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The results of x-ray reflectivity studies of two oil/water (liquid/liquid) interfaces are inconsistent with
recent predictions of the presence of a vaporlike depletion region at hydrophobic/aqueous interfaces. One
of the oils, perfluorohexane, is a fluorocarbon whose superhydrophobic interface with water provides a
stringent test for the presence of a depletion layer. The other oil, heptane, is a hydrocarbon and, therefore,
is more relevant to the study of biomolecular hydrophobicity. These results are consistent with the
subangstrom proximity of water to soft hydrophobic materials.
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The formation of a vaporlike depletion layer at the
interface between an aqueous solution and a hydrophobic
material would have important consequences for many
biological, chemical, and environmental processes. Such
a layer would limit water molecules, and solutes in the
water, from being positioned immediately adjacent to a
hydrophobic material. This would affect dynamic pro-
cesses such as protein folding and self-assembly in which
hydrophobic regions are briefly exposed to water, as well
as the wetting of aqueous solutions on many environmental
and industrially important surfaces.

Early theoretical studies indicated that water maintains a
hydrogen bond network surrounding small hydrophobic
solutes, though this network would be stretched with in-
creasing solute size [1]. For an infinite radius solute, or
equivalently for a planar interface, Stillinger predicted the
existence of a depletion layer that is essentially a water-
vapor interface that forms near the hydrophobic plane [1].
Recent theory and computer simulations suggest the pres-
ence of a depletion layer whose thickness is on the order of
a few angstroms for solutes of several nanometers or larger
radius [2-6]. Attractive interactions between the hydro-
phobic material and water are expected to thin the deple-
tion layer [3,7]. Recent simulations of planar interfaces
that include attractive interactions have suggested that a
master curve describes the variation of the depletion layer
thickness with surface hydrophobicity [6].

Numerous experimental studies have provided conflict-
ing evidence for and against the presence of a depletion
layer [8—19], though recent x-ray and neutron scattering
studies from the interface between water and a hydropho-
bic coating on a solid provide evidence for a depletion
layer with thickness of a few angstroms [13-15,17]. Since
biological hydrophobic/aqueous interfaces are often soft,
there is a need for studies of soft and well-defined hydro-
phobic/aqueous interfaces. Recent optical ellipsometry
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studies of liquid/liquid interfaces were analyzed by one
of two models that yielded a range of depletion layer
thickness values that varied from 0.3 to 3 A for the same
sets of data [12]. Also of interest are vibrational sum
frequency spectroscopy studies that demonstrate much
weaker hydrogen bonding in the region of the water/hydro-
phobic liquid interface than at the water/vapor interface
[20]. These data suggest that a bulklike water/vapor inter-
face does not form near a water/hydrophobic liquid inter-
face. However, the lack of depth sensitivity in the
spectroscopy measurements preclude them from providing
a decisive argument for or against the existence of deple-
tion layers. Here, we present x-ray reflectivity studies of
two oil/water (liquid/liquid) interfaces. One of these inter-
faces, the perfluorohexane/water interface, is superhydro-
phobic and, therefore, provides a stringent test of the
depletion layer prediction. The other is a hydrocarbon
(heptane)/water interface that is more relevant to the study
of biomolecular hydrophobicity. The materials used for
these studies were extensively purified and their purity
was tested with tensiometry and gas-liquid chromatogra-
phy (see supplementary information [21] for a detailed
description).

Teflon and other fluorocarbon materials are strongly
hydrophobic. The superhydrophobicity of the interface
between liquid perfluoro-n-hexane [CF;(CF,),CF;] and
water at 23.5 °C is evident in Fig. 1 which shows a spheri-
cal drop of water in equilibrium at the perfluorohexane/air
interface. The dihedral angle is 180° to within our mea-
surement accuracy (£ 1°). This is consistent with the large,
negative spreading coefficient of —110.7 mNm™! deter-
mined by our measurements of interfacial tension, which
indicates that water does not wet perfluorohexane (see
supplementary information [21]).

X-ray reflectivity probes the electron density variation
with interfacial depth. Figure 2 illustrates reflectivity data
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perfluorohexane

FIG. 1. Water drop placed at the perfluorohexane/air interface.

R(Q,) as a function of the wave vector transfer Q, (normal
to the interface) from a flat, circular perfluorohexane/water
interface of 70 mm diameter [21]. The reflectivity was
determined by measurements of the reflected x-ray inten-
sity normalized by the incident intensity, after subtraction
of background scattering [21-23]. The reduction of the
measured reflectivity below the calculated Fresnel reflec-
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FIG. 2 (color online). X-ray reflectivity from the perfluorohex-
ane/water interface at 23.5°C as a function of wave vector
transfer normal to the interface. Solid line: fit to capillary
wave theory. Dashed line: Fresnel reflectivity Ry. Error bars
are smaller than the symbols. The point at Q, = 0 is the direct
(not reflected) beam that is used to normalize the reflectivity.
Inset: X-ray reflectivity normalized to Ry. Dashed (red) line: Fit
to capillary wave theory. Solid line: Fit to perfluorohexane
multilayering.

tivity R(Q.) expected from an ideal, smooth interface (see
Fig. 2) can be described by [24]

R(Q.) = Rp(Q.) exp(—Q.0{0?), (1)
where QT =~ 1/Q? — Q7 is the wave vector transfer in the

lower (e.g., perfluorohexane) phase and the critical wave
vector transfer for total x-ray reflection is calculated to be
Q. =0.01458 A~! for perfluorohexane/water and Q, =
0.01169 A~! for heptane/water interfaces [21]. The inter-
facial width o describes the crossover from one bulk phase
to the other via an error function, erf(z/+/20) (see supple-
mentary information [21]). A two parameter fit of the
reflectivity data yields o = 3.4 =£0.2 A and Qe =
0.0004 A~!, where the latter is an additive offset in Q
that represents a typical misalignment of the x-ray instru-
ment. This fit produces the solid line that is in good
agreement with the data in Fig. 2. Although Eq. (1) does
not include the resolution dependent contribution from
capillary waves, this is a small effect for these experiments
(because n = 0.2, see [25,26]).

Capillary waves at the interface, driven by thermal
energy, will scatter x rays out of the specularly reflected
beam and reduce the measured reflectivity below the
Fresnel reflectivity [27]. Hybrid capillary wave theory
describes the total interfacial width as o = o2, + o5,
[28]. The intrinsic width o, represents the effect of inter-
facial molecular ordering and o is a result of the intrinsic
profile fluctuating according to the capillary wave spec-
trum. Capillary wave theory predicts o, = 3.37 A (see
supplementary information [21]), in agreement with our
measurement of o. Therefore, o7, is small, suggesting that
the intrinsic molecular ordering at the interface is weak.

The high accuracy of the data in Fig. 2 allows us to
present them in the inset to Fig. 2 as reflectivity normalized
to the Fresnel reflectivity R(Q.)/Rr(Q.). This reveals
small but significant deviations of the data from the fit to
Eq. (1). As described shortly, these deviations cannot be
explained by a depletion layer (or by any single layer, see
supplementary information [21]). Although these data can-
not uniquely specify the molecular origin of this effect,
they can be modeled by multiple layering of perfluoro-
hexane molecules at the interface. The fitting shown in
the Fig. 2 inset used an intrinsic profile {(p(z))y, = ps +
A[C — cos(2mz/los. + ¢)] exp(—2z/l4ec), Where one pe-
riod of the cosine represents a layer of perfluorohexane
molecules. The fraction of perfluorohexane molecules that
form a layer decreases with increasing distance from
the interface according to the exponential decay length
l4ec (supplementary information [21]). This modeling sug-
gests that two to three layers of perfluorohexane exist
at the interface, though the maximum density of these
layers is only 3% above the bulk liquid perfluorohexane
density. Given the rigid, nearly cylindrical shape of per-
fluorohexane molecules, this layering is reminiscent of
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smectic multilayering that occurs at the surface of liquid
crystals [29].

Figure 3 demonstrates that the reflectivity data from the
perfluorohexane/water interface is inconsistent with the
presence of a depletion layer. The interface is modeled
by back-to-back water/vapor and vapor/oil interfaces that
are separated by a distance Dy, (Fig. 3, inset). The elec-
tron density profile of this interface is given by

ot = gomma1 e 5]
%Pou[l + erf( \/_[z:ep)] (2)

This model represents a depletion layer of vaporlike den-
sity and thickness Dg., sandwiched between bulk water
and oil. The water/vapor and vapor/oil interfaces fluctuate
with capillary waves, as represented by the error function
in Eq. (2). We let o = 3.4 A, as determined by the x-ray
measurements. It could be argued that a vaporlike deple-
tion layer will have interfacial widths characteristic of the
bulk water/vapor and vapor/oil interfaces, but the data
cannot be fit with such values for the widths [21]. The
data in Fig. 3 are sensitive to the presence of depletion
layers of 0.2 A thickness and exclude any such layer of this
thickness or greater. This is generally much thinner than
depletion layers previously reported.
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FIG. 3. Depletion layer analysis for the perfluorohexane/water
interface. Data from Fig. 2. Solid line: Fit to Eq. (1). Dashed
lines: Calculated from Eq. (2) with Ddep =05t3Ain steps of
05 A (bottom to top) with o = 3.4 A. Inset: Electron density
profile normalized to bulk water, p(z)/p,,, that is used to calcu-
late the corresponding x-ray reflectivity. Solid lines: Water and
perfluorohexane densities for Dy, = 3 A The 3 A separation
between the midpoints of the profiles is shown by vertical lines.
Dashed lines: Total profiles for Dge, = 0to 3 Ain steps of 0.5 A
(top to bottom), where Dye, = 0A corresponds to the solid line
in the main figure.

A similar reflectivity measurement and analysis has been
carried out for the interface between water and a hydro-
carbon, hydrophobic liquid—n-heptane [CH3(CH,)sCHj].
The normalized reflectivity R(Q.)/Rr(Q.) measured from
this interface is shown in Fig. 4. A one parameter fit to
Eq. (1) is excellent, with a value of the interfacial width
o = 4.2+ 0.2 A. The small deviations observed in the fit
to Eq. (1) for the perfluorohexane/water interface (Fig. 2,
inset, dashed red line) are absent. The heptane mole-
cules are flexible and it is unlikely that they would form
smectic layers as our data suggest for the rodlike per-
fluorohexane molecules. This is supported by our inter-
facial tension measurements as a function of tempera-
ture of a similar system, the hexane/water interface,
that indicate that it is slightly more disordered than the
perfluorohexane/water interface (the excess interfacial
entropy, Aspﬁ:rﬂuorohexane/water = 0.070 mJ K 'm™? and
ASpexane/water = 0.083 mJK~'m™2 at 25°C, see supple-
mentary information [21]).

The interfacial width predicted from capillary wave
theory for the heptane/water interface is 3.44 A, which is
different from the measured value of 4.2 + 0.2 A. Figure 4
demonstrates that this difference is not due to a depletion
layer because the presence of a depletion layer would
increase the reflectivity above the measured values, as
well as above the values predicted by capillary wave
theory. Equation (1) indicates that the larger value of the
measured width has the opposite effect. It acts to decrease
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FIG. 4. Depletion layer analysis for the heptane/water inter-
face. Symbols: X-ray reflectivity data at 25 °C. Solid line: Fit to
Eq. (1). Long dashed line: Capillary wave fit with o, =
3.44 A. Short dashed lines: Calculated from Eq. (2) with Dyep =
0.5t03 Ain steps of 0.5 A (bottom to top) with o,, = 3.44 A.
Data point at Q, = 0 is the direct (not reflected) beam.
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the reflectivity below the values predicted by capillary
wave theory.

Measured values of interfacial width larger than those of
the capillary wave prediction have been reported for the
liquid alkane/water interface for a range of alkane chain
lengths from 6 to 22 carbons [30]. For the reasons just
described, the presence of a depletion layer [as in Eq. (2)]
cannot explain these variations. A larger interfacial width
could be due to the presence of molecular ordering at the
interface that leads to an intrinsic width o, such that the
total width 0% = 0%, + o7, is increased. A phenomeno-
logical explanation suggested that the intrinsic width was
given by the shorter of two relevant length scales that
describe alkane ordering: the radius of gyration of the
alkane and the bulk correlation length in the alkane liquid
[30]. Although this explanation described quantitatively
the linear increase in o with chain length for alkanes of
length 6 to 16 carbons, and the constant value for longer
alkanes, it did not fully justify that these length scales
should characterize the increase in interfacial electron
density required to explain the data.

Recent simulations of the hydrophobic/water interface
utilized a planar solid surface with a variable hydropho-
bicity to predict values of the depletion layer thickness to
be a few angstroms [6]. Extrapolation of the master curve
that resulted from these simulations to a superhydro-
phobic interface, such as our perfluorohexane/water inter-
face, would predict a depletion layer thickness of ~3 A, in
contrast to the upper bound of 0.2 A determined by our
data. With regard to our results on the heptane/water
interface, calculations have suggested that attractive
van der Waals interactions between a hydrocarbon oil
and water will thin the depletion layer to nearly zero
thickness [3,7]. Chandler has suggested that the weakness
of the attractive van der Waals forces, on the order of kzT,
will result in enhanced interfacial fluctuations in the thick-
ness of the depletion layer [31]. Such fluctuations are not
included in the capillary wave theory. If present, we an-
ticipate that the interfacial width measured by x-ray reflec-
tivity would increase because x rays would be scattered by
the fluctuations. Development of a theory of depletion
layer fluctuations, that describes the height-height correla-
tion function of the interface, may help resolve the issue of
enhanced interfacial width at the alkane/water interface.
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