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ABSTRACT

Based on recent experimental data that can be interpreted as indicating the presence of specific structures in liquid water, we build and opti-
mize two structural models which we compare with the available experimental data. To represent the proposed high-density liquid structures,
we use a model consisting of chains of water molecules, and for low-density liquid, we investigate fused dodecahedra as templates for tetra-
hedral fluctuations. The computed infrared spectra of the models are in very good agreement with the extracted experimental spectra for
the two components, while the extracted structures from molecular dynamics (MD) simulations give spectra that are intermediate between
the experimentally derived spectra. Computed x-ray absorption and emission spectra as well as the O-O radial distribution functions of the
proposed structures are not contradicted by experiment. The stability of the proposed dodecahedral template structures is investigated in MD
simulations by seeding the starting structure, and remnants found to persist on an ~30 ps time scale. We discuss the possible significance
of such seeds in simulations and whether they can be viable candidates as templates for structural fluctuations below the compressibility

minimum of liquid water.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5100875

INTRODUCTION

Water is fundamental to life and our environment, where most
processes take place in the presence of water. It has attracted sig-
nificant attention due to its importance and the many unresolved
questions around the origin of its unusually large number of anoma-
lous properties.' * Recently, new experimental techniques based on
x-ray spectroscopy’ and x-ray free-electron lasers,” '’ as well as
improved theoretical simulation techniques,' "' have led to signif-
icant progress in our understanding. The recent data indicate the
existence of preferred local structural arrangements in the liquid,
which become increasingly well-defined upon supercooling.'”"”
However, no details of such structures are presently available.

The proposal that the origin of the anomalous behavior of
liquid water could be due to two different forms of the liquid, a

high-density liquid (HDL) and a low-density liquid (LDL), is of
particular interest in this context. The proposed coexistence line
between pure HDL and LDL ending in a critical point'® would, how-
ever, lie in a highly metastable region of the phase diagram, where
rapid crystallization makes experimental studies of the liquid phase
extremely challenging. The two different forms would be related to
the two amorphous ices, low-density amorphous (LDA) and high-
density amorphous (HDA), between which a first-order-like phase
transition in pressure has been observed."” *" Recently, this con-
nection was confirmed by following the transition using wide-angle
x-ray scattering (WAXS) as HDA was heated into the ultraviscous
regime and simultaneously using x-ray photon correlation spec-
troscopy (XPCS) in small-angle x-ray scattering (SAXS) geometry
to measure the diffusion constant.”’ Thus, the liquid-liquid transi-
tion has been evidenced directly in the ultraviscous regime, and in
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addition, pure LDL was recently reported upon rapid decompression
of ice VIIL.”

The dramatic increase in both compressibility and heat capacity
upon supercooling water was shown by Angell and co-workers”
to be well fitted by a power-law with divergence around 228 K,
consistent with a critical point. Recently, Nilsson and co-workers"
reported SAXS measurements down to 227 K on micron-sized water
droplets falling in a vacuum where a maximum, rather than diver-
gence, was found in the isothermal compressibility. This would
be consistent with crossing of the Widom line, i.e., the extension
beyond a critical point of the coexistence line into the single-phase
region.

There is thus mounting evidence for the liquid water phase dia-
gram being more complex than presumed, with two pure phases in
the metastable region leading to structural fluctuations which give
rise to the anomalous properties in the stable liquid region.”™ It
should be noted that the claim that the liquid-liquid coexistence
and transition reported in atomistic simulations'®*"** should only
be “putative” and rather a liquid-solid transition’* has now been
demonstrated to be incorrect.”*

Two-state behavior of liquid water is fully consistent with ther-
modynamics and, in fact, is a requirement for an equation-of-state to
reproduce the anomalous behavior of the thermodynamic properties
of water."”"* It is also consistent with the temperature depen-
dence of the isotropic Raman spectrum of the OH stretch in H,O
liquid which exhibits two peaks with an isosbestic point and transfer
of intensity between the two.”>*’"*’ The interpretation of isosbestic
points as indicating conversion between species has been criticized
by Geissler and co-workers,”"” but the criticism does not apply
in this case when the integrated intensity is independent of tem-
perature.”’ Neither does it apply to the infrared (IR) spectrum of
H,O since Maréchal has shown that the full (0 < # < 4000 cm™)
temperature-dependent spectrum can be decomposed as the
temperature-dependent sum of two temperature-independent spec-
tra;" since the two spectra are fixed and the sum of the mixing
coefficients is near constant, then any frequency where the spectra
have the same intensity will be a true isosbestic point in the con-
version between structural species. A very recent combined exper-
imental and simulation study reported similar conclusions for the
full Raman spectrum of liquid water."’

Further experimental indications of fluctuations between two
local structures are provided by optical Kerr effect measurements
of low-frequency modes," as well as by a wealth of studies using
x-ray absorption spectroscopy (XAS)**’** and x-ray emission spec-
troscopy (XES).” This assignment has been questioned and
debated,”””"®" where the most recent attempt to reconcile x-ray
spectroscopies with a continuous distribution™ attracted criticism
based on fundamental principles.”’ Thus, the scales seem to weigh
more and more over to the two-state picture.’ Indeed, the polariza-
tion dependence of the two peaks in the H,O Raman spectrum was
used by Scherer et al.*" already in 1974 to assign the low-energy peak
to tetrahedral symmetric structures and the high-energy peak to dis-
ordered local structures in a ratio of 1:3. A similar assignment in
terms of structures was 30 years later given by Wernet et al.” based
on XAS, and a similar ratio (1:2.5 + 0.5) has also been obtained from
XES.”

Additional information on the structure of liquid water is
obtained from recent high-precision measurements of the x-ray
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scattering structure factor out to very large Q-transfer (~26 A™")**"

allowing us to determine a benchmark O-O radial distribution
function (RDF) at ambient conditions.”” Furthermore, temperature-
dependent measurements showed peak structure out to ~17 A with
peak heights that varied, with some decreasing and some increasing,
when lowering the temperature toward supercooled conditions;”’
in particular, the connection between the minimum in isother-
mal compressibility and structural changes in terms of increased
tetrahedrality has been pointed out.” The temperature dependence
of the peaks at the intermediate and long range was analyzed by
Schlesinger et al.** in terms of a changing balance between HDL
and LDL local environments in the liquid. This was further elabo-
rated and connected to other experimental observations in a recent
review,”® and, in an accompanying study” in the present volume,
the peaks at the intermediate range in the O-O pair-distribution are
shown to become very sharp and well-defined upon supercooling
down to 235 K. However, apart from general statements, e.g., ice-
like and something else by Rontgen,” the proposed chains or rings
vs tetrahedral by Wernet et al.,” and tetrahedral vs disordered by
Scherer et al.,”* no specific structures for the tetrahedral compo-
nent in the size range of ~10 A radius as found experimentally”***’
have been established so far. However, we note the early proposal of
clathrate structures by Pauling’' and the observation by Walrafen’
that the Raman spectrum of clathrates is very close to that of super-
cooled water and the suggestion of clathrate structures by Yokoyama
et al.” from x-ray diffraction (XRD).

In the present work, we investigate the hydrogen bond topol-
ogy in terms of minimal ring-structures in water, simulated using
the TIP4P/2005 force-field,”* and note that pentagonal rings dom-
inate in the simulation when the temperature is decreased as
already discussed by Speedy in 1984.” The preference for pentag-
onal rings has been noted by Santra et al.”® for the LDL compo-
nent in simulated ambient water, and a discussion of pentamers
in liquid water was recently published by Mandziuk,”” although
a recent study by Martelli’”’ found significant contributions also
from hexagons. Tanaka has suggested that the preference for pen-
tagonal, rather than hexagonal, rings can frustrate ice nucleation.”
We thus build model structures using fused dodecahedra contain-
ing only pentagons to represent LDL and using chains of water
molecules to represent HDL, as suggested by Wernet et al.”* These
are then fully optimized based on density functional theory (DFT)
including van der Waals interactions, and the full infrared spec-
trum is computed for each model. These spectra are then com-
pared with the extracted temperature-independent spectra from
Maréchal.”’

The two constructed models are found to give spectra in close
agreement with the spectra from Maréchal, while a sampling of
structures taken from the simulation to represent either HDL or
LDL local environments does not. We furthermore compare the
total energy of the 103-molecule clathratelike dodecahedral clus-
ter with a sampling of similarly DFT optimized 103-molecule clus-
ters taken from a simulation using the TIP4P/2005 force-field, and
among these structures, as well as for a 103-molecule ice Ih clus-
ter, the clathratelike is lowest in energy. We do not expect that these
specific structures are likely to spontaneously appear in any finite-
length, finite box size simulation of water and instead seed simula-
tions with such structures and investigate how long they can persist.
We propose that clathratelike structures, similar to the here studied
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fused dodecahedra, can represent the LDL local structures in real
water as templates around which fluctuations occur, while chains
can represent the HDL-like structures.

METHODS
Models

The chain model (Fig. 1a) was based on the NE/S/E/SW struc-
ture model of high-density solid water (HSW) of Anick.'” This has
a layered structure with H-bonded chains of molecules, where the
compass-based acronym specifies the directionality of H-bonding
in and between layers."”’ From this structure, nine chains of eight
molecules each were extracted, with the central chain fully embed-
ded by the neighboring chains. The density (1.40 g/cm?) of the orig-
inal HSW model was adjusted to ~1.1 g/cm’ to mimic an expected
density difference between HDL and LDL of ~20%. In the optimiza-
tion, the oxygen in molecules terminating each end of the chains was
fixed to avoid collapse of the model.

The model of LDL has a central dodecahedron to which seven
additional dodecahedra were fused to generate a cluster consisting
of a total of 103 molecules, which was fully geometry optimized
(Figs. 1b and 1c). To compare with local structures extracted from
a molecular dynamics (MD) simulation, we used an NVT simula-
tion of ambient TIP4P/2005 water’' from which we selected four

FIG. 1. (a) Optimized chain model. The oxygens terminating each chain have been
fixed in position during the optimization, while all other atoms were free to move.
(b) Optimized structure of fused dodecahedra with (c) the outline of the structure
for better visualization.
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103-molecule structures based on the local-structure index (LSI)""!
characterization in the real structure (i.e., including temperature)
as either strongly HDL-like (LSI < 0.002 A?) or strongly LDL-like
(LSI > 0.20 A?). The LSI order parameter measures the degree of
order out to the second hydration shell in the O-O pair-distribution
function. The same number of molecules as for the fused dodeca-
hedra was used in order to allow a comparison of total interaction
energies. The clusters were built using the 102 nearest neighbors
to the selected molecule that fulfilled the LSI criterion in the snap-
shot. In addition, we extracted from the simulation three additional
structures, where not only the central molecule was classified as
HDL or LDL according to the LSI criterion but also the immediate
neighbors.

Structure optimization and infrared spectra

The geometry optimizations and infrared spectrum calcu-
lations were performed using Gaussian 16'"* with the 6-311G*
basis set and the wB97XD range-separated functional,'”” which
includes an estimate of dispersion. The models were further-
more embedded in a polarizable medium using the SMD reaction
field'"* to reduce edge effects and better mimic potential struc-
tures in the liquid. The optimized structures of the model chains
and fused dodecahedra are shown in Fig. 1, and coordinates are
given in the supplementary material. To compare with hexago-
nal ice Th, a cluster of 103 molecules was furthermore extracted
from a perfect ice lattice and optimized using the same proce-
dure including embedding in polarizable medium. To maintain
the ice structure of the cluster, it was, however, found neces-
sary to fix the oxygen in 25 of the molecules terminating the
structure.

X-ray spectroscopy calculations

XES and XAS spectra were computed for the chain and dodec-
ahedral models including all 72 water molecules in the case of the
chain model and 103 water molecules in the case of the dodeca-
hedral structure. Both for the chains and dodecahedra, the spec-
trum contributions were computed only for the central, fully coor-
dinated molecules, i.e., six molecules for the chains and eight for the
dodecahedra.

The XAS spectra have been obtained using a complex polar-
ization propagator in combination with Kohn-Sham DFT electronic
structure theory (CPP-DFT)'">'"* as implemented in the Dalton
code.'” The used exchange-correlation functional was CAM-
B3LYP'"" with modified parameters (i = 0.33, a = 0.19, and f = 0.81)
which ensures correct asymptotic behavior of the long-range
Coulomb interaction between the excited electron and remaining
positive molecular core. These functional parameters have demon-
strated good accuracy in reproducing the XAS spectrum profile
for a series of small molecules.””'"’ The oxygen in the excited
water molecule was described with the IGLO-III [7s6p2d]'"" basis
set, while for the hydrogens (including the six nearest neighbor
molecules) the IGLO-II [3s1p]''" basis was employed. The remain-
ing oxygens were described via an effective core potential (MWB)'"*
in order to uniquely define the core-excited molecule. The oxy-
gens in the six closest neighbor molecules were described by a
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triple-{ [3s3pld] basis set obtained from the corresponding
double-{ MWB basis set'” by uncontracting the third primitive
Gaussian function in the first contracted Gaussian orbital and
adding a d-function with exponent 0.7. For the remaining molecules,
a double- [2s] basis set'” was used to describe hydrogens and
the MWB [2s2p] double-{ basis set'”” with the last p-function
removed was employed for oxygens; using smaller basis sets on
the surrounding molecules reduces the computational cost sig-
nificantly without affecting the accuracy of the spectrum simu-
lations."" In order to improve the spatial sampling of extended
excited states, the basis set on the core-excited water molecule was
extended by adding the 19519p19d augmentation basis set''” con-
taining very diffuse s, p, and d exponents. A common life-time
broadening parameter y = 1000 cm™ (0.124 V) has been uti-
lized for all excited states. The calculated excitation energies are
too low in comparison with the experiment due to the approximate
exchange-correlation functional resulting in self-interaction error.
Due to this, the computed XAS spectra were shifted using a con-
stant shift around 15 eV in order to fit the experimental pre-edge
position.

The XES spectra have been calculated using time-dependent
density functional theory (TD-DFT)'' within the Tamm-Dancoff
approximation,'”” as implemented in the Q-CHEM code.'"® The
excitation energies and oscillator strengths were computed as deex-
citations from valence states into a core hole at the selected 1s oxygen
orbital. The oscillator strengths were convoluted with a Lorentzian
with 0.18 eV full width at half maximum to obtain a continuous
spectrum. The B*LYP functional with X = 0.66 giving the fraction of
Hartree-Fock exchange was used which has been specially optimized
for XES calculations for second row elements.'”” The water molecule
for which XES was computed was described by the IGLO-III basis, "'
which is specially designed to improve the core orbital description.
The remaining molecules were described using the Pople 6-31G
basis set.'”’

Molecular dynamics simulations

To investigate the stability of the dodecahedral clusters and the
effect of temperature on their radial distribution functions, gas phase
MD simulations were performed using the GROningen MAchine for
Chemical Simulations (GROMACS)"*' and the TIP4P/2005 force-
field.”* The simulations were performed with a time step of 1 fs and
in double-precision mode to improve conservation of energy which
reduced the drift to 0.0008 (kJ/mol)/ps. Additional clusters of 119
and 142 molecules were constructed by adding more dodecahedra
in order to extend the O-O pair-distribution function to longer dis-
tances to compare with the experiment on the liquid. The structures
were first energy-minimized to obtain the initial bond-distances rel-
evant for the force-field. Gas phase simulations were performed for
the dodecahedral clusters of 119 and 142 molecules using an initial
energy minimization at 0 K. This was followed by NVT simulations
at 100 and 200 K for 200 ps followed by 20 ps in the NVE ensemble
which is enough to obtain a converged RDF.

To investigate the stability of the dodecahedral structure in
simulations of water, we solvated the dodecahedral cluster of 142
TIP4P/2005 molecules into TIP4P/2005 water. The dodecahedral
cluster was placed in the center of a cubic box with 10.765 nm side.
This also ensures that the cluster does not interact with its periodic
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images. Then, we filled the box with water molecules using a GRO-
MACS standard procedure, which also removes overlapping water
molecules based on the atoms’ van der Waals radii. The final den-
sity of this system, containing 40 988 solvent water molecules plus
the 142 composing the dodecahedra, is 985.2 kg/m’. For the sol-
vated dodecahedral cluster, we first equilibrate the solvent around
the cluster. This is done in the NPT ensemble by applying a position-
restraining force on the atoms of the cluster, for 1.7 ns at 250 K and
1 bar. The position restraint allows us to equilibrate the solvent water
around the dodecahedral cluster without causing structural changes
on it during this step, unless an energy penalty is paid. The equili-
bration of the solvent is monitored through the convergence of the
potential energy toward a steady value which was 51.13 kJ/mol per
molecule in agreement with the 51.129 kJ/mol per molecule in a bulk
simulation of 45000 molecules at the same thermodynamic condi-
tions.'”” The temperature was controlled by the velocity-rescaling
algorithm'*’ with a time constant of 0.01 ps and the pressure by
the Berendsen method'”* with a time constant of 0.2 ps. The out-
put configuration, with a box side of 10.734 nm, was used to run an
NVT simulation at 250 K for 50 ps to follow the rearrangement of
the cluster (i.e., without position restraint). We decided to perform
this run in the NVT ensemble because under NPT conditions the
coordinates of the template cluster would be directly rescaled, which
would in turn lead to perturbation of its structure due to the external
influence of the barostat.

Topological ring analysis

A graph-theoretical characterization of TIP4P/2005 water was
performed with an implementation of a recursive ring-search algo-
rithm to determine the ring-statistics in the simulated liquid, i.e.,
the shortest closed loops leading back to the selected H-bond donor
molecule. The hydrogen-bond (H-bond) adjacency matrix, where
the H-bonds are defined using the cone criterion of Wernet et al.,”
or alternatively a 3.5 A/30° criterion, was established for frames from
molecular dynamics simulations of N = 512 TIP4P/2005 molecules
at a pressure of P = 1 bar and temperatures of T = 200-350 K
in steps of AT = 30 K and of proton-disordered hexagonal ice at
T = 70 K. The simulations were run for 1 us for T = 200-230 K
and 500 ns for T = 240-370 K. This is more than sufficient to con-
verge structural properties, although dynamical properties below the
Widom line (230 K for TIP4P/2005) require longer simulations to
converge.”"

Starting from an initial molecule, an H-bonded neighbor is
identified from the adjacency matrix. The algorithm then tests
this neighbor for H-bonds connecting back to the initial molecule,
excluding the latest H-bond instance. This simple scheme is called
recursively until either a ring is closed or a given maximum iteration
depth is reached, typically ten iterations. The same characteriza-
tion in terms of rings was performed on the dodecahedra solvated
in water along the NVT run. Configurations of 350-450 molecules
composed by the dodecahedra and the solvation water molecules
within 0.4 nm from the dodecahedra were selected along the NVT
run for t = 0, 5, 10, 20, 30, 40, and 50 ps. For a given time, the
ring-distribution has been averaged over 10 frames spaced by 100 fs,
i.e., 0-0.9 ps, 4.5-5.5 ps, 9.5-10.5 ps, . . ., 49.1-50 ps. For reference,
10 bulk configurations of 375 water molecules simulated at similar
conditions were also analyzed.
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RESULTS
H-bond topology

Figure 2 shows the normalized histograms of smallest ring sizes
found in the simulation of equilibrated TIP4P/2005 water as a func-
tion of temperature. Evidently, the five-ring frequency, rather than
hexagons, is most prominent in the simulated liquid and becomes
even more pronounced upon supercooling, while the distribution
becomes narrower. This result is not unexpected considering the dif-
ficulty to nucleate hexagonal ice in simulations. For ice Ih, the small-
est rings that molecules are part of are exclusively six-membered
rings, as expected. The result is robust against changes in the H-bond
definition. This forms the basis for exploring more extended struc-
tural models based on pentagonal subunits and determining whether
such models can be excluded based on existing experimental
data.

We note that a constraint is that the constructed structures
must be distinct from templates that can nucleate space-filling
growth, since such structures in the liquid could otherwise act as
seeds for crystallization below 0°C, which would be inconsistent
with deep supercooling of water. The strictly pentagonal, fused
dodecahedra modeled here fulfill this criterion since, as the struc-
ture is extended, more and more angular strain is built up preventing
further growth.

Computed infrared spectra

In Fig. 3, we show the computed IR spectra of the chains and
fused dodecahedra in comparison with the HDL and LDL spectra
extracted from the experiment by Maréchal.”” We justify this way of
computing IR spectra from optimized structures by the temperature
independence of the two, experimentally extracted, spectra.

Focusing on the OH-stretch region (3000-3700 cm™), the
experimentally extracted LDL and HDL spectra show clear differ-
ences with a significantly higher cross section for the tetrahedral
LDL component, together with a red-shift reflecting the enhanced

6—o 350K
F 320K
290K
08l 0—o 260K .
0—o 230K
L 200K 6—o0 200K
o
]
> 0.6
o
g
&=
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2
&
T 04

0.2
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FIG. 2. Relative occurrence of shortest loops as a function of temperature in sim-
ulations of TIP4P/2005 water. Pentagonal subunits dominate at all temperatures
but become more enhanced at supercooled conditions.

ARTICLE scitation.org/journalljcp

F — Marechal LDL 1
—— Marechal HDL
L —— Chains HDL _
Dodecahedra LDL

Intensity (a.u.)

) .

0 1000 2000 3000 4000
Energy (cm-!)

FIG. 3. Comparison of computed IR spectra for chain model (chains HDL, blue)
and fused dodecahedra (dodecahedra LDL, green) with spectra extracted from
the experiment for HDL (red) and LDL (black) from Ref. 46.

H-bonding. This is very well reflected by the models, where the OH-
stretch spectrum of the fused dodecahedra closely follows the exper-
imentally derived LDL spectrum and the chain-model that of the
HDL with significantly lower intensity and an overall blue-shift. The
spectrum comparison is limited in the sense that the temperature of
the optimized structures corresponds to 0 K and only one specific
structure, albeit with 103 and 72 molecules for the fused dodecahe-
dra and chains, respectively. We conclude for the OH-stretch that
the two models are not inconsistent with the experimentally derived
spectra.

For the bend around 1600 cm ™!, we find that the models give a
blue-shift compared to the experiment and also that the intensity
relationship is reversed; where the experimentally derived spectra
have a slightly higher intensity for the HDL contribution, we instead
find a slightly higher intensity for the fused dodecahedra (LDL
model). The combination bands around 2000-2200 cm™" is natu-
rally absent in the computed spectra, which are obtained within the
harmonic approximation and thus do not include coupling between
modes. A closer analysis of this region in the spectra extracted by
Maréchal shows enhanced intensity in the combination band for the
extracted LDL spectrum than for HDL which indicates a stronger
anharmonic coupling between the bend and librational modes in
the case of LDL. This thus provides a plausible explanation of the
reversed intensity ratio for the bend since intensity transfer from
the bend to the combination band is not included in our spectrum
calculation.

Turning to the librational (500-1000 cm™") and lower-energy
collective H-bond-related modes, these are known to be not well-
represented in a harmonic approximation, and thus only a qual-
itative comparison between computed and experimentally derived
spectra can be made in this region. However, we note that the shape
and relative positions of the contributions from the models exhibit
the trends of the experimentally derived spectra. Thus, the libra-
tional peak of the fused dodecahedra is found at higher energy than
for the chain model, although the shift is significantly smaller than in
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the experiment. We note further that the dodecahedral model shows
a well-defined peak around 300 cm™ which corresponds to the
experiment for LDL around 200 cm™". In qualitative agreement with
the experiment, the chain model exhibits a peak at lower frequency
than for the dodecahedral model, albeit blue-shifted compared to the
experiment.

We argue that at ambient conditions these very low-lying
modes (20-200 cm™") will be highly excited and contribute to a soft-
ening of the H-bond network, which should contribute to bringing
down the frequencies that are below 1000 cm~! in the models, if
temperature were included. The most significant conclusion from
the present comparison is thus the close, semiquantitative agree-
ment for the OH-stretch between the models and the experimentally
derived spectra, while for the low-energy region we note a qual-
itative agreement in terms of the shapes and relative shifts of the
spectra.

An important question is how these model structures relate
to structures obtained in simulations of the liquid. If one selects
structures from the simulation based on their local structures, char-
acterized as either strongly HDL or strongly LDL (see the section
titled Methods) using the LSI value for the central molecule, will
they then conform to the spectra of the models above? Here we
use TIP4P/2005 force-field”* MD simulations at ambient conditions
and extract two structures for each of strongly HDL and strongly
LDL based on the central molecule. These structures were then opti-
mized at the DFT level as described in the section title Methods,
and the obtained spectra are shown in Fig. 4 in comparison with the
experimentally derived spectra.

It is clear that, despite widely different LSI values for the central
molecule in the temperature-dependent instantaneous structure, i.e.,
LSI < 0.002 A? for HDL and LSI > 0.20 A? for LDL, they all give
very similar spectra when optimized which is consistent with earlier
suggestions™ """ that the structural distribution in MD simulations

T T T T T T

— LSIHDL 1
LSILDL 1
— LDL Expt
— HDL Expt
LSILDL 2
— LSIHDL 2

Intensity (a.u.)

0 1000 2000 3000 4000
Energy (cm-1)

FIG. 4. Computed IR spectra for four optimized 103 molecule structures extracted
from a TIP4P/2005 MD simulation. The selection was based on the LS| value of
the central molecule as either very disordered (LS| HDL, blue) or very tetrahedral
(LSI LDL, green). The spectra extracted from the experiment for HDL (red) and
LDL (black) from Ref. 46 are included as a reference.
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corresponds to an average between the two extremes suggested by
experiment 700892120 4 d by thermodynamics.*

Focusing on the OH-stretch peak, the resulting spectrum seems
intermediate between the experimentally extracted contributions.
The remaining features (bend, librations, and low-frequency modes)
of the computed spectra all collapse onto very similar features and
intensities which motivated using the same color blue for the two
HDL and green for the two LDL structures. It should be noted that
both original HDL structures remained as HDL (LSI < 0.02 A?) after
optimization, while one of the LDL structures became more HDL-
like (LSI 0.05 A%) and the other remained as well-defined LDL (LSI
0.28 A%).

We next sample three additional structures from the simula-
tion, where not only the central molecule but also its four nearest
neighbors fulfills the LSI criterion as being either HDL or LDL-
like. Also in this case, the spectra collapse onto each other and onto
the spectra in Fig. 4 (see the supplementary material), thus repre-
senting more of an average between the experimentally extracted
temperature-independent spectra. This is consistent with, e.g., the
simulated Raman OH-stretch spectrum using the MB-pol force-
field,"”"'* which reproduces the shift toward lower frequency with
decreasing temperature, but lacks the bimodality observed experi-
mentally.”” Also from x-ray emission spectra computed based on
snapshots from simulations, it has been proposed that the obtained
simulated structure represents a structural average of the fluctuating
species in real water.'”

X-ray spectroscopy

In Fig. 5, we show the nonresonant XES spectra computed for
the central molecules in the optimized chains and the 103-molecule
dodecahedral structure. For the chains, we have also included the
spectrum computed for the structure simulated using TIP4P/2005

R — dodecahedra 1b1
chains
1.2 1 —— chains with temperature

3a,
1.0 1 1b, ‘
0.8

0.6

0.4

0.2 1

0.0

518 520 522 524 526 528
Photon energy, eV

FIG. 5. Computed XES spectra for fully coordinated molecules in the dodeca-
hedral cluster (blue) and chain model with (green) and without (orange) effects
of temperature. The computed spectra were area-normalized between 515 and
530 eV.
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at 200 K to include some disorder due to temperature; as when opti-
mizing the structure, the terminating oxygens in the chains were
kept fixed.

The spectral features are sharp due to the neglect of vibra-
tional interference effects'”"'"** or core-hole-induced dynamics'’”
due to proton delocalization along the H-bonds during the ~4 fs'**
core-hole life-time. In earlier studies, >”'*® we have shown that the
peak positions in the 1b; lone-pair region, already without includ-
ing these effects, are representative of the peak positions with these
effects included, although the shape of the peaks will be affected
by the dynamical effects. We note that the bonding 1b, and 3a;
orbitals in the experiment become strongly broadened due to the
dynamics, but the nonbonding 1b; lone-pair remains sharp.”**"*’
In liquid water, the lone-pair region exhibits two sharp peaks with
temperature-dependent relative intensity >*’ **'** where the peak at
lower emission energy has been assigned to tetrahedral (LDL) struc-
tures and the peak at higher emission energy to disordered (HDL)
structures.””*"**'*>1** The chains (HDL) and dodecahedral (LDL)
models considered here are consistent with this assignment, with
the chains giving the 1b; peak at higher emission energy and the
dodecahedra giving the computed lower emission energy. A direct
comparison with the experiment would require a significantly bigger
sampling of structures within these structural classes and inclusion
of dynamical effects, which at present becomes prohibitive for these
size structures. We thus limit the discussion to a qualitative com-
parison, but note that including temperature in the chains model
(Fig. 5) broadens the 1b; peak and gives a shift toward higher energy
which is consistent with the experiment and indicative of a looser
HB network when the liquid is heated. Alternative interpretations
of the experimental spectra in terms of one peak due to dissociated
and the other to intact molecules™ or one peak of 3a; symme-
try and the other 1b,">"""""” have been disproven experimentally
by direct measurements of the contribution from dissociation' "’
and by measurements of the orbital symmetry of the two lone-pair
peaks." 3,64

In Fig. 6, we show computed XAS for the two models in com-
parison with the experimental benchmark XAS spectrum obtained
in transmission by Nilsson and co-workers.”’ There are three spec-
tral regions of interest which are the sharp pre-edge around 535 eV,
the main-edge close to 537 eV, and the broad postedge at 541-
542 eV. Upon heating the liquid, the intensity at the pre- and main-
edge increases, consistent with assigning these features to broken or
weakened H-bonds.”” On the other hand, the intensity at the post-
edge decreases when the liquid is heated, which is consistent with
the loss of the tetrahedral structure, since the postedge dominates in
XAS of hexagonal ice.

The computed spectra of the chain and dodecahedral models
are qualitatively consistent with this assignment with a higher pre-
edge intensity for the chain model, particularly when temperature is
included, although in comparison with the experiment the intensity
is strongly underestimated. The dodecahedral model gives a dom-
inant contribution at the proper position in the postedge region
where the inclusion of a sampling of the O-H stretch distribution
(not included here) has been shown to significantly broaden the
sharp postedge peak.'*"'** Both models contribute to the main-edge
where we note that the chain model contribution is enhanced when
thermal disorder is included. Due to the high computational cost
in computing XAS on the 103-molecules cluster, it was not feasible
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FIG. 6. Computed XAS spectra for fully coordinated molecules in the dodecahedral
cluster (black) and chains with (red) and without (green) temperature compared
with the experimental XAS spectrum of ambient liquid water measured in trans-
mission from Ref. 49. Computed XAS spectra were area normalized between 535
and 546 eV and scaled for comparison with the experiment.

to directly investigate the effect of temperature on the spectra of the
fused dodecahedra. However, introducing disorder through temper-
ature can be expected to significantly broaden the sharp main-edge
and further broaden also the postedge in the computed spectrum.
Here, it should also be noted that including the quantum mechan-
ical O-H distance probability distribution has been shown to be
imp}(ﬂ'ﬁpt for obtaining the correct width of spectra of hexagonal
ice. "

We conclude that the two structural models cannot be excluded
from consideration as structures in real water based on the com-
puted XES and XAS spectra, although to represent the spectrum
of the liquid a significantly larger sampling should be performed
and, in particular, including more disordered structures which give
greater contributions to the pre-edge. The temperature, 200 K,
used here for the chains is below the Widom line, 230 K, of the
TIP4P/2005 model and thus corresponds to very deeply supercooled
water which enhances H-bond interactions that quench the pre-edge
intensity.”>”**>'** The simulation of the chains was done in a vac-
uum and using the TIP4P/2005 force-field, which necessitated using
this very low temperature to avoid evaporation.

O-0 radial distribution function

In Fig. 7, we compare the O-O RDF for liquid water and
the dodecahedral clusters simulated using TIP4P/2005 in order to
include temperature. The simulations were done for two sizes of
clusters, 119 and 142 molecules, in order to extend the RDF to
intermediate-range distances that in the experimental RDF show
peaks that become more prominent and well-defined at lower tem-
peratures."”" These are, in particular, the second shell at ~4.5 A, the
fourth at ~8.5 A and the fifth at ~10.7 A.">* These can be associated
with the LDL component in the liquid which becomes more abun-
dant and structurally well-defined at lower temperatures, providing
specific peaks on the less-structured background of more disordered
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FIG. 7. Comparison of O-O distance distributions in liquid water at 254 K (light
blue) from Ref. 86, at 234.8 K (orange) from Ref. 13, hexagonal ice (magenta),
and 119 (cluster small) and 142 (cluster big) molecule dodecahedral clusters at
100 and 200 K simulated using the TIP4P/2005 force-field.

HDL contributions to the RDF. In Fig. 7, we include a comparison
with the peak positions in hexagonal ice Ih which clearly shows that
possible hexagonal, icelike local structures in the liquid must be lim-
ited in size to at most the second shell, i.e., 4.5 A since the hexagonal
structure gives peaks at ~5.2 A and around 8 A where the measured
liquid water O-O RDF exhibits minima. Thus, this motivates the
search for alternative structural templates, such as the here studied
dodecahedral clusters.
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The peaks that, based on the behavior as a function of tem-
perature, can be assigned to LDL-like local structures in the liquid
are the second, fourth, and fifth shells for which the dodecahedral
models show a good representation in terms of peak positions. In
particular, the second and fourth shells are in excellent agreement
with the experiment, although the latest data obtained for water at
234.8 K" indicate a slightly shorter distance for the fourth peak than
obtained in the present simulations based on the dodecahedral clus-
ters. The fifth peak in the simulations of the dodecahedral clusters is
found at ~0.5 A shorter distance than the experiment. However, it
should be noted that these simulations were performed for the iso-
lated clusters in the gas phase and molecules at these separations will
be close to the edges of the cluster which may lead to contracted
distances.

Energetics

A more stringent test of the hypothesis of specific template
structures in the liquid will be provided by investigating their persis-
tence and stability as solvated in an aqueous environment. In Table I,
we compare the stability of the 103-molecule dodecahedral structure
with that of the four similarly optimized 103-molecule clusters with
the central molecule in the LDL and HDL environment extracted
from the TIP4P/2005 simulations; the other three structures which
are even more stringently HDL or LDL in terms of also the nearest
neighbors falling in the same category give very similar results.

We find that the dodecahedral structure is the lowest in energy
at all levels of calculation presented in Table I. All structures were
optimized at the wB97XD ab initio DFT level embedded in a polar-
izable medium as described in the section titled Methods. For com-
parison with the TIP4P/2005 and MB-pol results (columns 1 and 2),
we also report the wB97XD energetics computed in the optimized
geometry but without the polarizable medium in column 3.

TABLE I. Computed relative energetics of the clusters with 103 molecules as fused dodecahedra and the two LDL and two HDL structures from Fig. 4 and a model of hexagonal
ice. Energetics are also obtained using the TIP4P/2005 and MB-pol force-fields without polarizable medium for the wB97XD optimized structures. As comparison, the wB97XD
single-point energy without SMD embedding is given together with the total dipole moment of each structure (in italics, Debye). wB97XD gives the relative energies computed
with the wB97XD functional and SMD embedding. The additional columns give energies with corrections as indicated. All energies are in eV.

Sum of electronic Sum of electronic Sum of electronic

TIP4P/2005 MBPol wB97XD No wB97XD and zero-point and thermal and thermal free

Structure (eV) (eV) SMD (eV/D) (eV) energies (eV) energies (eV) energies (eV)

Dodecahedra 0.0 0.0 0.0 0.0 0.0 0.0 0.0
13.54

LDL-1 5.24 4.66 6.20 1.17 1.19 1.42 0.98
39.15

LDL-2 5.27 4.58 5.62 1.28 1.20 1.50 0.93
26.74

HDL-1 5.60 5.05 6.54 1.28 1.19 1.51 0.99
26.04

HDL-2 5.55 5.18 6.70 0.74 0.78 0.98 0.65
38.91

Ice Th . . .. 3.83 2.14 (1.28)° I

* Approximate due to imposed constraints.
Not comparable due to imposed constraints.
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As is clear from Table I, there is a very large difference in
gas phase stability between the dodecahedral cluster and the other
optimized structures with the same number of molecules. For the
wB97XD calculations, the alternative structures lie between 5.6 and
6.7 eV higher in energy. TIP4P/2005 gives a similar picture with a
span between 5.2 and 5.6 eV and MB-pol as well, but with somewhat
smaller energy difference 4.6-5.2 eV. It is thus clear that the dodeca-
hedral structures constitute low-energy configurations compared to
those extracted from the simulations, but it has not been possible
in the present work to explore all possible H-bond arrangements to
find global minima in each case. We note that already for a single
dodecahedron of 20 molecules there are more than 32 000 isomers
in terms of H-bond topology'** and these span a significant range in
energy.' "’

Characteristic for the dodecahedral cluster is that, compared
to the alternative structures, the total dipole moment is quite small,
13.54 D (Table I), compared to 26-39 D for the other structures. The
embedding in a polarizable medium thus brings down the energy
differences significantly (Table I, column 4) to between 0.7 and
1.3 eV. Including also zero-point corrections makes no significant
difference while including thermal corrections bring the energy dif-
ferences down to between 0.6 and 1 eV. Interestingly, we find that
also a cluster of 103 molecules cut out from hexagonal ice and
energy-minimized at the same level of theory represents a higher
energy than the fused dodecahedra (Table I). We emphasize that
adding additional dodecahedra to make a third shell of dodecahe-
dra introduces strain that hinders further growth of such structures
in contrast to the growth of hexagonal templates. Per molecule,
the energy differences between the dodecahedra and the other
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structures are very small, but for the agglomerate of 103 molecules it
is significantly larger than kT at room temperature and might thus
be significant and provide a kinetic hindrance to ice nucleation as
pentagonal structures must be converted to hexagonal for unlimited
growth in nucleation of ice.”” Our next step is then to investigate,
using the TIP4P/2005 force-field as an approximation, for how long
the dodecahedral clusters can survive in a solvation environment of
equivalent molecules.

Dodecahedra in simulated water

In Fig. 8, the dodecahedral cluster solvated in TIP4P/2005 is
shown at different times along the NVT simulation which was pre-
pared as described in the section titled Methods. When the pressure
of the system fluctuates, the average along the simulation is 26.8 bars,
which may contribute to destroying the dodecahedral cluster. The
ring statistics of the dodecahedral cluster and surrounding molecules
are shown in Fig. 9, together with the bulk distribution at the same
temperature. At the beginning of the simulation, the fraction of five-
rings is much higher than the bulk, as expected, since the dodeca-
hedral structure is still visible by visual inspection of the snapshot.
The occurrence of five-ring members decreases with time, reaching
the bulk value at about 20 ps. We can regard this time as the inter-
val of time during which the dodecahedral seed cluster remains or
the time required for this structural fluctuation to return to the aver-
age structure of water at that thermodynamic condition. At 30 ps,
the total distribution is close to that of the bulk simulation also
in terms of the other ring-members, i.e., four- and six-membered
rings.
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FIG. 8. Snapshots of the dodecahedra (blue) at different time-frames. HBs between molecules composing the dodecahedral cluster are shown as dotted lines. Solvent water
molecules within 0.4 nm from the dodecahedra molecules are shown (red and white). Pressure along the NVT simulation of the solvated dodecahedra in water.
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FIG. 9. Ring statistics within the volume seeded by a cluster of fused dodeca-
hedra as a function of time compared to the average ring statistics of simulated
TIP4P/2005 water (red).

DISCUSSION AND CONCLUSIONS

Clathratelike structures as tetrahedral templates have been sug-
gested earlier,” ”>”>'**'*” but abandoned since the resulting den-
sity was considered to become too low. In order to correct this,
Pauling’ included a central molecule in the cavities and Yokoyama
et al."” added molecules to the facets, which resulted in the pen-
tagonal facets converting to trimers. However, as can be expected of
water in a picture of fluctuations between HDL and LDL, there are
both a maximum and a minimum in the density.”*'*’ Considering
both HDL and LDL to be normal, simple liquids for which the den-
sity increases continuously upon cooling,” the density maximum
is easily understood as the point where fluctuations into LDL-like
structures become frequent enough to offset the density increase of
the HDL component. Similarly, the density minimum results when
the liquid has been converted to predominantly LDL, which then
densifies upon further cooling.

The solvation of our proposed structure, the dodecahedral clus-
ter, shows a stability around 20-30 ps in the bulk during the MD
simulations. There are several possible reasons for this limited life-
time. First, it could be that the proposed template, despite the very
good agreement with both IR data and the O-O RDF at low tem-
perature and the compatibility with the x-ray spectroscopic data, in
reality does not play a role in real water and the simulations actually
reflect this fact.

On the other hand, even though experiments indicate the pres-
ence of specific, preferred structures, the time scale of the fluc-
tuations between the two species in real water is at present not
known, which makes it difficult to directly comment on the abso-
lute value of the lifetime that we find. Density fluctuations in water
on length-scales that depend on temperature have been reported
based on small-angle x-ray scattering (SAXS) and assigned to struc-
tural fluctuations.””"”"'**'*” Such fluctuations are discussed in a
recent study using simulations of several supercooled and viscous
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liquids,"”’ where deviations from the expected Gaussian distribution
were found in some cases for specific k-vectors in the simulation,
corresponding to symmetry on different length-scales. Such symme-
tries, or preferred local structures, have been discussed in the case of
water or waterlike models in the vicinity of the glass transition by a
number of authors.””" ">

Assuming that the here discussed dodecahedral structures can
be representative of LDL fluctuations in liquid water, they must still
be considered to be extremely unlikely to appear through statisti-
cal fluctuations in MD simulations. This is due to the extremely
large number of ways, ~32 000 for a simple dodecahedron,"**'*° to
arrange the H-bond network, where only a smaller fraction leads to
favorable stabilization. Thus, in the present work, we have investi-
gated seeding of the simulation with one such structure and we find
remnants of the structure up to ~30 ps. However, there are many
questions about our results. Had the seeded cluster been found to be
stable over the length of the simulation, it would have been appar-
ently more convincing, but still not a definite proof as the force-field
might be considered to bias the simulation. Similarly, the limited sta-
bility of the template in the present investigation cannot be taken as
proof that such templates can be excluded.

One concern here is the fluctuations in pressure in the sim-
ulations, which are due to the limited box size. These may artifi-
cially destabilize any specific structures, which in a simulation with
smaller pressure fluctuations, would be found to be stable on a longer
time scale. This, however, might require simulations with millions
of molecules to alleviate pressure fluctuations in the equilibrated
simulation box.

Another concern is whether the applied simulation model pro-
vides a balanced description between different structural species in
simulated water. For instance, TIP4P/2005 is known to not repro-
duce the correct ratio between HDL and LDL structures at ambient
conditions as defined by the LSI order parameter and lacks clear
bimodality leading to a potential underestimation of LDL templates
in the simulation which may influence the persistence of intro-
duced templates; we note, however, a clear bimodality in the inher-
ent structure (i.e., when quenched to 0 K) using the same order
parameter. 7

In the future, it would be worthwhile to adopt the same MD-
protocol to study dodecahedral clusters also with potentials giving
more or less structure, in order to see the effect of the model on the
lifetimes of such templates. Another point connected to the den-
sity and the pressure is that, if in the simulation box there is an
LDL structural fluctuation, there should also be HDL fluctuations
such that the density of the system is the equilibrium density. A
proposed structural fluctuation could thus in general not be stable
inside the liquid, but it could be when more structural fluctuations
are present, which, however, would necessitate significantly larger
simulations with more reliable force-fields than have been possible
for the present investigation.

The proposed dodecahedral templates for LDL fluctuations
may seem contradicted by experience from traditional MD simu-
lations and the present picture of water, but would be consistent
with spectroscopic (IR, Raman, XAS, and XES) as well as scat-
tering [XRD'"*** and extended x-ray-absorption fine structure
(EXAFS)'""] data and would furthermore provide simple explana-
tions of the enhanced solubility of nonpolar gases (N, and O,) below
the compressibility minimum and the further increase around 20 °C
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as low-density tetrahedral templates grow and can accommodate
them.

SUPPLEMENTARY MATERIAL

See supplementary material for coordinates of the optimized
structures and computed IR spectra of the additional HDL and LDL
structures.
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