VOLUME 90, NUMBER 8§

PHYSICAL REVIEW LETTERS

week ending
28 FEBRUARY 2003

Water in Contact with Extended Hydrophobic Surfaces: Direct Evidence of Weak Dewetting
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X-ray reflectivity measurements reveal a significant dewetting of a large hydrophobic paraffin
surface floating on water. The dewetting phenomenon extends less than 15 A into the bulk water phase
and results in an integrated density deficit of about one water molecule per 25-30 A? of water in contact
with the paraffin surface. The results are supported by molecular dynamics simulations and related to

the hydrophobic effect.
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The nature of the contact region between water and a
hydrophobic surface has long been recognized to hold the
key to the understanding of the hydrophobic effect [1-11]
which plays an important role for phenomena as diverse
as protein folding, lipid aggregation, forces between hy-
drophobic surfaces in water, or chemical self-assembly of
macroscopic objects [12]. For highly curved molecular
surfaces water molecules are believed to form ordered
hydrogen bonded structures around the solute [11,13]
while more extended surfaces seriously disrupt the hydro-
gen bonding patterns [14,15]. In the latter case, pertain-
ing to surfaces with radii of curvature greater than 1 nm
[3,16], a number of theoretical papers have suggested that
dewetting plays an important role [1-7] and a number of
experiments involving two hydrophobic surfaces in close
contact have shown that significant dewetting of the con-
tact region takes place (cavitation) as also expected for a
narrow hydrophobic capillary [17].

We provide here the first quantitative experimental
evidence of dewetting of a single hydrophobic surface in
contact with water. The magnitude of the effect is signifi-
cantly smaller than suggested by Stillinger in 1973 [1]
and more recently by Lum, Chandler, and Weeks [3],
showing that a complete dewetting, resulting in a water
vapor interfacial region extending over many molecular
layers, does not take place at hydrophobic surfaces. We
estimate that the presence of the density deficit may
nevertheless explain the major component to the hydro-
phobic interfacial energy as simply due to the isothermal
decompressibility of water at the interface.

Our results are based on measurements of the x-ray
reflectivity (XR) of a pure water surface covered with a
2D-crystalline monolayer of the n-alkane n-C3;sH74 [18],
as a function of the angle of incidence [19]. The experi-
ment was performed at the beam line BW1 at DESY in
Hamburg and experimental details follow Ref. [18]
closely. Because of interference between x rays reflected
from different depths in the interfacial region [19], the
reflectivity, normalized to the Fresnel reflectivity of bare
water, is found to oscillate strongly as a function of the
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angle of incidence [Fig. 1(a)]. By a model independent
inversion of the data [21] it is possible to determine the
normalized electron density profile, p(z)/pPwaters ACTOSS
the interface. The result is shown in Fig. 1(b), where a
shaded area indicates a decrease in the density down to
about p(z)/ pwaer = 0.9 occurring at the hydrophobic in-
terface. The contact region with low water density, which
is smeared by the roughness of the water surface (cf.
below), has a half width of 8-10 A.

The electron density of bulk crystalline alkanes is
similar to that of water (0ukane/ Pwater = 1.03) and the
density profile inverted from the XR data [Fig. 1(b)] in-
deed reaches unity in that part of the =~ 40 A thick
paraffin monolayer which is closest to the water surface.
However, farther away from the water surface the elec-
tron density decays to a plateau at 73% of this value. A
plausible interpretation is that at these distances, but not
at the very interface, the monolayer contains holes with a
less dense packing of the paraffin molecules, as schemati-
cally illustrated in Fig. 1(c) (zone II). The fraction of
these holes is sensitive to temperature, lateral pressure,
and spreading conditions, while the alkane electron den-
sity always reaches unity at the very interface. The dip in
the water density at the alkane /water interface is therefore
always distinct, and it is found to be relatively insensitive
to the parameters mentioned above. This was to be ex-
pected because both the crystalline phase, which gives
rise to distinct diffraction [18], [zone I, Fig. 1(c)] and the
presumed disordered phase [zone II, Fig. 1(c)] are both
hydrophobic at the water interface. Because of the (in-
herent) roughness of the water surface of about 3 A [root
mean square (rms)] caused by thermally excited capillary
waves [19], the experimental data cannot clearly distin-
guish between a narrow deep dip or a shallow wider
dip with the same integrated density deficit D, =
[ Ap(z)dz, where Ap(z) denotes the difference between
(i) the densities represented by a smooth line connecting
the bulk water and bulk paraffin densities and (ii) the
measured density. Nevertheless, the data clearly show
that the density effect has a range of less than ~ 15 A
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FIG. 1 (color). (a) X-ray reflectivity of a paraffin monolayer
on water, normalized to the Fresnel reflectivity for bare water,
versus scattering vector Q. = 4msin(a)/A where « is the
grazing angle of incidence. (b) Experimental (solid line, zone
I+ 1) and modeled electron density (dotted line, zone I)
corresponding to the data shown in (a). Error bands (red and
blue solid lines) are calculated according to [20]. The inset
shows (points) the integrated electron deficit, D, as a function
of temperature while the solid line is a linear fit to the data
provided as a guide to the eye only. (c) Schematic illustration of
the experimental results.

indicating that this is the upper limit to the range of the
dewetting phenomena.

To complement our observation of the density deficit
we have extended the experiments to include monolayers
of a series of other less hydrophobic molecules. In Fig. 2
the resulting values of D, are plotted versus the degree
of hydrophobicity expressed in terms of the water drop
contact angle, B, as measured on self-assembled close-
packed monolayers exposing the relevant moieties to-
wards a solid-air interface [22]. Our results show a
density deficit for paraffin only. At the same time, paraf-
fin is the only substance in the series that has an advanc-
ing contact angle greater than 90°, which marks the
transition from a net attractive to net repulsive interfacial
interaction between the solid and the liquid as implied by
Young’s equation [10] cos(B) = (Y — Y4)/ V1a Where the
Yy denote the interfacial tensions between the media:
solid (s), air (a), and liquid (/). The results thus strongly
indicate that dewetting is a microscopic expression of the
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FIG. 2 (color). Integrated electron deficit, D, measured by x-
ray reflectivity of a solid-water interface (Langmuir film) as a
function of the estimated (advancing) water drop contact angle
of the equivalent solid-air interface. a: 1-triacontanol
(C50HgOH); b: fatty acid; ¢: monopalmitoyl glycerol ester;
d: dipalmitoyl glycerol ester; e: tripalmitoyl glycerol ester; f:
hexatriacontane. Contact angles are taken from Ref. [22]. D
values represent our own data. The MD (molecular dynamics)
values are for a: 1-pentatriacontanol (C3sH;;OH) and f: hexa-
triacontane. The dotted line is a guide to the eye.

macroscopic transition from net attractive to net repulsive
interfacial interactions.

The temperature dependence of D, for paraffin shows
that D, increases by 10%—-30% when temperatures in-
crease from 5 to 35 °C [Fig. 1(b) inset]. This is the trend
predicted by simple solvophobic density depression mod-
els [23] which treat the water molecules as spheres inter-
acting through a simple Lennard-Jones potential and
having only repulsive interactions with the solid surface.

To gain further insight into the dewetting phenomena
and the interfacial water structure, we have performed
molecular dynamics (MD) simulations on a periodic
alkane-water system (C;sH;4/H,0/CssH7,) counting
~45000 atoms, Fig. 3, using the program NAMD [24]
and the full atomistic CHARMMZ22 force field [25]. The
simulations were carried out at constant pressure (1 atm)
and temperature (300 K). Electrostatic forces were com-
puted with the Particle Mesh Ewald method [26] (details

086101-2



VOLUME 90, NUMBER 8§

PHYSICAL REVIEW LETTERS

week ending
28 FEBRUARY 2003

iy 1F iy
[—<pa(2)>|7
F—<pw(2)>

- -<py(2)> ]

P

L 0@ |F
—<pw@>| 1L o
- <py(2)>

*poH(z)

051525 0206 1.0-04 0 04
p (Z)/ p water p (Z) / p water Order parameter

FIG. 3 (color). Snapshots of half of the symmetric
alkane/water/alkane (a) and alcohol/water/alcohol (b) systems
taken after 1 ns of molecular dynamics simulation conducted at
constant temperature and pressure. The alkane and alcohol
layers are shown without aliphatic hydrogen atoms and are
colored cyan. The hydroxyl group of the alcohol layer is
displayed in licorice with O and H atoms colored red and
white, respectively. Water is shown in the same representation.
Panels (i) show the unsmeared electron density profile ({p,(z)))
normalized by the electron density of bulk water at 300 K,
1 atm (0.333 A™%) and decomposed into contributions from
alkane or alcohol ({p,(2))), water ({p,,(z))) and, for the alcohol
layer, from the hydroxyl group ({pou(z))), see panels (ii) for
legends. Panels (ii) show the same quantities smeared by 3 A
Panels (iii) depict the water ordering through the order pa-
rameters P(z) = (cos(#)) where 6 is the angle between the water
dipole (unit) vector and the surface normal along z, n,, which is
displayed above the alkane/alcohol layers. 6’ is the angle
between the vector rog(z) = ry(z) — ro(z) and n,. All data
were averaged over the last 750 ps of the trajectories.

submitted for publication elsewhere [27]). Figure 1(b)
compares the MD results (dotted line) with the density
profile inverted from the XR data (full line). The calcu-
lated density has been smeared by a rms roughness of 3 A
to allow direct comparison with the experimental curve.
It can be seen that the width of the crystalline paraffin
monolayer (zone I) determined from the simulations re-
produces the measured width of the monolayer. Further-
more the electron density calculated from the simulations
reproduces the interfacial density deficit quite accurately.
This is in accordance with some previous simulation
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studies [4,5]. Details of our calculated density decrease
are found in Fig. 3(a) which shows a snapshot of the
molecular models as well as the calculated density that
is further separated into two contributions stemming
from the paraffin and water phases, respectively. Ac-
cording to the simulations D results from a narrow and
deep electron density deficit [Fig. 3(a)] indicating that the
broader and shallower dip found experimentally is due to
the smearing of the interface caused by capillary waves.
The calculated value of Dyp = 1.2 A is about 20% larger
than the measured value, Dy, = 1 A (Fig. 2). As asecond
reference point also included in the comparisons in Fig. 2,
MD simulations of a periodic 1-pentatriacontanol-water
system (C;sH;;OH/H,0/C;35sH;,OH) was also carried
out [Fig. 3(b)]. The resulting value of Dyp = 0 is in
agreement with our experimental reflectivity data for
I-triacontanol (C3yHg; OH), D¢y, = 0.

One of the fundamental questions is how the water
molecules adapt to the density depression. To elucidate
the structural orientation, we have monitored the water
dipole moments as a function of the distance from the
interface [27]. Figure 3(iii) shows this in terms of P(z) =
(cos(#)), the average projection of the normalized water
dipole moment on the surface normal, plotted versus z,
the coordinate normal to the interface. One sees that the
first two monolayers of water molecules in direct contact
with the paraffin interface exhibit some degree of pre-
ferred orientation: Nearest to the alkanes the water dipole
moments (and thus the hydrogens) tend to point more
towards the alkanes than away from them. In the next
layer the effect is smaller and opposite. Farther from the
interface the water orientation is isotropic. For the simu-
lation of the alcohol water system, the orientations are
opposite in the first two layers and the ordered layers
persists over more than two monolayers.

The same MD data can be compiled into the probabil-
ity of observing a given dipole orientation [cos()] at
position z which in turn can be translated into an orienta-
tional entropy in excess of random water amounting to
0.027 mJ/(m? K) [27]. This value is equivalent to a sur-
face free energy at 300 K of 8 mJ/m? which in turn
is only 8% of the entropic contribution to the change in
free energy if a monolayer of ice were melted (i.e.,
100 mJ/m?) or 16% of the free energy of a hydropho-
bic surface in contact with water (55 mJ/m?, cf. below)
[10]. The contribution of this orientational effect to the
total interfacial free energy is hence expected to be of
minor importance despite the distinct peaks in the P(z)
versus z plot (Fig. 3).

As an estimate of the possible order of magnitude of
the change in surface free energy caused by a density
reduction to Dy, = 1 A we calculate the change in free
energy when an ideal 2-dimensional hydrophobic alkane
surface (B = 118°, [22]) is pushed vertically into
water thereby creating new regions with diluted decom-
pressed water. Assuming that decompression is the only
source of free energy change, expected to amount to
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¥ parrafin,water~ Y paraffin,air DECaUse a paraffin-water interface
is created at the expense of a paraffin-air interface, we use
the isothermal compressibility of water (k= 4.5 X
1071 m?/N) and obtain 11 mJ/m* for the decom-
pression of a 10 A thick interfacial region to 90% of the
bulk water density, and 33 mJ /m? for decompression of a
3 A layer to 66% of the density of bulk water (in both
cases D=1A cf. [28]). These crude estimates com-
pare surprisingly well with the change in interfacial
free energy obtained from Young’s equation using appro-
priate values of Bpurafin = 118° and Yyuger air = 72 mJ/m?
(Ypanafin,water'yparaffin,air =34 m]/mz) [10].

In summary we have shown experimentally that an
intrinsic dewetting of large hydrophobic surfaces in water
occurs (Deyy, = 1 A). The effect is significantly smaller
tharg predicted by those theoretical models (Dgeory 1 =
10 A) [1,3,5] which exclude attractive interactions be-
tween water and the hydrophobic wall while it is larger
than recent estimates which include attractive interac-
tions (Dieory 2 = 1/2 A) [4,5]. Estimates of the contribu-
tion to the free energy of creating the diluted interfacial
region show that dilution may contribute very signifi-
cantly to the interfacial free energy of hydrophobic sur-
faces in water. Our own MD simulations suggest an
extensive dilution at the interface actually creating a
thin (1 A) “vacuum® layer. The observed temperature
dependence and the results of our MD simulations
(Dyp =1 A) indicate that orientational (entropic) effects
play a minor role.
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We estimate the energy needed to compress water by 10%
at constant temperature using the isothermal compressi-
bility of water k= (1/V)(dV/dP)~= (1/V)(AV/AP).
If AV/V = 0.1 then AP = 0.1/k = 2.2 X 108 N/m? us-
ing Kk =4.5X% 1071 m?/N. The corresponding work
W is approximated by W = [ PdV = (1/2)APAV. For
the interfacial region we set V =Ad where d is
the thickness and A the area of the interface. This gives
W = (1/2)APAd and the work per unit area
W/A=(1/2)APd=(1/2)2X 108 N/m?)(1 X 107 10m) =
11 mJ/m?. Using the same procedure for AV/V =0.3 we
get W/A=33mJ/m?. We assume that the energy re-
quired for a decompression of water is of the same order
of magnitude due to the symmetry of the interaction
potential between the molecules in the vicinity of the
global minimum.
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