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magnetic axes of the product diyl. It is possible that the symmetry 
of the photoexcited diazene is conferred upon the singlet diyl. The 
dinitrogen is certainly produced in its ground electronic state 1Sj+ . 
(The first electronic excitation of N2 to

 3 2 u
+ is at 50 200 cm"'.) 

Approximate conservation of symmetry suggests that the polar 
x symmetry is conferred on the diyl fragment of the photodis-

sociation. 
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Abstract: Studies were made on oscillations across a liquid membrane consisting of an oil layer, nitrobenzene containing picric 
acid, between two aqueous layers: that on the left containing 5 mM CTAB plus an alcohol at various concentrations and 
that on the right containing 0.1 M sucrose. This system showed sustained rhythmic oscillations of electrical potential of 200-400 
mV with an interval on the order of 1 min. The frequency of oscillations increased with increase in the concentration of the 
alcohol. The critical concentration of alcohols needed to induce oscillations decreased with an increase in their hydrophobicity. 
The oscillations can be explained by a mechanism of repetitive formation and abrupt destruction of a monolayer structure 
of CTA+ on the interface between the organic and aqueous phases. The response to alcohols in the liquid membrane apparently 
resembled that of biological cheomoreceptive membranes. The possibility was suggested of developing a new type of chemical 
sensor with the ability to distinguish various chemical substances from the patterns of electrical oscillation that they induced. 

One of the most interesting phenomena in biological systems 
is excitability. There is much literature on electrical phenomena 
accompanying electrical excitation in biological membranes, but 
despite extensive studies on biooscillations, the physicochemical 
mechanisms of these phenomena are not yet clear. For an un
derstanding of the mechanism of biological excitation and/or 
oscillation, various types of artificial membranes with excitability 
have been investigated.1"6 Most of the artificial membranes 
examined were excitable under an external force, such as pres
sure,1,2 voltage,3,5 or electrical current.3,4,6 In excitable biomem-
branes, it is well established that the difference in the compositions 
of electrolytes, especially potassium and sodium ions, across the 
membranes is important. Investigations on "self-excitable" ar
tificial membranes are thus important in understanding the 
mechanism of excitation and/or oscillation in biological systems. 
However, there are very few report on this phenomenon in artificial 
membranes. Kobatake4 found that porous membranes doped with 
dioleylphosphate, DOPH-Millipore membranes, showed sponta
neous firing of an electrical potential when placed between so
lutions of different KCl concentrations. Pant and Rosenberg7 

observed that a lipid bilayer membrane separating bathing solution 
compartments of potassium ferricyanide and potassium iodide 
could be set into sustained electrical oscillations when the pH's 
of the two compartments were adjusted to 5 and 10, respectively, 
von Klitzing et al.8 reported that voltage spikes were generated 

(1) Teorell, T. J. Gen. Physiol. 1959, 42, 831-845. 
(2) Arisawa, J.; Furukawa, T. / . Membr. Sci. 1977, 2, 303-307. 
(3) Monnier, A. M. Rev. Can. Biol. 1982, 41, 47-63. 
(4) Kobatake, Y. Adv. Chem. Phys. 1975, 29, 319-340. 
(5) Shashoua, V. E. Nature (London) 1967, 215, 846-847. 
(6) Mueller, P.; Rudin, D. O. Nature (London) 1968, 217, 713-719. 
(7) Pant, H. C; Rosenberg, B. Biochim. Biophys. Acta 1971, 225, 

379-381. 

in a lipid bilayer membrane (black membrane) between aqueous 
solutions of different concentrations with KCl or KH2PO4, though 
they observed no dependence of these spikes on the electrolyte 
concentration. 

Recently, we9 found that electrochemical oscillations occur 
spontaneously even in a simple two-phase system consisting of an 
organic solution of picric acid in nitropropane and an aqueous 
solution of cetyltrimethylammonium bromide (CTAB). We also 
studied10 an artificial liquid membrane consisting of an oil layer, 
nitrobenzene containing picric acid, imposed between two aqueous 
phases, one containing 5 mM CTAB and 5% ethanol. We found 
that this system showed rhythmic and sustained oscillations of 
electrical potential within the range of 150-300 mV with an 
interval of 2-3 min. No oscillations were observed in the absence 
of ethanol. As an extension of these studies, we investigated the 
effect of alcohols on the oscillations in the liquid membrane. 

The present paper reports the results of these experiments, 
indicating that the frequency of the oscillations depends on the 
concentration of alcohols, and that the threshold concentration 
needed to induce electrical oscillations decreases with an increase 
in the "hydrophobicity" of the alcohols. 

Experimental Section 
Experiments were performed in an apparatus with a U-shaped glass 

tube (12-mm inner diameter). The apparatus is shown schematically in 
Figure 1. A solution (4 mL) of 1.5 mM picric acid in nitrobenzene was 
placed in the base of the U cell. Aqueous solutions (10 mL each) were 
introduced simultaneously into the arms of the U cell above the organic 
phase without stirring. All measurements were carried out at 25 0C. The 

(8) von Klitzing, L.; Daber, M.; Bergeder, H. D. Biophysik (Berlin) 1973, 
9, 166-171. 

(9) Yoshikawa, K. Matsubara, Y. J. Am. Chem. Soc. 1983, 105, 
5967-5969. 
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0002-7863/84/1506-4423S01.50/0 © 1984 American Chemical Society 



4424 J. Am. Chem. Soc, Vol. 106, No. 16, 1984 Yoshikawa and Matsubara 

mV meter 
KCl s a l t - b r i d g e 
Ag/AgCl e l e c t r o d e 
U c e l l 

Figure 1. Diagram of the experimental apparatus. 
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Figure 2. Oscillations of electrical potential between the two aqueous 
phases. A solution (4 mL) of 1.5 mM picric acid in nitrobenzene was 
placed in the base of the U cell. Aqueous solutions (10 mL) were in
troduced simultaneously into the arms of the U cell on each side of the 
organic phase. The aqueous solution in the left arm contained 5 mM 
CTAB and 1.5 M ethyl alcohol and that in the right contained 0.1 M 
sucrose. In the record of the electrical potential, an upward change 
denotes an increase in the positive charge in the right aqueous phase. 

voltage across the liquid membrane was measured with a Hitachi-Horiba 
F-7 pH/mV meter connected by two salt bridges to two Ag/AgCl elec
trodes. All reagents were commercial products of analytical grade. 
Before use, nitrobenzene was purified by distillation and picric acid was 
dried in vacuo. 

Throughout the experiments, the concentrations of CTAB and picric 
acid were fixed at 5 and 1.5 mM, respectively, which resulted in oscil
lations of nearly constant amplitude and frequency during the oscillatory 
period.11 

Results 
Oscillations across the Liquid Membrane. Figure 2 shows the 

oscillations of voltage across a liquid membrane consisting of an 
oil layer, nitrobenzene containing 1.5 m M picric acid, between 
two aqueous phases, 5 m M C T A B plus 1.5 M ethyl alcohol on 
the left and 0.1 M sucrose on the right. The oscillations started 
7 min after the organic phase came in contact with the two aqueous 
solutions and continued for about 1 h. The amplitude of the 
oscillations was between 250 and 300 mV. These oscillations were 
seen even when ethyl alcohol was added later. N o oscillations 
were observed in the absence of ethyl alcohol or CTAB. The 
decrease in amplitude of the oscillations with time was found to 
be less in the presence of sucrose. This can be seen by comparison 
of Figure 2 with Figure 1 in our previous report,10 which showed 
that the amplitude of oscillations decreased gradually in the ab
sence of sucrose. 

Figure 3 shows the rhythmic oscillations observed with different 
concentrations of ethyl alcohol. With an increase in the con-

(11) When the concentration of CTAB was decreased the oscillatory period 
tended to shorten and no oscillations occurred at CTAB concentrations of 
below 2.5 mM. When the concentration was increased above 5 mM, the 
oscillatory period became longer. When concentration of picric acid was 
decreased the oscillatory period became shorter and with an increase ii the 
concentration above 1.5 mM the frequency tended to increase and the am
plitude to decrease. 
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Figure 3. Oscillations of electrical potential with different concentrations 
of ethyl alcohol in the left aqueous phase. Other experimental conditions 
were the same as for Figure 2. 
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Figure 4. Oscillations of electrical potential with (a) 0.5 M /i-propyl 
alcohol, (b) 0.5 M isopropyl alcohol, (c) 0.5 M rt-butyl alcohol, and (d) 
0.25 M n-pentyl alcohol in the left aqueous phase. Other experimental 
conditions were the same as for Figure 2. 
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Figure 5. Concentration dependence of the frequency (/) of oscillations 
with methyl alcohol, ethyl alcohol, n-propyl alcohol, n-butyl alcohol, 
n-pentyl alcohol, and isopropyl alcohol. At each concentration, 3-5 
experimental runs were carried out. Vertical bars represent 95% con
fidence intervals of the means. 
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Figure 6. Relationship between C/R and C. C is the concentration of 
an alcohol, and R is the logarithm of the frequency of oscillations—R 
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centration of ethyl alcohol, the frequency of oscillations increased. 
The amplitude of the oscillations was scarcely affected by the 
concentration of ethyl alcohol. 

Oscillations could also be generated when ethyl alcohol was 
replaced by other aliphatic alcohols. Figure 4 shows the oscillations 
of electrical potential with 0.5 M n-propyl alcohol (Figure 4a), 
0.5 M isopropyl alcohol (Figure 4b), 0.5 M n-butyl alcohol (Figure 
4c), and 0.25 M n-pentyl alcohol (Figure 4d). It is noteworthy 
that the amplitudes of these oscillations were nearly the same, 
but their frequencies were very different. 

Dependence of Frequency on Concentration of Alcohols. Figure 
5 shows the dependence of the frequency (f, Hz) of oscillations 
on the concentration of methyl, ethyl, n-propyl, n-butyl, and 
n-pentyl alcohols. The average frequency was measured in the 
region where rhythmic oscillations were observed, and experiments 
were performed at each concentration at least three times. As 
can be seen, the frequency increased sharply when the concen
tration of an alcohol exceeded a critical value. The concentration 
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Figure 7. Relationship between log Cth and log P. C,h is the concen
tration at which the frequency of oscillations changes most sharply in 
Figures 4 and 5. P is the partition coefficient between benzene and water. 
Vertical bars represent 95% confidence intervals of means. 
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Figure 8. Oscillation of electrical potential with 0.1 M benzyl alcohol 
in the left aqueous phase. Other experimental conditions were the same 
as for Figure 2. 

dependence of the oscillations differed for n-propyl alcohol and 
isopropyl alcohol, as is also shown in Figure 5: the critical con
centration for induction of oscillations was lower for n-propyl 
alcohol than for isopropyl alcohol. 

Figure 6 shows that the concentration-dependence of the log
arithmic response (R) apparently follows a similar relationship 
to that of Langumuir's adsorption isotherm when the amount of 
adsorbed substance is replaced by R (the logarithm of the fre
quency of oscillation; R = log/) 

C/R = C/Rth+l/(KRth) (D 
where i?,h is the maximum response corresponding to the maxi
mum amount of adsorption in Langumuir's adsorption isotherm 
and K is an apparent equilibrium constant. It is interesting that 
a similar relation has been reported for the concentration de
pendence of the magnitude of the nerve response in taste recep
tion.12 

Influence of Hydrophobicity of Alcohols. The logarithm of the 
threshold concentration Q is plotted against the hydrophobicity 
of alcohols in Figure 7. The Q is the concentration where the 
frequency of oscillations changed most sharply in Figures 4 and 
5. The hydrophobicities of alcohols are represented as the log
arithms of their partition coefficients, P, between benzene and 
water.13 It is noteworthy that log P is proportional to the free 
energy of transfer of the alcohol from water to a hydrophobic 
environment. As shown in Figure 7, the following relation ap
parently holds for the aliphatic alcohols, including isopropyl al
cohol, used in this experiment, 

log Q = -a log P + b (2) 

where a and b are constants. It should be stressed that a similar 
relationship has been found for taste reception.14,15 

Effect of Aromatic Alcohols. Figure 8 shows the oscillations 
of electrical potential observed when 0.1 M benzyl alcohol was 
used instead of ethanol under otherwise the same experimental 
conditions as for Figure 1. It is interesting that the mode of 
oscillation is quite different from that with aliphatic alcohols 

(12) Beidler, L. M. J. Gen. Physiol. 1954, 38, 133-139. 
(13) Tanaka, M.; Kojima, I. J. Inorg. Nucl. Chem. 1967, 29, 1769-1775. 
(14) Deutsch, E. W.; Hansch, C. Nature {London) 1966, 211, 75. 
(15) Iwamura, H. J. Med. Chem. 1980, 23, 308-312. 
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(Figures 1 and 2): the spikes were generated toward a higher 
potential with benzyl alcohol but toward 0 mV with aliphatic 
alcohols. 

Discussion 
Recently we found9 that sustained, regular oscillations of 

electrical potential occurred in a two-phase system of a solution 
cf 1.25 mM picric acid in 2-nitropropane and an aqueous solution 
of 5 mM CTAB. When the solutions were not stirred, the os
cillations showed a constant period (0.5-2 min) and continued 
for 1-2 h, whereas no oscillations occurred when the solutions were 
stirred. It is interesting that a similar phenomenon was observed 
in a two-phase system9 consisting of organic and aqueous solutions 
and also in a liquid-membrane system10 consisting of aqueous, 
organic and aqueous solutions as we reported previously and as 
shown in the present work. It is noteworthy that in these ex
periments the concentrations of solutes were in a kind of non-
equilibrium state; i.e., the hydrophilic substance picric acid was 
dissolved in the organic phase and the hydrophobic substance, 
CTAB, was dissolved in the aqueous phase. In this sense, the 
phenomena observed in the two-phase system and in the liquid 
membrane can be regarded as periodic structure formation at or 
near interfaces in a non-equilibrium state. 

Mechanism of the Electrical Oscillation. The electrical potential, 
A\F, between the two aqueous phases in a liquid membrane is 
considered as the algebraic sum of two phase-boundary potentials 
on the right and left interfaces (AET, AE1) and a different potential 
within the organic phase (AEd). 

State I State I 

A * = AE, + AEd + AE1 (3) 

A£r, AEd, and AE1 cannot be measured separately, but it seems 
meaningful to discuss the contributions of these components to 
the total membrane potential. As shown in Figures 2-4, the 
potential, A^, was 30O-400 mV in the resting state and decreased 
abruptly toward 0 mV when a pulse was generated. Probably this 
large change in potential is due mainly to change in the phase-
boundary potential (AEr and/or AE{), the contribution of change 
in the diffusion potential (AE6) being relatively small. This concept 
is based on the idea that if the change in diffusion potential were 
important for the oscillation, ionic conductance for a specific ion 
should change abruptly. With a thin membrane, such as a lipid 
bilayer membrane, it is widely believed that an abrupt change can 
be generated by an on-and-off effect of a "gate" or "channel" 
molecule present within the membrane. However, in a thick liquid 
membrane there is no gate or channel that could change the ionic 
conductance across the organic phase abruptly, and thus the 
change of the diffusion potential is probably small. 

Next the origin of the phase-boundary potential between the 
organic and the right aqueous phases should be considered. In 
the aqueous phase, CTAB is present in solution as CTA+ and Br" 
and CTA cations form micelle. It is known that the critical micelle 
concentration (cmc) of CTAB is 9.2 X 1(T4 M at 25 0C.16 When 
the aqueous phase comes in contact with the organic phase, CTA 
cations, which are mainly present as micelles, move toward the 
interface and become oriented in a manner such that their hy
drophilic ammonium groups are in the aqueous phase and their 
hydrophobic alkyl chains are in the organic phase. With an 
increase in concentration at the interface, the CTA cations form 
a monolayer. This means that the organic phase becomes positive 
with respect to the aqueous phase. 

Mingins et al.17 studied the potential difference, phase-boundary 
potential, due to spread monolayers of cethyltrimethylammonium 
chloride at the interface between an aqueous solution containing 
NaCl and a polar oil, such as nitrobenzene. They found that the 
potential difference, phase-boundary potential, was 150-200 mV, 
and it increased with a decrease in the concentration of NaCl. 
The positively charged interface where CTA cations are present 
as a monolayer structure will attract anions such as picrate and 

(16) Fendler, J. H.; Fendler, E. J. "Catalysis in Micellar and Macromo-
lecular Systems"; Academic Press: New York, 1975; Chapter 2, Table 2-1. 

(17) Mingins, J.; Zobel, F. G. R.; Pethica, B. A.; Smart, C. Proc. R. Soc. 
London, Ser. A 1971, 324, 99-116. 
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Figure 9. Schematic representation of the mechanism of oscillation: 
State I, induction period; State II, first impulse; States III ^ IV, os
cillation. 

chloride and repulse cations. According to the theory of Gouy-
Chapmann,18 the spatial distribution of the electrical potential 
and the concentrations of cations and anions follow the Poisson 
equation and the Boltzmann distribution law, respectively. For 
a flat membrane surface with a uniform surface charge density, 
(T, the potential difference between the membrane surface and the 
bulk solution of a 1:1 type electrolyte, A* (phase-boundary po
tential), is given by 

A T IkT . , . Aa 
Ai = sinh ' —— 

e VC 
(4) 

where k is the Boltzmann constant, T is the absolute temperature, 
e is the electric charge, and C is the bulk aqueous concentration 
of electrolyte. A = (l/^Ne0eTkT)^2, where N is Avogadro's 
number, er is the dielectric constant, and e0 is the permittivity of 
free space. When a is 0.01 A"2,17 C is 5 mM, and «r is 78.3 (the 
value of water), Ai becomes ca. 190 mV at 25 0C. 

In our experiment, the compositions of the electrolytes were 
more complicated. Thus it is difficult to calculate the precise value 
of the voltage according to the theoretical equation. However, 
we assume that micelle formation decreased the "effective" con
centration of the electrolytes and that this resulted in more than 
a 190-mV increase of the phase-boundary potential. In this 
connection, it is noteworthy that Colacicco19 observed that the 
electrical potential at a water-pentyl alcohol interface reached 
220 mV in the presence of 10 mM CTAB in water and that the 
potential decreased with an increase of the concentration of KCl 
or CaCl2 ions in the water. From these results, he concluded that 
the observed oil/water potentials were not diffusion potentials but 
were produced by the adsorption of CTA cations at the interface. 

The resting potential of 250-350 mV is thus mainly attributable 
to the phase-boundary potential induced by the formation of a 
monolayer of CTA cations at the interface. The abrupt decrease 

(18) McLaughlin, S. In "Current Topics in Membranes and Transport"; 
Academic Press: New York, 1977; Vol. 9, pp 71-144. 

(19) Colacicco, G. Nature (London) 1965, 207, 936-938, 1045-1047. 
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of the potential seen in Figures 2-4 could be induced by rapid 
destruction of the monolayer structure. Previously, we9 proposed 
a mechanism of successive formation and abrupt destruction of 
the monolayer structure. The oscillation described in this report 
may be explained in a similar manner, as shown schematically 
in Figure 9. After the induction period (State I), a first pulse 
is generated (State II) and repeated interchange of States HI and 
IV occurs. 

State I: CTA cations, which are mainly present as micelles 
in the aqueous phase, move toward the interface and become 
situated at the interface. Simultaneously molecules of picric acid 
move toward the interface and dissolve in the aqueous phase. Thus 
the concentrations of CTA cations and picrate anions around the 
interface increase gradually, and CTA cations tend to form a 
monolayer at the interface. 

State II: When the concentration of CTA cations at the in
terface reaches a critical value, CTA cations are abruptly 
transferred to the organic phase with formation of inverted mi
celles. 

State III: When the concentration of CTA+ on the interface 
decreases to a lower critical value, accumulation of CTA+ on the 
interface begins again with gradual formation of a monolayer. 

State IV: When the concentration of CTA+ increases to an 
upper critical value, abrupt transfer of CTA cations to the organic 
phase occurs. 

Effects of Alcohols on the Oscillation. In the Experimental 
Section it was shown that the dependence of the frequency of 
oscillations on the concentration of an alcohol apparently follows 
the relationship of Langmuir's adsorption isotherm (eq 1). It was 
also found that the critical concentration needed to induce the 
oscillation depends on the hydrophobicity of the alcohol (eq 2). 
These effects of alcohols on the oscillation require consideration. 
It is well known that alcohols decrease the cmc of amphiphilic 
molecules.20 This decrease is due to incorporation of the alcohol 
into the micelle, which changes the manner of aggregation of the 
amphilic molecules. Alcohols certainly affect the structure of the 
CTA+ monolayer on the interface.21 They may also influence 
the rate of migration of CTA cations from the aqueous phase to 
the interface and from the interface to the organic phase. These 
effects of alcohols may induce change in the frequency of oscil
lations. 

The degree of incorporation of alcohols into aggregates of CTA+ 

(i.e., the monolayer on the interface, micelles in the aqueous phase, 
and inverted micelles in the organic phase) probably increases with 
an increase in the hydrophobicity of the alcohols. If so, this could 
be related to the fact that the hydrophobicity of alcohols is closely 
related to the frequency of oscillations. 

Comparison with Biological Chemoreceptive Membranes. Ap
plication of chemical stimuli to a receptor organ induces nerve 
impulses. The mechanism of generation of this response is a very 
interesting problem. In 1954 Beidler12 proposed a hypothesis to 

(20) Tanford, C. "The Hydrophobic Effect: Formation of Micelles and 
Biological Membranes"; John Wiley & Sons: New York, 1980; pp 90-95. 

(21) Ahmad, S. I.; Friberg, S. J. Am. Chem. Soc. 1972, 94, 5196-5199. 

explain taste stimulation based on his finding that the relationship 
between the magnitude of integrated electrical response of the 
taste and the concentration of a stimulant satisfies Langmuir's 
adsorption isotherm; he proposed that adsorption of a chemical 
stimulant to a taste receptor induces stimulation of the associated 
sensory neuron. Many lines of evidence support this adsorption 
hypothesis of taste reception, but the details of the mechanism 
are still unknown. In the liquid membrane the logarithm of the 
frequency apparently followed a relationship similar to that of 
Langmuir's adsorption isotherm, suggesting that the response of 
the liquid membrane resembles that of the biological chemore
ceptive membrane, though details of each mechanism should be 
different. 

Though this study is only a beginning, it indicates the possi
bilities of developing a new type of chemical sensor capable of 
distinguishing various chemical substances on the basis of in
formation on the frequency and the shape of impulses. 

Conclusions 
(1) Sustained oscillations of electrical potential were generated 

in a liquid membrane consisting of an oil layer, nitrobenzene 
containing picric acid, imposed between two aqueous phases, one 
of which contained CTAB and an alcohol. 

(2) The frequency of oscillations increased with an increase in 
the concentration of the alcohol. The logarithm of the frequency 
apparently obeyed a relationship similar to that of Langmuir's 
adsorption isotherm. 

(3) The threshold concentration needed to induce the oscillation 
decreased with an increase in the hydrophobicity of the alcohol. 
The relationship between the critical concentration and the hy
drophobicity can be represented by the following equation 

log Cth = -a log P + b 

where Cth is the concentration where the oscillations change 
sharply, P is the partition coefficient of the alcohol between 
benzene and water, and a and b are constants. 

(4) The oscillatory phenomenon can be explained by a mech
anism of repetitive formation and destruction of a monolayer of 
CTA+ at the interface. 

(5) The manner of the electrical response of the liquid mem
brane resembles that of biological chemoreceptive membranes. 

(6) The possibility of developing a new type of chemical sensor 
that can distinguish various chemical substances on the basis of 
information on the frequency and shape of impulses is suggested. 
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