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ABSTRACT: Many remarkable properties of liquid water
originate from the ability of its molecules to form hydrogen
bonds, each of which emerges as a combination of
electrostatic, polarization, dispersion, and donor−acceptor or
covalent interactions. In this work, ab initio molecular
dynamics was tailored to isolate and switch off the covalent
component of interactions between water molecules in
simulations. Comparison of simulations with and without
covalency shows that a small amount of intermolecular
electron density transfer has a profound effect on the structure
and dynamics of the hydrogen-bond network and thus on
observable properties of room-temperature liquid water.

■ INTRODUCTION

Detailed understanding of the physical nature of hydrogen
bonding (HB) between molecules in water is essential for
unraveling the origins of the unique physical and chemical
properties of this ubiquitous and important liquid. Since the
dawn of quantum mechanics, it has been known that HB is a
complex phenomenon that arises from the interplay of several
distinct effects: interaction between molecules’ permanent
multipoles (dipoles, quadrupoles, etc.), polarization, disper-
sion, and orbital donor−acceptor interactions.1
Donor−acceptor interaction leads to the transfer of electron

density between molecules and is therefore known as the
charge-transfer or covalent component of HB. The concept of
intermolecular covalency, described canonically as lone
electron pairs of oxygen atoms donated to nearby hydrogens,
has been tremendously useful to describe physics and
chemistry of water and is deeply embedded into the everyday
chemistry language. It helps explain water’s unique properties
as a solvent and its ability to catalyze a wide variety of chemical
processes. Covalent interactions can also explain the strong
cooperativity between hydrogen bonds in systems ranging
from nanodroplets to solvated biomolecules. From a
theoretical standpoint, the covalent component of HB has
attracted significant attention because of its purely quantum
mechanical nature, whichunlike electrostatic and dispersion
interactionsis difficult to describe with simple analytical
force-field models.2,3

Recent developments in energy decomposition techniques
based on accurate electronic structure methods have helped
make substantial progress toward quantifying the individual
contributions of various physical effects to the HB binding
energy in water clusters.4−13

The extent of intermolecular charge transfer in HB has
remained the last unresolved issue until recently.14−16 Natural
bond orbital analysis17 and natural energy decomposition
analysis18 have suggested that charge transfer is the major
component of HB7−9 becausewhen charge transfer is
neglectedthese methods yield no binding at the water-
dimer equilibrium geometry. After a debate spanning several
decades, it has been argued that natural bond orbital analysis is
not optimal for weak interactions.16 It appears that the
covalent component of HB is better described by early
decomposition methods4−6,19−21 as well as their modern
variants.22−24 According to these methods, charge transfer
contributes only ∼20−30% of the overall binding energy
between water molecules in small clusters,4−6,10−12 in agree-
ment with many chemists’ long-held intuitive view of HB.
While energy decomposition methods have helped under-

stand the importance of charge transfer in the binding strength
of gas-phase water clusters, nothing is known about the
contribution of the covalent component of the HB network to
the observed properties of liquid water. A deep connection
between the covalent interactions and features of the X-ray
absorption,25,26 infrared,27−29 and nuclear magnetic reso-
nance30 spectra of liquid water and small water clusters has
been pointed out in several recent articles.
In this work, we extended a recently developed energy

decomposition method for periodic systems31 to perform an
unprecedented ab initio molecular dynamics study that
estimates the contribution of the covalent component of HB
to the structural, dynamical, and spectroscopic properties of
liquid water at ambient conditions. Our results show that the
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seemingly insignificant covalent component of HB is defining
for many properties of liquid water.

■ METHODOLOGY
To estimate the influence of the covalent component of HB on
the observed properties of liquid water, we compared the
properties calculated with ab initio molecular dynamics
(AIMD) using two different models. One model incorporates
the intermolecular covalency fully, whereas the other removes
it completely.
The first model is the conventional Kohn−Sham density

functional theory (DFT) approach, in which the electrons of a
water molecule are delocalized over all neighbors. This model
is known to reproduce many properties of liquid water reliably,
in semiquantitative agreement with experimental measure-
ments (see important comments below). In this work, the first
model is referred to as the delocalized-electron or reference
model.
The second model is a constrained DFT method based on

absolutely localized molecular orbitals (ALMO).32 Unlike
conventional DFT, ALMO DFT31 is able to confine each
electron strictly to its own molecule and therefore completely
remove the covalent component from intermolecular bonding.
Mathematically, this is achieved by expanding Kohn−Sham
molecular orbitals only in terms of the atomic orbitals of the
parent molecule.22,32,33 Such molecular orbitals are called
absolutely localized because they are localized on molecules, in
the same sense as atomic orbitals are localized on atoms. In the
interest of brevity, intermolecular interaction without covalent
component will be referred to as devalent interactions, and the
ALMO-based model will be called the localized-electron or the
devalent model. It is important to note that the devalent model
retains all other physical effects, including the covalent
component of intramolecular OH bonds. Theoretical methods
that ensure the covalent component of intermolecular bonding
is removed accurately are described in Computational
Methods, together with pertinent accuracy tests.
To keep electrons absolutely localized over the course of

AIMD simulations, we extended the recently developed
ALMO DFT method for condensed molecular systems31 so
that the atomic forces can be computed analytically from the
ALMO DFT energies (see Computational Methods).
All AIMD simulationswith either delocalized or localized

molecular orbitalswere performed using the dispersion-
corrected34 BLYP exchange-correlation (XC) functional35,36

and the TZV2P basis set.37 The temperature of simulations
was set to 298 K. The size of the periodic cubic simulation box

was fixed to reproduce the experimental 0.997 g·cm−3 density
of ambient liquid water. Since removing intermolecular
covalency can affect the density, we also performed a set of
simulations for a system in which density was adjusted to 1 atm
using constant pressure AIMD. The length of the AIMD
simulations was chosen to obtain statistically meaningful
results. A detailed description of the calculations is presented
in Computational Methods.

Accuracy of the Reference Model. It is important to
comment on the ability of the reference model to reproduce
properties of real water. Unfortunately, the existing exchange-
correlation functionals can reproduce properties of liquid water
only in semiquantitative agreement with experimental measure-
ments. Thus, this work aims only at capturing major qualitative
changes in water properties induced by the elimination of the
covalent component from intermolecular bonding.
Like most generalized gradient approximation (GGA)38 and

meta-GGA39 functionals, BLYP is known to underestimate the
energy gap of water molecules.40 Because of this, the strength
of intermolecular binding is slightly overestimated, and
computed radial (angular) distribution functions have sharper
peaks than those derived from X-ray (NMR) scattering
experiments.41,42 The overbinding effect also results in an
underestimated diffusion constant,43 overestimated viscosity,44

and red-shifted peaks in the high-frequency region of the IR
spectrum.45 Despite these imperfections, the magnitude of
errors in the reference model is much smaller than the
magnitude of changes induced by neglecting intermolecular
covalency. This implies that the effects of covalency are large
enough to be captured qualitatively with the chosen computa-
tional methods.
We note in passing that, to quantify the contribution of

covalent interactions to the properties of liquid water precisely,
it would be useful to perform molecular dynamics simulations
using the forces obtained from constrained coupled-cluster
wave functions. While coupled-cluster energy decomposition
methods already exist,46−48 coupling them to a dynamical
engine and performing simulations on sufficiently large length-
and time-scales is difficult. Such simulations can be done in the
future as a quantitative extension of the present work.

■ RESULTS AND DISCUSSION

The variational principle of quantum mechanics guarantees
that removing covalent interactions weakens intermolecular
bonding. ALMO-based decomposition energy analysis predicts
that, in a water dimer, the transfer of 0.3% of an electron
contributes 7 kJ·mol−1 (37%) to the overall stabilization of the

Figure 1. (A) Oxygen−oxygen radial distribution function. The experimental curve is taken from ref 50. (B) Distribution of HB angles ϕ ≡ Oref···
O−H computed for hydrogens within 2.3 Å from a reference atom. The angular distribution function is normalized to account for the ϕ-dependent
volume and to correctly emphasize the energetic preference for linear HBs (see Supporting Information). The experimental curve is taken from ref
51.
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hydrogen bond at equilibrium geometry, in agreement with
earlier reports.4,6,10,11 This contribution is higher in the
cooperative HB network of liquid water at ambient conditions:
1% of an electron and 19 kJ·mol−1 per hydrogen bond, in
agreement with a previous study.49

Molecular Structure. The covalent component of weak
intermolecular bonds has only a minor effect on the shape of
water molecules. The average length of intramolecular OH
bonds and the average intramolecular HOH angle decrease by
less than 1.5% when the intermolecular covalency is turned off,
becoming closer to the average value calculated for 298 K gas-
phase water molecules. The effect of covalency on the structure
of the HB network is far more pronounced. The oxygen−
oxygen radial distribution function (RDF) in Figure 1A shows
that weaker devalent interactions lead to a considerable
expansion in the first coordination shell of water molecules
from the reference average of 2.8−3.1 Å. The shift of the first-
shell peak is accompanied by broadening that is indicative of a
wider variety of configurations available to devalent HBs.
These dramatic changes in the structure of the HB network

are consistent with the decrease in HB strength. It is
remarkable, however, that the remaining components of
HBpermanent electrostatic, polarization, and dispersion
interactionsare sufficiently strong to retain several character-
istic structural features of the network, including well-defined
coordination shells and directional HBs.52 Indeed, the second
coordination peak in the RDF of the devalent model remains
clearly visible though shifted to higher distances. The
distribution of HB angles also retains a maximum at 0°
despite becoming significantly broader (Figure 1B).
The structure of the HB network for both models can also

be illustrated with the spatial distribution of oxygen atoms
around a reference water molecule (see cross sections in Figure
2). Clearly, the distorted tetrahedral structure of liquid water is
retained without the covalent component (cf. Figure 2A,B),
indicating that permanent electrostatic and polarization
interactions tend to orient water molecules the same way as

covalent interactions. For comparison, HBs become truly
nondirectional with uniform angular distribution if a water
model includes only the Lennard-Jones potential (Figure 2C).
On the one hand, this is why permanent electrostatics is widely
recognized as the key component of interaction between water
molecules and is included in all analytical molecular mechanics
models of water. On the other hand, the equally strong
covalent component is neglected in these models and instead
compensated for by fine-tuning permanent atomic charges
(see, e.g., the spatial distribution for TIP3P water in Figure
2D).

HB Statistics. The drastic difference in the structure of the
HB network of the reference and devalent models is confirmed
by analysis of the HB statistics. The commonly accepted
though somewhat arbitrarybinary geometric definition of an
HB is utilized: the H−O···O angle must be smaller than 30°,
and the O−O distance must be shorter than 3.5 Å.54,55 The
distribution of molecules according to the number of donated
or accepted HBs in Figure 3 shows that switching off

Figure 2. Cross sections of the spacial distribution of oxygen atoms. (upper) Cross section of the spacial distribution function in the plane of the
reference water molecule. (lower) Cross section in the plane bisecting the molecule. (A) Reference model, (B) devalent model, (C) Lennard-Jones
potential taken from TIP3P model, (D) TIP3P model: electrostatic interactions combined with the Lennard-Jones potential.53

Figure 3. HB statistics for liquid water with and without
intermolecular covalency.
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intermolecular covalency leads to an increase of single-donor
and single-acceptor molecules. The increase is so drastic that
single-donor and single-acceptor molecules outnumber those
with two HBs. In total, the number of HBs in the devalent is
reduced by approximately one-third.
Density. If the density is allowed to fluctuate in a

simulation while the pressure is fixed at 1 atm, the average
density decreases from 1.01 g·cm−3 for the reference model to
0.86 g·cm−3 for the devalent model, a decrease of 15%. While
this is a noticeable drop, it is important to note that the
devalent water is still liquid at ambient conditions because of
the strong electrostatic, polarization, and dispersion effects.
The 15% decrease in density would correspond to a 5%

increase in distances if all intermolecular bonds were stretched
uniformly. However, intermolecular distances do not change
uniformely with the size of the simulation box, and the RDF of
the devalent water remains largely unchanged if the density is
allowed to relax (Figure S1 in Supporting Information). The
only noticeable structural changes are the RDF peaks
becoming slightly broader (Figure S2) and the angular
distribution becoming narrower (Figure S2) in the low-density
constant-pressure model. This indicates that most molecules
stay in the same position around the minimum of the potential
well when the density is relaxed. Only a small fraction of them
become distorted radially or angularly.
In this work, we will continue discussing properties of the

f ixed-density devalent water further, because all key properties
obtained for the f ixed-pressure model are almost the same,
while performing fixed-pressure simulations is more time-
consuming (see Supporting Information).
Infared Spectrum. Figure 4 shows the infared (IR) spectra

of the devalent and reference systems together with that of

ideal water vapor at 298 K. The spectra are calculated entirely
from the time-dependent positions of atoms and Wannier
centers (Figure 5) as described in ref 56.
The most pronounced difference between the IR spectra is

in the high-frequency region of intramolecular O−H stretching

band νs. It is important to note that it is extremely difficult to
reproduce the high-frequency region of the IR spectrum of
liquid water in quantitative agreement with experiment even by
taking into account nuclear quantum effects57 and by
describing electrons with hybrid functionals or correlated
wave function methods.58 However, several interesting
qualitative conclusions can be drawn from the models
employed in this work, without resorting to quantitatively
accurate calculations.
For the reference liquid model, the νs peak is red-shifted

relative to that of gas-phase moleculesa typical feature of
hydrogen-bonded O−H groups. At the same time, comparison
of the spectra of the devalent and gas-phase models shows that
the redshift disappears completely. This observation indicates
that this feature of νs peak is entirely due to the covalent
component of intermolecular interactions. Apparently, even
the small amount of electron density transferred to the
antibonding orbitals of intramolecular O−H bonds (see Figure
2 in ref 11) is sufficient to “soften” an intramolecular O−H
bondthat is, decrease its force constantand lower its
vibrational frequency.
The primary role of the covalent component in the

broadening of the νs peak is also apparent from Figure 4.
The broadening of νs is normally attributed to a great variation
in the strength of HBs in liquid water, with stronger HBs
leading to redshifts of larger magnitude.59 As discussed above,
devalent water exhibits greater variation in the geometry of HB
structures than the reference model (compare Figure 2A,B).
Despite this increased variety, the νs peak of devalent water
remains very narrow. This shows that the variety of HB
configurations alone is of little importance: a wider variety of
HB without the covalent component simply does not generate
a redshift and thus cannot result in peak broadening.
Finally, a comparison of the stretching bands for the three

models shows that the spectacular enhancement of the
integrated intensity from the gas to the liquid phase is not
entirely due to the intermolecular electron transfer as was
previously assumed (see ref 60 and Chapter 5 in ref 61). It is
well-known that the integrated intensity is proportional to
(∂μ/∂q)2the derivative of the dipole moment with respect to
the coordinate of the vibrational mode (i.e., the intramolecular
O−H distance)and any change in the integrated intensity
arises mostly from the change in this derivative. The change in
this derivative is attributed to decoupling of the motion of
electrons from that of the nuclei in HB systems: stretching of a
hydrogen-bonded O−H group causes the electrons (i.e.,
Wannier centers in Figure 5) not to follow the H atom as
closely as when no HB is established.61 Our data show that the
derivative changes both from the gas-phase to the devalent
model and from the devalent to the reference model. This
means that the mere presence of a neighbor’s lone pairs leads
to decoupling, while the intermolecular electron transfer makes
this effect more pronounced.
Unlike stretching modes, the intramolecular bending modes

in the region of 1600 cm−1 are mostly unaffected by
intermolecular forces and remain approximately the same for
the reference, devalent, and ideal-gas systems. In IR experi-
ments, the bending mode is blue-shifted in liquid water
compared to the gas phase. However, the difference between
them is less than 50 cm−1, much smaller than the width of the
rotational sub-bands in the gas phase.61 Since the focus of our
work is on liquid water, we did not attempt to resolve the
rotational structure and determine the exact position of the

Figure 4. Calculated IR spectra. The far-IR part of the spectrum for
the ideal-gas system, which corresponds to rotational modes, is
removed for clarity.

Figure 5. Average positions of atoms (●) and Wannier centers (○) in
a water molecule for the reference (black) and devalent (red) models.
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bending peak for a gas-phase molecule. It is worth noticing,
however, that the stretching and bending peaks of the devalent
model do not exhibit the extensive rotational structurevisible
in the spectra of gas-phase moleculesbecause the retained
intermolecular forces are sufficiently strong to hinder rotations.
Another significant difference between the reference and

devalent systems is in the peaks below 1000 cm−1, which
correspond to HB stretching vibrations and molecular
librations (∼200 and ∼700 cm−1 in the reference model,
respectively). These peaks are shifted in the direction opposite
to the intramolecular stretching modes. This is because
intermolecular bondingunlike intramolecular bonding
becomes “softer” when the covalent component of the
interaction is switched off.
Molecular Dipole Moment and Dielectric Constant.

Water’s unique properties as a solvent are due to both the high
dipole moment of its molecules and its high dielectric constant.
The latter accounts for the ability of the molecular dipoles to
reorient and to stabilize ions and polar solute molecules.
Molecular dipole moments in condensed phases cannot be

defined unambiguously, because there is not a unique way to
assign a continuous electron density to molecules. Here, we
utilized a standard procedure that estimates molecular dipoles
using the positions of the centers of maximally localized
Wannier orbitals (Figure 5).62,63 It is important to clarify that
all types of interactionsfrozen density, polarization, and
covalentcontribute to the distribution of electrons around
molecules and, therefore, determine the final magnitude of
molecular dipoles. Moreover, the presence of covalent
component dramatically changes configurations with what
dipole moments are sampled in the course of simulations.
Hence, the final distribution of dipole moments is expected to
be different in the reference and devalent simulations.
The distribution of molecular dipoles is shown in Figure 6.

The calculated average dipole moment of water molecules is

3.09 D, for the reference model, or 1.96 D, for an isolated
molecule, at 298 K. These values are in good agreement with
the experimentally measured 2.9 ± 0.6 D64 and 1.85 D65 dipole
moments, respectively. For comparison, the average dipole
moment of molecules in the devalent system is 2.47 D
indicating that covalent interactions are only partially
responsible for the impressive ∼1 D increase in the molecular
dipole moment from the gas to condensed phase. Figure 5
shows that the change in the dipole moment is caused
primarily by the change in the position of lone electron pairs
on the oxygen atom. At the same time, the wider spread of
dipole moments in the reference model (Figure 6) can be
attributed to the fourfold increase in the spread of positions of
electron lone pair centers. To be precise, intermolecular charge

transfer increases this spread from 0.07 pm in the devalent
model to 0.29 pm in the reference model.
Although it is difficult to obtain precise values of the

dielectric constant in our relatively short simulations, this
constant is estimated to be several times larger for the devalent
than for the reference model (see Supporting Information for
the justification). We attribute this dramatic increase to the
facile reorientation and greater mobility of molecules in the
devalent model, which are not held as strongly by the
weakened HBs. Thus, despite its smaller molecular dipoles,
devalent water would be a solvent of unprecedented strength
for dissolving polar solutes.

HB Dynamics, Diffusion, and Viscosity. To describe the
influence of intermolecular covalency on the dynamics of the
HB network, the HB lifetime τHB was calculated from the
continuous HB time autocorrelation function as described in
the Supporting Information. The lifetime obtained from the
continuous autocorrelation function measures the ability of a
HB to survive without being broken, even fleetingly.
The 0.7 ps HB lifetime calculated for the reference model

agrees well with experimental estimates66 and previous
simulations.67,68 Removing intermolecular covalency shortens
the HB lifetime substantially, almost by an order of magnitude,
to 0.08 ps.
The importance of covalent interactions in HB dynamics is

also reflected by its influence on the self-diffusion coefficient
and shear viscosity. Here, both of these quantities are
calculated using the method of Dünweg and Kremer,69

which corrects for strong finite-size effects in the calculated
quantities (see Supporting Information). The results are listed
in Table 1. While the calculated reference values for the self-

diffusion coefficient and shear viscosity are somewhat different
from the experimental measured values, this is an expected
consequence of the overestimated interaction strength in the
XC functional (see Computational Methods). Despite this
inaccuracy, clearly molecules in devalent water diffuse much
faster, and most of water’s shear viscosity originates from
covalent interactions between molecules.

■ CONCLUSIONS
The amount of intermolecular electron density transfer in a
typical HB of liquid water at ambient conditions is on the
order of 1% of an electron. However, this seemingly small
covalent component has a profound effect on the strength and
stability of individual HBs andas a resultis responsible for
a substantial change in the collective behavior of the HB
network and observable properties of liquid water. Simulations
show that removing covalency from intermolecular interactions
shortens the lifetime of an HB by almost an order of
magnitude and drastically increases the mobility of molecules.
Without the covalent component, weaker HBs produce a liquid
with significantly lower viscositycomparable to that of
acetone. The dipole moment of an average water molecule is
slightly lower if intermolecular charge transfer is forbidden,

Figure 6. Distribution of dipole moments of water molecules.

Table 1. Diffusion and Viscosity Constants of Liquid Water
at Ambient Conditions

D(Å2/ps) η(Pa·s)

devalent model 0.72 3.5 × 10−4

reference model 0.11 29.5 × 10−4

experimental 0.22 (ref 70) 8.9 × 10−4 (ref 71)
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because electron pairs on oxygen atoms do not extend as far
toward neighboring molecules. Despite this, the dielectric
permittivity of devalent water is increased, mostly due to the
ease of reorientation of mobile molecules. In addition to
providing an estimate of the contribution of the covalent
component to the properties of water, our work reveals that
intermolecular covalency is responsible for the large redshift
and broadening of the O−H stretching peaks in its IR spectra.
It is only partially responsible for a dramatic increase in the
intensity of these peaks.
It is interesting to note that some properties of devalent

waterwith its weaker HBsresemble those of real water at a
higher temperature (e.g., diffusion coefficient, viscosity, and
HB lifetime). This is to be expected because of the equivalence
of binding energy and temperature in the Boltzmann factor.
However, many properties, such as the IR spectrum and
dielectric constant, respond to the removal of intermolecular
covalency in a less intuitive way. For example, the dielectric
constant of high-temperature real water is lower than that of
room-temperature real water, whereas room-temperature
devalent water has a higher dielectric constant. This response
originates from a nontrivial coupling of the covalent
component of HBs to the other electronic degrees of freedom
(e.g., intramoleclar position of the Wannier centers) and
nuclear motion.
While the small covalent component of HBs strongly affect

many properties of water, there are other intermolecular forces
of different nature (frozen electrostatics, polarization, and
dispersion) that strongly hold water molecules together. Our
simulations show that, upon removal of the HB covalency,
water remains liquid and maintains its structure and properties
similar to those of real water. This result explains the success of
empirical force fields that do not include small charge transfer
explicitly but instead artificially strengthen intermolecular
interaction by increasing permanent atomic charges.72 While
such simple empirical models reproduce a wide variety of
properties in aqueous systems,73 they will perform poorly for
thermodynamic states of water with different amounts of
intermolecular charge transfer, such as high-pressure water
phases or aqueous interfaces with various materials. This is
because the varying covalent interactions will not be fully
compensated for by fixed empirical electrostatics. Our data
imply that even a small mismatch will lead to substantial errors
in the properties obtained by using fixed-charge empirical
models.
To conclude, this work demonstrates that ALMO-based ab

initio molecular dynamics is a promising new tool for
establishing a fundamental connection between the donor−
acceptor component of intermolecular bonding and the
observable properties of condensed phase molecular systems.
The contribution of the covalent component of HBs to
properties of liquid water examined in this study expands our
knowledge about the nature of HB and can facilitate
interpretation of spectroscopic response, catalytic behavior,
and solvation properties of aqueous systems, thus aiding the
design of molecules and materials with desirable HB
interactions.

■ COMPUTATIONAL METHODS
Simulation Details. All AIMD simulations were per-

formed using the DFT module of the CP2K software
package.74 In the dual Gaussian and plane-wave scheme
implemented in CP2K,75 a triple-ζ Gaussian basis set with two

sets of polarization functions (TZV2P)37 was used to represent
molecular orbitals, and a plane-wave cutoff of 320 Ry was used
to represent the electron density. Separable norm-conserving
Goedecker−Teter−Hutter pseudopotentials were used to
describe the interactions between the valence electrons and
ionic cores,76,77 and the Brillouin zone was sampled at the Γ-
point. The Becke−Lee−Yang−Parr generalized gradient
approximation35,36 corrected to account for dispersion
interactions34 was used as the exchange-correlation functional.
The size of a periodic cubic simulation box containing 125
water molecules was set to reproduce the experimental 0.997 g·
cm−3 density of ambient liquid water. The temperature of
simulations was set to 298 K and was controlled by a weakly
coupled canonical velocity rescaling thermostat78 with the
coupling time constant set to 300 fs. A short time step of 0.5 fs
ensured accurate integration of the equations of the motion.
The system was equilibrated for 3 ps using a strongly coupled
canonical velocity rescaling thermostat and then for additional
1.5 ps using the final weakly coupled thermostat. The total
length of production runs for each system was 35 ps. The
properties of water including the infrared spectrum, radial
distribution, dipole distribution, and mean-square deviation
were calculated from the AIMD trajectories using the TRAVIS
package.79

Removal of Intermolecular Covalency. A straightfor-
ward utilization of ALMOs in an energy decomposition
analysis (EDA) method24 leads to significantly underestimated
charge-transfer (i.e., covalency) effects if large basis sets are
used.80,81 The problem arises due to the lack of a well-defined
separation between the polarization and charge-transfer terms
in the complete basis set limit.23,80 This deficiency of the
original ALMO EDA24 can be corrected by, for example,
selecting an optimal but limited subset of acceptor orbitals80

from the large number of functions available in large basis sets.
Simulations in this work utilize a medium-size triple-ζ

Gaussian basis set, because reference AIMD becomes unstable
if larger (e.g., quadruple-ζ) basis sets are used to model liquid
water. This instability is due to the frequent appearance of
molecular configurations with linear dependencies in the basis
set. Fortunately, triple-ζ basis sets appear optimal for
separating polarization from charge-transfer in the sense that
both the original24 and corrected80 ALMO EDA methods
produce very similar results for water clusters. Therefore, the
uncorrected method was used throughout this work, as it
enables a straightforward implementation of atomic forces. To
ensure that the results are not affected by the size of the basis
set, a short simulation with the devalent model was performed
using a larger aug-TZV2P basis set. Comparison of the radial
distribution function and IR spectra in Figure S6 of the
Supporting Information show very close agreement between
TZV2P and aug-TZV2P results.

Ab Initio Molecular Dynamics without Intermolecular
Covalency. In the devalent model of water, the molecular
orbitals that describe absolutely localized electrons are
completely optimized within the subspaces spanned by atomic
orbitals of their own molecules.32 Since these subspaces do not
change over the course of a simulation, the atomic forces are
well-defined and can be easily computed by invoking the
Hellmann−Feynman theorem. This allowed us to reuse the
existing CP2K code for the calculation of the atomic forces
with only minor modifications that were necessary to take into
account the fact that ALMOs are not canonical and
nonorthogonal. Specifically, the subroutines that calculate the
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density matrix R and energy-weighted density matrix W had to
be modified according to the following equations:

ϵ

= → =

= → =

† † − †

†

R TT R T T ST T

W T T W R HR

( )ALMO
1

ALMO ALMO ALMO (1)

where T is the matrix of the expansion coefficients for occupied
molecular orbitals, S is the atomic orbital overlap matrix, ϵ is
the diagonal matrix of conventional one-electron energies for
occupied molecular orbitals, and H is the Kohn−Sham matrix.
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(61) Marećhal, Y. The Hydrogen Bond and the Water Molecule: The
Physics and Chemistry of Water, Aqueous and Bio-Media; Elsevier, 2006.
(62) Marzari, N.; Vanderbilt, D. Maximally Localized Generalized
Wannier Functions for Composite Energy Bands. Phys. Rev. B:
Condens. Matter Mater. Phys. 1997, 56, 12847.
(63) Sharma, M.; Resta, R.; Car, R. Dipolar Correlations and the
Dielectric Permittivity of Water. Phys. Rev. Lett. 2007, 98, 247401.
(64) Badyal, Y.; Saboungi, M.-L.; Price, D.; Shastri, S.; Haeffner, D.;
Soper, A. Electron Distribution in Water. J. Chem. Phys. 2000, 112,
9206−9208.
(65) Haynes, W. M. CRC Handbook of Chemistry and Physics; CRC
Press, 2014.
(66) Lawrence, C.; Skinner, J. Ultrafast Infrared Spectroscopy
Probes Hydrogen-Bonding Dynamics in Liquid Water. Chem. Phys.
Lett. 2003, 369, 472−477.
(67) Marti, J.; Padro, J.; Guardia, E. Molecular Dynamics Simulation
of Liquid Water Along the Coexistence Curve: Hydrogen Bonds and
Vibrational Spectra. J. Chem. Phys. 1996, 105, 639−649.
(68) Starr, F. W.; Nielsen, J. K.; Stanley, H. E. Fast and Slow
Dynamics of Hydrogen Bonds in Liquid Water. Phys. Rev. Lett. 1999,
82, 2294.
(69) Dünweg, B.; Kremer, K. Molecular Dynamics Simulation of a
Polymer Chain in Solution. J. Chem. Phys. 1993, 99, 6983−6997.
(70) Hardy, E. H.; Zygar, A.; Zeidler, M. D.; Holz, M.; Sacher, F. D.
Isotope Effect on the Translational and Rotational Motion in Liquid
Water and Ammonia. J. Chem. Phys. 2001, 114, 3174−3181.
(71) Harris, K. R.; Woolf, L. A. Temperature and Volume
Dependence of the Viscosity of Water and Heavy Water at Low
Temperatures. J. Chem. Eng. Data 2004, 49, 1064−1069.
(72) Rick, S. W. A Polarizable, Charge Transfer Model of Water
Using the Drude Oscillator. J. Comput. Chem. 2016, 37, 2060−2066.

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.8b06857
J. Phys. Chem. A 2018, 122, 7482−7490

7489

http://dx.doi.org/10.1038/ncomms9318
http://dx.doi.org/10.1021/acs.jpca.8b06857


(73) Vega, C.; Abascal, J. L. Simulating Water with Rigid Non-
Polarizable Models: A General Perspective. Phys. Chem. Chem. Phys.
2011, 13, 19663−19688.
(74) CP2K Open Source Molecular Dynamics. http://www.cp2k.
org, last accessed on 08/28/18.
(75) Hutter, J.; Iannuzzi, M.; Schiffmann, F.; VandeVondele, J.
CP2K: Atomistic Simulations of Condensed Matter Systems. Wiley
Interdisciplinary Reviews: Computational Molecular Science 2014, 4,
15−25.
(76) Goedecker, S.; Teter, M.; Hutter, J. Separable Dual-Space
Gaussian Pseudopotentials. Phys. Rev. B: Condens. Matter Mater. Phys.
1996, 54, 1703.
(77) Krack, M. Pseudopotentials for H to Kr Optimized for
Gradient-Corrected Exchange-Correlation Functionals. Theor. Chem.
Acc. 2005, 114, 145−152.
(78) Bussi, G.; Donadio, D.; Parrinello, M. Canonical Sampling
Through Velocity Rescaling. J. Chem. Phys. 2007, 126, 014101.
(79) Brehm, M.; Kirchner, B. TRAVIS-a Free Analyzer and
Visualizer for Monte Carlo and Molecular Dynamics Trajectories. J.
Cheminf. 2012, 4, F1.
(80) Horn, P. R.; Head-Gordon, M. Polarization Contributions to
Intermolecular Interactions Revisited with Fragment Electric-Field
Response Functions. J. Chem. Phys. 2015, 143, 114111.
(81) Lao, K. U.; Herbert, J. M. Energy Decomposition Analysis with
a Stable Charge-Transfer Term for Interpreting Intermolecular
Interactions. J. Chem. Theory Comput. 2016, 12, 2569−2582.

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.8b06857
J. Phys. Chem. A 2018, 122, 7482−7490

7490

http://www.cp2k.org
http://www.cp2k.org
http://dx.doi.org/10.1021/acs.jpca.8b06857

