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Abstract

By a modified technique of contact electrical resistance (CER), the electrical conductivity of alcohol and aqueous
solutions of acids, salts, and bases in submicron gaps between clean contact surfaces have been measured. Alcohol
solutions of water content below 10% do not have substantial electrical conductivity, while at contents of about
50% their electrical conductivity becomes similar to that of aqueous solutions. The electrical conductivity of dilute
aqueous solutions is anomalously high. It is higher than that of strong solutions of salts and acids, in contradiction
with the ionic theory of electrical conductivity. A conclusion on the nonionic nature of the electrical conductivity of
aqueous solutions in submicron gaps is formulated. A model of electrical conductivity assuming the formation of a
labile spatial hydrogen-bond network in the contact gap is proposed and used to explain the results.

1. Introduction

The spatial distribution of electrochemical and corro-
sion processes in narrow long tubes, slits, cracks, and
other defects has been studied theoretically since 1970.
Equations obtained allow estimation of the function of
porous electrodes and the possibility of electrochemical
protection against pitting corrosion and stress corrosion
cracking (SCC). A short review of early investigations
was given by Frumkin [1] who introduced the concept of
the critical parameter Lcr:

Lcr ¼ NðW =qKÞ0:5; ð1Þ

where N is a dimensionless constant determined by the
geometry of a defect,W is its thickness or radius, q is the
resistivity of an electrolyte inside the defect, and K is a
constant which depends on the polarization character-
istics of the defect walls. The Lcr value (Lcr/W

0.5 or Lcr
2/

W in later work [2–4]) determines the distribution of
current and potential EL along the defect depending on
the polarization potential E0.
A change in the polarization current and EL inside a

defect should be most pronounced at a distance of Lcr

from the polarization source [1]. The narrower the crack,
or the higher the resistivity of an electrolyte in it, the
smaller this distance. For cathodic protection of a
growing corrosion fatigue crack, with W ¼ 4 lm and
E0 ! 1 (i.e., at an infinite power of the external
polarization source), the limiting EL value tends to zero
for a depth of crack L ¼ 50 lm, i.e., Lcr ¼ 12 W [2]. A

similar value (Lcr ¼ 15 W) was obtained earlier [1].When
the nuclear power industry began to rapidly develop and it
was realized that SCC could be a cause of accidents,
corrosion in cracks became a subject of keen interest [3–6].
Much experimental data on the polarization of speci-

menswith submicron cracks andgaps cannot be described
in terms of the Lcr concept [1–6], especially with regard to
SCC of high-strength materials [7–9] and that obtained
using the contact electric resistance (CER) of metals in
electrolytes [10, 11]. During SCC of high-strength steels
(the strength limit of 190–250 kg mm)2), the external
polarization substantially affects the growth of very long
cracks in specimens with a thickness of 3 mm. This would
be impossible if the polarization potential, controlled at
the surface of a specimen, did not change the potential at
the crack tip in the center of a specimen,where the tri-axial
stressed state is the most pronounced. In this case
Lcr ¼ 1 mm » (0.5–1)�104 W. This estimate exceeds the
aforementioned values of Lcr ¼ (12–15) W [1, 2] by three
orders ofmagnitude and cannot be explainedwithout new
concepts on the conductivity of aqueous solutions in
submicron cracks. In this work, the CER technique [10,
11] modified to provide estimates of the specific electric
resistance of a submicron electrolyte interlayer between
two working electrodes, was used.

2. Experimental

The CER technique is based on the precise measurement
of the contact electric resistance between two identical
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specimens periodically brought in contact in an electro-
lyte. As described in [9–11], the potential dependence of
the CER is determined by changes due to adsorption
and the presence of oxide and other films on an
electrode surface and, to date, has not been used to
measure the conductivity of a solution. The specimens
with a 2-mm diameter were fastened in a special rigid-
spring holder that prevented their lateral motion and
promoted a continuous coaxial oscillation with ampli-
tude of 5 lm ± 1 nm and a frequency of 0.2 Hz during
the experiment.
Figure 1 shows a circuit for measuring the CER of

two identical specimens (1) fastened with insulating
holders, and placed in an electrochemical cell (2). The
specimens are shunted with a resistor R2 (0.01–10) mW
and connected to a P5727 potentiostat (3), a B5-43
stabilized direct current source (4), and a P3009 double
bridge (5). The disbalance signal of the bridge is sent to a
F136/1 amplifier (6) and continuously recorded using a
KSP4 recorder or a computer (7). The specimens are
coaxially fastened in a rigid spring of special design
(Figure 2) that prevents their side displacement. One
specimen is fixed, while the other oscillates along their
common axis. CER values are measured at a direct
current of 0.1–1 A passing through the specimens and a
resistor, R2, connected in parallel. On each cycle, the
working surfaces of the specimens are brought in
contact. The amplitude of oscillations and the geomet-
rical dimensions of the contact are maintained constant
throughout the experiment, which provides high stabil-
ity in CER. The CER (R) estimates are given in [9–11].
Figure 2 shows schematic of the CER device assem-

bling on a hard plate 1 (autoclave head). A step engine
3, fastened at the stands 2 on this plate, controls the
reciprocating motion of a bar 4 inserted in the autoclave
through a seal 5. Inside the autoclave, a rigid spring 7 is
fastened to a stand 6. The design of this spring
parallelogram prevents any lateral motion of the upper
mobile specimen. All components are made of a
stainless steel. Teflon insulating casings for the mobile
8 and fixed 9 specimens, connected to the measuring
circuit (Figure 1) with insulated wires 10, are fastened in
the spring 7. This spring was loaded with a bar 4 via a

mild spiral spring 11, the compliance of which
(C ¼ 5 lm kg)1) is a thousand times larger than that
of the rigid spring 7. This means that a shift in bar 4 and
deformation of the mild spring 11 by 1 mm causes the
deformation of spring 7 by only 1 lm.
The device shown in Figure 2 was immersed in the

autoclave, and the spring 7 was loaded using the step
engine 3 controlled by a computer [11]. In this work we
used a similar device modified as follows: a small
electrochemical cell was fastened directly to the holder
of the lower fixed specimen, and computer control was
replaced with a simple mechanical system providing the
same accuracy and stability. The mild and rigid springs
were loaded sinusoidally with

P ¼ P0 þ P1sinðxtÞ; L ¼ L0 þ L1sinðxtÞ;
l ¼ l0 þ l1sinðxtÞ; 2l1 ¼ A;

ð2Þ

where P is the loading; L is the corresponding elonga-
tion of the mild spring; l ¼ 0.001 L is the elongation of
the rigid spring (a change in the distance between
specimens without contact between them); A is the
amplitude of the oscillations of the mobile specimen
measured with a strain-gauge transducer 12 (sensitivity
of 0.02 lm). When the surface properties of metals are
studied [10], the A, P0, P1, L0, L1, l0, and l1 values are
typically maintained constant for the whole series of
experiments. In contrast, when measuring the conduc-
tivity of a thin electrolyte layer between the contact
surfaces of the specimens, P1 remains constant while P0

is changed in steps within the same experimental series.
This causes changes in the contact clamping.
The specimens of copper, silver, gold, and platinum

(99.98 wt %) were soldered in copper holders. The area

Fig. 1. The principal circuit for measuring the contact electrical

resistance (CER): (1) specimens; (2) electrochemical cell; (3) potentio-

stat; (4) direct current source; (5) double bridge; (6) amplifier; and (7)

self-recorder.

Fig. 2. The principal scheme of a device for measuring CER (see text

for details).

18



of specimens immersed in the electrolyte was 0.2 cm2,
while their contact area was about 0.02 cm2. The
contact surfaces were sandpapered and washed in
distilled water. Before each experiment, they were
cleaned by cathodic polarization in the working solu-
tion. The experiments were carried out at a room
temperature of 22–24 �C. In the same series of tests, the
temperature variation was within 0.5 �C. The electrolyte
was not deaerated, and the volume of the electrochem-
ical cell was 5 ml. An auxiliary electrode, a platinum
wire with a diameter of 0.5 and a length of 50 mm, was
arranged around the specimens. The solutions were
prepared from distilled water and chemically pure
substances. The CER measurements were carried out
under potentiostatic or galvanostatic polarization. All
potential values below are quoted against the normal
hydrogen electrode (NHE).

3. Results and discussion

3.1. Reduction and oxidation of the clamped contact
surfaces

Each series of experiments was started with cathodic
cleaning of the specimens in the working solution [9–11].
CER measurements on the kinetics of submonolayer
oxidation of copper and silver were described in [10]
where an interesting and paradoxical regularity directly
related to the subject of this work was discovered. We
clarify its essence considering the redox processes of
copper in a 1 M KOH solution (Figure 3). The experi-
ment was started with fixed parameters controlling the
oscillation of specimens (see Equation 2) and contact
surfaces, which were completely reduced at E ¼ )1.2 V.
For potentials below )0.3 V (marked with an arrow),

the CER of clean copper surfaces was 0.2 mW. Once a
potential E ¼ )0.3 V is set, submonolayer oxide growth
begins (E0

Cu2O
¼ )0.36 V), and within 15 min the CER

of copper reaches 10 W. This means that the whole
contact surface of copper is covered with one or two
oxide monolayers [10, 11]. Numerous repeated experi-
ments showed that, if E is switched to )1.2 V again, the
contact surface quickly reduces and the CER decreases
to the original value (not shown in Figure 3). A similar
rapid reduction of copper, is achieved if, at E ¼ )0.3 V,
the mobile electrode is stopped at the moment of the
maximum clamping of contact surfaces (shown with a
‘Stop’ arrow) and then a potential E ¼ )1.2 V is
applied. If the cyclic motion is not resumed and
E ¼ )0.3 V is reset again (indicated in Figure 3 by
arrow), the clamped contact surfaces do not oxidize for
up to a week, but quickly oxidize once cycling is
resumed (see the arrow ‘Cycles’). Similar results differing
only in the oxidation and reduction potentials were
obtained for silver, gold, and platinum. The contact
surfaces, which were preliminary oxidized and then
clamped, quickly reduce without cycling, while the
surfaces, which were initially cleaned of films and then
clamped, do not oxidize until the cycling is resumed.
When the contact surfaces are compressed together,

only the reduction of the earlier formed oxides is
possible, while oxidation of clean contact surfaces does
not occur. This means that the cathodic polarization of
the walls of super narrow gaps is highly effective, while
the anodic polarization is completely ineffective. This
paradoxical situation cannot be explained in terms of
published results [1–6]. However, an explanation is
possible if one takes into account the different width and
state of a gap between the compressed clean and
compressed oxidized contact surfaces. In the former
case, the gap is not present, since the polished surfaces
are in tight contact with each other. Their roughness is
smoothed under the effect of the contact pressure and
the electrolyte is insulated within micro volumes located
between them and no conductive path to the bulk
electrolyte exists. In this case, neither cathodic nor
anodic external polarization of the contact surfaces is
possible. In the latter case, contact surfaces are covered
with a continuous copper oxide layer with a thickness of
1–3 nm. At low overvoltages (about 0.05 V), one or two
monolayers of oxide with a thickness of 1–3 nm are
formed on copper in a 1 M KOH solution in 10–15 min.
This is confirmed by the investigation of the kinetics of
submonolayer growth of copper and silver oxides [11]
and SERS data [12]. Thus, a thin, continuous oxide
layer between the electrode surfaces is in contact with
the electrolyte in the cell and can be reduced under
cathodic polarization, but cannot grow under anodic
polarization. The quick and complete reduction of the
contact surfaces, which were preliminary oxidized and
clamped, can be accounted for by penetration of the
electrolyte (and the polarizing external current) into the
contact as the oxide layer gradually reduces. Based on
this explanation and assuming L equal to the contact

Fig. 3. The copper CER during oxidation and reduction at open and

closed contacts. The measurements are started on clean surface at

E ¼ )1.2 V. At E ¼ )0.3 V (marked with an arrow), the oxidation

begins. The ‘Stop’ arrow denotes a stop specimen cycling at the

maximum compression with the oxidized contact surfaces. At

E ¼ )1.2 V (an arrow), the clamped surfaces rapidly reduce. At

E ¼ )0.3 V (an arrow), the clamped contact surfaces does not oxidize

until the cycling is resumed (‘Cycle’ arrow). See text for details.
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surface radius (1 mm) and W ¼ 1–3 nm, we have
Lcr ¼ 106–105 W, which exceeds the theoretical esti-
mates [1, 2] by 104–105.

3.2. A valuation of electrolyte resistivity in submicron gaps

The above examples of Lcr � 15 W suggest that the
conductivity of the electrolyte sharply increases in
submicron gaps. The validity of this supposition can
be studied experimentally with the CER technique
modified so that the CER dependence of the clean
contact surfaces on the deformation of the mild spring
DL (at P1 ¼ const, and P0 ¼ f(t), see Equation 2) can be
recorded. The specimens, which were clamped with
some load at the beginning of the experiment, were
gradually drawn apart to a certain distance, at which the
electric contact was completely lost. Below, we refer to
these R ¼ f(L)-curves as distance–resistometric (DRM)
curves. During the CER measurement, the lower spec-
imen I (insert in Figure 4) is fixed, while the upper one II
is moved reciprocally along the common axis with
amplitude of 5 lm. If the specimens are not in contact,
Dl ¼ 0.001 DL. In contact, the deformation of a rigid
spring 7 (Figure 2) is restricted by the specimens, which
undergo elastic deformation. In this case,
Dl < 0.001 DL and depends on the compliance of
specimens, which amounts to 0.1 lm kg)1. Figure 4
illustrates how the CER values and the compliance of
the rigid spring are related to the tension deformation of
the mild spring DL. The experiments were carried out
with copper specimens in 1.0 M KOH solution at a
potential of )1.1 V, at which contact surfaces are free of
any films. At the beginning of the experiments, the

specimens were clamped together strongly, so that the
subsequent elongation of the mild spring (Figure 2) by
DL ¼ 1, 1.5 and 2 mm could not result in a sharp
increase in CER values. Then, DL was increased in steps
of 0.05–0.25 mm, and CER (curve 1) and compliance C
values (curve 2) were measured.
Zero DL in Figure 4 is chosen arbitrarily, but it

corresponds to a hard enough contact between speci-
mens. In the insert, the location of the upper specimen II
at DL ¼ 0 is shown with a dashed line. At this position,
the diameter of the contact surface is equal to AB. An
elongation of the mild spring by Dl leads to a shift of the
upper specimen by Dl and a decrease in the contact
surface to CD. Subsequent elongation further decreases
the contact surface and finally results in the complete
loss of the mechanical contact between specimens.
Treating the contact surface as a circle is conditional
[13], but irrespective of the shape of the contact surface,
its area decreases with an increase in DL and DI.
At a strong initial compression, the plastic deforma-

tion of the most protruding micro wrinkles of the contact
surfaces occurs. This is a period (20–30 min) of aligning
of contact surfaces when the CER of clean surfaces
slightly decreases and reaches its steady-state value.
Then, at a smaller pressure, only the elastic deformation
of specimens takes place. As follows from Figure 4, at
the beginning of the elongation of the mild spring (DL�
4 mm), the CER noticeably increases owing to a decrease
in the contact area. The compliance remains equal to
0.10–0.12 lm kg)1, which is typical of the elastic defor-
mation of the specimens. A further increase in DL to
>4 mm is followed by a sharp increase in the compliance
to a value of 5 lm kg)1. At DL ¼ 4.65 mm the mechan-
ical contact between the specimens is lost. This defines
the zero point of the compression scale F in Figure 4. It is
important that to note that the mechanical contact is lost
much earlier (curve 2) than the electrical contact (curve
1). In the absence of mechanical contact, the CER is
determined by the conductivity of an electrolyte layer
with a thickness of 0.4 lm between the contact surfaces
of the specimens.
When studying the conductivity of solutions in super

narrow gaps, one should compare the DRM curves
obtained in various media: in air, in aqueous and
nonaqueous solutions. This generates several problems
with experimental methodology. First of all, each
contact couple is unique, i.e., the DRM curves in
different environments should be recorded and com-
pared for the same contact couple. Next, it is highly
desirable to obtain a reference DRM curve for this
couple in the air for subsequent comparison with the
curves recorded in solutions. Below, DRM curves in
different environments for each contact couple are given
in separate figures.
The original A0 value (Equation 2) selected for a

particular series is controlled at the beginning of each
experiment. The DL and Dl values corresponding to A0

are considered as the zero point of the abscissa axis.
Such a control of initial experimental conditions pro-

Fig. 4. (1) The CER of copper (R) in a 1 M KOH solution at

E ¼ )1.2 V and (2) the compliance of the rigid spring C vs the

elongation of the mild spring (DL) and the contact compression (F). An

insert shows the change in the contact surface area at a decrease in the

contact compression (see text for details).
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vides the low enough scattering of DRM curves, e.g., for
gold in air, at the complete loss of metallic contact
Dl ¼ const ± 0.1 lm. In air, the CER of freshly pol-
ished contact surfaces of nickel, copper, silver and
platinum (but not gold) increases from 30–70 lW up to
1.0 W in 30 min due to oxidation of these metals.

A scheme in Figure 5 gives a general idea of how the
DRM curves for gold in air and solution depend on the
pretreatment of the contact surfaces. A perfect non
oxidized contact would obviously have a DRM curve 1
with no CER increase in the initial range, when the
metallic contact exists, but a steep ascent upon separation
of contact surfaces by 1–2 nm.DRMcurve 2 corresponds
to the actual gold contact after the mirror polishing (SiC
sandpaper of grade 4000). The first segment of this curve
has a small slope that abruptly transforms into a
relatively steep ascent of the CER with an increasing
slope. A similar form (curve 3) with a larger slope for the
initial segment and less steep, but also increasing slope of
the CER in the second segment, is typical for contacts
polished with SiC paper of grades 800 or 1000. A
continuous increase in the CER slope within the second
segment reflects the pronounced loss of metallic contact
indicating the proper (coaxial) fastening of specimens.
Only such ‘proper’ contacts were studied in this work.
An important characteristic of proper contacts are the

clear cat breaks of the amplitude curves 20 and 30 in
Figure 5 that correspond to the moments when the
maximum amplitude of oscillations is reached, i.e., when
the metallic contact is completely lost. This is especially
important, since the DRM curves of gold in electrolyte
solutions so drastically differ from those originally
obtained in air (cf. Figures 5 and 6) that it is already

Fig. 5. Schematic distance–resistometric (DRM) curves in air and in

an electrolyte: (1) perfectly polished parallel contact surfaces of the

metal not deformed and not oxidized in air; (2) mirror-polished gold in

air; (3) sandpapered (SiC, grade 1000) gold in air; (2* and 3*) the same

gold contacts in an electrolyte; and (2¢ and 3¢) the oscillation amplitude

of specimens in air and in an electrolyte depending on the elongation of

the mild spring (DL). See text for details.

Fig. 6. DRM curves of gold (grounded with SiC, grade 1000) in air and in electrolytes. The numbers of curves denote the order of replacing

experimental conditions for each contact couple: (a) (1) air; (2) ethanol + 5 vol % H2O + 0.02 M NaCl; (3) ethanol + 15 vol % H2O + 0.02 M

NaCl; (4) 4 M HNO3; (5) H2O + 0.001 M NaCl; (b) (1) air; (2) 10 M LiCl; (3) 5 M LiCl; (4) H2O + 0.001 M LiCl; (5) 5 M LiCl; (6) H2O + 0.001

M LiCl; (c) (1) air; (2) 10 M H2SO4; (3) 4 M H2SO4; (4) H2O + 0.02 M NaCl; (5) 4 M KOH at the cathodic polarization with 30 lA; (d) (1) air; (2)

4 M HNO3; (3) H2O + 0.001 M NaCl; (4) 1 M KOH at the polarization with 60 lA; (5) 1 M KOH at the polarization with 150 lA. An insert

show the kinetics of the CER increase upon replacement of 1 M KOH with 1 M H2SO4 at DL ¼ 1.5 mm ¼ const.
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impossible to observe the moment when the metallic
contact is lost leading to an increase in CER. The
moment when the maximum amplitude of oscillations is
reached, and the moment when a sharp increase in the
compliance of the rigid spring occurs, reflect a mechan-
ical characteristic of the contact and are independent of
the electrochemical conditions of the experiment. Upon
the loss of metallic contact, the increase in the mean
distance between contact surfaces Dl ¼ 0.001 DL.
In the same electrolyte, e.g., in a 0.1 M HCl solution,

with completely cleaned contacts, the DRM curves of
mirror-polished (2) and ground (3) gold contacts
changes differently. Their initial segments, which reflect
chiefly the CER of clean metallic contacts, does not
change significantly, while the steeply ascending seg-
ments, when metal contacts quickly disappear, become
more slanting and extend to the range where the metal
contact is absent (curves 2* and 3* and amplitude curves
20 and 30 in Figure 5, respectively). On the complete loss
of electrical contact, the difference is 0.3–0.4 lm for
mirror-polished contacts and 0.7–1 lm for ground
contacts. Obviously, the CER value measured upon
the loss of metallic contact is determined by the
conductivity of a submicron electrolyte layer between
contact surfaces drawn apart. As was noted above, the
ionic electrical conductivity of solutions cannot be
measured under our experimental conditions (direct
current at a low, 0.1–1.0 mV, voltage drop). For
nonionic conductivity, we note that, as the distance
between microcontacts (tip of the scanning tunneling
microscope [14], crossed cylindrical [15] or spherical [16]
atomically smooth surfaces) in electrolytes was changed,
only the electron tunnel currents at distances of up to
1 nm were observed. This distance is three orders of
magnitude smaller than the distances dealt with in our
work; that is, electron tunneling cannot account for the
phenomenon observed in this work. However, we
should stress that the contacts studied in works [14–16]
are essentially point contacts and do not adequately
represent a three-dimensional electrolyte layer in actual
super narrow gaps and cracks.
We must consider the possible causes of the difference

between DRM curves of the polished 2* and ground 3*
contacts in Figure 5. Each contact spot on a mirror-
polished surface can be thought of as a contact couple
(as shown in Figure 4) that resembles a contact between
two spherical surfaces. The density of such spots on the
mirror-polished contact surface is small, while the
surface area of each spot is relatively large. Therefore,
during the alignment of electrodes under heightened
compression, these spots are elastically deformed. With
a gradual increase in DL and the loss of mechanical
contact, each spot transforms into a point contact, for
which the role of conductivity of an electrolyte layer
with a thickness more than 1 nm is insubstantial [14–16].
By contrast, the density of contact spots on ground
surfaces is much higher, while the area of each spot is
smaller. These spots are sharp, which results in high
local compression forces during the alignment of elec-

trodes and the mutual plastic deformation of the most
protruding sites. During the alignment of ground
contacts, a large number of such contact couples with
complementary surfaces are formed. The real contact
consists of numerous microcontacts separated with
micro cavities filled with an electrolyte. The alignment
results in a smoothing of the ground contact. It becomes
morphologically similar to a stress corrosion crack, the
walls of which are also complementary surfaces far from
the mirror state. In air, such a ground contact has a
smaller summary area of metallic contacts and a higher
CER value than does a mirror-polished contact. In
solution, however, a ground contact has a larger area of
the thin electrolyte layer, which may decrease the CER
at low contact compression forces and after the com-
plete loss of metallic contact (see curves 2 and 3 in
Figure 5).
Figure 6 shows DRM curves for gold ground con-

tacts. At the beginning of each run, DRM curves were
recorded two to four times in air at a constant initial DL
value in order to check the quality of the contact. These
are the reference curves 1 in Figure 6a–6d. In the Figure,
the loss of metallic contact is marked with vertical
dashed lines. Then, at the same DL values, measure-
ments were carried out in (a) alcohol, (b) salt, (c) acidic,
and (d) alkaline solutions. The numbers of curves in
Figure 6a–6d reflect not only the composition of a
solution, in which each DRM curve was recorded, but
also the order of measurement in the various solutions.
This allows one to judge the reproducibility of the
results obtained in two solutions with their repeated
replacement. For instance, when comparing curves 3
and 4 in Figure 6b, we can see that the conductivity of a
concentrated LiCl solution is lower than that of a dilute
solution. This contradicts to the expected concentration
dependence of the ionic conductivity of aqueous elec-
trolyte solutions. However, the repeated replacement of
the solutions for the original contact couple provided
the same result, despite a certain shift of curves 5 and 6
with respect to curves 3 and 4.
While each contact couple is unique, repeatedly

recording DRM curves for various contact couples at
various initial contact pressures and with various orders
for solution replacement enabled us to obtain a correct
picture of the relative conductivities of the studied
solutions in submicron gaps. Each of Figure 6a–6d
shows not only the DRM curves for a particular contact
couple, but also their position with respect to the
reference curves of other specimens. This experimental
series shows that the nature of the electrolyte dissolved
in water–alcohol mixtures at a concentration of 0.01 M

is insubstantial. The position of the DRM curves is
determined by water content: for [H2O] O 10 vol %,
the DRM curves 2 are very close to the reference curves
1 or coincide with them; for [H2O] ¼ 15 vol %, the
curves 3 already noticeably deviate from reference
curves 1; and for [H2O] P 50 vol %, the DRM curves
5 are practically independent of ethanol content and
deviate substantially from the reference curves 1. The
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DRM curves 4 in strong nitric acid lies typically to the
left of curves 5 (see also Figure 6c and d).
As follows from Figure 6b and c, the higher the

concentration of electrolyte dissolved in water, the
smaller the contribution of the solution to the conduc-
tivity. For example, the DRM curves 2 in 10-M aqueous
LiCl or H2SO4 solutions are close to the reference curves
1. The conductivity of strong LiCl solutions (curves 3
and 5) is close to and even smaller than the conductivity
of a 0.001 M solution (curves 4 and 6 in Figure 6b). The
same occurs in the case of sodium and potassium
chlorides, as well as in nitric (Figure 6a and d) and
sulfuric (curves 3 and 4 in Figure 6c) acids. This latter
fact is worth special note, because 4-M solutions of these
acids have a specific conductivity close to the maximum
value (0.75 W)1 cm)1).
Curve 5 in Figure 6c convincingly shows that the

above trend of a decrease in the electrical conductivity
of strong and concentrated salts and acids solutions
compared to dilute solutions in submicron gaps is not
typical of alkaline solutions. Despite a noticeable
increase in the CER of gold in a 4 M KOH solution at
high contact pressures caused by the adsorption of
hydroxide ions [10, 11], curve 5 after the loss of
mechanical contact lies substantially below the other
DRM curves, including curve 4 recorded in a dilute
solution. The detailed DRM curves for gold in a
1 M KOH solution are given in Figure 6d, which shows
that the conductivity of the alkaline solution increases
with a decrease in the potential. A special series of
experiments demonstrated that the conductivity of all
studied 1 M alkaline (LiOH, NaOH, KOH, and CsOH)
solutions in submicron gaps is higher than that of weak
and strong solutions of acids and salts.
If, after recording the DRM curve 5 in Figure 6d, the

alkaline solution is replaced with a 1 M H2SO4 solution,
the resulting DRM curve is close to curve 3 (not shown
in Figure 6). The insert in Figure 6d shows the kinetics
of the CER increase after such a solution replacement at
constant DL ¼ 1.5 mm. This increase reflects the ex-
change between the initial alkaline solution and the new
acidic solution. An additional series of experiments
showed that the repeated replacement of a 1 M alkaline
solution, after recording a the DRM curve, with a 1 M

acidic solution and vice versa leads to the same result:
upon the loss of metallic contact, the CER in alkaline
solutions is lower than that in the acidic solution by a
factor of 5–10, although the ionic electrical conductivity
of equinormal acidic solutions is typically higher than
that of alkaline solutions by a factor of 2.5. Moreover,
the complete loss of contact in alkaline solutions
requires that the contact surfaces be drawn apart to a
much larger distance than in acidic solutions (by 0.5–
1 lm). Thus, alkaline solutions in submicron gaps have
an especially high conductivity. This may partly explain
the heightened electrical conductivity of the diluted
solutions (see above). Indeed, for cleaning contact
surfaces, CER measurements were carried out under
cathodic polarization, which may transform the origi-

nally neutral or weakly acidic solution in the gap
between electrodes into an alkaline one.

3.3. Model of anomalous conductivity in submicron gaps

The results obtained show that, during CER measure-
ments, with a gradual increase in the distance between
the contacts, a 0.5–2 lm thick electrolyte layer with an
anomalously low resistivity, q, exists between them. Try
to estimate q for alkaline solutions from the relative
positions of curves 1 and 5 in Figure 6c and 6d. Upon
the loss of metallic contact, the CER is about 0.001 W
(see the intersections of curves 5 with the vertical dashed
lines). Assuming an apparent contact area of about
10)4–10)2 cm2 and a mean distance between the con-
tacts of around 10)5 cm, we come to q ¼ 0.01–1 W cm.
An intermediate q value is 0.1–10 W cm (at a mean
distance between contact surfaces of 1.5 � 10)4 cm and
a CER value of 10)2 W), while just before the complete
loss of electric contact at a CER ¼ 1 W, q ¼ 0.5–
50 W cm. Note that q values are not constant and
sharply as the electrolyte layer thickens.
The low value obtained (0.01 W cm) is a characteristic

of semiconductors rather than solutions. This fact, along
with the aforementioned unusual ratios for the electrical
conductivities of dilute and strong solutions cannot be
explained in terms of the standard concept for the ionic
conductivity of solutions, including the proton exchange
mechanism of Grotthus [17–20]. The same can be said
about the shape of the DRM curves in Figures 5 and 6,
consisting of two segments: at first at initially slow
increase in CER, followed by a much more rapid
increase would be impossible if the electrical conductiv-
ity were independent of the distance of separation.
These observations suggest there must be some partic-
ular property of aqueous solutions, which is most
pronounced at the metal–solution boundary and quickly
weakens with the distance from the boundary. Such a
property could be a spatial hydrogen-bonded network
(HBN) possessing an ice-like structure close to the metal
surface [17–33]. This supposition is based on the
following data:
1. a high electrical conductivity is obtained for ice at a

sufficiently high concentration of charge carriers
[17–20]. A similar situation could exist in liquid
provided that there is a sufficiently widely branched
and relatively ordered bonded network of similar
molecules involving hydroxyl groups and charac-
terized by short-range interactions;

2. high conductivities of solvents with a HBN [21–26]
to which water, but not alcohols, belong. Such a
bonded network is labile, stable against external ef-
fects, and able to transmit perturbations over the
whole volume [21–23]; and

3. a similar network can exist in the ordered layered
structure of water adsorbed on nonmetals, silver,
gold, and platinum [14, 30–32]. Such an the ice-like
structure of water on mercury [16] has been pre-
dicted theoretically in molecular dynamics simula-
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tions and discovered experimentally by several
independent in situ techniques [29–32].

The estimated thickness of such an ordered boundary
layer of adsorbed water varies from several nanometers
to microns [30]. However, most experimental works
indicate that this layer is about 1–1.2 nm, i.e., involves
four to five molecular layers of water [16, 30–32]. It is
worth noting that these layers are stable and exist long
enough that their in-layer density can be determined by
X-ray spectroscopy [31], and the structural modification
of ice (Ih) can be determined with the tunnel current
[16]. In both cases, the most intense signals were
obtained from the first monolayer of adsorbed water,
while the second, third, and fourth layers gave succes-
sively decreasing signals. The signal from the fifth layer
was indistinguishable. It is quite probable that the fifth
and subsequent ordered layers of water do exist, but
their high lability does not allow their experimental
detection.
Super fast proton transfer in ice is related to the

cooperative charge transfer and orientation of Bjerrum’s
defects, a process much more efficient than Grotthus’s
mechanism [19, 20]. This cooperative mechanism in
water should be still more effective; however, it will not
work until the spatial HBN forms. For instance, in solid
highwater hydrates of heteropolyacids, the electrical
conductivity reaches 0.17 W)1 cm)1 [20]. There is ‘pro-
tonic superconductivity’ in numerous biological systems
that have a capillary structure, in which adsorbed water
has an ordered structure [19]. As we know, such a
possibility has not been considered in the case of metals,
although, in this respect, there is no principal difference
between biological and metallic capillaries, and the
structure of water adsorbed on the latter is also likely to
be ordered due to the HBN formation [16, 28, 31].
The above facts and ideas suggest the following model

for electrical conductivity of aqueous solutions in
submicron gaps. Water layers adsorbed on contact
surfaces have an ice-like structure stabilized with hydro-
gen bonds. As the distance from the metal increases,
these layers become more and more labile. In the bulk
solution between contact surfaces, there are clustered
fragments of the spatial HBN [21–24], which can
reorient and align to the spatial structures existing near
each contact surface. The degree of such reorientation
may depend on the electric field intensity between the
electrodes. Thus, a labile structure of water molecules
forms. Its thickness may substantially exceed the thick-
ness of the two double layers associated with the
individual contact surfaces. The electrical conductivity
of such a structure will be close to the conductivity of ice
until the time of charge transfer (about 10)14–10)15 s
[17]) is noticeably smaller than the lifetime of the spatial
HBN. Consider some consequences that can be derived
from this model and its correlation with the experimen-
tal data.
1. In ethanol solutions, hydrogen-bonded chains for

prototronic charge transfer may form [18], but
cannot be joined in a spatial HBN [21]. According to

the model proposed, the CER of gold in pure alco-
hol should be determined primarily by the metallic
contact, as observed experimentally (Figure 6a).

2. The electrical conductivity of the solution layer be-
tween the contact surfaces should primarily depend
on the quality and extension of the spatial HBN
rather than on the nature and concentration of dis-
solved electrolytes. Thus, the ionic conductivity of
the solution should not play a decisive role, as ob-
served experimentally.

3. A high electrolyte concentration may decrease the
probability of formation, and hence the conductivity
of an HBN, since a substantial part of water mole-
cules will be engaged in the maintenance of solvation
shells around the ions, loses their mobility and
cannot effectively participate in the formation of a
spatial HBN. This is confirmed by the data in Fig-
ure 6b–d and the results [34, 35]. Using the tech-
nique of differential thermal analysis, the authors
[35] showed that there is no free water in LiCl
solutions at concentrations above 9.13 M. Typical
hydrogen ion hydrates include H5O2

+, H7O3
+, and

recently discovered H9O4
+ [34]. This means there is

practically no free water, which could be involved in
the formation of a spatial HBN, in 10 M sulfuric
acid solutions. In fact, the electrical conductivity of
gold contacts in 10 M lithium chloride and sulfuric
acid solutions is determined by the metal alone as in
ethanol.

3.4. External electric field effect

The appearance and stabilization of a labile HBN can be
promoted by the formation of several structured layers
of adsorbed water near each contact surface and the
existence of a potential difference between the elec-
trodes. To check this hypothesis, we carried out special
experiments on gold where the potential difference
between electrodes DE was varied from 10)6–2 �
10)2 V. Preliminary results indicate that changes in DE
within these limits do not affect the DRM curves of gold
in air.
In order to quantitatively treat the results, a deviation

(Dl) of each DRM curve measured in solution from the
reference curve in air was estimated. The data obtained
are shown in Figure 7. Despite a substantial scattering,
one can see that the anomalously high conductivity of
aqueous solutions in submicron gaps appears at
DE P 10)5 V and increases with an increase in DE up
to 10)3 V. This range corresponds to the electric field
intensity DE/Dl of 1–10 V cm)1. These data do not
contradict the supposition on the relation between the
formation of a labile spatial HBN in submicron gaps
and the potential difference between contact surfaces
and show that, at DE/Dl O 1 V cm)1, this network
spreads to a distance no larger than 10)5 cm from each
contact surface.
Quantum mechanical simulations [36, 37] showed

that, as the electric field intensity is increased to
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107–108 V cm)1, a phase transition of the order–disor-
der kind takes place, an ice-like water structure is
formed, and the proton-transfer energy barrier is
decreased or even levels off. Such local field fluctuations
can easily appear in aqueous solutions at room temper-
ature [37]. The role of the metal - solution boundaries,
which can promote the formation of HBN, was not
considered.
An accelerating effect of electric fields with an

intensity of 10)3–10)1 V cm)1 was experimentally dis-
covered during the growth of some biological systems in
water [38]. It is worth noting that biological processes
proceed typically in submicron cavities separated with
the cell walls and membranes where boundary surfaces
play a very important role [19, 38]. Probably, for this
reason, the field intensity determined in [38] is noticeably
closer to the data of our work than to calculated data
[36, 37]. There are experimental results [39, 40], by which
the field intensity sufficient for an accelerated proton
transfer and a water dipole reorientation, is 10–
100 V cm)1, which is also closer to our data than to
results [36, 37].

Conclusions

1. A 0.5–2 lm thick aqueous solution layer between
macro contacts was found to have a high enough
conductivity of nonionic nature. This is confirmed
by data on SCC of high-strength steels and on the
CER measurements.

2. Model has been proposed, by which the high elec-
trical conductivity of aqueous solutions in submi-
cron gaps is determined by the charge transfer along
the spatial hydrogen-bond network that forms under
the effect of a potential drop between contact sur-
faces. This model consistently accounts for experi-
mental results.

3. Concentrated aqueous solutions of salts and acids
are shown to have lower electrical conductivity in
narrow gaps as compared to dilute solutions. This is
related to the hydration of ions and the corre-
sponding decrease in the free water content able to
participate in the hydrogen-bond network.

4. The heightened electrical conductivity of alkaline
solutions in submicron gaps is typical for all the
studied electrodes in alkalis at a concentration of
above 1 M.

5. The anomalously high conductivity of aqueous
solutions in submicron gaps was shown to depend
on the voltage drop between contact surfaces DE. It
appears at DE P 10)5 V and increases with an in-
crease in DE up to 10)3 V.
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