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Hydrophobicity is often characterized macroscopically by the drop-
let contact angle. Molecular signatures of hydrophobicity have,
however, remained elusive. Successful theories predict a drying
transition leading to a vapor-like region near large hard-sphere
solutes and interfaces. Adding attractions wets the interface with
local density increasing with attractions. Here we present exten-
sive molecular simulation studies of hydration of realistic surfaces
with a wide range of chemistries from hydrophobic (�CF3, �CH3)
to hydrophilic (�OH, �CONH2). We show that the water density
near weakly attractive hydrophobic surfaces (e.g., �CF3) can be
bulk-like or larger, and provides a poor quantification of surface
hydrophobicity. In contrast, the probability of cavity formation or
the free energy of binding of hydrophobic solutes to interfaces
correlates quantitatively with the macroscopic wetting properties
and serves as an excellent signature of hydrophobicity. Specifically,
the probability of cavity formation is enhanced in the vicinity of
hydrophobic surfaces, and water–water correlations correspond-
ingly display characteristics similar to those near a vapor–liquid
interface. Hydrophilic surfaces suppress cavity formation and re-
duce the water–water correlation length. Our results suggest a
potentially robust approach for characterizing hydrophobicity of
more complex and heterogeneous surfaces of proteins and biomol-
ecules, and other nanoscopic objects.

hydration � hydrophilic � hydrophobic � wetting � fluctuations

Hydrophobicity, reflected in the low solubility of nonpolar
solutes or in their tendency to aggregate in water, is known

to play an important role in many biological and colloidal
self-assembly processes (1–4). Yet defining it precisely is chal-
lenging, and its molecular signatures remain unclear. Macro-
scopically, hydrophobicity is often characterized by measuring
the droplet contact angle, with surfaces showing angles greater
than 90° termed hydrophobic. Water beads up into droplets on
hydrophobic surfaces and spreads on hydrophilic ones. Trans-
lating these ideas into the molecular domain presents special
challenges. In a recent perspective, Granick and Bae (5) high-
light the ambiguity in defining hydrophobicity at molecular
length scales, such as near proteins or nanotubes, where droplet
contact angle measurements are not possible.

At the molecular level, hard-sphere solutes have served as
excellent models for studies of hydrophobicity, with their hydra-
tion thermodynamics capturing the solubility of noble gases as a
function of temperature (6, 7), pressure (8), and salt addition (9,
10). With increasing solute length scale, the elegant theory by
Lum, Chandler, and Weeks (11) as well as computer simulations
(12, 13) predict a gradual dewetting of the solute. Near large
solutes or a hard-wall, water density is small and vapor-like, and
the wall–water interface resembles a water vapor–liquid inter-
face (14).

Realistic solutes exert van der Waals and/or electrostatic
interactions and pull the water interface closer, wetting the
solute surface (12, 15–18). The extent of wetting depends on the
strength of attraction and on the local surface curvature or

roughness. Does the local density of water alone serve as a
practical and quantitative measure of hydrophobicity of realistic
surfaces? More generally, what are the molecular signatures of
vicinal water that characterize the hydrophobicity or hydrophi-
licity of a given surface? At a vapor–liquid interface, water
displays capillary wave fluctuations with macroscopic correla-
tion lengths (19, 20). How are the vicinal water-density fluctu-
ations and correlation lengths affected by interactions with a
surface?

Answering these questions is fundamental to understanding
and characterizing hydrophobicity at the molecular level. We
report results of extensive simulations of hydration of interfaces
with varying chemistries from hydrophobic to hydrophilic. The
local density profiles of water near these surfaces highlight the
difficulty of unambiguously characterizing the extent of dewet-
ting at these surfaces. In contrast, other interfacial properties
such as the probability of void formation or the free energy of
probe-binding provide a picture of hydrophobicity that is con-
sistent with macroscopic views. Normalized density fluctuations
and the corresponding water–water correlation lengths are
larger near hydrophobic surfaces and are suppressed with in-
creasing surface hydrophilicity. Collectively, our study offers
new insights into the hydration of interfaces by providing the
missing connections between microscopic and macroscopic char-
acterizations of wetting phenomena in general, and hydropho-
bicity in particular.

Results and Discussion
Correlating the Vicinal Water Density and the Interfacial Width with
Macroscopic Wetting. We focused on characterizing the properties
of water in the vicinity of flat solid surfaces with varying
chemistries. As described in ref. 21 and in Materials and Methods,
we prepared solid surfaces by using self-assembled monolayers
(SAMs) of alkane-thiol surfactants, with 10-carbon-long alkane
tails, presenting a given head group to the vicinal aqueous phase
(see Fig. 1). Two such SAM layers form the central slab in the
periodic box. We used seven different head groups that span a
range of chemistries from hydrophobic to hydrophilic: �CF3,
�CH3, �OCH3, �CONHCH3, �CH2CN, �OH, and �CONH2.
Thermal annealing of the SAM yielded an equilibrium crystal-
line structure with an average surfactant tilt angle of �28° with
the surface normal, consistent with previous simulation (22) and
experimental (23) studies. The density profile for surfactant
atoms in Fig. 1 reflects the crystalline nature of the SAM
surface, with different head groups making differences to that
profile primarily in the outermost region. Hydration of these

Author contributions: R.G. and S.G. designed research; R.G., S.N.J., and S.G. performed
research; R.G., S.N.J., and S.G. analyzed data; and R.G., S.N.J., and S.G. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

1To whom correspondence should be addressed: E-mail: gardes@rpi.edu.

www.pnas.org�cgi�doi�10.1073�pnas.0902778106 PNAS � September 8, 2009 � vol. 106 � no. 36 � 15119–15124

BI
O

PH
YS

IC
S

A
N

D
CO

M
PU

TA
TI

O
N

A
L

BI
O

LO
G

Y
CH

EM
IS

TR
Y

SP
EC

IA
L

FE
A

TU
RE



surfaces was then studied by using extensive molecular dynamics
simulations (see Materials and Methods).

How does the surface chemistry affect the vicinal water
density? Fig. 2 shows that water molecules stack against all
surfaces, including hydrophobic ones (24), forming well-defined
first- and second-hydration shells. A careful observation reveals
that the detailed molecular shape and chemistry (e.g., the
presence of buried polar atoms) of the head groups affect the
vicinal density. For example, a slight shoulder (for �OCH3) and
an inner short first peak (for �CONHCH3) are observed at small
separations. The height of the first peak is �1.35 for the most
hydrophobic SAM (�CF3) and is �1.13/1.37 for the most
hydrophilic (�OH/�CONH2) SAM surfaces. The water density
in the vicinity of simple solutes is known to be proportional to
the strength of solute–water attractions, although the exact
nature of that relationship depends on the details of the solute
[e.g., size, or particle density if the solute is a cluster made from
smaller solutes (17)]. Here, surprisingly, the vicinal water density
as characterized by the height of the first peak displays little or
no correlation with ‘‘macroscopic expectations’’ of the hydro-
phobicity of these surfaces. Proximal density instead of spatial
density will likely display a better correlation (25, 26); however,
its calculation for geometrically rough surfaces can be rather
complicated, and experiments do not measure proximal density.
The lack of a correlation between water density and hydropho-
bicity reflects the complexities present in realistic systems arising

from different molecular topologies and different head group
water interactions. It also highlights and probably rationalizes
the difficulty in obtaining unambiguous conclusions from ex-
periments regarding wetting/dewetting of realistic hydrophobic
interfaces (27–35).

The term ‘‘macroscopic expectations’’ above refers to droplet
contact angles measured experimentally for these surfaces (36).
Characterization of surfaces using contact angle measurements
for nanoscale droplets has been reported previously (37). Gio-
vambattista et al., have studied the variation of contact angle and
other properties of water with increasing surface hydrophilicity
(38). To test whether the force field used to describe the SAMs
is reasonable, we measured droplet contact angles by using
molecular dynamics simulations (Fig. 3) (21). The droplets
indeed bead up on hydrophobic surfaces and spread gradually on
surfaces with increasing hydrophilicity. We note that the contact
angle for nanodroplets is known to be drop-size-dependent
(39–41). The agreement between simulations and experiments
in Fig. 3 is good and improves further for two surfaces, for which
we obtained the limiting values of cos(�) using droplet-size-
dependent simulations (21). Thus, our force field is reasonable,
and correspondingly, the surfaces span a broad range of hydro-
phobicity/hydrophilicity. These results strengthen the conclusion
drawn above that for realistic surfaces, the magnitude of vicinal
water density alone is a poor indicator of surface hydrophobicity.

Although a number of experimental tools including X-ray
(27–31) and neutron reflectivity (32, 33), ellipsometry (34), and
thermal conductivity (35) have been used to probe the width of
the ‘‘depletion layer’’ at a hydrophobic surface, a clear picture
has not yet emerged from these measurements (42). Fig. 4 A and
B show close-up views of the normalized density profiles of SAM
and water in the interfacial region. The distance between the two
half-density planes provides one measure of the interfacial
width. That width is indeed higher for the hydrophobic �CF3
surface (�0.15 nm) and lower for the hydrophilic �CONH2
surface (�0.09 nm), indicating a correlation between width and
cos(�) (Fig. 4C). But the correlation is weak, and the widths
(�1–2 Å) are smaller than the size of a water molecule.

Fig. 4 A and B also suggest that the total density of SAM and
water phases through the interfacial region may correlate better
with surface hydrophobicity. Indeed, Fig. 4D indicates that the
total density profile displays a broad and deep minimum at
hydrophobic surfaces, whereas hydrophilic surfaces pull the
water closer, thereby narrowing the gap. For visual clarity, we
have only shown profiles for four surfaces. When all data are
included, we find that similar to the interfacial width, the
correlation is qualitative.

Fig. 1. The SAM water system. (Upper) A snapshot of the �CH3 SAM system.
The sulfur atoms (yellow) and surfactant head groups (cyan and white) are
shown in spacefill representation. The alkane tail (cyan) and water (red and
white) are shown with sticks. (Lower) Average density of SAM and water
phases normal to the surface divided by their respective bulk densities (�bs �
935 kg/m3 and �bw � 985 kg/m3). The SAM bulk density was calculated by
averaging over the region excluding the sulfur and head group atoms.
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Fig. 2. Water density near various surfaces. Mass density of water normal to
the surface divided by its bulk value. The profiles are shifted horizontally for
clarity. The vertical dashed lines with arrows indicate the location of intersec-
tion of surfactant and water-density profiles. The height of the first peak is
indicated near the peak location.

Fig. 3. Characterizing wetting of interfaces. Comparison of cos(�) measured
in our simulations (21) and in experiments (36). Snapshots of water droplets on
nonwetting (�CF3), partially wetting (�CONHCH3), and wetting (�OH) SAMs
are shown. Filled circles are for nanodroplets with diameter �5 nm (2,176
molecules); open circles are extrapolations to the macroscopic limit from
drop-size-dependent simulations.
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Cavity Formation as a Measure of Hydrophobicity. Clues to finding
quantitative molecular signatures of hydrophobicity come from
ideas in refs 44–51 and from the results of recent simulations
(52–55). Mittal and Hummer (54) show that the interface of
large repulsive hydrophobic solutes is rough and flickering and
broadened by capillary wave-like fluctuations. Giovambattista et
al. (48, 49) show that water confined between hydrophobic plates
is more compressible than in bulk water or between hydrophilic
surfaces. A picture of the hydrophobic–water interface that
emerges from those studies is that hydration shells of hydropho-
bic solutes are soft, highly compressible, and characterized by
enhanced density fluctuations (55).

Enhanced density fluctuations would suggest higher proba-
bility of cavity formation, and correspondingly, lower excess
chemical potential for solvation of hydrophobic solutes in the
vicinity of hydrophobic surfaces. Because the formation of a
cavity requires that centers of all atoms be excluded from that
region, we measured distributions of the number of all heavy
atoms, which include water oxygens as well as heavy atoms of
SAM head groups (if present), at various points across the
broader interfacial region. Fig. 5A shows such distributions in a
methane-sized spherical observation volume of radius 3.3 Å at
z* � 0, which is the location of the minimum in Fig. 5B (see next
paragraph). We note that the horizontal axis in Fig. 5A is scaled
by � n � to facilitate comparisons. In bulk water, such distributions
are roughly Gaussian (56, 57). For all chemistries, the distribu-
tions are roughly Gaussian (parabolic on a log-linear scale) as
well. They are also remarkably different from each other—they
are wider near hydrophobic surfaces and much more sharply
defined near hydrophilic surfaces.

Fig. 5B shows the excess chemical potential [or the potential
of mean force (PMF)] of a purely repulsive, methane-sized
Weeks–Chandler–Andersen (WCA) solute (58) measured along
the direction normal to the interface relative to that in the bulk.
Although this solute has no attractive interactions with the
interface, a clear minimum is observed in the free energy profile
near hydrophobic surfaces consistent with the higher probability
of cavity formation near those surfaces. Near �CF3 and �CH3
surfaces, the depth of the minimum is large, �10 kJ/mol,
comparable with the solute’s chemical potential in bulk water,
�bulk

ex � �26 kJ/mol (12, 59, 60). The depth of the minimum
gradually reduces near increasingly hydrophilic surfaces, and

near �OH and �CONH2 chemistries there is actually a water-
mediated repulsion between the WCA solute and the surface.
The above effects are amplified for larger probe solutes. PMFs
calculated by using umbrella sampling shown in Fig. 5 C and D
indicate that those larger solutes bind more strongly to hydro-
phobic surfaces and are repelled away with greater driving force
from hydrophilic surfaces.

Is the probability of cavity formation near a surface, or
correspondingly, the excess chemical potential for solvation
related quantitatively to macroscopic measures of its hydropho-
bicity/hydrophilicity? Fig. 6 shows that the answer is yes. The free
energy of hydration of a probe hydrophobic solute at the
interface relative to that in bulk water, � �int

ex , varies essentially
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linearly with the macroscopic quantity, cos(�), over the broad
range of surface chemistries and solute sizes. Recent simulations
of the adsorption of an attractive polymeric solute at these
surfaces also show a linear correlation between adsorption free
energies and surface wettability (61).

Two features of Fig. 6 are noteworthy. First, the lines for
solutes of different sizes from diameter of 0.25 to 1 nm converge
at a point for which � �int

ex � 0 and cos(�0) � 0.7. Thus, a surface
with a contact angle of 45° will be essentially neutral to cavity (or
hard-sphere) probe solutes in that it will neither repel nor attract
them. One may suggest the contact angle of 45° to be a boundary
between hydrophobic and hydrophilic for repulsive solutes. This
boundary will shift for realistic solutes having van der Waals
interactions with the surface and solvent, as well as internal
conformational degrees of freedom (61). A similar correlation
between the distance for capillary-drying between hydrophobic
plates and cos(�) has been observed (62), where the boundary
for drying appears to be around � � 115°.

The second noteworthy point relates to an extrapolation of the
linear relation in Fig. 6 down to cos(�) � �1.0, which corre-
sponds to a vapor–liquid interface. Intuitively, one may expect
the excess chemical potential of an idealized hydrophobic solute
at a vapor–liquid interface to be roughly half of its value in the
bulk. For each solute, we have plotted the independently ob-
tained value of �bulk

ex /2 on the graph (shown in red) (13). That
these points lie almost precisely on the linear extrapolation is a
remarkable result that, when combined with the first point, yields
a simple linear relationship between the cavity-formation free
energy and the macroscopic contact angle.

��int
ex � m�cos��� � cos��0�	 [1]

where �0 � 45° and m � �bulk
ex /2(1�cos (�0)).

Water–Water Correlations at Interfaces. Density fluctuations in a
given volume are related to particle–particle correlations (63). In
the inhomogeneous systems considered here, we expect the
vicinal water–water pair correlations to be sensitive to surface
chemistries. We measured water pair correlation functions in a
0.1-nm thin slab located at the interface of hydrophobic (�CH3)
and hydrophilic (�OH) surfaces (Fig. 7A). Similar correlations
at a vapor–liquid (V–L) interface and in bulk water are shown
for reference. In bulk water, the first peak at 0.28 nm is
characteristic of the nearest neighbor hydrogen bonding, and the
second peak at 0.45 nm indicates the roughly tetrahedral local

structure. At the V–L interface, the first peak location is not
affected, but its height is considerably increased, indicating
enhanced short-range correlations. More importantly, correla-
tions at the V–L interface are long-ranged, spanning the length
of the simulation box, as seen in the tail of gww(r) (Fig. 7B). Near
SAM surfaces, the change in the short-range (r 
 1 nm) part of
the gww(r) is significant; at these length scales, water structure
near the hydrophobic �CH3 surface is qualitatively similar to
that near the V–L interface, whereas correlations near a hydro-
philic surface are akin to that in bulk water. There are no truly
long-range correlations near either �CH3 or �CONH2 surfaces,
and the oscillations in the tails (in Fig. 7B) simply reflect the
underlying surface topology.

A purely repulsive hard-wall-like interface is similar to the
V–L interface of water. It will accommodate significant fluctu-
ations consistent with the long-range capillary waves present at
that interface (20, 54, 64). An external field (e.g., a weak field
such as gravity) is known to quench the range of these correla-
tions (65, 66). Even at the most hydrophobic (�CH3) surface, the
surface–water interactions are many orders higher than gravity
and quench the long-range correlations. Nevertheless, the short-
range water–water correlations near the �CH3 surface are
enhanced similar to those at a V–L interface. For patchy
surfaces, Willard and Chandler (51) also find that even though
attractions pull the aqueous interface closer, the interfacial
f luctuations remain and characterize the underlying patchiness
of the surface. To our knowledge, the relation between the range
of solvent–solvent correlations near a surface and the surface–
solvent interactions implied here has not been quantified pre-
viously. Our preliminary studies of a �CH3-terminated surface
and of a model flat surface with a 9–3 potential with different
attractions (data not shown) suggest that the range of water–
water correlations increases as surface–water attractions are
reduced, becoming long-ranged and box-spanning for suffi-
ciently low attractions.

Conclusions
We reported results from extensive MD simulations of the
hydration of interfaces spanning a broad range of hydrophobic-
ity/hydrophilicity. We focused on the behavior of vicinal water to
identify and characterize the molecular signatures of hydropho-
bicity that are consistent with macroscopic expectations. We
showed that the density of water in the vicinity of an interface
is a poor quantifier of interface hydrophobicity, especially for
realistic surfaces. Although the interfacial width correlates with
surface hydrophobicity, the correlation is weak. In contrast,
normalized local density f luctuations or the free energy of cavity
formation near surfaces provide clear signatures of hydropho-
bicity. Cavity formation is enhanced near hydrophobic surfaces
and suppressed near hydrophilic ones.

Water–water correlations in the vicinity also show differences
near hydrophobic and hydrophilic surfaces. Specifically, short-
range water pair correlations near the �CH3 surface are en-
hanced, similar to those at a V–L interface of water. Such an
enhancement is not observed at the hydrophilic �OH SAM
surface. Higher fluctuations and enhanced correlations at hy-
drophobic surfaces highlight the fact that despite layering and
apparent high-vicinal water density, hydrophobic interfaces cou-
ple weakly with water. The weak coupling would be consistent
with the presence of a hydrodynamic slip (67) and high Kapitza
interfacial thermal resistance, and correspondingly, weaker ther-
mal energy-transport across hydrophobic interfaces (21).

The molecular signatures of hydrophobicity identified here
are correlated with macroscopic wetting characteristics of inter-
faces. Specifically, the free energy of hydration of hydrophobic
probe solutes at the interface varies linearly with cos(�) over a
broad range of interfacial chemistries and solute sizes, where �
is the droplet contact angle. Interestingly, for idealized hydro-
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phobic probe solutes, a surface with � �45° appears to be
neutral—it neither attracts nor repels them.

From a broader theoretical perspective, the connection be-
tween the magnitude and range of fluid–fluid correlations near
a surface and the surface–fluid attractions will be of interest to
the condensed-matter community. Recently, Vaknin et al. (68)
have measured the structure factor of water at a V–L interface,
which is consistent with long-range correlations predicted by
capillary wave theory. In principle, similar measurements can
potentially quantify water correlations near surfaces of various
hydrophobicities. Long-range correlations will be present at
superhydrophobic surfaces and may be probed, perhaps more
easily than enhancements in shorter-range (1–2 nm) correlations
at �CH3 like surfaces.

Our results point to normalized local density f luctuations, free
energy of cavity formation, or water–water correlations at
interfaces as excellent candidates for molecular signatures of
interface hydrophobicity. Characterization based on some of
these signatures can be extended to interfaces of complex
nanoscopic objects such as proteins (49, 69) and biomolecules or
nanoparticles, and has the potential to provide a fundamental
understanding of a host of water-mediated interactions impor-
tant in biological and colloidal self-assembly.

Materials and Methods
SAM construction is described in refs 21 and 61; here we provide only key
details for completeness. Two surfactant chains each comprising C10 alkane
chains with a given head group at one end were attached to sulfur atoms,
which were position-restrained to locations corresponding to those on gold
111 lattice (70) (Fig. 1). This created two SAM slabs in the 3-D periodic system.
The alkane tail carbons were represented by using the united atom model (71)
Seven head group chemistries—specifically, �CF3, �CH3, �OCH3, �CONHCH3,
�CH2CN, �CONH2, and �OH— were simulated by using an all-atom Assisted
Model Building with Energy Refinement (AMBER) Parm-94 force field (72),

except for �CH2CN and �CF3, where Optimized Potential for Liquid Simula-
tions (OPLS) parameters (73) were used.

Our systems included 112 surfactant chains (56 sulfurs), creating a well-
packed crystalline solid SAM phase with an area of 3.46 � 3.50 nm2. About
1,500–1,700 water molecules, represented explicitly by using the extended
simple point charge model (SPC/E) (74), were included in the 3-D periodic box,
providing at equilibrium a �4-nm thick water slab between SAM layers in two
adjacent boxes. The second set of simulations of water nanodroplets on SAM
surfaces included 480 sulfur atoms spanning an area of 9.96 � 10 nm2. Fig. 3
primarily reports data from simulations of 5 nm-diameter water droplets
(2,176 waters) (see ref. 21). For two surfaces, droplets spanning 1,000 to 18,000
molecules were simulated. Extrapolations using these simulations are also
reported in Fig. 3.

The Particle Mesh Ewald method (75) was used to calculate electrostatic
interactions. Real space cutoff and cutoff for Lennard Jones interactions was
1 nm. A time step of 2 fs was used. Equilibration runs of over 4 ns were
followed by production runs of over 10 ns, with configurations saved every 1
ps for analysis. Simulations were performed by using Groningen Machine for
Chemical Simulations (GROMACS) (76). The SHAKE algorithm was used to
constrain bonds in water molecules. The filled system simulations were per-
formed in the NPT ensemble, and droplet simulations were performed in the
NVT ensemble. The temperature (300 K) and pressure (1 atm) were maintained
by using the Berendsen thermostat and barostat (77), where an anisotropic
barostat was used to allow independent relaxation in the z direction. Poten-
tials of mean force between WCA solutes and different interfaces were
calculated by using an umbrella sampling method. Water–water correlations
in 0.1-nm slabs were treated as 2-D functions, and cylindrical normalization
volumes were used. Using a larger slab width does not substantially affect the
results presented in Fig. 7.
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