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Time-dependent vibrational sum-frequency
generation spectroscopy of the air-water interface
Deepak Ojha1, Naveen Kumar Kaliannan1 & Thomas D. Kühne1,2*

Vibrational sum-frequency generation spectroscopy is a powerful method to study the

microscopic structure and dynamics of interfacial systems. Here we demonstrate a simple

computational approach to calculate the time-dependent, frequency-resolved vibrational

sum-frequency generation spectrum (TD-vSFG) of the air-water interface. Using this

approach, we show that at the air-water interface, the transition of water molecules with

bonded OH modes to free OH modes occurs at a time scale of �3 ps, whereas water

molecules with free OH modes rapidly make a transition to a hydrogen-bonded state within

�2 ps. Furthermore, we also elucidate the origin of the observed differential dynamics based

on the time-dependent evolution of water molecules in the different local solvent

environments.
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The air–water interface is of high significance within che-
mical, physical, and environmental sciences1–3. The
structure, dynamics, and chemical reactivity at the

air–water interface is known to be significantly different from
bulk water4–10. Conventional spectroscopic methods like infrared
(IR) and Raman are not surface-specific and thus cannot be used
to study the structure and dynamics directly at the interface. With
the advent of surface-specific spectroscopic techniques such as
vibrational sum-frequency generation (vSFG) spectroscopy, it has
become possible to disseminate the contributions of water
molecules at the surface from those of the bulk11–13. The vSFG
technique involves the irradiation of the system with overlapping
IR and visible pulses. In case, the IR frequency is resonating
with the vibrational frequency of the molecules at the surface,
an enhanced vSFG intensity is observed. Moreover, due to the
quantum mechanical selection rules of vSFG spectroscopy, the
vSFG intensity vanishes for a centrosymmetric system, thus
eliminating the contributions from the molecules in the bulk. Ron
Shen and coworkers experimentally demonstrated for the first
time the applicability of vSFG spectroscopy to study the air–water
interface11–13. This technique has been further extended to more
complex experimental setups like phase-sensitive vSFG, time-
resolved vSFG, two-dimensional vSFG (2D-vSFG) to name just a
few14–28.

These experiments have been supported by several computa-
tional studies of the air–water interface29–50. Therein, the vSFG
spectrum is computed by the second-order non-linear suscept-
ibility of the system, which is expressed in the terms of the dipole-
polarizability (μ� α) time-correlation function. Earlier studies
have determined the dipole moment and polarizability using
empirical maps29,30,41–45. However, very long simulation runs are
required for an accurate determination of the (μ� α) time-
correlation function. Quite recently, a new approach based on the
surface-specific velocity–velocity correlation function (ssVVCF)
has been proposed to efficiently compute vSFG spectra, which has
enabled the determination of vSFG spectra within a few hundred
picoseconds47,51. Like IR and Raman spectroscopy, vSFG is also a
time-averaged spectroscopic technique. Therefore, different
dynamical processes such as ultrafast chemical reactions, vibra-
tional couplings, spectral diffusion, and chemical exchange on
interfaces cannot be studied using vSFG spectroscopy. Accord-
ingly, vSFG has been extended into a two-dimensional spectro-
scopy similar to 2D-IR spectroscopy52. Yet, the theoretical
calculation of 2D-vSFG involves computationally expensive cal-
culations of fourth-order polarizations (P4ðtÞ), which in turn
relies on fourth-order non-linear response functions based on the
dipole moment, polarizability, and frequency of the vibrating
oscillator45.

In this paper, we demonstrate a simple computational
scheme to determine the time-dependent frequency-resolved
vSFG spectrum of the air–water interface. Our computational
scheme complements the recently reported experimental
time-resolved vSFG/2D-SFG techniques20–26. In particular, we
note that the here presented computational method directly
implements a pulse sequence proposed by Bonn and coworkers28.
This pulse sequence allows us to incorporate the time-
dependence and to obtain time-dependent vSFG spectra. As a
result, we can analyze the temporal dynamics of the interfacial
water molecules without explicitly calculating the higher-order
polarization. We use this approach to show that free and bonded
OH modes have different timescales of vibrational spectral dif-
fusion. In addition, we also determine the contributions of water
molecules in specific orientations with respect to the surface
normal to the above-mentioned phenomenon. Our results also
support the existence of structural inhomogeneities at the
air–water interface53.

Results
Computational time-dependent vSFG method. Firstly, we ela-
borate on the proposed scheme to determine the time-dependent
vSFG spectrum of a system. The simplest case of time-dependent
spectroscopy is based on the pump-probe pulse sequence as
shown in Fig. 1a. In pump-probe spectroscopy, the system is
selectively excited based on a broad or narrow width pump pulse
followed by the measurement of the signal decay using a probe
pulse. Irradiation of the system by the pump pulse leads to the
excitation of the system, which gradually reaches an equilibrium
state through free induction decay (FID). Further, vSFG experi-
ments involve irradiation of the system by an overlapping IR and
visible pulse, which leads to the generation of the vSFG signal as
shown in Fig. 1b. Conventional 2D-vSFG spectroscopy permits to
study the coherence generated by irradiation of electric fields as a
function to time-delay between the applied fields. In our com-
putational scheme, we combine the pulse sequences, as shown in
Fig. 1a and b, such that we selectively excite the system using a
pump pulse and then determine the vSFG spectrum of the excited
molecules. Therefore, the presented approach can also be thought
of as the computational implementation of IR-pump vSFG-probe
spectroscopy. Mathematically, the vSFG spectrum is given as

χ2abc ¼
Z 1

0
dt eiωt _αabð0Þ � _μcðtÞ

� �
; ð1Þ

where χ2abc is the second-order susceptiblity, whereas α and μ are
the polarizbality and dipole moment of the vibrational oscillator.
Accordingly, the equation for the calculation of time-dependent
vSFG spectrum, as shown in the Fig. 1c, is given by

χ2abcjωðt′Þ¼ω′ ¼
Z 1

0
dt eiωt _αabðt′þ TwÞ � _μcðt′þ Tw þ tÞ� �

: ð2Þ

In the equation mentioned above, we determine the second-
order susceptibility of a given vibrational oscillator provided that
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Fig. 1 Pulse sequence for TD-vSFG. Schematic representation of the pulse
sequence for a Pump-probe spectroscopy, b vSFG spectroscopy, and c our
time-dependent vSFG based approach
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the oscillator was vibrating at a frequency ω′ at time t′. Further,
an explicit time-dependence is generated by continuously varying
the value of Tw as shown in Fig. 1c. Similarly, in the equation
mentioned above, Tw is a parameter. For very large values of
Tw >> tcorr, which is the timescale of vibrational spectral
diffusion, Eq. (3) is reduced to conventional time-averaged vSFG.
Similarly, for very small values of Tw � 0, we obtain the vSFG
spectrum within its impulsive limit, where an experimental pump
pulse overlaps with the applied IR/Vis pulse. By systematically
varying the value of the parameter Tw, we can determine the full
time-dependent vSFG spectrum of a given system. In addition, as
in real-time pump-probe experiments, we can also vary the value
of ω′ to any reasonable value and determine the frequency-
resolved vSFG of the system. Moreover, the value can be also
modified to consider a specific frequency range, such that
the small frequency range would correspond to a narrow width
pulse excitation, whereas a large frequency range would imply
the application of a broadband pump pulse. We note that this
scheme requires a priori knowledge of the vibrational frequency
of the OH mode. The time-dependent fluctuations in the
vibrational frequencies of the OH modes are generally deter-
mined using empirical maps29,30,43,44, or a short-time wavelet
transform54–56. In the present work, we have employed an
empirical linear relationship between the hydrogen bond strength
and its vibrational frequency, as reported in an earlier work by
some of us57, which reads as

ΔED!A ðkJ=molÞ ¼ 0:0392� 150:6 ω ðcm�1Þ: ð3Þ
The corresponding hydrogen bond strength is obtained from

our absolutely localized molecular orbitals based energy decom-
position analysis (ALMO-EDA) calculations (see the “Methods”
section)58,59. Finally, we have employed the ssVVCF approach to
determine the instantaneous fluctuations in the dipole moment
and polarisablity, as well as the vSFG spectrum. The abc
components of the vSFG response function is given by

χð2ÞabcðωÞ ¼
QðωÞμ′strα′str

iω2

R1
0 dt e�iωt ´

P
i;j _r

OH
c;j ð0Þ

_r!OHj
ðtÞ� r!OHj ðtÞ

j r!OH

j ðtÞj

* +
; a ¼ b

0; a≠ b:

8><
>: ð4Þ

Here, rOHj and _rOHj refers to the intramolecular distance and
velocity of a given OH mode, whereas QðωÞ is the quantum
correction factor60. The latter reads as

QðωÞ ¼ β_ω

ð1� expð�β_ωÞÞ ; ð5Þ

where β is 1=kBT . It is important to emphasize that in the above-
mentioned equation, the contributions of several dynamical
processes like the intermolecular vibrational energy distribution,
ultrafast population relaxation, intermolecular, and intramolecular
couplings amongst the water molecules are not incorporated. As a
result, in the present work, we specifically investigate the vibrational
spectral diffusion of interfacial water molecules using TD-vSFG.
Having described a simple scheme to determine the time-dependent
vSFG spectrum, we now apply it to determine the vSFG spectrum
for different values of Tw for the bonded and free (non-bonded)
OH modes of water molecules. We note that in our present
calculations, the intensity of the vSFG peak corresponding to the
free OH groups get reduced to zero at 3756 cm�1. Therefore, we
have used this value as a cut-off to classify a particular OH mode as
free or hydrogen-bonded OH. In contrast with the experimental
vSFG studies, the vSFG peak corresponding to free OH modes is
slightly blue-shifted on the frequency axis. However, we note that in
our force-field-based simulation study, we have not included the
nuclear quantum effects (NQE). The inclusion of NQE not only
leads to an overall red-shift of �100 cm�1 within the vibrational

frequency distribution, but also an excellent recreation of the non-
linear vibrational spectrum51,56. In Fig. 2, we have shown our TD-
vSFG spectra for the bonded and free OH groups. The TD-vSFG
spectra for the bonded OH modes was calculated for waiting times
Tw ¼ 0; 0:1; 0:5; 1:0; 2:0; 2:7 and 3:0 ps, respectively. We note
that in the impulsive limit, i.e. for Tw ¼ 0 ps, the vSFG spectrum
comprises of the negatively peaked region corresponding to the
bonded OH modes pointing towards the bulk region of the system.
Furthermore, within the initial 100 fs, which is known to be
dominated by hindered rotational motion of the water molecules,
the vSFG spectrum shows no difference. However, with increasing
waiting times, the OH modes are allowed to relax, i.e. break and
reform hydrogen bonds. As a result, after 500 fs, the vSFG peak
corresponding to the free OH group becomes slowly prominent and
by 3 ps the spectrum has nearly attained the time-averaged limit.
Accordingly, we infer that the initial non-equilibrium distribution
as sampled in the impulsive limit has now averaged to the
equilibrium distribution of the bonded and free OH groups.
Similarly, we calculated the TD-vSFG spectra of the free OH groups
for waiting times Tw ¼ 0; 0:1; 0:5; 1; 2 and 4 ps, respectively.
Again, within the impulsive limit, i.e. for Tw ¼ 0 ps, the vSFG
spectrum exhibits a prominent positive shoulder around 3800 cm�1

corresponding to the free OH groups and that the spectral domain
corresponding to the bonded region has negligible intensity.
However, within the initial few 100 fs, we observe that the spectral
region corresponding to the bonded OH modes starts incrementally
gaining intensity. In contrast to the bonded OH modes, free OH
modes shows the propensity to rapidly form hydrogen bonds. As a
result, these features continue to get more prominent with
increasing waiting times as seen for the cases of Tw ¼ 0:5 and
1 ps, respectively. Moreover, we note that by 2 ps contributions
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Fig. 2 TD-vSFG spectra of the air–water interface. Simulated TD-vSFG
spectra of a bonded OH modes and b free OH modes of water molecules
on the air–water interface
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from the bonded OH region have almost saturated, as also seen in
the inset of Fig. 2b. Therein, we show the region of the vSFG
spectrum corresponding to the bonded OH modes for the waiting
times of 2 and 4 ps, respectively. The vSFG spectrum for higher
values of Tw leads to a lowering within the spectral intensity of the
free OH modes, though the spectral intensity of the bonded region
remains constant. Therefore, we infer that the transition from free
to bonded OH modes is complete in <2 ps. Based on the different
timescales of transition between the free and bonded OH modes as
seen in the TD-vSFG spectrum, we infer the existence of structural
inhomogeneities at the air–water interface.

Configurational decomposition of TD-vSFG. The hydrogen
bond network at the air–water interface is known to be different
from that of the bulk61–63. The interface is characterized by the
existence of a higher population of free OH modes as compared to
the bulk4,7. Based on the orientation of the dipole and OH vectors
of water molecules with respect to the surface normal, we have
categorized the surface water molecules into five classes as shown in
Fig. 3. We note that the dipoles of water molecules corresponding to
class III are aligned in-plane with the ai–water interface and are
therefore insensitive to the vSFG-probe. The TD-vSFG spectra of
the remaining four classes of water molecules are shown in Fig. 4.
On that occasion it is important to note that it is generally not
possible to disseminate the contributions, as originating from dif-
ferent classes of interfacial water molecules, by means of experi-
mental vSFG measurements. As such, our theoretical TD-vSFG
spectra for the different classes of water molecules not only helps to
interpret the experimental vSFG spectrum, but also provides an
alternative frequency-domain picture of the time-evolution of
interfacial water molecules. We interpret the differential dynamics
of the free and bonded OH modes based on the frequency-specific
contributions of these four classes of water molecules to the vSFG
spectra, as well as their timescales of relaxation to the time-averaged
vSFG spectrum. In Fig. 4a, TD-vSFG spectra of class I for waiting
times Tw ¼ 0; 0:1; 0:5; 2:0; 4:0 and 9:0 ps are shown. The vSFG
spectrum within the impulsive limit shows a single sharp peak
around 3800 cm�1. However, with increasing waiting time Tw, the
broad peak between 3200 and 3800 cm�1 gradually emerges. After
~2 ps the overall features have converged to their time-averaged
values, as the negatively valued peak corresponding to Tw ¼ 2 ps is
only marginally different as compared to the peak for Tw ¼ 4 ps.
Further, for the very long-time duration, i.e. Tw ¼ 9 ps, the
obtained spectrum is indistinguishable to the time-averaged vSFG
spectrum. Interestingly, the vSFG spectrum for the water molecules
of class I are in reasonable agreement with the vSFG spectrum of
the free OH modes as shown in Fig. 2b. Evidently, we conclude that
the TD-vSFG spectra of the free OH modes and its temporal
evolution are mainly governed by the water molecules belonging to
class I.

Similarly, the TD-vSFG spectra of water molecules belonging
to class II for waiting times Tw ¼ 0; 0:5; 2:0; 4:0 and 9 ps are
shown in Fig. 4b. The water molecules belonging to class II have
their dipoles pointed towards the bulk with at least one of the OH
modes pointing towards the bulk and the other one aligned at an
acute angle with the plane of the air–water interface as shown in
Fig. 3. Accordingly, we see that the vSFG spectrum within the
impulsive limit has a broad negatively valued peak and a small
positively shouldered signal. We find that within the initial 0.5 ps,
the positively peaked shoulder around 3800 cm�1 shows a surge
in intensity, which gets gradually saturated within nearly 2.0 ps.
Based on these findings we infer that the water molecules
belonging to this class contribute to the vibrational spectral
diffusion of bonded OH modes. The TD-vSFG spectra for water
molecules of class IV for waiting times Tw ¼ 0; 0:5; 2:5; 4:0 and
9:0 ps are shown in Fig. 4c. Water molecules belonging to class IV
have both of their OH modes and their dipoles aligned towards
the bulk at an acute angle with the surface plane. As a result, the
vSFG spectrum for Tw ¼ 0 ps is a very broad negatively valued
peak over the frequency range of 3400–3900 cm�1. For a short
interval after excitation, i.e. within 100 fs, we did not observe any
significant change in the overall vSFG spectrum. However, with
increasing waiting time Tw i.e. for 500 fs, the water molecules are
undergoing a rearrangement of their hydrogen bond network,
which entails that the positively valued peak around 3800 cm�1

starts exhibiting significant vSFG intensity. By 2.5 ps, the free OH
peak seems to have reached the time-averaged limit as for the
larger waiting times, the overall peak strength remains constant .
We note that these molecules have a timescale very similar to the
relaxation timescale of bonded OH, as already discussed in
Fig. 2a. Accordingly, we infer that the water molecules belonging
to class II and IV govern the transition of surface water molecules
from the bonded to the free OH state. Lastly, we analyze the time-
dependent evolution of water molecules belonging to class V.
These water molecules have both of their OH vector and its
dipole vector pointed outwards towards the interface, whereas
one of the OH modes is free and while the other one is hydrogen
bonded. As a result, these water molecules have a vSFG spectrum,
which comprises of one broad peak around 3500 cm�1 and one
sharp peak around 3800 cm�1 with a positive intensity for both of
these peaks. Interestingly, these water molecules have the slowest
rate for the transition from their initial state to the equilibrated
surface water distribution. As seen in the TD-vSGF spectra for
waiting times Tw ¼ 0; 1; 4; 10 and 20 ps, the vSFG intensity for
the broad peak situated around 3500 cm�1 slowly reduces and
finally, after 10 ps, makes a transition to the negative region, as in
a time-averaged vSFG spectrum. We further note that the
transition timescale for this class of water molecules is
significantly larger than the spectral diffusion timescale of the
surface as well as bulk water molecules. The time-evolution of the
vSFG spectrum for the different classes of interfacial
water molecules characterizes the timescale at which the a given
surface water molecule losses memory on its initial state.
However, the convergence of the time-dependent vSFG spectrum
to the time-averaged limit requires nearly Tw >> tcorr, which in
general can be safely considered to be a few times the
characteristic timescale of the vibrational spectral diffusion. We
note that for each class of interfacial water molecules, the vSFG
spectra for very long waiting time Tw are converged and
equivalent to the time-averaged vSFG spectrum of the air–water
interface. Finally, we conclude that the water molecules belonging
to class I contribute to the dynamics of free OH modes, whereas
water molecules in class II and IV influence the spectral diffusion
of bonded OH modes, while water molecules of V show a very
slow vibrational spectral relaxation.
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Fig. 3 Configurations of surface water molecules. Illustration of surface
water molecules in their most favored orientations of the dipole with
respect to the interface
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Discussion
To summarize, we have introduced a simple computational
approach towards the determination of time-dependent vSFG or
IR-pump vSFG-probe spectra of interfacial systems. This method is
best described as a computational framework that implements a
pump pulse before the conventional vSFG calculation. IR-pump
vSFG-probe28 and 2D-vSFG spectroscopy23,24 allows to study the
molecular dynamics of chemical species of a non-centrosymmetric
system. Nevertheless, a major difference between the two techniques
is that 2D-vSFG measures the fourth-order susceptiblity, i.e. χ4ðωÞ,
whereas time-resolved vSFG or IR-pump vSFG-probe spectroscopy
collects the χ2ðωÞ as a function of applied IR-pump pulse. Another
point of difference is that 2D-vSFG spectroscopy involves the
generation of a coherent state of vibrational energy levels and that
its decay is studied as a function of time-delay. Whereas in IR-
pump vSFG-probe spectroscopy, a single IR-pump pulse excites the
system and captures the relaxation using a vSFG-probe. Using the
IR-pump vSFG-probe method, we have shown the existence of
different timescales for the transition between the bonded and free
OH modes of the interfacial water molecules. Moreover, we also
categorize the surface water molecules into classes based on their
preferential orientation at the surface and their contribution
towards the vSFG spectrum of the bonded and free OH modes.
From application perspective, our approach can be employed to
study ultrafast chemical processes such as “on-water” catalysis64,65,
chemical exchange and vibrational coupling.

Methods
MD simulations. In the present work, we have performed classical molecular
dynamics simulations of 125 water molecules in the canonical NVT ensemble using
the flexible q-TIP4P/F water model of Habershon and coworkers at a temperature
of 300 K and a density corresponding to a pressure of 1 bar66. The air–water
interface was generated by creating a rectangular simulation box of 15.54Å in the
x and y directions and 46.60Å along the z direction. The system was replicated
periodically using the minimum image convention. Short-range interactions were
truncated at 8Å and Ewald summation was employed to determine the long-range
electrostatic interactions. Therewith, the system was initially equilibrated using a
timestep of 0.1 fs for 20 ps followed by a production run of 500 ps.

ALMO-EDA. Furthermore, ALMO-EDA calculations were performed for all
configurations along the trajectory, which were separated by 10 fs. The ALMO-
EDA method is a first-principles-based energy decomposition technique that lets
you decompose the total interaction energy into different two-body and many-
body-based donor–acceptor interactions58,59,67. The total molecular binding
energy is given as the sum of the interaction energy of the unrelaxed electron
densities on the molecules (ΔEFRZ) and the orbital relaxation energy. The latter is
further decomposed into an intramolecular polarization contribution (ΔEPOL)
that is associated with the deformation of electron clouds on the molecules
within their mutual fields, two-body donor–acceptor interactions (ΔEDEL) and a
very small amount of higher-order relaxation terms (ΔEHO). Mathematically,
the total energy is expressed as the sum of all above-mentioned components
as given by

ΔETOT ¼ ΔEFRZ þ ΔEPOL þ ΔEDEL þ ΔEHO; ð6Þ
where

ΔEDEL ¼
XMol

A;D¼1

ΔED!A: ð7Þ

These two-body donor–acceptor interactions ΔED!A are a consequence of the
delocalization of electrons from the occupied orbitals of a donor molecule D to the
virtual orbitals of an acceptor molecule A. The identification of interfacial water
molecules at the air–water system was done using the algorithm for the
identification of truly interfacial molecules (ITIM)68,69. The algorithm uses a probe
sphere to detect the molecules at the surface. The radius of the probe sphere was set
as 2Å, which has been proven to be a good value for water. A cutoff-based cluster
search was also performed using 3.5Å as a cut-off, which corresponds to the first
minimum of the O � � �O radial distribution function in liquid water70.

Data availability
The data generated and analyzed during the current study are available from the
corresponding author on reasonable request.
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