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Hydrophobic Surface Enhances Electrostatic Interaction in Water
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A high dielectric constant is one of the peculiar properties of liquid water, indicating that the electrostatic
interaction between charged substances is largely reduced in water. We show by molecular dynamics
simulation that the dielectric constant of water is decreased near the hydrophobic surface. We further show
that the decrease in the dielectric constant is due to both the decreased water density and the reduced water
dipole correlation in the direction perpendicular to the surface. We finally demonstrate that electrostatic
interaction in water is actually strengthened near the hydrophobic surface.
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Liquid water possesses unusual physical properties.
Among them is its high dielectric constant [1,2], meaning
that the electrostatic attraction or repulsion between charged
substances should be largely reduced in water. In contrast, the
hydrophobic interaction, which reflects another aspect of
the unusual physical properties of water, is certainly one of
the major attractive forces in water, and its microscopic origin
has long been studied [3—-9]. Which interaction, electrostatic
or hydrophobic, is dominant in water has often been
controversial, particularly when biological molecules are
involved, because those molecules, such as proteins, are
a complex mosaic of hydrophilic and hydrophobic substan-
ces, utilizing the electrostatic interaction as well [10,11].
Interestingly, recent experimental studies have suggested that
these two interactions are intimately related to each other
[12,13]; particularly, Chen et al. showed that the electrostatic
attraction in water is strengthened near the hydrophobic
surface [13].

Schellman pointed out early, employing the method of
image charges, that the hydrophobic surface can strengthen
the electrostatic attraction in water [14]. While Schellman
assumed that the dielectric constant of water is spatially
uniform, the existence of the hydrophobic surface would
disturb the nearby hydrogen bond network of water
molecules and make the dielectric constant nonuniform.
Actually, the decrease in the dielectric constant near the
hydrophobic surface was suggested theoretically [15] and
experimentally [16]. The decrease in the dielectric constant
for the interfacial water has also been observed in molecu-
lar dynamics simulations [17-20]. Recently, Fumagalli
et al. demonstrated by capacitance microscopy that the
dielectric constant of water is considerably lowered near a
graphite surface [21].

The physical mechanism for the decrease in the dielectric
constant near the hydrophobic surface, however, remains
unclear, even though it has often been envisaged that an

0031-9007/18/121(20)/206002(5)

206002-1

icelike structure formation near the hydrophobic surface, as
often envisaged in the hydrophobic interaction [3], would
reduce the dielectric susceptibility [13,16,21]. In this Letter,
by conducting molecular dynamics (MD) simulation, we
systematically investigate the dielectric constant and other
fundamental physical properties of water around well-
defined hydrophobic surfaces, and we elucidate the physi-
cal mechanism for the decrease in the dielectric constant
near the hydrophobic surface. We further demonstrate that
the decreased dielectric constant leads to an enhancement of
the electrostatic interaction near the hydrophobic surfaces.

As an ideal hydrophobic substance, we considered a
particle that interacts with water molecules only via the
Weeks-Chandler-Andersen (WCA) potential [22]. The
WCA potential is a modified Lennard-Jones (LJ) potential
where the interaction is truncated at the distance where the
potential becomes the minimum, i.e.,

Uir) = {0 (r>rp) 0

eus[1=2(3)° + ()]
where r represents the center-to-center distance between
the particle (which we hereafter refer to as “WCA particle”)
and the oxygen atom of a water molecule. We employed
the LJ parameters for the methane-water interaction
(ro = 0.387 nm and ¢;; = 0.896 kJ/mol) [23]. The radius
of the WCA particle, which determines the surface of the
WCA particle, is defined by r — % r,» where r,, represents
the LJ parameter for the water-water interaction (0.355 nm)
[24]. The radius of the WCA particle can be changed by
using a shifted U(r) [the radius is increased by R by using
U(r — R,)], as was employed by Sarupria and Garde [23].
In this study, we first considered a WCA particle with a
radius 2 nm (R, = 1.8 nm), which corresponds to the
radius of gyration for a protein molecule composed of
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FIG. 1. (a) WCA particle-water system: a WCA particle with a
radius 2 nm is immersed in a truncated octahedron (trimmed-
down cube) unit cell containing 8667 water molecules. (b)—(d)
Physical properties of water were calculated as a function of the
distance from the surface of the WCA particle in the radial
direction (denoted by d): (b) (relative) dielectric constant e,
(c) number density p, and (d) isothermal compressibility y =
V{(Ap?)/kgTp* (V is the volume of the spherical shell with
0.1 nm width). The values are normalized by the averages in the
bulk water region (0.8 <d < 1.0 nm): g, = 32.9 (for this
value, see text and Fig. S1 [29]), ppux = 33.7 nm™>, ypux =
4.2 GPa~!. Error bars represent the 95% confidence interval
(estimated from four MD runs).

~300 amino-acids [25]. As shown in Fig. 1(a), the WCA
particle was immersed in a unit cell filled with SPC/E
(extended simple point charge model) waters [24], to which
the periodic boundary condition and the particle mesh
Ewald method [26] was applied. The temperature and the
pressure of the system were set at 300 K and 0.1 MPa,
respectively, and the time step was set at 2 fs by fixing the
bond lengths involving hydrogen atoms [27]. We carried
out four independent 6-ns MD simulations using AMBER9
[28] with modification to implement the WCA potential.

We first investigated the local dielectric constant of water
around the WCA particle, using the Onsager-Kirkwood-
Frohlich formula [30-32],

(su))
47[€0kB Ta3 ’

(e(x) =D (2e(x) +1) _
3e(x)

(2)

where ¢(x) indicates the local (relative) dielectric constant
that is calculated from the thermal fluctuation of the total
water dipole moment g in a probing sphere with radius a
centered at x; we set a at a small value of 0.2 nm to study
the local dielectric constant. The bracket indicates the
statistical average using the data sampled at 2 ps interval,
and A indicates the instantaneous deviation from the
average (kg is the Boltzmann constant and 7' is the
temperature). The dielectric constant as a function of d
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FIG. 2. Hydrogen bond (H-bond) network of water molecules
around the WCA particle. (a) A snapshot of a H-bond network
formed within the first hydration shell (d < 0.42 nm), and (b) an
example of the network rearrangement dynamics observed in the
dotted square in (a). H-bonds are shown in magenta. (c) Average
number of H-bonds per water molecule (denoted by n) as a
function of d (the distance from the surface of the WCA solute).
The H-bond was defined to be formed when H--O and O - - O
distances are less than 0.24 and 0.36 nm, respectively, and
the angle formed by O—H and O - - O is less than 30° [35]. The
H-bond was defined to be parallel to the surface when the angle
between the H-bond (H--O) and the radial axis falls within
90 + 30°; the number of the H-bonds parallel to the surface is
denoted by n; and that perpendicular to the surface by n,.
(d) Probability density distribution of the angle between the
water dipole vector and the radial axis (denoted by ). 6 > 90°
when the dipole vector points toward the surface.

(the distance from the surface of the WCA particle) is
shown in Fig. 1(b). We can find that ¢ is decreased near the
surface of the WCA particle. In Figs. 1(c) and 1(d), the
number density of water, p, and the isothermal compress-
ibility, y, are shown. A decrease in p is seen near the surface
of the WCA particle, known as “dewetting” [6]. In addition,
a thermal fluctuation of p is enhanced near the surface,
which is reflected in the increase in y, as was previously
observed [23,33]. Thus, the property of water near the
surface of the WCA particle is vaporlike (i.e., lower density
and higher compressibility), which partly accounts for the
decrease in . Note that, the saturated value of ¢ is smaller
than the value expected for bulk water [34], because in this
study, ¢ was evaluated in a small probing sphere to obtain
local dielectric constants (it is shown in Fig. S1 [29] that the
saturated value of ¢ increases with increasing a, while the
relative decrease in € near the surface remains unchanged).

We then looked into the structural properties of water
around the WCA particle, focusing on the hydrogen bond
(H-bond) network. In Fig. 2(a), a typical snapshot of the
water molecules in the first hydration shell (d < 0.42 nm)
and the H-bonds formed among them are shown. While a
large-scale H-bond network can be found, it is rather patchy
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FIG. 3. Direction dependence of the dielectric constant of water
around the WCA particle. The component parallel to the surface
of the WCA particle, ¢, and that perpendicular to the surface, €,
are shown as a function of d. The values are normalized by
the averages in the bulk water region (0.8 < d < 1.0 nm) (e =
329, SHbulk = 329, € bulk — 329)

and fragile, exhibiting extensive network rearrangement
on the picosecond time scale [Fig. 2(b)]. The fragility of a
H-bond near the surface is also seen in the decrease in the
number of H-bonds, n [Fig. 2(c)]. The decrease in n is
caused by the decrease in n, (the number of H-bonds
perpendicular to the surface). The decrease in 7 is partially
recovered by the increase in n) (the number of H-bonds
parallel to the surface); consistent with this, the water
molecules in the first hydration shell tend to orient their
dipole vectors parallel to the surface [Fig. 2(d)].

The observed directional preference of the H-bonds and
the water dipoles should affect the dielectric response of
water, as was previously observed in MD simulations
[18,19,36,37]. We then calculated the components of the
dielectric constant parallel to and perpendicular to the
surface of the WCA particle, denoted by ¢ and ¢,
respectively, by the following equation [17],

(eax) = D)(2e,(x) + 1)
3¢, (x)

()
dregkgTa®’

(3)

where a designates “||” or “L”, and Ap? = (Ap -e,)? and
Aﬂﬁ =11(Au-ey)* + (Au-e,)?], withe,, ey, and e,, being
the polar coordinate unit vectors at x. In Fig. 3, ¢ and ¢,
are shown as a function of d. As expected, ¢ near the
surface of the WCA particle shows clear directionality; |
is increased, whereas ¢ is decreased compared to the bulk
value. It is noteworthy that the decrease in &, reaches
farther than that of e. Therefore, the decrease in the
dielectric constant near the surface is caused not only by
the decreased water density but by the weakened water
dipole correlation in the perpendicular direction (remember
that p is the sum of the dipole moments of water molecules
in the probing sphere).

Here, we mention the effect of the size of the WCA
particle [6]. As shown in Fig. S2(a) [29], for a small-sized
WCA particle of radius 0.2 nm (corresponding to the size of
a methane molecule), ¢ is not decreased but increased near

(a)

6.4 nm

FIG. 4. (a) WCA plane-water system: the WCA plane is
composed of close-packed 270 WCA particles. Two WCA planes
sandwich 5019 water molecules (6.4 nm thickness), and each WCA
particle in the planes was fixed at its original position. Outer regions
of the planes are a vacuum (7.5 nm thickness each), resulting in a
rectangular unit cell of 5.0 nm x 5.2 nm x 21.4 nm, to which the
periodic boundary condition and the particle mesh Ewald method
[26] were applied. The simulation procedure was the same as in the
WCA particle-water system, and eight independent 2-ns simula-
tions were conducted at the constant volume condition at 300 K
after 0.5 ns equilibration at 0.1 MPa. (b) Dielectric constant of
water as a function of d (the distance from the surface of the WCA
plane). Parallel and perpendicular components to the WCA plane,
€| and e, are also shown. The values are normalized by the

averages in the bulk water region (1.2 < d < 1.4 nm): ey =
321, €Hbulk = 320, € pulk = 32.5.

the WCA particle. This is due to the increased number
density [Fig. S2(b)] and the increased water dipole corre-
lation near the particle, which is caused by the strengthened
H-bonds [see the increased H-bond lifetime near the
surface as shown in Fig. S2(d)]. For a medium-sized
WCA particle of radius 1 nm (corresponding to the size
of a protein molecule with ~50 amino acids [25]), the
decrease in ¢ is again observed near the surface [Fig. S2(a)];
the profiles of the other physical properties [Figs. S2(b)—(c)]
also become similar to those observed in the large-sized
WCA particle of radius 2 nm.

We then considered a “WCA plane” composed of close-
packed small-sized WCA particles as shown in Fig. 4(a)
[the size of the WCA particle was set to that of a water
molecule (ry = 0.355 nm, ¢;; = 0.650 kJ/mol [24])]. As
seen in Fig. 4(b), the decrease in the dielectric constant is
observed near the surface of the WCA plane (we defined
the surface of the WCA plane as the common tangential
plane to the surfaces of the WCA particles). Furthermore,
the region with decreased e extends as far as d ~ 1 nm.
In this case, the region with €| larger than the bulk value, as
seen in Fig. 3, almost disappears due to the enhanced
dewetting [Fig. S3(a) [29]]. That &, is lower than g
indicates the weakened water dipole correlation in the
perpendicular direction.

From the observed decrease in the dielectric constant, we
expect that the electrostatic interaction is strengthened near
the hydrophobic surface, compared to that in bulk water. To
see this, we calculated the potential of mean force (PMF)
between two charged particles in the WCA plane-water
system [Fig. 5(a)]: one is a WCA particle in the WCA plane
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FIG. 5. (a) The same WCA plane-water system as shown in
Fig. 4(a) except that one WCA particle in the plane (P1) is
charged and another WCA particle (P2), with the opposite
charge, is placed above P1 (the z axis passing through the mass
centers of P1 and P2 is perpendicular to the surface of the WCA
plane). (b) Potential of mean force (PMF) between P1 and P2 as a
function of d (the distance from the surface of P1 to the center of
P2): (red) P1 charged with —e and P2 with +e¢; (blue) P1 with
+e and P2 with —e. The umbrella sampling was conducted by
applying the umbrella potential K (£ — &,)? to P1 and P2; { is the
center-to-center distance between P1 and P2 and ¢, was shifted
from 0.378 to 0.678 nm at the interval of 0.015 nm with K =
6.3 x 10° kJ/mol/nm? and from 0.678 to 1.578 nm at the
interval of 0.05 nm with K = 6.3 x 10> kJ/mol/nm?. Restoring
force to place P2 on the z axis was applied to P2 with the
force constant of 4.2 x 10* kJ/mol/nm?>. PMF is given by
—kgTIn p(¢), where p({) is the equilibrium probability distri-
bution obtained by the weighted histogram analysis method [38].
For comparison, PMF between P1 and P2 calculated in bulk
water (i.e., without the WCA planes and vacuum regions) is
shown (black). PMF was adjusted so that the average in the large
d region (1.2 < d < 1.4 nm) becomes zero.

(referred to as “P1”) to which an electric charge is added,
and the other is another WCA particle (referred to as “P2”)
that is oppositely charged and placed above P1 in the water
region. In Fig. 5(b), PMFs thus obtained are shown as a
function of d for the case where P1 has —e and P2 has +e
(red line) and the case where charges of P1 and P2 are
reversed (blue line). By comparing with the PMF between
the oppositely charged P1 and P2, calculated in bulk water,
i.e., in the absence of the WCA planes and vacuum regions
(black line), it is clear that the electrostatic attraction is
enhanced by the presence of the WCA plane. The enhance-
ment of the electrostatic stabilization becomes largest at
d = 0.24 nm, and continues to as far as d ~ 1 nm, which is
coincident with the reach of the decreased dielectric
constant as seen in Fig. 4(b). The detailed structure in
the PMF comes from the molecular nature of the solvent.
Particularly, the minimum at d = 0.24 nm is due to the
water molecules making electrostatic bonds with P1 and
P2 simultaneously; since the water dipoles near the surface
(d ~0.2 nm) have a slight tendency to point toward the
WCA plane [0 > 90° see Fig. S3(b)], the minimum is
raised in the case of positively-charged P1. We note that,
the enhancement of the electrostatic attraction, even for the
positively-charged P1, is greater than that calculated by the

method of image charges on the assumption of spatially
uniform dielectric constant (see Fig. S4 [29]).

Thus, we showed that the dielectric constant of water is
decreased near the hydrophobic surface, in agreement with
the recent experiments [13,16,21] and MD simulations
[18,20]. We further showed that the decrease in the
dielectric constant is caused not only by the decreased
water density near the surface but by the reduced water
dipole correlation in the direction perpendicular to the
surface. As mentioned in the introduction, it has often been
hypothesized that water molecules become ordered around
the hydrophobic surface by forming icelike structures and
the formation of icelike structures results in the reduction of
the dielectric susceptibility [13,16,21]. Our MD results
do not support this hypothesis; although the formation of
H-bonds parallel to the surface is actually enhanced near
the hydrophobic surface, it is fragile and hardly viewed as
icelike. The physical property of water near the hydro-
phobic surface is rather vaporlike, as has been highlighted
in the context of the hydrophobic interaction [6,8,33].

We then quantitatively showed that the electrostatic
interaction is actually enhanced by the presence of the
hydrophobic surface, which has recently been suggested
by Chen et al. [13]. The enhancement of the electrostatic
interaction by the hydrophobic surface was early noticed
by Schellman [14], and our present study demonstrated
that the enhancement can become even greater due to the
decrease in the dielectric constant near the surface. In a
vacuum, the electrostatic interaction is very strong, and the
typical electrostatic interaction energy is much (two orders
magnitude) greater than the thermal energy. Water, with its
high dielectric constant, can therefore be viewed as an
efficient attenuator of the electrostatic interaction, making
the electrostatic interaction compatible with the thermal
motions [39]. The attenuation of the electrostatic interac-
tion would be particularly important for the biological
macromolecules such as proteins; those molecules autono-
mously undergo association-dissociation dynamics at ambi-
ent temperatures. Then the hydrophobic surface can be
viewed as a reviver of the electrostatic interaction. The fact
that charged amino-acids on protein surfaces are often
surrounded by hydrophobic ones [40,41] may indicate that
proteins utilize their hydrophobic surfaces to restrengthen
the attenuated electrostatic interaction.
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