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INTERFACIAL WATER

The structure of interfacial water
on gold electrodes studied by x-ray
absorption spectroscopy
Juan-Jesus Velasco-Velez,1 Cheng Hao Wu,1,2 Tod A. Pascal,3 Liwen F. Wan,3

Jinghua Guo,4,5 David Prendergast,3 Miquel Salmeron1,6*

The molecular structure of the electrical double layer determines the chemistry in all
electrochemical processes. Using x-ray absorption spectroscopy (XAS), we probed the
structure of water near gold electrodes and its bias dependence. Electron yield XAS
detected at the gold electrode revealed that the interfacial water molecules have
a different structure from those in the bulk. First principles calculations revealed that
~50% of the molecules lie flat on the surface with saturated hydrogen bonds and another
substantial fraction with broken hydrogen bonds that do not contribute to the XAS
spectrum because their core-excited states are delocalized by coupling with the gold
substrate. At negative bias, the population of flat-lying molecules with broken hydrogen
bonds increases, producing a spectrum similar to that of bulk water.

M
any important processes in electrochem-
ical reactions, such as ion desolvation and
charge transfer, occur in the so-called elec-
trical double layer (EDL), also known as
the Helmholtz layer (1). This layer, con-

taining solvated ions and solvent molecules, is
typically one to tens of nanometers thick, depend-
ing on solute concentration. An important charac-
teristic of the EDL is the presence of a strong
electric field perpendicular to the electrode sur-
face that is believed to play a crucial role in de-
termining its structure.
Among liquids, aqueous solutions play a vital

role in chemistry, biology, and materials sciences.
The strong dipole of the water molecule and its
hydrogen-bonding network gives rise to distinc-
tive properties, including the high boiling point

and high specific heat capacity. It is expected
therefore that perturbations of the local hydro-
gen bonding network near surfaces (2, 3), to-
gether with strong electric fields, will influence
the structure of the first molecular layers. Un-
derstanding the structure and dynamics of these
interface layers is of fundamental importance
and the object of our study.
A host of techniques have been used to study

the EDL, including grazing incidence x-ray scat-
tering (4) that provides crystallographic informa-
tion and electronic density profiles, and vibration
spectroscopies such as infrared (IR) and Raman
(5, 6), together with nonlinear second-order sum
frequency generation (SFG), which have been
used to study the vibrational nature of water
molecules at interfaces (7). Using SFG at the
glass-water interface at different pH values, it
was concluded that protonation and deproto-
nation of oxide sites led to surface charges and
electric fields that align the interfacial water
molecules (8–10).
In contrast to these techniques, x-ray absorp-

tion spectroscopy (XAS) is element-specific and
provides information about the electronic struc-
ture around the excited atom, which is sensitive
to the local structure and chemical environment
(11). XAS has been extensively used to study the

structure of water by analyzing the oxygen K-edge
spectra (12, 13). XAS can be performed by col-
lecting either photons or secondary electrons
generated by the decay of the core holes created
by the absorbed x-rays. The first detection mode,
called total fluorescence yield (TFY) (14–17), is a
bulk-sensitive technique, because the mean free
path of soft x-rays is in the micrometer range.
When collecting secondary electrons (the so-
called total electron yield mode, TEY), the infor-
mation is surface sensitive because of the short
mean free path of electrons in condensedmatter,
on the order of nanometers for energies in the
100-eV range.
Our system consists of an electrochemical flow

cell with an ultrathin Si3N4 membrane window
(100 nm thick) that separates the liquid medium
inside the cell from the high-vacuum environ-
ment of Beamline 8.0.1 in the Advanced Light
Source at the Lawrence Berkeley National Lab-
oratory (Fig. 1). The cell contains reference and
counter electrodes for electrochemical experi-
ments (18, 19). The electrode under study is a
~20-nm Au film evaporated on the internal side
of the Si3N4 membrane, in contact with a flow-
ing aqueous 10 mM solution of NaCl. The film is
continuous and fully covers the membrane sur-
face, as shown by atomic forcemicroscopy (AFM)
imaging (fig. S1) (20). Gold was chosen because
its inert nature makes it possible to explore a
wide range of electrostatic potentials without
inducing electrolysis or other electrochemical
reactions that could alter the structure and com-
position of its surface. The lack of reactivity or
ion adsorption was confirmed by the absence of
peaks in the cyclic voltammetry curves (fig. S2)
(20). Because the effective attenuation length of
electrons with energy smaller than 530 eV (from
the O K-edge excitation of water) is estimated to
be between 5 and 10 Å in liquid water (21, 22),
the TEY signal should originate from the first two
or three water layers. This was confirmed by the-
oretical calculations as discussed below.
Figure 2A shows the O K-edge XAS spectra of

water at open circuit potential in TFY (curve a),
and TEY detectionmodes (curves b and c). Curve
a corresponds to the well-known oxygen K-edge
spectrum of bulk water, which is divided into
three regions: pre-edge region, around 535 eV (I);
main edge region, around 537 eV (II); and post-
edge region, around 540 eV (III). The pre-edge
peak at 535 eV is characteristic of the liquid phase
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and originates from unsaturated donor (or dan-
gling) hydrogen bonds (11, 12, 23). Themain edge
is similarly related to the population of mole-
cules with unsaturated hydrogen bonds, while
the post-edge region is associated with the fully
saturated hydrogen bonding network. In bulk
ice, the pre- and main-edge peaks are weak be-
cause all of the hydrogen atoms participate in
hydrogen bonds. In liquid water, the pre-edge
peak is relatively prominent, while the post-edge
is weaker compared to ice (12, 24). As can be seen
in the TEY spectrum (curve b), no spectral feature
is visible at 535 eV, which might be interpreted
as indicative of a much lower concentration of
broken hydrogen bonds at the gold-water inter-
face compared to bulk water. In fact, as we shall
see below, the contrary is true.
To gain insights into the measurements, we

performed ab initio molecular dynamics (AIMD)
simulations, to explore the interfacial structure
of water near gold. We initiated our AIMD simu-
lation from a pre-equilibrated box comprising
150 water molecules interfaced with six layers of
gold atoms oriented to expose the (111) surface
(Fig. 2B). To interpret the XAS measurements,
we used a smaller model of the same interface
and sampled five evenly spaced snapshots from
the last 5 ps of AIMD trajectory. The calcula-
tion of the XAS was done with the constrained-
occupancy density functional theory within the
excited electron and core-hole (XCH) approach
(23), which has been shown to be efficient in pre-
dicting the XAS of complex molecular systems
(25, 26).
Analysis of the AIMD trajectory revealed that

49% of the interfacial watermolecules (i.e., water
molecules within ~1 nm of the electrode) lie flat
on the surface with both hydrogen bonds satu-
rated, denoted as double-donor (DD) species
(Fig. 3). These molecules are characterized by
an XAS spectrum with no substantial pre-edge
feature. Another 49% of the interfacial water mol-
ecules have one broken hydrogen bond, either
parallel to the surface (SD||, 18%) or perpendic-
ular (SD┴) with one hydrogen atom pointing
toward the gold surface (31%). This population of
broken H-bond molecules is substantially higher
than the 22% found in bulk water.
We find that although the XAS of the SD||

molecules resembles that of SD molecules in
the bulk, the XAS of the SD┴ molecules does
not present a pre-edge feature. Similarly, water
moleculeswith two dangling hydrogen bonds (ND
species) are oriented with both hydrogen atoms
pointing toward the gold surface and thus do not
contribute to the pre-edge feature.
The suppression of the pre-edge of perpendic-

ular watermoleculeswith broken hydrogen bonds
at the gold surface is a purely electronic effect.
The core-excited state resulting from the absorp-
tion of a 535-eV x-ray photon is coupled to the
gold band structure and delocalizes over the sur-
rounding gold atoms (fig. S3) (20). This delocal-
ization reduces the overlap of the core-excited
electron with the 1s core hole at the excited oxy-
gen atom, thereby reducing the transition prob-
ability and thus the peak intensity. Further, because

thepre-edgepeak arises fromantibondings* states
centered on the hydrogen atom and extending
directionally along the OH bond vector (27),
coupling to the gold depends strongly on the
orientation of the water molecule and affects pri-
marily the water molecules in the first layer. The
water molecules with broken hydrogen bonds
in the second layer also have a reduced pre-edge
intensity, although the reduction is only about
30% that of the first layer. The net result is that
the XAS obtained from sampling only the inter-
facialwatermolecules showa substantially reduced

pre-edge feature. The good agreement with the
TEY spectrum confirmed the high interfacial sen-
sitivity of these measurements.
Our AIMD results, which show a large number

of broken hydrogen bonds in the interfacial region,
are consistent with previous simulations reporting
substantial populations of interfacial water mol-
ecules oriented with hydrogen atoms pointing
toward the Au surface (28, 29). It is at odds, how-
ever, with conclusions based on studies of inter-
facial water at cryogenic temperatures, whichmay
not represent the room-temperature liquid-solid

832 14 NOVEMBER 2014 • VOL 346 ISSUE 6211 sciencemag.org SCIENCE

Fig. 2.Water/gold interface at open circuit potential. (A) Experimental and theoretical XAS at the
O K-edge of water near the gold electrode, measured under open circuit in the liquid flow cell (Fig. 1).
Curves marked (a) correspond to the total fluorescence yield (TFY) spectrum and calculated XAS
spectrum for bulk water. Curves marked (b) correspond to the total electron yield (TEY) spectrum and
calculated XAS spectrum for the interfacial water molecules next to the gold electrode. Curves marked
(c) correspond to the TEY spectrum of water after covering the gold surface with a hexadecanethiol
(C16SH) monolayer and calculated XAS spectrum for interfacial water molecules next to an alkyl surface,
respectively. Snapshots from AIMD simulations of (B) Au-water, with associated mass density as a
function of distance from the surface, and (C) C16SH–water interface, with the gold atoms omitted in the
latter case for computational efficiency. The water column separating the Au electrodes is large enough
that the water density fluctuations are smoothed beyond the first few layers. Only half of the water
column space is shown.

Fig. 1. Schematic of the electro-
chemical cell. A Si3N4 membrane
(~100 nm thick) separates the
liquid from the vacuum region of
the synchrotron x-ray source. The
gold electrode is a thin (20 nm)
film evaporated on the back side
of the membrane. Detection of
x-ray absorption was done by
collecting the fluorescence
emission on the vacuum side and
also by collecting secondary elec-
trons at the gold electrode. The
first method yields bulk sensitive
spectra. The second is sensitive to
the liquid in the double layer because of the short mean free path of electrons (~1 nm).
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interface. For example, STM and infrared spectros-
copy studies of a nonwetting bilayer film have
revealed fully saturated H-bonds at the Au(111)
surface (30). By contrast, calculations (31, 32) and
scanning tunneling microscopy (STM) studies
of water on more reactive surfaces, such as Ru
and Pd, indicate the formation of hexagonal

structures in the first layer of water, where the
molecules lie flat on the surface and bind to the
metal through the oxygen lone-pair electrons in
geometries that maximize the number of hydro-
gen bonds to other water molecules (33).
To verify that the suppression of the pre-edge

in theXASof interfacial watermolecules is caused

by coupling to the gold electronic structure, we
performed an experiment with the gold surface
covered with a monolayer of hexadecanethiol
(C16H33SH) that rendered the surface hydrophobic.
AFM images of this surface revealed the absence
of defects exposing the gold substrate within the
~1-nm resolution of the technique (34). OurAIMD
calculations revealed an increase in the SD and
ND populations at the interface (42 and 9%
respectively, relative to the bulk (22 and 1%,
respectively; Fig. 3, A and C). The large popula-
tion of SD and ND species from our AIMD
simulations is consistent with vibrational SFG
results by Shen et al., which showed a substantial
amount of dangling hydrogen bonds in water at
the alkyl-water interface (7). The TEY XAS result
(curve c in Fig. 2) showed a prominent peak at
535 eV characteristic of liquid water, whereas the
TFY XAS remained the same as in the case of
bare Au/water. Our calculations indicate that the
low-energy core-excited states of the interfacial SD
and ND molecules are no longer coupled with
the (now distant) gold and are highly localized
on the excited molecules, therefore producing
the pre-edge absorption feature seen in the bulk.
Because water molecules have a strong dipole

moment, it is expected that they will respond to
external electrical fields (35). Infrared spectros-
copy results have indeed shown a bias-dependent
orientation of the molecules by monitoring the
intensity of O-H andH-O-H vibrationalmodes as
a function of applied bias (5).We thus investigated
the influence of electric fields on the interfacial
water structure in the EDL. To separate the large
Faradaic current reaching the sample from the
electrolyte (typicallymicroamperere or hundreds
of nanoamperere) and themuch smaller TEYXAS
current (500 pA to 10 nA), we modulated the
incoming x-ray beamwith a piezo-actuated chop-
per (shown schematically in fig. S5) (20) and
measured the modulated TEY current with a
lock-in amplifier. In this manner, XAS spectra
were obtained at bias voltages ranging from –60
to 300mV relative to a Ag pseudo-reference elec-
trode (20).
The results are shown in Fig. 4. At positive

bias, the pre-edge peak in the OK-edge spectrum

SCIENCE sciencemag.org 14 NOVEMBER 2014 • VOL 346 ISSUE 6211 833

Fig. 3. Populations of water molecules of various orientations obtained from AIMD simulations
and calculated XAS. In AIMD simulation, the water molecules were sampled: (A) from bulk water, (B)
at the Au interface, and (C) at the alkyl interface. Schematics of the nondonor (ND, black), single-donor
parallel and perpendicular to the surface (SD|| green, SD┴ blue), and double-donor (DD, yellow) molecules
shown at the top. Same color code is used for the calculated XAS from water molecules sampled from
bulk water (D), at the Au interface (E), and at the alkyl interface (F).

Fig. 4.The potential-dependence of water XAS spectra and calculated hydrogen-bonding populations. (A) TEY O K-edge XAS of water collected at the
Au electrode under different potentials versus a Ag quasi-reference electrode.The point of zero charge (PZC) is found to be at 80 mV (fig. S6). At positive bias,
the pre-edge peak at 535 eVcharacteristic of dangling H-bonds is negligible, whereas it is prominent under negative bias. (B) Calculated O K-edge XAS.The pre-
edge peak at negative bias is the result of an increase in the population of single-donor (SD||) molecules lying parallel to the surface with core-excited states
that are decoupled from the gold. (C) Population of H-bonded water molecules as a function of the Au surface charge state.
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was negligible, as in the case without applied
bias, but under negative bias, the pre-edge fea-
ture became prominent. Because no electrochem-
ical reactions or ion adsorption take place at
these bias voltages (fig. S2) (20), a simple inter-
pretation of the observations is that under nega-
tive bias, the electric field favors an orientation of
the water molecules with their H atoms toward
the gold surface, which increases the number
of dangling hydrogen bonds. This hypothesis
was confirmed by our AIMD simulations, which
show an enhanced DD population at positive
bias and an enhanced SD population at negative
bias (Fig. 4). Indeed, at negative bias, the change
in the orientation of the water molecules great-
ly disrupts the hydrogen bonding network in the
interfacial layer (fig. S4) (20). This gives rise to
an increased SD|| population that causes a prom-
inent pre-edge feature in the XAS.
Because XAS is element-specific, our experi-

mental method opens the way for further studies
of the structure and chemistry of solvent and
solute species in the interfacial layers close to an
electrode (~1 nm), and in the presence of electric
fields. The complexity of the interfacial molec-
ular rearrangements underscores the need for
accurate and efficient first-principles calcula-
tions to aid interpretation and, as in the present
case, to uncover previously unknown physics
related to the strong coupling of x-ray excited
states to surface electronic structure. This com-
bined experimental and theoretical approach
is essential for a fundamental understanding
of electrochemical reactions, with applications
to electrocatalysis, photochemistry, and energy
storage, among others.
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STRONG BASES

Directed ortho-meta′- and
meta-meta′-dimetalations: A template
base approach to deprotonation
Antonio J. Martínez-Martínez, Alan R. Kennedy, Robert E. Mulvey,* Charles T. O’Hara*

The regioselectivity of deprotonation reactions between arene substrates and basic
metalating agents is usually governed by the electronic and/or coordinative characteristics
of a directing group attached to the benzene ring. Generally, the reaction takes place in the
ortho position, adjacent to the substituent. Here, we introduce a protocol by which the
metalating agent, a disodium-monomagnesium alkyl-amide, forms a template that extends
regioselectivity to more distant arene sites. Depending on the nature of the directing
group, ortho-meta′ or meta-meta′ dimetalation is observed, in the latter case breaking the
dogma of ortho metalation.This concept is elaborated through the characterization of both
organometallic intermediates and electrophilically quenched products.

O
ne of the most widely applied chemical
reactions is metalation (1, 2), in which an
inert carbon-hydrogen (C-H) bond is trans-
formed to a more reactive carbon-metal
(C-M) bond by a metalating agent. The

fundamental importance and vast scope of meta-
lation arise from the ubiquity of the C-H bond,
which is one of the most abundant bonds found
in nature and provides a rich sustainable entry
point for the synthesis of aromatic chemicals,
natural products, and organic-based materials.
However, this abundance of C-H bonds poses a
formidable challenge to synthetic chemists: How
canmetalation reactions bemade regioselective—
that is, to deprotonate specific C-H bonds with-
out reacting with other C-H bonds in the same
molecule? One answer arrived in “directed ortho-
metalation” (DoM) (3–6), the seminal concept to

date in metalation chemistry. First introduced
independently by Gilman (7) and Wittig (8), and
then greatly extended by Beak (9), Mortier (10),
Hoppe (11, 12), and Snieckus (13, 14), among
others, DoM relies primarily on the substitution
within the aromatic substrate undergoing the
C-H to C-M transformation. To induce the DoM
reaction, this substrate must contain a directing
metalation group (DG) that can activate an ad-
jacent (ortho) C-H bond toward metalation ei-
ther by providing the incoming Lewis acidic
metalating agent with a Lewis basic docking site
(coordination effect) and/or weakening this bond
through electron-withdrawing inductive proper-
ties (electronic effect) (Fig. 1). Depending on their
relative coordinating and electron-withdrawing
ability, DGs can be weak, moderate, or strong
ortho-directors.
In general, the DoM concept applies irrespec-

tive of which metalating agent is used, whether
it be an organolithium reagent or one of the
new wave of bimetallic formulations [typified
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