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I. Introduction 

Oscillations in electrochemical systems have been known 
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kinetic point of view is more fundamental than the thermo
dynamic. In fact, the kinetic point of view is more fundamental 
than the thermodynamic, quite generally, if one takes cogni
zance of the molecular mechanisms which underlie the ki
netics.7 In chemical investigations this molecular perspective 
is mandatory, and we adopt it here. 

It is our purpose in this communication to describe work 
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System A System B 

Figure 1. The apparatus in which oscillations are studied. In this geometry 
the mercury meniscus is convex and the center of the meniscus is initially 
set even with the top of the tube. In A, the corroding electrode (A I) is in 
the same vessel as the mercury. In B, the corroding metal is located in a 
separate container connected to the solution above the mercury by a 1.0 
M NaCI salt bridge (S.B.). The polarity of the oscilloscope (OSC) is as 
indicated. For the iron wire/acidic dichromate/mercury system the setup 
is the same except that Fe replaces Al and the tungsten tip is placed near 
the perimeter of the mercury surface. 

40 60 
Time (msec) 

Figure 2. Separation of W-tip and the mercury surface as a function of 
time for the AI(W)|OH~(aq),02(aq)| Hg(I) oscillator. The experimental 
data is designated by vertical error bars. Analysis of the film data was 
carried out with the aid of a Photo Optical Data Analyzer (L.W. Van 
Nuys, Model 224A). The solid line comes from the limit cycle oscillation 
for model I with y0 = 39\,Y= 280, D = 45, /0 = 1.35 X 10"3, L = 0.17, 
and other parameters listed in ref 27. 

Figure 3. Typical oscilloscope traces of spontaneous oscillations for the 
oscillators: (a) AI(W)|NaCI(aq),NaOH(aq),02(aq)| Hg(I) and (b) 
Fc(W)I K2Cr2O7Uq),H2S04(aq)I Hg(I). The vertical axis is the Hg to 
M(W) voltage difference, t», which is always positive (one large division 
is 50 mV in (a) and 200 mV in (b)); the horizontal axis is time (one large 
division is 20 ms). On the portion of the curve where the voltage is constant, 
the flat line, o — 0.1 m V. The period is the time between two voltage peaks, 
and the duration of the rising voltage is the rise lime. The difference be
tween the highest voltage during a period and the flat line is the peak 
height. 

1*1 
w — H9 

(o) (b) 

Figure 4. (a) represents the geometry of the mercury surface at a low 
surface tension and (b) represents a high surface tension. At higher surface 
tension the ccnter-to-tip separation is larger and the sidc-to-tip separation 
is smaller. 

elucidating the molecular mechanism of certain electro
chemical-mechanical oscillators. The original oscillator of this 
sort was observed by Kiihne and reported by Lippmann8-9 in 
connection with his work on electrocapillarity. Previously we 
have described a simplified version of these oscillations10 which 
occur in the geometry of Figure I. Mercury in a glass tube is 
covered at the top surface by an acidic or basic solution. In base 
a piece of corroding aluminum is connected to a sharpened 
tungsten tip which is brought into contact with the mercury 
meniscus. This results in a rapid motion of mercury which we 
have measured quantitatively using high-speed motion-picture 
photography. This oscillation is shown in Figure 2. The voltage 
between the mercury and the tungsten, v = 0Hg ~~ 0Ai(W), also 
varies periodically in time as shown in Figure 3a. 

The oscillations occur as soon as the tungsten tip is placed 
into position, and we have observed no induction period for the 
oscillations. When acidic solutions are used, an iron electrode 
is substituted for the aluminum electrode; this gives rise to the 
voltage oscillations in Figure 3b. The duration of the flat 
portion at the bottom of the voltage-time curve is called the 

flat-line time, the maximum voltage difference is called the 
peak height, and the time between the end of the flat-line and 
the maximum is the rise time. These features are characteristic 
of the oscillations. Much of our mechanistic work is based on 
quantitative measurement of the effect of chemical and 
physical changes on the voltage curves. 

Whether or not oscillations are actually obtained depends 
on the positioning of the electrode tip with respect to the 
mercury. We have observed two situations: oscillations that 
can be triggered near the perimeter of the mercury surface 
only, and those that can be triggered only from near the center. 
There is a significant geometric difference between these two 
situations. As shown in Figure 4, the center-tip distance in
creases as the surface flattens, whereas the perimeter-tip dis
tance decreases. A flatter surface corresponds to a higher 
surface tension, so that an increase in surface tension affects 
the center-to-tip and perimeter-to-tip distance in opposite ways. 
This geometric difference in the oscillations is related to film 
formation on the mercury surface and is explored further in 
section III. 
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On the flat-line portion of the voltage traces, the voltage 
difference between the mercury and the tip is about 0.1 mV. 
Although it is difficult to verify by eye that the tip and mercury 
actually come into physical contact, we have demonstrated this 
clearly using rapid-motion-picture photography. This also has 
allowed us to establish the phase relationship between the 
voltage and separation curves. The flat-line portion of the 
voltage curve corresponds to the negative separations in Figure 
2. When the separation becomes zero, contact is broken, and 
the voltage begins to rise as indicated in Figures 3a and 3b. The 
separation achieves its maximum value before the voltage, and 
then decreases until contact is again restored. This is the short 
circuit that causes the sudden decrease in the voltage10 and 
which is complete within 1 0 - 6 - 1 0 - 7 s. 

H. Nature of the Chemistry 

The significant chemical processes in the mercury heart 
oscillations occur at the mercury and corroding metal surfaces. 
The electron-transfer steps depend on the voltage of the sur
faces and the concentrations of reducing or oxidizing species 
in solutions.11,lz Furthermore, the shape of the mercury surface 
is dependent on the voltage of the surface and the nature and 
amount of adsorbed species on the surface. This is the equi
librium electrocapillary effect13 and is caused by the depen
dence of the surface tension on these variables. 

The driving force for the oscillations is the corrosion of either 
iron in aqueous acid or aluminum in aqueous base.10 While the 
detailed mechanisms of both these corrosion processes are not 
completely understood, the net processes are evidently1 '• l2 

Fe + 2H+(aq) = Fe2+(aq) + H2(g) (1) 

and 

2Al + 20H~(aq) + 6H2O = 2Al(OH)4- + 3H2(g) (2) 

In 0.5 M H2S04(aq) we have measured the corrosion voltage 
of iron as 0.90 V with respect to the mercury electrode. In 0.02 
M NaOH(aq) + 0.98 M NaCl(aq) the corrosion of alumi
num10 occurs at 1.27 V with respect to the mercury electrode. 
When short circuited with a mercury surface,10 these voltages 
decrease to 0.1 mV. 

Under short-circuit conditions a variety of electrochemical 
reduction processes are favored on the mercury. Although H2O 
is the most prevalent species capable of reduction in these 
systems, it is reduced at a very slow rate on mercury in these 
voltage ranges.14 Consequently, H2O is not directly implicated 
in the chemistry. On the other hand, we have shown previ
ously10 that dissolved 02(aq) is rapidly reduced on mercury 
in the voltage range associated with the Al(W) electrode. 
Moreover, the peak height of the voltage curves is proportional 
to the concentration of dissolved oxygen. This situation appears 
to be quite general for oscillations that occur with little or no 
oxidizing species in the solution above the mercury. For these 
systems we present further evidence in section III that the 
significant chemical step occurring on the mercury is the re
duction of electron acceptors from solution. 

Oscillations which are triggered from near the perimeter of 
the mercury occur in aqueous sulfuric acid solutions containing 
strong oxidants such as Cr2Oy2 - . The formation of Hg2SO4 

proceeds spontaneously in these solutions according to 

14H+(aq) + Cr 2 0 7
2 - (aq) + 6Hg(I) + 3S0 4

2 - (aq) 
— 2Cr3+(aq) + 3Hg2SO4(S) + 7H2O(I) 

£ ° = +0.71 V (3) 

Neither H+(aq) , Cr3 +(aq), nor H2O is readily reduced on 
mercury at these voltages.15 This leaves the Hg2SO4 film as 
the primary candidate for reduction according to the half-

reaction 

Hg2SO4(S) + 2e" — 2Hg(I) + S O 4
2 - 6° red = +0.62 V 

(4) 

III. Experimental Procedures 

Voltage-time curves were recorded on a Textronix 564B storage 
oscilloscope10 (3A9 differential amplifier, 2B67 time base, and Po
laroid camera attachment); currents were measured with a Keithley 
602 electrometer; pH was measured with a Beckman Research pH 
meter; dissolved oxygen concentration was determined with a Beck-
man Fieldlab Oxygen Analyzer. A diagram of the apparatus used to 
study the oscillations is shown in Figure 1. The capillary geometry, 
in contrast to the conventional watch-glass setup, gives quantitatively 
reproducible results, and minimizes, if not eliminates, the purely hy-
drodynamic motion of the mercury. Reagent-grade chemicals were 
used without further purification. Carbonate-free NaOH(aq) was 
prepared by diluting 18 M NaOH(aq). The mercury was Ballard Bros. 
CP, triple-distilled grade. 

Unless otherwise stated the following general procedures were used. 
The tungsten tip (Figure 1) was sanded to a fine point and then pol
ished with extra fine (no. 400) sandpaper, while the tip was rotated 
at 1000 rpm; the tip was wiped with tissue paper. In order to obtain 
reproducible results it is necessary to use fresh mercury for each ex
periment. 

A 25.0-mL sample of the appropriate aqueous solution was poured 
into the cup (Figure 1). The tungsten electrode tip was then positioned 
directly above the center of the mercury surface using a Brinkmann 
Model 06-20-04 micromanipulator; the precise point at which the 
tungsten tip touched the mercury surface was determined both visually 
with the aid of a beam of light shining on the surface and electrically 
with the oscilloscope. As soon as the oscillations were triggered by 
connecting the corroding aluminum wire to the W tip with a piece of 
copper wire, the tungsten tip was raised 0.040 mm above the mercury 
surface. The Al to W connection was made 2.0 min after the Al was 
immersed in the solution. This procedure avoids an initial transient 
period that follows the immersion of the Al, during which erratic re
sults often are obtained. The voltage-time trace of the oscillation of 
the mercury was recorded 0.50 min after the oscillation was triggered. 
The Al wire exposed to the solution was 0.081 cm in diameter and 1.0 
cm in length. The mercury tube diameter (i.d.) was 16.7 mm. A NaCl 
in agar salt bridge was used in system B (Figure 1). 

The experimental procedures for the acid systems (e.g., 
K2Cr2OyUq) + H2SO4(Bq) with a corroding iron wire connected to 
the tungsten tip) are similar to those described above except that the 
iron wire exposed to the solution was 0.005 cm in diameter and 1.0 cm 
in length, and the separation between the tungsten tip and the Hg 
surface was adjusted so the tip just touched the mercury surface at 
a distance of 0.12 cm from the inside of the tube. 

High-speed motion picture photography was used to study the 
movement of the mercury surface during oscillation. The camera used 
was a Banz Hycam K2054E-115 16 mm. The approximate film speed 
employed was 1100 frames/s. The analysis of the film was carried out 
with the aid of a photooptical data analyzer (L. W. Van Nuys, Model 
224A). This camera speed corresponds to about 100 frames per os
cillation. The results of the measurements are given in Figure 2. 
Negative distances correspond to penetration of the mercury surface 
by the tungsten electrode tip; positive separations correspond to the 
gap between the tungsten tip and the surface. 

IV. Mechanism of the Oscillations 

The mercury oscillators that we have investigated can be 
put into two categories: those for which oscillations are 
triggered by placing the electrode tip near the perimeter of the 
mercury surface, and those which are triggered by placing the 
tungsten tip near the center. Off-center oscillators cannot be 
triggered from the center of the mercury surface, and center 
oscillators cannot be triggered near the side. In our experience 
the side-triggered oscillators always involve the formation of 
a visible film on the mercury surface, whereas the center-
triggered oscillators do not.10 The electrochemical mechanism 
of the oscillations appears to depend strongly on whether or 
not a film is formed. Consequently we treat these two types of 
systems separately. 
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Figure 5. Dependence of peak height on the concentration of oxidizing 
agent for the oscillators Fe(W) |oxidizing agent (aq,M); H2SO4(aq,0.5 
M)| Hg(I): (•) refer to K2Cr2O7Uq) and (A) refer to KMn04(aq). 

Oscillators with Film Formation. A wide variety of experi
ments were carried out in order to obtain clues to the mecha
nism of the oscillations in oscillators of the type 

Fe(W) I H+(aq),Cr207
2-(aq) | Hg(I) 

It was found that, provided that the concentration of Cr2O7
2-

was within about a factor of 2 of 7 X 10~4 M, the parameters 
of the voltage oscillations were not significantly affected: (a) 
by the addition of Fe2+(aq), Fe3+(aq), Cr3+(aq), or Hg2+(aq); 
(b) by variation in the concentration of H+(aq) over the range 
0.02-2 M; (c) by a change in the nature of the strong acid used 
(H2SO4, HNO3, HCl); (d) by bubbling O2 or Ar through the 
solution; (e) by turning off the room lights; (f) by changing the 
temperature of the oscillator over the range 0-45 0C; (g) by 
a sixfold change in the height of the solution over the Hg sur
face; (h) by stirring the solution; (i) by the amount of Fe wire 
surface exposed to the solution; or (j) by substituting D+ (D->0) 
for H+ (H2O). 

The above experimental results suggest the following con
clusions regarding the mechanism of the oscillations. 

(1) Hydrogen ions are not involved in or prior to the rate-
determining step(s). 

(2) Diffusional processes in solution are fast relative to the 
rate-determining step(s). 

(3) Oxygen is not involved in the mechanism. 
(4) The overall thermal activation energy is very small. 
(5) The reduction products OfCr2O7

2- and the oxidation 
products of Fe(s) are not involved in the rate-determining 
step(s). 

(6) Under these conditions the electron-transfer processes 
are controlled solely by the voltage of the Hg surface. 

The dependence of peak height on the concentration of 
K2Cr207(aq) at [H2SO4] = 0.50 M and ionic strength 2.0 M 
with Na2S04(aq) is shown in Figure 5. The peak height and 
shape are independent of [Cr2O7

2-] over the range 3 X 1O-4 

to 1 5 X 10~4 M. Above 15XlO - 4M the oscillations became 
irregular and at somewhat higher concentrations ceased with 
the formation of a thick surface film. The surface film was 
found by electron microprobe and X-ray powder pattern 
analysis to be predominantly Hg2S04(s). Below about 3 X 
1O-4 M Cr207

2-(aq) the oscillations could no longer be 
triggered from the side, but they could be triggered from the 
center of the Hg surface. The shape of the oscillations in this 
region was saw-tooth rather than rectangular, and the peak 
height depended on [O2] and [H+]. This system is discussed 
further under the heading "nonfilm oscillators". When 
KMn04(aq) or K2S2OsUq) is substituted for K2Cr207(aq) 
the behavior of the oscillator is essentially the same as with 
K2Cr207(aq). Further, using high-speed, motion-picture 
photography it is possible to see visual evidence of a thin sur

face film on the Hg. The film disappears when the Hg surface 
touches the W(Fe) tip. 

The results described above are compatible with the pro
duction of a surface film of Hg2SO4 via the action of a strong 
oxidizing agent in the solution. However, our data are not 
sufficient to prove that Hg2SO4 is the substance comprising 
the film formed during the oscillations. In order to collect 
sufficient solid for analysis it is necessary either (a) to use a 
higher concentration of Cr2O7

2- than the maximum for which 
oscillations can be obtained or (b) to apply a larger voltage 
(Hg+) than that developed between the W tip and the Hg 
during oscillations. Furthermore, there is another substance 
(evidenced in the X-ray powder pattern and present at <5%) 
mixed in with the Hg2SO4. With HCl as supporting acid the 
solid formed is predominantly Hg2Cl2. With HNO3, the solid 
formed (initially orange which then turns deep red) contains 
mercury and chromium, but its X-ray powder pattern does not 
correspond to any compound containing Hg and Cr that is 
listed in the ASTM tables. We note that HgO(s) is thermo-
dynamically unstable 

HgO(s) -I- 2H+(aq) — Hg2+(aq) + H2O(I) 
A C 2 9 8 = -3.4 kcal 

under conditions where oscillations are observed. HgO is, 
therefore, an unlikely candidate for a surface film. 

We believe that the surface film causes the oscillations in 
the following way. The shape of the mercury surface changes 
through the combined action of the W-Hg voltage difference 
and surface-tension changes produced by the film formation. 
As the Hg surface flattens electrical contact is made with the 
W-tip and the Hg2SO4 film is reduced. The net processes are 
postulated to be 

film 
formation 

'2Hg(I) 4- SO4
2-Uq) = Hg2SO4(AIm) + 2e -

Cr2O7
2- + 14H+(aq) + 6e - = 2Cr3+(aq) + 7H2O 

film |Hg2S04(film) 4- 2e - = 2Hg(I) 4- S04
2-(aq) 

reduction (Fe(s) = Fe2+(aq) 4- 2e -

The reaction Fe(s) + 2H+(aq) = Fe2+(aq) 4- H2(g) occurs on 
the iron surface. The function of the corroding Fe wire is solely 
to act as an electron source (at a sufficiently negative potential) 
for the reduction of the Hg(I) surface film. This is evidenced 
by the fact that the oscillations can be driven by a power supply 
connected across the W and mercury electrodes in the absence 
of a corroding Fe wire. The reduction of the surface film in
volves the net process 

Hg2SO4(HIm) 4- 2e - = 2Hg(I) 4- S04
2-(aq) (5) 

To help substantiate the proposed mechanism we carried 
out spectrophotometric determinations of Cr207

2-(aq) after 
oscillations had proceeded for 15 min. It was determined that 
ca. 2 X 10-8 mol of Cr2O7

2- is consumed per oscillation in the 
plateau region of Figure 5. 

Assuming that all the Cr2O7
2- is consumed in oxidizing Hg 

to Hg2SO4 as our mechanism suggests, this would correspond 
to 1 X 10-8 mol of Hg2S04/cm2 of the Hg surface. This is in 
agreement with a complete monolayer coverage of the Hg 
surface by Hg2SO4 which would require 1 X 1O-8 mol of 
Hg2S04/cm2 if the SO4

2- ions are sticking out of the surface. 
We interpret this result to mean that in the plateau region each 
oscillation creates a monolayer of Hg2SO4 by oxidation with 
Cr207

2-(aq). Reduction then destroys the monolayer using 
electrons taken from the oxidation of Fe. The poisoning of the 
system at high Cr207

2-(aq) concentration may occur because 
the film grows too quickly to be reduced by the corroding 
Fe. 
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Figure 6. The period of the voltage oscillations as a function of the tube 
diameter. The circles are experimental points and the squares are for the 
limit cycle oscillations for model I for the parameter values listed in ref 
27 except D = 45, /0 = 1.35 X 10"3, L = 0.5R~\ Y = 80K"1 (with R = 
tube radius in cm). 

Oscillators without Film Formation. The center-triggered 
oscillator that we have investigated in most detail is the 
system 

Al(W) I NaOH(aq),NaCl(aq),02(aq) | Hg(I) (6a) 

The experimental behavior of this system differs in several 
ways from the off-center oscillators described in the preceding 
section. We have found no evidence of the formation of a sur
face film in this system even when the oscillations have been 
followed for over 1 h. All of the center-triggered oscillators give 
rise to voltage oscillations with a saw-tooth shape (Figure 3a); 
side-triggered oscillations have a rectangular shape (Figure 
3b). 

With the single exception noted below, the diameter of the 
mercury column is the only factor that affects appreciably the 
period of the oscillations for any of the oscillators that we have 
investigated. The essentially linear dependence of the period 
of the oscillations on the diameter of the mercury in the tube 
is shown in Figure 6. It should be noted that we are not ob
serving a phenomenon arising from the vibration of the appa
ratus. The oscillations can be stopped in several ways, e.g., 
raising the W-tip, purging the solution with argon, or adding 
certain reagents to the solution. Provided that the oscillations 
can be triggered, the period is not affected by temperature, 
solution composition, elapsed time since the onset of oscilla
tions, solution volume, positioning of the W electrode tip, 
surface area of Al undergoing reaction, sharpness of the elec
trode tip, or stirring the solution. 

The most important experimental clue to the mechanism 
of the oscillations in the oscillator (6) was provided by the 
observation that the peak height of the voltage oscillations is 
directly proportional to the concentration of dissolved O2 in 
the solution,10 as shown in Figure 7. By bubbling Ar through 
the solution the oxygen can be removed, and in the absence of 
O2 the oscillations cease completely. When other reducible 
species, such as Fe(CN)63_(aq) and Cu2+(aq), are substituted 
for O2, the phenomenological behavior of the resulting oscil
lators is essentially the same as the 02-dependent oscillator. 
We have also found that oscillations can be restored in solutions 
which were purged of 02(aq) by adding Br2 or I2. The depen
dence of the oscillations on concentration in these systems is 
qulitatively similar to that shown in Figure 7. 

From measurements of the pH of the solution in contact with 
the Hg surface for the oscillator 

Al(W)|NaOH(aq,0.100M),NaCl(0.90M)|| 
NaCl(aq,l.000 M)|Hg(I) (6b) 

we have calculated that OH~(aq) is produced at an average 
rate of ca. 2 X 1O-10 mol/oscillation over the period 2.0-5.0 
min following the onset of the oscillations. 

6 8 IO 
[Acceptor] x 1O4M 

Figure 7. Dependence of peak height on the concentration of the electron 
acceptors: 02<aq), Cu(N03)i(aq), and K3Fe(CN)6(aq) in oscillators of 
the type Al(W)|NaOH(aq,0.040 M),NaCl(aq,0.960 M)| |acceptor-
(aq),NaCl(aq)| Hg(I). The ionic strength of the solution in contact with 
the Hg surface was maintained at 1.00 M using NaCl(aq). In all cases the 
period of the oscillations was constant at 75 ms. The deviation of the 
l<3Fe(CN)6 curve from linearity was accompanied by film formation on 
the Hg surface. For Cu(NC>3)2 the oscillations became irregular at con
centrations of Cu(N03h greater than about 1.25 X 10~3 M, and film 
formation on the surface appeared at concentrations in excess of about 
8.0X l0-4MCu(NO3)2(aq). 

The observations noted above suggest that the net pro
cess' 

O2(SoIn) + 2H2O(I) + 4e~ -» 40H~(aq) (7) 

occurs during the short circuit of the tungsten tip and the 
mercury. Indeed, the average current of 2-3 X 1O-4 A/cm2 

which is observed in the voltage-interruptor experiments on 
this system10 corresponds to 3-4 X 10~10 mol of electrons per 
oscillation. The stoichiometry of the net reaction 7 then implies 
3-4 X 10~'° mol of OH~/oscillation, which compares favor
ably with the observed value. 

The source of electrons in eq 7 is the aluminum wire, which 
corrodes through the half-reactions 

Al(s) + 40H~(aq) = Al(OH)4- + 3e~ 

2H2O(I) + 2e~ = H2(g) + 20H~(aq) (8) 

During short circuit the oxidation half-reaction is coupled 
through the tungsten to the mercury surface where adsorbed 
O2 is reduced. Assuming the net process (7), about 5 X 10~" 
mol of O2 is reduced per oscillation. The rate-determining 
process in the reduction of O2 does not involve H2O, because 
the parameters of the voltage oscillations are unaffected by 
substitution of D2O for H2O. 

The proposed reduction of O2 on the Hg surface is also 
supported by the observation that the voltage oscillations are 
unaffected by the addition of the free-radical traps allyl alcohol 
or N2O to the solution. 

The observation that 02(soln) is reduced during the oscil
lations makes it possible to interpret several other observed 
effects on the oscillator (6a). 

(a) The peak height of the voltage oscillations is increased 
by stirring the solution over the mercury surface (increases the 
rate at which 02(soln,bulk) can be transferred to the region 
near the surface). 

(b) The peak height of the voltage oscillations is increased 
by a decrease in the height of the solution over the Hg surface 
(the pulsating Hg surface more effectively mixes the overlying 
solution). 

(c) The peak height of the voltage oscillations decreases with 
time, Figure 8 (depletion of O2(SoIn) during the oscilla
tions). 
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Figure 8. Semilogarithmic plot of the peak height, vm (V), vs. the elapsed 
time from the onset of the oscillations for the oscillator Al(W)|NaO-
H(aq,0.040 M),NaCl(aq,0.960 M),02(aq)| Hg(I) at 25 0C. Values given 
are the average values for two runs. 
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Figure 9. Dependence of the peak height of the v-t oscillations on the 
temperature for the oscillator Al(W)|NaOH(aq,0.040 M),NaCl(aq,0.960 
M),O2(aq,4.0 X 10"4 <vt)|NaCl(agar)|NaCl(1.000 M)|Hg(l). The 
temperature of the Al cup (system B, Figure 1) was held constant at 22 
"C, while the temperature of the Hg cup was varied over the range 0-50 
0C. 

(d) The log Um (at constant [02]) is a linear function of T~' 
(Figure 9), vm = 3890 e x p ( - 2 9 5 0 / r ) , £ a ^ 5.8 kcal (effect 
of temperature on the reaction rates and the diffusion rate of 
O2(soln) and OH-(surf)). 

(e) The peak height depends on the chemical nature of both 
the cations and the anions in the solution and the ionic strength, 
Figure 10 (electrocapillary effects on mercury and ionic 
strength effect on the reaction rates). 

The function of the corroding Al wire is solely to provide a 
source of electrons for the reduction of electron acceptors (e.g., 
O2) on the mercury surface. This conclusion is supported by 
the observation that the oscillations can be driven by a power 
supply, provided that a sufficiently negative voltage is applied 
to the W electrode. The observed increase in peak height (a) 
with increase in the surface area of the corroding Al and (b) 
with increase in the concentration of OH"(aq) in contact with 
the corroding Al can be ascribed to the increased stability of 
the Al corrosion voltage to perturbation by the mercury when 
the size and corrosion rates on the aluminum are increased. 

The peak height, rise time, and flat-line time depend on both 
the vertical and horizontal position of the tungsten electrode 
tip. The effects of changing the vertical separation of the W-tip 
and the mercury surface are shown in Figure 11. Both the peak 
height (V) and the half-width (ms) (not shown) depend linearly 
upon the vertical separation of the W-tip from the Hg surface. 
At separations greater than about 0.65 mm voltage oscillations 
are not observed. The rise time plus the flat-line time is equal 
to the period; as the separation increases the rise time increases 
and approaches the period in magnitude. 

Because of the curvature of the Hg surface (see Figure 4) 
the horizontal position of the W-tip relative to the Hg surface 
can be changed in two ways: (1) with the initial W to Hg sep-
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Figure 10. Dependence of peak height of the v-t oscillations on the con
centration of NaOH(aq) in contact with the corroding aluminum for the 
oscillator: Al(W)|NaOH(aq,x M), NaCl(aq,(l - x)M)|Hg(l). 
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Figure 11. Characteristics of the voltage oscillation as a function of initial 
vertical separation of Hg and W-tip. The points are experimental values 
of the flat line (A), rise time ( • ) , and period ( • ) taken during the time 
interval 13-15 min after the onset of oscillations. The solid lines were 
obtained from limit cycle oscillations for model I as a function of 7 m

 _ 

70 = A7. The abscissa was calculated using AJ = A7/ Y with Y = 140 dyn 
cm-3; s = 0 was set at that point where smaller separations no longer 
produced limit cycles. 

aration held constant (at 0.04 mm); (2) with the depth of the 
W-tip in the solution held constant. In case (2) both the hori
zontal and vertical separations are changed simultaneously; 
the results for case (2) are shown in Figure 12. At fractional 
distances beyond about 0.66 (~5.4 mm) oscillations cannot 
be sustained. The results for case (1) are quite different than 
for case (2). As the W-tip is moved out from the center at fixed 
separation the peak height changes only slightly; however, at 
about one-third of the distance to the outside edge the period 
of the oscillations changes discontinuously from 75 to 43 ms. 
The period remains at 43 ms out to two-thirds of the distance 
to the outside edge; beyond this distance the oscillations cannot 
be sustained. This effect presumably arises from the excitation 
of a higher frequency shape oscillation of the Hg surface. (We 
have observed that in the conventional watch-glass geometry 
it is possible to excite at least three different shape oscillations 
of the mercury surface, namely, (1) a symmetric breathing 
mode, (2) an inverting triangular mode ("hexagonal" on in
version), and (3) an inverting cigar-shaped mode ("square" 
on inversion). 

V. Electrocapillary Switching Mechanism 

At equilibrium the shape of the mercury surface depends 
on the surface tension, 7. The surface tension in turn depends 
on the conditions and voltage of the mercury-solution inter
face. This is known as the electrocapillary effect.13 When 
mercury is in contact with an electrolyte solution, the effect 
of change in voltage on 7 is schematically represented in Figure 
13. The maximum in the surface tension appears at the voltage 
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Figure 12. The effect of changing the horizontal position of the W-tip from 
the center of the Hg surface at fixed initial separation (0.04 mm) between 
the W-tip and the Hg surface. Data taken for the oxygen oscillator in eq 
6b at 25 0C. 

Hg-Hg2X 

Hg-OH 

Figure 13. Schematic graphs of the surface tension as a function of voltage 
for mercury and for mercury with H2, O H - , or Hg2X adsorbed on the 
surface. 

at which the total electrolytic charge in the double layer is zero 
and is called the electrocapiliary maximum. The portion of the 
electrocapiliary curve at voltages lower than the maximum is 
called the "cathodic branch" and at higher voltages the "anodic 
branch". Because there is very little specific absorption of 
cations, the shape of the cathodic branch is essentially inde
pendent of the nature of the electrolyte solution. 

Adsorbed ion species from the solution affect the electro
capiliary curves, and on general grounds'7 it is known that they 
will always lower the surface tension at the electrocapiliary 
maximum. If the adsorbed species are uncharged—such as 
H2—this merely shifts the electrocapiliary curves downward, 
as in Figure 13. However, for anions—such as the hydroxide 
anion which is released in the reduction of oxygen—the effect 
of increased adsorption also displaces the electrocapiliary 
maximum to lower voltage. This is observed experimentally 
for a variety of anions.18 It can be understood qualitatively, 
since when more anions are in the adsorbed layer a more neg
ative voltage is required to attract the additional cations needed 
to achieve neutrality at the electrocapiliary maximum. The 
effect of an Hg2X film on the surface tension is less easily de
termined, although it seems likely that it would both lower and 
broaden the electrocapiliary curve. The lowering of the surface 
tension for the free mercury surface is readily apparent from 
the flattening on a Hg drop in a watch glass when r^C^Ch 
crystals are dissolved in acid solution covering the mercury. 
The broadening of the electrocapiliary curve corresponds to 
the fact that Hg2X is an insulator. Consequently the slope of 
the curve (which equals the surface charge13) should be smaller 
at a given voltage than for metallic mercury. 

In our mechanism for the oscillations, the electrocapiliary 
effect provides the switch for altering the direction of motion 
of the mercury. This idea can be traced back to Lippmann8 and 
is clarified by an examination of our chemical mechanism 
along with the qualitative form of the electrocapiliary curves 
in Figure 13. The switching mechanism depends on the way 
in which the mercury to electrode tip separation changes with 

Center Triggered 

»3 

2 X H , ^ " 0 " 
02(aq) + 2H20+4e -»40H~lsurf) 

Side Triggered 
_2 

H g - H 2 

H+laq) + e~-» 5H2(SUr1) 

+ V 
Side Triggered 

Hq-Hg2X 

Hg,X(surf)+2e--<2Hg+X2 

Figure 14. A representation of the cycle of surface tension changes for three 
different reduction processes on mercury. Step 1 -* 2 represents the rapid 
short circuit; step 2 -» 3 represents reduction occurring at the short-cir
cuited voltage of the W-tip: step 3 -» 1 occurs after short circuit is broken. 
See text for explanation. 

surface tension. As discussed in section I, the flattened surface 
in Figure 4 occurs when the surface tension is large and the 
rounded surface occurs when the surface tension is small. Thus 
an increasing surface tension means an increasing separation 
for center-triggered oscillations but a decreasing separation 
for side-triggered oscillations. The opposite change in sepa
ration occurs when the surface tension decreases. To act as a 
switch, the surface tension must decrease the separation, s, 
when the mercury and the tip contact, then increase s until 
contact is broken, and finally decrease it again until contact 
is restored. 

The manner in which the electrocapiliary effect achieves this 
switching is shown for several types of oscillators in Figure 14. 
The path 1 to 2 represents the short-circuiting process. During 
short circuit there is a rapid voltage change with little chemical 
change on the mercury surface. When electron acceptors from 
solution are being reduced, this step occurs with the mercury 
surface relatively free of the reduced species; if an oxidant like 
Cr2C>72~(aq) is present in solution, the surface will be covered 
with Hg2X when the short circuit begins. The step 2 to 3 cor
responds to reduction on the mercury surface at the short-
circuited voltage. Short circuit is broken at 3, and between 3 
and 1 the voltage of the mercury increases. For the three types 
of oscillators shown in Figure 14, the accompanying sequence 
of separation changes is As 12 < 0, A 2̂3 > 0, A531 < 0. This is 
the switching effect needed to produce the oscillations. 

These considerations also provide a qualitative explanation 
of the switching mechanism for the "beating mercury heart" 
in a watch glass. In this geometry oscillations are triggered by 
a nail poised at the side of a mercury drop covered with acidic 
dichromate solution.10 When the nail and surface are not 
touching, the voltage is positive and the oxidation of Hg to 
Hg2X causes the surface tension to decrease, making the drop 
flatten. This effect continues, accelerated by the inertia of the 
drop, until contact between the nail and mercury occurs. Al
though Figure 14 shows that contact increases the surface 
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tension, this effect is dominated by the inertia of the drop which 
continues the downward motion of the mercury. The electro-
capillary effect dominates the inertia only when the drop slows 
down. This causes the surface to readjust itself toward the 
equilibrium position at 3. If 3 corresponds to an arrangement 
in which the short circuit is broken, the surface tension con
tinues to increase. This causes the mercury to recede from the 
nail until, again, the voltage is positive enough for the Hg2X 
film to flatten the mercury. 

VI. Kinetic Analysis 

In order to help substantiate our mechanism, we have ana
lyzed the differential equations which correspond to our 
mechanism for the oscillator 

Al(W)|NaOH(aq),NaCl(aq),02(aq)|Hg(l) 

When the tip is far away from the mercury, the voltage dif
ference between the mercury and the Al(W) tip is v = </>Hg — 
0Ai(W) = 1.27 V. When the tip is placed in contact with the 
surface, and then slightly withdrawn, electrochemical-me
chanical oscillations are observed. Evidently, the kinetically 
important variables are the voltage difference, v, the surface 
concentration of hydroxide ions, c, and the separation between 
the mercury surface and the tungsten tip, s. 

The rate equations which have been proposed to describe 
the coupling among the variables c, v, and s are10 

ds/dt = L[y(c,v) - y(s)} (9) 

Ac I At = [I'O cxp(-v/v0) - (V expOVuo')] _ D(c - C0) 
(10) 

C dv/dt = [Z0 exp(—i;/i?o) - /V e\p(v/v0')] - a(s)v 

(H) 

Equation 9 is based on nonequilibrium thermodynamic ideas19 

and expresses the fact that the rate of change of separation is 
proportional to the disequilibrium in the surface tension 
through the phenomenological coefficient L. Equation 10 
describes the rate of change of the surface concentration of 
OH - on the mercury. The first term comes from the electro
chemical production and reduction OfO2 in solution and has 
the Butler-Volmer form."'12 In this equation i'o is the cathodic 
current density and vo is 0.434 times the Tafel "b" value for 
the cathode reaction. The primed terms are for the reverse 
anodic reaction. The second term in eq 10 represents the rate 
of adsorption and desorption of OH - from the adsorbed layer. 
The first-order rate constant for this process is D and CQ is the 
surface concentration of OH - which results from equilibrium 
with the bulk. For a weakly adsorbed species like OH - , c$ is 
essentially zero. The voltage equation (11) governs the change 
in the charge density, q, which lies on the mercury side of the 
double layer since dq = C dv, where C is the differential ca
pacitance per unit area.13 The charge density changes in the 
first term by electrochemical processes and in the second term 
by direct conduction of electrons from the aluminum. The 
mercury-tungsten tip conductivity is <r(s) and is nonzero only 
when the tip directly contacts the mercury surface. Because 
of contact resistance, a is large, but finite, when contact is 
made. 

It should be emphasized, again, that the electrochemical 
processes on the aluminum do not appear in eq 9- 11 except to 
create a short circuit when contact is made. In other words, the 
aluminum has been taken as a source of electrons at a fixed 
potential. This corresponds to the observation that the voltage 
of the aluminum changes only slightly if its surface area is large 
enough, as well as to the observation that oscillations can be 
triggered by an external current source whose voltage is 
fixed. 

The electrochemical coupling in the mechanism is in eq 10 

and 11 and has the standard Butler-Volmer form. Equation 
9, which governs the change of the separation, depends on the 
electrocapillary effect and appears to be novel. Since it is eq 
9 that provides the switching mechanism for the oscillations, 
its derivation and limitations are discussed more completely 
in the Appendix. 

Conspicuously absent from our kinetic equations are terms 
explicitly involving the inertia of the mercury. Indeed, we have 
chosen the experimental vertical geometry in Figure 1 so as to 
minimize inertial effects.10 Examination of our high-speed 
motion picture of the oscillations verifies that the meniscus 
shape changes smoothly as indicated schematically in Figure 
4, and only by a small amount. Surface ripples and other elastic 
effects are also absent if the amplitude of the oscillations is 
small. On the other hand, inertial effects are crucial in the 
horizonal geometry of the watch glass, as mentioned in the 
discussion of Figure 14. For this reason our kinetic equations 
(9)-(l 1) do not apply to the watch-glass geometry. 

VII. Model Equations and Solutions 

Two simplified versions of eq 9-11 have been examined in 
detail. Both simplifications involve the electrochemical re
duction of oxygen on mercury, but they differ in the rate-
controlling step. 

When an electron-transfer step controls the rate of reduction 
of oxygen, the rate terms in eq 10 and 11 are precisely the 
Butler-Volmer terms described there. However, since the os
cillations occur at low voltages the anodic term /V txp(v/vo) 
is negligibly small and may be ignored. Thus for reaction 
control the model is 

ds/dt = L[y(c,v)-(y0+Ys)] (Ia) 

dc/dt = ;'o exp(-u/uo) - Dc (Ib) 

C dv/dt = ;'oexp(—V/VQ) — a(s)v (Ic) 

The term C0 in eq 10 has been neglected since the equilibrium 
concentration of OH - is essentially zero.13 Also only the first 
two terms in a Taylor series expansion of y{s) (see eq 9) have 
been retained since the change in separation is less than 1 mm 
in the experiment. Thus Y = (dye/ds)s=0 and 7 0 = 7'(O). 

It is possible that the slowest step in the reduction of oxygen 
is the rate at which oxygen diffuses to the mercury surface. In 
this case the reaction becomes diffusion controlled and the 
electrochemical rate term takes the form i0 - 'V exp(v/v0). 
This is equivalent to setting V0 = °° in eq 10 and 11 and leads 
to the second model: 

ds/dt = L[y(c,v)-(y0 + Ys)] (Ua) 

dc/dt = I0 - /V exp(u/u0') - Dc (lib) 

C dv/dt = ;'o - f'o' e\p(v/v0) - a(s)v (lie) 

We have carried out extensive work on both of these models 
but will report here only the details of the work on model I. 
Because of a peculiarity of the coupling between the variables 
c, v, and s, the equations for both models can be reduced to 
quadrature in two distinct and easily connected regimes. This 
results from the fact that the short-circuited conductance, i.e., 
a{s) when s < 0, is very large and dominates eq Ic and Hc, 
whereas, when s > 0, contact is broken and tr(s) vanishes. This 
is a switching behavior and only when contact is just being 
made will the term a(s) be dynamically important. 

Shortly after contact has been made, i.e., when s > O, the 
equations are simple to solve since then the mercury is short 
circuted to the tungsten and the voltage is constant. Since a 
is very large at short circuit, the voltage difference is essentially 
zero. Substituting v = 0 into eq Ib and I Ib leads to equations 
which are then easily solved. When contact is broken, solutions 
are also very easy to obtain since then a = 0, and eq Ic or lie 
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are uncoupled from the remaining equations. The explicit so
lutions to these equations for v(t) may be substituted into eq 
Ib or Hb. These equations then involve only c and the known 
function v(t). Since these equations are first order in the time 
and linear in c, they can be integrated to obtain c(t). Explicitly 
we find: 
not touching (s > 0) 
model I 

c(0 = e~D' 

model II 

v(t) = D0In 

c(f) = e "4 (0 ) 

touching (s < 0) 
model I 

v(t) =v0\n[(i0t/Cv0) + e^°y'">] 

C(O)I0 f ' eD'{e^°V^ + i0t/Cv0)-
[dt 

Jo 

'oe 
"(0)A'ogio'/"o'C 

Dt 

|/"o - ioV(0)/"°(l - eiQ'/v°'c) 

ioeo(0)/voeiot/oo'C 

o - io'ev(-°Vvo(\ - e'°'/vo'c) 
dt 

V (0 — "short-circuit — 0 

c(t) = (io/D)(l - e~D<) + c{0)e-D> 

(12) 

(13) 

(14) 

(15) 

(16) 

(17) 

model II 

V(t) = Ushort-circuit « 0 ( 1 8 ) 

c(0 = [('0 - io')/D][l - e-D>] + c(0)e-D< (19) 

In these equations c(0) and v(0) are the values of c and v at t 
= 0. The separation between the mercury and tungsten tip, 
s(t), is found by solving eq Ia using t\\t explicit solutions for 
c(0 and u(t) above. The general expression, valid for both 
models and for 5 > 0 or 5 < 0, is 

5(0 = exp(-LKr) 

X s(0)+ C'eLYT(.y(c(T),v(T))-yo)dt (20) 

where s(0) is the separation at / = 0. 
Because of the rapidity with which the short circuit is made 

and broken, the solutions can be pieced together to get an ac
curate representation of the solutions to eq I and II. This has 
been done for both models and is described in section X. 

It should be emphasized here that the neglect of the cathodic 
term in eq 10 and 11 does not affect the description of the os
cillations in the calculations which follow since the oscillations 
occur in a voltage range in which this term is small. However, 
a general description of the steady states for eq 9-11 requires 
the inclusion of this term and its effect is discussed in section 
IX. 

VHI. Selection of Parameters 
In order to carry out calculations and compare with exper

iment, the electrocapillary function y(c,v) must be specified. 
This function is not accessible to the usual equilibrium mea
surements'3 since for fixed bulk concentrations of hydroxide, 
[OH -], the equilibrium surface concentration ce is a function 
of the applied voltage, i.e., cc(u,[OH-]). Thus for mercury in 
equilibrium with a bulk solution of hydroxide the measured 
electrocapillary curve is y(ce(v,[OH-]),v). On the other hand, 
by changing the bulk concentration of hydroxide, different 
surface concentrations can be obtained at a fixed voltage. This 
gives a partial representation of the effect of the surface con

centration of adsorbed hydroxide ions. Unfortunately, hy
droxide is so weakly adsorbed from the bulk that these mea
surements do not give useful information for this experiment.'8 

The general appearance of y can be gleaned from comparable 
experiments'8 on strongly adsorbed anions, and this gives rise 
to the qualitative features represented in Figure 13. Because 
the oscillations occur on the cathodic branch of the electro
capillary curve, we have assumed a fixed capacitance C for the 
double layer and used the parabolic approximation 

y{c,v) = 7m(c) --{v- Mc))2 (21) 

In eq 21 7m(c) is the surface tension at the electrocapillary 
maximum—which is a decreasing function of the surface 
concentration of OH--^and vm(c) is the voltage difference at 
the electrocapillary maximum—which also is a decreasing 
function of c. For simplicity the linear approximations 

and 

7m(c) = 7m - ac 

om(c) = vm-qc 

(22) 

(23) 

have been used. The constants vm and ym are the voltage dif
ference and surface tension at the maximum when c = 0. This 
corresponds to the equilibrium electrocapillary curves at low 
bulk hydroxide concentration which have been measured to 
be vm = 0.75 V and ym = 425 dyn cm -2. A capacitance'8 of 
30 jttF cm - 2 which is typical of the cathodic branch was used. 
The values of a and q used were similar to those which could 
be estimated from Grahame's electrocapillary data.18 The unit 
for surface concentrations was conveniently chosen as the 
number of anions cm -2 which corresponds to 1 fiC of 
charge-cm-2, i.e., 6.2 XlO12 ions cm-2. For this "unit", a = 
0.4 dyn cm-2/"unit" and q = 0.017 V/"unit". 

The diffusion constant D in eq Ib and Hb is unknown and 
probably voltage dependent. A simple kinetic model based on 
binding in a potential well22 suggests that it has the form 

D = vexp(-e/kBT) 

where v is the oscillation frequency of bound hydroxide and 
t is a barrier height. This barrier will be increased by more 
positive voltages, although this effect is neglected here. An 
estimate of v « 10'3S - ' and e « 0.6 eV gives D « 50 s"', and 
in the reported calculations values of D in the range 25-45 s - ' 
were used, although values as small as 10 s - ' and as large as 
200 s - ' have also been used. 

The equilibrium surface tension, ye(s), is difficult to obtain 
analytically for the experimental arrangement shown in Figure 
1. For a tube of small diameter, the solution to Laplace's 
equation is a spherical cap23 which was used to estimate the 
shape of the meniscus. Since the radius of the tube in Figure 
1 is the order of 1 cm, this could be used only as a guide for 
determining yc(s) and only in the linear approximation yc(s) 
= 70+ Ys. The parameter 70 is the surface tension which just 
makes the meniscus of the mercury touch the tungsten and so 
depends on the placement of the tip. Thus 70 is an experi
mental variable and the existence of oscillations depends 
strongly on the size of 70. On the other hand, Y - (dye/ds)s=o 
and so Y~l measures how much the meniscus rises under a 
given change in surface tension. It depends on the radius, R, 
of the tube which contains the mercury, and an estimate using 
a spherical cap for the meniscus gives Y « 500/R (dyn cm"3). 
A value of Y = 140 dyn cm - 3 was used in most calculations, 
although values between 1 and 104 produce oscillations, too. 
It should be emphasized that because of the geometry Y is 
positive. This should be clear from Figure 4 since an increased 
surface tension flattens the meniscus and so increases the 
separation at the center. 
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Figure 15. Schematic plots of the curves ds/dt = 0 (dotted line) and dc/dt 
= 0 (heavy full line) in the plane s = 0. The circles represent the inter
section of the curves ds/dt = dc/dt = dv/dt = Oand give the position of 
the steady states. The open circles represent a steady state with s <0, the 
filled circles are steady states at a « 0, and the squares are steady states 
at s > 0. The curves (a)-(c) represent initial settings of the W-tip at pro
gressively larger distances from the mercury. 

The values of the Tafel parameters f'o and Do for model I 
were taken to correspond closely to values measured experi
mentally for the reduction of oxygen using a periodic inter
rupter method.'° The value of ^n is fixed at Vo - 0.045 V and 
/o is varied in the range 5 X 102 to 5 X 103 juC cm-2. A range 
of values for in has been used since /n is proportional to the bulk 
concentration of oxygen, which is an experimentally controlled 
variable. For model II, the value of vo' was fixed at the diffu
sion-controlled value for a two-electron process of i>r/ = 0.052 
V. The values for ;'o and /V were varied in the same range as 
for model I. 

As described in section IX the exact form of er(s) is irrele
vant for solving eq I and II, since a is essentially a step function 
with a large value for s < 0 and zero for 5 > 0. For use in the 
linear stability analysis, these values were connected by a linear 
function near 5 = 0 of the form 

(T(S) = a* -fs (24) 

The conductance at short circuit, a*, has been estimated10 to 
be 20 Q-1, and, if metallic contact falls to zero for a separation 
of 5 = 10 A, then / is estimated to be 2 X 108 ^ - ' cm - ' . 

The surface tension relaxation constant L is difficult to 
measure experimentally and certainly depends on the size of 
the tube. A value for L the order of 1 cm3 dyn""1 s - 1 was often 
used. This gives relaxation rates of the order of 102 to 6 X 103 

mm min-1 (see Figure 2) which is in the range of experimen
tally measured surface relaxation rates for mercury.24 

Values of the parameters which gave good agreement with 
experiment are listed in ref 27. 

IX. Steady States and Linear Stability 
The steady states25 for both models are easily found using 

the steady-state conditions dsjdt = dc/dt = dv/dt = 0. For 
example, for model I this condition gives the simultaneous 
equations 

s = (7(c,i;) - 7 o ) / r (25) 

c = (i0/D) exp(-v/v0) (26) 

cr{s)v = (io) txp(-v/v0) (27) 

The surface on which ds/dt equals zero is defined by eq 25 and 
obviously has the general shape of y(c,v) illustrated in Figure 
14; the surface on which dc/dt = 0 comes from eq 26 and is 
independent of s\ eq 27 shows that the surface for dv/dt = 0 

is independent of c. The steady states occur at the simultaneous 
intersection of all three surfaces. 

When 5 is negative, <x takes the value a* in eq 16 and so all 
points on the dv/dt = 0 surface for s > 0 occur at the short-
circuited voltage. This is determined from eq 27 by 

c*i>sc = »o exp(-usc/i)0) (28) 

The remainder of the dv/dt = 0 surface is very close to the s 
= 0 plane. This follows since, for 5 greater than a few 
angstroms, a vanishes and eq 27 has no solution. However, 
when s « 0, eq 24 can be substituted into eq 27 to give 

J = [a* - (i0/v) e\p(-v/v0)]/f 

which is a surface extending between v = vsc at .r = 0 and v = 
<» at s = a*/J'« 10 A. Actually, if the voltage is high enough, 
the cathodic terms in eq 10 and 11 become important. This 
affects only the high-voltage portion of the steady-state sur
faces. One effect is to cause the anodic term <o exp(—v/vo) to 
equal the cathodic term io' exp(v/vo') at the resting voltage 
of mercury,10 i.e., atv = 1.27 V. This means that the dv/dt = 
0 surface actually terminates for s > 0 at v = 1.27 V and that 
the rest of the surface is the plane v = 1.27 V for 5 > 0. Thus 
considerations of the steady states can be restricted to voltages 
between v = 1.27 V and v = vsc ~ 0. 

Because the steady states occur either close to the s = 0 
plane or at v = 1.27 V or v » 0, a great deal of information 
about steady state can be gleaned by drawing the curves for 
eq 25-and 26 in the s = 0 plane. This is done schematically in 
Figure 15 for fixed chemical parameters for model I and a 
variety of values of 70- It should be recalled that a large value 
of 70 corresponds to the tungsten tip being positioned far away 
from the mercury and that a small value corresponds to a close 
positioning. Figure 15a shows that a close position leads to 
steady states at points 1, 2, and 3. Linear stability analysis25 

shows that in this configuration state 1 is stable while 2 and 3 
are unstable. State 1 occurs below the 5 = 0 plane ("touching") 
at the short-circuit voltage. This corresponds to a situation in 
which the tungsten tip is pushed into the mercury and the short 
circuit is stable. When the tip is pulled back a bit, as in Figure 
15b, there are still three steady states, but only 3 is stable. Thus 
pulling the tip away has changed the stable state 1 in Figure 
15a into an unstable state. When the tip is pulled away even 
further, the situation in Figure 15c develops. Now only one 
steady state is possible at a positive separation and v = 1.27 
V, the voltage of free mercury surface. This occurs when the 
tip is placed too far away to make contact with the mercury. 
It is the tip placement in Figure 15b that leads to oscillations, 
and the limit cycle which produces them is described in the 
following section. 

X. Analysis of the Solutions 
The solutions to the differential equations for model I are 

given by the quadratures in eq 12-20. These solutions are valid 
in the separate regimes when the mercury and tungsten tip are 
in contact (s < 0) and when contact is broken (s > 0). Because 
of the large discontinuity in the conductance at s = 0, these two 
solutions can be "pieced together" to produce an excellent 
approximation to the time-dependent solutions. This is a 
consequence of the fact that the short circuit occurs on a time 
scale at least four orders of magnitude faster than any of the 
other kinetic processes.10 For example, if the conditions at time 
zero are 5(0) > 0 with c(0) and v(0) arbitrary, eq 12, 13, and 
20 give the values of v{t), c(t), ands(r) until such time t* as 
s(t*) = 0. At this instant short circuiting begins. When the 
short circuiting is complete (in about 10 - 7-10 - 6 s), the solu
tions in eq 16, 17, and 20 will be valid. The initial values in the 
s <0 regime are clearly c(0) = c{t *) and s(0) = s(t*) = 0 
since neither of these variables changes appreciably within the 
short-circuiting interval. This leads to a sharp discontinuity 
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Figure 16. Voltage, concentration, and separation oscillations for the limit 
cycle for model I using the parameter values listed in ref 27. 

in the voltage v at the instant of short circuit, but the functions 
c and s only have discontinuities in their slopes. The solutions 
in the touching region continue to be valid until a time t** 
when s(t**) = 0 and the short circuit is broken. Then eq 16 and 
17 can be used with v(0) = vsc« 0, c(0) = c(t**), and s(0) = 
s(t**) = 0. When short circuit is broken all the functions are 
continuous, but have discontinuous slopes. 

This procedure was carried out by numerically evaluating 
the quadratures in eq 12-20, as necessary, and the results re
ported here were carried out on a PDP-8 computer. The inte
grals in eq 12-20 were approximated using Simpson's rule. For 
the chosen parameter values, a time interval for the Simpson's 
rule calculation of 2 X 1O-4 s gave three-figure accuracy in the 
computed values of c, v, and s. After each iteration of Simp
son's rule, the value of s was tested and, if it had changed sign, 
say to s < 0, then the calculation was switched to the s < 0 
regime. 

For model I a great variety of solutions are obtained de
pending on the initial conditions chosen for c(0), v(0), and s(0). 
Tremendous qualitative differences also occur depending on 
the placement of the tungsten tip above the mercury. Recall 
that this adjustment is accounted for by the surface tension 
parameter 70 in eq I and II, and its effect on the steady states 
has been illustrated in Figure 15. When the tip is adjusted close 
to the surface as in Figure 15b, initial conditions for voltages 
around the short-circuit voltage and concentrations in the 
range below 2.5 X 10'4 ions cm -2 lead invariably to the 
limit-cycle oscillations shown in Figure 16. The motion toward 
the limit cycle is extremely rapid and within two oscillations 
the limit cycle is essentially attained. When the parameter 70 
is adjusted so the tungsten tip is placed either far from the 
mercury or into the mercury no limit cycle occurs and the 
trajectories rapidly approach the steady states shown in Figures 
15a and 15c. When the positioning of the tungsten tip is in the 
correct range, the limit cycle is obtained for broad ranges of 
the parameter values in eq I. 

The behavior of the solutions of model II is qualitatively 
similar to those of model I and shows a limit cycle. However, 
no matter what values of the experimental parameters in eq 
Il are chosen for model II, the period of the limit cycle is at 
least two to three times that observed experimentally. Fur
thermore, the voltage rise curves—even in the most favorable 
cases—become flat prior to short circuit, in contrast to the 
experimental curves in Figure 3a. Consequently, we have 
concluded that the oscillations occur urder conditions of re
action control. 

0 20 40 60 80 
Figure 17. Comparison of experimental and theoretical voltage oscillations. 
The dashed line is the experimental curve shown in Figure 3a. The solid 
line is for the limit cycle oscillation of model I with 70 = 403, Y = 400, 
/0 = 1.1 X 1O-3, and other parameters as listed in ref 27. 

XI. Comparison with Experiment 
The mechanism involving' reaction control gives results 

which agree very well with experiment. Typical results are 
shown in Figures 2 and 17 where the theoretical curves are 
compared to the experimental values of the voltage and sepa
ration. The calculated voltage corresponds closely to that 
measured by oscilloscope. The calculated separation between 
the mercury and tungsten tip has the amplitude, frequency, 
and general shape obtained by analyzing rapid-motion-picture 
photographs of the oscillations. The surface concentration of 
hydroxide has not been measured and the theoretical curves 
in Figure 16 for c(t) have not been compared to experi
ment. 

Further comparisons with experimental results have been 
made and are given in the figures. In these experiments a single 
parameter was varied and certain characteristics of the voltage 
oscillations were measured. In Figure 11 the experimental 
parameter which was varied is the initial vertical separation 
of the tungsten tip and the mercury surface; the resulting 
voltage peak height, period, flat-line time, and voltage rise time 
were measured. These features of the limit cycle were calcu
lated for model I using the parameter value given in Figure 16 
and varying the parameter 70. According to eq 17 A70/Y 
corresponds to a change in the positioning of the tip distance, 
and the theoretical results are plotted in Figure 11 as a function 
of this distance. The remarkable experimental result that the 
period is independent of the position of the tip is nicely repro
duced by the calculation over a large range of separations. 
Similarly the linear increase of the voltage rise time and de
crease of the duration of the short circuit as the tip is pulled 
away are found. 

In Figure 6 the effect of the change of radius of the tube 
containing the mercury on the oscillation period is shown. The 
period is seen to increase linearly with diameter. This is com
pared to the effect of changing the parameters Y and L in 
model I. This comparison is made since treating the mercury 
meniscus as a spherical cap implies Y & R~K Also the dis
cussion in the Appendix suggests that L depends on the mass 
of the mercury in the meniscus and, probably, L « /?~3. For 
purpose of this calculation Y = 80/?_1 cm4 dyn-1 and L = 
0.5R~3 cm6 dyn-1 s_ l . Figure 6 shows that the period of the 
limit cycle is a reasonably linear function of R and in good 
agreement with experiment. 

Finally Figure 18 gives the experimental results for the 
voltage peak height when the oxygen concentration is varied 
in the solution over the mercury by a factor of 2. For the data 
represented the period is 75 ms and the peak height is a linear 
function of the oxygen concentration. For model I the anodic 
current density /0 is proportional to the oxygen concentration, 
so the experiment corresponds to doubling f'o. The calculated 
results for model I are also given in Figure 18 and, again, 
agreement with the experiment is reasonable. 

Model I agrees with a number of qualitative experiments, 
too. For example, when the tungsten tip is moved to the side 
of the meniscus, oscillations do not occur. From the geometry 
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Figure 18. Peak height of voltage oscillations as a function of dissolved 
oxygen. The dashed line comes from the experimental in Figure 7; the solid 
lines were obtained from the limit cycle oscillations for model 1 using the 
parameters listed in ref 27. The experimental period for the data shown 
is 75 ± 2 ms. 

of Figure 4 it can be seen that at the side of the meniscus an 
increase in surface tension decreases the separation. Thus the 
parameter Y = dye/ds is negative in this arrangement. As a 
consequence eq 25 shows that the surface ds/dt = 0 is inverted 
when the tungsten tip is moved to the side of the meniscus. 
Drawing diagrams like those in Figure 15, one easily finds that 
there are stable steady states which prevent a limit cycle from 
developing. These occur at the short-circuit voltage for close 
contact and at the free mercury voltage when the tip is placed 
far away. 

The quality of the agreement between experiment and the 
calculations convinces us that the mechanism summarized by 
eq 9-11 suffices to explain the oscillations in this mercury-
heart-like system. 
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Appendix 

In the geometry of Figure 4, three surfaces change if the 
surface tension causes the mercury-solution interface to 
change. For example, if the surface flattens the mercury-so
lution interfacial area A\ decreases, the solution-glass area 
Ai decreases, and the mercury-glass area A3 increases. On the 
other hand, if the surface forces produce a hydrodynamic 
motion (capillary waves26) on the mercury, these ripples may 
affect only the size of the mercury-solution interface. Under 
a wide range of experimental conditions, high-speed motion-
picture photography has shown that the surface areas change 
shape in the smooth fashion indicated by Figure 4 and that 
ripples in the surface are absent. This means that velocity 
gradients and purely inertial effects in the mercury can be 
neglected. The only remaining causes for shape changes, then, 
are purely dissipative processes. 

According to the linear theory of irreversible thermody
namics, a change in a state variable is caused by a deviation 
in the intensive variables from their equilibrium values.19 Since 
velocity gradients are unimportant, the state variables for a 
system which includes the surface region are the three areas 
A1, A 2, and A 3 and the masses of the mercury, m Hg, and water, 
WH2O, in this region. The corresponding intensive variables are 
the three surface tensions 71, 72, and 73 and the chemical 
potentials /LtHg and /UH2O- If the surface is in a condition of 

nonequilibrium, the surface tensions have nonequilibrium 
values. Furthermore the nonequilibrium arrangement can lead 
to nonequilibrium chemical potentials if the masses of mercury 
and water in the surface region are displaced to nonequilibrium 
heights. The deviations in these quantities from their equilib
rium values are the thermodynamic "forces". 

The flux-force relationships for the effect of surface tension 
should be 

3 

dAi/dt = £ Kjjiyj - ysj) + ^ H 8 ( M H 8 - MeHg) 
j=\ 

j = i 

+ ^ / H 2 O ( M H 2 0 - MCH2o) 

+ ^ H 2 C H g ( M H 8 - MeHg) + / C H 2 O 1 H 2 O ( M H 2 O ~ MeH2o) 

3 
dmHg/d< = Z KHgj(yj ~ lej) 

+ ^Hg1Hg(MHg - M6Hg) + ^Hg1H2O(MH2O ~ MCH2o) (A" 1) 

The matrix of coefficients K,-j and kmn represents linear re
sponses of the area and masses to disequilibrium in the surface 
tension and height of the center of masses. The relationships 
in eq A-1 apply no matter where the boundaries of the system 
are taken. Convenient boundaries are the sides, top, and bottom 
of the tube in Figure 4. This means that the masses of water 
and mercury are fixed and eliminates the last two equations 
since dwng/df = dm^o/dt = O. Furthermore the fixed area 
at the side of the tube implies that dA2/dt = -dA^/dt. These 
three conditions can be used to eliminate the chemical poten
tials and 73 from eq A-I to obtain 

dA\/dt = L11A71 + L12A72 

dA2/dt = L21A7, + L22A72 (A-2) 

where the coefficients Uj are algebraic combinations of the K\ 
and the Ac's in eq A-I and A7, = (7, — 7e,). These equations 
simplify further because under the experimental conditions 
the glass-solution surface tension is not perturbed from equi
librium. Thus 72 - 7C2 = O and so 

dA 1 jdt = L11A71 (A-3) 

Since the area A \ is a smooth function of the height of the 
meniscus, ds = B dA \ and consequently 

ds/dt = L(7 - 7e) 

where L is BL \\-
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Introduction 

Recently2 we reported the results of a study of the gas-phase 
reaction of C H 3

+ ions with the methylsilanes, (CH3)„SiH4_„, 
when n = 1, 2, 3, 4. A very surprising feature of these results 
was the always important and sometimes dominant contri
bution to the total reaction by methide ion ( C H 3

- ) transfer 
from the silane to the attacking C H 3

+ ion. The cross sections 
for the methide ion transfer are comparable to those of the 
expected hydride ion transfer process in the case of 
(CH3)2SiH2 and are larger than those for hydride ion transfer 
when (CH3)3SiH and (CH3)4Si are the targets of the reactant 
C H 3

+ ions. In order to investigate whether this unexpected 
alkyl anion abstraction from alkylsilanes might be a general 
reaction and not one limited to the methylsilanes, we have 
studied the reactions of gaseous C H 3

+ ions with the ethylsil
anes, (CiHs)nSiH4-H, when n = 1, 2, 3,4. This paper is a re
port of our findings. 

Experimental Section 

1. Apparatus and Techniques. The experiments were carried out in 
an ion-beam-target gas apparatus that has been described previously.2 

Briefly it consists of a modified plasma ion source (Colutron Corp.) 
for ion formation, a Wien velocity filter for reactant-ion selection, a 
collision chamber for reaction of the mass-selected ions with the target 
molecules, and a quadrupole mass filter for analysis of the ionic 
products. Electrostatic lenses are used to focus the ion beam into the 
Wien filter, to decelerate the reactant ions to energies in the range of 
0.5-5 eV before they enter the collision chamber, and to focus the ionic 
products into the quadrupole mass filter for analysis. 

We have examined further the question of internal energy in the 
CH3+ ions produced in the plasma source by measurement of the 
energy threshold for the known2-4 endothermic reaction 

CH3
+ + (CHj)3SiH — CH3SiH+ + CH4 + C2H5 (1) 

On the basis of available thermochemical data3-4 the standard en
thalpy change of (1) is A//° = 1.5 ± 0.3 eV. We find experimentally 
a threshold energy of 1.6 ± 0.2 eV in the center-of-mass system which 
is in excellent agreement with the thermochemical values for the en-
dothermicity. This agreement strongly suggests that internal excitation 
energy in the CH3

+ ions is at most 0.4 eV and is probably smaller. 
Absolute cross sections for the reactions of CH3

+ ions with the 

(25) Minorsky, N. "Non-Linear Oscillations", Van Nostrand: Princeton, NJ., 
1962. 

(26) Landau, L. D.; Lifshitz, E. M. "Fluid Mechanics", Pergamon Press: Oxford, 
1959; Chapter VII. 

(27) Parameter values which produce limit cycle oscillations for model I: V0 = 
0.045 V, D = 25 s"1, Y = 300 dyn cm"3 , 70 = 395 dyn cm - 2 , C = 30 ^F 
cm - 2 , vm = 0.75 V, q = 0.017 V/"unit", a = 0.4 dyn-cm""2/"unit", /0 = 
9 X 10~4 A cm - 2 , L = 1 cm3 dyn - 1 s~1, ym = 425 dyn cm - 2 , "unit" = 
6.2 X 1012 ions cm"2 . 

various ethylsilanes were determined at 1 eV laboratory energy by 
direct comparison with the process5,6 

CH 3
+ + S i H 4 - C H 4 + SiH3

+ (2) 

the cross section of which we have redetermined to be (T2 (1 eV, lab) 
= 54 ± 2 A2. The measured cross sections were extrapolated to the 
limit of zero pressure in the collision chamber in order to eliminate 
the influence of further reactions of product ions. Pressures in the 
collision chamber were measured with a capacitance monometer and 
were varied from 0.5 to 2.0 X 10~3 Torr. We believe that the cross 
sections measured at 1 eV laboratory energy of CH3

+ are accurate 
to within ±15%. 

The form of dependence of relative cross section, i.e. 

<7rel = l p roduc t / lCH 3 +/ > 

where the i"s are currents and P is the pressure, on the kinetic energy 
of CH3

+ was used to classify the reactions as exothermic or endo
thermic. The cross sections of endothermic reactions increase from 
zero at the energy threshold to a broad maximum, while the cross 
sections for exothermic processes usually decrease monotonically with 
increasing energy. All ion intensities were corrected for the naturally 
occurring isotopes of silicon and carbon, namely, 29Si = 4.7%, 30Si 
= 3.1%, and 13C= 1.1%. 

2. Materials. SiH4 was purchased from the Matheson Co. while 
(C2Hs)2SiH2, (C2Hs)3SiH, and (C2H5)4Si were purchased from 
Penninsular Chemresearch. C2H5SiH3 was prepared by the reduction 
of C2H5SiCl3 (Peninsular Chemresearch) with LiAlH4 (Alfa Inor
ganics). CH4, CD3H, and 13CH4, which were used in the ion source 
to produce the CH3

+, CD3
+, and 13CH3

+ reactant ions, were obtained 
from Phillips Petroleum Co., Merck Sharp and Dohme, and Stohler 
Isotopes, respectively. All gases and liquids were subjected to 
freeze-pump-thaw cycles on a high-vacuum line prior to use. 

Results and Discussion 

1. Exothermic Reactions. The reactions of CH 3
+ ions with 

ethylsilanes are somewhat more complex but similar to the 
reactions of C H 3

+ with the methylsilanes.2 Thus for 
CjHsSiH3, (C2Hs)2SiH2, and (CjHs)3SiH, we find as major 
reactions (1) hydride ion transfer from the silane to the CH 3

+ 

ion; (2) ethide ion transfer from the silane to the CH 3
+ ion; (3) 

a more complex process in which the attacking C H 3
+ moiety 

is incorporated into the ionic product. As in the case of 
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-) transfer from the silane to CH3
+. A rather surprising result is that, except for the 

case of C2H5SiH3, ethide ion transfer is the predominant process. Isotopic labeling of the reactant ions shows only minor 
(< 10%) incorporation of the label into the ionic products which is interpreted to mean that the major part of the reactions are 
either direct processes or proceed through complexes that do not involve pentavalent silicon. 
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