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We study the structure and orientation of water molecules at model hydrophobic surfaces by means of
molecular dynamics. We focus here on the role of geometry in water hydration by comparing the situa-
tion for a planar graphene sheet with convex surfaces with different curvature: the exterior surfaces of
carbon nanotubes and fullerenes of different radii. In all cases, we find the first water hydration layer
to be more structured than the bulk. Additionally, the first water layers are found to be well oriented with
respect to the surface normal in a way consistent with a local Ice Ih-like structuring, but differently form
the water–air interface (along the opposite direction with respect to ice Ih basal plane). We also show
that as the curvature of the surface gets more pronounced, the water molecules get less structured
and oriented. This monotonic loss of local structure for proximal water represents a smooth tendency
whenever we deal with an extended surface. However, when the surface becomes partially or completely
non-extended (within the sub-nanometric regime), the surface water layer becomes to quickly lose struc-
turing and orientation.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction molecules close to the surface would lack a hydrogen bond in the
The comprehension of the structure and behavior of water at
interfaces represents an issue of major concern in several central
research areas like hydration, reaction dynamics and biology [1–
7]. Regarding biology, water is known to play a dominant role in
the structuring, the dynamics and the functionality of biological
molecules [1–7]. Thus, main processes like protein folding, protein
binding and biological function claim for a molecular understand-
ing of hydration. A simple case study in this direction is the inves-
tigation of the hydration properties of model surfaces, and
homogeneous hydrophobic-like surfaces are of interest. Such stud-
ies where geometry plays a main role can also be regarded as a
simple first step towards more complex situations where chemis-
try is also at play, like the situation encountered for the so-called
biological water [8], that is, the hydration water around proteins
and other biological molecules. For example, graphite-like surfaces
have been employed to computationally investigate the hydropho-
bic effect [5]. To this end [5], two parallel water confining surfaces
separated by short distances have been used to determine the
behavior of the contained water and the possible de-wetting effect
that should mark the hydrophobic interaction [1,2,5,7]. Other
hydrophobic surfaces have been studied as well (see for example
[1,2,5,7,9–13] and references therein). Extended hydrophobic-like
surfaces disrupt the hydrogen bond network of water. The water
ll rights reserved.

nanesi).
direction towards the surface (as has been shown for example for
an extended homogeneous flat graphene sheet [14]), thus dimin-
ishing their local connectivity from preferentially four to preferen-
tially three first neighbors, a fact that would imply an enthalpy
rise. However, this cost is in part compensated by the improve-
ment in the remaining interactions, so that the molecules of the
first hydration layers become better structured than the bulk as
they tend to lower their local density [14].

In the present work we shall study by means of molecular
dynamics (MDs) simulations the structure and also the orientation
of the water molecules at graphene, single walled carbon nanotube
and fullerene surfaces. In all cases, a better structuring than the
bulk and clear preferential orientation will be evident. The study
of the orientation of the water molecules is interesting since it
can be directly contrasted with experimental measurements (sur-
face sum-frequency vibrational spectroscopy [15]), when available.
Additionally, we shall learn that the orientation of the water mol-
ecules at these hydrophobic surfaces is different from the one that
occurs at the water–air interface. Another goal of our present work
is to examine the role played by the curvature of the hydrophobic
surface. Thus, we shall investigate the hydration layers of nano-
tubes and fullerenes of different radii. We shall focus on the convex
surfaces, that is, the exterior surfaces (water confined within nano-
tubes and fullerenes has been extensively studied [16–18]). Our
aim is to learn whether curvature affects the structuring and
orientation of the hydration layers. Of particular interest is the sit-
uation when the surface becomes partially or completely non-ex-
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tended. We shall demonstrate that in the case of an extended sur-
face, the introduction of curvature implies a slight decrease of this
(better than the bulk) structuring and orientation of the molecules
close to the interface. However, when the surface becomes non-ex-
tended (within the subnanometric regime), this local order of the
water molecules begins to be quickly lost.

2. Methodology

2.1. Model systems

As model hydrophobic surfaces we employed a graphene sheet,
single walled carbon nanotubes of different radii and C60 and C20

fullerenes. Given the chemical similarity between the three kinds
of systems under study, the hydration of the graphene sheet should
constitute the limit of infinite curvature radius for both the nano-
tubes and the fullerenes. The water molecules were modeled by
the TIP3P model [19,20]. A Berendsen thermostat was used in
the equilibration [21]. All simulations were done using the AM-
BER10 molecular simulation suite [22] with a 1 fs time step. We
used the GAFF (Generalized Amber Force field) and FF99SB force
fields for carbon and water, respectively (the atom type in GAFF
is ca for carbon and ha for hydrogen atom). The default water mod-
el for the FF99SB force field is TIP3P, and thus the different param-
eters are optimized for this case. All calculations were performed
in the NPT ensemble with a Langevin thermostat. The model
graphene surface was a perfect honeycomb graphite-like sheet,
consisting of a layer of 5 by 5 benzenic rings (approximately
100 Å2) with terminations in hydrogen atoms solvated with 4365
TIP3P water molecules in an orthogonal cubic box with periodic
boundaries [14]. The surface was centered in the middle of the
box and parallel to the XY plane. To discard the presence of signif-
icant finite size effects (see below) we also employed a second
layer of 10 by 10 benzenic rings (approximately 400 Å2), solvated
with 10,788 TIP3P water molecules. In order to avoid molecules
close to borders of the graphite sheet, we considered a circular
tube of radius 4.8 Å (8.4 Å for the larger system) placed at the cen-
ter of the graphite layer and normal to such plane. We then divided
the tube in six consecutive regions or cylinders (from region or cyl-
inder 1 to region or cylinder 6) of height 3.5 Å so that the first cyl-
inder extended from the surface to a distance of 3.5 Å, the second
one went from 3.5 Å to 7 Å, and so on. This distance implies that
the first region contained water molecules exclusively from the
first peak of the water density distribution function normal to
the surface [14]. Since the system is equivalent in the two direc-
tions normal to the graphite plane, we gathered statistical data
from both sides of the sheet (that is, we also constructed a tube
normal to the graphite sheet but extending to the other direction
and divided it into six cylinders). Thus, from now on when we
speak of a given region or cylinder number it means that we are
gathering data from the water molecules of the corresponding cyl-
inders at the two sides of the graphite layer. We have previously
studied the structuring of the water molecules for these graphene
sheets (see details in [14]), but have not studied the orientation of
the water molecules in such work. Thus, in the present work we
shall focus on the orientational study of the water molecules
around the graphene sheet and, for completeness, we shall also
present the relevant data on the local structure of the water
molecules.

In turn, the carbon nanotubes 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 nano-
tube coincided with the x axis and the length of the nanotubes was
14 Å in all cases and thus, this dimension was always extended. We
studied the water molecules located within six concentric annular
regions of 3.5 Å thickness so that the first region contained the
water molecules external to the nanotube whose distance to the
nanotube surface within the (y,z) plane at its corresponding x value
was lower than 3.5 Å, the second region involved the molecules
whose distance to the surface lay between 3.5 Å and 7 Å, and so
on. In other words, we divided the region external to the nanotube
into six concentric tubes (the first tube radius was 3.5 Å larger than
that of the nanotube, the second one’s radius was 7 Å larger than
the nanotube, and so on) and the region defined by any given tube
excluded the molecules within all the previous ones. In all cases,
the regions studied were more than 2 Å apart from the nanotube
x-endings in order to avoid border effects.

Finally, the fullerenes studied were C60 and C20 and were cen-
tered at the center of coordinates. Both of them were also solvated
in a box of TIP3P water molecules that extended more than 20 Å
away from the fullerene surface. We also studied water molecules
within six regions. The spherically concentric regions studied were
such that the region 1 contained the water molecules external to
the fullerene whose distance to its surface was less than 3.5 Å,
the second one involved water molecules whose distance to the
fullerene lied between 3.5 Å and 7 Å, and so on.

In all cases we carried simulations at a temperature of 300 K
(unless we explicitly indicate another value), mean pressure of
1 bar and average density around 1.0 kg/dm3. We used a time step
of 1 fs and a long range interaction cutoff of 8 Å with particle mesh
Ewald. Equilibration was tested by monitoring the behavior of
thermodynamical properties like temperature, pressure and en-
ergy oscillations, and by dynamical properties like oscillations in
the mean squared displacement of the water molecules; the equil-
ibration times were in each case much larger than the structural
relaxation time, sa, for pure water at this temperature (sa is the
timescale when the self-intermediate scattering function evalu-
ated at the first peak of the structure factor has decayed to 1/e).

2.2. Local structural index

Liquid water is known to present several anomalies which be-
come more prominent as it is supercooled [23–26]. Such anomalies
have been tentatively associated to structural facts: the presence of
two competing preferential local structures, identified with mole-
cules characterized by high or low local density [24,27,28]. Support
for this idea comes from the existence of at least two different
forms of amorphous glass states, namely low-density amorphous
ice and (very) high-density amorphous ice [29–32]. Different
parameters have been proposed to study the local structural order
of the water molecules on a quantitative basis. One of them, pro-
posed by Shiratani and Sasai [27,28], associates a local structure in-
dex I to each molecule to quantify the degree of local order. The key
observation is the existence of certain molecules which show an
unoccupied gap between .2 Å and 3.8 Å in their radial-neighbor
distribution for certain periods of time. Such low-density mole-
cules are well structured and coordinated in a highly tetrahedral
manner with four other water molecules. Occupancy of such gap
increases the local density and distorts the tetrahedral order of
the central molecule. Shiratani and Sasai [27,28] defined I(i, t) for
molecule i at time t. For each molecule i one orders the rest of
the molecules depending on the radial distance rj between the oxy-
gen of the molecule i and the oxygen of molecule j :
r1 < r2 < rj < rj+1 < � � � < rn(i, t) < 3.7 Å < rn(i, t)+1. Then, the local struc-
ture index, LSI, which we denote with I(i, t) is defined as [27,28]:

Iði; tÞ ¼ 1
nði; tÞ

Xnði;tÞ

j¼1

½Dðj; i; tÞ � Dði; tÞ�2

where D(j; i, t) = rj+1 � rj and Dði; tÞ is the average over all molecules
of D(j; i, t). Thus, I(i, t) expresses the inhomogeneity in the radial dis-
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tribution within the sphere of radius around 3.7 Å. A high value of
I(i, t) implies that molecule i at time t has a good tetrahedral local
order and low local density (and thus, a low local potential energy
since it is able bind to its first four neighbors by geometrically well-
shaped hydrogen bonds), while on the contrary, values of I(i, t) � 0
indicate a molecule with defective tetrahedral order and high-local
density (and thus, high local potential energy), even allowing for a
fifth neighbor within the coordination shell. This abnormal coordi-
nation could also promote the formation of bifurcated hydrogen
bonds (when a water molecule binds to two others via the same
hydrogen), a feature that has been shown to promote local mobility
[33,34]. Liquid water both in the normal liquid state and in the
supercooled liquid state has been shown to present local structural
index distributions with a peak at low values and a tail to the right.
Over certain temperature range the curves for the different temper-
atures intersect at a value of I(i, t) � 0.04 Å2, which can be regarded
as a limit between structured (the ones with I(i, t) > 0.04 Å2) and
unstructured water molecules (with values of the local structural
index lower than such threshold). The fraction of structured mole-
cules increases as temperature is decreased [27,28,35]. In a previous
Fig. 1. (a) Probability density P(I) of finding a molecule with local structure index I for e
The curve for cylinder 1 is depicted by open squares and the one for cylinder 2 is marked b
that cylinder 1 contains the water molecules closest to the graphite layer while cylinder
(black lines) around the graphene sheet but for different water models: TIP3P (triangle
behavior for bulk layers.
work for pure water [35] we have employed the inherent dynamics
formalism (which implies minimizing each instantaneous configu-
ration of the MD simulation, that is, the one for the real dynamics,
to reach the basin of attraction or local minimum of the potential
energy to which it belongs; that is, by subtracting the kinetic en-
ergy). This procedure renders a local structural index distribution
clearly bimodal, with a kind of isosbestic point or local minimum
in the distribution whose position is temperature independent, sep-
arating two peaks: the one for the unstructured molecules (to the
left) and the one for the structured ones (to the right) [35]. How-
ever, in this work we shall employ directly the real dynamics to
characterize the local structure of the water molecules since it suf-
fices to this end and thus there is no need to resort to the more com-
putationally involved inherent dynamics technique. Additionally,
we note that the local structure index yields similar information
on bulk water as other quantities that have been calculated, like
the orientational order parameter q, which depends on the values
of the angles between the lines connecting the oxygen of a given
molecule with those of its nearest neighbors [36,35]. However,
while the local structure index can be directly employed for water
ach of the six regions or cylinders around the graphene sheet at temperature 300 K.
y open diamonds. The curves for cylinders 3–6 are almost coincident. Please remind

6 comprises the studied molecules that are farther apart from it. (b) P(I) for region 1
s), SPC/E (diamonds) and TIP5P (circles). The gray lines display the corresponding
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at interfaces (since it measures the quality of the local interactions
of the water molecules regardless of their number), the index q can-
not be used in its original form (which demands the evaluation of
the positions of the first four neighbors) and should be reformulated
in a nontrivial way in order to be suited for an interface [14]. The
use of these kind of indices to characterize the local structure of
the water molecules at an interface (instead of the study of density
profiles and other parameters already used and which provide less
detailed information) is also relevant since they can point to con-
nections with dynamical quantities (for example, they have proven
useful in determining the existence of a causal link between struc-
ture and dynamic propensity in glassy water, an issue of great inter-
est in glass physics [37–39]).

3. Results and discussion

3.1. Structure of hydration water

Fig. 1(a) shows the distribution of I(i, t), P(I), for the water mol-
ecules within each of the six studied regions or cylinders at
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Fig. 3. Mean value of the local structure index for the molecules within the first region (re
r. The value corresponding to region 1 for the graphene sheet is 0.0707 Å2. The inset sho
radius, dhIi/dr. In all cases the mean value of the local structure index of the molecules
T = 300 K for the graphene sheet. The calculation of P(I) for mole-
cules within a given cylinder is performed by computing the index
in many configurations that occur at different times along large
runs (thus, we always employ instantaneous configurations gath-
ering statistics from many different configurations, which warrants
that all the water molecules considered reside within the region of
interest). From this graph we can learn that the water molecules
closest to the surface (that of region 1, that is to say, the first cyl-
inder) are considerably better structured than the rest. In fact, all
the other regions show basically the same distribution (clearly dis-
placed to the left) except for region 2 that tends to deviate slightly
from such behavior. Thus, the effect of the interface is both signif-
icant and quite local in space: The water molecules close to the
surface rearrange considerably their local structure, but in less
than 8 or 10 Å from the surface the water molecules are able to at-
tain the structuring typical of the bulk (the P(I) curve for pure
water is in fact identical to that of region 6). To verify that this
improvement in the structuring of the molecules close to the sur-
face is not dependent on the water model used (TIP3P), we also
analyzed other water models (TIP5P and SPC/E) and in both cases
0.1 0.15 0.2

[Å2]

f the six regions outside a nanotube of radius 67.5 Å at temperature 300 K. The curve
The curves for regions 3–6 are almost coincident.

150 200 250
r [Å]

10 20 30 40
r [Å]

gion 1) external to nanotubes of different radii, as a function of the nanotube radius,
ws the corresponding rate of change of the local structure index with the nanotube
within region 6 (equal to bulk water) is 0.044 Å2.
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we obtained a similar restructuring of vicinal water, as can be seen
in Fig. 1(b).

In turn, Fig. 2 displays P(I) for the six regions around the nano-
tube of radius 67.5 Å. Again we can see that the behavior of region
1 significantly deviates from the rest (also the curves for cylinders
3–6 are almost coincident), indicating the existence of an enhanced
structural order. Again, we recall that region 1 is the first annular
region (the water molecules closest to the exterior’s nanotube sur-
face, that is, the molecules outside the nanotube and within a tube
of radius 3.5 Å larger than the nanotube radius), and that the larger
the region number, the farther this region lies from the nanotube’s
surface.

As already pointed out and in order to study the effect of curva-
ture on the hydration properties, we also studied nanotubes of dif-
ferent radii. Again, in all cases we found that only the first region
around the nanotube is significantly better structured than bulk
water (data not shown). For all nanotubes, we checked that the
behavior for their external regions was coincident and identical
to that of pure bulk water. Thus, in Fig. 3 we plot the mean value
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Fig. 5. Density profiles at T = 300 K for the water molecules as a function of their (radia
nanotube (black thick line) and the smaller radius nanotube (gray thick line) considered i
with squares) when the water molecules are much better structured as compared to th
of the local structure index for region 1, hIi, as a function of the
nanotube radius. We also indicate the value for the graphene sheet,
which could be thought as the infinite curvature radius limit. As
expected, the large nanotubes display a behavior similar to that
of the graphene sheet. However, we can learn that the mean I value
decays smoothly but monotonically as the nanotube radius falls.
Thus, the effect of curvature is to reduce the structuring of the
hydrating water molecules. In turn, we present in the inset the data
for the slope of such curve, that is, dhIi/dr. We can easily notice that
the structuring of the proximal water molecules decreases
smoothly with the nanotube radius while this dimension is ex-
tended (for nanotube diameters on the nanometric range). How-
ever, a notable fact is that when this dimension becomes non-
extended (diameters around and within the subnanometric size)
the water molecules quickly loose structuring, with a sharp change
in the curve of dhIi/dr. Thus, for the small radius nanotubes we
studied, the water molecules of region 1 are far less structured
than the ones around the large radius nanotubes and the flat
graphene sheet.
0.1 0.15 0.2
[Å2]

angles), a nanotube of radius 67.5 Å (black line, filled squares), a nanotube of radius
onds) fullerenes.

4 5 6 7 8
tance (Å)

l) distance from the surface for graphene (black line with circles), the larger radius
n Fig. 3. We have also included a curve for the graphene sheet at T = 240 K (gray line
e situation at T = 300 K.
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Fig. 4 shows the probability distribution of the local structure
index of region 1 for the nanotube of radius 67.5 Å, for the nano-
tube of radius 2.0 Å and for the fullerenes C60 and C20, together
with that for the graphene sheet. We can see that the water mole-
cules around the small radius nanotube are far less structured than
that around the large nanotube. C20, which presents a completely
non-extended surface (with a radius of 1.9 Å), has a water layer
less structured than that of the small nanotube (surface partially
non-extended, since it is in fact extended in the direction of the
nanotube axis). We note that non-extended hydrophobic surfaces
could be clathrated by water, as can be expected for small mole-
cules with subnanometric dimensions. However, this is expected
to happen at temperatures below water’s freezing point, and sim-
ulations for molecules as small as methane or Ar2 at such low tem-
peratures have shown only partial clathrate tendency with very
distorted configurations [40]. C60 is larger than C20 (with a radius
of 3.45 Å) and its hydrating water molecules are more structured
than that of C20, behaving similarly to the small nanotube.

At this point, it is important to discuss in more depth this order-
ing effect of the vicinal water molecules (the ones closer to the sur-
face), as indicated by the I index. In pure water, as temperature
lowers within the liquid and in the supercooled regime, the mean
Fig. 6. (a) Probability distribution of the distance Z (normal to the graphene plane) at T =
HBs (gray line) – the results are almost identical if we plot molecules with strictly 3 and m
the molecules located at Layer 1 (black curve), Layer 2 (gray solid line) and for bulk mo
value of the I index increases as the first two coordination layers
get more compact and separate from each other (thus producing
a density decrease). This exclusion of the fifth and subsequent
neighbors in pure bulk water where each molecule is coordinated
in a tetrahedral manner to four neighbors, improves the local order
since the fifth neighbor does not disturb the structuring of the first
shell. In this context, our present results indicating that the I index
of the surface water molecules is higher than that of the bulk ones
could stem from two possibilities. One of them would be a better
hydrogen bonding of the molecules with their first three neighbors
(we recall that at the surface the water molecules tend to be sur-
rounded by only three first neighbors at distances compatible with
hydrogen bond formation) as compared to the typical quality of
bulk hydrogen bonds. Instead, such local order improvement could
be due to an expanded local network comprising the fourth neigh-
bor and the second coordination shell. We shall see that the latter
explanation is in fact the correct one. We have analyzed the dis-
tances and the hydrogen bond angular orientations of the first
three neighbors of the surface water molecules and determined
that they are not improved with respect to that of the bulk water
molecules (in fact, they are quite similar). However, the local den-
sity is indeed depleted since the fourth neighbor and, more signif-
240 K for molecules with 3 or less HBs (black curve) and molecules with 4 or more
olecules with strictly 4 HBs. (b) Distribution of the number of HB bonds formed by

lecules (molecules farther than 10 Å from the surface; dashed gray line).
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icantly, the fifth neighbor are excluded away form the surface (so
that their distances to the central water molecule are larger than
that in bulk water). This enables a better ordering with a well
developed first shell and a fourth neighbor excluded away and
placed at a defined angular orientation, thus favoring OH bonds
both in plane or orthogonal to the surface, as we shall demonstrate
in the next subsection. We have also calculated the water density
Fig. 7. Distribution of cosh for Layer 1 (black line), Layer 2 (dark gray) and bulk (light gray
corresponding value of the angle.
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Fig. 8. Scheme of the structure of ice Ih, indicating the surfaces compatible with the (mo
water/air interfaces. In the detailed view we indicate the h angles typical for molecules
profiles as a function of the surface distance for the graphene sheet
and for the small and large radius nanotubes (see Fig. 5). The
graphene sheet presents the sharper distribution while the small
radius nanotube shows the broader one, with increased population
between the first two peaks. The peak separation enables a better
local ordering, as already discussed above. We have also included
the curve for the graphene sheet but at a much lower temperature
) regions around the graphene sheet. We also include an upper axis to help read the
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(T = 240 K, that is, within the supercooled regime when water gets
more structured) which shows sharper peaks and a more pro-
nounced peak separation. At such temperature, the separation be-
tween the first and second coordination shells increases
significantly (and the fifth neighbor of the surface water molecules
move to larger distances form the central molecule). This lowering
in the local density significantly favors local structuring. As regards
the structural order increase in the vicinal water molecules as we
move from the smallest radius nanotube to the largest one and
the graphene sheet, this is also related to a local density decrease
that favors water ordering and orientation. In all cases the first
three neighbors of the water molecules lay well within 3 Å of the
central molecule (a distance that enables good hydrogen bond for-
mation) while the fourth neighbor is placed roughly at 3.2 Å. For
the nanotubes with radii smaller than 10 Å the fifth neighbor is lo-
cated at roughly 3.5 Å while this distance grows to roughly 3.6 Å
for the nanotubes with nanometric radii and for the graphene
sheet. Again, this density lowering favors a local structuring where
the OH bonds tend to be in plane with the surface or normal to it,
as we shall see in the following subsection.

3.2. Hydrogen bonding and orientational ordering of surface water
molecules. Tendency for ice Ih-like structuring

In this section we shall examine the hydrogen bonding and ori-
entation of the water molecules close to the graphene sheet and
the nanotube surfaces. In order to find hydrogen bonds (HBs) we
used a geometric criterion (shown in past studies [37,35,34] to pro-
vide reasonable results also consistent with more elaborated crite-
ria): A HB implies an O–O distance of less than 3.5 Å and an angle
O–H. . . O lower than 30�. In Fig. 6(a) we display the distribution of
distances Z to the graphene plane of the molecules that lie within
2.5 and 4.25 Å of the surface (that is, for molecules within the first
peak of the density profile of Fig. 5), by discriminating between the
ones that participate in four or more HBs and those ones which
Fig. 9. Distribution of cosh for Layer 1 and bulk layers around the nanotube of radius 67.5
layers are the ones that show no orientational preference.
form three or less (we present the curve for a low temperature of
T = 240 K in order to get clearer results but similar ones are ob-
tained at ambient temperature). From this graph we can see that
this region is basically the product of two different regions (the
first and the second hydration layers) which from now on we shall
call (hydration) Layer 1 and (hydration) Layer 2. Layer 1, which ex-
tends between 2.5 and 3.5 Å (roughly the crossing point in
Fig. 6(a)) is mostly populated by molecules with three HB partners,
while Layer 2, extending between 3.5 and 4.25 Å comprises mole-
cules with preferentially four HBs, as can be seen in Fig. 6(b).

In order to better determine the structuring of these two first
hydration layers, we studied the orientation of the water molecules
comprised in each of them. In Fig. 7 we present this study for Lay-
ers 1 and 2 and also for bulk layers in the case of the graphene
sheet. We plot the probability of cos(h), where h is the angle formed
by the OH bonds of the water molecules with the normal to the
graphene sheet. This quantity is interesting since it is amenable
of comparison with experimental surface sum-frequency vibra-
tional spectroscopy data [15], when available. From such a figure
we can learn that the molecules in Layers 1 and 2 have clear pref-
erential ordering, at variance from the situation for bulk water
(also shown in the graph). Layer 1 shows a peak corresponding
to angles of 70� while Layer 2 presents peaks for angles of 110�
and 0�. This means that the molecules in Layer 1 tend to form
HBs with that of Layer 2 (a fact we also verified by direct inspection
and calculations), only forming 3 HBs due to the impossibility to
complete the tetrahedron in the direction of the graphene layer.
In turn, the molecules in Layer 2 also form HB with molecules in
the second peak of the density profile (located at around 6 � 7 Å
of the surface, cf. Fig. 5) with this HB aligned with the normal to
the surface. This arrangement is typical of ice Ih, as can bee seen
in the scheme of Fig. 8. Thus, this situation is similar to that of
the water/air interface, but contrary to such case in which the mol-
ecules in the first hydration layer orient an OH bond towards the
air [15,41], here the graphene surface impedes such orientation.
Å (gray lines) and of the nanotube of radius 2.0 Å (black lines). In both cases the bulk



Fig. 10. Left: Top view of a typical configuration of the water molecules above the surface of the graphene sheet whose distance is closer than 4.25 Å to such surface. The
graphene surface (not shown) is below these water molecules. Most of the OH bonds of the water molecules lie on a plane parallel to the graphene surface while some other
OH bonds are oriented towards the observer (towards the bulk water). Right: Side view of the graphene sheet (seen as a line in the middle of the figure) with part of the
solvating water molecules (a typical configuration). The same above-described tendency in the orientation of the water molecules is here evident.
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Thus, around graphene the local ice Ih structure grows in the other
direction along the c-axis of the basal plane: from bottom to top
(please see the scheme) and not from top to bottom as is the case
of the water/air interface [15,41]. This impediment for Layer 1 to ori-
ent an OH angle towards the graphene surface together with the
impossibility to form four HBs excludes the fourth neighbors out
of the surface to the second peak of the density profile (at 6 � 7 Å
from the surface). This gap in the density profile (clearly evidenced
by the LSI index) makes this layer adopt a low local density arrange-
ment necessary for the local formation of an ice Ih-like structure.

In Fig. 9 we display the cosh for region 1 around the nanotube of
radius 67.5 Å and of the nanotube of radius 2.0 Å. Here h is the an-
gle between the OH bond of the water molecule and the normal to
the nanotube (the line perpendicular to the nanotube axis that
passes through the oxygen atom of the corresponding molecule).
Outer regions show no preferential orientation in both cases (data
not shown). We can see that the orientation of the water molecules
around region 1 of the large nanotube is similar to that of the
graphene sheet (similar peak positions). For the small nanotube
the distribution displays a slightly lower peak, thus showing that
while there is a tendency to be oriented in a similar way, the water
molecules are slightly less oriented than in the case of the large
nanotube. Again, the non-extended and highly curved nature of
this surface makes the proximal water molecules (mostly mutually
hydrogen bonded) to be less ordered.

In order to illustrate the structural arrangement and orienta-
tion of the water molecules proximal to an extended hydropho-
bic surface we show a typical configuration of the water
molecules close to the graphene sheet. We plot water molecules
that are closer than 4.25 Å to the surface (Layers 1 and 2
comprising the first peak in the density profile). Fig. 10 shows
a side view of this region over the graphene sheet together with
a top view of the water molecules above the graphene sheet. We
can clearly observe that the water molecules tend to orient an
OH bond parallel to the surface and also that some OH are ori-
ented towards the bulk water. Additionally, we can see that the
water molecules of this region show a strong tendency to form
hydrogen bonds between them and in some cases with water
molecules of the upwards region. The existence of a considerable
gap or local density depletion after around 4.25 Å is also evident.
Thus, even when at ambient temperature thermal fluctuations
tend to introduce disorder in this region, a tendency to ice Ih
local ordering is manifest.
4. Conclusions

In this work we have studied the structure and orientation of
water molecules around model graphitic-like hydrophobic sur-
faces. We have focused on the role of geometry by moving from
a flat graphene sheet to carbon nanotubes of different radii and ful-
lerenes (by studying their outer or convex surface). For the graph-
ene sheet and the large radii nanotubes the water molecules
proximal to the surface have been shown to be far more structured
and oriented than the bulk, orienting their OH bonds parallel to the
hydrophobic surface (in plane) and towards the bulk water region
(normal to the graphene plane). The lack of one hydrogen bond in
the direction towards the surface makes the water molecules to
lower their local density by excluding their fourth neighbor and
their second coordination shell, a fact that helps improve their lo-
cal order and their orientation. In this sense, the first hydration lay-
ers of graphene show a clear tendency to arrange in a local
structure resembling ice Ih. This ice-like structure is adopted by
the first two or three water layers and grows following the c axis
of the basal plane of ice Ih but in the other way as compared to
the water/air interface. This is so since the water molecules adja-
cent to the surface resign a different kind of HB: in the case of
the air/water interface this corresponds to a donor (thus orienting
an OH bond towards the air) while in the cases studied here corre-
sponds to an acceptor. However, this structuring and orientation is
quickly lost as we move out of the surface towards the bulk. Addi-
tionally, we have shown that as the curvature of the surface in-
creases (for example, as the radii of the nanotubes get smaller)
this ordering of the proximal water begins to decrease smoothly
whenever we deal with an extended surface. However, when the
surface gets partially non-extended (nanotubes with subnanomet-
ric diameter) or completely non-extended (subnanometric diame-
ter fullerenes) this structuring and orientation is quickly lost given
the stringent geometrical constraints imposed by the surface.
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