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1. Computational Methods

Classical molecular dynamics simulations

We constructed a simulation cell by placing 150 water molecules 4A above a model
of the (111) surface gold comprising 6 atomic layers. The initial cell dimensions were
11.7A x 10.2A x 75.0A. After initial conjugate gradient energy minimization to an RMS
force of 10™ keal/mol/A, we performed 10ns of constant temperature (298K), constant
pressure (1bar) NPT molecular dynamics (MD) simulation using the LAMMPS (36)
simulation engine. The water molecules were described with the flexible simple point
charge (SPC/Fw) water model (37), the gold atoms with the Embedded Atom Model of
Zhou and cowokers (38), while the water-gold van der Waals interactions were described
by the pair-potentials of Kremer and coworkers (39). The temperature damping constant
was 0.1 ps and the simulation timestep was 1.0 fs. Long-range Coulombic interactions
were calculated using the particle-particle particle-mesh (PPPM) method (40) (with a
precision of 107 kcal/mol), while the van der Waals interactions were computed with a
cubic spline (inner cutoff of 5A and an outer cutoff of 6A). We used the spline to
guarantee that the energies and forces go smoothly to zero at the outer cutoff, thereby
preventing discontinuities in the energies and forces. The equations of motion used were
those of Shinoda et al. (47), which combine the hydrostatic equations of Martyna et al.
(42) with the strain energy proposed by Parrinello and Rahman (43). We applied a
barostat in the z dimension only in order to equilibrate the water density above and below
the gold surface. The time integration schemes closely follow the time-reversible
measure-preserving Verlet integrators derived by Tuckerman et al (44). The final cell
dimension was 11.7A x 10.2A x 74.2A.

We also performed MD simulations of a system comprising 76 water molecules and
a monolayer of 35 pentane molecules. The pentane molecules were described using the
General Amber Force Field (GAFF) (45). During dynamics, the center of mass of each
pentane molecule was constrained, so that the water molecules experienced a near
constant, planar hydrophobic environment.

Ab-initio molecular dynamics (AIMD) simulations for structural analysis

The equilibrated structure from our classical MD simulation was used as input for at
least 100ps constant volume, constant temperature (canonical or NVT) density functional
theory (DFT) MD simulation at 298K using a modified version of the mixed Gaussian
and plane wave code (46) CP2K/Quickstep (47). We employed a triple-C basis set with
two additional sets of polarization functions (TZV2P) (48) and a 320 Ry plane-wave
cutoff. We use the Perdew-Burke-Ernzerhof (PBE) form of the generalized-gradient
approximation to the unknown exchange-correlation potential in DFT (49) (consistent
with our XAS simulations), and the Brillouin zone is sampled at the I'-point only.
Interactions between the valence electrons and the ionic cores are described by norm-
conserving pseudopotentials (50,57). The Poisson problem is tackled using an efficient
Wavelet-based solver (52). We overcome the poor description of the short-range
dispersive forces within the PBE-GGA exchange-correlation functional by employing the
DFTD3 empirical corrections of Grimme et al (53). Snapshots of the system were saved
every step. As a figure of merit, we performed simulations on smaller cells (5.8A x 5.1A
x 30A — with 6 water layers, and 5.8A x 5.1A x 20A — 4 water layers) and found that




convergence to the bulk density away from the interfacial region required at least 6 water
layers.

Structural analysis

We analyzed the last 80ps of our CP2K AIMD trajectory (160,000 frames) and
calculated the density of the water molecules next to the gold surface by discretizing the
z-coordinate of the center of mass of each water atom in 0.1A bins. The resulting mass
density profile is shown in figure 2b. The position of the 1* main peak from our AIMD
simulation is 3.13 A, if the point of reference is the center of the closest surface Au
atoms, or 2.63 A from the Au surface (assuming a 0.7A ionic radius for Au). This
compares well to the results of Cicero et al (54) who reported a peak at 3.2A using the
center of Au surface atoms, Fernandez et al. (55) who reported a distance of 3 — 3.5A
from the center of the Au surface atoms, and Nadler and Sanz (29) who reported a peak
position of 2.5 — 2.6 A from the Au surface.

From the mass density profile, we partitioned water molecule into one of three shells
based on their instantaneous z-coordinate: first shell molecules within 0 — 6A of the gold
surface, second shell from next 6 — 9.2 A, and bulk molecules beyond 9.2A.

For each water molecule we calculated the number of hydrogen bonds it participated
in. Here, a hydrogen bond was present if the O — O distance was within 3.5A and the O-
O-H angle was within 35° (56). We labeled each molecule as: double donor (DD) if both
of its hydrogen atoms participated in a bond; single donor (SD) if only one hydrogen
atom binds to a neighboring water molecule (i.e., with one broken hydrogen bond); and
no donor (ND) with two broken hydrogen bonds. We further separated the SD species
based on their relative orientation to the Au-surface: SD! species are characterized by
both OH — surface normal angles being + 30°.

AIMD simulations to obtain snapshots for XAS calculations.

Due to computational limitations related to using plane-wave calculations to
simulate X-ray absorption spectra, we halved the number of water molecules and reduced
the number of gold layers (from 6 to 3) with respect to our original ab initio simulation
cells. As noted before, larger simulation cells and longer simulation times are required to
obtain convergence to the bulk density at the center of the cell. However, we found that
the local structure of the interfacial layer water molecules (as measured by the number of
donor/acceptor hydrogen bonds) in the smaller VASP simulations (0.15 + 0.05, 0.29 +
0.04 and 0.53 = 0.04 for SD!, SD-L and DD species respectively) were relatively
consistent with our larger/longer CP2K simulations (0.18 = 0.05, 0.31 + 0.04 and 0.49 +
0.04 respectively). Thus we pre-equilibrated the smaller system as described previously
and performed 10ps NVT AIMD simulations using a plane-wave basis-set truncated at
350 eV to represent the electronic wavefunctions within the projector-augmented wave
(PAW) formulation (57, 58), as realized in the Vienna Ab Initio Simulation Package
(VASP) (59, 60). The exchange-correlation energy is approximated using the optB86b-
vdW functional to include the effect of van der Waals dispersion forces (52). We
employed a 2x2x1 k-point grid to ensure convergence of the electron density in the
supercell. Snapshots of the system were saved every step. Upon equilibration, 5 well-
separated (i.e., uncorrelated) snapshots were taken from the last Sps of the AIMD




trajectory (1 ps apart) and used in subsequent XAS calculations to establish an ensemble-
averaged spectrum.

We simulated the effect of finite bias by adjusting the total number of electrons in
our system, effectively raising/lowering the Fermi level of the gold. Two additional
simulations were performed with an increase/decrease of 2 electrons per supercell. We
note that the calculated XAS of the negative and positive bias systems were obtained by
projecting the water donor populations unto the corresponding average spectra of each
species from the neutral system.

XAS calculations

Oxygen K-edge spectra were calculated by exciting each oxygen atom in each
snapshot individually using constrained-occupancy DFT calculations employing the PBE
GGA functional (49). Plane—wave pseudopotential calculations using ultrasoft
pseudopotentials (61) were performed using the PWSCF code within the Quantum-
ESPRESSO package (62). We used a kinetic energy cut-off for electronic wave functions
of 25 Ry and a density cut-off of 200 Ry The core-excited Kohn—Sham eigenspectrum
was generated using the XCH approach (23). Based on a numerically converged self-
consistent charge density, we generated the unoccupied states for our XAS calculations
non-self-consistently, sufficiently sampling the first Brillouin zone with a 2x2x2 uniform
k-point grid, employing an efficient implementation of the Shirley interpolation scheme
(63) generalized to handle ultrasoft pseudopotentials (64). Matrix elements were
evaluated within the PAW frozen-core approximation (65). Core-excited ultrasoft
pseudopotentials and corresponding atomic orbitals were generated with the Vanderbilt
code (67). Each computed transition was convoluted with a 0.2 eV Gaussian function to
produce continuous spectra.

2. Potential calibration

During collection of the TEY XAS spectra under applied bias between the working Au
electrode and the counter electrode (Pt wire) the reference electrode was disconnected to
avoid fluctuations of the large Faradaic current due to the feedback from the potentiostat.
The potentials shown in Fig. 4 were measured with the pseudo-reference Ag electrode in
the same cell when spectra were not being collected. The point of zero charge in our
system was estimated to be around 80 mV relative to the Ag quasi-reference electrode by
measuring the capacitance minimum as a function of bias (figure S6).



Figure S1

AFM topographical images of the surface of a 20nm Au thin film deposited on the SizNy4
window by thermal evaporation. The RMS values for two images are 1.00 nm and 0.76
nm, respectively.
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Figure S2

Cyclic voltammetry from gold-platinum electrode system in a 10uM NacCl solution

measured with respect to a Ag reference electrode in the flow liquid cell used in the
experiments. The scan rate is 10mV/s.



Figure S3

Schematic of the modulation set-up of the incoming x-ray beam by a piezo-actuated
chopper and the TEY detection by a lock-in amplifier.



Au-interface

Figure S4

Representative electron densities of core-excited state resulting from the absorption of a
535 eV X-ray photon by an oxygen (red) atom. We adopt the convention that the positive
phase of the density is colored blue while the negative phase is colored yellow. The
hydrogen (silver) and gold (gold) atoms are shown. The excited water molecule is
indicated by the dotted black ellipses. Left box: Electron density for water molecules in
the Ist surface layer next to the gold surface. Inset: Schematic representation of SD-L-,
SD|| and ND species. The broken (black dashed line) and formed (red dashed line) donor
hydrogen bonds are demonstrated. Right: Electron density for a core-excited SD-- water
molecule in the bulk (away from the interface).
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Figure S5

Hydrogen bond profile as a function of distance from the gold surface. Results for a
negatively (black squares), neutral (blue circles) and positively (green triangles) charged
surface are presented.
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Figure S6

Capacitance measurement of the 20nm Au thin film in 10uM NaCl solution measured in
the flow liquid cell. Each data point was calculated based on cyclic voltammetry curves
within 20mV potential windows centered at each potential. The minimum at 80 mV
corresponds to the point of zero charge.
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