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REVIEW

Bubble formation in nanopores: a matter of 
hydrophobicity, geometry, and size
Alberto Giacomello a and Roland Roth b

aDipartimento di Ingegneria Meccanica e Aerospaziale, Sapienza Università Di Roma, Rome, Italy; 
bInstitut Für Theoretische Physik, Eberhard Karls Universität Tübingen, Tübingen, Germany

ABSTRACT
This review focuses on the phase behaviour of liquids in nanos
cale confinement, which promotes drying by a combination of 
hydrophobicity, small size, and high degree of confinement. In 
these conditions, the vapour phase can form at exceptionally 
large pressures or low temperatures as compared to bulk vapor
isation, giving rise to the unexpected formation of bubbles. 
A general framework is introduced which allows to understand 
the main effects of confinement on the thermodynamics and on 
the kinetics of drying. The relevance of such phenomena is 
discussed in the realm of biological nanopores, specifically ion 
channels, and in nanoporous materials. The emergence of 
nanoscale effects not accounted for in macroscopic theories is 
discussed together with the open challenges in this rapidly 
expanding field.
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1. Introduction

The energetic cost of forming a vapour bubble inside pure liquid bulk water 
at ambient conditions is so large that this process is effectively precluded. 
However, this process routinely occurs and plays a crucial role in a number 
of fields including engineering, biology, and material science. What is the 
origin of this seeming conundrum? In this review we discuss how drying, i.e. 
the formation of a vapour phase starting from the liquid one, can be 
dramatically favoured by nanoscale confinement; in particular, we focus 
on liquids in nanopores. We show that drying crucially depends on the 
hydrophobicity, on the geometry, and on the characteristic size of the 
confinement. Such effects are of central relevance for a wealth of biological 
phenomena which naturally occur at the nanoscale and for a number of 
engineering and nanotechnology applications.

It has been long known that the presence of impurities can dramatically 
expedite the formation of vapour bubbles, for instance, giving rise to 
cavitation – a dangerous phenomenon in many engineering applications 
[1,2]. Such impurities may be small particles present in the fluid or extended 
surfaces with asperities and/or chemical heterogeneities [3]. Recently, 
research has focused on what happens when the characteristic size or 
distance of solid surfaces are of nanometre size or less, i.e. when confine
ment is extreme. In these conditions, the liquid between two hydrophobic 
surfaces can undergo drying, causing an attractive force between them. In 
biology, this gives rise to the so-called hydrophobic effect in which two 
hydrophobic particles attract at long range, up to few nanometres [4–7]; this 
effect plays an important role in protein folding [8], molecular recognition 
[9], and, more in general, in protein and membrane assembly [10,11]. 
Fundamental studies have considered the phase behaviour of liquids in 
confinement finding that drying can be significantly favoured in nanoscale 
enclosures [12–17]. In particular, recent works tried to explain in terms of 
line tension the modified drying rates measured in theory [18], simulations 
[19–21], or experiments [22]. In technology, nanoscale confinement has 
been recently proposed as a means to create superhydrophobic surfaces 
capable of passively restoring the ‘dry’ superhydrophobic state after wetting 
has occurred [23–27].

The case of nanopores on which this short review is focused is particu
larly relevant in biology, as hundreds of different transmembrane proteins 
have this approximate shape and are often hydrophobic. An important 
example is that of ion channels, which constitute the gates of cells, through 
which the selective transport of ions across the hydrophobic cellular mem
brane occurs [28]; given that these channels have characteristic size ranging 
from 2 to a fraction of a nanometre and are typically hydrophobic, complete 
drying of the pore may occur interrupting the ionic current – this gating 

2 A. GIACOMELLO AND R. ROTH



mechanism is known under the name of hydrophobic or ‘bubble’ gating 
[29–36].1 Other examples of biological hydrophobic nanopores in which 
drying may occur include lipids ion channels [37,38] and other biological 
channels engineered for nanopore sensing [39–41].

Drying may also occur in non-biological nanopores; an important exam
ple is hydrophobic nanoporous materials: when immersed in liquid water, 
due to the extreme confinement, drying within the pores can occur at 
pressures as large as tens of megapascals [22,42]. Wetting of these pores 
occurs at pressures which are larger than (or, in some cases, equal to) the 
drying one [43,44]. The value of the wetting and drying pressures depends 
on the geometry, chemistry, and size of the material [21,45]. Exploiting 
wetting/drying cycles, systems composed of a liquid and a lyophobic nano
porous material – the so-called heterogeneous lyophobic systems (HLS) – 
have been proposed in various technological applications, because of their 
ability to store mechanical energy in the form of surface energy [21,45–48]. 
When the wetting and drying pressures are much different, HLS can instead 
be used to damp energy, e.g. mechanical vibrations [49–51]. Furthermore, 
drying in nanopores is central in a number of nanotechnological applica
tions including nanofluidics [52], nanopipettes [53], solid-state nanopores 
for sensing [54,55], engineering nanopores capable of gating [56,57], nano
pore membranes [58,59], including for water desalination [60,61], nano
fluidic channels [62], and carbon nanotubes [63].

Experiments on drying of nanoscale cavities are complex, due to the 
difficulty of concurrently characterising the cavity geometry, its surface 
characteristics, and its wetting state. More fundamentally, at the nanometre 
scale, the scale separation between the confining surfaces and liquid parti
cles decreases and careful definitions of surfaces and volumes are needed in 
order to be able to interpret experiments. In this context, the synergy of 
experiments, theory, and simulation becomes a necessity, because, as dis
cussed in this review, these tools provide complementary pieces of informa
tion needed in order to construct a picture of the phase behaviour of 
nanoconfined fluids. Checco et al. [64] used small-angle X-ray scattering 
in order to characterise the wetting of superhydrophobic surfaces upon 
varying pressure; the characteristic dimensions of the regular textures 
were of tens of nanometers and only partial drying was observed in some 
textures. In order to investigate drying in even smaller confines, monodis
perse nanoporous materials proved a more convenient system, as the mea
surement can be done on an ensemble of pores [42,65]. Such benchmark 
systems will be considered in some detail because they allow to test the 
limits of available theories at the nanoscale. In the case of biological nano
pores, the experimental difficulty is further enhanced by the structural and 
chemical complexity of such soft confines. Recently, high-resolution struc
tures of ion channels have been resolved [66], which suggest that drying is 
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indeed possible in such conditions, but cannot provide a direct evidence. On 
the other hand, electrophysiology allows to verify indirectly and on a larger 
scale the blocking of pores by bubbles, by measuring the ionic current 
through single and multiple ion channels [67]. Electrophysiology techniques 
also allow to record the duration and kinetics of pore-blocking events, 
which typically give rise to a random telegraph signal in single-channel 
measurements [68]. Similar techniques are also routinely applied to identify 
drying of synthetic nanopores [57,58]. In between structural studies and 
electrophysiology, atomistic simulations play an important role [69], 
because they allow to link the structure with the microscopic mechanisms 
giving rise to function – here specifically hydrophobic gating.

Having briefly recapitulated the importance of drying in nanopores in 
biology and technology, we now sketch the plan of this review. In Sec. 2.1, 
we introduce the main concepts necessary to build a theory of drying in 
confinement and obtain the coexistence conditions for the confined vapour 
and liquid phases in geometries of increasing complexity. We borrow many 
results obtained for capillary condensation [70–74], which is concerned 
with the opposite problem of formation of a liquid phase from the vapour, 
aided by the presence of nanopores. In Sec. 2.2, the classical nucleation 
theory of drying in confinement is introduced, which allows to describe the 
kinetics of bubble formation in nanopores. Nanoscale corrections to this 
macroscopic theory are then discussed in the light of available simulations 
and experiments. The final section is dedicated to draw conclusions and to 
illustrate open problems in the field.

2. Theory of nanoconfined drying

2.1. Thermodynamics of drying

We start by considering a fluid in the grand canonical ensemble2 that is in 
contact with a smooth planar wall. The free energy of this system is given by 

Ωwall ¼ � PV þ γA; (1) 

where P is the bulk pressure of the fluid, γ the surface tension of the fluid at 
the wall, and V and A are the volume of the system and the surface area of 
the wall. Note that while Ω and P are well defined and unique, the volume V 
depends on the separation of the system from the wall and has to be defined. 
As a consequence also γ, the surface tension of the system at a wall depends 
on this definition. This is not a problem, because γ cannot be measured 
experimentally and hence a definition-dependent wall surface tension does 
not lead to any inconsistencies.

If the fluid can separate into a liquid (l) and a vapour (v) phase, at 
coexistence one can observe a drop with Young’s contact angle θY at the 
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wall. If the (macroscopic) contact angle of the wall is smaller than 90� one 
considers the surface to be solvophilic or hydrophilic, in the case of water. 
The contact angle depends in general on temperature and small values of θY 
are possible. In the case of θY ! 0 one speaks of complete wetting of the 
surface by the liquid [71]. In contrast, if θY > 90� the surface is considered to 
be solvo- or hydrophobic. On smooth surfaces, contact angles θY > 120� are 
not observed, at least with water, because the attraction between atoms of 
the surface and of the fluid does not vanish, it is only weaker than the fluid- 
fluid attraction. In computer models, one can easily realise perfect hard 
walls, without attraction, and observe contact angles of up to 180�. In a real 
system, large values of θY the (apparent) contact angle can be observed at 
geometrically structured (atomically rough) walls [75,76].

The contact angle θY is related to the solid-vapour surface tension γsv, to 
the solid-liquid surface tension γsl, both of which depend on the definition 
of the system volume, and to the surface tension of the free liquid–vapour 
interface γlv through Young’s equation 

cos θY ¼
γsv � γsl

γlv
; (2) 

where the geometry dependency of γsi, i ¼ l; v cancels out and results in 
a well-defined contact angle.

In a slit pore consisting of two parallel, planar, and equivalent walls 
separated by a fixed distance L� �, where � is the bulk correlation length, 
the free energy of the confined fluid, to a good approximation, is given by 
[70,77] 

Ωslit ¼ � PV þ 2γA ¼ A � PLþ 2γð Þ; (3) 

where the factor 2 in the surface term compared to Equation (1) accounts 
for the presence of two walls; we have made use of V ¼ AL. Clearly, if L 
becomes comparable to � correlation effects will make this approximation 
less accurate.

At bulk coexistence, i.e. assuming thermal (Tv ¼ Tl), chemical (μv ¼ μl), 
and mechanical (Pv ¼ Pl) equilibrium between a vapour and a liquid phase, 
the only difference between the confined phases is due to the surface term 
and it follows that in a solvo/hydrophilic slit the liquid phase is stable, 
because γsl < γsv and in a solvo/hydrophobic slit the vapour phase is the 
preferred one, as γsl > γsv. If the fluid is off but close to bulk coexistence 
a vapour and a liquid phase in the slit can coexist at the same temperature 
and chemical potential if they possess the same free energy (Ωv ¼ Ωl). From 
this assumption of coexistence in the slit geometry one can define the 
pressure difference ΔP ¼ ðPl � PvÞ required for the transition 
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ΔP ¼ �
2ðγsv � γslÞ

L
¼ �

2γlv cos θY

L
; (4) 

where we have made use of Young’s equation at the wall, (2), in order to 
convert the difference in the surface tensions into that of the free inter
face times the cosine of the contact angle. This equation is called Kelvin 
equation. Note that the capillary condensation or evaporation predicted 
by the Kelvin equation can be first order with hysteresis effects, if the 
temperature is below the capillary critical point, or continuous if it is 
above [77]. Close to coexistence, where the chemical potential is given by 
μi ¼ μco þ δμ, i ¼ v; l, with μco its value at coexistence, and δμ a (small) 
deviation, it is possible to expand the pressure in a Taylor series: 
Pi ¼ Pco þ ð@Pi=@μÞT;VδμþOðδμ2Þ ¼ Pco þ ρiδμþOðδμ2Þ, where the 
Gibbs-Duhem relation was employed and ρi denote the coexisting bulk 
densities. This leads to the expression ΔP ¼ ΔρδμþOðδμ2Þ with 
Δρ ¼ ρl � ρv, which is often used in theoretical studies.

Taking into account that γlv=L> 0, there are two different scenarios for 
which Equation (4) has physically meaningful solutions: (i) If one considers 
a stable liquid phase, i.e. Pl >Pv or ΔP > 0, one finds a physical solution for 
cos θY < 0, i.e. if θY > 90�, meaning if the slit is solvo/hydrophobic. In that 
case one can observe capillary evaporation – often also referred to as 
drying – of the slit pore. (ii) If one starts with a stable vapour phase with 
Pv > Pl or ΔP< 0, a physically meaningful solution of Equation (4) requires 
cos θY > 0 or θY < 90�, i.e. a solvo/hydrophilic slit. In this case, the transition 
from the vapour to liquid phase is called capillary condensation.

While the treatment of the infinite slit pore is instructive and contains the 
essential physics of capillary condensation and evaporation, the theory 
employed so far is not suitable for strongly confined fluids, which are 
important in many applications. To allow for narrow pores we make use 
of the morphometric thermodynamics [78] that employs the ansatz that the 
free energy of a confined fluid can be written in terms of four geometrical 
terms 

Ωmorph ¼ � PV þ γAþ κC þ �κX (5) 

where C and X are the integrated (over the surface area) mean and Gaussian 
curvature of the confining space, respectively, and κ and �κ are the corre
sponding free energy costs to bend the solid–fluid interface. If one imagines 
a configuration of fluid particles close to a wall it becomes intuitively clear 
that the interaction energy depends on the shape of the solid wall and hence 
on its curvature because the interaction between a fluid particle with 
another fluid particle differs from that with a particle from the solid. By 
averaging over all fluid configurations the shape or curvature dependence is 
picked up by the free energy. This morphometric ansatz extends the form of 
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Equation (3) by two curvature terms. The rationale behind the morpho
metric ansatz is that the free energy of a system in the thermodynamic limit 
is extensive and can be written as a sum of products of pairs in the form of 
a geometrical measure (e.g. V and A) that is extensive times an intensive 
thermodynamical coefficient that does not depend on the shape of the 
system. The morphometric free energy is the most general extensive form 
in d ¼ 3 for a single-phase/single-species system, because there are exactly 
d þ 1 linearly independent extensive geometrical measures in d dimensions 
[79] and V, A, C, and X are linearly independent.

In order to illustrate the concept, we consider a part of length L of an 
infinite cylinder (in order to avoid end effects) with fixed radius Rc. The 
volume Vc ¼ R2

c πL and the surface area Ac ¼ 2πRcL are straightforward to 
calculate. For the integrated curvatures, we first note that a surface in d ¼ 3 
has, at any given point, two principal radii of curvature, denoted by RI and 
RII from which one can compute the local mean curvature H ¼ ð1=RI þ

1=RIIÞ=2 and the local Gaussian curvature K ¼ ð1=RIÞð1=RIIÞ. For the 
cylinder we consider here, the two principal radii of curvature are constant 
on the entire surface: RI ¼ �Rc, depending on whether we consider the 
curvature of the outside face where RI ¼ þRc or of the inside face where 
RI ¼ � Rc, and RII ¼ 1. From this, it is easy to see that H ¼ �1=ð2RcÞ is 
constant and K ¼ 0. It follows directly that the mean curvature integrated 
over the surface of the cylinder is given by 

C ¼
ð

dAHc ¼ Hc

ð

dA ¼ HcAc ¼ �Lπ: (6) 

Similarly, $X$ is the surface integral of $K$, which vanishes for the cylinder. 
Here we are mainly interested in a fluid confined inside a cylindrical pore, 
for which the free energy for a pure phase i within the morphometric 
approach is given by [78,80] 

Ωc;i ¼ � PiR2
c πLþ γi2πRcL � κiLπ; i ¼ l; v: (7) 

From this, we can easily generalise the Kelvin equation, Equation (4), for the 
slit to the cylindrical geometry by demanding (i) thermal and (ii) chemical 
equilibrium and (iii) equal free energies of the coexisting phases [80]. This 
results in an equation that can be solved for ΔP: 

ΔP ¼ �
2γlv cos θY

Rc
�

Δκ
R2

c
(8) 

where Δκ ¼ κl � κv. It is important to note here that while ΔP and hence the 
complete expression on the r.h.s. of Equation (8) is an observable, i.e. it can 
be measured experimentally, the individual terms on the r.h.s. of Equation 
(8) depend on the choice of the dividing interface. In DFT calculations of 
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a square-well fluid in a hydrophobic cylindrical pore [80] Δκ was found to 
be positive.

In order to illustrate the effects of confined drying in the biological 
context, we briefly discuss the mechanism of hydrophobic or bubble gating 
of ion channels [30,32,34–36]. The geometry of the voltage gate potassium 
channel KcsA [66] is known to change in the gate region in response to 
a change of the membrane potential. The gate geometry employed in DFT 
studies [32,81,82] follows the model of Ref [83] and is depicted in Figure 1. 
In a simplified manner, the geometry of the gate can be represented by a part 
of a cone that has a fixed height, one (upper) fixed diameter and one (lower) 
varying diameter, denoted by D in Figure 1. If D is sufficiently wide 
compared to the diameter of water, which is set at 2.8 Å in this calculation 
[32], the channel is considered open for ions to diffuse through the channel 
along their electro-chemical gradient. In that case, the slightly hydrophobic 
gate is assumed to be filled for most of the time with water, as shown on the 
right side of Figure 1. When the channel is open the probability of finding 
a bubble in the gate, PbubbleðDÞ is close to zero, i.e. most of the time 
a constant current of ions can be measured in a patch-clamp experiment 

Figure 1. The probability PbubbleðDÞ of finding a bubble in a slightly hydrophobic gate of 
a biological ion channel following the geometry of KcsA [66] as a function of the lower diameter 
D, which should be compared to the diameter of water that is set at 2.8 Å in this calculation [32]. 
As the lower diameter D changes from narrow to wide, the probability of finding a bubble 
changes from roughly 1 to nearly 0. The key quantity driving this behaviour is ΔΩ, given in 
Equation (9), the difference in the free energy of the gate blocked by a bubble and one in the 
same geometrical configuration filled by water. The KcsA structures are adapted from Ref 
[83], Copyright (2008) National Academy of Sciences, U.S.A. The ion currents shown in this 
figure illustrate the result that can be observed in patch-clamp experiments [68].
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[68]. As the lower diameter D of the gate is reduced, the chance of finding 
a bubble in the gate is increased, which results in an increased PbubbleðDÞ. 
This in turn gives rise to an ion current switching on and off, resembling 
a random telegraph signal at intermediate values of D. For sufficiently small 
values of D the probability of finding a bubble in the hydrophobic gate 
approaches 1, as illustrated on the left side of Figure 1 and the ion current 
vanishes almost all the time. It is interesting to note that the shape of the ion 
current and the time scales observed in patch-clamp experiments can only 
be explained if the channel switches between bistable states, i.e. two states 
that correspond to almost equal (local) free energy minima that are sepa
rated by a free-energy barrier. This scenario follows naturally from the 
bubble gating model.

Employing the morphometric approach [78] it is straightforward to make 
an ansatz for the free energy of the gate filled with water or blocked by 
a bubble [32]. When the gate is approximated by a two-state model, where 
the gate is either filled with water with a free energy Ωwater and hence open 
for ion diffusion, or blocked by a bubble with a free energy Ωbubble and hence 
closed for ion diffusion, the probability of finding a bubble in the gate 
depends on 

ΔΩðDÞ ¼ ΩbubbleðDÞ � ΩwaterðDÞ
¼ ΔPVv þ ΔγAv þ ΔκCv þ γlvðAlv;1 þ Alv;2Þ; (9) 

where Vv, Av, and Cv are the geometrical measures (volume, surface area, 
and mean curvature integrated over the surface area) of the part of the gate 
that is filled by the vapour phase. In addition, one finds two liquid–vapour 
interfaces with surface area Alv;1 and Alv;2. Effects due to line tensions 
[84,85] at the liquid-vapour-protein contact line are neglected. In the two- 
state model [32] it follows that the probability of finding a bubble is given by 

PbubbleðDÞ ¼
1

1þ expðβΔΩðDÞÞ
; (10) 

with β ¼ 1=ðkBTÞ, where kB is the Boltzmann constant and T is the 
temperature.

The two-state model above, which takes for the bubble only the most 
likely geometry into account, is rough and can be refined by performing 
a partition sum over all possible bubble geometries [81]. However, the two- 
state model captures the essential physics as was verified by a 3d DFT 
calculation [82]. In this calculation, the channel geometry is represented 
by a three-dimensional external potential VextðrÞ that acts on water, mod
elled by a square-well fluid. In the narrow geometry, shown in Figure 2(a), 
the hydrophobic gate is blocked by a bubble, while it is filled by water in 
a wider geometry, depicted in Figure 2(b). As the structure of water, or the 
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square-well fluid, is determined by freely minimising the density functional, 
it is possible to obtain ensemble-averaged density profiles ρðrÞ of the fluid in 
the channel. From these profiles, it becomes clear that the idea of a simple 
bubble shape and a clearly defined and sharp liquid–vapour interface is not 
valid for ensemble-averaged bubble shapes and interfaces on these small 
length scales, but the main physics is still covered surprisingly well by the 
previously mentioned two-state model of the gate.

2.2. Kinetics of drying

The coexistence conditions derived above clearly show the effect of confine
ment on the phase behaviour of fluids; in addition, a prediction is made on 
what is the stable phase at given conditions, i.e. that having minimal free 
energy, and on the relative stability of possible metastable states, i.e. the free 
energy difference between two states. The predicted equilibrium is reached in 
the thermodynamic limit, i.e. for infinite equilibration times. However, one 
may still wonder what is the characteristic time scale to form the stable phase 
starting from the metastable one – the kinetics of the transition: in actual 
experiments, the metastable phase may be so long-lived that the transition is 
never observed; in some bistable systems, instead, the kinetics may be fast 
enough to observe frequent switching between the states. In addition, in order 
to understand the hysteresis phenomena often encountered in wetting and 
drying processes, it is crucial to discuss the metastabilities involved. In the 
following, by leveraging classical nucleation theory, it will be shown that 
confinement not only modifies the coexistence conditions of liquid and 
vapour, but also the kinetics of formation of the new phase.

Figure 2. The ensemble averaged density profile ρðrÞ of water, modelled as a square-well fluid, 
in two geometrical configurations of an ion channel following the geometry of KcsA [66] 
treated by a 3d DFT calculation. In the narrow gate geometry a bubble forms in the gate and 
blocks ions from diffusing through the channel, while a sufficiently wide gate allows water in 
the gate that, in turn, enables ions to follow their electro-chemical gradient. Figures are 
adapted from Ref [82].
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2.2.1. Classical nucleation theory
We consider here, without loss of generality, classical nucleation theory 
(CNT) in the case in which a stable vapour phase nucleates from 
a metastable liquid phase. In the simplest case of homogeneous nucleation, 
a domain of the new phase is formed in the bulk of the metastable liquid 
driven by the free-energy difference per unit volume of the two phases, 
ΔP< 0. On the other hand, the new domain grows at the expense of forming 
a liquid–vapour interface, whose free-energy cost per unit area is given by 
the surface tension γlv. In order to minimise the surface cost, homogeneous 
nucleation typically happens via the formation of a spherical domain – 
a bubble – whose radius progressively grows. The competition of favourable 
bulk terms and unfavourable surface terms is won by former when the 
bubble exceeds a certain size, called the critical nucleus. This critical bubble 
is connected to a maximum in the free-energy, which defines a free-energy 
barrier ΔΩy ¼ Ωmax � Ωmin which needs to be overcome in order to form 
the new phase (Figure 3(a)); this scenario is common to all nucleation 
phenomena. As will be shown in Sec. 2.2.2, the critical volume is crucial 
in determining the dependence of the kinetics on the pressure (or the 
extrusion pressure in fixed-frequency experiments), with lower (respec
tively, higher) sensitivities corresponding to lower critical volumes.

Thermal motion of the atoms continuously perturbs the system close to 
the free-energy minimum in which it is stuck. The kinetics of formation of 
a bubble, or the opposite case of condensation of a drop, is governed by the 
time one has to wait in order to observe a thermally driven fluctuation 
capable of overcoming the free-energy barrier. Since large fluctuations are 
improbable, this time t increases exponentially with the free-energy barrier 
ΔΩy measured in thermal units kBT [86,87]: 

Figure 3. Illustration of classical nucleation theory (CNT). a) Total free energy for homogeneous 
nucleation (solid blue line), given by the sum of energetically favourable bulk terms (dash- 
dotted line) and unfavourable surface ones (dotted line). b) Comparison of critical bubbles for 
heterogeneous nucleation at surfaces with simple shapes highlights the influence of surface 
curvature on the critical volume and, consequently, on the free-energy barriers (adapted from 
[89], see also [86]). c) Ratio of the nucleation free-energy barrier at a flat surface and the bulk 
barrier as a function of the contact angle θY of the surface.
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t ¼ t0 exp
ΔΩy

kBT

 !

: (11) 

In Equation (11), t0 is the prefactor which sets the timescale of the phenom
enon when the barrier is small. The kinetics described by Equation (11) is 
typical of rare events, i.e. those processes characterised by a long timescale t 
necessary to observe an improbable, large thermal fluctuation and a short 
timescale of the transition itself, which happens readily once triggered by 
a suitable fluctuation. This disparity poses an inherent difficulty in observing 
nucleation events in both experiments and simulations. Given the exponen
tial dependence of t in Equation (11) on the free-energy barriers, nucleation 
events become frequent enough to be observed only when barriers are at 
most 1 order of magnitude larger than the thermal energy kBT. In Sec. 2.2.2 
it will be shown that this is indeed the case for drying/wetting in nanoscale 
confinement.

Following Ref [88], a simple calculation based on Equation (11) shows 
that at 20�C the vapour phase can nucleate from bulk liquid water only for 
very large negative deviations from coexistence, δμ� 0, corresponding to 
a tensile state of the liquid with negative pressures Pl ¼ � 168 MPa. In such 
conditions, the critical bubble has the size of approximately 1 nanometre. So 
why do bubbles actually form in water even at ambient conditions, and, in 
particular, in nanopores? What is specific to confined drying? The answer is 
that the presence of confining solid surfaces or surface asperities can 
dramatically change (the thermodynamics and) the nucleation kinetics as 
compared to the bulk case, by introducing two interfaces in competition – 
the solid-vapour and the solid-liquid – characterised by the free-energy 
costs γsv and γsl, respectively. In order to rationalise the role of solid surfaces 
on drying, starting from Equation (1), we express the free energy of a two- 
phase system in contact with a wall as: 

Ω ¼ � PlVl � PvVv þ γlvAlv þ γsvAsv þ γslAsl; or (12a) 

Ω � Ωref ¼ ΔPVv þ γlv Alv þ cos θYAsvð Þ; (12b) 

where the subscripts l, v, and s have been used to denote the liquid, 
vapour, and solid phases, respectively, and the related interfaces. One can 
further recall that the total volume of the system and the total surface 
area of the solid are constant, i.e. Vl ¼ Vtot � Vv and Asl ¼ Atot � Asv, 
respectively; this position, together with Young’s equation (2), allows for 
the expression (12b), which groups together the constant terms in 
Ωref ¼ � PlVtot þ γslAtot, which is the reference free energy of the con
fined liquid. This is a more expressive form of the free energy in that it 
makes explicit the competition between the liquid-vapour term, which is 

12 A. GIACOMELLO AND R. ROTH



always positive, and a second surface term related to the solid, which can 
have either positive or negative sign, in the hydrophilic (θY < 90�) and in 
the hydrophobic case (θY > 90�), respectively. As discussed in Sec. 2.1, the 
presence of hydrophobic walls changes the coexistence conditions, 
favouring the dry state.

We now focus on the effect of a solid surface on the kinetics of nucleation. 
CNT prescribes that, during nucleation, the relevant bubble is that mini
mising the free energy in Equation (12b) constrained to the current advance
ment of the process Vv [89,90]. In other words, in the quasi-static limit, the 
bubble shape having maximum probability is determined solely by the 
surface energy terms [89,91]. Because of the additional surface terms in 
Equation (12b), in which the energetic cost of the liquid–vapour interface γlv 
is multiplied by a factor j cos θY j � 1, the critical heterogeneous bubble can 
have a free energy significantly lower than the spherical homogeneous 
bubble, by assuming different shapes, which encompass interfaces with 
lower energetic cost (Figure 3(b)). Interestingly, both hydrophilic and 
hydrophobic surfaces decrease the free-energy barriers; this can be quanti
fied, for instance, in the case of a flat surface with a prescribed contact angle 
θY by considering the ratio between the heterogeneous and the homoge

neous drying barriers ψ;ΔΩyhet=ΔΩyhom ¼ ð1þ cos θYÞ
2
ð2 � cos θYÞ=4 

(Figure 3(c)): the higher the contact angle, i.e. the more hydrophobic the 
surface, the lower the barriers for drying. The curvature of the confining 
surfaces can further change the shape of the critical bubble and thus affect 
the barriers [86]; these will increase in the case of a convex surface and 
decrease in the case of a concave one (Figure 3(b)). In all cases, by decreas
ing the free-energy barriers, the kinetics of heterogeneous nucleation accel
erates exponentially as per Equation (11). This discussion clarifies why the 
role of heterogenous nucleation, i.e. occurring at solid surfaces, is so impor
tant; it is by now accepted that cavitation in flows of engineering interest 
occurs mainly at impurities, known as nuclei [2,3,88]; indeed, only by 
extremely careful experiments excluding all sorts of contamination, it is 
possible to observe bulk nucleation in water [92,93].

It is interesting to remark that the presence of gases dissolved in the 
liquid, in particular hydrophobic ones, also plays an important role in 
facilitating bubble nucleation. In macroscopic bubbles the main effect is 
that of adding to the vapour pressure the gas one, thus shifting the equili
brium conditions towards the dry state [91]. This is known to play a role in 
cavitation nuclei entrapped in crevices [94]. In general, gases also change the 
other thermodynamic coefficients in Equation (9) [32] (see also [14]) further 
favouring drying of nanopores. In ion channels, this corresponds to favour
ing the closed state, which may help explaining the anaesthetic action of 
some volatile general anaesthetics [32], which may reversibly cause gating of 

ADVANCES IN PHYSICS: X 13



some classes of channels. This gas-assisted drying mechanism may also be 
relevant for controlling drying in superhydrophobic surfaces, artificial 
nanopores, and in liquid chromatography columns [95, 96]. However, the 
kinetics of this process remains still unexplored at the nanoscale. The 
change of thermodynamic coefficients due to dissolved gases also has con
sequences on the existence and stability of surface nanobubbles [97].

Let us now focus on the case of drying in non-trivial confining geome
tries. Equation (12b) implies that the geometry of confinement is able to 
modify the shape of the nucleus of the new phase determining the propor
tions of Alv and Asl for a given Vv. In general, confining a liquid within 
a complex surface can modify the bubble morphologies along the entire 
nucleation process decreasing the free-energy barriers [26] and, sometimes, 
breaking the thermally activated process in multiple steps with lower bar
riers, i.e. acting as a catalyst for the nucleation of bubbles [91]. In particular, 
when the size of the confinement is comparable to that of the critical bubble, 
the drying kinetics can be dramatically affected, see, for example, [20,98]. 
For instance, special geometries such as a (sufficiently hydrophobic) conical 
crevice can favour the formation of a critical bubble which maximises the 
solid-vapour interface inside the crevice while keeping a small liquid-vapour 
area at its mouth, thus decreasing the free-energy barriers and accelerating 
drying [91]. In some conditions, the barriers may vanish altogether, giving 
rise to wedge drying [27,99,100] (or the opposite case of wedge filling [101]). 
It should be noted that in strong confinement the relevant system typically 
encompasses only a finite amount of matter, i.e. the confined fluid; in this 
sense, it is different from a classical phase transition in which an infinite 
bulk is involved. This also implies that the opposite ‘wetting’ transition, i.e. 
the process leading from the confined vapour to the confined liquid can 
happen with finite barriers, i.e. in finite times.

The case of drying in a nanoscale cylinder is particularly relevant for this 
review as this is perhaps the simplest example of a nanopore. Reference [42] 
reports experimental wetting and drying curves for water at ambient tem
perature in almost perfectly cylindrical hydrophobic nanopores (hydropho
bised MCM-41) with radii varying, depending on the sample, approximately 
between 2 and 6 nm. The porous material is immersed in liquid water to 
form an HLS; the system is then subjected to pressure variations via 
a hydraulic press (Figure 4(a)). When starting from the confined liquid 
and progressively decreasing the pressure, drying (referred to as ‘extrusion’ 
in the specialised literature) of such pores occurs at very large pressures, up 
to 30 MPa, which indicates that the presence of hydrophobic walls, together 
with the nanoscale size of the confinement, renders liquid water metastable 
at unusually large pressures. On the other hand, when starting from the 
confined vapour and increasing the pressure, wetting (‘intrusion’) always 
occurs at pressures larger than the drying one, in the cited case 60 MPa. The 
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overall wetting/drying cycle displays a large hysteresis loop typical of 
strongly metastable systems (Figure 4(a)). The monodispersity of the porous 
material allowed the authors to relate the macroscopic characterisation of 
the wetting and drying processes of the macroscopic systems comprising 
hundreds of porous grains to the geometrical and chemical characteristics of 
a single pore. Thus, the conclusions drawn for an ensemble of pores shed 
light on the drying and wetting processes in extreme confinement, also in 
the case in which a single nanopore is of interest, e.g. in biological ion 
channels.

It worth mentioning that the strong hysteresis in the pressure cycles of 
Ref [42] implies that this type of HLS can be employed to dissipate energy 
[22], e.g. in dampers for mechanical vibrations. Other types of materials 
exhibit vanishingly small hysteresis and thus show promise for storing 
energy in the form of surface energy [102]. A third class of HLS exists in 
which, after liquid intrusion, no drying can be obtained simply by reducing 
the pressure to the ambient one; in this case, the typical application is in 
single-use ‘bumpers’ [46]. In general, these considerations underscore the 
importance of understanding the wetting and drying processes in nanopor
ous materials and of controlling them by designing the material properties, 
matching the liquid/solid pair, and tuning the operating conditions.

Figure 4. Drying process in a cylindrical nanopore: a) experimental results from [22]; b) bubble 
morphologies predicted by CNT; c) comparison of free energy from atomistic simulations 
(circles) and CNT (green line); d) drying/wetting cycles in cylindrical nanopores for different 
durations of the cycle. Panel a) is adapted from [22], panels b-d) from [21].
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Reference [42] reports a CNT for drying in a cylindrical pore (see also 
[18]), which is useful to recall here. Results are obtained minimising the 
free energy in Equation (12b) for increasing values of the volume of the 
bubble confined in a cylindrical pore. The main theoretical finding is that 
the strongly confining cylindrical geometry forces the bubble to take two 
distinct morphologies along the nucleation process, depending on its 
progress: at the beginning of drying, the bubble is attached to the wall, 
breaking the axial symmetry of the pore; as the bubble size becomes 
comparable to the pore diameter, the bubble becomes axially symmetric, 
with spherical-cap menisci delimiting it on the two sides (Figure 4(b)). 
The first case is the most important for the kinetics of drying as it allows 
the formation of the first bubble and its growth to the critical size (Figure 
4(c), first portion of the green line): it is a clear example in which the 
critical bubble size is dictated by the size of the confining surface. This 
dominance of confinement on the critical bubble is reflected in the fact 
that the drying critical volume and the related free-energy barrier are 
almost insensitive to changes in the external pressure [21,22], at variance 
with the bulk case in which both have a strong dependence on the 
pressure, Vc;hom ¼ 4=3πγ3 jΔPj� 3 and ΔΩyhom ¼ 16=3πγ3 ΔP� 2, respec
tively, and with cases in which confinement is not as pronounced [91]. 
The axisymmetric bubble morphology, instead, is concerned with the 
further expansion of the bubble until complete drying of the pore is 
achieved; accordingly, the extension of the related free-energy branch 
depends on the length of the pore and not only on its diameter. 
This second case is relevant for determining the reverse, i.e. the wetting 
free-energy barrier (see the next section for a discussion of the different 
behaviour of wetting and drying barriers with pressure).

A recent study [45] has shown that, in addition to pore size and chem
istry, also fine details of the pore morphology may be relevant for determin
ing the drying conditions. In particular, experiments on two kinds of 
hydrophobised mesoporous silica of similar size (6 to 10 nm) showed no 
drying for the material characterised by approximately cylindrical, indepen
dent pores, and drying at ΔP � 2 MPa for the material with interconnected 
pores. With the aid of theory and simulations, the authors showed that the 
internal surface of the pores – encompassing pore interconnections or 
nanometre roughness – may be responsible for decreasing the surface free 
energy connected with drying of the pores, thus allowing drying even at 
positive pressures. Actually, barrierless drying occurs within the smallest 
cavities decorating the pore walls, due to their reduced size (,1 nm), and 
triggers drying at the larger scale of the main pores [27,103]. Experiments 
were then repeated using mercury and different kinds of porous materials, 
which confirmed the role of a small number of nanometre-sized pores in 
determining the drying of the whole material.
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This brief overview of CNT in confined environments illustrated the 
combined action of hydrophobicity and confining geometry in accelerating 
the drying kinetics. This is first of all crucial for understanding why cavita
tion occurs at all in flows of engineering interest, in which the presence of 
microscopic impurities catalyses the formation [3] and regeneration [104] 
of cavitation nuclei. At smaller scales, an important realm in which drying in 
hydrophobic confinement plays a crucial role is biology; there, strong 
attractive forces are known to originate from the drying of liquid water 
confined between hydrophobic residues of proteins; this ‘hydrophobic 
effect’ has a role in protein folding and molecular recognition among others 
[6,8,11]. In ion channels, water is confined in a pore with (sub)nanometre 
diameter; the displacement of some residues, which make the pore narrower 
and/or more hydrophobic, has been recognised to give rise to drying, which 
blocks the ionic currents – the so-called hydrophobic or bubble gating of ion 
channels [29–36]. In some cases, even weakly hydrophilic pores can give rise 
to drying, due to their curvature and extreme confinement, as described by 
Equation (8) [32,80]. The third realm in which confined drying plays 
a crucial role is that of hydrophobic nanoporous materials immersed in 
liquid water; due to the combination of extreme confinement and hydro
phobicity, drying may occur even at large pressure. In the latter cases, 
nanoscale confines are an essential condition to observe drying; it is there
fore of crucial importance to discuss whether effects characteristic of the 
nanoscale are able to change the nucleation scenario presented so far, which 
is based on the assumptions of macroscopic capillarity. In the next section, 
we discuss nanoscale effects not included in CNT with particular attention 
to line tension.

2.2.2. Beyond classical nucleation theory – nanoscale effects
One of the limits of classical nucleation theory is that, in confinement, 
discontinuous drying processes are obtained as a result of the minimisation 
of the free energy subject to the only constraint of the bubble volume [89]. 
For instance, for drying in a cylinder, no intermediate morphologies 
between the two mentioned in the previous section (Figure 4(b)) are 
found; this leads to a discontinuity in the path and in the free-energy profile 
(see Figure 4(c), green line and Ref [42]). Unfortunately, this deviation 
occurs exactly at the transition state, which is crucial for determining the 
drying kinetics. This artefact is known to be due to an insufficient order 
parameter used in CNT, i.e. the volume of the nucleating phase, here the 
bubble’s [89]. Using more general order parameters, such as the density field 
[105], alleviates the problem [106]. In Refs [21,107], the string method in 
collective variables was used together with atomistic simulations in order to 
obtain the free-energy profile and the drying mechanism(s) using the 
density field as the order parameter. This approach allows both to go beyond 
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the discontinuous CNT and to gather insights into the nanoscale effects 
relevant for drying in such nanoscale confinement as discussed below.

It is important to remark that, at the nanoscale, the drying free-energy 
barriers are typically of the same order of magnitude of the thermal energy 
available to the system, i.e. kBT. Indeed, in the absence of line tension, 
a drying free-energy barrier is expected to scale as by γlvL2 [98], where L is 
the characteristic size of the confinement; on the scale of 1 nm, this yields 
barriers of 10 to 20 kBT, depending on the value of γlv. Plugging such values 
in Equation (11) shows that, at this scale, thermally activated drying events 
may become observable on experimental timescales. This may be relevant 
for water conduction in carbon nanotubes [63] or, more generally, in 
nanoporous membranes [58,59]. Similarly, ionic currents in electrophysiol
ogy measurements may show random blockage due to thermally activated 
bubble gating events. This is indeed typical of single ion channels measure
ments [68], which show random telegraph signals characterised by very fast 
switching and on and off currents lasting tens of ms, as depicted in Figure 1. 
In order to explain the random telegraph signal by drying/wetting events, 
the wetting free-energy barrier should be of the same order of magnitude of 
the drying one, to allow for the reverse transition to be observed. Since 

ΔΩywet ¼ ΔΩydry þ ΔΩ, this is the case when the free-energy difference 
between the open and closed states, ΔΩ defined in Equation (9), is smaller 

than the barriers; if, instead, ΔΩ� ΔΩywet > 0 the drying transition is irre
versible on the scale of the experiment and the ion channel would remain in 
the closed state.

The fact that the drying/wetting barriers in nanoconfinement are of the 
order of few to tens of kBT also accentuates the dependence of the experi
mental drying and wetting conditions on the timescale of the measurement. 
While this variability is in principle always present in metastable systems, 
only the size of nanopores makes such dependence measurable. In the 
thermodynamic limit, the system is allowed to equilibrate for an infinite 
time and always falls into the global minimum of the free energy, as 
described in Sec. 2.1; in this scenario, the wetting/drying hysteresis is 
suppressed, because the system always follows the same sequence of states 
when pressure is varied. However, actual experiments (and simulations) 
have a finite duration, which may result in the system remaining trapped 
into local, metastable minima; in this case, wetting/drying hysteresis is 
expected. Its significances depend on the ratio between the experimental 
timescale and the one characterising the transition from the metastable to 
the stable state, Equation (11), which ensures equilibration. Starting from 
the free-energy profiles at different pressures (see Figure 4(c) for the case 
ΔP ¼ 0) and by inverting Equation (11) it is possible to predict the 
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conditions at which drying and wetting occur in cycles with prescribed 
frequency or duration (Figure 4(d)). These figures can be compared with 
the experimental ones measured in cycles of fixed duration [108], which are 
performed under the same conditions. It is seen that the drying pressure 
sensitively depends on the frequency of the cycles, while the dependence of 
the wetting pressure is not as pronounced [22]. This strong asymmetry is 
due to the different critical volumes characterising the two processes: very 
small for drying, which is related to the first asymmetric bubble spanning 
the entire pore diameter, while comparable in size to the entire pore for 
wetting (Figure 4(c)); Equation (12b) shows that this volume asymmetry is 
in turn reflected in large and small pressure differences required to change 
by the same amount the drying and wetting rates, respectively [21]. Overall, 
the hysteresis of the cycle decreases with frequency, because one tends to the 
thermodynamic limit where hysteresis is suppressed. Recent experimental 
work further considered the case in which defects in the hydrophobic coat
ing are present within the nanopore, in which case the kinetics of drying in 
long pores may become dominated by the thermally activated jumping of 
the liquid front across surface defects [109].

In Sec. 2.2.1 (and typically in CNT) the effect of the geometry of confine
ment on drying kinetics is discussed based solely on the budget of bulk 
terms and positive and negative surface terms. At the nanoscale, however, 
where the effect of confinement on nucleation is more prominent, volume 
and surface terms may not be sufficient in order to describe the nucleation 
process. We have introduced already in Sec. 2.1 the more general free energy 
functional of morphometric thermodynamics, Equation (5), which includes 
two terms proportional to the integrated mean and Gaussian curvatures of 
each interface. These terms must be accounted for, assessing whether their 
contribution favours drying or not. In the presence of a third phase, an 
additional term τltl should be added, where τ is the tension of the triple line 
and ltl its length [84,85]. Note that there is a conceptual difference between 
the line tension between three phases that are in thermodynamic equili
brium and that between two phases in equilibrium at a surface. The latter 
depends on the definition of the dividing interface, which is similar to the 
surface tension at a surface. Microscopic descriptions of the system, e.g. 
those provided by atomistic simulations, naturally encompass all these 
nanoscale effects which are encoded in the interactions among particles. 
Comparison of microscopic simulations/calculations with some sort of 
morphometric thermodynamics is particularly illuminating in that it allows 
to assess the relevance of these terms [20,21,110,111]. In particular, due to 
the difficulty to obtain experimental values, line tension has been the object 
of a number of recent simulation works [110,112]. In confinement, 
Debenedetti and coworkers [19] reported that a positive line tension was 
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needed in order to explain the simulated drying rates between two smooth 
plates facing each other at nanoscale distances (< 1:5 nm).

The increasing availability of high-resolution structural information on ion 
channels has allowed a burgeoning of molecular dynamics of ion channels 
[113]. The range of time scales and length scales accessible to atomistic 
simulations proved crucial to shed light on the microscopic mechanisms 
underlying, e.g. gating of ion channels. In particular, it was possible to prove 
that model [30] and realistic [31,34,36] ion channels show drying in the pore 
domain. Additional simulation efforts concern model pores which show the 
full generality of such drying phenomena [14,17,21,98].

In the following we review experimental, theoretical, and simulation results 
on drying in cylindrical nanopores, focusing on nanoscale effects. Recent 
experiments [22] on porous materials similar to Ref [42] were able to carefully 
measure the kinetics of drying in cylindrical, hydrophobic nanopores. 
Experiments at different temperatures clearly demonstrated the thermally 
activated signature of drying, typical of nucleation (cf. Equation (11)). Results 
were then interpreted in terms of the CNT of [42], finding that it predicted well 
the (almost constant) critical bubble volume but not the free-energy barriers, 
which were consistently lower than in the CNT prediction. The missing term 
was found to be a negative line tension τ � � 20 pN. Later, detailed atomistic 
simulations [21] were able to compute the free-energy profile (Figure 4(c)) and 
the drying mechanism on a hydrophobic cylinder with the same radius as the 
experiments. Such atomistic free-energy calculations allowed to compute the 
macroscopic and the atomistic free-energy profiles on the same drying path, 
solving the discontinuity problem of the CNT formulation. This comparison 
confirmed the crucial role of line tension in accelerating drying in nanocon
finement [21], with the estimate τ ¼ � 10 pN.

Reference [21] also reported potential difficulties in interpreting porosime
try measurements for nanometre-scale pores; indeed, the usual procedure 
consists in estimating the pore radius or the contact angle from pressure 
measurements through Equation (4) using an independent measure of either 
θY or Rc, respectively. However, consistently with Equation (8), the values 
taken by these two quantities depend on the choice of the dividing surface and 
on Δκ, both of which are not trivial to establish experimentally. Such nanos
cale contributions are negligible for pores larger than some tens of diameters 
of the fluid particles (ca. 10 nm for a hydrophobic groove and a simple liquid 
[23], but the precise threshold depends on the confining geometry, on the 
nature of the liquid, etc.) but become significant when confinement increases. 
In DFT calculations or in MD simulations, on the other hand, it is possible to 
carefully define the position of the wall and to compute independently the 
Young contact angle; for example, using the centre of the wall atoms to define 
the pore radius and θY computed on a flat wall, Ref [21] reported that the 
hydrophobicity inside cylindrical nanopores is effectively enhanced by the 
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nanoscale curvature. Rather than being a general rule, these results raise 
a caveat on interpreting experiments in nanopores in terms of θY , Rc, and 
Δκ; the only well-defined quantity in this case seems ΔP.

3. Conclusions & perspectives

In this short review, we have analysed drying in extreme confinement, 
focusing especially on nanopores. A general framework for understanding 
the thermodynamics and the kinetics of this phenomenon has been out
lined, clarifying how drying crucially depends on the size of confinement, on 
its hydrophobicity, and on its geometry. A general result is that the presence 
of hydrophobic surfaces favours drying, shifting towards higher hydrostatic 
pressures the conditions of vapour-liquid coexistence and accelerating dry
ing kinetics. Decreasing the size and increasing the degree of confinement, 
e.g. going from grooves to pits, have analogous effects [27]. It is particularly 
pertinent the example of nanoscale cylindrical pores with hydrophobic walls 
immersed in water, which, at ambient temperature, undergo drying at 
hydrostatic pressures as large as tens of MPa [22,42], i.e. hundreds of MPa 
away from the bulk cavitation conditions [88].

Confined drying is central for a number of phenomena in biology and 
technology. In particular, we have discussed the hydrophobic gating 
mechanism in ion channels, in which the formation of nanoscale bubble 
blocks ionic currents [32]. Considering the typical size and hydrophobicity 
of ion channels, the physical mechanism of confined drying seems to apply 
to a number of them. Importantly, our discussion also highlighted that the 
random telegraph signal characteristic of single-channel currents is compa
tible with the typical kinetics of drying in nanometre confinement, provided 
that the conditions are close to coexistence between the dry and wet states. 
Although other indirect evidences of bubble gating have been reported [32], 
including many simulation ones [31,34–36], direct experimental evidence 
seems still elusive, due to the combination of small spatial scales and long 
timescales. In this context, theoretical predictions and detailed simulations 
may bridge structural information about proteins with functional measure
ments, such as electrophysiology, see, e.g. Ref [69]. As will be discussed 
below, much work is still to be done towards this end. On the technological 
side, drying in nanoporous materials was analysed in some detail. This case 
is doubly attractive because of the availability of accurate experimental data, 
which is useful for fostering theoretical understanding, and because of the 
technological interest of controlling wetting and drying of such materials 
which in turn determines their use as energy storage or dissipation devices 
[46]. The accumulated knowledge of drying in confinement can also be 
leveraged to control the wetting state of rough and textured hydrophobic 
surfaces, which is the key to realise robust superhydrophobic coatings. In 
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particular, nanoscale roughness can be exploited in order to achieve self- 
recovering superhydrophobic surfaces [27].

The present discussion highlights that several questions are still open in 
the field or have just started being asked. An important one is how drying is 
affected by complex environments, which is particularly relevant for biolo
gical examples. For instance, ion channels are proteins which enclose water 
[35]: this case encompasses both a chemically complex environment, with 
hydrophobic and hydrophilic interactions, and the elasticity inherent to 
proteins. In addition to structural complexity, in biological environments, 
ions are present in solution and non-equilibrium conditions may be rele
vant. While full-atom simulations of proteins account, at least partially, for 
such complexity, in order to achieve a physical understanding of the drying 
phenomena it is often fruitful to break down the problem in its different 
elements. In this latter direction, Debenedetti and coworkers investigated 
the effect of wall elasticity on drying between hydrophobic plates: it was 
found that elasticity always favoured water evaporation [114]. Non- 
equilibrium effects were studied in Ref [115]., where it was found that, 
while in the quasi-equilibrium picture wetting and drying happen along 
the same path, but in different directions, the dynamics of the transition 
may lead to qualitatively different mechanisms, which strongly depend on 
pressure. It has also been reported that dissolved gases, in particular low- 
solubility ones, may favour drying of nanopores [14,32]; this kind of gas- 
assisted drying calls for further investigations, as it may play an important 
role in general anaesthetics [32], in controlling drying of nanoporous 
materials and superhydrophobic surfaces, and in the stability of surface 
nanobubbles [97].

In conclusion, we have selectively reviewed the current status of theory, 
experiments, and simulations of drying in nanopores with the intent of 
achieving a coherent picture of the underlying physics. The interest of these 
phenomena is strongly crossdisciplinary, being of importance in biology, 
medicine, material science, and engineering. In particular, we have dis
cussed the case of hydrophobic gating in ion channels and drying in 
hydrophobic nanoporous materials. The available results suggest that the 
size, the hydrophobicity, and the degree of confinement concur to promote 
the evaporation of water in nanopores; actually, the consequences are much 
more general and concern different liquids, provided that the relevant 
thermodynamic parameters, in primis solvophobicity, are correctly 
mapped. We further discussed nanoscale effects in drying, including the 
importance of line tension, and the open questions in the field, which call for 
a renewed synergistic research effort combining experiments, theory, and 
simulations.
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Notes

1. This is not the only mechanism by which ion permeation can blocked; in general, in 
order to be able to pass through a pore – be it an ion channel or an artificial 
membrane – the ion should carry its full solvation shell [116]. Accordingly, drying 
of the pore further increases the barrier to ion permeation, leading to rejection of ions 
even when the pore radius alone would suggest an open state [34].

2. The grand canonical ensemble is defined as having constant chemical potential μ, 
volume V, and temperature T. The relevant thermodynamic potential is the grand 
canonical potential. This is the most convenient ensemble for discussing wetting and 
drying phenomena [71,117] and will be used in all our derivations; however, we will 
generically refer to ‘free energy’ to underscore that other ensembles and thermody
namic potentials could be used.
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