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Abstract

In the present work we have studied the effect of an external electric field of strength ±
0.01 V/Å on the water molecules at the water-air interface using ab-initio molecular dynam-

ics. We calculated the vibrational sum-frequency generation spectra using surface-specific

velocity-velocity correlation functions and used it to interpret the preferential orientation of

interfacial water molecules in the presence of field. Further, we use the time-averaged fre-

quency distribution and frequency correlation functions to calculate the rate of vibrational

correlation loss. The rate at which hydrogen bonds under breaking and reformation at inter-

face and in the presence of field is explored using time-dependent vibrational sum-frequency

generation spectroscopy. We find that OH modes show faster rate of frequency correlation

loss with a timescale of 4.7 ps at the presence of an external field, as compared to 5.7 ps

under ambient conditions.

————————————–
†Email: d.ojha@hzdr.de
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1 Introduction

The role of water as a solvent and its ability to facilitate the chemical reactions at in-

terfaces/surfaces is of huge significance in chemical, physical, atmospheric and biological

sciences1,2. In contrast to bulk, the water molecules at interface are characterized by a

nonuniform density, asymmetrical solvent environment and weaker hydrogen bonding which

may play a vital role in surface-specific reactive processes like “ on-water” catalysis3–6. The

molecular orientation, vibrational Eigenstates and the hydrogen-bonding within the water

molecules at interfaces can be studied using the technique of vibrational sum-frequency gen-

eration (vSFG) spectroscopy which involves simultaneous irradiation of the system with a

visible and infrared radiation7–9. Moreover, ultrafast vibrational energy transfer and in-

terfacial reaction catalysis can also be monitored using the time-resolved vSFG which is

implemented using an infrared (IR) pump vSFG probe sequence10,11. In computational stud-

ies, the second order susceptibility as a response of simultaneous vis/IR pulse irradiation

is obtained from dipole-polarisability cross-correlation functions12–14. Further, instantaneous

fluctuations in dipole moment and polarisablity tensor components of the irradiated molecules

is obtained using empirically established linear maps between dipole moment/polarisability

and force/potential acting on the molecule during the course of classical simulation14–16.

Similarly, ab-initio molecular dynamics (AIMD) based approaches use maximally localized

Wannier functions (MLWFs) of the molecules to obtain instantaneous fluctuation in dipole

moments17. The polarisability tensor components can be obtained by finite difference method

based differentiation of the dipole moment with respect to externally applied static electric

field. The spread of the maximally localized Wannier functions/centers can also be corre-

lated to the fluctuation in polarisability tensor component for the given mode and thus used

to obtain ’on-the-fly’ vSFG of the interfacial molecules in a computationally inexpensive

manner18. Furthermore, time-dependent vSFG (TD-vSFG) can also be computationally ob-

tained by selectively sampling the vibrational modes in a Eigenstate which is experimentally

equivalent to irradiation by the corresponding pump pulse19. Subsequently, the vibrational

spectral diffusion, interconversion rates to different accessible vibrational states and inter-

conversion rate from one molecular orientation to the thermodynamically equilibrium state

2
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can be obtained19–21.

AIMD based simulations have shown that in the presence of strong static electric field of the

strength 0.35 V/Å or greater can lead to water dissociation22. Also, the field strength of 0.25

V/Å leads to strong structural ordering in the local hydrogen bond network as seen in radial

distribution functions as well as vibrational spectra and molecular entropy23. For a static

electric field of strength 0.25 V/Å, the vibrational distribution of OD stretch of liquid D2O

shows a redshift of 90 cm−1 and slower vibrational spectral diffusion rate of nearly 5 ps as

compared to that of 2 ps under ambient conditions23,24. The infrared and Raman spectra of

liquid water in presence of electric field has also been studied using AIMD simulations25. The

spectral region corresponding to the OH stretch demonstrated a red shift owing to strong

hydrogen-bond network or ’ice-like’ local molecular structure. Also the spectra of librational

modes corresponding to collective motion of water molecules demonstrated a strong shoulder

peak due to induced dipolar interactions25. The asymmetrical solvent environment at the

aqueous interface leads to an intrinsic electric field. The preferential orientation of water

molecules, preferential solvation of ions on the interface and ’on-water’ catalysis are example

of intrinsic potential driven chemical processes. In contrast, the rate of chemical reactions

and the associated free-energy barrier can also be modified by applying ultrafast electric

field pulses or by static external field26,27. The strength and direction of external field can

be manipulated in experiments in contrast to an internally generated field. Accordingly, to

develop an understanding of chemical reactions at the interfaces it is necessary to charac-

terize the structure, dynamics and local hydrogen bond network of water molecules near

interfaces. However, experimental characterization of interfacial water molecules in presence

of strong field is a challenging task. In this regard, molecular dynamics based simulations

by incorporating the external field potential in the Hamiltonian of the system can be easily

used to study the structure, dynamics and spectroscopy of interfacial molecules under ex-

treme conditions28–30. Further, in AIMD based simulations, forces for temporal propagation

of system are calculated by solving the electronic wavefunction of the complete system within

the ambits of density functional theory and the field-matter interaction is included in the

total Hamiltonian of the system using Berry-phase formulation of electric polarization which

3
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enables us to study interface in presence of perturbation in an accurate manner31,32.

Here we present the time-resolved vibrational spectroscopic study of water molecules at the

water-air/water-vaccum interface in presence of static electric field of the strength± 0.01 V/Å

using AIMD. The preferential orientation of water molecules on the interface is interpreted

using the vSFG spectrum of the OH modes at the water-air interface. Further, we also

calculate time-averaged vibrational spectral density which is equivalent to vSFG spectrum

within inhomogenous limits. The vibrational spectral density also gives an estimate of time-

averaged orientation of dipoles on the interfaces. Further, vibrational frequency distribution

of OH modes is obtained using the wavelet transform of the time-series generated from

simulation trajectory. The rate at which the interfacial hydrogen bond network undergoes

rearrangement is also obtained by calculating interfacial OH mode correlation function decay.

We also use TD-vSFG to obtain the interconversion rates between the hydrogen-bonded and

free OH modes for the interfacial water molecules in presence of an external field. The

air-water interface is simulated in the presence of a homogeneous static electric field of the

strength ± 0.01 V/Å, and compared to the air-water interface in ambient conditions without

any external field perturbation. The chosen electric field strength is such that it can modify

the reaction barriers without dissociating water22,23.

2 Computational Details

The AIMD simulation of air-water interface comprising of 216 water (H2O) molecules at

the liquid water density were performed using CP2K33. The air-water interface was gener-

ated by creating a rectangular box of the edgelength 18.65 A along the x and y dimensions

and 93.22 A in the z dimension. The electronic structure calculations were performed using

the QUICKSTEP module which is based on the mixed Gaussian and plane waves (GPW)

approach34. The valence Kohn-Sham orbitals were expanded in the terms of contracted

Gaussians using the DZVP-MOLOPT basis set35. The core electrons were represented us-

ing the norm-conserving Goedecker-Teter-Hutter (GTH) pseudopotentials36,37 and a density

cutoff of 300 Ry was used for the auxiliary plane wave basis set. The contributions of the

unknown exchange correlation functional were incorporated using the generalized gradient

4
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approximation based BLYP functional along with the Grimme’s third order correction to

dispersion38–40. It is important to note that the structure, dynamics, phase diagram and

infrared spectrum of the liquid water as obtained from the AIMD simulations duly incor-

porating the London dispersion corrections were found to be in greater agreement with the

experiments41. The static electric field of strength ± 0.01 V/Å, was applied along the z-

axis based on the Berry phase formulation and implemented in CP2K31,32. The water-air

interface under ambient conditions and without any external perturbation was also simulated

for the purpose of comparison. The three systems were equilibrated in NVT ensemble for a

duration of 10 ps using a timestep of 0.5 fs. The correlation functions, vibrational frequency

using wavelet transforms were obtained from the 25 ps long simulation trajectory generated

in NVE ensemble. The interfacial water molecules were categorized using the identification

of truly interfacial molecules (ITIM)42 scheme using a probe sphere of 2 Å as done in our

earlier studies18–20,43. The water molecules at the interface are identified at each step from

the simulated trajectory to take into account dynamic nature of the interfacial water layer.

The number of water molecules at the interface for the 0.01, -0.01 V/Å and in ambient con-

ditions were 64, 63 and 63 respectively. In Figure 1, a representative snapshot of the topmost

layer of water molecules at the interface as obtained using ITIM on the AIMD trajectory is

shown.

3 Results

The orientational profile of the interfacial molecules can be indirectly revealed using the

imaginary part of the second order susceptibility from molecular simulations7–9. In Figure 2,

we have shown the imaginary component of the the second order susceptibility for the air-

water interface in the presence of the electric field of strength (± 0.01 V/Å ) and compared

the spectra with that of with the interfacial system in the absence of an external field . The

second order susceptibility is calculated using surface-specific velocity-velocity correlation

function (ssVVCF)19–21,44 approach. Mathematically is given as,

5
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Figure 1: A representative snapshot of the water-air interface obtained from AIMD simula-
tion in presence of static field of strength 0.01 V/Å. The topmost layer identified using ITIM
algorithm.
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Figure 2: The Imaginary xxz component of the second order susceptibility (χ2
xxz) of the OH

mode of water molecules at the water-air interface in the presence of external field of strength
± 0.01 V/Å and in the ambient conditions.

χ
(2)
abc(ω) =


µ

′
strα

′
str

iω2

∫ ∞
0

dt e−iωt ×

〈∑
i,j

ṙOH
c,j (0)

˙̃r
OHj

(t) · r̃OHj(t)∣∣∣~rOH
j (t)

∣∣∣
〉
, a = b

0, a 6= b.

(1)

Here, rOH
j and ṙOH

j refer to the intramolecular distance and velocity, respectively, of a given

OH mode. Further, χ(2), µ
′
str, and α

′
str are the second order susceptibility, dipole moment

and the polarisablity of the OH stretching mode respectively. The vSFG spectrum of the

air-water interface in absence of electric field has been widely studied in simulations as well in

experiments7–9,14,18–20. The instantaneous fluctuations in the derivative of dipole moment of

OH mode (µ̇k) is approximated µstr.ṙ
OH
k i.e the kth component of velocity vector along the OH

mode. Similarly, the diagonal components of polarisability tensor are approximated as inner

product of ṙOH
j and unit vector

−−→
rOH
j∣∣∣∣−−→rOH
j

∣∣∣∣ . The ssVVCF approach and its theoretical foundation
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is discussed in details in Ref.44. To calculate the vSFG spectrum, we selectively calculate

the dipole moment and polarisability for the OH modes of interfacial water molecules only

as identified using ITIM algorithm. In our previous work43, we have shown that the contri-

butions from the second and third interfacial layer to the vSFG spectrum is marginal. The

pre-integral constants i.e. µstr and αstr are assumed unity in our calculations. As seen in

Figure 2, the spectrum is characterized by a positive intensity peak centered around 3700

cm−1 which is often attributed to the free/dangling OH modes and are projecting towards

the vaccum/air14,18. Further, there is a broad negative intensity peak centered around 3500

cm−1. The OH modes which have intermolecular hydrogen bonds and the dipoles pointing

inwards toward the bulk water molecules contribute to this region of the spectrum18. The

OH modes which are parallel to the water-air interface or which have dipole vectors along the

xy plane are insensitive to vSFG probe19. Now we examine the vSFG spectrum of interfacial

water molecules in presence of external field. For the field strength of + 0.01 V/Å along the

z-axis, water molecules are energetically stabilized on aligning the dipole vectors towards the

air/vaccum. Accordingly, in comparison to water-air interface under ambient conditions, the

positive peak centered around 3700 cm−1 remains predominantly unchanged but the spectral

region in between 3100-3700 cm−1, the intensity magnitude is essentially of positive magni-

tude. The change in intensity of the vSFG spectrum in presence of 0.01 V/Å in the spectral

range of 3100-3700 cm−1, implies that the interfacial water molecules which are hydrogen

bonded are also aligned toward the vaccum. Further, the interfacial water molecules in the

presence of - 0.01 V/Å , energetically favorable orientation is such that the water dipoles

are aligned towards the bulk. Accordingly, the peak intensity of broad peak centered around

3500 cm−1 shows significant increase. On the other hand, the sharp peak around 3700 cm−1

has comparable loss in peak intensity. In nutshell, the orientation of water molecules at the

interface can be modified using external field. The change in the orientational profile on the

interfacial water molecules by application of external field along different directions demon-

strates that the reactions at interfaces and their mechanism and free energy barrier can be

systematically modulated by using external fields. The connection between the orientation of

dipole vector of OH modes with the vSFG spectrum can be elucidated using the vibrational

8
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Figure 3: Time averaged vibrational spectral density of the OH modes of the interfacial
molecules in the presence of external field of strength (a) 0.00, (b) -0.01, and (c) +0.01 V/Å
respectively.

spectral density5 of the interfacial water molecules which is mathematically defined as

Wijk(ω) =
〈
αij(0).µk(0).δ(ω − ω(0))

〉
. (2)

where Wijk is the vibrational spectral density, αij and µk are the polarisability component

along the ij axis and dipole vector projected along k axis at a given time instant t = 0. Sim-

ilarly, ω(0) is vibrational frequency of the given mode at time instant t = 0. The vibrational

frequency of OH modes is obtained using the wavelet transform of the time-series constructed

as the complex function with its real and imaginary parts corresponding to the instantaneous

bond length and the momentum projected along the OH mode i.e.

f(t) = δrOH(t) + iδpOH(t). (3)

The method is described in details in our earlier works45,46. Mathematically, we can define the

vibrational spectral density (Wxxz(ω)) as time-averaged frequency distribution of interfacial

OH modes weighted by their respective dipole-polarisability ( µk.αxx ) inner product . Here,

the µ(k) which is the kth component of OH dipole vector determines how the contributions

9
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enhances the overall sign of vibrational spectral intensity. For the cases in which the OH

dipole vector is oriented towards the air/vaccum, the µ(k) is positive valued whereas for the

cases in which the OH mode dipole is pointing towards the bulk it takes a negative value.

This is evident in Figure 3 (a) where the spectral density of interfacial OH modes in absence

of external field is shown. The distribution captures both peaks of vSFG spectrum of water-

air interface in ambient conditions originating from the free OH dipoles aligned towards

the air and bonded OH dipoles which are pointing inwards in the bulk. Next we analyze

how the field can modify the overall orientational profile of the interfacial water molecules.

For the field of - 0.01 V/Å, we again notice that the frequency region corresponding to

hydrogen-bonded OH modes around 3000-3700 cm−1 has overall increase in intensity with

respect to ambient conditions as also seen in the vSFG spectrum. Finally, we examine

third case corresponding to field strength of 0.01 V/Å. While the frequency domain of

3700-3900 cm−1 has its characteristic peak related to free/dangling OH modes, the region in

between 3000-3700 cm−1 has relatively flat distribution. This is mainly due to the fact that

in presence of external field the orientation towards the air/vaccum is energetically favored.

Since the vibrational spectral density is defined as the inner product of the instantaneous OH

frequency with the associated dipole moment and polarizability component, its convergence

and agreement with vSFG spectra is expected to improve further with increased sampling.

Moving ahead, we analyze the time-averaged vibrational frequency distribution of the inter-

facial OH modes as obtained from the wavelet transform for all three systems as shown in

Figure 4. The time-averaged frequency of OH modes in the topmost interfacial layer for the

field strength of 0.01 V/Å irrespective of the field vector direction is 3494 cm−1. In contrast,

the average vibrational frequency of OH modes at the interface in ambient conditions is 3484

cm−1. Thus we can infer that there is marginal blue shift of nearly 10 cm−1 induced by

the external field. Further, with respect to bulk with average frequency of 3424 cm−1, the

interfacial water molecules show a blue shift 70 cm−1. Finally, if we qualitatively examine the

frequency distribution of OH modes for all three systems, the distribution is predominantly

Gaussian with a sharp shoulder peak around 3700 cm−1 corresponding to free/dangling OH

modes.
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Figure 4: Time-averaged vibrational frequency distribution of the OH modes of the water
molecules at the water-air interface in presence of external field of strength (a) 0.00, (b) -0.01
and (c) +0.01 V/Å respectively.

While the static orientational or structural profile of water molecules can be modified using

the perturbative electric field, can we modify the dynamics of interfacial water molecules

using the field? In the next step, we have tried to answer the question by calculating the

frequency-frequency correlation function (Cωω(t)) of the OH modes of the water molecules

at the interface as well as the of water molecules in the bulk in the presence of external field

and in the ambient conditions. The frequency correlation function is mathematically defined

as,

Cωω(t) =
〈
δω(0) · δω(t)

〉
. (4)

The time-dependent decay of frequency correlation for the interfacial as well as non-interfacial

water molecules for different field strengths is shown in Figure 5. The temporal decay of

frequency correlation at the interface is slower in comparison to that of water molecules

in bulk. Nevertheless, the frequency correlation function for the interface as well as bulk

water molecules shows two characteristic features. There is an ultra-fast sub 100 fs regime

which corresponds to hindered/frustrated oscillations of OH modes with their intact hydrogen

bonds. Further there is a slower component of the correlation decay which extends upto

a several picoseconds which is predominantly related to the hydrogen-bond lifetime. The

timescale associated with these two regime can be obtained using a bi-exponential fit function

11
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Figure 5: Time-dependent decay of the FTCFs of OH modes of water molecules for the field
strength of 0.00, 0.01 and -0.01 V/Å at the (a) water-air interface and (b) in bulk.

as shown below,

f(t) = a0exp(−
t

τ0
) + (1− a0)exp(−

t

τ1
), (5)

where τ0 and τ1 are the time-constants corresponding to the characteristic timescale associ-

ated with the restricted vibrational motion and the life time of a hydrogen bond for the water

molecules at the interface as well as in the bulk. For the OH modes of water molecules in

bulk as well as the interface the ultrafast sub 100 fs motion is not influenced by the electric

field perturbation. The time constant τ0 was found to be nealy 70 fs for all six cases corre-

sponding to bulk and interface at different field strength. The timescale (τ1) corresponding to

hydrogen bond rearrangement for the OH modes in the bulk excluding the water molecules

at the interface was found to be 2.5 ps for ambient conditions as also reported in earlier

simulation and experimental studies. In contrast, for water molecules in bulk at the field

strength of 0.01 and -0.01 V/Å was found to be marginally faster i .e., 2.00 and 2.20 ps re-

spectively. Using the same fit function, we obtained the timescale associated with hydrogen

bond dynamics at the interfaces and the time-constant (τ2) for the field strength of 0.00, 0.01

and -0.01 V/Å is 5.70, 5.00 and 4.70 ps respectively. The water molecules at the interface

are in an asymmetrical environment such that on an average the water molecule is not tetra-

hedrally hydrogen bonded with the neighboring water molecules. Accordingly, the rate of
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breaking and reformation of hydrogen bond is reduced at the interface and thus the slower

time constants for hydrogen-bond rearrangement as mentioned above. Further, the electric

field in case of negative field which energetically favor water molecules to orient towards the

bulk, we observe relatively faster hydrogen bond dynamics and thus a time-constant of 4.7

ps.

The frequency correlation functions as obtained for the interface and bulk provide the

timescale at which water molecules undergo lose the memory of their initial vibrational state.

These time-constants are obtained by averaging over all the OH modes irrespective of the

fact whether they were initially hydrogen-bonded or dangling/free/non-hydrogen bonded.

The method of time-dependent vSFG (TD-vSFG) can be used to study the temporal evolu-

tion of frequency resolved OH modes based on their initial vibrational state (being hydrogen

bonded or not). In context to the present study, we will like to understand at what timescale

an OH mode of the water molecule at the water-air interface which is initially hydrogen-

bonded/non-hydrogen bonded breaks/reforms the hydrogen bond in the presence of external

perturbation. The time-averaged vSFG spectrum is mathematically given as13,14,

χ2
abc(ω) =

∫ ∞
0

dteiωt
〈
α̇ab(0) · µ̇c(t)

〉
. (6)

Here as mentioned before, χ2 is the second-order susceptibility, µ is the transition dipole

moment and α is the polarizability of the chromophore irradiated. The time-dependent

vSFG19,20 can be obtained by modifying the equation 6 and explicitly incorporating a time

parameter Tw,

χ2
abc|ω(t′)=ω′ =

∫ ∞
0

dteiωt
〈
α̇ab(t′ + Tw) · µ̇c(t

′ + Tw + t)
〉
. (7)

Accordingly , we can compute the second-order susceptibility of a given vibrational oscillator

provided that the oscillator was vibrating at a frequency ω′ at a time instant t′. The time

parameter Tw enables us to temporally resolve the vSFG of the OH mode. We can calculate

the vSFG of OH mode for different values of the Tw after selecting the OH modes which are

at the time instant t′ in the vibrational state ω′. The time-dependent vibrational frequency

of the OH modes as required in the equation 7 is already calculated using the short-window
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wavelet transform of the time-series constructed using the fluctuations in the bond length and

momentum projected along the OH mode. The concept and application of computational

TD-vSFG are discussed elsewhere19–21.

Now we discuss the TD-vSFG spectra of the OH modes interfacial water molecules for the

cases corresponding to the field strength of 0.00, -0.01 and 0.01 V/Å. We calculate the

TD-vSFG of the OH modes by dividing the OH stretching frequency domain of 3000-3900

cm−1 into two domains of 3000-3700 and 3701-3900 cm−1 corresponding to the bonded and

free/dangling OH modes respectively and the TD-vSFG spectra are shown in Figure 6. Com-

putationally, we have calculated the vSFG spectra of the water molecules based on their vi-

brational excitation frequency within the range of 3000-3700 cm−1 corresponding to a broad-

band IR pulse excitation. The TD-vSFG spectra of the hydrogen-bonded OH modes of the

interfacial water molecules corresponding to the waiting times Tw = 0, 100, 500, 1000, 2000

and 3000 fs at 0.00 V/Å field strength is shown in Fig 6 (a). The vSFG spectrum of the

bonded OH modes for the waiting time of Tw = 0 fs corresponding to the the impulsive limit

is a a broad mono peak of negative intensity centered around 3400 cm−1. However, with the

increase in waiting times like Tw = 100, 500 fs, bonded OH modes can undergo breaking of

hydrogen bonds and thus rises a positive intensity peak centered around 3700 cm−1. Further,

for Tw = 1 ps we see that peak intensity continues to increase and eventually saturates to

the equilibrium peak height by 3 ps. Thus we infer, for a non-equilibrium state prepared by

broadband IR pulse of 3000-3700 cm−1 reaches equilibrium hydrogen bond network at the

network in 3 ps. Next we look at the case of temporal evolution free/dangling OH modes in

TD-vSFG for the waiting times Tw= 0, 100, 200, 1000, 2000 fs respectively. For the waiting

time Tw=0 fs, there is strong positive intensity peak centered around 3700 cm−1 indicating

all the OH modes contributing to the spectrum are free or dangling OH modes within their

orientation along the vaccum/air. For the TD-vSFG spectra measured after the interval of

100 and 200 fs, we see the broad negative intensity peak in the frequency domain of 3000-3700

cm−1 becomes observable and gradual increase in the intensity in proportion to the waiting

time. Finally, for the large waiting times of 2 ps, the intensity of broad peak for the bonded

OH modes becomes comparable to time-averaged vSFG spectrum.
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Further, we now explore the TD-vSFG spectra of the bonded OH modes of the interfacial

water molecules in the presence of external field strength of -0.01 V/Å as shown in Figure

6 (c). We have calculated the TD-vSFG of the bonded OH modes with the vibrational

frequency within range of 3000-3700 cm−1 for the waiting times Tw = 0, 100, 500, 2500 and

4000 fs respectively. For Tw = 0 fs, again we have a broad negative intensity peak implying

within impulsive limits all the OH modes are in their initial HB bonded state and oriented

towards the bulk. For waiting times 100 and 500 fs, we see increase in the positive intensity

peak centered around 3700-3900 cm−1. The bonded OH modes allowed to relax for longer

waiting times of the duration 2500 or 4000 fs shows saturated peak intensity of free/dangling

OH modes. Similarly, we calculated the TD-vSFG spectra of free OH modes by exciting the

OH modes with an IR pulse of range 3700-3900 cm−1 for waiting times Tw = 0, 100, 200,

500, 1000, 1750 and 4000 fs respectively as shown in Figure 6(d). For the impulsive limit of

Tw=0 fs, we observe a positive high intensity peak centered around 3700 cm−1 which implies

all the OH modes in high frequency domain are pointing towards the air/vaccum interface.

Further, for Tw= 100, 200 and 500 fs, the high frequency peak intensity shows a consistent

drop and the negative intensity region notices an observable increase which indicates that

the free OH modes undergo rearrangement to form hydrogen bonds. Further, for Tw = 1750

fs, we note that the intensity for the both peaks have converged. To illustrate the fact, we

also show the TD-vSFG corresponding to 4000 fs waiting time. Thus we infer that the free

OH modes undergo fast rearrangement within 1.75 ps in presence of an external field of -0.01

V/Å.

Finally, we explore the TD-vSFG of interfacial OH modes of water-air interface in presence

of +0.01 V/Å. For the hydrogen-bonded OH modes we have broadband IR pulse excitation

corresponding to the range of 3000-3700 cm−1 and calculated TD-vSFG for Tw = 0, 100, 500,

1000, 1500, 3000, and 4000 fs respectively as shown in Figure 6 (e). For the waiting time

Tw = 0 fs, the TD-vSFG spectrum is low intensity negative peak around 3400 cm−1 and a

similar positive intensity peak 3550 cm−1. Clearly, for the water molecules at the interface

under +0.01 V/Å, the bonded OH modes are oriented towards the bulk as well as towards

the vaccum owing to greater field induced stabilization. Furthermore, for waiting times Tw

= 100, 500 fs, we also see a characteristic peak around 3700 cm−1 corresponding to those
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free OH modes which are oriented towards the vaccum. On the other hand, the intensity in

the region as divided between the bonded OH modes oriented toward the bulk and vaccum

remains predominantly unchanged. The peak positioned at 3700 cm−1 continues to gain

intensity for the case of 1000, 1500 fs and eventually saturates around 3000 fs which implies

that the bonded OH modes show similar interconversion rate as in the ambient condition.

We similarly examine the interconversion dynamics of free/dangling OH modes to hydrogen-

bonded OH modes using TD-vSFG as shown in Figure 6(f). We calculate the TD-vSFG of

free OH modes for the waiting times Tw = 0, 100, 500, 1000, 1500 and 3000 fs by sampling

the OH modes which have vibrational frequency within the range of 3700-3900 cm−1. For

the case of Tw=0 fs, we have single peak centered around 3700 cm−1 which are also oriented

towards the air/vaccum. With the increase in waiting time i .e. 100, 500 fs, the negative

intensity peak in the region 3000-3700 cm−1 becomes more observable along with consistent

decrease in the intensity of free OH modes peak around 3700-3900 cm−1. We note that by

1500 fs, the negative peak around 3400 cm−1, shallow positive peak around 3550 cm−1 are

distinctly visible and the peak intensity of peak around 3700-3900 cm−1 has also saturated

and doesn’t change significantly even after 3000 fs. The formation of hydrogen bond leads to

stabilization and thus the free OH modes have a stronger propensity to form the hydrogen

bonds as seen in all cases from TD-vSFG. For water molecules in bulk as well as the water-

air interface, nuclear quantum effects (NQEs) are known to effect the structure, dynamics

and vibrational spectrum significantly24,43. On inclusion of NQEs, the vibrational dynamics

of OH modes at the water-air interface shows 35 % faster timescales as compared to that

obtained with classical nuclei43. Similarly, the vSFG spectrum of OH modes gets also shows

overall broadened peaks owing to fluxional nuclei in path-integral MD as compared to classical

simulations43. In our present TD-vSFG study, we have not incorporated the NQEs as the

nuclei are treated classically which we aim to address in future. The interconversion rates

for breaking and reformation of OH modes under ambient conditions as well as in external

field will be investigated using path-integral MDs such that NQEs are accounted for.
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Figure 6: TD-vSFG spectra of the air-water interface in the presence of an external electric
field of strength 0.00 V/Å for (a) hydrogen-bonded OH modes and (b) free OH modes, and
-0.01 V/Å for (c) hydrogen-bonded OH modes and (d) free OH modes, and +0.01 V/Å for
(e) hydrogen-bonded OH modes and (f) free OH modes.
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4 Summary

To summarize, we have studied the vibrational spectroscopy of interfacial water molecules in

the presence of static electric field of strength ± 0.01 V/A. The vSFG spectra and vibrational

spectral density of the interfacial water molecules indicates that the water molecules orient

towards or away from the bulk based on the electric field direction. Further, the frequency

distribution of interfacial OH modes show a marginal blue shift of 10 cm−1 from 3484 to

3494 cm−1 in presence of field. The vibrational dynamics of interfacial water molecules gets

faster in the presence of field from 5.7 ps to 4.7 ps corresponding to change from ambient

conditions to a field of -0.01 V/A. The time-dependent vSFG spectra also shows that the

water molecules show faster interconversion rates to break and reform the hydrogen bonds.

The role of field strength and field direction as explored in this work opens the avenues to a

deeper theoretical understanding of electric field driven processes on the water interfaces.

Data Availability

The AIMD input files and the initial configuration of the water-air interface are available at

ZENDO repository with DOI: 10.5281/zenodo.15462946.
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Data Availability
The AIMD input files and the initial configuration of the water-air interface
are available at ZENDO repository with DOI: 10.5281/zenodo.15462946.
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