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ABSTRACT

ARTICLE HISTORY

We have examined the impact of intermolecular vibrational coupling effects of the O-H stretch
modes, as obtained by the surface-specific velocity-velocity correlation function approach, on the
simulated sum-frequency generation spectra of the water/air interface. Our study shows that the
inclusion of intermolecular coupling effects within the first three water layers, i.e. from the water/air
interface up to a distance of 6 Å towards the bulk, is essential to reproduce the experimental SFG
spectra. In particular, we find that these intermolecular vibrational contributions to the SFG spectra
of the water/air interface are dominated by the coupling between the SFG active interfacial and SFG
inactive bulk water molecules. Moreover, we find that most of the intermolecular vibrational contributions to the spectra originate from the coupling between double-donor water molecules only,
whereas the remaining contributions originate mainly from the coupling between single-donor and
double-donor water molecules.
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1. Introduction
The characterisation of liquid water at aqueous interfaces is complex but essential for understanding physicochemical, environmental and biological processes such
as organic catalysis on water [1], protein folding [2],
atmospheric chemistry [3], electrochemical processes
in aqueous batteries [4] and the function of biological
membranes, as well as membrane proteins [5]. Among
the various aqueous interfaces, the water/air interface
is of special interest since it represents a well-studied
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model system for aqueous interfaces in general [6–8],
which is why it is a good starting point for the present
investigation.
Surface-sensitive vibrational sum-frequency generation (SFG) is presently one of the widely employed
technique to characterise molecules directly at liquid
interfaces [9–12]. The surface-sensitivity is due to the
fact that it does not provide a signal in centrosymmetric or isotropic bulk media and is only active at
interfaces or surfaces, where the symmetry is broken.
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In recent years, this technique has been very successful
in providing vibrational spectra for various interfacial
systems [13–18]. Among those, the water/air interface
has been the most intensively studied system, both
experimentally [18–26] and theoretically [11,18,25–36].
However, the interpretation of the experimental SFG
spectra of the water/air interface in the spectroscopic
range between 3000 and 3600 cm−1 is still a matter of great debate [11,19,22,25,30,34,36–38]. In this
regard, theoretical SFG simulations have been employed
to assist the interpretation and assignment of the OH stretch vibrational features in the experimental SFG
spectra [11,14,18,27,30,36,38,39]. Typically, these simulations include intra- and intermolecular vibrational couplings of O-H stretch modes [40–43], which strongly
affects the speed and time scales of spectral diffusion
and alters the SFG response of the O-H stretch frequency [18,22]. Yet, in practical SFG simulations, only
the intramolecular vibrational coupling effects are explicitly included, while the intermolecular vibrational couplings are generally neglected [11,28,44,45], or just partially treated using a short correlation cutoff [27]. An
alternative approach to compute SFG spectra is via
the dipole moment-polarisability (μ-α) time-correlation
function (TCF) [25,28,30], which however is computationally rather expensive since it requires relatively
long trajectories (several ns) to reach numerical convergence [11]. This convergence issue has limited the usage
of computationally expensive quantum-mechanical abinito and path-integral molecular dynamics (MD) simulations to obtain and interpret SFG spectra [46–49].
Nevertheless, recently a few studies have incorporated
sufficiently long MD trajectories to study both of these
coupling effects [11,18,27,30,31]. In particular it has
been shown that intramolecular coupling effects gives
rise to the vibrational O-H stretch response in the
SFG spectra, while the intermolecular couplings induces
a red-shift in the H-bonded O-H stretch response.
Moreover, it has been shown that the intermolecular coupling induced SFG features in the spectra are
in good agreement with experimental SFG spectra
[18,27,30].
In the present study, the surface-specific velocityvelocity correlation function (ssVVCF) method, which
was recently developed by some of us [11], has been
employed. The chief advantage of this approach is the
up to an order of magnitude faster convergence than the
usual μ-α TCF scheme. Using this approach allows us
to obtain well converged SFG spectra of the water/air
interface in order to assess the impact of intermolecular coupling effects. For the purpose to demonstrate the
significance of intermolecular couplings in the SFG simulations, the obtained SFG spectra are compared with

experimental measurements. Furthermore, we have also
employed an instantaneous layer analysis to separate the
vibrational contributions arising from interfacial water
molecules and to obtain unambiguous contributions to
the overall SFG spectra. This instantaneous layer analysis has also allowed us to study intermolecular coupling
effects that occur between the O-H stretch modes of the
same water layer, as well as in different water layers of the
system.
The remaining of this paper is organised as follows. The computational details including the interface
definition and the ssVVCF formalism are described in
Section 2. Section 3 contains our results and discussion,
which is followed by a summary in Section 4.

2. Computational details
2.1. Partially adiabatic centroid molecular
dynamics simulations
A total of 250 statistically independent partially adiabatic
centroid MD (PA-CMD) simulations of the water/air
interface were performed at ambient conditions. In the
PA-CMD scheme, the effective masses of the individual
replicas that makes up the closed p-bead ring-polymers,
which are isomorphic to the original quantum particles
[50,51], are adjusted so as to shift the spurious oscillations
beyond the spectral range of interest [52]. Specifically, the
elements of the Parrinello-Rahman mass matrix are chosen so that the internal modes of the ring-polymer are
shifted to a frequency of
 = pp/p−1

kB T
,


(1)

which allows for the use of integration timesteps similar
to that in conventional MD simulations [53].
Throughout the flexible q-TIP4P/F water model
of Habershon et al. [52], augmented by the explicit
three-body (E3B) interactions proposed by Skinner and
coworkers [54], had been employed. We note that the
present flexible, but fixed point-charge water model is
neither polarisable nor able to mimic cooperativity effects
and chemical reactions that may take place in liquid
water. Moreover, to be precise, we would like to emphasise that the E3B scheme was originally parametrised
for the rigid TIP4P/2005 force-field of Abascal and
Vega [55], which forms the basis and is hence very
closely related to the used flexible q-TIP4P/F water
model [52]. The simulated water slab consisted of 343
water molecules in an orthorhombic simulation cell of
lengths 21.75 Å × 21.75 Å × 108.75 Å, respectively. To
mimic the water/vapor interface, the supercell approach
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was employed by adding a 43.5 Å long vacuum portion
on both sides of the system along the non-periodic zdirection and applying periodic boundary conditions.
Short-range interactions were truncated at 9 Å, whereas
the Ewald summation technique was employed to treat
the long-range electrostatic interactions. To explicitly
consider nuclear quantum effects (NQE) in a computational efficient way, the ring polymer contraction scheme
was used with a cutoff value of σ = 5 Å to reduce the electrostatic potential energy and force evaluations to a single
Ewald sum, in order to speed up the calculations [52].
This is to say that 32 ring-polymer beads were employed
to converge all relevant properties [47,52,56–60], while
the computationally expensive part of the electrostatic
interactions were contracted to the centroid only. In all
simulations, using a discretised integration timestep of
0.1 fs, the system was first equilibrated 10 ps in the canonical ensemble, before microcanonical ensemble averages were computed over the following 8 ps, resulting
in a total statistics of 2 ns to compute the present SFG
spectra.
2.2. Interface definition
In order to decompose the eventual SFG spectra into
its contributions of the different interfacial water layers,
we first determine all water molecules that belong to the
interfacial region of the water/vapour interface within all
our trajectories and their corresponding residence times.
Several techniques [61–64] and definitions [65–67] have
been developed in the past to define the interfacial region
and to identify the interfacial molecules. Here, the socalled Identification of the Truly Interfacial Molecules
scheme is employed to unambiguously identify the water
molecules that are truly located at the boundary of the
two different phases at every timestep [61,63,64]. This
technique determines the instantaneous interfacial water
molecules by moving a probe sphere of a given radius
Rps along a set of lines that are perpendicular to the
plane of the interface. All molecules hit by the probe
spheres are considered as interfacial water molecules,
whereas the position of the spheres when they are in
contact with the interfacial molecules is defined to be
the location of the instantaneous interface. Moreover,
this technique also permits to unambiguously identify
the molecules forming the successive (second, third, etc.)
water layers by repeating the same procedure without the
already identified molecular layer [61,63,64]. Throughout the present work, a probe sphere radius of Rps = 2 Å
has been used to identify the molecules in the topmost
(L1 ), second (L2 ) and third (L3 ) layer of water, whereas
all remaining molecules are considered to be the bulk
water.

3

2.3. SFG spectra calculations
The resonant term of the second order non-linear susceptibility is calculated using the ssVVCF formalism,
pioneered by some of us [11]. The equation used to
calculate the resonant term in this work is given by

(2),R
χabc
(ω) =

⎧
Q(ω)  ∞
⎪
⎪
dt e−iωt
⎪
2 0
⎪
iω
⎪
⎪
⎪

⎪
⎪
⎪
gt (rij (0); rt )
⎨ ×
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎩

i,j

r˙jOH (t) · rjOH (t)
OH
ṙc,i (0)
|rjOH (t)|
0,

, if a = b

otherwise,
(2)
where rij (t) is the distance between the centre of masses
of O-H groups i and j at time t, whereas gt (rij ; rt ) is the
function to control the cross-correlation terms with the
cross-correlation cutoff radius of rt . The intramolecular distances and velocities of O-H group j at time t are
denoted as rjOH (t) and ṙjOH (t), respectively. The quantum
correction factor Q(ω) was taken from Ref. [11] and the
Hann window function was applied for the Fourier transformation of the TCF. Even though non-Condon effects
are neglected, all intramolecular coupling effects are
included in terms of the auto-correlation (Auto-C) and
intramolecular cross-correlation (Intra-CC) function,
whereas the intermolecular coupling is included using
the intermolecular cross-correlation (Inter-CC) function
of the O-H stretch modes. Nevertheless, it is important
to realise that within this formalism, the amount of correlation is increasing by enlarging rt . For example, when
rt = 0 Å, only the auto-correlation of O-H stretch modes
is included. However, increasing rt to 2 Å entails the
correlations within a water molecule, that is the autocorrelation and the intramolecular cross-correlation, but
no intermolecular cross-correlation. However, only for rt
much greater than 2 Å, all three three correlation contributions are explicitly taken into account. Although in
the latter case, the present ssVVCF technique is generally more accurate and computationally much cheaper
than the conventional μ-α TCF approach [11], it still
requires rather long trajectories to obtain unbiased SFG
spectra.
Hence, in this work, we first assessed the necessary
trajectory length to get unbiased SFG spectra with minimal variance as quantified by the standard error of the
mean (SEM). The spectra, which are shown in Figure 1,
are computed for three different cutoff radii (rt = 0 Å,
2 Å and 6 Å) to demonstrate the impact of rt on the
eventual result and on the required minimal trajectory
length. We found that for rt = 0 Å and 2 Å respectively, a
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Figure 1. Simulated O-H stretch SFG spectra as a function of trajectory lengths (left panel), root mean square deviation within the SFG
spectral region between 3000–4000 cm−1 (middle panel) and standard error of the mean (right panel). In the ﬁrst row just the Auto-C contribution is shown, whereas in the second row the Intra-CC correlation term is added and in the third row also the Inter-CC contribution,
respectively.

trajectory length of 100 ps is good enough to converge the
statistical uncertainties of the corresponding SFG spectra. Therefore, relatively short trajectories are sufficient
for a converged SFG calculation with auto-correlation
and intramolecular cross-correlation terms. But, in the
case of rt = 6 Å, the SEM is very slowly decaying leading to the oscillations that are visible in the spectral
range 3000–3600 cm−1 . This is to say that for large values of rt , the convergence with respect to the trajectory is
slower, which is why at least 500 ps are required. In other
words, the convergence within the present ssVVCF methods, is highly dependent on the intermolecular crosscorrelation term. However, in contrast to a previous work
[11], which has not been able to observe any advantage

in terms of accuracy using larger values of rt , we find that
even though the convergence of the ssVVCF method is
somewhat slower, the results can be nevertheless systematically improved by increasing rt at moderate trajectory
lengths, given that the window length to compute the
TCF is chosen be small. Based on these results, all following SFG calculations were based on a trajectory length of
200 ps, except for the calculations with rt >> 2 Å, where
1000 ps was used in order to achieve well converged
SFG spectra. Throughout a window length of ∼ 1 ps was
employed during which the set water molecules were kept
fixed. As can be seen in Figures S1 and S2 of the supporting information, this does not lead to any bias in the
eventual SFG spectra.
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Figure 2. Simulated O-H stretch SFG spectra of the water/air
interface, as a function of correlation cutoﬀs rt . The inset shows
the peak position of the negative peak as a function of rt .

In addition, we have also studied the impact of the
intermolecular coupling effect on the SFG spectra of
water/air interface by varying rt from 3 to 10 Å, as shown
in Figure 2. By visual inspection it can be seen that there
are substantial differences when increasing rt up to 3 Å,
and smaller ones between 4 to 10 Å. However, a closer
inspection of the negative peak position, which is shown
in the inset of Figure 2, shows that the latter is not quite
converged until rt is at least 6 Å. This is to say that a much
larger value of rt than previously suggested is necessary to
explicitly include all relevant intermolecular vibrational
coupling effects within the SFG spectra. Hence, in this
work, we set rt = 6 Å, which is also in agreement with
the distance of water molecules in the third layer and the
instantaneous water surface.

3. Results and discussion
The time-averaged density profiles of the identified water
layers (L1 –L3 ) and the full water/air interface system
as a function of z-coordinate are shown in Figure 3.
Beyond L3 , the particle density ρ(z) resumes its original
bulk value, which is why we simply denoted is as bulk
water. The interface is usually defined as the region where
the density varies from 95% to 5% of the bulk density,
whereas the position so called Gibbs dividing surface is
defined as the location where the average density equals
50% of the bulk density [46]. According to this definition,
the thickness of the interface and the location of the Gibbs
dividing surface are ∼ 3.7 Å and 10.65 Å, respectively.
However, contrary to the former, the latter definition
uses just the averaged interface instead of the instantaneous interface. As a consequence, it does not take water
molecules that dynamically switches between L1 , L2 , and

5

Figure 3. Density proﬁles of the identiﬁed instantaneous water
layers (L1–L3) as a function of the z-coordinate, as well as of the
full water/air interface.

L3 at different times explicitly into account, as opposed to
the instantaneous interfacial profiles of Figure 3. Therein,
the density profiles of the individual layers follow the
Gaussian distribution, whose average location and width
can be easily characterised by using their peak position
and full width at half-maximum that are (±9.6 Å, 2 Å),
(±7.5 Å, 2 Å) and (±5.4 Å, 2 Å) for the (center position,
width) of layers L1 , L2 , and L3 , respectively. Hence, the
identified first water layer extends from the instantaneous
interface to a distance of 2.0 Å towards the bulk, whereas
the second water layer ranges from 2.0 Å to 4.0 Å and the
third water layer from 4.0 to 6.0 Å from the instantaneous
interface, respectively.
For the purpose to determine the interfacial thickness
of the water/air interface based on the SFG selection rule,
we computed the SFG spectra individual as a function
of water layer, as shown in Figure 4. The SFG signal is
detected from the water molecules in the top most layer
(i.e. the sum of L1 and L2 ) only that extend from the
instantaneous interface to a distance of 4 Å towards the
bulk. Beyond 4 Å, the intensity of the signal becomes
almost zero as a result of the centrosymmetrical orientation of the corresponding water molecules that is why we
consider the interfacial thickness of the water/air interface to be 4 Å, which is very close to the value of the
previous MD simulations [46,47,68,69]. Therefore, only
the water molecules in the first two layers are considered
as the interfacial molecules from this point on.
The simulated O-H stretch SFG spectra of the interfacial molecules at the water/air interface are shown in
Figure 5. In these spectra, we observe a sharp positive
peak centred at ∼ 3650 cm−1 that corresponds to the OH stretch vibration of the dangling O-H groups pointing
out of the water into the vacuum and a broad negative peak in the ∼ 3000–3550 cm−1 range, which corresponds to the O-H stretch vibration of H-bonded O-H
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Figure 4. Simulated O-H stretch SFG spectra as a function of rt for L1 (left panel), L2 (middle panel) and L3 (right panel).

Figure 5. Simulated O-H stretch SFG spectra of the water/air interface in terms of the three diﬀerent correlation terms. The experimental data refers to the usage of D2 O and crystalline quartz as a reference to calibrate the phase and amplitude, respectively [21]. The
original SFG spectra are shown in the left panel, whereas in the right panel the peak of the dangling O-H SFG signal was shifted to the
corresponding experimental peak position, i.e. by 50 cm−1 .

groups pointing towards the bulk. After blue-shifting the
simulated spectra by 50 cm−1 , the peak positions as well
as the intensities are both in nearly quantitative agreement with the experimental data [21]. The only exception is the high frequency region of the dangling O-H
peak, where our simulations does not fully reproduce the
experimental measurements. Moreover, the shape of the
shoulder in the dangling O-H peak is not quantitatively
reproduced. In fact, it has been previously reported that
the shape of the shoulder cannot be exactly reproduced
by the ssVVCF method [11], but only using the direct μα TCF approach. Yet, the positive signal at ∼ 3000 cm−1 ,
found in SFG experiments using crystalline quartz as a
reference [21], is not present in our SFG spectra. Nevertheless, this signal was found to be a bias originating
from the contamination and/or adsorbed water on the
quartz surface that inevitably affects the quartz reference signal [21,23]. It was also reported that quartz as
a reference surface within SFG measurements of the liquid water can generate an additional phase error, which
again induces this ∼ 3000 cm−1 positive signal [21]. In
any case, including the Inter-CC effects, the present SFG
spectra are in nearly quantitative agreement with those

obtained using the more sophisticated many-body potential by Paesani and coworkers [30], as well as ab-inito MD
simulations of Sulpizi and Gaigeot [27,28,68].
First, we analyse the changes in both peaks in
terms of the correlation terms: The dangling O-H peak
remains almost unaffected, while the H-bonded O-H
peak changes when the intermolecular cross-correlation
term is added. As is apparent from Figure 5, introducing the intermolecular cross-correlation term results
in a shift of the H-bonded O-H peak position by
50 cm−1 from 3430 cm−1 to 3380 cm−1 . Moreover, the
intermolecular cross-correlation term entails a slightly
decreased SFG signal in the range of 3380–3600 cm−1
and at the same time enhanced amplitude between
3000–3380 cm−1 . This is to say that the inclusion of the
intermolecular vibrational coupling effects as obtained
by the intermolecular cross-correlation term is essential for the ssVVCF method to reproduce the experimental SFG spectra of the water/air interface. Second,
in comparison to previous theoretical studies that have
observed a sizable enhancement of the negative peak at
∼ 3000–3350 cm−1 induced by intermolecular coupling
effects [11,18,27], our results entails only a smaller such
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Figure 6. Simulated O-H stretch SFG spectra of the water/air interface, with NQE (quantum simulation) and without (classical simulation).
For the sake of comparison, the classical simulation was performed with the same computational details as the quantum simulation.
However, in the classical simulation the intermolecular cross-correlation term is neglected due to the shorter simulation time ( ∼ 40 ps),
but as is common practice in classical MD simulations, non-Condon eﬀects were included to enhance the H-bonded O-H peak.

enhancement that is in better agreement with experiment. The latter is due to the fact that the SFG spectra
of Figure 5 includes the small but apparently significant
contributions of L2 . As can be seen in Figure 4, a new
positive peak appears at 3200 cm−1 , whereas the dangling
O-H peak is vanishing, indicating that single H-donor
water molecules are absent in L2 . More importantly, the
positive peak of L2 entails to cancellation with the corresponding peak of L1 leading to a reduction of the overall
SFG signal at 3200 cm−1 in agreement with experimental
measurements [21].
The impact of NQE can be clearly seen in Figure 6,
showing that the inclusion of NQE leads to a blue-shift
of ∼ 50 cm−1 with respect to experimental SFG measurements, whereas neglecting NQE entails a red-shift
of ∼ 150 cm−1 . This is to say that NQE makes up for a
blue-shift of as much as ∼ 200 cm−1 that is a well known
phenomenon and have already been reported by previous
studies [30,56–58]. Yet, neglecting NQE, non-Condon or
many-body effects are necessary to obtain good agreement with experimental SFG measurements in terms of
the intensities within the H-bonded O-H peak region
[11,30].
To study the origin behind the intermolecular vibrational contribution in our SFG spectra, we have separated
the intermolecular contribution, which originates from
the interfacial water molecules, from the vibrational coupling between the bulk and interfacial water molecules.
For that purpose, we distinguish between intralayer and
interlayer intermolecular coupling effects. As can be seen
in Figure 7, the inclusion of the intermolecular crosscorrelation term within the interfacial water layer (dotted
green line), results in a slightly enhanced amplitude of
the SFG signal at 3200–3380 cm−1 and a slightly reduced
amplitude of the 3380-3600 cm−1 SFG peak. At the same
time, these coupling effects entails a slight red-shift of
the H-bonded O-H stretch frequency. However, only a

Figure 7. Simulated O-H stretch SFG spectra, where the intermolecular coupling eﬀects are separated into intralayer and interlayer contributions. In addition, the SFG spectra including just
Auto-C and Intra-CC, but no Inter-CC correlation terms is shown
for comparison (red curve).

tiny enhancement of the 3350–3410 cm−1 SFG signal and
a red-shift of ∼ 20 cm−1 can be attributed to the 2D
H-bonded structure (located in L1 , i.e. the dotted blue
line), where the H-bonded network is oriented parallel to the instantaneous water surface [47,68,69]. This is
to be expected, since the OH groups involved in such a
H-bonded network can generate only a negligible SFG
signature due to their orientation nearly parallel to the
instantaneous water surface, which we believe is the reason for such a tiny enhancement and red-shift in the
spectra. Yet, most intermolecular contributions are due to
the interlayer coupling between the interfacial water and
L3 (dashed orange line), whereas the remaining contributions are originating mainly from the coupling between
interfacial water layer and L2 . In fact, this remaining
contribution can be mainly attributed to the coupling
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between water molecules in L1 and L2 , since the total
intermolecular contribution from the water molecules of
L2 are very small, as is apparent in Figure 4. The interlayer
coupling between more distant layers give rise to a tiny
intermolecular contribution to the SFG spectra. All of
these results clearly suggest that the intermolecular vibrational contributions in the SFG spectra of water/air interface are governed by the coupling between the SFG active
interfacial layer and the SFG inactive centrosymmetric
bulk layer.
To elucidate the relationship between the intermolecular vibrational contributions in the SFG spectra and
the H-bonding network at the water/air interface, we
plot the Inter-CC function corresponding to non-donor
(ND), single-donor (SD) and double-donor (DD) water
configurations separately, as shown in Figure 8. We find
that most of the intermolecular contributions are coming
from the intermolecular coupling between DD and DD
water configurations (black line), whereas the remaining contributions come from the intermolecular coupling
between SD and DD water motifs (orange line). The
intermolecular coupling between SD and SD water configurations (yellow line) are insignificant for the SFG
spectra. Moreover, since the population of ND water
motifs are very small at the interface [46], they also
are not able to contribute to the spectra. These results
clearly suggests that the intermolecular contributions to
the SFG spectra are governed by intermolecular coupling
effects between DD and DD water, as well as between SD
and DD water configurations, which is consistent with
previous works of others [31,38,39,68,70].

4. Conclusion
We have investigated the impact of intermolecular vibrational coupling effects on the of O-H stretch modes in
SFG spectra of the water/air interface. We find that these
intermolecular coupling effects, as determined using the
intermolecular cross-correlation term, induces a redshift of the H-bonded O-H stretch peak by ∼ 50 cm−1 .
Moreover, they also entail a somewhat decreased SFG signal between 3380–3600 cm−1 , while, at the same time,
leading to an enhanced amplitude at 3000–3380 cm−1 .
Including these intermoleclular coupling effects, leads to
systematically improved SFG spectra that are in much
better agreement with experimental measurements. Our
investigation also shows that the inclusion of intermolecular coupling effects within the first three water layers,
i.e. from the water/air interface up to a distance of 6 Å,
is essential to quantitatively reproduce experimental SFG
spectra. Even though this comes at the price of a somewhat slower convergence with respect to trajectory length
(100 ps for rt ≤ 2 Å, but 500 ps for rt ≥ 6 Å), we nevertheless believe that the inclusion of these effects should
be taken into account in future SFG simulations. Furthermore, based on an instantaneous layer analysis to
isolate the contribution of the individual water layer, we
find that the intermolecular vibrational contribution to
the SFG spectra of the water/air interface is dominated
by the coupling between the SFG active interfacial water
molecules and SFG inactive bulk water, whereas more
distant coupling effects are inessential. Most of the intermolecular contributions within the SFG spectra are due
to intermolecular coupling effects between DD and DD
water structures, whereas the remaining contributions
are mainly from the intermolecular vibrational coupling
between SD and DD water motifs.
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