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We report a joint study using surface-specific sum-frequency vibrational spectroscopy and ab initio
molecular dynamics simulations, respectively, on a pristine hydrophobic (sub)monolayer hexane-water
interface, namely, the hexane/water interface with varied vapor pressures of hexane and different pHs in
water. We show clear evidence that hexane on water revises the interfacial water structure in a way that
stabilizes the hypercoordinated solvation structure and slows down the migration of hydroxide ion (OH−)
relative to that in bulk water. This mechanism effectively attracts the OH− to the water-hydrophobic
interface with respect to its counterion. The result illustrates the striking difference of proton transfer of
hydrated OH− at the interface and in the bulk, which is responsible for the intrinsic charging effect at the
hydrophobic interface.
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Introduction.—Hydroxide ions are one of the most
fundamental ionic species in water and are of great
importance in diverse phenomena in physics, chemistry,
and biology. Their excess at an interface strongly depends
on the local hydrogen (H) -bonding network as well as the
nature of the dynamic proton transfer [1], which can change
the local pH and affect the surface chemistry, such as
reaction rate and pathway [2–5]. There has been a lingering
puzzle about the propensity of hydrated OH− at the
hydrophobic material-water interface. Early macroscopic
measurements inferred an excess of OH− residing at the
hydrophobic interface [6–9]. This was later supported
by surface-specific optical spectroscopic measurements
[10,11]. However, some other experimental and theoretical
studies attributed the appearing interfacial charge to
contamination [12–15], anisotropic dipole potential
[16,17], or charge redistribution [18] at the interface.
The problem lies in the fact that most of the early
measurements were conducted at the hydrophobic interface
formed via water in contact with a bulk of hydrophobic
material [6,7,9,14,19] or a substrate coated with hydro-
phobic thin film [10,12,13,15]. However, it was questioned
that the surface charge might stem from contamination of
ionic surfactant molecules at the interface [14,20] or from
surface chemistry of the supporting substrate [13,15,21].
Obviously, a pristine hydrophobic interface and surface-
sensitive technique is required to revisit the mechanism of
the surface charging effect.
The theoretical investigation of the surface propensity of

OH− at a hydrophobic interface is nontrivial because it

strongly depends on proton transfer (PT) events in the
H-bonding network at the interface and modeling PT in the
H-bonding network has long been a lingering challenge
[22,23]. Difficulties are rooted in the highly complex
structure of the H-bonding network dynamically revised
in the interfacial water which sensitively affects the PT.
Major progress in modeling PT was made using ab initio
molecular dynamics (AIMD) simulations [24]. It revealed
that OH− forms two types of solvation complexes in bulk
water: the tetrahedral (or three-coordinated) OH−ðH2OÞ3
and the hypercoordinated OH−ðH2OÞ4 [24]. Diffusion of
OH− happens via rapid PTs through H bonds in the
OH−ðH2OÞ3 complex (the active mode) but halts when
it adopts the OH−ðH2OÞ4 solvation structure (the asleep
mode) [1,24]. Conversion between the two modes is
thermally excited. It is of fundamental importance to learn
the nature of PT of OH− at the interface versus in bulk and
whether it leads to OH− excess at the hydrophobic inter-
face. A pioneering AIMD work has pointed out that the
amphiphilic nature of OH− may result in negatively
charged hydrophobic water surfaces [25], but the mecha-
nism for stabilization of OH− in connection with its
solvation structure and PT process near the surface has
not been addressed [26].
In this Letter, we report a combined theoretical and

experimental study of a hydrophobic gas-water interface
theoretically by AIMD simulation and experimentally
by sum-frequency vibrational spectroscopy (SFVS).
Hexane was chosen as the hydrophobic molecular gas
because it adsorbed on a water surface via Van der Waals
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interaction forming a (sub)monolayer without introducing
bonding to water or OH−. We found unanimously that the
surface density of OH− at the interface was greatly
enhanced after adsorption of hexane molecules on water
revising the surface structure. Our AIMD simulation
revealed that the enhanced OH− surface density originates
from the hexane-incorporated H-bonding network at the
interface, where OH− tends to form a stable hypercoordi-
nated structure that greatly suppresses the mobility and PT
rate of OH− in comparison with OH− in bulk water.
Results and discussion.—Figure 1(a) describes our

experimental arrangement, with details provided in liter-
ature [27,28] the Supplemental Material [29]. Water with a
specific pH held by a cell in the chamber was under
variable pressure of hexane gas, which was directed into the
chamber by the gas line after being filtered by the NaOH
(aq.) solution. The hexane vapor pressure was monitored by
the Fourier-transform IR spectrometer. NaOH was used to
prepare all the basic solutions in this work. Sum-frequency

vibrational spectroscopy from the hexane-water interface
was carried out in the reflected direction [30,31].
The sum-frequency (SF) vibrational spectra [describing

jχð2ÞS;effðωÞj2, with χð2ÞS;effðωÞ being the surface nonlinear
susceptibility] taken with neat water (pH 5.6) and water
of pH 10.0 under different hexane pressures are displayed in
Fig. 1(b). Characteristic peaks of the methyl group sym-
metric and antisymmetric stretching modes at 2880 and
2960 cm−1 for adsorbed hexane and the broad band with a
narrow peak in the range of 3000–3800 cm−1 for OH
stretches of interfacial water can be seen in the figure. As
hexane vapor pressure increases, both CH3 stretching modes
appear stronger, indicating increasing hexane coverage on
the water surface. The Van der Waals interaction between
hexane and water is weak; therefore the orientation order of
sub-monolayer coverage of hexane on water is poor, as
suggested by Monte Carlo simulation. Meanwhile, the neat
water spectrum [top in Fig. 1(b)] clearly changes with the
hexane vapor pressure. It must come from the modification

FIG. 1. Experimental arrangement and intensity spectra of SFVS for the hexane gas-water interface. (a) Sketch of the experimental
setup: Hexane mixed with nitrogen (99.999%) was led into the chamber by a gas line after filtering by NaOH(aq.) solution, and its vapor
pressure in the chamber was monitored by the Fourier-transform IR spectrometer. Enlarged view shows schematic structure of the
adsorbed hexane molecules and surface electric potential set by adsorption of ions. (b) Upper and lower panels display SFVS intensity
spectra of the hexane-water interfaces of water solution at pH 5.6 and pH 10.0, respectively, under different hexane vapor pressures. The
largest redshift of dangling OH is ∼20 cm−1 with reference to the case without hexane, as indicated by the dashed lines. Inset of
(b) shows hexane coverage versus hexane vapor pressure at pH 10.0.
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of the interfacial water structure by the adsorbed hexane
molecules and has been interpreted as due to an increased
water surface area caused by hexane adsorption [32] (see
Fig. S5 in the Supplemental Material [29] for more details).
For both pH 5.6 and pH 10.0 water, the dangling OH

mode of water that serves as a spectral signal of a hydro-
phobic water interface is clearly visible [22] initially at
3700 cm−1 in the absence of hexane, then redshifted as the
hexane vapor pressure increases, and finally reaching
3680 cm−1 upon saturated adsorption of hexane. The
redshift is the result of an interaction between hexane
and surface water molecules in close contact [10,23].
Actually, the dangling OH peak in all spectra could be
decomposed into two peaks, one at 3680 cm−1 and the
other at 3700 cm−1. The former comes from dangling OHs
that are in contact with hexane and the latter from OHs
protruding into air. Thus, the strength of the 3680 cm−1 can
be used to estimate the hexane coverage (see Sec. S2 of the
Supplemental Material [29]). With the given pH, the
hexane coverage increases almost linearly with the hexane
vapor pressure until saturation [inset of Fig. 1(b); the
coverage approaches one monolayer at 101 mm Hg], while
the orientation of the adsorbed hexane molecules appears to
depend on the pH, as evidenced by the changes of the CH2

and CH3 spectral features with the pH in Fig. S4 of the
Supplemental Material [29] (see also Secs. S4 and Sec. S7
of the Supplemental Material) [33–36].
In the bonded-OH stretching range (3000–3600 cm−1),

the SF spectrum increases with the hexane vapor pressure; it
shows a much stronger growth for water at pH 10.0 than
at pH 5.6 [Fig. 1(b)]. As hexane reaches ∼1.0 monolayer
(101 mm Hg), the latter is 2 times stronger than that of the
air-water interface, but the former appears nearly 1 order of
magnitude larger. The interface of hexane on neat water (pH
5.6) is found to be practically charge neutral because its SF
spectrum is not affected by ion solvation in water (see
Fig. S5 in the Supplemental Material [29]). At pH 10.0, the
spectral enhancement in the bottom of Fig. 1(b) is reduced
after adding salt in the water, indicating the existence of an
electric double layer (EDL) at the hexane-water interface
[37,38]. The surface charges set up an EDL in which the dc
electric-field-induced polarization of water contributes to the
observed SF spectral change. To be sure that the spectral
change was not from contamination of the hexane gas, we
passed the gas through NaOH(aq.) solutions to remove small
amphiphilic molecules such as acetic acid and found no
effect on the spectrum. We also evacuated the hexane gas
from the sample chamber and found no trace of residual
amphiphilic molecules left on the water surface (see Sec. S3
of the Supplemental Material [29]).
Negative OH− is expected to be attracted by hexane to

the surface of water at pH 10.0 as in the case of alkane
chains facing water [10]. This can be confirmed by the
Imχð2ÞS;effðωÞ spectra deduced from χð2ÞS;effðωÞ with the help of
a few phase measurements at selected IR frequencies on

χð2ÞS;effðωÞ [39,40]. As seen in Fig. 2(a), the Imχð2ÞðωÞ
spectrum becomes more positive with 0.1 mM NaOH
in neat water to yield pH 10.0, indicating the presence
of negative surface charges that create an EDL of water
molecules with field-induced net O → H orientation toward
the surface [37,41,42].
Quantitatively, we can extract the surface density of OH−

at the hexane-water interface from the measured χð2ÞS;effðωÞ
spectrum using a recently developed method [37,43]. For
surface OH− density less than ∼0.05 e=nm2, the change of

χð2ÞS;effðωÞ due to surface OH− is given by

Δχð2ÞS;effðωÞ ¼ χð3ÞB

Z
∞

0þ
EdcðzÞeiΔkzzdz; ð1Þ

FIG. 2. Results of spectral analysis. (a) Imχð2ÞS;effðωÞ spectra in
the OH stretching region of the hexane-water interface for water
at pH 5.6 and pH 10.0 under 101 mm Hg hexane vapor pressure
deduced from observed jχð2ÞS;effðωÞj2 with the help of phase
measurements at discrete IR frequencies. (b) 3D plot describing
surface charge (OH−) density versus hexane vapor pressure and
OH− concentration in bulk water; surface charge density versus
pH at three different hexane vapor pressures are presented in the
right panel and also indicated by three dashed lines in the 3D plot,
where 0.5, 0.7, and 1 monolayer surface coverage of hexane on
water corresponds to 58, 83, and 101 mm Hg vapor pressure.
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where χð3ÞB describing the third-order nonlinear susceptibil-
ity of bulk water is known from previous measurements,
EdcðzÞ, which denotes the dc electric field along the surface
normal ẑ and set up in the EDL by the surface charges, is
related to the surface charge density by the Guoy-Chapman
theory; Δkz representing a phase mismatch of the SFVS
process along z can be obtained from the experimental
beam geometry. Equation (1) allows the deduction of

the surface charge density from the measured Δχð2ÞS;effðωÞ
spectrum with known χð3ÞB (see Sec. S5 of the Supplemental
Material [29]).
Using the abovementioned procedures, we obtain the

surface density of OH− versus the pH and hexane vapor
pressure as presented in 3D contour plots in Fig. 2(b). The
OH− surface density grows rapidly with both the hexane
pressure and bulk pH. The data of OH− surface density
versus pH from three dashed line cuts for three different
hexane coverages of 0.5, 0.7, 1.0 monolayer on water in
the 3D contour plot are shown explicitly on the right of
Fig. 2(b). At the same pH, higher hexane surface coverage
results in larger surface OH− density. At 1.0 monolayer
coverage of hexane and pH of 10.0, the surface density of
OH− reaches ∼8 mC=m2, which is consistent with the

value reported by Beattie and Djerdjev on purified oil
emulsion in water [9]. We note that the three lines on the
right of Fig. 2(b) can actually converge into one if they are
normalized to their respective saturation value at high
pHs (see Fig. S7 in the Supplemental Material [29]).
This indicates that under different hexane coverage, the
adsorption kinetics is the same; a change of hexane
coverage simply changes the number of adsorption sites
for OH−. Assuming each hexane molecule occupies 31 Å2

on the water surface [44], we estimated that each adsorbed
OH− should be associated with roughly five adsorbed
hexane molecules at the hexane-water interface.
To understand how adsorbed hexane can induce OH− to

the hexane-water interface, we investigate the dynamics
of OH− at the monolayer hexane-water interface by AIMD
(see Sec. S1 of the Supplemental Material [29] for setups)
[45–48]. As shown in Fig. 3, frequent PTs (spikes in the
figure) between 0 and 18 ps indicate high mobility of
OH− in bulk. Solvated in the bulk liquid water, OH− adopts
the so-called hypercoordination as the most stable con-
figuration in which the lone pair electrons of OH− can
accept four water molecules, forming a planarlike structure
[21] also known as the asleep mode of OH− because it
forbids PT from occurring [1,49,50]. However, influenced

FIG. 3. AIMD simulations of the water-hexane interface. (a) Depth positions of O and H of OH− and C in hexane with respect to the
instantaneous liquid interface (ILI, set as zero) as a function of the time. Boundary between bulk and interfacial (blue region) water is
taken at depth of −5.0 Å. (b) Distributions of O and H of OH− in depth in the interface and bulk regions. (c) Snapshot illustration of
H-bonding network of water with OH− in the water-hexane interfacial region. C in brown, H in white, OH− with O in yellow, and water
molecules generally with O in red, but those coordinated with OH− in blue. Blue mesh refers to the ILI. (d) Number of H bonds (HBs)
per water molecule and number of acceptor H bonds per OH− in the bulk and interfacial layer of water. (e) Radial distribution function
gO�C� ðrÞ of the separation distance between C of the methyl group of hexane and O of OH− in bulk water (seen in 0–18 ps) and in the
interfacial water layer (seen in 18–36 ps).
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by dynamical embedding of the tetrahedral H-bonding
network, the hypercoordination in the bulk is frequently
converted into a transient tetrahedral-like solvation struc-
ture (three-coordinated OH−) that allows rapid PT and
diffusion of OH− [1] [Fig. 3(c) shows the hexane-water
interfacial structure with both hypercoordinated and three-
coordinated OH−). This is the reason for the frequent PTs
(spikes) between 0 and 18 ps in Fig. 3(a) and the associated
high mobility of OH−.
Our AIMD simulations showed that at ∼18 ps, through

one successful PT, OH− can be brought to the hexane-water
interface. Thereafter, the mobility is greatly reduced
because the PT becomes rare, as seen in Fig. 3(a) for
the time period from 18 to 36 ps. Specifically, the average
time for a single PT event to occur is 0.87 and 5.56 ps in the
bulk and at the interface, respectively. The OH− then
appears to prefer staying in the interfacial layer with no
more successful PT events, as indicated by the residence
probability of OH− in the same time period of 18 to 36 ps in
Fig. 3(b). The lone electron pair on OH− is hydrophilic.
Therefore, OH− tends to accept more than three H bonds
from surrounding water molecules and forms the hyper-
coordinated structure. However, in the condensed phase,
the same water molecules are also attracted by a competing
H-bonding force that is applied by the embedded liquid
water structure, which largely revises the energetics of the
solvation structures. Solvated in bulk water, the hydration
structure is more adapted to the tetrahedral structure of
water, which is active for PT. However, in the interfacial
region [defined as within 5 Å from the instantaneous water
surface in Fig. 3(a)], the above tetrahedral structure is
largely disrupted as evidenced by the reduced average
number of H bonds per water molecule from 3.80 in the
bulk to 3.48 in the interface [Fig. 3(d)]. The weakened
H-bonding network in the interfacial water tilts the balance
of the above competition. The surrounding water molecules
become more attractive to OH− and form a hyper-
coordinated structure as seen by the increased average
acceptor H bonds for OH− from 3.68 in the bulk to 4.21 in
the interface [Fig. 3(d)]. The largely stabilized hyper-
coordinated solvation structure inhabits the PT transfer
for an average time of ∼18 ps until it diffuses away into the
bulk through a successful PT event, resulting in reduced
mobility of the OH−, which effectively traps the OH− in the
interfacial water as we observed in experiment. Moreover,
the OH− at the interfacial water is strongly correlated to
hexane molecules, as evidenced by the radial distribution
function gO�C� ðrÞ of the separation distance between O� of
OH− and C� in the methyl group of a neighboring hexane
molecule shown in Fig. 3(e) It indicates that the disrupted
H-bonding network in a water-hydrophobic interface is
closely associated with the presence of the hexane mole-
cules. It is very interesting to notice that when hexane was
replaced by hydrophilic molecules, such as long-chain
alcohol, our experiments found no preference of OH−

appearing at the interface, in agreement with Ref. [43],
because in this case the interfacial water H-bonding
network remains tetrahedral-like, and the OH− retains its
high mobility with frequent PT events.
Conclusion.—In summary, we studied the propensity of

OH− at the hexane gas-water interface. Experimentally,
sum-frequency vibrational spectroscopy provided clear
evidence that hexane on water effectively induces the
adsorption of OH− to the interface. Hexane coverage
and maximum surface density of OH− have a one-to-one
relation; roughly, a minimum of five adsorbed hexane
molecules can accommodate adsorption of one OH−.
Theoretically, our AIMD simulations showed that an
excess of OH− at the interface is caused by a more stable
OH−-incorporated, hypercoordinated, interfacial H-bond-
ing network of water modified by adsorbed hexane
molecules. This interfacial structure reduces the PT rate
and mobility of OH− and greatly suppresses diffusion of
OH− from the interface into the bulk. The enhanced OH−
density at the monolayer hexane-water interface suggests
that hydrophobic interfaces of hydrocarbons and water are
generally basic.
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