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nvestigation and utilization of hydro-

phobic surfaces for various applications

has gained a new momentum recently.
Hydrophobicity is a fundamental property
that controls interactions between non-
polar substances and water. These interac-
tions in turn are responsible for numerous
physical and biophysical phenomena. Hy-
drophobicity has been studied extensively,
but many aspects are still not well under-
stood. Strong attraction between water
molecules due to hydrogen bonding makes
their interaction with nonpolar substances
unfavorable. Poor wetting of a hydrophobic
surface by water can be observed experi-
mentally as a large contact angle between
a water droplet and the surface.

Recent development of nanometer scale
systems and their applications in the bio-
logical, chemical, and physical sciences in-
creasingly emphasizes the importance of in-
terfaces: the smaller the object size, the
greater its surface-to-volume ratio. What
could have been an insignificant annoy-
ance in the macroscopic and even micro-
scopic systems can no longer be ignored on
the nanoscale. Behavior of a liquid near the
solid surface is substantially different from
that in the bulk and is affected by confine-
ment of liquid in nanosized voids. Water at
a hydrophilic surface was predicted by com-
puter simulation to have a higher density
than in the bulk," while near hydrophobic
surfaces, a thin layer of low-density water is
expected.'® Another striking theoretical
prediction is that water confined between
two hydrophobic surfaces or in a hydropho-
bic pore is supposed to spontaneously
evaporate when the size of the pore is suffi-
ciently small 37> Since the phenomenon is
important fundamentally as well as to vari-
ous applications such as electrowetting®
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ABSTRACT Wetting and drying of hydrophobic pores with diameters lower than 0.2 um by aqueous solutions

at different hydrostatic pressures is investigated by measuring the ionic conductance variation through the

nanopores. The critical pressure for water intrusion into the nanopores increases with lowering the pore diameter

and the surface tension of the hydrophobic modification, in agreement with the Laplace equation. Nevertheless,

restoring the pressure to the atmospheric one does not result in spontaneous pore dewetting unless bubbles are

left inside the pores. Such bubbles can appear at the regions of narrowing cross section and/or varying quality of

the hydrophobic modification and thus can be engineered to control water expulsion.

KEYWORDS: hydrophobicity - ionic conductance - nanopores - spontaneous

dewetting

and sensors,” it is essential to identify the
conditions when spontaneous evaporation
can occur.

Similarly to the interior of biological
membranes, artificial membranes can be
made hydrophobic and impermeable to
water and dissolved in it ions. Moreover,
the hydrophobic surface can be also made
responsive to various stimuli that switch its
surface tension’° and turn the membrane
into an artificial mediator for transport of
ions and other species. In living organisms,
such transfer across the membrane is selec-
tive and controls a variety of metabolic
and signaling purposes, such as nerve im-
pulses generated by the controlled release
of ions across the membranes. Mimicking
biological channels using synthetic nano-
pores is a challenging scientific problem
with possible applications in medicine, ma-
terials science, fuel cells, analytical chemis-
try, and sensors. We recently showed that
such switching can be initiated by light in
the membrane’s surface of which is modi-
fied by a mixed monolayer of hydrophobic
molecules and photochromic spiropyrané or
by pH in hydrophobic membranes with
amino or carboxyl groups.’® In order to have
a full control of the nanopore wetting, one
desires to have the switching capability in
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Figure 1. Four types of hydrophobic surface modifications
used in this study with their labels. The first two (SiH16 and
SiH2F6) were obtained using toluene solutions of hexadecyl-
trimethoxysilane and 1H,1H,2H,2H-perfluoro-
octyltrichlorosilane, respectively. The last two (SiNH9 and
SiNH2F8) were obtained in two steps: first “amination” us-
ing aminopropyl trimethoxysilane in toluene, and then reac-
tion with either decanoic acid or fluoroundecanoic acid us-
ing EDC coupling reagent in ethanol. For simplicity, Si atoms
are drawn connected to the surface via a single Si—0O bond;
the remaining two bonds are presented as hydroxyls, but at
high densities, most neighboring silanes form lateral
Si—O0—Sibonds.

both directions, from dry to wet and in reverse. The re-
verse transition is what we address in this paper.

Here we describe the investigation of spontaneous
dewetting in hydrophobic nanoporous membrane fil-
ters using electrical impedance measurements. Under-
standing this phenomenon should provide insight into
the behavior of hydrophobic nanopores and offers
practical implications for utilization of natural and artifi-
cial systems with tailored responsive hydrophobic/
hydrophilic surface properties. We demonstrate that
spontaneous dewetting of hydrophobic nanopores can
occur only when the pores are not completely filled
with water/electrolyte. When monitored electrically, the
effect appears as a significant but incomplete recovery
of the ionic resistance through membrane after dewet-
ting. No recovery of the resistance is observed when the
pores are filled with water completely. The incomplete
recovery is due in part to hysteresis of the surface
conductance.

RESULTS AND DISCUSSION

The membranes were modified with aliphatic and
fluorinated silanes, as shown in Figure 1 and described
in Materials and Methods, to make them highly hydro-
phobic. An apparent contact angle for a small water
drop (in the sessile technique) is greater than 140° for
all of them. Despite no electrolyte intrusion into the
membrane at ambient external pressure, membranes
have very low but measurable conductance that de-
pends on the modifier and not on the electrolyte con-
centration or its pH."> Membranes with these hydropho-
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bic modifiers show very high resistance, greater than 1
MQ, and remain superhydrophobic for indistinguish-
ably long time if left in electrolyte. Their resistance var-
ies in the following order: SiH16 > SiNH2F8 > SiNH9,
which was discussed previously,'® and is due to surface
conductance from ionizable groups below the hydro-
phobic monolayer. Residual hydroxyls on alumina sur-
face and on silanes as well as amines and amides of the
linkers contribute to that surface conductance. Their hy-
dration and the resulting conductance were found to
slightly increase over time, which is also related to hys-
teresis of the contact angle. Autoionization of residual
water bound on the surface contributes to the effect, as
well.

The fact that the resistance is not infinite allows
one to use it for monitoring the extent of water/electro-
lyte intrusion into the pores. In a simple model that we
previously discussed,' the resistance of a single pore
with constant diameter, D, and length L, is given by

L

R = RSJ'L_D

pore

M

where R; is the sheet resistance of the hydrophobic
monolayer. If the pore is partially filled with electrolyte,
the resistance of that portion is insignificant (by many
orders of magnitude) as compared to the surface wall
resistance of the “dry” portion. Thus one can still use eq
1 in this case with L referring to the length of the dry
portion.

The equilibrium of forces at a water—gas interface
in a nanopore can be described by balancing the pres-
sure difference with the capillary force:

AP=P

ext

- Pin =
where r; and r; are the curvatures of meniscus at the
pore mouth, P, is the external pressure on the outside
of the membrane, and Py, is the pressure inside the
pore. By virtue of how the cell is prepared in our experi-
ments, P;, always equals the vapor pressure of water,
Pin = Pyap (~23 Torr at 25 °C). The surface tension differ-
ence, Ay, between the wall/vapor, yw., and wall/liquid,
ywi, interfaces relates to the surface tension of the free
liquid—vapor interface, vy, and the contact angle, 6, on
the surface via the Young equation:

Yw = Y COs 0 (3)

Ay =y, —

For a hydrophilic surface (6 < 90°), the equilibrium in
eq 2 cannot be sustained at any external pressure (since
Pext = Puap) and water fills up the pore. For a hydropho-
bic surface (6 > 90°), the pore remains dry until the ex-
ternal pressure reaches its critical value, which is de-
pendent on Ay and the pore cross section. The latter
can be mimicked as an ellipse with the two diameters,
D; and D,, which become identical for a perfectly cylin-
drical pore D = D; = D,. The critical pressure for
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nanometer-sized pores is usually much higher than
the water vapor pressure, which allows neglecting P,
in eq 2. The pressure, AP, at which water is capable of
intruding into the pores'®

P, = AP, = —2vy cos Ga(;—1 + Dlz) (4)
is quite large even for the largest pores in our study. In-
deed, for uniform diameter D = 0.2 um and hydropho-
bic modification of a modest advancing contact angle
of 6, ~ 105° (i.e., |Ay| ~ 19 mN/m), the critical pressure
is AP, ~ 3.8 bar. Simple electrolytes, such as KCl used
here, have minimal effect on the surface tension. Ac-
cording to ref 16, 1.0 M KCl solution has vy only insignifi-
cantly increased from 72 to 74 mN/m. Thus, the out-
come of measurements with 1.0 M KCl can be
presumed to hold almost identically to such with pure
water.

The pores in the membrane are not identical; they
vary in the quality of coverage (i.e., different Ay) and
the pore diameter that fluctuates not only between the
pores but likely within the pore as well, as is illustrated
by Figure 2. From SEM images, “0.2 um” Whatman
membranes have an average 213 nm diameter on one
side and 114 nm on the other side." From the porome-
try measurements,'’ one side of these membranes has
pore diameters, D, ranging from 122 to 256 nm (with
143 nm at 50% level) and another side from 130 to 178
nm (with 152 nm at 50% level). As a result, the water in-
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Figure 2. lllustration of different pore morphologies in a
membrane with hydrophobic modification and their re-
sponse to hydrostatic pressure of water (blue) that is insuffi-
cient to intrude into pores of a too small diameter (I) but
penetrates through large pores (ll). Pores with variable di-
ameter (Il and IV) have incomplete water penetration. Type
Il has uncontrolled (unintentional) diameter variation, while
type IV is often realized for alumina membranes that are
not “perfectly open” after their construction using anodiza-
tion of Al. Type V represents the geometry of commercial
0.02 um membranes from Whatman, where the 0.02 pm
portion is only 1 um deep on one side of the membrane and
its remaining 59 pum of thickness has pores with the nomi-
nal 0.2 pm diameter."
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trusion into the membrane happens not at a single
pressure but over a range of pressures.

Figure 3 demonstrates the variation of the resis-
tance as a function of pressure for the two types of com-
mercial membranes, 0.2 and 0.02 wm, with two types
of hydrophobic surface modifications. Comparison of
0.2 pum membranes with SiH16 and SiNH2F8 modifica-
tions reveals that both demonstrate a broad range of
pressures when water intrudes into the membrane and
causes the resistance to decline. The ratio of the high-
est to the lowest pressure is roughly a factor of 2, in
agreement with the pore diameter distribution.'” At the
same time, the SiINH2F8-modified membrane requires
almost twice as much pressure to become totally open,
more than 12 bar versus just 7 bar for the SiH16 mem-
brane. These values are in a good agreement with the
contact angles on flat surfaces of 6, ~ 105 and 120° for
surfaces modified with SiH16 and SiNH2F8, respec-
tively, and the pore diameter ca. 120 nm is the small-
est pore diameter for such membranes.” Incidentally,
the low limit pressures in both cases are roughly half
the highest value, in agreement with the higher end
values in the pore diameter distribution (ca. 250 nm).

After reaching the critical pressure, when the mem-
brane resistance equals the value corresponding to it
being filled with electrolyte (ca. 17 (), the resistance re-
mains this low even after the pressure is reduced to
the atmospheric one. This is a relatively well-
understood situation,® where spontaneous dewetting
of hydrophobically modified nanopores is kinetically
unfeasible despite the significant thermodynamic ad-
vantage. A high activation barrier makes such a transi-
tion kinetically impossible for the nanopore diameters
greater than D > 10 nm. The transition state requires
formation of a bubble inside the pore, which defines a
large activation barrier, AQ*. From the standard capil-
lary theory, the latter can be estimated by analyzing the
grand potential variation, A(), upon creation of a va-
por bubble of volume V4, that has a surface area Ssy in
contact with the walls and S,y area of the liquid/vapor
interface:'”18

AQ = VAP + Sy, + Seulvs, — va) = WAP +
Sy T Sqycos0  (5)

The two types of transition states, a cylindrically sym-
metric annular doughnut-like void and a bubble on the
wall, have similar activation barriers that scale approxi-
mately as the pore diameter squared, D:"”

AQ" = yDXA + BY) (6)

The dimensional parameter 8 = DAP/4 is an effective
measure of the relative contributions from the surface
tension and the vapor expansion terms. The coefficients
A and B differ for the two cases of transition states and
depend on the contact angle, but both are on the order
of unity (actually, they are less than 1'7). Equation 6 sug-
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Figure 3. Variation of the impedance at 100 Hz with hydrostatic pressure for commercial 0.2 and 0.02 um membranes
modified with SiINH2F8 and SiH16. Arrows indicate the points when pressure was increased (up) to a designated value in
bars and decreased (down) to the atmospheric pressure, respectively. (A) 0.2 um membrane modified with SiH16. Pressure
steps are 0.7 bar starting with 4.3 bar. (B) 0.02 um membrane modified with SiH16. Pressure steps are 0.7 bar (from 2.9 to 8.5
bar) and 1.5 bar (from 8.5 to 16.0 bar). Every step of the pressure increase is followed by discharge to the atmospheric pres-
sure (~0.9 bar). (C,D) 0.2 and 0.02 pm membranes modified with SINH2F8.

gests that for D ~150 nm the activation barrier is ex-
tremely high, AQ* >10° k3T, and bubbles cannot spon-
taneously form in a reasonable time. Even for D ~ 20
nm, the barrier is too high, AQ# > 2 X 10* kgT. Addi-
tional contribution to AQ* in eq 5 from line tension that
is proportional to the length of the three phase separa-
tion line can somewhat lower' AQ#, but it would still
be insufficient to increase the probability of bubble for-
mation to a measurable value for the pores of D > 10
nm.

The situation at intermediate pressures is less obvi-
ous. When the applied pressure is restored down to
the atmospheric one, the membrane resistance par-
tially recovers. The extent of this recovery is negligible
with SiH16 modifier (Figure 3A), but it can reach as
much as 15% with SiNH2F8 (Figure 3B) at pressures
near 8—9 bar, which correspond to the maximum in
the pore distribution by diameters (~150 nm). Distribu-
tion of pore diameters causes water intrusion at differ-
ent pressures, and the type of this distribution affects
the manner in how it proceeds. Uneven pore diameter
also affects the recovery after the external pressure
drops to the atmospheric one. If the pores are perfect
cylinders but of different diameters, then they should
be entirely filled with water as soon as the critical pres-
sure of eq 4 is reached. Large pores are filled first and
the smallest pores last, as illustrated by cases | and Il in
Figure 2. Pores entirely filled with water do not dry out
after the pressure is dropped back to the atmospheric
one due to the above mentioned large activation
barrier.

A pore with variable diameter (such as in the cases
Il and IV of Figure 2), say from Dy t0 Dinax, Mmay end
up at a pressure that exceeds the critical P, for Dy, but
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too low for penetrating into the narrowing of Dp,. The
electrical resistance of the pore at such pressure would
significantly decrease in accordance with a shorter va-
por gap but would still be large since the conductance
through the gap portion is very small. This vapor gap
helps in spontaneous pore dewetting after releasing
the pressure. Water is pushed out of the pore by the
surface tension at the interface with vapor and the walls
as long as the contact angle with the surface stays
above 90°. For high-quality surface modifications, the
contact angle remains almost unaffected by history of
its exposure, but for rough and/or inhomogeneous sur-
faces, the hysteresis of the contact angle (the differ-
ence between the advancing, 6,, and receding, 6,,
angles) can be as high as 10—15°. For aliphatic surface
modifiers, it can cause the receding contact angle to fall
below 90°, that is, when spontaneous dewetting would
not be possible for cylindrical pores. The receding con-
tact angle for fluorinated surfaces, even with large hys-
teresis, remains above 90°, which can explain the differ-
ence in behavior of SINH2F8 and SiH16 0.2 pm
membranes. Inhomogeneity of hydrophobic surface
modification broadens the distribution of critical pres-
sures P, and the extent of recovery after the pressure
release.

Besides the narrowing in the pores, such as in the
case lll, other imperfections can also appear during
membrane preparation. The pores grown by anodiza-
tion of metallic Al foil are sealed on one side and need
additional chemical (with phosphoric acid), electro-
chemical (changing the anodization voltage at the end),
mechanical (polishing), or a combination of such means
to eliminate the oxide barrier on one side, that is, to
make them opened. Depending on the process, the re-
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sulting diameters can vary significantly, and for What-
man 0.2 um membranes, it was shown to have differ-
ent distributions of diameters on the two sides of the
membranes.'

To confirm the interpretation and further illustrate
the importance of bubbles for spontaneous dewetting
of pores filled with water, we repeated experiments
with the homemade membranes of the nominal pore
diameter 70 nm and with 0.02 wm membranes from
Whatman (Figures 3B,D and 4). Smaller pore diameters
translate into larger pressures required for water intru-
sion, and a narrower distribution by diameters should
similarly correspond to a narrower range of critical
pressures.

Homemade membranes have been prepared under
much better controlled conditions, which results in a
more circular shape of the pores and a narrower distri-
bution of their diameters, around 70 nm. However, the
way the pores were “opened” (by the phosphoric acid
treatment) could likely cause their uneven widening
from the original 50 nm diameter (before the treat-
ment) to 70 nm.

The smaller pore diameters of 70 nm indeed result
in a larger pressure for complete water intrusion, al-
most by a factor of 2 (see Figure 4), in agreement with
the factor of 2 in the diameter decrease as compared
with the 0.2 um membrane. The narrower distribution
of pore diameters in the homemade 70 nm membrane
modified with SiINH2F8 also illustrates a significant nar-
rowing of the critical pressure range, as compared with
0.2 wm membranes. As seen in the logarithmic plot of
the inset of Figure 4, less than 0.1% of the pores are
filled with water before the last step of pressure in-
crease, which is a remarkably narrow distribution as
compared to that of the 0.2 wm membrane. Additional
breadth to both distributions is brought by the non-
uniformity of surface modification, which results in a
distribution of surface energies (contact angles). Note
that the resistance recovery upon pressure dropping is
similarly smaller for the homemade membrane.

The so-called 0.02 pum membranes from Whatman
actually have the same ~150 nm (0.2 pm nominal) di-
ameter throughout 59 pum of their total 60 wm thick-
ness, and only the remaining 1 m on one side has the
nominal diameter 0.02 pum, as was previously de-
scribed' and is sketched as the case V in Figure 2. It is
not as important in this case that the 0.02 pm side has
a broad distribution of the pore diameters with the av-
erage diameter exceeding 20 nm, but it is essential that
these pores are noticeably smaller and connected with
0.2 wm pores. The difference in diameters assures the
existence of a wide range of pressures when water can
intrude only into the 0.2 pum part and leave the 0.02 pm
side dry. It also means that the condition when pores
should be able to spontaneously dry out upon release
of excess pressure can be satisfied.

www.acsnano.org
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Figure 4. Pressure dependence of the conductance for hydrophobic
membranes of Figure 3 and for the fluorinated 70 nm pore diameter
membrane. Two points for each pressure represent values at that pres-
sure (filled) and after its releasing back to the atmospheric one
(empty). Squares illustrate the 0.2 um membrane, triangles the 0.02
rm membrane, and circles —70 nm. The bottom inset shows the same
graph in linear scale. The top inset illustrates the labeling of resis-
tances using a portion of the graph in of Figure 3D: when the pres-
sure is applied (10.6 bar in this case), R,,, and upon recovery to the at-
mospheric pressure, Ros.

Figures 3 and 4 confirm that the 0.02 pm mem-
brane with SiINH2F8 modification does require very
high pressure for complete water intrusion. Even the
highest experimentally available pressure of 23 bar is
not sufficient to achieve total wetting of the membrane.
A noticeable change of resistances is observed in a
broader range of pressures, as expected for a much
broader distribution of pore diameters. More notice-
able is significantly improved resistance recovery, espe-
cially in the range of pressures below 11 bar, where it
reaches up to 70%. Since now the pore diameter varia-
tion resembles that of the case V in Figure 2, water does
not occupy the pores completely upon intrusion, and
the remaining bubbles ensure the expulsion of water
(i.e., spontaneous dewetting).

Even in these 0.02 pum membranes, the resistance re-
covery is never 100% because of a number of reasons.
First, the contact angle hysteresis is always present, as
discussed above: the receding angle can be smaller
than the advancing one. Some pores with non-uniform
diameter and varying quality of the surface modifica-
tion do not have sufficient surface tension to effectively
expel water. It is unlikely that this effect contributes sig-
nificantly because of a dramatic change in the pres-
sure between the intrusion and extrusion events and al-
most an order of magnitude difference in the pore
diameters. Second, a hysteresis of surface conductance
is similarly present: the sheet resistance, R, in eq 1
strongly depends on the density of residual ionizable
groups on the surface beneath the hydrophobic layer
and was shown to be affected by exposure to water.'
Third, the processes of water intrusion and expulsion
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are not isothermal under our experimental conditions.
The membrane resistance in both processes ap-
proaches a saturation value very slowly (Figure 3). Wa-
ter intrusion is an exothermal process because of the
work done against the surface tension and condensa-
tion of excess water vapor, but more significantly, pres-
surization of the vessel by gas is also increasing temper-
ature in the chamber. The temperature change needs
a significant time to equilibrate with surroundings,
which would be seen as a slow component in the resis-
tance decline following the initial sharp drop. The dura-
tion of this slow component obviously depends on the
change in temperature and the geometry of the cell
and the pressurizing chamber. Similarly, the dewetting
process is endothermic and is accompanied by the local
temperature decline, but the temperature drop due to
the nitrogen gas expulsion from the pressure chamber
leads to a stronger cooling. As a result, the resistance re-
covery via warming up is slow, as well.

Phenomena similar to those of spontaneous dewet-
ting discussed here are also of importance in design-
ing superhydrophobic/oleophobic surfaces. Combina-
tion of the effects of microscopic pockets of air trapped
beneath the liquid droplets and the texture of spe-
cially engineered surfaces can provide high contact

MATERIALS AND METHODS

All chemicals used in this work were obtained from Sigma-
Aldrich (St Louis, MO) and were used as received.

Three types of free-standing nanoporous alumina mem-
branes were used in this study: commercial “Anodisc” from
Whatman (Whatman, Florham Park, NJ) with the nominal 0.2 or
0.02 wm diameter pores (60 wm thick)''~'* and the homemade
60 pm thick membranes with 70 nm diameter pores. The latter
were prepared using a previously described procedure' that
consists of anodization of cleaned and electropolished Al foil
(99.9%, Alfa Aesar, Ward Hill, MA) in oxalic acid at 5 °C and 40 V
followed by dissolution of Al substrate in CuCl, and pore open-
ing/widening in 1 M phosphoric acid at room temperature for 30
min. The membranes were rendered highly hydrophobic using
four different modifications (shown in Figure 1), as previously de-
scribed.” In the first scheme, the membrane surface was di-
rectly silanized with hexadecyltriethoxysilane from toluene solu-
tion (overnight); in the second scheme, the membrane surface
was also directly silanized with 1H,1H,2H,2H-
perfluorooctyltrichlorosilane from toluene solution, also over-
night. We will label such membranes as SiH16 and SiH2F6, re-
spectively (see Figure 1). In both cases, the treatment was con-
cluded by thorough washing in ethanol and overnight baking at
120 °C. In the other two schemes, the membrane was first ami-
nated using 3-aminopropyl trimethoxysilane and then carboxy-
lic acid ends of either decanoic acid or 2H,2H,3H,3H-
perfluoroundecanoic acid were coupled to the surface-bound
amino groups using EDC coupling reagent 1-ethyl-3-(3-
(dimethylamino)propyl)carbodiimide.'* We will label such mem-
branes as SiINH9 and SiNH2F8, respectively (see Figure 1). The
density of bound to the membrane surface monolayers was
monitored by IR absorbance. The data will be presented only
for SiH16 and SiNH2F8 modifications because others showed in-
ferior electrical resistance properties compared to these two.”

The electrical impedance due to ionic conductance through
the membranes was measured in a homemade two-electrode
electrochemical cell'® using a CH 604B electrochemical worksta-

angles with low hysteresis for liquids with greatly vary-
ing surface tension.2%?' In such engineered textures, it is
similarly important to have incomplete surface wetting
to efficiently support metastable composite
solid—liquid—air interfaces.

CONCLUSIONS

We experimentally confirm that long hydrophobic
nanopores allow water intrusion under a sufficiently
high hydrostatic pressure, the critical value of which de-
pends on the pore diameter and the type/quality of
the hydrophobic modification. At the same time, restor-
ing the pressure to the atmospheric one results in spon-
taneous dewetting only when a bubble of vapor is left
inside the pore. Such bubbles appear at the regions of
narrowing cross section and/or varying quality of the
hydrophobic modification and thus can be engineered
to control water expulsion. The ionic resistance through
the membranes correspondingly demonstrates dra-
matic changes accompanying these events of electro-
lyte entering and leaving the pores. The total resistance
change spans in excess of 6 orders of magnitude. Re-
covery of the resistance to the original high value is al-
ways less than 100%, which, in addition to the men-
tioned effects, is due to hysteresis in the conductance
of hydrophobic walls after wetting and drying.

tion (from CH Instruments Inc., Austin, TX). The membrane forms
a barrier between the two halves of the cell containing de-
gassed 1.0 M potassium chloride in water at pH 7. Two Ag/AgCl
electrodes were in close proximity to the membrane, and a low
voltage (5 mV) was employed for AC impedance measurements.
The open area of the membranes was 0.25 cm? that resulted in
the resistance of ~17 () with unmodified membrane in 1.0 M KCl;
that is, this is the minimum measurable resistance or the “cell re-
sistance” under the experimental conditions. The impedance
variation with pressure was monitored at 100 Hz. At this fre-
quency, the capacitive contribution to the impedance is mini-
mal. In order to maintain reproducible environment, the cell was
first degassed using a water pump and a similarly degassed so-
lution was introduced independently into the both cell compart-
ments by suction. Two 1/8 in. o.d. Tygon tubes were left con-
nected to each side of the cell and filled with electrolyte up to
the length of 50 cm. Since gas diffusion through such a long dis-
tance is incredibly slow, applying pressure to this assembly
hydrostatically with a gas precludes its penetration into the
membrane, leaving only electrolyte and water vapor. This assem-
bly was placed inside a homemade stainless steel high-pressure
chamber with electrical feed-through contacts for connecting
the electrodes to the workstation. The pressure inside the cham-
ber was supplied by nitrogen gas from a tank connected via a
high-pressure manometer. The maximum controlled pressure
was limited by the pressure reductor not to exceed 23 bar above
the atmospheric one.
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