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Abstract

The properties of water at an electrified graphene electrode are studied via classical
molecular dynamics simulations with a constant potential approach. We show that
the value of the applied electrode potential has dramatic effects on the structure and
dynamics of interfacial water molecules. While a positive potential slows down the
reorientational and translational dynamics of water, an increasing negative potential
first accelerates the interfacial water dynamics before a deceleration at very large mag-
nitude potential values. Further, our spectroscopic calculations indicate that the water
rearrangements induced by electrified interfaces can be probed experimentally. In par-
ticular, the calculated water vibrational sum-frequency generation (SFG) spectra shows
that SFG specifically reports on the first two water layers at 0 V, but that at larger
magnitude applied potentials the resulting static field induces long-range contributions
to the spectrum. Electrified graphene interfaces provide promising paradigm systems

for comprehending both short- and long-range neighboring aqueous system impacts.
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The first layer (or layers) of water molecules at the interface with an electrified material
plays a central role in a broad range of processes of fundamental and applied interest, in-
cluding electrochemical reactivity,! electrocatalysis, corrosion and water desalination.? Ac-
cordingly, a detailed molecular characterization of an electrified interface’s impact on the
structure and dynamics of this water layer is of considerable interest. The graphene/water
interface is a particularly attractive paradigm system in this connection, due to the great
practical relevance of carbon/water interfaces® and to several appealing features of graphene:
graphene exhibits a well-defined atomically flat surface,? it can be electrified due to its semi-
metallic character,* and it is transparent in the relevant infrared frequency range, making
the buried water/graphene interface accessible to surface-specific vibrational spectroscopy
experiments.® Here we show how molecular dynamics simulations and sum-frequency gen-
eration (SFG) spectra calculations reveal the dramatic effects of applied electric potentials
on the structural and dynamical properties of interfacial water layers. In the following, we
first describe our simulation methodology, then analyze how the electrode potential changes
the structure and the dynamics of the interfacial layers, and finally show how the electrode
impacts on water can be probed with SFG spectroscopy.

Our system comprises a slab of 1158 SPC/E water molecules between two rigid single
graphene sheets, each containing 240 carbon atoms. The SPC/E potential was shown to
provide an excellent description of water dynamics at ambient conditions.® In typical SFG
experiments” graphene is deposited on a solid substrate and can thus be approximated as
immobile. The simulation box is periodically replicated in the two directions parallel to
the graphene sheets. Carbon-water non-bonding interactions are described by a Lennard-
Jones potential whose parameters were optimized in ref 8 to reproduce the results of DFT-
based molecular dynamics (MD) simulations; such an MD approach allows the necessary
extensive and time-extended simulations. Long-range Coulomb interactions are described
with a particle-mesh Ewald approach, adapted to the slab geometry. Simulations are run at

a series of electrode potentials ranging from 0 V to £2.5 V (potentials of at least +1.5 V



are experimentally accessible” and the largest +2.5 V potentials are used here to highlight
the trends). Graphene carbon atom charges are determined using the constant potential
method, > in which each carbon atom bears a Gaussian charge of inverse width 1.979 A~1,
with the charge amplitude determined at each time step such that the potential on each
electrode is held fixed; this method has already been successfully employed to describe a
broad range of electrified interfaces.'%1* Each trajectory is first equilibrated in the presence
of a 298 K thermostat, and subsequently propagated for 4 ns in the microcanonical ensemble
using the LAMMPS software,'® where the constant potential method was implemented. 4
In what follows, all reported error bars provide the 95% confidence intervals determined
from block calculations on independent 400 ps (resp. 50 ps) intervals for the structural and
dynamical properties (resp. SFG spectra).

We first characterize the effects of increasing electrode potentials on the liquid water
structure. These results — which prove to be quite valuable for comprehending the water
dynamics and SFG spectra — show that liquid translational and orientational responses at
the positive and negative electrodes are in stark contrast. Figure la reports the changes in
the density profile across the cell (see also Fig. S1 for the O and H atom contributions).
We first note that at both interfaces, the presence of an electrode at 0 V potential does not
noticeably affect the water density profile beyond the first two layers (i.e. ~7 A from the
electrode). However, as soon as a potential difference is applied between the two graphene
sheets, the hydration layer densities change in a very different fashion at the two interfaces.
At the positive electrode, a growing potential leads predominantly to a more pronounced
structuring of the first two layers, with higher and sharper first two density maxima and a
lower first density minimum, and with a slight shift of the first density maximum towards
the graphene sheet. In contrast, at the negative electrode a more complex restructuring of
the first layer occurs, with a progressive splitting of the first layer.

We now embark on an explanation of these observations, first focusing on the water

molecule orientations within the first layer, whose boundary is here defined by the first



minimum in the density profile. We start with the reference situation at 0 V potential
(which is trivially the point of zero charge due to the graphene’s apolar nature). Figure 1b
(black line) shows the probability distribution of the angle # between the OH groups of water
molecules within the first layer and the vector normal to the graphene sheet pointing towards
graphene. Since the average charge on each carbon atom is 0, the graphene sheets behave
as extended apolar, hydrophobic interfaces. Interfacial water molecules thus tend to form
hydrogen-bonds with neighboring water molecules, while the flat-interface-imposed geometric
constraints force the water hydrogen-bond network to sacrifice some hydrogen-bonds, leading
to a small fraction of dangling OH groups pointing towards the interface.'® In contrast to
the angular distribution that would be expected in the isotropic, uniform case (dashes), the
distribution shows that most water OH groups lie almost tangent to the interface (6 ~ 80°, see
inset in Fig 1b); another population is oriented away from graphene towards the bulk to form
hydrogen-bonds with second-layer water molecules (0 > 140°, see inset in Fig 1b), and finally
a small fraction of OH groups are in a 'dangling’ situation, oriented towards the interface
(0 < 40°, see inset in Fig 1b). This interfacial water molecular arrangement is very similar
to that found e.g. at the air/water interface and at extended hydrophobic interfaces!"!®
(see SI); it is also consistent with prior simulation results obtained with both classical and

819721 of water at an uncharged graphene interface.

DFT-based molecular dynamics

We now enquire as to the rearrangements induced by applying electrode potentials, start-
ing with negative potentials. Figure 1b shows that the growing negative charge on the carbon
atoms favors OH group orientations toward the interface (i.e. dangling OH), with a con-
comitant depletion in the populations of both OH groups tangent to the interface and those
pointing towards bulk water. The splitting of the density profile’s first peak in Fig la thus
arises from the appearance of a new population of water molecules directly interacting with
graphene via one of their OH groups, in a fashion similar to a donated hydrogen-bond.

This population is therefore closer to the graphene surface, while the other water molecules

within the first layer do not form such a hydrogen-bond and are thus slightly farther from



that surface (see Fig. S1).

The situation is quite different at the positive electrode interface: Figure 1c shows that
increasing potentials only induce minor changes in the water molecule orientations. While
the most favorable OH orientation remains that tangent to the interface, the main change
induced by the positive electrode potential is the disfavored OH groups’ orientations towards
the interface caused by the growing carbon positive charges.

This structural analysis has emphasized the strong asymmetry in the water response in
the presence of positive and negative electrode potentials. It is important to note that such a
result cannot be understood via a simplified point dipole representation of water molecules.
But this inadequacy is not surprising, since for first layer water molecules, the molecular size
and especially the distance between the oxygen and hydrogen charges cannot be assumed to
be much shorter than the water-electrode distance. Indeed, such asymmetry is also found
e.g. in the hydration structures of cations and anions, and in the hydration free energies of
cations and anions of similar sizes.?? In contrast, this asymmetry is well described with the
distributed point charge water model used in classical MD.

We now turn to the study of the reorientational and translational dynamics for the water
molecules within the first layer at the graphene interface. Our first focus is on the OH group
reorientation time correlation function® (tcf) relevant for ultrafast infrared anisotropy and

NMR measurements, **

CM(t) = (P2 [uon(0) - uon(1)]) . (1)

where upg(t) is the unit vector along an OH group’s direction, P; is the second-order Leg-
endre polynomial, and the (...) ensemble average is performed over all water OH groups
within the first layer at t = 0. The reorientation time 79> is the long-time decay time of this
reorientation time correlation function.?* Our results in Fig 2a show that the impact of an
electrified interface on water reorientational dynamics differs dramatically for positively and

negatively charged electrodes. While water reorientation is markedly slowed by an increasing

positive electrode potential, it exhibits a surprising acceleration next to negatively charged



31— L
,@ — ov @,
2.5 — +025V i
— 05V
r® — 1V of
oL +15V |
mE — 25V
S @ o
2
S 1.5 1
g ® o}
[sI |
,@ @,
0.5~ 1
l® J o1
ol | | L
-30 25 20 30
z(A)
T L T L
0.015 E

0.01 M - e -

T

0.005

Probability density p(6) sin(6)
N
\
\
; ‘ )
/
/
/
/
/
/7
/.
{ )

Il
0 20 40 60 80 100 120 140 160 180

Angle 6 (°)
T T T T T T T T
0.015 -
— oV
— +0.25V
= — +05V ]
= — +1V
2 +15V
S —
< oot +25V B
>
Z e
c \\
S N 1
2
= A
‘8 0.005 D B
o
[
a N\
N 1
N
AN
A\
P R R R

|- 1

0 20 40 60 ngle 91(0°? 120 140 160 180
Figure 1: Interfacial water structural properties. a) Water density profile along the z axis,
with the positive interface at z = —30 A and the negative interface at z = +30 A. b) angular
probability density of water OH groups within the first layer at the negative interface, c)
idem at the positive interface. In each case 0 is defined as the angle between the OH group
and the vector normal to the interface and pointing towards graphene (see insets in panel
b). The dashed lines show the isotropic probability situation.

electrodes. We further find that, in contrast to the monotonic reorientation slowdown for

increasing positive potentials, for negative potentials 7% exhibits an initial acceleration of

7



the reorientation, followed by an extremum in the neighborhood of -1.5 V where 791 is
smallest and close to the bulk water value; more negative electrode potentials then lead to
reorientational slowdown (our key point here is the existence — not the precise location — of

this extremum, supported by the clear non-monotonic change in 79 between 0 V and -2.5

V).
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Figure 2: Interfacial water dynamical properties. a) Reorientation time 79 eq 1 for water
OH groups initially within the interfacial layer at a series of electrode potentials, determined
from an exponential fit of C®™ eq 1 on the 2-10 ps time interval; b) Translational diffusion
constant of interfacial water molecules, together with its components parallel and perpen-
dicular to the interface, determined from the mean square displacement of water molecules
initially in the first layer via a linear fit over the 2-10 ps interval.

Water translational dynamics at the interface exhibits the same type of opposite responses
to positive and negative electrode potentials just described for reorientation (Fig 2b). It is

seen that translational diffusion at the interface is accelerated by negative electrode potentials



but slowed by positive potentials. Examination of the components of the displacement
parallel and perpendicular to the graphene sheet (Fig 2b) reveals both to be affected in a
qualitatively similar fashion. Finally, an analogue of the extremum in the reorientational
dynamics at approximately -1.5 V can be found for the translational dynamics orthogonal
to the interface, but not for that along the plane.

Some of us established?* that sudden, large amplitude angular jumps between hydrogen-
bond acceptors are the main reorientation pathway for water molecules. These jumps are also
intimately connected to the translational dynamics since translational displacements beyond
the water molecule’s initial solvent cage require hydrogen-bond exchanges. The extended
jump model and its subsequent developments have been shown to provide an insightful and
almost quantitative description of the impact of a wide variety of different local environments
on the hydrogen-bond jump dynamics and thus on the water reorientation time.??

As we now argue for water at electrified interfaces, the jump picture again provides
an intuitive and molecular understanding of the surprisingly different behaviors at positive
and negative electrodes. The key difference is that positive interfaces act as H-bond donors
while negative interfaces act as H-bond acceptors, resulting in different effects on the H-bond
jumps.2 At positive electrodes, our results in Figs 1a,c show that increasing electrode poten-
tials do not qualitatively change the water molecules’ arrangement (i.e. the locations of the
density extrema) but produce a more pronounced structuring (i.e. a change in the extrema
amplitudes). Prior work by some of us established?® that such structural enhancements —
including e.g. higher first maximum and lower first minimum in the water-water radial dis-
tribution function — hinder the rearrangements necessary for the hydrogen-bond jumps, and
that these can be quantitatively related to a slowing down of the jump dynamics, and thus
of the reorientation dynamics.

As for the negative electrode case, the non-monotonic change in the reorientation dynam-
ics with growing negative charges on the graphene interface seen in Fig 2a is very similar

to that observed?” for the dynamics of water next to a silica surface whose hydrophilicity



was changed by progressively switching the surface’s atomic charges from a hydrophobic
limit of zero up to their full values. The reorientation time’s non-monotonic behavior was
shown?” to be due to a combination of two effects: a change in the populations of OH groups
pointing towards the interface and tangentially to the interface, and the slowing down in
the jump dynamics of OH groups directed towards the interface when the surface charges
are increased, strengthening the water/interface attractive interaction. We anticipate the
same underlying mechanism to be responsible for the negative electrode potential’s effect
on the interfacial dynamics of water. Starting from 0 V, decreasing the electrode poten-
tial increases the fraction of OH groups pointing towards graphene, and at low potential
the water-graphene interaction remains weak, so that these dangling OH groups reorient
rapidly; the average water reorientation time thus decreases. When the electrode potential
is very negative, the graphene-water interaction is stronger; the jump time accordingly in-
creases, thus slowing down the average reorientation dynamics, and explaining the extremum
at intermediate negative potentials. The change in interfacial water dynamics here would
originate from the interface’s impact on the hydrogen-bond jumps, just as was previously
found for a broad range of interfaces.?"?8

We now examine whether the interfacial water layer’s structural rearrangements result-
ing from different electrode potentials that we have described can be probed experimentally.
Vibrational sum-frequency generation (SFG) suggests itself as a tool, since it has been suc-
cessfully used to characterize water molecules at a range of aqueous interfaces, including
air /water, alkane/water and silica/water interfaces.?* 3! The buried interface between an
aqueous solution and an electrochemical material presents a considerable challenge,3?34 but
graphene is a promising system here, since it combines an atomically well-defined surface?
and IR transparency in the OH stretch region.® Recent experimental results are encouraging:
SFG spectra at an uncharged graphene/water interface have been measured,® and a success-
ful implementation in an electrochemical cell has been reported,” although experimental

challenges to prevent water intercalation between substrate and graphene remain.
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We pursue SFG’s applicability here by calculating the resonant susceptibility accessible

in SFG measurements with heterodyne detection,3%335

W) = o [ e (0 0) ®)

where « is the water polarizability tensor, u is the dipole moment, and the pgr indices
designate the tensor elements in the xyz space-fixed coordinate frame. In what follows we
focus on the ssp polarization scheme, i.e. pqr = yyz, since its interpretation is the most
straightforward. The water molecular polarizability and dipole are determined at every step
of the simulation using the empirical map developed in ref 36 connecting these quantities
to the local electric field experienced by the water H atom along the OH axis. This method
was successfully applied to the air/water SFG spectra.?® We follow the same approach to
calculate the spectrum that would be measured using a dilute HOD in liquid DO solution;
this isotopic mixture allows probing of a local OH mode, decoupled from the other OD
stretches in the liquid, including the same water molecule’s OD group. In order to separately
determine the SFG spectra at each of the system’s two interfaces, we use a switching function
centered on the simulation box’s middle and based on the oxygen atom position, following
recent suggestions. 3738

The resulting SFG spectrum for water at the graphene interface at 0 V (Fig 3a) is
generally typical of those already found at air/water interfaces.3%31:3%36:38 Tt exhibits two
main bands, a high-frequency ~3700 cm ™! positive band and a lower-frequency ~3400 cm™*
negative band. The positive band arises from OH groups which are pointing towards the
interface with graphene, and its high frequency implies that these OH groups are weakly
or not hydrogen-bonded. (At the air/water interface, this band was shown to arise from
'dangling’ OH groups at the surface.!®) Regarding the lower frequency band, its sign implies

that it originates from water OH groups pointing away from the interface, towards the bulk

liquid, and its average frequency shows that these OH groups are engaged in hydrogen bonds.
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The calculated 0 V SFG spectrum is thus consistent with the angular distribution shown
in Fig 1b, but it is mostly sensitive to OH groups pointing towards and away from the
graphene-water interface; the dominant tangent OH groups population does not lead to an
SFG signal for the chosen ssp polarization.

Our present spectrum is in excellent agreement with that recently obtained by DFT-based
molecular dynamics simulations at a graphene interface with no applied potential®® (the OD
stretch vibration was probed in the latter, resulting in a red-shifted spectrum). Some first
experimental measurements addressed to the water SFG spectrum at the graphene interface
have recently been reported.® The overall SFG intensity was measured; in the absence of
phase information, the sign of x® is thus not known. The measured spectrum does exhibit
low- and high-frequency bands as in Fig 3a, although the dangling OH band’s intensity
seems to be quite a bit smaller than in both our calculations and those of ref. 39. However,
the experimental setup does not use the isotopic mixture studied in our simulations, and
in addition employs a graphene sheet on a polar aluminum oxide (sapphire) support layer,

whose electrostatic interactions with water might be responsible for the observed difference.

We now consider how vibrational SFG spectroscopy can probe the structural rearrange-
ment within the interfacial layer that is induced by an electrode potential. Here we focus
on the negatively charged interface, where the rearrangement is more pronounced. The SFG
spectra shown in Fig 3b exhibit a dramatic change with increasingly negative potentials.

The first important change is the simultaneous growth and redshift of the high-frequency,
dangling OH band. Both are due to the growing negative charges on the carbon atoms. The
latter stabilize OH groups oriented towards the interface (as visible in Fig 1b), thus increasing
their population and the band amplitude; further, the strengthening of the OH-graphene
interaction redshifts the OH vibrational frequency, as found for a stronger hydrogen-bond
acceptor.

The second major SFG spectra change in Fig 3b is the spectacular growth of the ~3400

12
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Figure 3: Calculated phase resolved vibrational SFG spectra of water (after convolution with
a 10 cm™! Gaussian), a) at 0 V with the average spectrum (red) and the 95% confidence
interval (orange dashes), b) at the negatively charged graphene interfaces for a series of
applied potentials (the calculated 3400 cm™! peak height is underestimated due to the cutoff
applied to the x® contribution beyond half the simulation box length).

cm~! hydrogen-bonded band. This band is negative at 0 V and becomes positive for in-
creasingly negative electrode potentials, growing to such extent that it greatly surpasses the
amplitude of the dangling OH band for the most negative potentials investigated. But while
the band’s amplitude dramatically changes with the electrode potential, its central frequency
remains unchanged. At negative potentials, the positive sign of Im [X(Z)} implies that the
OH groups causing the signal are pointing towards graphene, while at the same time the
essentially constant ~ 3400 cm™! frequency shows that these groups are donating strong

hydrogen-bonds. These two features imply that these OH groups cannot be in the first layer
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next to the graphene interface. The question then is: where are they located?

This query brings us to a long-standing question in SFG spectroscopy: what is the
depth of the interface that is experimentally probed“’? Since SFG specifically probes water
molecules residing in a non-centrosymmetric environment, answering this question amounts
to determining how far the interface-induced perturbation extends. In the case of the
air/water interface, it was established that only the two top-most layers contribute to the
SFG spectrum,?! but it was shown that for e.g. surfactant/water interfaces that the probed

t.42 Accordingly, we

depth changes with vibrational frequency and can have a greater exten
undertook to directly calculate the SFG spectrum’s contributions from the successive water
layers when different electrode potentials are applied.

We first consider the 0 V spectrum as an essential reference. Figure 4a shows the depth-
dependent spectrum along the distance zy from the water OH group hydrogen atom to
the graphene plane. This figure allows us to considerably refine and deepen the molecular
interpretation of the SFG spectrum in Fig 3a. First, it confirms that the high-frequency ~
3700 cm ™! peak indeed comes almost exclusively from first-layer OH groups pointing towards
the interface, as shown by the short zy ~2.7A distance where this peak appears. Second,
and in contrast, the x(® signal at lower frequencies includes not only contributions from
the first layer but also from the second layer. This latter region requires a more detailed
discussion, which we initiate with Fig 4a, which shows an alternation of positive and negative
contributions for growing zy, due to the two OH groups carried by the water molecules in
each layer. Here it is useful to recall that the density profile maxima in Fig la provide
the water oxygen atoms’ positions in each layer, and the first two peaks are successively
located at 3.5A and 6.7A from the interface at 0 V. We can then see that the negative
band at ~ 3400 cm™! results from a series of contributions — two for each layer — with an
important cancellation of effects. For the first layer contributions, there is: i) a positive
one at zy ~3.3A arising from OH groups having undergone a large-amplitude librational

motion, which brings them from their tangent equilibrium hydrogen-bonded arrangement

14



into configurations pointing towards the surface, and ii) a negative one from OH groups
pointing towards the bulk (zx ~4.3A); this is the dominant term in the spectrum’s negative
band. (We pause to note that contribution ii) is centered at a higher frequency than in
the resulting SFG spectrum (3500 cm™* vs 3400 cm™!) and that the apparent frequency
shift results from a more pronounced cancellation with term i) at higher frequency.) For the
second layer contributions, there is iii) a positive one from OH groups pointing towards the
interface (zi ~5.7A) and finally iv) a negative one from OH groups pointing away from the
interface (zy ~7.0A). No significant SFG contribution was found beyond the second layer

at 0 V.
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Figure 4: Depth-dependent contributions to the SFG spectrum along the distance zg between

the water hydrogen atom and the graphene interface a) at 0 V and b) at - 1 V. At each

distance, the eq 2 Xz(,zq)r(w) calculation is restricted to water OH groups with a specific zy

value at t=0.

We now contrast these zero potential results with the situation at -1 V, shown in Fig

4b. First, the enhancement and redshift of the high-frequency peak is now very clear, and
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remains exclusively due to first-layer OH groups pointing towards the interface. However,
the lower-frequency part of the spectrum changes dramatically with respect to the 0 V case.
First, the first two layers’ contributions are now strongly affected; as shown in Fig 1b’s
structural analysis, the number of OH groups pointing towards the bulk decreases — thus
decreasing their negative SFG spectrum contribution — while most interfacial OH groups
remain approximately tangent to the graphene electrode and bring a small signal with the
ssp polarization. However, the most important change is the presence of contributions not
only from the closest two water layers but also from water molecules much deeper than those
layers. We see that the contribution to the SFG spectrum continues past them, becoming
approximately constant for distances greater than ~7A. This long-range signal arises from
the static electric field created between the graphene sheets and induces a so-called y®©)
signal.

The importance of the x® contribution at charged interfaces has already been recognized
and abundantly discussed in the literature (see e.g. refs 31,40,43-49). However, in most
studied systems so far — including e.g. charged silica/water and lipid/water interfaces — the

surface charges are changed by modifying the pH or increasing the concentration in ions*°

4849 all of which induce a modification in the interface chemistry.

or charged surfactants,
The present electrified graphene /water interface thus offers an interesting platform to study
long-range @ effects, since the surface charge can be independently set by changing the
applied electrode potential. On-going work is being devoted to analysis of this contribution.

Our study has two key features. First, it has revelead that an electrode electric potential
has a profound impact on the water layer in contact with a graphene sheet. The algebraic sign
of the applied potential is found to have opposite effects on the interfacial water dynamics:
while a positive potential slows down the reorientational and translational dynamics of water,
a negative potential accelerates the interfacial water dynamics. The general features of these

dynamics can be comprehended via the jump picture for water hydrogen bond exchange;

this aspect will be pursued in detail elsewhere. The second key feature concerns vibrational

16



SFG spectroscopic applicability at the interface. We also first show that the arrangement
of water molecules at the graphene interface at 0 V is very similar to that found at the
air/water interface, and that SFG spectroscopy can specifically probe this interface. But
when non-vanishing electrode potentials are applied, the resulting static electric field induces
a long-range response, which makes the SFG spectra interpretation a greater challenge, one

which we will address in the future.

Supporting Information Available

The following files are available free of charge. Details of system preparation, density profiles,

and SFG spectra calculations.
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System preparation

The graphene sheets are constructed from an ideal hexagonal lattice with a 1.42A distance
between nearest neighbor carbon atoms.! The number of water molecules is determined
iteratively with an insertion/deletion procedure and a series of short molecular dynamics
simulation runs, until the density in the middle of the box reaches the experimental liquid
water density of 0.997 g/cm? (see Fig. 1la).

Oxygen and Hydrogen density profiles

Figure S1 shows the contributions of oxygen and hydrogen atoms to the overall water

density (Fig. 1a).
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Figure S1: Oxygen (solid lines) and hydrogen (dashes) density profiles.

Fraction of dangling OH groups

Different geometric criteria have been suggested to define dangling water OH groups at
an aqueous interface (see e.g. refs®3). Here we define as dangling the water OH groups whose
oxygen atom lies within the first interfacial layer (determined from the density profile) and
whose angle with the graphene normal vector is less than 40°. The fraction of interfacial
dangling OH groups can thus be determined by integrating the distribution in Fig. 1b up
to 40°. At 0 V, the fraction of dangling groups among the total population of water OH
groups within the interfacial layer is ~ 5%. This can be compared to the fraction that

was determined in SFG experiments at the air/water interface.® These measurements had
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estimated that 20% of surface water molecules have a free OH group. If we now consider
the population of OH groups at the interface, it suggests that 10% of interfacial water OH
groups are in a dangling situation at the air/water interface, thus slightly more than at the
0 V graphene/water interface.

OH stretch frequency map and SFG spectra calculations

The water OH stretch vibrational frequency is calculated at each simulation time step
using the empirical frequency map developed by Skinner and coworkers.® We briefly sum-
marize its main features. This spectroscopic map was parameterized on a series of water
clusters. For each cluster, the OH stretch vibrational potential was determined and the quan-
tum vibrational energy levels were determined. The resulting 0-1 energy gap was shown to
exhibit a very good correlation with the local electric field projected along the OH bond
as obtained from the simulation. This yields an empirical map connecting the local elec-
tric field determined in the MD simulation with a rigid water model and the vibrational
frequency. Similar maps were developed for other quantities including the transition dipole
and the polarizability tensor. These quantities are therefore affected by fluctuations in the
local electric field and are able to reproduce the well-established OH frequency shift with
the hydrogen-bonding strength.®

This frequency map was originally designed based on clusters taken from bulk liquid
water simulations, but it was shown to successfully describe the water OH stretch properties
in a series of other aqueous environments, including aqueous solutions (neat water, ionic
solutions, aqueous solutions of amphiphilic molecules) and a wide gamut of aqueous interfaces
(air/water, water /phospholipids, reverse micelle interfaces) (see ref.® and references therein),
which attests to its wide applicability. We therefore expect this frequency map to be well
applicable to water/graphene interfaces, since graphene-water interactions are known to
remain weak, in contrast with typical aromatic systems like benzene. The weakness of water-
graphene interactions is supported by several ab initio molecular dynamics simulations.”®

In neat HyO, the vibrational spectra in the OH stretch region include important contri-
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butions due to the intra- and inter-molecular coupling between OH vibrations. A discussion

of these terms for the air/water SFG spectrum can be found in ref.? In order to avoid the

complications due to these coupling terms and focus on a single bond vibration, isotopic

mixtures of a dilute HOD in H,0 or D,O are commonly employed. It was shown!? that

simulations of e.g. pure D,O and HOD in DO give very similar results for the vibrational

spectra; we therefore follow the approach that was successfully used by Skinner and cowork-

ers to calculate SFG spectra,!! and use our pure HyO trajectory, and treat each OH group

as an independent OH oscillator to calculate the SFG spectrum.
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