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Abstract. By means of molecular dynamics simulations we analyze the behavior of water in contact with
model hydrophobic cavities and tunnels. We study the hydration and filling propensity of cavities and
tunnels carved in alkane monolayers and, for comparison, we also study single-walled carbon nanotubes of
similar size. Our results will determine the dependence of the filling propensity as a function of cavity size
while revealing the dynamical nature of the process with alternation of filled and dry states. Concerning
the tunnels built across the monolayer, we shall show that the minimum diameter in order to get filled is
about twice as large as that for the carbon nanotubes, thus evidencing a more hydrophobic behavior. The
existence of water-water hydrogen bonds, a necessary condition for penetration, will also be made evident.

1 Introduction

A deep comprehension of the behavior of interfacial and
(nano) confined water is mandatory in central fields
of research like solvation, reaction dynamics and biol-
ogy [1–11]. In particular, the hydration properties of pro-
tein binding sites have been suggested to play a major
role in the binding of ligands or in protein-protein associ-
ation [9, 11]. From one side, ligands are expected to dis-
place hydration water molecules from their protein bind-
ing site [9]. On the other hand, geometrically induced sur-
face dehydration (by means of water inaccessibly cavities)
has been shown to be central for the existence of reactive
sites responsible for protein binding [11]. In addition, the
behavior of water confined in cylindrical pores or tunnels is
also important both from the basic and the applied view-
points. For instance, this behavior is relevant for water
flow in aquaporins and proton flow in proton pumps and
enzymes [8]. While it is generally believed that small pro-
tein cavities are empty [9], there is no general consensus on
whether large protein cavities are filled or empty and cer-
tain experimental results on the subject are contradictory
(even when certain large cavities seem to indeed present
small clusters of confined water molecules) [8, 9]. In turn,
it has been shown that subnanometric nonpolar cavities
(spherical pores) remain empty, whereas water penetrates
nanometric size ones [8, 12]. For example, the interiors of
the spherical C180 and C140 fullerenes (the size of the last
one being barely larger than 10 Å) have been shown to
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present stability for filled states with small clusters of wa-
ter molecules connected by strong hydrogen bonds [8,12].
Additionally, the filling and the conduction of water in
carbon nanotubes has been extensively studied [8, 13–15]
and many different water phases have been discovered
(from 1D trains of hydrogen-bonded water molecules at
low nanotube radius to complex layered structures within
larger nanotubes [8, 13–15]). It has also been shown that
the hydrophobicity of the material is important since a
small reduction of the van der Waals attraction between
water and the carbon atoms induces the drying of previ-
ously filled nanotubes [8].

From the results gathered within the above-expounded
context, a general trend observed in nonpolar cavity fill-
ing is the formation of clusters of water molecules bound
by well-shaped hydrogen bonds (HB) [8]. This stability
requirement is not surprising since such HB are expected
to be very strong given the desolvation environment in
which they are formed (with an “effective” dielectric con-
stant much reduced as compared to that of bulk wa-
ter) [11,16]. This strengthening of Coulombic interactions
in desolvation environments has been recognized in bio-
physics [11, 16] and has been regarded as central for the
protein binding process [11, 16]. This is so since soluble
proteins tend to wrap or bury their intramolecular inter-
actions (HB and salt bridges) in order to be stable in wa-
ter (this protection is performed by surrounding the in-
tramolecular interaction with hydrophobic residues which
induce water removal). In turn, underwrapped intramolec-
ular protein interactions (or dehydrons [11, 16]) are un-
shielded from water attack. Thus, such motifs are sticky
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since they promote further removal of surrounding water
(which otherwise would disrupt the intramolecular inter-
action) and have thus been shown to be central for the
protein-protein association phenomena upon which most
biological functions rely [11,16]. This paradox of reconcil-
ing stability with reactivity (which implies to reformulate
the previous question of “how to keep dry in water?” [17]
towards “how to do it without sacrificing reactivity?”) has
been shown to be resolved by the role of geometry [11]. Un-
derwrapped reactive sites on the surface protein have been
shown by our group to be exclusively arranged in subnano-
metric cavities which thus provide a geometric shield to
water attack (a level of local ruggedness completely ab-
sent at well-wrapped sites). This geometrical protection
exploits the other related above-expounded trend in non-
polar cavity filling: that water molecules do not penetrate
in cavities of subnanometric sizes [8, 11]. This fact has
been explained to be due to the reluctance of the wa-
ter molecules to resign HB coordination with other water
molecules (only nanometric size cavities allow the water
molecules to penetrate retaining the HB coordination typ-
ical at surfaces) [11].

Within this context, the aim of the present work is
to explore, by means of molecular dynamics simulations,
the behavior of water in contact with model hydrophobic
cavities and their filling tendencies. We use simple model
hydrophobic surfaces in order to retain only the geomet-
rical constraints which are nonetheless expected to play a
central role (thus avoiding the more complicated chemical
specificity and heterogeneity present in more realistic sys-
tems like proteins). First, we shall study the hydration of
cavities carved in alkane monolayers. These cavities are ex-
pected to be more hydrophobic than other nonpolar pores
studied in the past (like the interior of fullerenes) and
thus the geometric constraints are expected to completely
dominate the filling/drying propensities. In turn, we shall
analyze the filling of tunnels generated in such monolay-
ers and, for comparison, we shall also study single-walled
carbon nanotubes of similar radii. Our results will deter-
mine the filling behavior as a function of cavity size and
will also reveal the dynamical nature of the process with
alternation of filled and dry states. As regards the tunnels,
we shall show that the ones built across the monolayer re-
quire a larger radius in order to get filled as compared to
the carbon nanotubes. The role of hydrogen bonding for
cavity filling will also be made evident.

2 Methodology

2.1 Model systems

For the hydrophobic cavities we constructed a monolayer
of 81 chains (9×9) of n-heptadecane (CH3–(CH2)15–CH3)
aligned in a parallel fashion so as to generate a cube. This
arrangement mimics the monolayer structure of stearic
acid chains adopted at a water interface but replaces the
acid group (COOH) by a H so that the chain ends with a

metile, i.e. it becomes an n-heptadecane chain. The origi-
nal chain separation was 4.53 Å, the typical distance in a
fatty acid monolayer. The monolayer was solvated with
water molecules modeled by the TIP3P model [18, 19]
with a canonical NVE ensemble with a Berendsen ther-
mostat [20]. All simulations were done using the AM-
BER10 molecular simulation suite [21] with a 2 fs time
step (we used the GAFF and FF99SB force fields). All
calculations were performed in the NPT ensemble with a
Langevin thermostat at T = 300K. The monolayer was
solvated with TIP3P water molecules in an orthogonal
cubic box with periodic boundary conditions. The size of
the box was such that it extended more than 20 Å away
from all the monolayer faces. The surface monolayer was
centered in the middle of the box. This monolayer with-
out a hole will be called “perfect” monolayer from now
on. For the cavities, we carved holes in the monolayer
surface parallel to the (x, y)-plane in the z-direction (the
position of the hydrogens at the top of the monolayer
was z = 42.5 Å while the corresponding carbon atoms
were placed at z = 41.6 Å. In all cases (perfect monolayer
or with the different carved holes) the AMBER equili-
bration reduced the distance between the n-heptadecane
molecules (the chain separation) to 4.2 Å. To generate the
cavities we carved squared holes of different sizes at the
center of the monolayer surface by cutting the correspond-
ing number of chains (the bonds of the carbon atoms at
the bottom of the hole were saturated so that all chains
ended with a methyl group; in other words, they became
shorter chain alkanes). For the holes we shall use the fol-
lowing nomenclature: A × B means that the chains of a
number A of molecules conforming a square at the center
of the monolayer were shortened in B units (the depth
of the hole is thus given by B × 1.2 Å where 1.2 Å is the
length of a CH2 monomer). The numerical relation be-
tween A and B was such that approximately the “radius”
of the hole (as we shall call from now on the measure that
corresponds to half the length of the square conforming
the “mouth” of the hole) was as close as possible to the
hole depth. For illustration, in fig. 1 (top) we show a con-
figuration of the monolayer with a 9×7 hole solvated with
water molecules. We studied 1 × 3, 4 × 5, 9 × 7, 16 × 9,
and 25 × 11 holes, together with the perfect monolayer.
The larger holes were carved on larger size monolayers so
that in all simulations, we always have holes which are far
enough from the borders of the (x, y) surface of the mono-
layer. For the tunnels we used a similar nomenclature and
thus, tunnel 1, tunnel 4 and tunnel 9 refer to the situa-
tion where we extracted respectively 1, 4 and 9 complete
chains at the center of the monolayer, so that both the up-
per and lower faces of the monolayer cube were connected
by the tunnel. In fig. 1 (bottom) we show an example of a
tunnel (tunnel 4). In turn, the single-walled carbon nan-
otubes employed had radii 2.0, 3.9, 4.75, 8.15, 12.25, 20.4
and 67.5 Å. Each of the nanotubes was solvated in a box
of TIP3P water molecules that extended more than 20 Å
away from the nanotube borders in each direction. The
axis of the nanotube coincided with the x-axis and the
length of the nanotubes was 14 Å in all cases.
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Fig. 1. Top: snapshot of the simulation of a 9 × 7 hole mono-
layer. Bottom: idem for tunnel 4. In order to better illustrate
the hole and the tunnel, in both cases we have only included
a few of the water molecules. We recall that all the six faces
of the monolayers are completely surrounded by 20 Å of water
molecules.

3 Results

3.1 Hydrophobic cavities

Figure 2 shows the density profile along the z-direction,
the normal to the monolayer surface (which lies in the
(x, y)-plane). We can see that the perfect monolayer dis-
plays the typical behavior found for other nonpolar sur-
faces [10]. The small 1×3 hole is empty and the hydration
water layer does not seem to “feel” the presence of the hole
since it adopts an almost planar arrangement parallel to
the surface. For larger cavity sizes the hydration water
layer begins to “notice” the presence of the hole and the
plane of vicinal water molecules begins to present a defor-
mation at the position of the hole (begins to get closer to
the monolayer at the hole position). At even larger holes
the water molecules clearly penetrate into the cavity.

In order to better determine whether water is able to
fill the different cavities, we calculated the minimum z

Fig. 2. Density profile for the water molecules in the direction
normal to the surface of the perfect monolayer and for the ones
with cavities 1 × 3, 4 × 5, 9 × 7, 16 × 9 and 25 × 11. In such
graph we indicate the positions of the C (dashed line) and the
H (dotted line) atoms at the surface of the monolayer. These
marks can be taken as the border of the cavity which extends
in the decreasing z-direction.

value (maximum penetration) reached by any of the water
molecules as a function of time. These results are shown
in fig. 3 where we can see that filling is not homogeneous
in time. Instead, this plot makes evident the fact that fill-
ing and drying represent dynamical processes. The small
1 × 3 hole is empty almost all the time since the pro-
file is very similar to that for the perfect monolayer (only
very seldom the water molecules penetrate the depth of
the line indicating the border of the hole, which we esti-
mate here as the z position of the topmost H atoms of the
perfect monolayer). For larger intermediate-size cavities,
however, we can see that the system alternates between
periods when the water molecules penetrate or fill the cav-
ity (water molecules below the z position of the border of
the cavity) and dry periods. At the times when the hole
is empty the water molecules are located roughly at the
same z position as the water molecules hydrating the per-
fect monolayer. Thus, these cavities show an alternation of
empty and filled states with the fraction of time filled in-
creasing as the cavity size increases. This is an interesting
result since the water molecules tend to be either filling
the cavity or else excluded from it as if there were no hole,
without significant population of intermediate positions.
Only the largest cavities (for example, the hole 25 × 11
which has a diameter of 25.3 or 21.7 Å when measured by
the C-C chain distance or by its van der Waals diameter,
respectively) are found to be filled almost all the simu-
lation time. In fig. 4 we thus show the fraction of time
filled, φ, as a function of the cavity diameter (both mea-
sured from center to center of the chains, that is from C
atom to C atom, and by its van der Waals diameter).

Another point worth mentioning is the effect of the
abrupt nature of the sides (walls) of the holes on water
penetration. To study this point we generated two other
holes with less steep walls. We considered the 9 × 7 and
the 25 × 11 holes sculpted in the following way: For the
sculpted 9×7 hole the central alkane chain was shortened
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Fig. 3. Maximum penetration reached by the water molecules
as a function of time for the different cavities (from top to
bottom: perfect monolayer —i.e. without hole— and 1 × 3,
4 × 5, 9 × 7, 16 × 9, and 25 × 11 holes). In all cases, the solid
horizontal lines indicate the position of the topmost H atoms of
the monolayer and the dashed lines represent the time-averaged
maximum water penetration.

in 7 CH2 monomers (as was the case for the 9 × 7 hole),
its four first neighboring alkane chains were shortened in
5 monomers while the remaining four chains were short-
ened in 4 units. In turn, for the 25× 11 sculpted hole the
central chain was shortened in 11 monomers (as for the
25× 11 hole), the surrounding 8 chains were shortened in
9 units and the remaining 16 chains of the outer square
were shortened in 7 units. In fig. 5 we show the maximum
water penetration as a function of time for both sculpted

Fig. 4. Fraction of time filled, φ, for the different cavities plot-
ted as a function of cavity size. The squares correspond to the
case when the cavity diameter is measured by the C-C chain
separation while the circles indicate the case when the van der
Waals radii of the atoms are taken into account. Lines are pro-
vided simply as a guide to the eye.

Fig. 5. Maximum penetration reached by the water molecules
as a function of time for the two sculpted cavities (the figure
at the top corresponds to the 9 × 7 sculpted hole and the one
at the bottom is for the 25 × 11 sculpted hole). Again, the
solid horizontal lines indicate the position of the topmost H
atoms of the monolayer and the dashed lines represent the
time-averaged maximum water penetration.

holes. We can see that the behavior of the sculpted 9 × 7
hole is very similar to that of the former 9 × 7 hole both
regarding the fraction of time filled and the average water
penetration. For the 25×11 hole we can see that the frac-
tion of time filled is similar to that of the former 25 × 11
hole. However, in this case the average water penetration
is greater and the water molecules are able to hydrate the
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bottom of the hole: they reach a distance to the bottom
similar to that of the hydration water molecules at the
surface of the perfect monolayer. Thus, we can learn that
the water-wall interactions are relatively important since
they can increase the depth of cavity penetration while
not altering significantly the time the cavity is filled.

3.2 Filling of hydrophobic tunnels and carbon
nanotubes

When we solvated and equilibrated the three tunnels (tun-
nel 1, tunnel 4 and tunnel 9), we found that water was
able to fill only tunnel 9: this tunnel remains filled with
water molecules all the simulation time while the other
ones remain empty. The size of tunnel 9 is 16.82 Å when
measured by the C-C distance and 12.9 Å when its van
der Waals diameter is considered. Thus, in order to get a
better estimation of the minimum tunnel size that can be
filled, we built new versions of tunnel 4 but from mono-
layers with greater chain separation (we recall that for the
original tunnel 4 the chain separation after equilibration
was 4.2 Å). When the chain separation after equilibration
was 4.35 Å (thus implying a tunnel size of 13 Å or 9.3 Å
when measured by the C-C distance or the van der Waals
diameter, respectively) the tunnel remained empty and
could only be filled when the chain separation reached
4.5 Å (tunnel size of 13.5 Å for C-C and 9.8 Å in van der
Waals). This minimum tunnel size for filling is very large
if compared to carbon nanotubes, since smaller diame-
ter nanotubes have been found to be filled [8, 13–15]. For
example, a train of hydrogen-bonded water molecules (a
one-dimensional pattern) has been shown to penetrate a
nanotube of 8.1 Å diameter measured by its C-C distance.
This water arrangement did not form in our hydrophobic
tunnels of comparable size. This fact might imply that the
water-wall interactions stabilize such inner water struc-
ture. In turn, when water filled our larger tunnels, three-
dimensional water arrangements occurred.

In order to compare our tunnels with carbon nano-
tubes in more detail, we constructed many carbon nano-
tubes of different diameters (from 4 to 100 Å diameter in
C-C distance) and found that all nanotubes with a di-
ameter larger than 7.0 Å/4.2 Å (in C-C or van der Waals
diameters, respectively) were filled, while nanotubes with
diameters lower than 6.2 Å/3.9 Å remained empty. Thus,
the minimum size nanotube that can be filled by water
is roughly half the diameter of the minimum tunnel size.
This shows the importance of the water-wall interactions
and implies that the tunnels are behaving in a more hy-
drophobic fashion as compared to the carbon nanotubes.
This is also consistent with the result mentioned of nano-
tube dewetting when the water-wall interaction strength
is decreased in simulations [8].

Finally, we mention that inside the tunnels we also
found a great tendency for the water molecules to be en-
gaged in hydrogen-bonded structures. Figure 6 shows a
typical snapshot for the water molecules inside a tunnel.

Fig. 6. A snapshot of the water molecules inside tunnel 4
displaying a typical arrangement. The width of this tunnel is
13.5 Å/9.8 Å (in C-C or van der Waals diameters, respectively).
HBs are indicated by dotted lines. For the sake of clarity, we
do not show the monolayer chains but only the inner water
molecules and only a few other water molecules outside the
tunnel.

The dotted lines indicate HBs calculated with a geomet-
ric criterion (O · · · O distance lower than 3.2 Å and angle
O—H · · ·O lower than 30◦). We can easily observe many
HBs between the inner molecules, even when ordered pat-
terns are not easy to form given the high (ambient) tem-
perature of the system.

4 Conclusions

In this work we have studied the behavior of water con-
fined in model alkane-like hydrophobic cavities and tun-
nels and within carbon nanotubes. While subnanometric
diameter cavities are empty most of the time, the filling of
small nanometric cavities has been shown not to be homo-
geneous in time but to represent a dynamic process with
alternation of filled and completely dry states. The larger
cavities, in turn, tend to remain filled practically for all
the simulation time. Additionally, we have found that the
tunnels remain empty until about twice the minimum di-
ameter for a carbon nanotube to get filled, thus making
evident the more hydrophobic nature of such systems. Fi-
nally, we have also shown that the water molecules inside
the tunnels are engaged in HB networks.
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