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ABSTRACT: We present an overview of recent static and time-resolved vibrational
spectroscopic studies of liquid water from ambient conditions to the supercooled state,
as well as of crystalline and amorphous ice forms. The structure and dynamics of the
complex hydrogen-bond network formed by water molecules in the bulk and interphases
are discussed, as well as the dissipation mechanism of vibrational energy throughout this
network. A broad range of water investigations are addressed, from conventional
infrared and Raman spectroscopy to femtosecond pump−probe, photon-echo, optical
Kerr effect, sum-frequency generation, and two-dimensional infrared spectroscopic
studies. Additionally, we discuss novel approaches, such as two-dimensional sum-
frequency generation, three-dimensional infrared, and two-dimensional Raman terahertz
spectroscopy. By comparison of the complementary aspects probed by various linear
and nonlinear spectroscopic techniques, a coherent picture of water dynamics and
energetics emerges. Furthermore, we outline future perspectives of vibrational
spectroscopy for water researches.
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1. INTRODUCTION

Vibrational spectroscopy has been widely applied in the study
of gas and liquid phase of water as well as crystalline and
amorphous ices, as the OH stretch mode frequency is a very
sensitive probe of the intermolecular distances between water
molecules.1,2 Since the latter is a dominant factor determining
the hydrogen-bond (HB) strength of water,3,4 vibrational
spectroscopy can provide unique information about the HB
network and its dynamics.5 Linear vibrational Fourier transform
infrared (FT-IR) and Raman spectra have revealed large red
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shifts of the OH stretching frequency in liquid water compared
to the absorption frequency of the OH stretching mode of
water in the gas phase and in small water clusters in inert gases
(matrix isolated),6,7 because of the abundant HBs in liquid
water. The OH stretching frequency is further red-shifted in ice,
due to increased hydrogen-bond strength in the ordered solid.
In addition to the peak shifts apparent in IR and Raman
spectra, the line width of the OH stretch peak in liquid water is
much larger than that of gas-phase water, largely due to
inhomogeneous broadening. Inhomogeneous broadening has
been mostly attributed to many different factors such as the
inhomogeneity of HB configurations,8 intermolecular vibra-
tions,9,10 coupling to delocalized symmetric and asymmetric
modes,11−13 and Fermi resonance caused by coupling with
bending overtones.1

Beyond linear spectroscopy, multidimensional nonlinear
spectroscopic techniques enable probing of ultrafast vibrational
dynamics on a time scale of a few tens of femtoseconds to
several nanoseconds. The nonlinearity in these spectroscopic
techniques arises from the multiple interactions between matter
and the electric field from laser pulses, which couple to the
nonlinear susceptibility in the sample and affect the probed
polarization. These nonlinear spectroscopies can be either one-
dimensional (1D) or multidimensional (2D, 3D, etc.),
depending on the number of spectra that are experimentally
resolved, and they can be resonant or nonresonant, depending
on the nature of interaction between laser frequencies and
states of matter.
In the case of water, the spectroscopic observables obtained

from nonlinear spectroscopies provide relatively direct access to
important parameters such as the homogeneous line width of
the OH stretch band and time-dependent fluctuations of the
OH stretch frequency. These parameters, in turn, provide
insights into structural dynamics of the hydrogen-bonded

network of water as well as dynamics related to vibrational
energy redistribution. Monitoring these dynamics is essential to
understand how the water molecules dissipate vibrational
energy and to explore the potential implication of such energy
pathways in biochemical reactions. Furthermore, such experi-
ments provide insights into the structure, stability, and
rearrangement dynamics of the HB network.
It is often reported that the behavior of the OH stretch

vibration in liquid and solid water is highly collective: for
instance, the vibrational amplitude associated with one
quantum of excitation in the OH stretch mode is delocalized
over several OH groups. Increased spatial sensitivity, that is, the
possibility to address individual OH groups, can be achieved by
an isotopic substitution (also referred as isotopic dilution)
approach. For sufficiently dilute samplesfor example, at low
(∼1%) concentration of HOD in D2Oby exciting the OH
stretch, one can selectively, resonantly excite a single isolated
OH group. This “isolation” approach has also been
demonstrated for intramolecular bond specificity for small
molecules and protein residues, by implementing isotope
labeling, and can be used not only to identify specific bonds but
also to probe exciton delocalization by disrupting cou-
plings.14−16 A very important complement to experimental
approaches is direct comparison of experimental results with
molecular dynamics (MD) simulations, which can translate
time-dependent spectroscopic information into structural
dynamics.
In this review we focus primarily on the application of time-

resolved vibrational spectroscopies to water, and we compare
results obtained for liquid water with those obtained for
crystalline ice Ih and amorphous ice. In Figure 1 we present an
overview of all the spectroscopic observables, which are
discussed throughout this review for the case of liquid water,
and the corresponding values are summarized in Tables 1 and 2

Figure 1. Schematic overview of time scales of molecular motions, vibrational mode period, energy redistribution mechanisms, and spectroscopic
observables obtained by multidimensional vibrational spectroscopy. The processes are distinguished between those taking place in bulk water and
those at interface, as well as between the cases of neat H2O and isotope-diluted HOD in D2O. Under each motion or process the corresponding
technique is indicated, as discussed in detail throughout the review.
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and in detail thoroughly in each section. For bulk water, we also
discuss the application of linear spectroscopies, such as FT-IR
and Raman, as well as the so-called 1D nonlinear spectros-
copies, such as IR pump−probe, photon-echo, and optical Kerr
effect (OKE) spectroscopy. Furthermore, we discuss exten-
sively the application of two-dimensional infrared (2D-IR)
spectroscopy to different water phases and ice forms, and we
compare the cases of neat and isotope-diluted water.
Vibrational spectroscopy has been extended to selectively

probe interfacial water molecules by combining IR and visible
pulses in a process called sum-frequency generation (SFG)
spectroscopy. This technique has been widely used for probing
molecular structure at water−oil,17 water−lipid,18,19 and
water−solid interfaces20,21 as well as the water−air inter-
face.22−27 SFG spectroscopy has been extended with the two-
dimensional sum-frequency generation (2D-SFG) technique,
which enables one to probe the heterogeneity or homogeneity
of interfacial water molecules. We introduce these SFG
techniques and illustrate how the heterogeneous interactions
at aqueous interfaces affect the structure and dynamics of water.
We also discuss the extension of 2D-IR spectroscopy to

higher dimensions, three-dimensional infrared spectroscopy
(3D-IR) as well as a novel nonlinear spectroscopy that probes
directly the intermolecular degrees of freedom, known as two-
dimensional Raman terahertz spectroscopy (2D Raman-
THz).28 We conclude this review with an outlook on the
future of vibrational spectroscopy for studying water structure
and dynamics.

2. LINEAR SPECTROSCOPY: FOURIER TRANSFORM
INFRARED AND RAMAN

Fourier transform infrared (FT-IR) and Raman spectroscopy
are commercially available techniques, which have been used
widely to characterize the structure and dynamics of water
molecules in gas and condensed phases. IR and Raman spectra
reflect the distributions of vibrational frequencies of water
oscillators, but they are also affected by intra- and
intermolecular couplings. As such, the process of extracting
information about the microscopic configuration of water from
these spectra is complicated in neat (i.e., not isotopically dilute)
water. As shown in Figure 2a, the IR line shape of neat liquid
H2O (red solid line) is very broad, exhibiting multiple

underlying contributions observed as shoulders in the
spectrum. These become more pronounced in the ice spectrum
(blue solid line), where they appear as distinct peaks. Early
investigations assigned these features to symmetric and
antisymmetric stretching vibrational modes of the H2O
molecule, with an additional contribution from a Fermi
resonance caused by overlap of the OH stretch mode frequency
with that of the HOH bending overtone mode.29,30 Subsequent
studies have suggested that collective intermolecular oscillations
enhance the peak shoulder and lower the peak frequency. The
spectra are further determined by coupling of intermolecular
degrees of freedom, such as OH stretch and HOH bending
modes, to intermolecular low-frequency modes, such as
librations and HB oscillations,31−33 as supported by measure-
ments of vibrational relaxation (see section 4). These
demonstrate that vibrational modes are coupled in a complex
manner, which strongly affects the OH stretching mode spectra
of liquid water, amorphous ice, and crystal ice. Note that the
relative influence of the Fermi resonance and intermolecular
collective oscillation has not been examined theoretically and
this should be done, for example, via path integral ab initio MD
simulation approaches.34−36 The Raman spectrum of liquid
water exhibits similar features (Figure 2b), which are believed
to arise from different structural environments influenced by
the local HB structure.33,37,38 In Figure 2c, one can see that
these features are more pronounced in the Raman spectrum
due to the different inherent temporal and spectral resolution.
In Raman spectroscopy, the vibrational peak width is
determined by convolution of the Raman pulse with decaying
vibrational coherence; in the long-pulse limit, this convolution
is determined solely by the dephasing time of the molecule.39

Spectral selectivity is additionally enhanced in polarized Raman
spectroscopy, where polarization control can be used to
separate orientational and vibrational dynamical contributions
to the observed line shape.40,37

One elegant way to simplify the OH stretch spectrum and to
experimentally disentangle localized and delocalized contribu-
tions is isotope dilution. Instead of studying the OH stretch of
neat water (100% H2O), one can probe a small amount of
HOD (typically 5% H) in D2O.

41 The line shape simplifies
significantly, as seen in Figure 2a (dashed line). This change in
the spectral response arises from the following three

Table 1. Vibrational Dynamics of Isotopically Neat Water

vibrational lifetime (ps) anisotropy decay (ps) spectral diffusion (ps)

H2O D2O H2O D2O H2O

liquid 0.23 ± 0.0351,86,166,29,167 0.40 ± 0.0393 0.07,86,52 <0.353 <0.05,86 0.1852

ice Ih 0.49112 0.69112 0.085112 0.065112

interface 0.84167,168 a 0.9139 0.2424 b

aFree OH (3700 cm−1). bH-bond OH (3200−3400 cm−1).

Table 2. Vibrational Dynamics of Isotopically Diluted Water

vibrational lifetime (ps) anisotropy decay (ps) spectral diffusion (ps)

HOD/D2O HOD/H2O HOD/D2O HOD/H2O HOD/D2O HOD/H2O

liquid 0.72 ± 0.0390,84,169 1.8 ± 0.294,170 <3.0−4.050,53,169 <2.6 ± 0.2170,171 0.5−1.089,84,172,2 0.7−2.678

ice Ih 0.59 ± 0.06110,79,84,173,174 0.41 ± 0.0279 ∼0.679 ∼0.479

LDA 0.4−1.277 0.24 ± 0.0877

HDA 1.5−2.980

interface 2.6168 a ∼1175 a
aFree OH (3700 cm−1).
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mechanisms: First, due to the frequency mismatch between OD
and OH stretches (peaks at 2500 and 3400 cm−1 in liquid,
respectively), the OD and OH stretches are largely decoupled,
avoiding vibrational energy splitting and formation of a
symmetric and antisymmetric stretching modes, unlike the
neat H2O case. Second, since the OH stretch vibration is largely
surrounded by D2O molecules, the intermolecular vibrational
couplings are also strongly reduced, allowing one to assume
that in the isotope-diluted water the OH stretch mode is, to a
good approximation, localized on one OH bond. Finally, the
overtone of the HOD bending mode (∼2900 cm−1) is also
spectrally decoupled from both OD and OH stretching modes,
preventing Fermi resonance between the OH stretch and the
overtone of HOH bending.
Although isotopic dilution is of great help to interpret the

vibrational OH stretch spectra in water, extracting the structural
and dynamical information from FT-IR spectra is very difficult,
because the line shapes of the spectra arise both from both
homogeneous and inhomogeneous broadenings. Moreover,
with isotope dilution, the intrinsic nature of the vibrational
couplings of water that are responsible for ultrafast energy
dissipation and spectral diffusion cannot be studied. A detailed
understanding of the vibrational signature of the water
molecule clearly requires studies with both neat and isotopically
diluted water.

3. ONE-DIMENSIONAL NONLINEAR SPECTROSCOPIES
In order to go beyond linear spectroscopy. one needs to
employ multiple ultrafast pulses to induce a nonlinear
interaction. Since we are taking the multidimensional approach
to vibrational spectroscopy, we first introduce the concept of
1D nonlinear spectroscopy, where we discuss the time-resolved
techniques that implement frequency dependence along one
frequency axis (that of the probe pulse), even though multiple
pulses are included in the scheme (nonlinear interaction). In
1D nonlinear spectroscopy, a pair of pulses is used to excite the
sample and probe the transient modifications of the optical
response induced by the excitation. Then, by changing the time
delay between the two pulses, one can extract dynamical
information. Furthermore, by controlling the polarization
directions of the pump and probe pulses, one can extract
isotropic from anisotropic information. In this section, we
review the three classes of time-resolved experiments: pump−

probe, photon-echo, and OKE spectroscopy. In pump−probe
experiments, the two laser pulses are used for resonant
excitations, whereas in OKE experiments the laser−matter
interactions are nonresonant. Furthermore, in photon-echo
spectroscopy, by introduction of an additional pulse, one can
induce a vibrational photon echo in the system.

3.1. Pump−Probe and Photon-Echo Spectroscopy

In Figure 3a, one of the early pump−probe spectrum of liquid
water (HOD in D2O) is shown.

42 It features both negative and
positive contributions, as it is a difference spectrum between
pumped and unpumped absorbance spectra. The positive
feature is associated with ground-state contributions (stimu-
lated emission and bleach), and the negative peak arises from
the excited-state absorption. The frequency of the excited-state
absorption is lower than that of the ground-state contribution
because the OH stretch potential is substantially modulated by
HB interaction, enhancing the anharmonicity of the potential.
The variation of signal as a function of the pump−probe delay
time is shown in Figure 3b, which, depending on the
polarization geometry, can reflect either the vibrational
population relaxation (●, ○) or the anisotropy decay
(inset).43,44

Rotational motion (see inset of Figure 3b) is independent of
vibrational relaxation and reflects only orientation dynam-
ics.44,45 In isotopically dilute water, the fast initial short (50−
100 fs) decay of the anisotropy is associated with inertial
librational motion of the molecules.48,49 The subsequent slower
component (∼3 ps)50 is associated with collective reorientation
of the HB network. In neat H2O, however, only a 70−80 fs
time scale is observed,51,52 which corresponds to a single cycle
of inertial librational motion. That is, the orientational memory
is completely lost due to intra- or intermolecular energy
transfer53 and is largely unaffected by slower large-scale
reorientation associated with structural relaxation. Furthermore,
the cross-anisotropy between the OH stretch and HOH bend is
zero for all times,52 implying that the stretching transition
dipole moment is orthogonal to the bending transition dipole
moment. Experimental time scales of the dynamics of neat and
isotope-diluted water are summarized in Tables 1 and 2.
Photon-echo spectroscopy, results of which are shown in

Figure 3c,d, allows the separation of homogeneous and
inhomogeneous broadenings.54 Three pulses are utilized in a

Figure 2. (a) FT-IR spectra of OH stretch vibrations of liquid neat H2O (red solid), liquid isotope-diluted 5% HOD in D2O (red broken), ice Ih of
neat H2O (blue solid), and ice Ih of 5% HOD in D2O (blue broken). (b) Raman spectra of OH stretch vibrations of liquid neat H2O at different
temperatures. Reprinted with permission from ref 38. Copyright 2013 Elsevier. (c) Comparison between FT-IR and Raman spectra at 298 K.
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triangular geometry (four-wave mixing), which allow for
recording the vibrational echo in the sample induced by the
pulses (Figure 3c,d).46,47,55 In this way, one can measure
directly the vibrational dephasing time,46 which originates from
intermolecular dynamics47 and contains multiple relaxation
times originating from different contributions.55 Photon-echo
spectroscopy has probed for the first time the ultrafast HB
dynamics of water and is the predecessor of 2D-IR spectros-
copy.
3.2. Optical Kerr Effect Spectroscopy

In OKE spectroscopy, a polarized laser pulse induces a transient
birefringence in an optically transparent medium.56−58 The
second pulse, characterized by a different polarization direction,
monitors the time evolution of the induced birefringence,
which reflects the relaxation and vibrational response of the
molecules in the sample. In this experiment the pump pulse is
nonresonant, but it induces coherence in the vibrational states
via Raman coupling. Note that with this technique the probe
pulse spectrum is not resolved and only the polarization
variations are detected. The response function investigated in
OKE is equal to that of depolarized light scattering but
measured in the time domain. When ultrashort laser pulses are
employed, this response contains information on diffusion or
relaxation processes and low-frequency vibrational dynamics.
Although the first investigations of liquid water by heterodyne-
detected optical Kerr effect (HD-OKE) spectroscopy go back
to the early 1990s,59,60 only recently has the HD-OKE
technique been extended to the supercooled phase.59−63 HD-
OKE signals arise from the material response function R(t),
convoluted with the instrument response. R(t) can be directly

connected to the time derivative of the time correlation
function of the anisotropic component of the collective
susceptibility:63

χ χ∝ − ∂
∂

⟨ ⟩R t
t

t( ) ( ) (0)

The imaginary part of the Fourier transform of R(t) represents
the matter response in the frequency domain and thus is
equivalent to that measured in depolarized light-scattering
experiments, that is, depolarized Rayleigh−Raman scattering.
Figure 4 displays (a) time domain and (b) frequency domain

of the HD-OKE data of liquid water. These data show complex
oscillatory (subpicosecond) dynamics, followed by relaxation
processes. The vibrational features are characterized by
intermolecular vibrations, namely, H−O···H HB bending and
stretching bands, which is evident from the spectra in Figure
4b. The slower decay indicates a diffusion or relaxation process
that is related to the structural rearrangement process of liquid
water,61 whereas the faster decay in OKE signals (Figure 4a)
(i.e., fluctuations of the anisotropic part of susceptibility)
reflects both orientational and translational dynamics,64 because
the polarizability of the water molecules is nearly isotropic.
Analysis of the slower part of HD-OKE data can be

performed by a simple scaling procedure that does not rely on
any water models.61 The raw data measured at different
temperatures can be rescaled in time/amplitude so that the
decay curves overlap and collapse in a “master plot”. This
procedure identifies a “master function” (see Figure 4c), which
for water is a stretched exponential:

Figure 3. Measurements on liquid water by (a, b) pump−probe and (c, d) photon-echo spectroscopy. (a) One of the earliest pump−probe spectra
of the OH stretch of HOD in D2O. Reprinted with permission from ref 42. Copyright 1991 American Physical Society. (b) Corresponding
vibrational population relaxation, measured with higher temporal resolution (● and ○ indicate different polarization geometries), and anisotropy
decay (inset; red, green, and blue lines denote pump frequencies of 3320, 3400, and 3500 cm−1, respectively). Reprinted with permission from ref 45.
Copyright 1997 American Association for the Advancement of Science. (c) Photon-echo intensity of liquid HOD in D2O as a function of delay time
(○, CaF2; ●, water response). Reprinted with permission from ref 46. Copyright 2001 American Physical Society. (d) Corresponding vibrational
dephasing times. Reprinted with permission from ref 47. Copyright 2003 American Association for the Advancement of Science.
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∝ − ∂
∂

τ− β
R t

t
( ) e t( / )

Relaxation times obtained with the rescaling procedure have a
temperature dependence that can be described by a power law,
τ ∝ (T − Tc)

−γ, with critical temperature Tc ≈ 227 K and
critical exponent γ ≈ 1.7. The dynamic scenario (i.e., structural
relaxation features and temperature scaling laws) agrees with
the predictions based on mode-coupling theory,65 suggesting
that supercooled water undergoes a dynamic arrest similar to
fragile glass-former liquids.66−69

Analysis of the faster (vibrational) part of the HD-OKE
signal required a more complex procedure based on a model
describing the water dynamics and its connection with optical
susceptibility. A few phenomenological models have been
introduced with the aim to reproduce the whole OKE signal
features (i.e., vibrational dynamics and relaxational processes).
To analyze the data, the schematic mode-coupling (SMC)
model has been particularly successful in the analysis of water
dynamics in the supercooled phase.62,63

The SMC model describes the water dynamics by using
coupled equations of motion of the correlation functions. The
equations of motion have the form of integral−differential
equations, characterized by a main vibrational frequency, a
simple constant friction term, and a memory friction term. The
physical observables are density ρ(t) and vibrational modes of
water Qi(t). The dynamics of each variable is regulated by a
memory-function equation of motion: density by the self-
consistent “master equation” and Q modes by equations that
are dependent by density dynamics through memory kernels.
The SMC equations represent a robust physical model capable
of describing complex dynamics including damped vibrations
and structural relaxation, as well as their coupling. Contrary to
models that use multiple independent vibration and/or
relaxation functions,59,60,70 SMC does not require any
decoupling or dynamic separation between fast vibrational
dynamics and slow relaxation phenomena.66

The OKE signal of water can be very well described by a
numerical solution of the SMC model, as seen in Figure 4a,b
(black lines). Analysis of OKE experimental data by use of the

SMC model provides detailed insight into the vibrational water
dynamics. Three local water modes or Q modes are required to
reproduce the low-frequency part, ν < 500 cm−1, of the water
spectrum. The Q mode denoted by the red area in Figure 4
represents the HB bending band located at about 50 cm−1; this
mode is weakly coupled with the structural dynamics
represented by the very low frequency side of the spectrum,
ν < 10 cm−1. The other two Q modes denoted by green and
orange areas are contributions of the HB stretching band,
around 200 cm−1, one of which shows strong coupling to
structural/slow dynamics. A comparison with Raman data in
amorphous ices71 suggests the nature of these two vibrational
components; the higher frequency Q modes at 225 cm−1

(shown in orange) seem to arise from intermolecular vibrations
of local structures, characterized by a highly tetrahedral HB
network analogous to those present in low-density amorphous
ice. The lower frequency mode at 180 cm−1 (shown in green) is
likely connected to distorted local structures, similar to the
high-density amorphous ice local molecular arrangements.71

Thus, this analysis brings an indication of the coexistence of
two local configurations in liquid and supercooled phases of
water, which can be interpreted as high- and low-density water
forms.62

Since the OKE spectroscopy data and SMC analysis are
intrinsically connected to the collective and intermolecular
dynamics, they are particularly suitable for exploring pretransi-
tional and critical phenomena. Unfortunately, it is highly
challenging to relate the phenomenological SMC models to the
molecular scale of the liquid phase, making it difficult to
connect key parameters of the model (e.g., friction parameters)
to a specific aspect of the molecular liquid. Nevertheless, SMC
analysis of vibrational dynamics of supercooled water measured
by HD-OKE experiments has indicated the presence of
fluctuating bimodal aggregations of molecules,72,73 and hence
these results are consistent with the hypothesis of water
polymorphism.74

Figure 4. (a) Experimental HD-OKE signals, measured in stable and metastable liquid phases of water (colored lines), as well as fitting functions
obtained by numerical solution of the SMC model (black lines). (b) Corresponding frequency-domain HD-OKE spectra, R(ω). The obtained
spectra are decomposed into the main water local modes denoted by green, red, and orange areas. (c) Master plot of measured HD-OKE signals,
obtained by rescaling the time/amplitude axes in order to overlap the data at different temperatures (colored lines). The master function is given by a
stretched exponential function. The scaling procedure, applied to x-axes of the data, provides the structural relaxation times τ. (Inset) Relaxation
times obtained vs temperature; a power law fit is also reported.
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4. TWO-DIMENSIONAL INFRARED SPECTROSCOPY

Two-dimensional infrared (2D-IR) spectroscopy can be
understood as an extension of transient absorption (pump−
probe) spectroscopy, in which the pump pulse frequency is
resolved in addition to the probe pulse frequency.75,76 In the
2D-IR case one can access dynamical information by
modulating the population time t2, which is the time delay
between the pump and probe pulses. In other words, this is the
observation time of the system evolution, where any changes
due to structural rearrangement of energy redistribution would
lead to a frequency shift and gradual loss of correlation due to
frequency fluctuations. The 2D-IR spectrum depicts the
absorption change as functions of the pump (ω1) and probe
(ω3) pulse frequencies. For a single oscillator, the 2D-IR
response typically consists of three contributions: ground-state
bleach and stimulated emission (BL and SE, shown as blue lobe
in Figure 5), and excited-state absorption (ESA, shown as red
lobe in Figure 5). The BL and SE contributions manifest
themselves at the same probe frequency ω01, whereas the ESA
contribution is shifted due to the anharmonicity of the potential
to lower frequencies ω12 along the probe axis.

The 2D-IR line shape is, in essence, a frequency correlation
map between ω1 and ω3. When the excited molecular assembly
has the same vibrational frequency during the pump and probe
pulses, the 2D-IR spectra has a peak elongated along the
diagonal line (ω1 = ω3). That can be seen clearly in the 2D-IR
spectra of the intrinsically heterogeneous systems low- and
high-density amorphous ice77 (LDA and HDA ice; Figure
5c,d), where the ground-state contribution (blue lobe) appears
substantially elongated along the diagonal. The bandwidth of
the diagonal elongation provides information on the amplitude
of inhomogeneous broadening, whereas information on
homogeneous broadening can be extracted from the anti-
diagonal bandwidth. The ability to disentangle inhomogeneous
from homogeneous broadenings is a great advantage of 2D-IR
over FT-IR and pump−probe spectroscopy. The line shape of
crystalline ice Ih (Figure 5b) is much narrower along the
diagonal due to the ordered crystalline environment, even
though there is a small fraction of inhomogeneity as discussed
in section 4.2. For liquid water (Figure 5a), the line shape is
quite inhomogeneous, as evident from the marked elongation
of the response along the diagonal, revealing clear correlation
between pump and probe frequency. This correlation is time-
dependent, as discussed in section 4.1, and gradually decays in

Figure 5. 2D-IR experimental spectra of OD stretch of isotope-diluted water (5% HOD in H2O) in four different forms with t2 ≈ 100 fs for all
panels. (a) Liquid water. Reprinted with permission from ref 78. Copyright 2011 American Chemical Society. (b) Crystalline ice Ih. Reprinted with
permission from ref 79. Copyright 2011 AIP Publishing LLC. (c) LDA ice. Reprinted with permission from ref 77. Copyright 2013 American
Chemical Society. (d) HDA ice. Reprinted with permission from ref 80. Copyright 2014 AIP Publishing LLC.

Figure 6. Spectral diffusion, manifested in 2D-IR spectra of neat liquid H2O as loss of correlation between the pump excitation frequency (ω1) and
the probe excitation frequency (ω3). For early population times (t2 = 100 fs) the line shape is more diagonally elongated and tilted, as indicated by
the black line, whereas for later population times (t2 = 400 fs) it is more round and flat. Reprinted with permission from ref 52. Copyright 2013
Nature Publishing Group.
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time. The loss of ω1−ω3 correlation is called spectral diffusion
and is intimately related to rearrangement of the HB structure
and vibrational energy randomization.

4.1. Liquid Water

In Figure 6 are shown the experimental 2D-IR spectra of the
OH stretch vibration of neat H2O for different population time
delays t2. At early times (t2 = 100 fs), the spectrum is tilted
slightly away from the ω1 axis, as indicated by the black line.
With increasing population time, the correlation between the
response along pump and probe frequency is gradually lost and
the spectra become rounder. One of the commonly used
metrics to assign a characteristic time scale to this process is to
extract the value of the center line slope of the maximum of the
ground-state contribution (black line) as a function of t2 from
the 2D spectra81 The center line slope decays as a function of
t2, as shown in Figure 6b, and the characteristic decay constant
relates to the frequency−frequency correlation decay.
In the case of isotopically dilute water, spectral diffusion

shows a multiexponential decay.82−84 The short time scale
(50−400 fs) has been associated with librational motion of the
molecules and HB breaking, while the longer time scale (0.7−
1.2 ps) is associated with large-scale collective reorientation of
the HB network. Differences in dilute OD versus dilute OH
chromophores are due to the difference in mass as well as the
stronger O−D···O versus O−H···O HBs.85 In addition,
recurrences in the correlation function due to HB stretching
modes have been observed on a 150 fs time scale as well as
complex frequency-dependent time scales.83

For neat H2O, the first experiments showed spectral diffusion
on a 50 fs time scale,86 and more recent experiments with
increased bandwidth and accordingly improved time resolution
showed a monoexponential decay of approximately 170 fs
(Figure 6b).52 The 170 fs spectral diffusion has been also
supported by recent ab initio MD simulations.87 Hence, unlike
isotopically dilute water, the frequency correlation is completely
lost on the time scale of a single cycle of the hydrogen-bond
stretching motion (∼150 fs), and HB dynamics play a role in
destroying frequency correlation. The slow component
observed in HOD is absent in neat H2O, which in the dilute
case corresponds to large-scale reorientation of the hydrogen-

bond network. In H2O, resonance coupling delocalizes the
vibrations and vibrational energy can move relatively freely
through the liquid. This results in the loss of anisotropy well
before the water molecules move significantly. After vibrational
relaxation is complete (0.7−1.0 ps in isotopically dilute
water,48,88−90 200−300 fs in neat H2O,

51,52,91,92 and 400 fs in
neat D2O;

93 see Table 1), a thermal signal arises in the 2D-IR
spectrum as the energy is converted to heat, leading to an
overall temperature rise.94

Spectral diffusion of liquid water exhibits, like many other
dynamical properties of liquid water, a highly non-Arrhenius
temperature dependence, which diverges around the typical
singular temperature of T = 221 K.78 Figure 7b displays the
correlation time of isotope-diluted water (HOD in H2O) versus
temperature from ambient conditions to the supercooled
regime. These results show that the correlation time slows
down dramatically with lowering temperature, contrary to the
vibrational lifetime (Figure 7a).84 An Arrhenius analysis yields
an activation energy barrier of 6.2 kcal/mol, which would
correspond to the value of typical activation barriers that
dominate water diffusion. A comparison of the deduced
activation energy barrier with literature values for the strength
of hydrogen bonds in water, obtained by simulations (1.9 kcal/
mol) or experiments (1.5 kcal/mol),95,96 leads to the
conclusion that the obtained barrier value is tentatively too
large, which is an indication of non-Arrhenius dynamics. An
alternative analysis employs a power-law fit, which is typically
used to describe supercooled liquids near the glass transition
based on mode coupling theory.97 In this case the correlation
time has the form

τ = − γ−a T T( )c s

Temperature dependence of the correlation time is described
well with a singular temperature of Ts = 221 K and a power law
coefficient of γ = 2.278 (the fit is shown in Figure 7b, inset).
This singular temperature has also been observed when the
thermodynamic data of liquid water are fit with the power law
in the supercooled regime, indicating that dynamical properties
vary with temperature in a similar manner to the variation of
the thermodynamical properties. Measurements by HD-OKE
yield very similar results to those mentioned above.61,62 The

Figure 7. (a) Temperature dependence of population lifetime of liquid water and ice. Reprinted with permission from ref 84. Copyright 1998
American Physical Society. (b) Temperature dependence of spectral diffusion (correlation time) of isotope-diluted water from ambient conditions to
the supercooled regime. (Inset) Power-law fit. Reprinted with permission from ref 78. Copyright 2011 American Chemical Society.
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HD-OKE experiment measures the structural relaxation of
water, whereas the 2D-IR experiment is sensitive to HB
forming and breaking, as well as the relative bond strength and
anharmonicity and both techniques result tin similar power-law
trends.98,99

Measurements of rotational relaxation show that the
reorientational correlation function of an ensemble of water
molecules decays exponentially.5 While this might imply that
reorientation of water molecules is diffusive, the mechanism for
loss of rotational memory of water molecules was first
demonstrated by using MD simulations, unlike an earlier
model of Brownian particles,100 proposing that the orientation
of water is in fact governed by an angular jump of the molecular
orientation of water following HB exchange98,99 (see Figure 7a
of ref 101). The orientation correlation time can be quantified
by the average time evolution dynamics, which show a rapid
change in the angular component as a function of time. This
jump occurs within 140 fs in liquid water, related to the water
librational mode. This angular jump model has been
experimentally confirmed by Gaffney and co-workers.102

Furthermore, moderate slowing-down of the orientation
motion near a hydrophobic solute was also successfully
accounted for; the excluded volume of the hydrophobic solute
limits the angular jump of water molecules.103 Note that the
dramatic slowing-down of the reorientational motion of water
near the hydrophobic part of amphiphilic solutes, concluded
from pump−probe spectroscopic observations,104,105 has also
been explained by strong interactions of water with the
hydrophilic part of the amphiphilic solute rather than by
excluded volume effects of the jump mechanism.106 The
mechanism of orientational motion in ice has been also
explored, showing that the angular jump propagates like a
string.107 These studies are useful to understand the orienta-
tional motion of water in liquid and ice and to acquire detailed
microscopic insights on the HB exchange mechanism.

4.2. Crystalline Ice

Ice Ih is the naturally occurring ice form under ambient
conditions, which features tetrahedral coordination and proton
disorder. The latter is believed to be responsible for the minor
diagonal elongation of the 2D-IR ground-state signal (blue
lobe) shown in Figure 5b,79 as confirmed by the simulations.108

Furthermore, the 2D-IR line shape of ice Ih features a distinct
line shape asymmetry between ground-state (blue lobe) and
excited-state contributions (red lobe), which is also partially
present in the LDA and HDA ices (Figure 5c,d).77,80 This line
shape asymmetry has been also reported for the OH stretch of
HOD/D2O of liquid water109 and ice Ih,110,79,111 where it
appears much more pronounced than in the OD stretch case.
This feature strongly indicates that the excited state in isotope-
diluted ice is spatially delocalized31 and thus samples many
different environments, resulting in a broad range of excitation
frequencies. In this case the OH stretch is expected to be
coupled strongly to the intermolecular degrees of freedom,
which can also lead to coherent quantum oscillations
modulating the 2D-IR signal.51,79

The excitonic effects become even more pronounced in the
solid crystalline case, where there is no HB exchange dynamics
and the molecular environment is arranged in a molecular
lattice. The 2D-IR line shape of neat ice appears much more
congested, with multiple contributions arising from subpeaks of
the OH stretch band (as depicted in Figure 8), which
additionally exhibit very strong polarization dependence.112

Simulations indicate that the isotropic signal contains excitonic
cross-peaks on top of possible cross-peaks with a thermal
origin.113 The reason for the absence of these peaks in the
anisotropic signal is that the angles between dominant exciton
states are almost isotropically distributed, which most likely is
related to the fact that ice Ih is proton-disordered. Thermal
contributions related to local heating effects has been observed
on longer time scales and extend to several microseconds.43 On
the contrary, the anisotropic contribution decays very rapidly
(100 fs). This rapid randomization of the orientation of the

Figure 8. Experimental 2D-IR spectra of OD stretch of neat ice (D2O) for (a) isotropic and (b) anisotropic polarization geometries for waiting times
t2 = 150 fs. Reprinted with permission from ref 112. Copyright 2011 PCCP Owner Societies.
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transition dipole moment does not imply that the reorientation
of the water molecules occurs spatially within 100 fs, but rather
originates from the exciton migration.112 Interestingly, the
anisotropic 2D-IR response exhibits distinct diagonal peaks and
corresponding cross-peaks arising from the excitonic coupling
(Figure 8b), resulting in a very rich line shape that, however,
decays within ∼100 fs.

4.3. Amorphous Ice

Amorphous ice is an ideal model system to study the nature of
vibrational excitation transfer114,115 and vibrational relaxation
mechanism,116−119 due to its large structural disorder and lack
of reorientation motion in the picosecond range. Therefore,
contrary to liquid water, where reorientation of water molecules
occurs on a similar time scale as vibrational relaxation and
energy transfer, in amorphous and crystalline ices, reorientation
occurs on a distinctly longer time scale and relates closely to
proton transfer.120−122

Recent 2D-IR studies of isolated OD oscillator in LDA ice
(5% HOD molecule in H2O) demonstrate how the vibrational
potential of the OH stretch mode is correlated with the local
environment.77 In Figure 5c,d, the 2D-IR spectra of isotope-
diluted water in the LDA and HDA forms at 80 K123 is shown
for a population time of 100 fs. These 2D spectra display a
strongly elongated ground-state peak (blue lobe) along the
diagonal line, reflecting a pronounced inhomogeneous broad-
ening and a broad range of transition frequencies, as expected
for a disordered glassy environment.124 Exploiting the close
relationship between the absorption frequency of the OH
stretch oscillator and the O···O distance of a pair of H-bonded
molecules,89,125−127 the local structure and dynamical proper-
ties of HBs in water can be monitored. Moreover, the structural
disorder of the HB environment gives rise to an extended range
of vibrational relaxation time scales that show remarkable
correlation with the HB strength. This correlation is rather
independent of the thermodynamic phase of water; that is, the
decay rate at the lower excitation frequency side of LDA of 430
fs (Figure 9) is comparable to that observed in ice Ih,79 while
the value at the high end of the excited-state transition
contribution (red lobe) of 1.2 ps is close to the values observed
in liquid water.128 A subsequent study on ultrafast vibrational
relaxation80 showed that the difference in local structure

between LDA and HDA ice originates from the presence of the
interstitial molecule in HDA.129

5. SUM-FREQUENCY GENERATION SPECTROSCOPY
Sum-frequency generation (SFG) spectroscopy is a surface-
sensitive technique that can provide unprecedented information
about water at interfaces, specifically the water−air interface.
SFG is a second-order nonlinear optical process in which IR
and visible pulses are mixed at a surface to generate the sum
frequency of these two beams. When the IR is resonant with a
molecular vibration of interfacial molecules, the efficiency of the
SFG process is enhanced. The selection rule of even-order
optical processes dictates that symmetry must be broken. As
such, SFG spectroscopy has been used to probe the vibrations
of interfacial molecules with preferential orientation.22

The heterodyne-detected, phase-resolved SFG signal can
have both positive and negative peaks. When the transition
dipole moment and polarizability have the same phase, a
positive (negative) SFG peak indicates that the transition
dipole moment points up to the air (down to the bulk). Since
the transition dipole moment and polarizability have the same
phase for the OH stretching mode, a positive (negative) OH
stretching peak indicates that the OH groups point up (down)
from the bulk water region to the interface (from the interface
to the bulk).130,131 Interestingly, since the transition dipole
moment and polarizability are of opposite phase for the HOH
bending mode, a positive HOH bending peak indicates that
HOH bisector points down.132

The SFG spectrum of the OH stretching mode at the water−
air interface is shown in Figure 10a, which significantly differs
from the bulk IR signals; a sharp positive peak appears at
∼3700 cm−1 with a small shoulder at 3600 cm−1, while a broad
negative and a positive band are present at ∼3400 and ∼3100
cm−1, respectively. The sharp positive peak at ∼3700 cm−1

arises from the dangling OH group resulting from interruption
of HBs at the water−air interface,21 while the ∼3600 cm−1

shoulder arises from the antisymmetric mode of the water
molecule with two HB donors.133 The presence of the ∼3100
cm−1 band is still under debate;134,135 two simulation papers
using force-field models report the reproduction of this SFG
feature, attributed to the three-body interaction26 and induced
dipole moment of the interfacial water molecules,27 while SFG
spectra using ab initio MD trajectory do not show this
feature.136

Isotopically diluted water gives rise to a reduction of the SFG
amplitude as well as narrowing of the negative ∼3400 cm−1

peak. This can be attributed to decoupling of different OH
stretching modes.138 Interestingly, in addition to decoupled
vibrational energy levels, the interfacial structure of HOD is
different from that of pure H2O due to the nuclear quantum
effect.25 Although nuclear quantum effects are generally not
prominent at room temperature, the heterogeneous inter-
actions of water molecules at the interface enhance nuclear
quantum effects even at room temperature.35 The energetically
stronger O−D···O HB, as well as the higher zero-point energy
associated with the OH stretch mode rather than the OD,
favors the free OH group pointing up to the air region. As a
result, the OH bond of the HOD molecule tends to orient
toward the air region against the entropy increase, namely, the
same distribution of orientation of the OH and OD groups
(Figure 11).
The 2D extension of the SFG technique provides

information on spectral diffusion in a similar manner to the

Figure 9. Vibrational lifetimes extracted from the intensity of
experimental 2D-IR peaks for isotope-diluted crystalline and low-
and high-density amorphous ices. Reprinted with permission from ref
80. Copyright 2014 AIP Publishing LLC.
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2D-IR technique. Experimentally measured 2D-SFG data at the
H2O−air interface show a relatively homogeneous 3200−3400
cm−1 feature and inhomogeneous subensemble at 3500 cm−1 as
seen in Figure 10b.24 The 3200−3400 cm−1 SFG feature shows
spectral diffusion with a time constant of ∼240 fs, which is
slightly slower than that in bulk H2O of 170 fs, due to the
reduced density of water at the water−air interface. This was
attributed to slower intermolecular energy transfer due to the
lower density of OH stretch chromophores at the water−air
interface than in the bulk,24,139 indicating that the hydrogen-
bonded OH chromophores of the interfacial water exhibit
similar vibrational dynamics to that of the bulk water.
In contrast, the subensemble at 3500 cm−1 shows

substantially slower spectral diffusion, indicating that the OH
group with 3500 cm−1 vibration at the water−air interface is
dynamically isolated with the other water molecules.24 Given
the undercoordination at the interface, this is perhaps not
completely surprising, but it shows that at the interface there

are undercoordinated OH groups, rather than the previously
claimed more strongly hydrogen-bonded, icelike OH groups.21

Simulations of the 2D-SFG spectrum have very recently been
reported (Figure 10c),137,140,141 and further studies are
necessitated for deeper understanding of structure and
dynamics at the water−air interface.

6. NOVEL MULTIDIMENSIONAL VIBRATIONAL
SPECTROSCOPIC TECHNIQUES

In this section we briefly discuss insights into the dynamics of
water obtained by novel vibrational techniques that have been
extending the frontiers of multidimensional IR spectroscopy.
One approach is the extension of 2D-IR to higher dimensions
by incorporating an additional frequency axis, leading to 3D-
IR.142 3D-IR spectroscopy can provide new insights into the
non-Gaussian and/or non-Markovian aspects of stochastic
processes associated with the hydrogen-bond dynamics of
water.142 For liquid water, 3D-IR enables one to make the
distinction between inhomogeneous and homogeneous broad-
ening of low-frequency (intermolecular) modes, whereas for
ice, it enables exploration of the hydrogen-bond anharmonicity
at higher excited vibrational states.
The three-point correlation function c3 manifests as the

skewedness of the 3D line shape along the body diagonal; that
is, the line that connect two corners of the cube and goes
through the center (Figure 12a, yellow dashed line). The extra
information encoded in c3, in comparison to c2, enables 3D-IR
to distinguish heterogeneous from homogeneous relaxation
dynamics. In the case of liquid water, c2 reports on the average
frequency−frequency fluctuation correlation decay, which is
multiexponential as discussed in section 4. With 3D-IR, one can
resolve whether the multiple components originate from the
same population with multiple relaxation components or from
distinctly different molecular subensembles with heterogeneous
dynamics. 3D-IR suggests that the latter is true, as the detected
heterogeneous dynamics can be attributed to structurally
distinct water clusters that do not interconvert within the c3
lifetime, which is on the order of ∼0.5−1.0 ps. On the other
hand, the experimental 3D-IR line shape of crystalline ice Ih
exhibits distinct peaks (Figure 12b) that arise from different
vibrational energy pathways.143 By analyzing the line shape of
these spectrally resolved 3D peaks, which correspond to
distinct pathways, one probes the anharmonicity of the
vibrational potential under multiple excitations and explores
the population transfer between different vibrational states.
Interestingly, in some pathways vibrational energy is dissipated

Figure 10. (a) SFG spectra for H2O and HOD/D2O. Reprinted with permission from ref 23. Copyright 2011 American Chemical Society. (b) 2D-
SFG spectra at the neat H2O−air interface at t2 = 100 fs. Reprinted with permission from ref 24. Copyright 2014 John Wiley and Sons. (c) Simulated
2D-SFG spectrum of isotopically diluted water−air interface. Reprinted with permission from ref 137. Copyright 2013 National Academy of Sciences
of the United States of America.

Figure 11. (Upper panel) Schematic picture of HOD molecule at the
isotopically diluted water−air interface. (Lower panel) Bond
orientation profile of OH and OD groups of the HOD molecule,
together with OH groups of H2O and OD groups of D2O For HOD
molecules, the OD bonds preferably orient down toward the bulk
water, while the OH bond tends to orient up toward the vapor due to
nuclear quantum effects. Reprinted with permission from ref 25.
Copyright 2012 American Physical Society.
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extremely rapidly, illustrating that, in the case of water,
vibrational nonadiabatic effects dominate the higher excited
states, which typically are considered negligible. MD simulation
with ab initio-based potential reveals the breakdown of the
adiabatic approximation for the second excited state due to
strong mixing between OH and O···O degrees of freedom.144

In addition to these studies that report on the OH stretch
mode, we highlight here recent attempts to probe HB dynamics
directly by pumping the low intermolecular vibrational modes
in the terahertz regime with 2D Raman-THz spectroscopy.28

This method is sensitive to the dynamics of collective
intermolecular modes of liquid water at ambient temperatures
that emerge from aqueous hydrogen-bond networks forming.
The 2D Raman-THz spectrum (Figure 12c) exhibits an echo
signal (feature V) that indicates the presence of an
inhomogeneous distribution among the collective intermolec-
ular hydrogen-bond modes. However, according to the 2D
Raman-THz spectra, these heterogeneities exist at room
temperature, albeit only on a very short 100 fs time scale.
Further investigations extending to the supercooled regime are
currently underway, which in combination with simulations can
lead to a better understanding of the microscopic structure of
water.

7. SUMMARY AND CONCLUSIONS
Summarizing, we present an overview of the current status of
vibrational spectroscopic investigations of water by discussing
and comparing different experimental approaches and observ-
ables. By use of linear 1D spectroscopy (section 2), such as FT-
IR and Raman, the OH stretch mode frequency and line shape
are examined, which reveal information about HB strength and
local environment. This approach is widely experimentally
accessible, as the setups are now commercially available and the
measurements can be performed in a matter of minutes. The
disadvantage is that, even though the OH stretch contains
information on the dynamics, one cannot disentangle the
various contributions to the vibrational line shape. In section 3,
we discussed the application of pump−probe, photon-echo, and
OKE spectroscopies. Here the observables allow to be
disentangled into different dynamical components, such as
vibrational relaxation and anisotropy decay (pump−probe),
vibrational dephasing time (photon-echo), and transient

birefringence relaxation (OKE). Additional selectivity with
respect to the underlying dynamics can be attained by utilizing
2D-IR spectroscopy (section 4), where spectral diffusion can be
probed by the two-point frequency fluctuation correlation
function (section 4.1). Furthermore, from the 2D line shape
one can deduce information about vibrational exciton coupling
and randomization (section 4.2) as well as about frequency-
dependent vibrational relaxation (section 4.3). In section 5 is
discussed the application of surface and interface sensitive
techniques, such as SFG and 2D-SFG, which allow probing the
dynamics at the water-air interface. Finally, in section 6, we
discussed novel techniques, such as 3D-IR and 2D Raman-THz
spectroscopy, that can provide higher-order observables and
explore the experimental and theoretical frontiers of vibrational
spectroscopy.
The advantage of nonlinear approaches is that one can

dissect the underlying dynamical components by utilizing
higher-order experimental observables. These experiments are
considerably more challenging than FT-IR measurements but
can be easily performed by a laser-oriented group with current
technological advances. The real challenge is translating the
experimental observables into structural information, which in
the case of liquid water comprises a highly complex and
heterogeneous system. Therefore, in order to understand water
on a molecular level, an interplay between experiment and
theory is needed, where experiments can guide the develop-
ment of theoretical models and theory can help translate
experimental observables.
Thanks to these techniques, our understanding of water has

progressed tremendously, yet there are still several open
questions: for instance, simulations evidence that a significant
instantaneous asymmetry exists in the first coordination
shell,145,146 indicating that understanding liquid water becomes
more complex when it is studied with higher temporal
resolution.12,147 Furthermore, extension of surface-sensitive
techniques like those discussed here can shed light on the
nature of water interfaces and ultimately help us understand
microscopically the interface with biochemical molecules.148

Additionally, probing the vibrational energy dissipation in water
can help to microscopically understand the role of water in
biochemical reactions.149

Figure 12. Novel vibrational spectroscopic techniques measuring water. (a) 3D-IR spectra of liquid water. Reprinted with permission from ref 142.
Copyright 2009 American Chemical Society. (b) 3D-IR spectra of crystalline ice Ih. Reprinted with permission from ref 143. Copyright 2013 AIP
Publishing LLC. (c) 2D Raman terahertz spectra of liquid water. Reprinted with permission from ref 28. Copyright 2013 National Academy of
Sciences of the United States of America.
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There is an ongoing development of X-ray spectroscopic
techniques that, along with technological advances of the new-
generation synchrotron and X-ray free-electron laser (XFEL)
sources, can provide additional insight into the vibrational
properties of liquid water. Recent resonant inelastic X-ray
scattering (RIXS)150,151 can probe the OH potential via
excitation of a core electron using soft X-rays (wavelength λ
≈ 2 nm). The resonant excitation from the core ground state to
the excited state relaxes after ∼4 fs, to multiple vibrational
excited OH stretch states, which appear as progressions in the
emission spectra. In this case, as we discussed when comparing
FT-IR with Raman spectroscopy (see Figure 2c), the inherent
spectral resolution can be potentially increased by combing the
∼4 fs core−hole dephasing time with ultrafast XFEL pulses in
future investigations. Additionally, by tuning the excitation
frequency, this approach enables the potential of selectively
exciting different configurations in the OH stretch region,
which appear as distinct peaks in the X-ray absorption
spectrum.152

Time constants for vibrational lifetimes of the OH (OD)
stretching mode, anisotropy decays of OH (OD) groups, and
spectral diffusions are compared in liquid water, ice Ih, LDA,
HDA, and interfacial water facing to the air. The time constant
varies by more than a factor of 5. This means that vibrational
energy pathways are strongly sensitive to the water
morphology. In addition, these ultrafast dynamics in neat
water differ significantly from those in isotopically diluted
water. This means that vibrational coupling critically contrib-
utes to vibrational dynamics. These time constants are not only
essential information to understand the vibrational dynamics of
water but also a necessary reference for understanding water−
ion and water−biomolecule interactions; accelerated and/or
retarded orientational motion (vibrational dynamics) provides
information on local water dynamics (couplings with the other
mode).
When one considers further the retarded mechanism of

vibrational dynamics due to isotopic dilution, the question
naturally arises whether the coupling is excitonic in nature or of
the Förster type; that is, whether vibrational wave functions are
coherently delocalized over multiple molecules (excitonic) or
whether wave functions are localized such that resonant
interactions cause energy to hop incoherently between
molecules (Förster). Currently no experimental technique can
unambiguously distinguish between the two limits, since an
experiment with finite time resolution cannot resolve
delocalization and fast incoherent energy transfer. The
vibrational wave function of the OH stretch mode has been
estimated to be delocalized over ∼15 oscillators, lowering the
peak frequency of the OH stretching mode and enhancing the
absorption intensity as revealed by a number of simulation
studies.110,153,154 Following the Förster mechanism, the
hopping rate depends on dipole−dipole coupling strength
and thus is related to ∼1/r6, where r is interchromophore
distance, which can account for the acceleration mechanism of
anisotropy decay.53

One of the great advantages of the length and time scales
accessible by time-resolved vibrational spectroscopy is that one
can use the interplay between MD simulations and experiments
for understanding the molecular mechanism behind water’s
ultrafast dynamics. MD simulations employing classical force-
field models have been extensively used,155 and more recently,
advanced techniques such as ab initio MD146,156−158 and path
integral MD simulations25,35,36 have been employed for

understanding the electronic properties of water as well as
nuclear quantum effects. It should be also mentioned that direct
comparison between simulation and experiment can serve as a
critical test for the force-field models and can thus be utilized
for improving the water model.36,159−161 Improvement of the
force-field model is critical, in particular, for reproducing SFG
spectra132,136 and 2D Raman-THz spectra.162−164

Further challenges may connect spectroscopic observables
with the thermodynamics of water. A typical question that the
combined vibrational spectroscopy experiment and simulation
should address is how the phase transition occurs in water and
how the microscopic, molecular-level structural changes can be
related to changes in macroscopic properties. Furthermore,
water structure and dynamics under nonequilibrium con-
ditions165 is a significant challenge, both theoretically and
experimentally, and is one of the open questions where
vibrational spectroscopy can be utilized to gain detailed
molecular-level insights.

AUTHOR INFORMATION

Corresponding Author

*E-mail fperakis@stanford.edu.

Notes

The authors declare no competing financial interest.

Biographies

Fivos Perakis is currently a postdoctoral scholar at the SLAC National
Accelerator Laboratory and Stanford University, funded by the Swiss
National Science Foundation and Stockholm University. He is part of
the group of Anders Nilsson, and his experimental investigations
utilize ultrafast X-ray scattering on liquid and supercooled water, as
well as on crystalline and amorphous ice. He obtained his physics
diploma from the University of Crete in 2008 and did his diploma
work on computer simulations of quantum complex networks. Then
he moved to the University of Zurich, where he obtained his Ph.D. in
physical chemistry in the group of Peter Hamm in 2013. His Ph.D.
research focused on the ultrafast dynamics of water below the freezing
point by use of nonlinear vibrational infrared spectroscopy.

Luigi De Marco obtained his B.Sc. degree in chemistry in 2010 from
McGill University in Montreal, Canada. He is currently pursuing a
Ph.D. in chemical physics at the Massachusetts Institute of Technology
under the supervision of Professor Andrei Tokmakoff, who has since
moved to the University of Chicago. His research interests are largely
focused on the ultrafast spectroscopy of the molecular dynamics of
water molecules, with an emphasis on water in the vicinity of
biomolecules.

Andrey Shalit obtained his B.Sc. in chemistry from Hebrew University
of Jerusalem. He obtained his M.Sc. and Ph.D. under the supervision
of Professor Yehiam Prior at Weizmann Institute of Science,
performing research on multidimensional spectroscopy in the single-
shot regime. In 2013 he joined Professor Peter Hamm’s group at
Zurich University as a postdoctoral fellow under the International
Fellowship Program on Molecular Ultrafast Science and Technology.

Fujie Tang was born in Chongqing, China, and obtained his B.Sc.
degree in physics in 2013 from Peking University, China. He
continued his Ph.D study in the International Center for Quantum
Materials, Peking University, under the supervision of Professor Limei
Xu, investigating theory and simulation of interfacial SFG spectros-
copy, especially the simulation of SFG at the methanol−TiO2

interface.

Chemical Reviews Review

DOI: 10.1021/acs.chemrev.5b00640
Chem. Rev. XXXX, XXX, XXX−XXX

M

mailto:fperakis@stanford.edu
http://dx.doi.org/10.1021/acs.chemrev.5b00640


Zachary R. Kann obtained his B.S. degree in chemistry in 2011 from
the University of North Florida. He is currently carrying out Ph.D.
studies in computational chemistry at the University of Wisconsin
Madison under the supervision of Professor James L Skinner. His
research interests include development of charge-scaling methods for
molecular dynamics simulations, spectroscopic studies of aqueous salt
solutions, and studies of super- and sub-Maxwellian desorption
processes from liquids.

Thomas D. Kühne is currently a professor of computational interface
chemistry at the University of Paderborn. Before that he was an
assistant professor of theoretical chemistry at the Johannes Gutenberg
University of Mainz and a postdoctoral research fellow at the Harvard
University Department of Physics. He received his B.Sc. in computer
science, M.Sc. in computational science and engineering, and Dr.Sc.
Degree in theoretical physics, all from the Swiss Federal Institute of
Technology. His research focus is the development and application of
the molecular dynamics technique and in particular its combination
with numerical electronic structure methods. The scope of applications
is structure and dynamics of complex systems in condensed phases.
Specific examples are hydrogen-bond networks in aqueous solution
and on-water reactions, as well as water−vapor and solid−liquid
interfaces.

Renato Torre was born in Florence, Italy. He is a professor at the
Department of Physics and Astronomy and is responsible for soft
matter physics research at the European Laboratory for Nonlinear
Spectroscopy (LENS), University of Florence, Italy. He got his Ph.D.
in physics at Firenze University, realizing experimental studies on
molecular liquid dynamics by nonlinear spectroscopy. During his
postdoc period at Stanford University with Professor M. D. Fayer, he
investigated liquid crystal dynamics by ultrafast nonlinear spectro-
scopic measurements. His current research concerns the investigation
of dynamic processes in glasses and metastable and complex liquids by
means of different ultrafast nonlinear spectroscopic techniques: in
particular, supercooled water by time-resolved OKE, glass transition by
transient grating spectroscopy, and time-domain terahertz spectrosco-
py of nanostructured systems.

Mischa Bonn, born in 1971 in The Netherlands, serves as Max Planck
Director at the Institute for Polymer Research in Mainz, Germany,
where he has headed the Department of Molecular Spectroscopy since
2011. Previous to that, he held appointments at the FOM Institute for
Atomic and Molecular Physics (AMOLF) in Amsterdam and at Leiden
University. Following undergraduate studies in physical chemistry at
the University of Amsterdam, Mischa obtained his Ph.D. from
AMOLF/University of Eindhoven for work on ultrafast infrared
spectroscopy of zeolite catalysts. Postdoc positions on the topics of
ultrafast surface dynamics and terahertz spectroscopy were held at the
Fritz Haber (Max Planck) Institute and Columbia University,
respectively. The central theme of his research is characterization
and control of the structure and dynamics of molecules at interfaces,
with a particular fondness for water.

Yuki Nagata, born in 1979 in Japan, is a group leader of the Max
Planck Institute for Polymer Research in Mainz, Germany, where he
has organized the surface spectroscopy theory group in the
Department of Molecular Spectroscopy since 2011. He obtained his
Ph.D. from Kyoto University, Japan, in 2007 and sequentially joined
BASF SE, Ludwigshafen, as a scientific researcher. After two years at
BASF, he moved to University of California, Irvine, and studied
theoretical modelling of surface-specific vibrational spectroscopy under
the supervision of Shaul Mukamel (2009−2011). The central theme of
his research focus is molecular dynamics modeling at aqueous

interfaces and theoretical modeling of surface-specific vibrational
spectroscopy.

ACKNOWLEDGMENTS

We acknowledge Peter Hamm for constructive comments and
feedback on the manuscript. We also thank George Pitsevich,
Iryna Doroshenko, and Valeriy Pogorelov for fruitful
discussions. This review article was initiated during the Nordita
(Nordic Institute for Theoretical Physics) scientific program
Water - the Most Anomalous Liquid. Additional financial
support for this program was provided by the Royal Swedish
Academy of Sciences through its Nobel Institutes for Physics
and Chemistry, by the Swedish Research Council, and by the
Department of Physics at Stockholm University.

REFERENCES
(1) Rey, R.; Møller, K. B.; Hynes, J. T. Hydrogen Bond Dynamics in
Water and Ultrafast Infrared Spectroscopy. J. Phys. Chem. A 2002, 106,
11993−11996.
(2) Lawrence, C. P.; Skinner, J. L. Vibrational Spectroscopy of HOD
in Liquid D2O. III. Spectral Diffusion, and Hydrogen-Bonding and
Rotational Dynamics. J. Chem. Phys. 2003, 118, 264−272.
(3) Luzar, A.; Chandler, D. Hydrogen-Bond Kinetics in Liquid
Water. Nature 1996, 379, 55−57.
(4) Kumar, R.; Schmidt, J. R.; Skinner, J. L. Hydrogen Bonding
Definitions and Dynamics in Liquid Water. J. Chem. Phys. 2007, 126,
No. 204107.
(5) Bakker, H. J.; Skinner, J. L. Vibrational Spectroscopy as a Probe
of Structure and Dynamics in Liquid Water. Chem. Rev. 2010, 110,
1498−1517.
(6) Ohno, K.; Okimura, M.; Akai, N.; Katsumoto, Y. The Effect of
Cooperative Hydrogen Bonding on the OH Stretching-Band Shift for
Water Clusters Studied by Matrix-Isolation Infrared Spectroscopy and
Density Functional Theory. Phys. Chem. Chem. Phys. 2005, 7, 3005−
3014.
(7) Ceponkus, J.; Engdahl, A.; Uvdal, P.; Nelander, B. Structure and
Dynamics of Small Water Clusters, Trapped in Inert Matrices. Chem.
Phys. Lett. 2013, 581, 1−9.
(8) Lawrence, C. P.; Skinner, J. L. Vibrational Spectroscopy of HOD
in Liquid D2O. II. Infrared Line Shapes and Vibrational Stokes Shift. J.
Chem. Phys. 2002, 117, 8847−8854.
(9) Buch, V. Molecular Structure and OH-Stretch Spectra of Liquid
Water Surface. J. Phys. Chem. B 2005, 109, 17771−17774.
(10) Auer, B.; Kumar, R.; Schmidt, J. R.; Skinner, J. L. Hydrogen
Bonding and Raman, IR, and 2D-IR Spectroscopy of Dilute HOD in
Liquid D2O. Proc. Natl. Acad. Sci. U. S. A. 2007, 104, 14215−14220.
(11) Choi, J.-H.; Cho, M. Computational IR Spectroscopy of Water:
OH Stretch Frequencies, Transition Dipoles, and Intermolecular
Vibrational Coupling Constants. J. Chem. Phys. 2013, 138, No. 174108.
(12) Zhang, C.; Khaliullin, R. Z.; Bovi, D.; Guidoni, L.; Kuehne, T. D.
Vibrational Signature of Water Molecules in Asymmetric Hydrogen
Bonding Environments. J. Phys. Chem. Lett. 2013, 4, 3245−3250.
(13) Zhang, C.; Guidoni, L.; Kuehne, T. D. Competing Factors on
the Frequency Separation between the OH Stretching Modes in
Water. J. Mol. Liq. 2015, 205, 42−45.
(14) Baiz, C. R.; Reppert, M.; Tokmakoff, A. An Introduction to
Protein 2D IR Spectroscopy. In Ultrafast Infrared Vibrational
Spectroscopy; Fayer, M. D., Ed.; CRC Press: 2013.
(15) Ganim, Z.; Chung, H. S.; Smith, A. W.; Deflores, L. P.; Jones, K.
C.; Tokmakoff, A. Amide I Two-Dimensional Infrared Spectroscopy of
Proteins. Acc. Chem. Res. 2008, 41, 432−441.
(16) Hamm, P.; Zanni, M. Concepts and Methods of 2D Infrared
Spectroscopy; Cambridge University Press: New York, 2011.
(17) Scatena, L. F.; Brown, M. G.; Richmond, G. L. Water at
Hydrophobic Surfaces: Weak Hydrogen Bonding and Strong
Orientation Effects. Science 2001, 292, 908−912.

Chemical Reviews Review

DOI: 10.1021/acs.chemrev.5b00640
Chem. Rev. XXXX, XXX, XXX−XXX

N

http://dx.doi.org/10.1021/acs.chemrev.5b00640


(18) Mondal, J. A.; Nihonyanagi, S.; Yamaguchi, S.; Tahara, T.
Structure and Orientation of Water at Charged Lipid Monolayer/
Water Interfaces Probed by Heterodyne-Detected Vibrational Sum
Frequency Generation Spectroscopy. J. Am. Chem. Soc. 2010, 132,
10656−10657.
(19) Nagata, Y.; Mukamel, S. Vibrational Sum-Frequency Generation
Spectroscopy at the Water/Lipid Interface: Molecular Dynamics
Simulation Study. J. Am. Chem. Soc. 2010, 132, 6434−6442.
(20) Tian, C. S.; Shen, Y. R. Structure and Charging of Hydrophobic
Material/Water Interfaces Studied by Phase-Sensitive Sum-Frequency
Vibrational Spectroscopy. Proc. Natl. Acad. Sci. U. S. A. 2009, 106,
15148−15153.
(21) Du, Q.; Freysz, E.; Shen, Y. R. Vibrational Spectra of Water
Molecules at Quartz/Water Interfaces. Phys. Rev. Lett. 1994, 72, 238−
241.
(22) Du, Q.; Superfine, R.; Freysz, E.; Shen, Y. R. Vibrational
Spectroscopy of Water at the Vapor Water Interface. Phys. Rev. Lett.
1993, 70, 2313−2316.
(23) Nihonyanagi, S.; Ishiyama, T.; Lee, T.-k.; Yamaguchi, S.; Bonn,
M.; Morita, A.; Tahara, T. Unified Molecular View of the Air/Water
Interface Based on Experimental and Theoretical χ(2) Spectra of an
Isotopically Diluted Water Surface. J. Am. Chem. Soc. 2011, 133,
16875−16880.
(24) Hsieh, C.-S.; Okuno, M.; Hunger, J.; Backus, E. H. G.; Nagata,
Y.; Bonn, M. Aqueous Heterogeneity at the Air/Water Interface
Revealed by 2D-HD-SFG Spectroscopy. Angew. Chem., Int. Ed. 2014,
53, 8146−8149.
(25) Nagata, Y.; Pool, R. E.; Backus, E. H. G.; Bonn, M. Nuclear
Quantum Effects Affect Bond Orientation of Water at the Water-
Vapor Interface. Phys. Rev. Lett. 2012, 109, No. 226101.
(26) Pieniazek, P. A.; Tainter, C. J.; Skinner, J. L. Surface of Liquid
Water: Three-Body Interactions and Vibrational Sum-Frequency
Spectroscopy. J. Am. Chem. Soc. 2011, 133, 10360−10363.
(27) Ishiyama, T.; Morita, A. Vibrational Spectroscopic Response of
Intermolecular Orientational Correlation at the Water Surface. J. Phys.
Chem. C 2009, 113, 16299−16302.
(28) Savolainen, J.; Ahmed, S.; Hamm, P. Two-Dimensional Raman-
Terahertz Spectroscopy of Water. Proc. Natl. Acad. Sci. U.S.A. 2013,
110, 20402−20407.
(29) Ashihara, S.; Huse, N.; Espagne, A.; Nibbering, E. T. J.;
Elsaesser, T. Vibrational Couplings and Ultrafast Relaxation of the O-
H Bending Mode in Liquid H2O. Chem. Phys. Lett. 2006, 424, 66−70.
(30) Lindner, J.; Vohringer, P.; Pshenichnikov, M. S.; Cringus, D.;
Wiersma, D. A.; Mostovoy, M. Vibrational Relaxation of Pure Liquid
Water. Chem. Phys. Lett. 2006, 421, 329−333.
(31) Li, F.; Skinner, J. L. Infrared and Raman Line Shapes for Ice Ih.
II. H2O and D2O. J. Chem. Phys. 2010, 133, No. 244504.
(32) Shi, L.; Gruenbaum, S. M.; Skinner, J. L. Interpretation of IR
and Raman Line Shapes for H2O and D2O Ice Ih. J. Phys. Chem. B
2012, 116, 13821−13830.
(33) Auer, B. M.; Skinner, J. L. IR and Raman Spectra of Liquid
Water: Theory and Interpretation. J. Chem. Phys. 2008, 128,
No. 224511.
(34) Marx, D.; Parrinello, M. Ab Initio Path Integral Molecular
Dynamics: Basic Ideas. J. Chem. Phys. 1996, 104, 4077−4082.
(35) Kessler, J.; Elgabarty, H.; Spura, T.; Karhan, K.; Partovi-Azar, P.;
Hassanali, A. A.; Kuehne, T. D. Structure and Dynamics of the
Instantaneous Water/Vapor Interface Revisited by Path-Integral and
Ab Initio Molecular Dynamics Simulations. J. Phys. Chem. B 2015, 119,
10079−10086.
(36) Spura, T.; John, C.; Habershon, S.; Kuehne, T. D. Nuclear
Quantum Effects in Liquid Water from Path-Integral Simulations
Using an Ab Initio Force-Matching Approach. Mol. Phys. 2015, 113,
808−822.
(37) Tukhvatullin, F. H.; Pogorelov, V. Y.; Jumabaev, A.;
Hushvaktov, H. A.; Absanov, A. A.; Usarov, A. Polarized Components
of Raman Spectra of O-H Vibrations in Liquid Water. J. Mol. Liq.
2011, 160, 88−93.

(38) Sun, Q. Local Statistical Interpretation for Water Structure.
Chem. Phys. Lett. 2013, 568−569, 90−94.
(39) McCamant, D. W.; Kukura, P.; Yoon, S.; Mathies, R. A.
Femtosecond Broadband Stimulated Raman Spectroscopy: Apparatus
and Methods. Rev. Sci. Instrum. 2004, 75, 4971−4980.
(40) Loring, R. F.; Mukamel, S. Selectivity in Coherent Transient
Raman Measurements of Vibrational Dephasing in Liquids. J. Chem.
Phys. 1985, 83, 2116−2128.
(41) Ford, T. A.; Falk, M. Hydrogen Bonding in Water and Ice. Can.
J. Chem. 1968, 46, 3579.
(42) Graener, H.; Seifert, G.; Laubereau, A. New Spectroscopy of
Water Using Tunable Picosecond Pulses in the Infrared. Phys. Rev.
Lett. 1991, 66, 2092−2095.
(43) Golonzka, O.; Tokmakoff, A. Polarization-Selective Third-Order
Spectroscopy of Coupled Vibronic States. J. Chem. Phys. 2001, 115,
297−309.
(44) Lee, K.-K.; Park, K.-H.; Park, S.; Jeon, S.-J.; Cho, M.
Polarization-Angle-Scanning 2DIR Spectroscopy of Coupled Anhar-
monic Oscillators: A Polarization Null Angle Method. J. Phys. Chem. B
2011, 115, 5456−5464.
(45) Woutersen, S.; Emmerichs, U.; Bakker, H. J. Femtosecond Mid-
IR Pump-Probe Spectroscopy of Liquid Water: Evidence for a Two-
Component Structure. Science 1997, 278, 658−660.
(46) Stenger, J.; Madsen, D.; Hamm, P.; Nibbering, E. T. J.;
Elsaesser, T. Ultrafast Vibrational Dephasing of Liquid Water. Phys.
Rev. Lett. 2001, 87, No. 027401.
(47) Fecko, C. J.; Eaves, J. D.; Loparo, J. J.; Tokmakoff, A.; Geissler,
P. L. Ultrafast Hydrogen-Bond Dynamics in the Infrared Spectroscopy
of Water. Science 2003, 301, 1698−1702.
(48) Loparo, J. J.; Fecko, C. J.; Eaves, J. D.; Roberts, S. T.;
Tokmakoff, A. Reorientational and Configurational Fluctuations in
Water Observed on Molecular Length Scales. Phys. Rev. B: Condens.
Matter Mater. Phys. 2004, 70, No. 180201(R).
(49) Ramasesha, K.; Roberts, S. T.; Nicodemus, R. A.; Mandal, A.;
Tokmakoff, A. Ultrafast 2D IR Anisotropy of Water Reveals
Reorientation During Hydrogen-Bond Switching. J. Chem. Phys.
2011, 135, No. 054509.
(50) Nienhuys, H. K.; van Santen, R. A.; Bakker, H. J. Orientational
Relaxation of Liquid Water Molecules as an Activated Process. J. Chem.
Phys. 2000, 112, 8487−8494.
(51) Kraemer, D.; Cowan, M. L.; Paarmann, A.; Huse, N.; Nibbering,
E. T. J.; Elsaesser, T.; Miller, R. J. D. Temperature Dependence of the
Two-Dimensional Infrared Spectrum of Liquid H2O. Proc. Natl. Acad.
Sci. U. S. A. 2008, 105, 437−442.
(52) Ramasesha, K.; De Marco, L.; Mandal, A.; Tokmakoff, A. Water
Vibrations Have Strongly Mixed Intra- and Intermolecular Character.
Nat. Chem. 2013, 5, 935−940.
(53) Woutersen, S.; Bakker, H. J. Resonant Intermolecular Transfer
of Vibrational Energy in Liquid Water. Nature 1999, 402, 507−509.
(54) Jimenez, R.; Fleming, G. R.; Kumar, P. V.; Maroncelli, M.
Femtosecond Solvation Dynamics of Water. Nature 1994, 369, 471−
473.
(55) Yeremenko, S.; Pshenichnikov, M. S.; Wiersma, D. A.
Hydrogen-Bond Dynamics in Water Explored by Heterodyne-
Detected Photon Echo. Chem. Phys. Lett. 2003, 369, 107−113.
(56) Greene, B. I.; Farrow, R. C. The Subpicosecond Kerr Effect in
CS2. Chem. Phys. Lett. 1983, 98, 273−276.
(57) Waldeck, D.; Cross, A. J., Jr.; McDonald, D. B.; Fleming, G. R.
Picosecond Pulse Induced Transient Molecular Birefringence and
Dichroism. J. Chem. Phys. 1981, 74, 3381−3387.
(58) Kalpouzos, C.; Lotshaw, W. T.; McMorrow, D.; Kenney-
Wallace, G. A. Femtosecond Laser-Induced Kerr Responses in Liquid
Carbon Disulfide. J. Phys. Chem. 1987, 91, 2028−2030.
(59) Palese, S.; Schilling, L.; Miller, R. J. D.; Staver, P. R.; Lotshaw,
W. T. Femtosecond Optical Kerr Effect Studies of Water. J. Phys.
Chem. 1994, 98, 6308−6316.
(60) Chang, Y. J.; Castner, E. W. Fast Responses from ’’Slowly
Relaxing’’ Liquids: A Comparative Study of the Femtosecond

Chemical Reviews Review

DOI: 10.1021/acs.chemrev.5b00640
Chem. Rev. XXXX, XXX, XXX−XXX

O

http://dx.doi.org/10.1021/acs.chemrev.5b00640


Dynamics of Triacetin, Ethylene Glycol, and Water. J. Chem. Phys.
1993, 99, 7289−7299.
(61) Torre, R.; Bartolini, P.; Righini, R. Structural Relaxation in
Supercooled Water by Time-Resolved Spectroscopy. Nature 2004,
428, 296−299.
(62) Taschin, A.; Bartolini, P.; Eramo, R.; Righini, R.; Torre, R.
Evidence of Two Distinct Local Structures of Water from Ambient to
Supercooled Conditions. Nat. Commun. 2013, 4, No. 2401.
(63) Taschin, A.; Bartolini, P.; Eramo, R.; Righini, R.; Torre, R.
Optical Kerr Effect of Liquid and Supercooled Water: The
Experimental and Data Analysis Perspective. J. Chem. Phys. 2014,
141, No. 084507.
(64) Sonoda, M. T.; Vechi, S. M.; Skaf, M. S. A Simulation Study of
the Optical Kerr Effect in Liquid Water. Phys. Chem. Chem. Phys. 2005,
7, 1176−1180.
(65) Gotze, W.; Sjogren, L. Relaxation Processes in Supercooled
Liquids. Rep. Prog. Phys. 1992, 55, 241−376.
(66) Ricci, M.; Wiebel, S.; Bartolini, P.; Taschin, A.; Torre, R. Time-
Resolved Optical Kerr Effect Experiments on Supercooled Benzene
and Test of Mode-Coupling Theory. Philos. Mag. 2004, 84, 1491−
1498.
(67) Pratesi, G.; Bartolini, P.; Senatra, D.; Ricci, M.; Righini, R.;
Barocchi, F.; Torre, R. Experimental Studies of the Ortho-Toluidine
Glass Transition. Phys. Rev. E: Stat. Phys., Plasmas, Fluids, Relat.
Interdiscip. Top. 2003, 67, No. 021505.
(68) Ricci, M.; Bartolini, P.; Torre, R. Fast Dynamics of a Fragile
Glass Former by Time-Resolved Spectroscopy. Philos. Mag. B 2002,
82, 541−551.
(69) Torre, R.; Ricci, M.; Bartolini, P.; Dreyfus, C.; Pick, R. M. Time-
Resolved Optical Kerr Effect in M-Toluidine: A Test of Mode-
Coupling Theory Predictions. Philos. Mag. B 1999, 79, 1897−1905.
(70) Winkler, K.; Lindner, J.; Bürsing, H.; Vöhringer, P. Ultrafast
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