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ABSTRACT: The hypothesis that liquid water can separate into two phases in the
supercooled state has been supported by recent experimental and theoretical
studies. However, whether such structural inhomogeneity extends to ambient
conditions is under intense debate. Due to the dynamic nature of the hydrogen
bond network of liquid water, exploring its structure requires detailed insight into
the collective motion of neighboring water molecules, a missing link that has not
been examined so far. Here, highly sensitive quantum mechanical calculations
detect that the time evolution of nearby hydrogen bonds is strongly correlated, %o R ™ . e S
revealing a direct mechanism for the appearance of short-range structural i Y. > b
fluctuations in the hydrogen bond network of liquid water for the first time.

This correlated dynamics is found to be closely connected to the static structural picture. The distortions from the tetrahedral
structure do not occur independently but are correlated due to the preference of nearby donors and acceptors to be in similar
environments. The existence of such cooperative fluctuations is further supported by the temperature dependence of the local
structural evolution and explained by conventional analysis of localized orbitals. It was found that such correlated structural
fluctuations are only observed on a short length scale in simulations at ambient conditions. The correlations of the nearby hydrogen
bond pairs of liquid water unveiled here are expected to offer a new insight into connecting the dynamics of individual water
molecules and the local structure of the hydrogen bond network.

[l Metrics & More | @ Supporting Information

B INTRODUCTION

Liquid water, unlike most other liquids, exhibits anomalous
behavior of many macroscopic properties such as the density
maximum at 4 °C, decreased viscosity under pressure, high
surface tension, and the volume expansion on freezing, among
many others. These phenomena are believed to arise from the
ability of a water molecule to form four strong hydrogen bonds
(HBs)," exemplified by the ideal solid-state structure of
hexagonal water ice.” The structure of liquid water has thus
long been accepted as a near-tetrahedral configuration with a
continuous distribution through the thermal motions.>~” Since
the finding of the divergence in response functions such as
isothermal compressibility and heat capacity upon super-
cooling,™” the coexistence of two classes of HB environments
referred to as low-density liquid (LDL) and high-density liquid
(HDL) and the transition between them have been suggested
to explain the origin of water’s anomalous properties.””"’
Recent computational and experimental studies have presented
evidence of a liquid—liquid phase transition (LLPT) and an
associated critical point occurring in the supercooled
region.''~'” The transition between the two local structures
has also been suggested to extend to ambient condi-
tions,”'¥'*?° where the two classes of local structures are
referred to as tetrahedral and distorted,”"* or symmetrical and
asymmetrical structures™® in the literature, in addition to LDL
and HDL postulated in the supercooled region. However, this
inhomogeneous interpretation of room-temperature water
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differs from the conventional near-tetrahedral model of water
with a continuous distribution and has been debated.”*'~**
Due to the constant thermal motions of water molecules and
their structural fluctuations generally involving multiple
molecules,” to fully understand the structure of liquid water
it is essential to understand the effect of “collective dynamics”
of neighboring water molecules. However, such a link between
the collective dynamics and the structure of water has not been
made so far. It has been proposed that what makes the water
properties unique may arise from its cooperative effect,zs’27 a
fundamental property of HB in water whose local HB strength
is modified by the presence of other molecules. The
cooperativity concept itself has been confirmed in multiple
experimental and theoretical cases, but mostly demonstrated in
the gas-phase water clusters as a model system.**™**
Considering the condensed phase nature of liquid water,
however, it is highly conceivable for such cooperative effects to
play an even more important role in the dynamical behavior of
the HB network of room-temperature liquid water. We further
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Figure 1. (a) Schematic representation of the first coordination shell neighbors (labeled N) around the central water molecule (labeled C). The
arrows indicate the direction of a typical CT and the energy stabilization due to the CT. The superscripts first and second refer to the strongest and
second strongest CT interactions as a donor or an acceptor determined at t = 0. (b) Evolution of a time-dependent cross-correlation function
(TCCEF) between two pairs of water in the first coordination shell for liquid water (solid lines) and hexagonal ice (dashed lines). The dotted line in
black denotes the TCCF of randomly selected i, j water pairs for comparison. (c) Temperature dependence of two representative TCCFs as
illustrated in the inset. (d) Comparison of TCCF within the first coordination shell (C and N1) as shown in (c) (solid lines) vs first and second
coordination shell (dashed lines) vs first and third coordination shell (dashed dot lines, see Figure 2 for details) of liquid water.

note that the HB cooperativity is shown to be of particular
importance in describing the LLPT at deeply supercooled
conditions using the microscopic cell models of water."!

We here report the first quantum chemical evidence that
local fluctuations in the structure of liquid water are not
random but highly correlated due to the underlying
cooperativity between the bonds. The correlations are detected
and assessed quantitatively using a quantum energy decom-
position analysis known as ALMO EDA (absolutely localized
molecular orbitals energy decomposition analysis)*® by
measuring the electron density transfer between neighboring
molecules, which is remarkably sensitive to their relative
positions and orientations (see Methods for details). EDA
results demonstrate that the structural fluctuation of liquid
water occurs collectively with neighboring molecules correlated
in such a way that donor and acceptor have similar structural
environments. However, such correlated structural fluctuations
are only observed in a small region within the radius of ~6 A
spheres in our ambient simulations. In addition to ALMO
EDA, conventional Wannier localized orbitals®® are utilized to
further understand the electronic origin of the correlated
dynamics of nearby HBs. Our conclusions are further validated
by several other widely used water models at ambient
conditions.

13128

B RESULTS AND DISCUSSION

Dynamic Correlations between Nearby Hydrogen
Bonds. To analyze in detail how the thermal perturbation of a
given molecule is linked to the motion of the other molecules,
we introduce a time-dependent cross-correlation function
(TCCF) for two pairs of water molecules:

(SAE(t)-6AE(t))
(|5AEi(t)|-|5AEj(t)|) (1)

fG, () =

where AE, is the energy stabilization of the ith water pair due
to the charge transfer (CT, refer to the Methods section for
more details) and SAE(t) = AE,(t) — AE,(0) is the change in
the CT energy of the ith pair in the time interval ¢; the angular
brackets denote the ensemble average over all time origins.
Thus, f(i, j)(t) measures whether the electron density transfer
between two pairs of water molecules (such as two HB pairs)
is correlated or anticorrelated in time. In correlated pairs, the
CT interactions evolve in the same direction, whereas in
anticorrelated pairs the CT energies change in the opposite
direction. The extent of correlation between two different ith
and jth water pairs is normalized by the absolute value of the
change in the CT energy in time interval t. To compute f(i,
7)(t), ALMO EDA was performed using snapshots generated in
ab initio molecular dynamics simulation (AIMD) employing
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the BLYP-D3 exchange—correlation functional (see the
Methods section for details).

Figure la schematically represents the local environment
considered in the TCCF with the definitions of associated CT
terms around a given (“central”) molecule. In Figure 1 and
throughout this paper, C stands for the central water molecule
and N designates water molecules in the first coordination
shell. The superscripts first and second refer to the strongest
and second strongest CT interactions as a donor or as an
acceptor. It is worth noting that, in this work, the terms donor
and acceptor refer to electron donors and electron acceptors,
which is opposite the usual description of hydrogen bonding
with hydrogen donors and acceptors. In the calculations of
TCCEF, we use the two strongest donors and two strongest
acceptors around the given (central) water molecules based on
the magnitude of the CT terms. Since the initially determined
configurations of liquid water are constantly fluctuating, for a
chosen molecule these two strongest CT donors and acceptors
may change as the system evolves. Thus, we only consider the
water molecules whose two strongest donors and acceptors
remain “intact” during the investigated time interval (~500 fs),
which is noticeably shorter than the average lifetime of an HB
(1.4 ps).”” The two strongest CT donors and acceptors are
regarded as intact if their strengths determined at t = 0 remain
the first or second strongest CT energies at time ¢t
Approximately 60—80% of the initially determined CT pairs
remain “intact” after 500 fs (Figure S1).

As the results are summarized in Figure 1b, notably, two
types of relative intermolecular motions (correlated vs
anticorrelated) are clearly identified by the different signs of
the TCCF. The charge flow of donor and acceptor mostly
evolves in the same way (correlated), whereas the charge flow
of two acceptors (or two donors) mostly evolves in the
opposite way (anticorrelated), as characterized by the positive
and negative values of the TCCF, respectively. These two
opposite signs of correlations within the first coordination shell
are significant when compared to the TCCF of randomly
selected i, j water pairs (dotted line in black), indicative of the
stochastic fluctuations. These correlated motions are also
related to the nonadditive binding energy calculations in water
clusters; two acceptors (or two donors) were predicted to be
repulsive to each other since the three-body term destabilizes
the overall binding energy in the water cluster calcula-
tions.”**”** Comparison with ice reveals that these correlated
fluctuations are indeed an intrinsic property of the condensed
phase water, in both liquid water and ice. It is worth
mentioning that the changes in the CT energy in eq 1 are
directly linked to changes in the relative position of nearby
water molecules. It is known that the CT energy decreases
exponentially with an increase in the intermolecular distance
due to the connection of the former to the orbital overlap.’
Therefore, it is reasonable to assume that the stretching of HBs
affects the CT terms strongly, while intermolecular rotations
that break HBs might also play a role. The degree of these
correlated and anticorrelated motions gradually increases with
decreasing temperature (Figure lc). In other words, the
motion of water molecules becomes more correlated as the
random thermal effect is reduced. In addition, these correlated
and anticorrelated HB dynamics extend beyond the first
coordination shell (Figure 1d), at least up to the third
coordination shell as calculated here, though the extent of
correlations in HBs is reduced as the distance between

molecules increases compared to the HBs within the first
coordination shell.

The Link between Dynamic Correlation and the
Statistical Structural Picture. To reveal how these
correlated dynamics couple to the statistical structural picture,
we first consider the correlation in the joint distribution of CT
energies for two pairs with the same order of strength in the
first coordination shell of the given central molecule. The joint
distributions in CT energy between donor and acceptor are
plotted in Figure S2, and their Pearson correlation coefficients
are summarized in an inset table in Figure 2.

-

1st shell 2nd shell
Two CT pairs 1st 1st 2nd 2nd 1st 1st 1st 1st
AEy1 o BEc ny | AEysocr BBy [AENy oo AEyy | AENy o BNy ns
Liquid water 0.27 0.35 0.05 0.01
Ice 0.22 0.22 0.04 0.01

Figure 2. Pearson correlation coefficients between the donor CT
energies and the acceptor CT energies as a function of coordination
shell (actual two-dimensional joint distributions are shown in Figure
S2). Shown in the upper panel is the schematic representation of the
first, second, and third coordination shell molecules (labeled N1, N2,
and N3) around the central water molecule (labeled C). In AEy_, or
AE(_y, the superscripts first and second refer to the strongest and
second strongest CT interactions as a donor or an acceptor. The
Pearson correlation coeflicients for ice are also shown for comparison.

Although the magnitude is relatively small, positive
correlation coefficients between the donor and acceptor CT
energies are clear and consistent with the results of correlated
dynamics shown in TCCF (Figure 1), suggesting that the
dynamic behaviors identified by TCCF are well reflected in the
statistical structural pictures. Incidentally, unlike the dynamic
correlations that were observed to extend to second and third
coordination shells (Figure 1d), statistically and statically, the
structural correlations appear mainly at short ranges probably
due to the reduced dynamic correlations at longer ranges, seen
by the very small or close to zero correlation coeflicients in CT
energies beyond the first coordination shell. Qualitatively the
same statistical correlation pictures are also seen in ice.

To further link the dynamics and structural transition in
greater detail, we focused on the correlations between the
second strongest donor/acceptor CT energies since they are
related to the HB-breaking events. We used an electronic
threshold (AEZ7y = —4.88 kJ/mol, see Section 1 in the
Supporting Information (SI) for details) to determine whether
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an HB is formed or broken. Being sensitive to the relative
position and orientation between neighboring molecules, this
electronic structure-based definition yields the geometric
features that are compatible with the geometry-based HB
definitions conventionally employed (Figure S4).

The correlations between the second strongest donor/
acceptor CT energies (Figure 3b) are related to the HB-
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Figure 3. (a, b) Distribution of two CT pairs with the same order of
strength of liquid water. The CT energies of acceptor and donor pairs
considered in Figure 1b are assigned to the x- and y-axis. The dashed
white lines indicate that the two CT energies are the same. The
dashed black lines correspond to the CT energy of —4.88 kJ/mol, a
threshold to separate bonding and nonbonding configuration (see
main text). For AE®Y . and AEZY in (b), CT energies stronger than
—1.4 kJ/mol are only included to display the distribution clearly. Also,
see Figure 2 for the Pearson correlation coefficients corresponding to
these plots. (c) Time-evolution of the HB autocorrelation functions of
the second strongest donor CT interaction (AEZ9) when the
second strongest acceptor CT interaction (AEIZ\}‘E,C) remains intact
(blue) and when it breaks (red) after time ¢, as shown in the insets.
(d) Cartoon of correlated structural fluctuation of the second
strongest CT interacting pairs.

breaking events, as they involve the evolution from the
bonding to nonbonding region of donor/acceptor CT energies
(the breaking of the donor/acceptor). That is, if one of the
second strongest donor HBs is broken with the magnitude of
CT energies below the HB threshold (dashed lines in Figure
3b), the second strongest acceptor HB is also likely broken
with the magnitude of CT energies below the HB threshold.
This can be compared with the case in the strongest donor/
acceptor CT energies (Figure 3a) or ice, where the similar
dynamic correlations and similar two-dimensional joint
distributions in CT energies are observed but with the HB-
breaking events rarely occurring due to the CT energies not
evolving into the nonbonding region.

To support such structural transitions (fluctuations) further,
we calculated the HB autocorrelation function,”” ¢(t), for the
second strongest donor CT interaction (AEZYY) when the
second strongest acceptor CT interaction (AEﬁ“ﬂC) remains
intact vs when it breaks after time t (see insets in Figure 3c).

(1) = (h(£)h(0))/(h(0)*) @)

where h(t) is 1 if the HB exists at a time t while h(t) is 0 if it
does not exist at time t.

Figure 3c shows that the survival probability of the second
strongest “donor” CT interaction (AEZy) decays faster when
the second strongest “acceptor” interaction (AERY.) breaks
compared to the case when the second strongest “acceptor”
interaction remains bonding after time ¢ Thus, the HB
breaking of “donor” molecules is indeed dynamically
connected with that of “acceptor” molecules. This correlated
structural transition (fluctuation) shown in Figure 3b,c is
schematically illustrated in Figure 3d.

Structural Fluctuations in the First Coordination
Shell of Liquid Water. To further analyze the structural
transition in greater detail, we investigated the strength of the
donor HBs depending on the varying number of acceptors. In
Figure 4, the joint distribution of the first two strongest donor
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Figure 4. (a—c) Distributions of donor CT (from the central
molecule to the first two strongest neighbors) energies for central
molecules with 2, 1, and 0 acceptors. Two-donor CT energies
(AEc_y) were randomly assigned to the x- or y-axis. The dashed lines
correspond to the CT energy of —4.88 kJ/mol, a threshold to count
HBs (see main text). The numbers in parentheses denote the
percentage of each configuration. The 3-acceptor configuration is
negligible (<0.1%) and not shown. (d) Distribution for the sum of all
donor CT energies (}AEc_y, x-axis) and acceptor CT energies

(X AEN_ ¢, y-axis).

CT energies for a given central molecule (AE_y) is plotted
depending on the number of acceptors of the chosen central
molecule. Figure 4 clearly shows that the two-dimensional
distribution of the CT energy of the two strongest donors
reveals a markedly different pattern depending on the number
of acceptors. The strength of donor CT energies progressively
weakens as the number of acceptors decreases. To describe
these results quantitatively, the joint distribution of the donor
CT energies in each panel is partitioned into three regions: 2-
donor (both AEE. and AEZy are stronger than the
threshold —4.88 kJ/mol), 1-donor (only one of AE{y and
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AEZdy is stronger than —4.88 kJ/mol), and 0-donor (both (a) 0.8F

AEE, and AE2M); are weaker than —4.88 kJ/mol) regions. *— A2D2
Figure 4a shows that when the central molecule has two —=— A2D1

electron acceptors, it also has a high fraction (75%) of 2-donor 0.6 Al1D2

configurations. When the number of acceptors is reduced from
two to one driven by thermal agitation (Figure 4b), the
strength of the donor CT energies decreases. This is most
evident on the basis of the appearance of the low-energy peaks
in the 1-donor region (from 24% to 46%). In fact, the
boundaries in Figure 4b separate two types of peaks in different
regions. In addition, the position of the peak in the 2-donor
region is shifted from —10.7 to —7.2 kJ/mol. That is, if a
tetrahedrally coordinated water molecule (2-acceptor 2-donor
configuration) loses one acceptor, the chance of losing one
donor partner increases evidently by the emergence of low-
energy peaks and by the weakening of a high-energy peak. This
reflects that although the majority of water molecules in our
model of liquid water have two acceptors (1.69 acceptors per
molecule, which is consistent with a recent experimental
tetrahedrality of 1.74 + 2.1% donated and accepted HBs per
molecule”), indicative of tetrahedral (symmetrical) structure,
highly correlated fluctuations cooperatively give rise to a
distorted (asymmetrical) structure revealed by one donor and
one acceptor configuration.

It is important to note that, in the l-acceptor configuration
(Figure 4b), the two peaks (—11.8 kJ/mol) at the 1-donor
region have a stronger CT energy than the peak (—10.7 kJ/
mol) at the 2-donor region in 2-acceptor configuration by 1.1
kJ/mol, suggestive of the presence of a “strong HB”.””***®
This analysis does not prove or disprove a recently proposed
dynamic polymer picture of liquid water,””** but rather
indicates that, on the scale of two or three HBs, water
molecules with only one donor can have a stronger HB than
molecules with two donors on average. This phenomenon is
related to the anticorrelation in Figure 1 and agrees with a
usual chemical intuition: removing one of the two bonds
makes the remaining bond stronger. Despite the low fraction
(2.0% in Figure 4c), it should also be noted that the central
molecules with the 0-acceptor have considerably weak donor
interactions (a peak appearing at —1.3 kJ/mol), which further
supports the balanced energy contribution from acceptors and
donors and the resulting molecular environments between
them. The latter similarity of structural environments between
donor and acceptor is also evident from the two-dimensional
distribution of the sum of all donor CT energies ()} AEc_x)
and acceptor CT energies () AEy_c) with a Pearson
correlation coefficient of 0.55 (Figure 4d). This relationship
between donor and acceptor is also consistent with correlated
molecular motion in Figure 1. The analyses presented above
also hold the same conclusions when performed with the
varying number of donors instead of acceptors (Figure SS).

Structural Evolutions as a Function of Temperature.
The correlated short-range structural fluctuations presented in
Figure 4 are further strengthened by the change in the
population of local structures as a function of temperature
(Figure S). The local environment is characterized by the
number of electron acceptors (A) and electron donors (D),
where the use of electronic (Figure Sa) or geometric (Figure
5b) definitions®” to count HBs yields qualitatively the same
conclusions.

Figure S shows that the tetrahedral (2A2D) configuration is
the dominant species at all investigated temperatures (240—
360 K), and there are some distorted species, in line with the
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Figure 5. Population of local structures distinguished by the number
of neighbors as a function of temperature (240—360 K). A and D
stand for electron acceptor and electron donor, respectively, and the
numbers to the right of A and D indicate their respective numbers. (a)
Electronic threshold (—4.88 kJ/mol) and (b) geometric criteria (1.59
A < 1oy <227 A and a < 40°, see the inset) were used to count
HBs. While only five major configurations are shown here for clarity,
the entire population of all possible configurations at different
temperatures is shown in Figure S6.

conventional tetrahedral model of liquid water. Previous
experimental »** and theoretical*’ ™" studies have shown
that the four-coordinated tetrahedral motif decreases while the
distorted motifs increase in population as the temperature
rises. What is interesting to notice here is that structural
transitions occur nonuniformly when the population of the
tetrahedral structure decreases. The most significant nonuni-
form structural transformation is from the four-coordinated
2A2D to the 1A1D configuration. That is, when the tetrahedral
structure is distorted due to thermal fluctuation, the evolution
occurs such that the 1A1D configuration is preferentially
formed. This correlated evolution picture becomes obvious
when compared to the population changes of other
configurations. For example, the 2A0D configuration with
the same number of HBs as 1A1D is insensitive to temperature
changes. Therefore, donor and acceptor prefer to have similar
structural environments, as suggested in the correlated
structural behaviors in Figure 4, also consistent with the
interpretation of Raman spectroscopy data.**

Analysis of the Structural Heterogeneity in Liquid
Water. In addition to the two-dimensional distributions in
Figure 4, Figure 6a shows a one-dimensional distribution for
two donor CT energies without the decomposition relying on
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Figure 6. (a) One-dimensional probability density distributions of
two electron donor CT energies (AES.y, AEZY)) at different
temperatures. (b) Probability density distributions of the local
structure index (LSI) parameter of tetrahedral (solid lines) and
distorted (dashed lines) structures at different temperatures. (c)
Spherically averaged local density of tetrahedral (solid lines) and
distorted (dashed lines) water configurations as a function of distance
at different temperatures. The local density distributions using a
sphere of a fixed radius of 4 and 6 A at 300 K are shown in insets.

the number of acceptors. The two strongest interactions are
selected since their strengths are mainly responsible for the
structure of liquid water. High- and low-energy peaks are seen
in a wide range of temperatures (240—360 K), which indicates
intact and broken HBs. The relative area and height of the low-
energy peak (broken HBs) increase with temperature. We note
that the presence of two CT energy peaks revealed in Figure 6a
refers to the existence of two kinds of CT “pairs” (intact vs

broken HBs), but is not an indication of two types of “local
structures” such as tetrahedral and distorted,”"® or LDL and
HDL structures observed in supercooled water.”'*'"?

To detect any sign of structural inhomogeneity, the local
configurations in Figure S were classified into tetrahedral with
4HBs and distorted with one or more broken HB structures.
The local structure index (LSI)*>*° is utilized to distinguish
the two structural motifs geometrically. The LSI offers a
quantitative estimate of the local inhomogeneity as an order
parameter (see Methods for details) and has been employed to
characterize the LDL- and HDL-like environments.*"*"**
decomposed the LSI analysis into the contributions from
tetrahedral structures and those from distorted structures.
Figure 6b shows that the distorted structure with interstitial
molecules leads to slightly lower LSI values than those of the
tetrahedral structure. However, the difference in LSI values
between the two local structures is rather small, and LSI
distributions do not show the distinctive bimodal LSI
distribution obtained from the inherent structure (quenched
0 K) and interpreted to support the presence of two separate
states.”** It is important to note that the spatial size of the
structurally correlated regions has not been established reliably,
partially due to the presence of a rather arbitrary parameter in
the LSI (3.7 A distance cutoff, see Methods for details). To
eliminate this ambiguity, we calculated another order
parameter—the radial density distribution function
(RDDF)—for the two structural motifs, tetrahedral and
distorted, by counting oxygen atoms around water molecules
in tetrahedral and distorted water configurations within the
spheres of varying radius (Figure 6¢). This parameter-free
spatially averaged structural property not only characterizes the
difference in the two classified structures in the context of
HDL and LDL but also reveals the spatial extent of two
distinct local environments in liquid water. In essence, this
RDDF conveys similar insights to the conventional radial
distribution function (RDF, Figure S8), but instead of the
spherical shell considered in RDF, RDDEF considers the
spherical volume and calculates the average local density
around the given central water molecule.

As shown in Figure 6¢, the RDDFs for tetrahedral and
distorted structures deviate, but only in a relatively small radius
of 6 A for all temperatures studied at ambient conditions. In
insets of Figure 6¢, we also plotted the actual distribution of
local density using the sphere of a fixed radius of 4 A around
the tetrahedral (solid lines) and distorted (dashed lines)
environments. The peak of the distribution around the
tetrahedral structures appears at a slightly lower density than
that for the distorted structures, reminiscent of the LDL-like
and HDL-like water structures, respectively. This difference in
density between the tetrahedral and distorted structures,
however, disappears when the local density is evaluated using
a larger spherical volume with a radius of 6 A. This observation
that the structural correlation length is around 6 A in radius,
coupled with the fast dissipation of the molecular correlations
after a few HBs (inset table in Figure 2), suggests that the
signatures of LDL-like and HDL-like structures only show up
in a small microscopic length scale, and the structural
heterogeneity in an extended length scale is not evident in
our simulations and analyses.

Wannier Orbitals of Water Molecules. The maximally
localized Wannier functions (MLWFs)* are employed to
understand the observed correlated behaviors in terms of
molecular polarizability. The MLWEFs represent the electronic
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structure using the localized functions in real space obtained by
the unitary transformation of the Kohn—Sham orbitals. The
unique feature of MLWFs offers a chemically intuitive means
to monitor how the investigated molecule is polarized by the
electric field of the surrounding water molecules by
conveniently measuring the displacement of their centers.
The overall MLWFs are decomposed into contributions from
different local environments, distinguished by the number of
electron acceptors around the central molecule. We analyzed in
Figure 7a the distributions of the distance between oxygen
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Figure 7. MLWFs of water molecules. (a) Probability distributions of
the distances between oxygen and the centers of four MLWFs
decomposed by the number of acceptors denoted as 0-, 1-, and 2-
acceptor. The small vertical bars on the x-axis indicate the average
value of each distribution. For 1-acceptor configurations, the HB and
non-HB pairs of the MLWF centers are further distinguished as
separate probability distributions. The vertical lines on the right
indicate the average length of the covalent O—H bond in each
configuration. The inset illustrates a representative snapshot of the
lone (green) and bonding (blue) electron pairs of a water molecule.
(b) TCCEF between the center of Wannier orbitals and between the
lone pair and the covalent OH bond in a water molecule. dy_;, do_g,
and dg_y refer to the distance from the oxygen atom to the lone pair,
bonding pair, and hydrogen atom, respectively. Ist and 2nd refer to
the strongest and second strongest interacting pair based on the
distance from oxygen.

nuclei and centers of the four MLWFs. The two regions of
peaks correspond to the bonding electron pairs located along
the O—H bonds occurring at larger distances and the lone
electron pairs at shorter distances.

In Figure 7a, the distance between oxygen and lone pair
electrons increases progressively as the number of acceptors

increases. This elongated lone electron pair with the increasing
number of acceptors yields a more negative electric environ-
ment, leading to the interaction of the central oxygen with the
surrounding hydrogens being more facile. On the contrary, the
distance between oxygen and bonding MLWF centers
decreases with the increasing number of acceptors from 0 to
2. This trend is opposite to the changes in the length of the
covalent O—H bond.* Interestingly, however, water molecules
with 1-acceptor show one strong (even stronger than that of 2-
acceptor configurations) and one weak (even weaker than that
of O-acceptor configurations) HBs. This fact reflects an
intramolecular charge transfer from bonding hydrogen to
nonbonding hydrogen as suggested by Wernet et al.*® for 1-
acceptor configurations. Therefore, hydrogen atoms that do
not take part in the HB are more electronegative and retain a
lower ability to form an HB with other molecules. It can also
be seen that the pronounced shoulder on the lone pair peak of
the 1-acceptor suggests the highly increased number of broken
donor interactions, in line with Figure 4b. The qualitatively
same results are observed when the analysis is performed as a
function of the number of donors (Figure S9). To analyze the
dynamic correlation of Wannier orbitals, we calculated the
time-dependent cross-correlation function in eq 1 for Wannier
orbitals, where we used the displacement of Wannier orbitals
Sdo_x(t) = do_x(t) — do_x(0) (X refers to the centers of four
MLWFs) and covalent OH bond &dg_y(t) = do_u(t) —
do_u(0) in the same manner as the CT energetics. Figure 7b
shows that the time evolution of negative electron pairs and
positive nuclei (hydrogen atoms) with respect to the oxygen
atom is also correlated. The direction of charge flow within a
molecule is consistent with static results (Figure 7a); that is,
hydrogen atoms lose electrons to the oxygens.

Validation with Other Water Models. To verify that our
conclusion on the correlated structural fluctuations in liquid
water is not limited to the water model used in this work, we
applied the same analysis to the snapshots generated in
molecular dynamics simulations relying on various other water
models (MB-pol,”® SPC/E,”" TIP4P/2005°%). The same
conclusion is indeed drawn from other water models (Figures
$10 and S11), making our findings independent of simulation
details. Among them, we note that MB-pol, which can describe
polarizability and many-body effects by using large sets of high-
level quantum chemical data for up to trimers,"”*° has been
shown to reproduce well various properties of water better
than several DFT models even when Hartree—Fock exchange
was added to the functional.’® The MB-pol trajectory-based
results, in particular, were almost the same (Figures S11 and
S12) as the BLYP-D3 results. Comparison with other water
models also shows that the degree of correlations decreases in
the classical force field with fixed charge (SPC/E, TIP4P/
2005). This comparative analysis highlights the crucial role of
polarizability and many-body effects in describing dynamic
correlations and structural fluctuations.

B CONCLUSIONS

In summary, a highly geometry-sensitive energy decomposition
reveals the first electronic structure evidence of correlated local
fluctuations in the hydrogen bond network of liquid water
arising due to the underlying cooperative nature of
intermolecular interactions. In particular, the distortions from
the tetrahedral structure are not random but are strongly
correlated because of the preference of nearby HB donors and
acceptors to be in similar environments. Nonuniform structural

https://doi.org/10.1021/jacs.2c02362
J. Am. Chem. Soc. 2022, 144, 13127-13136


https://pubs.acs.org/doi/suppl/10.1021/jacs.2c02362/suppl_file/ja2c02362_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c02362/suppl_file/ja2c02362_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c02362/suppl_file/ja2c02362_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c02362/suppl_file/ja2c02362_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c02362/suppl_file/ja2c02362_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02362?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02362?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02362?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02362?fig=fig7&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c02362?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

changes as a function of temperature also support this
conclusion of directed structural transformation. However, in
ambient conditions, these correlations of neighboring HBs
rapidly dissipate after a few HBs, and thus two fluctuating
structures do not develop on a large length scale in our
simulations. Our results raise the question of whether it is
possible that the structural fluctuations described in this work
contribute to the development of the two phases of
supercooled water and the transition between them. The
microscopic understanding of locally correlated HBs presented
in this work is expected to offer deeper insight into
controversies that still exist around the structure and dynamics
of liquid water and thereby provide a new perspective to
explain several anomalous macroscopic properties of water.

B METHODS

Ab Initio Molecular Dynamics. Ab initio molecular dynamics
simulations of a periodic cell were performed at constant temperature
and density for liquid water (128 water molecules at 300 K) and
hexagonal ice (96 water molecules at 268 K). The initial configuration
for liquid water was obtained from an equilibrated structure from
classical MD simulations at 300 K. After 120 ps of equilibration in the
NVT ensemble at 330 K, additional 120 ps NVT simulations were
performed at different temperatures for the production run. The last
70 ps AIMD trajectory was used for dynamic analysis, and 90 ps was
used for static analysis out of a 120 ps NVT run at all investigated
temperatures. Due to the longer structural relaxation times at low
temperatures, we ran an additional S0 ps at 240 and 273 K for
equilibration and further validated aspects of equilibration at lower
temperatures (see Section 3 in the SI for details). A short time step of
0.5 fs ensured accurate integration of the equations of motion. The
temperature was controlled by the canonical-sampling velocity-
rescaling thermostat.>* In the dual Gaussian and plane-wave scheme
implemented in CP2K,”” a triple-{ Gaussian basis set with two sets of
polarization functions (TZV2P)*® was used to represent molecular
orbitals, and a plane-wave cutoff of 400 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,””** and the Brillouin
zone was sampled at the I'-point. The exchange—correlation energy
was approximated with the BLYP**®° functional with the D3
dispersion correction of Grimme.*'

Energy-Decomposition Analysis. The strength of the individual
HBs in liquid water is described by the energy stabilization due to the
CT obtained from ALMO-EDA.*® ALMO EDA decomposes the total
intermolecular binding energy (AEror) into the frozen-density
energy (AEgp,), intramolecular polarization energy (AEpg.), and
charge-transfer energy (AEcr) and a generally small higher-order
(AEye) relaxation term (see ref 35S for a detailed description of the
ALMO EDA terms).

AEror = AEpgy + AEpq, + AEcr + AEyg (3)

Mol

AEcr = 2 AEp 5
AD=1

(4)

Like all other EDA methods based on density functional theory,
ALMO EDA does not provide a well-defined recipe to separate the
frozen-density and polarization terms into molecular contributions
(e.g., single-molecule, two-body terms). While these terms contribute
to the overall stabilization of the HB network, this work focuses on
the CT energies that can be readily decomposed into pairwise
contributions as shown in eq 4.>° A two-body CT term AEp_,
corresponds to the orbital relaxation arising from the charge transfer
from the occupied orbitals of electron-donor molecule D to the virtual
orbitals of electron-acceptor molecule A. A deep connection between
the CT terms and various 2Properties of water has been pointed out in
several recent articles.”” " Since quantum chemical calculations have

13134

suggested the CT (electron delocalization) is responsible for the
cooperativity (nonadditivity),>”*" the ALMO EDA provides one of
the direct means of probing and estimating the degree of cooperativity
of liquid water. ALMO EDA for liquid water was performed using the
CP2K package® for 901 equidistant snapshots (i.e., configurations of
115 328) separated by 100 fs for static analysis and 3501 equidistant
snapshots (i, configurations of 448 128) separated by 20 fs for
dynamic analysis. CP2K employed the mixed Gaussian and plane-
wave approach,” which is ideal for ALMO EDA because the localized
atom-centered Gaussian basis sets are required for the construction of
absolutely localized molecular orbitals, while plane waves are used to
represent the charge density for computational efficiency. Molecular
orbitals in all ALMO EDA calculations were represented by a triple-{
Gaussian basis set with two sets of polarization functions (TZVv2p).*¢
A high-energy cutoff of 1000 Ry was used to describe the electron
density. Separable norm-conserving Goedecker—Teter—Hutter pseu-
dopotentials were used to describe the interactions between the
valence electrons and ionic cores,’”*® and the Brillouin zone was
sampled at the I'-point. The exchange—correlation energy was
approximated with the BLYP functional’”*® We verified that
performing ALMO EDA with other density functionals (PBE,
SCAN, PBEO) does not affect the main conclusion of this work
(see Section 4 in the SI for details).

Local Structure Index. The LSI is an order parameter to quantify
the extent of the structural ordering of molecules around the first and
second coordination shells.***® The LSI is defined as

N
1 2
LSI= — Y [Ay,, — (A)]
NZ o (5)

where (A) is the mean of differences in distance, A;,,; = 1,y — 71,
between consecutive oxygen atoms around a given molecule r; < r, <
o <1< 1y < < 1y < 3.7 A < ry,; where N is the number of oxygen
atoms that are within 3.7 A from molecule i. Thus, the LSI provides a
quantitative measure of the local structural environment surrounding
a given water molecule.
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