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Electronic signature of the instantaneous
asymmetry in the first coordination shell
of liquid water

Thomas D. Kithne? & Rustam Z. Khaliullin!

Interpretation of the X-ray spectra of water as evidence for its asymmetric structure has
challenged the conventional symmetric 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 water obtained using a novel
energy-decomposition method. Our simulations reveal that although a water molecule forms,
on average, two strong donor and two strong acceptor bonds, there is a significant
asymmetry in the energy of these contacts. We demonstrate that this asymmetry is a result
of small instantaneous distortions of hydrogen bonds, which appear as fluctuations on a time
scale of hundreds of femtoseconds around the average symmetric structure. Furthermore, we
show that the distinct features of the X-ray absorption spectra originate from molecules
with high instantaneous asymmetry. Our findings have important implications as they help
reconcile the symmetric and asymmetric views on the structure of water.
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detailed description of the structure and dynamics of the
Ahydrogen-bond network in water is essential to under-

stand the unique properties of this ubiquitous and
important liquid. It has long been accepted that the local
structure of water at ambient conditions is tetrahedrall ™.
Although the thermal motion causes distortions from the
perfectly tetrahedral configuration, each molecule in the liquid
is bonded, on average, to four nearest neighbours via two donor
and two acceptor bonds?. This traditional view is based on results
from X-ray and neutron diffraction experiments*~S, vibrational
spectroscopy’ !0, macroscopic thermodynamics data®>>!! and
molecular dynamics simulations®>!2~13,

But this traditional picture has recently been questioned based
on data from the X-ray absorption (XA), X-ray emission and
X-ray Raman scattering experiments'®~1°. The results of these
spectroscopic studies have been interpreted as evidence for strong
distortions in the hydrogen-bond network with highly
asymmetric distribution of water molecules around a central
molecule. It has been suggested that a large fraction of molecules
form only two strong hydrogen bonds: one acceptor and one
donor bond!6-2!, However, the ‘rings and chains’ structure of
liquid water!®, as well as the inhomogeneous two-state model'”->?
implied by such an interpretation, have been challenged on many
fronts>*23731 and are a matter of an ongoing debate®*20-37,

In this work, we performed an unprecedented computational
study of the energetics and symmetry of local interactions
between water molecules in the liquid phase by utilizing a novel
energy-decomposition analysis based on absolutely localized
molecular orbitals (ALMO EDA)3®. The decomposition of the
interaction energy into physically meaningful components
provides a deeper insight into the nature and mechanisms of
intermolecular bonding than the traditional total-energy
electronic structure methods*®~44, The success of ALMO EDA
in investigating chemical bonding in molecular gas-phase
complexes including small water clusters*>7 has inspired us to
generalize this methodology and develop the first energy-
decomposition method for periodic condensed phase systems.
The unique insight obtained by applying ALMO EDA to liquid
water revealed a significant asymmetry in the strength of the local
donor-acceptor contacts. Ab initio molecular dynamics (AIMDs)
simulations performed with the recently developed second-
generation Car—Parrinello approach*® enabled us to characterize
geometric origins of the asymmetry, its dynamical behaviour and
the mechanism of its relaxation. Furthermore, to address the
controversial question of whether it is correct to interpret
the X-ray spectra of water in terms of asymmetric structures,
we performed extensive calculations of its XA spectrum and
compared the spectral characteristics of water molecules with
different degree of asymmetry.

Results

Energy-decomposition analysis. ALMO EDA separates the total
interaction energy of molecules (AEror) into the interaction
energy of the unrelaxed electron densities on the molecules
(AEggrz) and the orbital relaxation energy. The latter can be
further decomposed into an intramolecular relaxation associated
with polarization of the electron clouds on molecules in the field
of each other (AEppy), two-body donor-acceptor orbital inter-
actions (AEpg;) and a generally small higher-order (AEyo)
relaxation term (see Khaliullin ef al.3® for a detailed description of
the ALMO EDA terms).

AEror = AEprz + AEpor, + AEpgL, + AEno (1)

Mol Mol

AEpg =Y AEc= Y AEp.4 (2)
C=1

DA=1

Two-body components AEj, , 4 are the main focus of this work
and arise because of delocalization of electrons (or charge
transfer) from the occupied orbitals of donor molecule D to the
virtual orbitals of acceptor A. Each of these terms provide an
accurate measure of the perturbation of orbitals localized on a
molecule by donor or acceptor interactions with a single
neighbour in the many-body system. The donor-acceptor
energies are obtained self-consistently and include cooperativity
effects, which are essential for a correct description of the
hydrogen-bond networks*>#°. Furthermore, the two-body terms
are natural local descriptors of intermolecular bonding, which
allowed us to analyse the molecular network in liquid water
Withosl(l)t introducing any arbitrary definitions of a hydrogen
bond™".

Electronic asymmetry and its origins. ALMO EDA was per-
formed for the decorrelated configurations collected from an
AIMD simulation at constant temperature (300K) and density
(0.9966gcm’3, see Methods for computational details). The
electron-delocalization energy per molecule AEc- defined in
equation (2) was analysed by considering each water molecule as
a donor and as an acceptor:

Mol Mol

AEC: Z AECﬁN: Z AEN%C: (3)
N=1 N=1

where C stands for the central molecule and N for its neighbours.
It is important to emphasize that terms donor and acceptor are
used throughout this paper to describe the role of a molecule in
the transfer of the electron density. This is opposite to the
labelling used for a donor and an acceptor of hydrogen in a
hydrogen bond.

Figure 1 shows contributions of the five strongest donor-
acceptor interactions to the average delocalization energy of a
molecule (AEc) (brackets {..)» denote averaging overall central
molecules and AIMD snapshots). It demonstrates that electron
delocalization is dominated by two strong interactions, which
together are responsible for ~93% of the delocalization energy of
a single molecule. The third and the fourth strongest donor
(acceptor) interactions contribute ~5% and correspond to back
donation of electrons to (from) the remaining two first-shell
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Figure 1| Five strongest interactions. Average contributions of the
strongest acceptor ( AEy_,¢» and donor { AE-_, n ) interactions. The right-
most column shows that higher-order delocalization { AEo) does not
contribute to the overall binding significantly.
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neighbours (that is, there is non-negligible delocalization from a
typical acceptor to a typical donor). The remaining ~2% corre-
spond to the delocalization energy to (from) the second and more
distant coordination shells.

Comparison of the strengths of the first and second strongest
donor-acceptor interactions (~25 and ~12kJmol ~ !, respec-
tively) with that in water dimer (~9kJ mol ~ 1y suggests that each
water molecule can be considered to form, on average, two donor
and two acceptor bonds. Substantial difference in the strengths of
the first and second strongest interactions implies that a large
fraction of water molecules experience a significant asymmetry in
their local environment. To characterize the asymmetry of the
two strongest donor contacts of a molecule, we introduced
a dimensionless asymmetry parameter

AE C— N2nd

Tp=1—
P AEc_ s

(4)
and an equivalent parameter for the acceptor interactions Y 4.
The asymmetry parameter is zero if the two contacts are equally
strong and equals to one if the second contact does not exist. The
probability distribution of molecules according to their Y para-
meters is shown in Fig. 2 together with the lines separating the
molecules into four groups of equal sizes with different asym-
metry. The shape of the distribution demonstrates that most
molecules form highly asymmetric donor or acceptor contacts at
any instance of time. For example, the line at Y& 0.5 indicates
that for ~75% of molecules either Y, or Y, is more than 0.5,
which means that the strongest donor or acceptor contact is at
least two times stronger than the second strongest for these
molecules. Furthermore, the peak in the region of high Y in Fig. 2
indicates the presence of molecules with significantly distorted
hydrogen bonds.

To understand the origins of the asymmetry, we compared the
geometry of donor-acceptor pairs involved in the first and second
strongest interactions. We found that the strength of the inter-
action is greatly affected by the intermolecular distance R=d(Op-
O4) and the hydrogen-bond angle f=/ OpO,H, while the
other geometric parameters have only minor influence on AEp,_, 4.
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Figure 2 | The normalized probability density function of the asymmetry
parameters Y, and Yp. The probability of finding a molecule in a bin can
be found by dividing the corresponding density value by the number of bins
(that is, 400). The dashed black lines at T ~ 1,22 partition all molecules
into four groups of equal sizes.

The strongly overlapping distributions in Fig. 3 suggest that some
second strongest interactions have the same energetic and geo-
metric characteristics as the strongest contacts. This implies that
the observed electronic asymmetry cannot be attributed to the
presence of two distinct types of hydrogen bonds—weak and
strong. It is rather a result of continuous deformations of a typical
bond. Another important conclusion that can be made from the
distributions in Fig. 3 is that relatively small variations of the
intermolecular distance (R~0.2A) and hydrogen-bond angle
(B ~5—10°) lead to the remarkable changes in the strength and
electronic structure of hydrogen bonds. Analysis of the structure
of the molecular chains defined by the first strongest bonds
(that is, one donor and one acceptor for each molecule) shows
that their directions are random, without any long-range order
(that is, rings, spirals or zig-zags) on the length scale of the
simulation box (~ 15 A).

We did not attempt to quantify the concentration of single-
donor and single-acceptor molecules in this work because the
slow decay of the distribution tails (Fig. 3) implies that defining
such configurations using a distance, angle or energy cutoff is an
unavoidably arbitrary procedure. A quantitative analysis of the
network, which was performed for the same molecular config-
urations in Kuhne et al.'>, shows that according to the commonly
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Figure 3 | Energetic and geometric characteristics of the instantaneous
asymmetry. The probability distribution of the (a) strength, (b)
intermolecular distance R and (¢) hydrogen-bond angle /3 for the first (red)
and second (blue) strongest donor interactions C— N. Filled areas show the
contribution of configurations, for which back donation to a nearby donor is
stronger than donation to the second acceptor (cf. text). Distributions for
acceptor interactions, N—C, are almost identical and not shown.
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used geometric definitions of hydrogen bonds'®*132, the

structure of water is distorted tetrahedral with only a small
fraction of broken bonds. The results presented in Fig. 3 indicate
that these geometric criteria cannot fully characterize the
dramatic effect of distortions on the local electronic structure
and donor-acceptor interactions of water molecules.

It is important to note that some second strongest interactions
are weakened by distortions to such an extent that back donation
to (from) a nearby donor (acceptor) becomes the second
strongest interaction. Such configurations can be clearly
distinguished by the large-angle peak in Fig. 3c (the region of
the 10-fold magnification). They account for ~6—7% of all
configurations and are responsible for the low-energy peak in the
distribution of AEp_, 4 (filled blue areas in Fig. 3) and for the
high-Y peak in Fig. 2.

Relaxation of the instantaneous asymmetry. The overlapping
distributions in Fig. 3 suggest that despite the difference in the
strength of the donor-acceptor contacts, their nature is similar,
and in the process of thermal motion, the strongest-interacting
pair can become the second strongest and vice versa. To estimate
the time scale of this process, we examined how the average
energy of the first two strongest interactions fluctuates in time
(see Methods for definitions of time-dependent averages).
Figure 4a shows that the strength of these interactions oscillates
rapidly, and after ~80fs from an arbitrarily chosen time origin,
the first strongest interaction becomes slightly weaker than the
second strongest (note that first and second refer to their order at
t=0). The amplitude of the oscillations decreases and the
strengths of both interactions approach the average value of
~20kI mol ! on the time scale of hundreds of femtoseconds.
The decay of the oscillations indicates fast decorrelation of the
time-separated instantaneous values because of the strong
coupling of a selected pair of molecules with its surroundings. In
other words, although the energy of a particular hydrogen bond
fluctuates around its average value indefinitely (that is, with a
never-decreasing amplitude), this bond has approximately equal
chances of becoming weak or strong after a certain period of time
independently of its strength at t=0. This effect is due to the
noise introduced by the environment and can be observed in
ultrafast infrared spectroscopy experiments’.

It is important to emphasize that the time averages shown in
Fig. 4 are physically meaningful and can be calculated accurately
only for the time intervals that are shorter than the average
lifetime of a hydrogen bond typ &5 psls’51 (see Methods). The
small residual asymmetry that is still present after 500 fs (Fig. 4a)
is an indication of the slow non-exponential relaxation behaviour
that characterizes the kinetics of many processes in liquid water>!.

In addition to the instantaneous values of AE,_, 4 at time ¢, the
dashed lines in Fig. 4a show the corresponding averages over time
t (see Methods). The latter shows that any neighbour-induced
asymmetry in the electronic structure of a water molecule can be
observed only with an experimental probe with a time resolution
of tens of femtoseconds or less. On longer time scales, the
asymmetry is destroyed by the thermal motion of molecules,
and only the average symmetric structures can be observed in
experiments with low temporal resolution.

An examination of time dependence of all two-body and some
three-body geometric parameters that characterize the relative
motion of molecules reveals the mechanism of the relaxation.
Similar shapes of the curves in Fig. 4a,b show that the relaxation
of the asymmetry is primarily caused by low-frequency vibrations
of the molecules relative to each other. The minor differences in
the behaviour of the curves, in particular at 80 fs, indicate that the
relaxation of the asymmetry is also influenced by some other
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Figure 4 | Relaxation of the instantaneous asymmetry. Time dependence
of the (a) average strength, (b) intermolecular distance R and (¢) hydrogen-
bond angle f for the first (red) and second (blue) strongest donor
interactions C— N. Solid lines show the instantaneous values, whereas
the dashed lines correspond to the time-average values (see Methods).
Time-dependent characteristics of acceptor interactions, N—C, are
almost identical and not shown.

degrees of freedom. The temporal changes in the hydrogen-bond
angles towards the average value (Fig. 4c) show that librations of
molecules have this minor role in the relaxation process. The
absence of the correlation between the energy curves and the
remaining geometric parameters indicates that the other types of
motion are not important for the relaxation mechanism.

The kinetics and mechanism of the asymmetry relaxation
presented here are supported by data from ultrafast infrared
spectroscopy, which can directly observe intermolecular
oscillations with a period of 170 fs”. They are also in agreement
with the theoretical work of Fernandez-Serra and Artacho®’, who
have used the Mulliken bond order parameter to characterize the
connectivity and dynamical processes in the hydrogen-bond
network of liquid water.

XA signatures of asymmetric structures. The time behaviour
described above implies that the instantaneous asymmetry can, in
principle, be detected by X-ray spectroscopy, which has temporal
resolution of several femtoseconds and is highly sensitive to
perturbations in the electronic structure of molecules!®2,
To identify possible relationships between the spectroscopic
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features and asymmetry, we calculated the XA spectrum of liquid
water at the oxygen K-edge using the half-core-hole transition
potential formalism® within all-electron density functional
theory®® (see Methods for computational details). Although the
employed computational approach overestimates intensities in
the post-edge part of the spectrum and underestimates
the pre-edge peak and overall spectral width®®, it provides an
accurate description of the core-level excitation processes and
semiquantitatively ~reproduces the main features of the
experimentally measured spectra (Fig. 5a).

The localized nature of the 1s core orbitals allows to
disentangle spectral contributions from molecules with different
asymmetry. To this end, all molecules were separated into four
groups according to the asymmetry of their donor and acceptor
environments as shown in Fig. 2. Choosing boundaries at T ~
1,22 distributes all molecules into four groups of approximately
equal sizes (that is, 25+ 2%). Figure 5b shows four XA spectra
obtained by averaging the individual contributions of molecules
in each group. It reveals that molecules in the symmetric
environment exhibit strong post-edge peaks, whereas molecules
with high asymmetry of their environment are characterized by
the amplified absorption in the pre-edge region. Furthermore, the
relationship between the asymmetry and absorption intensity is
non-uniform: the pre-edge peak is dramatically increased in the
spectrum for the 25% of molecules in the most asymmetric group,
for which the first strongest interaction is more than six times
stronger than the second. As a consequence, the pre-edge feature
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Figure 5 | XA spectra of liquid water. (a) Comparison of the calculated
and experimental'® XA spectra. (b) Calculated XA spectra of the four
groups of molecules separated according to the asymmetry of their
donor (Yp) and acceptor (Y 4) environments as shown in the inset.

(c) Contributions of the four groups into the total XA spectrum.

The colour coding is shown in the inset above.

of the calculated XA is dominated by the contribution of
molecules in the highly asymmetric environments (Fig. 5c¢).

The pronounced pre-edge peak in the experimentally measured
XA spectrum of liquid water has been interpreted as evidence for
its ‘rings and chains’ structure, where ~80% of molecules have
two broken hydrogen bonds!®?°. Our results suggest that this
feature of the XA spectrum can be explained by the presence of a
smaller fraction of water molecules with high instantaneous
asymmetry. Although the employed XA modelling methodology
does not allow us to estimate precisely the size of this fraction, our
result is consistent with that of recent theoretical studies at an
even higher level of theory, which have demonstrated that the
main features of the experimental XA spectra can be reproduced
in simulations based on conventional nearly tetrahedral
models*">®. Our work complements the previous results by
revealing an interesting and important connection between
relatively small geometric perturbations in the hydrogen-bond
network, the large asymmetry in the electronic ground state and
the XA spectral signatures of the core-excitation processes.

Discussion

We have applied a combination of ALMO EDA, XA spectra
modelling and second-generation Car—Parrinello molecular
dynamics, to study perturbation induced in the electronic
structure of water molecules by local donor-acceptor interactions
with their neighbours in the liquid phase. Our main conclusions
are as follows. First, the strength of donor-acceptor interactions
suggest that each molecule in liquid water at ambient conditions
forms, on average, two donor and two acceptor bonds. Second,
even small thermal distortions in the tetrahedral hydrogen-bond
network induce a significant asymmetry in the strength of the
contacts causing one of the two donor (acceptor) interactions to
become, at any instance of time, substantially stronger than the
other. Thus, the instantaneous structure of water is strongly
asymmetric only according to the electronic criteria, not the
geometric one. Third, intermolecular vibrations and librations of
OH groups of hydrogen bonds result in the relaxation of the
instantaneous asymmetry on the time scale of hundreds
of femtoseconds. Finally, the pronounced pre-edge peak observed
in the XA spectra of liquid water can be attributed to molecules in
asymmetric environments created by instantaneous distortions in
the fluctuating but on average symmetric hydrogen-bond
network.

Thus, our work helps reconcile the two existing and seemingly
opposite models of liquid water—the traditional symmetric and
the recently proposed asymmetric—and represents an important
step towards a better understanding of the electronic structure of
the hydrogen-bond network of one of the most important liquids
on earth.

The broader significance of this work lies in the development of
an energy-decomposition method for condensed phase systems,
which can provide deep insight into the electronic structure
of a wide range of molecular systems and, thus, offers new
opportunities for studying their complex behaviour.

Methods

Ab initio molecular dynamics. AIMD simulations with classical nuclei based on
the Perdew-Burke-Ernzerhof (PBE) exchange-correlation (XC) functional were
performed at constant temperature (300 K) and density (0.9966 gcm ~ 3). Long
70 ps AIMD trajectories for systems containing 128 water molecules were obtained
by taking advantage of the computational efficiency of the second-generation
Car-Parrinello method*® as described in Kuhne et al.'® Our previous work!® has
shown that PBE provides a realistic description of many important structural and
dynamical characteristics of liquid water including the radial distribution functions,
self-diffusion and viscosity coefficients, vibrational spectrum and hydrogen-bond
lifetime. However, the PBE water with the classical description of the nuclei is
somewhat overstructured, suggesting that the degree of the network distortion,
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fraction of broken bonds and, thus, the asymmetry in our simulations may be
underestimated. Therefore, we verified that the main conclusions presented in this
work are also valid for snapshots generated with simulations with quantum
hydrogen nuclei and based on a water model, which rectifies the main
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