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In a recent paper, the experimental 2D-Raman-THz response of liquid water at ambient conditions
has been presented (Proc. Natl. Acad. Sci. USA 110, 20402 (2013)). Here, all-atom molecular
dynamics simulations are performed with the goal to reproduce the experimental results. To that
end, the molecular response functions are calculated in a first step, and are then convoluted with
the laser pulses in order to enable a direct comparison with the experimental results. The molecular
dynamics simulation are performed with several different water models: TIP4P/2005, SWM4-NDP
and TL4P. As polarizability is essential to describe the 2D-Raman-THz response, the TIP4P/2005
water molecules are amended with either an isotropic or a anisotropic polarizability a posteriori

after the molecular dynamics simulation. In contrast, SWM4-NDP and TL4P are intrinsically
polarizable, and hence the 2D-Raman-THz response can be calculated in a self-consistent way, using
the same force field as during the molecular dynamics simulation. It is found that the 2D-Raman-
THz response depends extremely sensitively on details of the water model, and in particular on
details of the description of polarizability. Despite the limited time resolution of the experiment, it
could easily distinguish between various water models. Albeit not perfect, the overall best agreement
with the experimental data is obtained for the TL4P water model.

I. INTRODUCTION

The complex hydrogen bond network, which water
molecules can form, is ultimately responsible for the
many thermodynamic anomalies of liquid water [1]. The
intermolecular vibrations of water molecules in these hy-
drogen bond networks appear in a spectral range below
1000 cm−1, which has been explored extensively by both
THz absorption [2–5] and Raman spectroscopy [3, 6–13].
These spectra contain three to some extent distinct fea-
tures: a band centered at ≈600 cm−1 due to librations
(i.e., hindered rotations), a band at≈200 cm−1 due to hy-
drogen bond stretch vibrations, and a band at ≈60 cm−1,
which is typically assigned to hydrogen bond bending
modes. The librational modes are hardly visible in the
Raman spectrum since the polarizability of water is al-
most perfectly isotropic. In contrast, the hydrogen bond
bending mode is appearing only as a faint shoulder in the
THz absorption spectrum.

To reach a deeper understanding of the ultrafast
structural dynamics of liquid water, we have recently
introduced a two-dimensional spectroscopy directly in
this low-frequency range, coined 2D-Raman-THz spec-
troscopy [14, 15]. The experiment is conceptually similar
to 2D Raman spectroscopy, initially proposed by Tan-
imura and Mukamel [16], in the sense that it perturbs
the system twice with two ultrashort laser pulses and as
such allows one to measure three-timepoint correlation
functions of the intermolecular dynamics. 2D Raman
spectroscopy triggered a great deal of interest from both a
theoretical [17–24] and an experimental point of view [25–
30]. It however turned out to be an exceptionally difficult
experiment since cascaded 3rd-order processes contami-
nate the desired 5th-order Raman signal [31]. Together
with the very weak Raman cross section of water, 2D

Raman spectroscopy did not become feasible as of yet
for water. 2D-Raman-THz spectroscopy, in contrast, can
circumvent these technical problems and has in fact re-
cently been realized experimentally for water [32].

The 2D-Raman-THz response is however rather com-
plex and its interpretation is certainly not intuitive.
Extracting information from these experiments requires
massive support from theory as well as from molecular
dynamics (MD) simulations and first steps in this direc-
tion have been taken recently [14, 15, 33]. A realistic
description of the 2D-Raman-THz spectroscopy requires
a polarizable water model for two reasons. First, triv-
ially, polarizability is required because the spectroscopy
includes a Raman interaction. A second, more sub-
tle reason concerns the hydrogen bond stretch band at
≈200 cm−1 in the THz absorption spectrum, which is
a major target of the experiment [32]. It is well estab-
lished that simple point charge models of water, such
as TIP4P/2005 [34] or SPC/E [35], cannot account for
the intensity of that band, since that band originates
from charge flows within and between water molecules
upon hydrogen bonding [5, 36–39]. Adding polarizabil-
ity to a water model, either in an ad hoc manner to a
trajectory that has been precalculated with the help of
a point-charge model [39–42], or explicitly as part of the
force field [43–45], reveals the band in the THz absorption
spectrum, albeit, often, with severely underestimated in-
tensity.

The present paper presents a systematic study of how
and to what extent various water model affect the out-
come of a simulation of the 2D-Raman-THz response. It
will be shown that the method is in particular sensitive to
the level of description of polarizability of the considered
water models.
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II. BACKGROUND: MOLECULAR RESPONSE
FUNCTIONS

In 2D Raman-THz spectroscopy, two short laser pulses
hit the sample: a non-resonant 800 nm pulse exciting
a vibrational coherence by a Raman excitation, and a
resonant half-cycle THz pulse exciting such a coherence
directly. The coherence is then read-out by detecting the
THz free-induction decay. Depending on which of the
two laser pulses hits the sample first, it it referred to
as the Raman-THz-THz or the THz-Raman-THz pulse
sequence. The corresponding response functions are [14,
15]:

R(I)(t2, t1) ∝ −tr{µ(t2)[µ(0), [Π(−t1), ρeq]]}

R(II)(t2, t1) ∝ −tr{µ(t2)[Π(0), [µ(−t1), ρeq]]} (1)

where [.., ..] is a commutator, Π(t) and µ(t) are polar-
izability and dipole operators, respectively, and ρeq the
equilibrium density matrix. For what follows it is conve-
nient to define the time-point of the middle interaction
as t = 0.
The hybrid equilibrium-non-equilibrium approach in-

troduced by Hasegawa and Tanimura [24] is used to com-
pute these response functions from classical all-atom MD
simulations. To that end, short pieces of equilibrium tra-
jectories are calculated for the t1-period. The momenta
of the individual atoms are then perturbed at t = 0 by
plus/minus a force resulting from a δ-shaped electric field
pulse acting on either the dipole moment (for R(I)) or the
polarizibility (for R(II)). With these new initial condi-
tions, short pieces of non-equilibrium trajectories are cal-
culated for the t2 period. The response functions average
over very many of these events:

R(I)(t2, t1) ∝ −〈(µ+(t2)− µ−(t2))Π̇(−t1)〉

R(II)(t2, t1) ∝ −〈(µ+(t2)− µ−(t2))µ̇(−t1)〉 (2)

where µ(−t1) and Π(−t1) refer to the total dipole mo-
ment and polarizability, respectively, of the simulation
box during the t1-period, and µ+(t2) and µ−(t2) to the
total dipole moments during the t2-period in response to
plus or minus the perturbing force, respectively.
For comparison, also 1D-THz spectra are calculated

from long equilibrium trajectories:

ITHz(ω) ∝ tanh(βh̄ω/2)ℑ

∫ ∞

0

eiωt〈µ(t)µ̇(0)〉dt, (3)

where the pre-term is a quantum correction factor [46].
For 1D-Raman spectra:

Iiso(ω) ∝ ℑ

∫ ∞

0

eiωt〈Πiso(t)Π̇iso(0)〉dt (4)

Ianiso(ω) ∝ ℑ

∫ ∞

0

eiωt〈tr[Πaniso(t)Π̇aniso(0)]〉dt

is calculated with Πiso(t) = tr[Π(t)]/3 and Πaniso(t) =
Π(t)−Πiso(t)1. The Bose-Einstein (quantum) correction

factor is skipped in this case [47] since experimental Ra-
man spectra of water are most commonly measured with
the help of optical-heterodyne detected Raman-induced
Kerr effect spectroscopy (OHD-RIKES) [6–8, 12, 13].
These experiments work in the time-domain, and fre-
quency domain spectra are obtained by a Fourier trans-
form also without that factor [7].

III. MOLECULAR DYNAMICS DETAILS

MD simulations were performed with the Gromacs pro-
gram package [48] for the TIP4P/2005 [34] and SWM4-
NDP [49] water models and with a home-written code
along the lines of Refs. [50–52] for the SWM4-POINT
and TL4P [53] models, both of which include inducible
point-dipoles which are not supported by Gromacs. A
dodecahedral or a cubic box with periodic boundary con-
ditions, respectively, was filled with 64 water molecules
and simulated in the NVT ensemble at experimental den-
sity, with 2.5 fs time-step, with the Lennard Jones in-
teractions switched to zero at longest distance allowed
according to the minimum image convention. The long
range electrostatic forces were either approximated by
the Particle-Mesh-Ewald approximation (in the case of
Gromacs) or by Ewald summation [50, 51].
To evaluate Eq. 2, consecutive pieces of 3 ps equilib-

rium trajectories (of which only the last 1 ps was used)
were followed by in total four non-equilibrium trajec-
tories, each 1 ps long. From that, the response func-
tions were calculated on a grid of step size 5 fs with
0 < t1,2 < 1 ps (only 0.25 ps are shown in Figs. 1 to 5
below, but the longer time range is needed for the convo-
lution with the laser pulses). The strength of the pertur-
bation at t=0 was adjusted such that the average kinetic
energy (i.e., the temperature) raised by ≈10%. Eq. 2 was
averaged over typically ≈ 2−4·107 such equilibrium-non-
equilibrium events, amounting to a total simulation times
of ≈ 150− 300 µs.

IV. WATER MODELS

A. TIP4P/2005 amended with anisotropic
polarizability

The model considered here is different from Refs. [14,
15] in two regards. First, the TIP4P/2005 water
model [34] is used instead of SPC/E [35], which much
better reproduces the macroscopic thermodynamic prop-
erties of water. Among the simple point charge models of
water, TIP4P/2005 is considered to be the most accurate
one to date [54].
Second, so-called dynamical charges [36, 38] have been

used to account for charge-flow effects in Refs. [14, 15].
The approach can realistically reproduce the 200 cm−1

band, but it still describes the charge flow only in an
averaged sense, similar to how the dipole moment of an
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empirical point charge water model includes the average
polarization in bulk water. The dynamical charges do
not take into account explicitly the interactions of a given
water molecule with its neighbors, and as such might be
a poor representation of the spectroscopy of inhomoge-
neous hydrogen bond networks.
Therefore, a different approach was chosen here. One

starts from the following expression to calculate the total
dipole moment µ of the simulation box [41, 55, 56]:

µ =
∑

i

µ
(0)
i + µ

(ind)
i , (5)

where the sum runs over all water molecules, µ
(0)
i =

∑

k rkqk are the dipoles of the individual waters, and

µ
(ind)
i the induced dipoles:

µ
(ind)
i = αi

∑

j 6=i

(

Eij + Tijµ
(ind)
j

)

. (6)

Here, αi is the polarizability tensor of the water molecule
i, Eij the electrostatic field at molecule i created by all
other water molecules j, and Tij the dipole tensor. Eq. 6

can be solved iteratively for µ
(ind)
i , which is numerically

tedious, in particular when the forces induced by the mid-
dle interaction in Eq. 2 need to be calculated. To simplify
the calculation in analogy to Ref. [41], the dipoles of the
individual waters µ′(0) =

∑

k rkq
′
k were calculated from

charges q′k ≡ qk/c that are reduced by an empirical fac-
tor c = 1.3 relative to that of the point charges qk of the
TIP4P/2005 water model. This procedure effectively re-
duces the dipole moment of an individual water molecule
to the gas phase value. Eqs. 5 and 6 is then replaced by:

µ =
∑

i

µ′(0)
i +αi

∑

j 6=i

Eij , (7)

where the original point charges qk of the water model
are kept for the calculation of Eij . This approximation
accounts for the second term in Eq. 6, which has been
verified numerically.
The total polarizability of the simulation box is calcu-

lated by [40–42, 55, 56]:

Π(t) =
∑

i=1

αi +
∑

i 6=j

αiT ijαj (8)

with the same parametrization for the polarizability ten-
sor αi [57] as in Eqs. 6 and 7. In contrast to the dynam-
ical charges used in Refs. [14, 15], dipole moment and
polarizability are now described on equal footings with
Eqs. 5 and 6 (which in turn are approximated by Eq. 7)
on the one hand, and Eq. 8 on the other hand.
With Eqs. 7 and 8, the dipole moment µ(t) and po-

larizibility tensor Π(t) can be calculated along the MD
trajectory. Furthermore, at time t=0, the forces upon a
δ-shaped electric field pulse acting on either the dipole
or the polarizability are required (Eq. 2), which can be
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FIG. 1: TIP4P/2005 water with anisotropic polarizabil-
ity [57]. Top-left panel: 1D-THz spectrum. Top-right panel:
1D Raman spectrum with the anisotropic response in red and
the isotropic response in blue (the latter up-scaled by a factor
50). Bottom panel: 2D-Raman-THz response with the THz-

Raman-THz pulse sequence R(II)(t2,−t1) in the left quadrant

and the Raman-THz-THz pulse sequence R(I)(t2, t1) in the

right quadrant. R(II)(t2, t1) is plotted against negative times
t1 to facilitate the comparison of both response functions at
t1 = 0. Positive response is depicted in red, negative in blue.

calculated from analytic derivatives of Eqs. 7 or Eq. 8,
respectively.

Fig. 1 shows the resulting THz (top-left panel) and
Raman spectra (top-right panel), as well as the response
functions for both the THz-Raman-THz (bottom panel,
left quadrant) and the Raman-THz-THz pulse (bottom
panel, right quadrant) sequences. The calculation of the
dipole moment by Eq. 7 realistically reproduces the in-
tensity of hydrogen-bond vibration at 200 cm−1. The 2D-
Raman-THz response is qualitatively very similar to that
shown in Ref. [15] (which was based on the SPC/E water
model and dynamical charges to calculate the dipole mo-
ment [36, 38]), and is practically identical to the one ob-
tained recently by Tanimura and coworkers [33]. The lat-
ter also used the TIP4P/2005 water model and the same
parametrization for the polarizability [57], but applied a
full iterative calculation Eq. 6 of the dipole moment, i.e.,
Eq. 6 instead of Eq. 7. This agreement, in turn, evidences
that the approximate treatment Eq. 7 has only a minor
effect on the outcome of these simulations.

It should be noted that the parametrization of the po-
larizability from Ref. [57] with axx = 1.626 Å3, ayy =

1.495 Å3 and azz = 1.286 Å3 (where the x is the axis con-
necting both H’s, y the dipole axis, and z the axis perpen-
dicular to the water plane) strongly over-emphasizes the
experimental anisotropy of the water polarizability [58].
Consequently, the intensity of the librational mode at
around 600 cm−1 is by far too large in the Raman spec-
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FIG. 2: TIP4P/2005 water with isotropic polarizability. Top-
left panel: 1D-THz spectrum. Top-right panel: 1D Ra-
man spectrum with the anisotropic response in red and the
isotropic response in blue. Bottom panel: 2D-Raman-THz
response.

tra (Fig. 1, top-right panel).

B. TIP4P/2005 amended with isotropic
polarizability

In order to explore the effect of polarizability on the
2D-Raman-THz response, the same TIP4P/2005 water
model is used in the following with the same way of calcu-
lating total dipole moment and polarizability (i.e. Eqs. 7
and 8), the only difference being that an isotropic polariz-
ability αi is used now with axx = ayy = azz = 1.470 Å3.
This step will also make the connection to the intrinsi-
cally polarizable water models discussed later on, which
also employ an isotropic polarizability.

The results are shown in Fig. 2. As anticipated,
the 600 cm−1 band completely disappears from the
anisotropic Raman spectrum (top-right panel, red line),
and in fact the isotropic Raman spectrum vanishes all-
together (blue line). The latter follows from Eq. 4 and the
fact that the dipole operator in Eq. 8 is traceless [8]. The
THz spectrum (top-left panel), in contrast, is practically
indistinguishable from that with anisotropic polarizabil-
ity (Fig. 1).

The 2D-Raman-THz response of TIP4P with isotropic
polarizability (Fig. 2, bottom panel) is substantially dif-
ferent from that with anisotropic polarizability (Fig. 1,
bottom panel). Most prominent is a missing negative
(blue) spike around t1 = t2 = 0, which apparently origi-
nates from the librational mode that is over-emphasized
in the Raman response when adding anisotropic polariz-
ability.

C. SWM4-NDP

The simulations shown so far are not self-consistent,
in the sense that the polarization during the MD simu-
lation differs from that during the calculation of the re-
sponse functions. One may circumvent that problem with
an intrinsically polarizable water model, of which many
have been developed [43–45, 49, 53, 59–69] (see Ref. [70]
for a recent review that nicely summarizes existing ap-
proaches). The SWMn series of water models developed
by Roux, MacKerell and coworkers [49, 63, 64, 67] are
among the simplest polarizable water models. They in-
troduce polarizability via a mass-less, charged “Drude”-
particle attached to the oxygen atom by a harmonic
spring. In the present implementation, the energy of the
Drude particle is minimized iteratively at each time-step
of the MD simulation, mimicking the Born-Oppenheimer
approximation. These models are popular since they con-
tain only point charges and as such can easily be imple-
mented into standard MD codes. Here, the SWM4-NDP
model [49] was chosen as it is currently the most com-
monly used one from the SWMn series of models.

The dipole moment µ(t) =
∑

k rkqk of the simulation
box can be calculated in a straight forward manner along
a MD trajectory from the positions rk and partial charges
qk of the various sites of the model, including those of the
Drude particles. For the polarizability tensor Π(t), on
the other hand, one makes use of Π(t) = dµ(t)/dEext,
where the derivative with respect to an external elec-
tric field Eext is computed numerically by finite differ-
ences. To that end, the MD trajectory is re-run with
plus/minus a small external fieldEext, re-optimizing only
the Drude particles and re-calculating the total dipole
moment. Finally, for the forces at t=0 upon a δ-shaped
electric field pulse acting on either the dipole moment or
the polarizability, one starts with the potential energy
V = −µ · Eext and V = −Eext · Π · Eext/2, respec-
tively [33]. From that, one obtains for the transition
dipole ∂µ/∂r = dF /dEext and for the transition po-
larizability ∂Π/∂r = d2F /dE2

ext. The first and second
derivatives of the forces F with respect to the external
field Eext are again calculated numerically by finite dif-
ferences. The Gromacs suite of programs [48] supports
all features needed to perform these calculations.

The results for SWM4-NDP water are shown in Fig. 3.
The model severely underestimates the intensity of the
200 cm−1 band in the THz spectrum (top-left panel),
which is present, if at all, only as a very wide shoulder
extending from the librational mode towards lower fre-
quencies (indicated by an arrow). The Raman spectra
(Fig. 3, top-right panel) are dominated by the hydrogen
bond bend and stretch mode, but also the librational
mode gets some intensity despite the fact that the po-
larizability introduced by the Drude particle is isotropic.
Comparison to TIP4P/2005 with isotropic polarizability
(Fig. 2) as well as to SWM4-POINT and TL4P discussed
below (Figs. 4 and 5) suggests that this is reflecting the
fact that a induced dipole in the SWM4-NDP model is
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FIG. 3: SWM4-NDP water. Top-left panel: 1D-THz spec-
trum; the arrow indicates the hydrogen-bond stretch vi-
bration. Top-right panel: 1D Raman spectrum with the
anisotropic response in red and the isotropic response in blue
(the latter up-scaled by a factor 30). Bottom panel: 2D-
Raman-THz response.

not a point-dipole. The 2D-Raman-THz response (Fig. 3,
bottom panel) is again significantly different from the
previous models.

D. SWM4-POINT

Fig. 4 shows the results for a modified version of
SWM4-NDP, where the positive and negative charges at
the oxygen and the Drude particle, respectively, both
giving rise to an inducible dipole, have been replaced by
an inducible point-dipole with the same isotropic polar-
izability. All other parameters of the model are the same
as for SWM4-NDP. Inducible point-dipoles are not sup-
ported by Gromacs, hence the simulation was run with a
home-written MD code.

The modification has only minor effects on the struc-
tural properties of water, as evidenced by the practi-
cally indistinguishable radial distribution functions (see
Fig. S1, Supplementary Material). The THz and Ra-
man spectra (Fig. 4, top panels) of SWM4-POINT are
also very similar to that of SWM4-NDP, except for the
missing librational mode in the Raman spectrum, as al-
ready anticipated above. The 2D-THZ-Raman response
(Fig. 4, bottom panel), in contrast, is very different from
SWM4-NDP (Fig. 3, bottom panel). Interestingly, it
is much closer to that of TIP4P/2005 amended with
isotropic polarizability (Fig. 2, bottom panel).
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FIG. 4: SWM4-POINT water. Top-left panel: 1D-THz
spectrum. Top-right panel: 1D Raman spectrum with the
anisotropic response in red and the isotropic response in blue
(the latter up-scaled by a factor 30). Bottom panel: 2D-
Raman-THz response.

E. TL4P

Tavan and coworkers have recently presented a series
of polarizable water models, TLnP [53, 68, 69], which
feature computational simplicity together with a very ac-
curate description of simultaneously gas-phase and liquid
phase properties. Apart from a careful parametrization,
the essential difference to other water models of equal
complexity are Gaussian inducible dipoles [65, 71]. That
solves a problem of other models such as SWM4-NDP,
namely that the polarizability has to be kept smaller than
the gas-phase value. A cornerstone in the parametriza-
tion of the TLnP models was to fix the dipole moment
and polarizability to the corresponding experimental gas
phase values (for simplicity, however, the polarizability
was assumed to be isotropic). The TL4P model has been
implemented into the home-written MD code, which has
been verified against Ref. [53].

The results are shown in Fig. 5. Again, the model
strongly underestimates the intensity of the 200 cm−1

band in the THz spectrum (top-left panel), which shows
up only as a faint shoulder indicated by an arrow. That
shoulder appears at a lower frequency than for SWM4-
NDP, in better agreement with experiment. From all the
models, also the Raman spectra of TL4P (Fig. 5, top-
right panel) agree the best with experiment, in the sense
that the hydrogen bond bending band at ≈60 cm−1 is
the most intense one (in experiment, that band is actu-
ally more intense than the the hydrogen bond stretching
band at ≈200 cm−1 [6–8, 12, 13]). The 2D-Raman-THz
response (Fig. 5, bottom panel) is yet very different from
all previous models.
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FIG. 5: TL4P water. Top-left panel: 1D-THz spectrum; the
arrow indicates the hydrogen-bond stretch vibration. Top-
right panel: 1D Raman spectrum with the anisotropic re-
sponse in red and the isotropic response in blue (the latter
up-scaled by a factor 3). Bottom panel: 2D-Raman-THz re-
sponse.

V. COMPARISON TO EXPERIMENT

Figs. 1 to 5 show the molecular response function of
the various water models, which is not what is measured
directly in a 2D-Raman-THz experiment [32]. Instead,
the experimental signal is related to the convolution of
the molecular response function with the laser pulses:

P (3)(t2; t1) =

∫ ∞

0

∫ ∞

0

dt′dt′′ETHz(t2 − t′′) (9)

·IRaman(t2 + t1 − t′′ − t′)R(t′′, t′),

where ETHz and IRaman are the shapes of the THz and
Raman pulses, respectively, and t1 is the delay time be-
tween the peaks of these two pulses. Furthermore, the
generated 3rd-order field can be described as a time-
derivative of the 3rd-order polarization:

E(3)(t2; t1) =
d

dt2
P (3)(t2; t1), (10)

which is a good approximation for the most simple case
when the process is quasi-phasematched [72, 73]. Finally,
the emitted field is reshaped on the way from the sam-
ple to the detector due to dispersion and absorption of
the water jet, the imaging optics and the detection crys-
tal [74, 75]. These effects are described by a linear trans-
fer function T (ω2) in the frequency domain, with which
one obtains for the detected field:

Edet(ω2; t1) = T (ω2)E
(3)(ω2; t1). (11)

We have carefully measured the laser pulse shapes enter-
ing in Eq. 9, as well as the transfer function of Eq. 11
(see Supplementary Material of Ref. [32]).
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FIG. 6: From the molecular response function to the mea-
sured signal, exemplified for TL4P (see Fig. 5). (a) After
transforming times for the THz-Raman-THz pulse sequence,
(b) after convoluting with the laser pulses (Eq. 9), (c) after
the t2-derivative (Eq. 10) and (d) after applying the trans-
fer function (Eq. 11). The pulse sequences and definitions of
times are shown atop of panel (a). The green line atop of
panel (b) depicts the Raman pulse IRaman, and that on the
right side the THz pulse ETHz, both of which entering the
convolution Eq. 9.

Fig. 6 illustrates what happens to the molecular re-
sponse function by applying Eqs. 9 to 11, exemplified for
TL4P. The first step (Fig. 6a) is related to the fact that
t2 in Eq. 9 refers to the time between the THz input pulse
and the emitted field (see pulse sequence atop of Fig. 6a,
this also reflects the experimental realization [32]), and
not necessarily between the second laser pulse and the
emitted field (as it does in Eq. 1). When one scans
t1 from negative to positive times, one switches from
the THz-Raman-THz to the Raman-THz-THz pulse se-
quence, but one has to transform time t2 ← t1 + t2 for
R(II). Hence, the Raman-THz-THz sequence appears
in the upper-right quadrant with t1 > 0 and t2 > 0,
whereas the THz-Raman-THz sequence appears in the
upper triangle of the upper-left quadrant with t1 < 0
and t1 + t2 > 0.

Fig. 6b shows the result of the convolution with the
laser pulses (Eq. 9), for which in particular the THz
pulse is time-limiting with a rather complicated shape
(see green lines). Fig. 6c shows the result of the time
derivative (Eq. 10), and Fig. 6d the final result after ap-
plying the transfer function (Eq. 11). Essentially due to
the limited band-width of the detection crystal, the sig-
nal is further broadened along the t2 direction in the last
step.
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FIG. 7: Expected outcome of a 2D-Raman-THz experi-
ment for the various water models, calculated from Eq. 9
to 11. Top-left TIP4P/2005 with anisotropic polarizability,
top-right TIP4P/2005 with isotropic polarizability, bottom
left: SWM4-NDP, bottom-right: TL4P. Positive response is
depicted in red, negative in blue.

Fig. 7 shows the expected outcome of an 2D-Raman-
THz experiment for the various water models. It is im-
portant to reiterate that the actual pulse shapes and the
transfer function of the experiment reported in Ref. [32]
have been used here, so the plots of Fig. 7 should directly
be comparable to the experimental result (i.e., Fig. 2B of
Ref. [32]). Despite the fact that Eqs. 9 to 11, of course,
smear out information significantly since the laser pulses
are not infinitesimally short and the detector is not in-
finitesimally fast, the results for the various water models
are so distinctively different that the experiment would
clearly be able to distinguish them. For example, the sign
of the central peak around t1 = t2 = 0 flips when compar-
ing TIP4P/2005 with anisotropic polarizability (Fig. 7,
top-left) with TL4P (Fig. 7, bottom right). The strong
dependence of the 2D-Raman-THz signal on the water
model illustrates the extra information obtained from
higher-order spectroscopy. In contrast, the 1D-THz and
Raman spectra (Fig. 1 to 5, top panels) are all qualita-
tively the same, revealing the same spectral features with
somewhat varying amplitudes.

One must conclude that none of the water models con-
sidered in this paper reveal a fully satisfactory fit with
the experimental results, but overall speaking it appears
that TL4P gets the closest. That conclusion refers to the
sign of the major peak around t1 = t2 = 0 (positive, red)
as well as that of the wing along the t2-axis for t2 > 0
and t1 ≈ 0. On the other hand, with respect to the wing
along the t1-axis (i.e., t1 > 0 and t2 ≈ 0), TIP4P/2005
amended with anisotropic polarizability seems to be bet-

ter.

VI. DISCUSSION AND CONCLUSION

The comparison of the various water models (Fig. 1
to 5 and Fig. 7) emphasizes the high sensitivity of the
method. Relatively minor differences in the water model,
e.g. SWM4-NDP (Fig. 3) versus SWM4-POINT (Fig. 4),
can result in rather drastic changes for the 2D-Raman-
THz response. Thereby it is interesting to note that the
method is more sensitive to the description of polarizabil-
ity, and not necessarily to the force field per se. For ex-
ample, TIP4P/2005 with isotropic polarizability (Fig. 2)
and SWM4-POINT (Fig. 4) reveal quite comparable re-
sults, despite the fact that they build on considerably
different force field philosophies. They both reveal com-
parable results, since they both describe polarizability as
an inducible isotropic point-dipole situated at the oxygen
site.
It furthermore appears that a realistic description of

the 2D-Raman-THz response will require an anisotropic
polarizability, even though the deviation from an
isotropic polarizability is quite small for water so that it
is typically neglected in the development of water mod-
els [49, 53]. The differences of SWM4-NDP (Fig. 3)
versus SWM4-POINT (Fig. 4) emphasize this point.
The polarizability of SWM4-NDP is effectively slightly
anisotropic, as evidenced by the appearance of the li-
brational mode at ≈600 cm−1 in the Raman spectrum,
since the Drude particle moves away from the oxygen
site and as such feels the anisotropic environment of a
water molecule. Implementing an anisotropic polariz-
ability into a force field in a fully consistent way would
be computationally tedious, as it produced torques (and
not only forces) at the sites to which a point-dipole is
attached.
In any case, in light of the high sensitivity of the

method, it is not too surprising that none of the consid-
ered water models reveal a truly satisfactory match with
experiment for the 2D-Raman-THz response; they can-
not even reproduce the intensity of the hydrogen-bond
stretching mode at ≈200 cm−1 in the 1D-THz spectrum.
That band is better represented in more sophisticated
polarizable models of water [43–45], presumably since
those are polarizable also at the hydrogen sites and as
such feel more closely the formation of a hydrogen bond,
or since those are flexible models. It is however very well
established that this band originates from charge flows
between water molecules upon hydrogen bonding [5, 36–
39], and it is quite questionable whether polarizability
can describe that effect. The electric field at a polar-
izable site scales decays quadratically with the distance
to an hydrogen bond partner, whereas charge flow ef-
fects decrease much steeper with an exponential depen-
dence [76]. It will be interesting to explore how models
along the lines of Ref. [39], which account for charge flow
effects explicitly, behave in the context of 2D-Raman-
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THz spectroscopy.
The present study is similar in spirit to works per-

formed by Skinner and coworkers [77], who tested various
water models of equal complexity (point-charge and po-
larizable water models) against experimental 2D-IR spec-
tra. Unfortunately, 2D-IR spectroscopy turned out to be
rather insensitive, in the sense that all water models con-
sidered revealed reasonable agreement with experiment.
The work did not result in any strong conclusions about
which of the considered models better describes water.
This failure reflects the fact the 2D-IR spectroscopy

is effectively a 1D spectroscopy with respect to the low
frequency intermolecular degrees of freedom. That is,
2D-IR spectroscopy typically utilizes the OH or OD vi-
bration of an HOD molecule in D2O or H2O, respectively,
as a local probe of its environment [78–82]. The environ-
ment is interrogated only twice, separated by one ex-
perimentally controllable time (typically called the pop-
ulation time). As such, 2D-IR spectroscopy measures
only the two-time point correlation function of the in-
termolecular degrees of freedom that couple to the OH
or the OD vibration. One can in fact describe the 2D
IR response by the spectral density of these intermolec-
ular degrees of freedom [83], conceptually not very dif-
ferent from a 1D-Raman or a 1D-THz spectrum (albeit
with different selection rules). In contrast, the extension
of 2D-IR spectroscopy by one more dimension to 3D-IR
spectroscopy [84] measures a three-time point correlation
function. 2D-Raman-THz spectroscopy is indeed concep-
tually similar to 3D-IR spectroscopy, but works in the
low-frequency range directly without resorting to the de-
tour via a high-frequency intramolecular vibration. The

present paper illustrates how much more decisive such a
three-time point correlation function can be.

Apart from a few exceptions [43–45], water models are
not typically validated against experimental THz and/or
Raman spectra. The development of polarizable water
models is currently a very active field of research, because
they will be a cornerstone for the next generation of MD
force fields for biomolecular simulations. A very large
zoo of polarizable water models exists in literature [43–
45, 49, 53, 59–70], with no convergence in sight as of yet
towards any particular one (as it is for point charge mod-
els with TIP4P/2005 [34, 54]). Whenever polarizability
is an important aspect of a water model, it appears that
it should be tested against 2D-Raman-THz spectroscopy,
given the high sensitivity of the method to in particular
that property.[85]
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