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Abstract

A quantitative characterization of intermolecular and intramolecular couplings that

modulate the OH-stretch vibrational band in liquid water has so far remained elusive.

Here, we take up this challenge by combining the centroid molecular dynamics (CMD)

formalism, which accounts for nuclear quantum effects, with the MB-pol potential en-

ergy function, which accurately reproduces the properties of water across all phases, to

model the infrared (IR) spectra of various isotopic water solutions with different levels

of vibrational couplings, including those that cannot be probed experimentally. Anal-

ysis of the different IR OH-stretch lineshapes provides direct evidence for the partially

quantum-mechanical nature of hydrogen bonds in liquid water, which is emphasized

by synergistic effects associated with intermolecular coupling and many-body electro-

static interactions. Furthermore, we quantitatively demonstrate that intramolecular

coupling, which results in Fermi resonances due to the mixing between HOH-bend

overtones and OH-stretch fundamentals, are responsible for the shoulder located at

∼3250 cm−1 of the IR OH-stretch band of liquid water.

Introduction

Despite its apparent simplicity, with only 3 atoms and 10 electrons, water displays a unique

behavior across the phase diagram which still befuddles scientists. As the most essential

liquid on Earth, water exhibits several anomalous properties that are directly related to its

ability to form dynamic hydrogen-bond (H-bond) networks that continually fluctuate via the

breaking and forming of H-bonds. Vibrational spectroscopy is a powerful tool to investigate

both structure and dynamics of the H-bond network of water in different environments.1–4

However, an unambigous assignment of the vibrational spectra of water is highly nontrivial

due to the fluctuating nature of the H-bond network and the presence of both intramolecular

and intermolecular couplings.

Through selective isotopic substitutions, different types of coupling within the H-bond
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network can be separated to allow for the investigation of both individual and multiple cou-

pling effects at the same time. On the experimental side, infrared (IR) spectroscopy has been

widely used to probe either fully coupled or completely isolated OH stretches of neat H2O

or diluted HOD in D2O solutions, respectively.5–13 However, it has proven experimentally

difficult to disentangle intermediate levels of couplings due to relatively fast H/D exchange in

solution that effectively precludes the monitoring of OH stretches of diluted H2O molecules

in D2O as well as diluted HOD molecules in H2O, which would be ideal systems for inde-

pendently characterizing intramolecular and intermolecular couplings, respectively. On the

other hand, the majority of theoretical studies have focused on fully coupled or isolated

OH stretches in order to provide molecular interpretations of the experimental spectra.14–33

These limitations on both experimental and theoretical sides have so far prevented a quan-

titative assessment of coupling effects in the structural rearrangements of the water H-bond

network.

The introduction of highly accurate many-body potential energy functions (PEFs) for

water, such as CC-pol,34–36 WHBB,37–39 HBB2-pol,40,41 and MB-pol,42–46 has effectively

transformed the landscape of water simulations, enhancing the prospect for predictive the-

oretical studies of water at the molecular level. Among the existing many-body PEFs, we

and others have shown that MB-pol correctly predicts the properties of water from the gas

to the condensed phase, reproducing the vibration-rotation tunneling spectrum of the water

dimer,43 the energetics of small clusters,44 the isomeric quantum equilibria and tunneling

pathways of the water hexamer,47,48 structural, thermodynamic, and dynamical properties of

liquid water,45,46 and the energetics of the ice phases.49 MB-pol has also been shown to accu-

rately reproduce the THz spectra of the octamer cluster,50 the infrared and Raman spectra

of liquid water,29,32,51 the temperature-dependence of the sum-frequency generation spectra

of the air/water interface,52 and the infrared and Raman spectra of ice Ih.53 More recently,

molecular configurations extracted from classical and path-integral molecular dynamics sim-

ulations with MB-pol have been used in many-body perturbation theory calculations to
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model the X-ray absorption spectrum of liquid water as well as to determine the electron

affinity of water, both in the bulk and at the air/water interface.54,55

Building upon the demonstrated predictive power of MB-pol and taking advantage of the

fact that isotope exchange is a rare event in computer simulations of water, which is com-

pletely turned off when using non-dissociable models, we present a systematic investigation

of IR OH-stretch lineshapes calculated for different isotopic mixtures. Specifically, we report

the results of centroid molecular dynamics (CMD) simulations for four different solutions:

neat H2O, diluted HOD in H2O, diluted H2O in D2O, and diluted HOD in D2O, correspond-

ing to solutions with fully coupled OH stretches, only intermolecularly coupled OH stretches,

only intramolecularly coupled OH stretches, and fully decoupled OH stretches, respectively.

The combination of MB-pol, a water model exhibiting chemical and spectroscopic accuracy,

with quantum dynamics simulations carried out within the CMD formalism allows for un-

ambiguously disentangling intramolecular and intermolecular coupling effects on both the

frequency shift and intensity of the OH-stretch lineshape in liquid water, which has so far

remained elusive. Furthermore, by combining the local mode56,57 and local monomer39 (LM)

methods, calculations carried out on molecular configurations extracted along the CMD tra-

jectories allow for further dissecting the IR OH-stretch lineshape by quantifying contributions

due to Fermi resonances.

Computational Methods

To investigate coupling effects on the vibrational dynamics of the H-bond network in liquid

water, four isotopic solutions (neat H2O, diluted HOD in H2O, diluted H2O in D2O, and

diluted HOD in D2O) with different degrees of intramolecular and intermolecular couplings,

as depicted in Figure 1, are investigated. Within each solution, we focus our analysis on the

OH stretch vibrations; for neat H2O, we investigate both intramolecular and intermolecular

couplings (Fig. 1a), for HOD in H2O, we specifically monitor the OH vibrations of the
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Figure 1: Depiction of the different coupling effects in the four isotopic solutions analyzed
in this study. The oxygen atoms are shown in red, the hydrogen atoms in white, and
the deuterium atoms in blue. The top left molecule in each panel represents the “solute”
molecule being probed in the calculations of the corresponding IR OH-stretch lineshape,
and the bottom right molecule is one of the “solvent” molecules. Blue arrows represent
intramolecular coupling, and green arrows represent intermolecular coupling.

“solute” HOD molecules which are intermolecularly coupled to the OH vibrations of the

“solvent” H2O molecules (Fig. 1b), for H2O in D2O, we consider the OH stretches of the

“solute” H2O molecules which are intramolecularly coupled but completely decoupled from

the OD vibrations of the solvent D2O molecules (Fig. 1c), and for HOD in D2O, we investigate

the uncoupled OH vibrations of the “solute” HOD molecule (Fig. 1d). Analogous simulations,

presented in the Supporting Information, were also performed to characterize coupling effects

on the OD-stretch vibrational dynamics.

Nuclear quantum effects (NQE) are accounted for within the CMD formalism, which ap-
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proximates the exact quantum expressions in terms of phase space representations amenable

to classical-like interpretations of the variables of interest.58–62 In all CMD simulations, each

atom is represented by a Feynman’s ring-polymer discretized with 32 beads, and the centroid

variables are propagated according to the velocity-Verlet algorithm using the partially adi-

abatic separation scheme of Refs. 61 and 63, with an adiabaticity parameter γ = 0.25 and

a time step of 0.05 fs. A Nosé-Hoover chain of four thermostats is attached to each degree

of freedom to ensure adequate canonical sampling at 298.15 K. Short-range interactions are

truncated at an atom-atom separation of 9.0 Å, while the electrostatic interactions are treated

using the Ewald sum.64 Each isotopic solution consists of 216 molecules total, with two “so-

lute” molecules surrounded by 214 “solvent” molecules (e.g. two HOD molecules in 214 D2O

molecules) to mimic the 1% concentration typically used in experiments.3 20 independent

CMD trajectories are collected for each isotopic solution, starting from initial configurations

extracted from previous path-integral molecular dynamics (PIMD) simulations carried out

for H2O and D2O solutions at the corresponding experimental densities.32,51 Cubic simula-

tion boxes with sides of 18.6428 Å and 18.6506 Å are thus used for isotopic mixtures with

H2O and D2O as the “solvents”, respectively.

In all simulations, the water interactions are described by MB-pol, a many-body PEF

rigorously derived from the many-body expansion of the interaction energy between water

molecules,43–45 which has been shown to provide an accurate representation of water across

different phases.46 The IR spectra for all isotopic solutions are calculated within the time-

dependent formalism according to

IIR(ω) =
[ 2ω

3V ~cε0

]
tanh(β~ω)

∫ ∞
−∞

dt eiωt〈µ(0)µ(t)〉 (1)

where V is the system volume, c is the speed of light, ε0 is the permittivity of free space,

and β = (kBT )−1, with kB being Boltzmann’s constant. In Eq. 1, 〈µ(0)µ(t)〉 is the ensemble

averaged quantum dipole-dipole time correlation function obtained for each isotopic solution
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by averaging µ(0)µ(t) over the corresponding 20 independent CMD trajectories, with µ(t)

given by the many-body MB-µ function introduced in Ref. 29. MB-µ includes explicit

one-body (1B) and two-body (2B) terms, with all higher-order N-body (NB) terms being

described by classical induction.

Finally, to quantify Fermi resonance contributions deemed to be important to the H2O IR

lineshape,65 local mode and local monomer (LM) calculations39,56,57 are performed on molec-

ular clusters consisting of 16 D2O molecules around a H2O molecule, which were extracted

from the corresponding CMD simulations carried out for the diluted H2O in D2O solution.

In the LM calculations, the coordinates of the D2O molecules as well as the oxygen atom

of the H2O molecule are kept fixed to their CMD values, while constrained optimizations of

the hydrogen positions are performed by interfacing the ORCA package66 with our in-house

MB-pol software.

Results and Discussion

To first assess the accuracy of our theoretical and computational approach, the IR lineshapes

calculated from CMD simulations of neat H2O and diluted HOD in D2O solutions are com-

pared with the corresponding experimental spectra in Figure 2. Similar comparisons were

reported in different contexts in previous studies with MB-pol.29,32 As discussed in detail in

Refs. 29 and 32, MB-pol slightly underestimates the H-bond strength in liquid water, which

results in OH stretching frequencies that are approximately 57 cm−1 blue-shifted compared

to experiment. After accounting for this shift, overall good agreement is found between the

theoretical and experimental lineshapes, which is nearly quantitative for the HOD in D2O

system. However, some noticeable differences exist in the low-frequency region of the neat

H2O lineshape with the CMD band lacking intensity between 3000 cm−1 and 3300 cm−1, as

originally observed in Ref. 29.

The IR lineshapes calculated for the “solute” molecules (i.e., H2O or HOD) of the four
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Figure 2: IR OH-stretch lineshapes (blue traces) calculated from CMD simulations of neat
H2O (a) and diluted HOD in D2O (b) solutions compared with the corresponding experimen-
tal results (black traces) from Refs.5 and 7, respectively. Also shown are the CMD lineshapes
(light blue) red-shifted by 57 cm−1 to facilitate comparisons with the experimental results.
See main text for details.

different isotopic solutions are shown in Fig. 3. To further characterize the interplay be-

tween vibrational and electrostatic couplings, the IR lineshapes for each isotopic solution

are calculated using different representations of the dipole moment in Eq. 1, correspond-

ing to different approximations to many-body effects on the water dipole moment within

the MB-µ expression.29 Specifically, each panel of Fig. 3 shows comparisons between IR

lineshapes computed using the gas-phase (1B) term (red traces), the 1B+NB representa-

tion including many-body effects through classical induction (green traces), and the full

many-body (1B+2B+NB) MB-µ representation which, in addition to inductive many-body

effects, accounts for explicit short-range 2B contributions (blue traces). In this analysis,

all lineshapes are normalized with respect to the number of OH oscillators of the “solute”

molecules to allow for comparisons of both frequency shifts and intensities as a function

of different levels of coupling. The full-width at half maximum (fwhm) and frequency of

maximum absorbance (fma) are calculated and compared among different approximations

to the many-body dipole moment in Table 1. The fwhm for neat H2O and HOD in D2O

calculated with the 1B+2B+NB representation of the dipole moment are 337 cm−1 and 237
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Figure 3: IR OH-stretch lineshapes calculated from CMD simulations of neat H2O (a),
diluted HOD in H2O (b), diluted H2O in D2O (c), and diluted HOD in D2O (d). For
each isotopic solution, the OH-stretch lineshape is calculated using the 1B, 1B+NB, and
1B+2B+NB hierarchy of approximations to the dipole moment (see main text for details).
All lineshapes are on the same intensity scale and are normalized to the number of OH
oscillators of the “solute” molecule.

cm−1, respectively, which are in good agreement with the corresponding experimental values

of 378 cm−1 and 255 cm−1.5,7

Fig. 3 shows that, at the 1B level of electrostatic coupling (red traces), the IR lineshapes

calculated for “solutes” with intramolecular coupling (i.e., neat H2O and H2O in D2O) are

the most blue-shifted. As discussed in Ref. 32, due to the lack of electrostatic coupling with

the surrounding “solvent” molecules, these 1B lineshapes only report on “solute” dipole

moment fluctuations associated with intramolecular distortions. Since changes in the 1B
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Table 1: Full-width at half maximum (fwhm) and frequency of maximum ab-
sorbance (fma) in cm−1 of the OH-stretch lineshape calculated for the four dif-
ferent isotopic solutions using the 1B, 1B+NB, and 1B+2B+NB hierarchy of
approximations to the dipole moment (see main text for details).

1B 1B+NB 1B+2B+NB
fwhm fma fwhm fma fwhm fma

H2O 294 3570 344 3463 337 3453
HOD in H2O 260 3520 273 3486 281 3470
H2O in D2O 259 3560 287 3500 287 3483
HOD in D2O 252 3503 239 3480 237 3473

(gas-phase) dipole moment due to stretching and bending vibrations in solution are relatively

smaller than those associated with induction interactions,32 the transition dipole moment

remains approximately constant, independently of the instantaneous “solute” configuration.

This makes the 1B lineshapes effectively identical to the corresponding lineshapes calculated

within the Condon approximation using the full many-body representation of the dipole

moment.32 The blue shifts observed in the 1B lineshapes of neat H2O and H2O in D2O

thus indicate that intermolecular coupling is responsible for slightly stronger H-bonds and,

consequently, weaker OH bonds.

Inclusion of N-body electrostatic effects (green traces) results in an overall increase in

intensity of all lineshapes. Specifically, the lineshape for the fully coupled neat H2O solution

exhibits the highest intensity, while the lowest intensity is found for the lineshape of the

intramolecularly coupled H2O in D2O solution. The lineshapes for the intermolecularly

coupled HOD in H2O and fully decoupled HOD in D2O solutions display nearly identical

intensities. Comparisons with the corresponding 1B lineshapes demonstrate that N-body

electrostatic effects are clearly responsible for significant redistribution of the IR intensity

over the entire frequency range of the OH vibrations, resulting in changes to the lineshapes

which directly correlate with the specific level of vibrational coupling present in each solution.

In particular, the 1B+NB lineshapes of both solutions with intermolecular coupling (i.e.,

neat H2O and HOD in H2O) display relatively higher intensities between 3250 cm−1 and

3400 cm−1 (see Supporting Information for specific details). Since this frequency range is
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associated with stronger H-bonds, these results thus emphasize the importance of many-body

electrostatic effects in the vibrational dynamics of strongly coupled OH stretches in liquid

water. On the other hand, it should be noted that the lineshape of the intramolecularly

coupled H2O in D2O solution grows in intensity below 3250 cm−1.

When the dipole moments in Eq. 1 are represented by the full many-body MB-µ function,

which includes a short-range 2B term in addition to a classical representation of many-body

effects, further increase in the IR intensity is observed for the corresponding lineshapes (blue

traces) shown in Fig. 3, particularly in the low-frequency region. The comparison among

IR lineshapes calculated as a function of the level of electrostatic coupling (Table 1) shows

that the fwhm calculated for the diluted HOD in H2O, diluted H2O in D2O, and neat H2O

solutions increase by 21 cm−1, 28 cm−1, and 43 cm−1, respectively, going from the 1B to the

1B+2B+NB representation of the dipole moment, while the fwhm calculated for the diluted

HOD in D2O decreases by 15 cm−1. Since the 1B lineshape depends only on the gas-phase

dipole moment of the HOD molecule, the narrowing of the linewidth with the increase of

electrostatic coupling demonstrates that, when integrated in the H-bond network, the dipole

moment of a fully decoupled OH oscillator samples a narrower distribution of values than in

the gas phase. Table 1 shows that, independently of the isotopic solution, the changes in

linewidths are accompanied by red shifts in the frequencies of maximum absorbance on the

order of 50 cm−1 going from the 1B to the 1B+2B+NB representation of the dipole moment.

These changes are particularly pronounced in the lineshape of diluted HOD in H2O.

While this isotopic mixture cannot be probed in experiments, the theoretical predictions

shown in Fig. 3b can be used to characterize the nature of intermolecular coupling, iso-

lated from any other competing effects. Since, as discussed in detail in Ref. 31, the 2B

term of the MB-µ function recovers electrostatic contributions associated with quantum-

mechanical effects (e.g., charge transfer and penetration, and Pauli repulsion) that cannot

be described by classical expressions, the large difference in IR intensity between 1B+NB

and 1B+2B+NB lineshapes of diluted HOD in H2O provides direct evidence for the par-
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tially quantum-mechanical nature of H-bonds in liquid water. The 1B+2B+NB lineshape

for the diluted H2O in D2O solution also exhibits higher intensity than its 1B+NB analog

in the low-frequency region, although the differences are not as large as those observed for

the diluted HOD in H2O solution. While these results provide further support for the par-

tially quantum-mechanical nature of H-bonds in liquid water, the differences between the

lineshapes for diluted H2O in D2O and diluted HOD in H2O solutions clearly indicate that

2B quantum-mechanical effects in H-bonding are enhanced by intermolecular coupling.

The analysis of the IR lineshapes for the diluted H2O in D2O solution (Fig. 3c), which

cannot be probed experimentally, provides the unique opportunity to isolate the contribu-

tions due to intramolecular coupling. As mentioned above, compared to the lineshapes for

both fully decoupled HOD in D2O and intermolecularly coupled HOD in H2O solutions,

the lineshape for the intramolecularly coupled H2O in D2O solution grows in intensity be-

low 3250 cm−1. To determine the origin of this intensity enhancement, we performed LM

calculations.39,56,57 Since, by construction, the LM method provides a rigorous theoretical

framework for identifying both fundamental and overtone transitions, it allows for the dis-

section of the OH lineshape in terms of actual OH stretching vibrations and HOH bending

overtones, which may give rise to Fermi resonances.27,30,65 However, due to the associated

computational cost, LM calculations are only carried out on clusters consisting of a H2O

molecule solvated by 16 D2O molecules, which are extracted from the CMD trajectories for

the diluted H2O in D2O solution. The LM results, decomposed in contributions associated

with HOH bending overtones (red) and OH stretching vibrations (blue) are shown along with

the corresponding 1B+2B+NB (dashed) lineshape in Fig. 4a. Also shown for reference are

both experimental (solid black) and CMD (dashed) lineshapes for neat H2O. The compari-

son between LM and CMD results indicates that the relative increase in intensity observed

below 3250 cm−1 in the 1B+2B+NB lineshape for the diluted H2O in D2O solution can

be attributed to Fermi resonances arising from quantum-mechanical mixing between HOH

bending overtones and OH stretching fundamentals as recently suggested.29,30,32,33,65
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Figure 4: a) LM frequency distributions of OH stretches (light green) and HOH-bend over-
tones (dark green) calculated for diluted H2O in D2O, experimental (black) and CMD (blue)
IR OH-stretch lineshapes of neat H2O, and CMD (light blue) IR OH-stretch lineshape of
diluted H2O in D2O. b) LM frequency distributions of OH stretches (light green) and HOH-
bend overtones (dark green) calculated for diluted H2O in D2O and shifted by -57 cm−1 and
50 cm−1, respectively, full LM lineshape (yellow), experimental (black) and CMD (blue) IR
OH-stretch lineshapes of neat H2O, with the latter being shifted by -57 cm−1. See main text
for details.

This analysis also sheds light on the missing intensity in the low-frequency region of the

CMD IR lineshape for the neat H2O solution compared to experiment. As mentioned above

and discussed in detail in Refs. 29 and 32, MB-pol slightly underestimates the strength of

H-bonds in liquid water, which translates into a 57 cm−1 blue shift of the calculated OH

stretch lineshape relative to experiment. At the same time, weaker H-bonds also lead to

a ∼25 cm−1 red shift of the calculated HOH bend lineshape (see inset in Fig. 4a). After

correcting for these inaccuracies by shifting the LM OH-stretch and HOH-bend-overtone

frequency distributions by -57 cm−1 and 50 cm−1 (twice the difference from the bending

region), respectively, Figure 4b shows that the lineshape obtained by adding the two LM

components is in excellent agreement with the experimental lineshape, recovering, almost

completely, the missing intensity below ∼3300 cm−1. The results reported in Fig. 4b thus

demonstrate that the differences between the CMD and experimental OH-stretch lineshapes

can be traced back to MB-pol slightly underestimating the strength of H-bonds in liquid
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water which, in turn, results in the underestimation of Fermi resonance contributions due

to the predicted weaker coupling between OH stretches and HOH bend overtones. In this

regard, it should be noted that a deviation of 57 cm−1, corresponding to 0.16 kcal/mol, is well

within what is currently defined chemical accuracy (1 kcal/mol), which is achieved by MB-

pol. This implies that, as originally suggested in Ref. 29, a quantitative representation of the

IR OH-stretch lineshape might effectively require “exact” knowledge of the multidimensional

Born-Oppenheimer potential energy surface of liquid water, including an accurate description

of autoionization, which is currently beyond reach of even the most sophisticated electronic

structure methods.

Conclusions

In this study, we have combined accurate modeling of water through the use of the MB-pol

potential energy function with CMD simulations that account for nuclear quantum effects.

Building upon our previous studies,29,32 we have investigated four isotopic solutions with

different levels of vibrational coupling, including neat H2O, diluted HOD in H2O, diluted

H2O in D2O, and diluted HOD in D2O solutions. Our analysis, carried out with different

approximations to many-body effects in the representation of the water dipole moment,

indicates that the IR OH-stretch lineshapes of all four isotopic solutions increase in intensity

and shift toward lower frequencies as electrostatic couplings are taken into account. In this

regard, the narrowing of the lineshape for the diluted HOD in D2O solution going from the

1B to the 1B+2B+NB representation of the dipole moment demonstrates that the dipole

moment of a fully decoupled OH oscillator immersed in the D2O H-bond network samples a

narrower distribution than in the gas phase.

Comparisons between the IR OH-stretch lineshapes for the diluted HOD in H2O and

diluted H2O in D2O solutions, which cannot be probed experimentally due to isotope ex-

change, have allowed us to further disentangle the IR OH-stretch lineshape of neat H2O into
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effects associated with intermolecular and intramolecular couplings. In particular, the anal-

ysis of the IR lineshape of the intermolecularly coupled OH stretch of HOD in H2O provides

direct evidence for the partially quantum-mechanical nature of H-bonds in liquid water, with

intermolecular coupling becoming larger for stronger H-bonds. On the other hand, the IR

lineshape of the intramolecularly coupled OH stretch of H2O in D2O shows the presence of

significant overlap between the frequencies of the IR OH-stretch fundamentals and HOH-

bend overtones. Additional LM calculations carried out for the OH stretches of H2O in

D2O have allowed us to quantify the role played by Fermi resonances in modulating the IR

OH-stretch lineshape. In particular, by taking into account that MB-pol slightly underesti-

mates the H-bond strength in liquid water, the present results quantitatively demonstrate

that Fermi resonances are responsible for the shoulder at ∼3250 cm−1 of the IR OH-stretch

lineshape of neat H2O.

Supporting Information

Additional comparisons of the IR OH-stretch lineshapes along with the analogous IR OD-

stretch lineshapes are presented. It is shown that similar conclusions about the role of

intramolecular and intermolecular couplings can be drawn from the analysis of the IR OD-

stretch lineshapes.
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