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The combination band just above 2000 cm−1 appearing in the IR spectrum of liquid water is well know from exper-
iments and it is thought to be originated from the combination of bending motions of the water molecules and the
large-amplitude libration modes of the condensed phase. While classical simulations cannot genuinely reproduce this
band, here we show that this exquisitely quantum signal can be simulated by on-the-fly ab initio semiclassical molec-
ular dynamics. The number of atoms involved in reproducing this combination band, which is also known as the
"association band" of liquid water, shows that this condensed phase signal is quite local.
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I. INTRODUCTION

There is a combination band in the InfraRed (IR) absorption
spectrum of liquid water that is so peculiar and well-known to
deserve a moniker: The “association band”. This name has
been given after the features observed in this part of the spec-
trum in aqueous minerals, glasses or carbohydrate materials.1

It is a weak and broad band centered at about 2130 cm−1, and
it has been assigned to the combination of the water monomer
bendings with the libration motions.2–4 Since librations are
originally rotational normal modes which have been hindered
by H-bonds between water molecules, the association band
could unveil the intermolecular structure and dynamics of liq-
uid water5,6 and it represents a unique spectroscopic signal
able to detect the morphology of the H-bonding network.

In previous simulations, this band has been not discussed
in depth, given its low intensity compared with those of the
stretching, bending and libration bands. However, despite its
weak intensity, we believe that it is very important to focus
on this signal to better understand the dynamical structure of
liquid water, which can lead to new insights into chemical and
biological processes. In fact, this band is present in all IR
aqueous sample spectra and it represents a sort of local probe
that can help one to decipher the complex H-bonding network
and its collective ramification in addition to IR stretching sig-
nals and THz spectroscopy,7, the relative strength of these
bonds and the surrounding molecules role, where each water
monomer is vibrating.

Only simulations that incorporate nuclear quantum effects
can correctly reproduce combination bands that correspond
to two vibrational quanta of excitations,8 as well as repro-
duce other static and dynamical manifestations of quantum
mechanics, such as the zero-point energy (ZPE) and tunnel-
ing. However, one may wonder if nuclear quantum mechan-
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ics is really needed for describing liquid water since quantum
effects are sometimes manifest and sometimes are not. For
example, some physical chemical properties of liquid water
seem to display deviations from the classical behavior, while
others are not.9 Interestingly enough, a similar phenomenon is
also observed in processes involving living organisms. More
specifically, some prokaryotic organisms and bacteria tolerate
a pure deuterated environment,10 while 30% of deuteration
is enough for killing healthy plants and mammals.11–13 The
reasons of this ambivalence reside on the fact that quantum
effects are sometimes compensating each other. For instance,
this is the case of ZPE, which enhances H-bonding with its
stretching contributions and weakens it for its bending one.
This is proven from the fact that going from the gas phase to
the liquid one the symmetric stretching and bending frequen-
cies are shifting from 3657 to 3404 cm−1 and from 1595 to
1644 cm−1, respectively.9 However, this is not the case of the
association band signal because this nuclear quantum effect
can be directly and unequivocally observed from the IR water
spectrum. In this case, to correctly simulate it, one needs a
nuclear quantum method able to potentially reproduce all vi-
brational levels and the corresponding transitions, including
combinations, overtones and hot bands, in addition to the fun-
damental ones.

Apart from the trivial description of harmonic quanta of
excitation, where combinations and overtones can be esti-
mated by simply adding the integer multiples of the cor-
responding frequencies, there are essentially two main ap-
proaches for spectrum calculations: the time-independent and
the time-dependent one. In the first case the full Hamilto-
nian is diagonalized and the spectrum is obtained by calcu-
lating the eigenvalues and the eigenfunctions of the nuclear
problem. Vibrational perturbation theory (VPT2)14 and vi-
brational configuration interaction (VCI)15 are two accurate
methods based on the time-independent approach.16 In the
second case, the Fourier transform is applied to the survival
amplitude of a wavepacket to get the power spectrum, or to
the dipole autocorrelation function to get the IR spectrum.
Path integral molecular dynamics (PIMD) and related meth-
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ods, such as RPMD, CMD, path-integral Liouville dynamics,
quasi centroid molecular dynamics (QCMD), fast QCMD and
Te PIGS17–25 and semiclassical dynamics26–31 are two accu-
rate methods based on the time-dependent approach.

The simplest system that has been studied as a prototype
of the association band is the one investigated by Rheinecker
and Bowman, i.e. the Cl− H2O one,32 where they observed a
consistent intensity borrowing (and mechanical anharmonic-
ity) in the combination band involving the bonded OH stretch
and two quanta in the out-of-plane bend. A system closer to
liquid water is given by the series of water cluster consid-
ered by McCoy,33 where a variety of structural motifs were
found to have intensity in the same frequency region of the
liquid water association band. Actually, the same author34

previously found spectroscopic features varying from 1939 to
2247 cm−1 in complexes of H3O+ with three argon atoms, ni-
trogen, methane, or water molecules. Interestingly, they found
that the stronger the interaction between the H3O+ and the
solvating molecules is, the more intense the association band
spectroscopic features are. They concluded that the intensity
of the liquid water association band, where the bending is an-
harmonically coupled to librations throughout the local water
network interactions, is related to the strength of these inter-
actions.

Moving up from these cluster prototypes and when it comes
to complex systems such as the liquid water one, an addi-
tional problem is represented by the need of a full-dimensional
potential energy surface (PES). In the case of a periodic-
boundary-conditions simulation of liquid water, there are
quite accurate, state of the art PESs available such as q-
AQUA35–37 and MB-POL.38–40

In the past, liquid water has been simulated both us-
ing PESs26,41–44 and by means of on-the-fly molecular
dynamics.45,46 These simulations mainly focused on the ac-
curacy in reproducing the main spectroscopic features of the
IR spectrum of liquid water, which are the stretching, bend-
ing and libration bands. As far as the association band is
concerned, linearized semiclassical calculations47 mimic the
presence of this band but they do not reproduce real-time
coherences48 and could not provide any specific physical in-
sight. These simulations were focused on reproducing all the
signals originated from all water molecules, without any spe-
cific distinction based on the molecular origin of each part of
the bands.

Here, we aim at tracing back to the molecular level the
origin of the association band signal by using semiclassi-
cally approximated quantum dynamics.49–58 More specifi-
cally, we employ our divide-and-conquer semiclassical ini-
tial value representation approach (DC-SCIVR).59 Within this
framework the vibrational degrees of freedom (normal modes)
are divided into subspaces. This procedure allows one to iden-
tify the most coupled modes and which portion of the spec-
trum is originated by each vibrational mode subspace. We
apply this strategy to get physical insight into the association
band obtained by simulating a box of liquid water by means
of our on-the-fly ab initio semiclassical protocol.

FIG. 1. Snapshot of the liquid water simulation cell: H atom in blu
and O atom in dark red. Periodic boundary conditions are indicated
by the cube edges.

II. COMPUTATIONAL METHODS

The simulation cell consists of a cubic box of 18 Å side
containing 200 water molecules, and it is generated using the
Packmol tool.60 The obtained geometry is optimized via ab
initio geometry relaxation and the dynamics simulation starts
from a local minimum. A snapshot of the entire simulated
system is reported in Fig. 1.

The ab initio calculations are performed with the Quantum-
Espresso suite.61,62 We adopt norm-conserving pseudopoten-
tials obtained from the PseudoDojo website63,64 with an en-
ergy cutoff of 85 Ry. Due to the dimension of the cell, the
Brillouin zone is sampled using the Γ point only. We adopt
a PBE parameterization for the Exchange and Correlation
functional.65 We validate our PBE approach against tests per-
formed by adopting a revPBE66 parametrization for the ex-
change potential VXC and including Grimme dispersions (with
zero damping and accounting for three body interactions),67

as reported in the Supplementary Material (see Fig. S1).
Harmonic vibrational frequencies are computed by finite

difference of the atomic forces in cartesian coordinates by
adopting an atomic displacement of 0.01 Å, which allows to
define the normal mode coordinates for the full periodic sys-
tem and we will use this coordinate system for the rest of the
simulations.

Quasi-Classical anharmonic vibrational frequencies are es-
timated by calculating the Time-Averaged velocity (momen-
tum) autocorrelation function

I(E) =
1

2T ∑
j

∣∣∣∣∫ T

0
eiEt/h̄ p j(t)dt

∣∣∣∣2 , (1)

where the summation over the j index runs over either normal
modes or atomic velocities in Cartesian representation. Each
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molecular dynamics trajectory is initialized at the equilibrium
geometry and initial velocities correspond to the harmonic
Zero Point Energy (ZPE) motion. This Born-Oppenheimer
Molecular Dynamics (BOMD) is performed in the NVE en-
semble and the atomic coordinates are evolved by means of a
velocity Verlet algorithm for at least 2500 MD steps of 10 a.u.
each, yielding 0.6 ps of dynamics in Cartesian coordinates.
This classical approach allows us to estimate the contribu-
tion of fundamental transitions in the liquid water power spec-
trum. The Zero Point Energy leakage (ZPEL) will eventually
cause the high-frequency modes to cool down and the low-
frequency ones to heat up. Since an exact initial quantiza-
tion of energy in the high-frequency modes is not achievable,
we start from harmonic quantization, which overstimates the
mode energy. The excess energy will flow into low-frequency
modes during the dynamics, so to better deal with the ZPEL
issue the latter are started with no energy if their harmonic
frequency is below a given threshold. The low-frequency
modes will gradually start to vibrate because of the ZPEL
and contribute to the power spectrum. ZPEL is not an is-
sue when using many (thousands) trajectories in semiclassical
dynamics68, however, a single semiclassical trajectory can not
compensate the ZPEL effect.

To gain quantum insight, we employ semiclassical Molec-
ular Dynamics, which adds quantum effects to simulations
in the field of spectroscopy. Semiclassical methods are able
to provide access to quantum power spectra by accounting
quantum nuclear effects like ZPE, overtones and combina-
tion bands and relying only on classical BOMD trajectories.8

The semiclassical approximation can be achieved by ap-
plying the Stationary Phase Approximation to the Feynman
path integral.69–73 Among the several possible formulations
of the semiclassical propagator, we employ DC-SCIVR59 to
deal in an on-the-fly fashion with such a large dimensional
system.74–77 This approach allows one to reduce the system
into subsystems where normal modes are collected accord-
ing to their reciprocal couplings. To reduce the computa-
tional cost from running thousands of trajectories to a few
ones or even a single trajectory, we also employ the Multi-
ple Coherent states Semiclassical Initial Value Representation
(MC-SCIVR) version of the semiclassical propagator for each
DC-SCIVR vibrational subspace.78–86 Within this method the
power spectra I(E) can be obtained by the following sum over
Ntra j classical trajectories:

I(E) =
1

Ntra j

Ntra j

∑
j=1

1
2π h̄T∣∣∣∣∣∣

T∫
0

ei[St(p j(0),q j(0))+Et+φt ]/h̄⟨χ|p j (t) ,q j (t)⟩dt

∣∣∣∣∣∣
2

(2)

where T is the total trajectory simulation time, St (p(0) ,q(0))
is the classical action, φt is the phase of Ct(p(0),q(0)), which

is the Herman-Kluk pre-exponential factor Ct(p(0),q(0))

Ct (p(0) ,q(0)) =√
det

∣∣∣∣1
2

(
Mqq +Γ−1MppΓ− ih̄ΓMqp +

iΓ−1

h̄
Mpq

)∣∣∣∣(3)

Ct(p(0),q(0)) is a complex number and
φt=Phase[Ct(p(0),q(0))] and where Mqq = ∂q(t)/∂q (0)
etc., are the monodromy matrix elements. In Eq. (2)
|p(t) ,q(t)⟩ is a coherent state of the type87–92

⟨x|p(t) ,q(t)⟩ =

(
det(Γ)

πF

)1/4

× e−(x−q(t))T
Γ(x−q(t))/2+ipT (t)(x−q(t))/h̄ (4)

and in Eq.s (3) and (4) Γ is approximated to be a diagonal
width matrix for bound state calculations, with coefficients
usually numerically equal to the square root of the harmonic
vibrational frequencies. The time evolution of Ct (p(0) ,q(0))
is computed through the solution of the equation of motion for
the monodromy matrix M , for which the knowledge of the
Hessian matrix along the MD trajectory is required. The way
the MC-SCIVR method can contain the number of trajecto-
ries is by means of a suitable choice of the initial MD condi-
tions. Also, a clever choice of the reference coherent states
|χ⟩ can enhance the spectral features corresponding to the vi-
brational excitations under investigation avoiding the burden
of the phase space integration required by other semiclassical
molecular dynamics approaches. More specifically, the tra-
jectory should be initialized with an energy close to a given
quantum vibrational eigenvalue, which is approximated with
its harmonic estimate, i.e. p2

eq/2m= h̄ω(n+1/2) and the cor-
responding reference superposition of coherent state is chosen
as :

|χ⟩=
∣∣peq,qeq

〉
+ϵ

∣∣−peq,qeq
〉

(5)

where ϵ is a vector such that when all its elements are equal
to 1, the ZPE peak and all even overtones intensities are en-
hanced, while when one of its component is equal to −1 the
fundamental and the odd overtones of that mode component
are enhanced.81 Because of the large number of atoms present
in our simulation cell, we limit our calculations to a single
ZPE-trajectory and enhance the different spectroscopic fea-
tures by using suitable combinations of coherent states for the
reference state. Given the periodic motion of vibrations, even
a short, tailored single trajectory is suitable to sample the rele-
vant portion of the phase space, if the trajectory is long enough
to include many periods of the vibrational motion.

Furthermore, the number of degrees of freedom is so huge
that even the full dimensional Hessian matrix is out of reach.
The full Hessian has been calculated in Cartesian coordinates
only once for setting the normal mode coordinates. Each Hes-
sian row/column along the chosen normal mode coordinate
was calculated to find the DC-SCIVR vibrational subdivision.
In this case, we calculate only the Hessian elements neces-
sary for determining the vibrational subspace. For this rea-
son, we employ a DC-SCIVR strategy59,93–95 where the full
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dimensional Nvib problem is reduced to a set of reduced di-
mensional (M < Nvib) ones. Specifically, the power spectrum
I(E) of Eq. (2) is further approximated as the convolution of
partial spectra Ĩ(E) computed in M-dimensional subspaces of
the full Nvib-dimensional space. Thus, the DC-SCIVR power
spectrum formula is

Ĩ(E) =
1

2π h̄T∣∣∣∣∫ T

0
ei[S̃t (p̃(0),q̃(0))+Et+φ̃t ]/h̄⟨χ̃|p̃(t) , q̃(t)⟩dt

∣∣∣∣2 (6)

where all the quantities with the tilde superscript are evaluated
by projecting the full dimensional ones onto the M-subspace.
In this way we can drastically reduce the dimensionality of the
semiclassical calculation. For most of the quantities in Eq. (6)
the projection onto each subspace starting from the full dimen-
sional one consists in taking the related vector components,
except for the classical action S̃t , due to the non-separability
of the potential energy term. We get rid of this issue by as-
suming the following expression for the reduced dimensional
potential

ṼS (q̃M (t)) =V
(
q̃M (t) ;qNvib−M (t)

)
−V

(
qeq

M ;qNvib−M (t)
)
(7)

where qeq
M are the starting values of the positions for the de-

grees of freedom that belong to the M-dimensional subspace
S. The subspace subdivision should pair the strongly coupled
modes in the same subspace. Among the different approaches
developed in our group,93,96 in the present work we employ
an adapted version of the “Hessian” method69,93 for the vibra-
tional space subdivision. This consists in primarily choosing
a mode of interest and then find the ones most coupled to it to
build up the spectroscopic signal related to that mode. In our
case we focus on the association band and we choose bending
modes that can be associated to the bending motion of a single
molecule in the liquid. In the present version of the "Hessian"
method, the amount of coupling with other normal modes is
estimated through the average of the modulus of the Hessian
line/row row/column corresponding to the addressed bending
∂ 2V/∂qMode∂qi along the MD trajectory. The Hessian ele-
ments are calculated by finite differences of the atomic forces
in normal mode coordinates, in order to avoid the calculation
of the entire matrix in a similar way as in Ref. 97. The fi-
nite difference displacement was 5×10−4/ωi where ωi is the
harmonic frequency of the mode. Then, the off-diagonal ele-
ments (i ̸=Mode) sorted in descending order provide the order
in which the modes enters in the subspace. We limit the sub-
space up to the first coupled libration, whose combination is
contributing to the association band signal together with other
possible normal modes. To reduce the computational cost, we
calculate only the Hessian elements of the sub-blocks which
correspond to the vibrational subspace of the chosen bend-
ing mode. We also optimize the number of partial Hessian
estimates, by employing a trajectory procedure based on the
neural gas algorithm.98 By employing 100 neurons we found
an optimal compromise between accuracy and computational
overheads.

1000 2000 3000 4000 5000

Wavelength [cm
-1

]

I(
E

) 
[a

. 
u

.]

Experiment

QCT 0.60 ps

QCT 1.21 ps

FIG. 2. QCT VDOS (computed using the correlator in terms of
atomic velocities) in Cartesian coordinates for two different dura-
tions of the MD simulation. The experimental IR spectrum of liquid
water is reported in orange.

III. RESULTS AND DISCUSSION

Quasi-classical trajectory (QCT) results obtained using Eq.
(1) are reported in Fig. 2 and compared with the experimental
IR spectrum of liquid water.99 Our planewave PBE ab ini-
tio level of theory is clearly accurate enough to reproduce the
main spectroscopic features. The simulated libration, bend-
ing and stretching bands reproduce quite faithfully the cor-
responding experimental frequency band intervals. We do
not consider a direct comparison in terms of intensity since
we are simulating the vibrational density of states (VDOS)
and the experiment reports the IR absorption spectrum. We
make this choice because we are focusing on a single bend-
ing+libration signal and to the atomistic picture explanation
behind the association band. We can observe only a small
deviation between the simulation and the experimental spec-
tra at the lowest frequencies. We attribute this deviation to
two main reasons. The first one is that the Cartesian coordi-
nate simulation does include all modes of vibration, also the
lower frequency ones. The other is that the zero point energy
leakage is enhancing the lower frequency mode intensities.
Apart from this, the main discrepancy between the classical
VDOS and the experimental IR signal is in the association
band region. The classical calculation can not reproduce the
association band around 2100 cm−1. To exclude any numer-
ical issue, we have tested different computational setups, in-
cluding longer trajectories with more statistics, and the same
VDOS calculations in normal mode coordinates is found (see
Fig. S2). The conclusion is always the same regardless the
computational setup, i.e. in a classical simulation the associa-
tion band is missing.

One may wonder if the association band is somehow hidden
below the baseline of the QCT spectra reported in Fig. 2. To
clarify this point, we report in Fig. 3 the signal originated from
two specific modes that we have identified between possible
candidates for generating the association band. As a refer-
ence, the harmonic frequency estimate of these modes are re-
ported in Fig. 3 as vertical arrows. Both spectra do not signif-
icantly contribute to the VDOS portion of the spectrum above
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500 1000 1500 2000 2500

Wavelength [cm
-1

]
I(

E
) 

[a
. 

u
.]

Experiment

Libration
Bending

FIG. 3. Selected QCT VDOS of a bending (red line) and a libration
(green line) modes. The vertical arrows indicate the harmonic esti-
mate of the two modes. Experimental IR absorption spectrum is in
orange.

2000 cm−1. However, both libration and bending signal are
composed of several splittings and side bands because of the
strong coupling between these modes and many others present
in liquid water. This shows that normal modes in liquid water
are quite complex and different from those of gas phase water.

We now turn to our quantum dynamics VDOS calculations
in semiclassical approximation and consider the VDOS sig-
nal originated by the same modes as in Fig. 3. Recalling
that our DC-SCIVR approach allows us to divide the entire
vibrational space into arbitrary dimensional subspaces up to
monodimensional ones, and thanks to our divide-and-conquer
approach,59,98 we get of the Hessian matrices in the subspace
at each time-step and calculate the monodromy matrix evolu-
tion. We recall here that in our DC-SCIVR approach, the clas-
sical mode dynamics is fully coupled even if modes belong to
different vibrational subspaces, since the original classical tra-
jectory is a full dimensional one. It is the semiclassical treat-
ment that is factorized into subspaces and this includes mainly
the approximation of the pre-exponential factor and the clas-
sical action, as reported in Eq. 6.

If we force the same bending and libration modes described
above to belong to monodimensional vibrational subspaces
and calculate the VDOS semiclassical signal, we obtain the
green and red spectra reported in Fig. 4 for the libration and
bending motion, respectively. The green and red arrows in
Fig. 4 indicate the harmonic estimates as a reference and as al-
ready reported in Fig. 3. We stress that we employ in our DC-
SCIVR calculations the same classical trajectory used for the
QCT calculation. The libration and bending signals are quite
similar to the corresponding classical ones of Fig. 3, with the
exception that quantum effects within the same monodimen-
sional subspace are accounted for. In our case, the possible
quantum effects are the presence of overtone peaks, and this
can be seen for the libration (green) line of Fig. 4 if compared
with the QCT parent one of Fig. 3. Small intensity overtones
or combination peaks can be observed also in the bending
signal, especially in the region above 2000 cm−1. When we
improve the semiclassical approximation by allowing for the
bending motion to be semiclassically coupled to other modes

500 1000 1500 2000 2500

Wavelength [cm
-1

]

I(
E

) 
[a

. 
u

.]

Experiment

Libration alone
Bending alone

Bending in 6dim sub.

FIG. 4. DC-SCIVR power spectra calculations. Green and red lines
are from the monodimensional vibrational subspaces of the libration
and bending modes of Fig. 3. The blue line is for the same bending
mode but in a six-dimensional vibrational subspace. ZPE has been
shifted to zero.

in a six-dimensional vibrational subspace, we obtain the sig-
nal reported in blue in Fig. 4. This association band signal
contribution is compatible but different from a previous Multi-
mode Embedded Local Monomer calculation,100[Rossi et al.,
J. Chem. Phys. 141, 181101 (2014)] mainly because in that
case all combination bands are considered, while here we are
focusing on a single bending+libration contribution.

This vibrational subspace includes mainly stretching
modes, as well as bending ones, as reported in Table S1 of
the Supporting Material file. In Table S1 the modes are sorted
in decreasing coupling order with respect to the bending one,
and the six-dimensional vibrational subspace is delimited by
the horizontal line. The coupling has been estimated from
the row/column Hessian matrix averaged over the trajectory
and using our divide-and-conquer procedure described above.
This VDOS clearly shows a significant contribution in the as-
sociation band frequency region and our DC-SCIVR calcu-
lation indicates that it is the cooperation between the bend-
ing mode and all these other modes belonging to the same
vibrational subspace to originate the association band. The li-
bration mode is not the sole actor that shapes the association
band. Indeed, we find that there are some stretching modes,
i.e. with frequency higher than 3100 cm−1, which are strongly
coupled to the bending one, according to our algorithm. Even
if minor compared to direct coupling effects,1[J. Phys. Chem.
B 2018, 122, 9, 2587-2599] these modes indirectly contribute
by coupling with the bending to the shape and intensity of the
association band.

Fig. 5 reports the VDOS signal originated from one of
the stretching mode belonging to the aforementioned six-
dimensional vibrational subspace. Even if the main VDOS
of this mode lies, as expected, in the stretching band, a non-
negligible contribution is present in the combination band
region. We consider the signal originated by this mode
both when semiclassically forced in a monodimensional sub-
space and when fully coupled to the bending one in the six-
dimensional subspace. The amount of VDOS is increasing
when allowing the modes to be semiclassicaly coupled on the
top of the already classical trajectory coupling. Ultimately, the
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FIG. 5. DC-SCIVR power spectra calculations. Maroon dashed line
is for the monodimensional vibrational subspace of a stretching mode
chosen inside the subspace. Maroon solid line is for the same stretch-
ing mode but in a six-dimensional vibrational subspace. ZPE has
been shifted to zero.

association band signal is originated by the coupling between
several modes, as those reported in Table S1. Specifically, the
role of such coupled modes, like the stretching ones which
are far from the frequency range of the association band, is
to include the contribution of other librational modes. These
modes are not directly or strongly coupled to the target bend-
ing but coupled to the stretches and contribute indirectly to the
signal of the association band. Thus, it clear that the VDOS
contribution to the association bands is originated also from
librational modes, which are not directly coupled to the bend-
ing.

To gain further physical insights, we visualize the pair of
bending and libration normal modes that are responsible for
contributions to the association band. Fig. 6 shows the nu-
clear displacements corresponding to the normal mode vec-
tors of the bending and its coupled libration, as an example,
while Fig. S3 in the Supplementary Material file shows the
displacements of all the modes belonging to the same sub-
space. The direction and the length of the arrows of Fig. 6
reproduce the nuclear displacements and the periodic simulat-
ing box boundaries are indicated by continuous black lines.
In Section II of the Supplementary Material file, we report
the same type of representation for some stretching modes be-
longing to the same vibrational subspace of the bending one.
We also consider other bending mode subspaces and the re-
lated libration and stretching coupled modes. We report these
bending and libration modes in the SI (Section S-III). and we
observe that even if the bending ones can not be attributed to
a single water molecule, the libration modes are quite local.
The main feature that we can infer from the observation of
Fig. 6 and the other ones in the Supplementary Material file
is that the associate libration and stretching modes are quite
local, i.e. the involved atoms are mainly those of the same
water molecules and of the nearest neighbor ones. In some
cases we can observe more than few water molecules cooper-
ating for the libration signal, however these kinds of motion
are definitely more local than typical phonon modes.

(a) Bending

(b) Coupled Libration

FIG. 6. Harmonic eigen-displacement of a bending mode and the
first coupled libration one. The plot reports the eigen-displacement
only of those atoms whose modulus is larger than half the maximum
for H or O atoms. The length of the arrows corresponds to 7 times
the modulus for H atoms and 35 times for O atoms.

IV. CONCLUSIONS

In this paper we exploit a quantum dynamics tool, the DC-
SCIVR method, to shed light on the liquid water nuclear vi-
brational association band. Specifically, we focus on under-
standing which kind of modes are responsible for this spec-
troscopic signal. Indeed, we find that it is not just purely a
matter of libration+bending coupling and that other modes are
involved, most of them of the stretching type. These modes
are strongly coupled to the bending one and they need to be
included in the vibrational subspace of the bending mode in
order to obtain a proper spectroscopic signal in the associa-
tion band region. Actually, these modes cooperate for gener-
ating the signal in the association band region. In few words,
even if their frequencies and eigen-displacements clearly sug-
gest the stretching contribution, in a multidimensional quan-
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tum picture their contribution to the total VDOS includes also
the association band signal through their coupling to addi-
tional librational modes not included in the working subspace.
These results confirm that the association band is a genuine
H-bonding network signal which includes all types of modes,
and that the topology of the involved H-bonding is quite var-
iegated. This includes all kinds of atomic displacements and it
cannot be associated with a few atomic displacements even in
a first order harmonic approximation. Instead, there are many
atoms involved in the association band signal. However, we
could not find any example of a fully delocalized H-bonding,
as it is the case in periodic solid systems as ice, for example.
This is a clear factor which distinguishes the liquid phase from
the solid one.
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56T. Begušić and J. Vaníček, J. Chem. Phys. 153, 024105 (2020).
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