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ABSTRACT: Here, we investigate the role of a dilute hydrophobic gas on
the phase behavior of water confined in hydrophobic nanopores. Molecular
dynamics showed that gas atoms are hydrophobically attracted within the
pores, where even a single particle is able to induce spontaneous drying of
the whole pore. The drying process is rationalized in terms of its free-energy
landscape, revealing that the penetration of a gas atom is able to suppress the
drying free-energy barriers of hydrophobic pores. Results provide insights
into the role of gases on the wettability of nanopores and evidence of a
possibile physical mechanism for the action of volatile anesthetics on some
kinds of ion channels. Results also indicate a novel, bioinspired strategy for
controlling bubble formation in nanopores for sensing and energy
applications.

The phase behavior of water in nanoscale pores is of
utmost importance for a number of phenomena in

biology and technology. Among the former, evidence is
growing that the functioning of ion channels (the gates of
cellular membranes) often relies on the evaporation of water
inside the pore which is able to block (gate) ionic currents
through it.1−6 In the realm of technology, nanoporous
materials are showing promise for a number of applications,7,8

including energy technologies ranging from mechanical energy
storage to its dissipation.9 Understanding how the physical and
chemical characteristics of nanopores determine their wetting/
drying conditions enables their rational design.10 At the
boundary between biology and technology, biomimetic
nanopores11−13 are emerging for sensing biomolecules14,15

and to sequence DNA.16 In brief, understanding and
controlling the phase behavior of water, or more generally, of
liquids, in extreme confinement has critical consequences on a
number of issues in biomedicine, (bio)nanotechnology, and
fundamental physics.17

Equilibrium microscopic density functional theory calcu-
lations have been used in the past to show that small
concentrations of homogeneously dissolved hydrophobic
gases3 energetically favor states in which vapor and gas occupy
the inner section of a hydrophobic nanopore (see also ref 18),
effectively rendering the channel non conductive to ionic
currents. In this regard, the effect of a hydrophobic dissolved
gas is not dissimilar from the effect of negative liquid pressures
or increased hydrophobicity and/or confinement. The present
scenario is important for a number of reasons, one being that
in many experiments dissolved gases are difficult to eliminate
and can thus cause unwanted drying, e.g., in solid-state
nanopores for sensing.2,19 This intriguing phenomenology is
also supposed to be related to the clinical usage of inert gases,

and in particular of noble gases such as xenon, as general
anesthetics. The modern understanding of general anesthesia
suggests that this complex phenomenon is mediated by a
number of molecular mechanisms,20 including the direct or
indirect action of gases on certain classes of ion channels.21

Interestingly, there is structural evidence of xenon binding to
the pore domain of pentameric ligand-gated channels,22 which
is compatible with the mechanism discussed below.
The goal of this work is to observe and rationalize the

microscopic mechanism of drying in the presence of a dilute
hydrophobic gas in order to achieve the much desired control
of bubble formation in nanoscale confines. The physical
mechanism identified here is general enough to provide a
possible explanation for the action of volatile anesthetics and
suggest bioinspired strategies for technological applications.
The current work leverages advanced molecular dynamics

(MD) simulations to reveal the mechanism and assess the
kinetics of drying in a nanopore in the presence of a single
hydrophobic atom. We consider a thought experiment in
which a gas is added in small quantities to the liquid phase far
from the nanopore. In this dilute regime, the effect of a single
particle on the wetting state of the pore is assessed by
computing the free-energy landscape for drying and the most
probable paths joining the fully wet to the dry states. It is
found that, in the absence of the particle, drying is a thermally
activated event characterized by a free-energy barrier larger
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than the thermal energy kBT. Surprisingly, we found that even
a single hydrophobic atom is able to abate the drying free-
energy barrier, causing the instantaneous drying of the
nanopore.
We consider a cylindrical pore with diameter 14 Å excavated

from an fcc Lennard-Jones crystal, Figure 1. The pore has a
length of 26 Å and is immersed in SPC/E water.23 While the
dimensions of the pore have been chosen in order to
approximately reproduce the typical size of the sections of
ion channels that exhibit gating,3 the interaction potential and
the structure are kept purposely generic as we aim at obtaining
an understanding of the overarching physical mechanics of
drying in the presence of gas particles. Water interactions with
the pore are of the Lennard-Jones kind, and the hydro-
phobicity of the surface is tuned by multiplying the attractive
term by a constant c = 0.98, rendering a Young contact angle
θY = 104° ± 2°; see the Supporting Information for details on
contact angle calculations. This value is chosen to be
comparable with the typical hydrophobicity of nonpolar
amminoacids.24 A less hydrophobic pore with θY = 93° is
also considered in order to demonstrate that the identified
mechanism is rather general and could apply to a variety of
biological and synthetic environments. A single argon particle

is added to water,a as defined by its Lennard-Jones interactions
with water and with the pore walls.25 As further discussed in
the Supporting Information, the chosen interaction makes this
particle poorly soluble (“hydrophobic”). We will sometimes
refer to this atom as “gas” to remember that we aim at
reproducing a specific experiment in which a poorly soluble gas
is added in the liquid phase; however, the following results also
apply to other scenarios in which a hydrophobic particle enters
a nanopore.
The pressure in the liquid phase is controlled by leaving a

free liquid−vapor interface at both ends of the simulation box
far from the nanopore; this procedure is used to accurately
produce liquid−vapor coexistence.26 The temperature is
controlled by a Nose−́Hoover chains thermostat.27 We refer
to the Supporting Information for a complete overview of the
setup and methods used in the simulations.
In order to illustrate the effect of the gas particle on the

wetting state of the nanopore, long, unrestrained MD
simulations are conducted, starting from configurations with
the gas atom in the liquid bulk far from the nanopore. In most
cases, the gas atom explores the bulk liquid region, yet a
number of realizations eventually exhibit the relevant
phenomenology; i.e., the gas particle approaches the solid

Figure 1. System used in MD simulations, comprising a solid wall from which a cylindrical pore is excavated. The solid is immersed in SPC/E
liquid water; an argon atom is added in the fluid domain (in red, larger than actual scale). The two descriptors used in RMD (axial gas coordinate
and number of water molecules inside a parallelepipedic domain enclosing the pore) are also defined.

Figure 2. (a) Density of water within the pore as a function of the radius from unrestrained MD simulations in the presence (black dashed line) or
in the absence of the gas atom (red solid line). The probability density function for the radial position of the gas atom is shown with a blue dash-
dotted line. Wall is located at r ≈ 7 Å. (b) Histogram of the number of water molecules inside the nanopore, N′H2O, with (black) and without (red)
the gas atom computed from unrestrained MD simulations in the wet state. The black curve is obtained from configurations in which the gas atom
is outside the pore; the red curve from configurations with the gas inside the pore (and before drying).
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domain and then enters the pore where it induces drying, as
shown in the Supporting Information video.
Poorly soluble gases are known28 to be attracted to flat

hydrophobic walls, where they minimally disrupt the water
structure. The more hydrophobic the interactions between the
liquid and the wall, the more the gas is attracted to the latter.
Gas solubility has a similar effect, with poorly soluble gases
preferentially concentrating at the walls. In addition to these
generic effects, the cylindrical geometry is here found to funnel
the gas inside the pore where it remains trapped for extended
periods of time. There, the atom preferentially resides close to
the wall, decreasing the local water densityb (Figure 2a).
MD simulations reveal an important qualitative effect

produced by the hydrophobic particle, associated with the
enhancement of water density fluctuations within the pore. As
the gas particle enters the pore, several intense fluctuations,
which deplete the local liquid density, are observed within the
pore (Figure 2b). It is seen that the presence of the gas atom
decreases the average water occupancy by four molecules,
more than expected from the size of argon alone. More

prominently, the tails of the distribution are amplified by the
presence of the gas atom, specifically those corresponding to
large density depletions. Indeed, these fluctuations culminate
in the drying of the pore, when a sufficiently large fluctuation
occurs; i.e., a “bubble” forms with size comparable to the pore
diameter (see the Supporting Information video). In short,
these simulations show that the gas atom has a double action:
it is hydrophobically attracted within the pore and there it
“catalyzes” drying by enhancing density fluctuations of water.
In order to rationalize the previous observations we

quantified the catalytic action of a gas particle and determined
the drying mechanism(s) by MD free-energy calculations. The
free-energy landscape for drying of the system in Figure 1 was
computed as a function of two descriptors: the position of the
gas atom projected on the pore axis, zgas, and the number of
water molecules inside a control region enclosing the pore,
NH2O (see Figure 1). These variables control the penetration of
gas particles into the pore and the wetting/drying process of
the pore. A rare-event method, Restrained Molecular
Dynamics,29 is used, which allows us to efficiently sample

Figure 3. (a) Free-energy map for the drying of the nanopore with θY = 104° as a function of the number of water molecules inside the control
region defined in Figure 1 and of the axial position of the argon atom. The nanopore is located at 0 < zgas < 26 Å; the pore entrance corresponds to
the white dotted line. The two paths discussed in the main text are shown; the related free-energy profiles are reported in (b) as a function of the
normalized arclength (same color code). (c) Free energy along analogous paths for the pore with θY = 93°. Primed letters indicate the four main
states of this pore. Error bars were estimated according to the procedures discussed in the Supporting Information. An arbitrary constant is added
to the free-energy so that it vanishes at states A and A′.
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even improbable regions of the phase space connected to free-
energy barriers; in brief, the method consists in adding
harmonic restraining potentials to the physical one, which
enable the computation of the partial derivatives of the free
energy; see the Supporting Information for details. The free-
energy landscape is then computed by integrating the free-
energy gradient in the two variables using a specialized
numerical technique, known as Global Least Squares
method.30

Figure 3a shows a color map of the two-dimensional free-
energy landscape. It is seen that two main horizontal “valleys”
are present: the uppermost corresponding to a pore filled with
water and the lowermost to an empty pore. This feature is in
agreement with previous studies of wetting/drying of nano-
pores.31 However, because of the presence of the gas particle,
these valleys descend from left to right, forming two plateaus,
corresponding to the argon atom outside and inside of the
pore, respectively. Except for some smooth decrease of the
free-energy in correspondence of the argon entering through
the cavity mouth, its translation inside the pore has no effect
on the free energy, which remains flat. Physically, this free-
energy landscape corresponds to a multistable system, with
four main states: filled pore/argon in the bulk (A), empty
pore/argon in the bulk (B), filled pore/argon in the pore (C),
and empty pore/argon in the pore (D). Due to the pore
hydrophobicity and to the extreme confinement, the filled
states are metastable; i.e., they have higher free energy than the
empty ones. When inside the pore, argon decreases the free
energy of both the empty and filled state by 5 and 3 kBT,
respectively: this is a quantification of its hydrophobic
attraction to the pore. The combined action of pore
hydrophobicity and of the presence of a hydrophobic gas
makes point D the global free-energy minimum, i.e., the
thermodynamically stable state.
The free-energy landscape of Figure 3a, allows us to discuss

the drying mechanisms. We consider an ideal experiment that
is started from the filled pore and in which a small
concentration of gas is added far from the pore; the final
state of this experiment is the thermodynamically stable state,
i.e., the empty pore with argon in it. This experiment
corresponds to finding a line joining points A and D in Figure
3a. The relevant path is the most probable one: the minimum
free-energy path. We use the simplified string method32 in
order to identify it. Actually, depending on the initial
conditions, more than one path that locally minimizes the
path free energy is possible; see for instance the drying paths in
a pore.33 We discuss here the two main paths relevant for this
system, i.e., one in which the pore empties and, subsequently,
the gas enters the pore (ABD, red) and one in which argon
enters the pore and then the pore empties (ACD, black); see
also Figure 3b reporting the free energies along these two
paths. The first path is characterized by a free-energy barrier of
ca. 2 kBT necessary to accomplish the initial emptying of the
pore; this barrier is connected to the free-energy cost of
forming a critical bubble.31 There is instead no barrier
associated with the entry of argon in the already empty pore.
Importantly, the second path has vanishingly small barriers
(0.6 kBT), with two extended plateaus corresponding to the
argon entering the pore and to its subsequent emptying: a
single hydrophobic atom is able to effectively suppress the
drying free-energy barrier, destabilizing the filled state.
In order to check the generality of gas-induced drying, we

also simulated a solid that is approximately neutral to wetting,

θY = 93° ± 2° (Figure 3c), where the relative thermodynamic
stability of the initial and final states of our experiment is
preserved. Similar results apply also to hydrophilic pores, for
which, however, the filled state is the stable one. We directly
computed the free energy along two paths analogous to those
in Figure 3a identified as A′C′D′ and A′B′D′. Interestingly, the
phenomenology remains qualitatively the same: the entry of
the gas in the wet pore accelerates drying as compared to the
case in which pore dewets first. The main quantitative
difference is that the drying barriers are generally higher, as
expected because of the less hydrophobic walls; gas decreases
the free-energy barriers from 8.7 to 4.6 kBT, even more
prominently than in the case with θY = 104°. As in the previous
case, there is no barrier for the entrance of the gas in the pore
both in the filled and in the empty states; the free-energy gain
for these events is 2 and 5 kBT, respectively; i.e., there is a
significant attraction of the gas inside the pore.
We are now in a position to discuss the generic physical

effect of diluted hydrophobic gases or hydrophobic particles on
the stability of confined liquid water. Due to their hydro-
phobicity, gas particles tend to migrate to interfaces, in
particular, inside the pore. There, gas particles enhance water
density fluctuations, acting as nucleation seeds at the walls
where they preferentially reside. This is precisely the location
at which critical nucleation bubbles form, due to the favorable
hydrophobic environment.31,34,35 Such gas-induced fluctua-
tions are thus synergic with the facilitated drying occurring in
hydrophobic nanopores, being capable of effectively decreasing
(and, for the highest hydrophobicity, suppressing) the free-
energy barrier.
Interestingly, the reported drying mechanism is in principle

independent of the gas concentration in the bulk, as it requires
only one hydrophobic atom. However, the initial plateaus in
the free-energy profiles in Figure 3 conceal the step of diffusion
of the gas to the pore, which depends on its bulk concentration
and is instrumental for gas-induced drying itself. One can thus
break down the overall kinetics of the process of gas-induced
drying in two main steps: diffusion to the pore and pore drying
itself. Under the reasonable hypothesis that the two processes
are independent, the average drying time is given by the sum of
the average times of the two processes. For the first, a steady-
state estimate of diffusion to a circular target exists,36 whereas
for the latter one expects an Eyring-like equation, yielding

π
= + ≈ + Δ

∞

†t t t
DC r

t F k T
1

4
exp( /( ))tot diff dry 0 B

(1)

where D is the diffusion coefficient of argon in water, C∞ is the
bulk gas concentration, r is the pore radius, t0 is a kinetic
prefactor, and ΔF† is the drying free-energy barrier in the
presence of gas. Using D = 3 × 10−5 cm2/s, C∞ = 15 mM, and
r = 7 Å, we get tdiff ≈ 8 ns. We estimate t0 ≈ 2 ns from the
unrestrained simulation. In the case of vanishing barrier (θY =
104°), tdry ≈ t0 and thus ttot ≈ 10 ns, with diffusion being
slightly slower than drying itself. For θY = 93°, instead, drying
becomes the kinetic bottleneck with tdry ≈ 25tdiff. The
concurrent presence of multiple gas particles in the nanopore
relevant at higher gas concentrations falls outside the scope of
this Letter and will be addressed in an upcoming work. Overall,
the gas changes the kinetics of drying, abating the free-energy
barriers, and also its thermodynamics, further stabilizing the
empty state.
In the context of general anesthesia, there is a century-old

empirical correlation between the anesthetic potency and the
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hydrophobicity of anesthetic gases: the so-called Meyer−
Overton correlation, whose traditional interpretation is that the
lipid bilayer is the likely location of anesthetic action.37 The
correlation applies at clinically relevant concentrations even for
noble gases, such as xenon, which typically have a low affinity
for biological targets.38 More recently, it has been recognized
that ion channels are the more likely target of general
anesthetics;37 in particular, it has been proposed that “inert”
anesthetics may block some ion channels via the hydrophobic
gating mechanism, i.e., by drying of the pore domain aided by
hydrophobic gases.3 Our simulations indeed support the
existence of such a gas-assisted gating mechanism in the
hydrophobic (or even neutral) portion of channels, the
hydrophobic gate,5 which occurs in a variety of ligand and
voltage gated channels of potential relevance for anesthesia.39

Given the generality of our model, the mechanism is
completely nonspecific, which would explain the variety of
hydrophobic gases that serve as general anesthetics. In
addition, the present results provide a tempting interpretation
on why the enhanced anesthetic potency correlates with the
hydrophobicity of the gas, i.e., because it increases the
attraction of the gas inside nanopores and accelerates the
hydrophobic gating process of ion channels.
In the light of the present results, one expects that the

presence of hydrophobic gases in a liquid can significantly
affect the wetting state of biomimetic artificial nanopores,
which is crucial, e.g., in nanotechnology applications. An
important case is nanopore sensing14 and sequencing, the latter
of which is already successfully employed for DNA.40 In such
applications, the formation of bubbles inside nanopores should
be avoided in order to lower the noise2,19 in the measurement
of ionic currents, from which the type of analyte, e.g., the
nucleotide, is determined. Current results suggest that, in order
to achieve a better sensitivity and reproducibility in nanopore
technologies, it is crucial to control the amount of gas
dissolved in the liquid during the experiment. In addition,
although hydrophobic gases always accelerate the formation of
bubbles, more hydrophilic pores are less prone to this
phenomenon and are thus preferable as templates for sensing.
Again, since the present results apply to a variety of nanopores
with different levels of hydrophobicity, the caveat applies both
to solid-state nanopores41 and to bioengineered pores.42

In other technological contexts, hydrophobic gases may
provide an opportunity to control the wetting state of
nanostructured surfaces, facilitating, for instance, the recovery
of superhydrophobic states.43 The findings hereby reported
may also have a significant impact in the domain of artificial
nanopore technology; e.g., they may be useful in energy
applications of nanoporous materials.44,45 In this latter field, it
is crucial to control the intrusion and extrusion pressures and
their hysteresis, determining the performance and applicability
of the devices. Adding a hydrophobic gas provides an efficient
way to facilitate liquid extrusion from nanopores, increasing
the extrusion pressure; on the other hand, the intrusion
process involves the advancement of the liquid front into the
pore, which is weakly affected by the presence of a gas particle
in the empty pore; therefore, the intrusion process is expected
to occur at similar pressures in the presence or in the absence
of gas. The presence of gas particles thus acts asymmetrically
on the intrusion and extrusion processes,3 with a greater
sensitivity for the extrusion process, leading to a decrease of
the intrusion/extrusion hysteresis. A more complete discussion

on the role of hydrostatic pressure and of the particle size is
deferred to future work.
In conclusion, molecular dynamics simulations have allowed

us to observe the peculiar physics of drying of nanopores
induced by hydrophobic particles dissolved in the liquid: gas
atoms are hydrophobically attracted inside the nanopore where
they increase water density fluctuations, promoting drying.
Free-energy calculations quantified this catalytic action and
exposed the generic mechanism by which the system
circumvents the usual drying path. For a variety of wall
wettabilities, ranging at least from hydrophobic to neutral, the
presence of a poorly soluble gas particle was shown to
effectively catalyze drying. Simulations further showed that
even extremely low gas concentrations can achieve this effect
(in principle, even a single hydrophobic particle) in very rapid
time scales. These results reveal a new route to control the
wetting and drying processes in extreme confinement, with
important applications in the field of general anesthetics,
nanopore sensing, nanoporous material for energy applications,
and superhydrophobic surfaces.
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■ ADDITIONAL NOTES
aConsidering one argon atom dissolved in the volume of one
liquid reservoir, the resulting argon concentration is c ≈ 15
mM.
bThe local concentration of argon in the filled pore reaches the
much higher value of 415 mM, having used 14 Å for the pore
diameter and 26 Å for the height.
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