 
of bursting-like oscillations. It may be reasonable 
to use the same set of kinetic equations as that for 
long-period oscillations in discussing the behavior 
of DOPH adsorbed in a pore. Since DOPH in 
molecules on the surface may contact n, and ni, 
however. the expression for .G, may be rewritten as 

A,=X~zi[X,+(l--*)j*(~~)J 

x [I -0 - xBjjz(~ms)l~ (30) 

where the subscript s denotes the surface, and X is 
the numerical coefficient_ For these molecules, we 
also use the kinetic equations (eqs. lla, llb and 
14). 

The resistance R may be approximated by 

R(,Zi,. fI;, ii,) =N R,(n&+ Rr(& 

+R+(fi,)(l -+ . (31) 

where nib is the salt concentration in the surface 
region. The length I is equal to (5/19)L, the 
thickness of the surface region I, possibly being of 
a much smaller order. Using R, the membrane 
potential is given by eq. 28. 

4.3. I- V characreristics 

Let us try to express the situation where the 
electric current Z, or the electric voltage V, is 
imposed on the membrane without An, or AP, as 
a typical case, since the I-V characteristics are 
observed irrespective of the presence of Art, or 
APa_ The value of the electric resistance estimated 
from the jump width of the hysteresis curve shown 
in fig. 4 suggests that only one to several pores 
participate in I-V characteristics. We here show a 
procedure by assuming the number of pores to be 
unity, which tends to give fairly good agreement 
with observed data, as will be shown. 

Furthermore, we may assume the observed I-V 
characteristics to reach an almost stationary state 
because it usually takes several to a few tens of 
minutes for one scanning of Z, (or V,), which is 
much slower than the period of spikes randomly 
appearing under Z, or V, [2]. Putting d/df = 0 in 
eqs. Sa-c and 14 with the salt concentration no in 



Fig. 7. X model of bursting-like nscilhrions. 

two cells. we obtain 

,I, = fi = ,I,, + it,. (33) 

Substituting I = L into eqs. 223 and b. we obtain 

<- = -;&__ (344 

Ii = NR,( II,). (34b) 

Since the electric caprcitance C is expressed as a 
function of ~1, by eqs. 32 and 34n, the relation 
between I’ and n, can be easily obtained from eqs. 
25. 26 and 33. As will be shown later, V shows an 
N-shaped curve for increasing tti_ From eqs. 24~1 
and 34b, therefore. the relation between I and V 
catr be obtained numerically. 

5. Ccmparison with observed data 

Fig. 8 shows results calculated for the long- 
period oscillation. The values of numerical param- 
eters adopted in the present numerical calculations 
are listed in the figure legend. The wave form is 
really spike-like and the amplitude is about 30 
mV. which are consistent with the observed self- 
oscillation as shown in fig. 1. it is noticeable that 
the fraction of multilayer n,,, varies with a triangu- 
lar wave form, which means that the period is 
determined by the slow change in n,,,_ The rapid 
increase in 1 occurs after nm has decreased_ The 
resultant change in electric resistance is reflected 
by the rapid change in membrane potential. 

In fig. 8b, the reIation between the pulse width 
and period is also shown. To describe theoretically 
the observed fact that the period increases as the 
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Fig. 8. Theoretical results of long-period oscillations. The numerical parameters were chosen as follows: k,’ = 2.63 X IO-‘, 
ki, = 0.526, kJky2 = 35, d, = ri, = 4. d, = ci, = 50. o = 100. Do’ = 3.95 x 10-6, L = 0.01. X, = 324. X, = 0.04. X, = 0.2. y = 3.5. 

y, = 3.0.1, = 7J_ = 0.105,~~=5.19X10-2,n,=30. C:=3X105, R,=lO, Nr,=SXlO”. Nr,0=25OO,f=0.8 andijm=0.7.(b) Do’ 

was changed in proportion to 5:. (0) Experimental data [7] (vertical bars denote the variance); ( -) theoretical result. For the 
effect of Ia on self-oscillations, L,/B was chosen as 1000. See details in the Appendix for the choice of parameter values. 

amount of DOPH adsorbed (Q) is increased, the 
values of 02 and h,$ are decreased proportionally, 
because these quantities may reflect directly the 
packing density of DOPH within pores. It can be 
seen that the theoretical result explains fairly well 
the experimental one [7]. 

The effect of the imposed current Z, on self- 
oscillations was investigated theoretically: the 

period decreases when I, is imposed, and for Z, 
above 0.036 Z.LA the oscillation stops. These facts 
agree qualitatively with the observed data [7]. 

Fig. 9 shows an exampie of calculated short- 
period oscillation and the relation between the 
frequency and applied pressure difference AP, 
and/or the electric current Z,. The case of imposed 
AP, is shown in fig. 9a and b, the case of imposed 
AP, and Z, being given in fig. 9c. The theoretical 
results can explain fairly well the occurrence of 

self-oscillations with a period of about 1 s as well 
as the observed linear relation between frequency 
and A P, and also Z, [5,6]: increasing AP, or Z, 
induces the self-oscillation. and furthermore lin- 
early raises the frequency of oscillation. Although 
the theoretical wave form does not seem to resem- 
ble well the observed ones, a marked difference 
between the spike-like wave form of long-period 
oscillations and the relatively smooth wave form 
of short-period oscillations may be expressed fairly 
well. In addition, the amplitude of oscillation 
calculated numerically is 16 mV, which shows a 
good agreement with the observed amplitude of 
nearly 15 mV [5]. While the amplitude reaches 
about 200 mV when the electric current is also 
imposed as shown in fig. 2, the numerical result in 
the present model with Z, = 0.3 PA and AP, = 15 
cmH,O gives an amplitude of about 280 mV in 



Fig. 9. Theoretical results of short-period oscillations. The numerical pnramrters are given by X-,/k!?2 = 10. ,U, = 0.1. X, = 0.6. 

D,; = IO-‘. b; = 1.23 x 10e3. ij, = 0.01 and L,/b = 100. The ocher pnrametrrs have the same values as those in fig. 8. An example 

of uavc forms with -\P, = 42 cmH,O and f, = 0 is shown in panel a. The dependence of the frequency (l/7) on .IP, with I, = 0 is 

bhown in panel b, and the dcpendencrs on I, with JP, = 15. 20 and 25 cmHzO in panel C. 

rathrr good accord with the obsrrved value. Such a 
large value arises from the second term in eq_ 2421. 
and is also related to the jump width in the I-V 
CUTVC. 

The occurrence of oscillation can be interpreted 
as a hard-mode instability. In a similar way to the 
case of long-period oscillations [7], this type of 
instability is brought about by the relative increase 
in the diffusion speed of salt compared with 
phase-transition speed of DOPH accompanied by 
increasing AP, or I,. Since the length I and the 
number of DOPH molecules involved in oscilla- 
tions decrease with increasing A P, or I;,, the 
frequency of oscillation is raised as a result of 
increasing relevant rate and diffusion constants. 

The bifurcation induced by AP, or 1, may be 
considrred as the normal type [15], since a distinct 
hysteresis could not be found as a result of careful 
numerical calculations with sufficient execution 
time. An inverted-type oscillation accompanying 
the hysteresis has been shown theoretically to ap- 
pear in the case of long-period oscillations [7]. and 
hence this difference in two kinds of oscillations 
appears strange. However such a situation may 
possibly arise because the values of parameters are 
chosen as somewhaf different from each other so 
that the diffcrrnce of wave forms can be expressed 

well. The observed hysteresis [5.6]. therefore, could 
be time-dependent bearing in mind the fast scaI1 
rate as usually performed: it belongs to the scan- 
rate-dependmt hysteresis accompanied by a dy- 

namic metastability [3]. Detailed experiments to 
determine whether the bifurcation is of the normal 
or inverted type seem nevertheless rather difficult 
because the bifurcation point is poorly reproduci- 
ble. 

Although the electric current I, stops the 
long-period oscillation, I, induces 

I - 
the short-period 
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Fig. 10. Thhrorctical resulis of bursting-like oscillntions. The 

lower trace is a magnification of Part of the wave bundles in 

the upper IKK~. Numerical parameters for self--oscillations of 

DOPH molecules within the Pore were chosen as t,/k%= = 6.5. 

X,,=O.O6. X,=0.6. D,‘=1.58~10-~ and i);=2_08XlO-=. 

The other Pnramerers have the same values as those in long- 

period oscillations in fig. 8. Paramerers for DOPH on the 

surface are x-,,=0.13, x-_,,=26.3, Do,=5X1O-3. &=7.0. 

X = 1.5 and /,/L = 0.01 with the other pnrameter values being 

the same as those in the short-period oscillntions in fig. 9. 
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Fig. 11. Theoretical resuks of I-V characteristics with An, = 

A P, = 0. The va>!es of numerical parameters are those of fig. 9. 

oscillation. This apparent contradiction is dis- 
cussed in detail in the following section. 

We now discuss the effect of the imposed cur- 
rent Z, on self-oscillations: Z, stops the long-period 
oscillation but induces the short-period oscillation 
To clarify this apparent contradiction, we must 
first take into account a difference of the experi- 
mental situations between these two types of oscil- 
lations As mentioned in section 2, short-period 
oscillations are usually observed soon after the 
membrane is placed between two cells in the pres- 
ence of AP, and/or Z,, while long-period oscilla- 
tions appear several hours later with neither dP, 
nor Z,. In other words, the majority of the DOPH 
molecules remain in the oil-droplet phase in 
short-period oscillations but transfer to micelles 
and multilayers in long-period oscillations, be- 
cause the phase transition of DOPH from oil 
droplets to multilayers takes several hours or more 
to reach completion [3]. 

A calculated example of burstihg-like oscilla- 
tions is shown in fig. 10. It can be seen that the 
oscillation contains successive bundles composed 
of oscillations with a period of several seconds, as 
is the experimental case shown in fig. 3. 

This situation is theoretically reflected in the 
present theory as the value of fraction of multi- 
layers +j, in the higher salt-concentration region: 
values of in, are chosen as 0.7 and 0.01, as shown 
in the legends to fig. 8 for long-period oscillations 
and fig. 9 for short-period ones. 

Fig_ 11 shows an example of calculated results Next, we must note further two competitive 
on 2-V characteristics. The theoretical Z-V curve effects of the imposed current Z, on oscillations; 
can be seen to display a hysteresis curve of Z with one is the effect that the presence of Z, tends to 
variation in V, as well as a hysteresis curve of V shorten the length of the phase-transition region I 
under control of Z,. This surely agrees with the through electro-osmosis expressed by eqs. 5 and 6 
observed data [2,6]. A hysteretic feature already 
appears in the relation between V and ni, and 

with V related to Z, in eq. 24a. Increasing Z, 
increases the rate and diffusion constants k,, DO, 

hence it is directly reflected by the Z-V relation, as 
can be seen from eqs. 24a and 34b. The N-shaped 
cu,rve of V vs. ni originates from the following 
process: the voltage V accumulates salt within the 
pore through the equivalent electric capacitance. 
This leads to a transformation of DOPH from oil 
droplets to mice&s and multilayers. As a result, 
the electric capacitance increases, which brings 
about further salt accumulation Since it proceeds 
in a positive feedback way, it now becomes possi- 
ble for the negative slope of V to appear. The 
steep and gentle slopes reflect low and high elec- 
tric capacitances, respectively. 

6. Discussion 



4, etc., which are explicitly expressed by eqs. 13 
and 18. The diffusion speed of salt becomes large 
at a faster rate than the phase-transition speed of 
DOPH. as can be seen from the dependences cf 
rhese kinetic constants on 1. As already mentioned, 
by means of a phase diagram to explain the spon- 
taneous occurrence of long-period oscillations [7], 
the self-oscillation can be expected to appear 
through almost the same mechanism. The other 
effect is that the presence of 1, accelerates the 
accumulation of salt within the pore, which can be 
expressed by the relations of eqs. 24a. 25 and 26 
through the electric capacitance C of eq. 22a. This 
effect generaIJy makes it difficult for the seif-oscil- 
lation to continue. since both release and accumu- 
lation of salt are necessary for the occurrence of 
self-oscillation. A steady accumulation of salt 
through the capacitance prevents the release of salt 
from occurring repeatedly and causing the de- 
crease in salt concentration n, in the phase-transi- 
tion region. 

Taking into account the above-mentioned dif- 
ference of experimental situations in two kinds of 
osci!lations end also these two contrasting effects 
of I,, on oscillations. we can understand the effects 
of 1, on long-period and short-period oscillations 
in terms of the electric capacitance C. The value of 
C becomes a few ~F,/crn’- for 1, = 0.7 and several 
nF/cm’ for 3, = 0.01. From e+s. 24a. 25 and 26 
for expressing the salt accumulation through C in 
rhe presence of electric voltage. the steady accumu- 
lation of salt cannot be neglected for long-period 
oscillations but is negligible for short-period oscil- 
lations. In fact, the accumulated salt expressed by 
fii, reaches several ten mM with 1, = 0.1 PA for 
long-period oscillations while it stays in negligibly 
small values as a few mM at most for short-period 
ones. Although the steady salt accumulation such 
as several ten mM is sufficient to stop the 
long-period oscillations, the accumulation of a few 
mM scarcely affects the short-period oscillations. 
In other words. the salt accumulation and the 
relative increase in diffusion speed of salr due lo 
the imposed current play a major role in long- and 
short-period oscillations. respectively. 

This fact leads to the suggestion on the effects 
of 1, thar long-period oscillations are forced to 
stop by salt accumulation owing fo the high elec- 

tric capacitance, whereas short-period oscillations 
are induced by the relative increase in diffusion 
speed of salt accompanied with the decrease in 1. 

NGW let us discuss the difference of wave forms 
between long- and short-period oscillations as 
shown in figs. 8 and 9. Such a difference originates 
mainly from that of the relative magnitude of 

diffusion speed of salt compared with the phase- 
transition speed of DDPH. In long-period oscilla- 
tions, numerous DOPH molecules repeat very slow 
phase transitions among three phases of oil drop- 
lets. spherical micelles and multilayers. The 
phase-transition speed is therefore much smaller 
than the diffusion speed of salt. As soon as the 
overall conformaticnal states of DOPH are able to 
allow salt to be accumulated or released, the salt 
concentration within the pore changes rapidly. This 
rapid change can be observed as rather discontinu- 
ous change in the membrane potential represented 
by spike-Jike wave forms. Accumulated salt can be 
released for several minutes during the occurrence 
of spike. 

In short-period oscillations, on the other hand, 
the phase-transition speed is of comparable order 
to the diffusion speed of salt because only a tiny 
proportion of DOPH molecules near the surface of 
filter are involved in self-0sciJJation.s. In this situa- 
tion, nearly sinusoidal or even distorted but smooth 
wave forms can be expected to be observed, as 
shown in figs. 2 and 9. 

Whereas some difference is found in the wave 
form shown in figs. 2 and 9a, it may be partly 
because the best selection of parameter values in 
the calculations is not made. We chose the values 
of some parameters as different from those of 
long-period oscillations, while most other parame- 
ters were selected to be the same (see table 1). 
Although the present theory can explain well vari- 
ous features of short-period oscillations such as 
the occurrence with AP, or I, and the much 
shorter duration than that of long-period ones, 
quantitative explanation of the wave forms seems 
difficult. If we couid choose the parameter values 
so that the observed wave forms could be repro- 
duced sarisfactorily, more detailed expIanations of 
the relation between long-period and short-period 
oscilialions might be possible. In practice, other 
wave forms such as a rectangular one are observed 



in short-period oscillations 161, and hence quantita- 
tive expIanations of these wave forms are left for a 
future task. 

In the present model, the e.m.f. in the pore 
involved in self-oscillations was considered as the 
diffusion potential and hence as remaining un- 
changed during self-oscillations_ This approxima- 
tion resembles somewhat that made in the Hodg- 
kin-Huxley equations with the constant e.m.f. given 
by the Nernst potential for each ion [16], while this 
is later improved so as to take account of potas- 
sium accumulation in the periaxonal space 117). At 
the present stage, however, a detailed derivation of 
a reliable form of the e.m.f. seems to be difficult in 
the relevant pore, which is occupied by numerous 
charged DOPH molecules repeating conforma- 
tional changes among oil droplets, micelles and 
muItilayers. 

Finally, let us discuss self-sustained oscillations 
which probably result from two pores as shown in 
fig. 12. This type of oscillation has sometimes been 
observed. However, each period of self-oscillation 
resulting from the different pore is not always 
constant, and in many cases oscillations finally 
decline after several hours. This fact suggests that 
these two self-oscillations do not occur quite inde- 
pendently. In fact, an example of synchronized 
oscillations is also reported in short-period oscilla- 
tions [ZS]. Although a detaiIed mechanism of inter- 
action between two oscillations appearing at the 
same time cannot be explained precisely as yet, it 
does seem to be related to the condition in the 
pore concerned: all the pores are not divided 
proportionally but a part of them branches. A 
pore at one side of a Millipore filter may often 
branch off into two pores at the other. If the 
oscillation occurs by chance in such a branched 
pore regarded as two pores in the phase-transition 
region, it can produce two oscillations with differ- 
ent or the same periods according to various con- 
ditions, e.g., overall conformational states of 
DOPH and the shape of the pore because the 
direct interaction can be expected through the 
mutual change in the salt concentration within the 
pores. Even when two oscillations occur in two 
pores separated spatially, there may exist very 
weak interactions such as the conformational 
change in DOPH adsorbed on the fiIter surface 

due to the change in salt concentration near the 
surface accompanied by the oscillation for the 
membrane with the larger amount of DOPH ad- 
sorbed. If the solitary oscillation starts casually in 
a distinct single pore with no branch, on the other 
hand, it may continue independently owing to 
littIe interference from and on other pores. It 
seems to be dominated by the preconditions of 
DOPH adsorbed in the filter if one, two or more 
oscihations appear in separate or branched pores. 
Further discussions of these points may be left as 
an interesting problem. 
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Appendix 

In the present theory, the values of numerical 
parameters for kinetics of DOPH molecules are 
determined from kinetic experiments [3]. However, 
for D,*, much smaller vat_ us are adopted because 
the amounts of DOPH adsorbed are larger in the 
experiments for self-oscillations than those for 
kinetics of the phase transition. Explicit values of 
parameters are summarized in table i where two 
values are shown for each parameter (D,*, k2/k?2. 

b$, X,, X, and 3,) with the values on the left 
and right corresponding to long-period oscillations 
(period 51.7 min) and short-period ones. respec- 
tively. 

Almost all the numerical parameters for kinet- 
ics of salt are taken from the previous paper on 
self-oscillations [7]. The diffusion constant b of 
salt within the pore can be estimated from the 
values of b,$ listed in table 1 and eqs. 17 and 18: 
using the value for long-period oscillations, it leads 
to about lo-’ cm*/s within the pore mainly oc- 
cupied bjr oil-droplet phases and several 10u6 
cm2/s for multilayer phases. Taking into account 
the fact that the diffusion constant of K+ in the 



Tnble 1 

Value. of numerical parameters adopted in the theoretical description 

Kinetics of DOPW molcculcs 

27 3.95% 10-~h-iO-J (-cm’) 

JI 1 

J2 50 
A; 2.63XLO~‘(s-‘) 
A’, 0.5’6 (S - ’ ) 
k2/X’! 2 35-10 
” I 30 (I&l) 
,‘ 100 

Kinetics of salt 

4; 5.19x10-‘-1.23x10-J (S-1) 

<, 4 

42 50 
t_ 0.01 (cm) 
L,/fi 100 (l/cmH,O cm) 
t,/?, 1000 (l/V cm) 
‘1 h 100 (m?vi) 

” I 5 (mM) 
.y, 324 (mM) 
A-, 0.04-0.1 
A-” 0.2-0.6 
Y 3.5 
Y’ 3.0 
r,. 9rn, 0.105 

Electric characteristics 

C, 10’ (pF) 
C, 10’ (pF at 1 kHz) 
C: 3 x lo5 (pF/cm’) 
h 1.74 x 10” (mM/C) 
xr, 5 x IO” (Ma) 
Nr: 75KI (M.&Z mM) 
R, IO(MRj 

RC 200 (-2 in 50 mM KCI) 
i 0.8 (m&i-‘) 

9, 0.7-0.01 

aqueous solution is of the order of lo-’ cm’/s. 

these values within the pore may be considered a.~ 

fairly reasonable. The value of L, may lie between 
lo-? and 1o-9 _ tn units of cm/s per cmH,O if we 
use values of lo-’ for a membrane filter and 

lo-‘-lo-” for biological membranes [19]. Since 
the equivalent diffusion constant D given by eq. 4 
may be taken to be about 10mh cm’/s from the 
above discussion of the diffusion constant of salt. 
L,/b is expected to be lo-‘-I05. We here choose 
L.,,/h to be 10’ in order to express quantitatiirely 
the observed threshold value of n P,. The value of 
L.,,/fi is also chosen to express well the observed 
threshoId I,_ 

Such quantities as the electric capacitance and 
resistance contained in the equivalent electric cir- 
cuit are also summarized in table 1. The electric 
quantities C,, and R, resulting from almost all 
pores. where DOPH molecules do not participate 
in self-oscillations, are considered as those at lower 
salt concentrations due to very slow phase-transi- 
tion speed and Iittie penetration of salt. In fact, 
the electric resistance amounts to several mega- 
ohms or more even under the salt difference An,, 

if adsorbed DOPH amounts are large, which is the 
case in these kinds of experiments. The quantities 
C,, and R, are therefore taken to be 10J pF and 10 
ML? as typical values. The maximum electric 
capacitance per unit area Ct is chosen as 3 x lo5 

pF/cm’ by adopting values obtained at higher salt 
concentrations. 

Let us next estimate the value of h, which is the 
factor for translating the accumulated charge q in 
the condenser to the accumulated salt concentra- 
tion it,. By applying the electric current I, or 
voltage V, on the membrane, an electric double 
layer is expected to form within the pore almost 
parahel to the filter surface. If salt is assumed as 
accumulating uniformly in the region with Debye 
length. h 0, as a rough approximation, the salt 
concentration fi, can be given by 

‘7, = P./q/A 3 - (AlI 

The Debye length X, is about 10 A for 100 mM 
salt concentration_ We choose a smaller value. 6 A. 
as X0 by taking account of the high electric volt- 
age difference of a few volt> induced by the elec- 
tric current of the order of 0.1 JLA. for example. 
Putting this value into eq. Al, we obtain 1.74 X 10’” 
mM/C as h. 

The electric resistance R given by eq. 22b is 
mainly composed of two resistances_ One is Nr, at 
lower salt concentrations, the other being Nrz/ni 
at higher salt concentrations. The value of Nr, is 
chosen to be 5 X lo6 MO. since it may correspond 
to NR, with Iv equal to about lo6 cm-‘. The 
resistance Nrt/ni can be written in terms of an 
equivalent conductivity of the electrolyte solution. 



Fig. 12. AQ example of osciilacions resulting from two pores. 

X, the thickness of filter L and the sectional area CI 
as follows: 

2 Y. Kobatake. Adv. Chem. Phvs. 29 (1975) 319. _ . , 
3 

Nr,o/li = 10” X L/Aani. (A21 4 

Since A is about 150 cm’/2 per equiv. for KC1 and 
L is equal to about 0.01 cm, eq. A2 leads to 

5 

6 

Nr,“/n i = 37OO/an i _ (A3) 

If we assume tha: a circular area of radius 1 pm 
becomes open, Nrz gives a value of about 2500 in 
the units of MD mM. As shown in the theoretical 
result depicted in figs. 8, 9 and 11. the pulse height 
and amplitude of self-oscillations as well as the 
change in voltage or current in I-V characteristics 
agree fairly well with the observed data. This 
means that only one pore is involved in self-oscil- 
lations, as suggested previously [6,7]. 

7 

8 

However, oscillations resulting from probably 
two or more pores are also sometimes observed. 
An example is shown in fig. 12, where two sorts of 
oscillations with explicitly different pulse heights 
appear at the same time. This type of oscillation 
does not continue stably for more than several 
hours, while self-oscillations resulting from one 
pore usually continue for a day. 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 
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