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Abstract

The structure and dynamics of water at charged graphene interfaces fundamentally

influence molecular responses to electric fields, with implications for applications in

energy storage, catalysis, and surface chemistry. Leveraging the realism of the MB-pol

data-driven many-body potential and advanced path-integral quantum dynamics, we

analyze the vibrational sum-frequency generation (vSFG) spectrum of graphene/water

interfaces under varying surface charges. Our quantum simulations reveal a distinctive

dangling OH peak in the vSFG spectrum at neutral graphene, consistent with recent

experimental findings yet markedly different from earlier studies. As the graphene sur-

face becomes positively charged, interfacial water molecules reorient, decreasing the

intensity of the dangling OH peak as the OH groups turn away from the graphene. In

contrast, water molecules orient their OH bonds toward negatively charged graphene,

leading to a prominent dangling OH peak in the corresponding vSFG spectrum. This

charge-induced reorganization generates a diverse range of hydrogen-bonding topologies

at the interface, driven by variations in the underlying electrostatic interactions. Re-

markably, these structural changes extend into deeper water layers, creating an unequal

distribution of molecules with OH bonds pointing toward and away from the graphene

sheet. This imbalance amplifies bulk spectral features, underscoring the complexity of

many-body interactions that shape the molecular structure of water at charged graphene

interfaces.

Keywords

graphene, water, solid/liquid interfaces, hydrogen bonding, sum-frequency generation spec-

troscopy
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Introduction

The physical and chemical properties of liquid water are largely driven by its dynamic net-

work of hydrogen bonds.1,2 Water molecules at interfaces exhibit distinct properties com-

pared to those in bulk due to the disruption of the hydrogen-bond network by the phase

boundary.3 At the air/water interface, the interfacial depth is relatively shallow, effectively

encompassing just one water layer.4–6 In contrast, at electrode interfaces, the surface charge

plays a dominant role in shaping the local hydrogen-bonding environment of water and the

interfacial effects can extend well beyond the first molecular layer.3 While the linear response

approximation traditionally assumes that induced polarization is directly proportional to an

applied electric field, interfacial water often exhibits significant nonlinear behavior.7–10 Un-

derstanding these deviations from linearity requires careful study of molecular organization

at interfaces, especially as charges on electrodes evolve with applied voltages, influencing the

behavior of interfacial water under electric fields.

Graphene, a two-dimensional sheet of sp2 hybridized carbon atoms arranged in a hexago-

nal lattice, provides an ideal platform for investigating such interfacial phenomena.11 Graphene’s

exceptional chemical stability, mechanical flexibility, and outstanding electrical and thermal

conductivity have positioned it as a key material for diverse applications, from water de-

salination and energy storage to chemosensing and electrocatalysis.12–14 Understanding how

graphene interacts with water is fundamental for improving wettability, friction, and local

transport properties, which are, for example, key factors in advancing membrane design.15

This significance has prompted numerous experimental and computational studies exploring

the behavior of water at the graphene/water interface.16

Graphene’s hydrophobicity and wettability are highly influenced by the properties of its

underlying substrate. Although macroscopic wettability is typically assessed through water

contact angle measurements, results can range from hydrophilic to hydrophobic due to air-

borne hydrocarbon contamination and variations in graphene’s doping levels.17–19 Graphene’s

near-transparency to infrared and visible light makes it well suited for surface-specific vibra-
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tional sum-frequency generation (vSFG) spectroscopy, particularly in its heterodyne-detected

implementation (HD-vSFG),20 enabling direct insights into the molecular properties of the

graphene/water interface.

The presence of dangling OH groups in vSFG spectra of water serves as a key indicator

of structural reorganization at aqueous interfaces. In 2017, Singla et al. found no evidence

of dangling OH stretch above 3500 cm−1 in the vSFG spectrum of the sapphire-supported

graphene/water interface.21 This observation was further supported by subsequent studies

of single-sheet graphene on CaF2 and SiO2 substrates, where the vSFG signal was domi-

nated by substrate effects, with interfacial water molecules trapped between the graphene

and hydrophilic substrate complicating spectral interpretation.22,23 In 2021, Montenegro et

al. observed an asymmetric response and a sudden rearrangement of water molecules at

the graphene/heavy water interface under an external electric field.9 At potentials below

-1.6 V, the vSFG spectrum of heavy water showed a dangling OD stretch, but this peak

disappeared above -1.0 V. The study suggested that as the surface charge becomes positive,

the dangling OD species rotate away from the graphene and form hydrogen bonds with

water molecules in the underlying layer. Collectively, these findings suggested that neutral

single-sheet graphene is not hydrophobic at the molecular level. Notably, vSFG experiments

on multilayer graphene films demonstrated that hydrophobicity increases with film thick-

ness, revealing a characteristic dangling OH peak around 3600 cm−1 when the number of

graphene layers exceeds three.24 In contrast, Yang et al. in a separate vSFG experiment of

the graphene/electrolyte interface suggested that graphene exhibits hydrophobic behavior at

zero or positive bias, and hydrophilic behavior at negative bias.25 Recent HD-VSFG exper-

iments by Wang et al. have emphasized the critical role of substrate effects,26–28 proposing

that the dangling OD peak observed in Ref. 9 at negative potential likely originated from

substrate-trapped water molecules. However, the latest vSFG experiments on suspended

graphene have indicated that neutral graphene is indeed hydrophobic,29 highlighting how

experimental conditions can significantly influence observed wettability.
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Several molecular dynamics (MD) simulations have provided insights into the properties

of the graphene/water interface and the corresponding experimental vSFG spectra. Rana et

al. used ab initio molecular dynamics (AIMD) simulations with the BLYP functional to in-

vestigate graphene’s hydrophobicity, revealing slower dynamics in interfacial water compared

to bulk water molecules.30 Ohto et al. performed AIMD simulations of the D2O/graphene

interface using the BLYP functional, predicting a dangling OD feature around 2645 cm−1

at zero applied field.31 More recently, Wang et al. simulated the HD-vSFG spectrum of

the suspended graphene/water interface with the revPBE+D3 functional. The study found

that graphene weakly affects the dangling OH group, lowering its frequency through inter-

action with the graphene sheet, with minimal impact on hydrogen-bonded OH groups.29

However, it has become evident that water models derived from density functional the-

ory (DFT)32 suffer from functional- and density-driven errors33,34 that prevent them from

accurately representing many-body interactions.35 These inherent errors limits the reliabil-

ity of DFT models, especially those derived within the generalized gradient approximation

(GGA), in predicting structural36 and thermodynamic properties37,38 as well as vibrational

spectra39 of water across various phases and in different environments, particularly when

nuclear quantum effects (NQEs) are properly accounted for in the simulations.40

Complementary computational studies have also been conducted using empirical water

models. Joutsuka et al. applied the charge response kernel model to calculate the vSFG

spectra of the water/air interface under varying electric fields, demonstrating that the in-

tensity of the dangling OH peak increases with increasingly negative applied fields.41 In a

subsequent study, Zhang et al. used the SPC/E water model to study the graphene/water

interface under a range of applied voltages, predicting a free OH peak at zero voltage and

reporting increased intensity for the band corresponding to hydrogen-bonded OH groups

with increasing voltage, which highlighted the importance of surface versus bulk contribu-

tions to the SFG signal.42,43 Despite their success in reproducing some properties of water,44

empirical models, however, fall short at providing a reliable representation of water across
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all of its phases,37 often requiring ad hoc temperature and/or pressure shifts to be effectively

compared with experimental measurements. These limitations are particularly acute for

modeling vibrational spectra of water at different thermodynamic states as the spectra not

only depend on the underlying molecular configurations but also on the associated molec-

ular dipole moments and polarizabilities, which are usually not accurately represented by

empirical models.45

Most experimental vSFG studies on substrate-supported graphene have shown that the

SFG signals are dominated by substrate effects, which preclude an unambiguous characteri-

zation of the properties of the graphene/water interface. On the other hand, previous theo-

retical studies have relied on empirical or DFT-based models that are known to be limited

in their capability to accurately predict the properties of water. Furthermore, all previous

studies have neglected the role of NQEs in influencing both the structure and vSFG spectra

of water at charged graphene interfaces. To address these limitations and provide a realistic

description of neutral and charged graphene/water interfaces, we performed systematic MD

simulations using the MB-pol data-driven many-body potential of water,46–49 which accu-

rately predicts the properties of water across all molecular phases,50,51 in combination with

the temperature-elevated path integral coarse-graining (Te-PIGS) method,52,53 which effec-

tively accounts for NQEs. By systematically dissecting the spectral features of the simulated

quantum HD-vSFG spectra in terms of distinct hydrogen-bonding topologies and molecular

orientations, we provide a detailed molecular-level picture of the graphene/water interface

as a function of graphene charge.

Results and Discussion

Structure of the graphene/water interface. Figure 1 shows a snapshot of the simu-

lated graphene/water interface system, along with several properties calculated across the

water slab from MD simulations conducted at 298 K. In the MD simulations carbon atoms
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Figure 1: Snapshot of the simulated graphene/water interface system (top) along with several
properties calculated across the water slab as a function of graphene charge (q = 0.0e,
q = ±0.005e, q = ±0.01e, q = ±0.02e): (a) oxygen density profiles, (b) hydrogen density
profiles, (c) average molecular orientations with respect to the surface normal of the negative
graphene sheet, (d) induced dipole moment distributions, (e) electrostatic potentials, and
(f) parallel dielectric profiles.
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on opposing graphene sheets carry equal but opposite charges (q = ± 0.0e, ± 0.005e,

± 0.01e, ± 0.02e, where e is the elementary charge, corresponding to surface charges of

± 0.0,± 0.0289,± 0.0578, and ± 0.115 C/m2, respectively). Hereafter, q defines the charge

on each carbon atom of the graphene sheets. The oxygen density profiles (Figure 1a) indi-

cate the presence of approximately three distinct hydration layers near each of the graphene

sheets, with the third layer becoming more pronounced at higher charges. These variations

are more prominent at the negatively charged graphene sheet, where increasing negative

charge leads to less ordered water layers. The hydrogen density profiles (Figure 1b) reveal

a distinct peak at q = −0.02e, indicating that some water molecules move closer to the

interface, with their OH bonds pointing toward it. Figure 1c shows the average angular ori-

entation of water molecules relative to the surface normal of the negatively charged graphene

sheet. The average angular orientation of water molecules at the neutral graphene/water

interface is similar to that observed at the air/water interface. At higher q values, water

molecules increasingly orient toward the negatively charged graphene sheet under the influ-

ence of the effective electric field generated between the oppositely charged interfaces. This

effect is also evident from the average induced dipole moment of water molecules along the

z-axis (Figure 1d), where the dipole moment is zero only for neutral graphene and grows as

the graphene charge density increases. The electrostatic potential in the water slab along

the z-axis (Figure 1e) shows that the slope of the potential increases with increasing surface

charge values and becomes constant beyond a few molecular layers from the graphene sheets.

In contrast, the parallel dielectric profile along the z-axis (Figure 1f) is found to be higher

than bulk water but remains unchanged across different surface charge values. Moreover,

the tetrahedral order parameter of water molecules in the L1 layer (Figure 1a) shows some

variation with different graphene surface charges, but remains unchanged in deeper layers

(see Figure S1 in Supplementary Information). Figure S11 shows results from a similar anal-

ysis conducted for a larger system demonstrating that these orientational changes are not a

result of finite size effects.
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Orientational analysis. To further elucidate the structural arrangements of interfacial

water molecules, we analyzed their orientations in response to varying surface charge val-

ues on the two graphene sheets. Figure 2 shows the joint probability density distribution

P(cos θDW, cos θHH) for water molecules54–57 in the L1 layer (Figure 1) for q = −0.02e,

q = 0.0e, and q = +0.02e. In this analysis, θHH represents the angle between the vector VHH

connecting the two hydrogen atoms of a water molecule (pointing from the hydrogen atom

further from the surface to the hydrogen atom closer to the surface), and the vector normal

to the instantaneous water surface, VS, as shown in Figure 2a. Similarly, θDW represents the

angle between the water dipole vector, VW, and VS, as shown in Figure 2b. Six primary

regions (Figure 2i) are identified within the (cos θDW, cos θHH) distribution, each correspond-

ing to distinct molecular orientations: (i) BT: both OH bonds pointing toward the graphene

sheet (Figure 2c), (ii) VT: vertical OH bond pointing toward the graphene sheet (dangling

Figure 2: Schematic representation of the angles θHH (a) and θDW (b) used in the analysis
of water orientations at the interface with a graphene sheet. Representative configurations
of a water molecule at the interface with a graphene sheet: (c) both OH bonds toward the
graphene sheet (BT); (d) vertical OH bond toward the graphene sheet (VT); (e) both OH
bonds vertical to the graphene sheet (VE); (f) vertical OH bond away from the graphene
sheet (VA); (g) both OH bonds away from the graphene sheet (BA); and (h) both OH bonds
parallel to the graphene sheet (BP). Joint probability density distribution P(cos θDW, cos θHH)
for water molecules in the L1 layer at different graphene charges: (j) q = −0.02e, (k) q = 0.0e,
and (l) q = +0.02e. Panel (i) shows the ideal regions of the various molecular configurations
on the joint probability density distribution map.
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OH) (Figure 2d), (iii) VE: both OH bonds oriented vertically relative to the graphene sheet

(Figure 2e), (iv) VA: vertical OH bond pointing away from the graphene sheet (Figure 2f),

(v) BA: both OH bonds pointing away from the graphene sheet (Figure 2g), and (vi) BP:

both OH bonds oriented parallel to the graphene sheet (Figure 2h).

For the negatively charged graphene sheet (Figure 2j), P(cos θDW, cos θHH) is denser for

cos θDW < 0, indicating that most water molecules in the L1 layer adopt VT, BT, and

VE configurations. As the graphene sheet becomes neutral (Figure 2k), the distribution

shifts to the right, with high density in the VA configuration and the region between BT

and BP configurations, with some molecules contributing to VT and VE configurations.

When the graphene sheet is positively charged (Figure 2l), nearly all molecules adopt VA,

BA and BP configurations, leaving no configurations with cos θDW < 0. This variation of

P(cos θDW, cos θHH) demonstrates that water molecules orient their OH bonds toward a neg-

atively charged graphene sheet and reorient them away as the graphene sheet becomes posi-

tively charged. Additional analyses are reported in the Supporting Information. Specifically,

the difference in P(cos θDW, cos θHH) distributions between neutral and charged graphene

sheets is shown in Figure S2, while Figure S3 shows the molecular orientation distribution

as a function of q for five water layers.

HD-vSFG spectrum of the graphene/water interface. To establish a direct link

between molecular orientations and structural arrangements identified in the MD simula-

tions and experimentally measurable quantities, we calculated the HD-vSFG spectrum of

the graphene/water interface at 298 K using Te-PIGS simulations, which effectively account

for NQEs and, therefore, enable realistic comparisons between the experimental and sim-

ulated spectra. Analogous HD-vSFG spectra calculated from classical MD simulations are

reported in the Supporting Information. Figure 3 shows the imaginary component of the

HD-vSFG spectra calculated from Te-PIGS simulations of the graphene/water interface for

graphene sheets with varying positive and negative q values. The HD-vSFG spectra were
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Figure 3: HD-vSFG spectra of the graphene/water interface at 298 K calculated for the SSP
polarization combination using Te-PIGS simulations at varying graphene charge values. The
spectra are shown for five water layers: L1, L2, L3, L4, and L5. Dashed black lines in L1
track the positions of the negative and positive peaks as the graphene charge varies.

calculated for the SSP polarization combination, where S and P denote laser polarizations

parallel and perpendicular to the interface, respectively, using the autocorrelation function

scheme discussed in Ref. 6 (see Supporting Information for details). The effects of dipole

moment and polarizability cross-correlation terms are investigated in Figures S7 and S8 of

the Supporting Information. For neutral graphene sheets, the Te-PIGS HD-vSFG spectrum

calculated for water molecules in the L1 layer (Figure 1) reveals two prominent peaks in

the OH stretching region: a sharp peak at 3700 cm−1 corresponding to the dangling OH

bonds and a broad band at 3450 cm−1 associated with hydrogen-bonded OH bonds. As q

becomes more negative, the water OH bonds orient toward the graphene sheet, increasing

the intensity of the dangling OH peak while decreasing the intensity of the hydrogen-bonded

OH peak. Conversely, when the graphene sheet is made more positively charged, the inten-

sity of the dangling OH peak decreases, and the intensity of the hydrogen-bonded OH peak

increases. Notably, the frequency of the dangling OH peak in the neutral graphene/water

interface is found to be red-shifted by 20 cm−1 compared to the free OH peak observed at

the air/water interface, indicating that the graphene sheet interacts with the free OH group,

weakening its bond strength in a manner similar to that reported in Ref. 29. Te-PIGS sim-

ulations of the HD-vSFG spectra of the graphene/water interface predict that the dangling

OH peak exhibits slightly higher intensity and a broader width compared to the analogous

peak at the air/water interface, consistent with previous findings in Ref. 58 (see Figure S8

in the Supporting Information). Interestingly, the position of the dangling OH peak in the
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HD-vSFG spectra calculated for varying q values follows a trend similar to the G-band in the

Raman spectra of graphene observed experimentally, as the graphene surface charge varies

from negative to positive.9,59 Importantly, the Te-PIGS simulations also show that accurately

accounting for NQEs results in a red shift of approximately 150 cm−1 in the HD-vSFG spec-

trum of the graphene/water interface relative to the corresponding spectrum calculated from

classical MD simulations (see Figure S6 in the Supporting Information). This shift is slightly

smaller than the 175 cm−1 red shift calculated for the analogous HD-vSFG spectrum of the

air/water interface calculated from classical MD and centroid molecular dynamics (CMD)

simulations with MB-pol.5,6

The impact of graphene surface charge on the contributions to the HD-vSFG spectra from

deeper water layers is particularly intriguing. For a neutral graphene sheet (q = 0.0e), the

spectral contribution from water layers beyond L2 is negligible, as expected for a centrosym-

metric bulk medium. However, in the presence of charged graphene sheets, contributions to

the HD-vSFG spectra from these deeper layers become significant. As the graphene sheet

becomes negatively charged, the intensity of the hydrogen-bonded band becomes more pos-

itive, while the peak at 3700 cm−1 becomes more negative. Conversely, for the positively

charged graphene sheet, the hydrogen-bonded band becomes more negative, and the peak

at 3700 cm−1 becomes more positive. These changes in the contributions to the HD-vSFG

spectra from different water layers arise as the OH bonds of hydrogen-bonded molecules

increasingly align toward the negatively charged graphene sheet. This is further illustrated

in Figure S4, where the HD-vSFG spectrum calculated for q = −0.02e displays a positive

peak in the hydrogen-bonded region that increases with depth. A similar trend has been

observed in MD simulations of electrode/aqueous electrolyte interfaces.10

Given the significance of bulk contributions in shaping the vSFG response, it becomes

essential to quantify the role of the bulk third-order susceptibility, χ(3), which accounts for the

influence of the interfacial electric field on the deeper water layers. Unlike the second-order

susceptibility, χ(2), which is sensitive to water molecules near the interface where inversion
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symmetry is broken, the third-order susceptibility, χ(3), arises from regions within the bulk

allowing water molecules farther from the interface to contribute to the vSFG signal. This

is particularly relevant near charged or highly polarizable interfaces, where the electric field

penetrates into the bulk, aligning water dipoles and creating a structured response that can

subtly alter the corresponding vSFG spectra.41 However, as illustrated in Figure S5 of the

Supporting Information, the χ(3) contribution to the HD-vSFG spectra of both neutral and

charged graphene/water interfaces appears around 3200 cm−1 and is an order of magnitude

smaller than the χ(2) contribution, resulting in minimal effects on the HD-vSFG spectra. This

indicates that, while χ(3) contributions are present, their impact on the overall HD-vSFG

response is negligible in comparison to the dominant χ(2) contributions.

Spectral decomposition. To pinpoint the origins of the various spectral features, we

decomposed the HD-vSFG spectra from the L1 and L2 layers according to molecular ori-

entations and hydrogen-bonding topologies. In the analysis of molecular orientations, all

water molecules were grouped into four categories: (i) BA, (ii) VA, (iii) BT, and (iv) VT,

resembling the definitions introduced in Figure 2. BP and VE configurations defined in

Figure 2 are ignored as they do not contribute to the HD-vSFG spectra in the SSP po-

larization combination considered in this study. In the case of water molecules in the L1

layer in contact with a neutral graphene sheet, Figure 4 shows that BA molecules contribute

to a negative hydrogen-bonded OH band at 3500 cm−1, VA molecules contribute to both a

negative peak at 3450 cm−1 and a positive peak at 3700 cm−1, BT molecules contribute to

a positive peak at 3500 cm−1, and VT molecules contribute to both a positive peak at 3700

cm−1 and a negative peak at 3450 cm−1. As the graphene becomes more negatively charged,

the intensity of the peak due to BA molecules decreases, while the intensities of the peaks

due to BT and VT molecules increase.

For neutral graphene sheets, the analysis of the contributions to the HD-vSFG spectra

from water molecules in the L2 layer reveals that most spectral features resemble those of
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Figure 4: Spectral decomposition of the Te-PIGS HD-vSFG spectra of the graphene/water
interface at 298 K for varying graphene surface charges calculated for the SSP polarization
combination considering water molecules in the L1 (top row) and L2 (bottom row) layers.
In this analysis, water molecules are classified according to their molecular orientations: (a)
BA: both OH bonds pointing away from the surface, (b) VA: vertical OH bond pointing
away from the surface, (c) BT: both OH bonds pointing toward the surface, and (d) VT:
vertical OH bond pointing toward the surface.

molecules in the L1 layer. There are, however, some differences. Notably, VT molecules in

the L2 layer are responsible for a positive peak at 3450 cm−1 and a negative peak at 3700

cm−1, opposite to what is observed for VT molecules in the L1 layer. This can be understood

by considering that vertical OH bonds of VT molecules in the L1 layer are stronger because

they are dangling OH bonds not involved in hydrogen bonding. However, for molecules in

the L2 layer, these vertical OH bonds engage in hydrogen bonding, causing them to weaken

and shift to lower frequencies. In contrast, the non-vertical OH bonds of VT molecules

in the L1 layer are initially weaker, as electron density is drawn toward the vertical OH

bonds. This electron migration results in the non-vertical OH bonds in the L2 layer gaining

electron density, which, in turn, cause them to strengthen and shift to higher frequencies.

Importantly, for a neutral graphene sheet, the contributions from BA and BT molecules

within the L2 layer cancel each other, as do the contributions from VA and VT molecules.

However, for charged graphene sheets, because of unequal populations of molecules pointing

their OH bonds toward and away from the graphene sheet, the contributions from BA and

BT molecules in the L2 layer do not fully cancel, resulting in an intense positive (negative)

peak in the hydrogen-bonded region in the case of a negatively (positively) charged graphene
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Figure 5: Spectral decomposition of the Te-PIGS vSFG spectrum at 298 K for varying
graphene surface charges. The analysis categorizes water molecules by hydrogen bonding
topologies, (a) 1D-1A, (b) 2D-1A, (c) 1D-2A, and (d) 2D-2A in L1 (upper row) and L2
layers (lower row). All vSFG spectra were calculated for the SSP polarization combination.

sheet. Moreover, for charged graphene sheets, the contributions from VA and VT molecules

in the L2 layer also do not fully compensate resulting in a high-frequency positive (negative)

peak in the case of a positively (negatively) charged graphene sheet.

Additional insights into the structure of water at the interface with neutral and charged

graphene sheets are gained from analyzing the underlying hydrogen-bonding topologies. Fig-

ure 5 illustrates the decomposition of the HD-vSFG spectra into contributions from single

donor-single acceptor (1D-1A) molecules (a), double donor-single acceptor (2D-1A) molecules

(b), single donor-double acceptor (1D-2A) molecules (c), and double donor-double acceptor

(2D-2A) molecules (d) in the L1 and L2 layers. In the L1 layer, VT and BA molecules exhibit

1D-2A and 2D-1A hydrogen-bonding topologies, respectively, whereas in the L2 layer, most

molecules adopt a 2D-2A hydrogen-bonding topology. The similarity between the spectral

decompositions from quantum Te-PIGS simulations (Figures 4 and 5) and from classical MD

simulations (Figure S9 and Figure S10) demonstrates that NQEs do not affect the structure

and hydrogen-bonding topolgies of water molecules at the interface of both neutral and

charged graphene sheets.

Comparisons with experimental results indicate that the Te-PIGS HD-vSFG spectra for

water in the L1 layer are consistent with recent measurements on neutral substrate-free

graphene,29 showing a positive dangling OH peak. A direct comparison with the experi-
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mental spectra reported in Ref. 9 is not possible, as those experiments were performed on a

graphene sheet supported on CaF2 substrate. Nevertheless, the Te-PIGS HD-vSFG spectra

follow the same frequency shift and peak intensity trends observed in the experiments con-

ducted for both positively and negatively charged graphene sheets. Moreover, the Te-PIGS

HD-vSFG spectra calculated for water molecules in the L1 and L2 layers, as the graphene

charge varies from positive to negative, are consistent with the experimental decomposition

into surface and bulk contributions.

Conclusions

In this study, we combined the MB-pol data-driven many-body potential with path-integral-

based quantum simulations to investigate the structure and vibrational response of water at

neutral and charged graphene interfaces, revealing how varying surface charges influence the

orientation and hydrogen-bonding topologies of interfacial water molecules.

For neutral graphene, water molecules primarily adopt configurations with a vertical OH

bond pointing away from the interface. As the surface charge becomes increasingly negative,

configurations with vertical OH bonds pointing toward the interface become dominant. Con-

versely, positive charges on graphene promote configurations where water molecules orient a

vertical OH bond away from the interface. These charge-induced structural rearrangements

result in specific spectral features associated with molecules in the first interfacial layer, in-

cluding a pronounced dangling OH peak from molecules with vertical OH bonds pointing

toward negatively charged graphene and a broader hydrogen-bonded band from molecules

with one or both OH bonds oriented away from the graphene sheet. These structural mo-

tifs extend into deeper water layers, creating an imbalance in the population of molecules

with OH bonds pointing toward and away from the graphene sheets suggesting that charged

graphene sheets can modulate the properties of water even in subsurface layers.

Comparisons with recent measurements show that the simulations capture all trends
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observed in the experimental HD-vSFG spectra, including intensity variations in the dan-

gling OH peak and hydrogen-bonded OH band, as well as electric-field-induced vibrational

frequency shifts. The agreement between experimental and simulated HD-vSFG spectra pro-

vides strong evidence for the realism of the MB-pol potential, highlighting the importance of

accurately representing many-body interactions and incorporating nuclear quantum effects

to model vibrational spectra of water across different environments. Future work will explore

the effects of graphene polarizability60 and dynamic flow conditions26 to refine the molecular

understanding of neutral and charged graphene/water interfaces, offering further insights for

designing advanced materials for applications ranging from energy storage to catalysis and

filtration.

Methods

Molecular dynamics simulations. The initial configuration of graphene/water interface

was prepared using MakeGraphitics library61 and PACKMOL.62 All simulations were carried

out in periodic boundary conditions for a water slab containing N = 512 water molecules

with two graphene sheets on either side each with 180 carbon atoms. The graphene sheet was

modeled using the three-body Tersoff potential63,64 and the non-bonded interactions between

MB-pol water and the graphene carbon were described by a Lennard-Jones potential, whose

parameters were optimized using the Lorentz-Berthelot mixing rule. The classical vSFG

spectra were calculated from classical MD simulations in the NVE ensemble performed using

MBX65 combined with LAMMPS.66 The quantum vSFG spectra were calculated from Te-

PIGS simulations performed using MBX65 combined with DeePMD67 and i-PI68 with MB-

pol + QC@MB-pol (quantum correction potential) in the NVE ensemble. Specific details

about the training and validation of the quantum correction QC@MB-pol potential and

Te-PIGS simulations are discussed in the Supporting Information.
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vSFG spectrum calculations. The many-body dipole moment surface (MB-µ) and po-

larizability surface (MB-α) were used to compute the dipole moments and polarizability

tensors.69 The second-order susceptibility χ
(2)
ijk(ω) was calculated from the Fourier transform

of the time correlation function (TCF) of the dipole moment and polarizability tensor.70,71

The total time correlation function was computed as a sum of the autocorrelation function

and truncated cross-correlation function over all water molecules within a cutoff distance

of 4.0 Å.5,6 The bulk χ(3) contribution was computed with a χ(2)/χ(3) scaling factor of 120

using the methods mentioned in 72–74. Further details of the vSFG spectra and spectral

decomposition calculations are discussed in the Supporting Information.
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