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ABSTRACT: Manipulating the hydrogen bond (H-bond) networks at
metal−solution interfaces is central toward optimizing electrochemical
processes. This study investigates the potential-dependent interfacial
environment of dimethyl sulfoxide (DMSO)−water mixtures at the gold
electrode interface using a combination of surface-enhanced infrared
absorption spectroscopy (SEIRAS) and constant-potential molecular
dynamics (MD) simulations. SEIRAS provides an in situ spectroscopic
view of H-bonding populations and cosolvent enrichment at the interface,
while MD simulations offer an atomistic view of H-bond populations and
molecular orientations under applied potentials. Our results demonstrate
that the interfacial H-bonding environment responds to applied electrode
polarizations. At negative potentials DMSO becomes enriched at the
surface together with a substantial reorientation of interfacial water
molecules, leading to a slight increase in H-bond populations, particularly at lower DMSO concentrations. Positive potentials show a
reduced impact on the H-bond structure. The effects are different at higher DMSO concentrations where DMSO−DMSO
interactions dominate. Our findings therefore suggest that the local H-bond environment at the metal−solution interface can be
reshaped with applied electrode charge, even for neutral cosolvents. These insights reveal that a cosolvent like DMSO can be used to
optimize catalytic performance by modulating interfacial solvation and proton-coupled electron-transfer pathways.
KEYWORDS: SEIRAS, molecular dynamics, hydrogen bonds, cosolvents, electrochemistry, interface

■ INTRODUCTION
The interface between metal surfaces and solutions presents a
complex chemical environment. Interfacial regions often
exhibit altered reactivity compared to bulk solutions, even in
the absence of strong adsorption. This effect arises due to
interfacial electric fields,1,2 modified interfacial H-bonding
networks,3−5 and changes in molecular interactions as a result
of altered energetic landscapes.6 These factors contribute to
enhanced or selective reactivity in electrochemical and catalytic
systems. Additionally, molecules or ions can adsorb onto the
metal surface, thereby modulating the concentration of species
and the kinetics of electrocatalytic reactions at the electrode-
electrolyte interface. In aqueous solutions, water often serves as
both a reactant and a solvent, influencing reactions such as the
hydrogen evolution reaction (HER), oxygen reduction reaction
(ORR), and the CO2 reduction reaction.

3,4,7 Understanding
the role of interfacial water structure is essential for advancing
the understanding of electrocatalytic processes in aqueous
media.
The mechanism of HER involves proton-coupled electron

transfer to form adsorbed H as the key intermediate, with
either H3O+ or H2O as the proton source. In HER, the
cathodic half of water splitting by electrolysis, aprotic solvents

can tune water−water H-bonds in solution.7 Since HER under
neutral and alkaline conditions relies on water as both a
reactant and solvent, optimizing this reaction requires control
of the water network at the cathode interface. One promising
approach to tune the HER reactivity involves the addition of a
cosolvent, which can modulate the hydrogen-bonding environ-
ment.8 The polarity, high water-miscibility, donor−acceptor
imbalance, and amphiphilic behavior of dimethyl sulfoxide
(DMSO), make DMSO−water cosolvent systems a promising
approach to control the local interfacial environment and water
network,9 potentially controlling kinetics and transport in
electrocatalytic reactions. DMSO disrupts its local H-bonding
environment by acting as a strong hydrogen bond acceptor,
forming up to two H-bonds with nearby water molecules.10−13

Additionally, DMSO molecules form stable dimers via dipole−
dipole interactions and hydrophobic methyl group associa-
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tions.14−17 These interactions produce microscopic liquid−
liquid phase separation that lead to heterogeneous regions
enriched in DMSO and regions enriched in water, producing
microscopic percolated H-bond networks10,14 and concen-
tration-dependent solvation dynamics in aqueous systems.17−25

We have previously shown that DMSO alters the interfacial
hydration environment on gold surfaces.9 Interfacial DMSO
molecules are dehydrated as DMSO is enriched at the Au
surface. These changes are accompanied by the formation of
water clusters. All-atom molecular dynamics (MD) simulations
show a “buckled” conformation of water molecules at the Au
surface. This energetically-unfavorable conformation, along
with the small cluster sizes, inhibits H-bonding with bulk
water, potentially restricting the proton diffusion and transfer
necessary for HER.
The structure of the metal/solution interface is governed by

the electrical double layer (EDL), which describes how
counterions and solvent molecules organize under an applied
potential. Classical EDL models, such as the Gouy-Chapman-
Stern model, provide a theoretical framework for under-
standing the distribution of ionic charges, the resulting
potential gradients, and their influence on interfacial electric
fields.1,26 At low ionic strengths (∼10 mM), the Debye length
(∼3 nm) becomes comparable to the size of molecular
dynamics simulation boxes, making it computationally
challenging to accurately represent the EDL. However, solvent
dipole alignment and hydrogen bonding often dominate
interfacial structuring under these conditions, even in the
absence of explicit ions.2,27 This study focuses on how applied
potential modulates the molecular configurations and hydro-
gen-bonding dynamics of DMSO and water at the gold
interface, acknowledging the limitations of omitting explicit
ionic effects in our simulations. While the effects of DMSO on
the electrode interface have been explored, it is necessary to
further characterize cosolvent effects under applied electro-
chemical potentials to understand how interfaces change as
potentials approach in operando conditions. Specifically, here
we aim to understand the effects of applied surface potentials
on interfacial DMSO or water enrichment and depletion as
well as map out how the applied potential alters DMSO and
water configurations at the gold interface.
This study uses a combination of in situ experimental

spectroelectrochemical measurements using surface-enhanced
infrared absorption spectroscopy (SEIRAS) and MD simu-
lations to investigate the local H-bonding networks in water−
DMSO cosolvent mixtures on gold electrodes under a range of
applied electrostatic potentials. SEIRAS measures interfacial
molecular structure and reactions as detection sensitivity is
greatly enhanced at metal-liquid interfaces without interference
from the bulk phase.28−31 In SEIRAS, a nanoscale-roughened
thin metal film is deposited onto an attenuated total reflectance
(ATR) crystal; this metal film serves as the working electrode
in electrochemical experiments.31 The incoming IR beam
excites local surface plasmons in the metal film, resulting in a
near-field enhancement at the nanometer gaps between the
metal nanoparticles. The solvent absorption is minimized from
the confined volume of the enhanced electric field.32,33

SEIRAS provides an ensemble-averaged view of the system,
while MD simulations provide a localized atomistic picture of
the water network structure and geometry at the metal-liquid
interface.

■ METHODS
Cosolvent Sample Preparation. DMSO−water cosol-

vent mixtures were prepared for SEIRAS by titrating
appropriate volumes of DMSO (≥99.9%, anhydrous; Sigma-
Aldrich) into a solution of ultrapure water (Milli-Q) and 20
mol % D2O (99.9%; Cambridge Isotope Laboratories, Inc.)
during the measurements. The mixture compositions were: 0
(no DMSO), 1, 3, 5, 7, 10, 15, 20, 25, 30, 35, and 40 mol %
DMSO. The electrolyte was 10 mM KClO4 in ultrapure water.
The electrolyte used in this study was 10 mM potassium
perchlorate (KClO4), chosen for its weakly adsorbing nature
and to minimize competitive effects from ion adsorption on
the gold electrode. The low ionic strength (∼10 mM) provides
a larger Debye length (∼3 nm), allowing us to probe potential-
dependent solvent reorganization with minimal ionic screen-
ing. A salt bridge was used to isolate the Ag/AgCl reference
electrode from the electrolyte to prevent chloride contami-
nation. Electrolyte solutions were prepared carefully to ensure
the absence of residual chloride ions.34,35 Samples were purged
with nitrogen gas prior to measurements. The electrolyte
concentration was maintained across all samples.
Gold Surface Preparation for SEIRAS. The gold film for

SEIRAS measurement was deposited onto the ZnSe substrate
using a previously established electroless deposition method36

with some modifications as described in the Method section of
our earlier work.9 In brief, the ZnSe ATR prism (60° cut; Pike
Technologies) was polished with 1 μm and 0.05 μm alumina
slurry then sonicated in ultrapure water for 10 min. The ZnSe
crystal was then heated to 50° C and 200 μL of a 25 mM
solution of gold(III) chloride trihydrate (HAuCl4•3H2O)
(99.9+%; Sigma-Aldrich) in ultrapure water was dropcasted
onto the crystal face and left to deposit for 3 min; this
deposition time results in a thicker gold film with a measured
penetration depth under 70 nm.37 The surface was rinsed with
water to quench the deposition then dried with a gentle flow of
N2 gas. The gold surface resistance was 0.9 Ω across a ∼1 cm
distance on the crystal face.
The electrochemical cell was purged with N2 gas to remove

the interference from O2. The electrochemical characterization
of the Au film was performed using cyclic voltammetry in a N2-
purged 0.1 M phosphate buffer, revealing well-defined Au
oxidation and reduction peaks (Figure S50) confirming that
the gold film exhibits expected electrochemical behavior. We
did not extend the potential window beyond +0.6 V in our
measurement to avoid significant oxide formation that can
degrade the Au film electrode. Furthermore, we restricted our
measurement up to −0.6 V to eliminate ORR/HER reaction
that might otherwise interfere with the measurement and
influence our interpretation.
Spectroelectrochemical Measurements. SEIRAS meas-

urements were conducted with a Bruker INVENIO Spec-
trometer equipped with a liquid-nitrogen-cooled mercury−
cadmium-telluride (MCT) detector and a Pike Technologies
VeeMAX III accessory with the Jackfish J2F electrochemical
cell. The Ag/AgCl reference electrode was filled with 3 M KCl.
A gold wire was used as the counter electrode. A custom-built
LabVIEW data acquisition program was used to synchronize
applying a potential with a CH Instruments 1202C
potentiostat through the Hard Potato package38 and collecting
the corresponding IR spectra. Prior to data acquisition, the
gold surface and electrodes were cleaned in a 10 mM KClO4 in
ultrapure water electrolyte solution with >20 CV cycles from
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-0.8 to 0.7 V with a 0.1 V/s scan rate (see Figure S49). Each
spectrum was averaged from 128 scans with a 2 cm−1 spectral
resolution. A 10 mM KClO4 electrolyte solution was added to
the gold film at 0 V relative to Ag/AgCl (equivalent to 0.198 V
vs. the standard hydrogen electrode [SHE]) to correct for
solvent effects in the spectra before conducting concentration-
and voltage-dependent measurements. The choice of 10 mM
KClO4 as the electrolyte allows us to focus on potential-
dependent effects on solvent structuring and hydrogen
bonding under minimal ionic interference. All spectra were
collected at room temperature under a purge of dry air.
Although in SEIRAS, the total penetration depth can extend

up to ∼70 nm, approximately corresponding to the thickness
of the metal film, the local plasmonic field enhancement is
confined to the gaps between nanoparticles, which probe ∼5-
10 nm from the electrode surface, making the technique highly
surface-sensitive.33,39−44 While the electrical double layer is
typically 1-3 nm, as is often considered as the distance from a
flat surface, SEIRAS selectively amplifies the signal from
interfacial species within the near-field region of the metal
electrode, as given by the gaps between nanoparticles. Prior
studies demonstrate that spectral features of interfacial species
are distinctly observed even when bulk solvent contributions
might exist.45,46 Our spectral analysis follows this precedence,
ensuring that the conclusions drawn about interfacial hydrogen
bonding and local number density (enrichment) remain valid.
Molecular Dynamics Simulations. Mixtures of 1%, 5%,

10%, and 20% DMSO in water in between two gold electrodes
were prepared using the CHARMM-GUI Multicomponent
Assembler module.47−50 Each gold electrode consisted of three
layers of (111) faces (624 Au atoms in each electrode). The
two electrodes were placed parallel to each other, and
perpendicular to the z-axis. The initial separation between
the electrodes was 10 nm (the separation varied during the
equilibration steps) and their dimensions in the x- and y-
directions were 3.75 and 4.00 nm, respectively. CHARMM36
force field parameters51 were used for DMSO and a TIP3P
model52 was used for water molecules. The gold atoms were
modeled with the Interface force field53 that is compatible with
CHARMM. In addition to setting up this set of systems with
parallel electrodes, aqueous systems with the same DMSO and
water compositions were also prepared but without the gold
electrodes. For the latter, standard NPT simulations at 300 K
and 1 atm were performed to obtain the mixtures’ densities.
MD simulations for the electrode systems were performed

with the LAMMPS software package (version 2 Aug 2023)54

along with the ELECTRODE package55 in LAMMPS that
implements a constant potential method. During minimization
and equilibration, periodic boundary conditions were used in
the x- and y-directions and non-periodic boundary conditions
in the z-direction, for which the slab method56 was applied
with a correction factor of 3.0. For each prepared system, a
short minimization using a conjugate gradient algorithm was
followed by a 2 ns equilibration run where we turn on the
constant potential algorithm. In these equilibration runs, one
electrode was fixed and the second electrode was allowed to
move like a rigid piston along the z-direction under the
influence of an external pressure of 1 atm. Temperature was
maintained at 300 K using a Nose-́Hoover thermostat.57 For
each mixture, two sets of simulations were performed: 1. The
electrode potential was kept at 0 V for both electrodes and 2.
One electrode was set at -0.6 V and the other at +0.6 V. For
the equilibration runs, a conjugate gradient minimization

algorithm (that allows moving electrodes) was used to obtain
the electrode charge at every time step.58 At the end of these
runs we verified that the bulk densities at the center of the
simulation box were like the bulk densities obtained in the
NPT runs of the same DMSO/water mixtures (with no
electrodes) mentioned above. Finally, 12 ns production runs
were performed with fixed electrode locations using periodic
boundary conditions in all spatial directions using the finite
field approach59,60 as implemented in the ELECTRODE
package in LAMMPS. A 2 fs time step was used for
equilibration and production runs using SHAKE61 to constrain
molecular bonds. Configurations were saved every 2 ps for
analysis. van der Waals interactions were modeled with
Lennard-Jones potentials using a 1.2 nm cutoff and the long-
range electrostatics interactions were computed with a particle-
particle-particle-mesh method61 with relative accuracy of 10−7.
For some of the analysis reported here we used analysis tools
from GROMACS software.62

In our constant-potential MD simulations, explicit ions were
excluded due to the challenges of representing ionic
distributions at low concentrations (10 mM) in a simulation
box of ∼10 nm. At this ionic strength, only 2−3 ions would be
present, introducing statistical noise, artificial periodicity effects
and other instabilities. While this approximation neglects the
diffuse layer of the EDL, the simulated potential-driven
interactions provide insights into solvent structuring and
hydrogen bonding near the interface. Future work with larger
simulation boxes or enhanced sampling methods could
explicitly incorporate ionic effects to fully capture the EDL.

■ RESULTS AND DISCUSSION
Interfacial H-Bonding Environment Measured by

SEIRAS. The S�O stretching region reveals the balance of
DMSO−water and DMSO−DMSO interactions at the inter-
face. Quantitative analysis to extract the DMSO H-bonded
(HB) and non-bonded populations was performed via a global
fitting algorithm of the experimental spectra.37,63 This
procedure fits the spectra to six Gaussian functions that
correspond to six distinct populations with the following center
frequencies (wavenumbers): 2HB at 1009 cm−1, 1HB at 1022
cm−1, 0HB at 1058 cm−1, aggregate at 1040 cm−1, −CH3
rocking at 1016 cm−1, and aggregate −CH3 rocking at 1034
cm−1. The relative population of each species can be calculated
as the ratio of the oscillator-strength corrected areas of each
fitted Gaussian profile relative to the total peak areas
(excluding the overlapping −CH3 rocking mode). The global
fitting procedure is described in detail in Section S2.
We have previously reported the concentration-dependent

changes at the interface in comparison to the bulk at OCP. In
brief, we showed that DMSO is enriched by a factor of ∼4× at
the interface compared to the bulk at low DMSO
concentration.37 In addition, the number of S�O−water H-
bonds was reduced at the interface compared to bulk, which
points towards the interface being a significantly more
hydrophobic environment than the bulk. Here, we focus on
the effects of applied potential on the local interfacial
environment via both spectroscopy and simulation. Note that
for the simulation, the potential is referenced vs the potential
of zero charge (PZC). In the experiment, the potentials are
measured vs Ag/AgCl (0.198 V vs SHE), which conveniently
coincides with the PZC on Au (∼0.2 V vs SHE).64 Therefore,
positive potential in both experiments and simulations in this
work translates to positively charged electrode surface, and vice
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versa. The changes in lineshapes are relatively small, though
the changes can be observed when computing the difference
across different potentials (Figure 2, Figures S4-5). The effect

of potential is more pronounced at low concentrations. At
negative potentials, the S�O stretch exhibits a minor redshift
in center frequency and a higher absorbance. This redshift is
more prominent in lower DMSO concentrations and can be
attributed to a population increase of more hydrated DMSO
molecules at the interface. Conversely, at positive potentials,
the S�O stretch appears similar to 0 V at concentrations
below 25 mol % DMSO (Figure S4). The full-width at half-
maximum values increase with increasing concentration but
not with applied potentials (Figure S5).
The H-bond analysis for the S�O group (Figure 3),

obtained by fitting the lineshapes, as described above, reveals
that the H-bond populations are dependent on the potential.
The potential-dependent H-bond populations can be inter-
preted within three different concentration regimes, despite the
error bars being relatively large, trends can nonetheless be
observed: 1. At low concentrations (<10 mol %), negative
potentials increase the number of H-bonds at the interface.

However, positive potentials (above 0 V) are observed to have
only a slight effect on the H-bond populations (Figure 3A-C).
2. Within the intermediate concentration range (15-30 mol %)
there is effectively no change in the number of H-bonds
(Figure 3D). 3. In the high concentration range (>30 mol %),
we observe that the trend is reversed compared to the dilute
regime, in this case there is a slight decrease in the number of
H-bonds at negative potentials (Figure 3E). These non-
monotonic trends with voltage and concentrations point
towards multiple phenomena contributing to changes in the
local environment at the interface.
Next we examine interfacial water by measuring the O−D

stretching region of HOD in H2O (or the O−H stretching
mode of HOD in D2O), which provides direct molecular
information on the H-bonding environment of water.65,66

Figure S8 shows an increase in the O−D stretch absorbance
below 10 mol % DMSO at positive potentials. After
normalization, the lineshapes show negligible changes from
applied potentials (Figure S9). These results indicate that the
H-bond populations of water remain nearly unchanged as a
function of potential. The limited effect on H-bond
populations suggests that DMSO, as a strong hydrogen bond
acceptor, stabilizes the interfacial environment, leading to a less
pronounced potential-dependent restructuring of water. This is
consistent with recent findings on aprotic solvent-modulated
interfacial behavior.46,67 Our results highlight that in mixed
DMSO-water systems, DMSO plays a dominant role in
defining interfacial solvation environment.

Potential-Dependent Enrichment of Interfacial Molecules.
The potential-dependent interfacial enrichment or depletion of
DMSO and water be computed from the experimental spectra
by taking the ratio of integrated peak areas before normal-
ization (relative to 0 V potential): a relative enrichment value
>1 means a larger IR absorbance, or “enrichment”, and a value
<1 means a lower IR absorbance, or “depletion”. Figure 4A
shows a general enrichment of DMSO at more negative
potentials by at least 5% compared to 0 V at all DMSO
concentrations. At 1 mol % DMSO, the largest DMSO relative
enrichment is ∼8%, then increases at 3 mol % to ∼13%, and
plateaus starting from 20 mol % to ∼5%. At positive applied
potentials, the only DMSO relative depletion over 5% is ∼14%
at 1 mol % DMSO. On the other hand, water is enriched at
more negative potentials (−0.6 V) and only at concentrations
below 10 mol % DMSO (Figure 4B), with highest enrichment
∼17% at 0 mol %. Water does not exhibit any interfacial
depletion with applied potential below 30 mol %.
One possible interpretation for an increase in IR absorbance

(or enrichment) with an applied potential is an increase in the
population of that specific species at the interface. Another
possible explanation for the changes in IR signal is molecular
reorientation in the interfacial region. SEIRAS is a surface-
sensitive and orientation-selective technique. In SEIRAS, the
plasmonically enhanced field is predominantly oriented along
the gaps between nanoparticles (i.e. perpendicular to the gold
nanoparticle surface), making only those vibrational modes
with transition dipole moments (TDM) perpendicular to the
surface contributing to the largest spectroscopic signal.40,42,68

One limitation of SEIRAS, unlike traditional attenuated total
internal reflection spectroscopy, is that polarization does not
allow for directly measuring the orientation of mole-
cules.33,40,42,68 However, both the change in population and
molecular reorientation could be concurrent with applied
potential. While the effects of potential are relatively modest,

Figure 1. Illustration of the SEIRAS setup for in situ spectroelec-
trochemical measurements of the cosolvent systems. The reference
electrode (RE) and counter electrode (CE) are Ag/AgCl and a gold
wire, respectively. The gold film is the working electrode (WE). The
ZnSe prism is the ATR substrate.

Figure 2. Representative SEIRAS spectra of the S�O stretching
region at (A) 1 mol % DMSO, (B) 10 mol % DMSO, and (C) 20 mol
% DMSO, at select applied potentials (from −0.6 V, red, to +0.6 V,
blue, in steps of 0.2 V) and at 0 V potential (black dashed line).
Spectra were normalized by total peak area. Additional spectra at all
measured concentrations and applied potentials can be found in
Figure S2.
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showing a ∼10% modulation of the signal, with most
pronounced changes at the lowest concentrations, these
changes are relatively small compared to the overall enrich-
ment effects of concentration, which in DMSO we observed to
be 200-400% enrichment at the surface. Nonetheless, this
study shows that changes in potential can affect the interface,
despite species being uncharged.
Interpretation Derived from Constant-Potential MD

Simulations. Spectroscopic observations suggest that electrode
potential modulates the interfacial H-bond networks, whether
by changing the DMSO-water ratios, or by stabilizing specific
molecular configurations, such as local orientations. We
interpret these changes by performing constant-potential MD
simulations. In these simulations, the gold atoms are assigned
initial charges, which are then re-optimized throughout the
simulation to maintain a constant potential between electrodes
in respond to the molecules reorganizing around the surface.
This enables the surface to “respond” to changes in the
cosolvent molecules, as the electrode responds in the
experimental system. Simulations are carried out at three
different potentials, 0 V, −0.6 V and +0.6 V, thus enabling us
to compare the results extracted from MD trajectories with
experimental observables. A snapshot of the MD box is
included in Figure S34 for illustration purposes.

Similar to experiments, H-bond populations, computed from
MD simulations (Figure 5), also exhibit differences between

the bulk and the interfacial environments, and in addition,
simulations show that potential affects relative H-bond
populations of DMSO at the interface. The changes in bulk
vs interface can be compared with previous results under open
circuit potential.37 Qualitatively, the current MD simulations
are consistent with previous results, showing dehydration at
the interface, the H-bond populations are consistent with
previous experiments and also generally consistent with
previous fixed-charge MD simulations.37 This is expected,
given that the MD force fields were the same as the previous
simulations. The key difference is that the present MD
simulations are constant-potential MD simulations, with
fluctuating charges on the gold atoms, compared to previous
simulations without charges on the gold atoms.37 The
constant-potential MD simulations account for electrode
polarization, and thus are expected to more accurately
reproduce the environment at the interface.

Figure 3. Average H-bonding (HB) number per DMSO molecule at the gold electrode as a function of applied potential (−0.6 V in red to +0.6 V
in blue) at select dilute (1, 5, 10 mol % DMSO, panels A−C) and concentrated (25, 40 mol % DMSO, panels D, E) compositions. The error bars
represent standard deviation calculated from the global fitting procedure. Additional spectra at all measured concentrations and applied potentials
can be found in Figure S10.

Figure 4. Relative enrichment of DMSO (left panel) and water (right
panel) at the gold electrode at applied potentials (−0.6 V in bright red
to +0.6 V in bright blue) as a function of DMSO mol % compared to
0 V potential conditions. The potential values are relative to the Ag/
AgCl reference electrode. The enrichment was calculated as the ratio
of the peak area at applied potentials to the peak area without an
applied potential. Note: the DMSO mol % values in the left and right
panels start at 1 mol % and 0 mol %, respectively. Figure 5. Average H-bond (HB) number per DMSO molecule as a

function of DMSO concentration at applied potentials. The black bars
represent the average number of H-bonds in bulk, and the (red,
purple, and blue) bars represent interfacial populations at −0.6, 0, and
+0.6 V, respectively. For the applied potential systems, the error
estimates by block averaging are <0.05 (in units of H-bond numbers)
for the 1% and 5% mixtures and <0.2 for the 10% and 20% mixtures.
For the H-bond numbers in the bulk the errors are <0.001.
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The effects of potential on H-bond populations can be
observed by comparing the MD trajectories for positive,
neutral, and negative potentials (Figure 5). The effect of
potential on H-bond populations is relatively small compared
to the populations in bulk versus surface, nonetheless the
simulation results are consistent with experiment: simulations
show that at low DMSO concentrations (1 mol %), negative
potentials increase the number of hydrogen bonds compared
to positive potentials. Higher concentrations (20 mol %) show
an increase in the number of H-bonds at positive potentials.
The DMSO enrichment at the interface (Figure 6) is

significantly greater compared to experiments, with simulations

showing a ∼12-fold enrichment versus the bulk and experi-
ments showing a ∼4-fold enrichment at the lowest DMSO
concentrations.37 This means that when the bulk concentration
is 1 mol % DMSO, experiments predict that the interface
contains 4 mol % DMSO, and simulations show a 12 mol %
DMSO concentration. As observed from H-bond populations
in bulk experiments, this change in concentration can lead to
significant changes in H-bond populations.
This strong interfacial enrichment of DMSO at 1 mol %

DMSO concentration, leading to near-complete depletion of
DMSO from the bulk (Figure S39) is consistent with prior
experimental and computational studies that show DMSO
preferentially adsorbs onto metal surfaces due to strong dipole-
surface interactions.3,4,37,63 However, we understand that in a
larger simulation box, some bulk-phase DMSO molecules will
remain once the surface is saturated, which could allow for
improved statistical sampling of bulk-like behavior. While this
does not alter the qualitative trends observed in potential-
dependent enrichment and hydrogen bonding, we note that
the absence of bulk-phase DMSO in small-scale simulations
may amplify interfacial effects, particularly at the lowest DMSO
concentrations. Future studies with larger system sizes or
enhanced sampling techniques will further assess this behavior
to ensure that simulation box limitations do not introduce
unintended artifacts.
Next, we can examine the effects of interfacial potential on

the molecular orientations. Figures S35-38 show the
concentration-dependent average water dipole orientations as
a function of distance from the electrode surface for positive,
neutral, and negative interfaces. In addition, Figures S39-40
show the orientation of DMSO molecules. Generally, we
observe that potential does not significantly impact the

orientations of DMSO, however, water orientations are
significantly altered as a result of applied potential. Without
potential, the net orientation is perpendicular to the surface, as
discussed in previously where water molecules are observed to
assume a “buckled” configuration.37 Once the potential is
turned on, strong preferential orientation is observed
throughout the box. Near the surface, at negative potential
we observe particularly strong reorientation of water molecules
across all DMSO concentrations in agreement with previous
studies on potential-dependent water structuring.35,69 For
instance, at 1% the dipole projection in pure water is
approximately 0, and this value increases to ∼0.3 indicating
that on average the water molecules adopt an angle of ∼73°
suggesting that the HER process could be significantly altered
given the strong reorientation of water near the interface.
Positive potential does not appear to reorient water as strongly.
This is consistent with the effects on H-bond populations
(Figure 3), where positive potentials appear to have a more
moderate effect compared to negative potentials. It is worth
noting that SEIRAS is not able to directly access orientational
information, however, the relatively unchanged spectral
features of water, suggests that orientational effects do not
significantly influence the measurements. In contrast, DMSO
orientations remain relatively unchanged, suggesting its
preferential adsorption and stabilizing effect on the interfacial
H-bonding network are the primary drivers of the changes in
H-bond populations. This indicates that while water molecules
respond dynamically to the applied potential, DMSO
modulates the extent of these changes by altering the local
solvation environment and H-bonding network at the
electrode interface.
The impact of aprotic solvents on interfacial hydrogen

bonding and their role in inhibiting HER has been previously
demonstrated in the context of CO2 reduction, where solvents
such as DMF were found to alter interfacial water organization
and improve faradaic efficiency.46,70−72 Our findings on
DMSO similarly indicate that its presence at the electrode
interface modulates H-bonding, with implications for using
these effects to control electrochemical reactivity. Therefore,
our study examines how applied potential influences solvent
structure and hydrogen bonding instead of the direct effects of
electrolyte ions, which are also present and can significantly
impact electrocatalytic processes. SEIRAS experiments show
clear potential-dependent changes, even at low electrolyte
concentrations, confirming that solvent−solvent interactions
and electrostatic potential primarily dictate interfacial reorgan-
ization. While our MD simulations exclude explicit counter-
ions, they capture key electrostatic interactions, that are
consistent with experiments. We acknowledge that at higher
electrolyte concentrations, counterions could play a larger role,
and future studies incorporating explicit ionic models could
provide more quantitative insights into their impact on the
electrode interface.
Overall, MD simulations are consistent with SEIRAS

measurements, showing that the effect of potential on
enrichment is relatively moderate, and that the strongest
effects are represented by the dipole orientations, particularly
with respect to water. The non-monotonic changes in H-bond
populations across DMSO concentrations are also consistent
between experiment and simulation. We have identified the
most important factors that drive changes in H-bond
populations, namely the enrichment of DMSO and reorienta-
tion of water molecules.

Figure 6. DMSO enrichment at the gold electrode at applied
potentials (0 V in purple, −0.6 V in red, +0.6 V in blue) as a function
of DMSO mol % from MD simulations. Error estimates obtained by
block averaging are smaller than 0.8.
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In summary, SEIRAS reveals concentration and potential-
dependent changes in the S�O H-bond populations. There is
a notable decrease in DMSO H-bond populations with
increasing DMSO concentration, as DMSO disrupts the
donor−acceptor balance of water. Interestingly, we observed
potential-dependent changes in populations for a given DMSO
concentration), despite the species being electrically neutral.
Specifically, within lower concentrations and negative
potentials, the H-bond populations are increased, possibly
due to fewer DMSO−DMSO interactions and more DMSO−
water interactions related to the strong effect of potential on
interfacial water orientations. Furthermore, within negative
potentials DMSO molecules become enriched at the surface.
At low concentrations (e.g., 1 mol %), DMSO enriches up to
∼8% compared to 0 V. As the concentration increases from 3
mol % to 20 mol %, enrichment peaks around 13% before
stabilizing, suggesting surface saturation. This is because, at
more negative potentials, the surface of the gold electrode is
likely more electron-rich, which could lead to stronger
interactions between the electrode and solvent molecules.
These stronger interactions disrupt the interfacial H-bond
networks, potentially decreasing the average H-bond number.
Within the higher concentration regime, the average H-bond
number becomes less dependent on the applied potentials,
indicating that the system becomes less sensitive to changes in
the potential, possibly because water becomes a lesser
component of the solution, and changes in water orientation
are less pronounced. Within the high concentration regime,
DMSO−DMSO interactions dominate, and the average
number of H-bonds per DMSO molecule is lower and
relatively constant across the applied potential range. The
stabilization seen here suggests that the H-bonding network
reaches a limit where additional DMSO molecules do not
significantly change the overall hydrogen bonding environ-
ment.
Above 20 mol %, enrichment reaches ∼5%, indicating a

balanced distribution between DMSO and water. This
enrichment of DMSO at the negatively charged surface
(Figures S45−S46) is likely due to the electrostatic
interactions between the polar DMSO molecules and the
negatively charged electrode. DMSO has a large dipole
moment, with a partial positive charge on the sulfur atom
and partial negative charges on the oxygen atoms. This polarity
makes DMSO molecules more likely to align with the
negatively charged surface. At positive potentials (+0.6 V),
there is a depletion of DMSO at the interface, particularly at
low concentrations (∼14% depletion at 1 mol %). As
concentration increases, depletion lessens, though some
DMSO remains at higher concentrations (Figures S41−S44).
This is likely due to repulsion from the positively charged
surface, causing DMSO displacement.

■ CONCLUSIONS AND OUTLOOK
In conclusion, we have characterized the H-bond populations
and enrichment of water and DMSO across a range of
electrode polarization (potentials) and concentrations. This
study demonstrates that electrically neutral DMSO molecules
can significantly modulate water H-bond network at the gold-
solution interface. SEIRAS and constant potential MD
simulation show that at negative potential DMSO become
enriched at the interface (or depleted from the bulk), especially
at lower DMSO concentrations with increased H-bond
population. Conversely, at higher DMSO concentrations,

DMSO−DMSO interactions dominates and the solvation
structure becomes less sensitive to the applied potential.
These findings provide an essential foundation for under-

standing electrochemical catalytic reactions in water such as
the HER or CO2 reduction by manipulating cosolvent
composition and electrode polarization. In general, character-
izing the H-bond networks provides a more complete picture
for incorporating these effects into modeling and optimizing
electrocatalytic processes at the interface. While the present
study provides an initial characterization of interfacial H-bond
ensembles, further studies will incorporate H-bond dynamics,
measuring the effects of potential on the H-bond lifetime at the
interface.
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