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ABSTRACT: The interpretation of the X-ray spectra of water as evidence for its
asymmetric structure has challenged the traditional nearly tetrahedral model and
initiated an intense debate about the order and symmetry of the hydrogen-bond
network in water. Here, we present new insights into the nature of local
interactions in ice and liquid water obtained using a first-principle energy
decomposition method. A comparative analysis shows that the majority of
molecules in liquid water in our simulation exhibit hydrogen-bonding energy
patterns similar to those in ice and retain the four-fold coordination with only
moderately distorted tetrahedral configurations. Although this result indicates that
the traditional description of liquid water is fundamentally correct, our study also
demonstrates that for a significant fraction of molecules the hydrogen-bonding
environments are highly asymmetric with extremely weak and distorted bonds.

■ INTRODUCTION

Liquid water is of paramount importance for life on Earth.
Therefore, its properties and behavior have been a subject of
extensive scientific investigation. Numerous studies of the local
structure of liquid water at ambient conditions, based on a wide
range of experimental and computational techniques,1 have
long supported a view that water molecules are bonded, on
average, to four nearest neighbors in distorted tetrahedral
configurations.2,3 This traditional picture has recently been
questioned based on a comparative analysis of the X-ray
absorption spectra of water and ice.4 The study suggested that,
in the liquid phase, most molecules experience highly
asymmetric environments and form strong hydrogen bonds
(HBs) with only two neighbors.4,5 However, the asymmetric
model of water, often referred to as the “chains and rings”
model, has been challenged on many fronts,3 and the order and
symmetry of the HB network in water remain subjects of an
intense scientific debate.3,5

Recently, we have employed the energy decomposition
analysis based on absolutely localized molecular orbitals
(ALMO EDA)6 to study the HB network in liquid water at
ambient conditions.7 The unique ability of ALMO EDA to
characterize the strength of individual HBs has been used to
show that although a water molecule forms, on average, two
strong donor and two strong acceptor bonds, thermal
distortions induce a significant instantaneous asymmetry in
the strength of these contacts. According to ALMO EDA, the
strongest donor (acceptor) contact of a molecule is
approximately twice as strong as the other donor (acceptor)
bond. Here, we present results of a comparative ALMO EDA
study of water and hexagonal ice that reveals the full complexity

of the origins of the observed asymmetry and provides a deeper
insight into the structure of the HB network in liquid water.

■ COMPUTATIONAL METHODS
ALMO EDA separates the total interaction energy of molecules
(ΔETOT) into the interaction energy of the unrelaxed electron
densities on the molecules (ΔEFRZ) and the density relaxation energy.
The latter can be further decomposed into an intramolecular
polarization associated with deformation of the electron clouds on
molecules in the field of each other (ΔEPOL), two-body donor−
acceptor interactions (ΔEDEL), and a negligibly small higher-order
(ΔEHO) relaxation term (see ref 6 for a detailed description of the
ALMO EDA terms).
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The two-body components ΔED→A are the main focus of this work.
They arise due to delocalization of electrons from the occupied
orbitals of donor molecule D to the virtual orbitals of acceptor A.
Being highly sensitive to distortions of the HBs, each two-body term is
an excellent descriptor of the strength of an individual HB in the
network. The electron delocalization energy per molecule ΔEC can be
analyzed by considering each water molecule as a donor or as an
acceptor:
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where C is the central molecule and N is its neighbors. In this paper,
terms donor and acceptor are used to describe the role of a molecule
in the transfer of the electron density. This is opposite to the labeling
used for a donor and an acceptor of hydrogen in a HB.
Configurations for ALMO EDA were obtained from ring-polymer

molecular dynamics simulations8 based on the ab initio-derived TPSS-
D3-FF potential.9 The simulations were designed to reproduce the
dispersion interactions between the water molecules as well as the
nuclear quantum effects, both of which improve the description of the
local structure of water.10 The simulations were performed at constant
temperature and density: 268 K and 0.918 g/cm3 for hexagonal ice and
298 K and 0.997 g/cm3 for liquid water.11 ALMO EDA was carried out
using the BLYP functional12 for 5001 snapshots for each phase. A
detailed description of the calculations is presented in the Supporting
Information.

■ RESULTS AND DISCUSSION
Figure 1 shows the average delocalization energy per molecule
⟨ΔEC⟩ (the total height of the columns) together with its

decomposition into individual interactions arranged in the
order of decreasing strength. In both ice and water, the electron
delocalization is dominated by two strong intermolecular
contacts, which together are responsible for 95% (ice) and
∼90% (liquid) of the delocalization energy of a single molecule.
In ice, the third strongest donor (acceptor) interaction
contributes only 0.4% to ⟨ΔEC⟩, whereas, in the liquid phase,
its contribution is increased to 1.4−2.6%, which indicates the
presence of overcoordinated molecules. The remaining term
(“etc.” in Figure 1) comes from interactions with the second
and more distant coordination shells and contains numerous
individually small contributions that together account for 1.0%
in ice and 1.8% in the liquid. The relatively large “BD” term in
Figure 1 arises from back-donation of electrons from typical
acceptors to typical donors13 (see the Supporting Information).
As evident from Figure 1, a high degree of disorder in the HB

network in the liquid phase results in a substantial decrease of
the average strength of the donor−acceptor interactions.
Despite this difference, there is a striking similarity in the
relative energies of individual contacts. In both liquid and solid
phases, a typical water molecule experiences a significant
asymmetry in the strength of its two main donor−acceptor
interactions: their ratio is 1.6 in ice and 2.2 in water (Figure 1).

To understand the origins of the high asymmetry in ice,
which is generally regarded as a solid with symmetric HBs, we
analyzed the joint distribution of molecules according to the
strength of the first two strongest interactions (Figure 2). We

used dimensionless asymmetry parameters γD and γA to simplify
the discussion;7 γD characterizes the asymmetry of the two
strongest donor contacts of a molecule:

γ = − Δ Δ→ →E E1 /D C N C N2nd 1st

where γD is 0 if the two contacts are equally strong and equals 1
if the second donor contact does not exist. The γA is an
equivalent parameter for the acceptor interactions; γD = γA =
0.8, which is often used below, indicates that the strongest
donor or acceptor contact is 5 times stronger than the second
strongest contact.
The joint distribution of the strength of the two HBs (Figure

2) in ice is characterized by the peak centered at 18.7 kJ/mol,
large deviation from the average values (σ = 7.2 kJ/mol), and a
correlation coefficient of 0.1. Such a small correlation
coefficient indicates that the two HBs are essentially
independent from each other and the asymmetry in ice arises
trivially from the very broad distribution of HBs’ strengths. As
in the case of liquid water,7 this asymmetry is a result of thermal
fluctuations around the average symmetric structure. A detailed
time relaxation analysis shows that these fluctuations have a
characteristic relaxation time scale of several hundreds of
femtoseconds (see ref 7 and the Supporting Information for
details).
The distribution of the strength of the donor interactions in

the model of liquid water exhibits a drastically different pattern
with two pronounced features. In addition to a broad peak

Figure 1. Average contributions of the three strongest acceptor
⟨ΔEN→C⟩ and donor ⟨ΔEC→N⟩ interactions to the total delocalization
energy ⟨ΔEC⟩. The fourth, fifth, and other terms are denoted with
“etc.”. “BD” refers to the combined back-donation terms.

Figure 2. Distribution of molecules in ice and liquid water according
to the strength of the first two strongest donor (ΔEC→N) and acceptor
(ΔEN→C) interactions. X or Y axis is assigned randomly, i.e.,
independently from the HB energies. The dashed white lines are the
lines of the ideal symmetry γD = 0 and γA = 0. The dashed black lines
correspond to γD = 0.8 and γA = 0.8.
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resembling the one for ice, there is a sharp peak in the region of
high γD. The center of the first peak is shifted to lower energies
(∼12 kJ/mol) and is somewhat broader than that of ice. The
second peak indicates the presence of molecules with one intact
and one broken donor HB (ΔEC→N < 1 kJ/mol). To estimate a
fraction of molecules responsible for the sharp asymmetric
feature, we draw a somewhat arbitrary boundary at γD = 0.8
(dashed line in Figure 2), which divides the distribution into
the regions of ice-like configurations and highly asymmetric
configurations. Figure 2 shows that 26% of molecules in the
liquid phase are characterized with γD > 0.8 compared to 2% in
ice.
The fraction of molecules with broken acceptor bonds is also

significant (18% with γD > 0.8), but the distribution of the
acceptor interactions does not exhibit a high-γA peak, which
would match the high-γD peak. This difference indicates that in
broken HBs only the donor of electrons remains under-
coordinated while the acceptor (i.e., hydrogen atom) forms a
HB with another donor that becomes overcoordinated. The
existence of a significant fraction of overcoordinated donors is
supported by a relatively large contribution of the third
interaction shown in Figure 1. It is important to note that the
difference between the donor and acceptor interactions seen in
Figures 1 and 2 is consistent with the well-known fact that the
distribution of electron acceptors around a water molecule is
more disordered than that of the donors.14 This phenomenon
is attributed to the existence of the so-called “negativity track”
between the lone pairs of a water molecule, which facilitates the
disordered motion of electron acceptors around the central
donor.15

To quantify the degree of geometric distortions associated
with the observed electronic asymmetry, we calculated the
spatial distribution functions (SDFs) of oxygen atoms. To
investigate the asymmetry in the distribution of electron-
donating neighbors, we used ΔEN→C to orient the central
molecules so that the x-coordinates of their strongest donors
are always positive (cf. random orientation in regular SDFs16).
A cross section of the resulting SDFs is shown in the top row in
Figure 3. Alternatively, the central molecules can be oriented so
that the y-coordinates of their strongest acceptors are always
positive, emphasizing the asymmetry in the distribution of
electron-accepting neighbors (bottom row in Figure 3).
The SDFs obtained by averaging over all central molecules in

our model of liquid water are labeled “ALL” in Figure 3. On the
geometric scale, the average instantaneous asymmetry is not as
pronounced as on the energy scale: the distributions of the
strongest and the second strongest donors and acceptors are
quite similar. The average intermolecular oxygen−oxygen
distances for the strongest (solid circles) and second strongest
(dashed circles) interactions differ only by ∼0.2 Å and are close
to that in ice (∼0.1 Å). Thus, the average distortions of the HBs
are not large enough to justify the recently proposed
asymmetric model.
We also calculated the SDFs for highly asymmetric molecular

configurations characterized by γD > 0.8 and γA > 0.8 (graphs in
Figure 3 with the corresponding labels), which according to our
analysis exist in liquid water but not in ice. For these
configurations, the geometric asymmetry is significant: the
difference in the intermolecular oxygen−oxygen distances for
the two strongest interaction is ∼0.5 Å, and the range of
angular distortions of the second strongest HB is remarkably
wide, especially for electron-accepting neighbors.

At this point, it is important to comment on the quality of
our simulations and the derived results. A comparison of the
calculated oxygen radial distribution function (RDF) with
recently refined experimental RDFs17 shows that our
simulations produce an overstructured first coordination shell
(Figure 4a and Figure S1a in the Supporting Information).
Such an overstructuring is typical for RDFs obtained using
potentials based on density functional theory since most
modern exchange-correlation functionals overestimate the
binding energy between water molecules.18 Integrating the
difference between the calculated and experimentally derived
RDFs shows that the number of oxygen atoms in the
undistorted first coordination shell is overestimated by
∼0.12−0.24 (integral from 0 to 2.95 in Figures 4b and S1b),
depending on which of the two experimental data sets from ref
17 is used. Assuming that this error results entirely from
underestimating the fraction of molecules with highly distorted
donor HBs, the percentage of such molecules in real water
should be ∼12−24% higher than predicted in our simulation.
Since approximately half of these unaccounted distorted HBs
are donor bonds, the correction gives 38% as an estimate for
the fraction of highly asymmetric donor species (i.e., 6−12%
higher than 26% obtained in our simulation). The same
correction should be applied to the fraction of highly
asymmetric acceptor configurations. We would like to note
that such an analysis produces only approximate corrections
because there exist alternative mechanisms for brining the

Figure 3. Cross sections of the oxygen SDFs for liquid water. Top
row: x-direction is chosen toward the strongest donor of electrons to
emphasize the asymmetry in the distribution of electron donors.
Bottom row: y-direction is chosen toward the strongest acceptor of
electrons to emphasize the asymmetry in the distribution of electron
acceptors. The arrows show schematically the relative strength of
donor−acceptor interactions. The label in the bottom right corner of
each plot specifies the selection criterion for the central molecules. The
solid and dashed circles mark the average positions of the strongest
and second strongest donors or acceptors, respectively.
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simulated RDFs closer to experiment without increasing the
fraction of highly asymmetric configurations (see the
Supporting Information for details).
It is also important to emphasize that simulations of the same

quality as performed in this work are capable of reproducing
the X-ray absorption spectra of liquid water with a high degree
of accuracy.19 This is especially important in the present
context since it was an interpretation of the X-ray absorption
spectra4 that initiated the ongoing debate around the structure
of water. The result of ref 19 implies that despite some
shortcomings of the employed theoretical framework our
description of the HB network is fundamentally correct. This
justifies our conclusion that the fraction of molecules with
broken HBs is appreciable but not dominant. Our results are
also consistent with the previous studies4,7,19,20 that demon-
strated that only the highly asymmetric configurations are
responsible for the distinct pre-edge feature in the X-ray
absorption spectra of liquid water, which is mostly absent in ice.

■ CONCLUSION
In summary, the energy decomposition study presented here
shows that, in hexagonal ice, the uncorrelated thermal motion
of molecules around their crystallographic sites broadens the
range of the HB energies and, thus, creates a noticeable
asymmetry in the donor and acceptor contacts of each water
molecule. ALMO EDA demonstrates that the majority of
molecules in our model of liquid water exhibit HB patterns
similar to those in ice and retain the four-fold coordination with
only moderately distorted tetrahedral configurations. However,
ALMO EDA also reveals the drastic difference between the
structure of the HB networks in our models of liquid water and
ice. In liquid water, there is a large fraction of molecules with

very weak HBs, which are elongated by as much as 0.5 Å and
exhibit a wide range of angular distortions.
Our results imply that the traditional view of water as a four-

coordinated nearly tetrahedral liquid is more appropriate than
the recently proposed asymmetric model. However, the
substantial fraction of molecules with broken hydrogen bonds
undoubtedly affects physical properties and chemical behavior
of liquid water.

■ ASSOCIATED CONTENT
*S Supporting Information
Calculated and experimental radial distribution functions,
description of molecular dynamics simulations, ALMO EDA
calculations, and analysis of the asymmetry relaxation. This
material is available free of charge via the Internet at http://
pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
rustam@khaliullin.com

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
Authors acknowledge the Gauss Center for Supercomputing
(GCS) for providing computing time through the John von
Neumann Institute for Computing (NIC) on the GCS share of
the supercomputer JUQUEEN at the Jülich Supercomputing
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