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Abstract: Molecular dynamics NVE simulations have been performed for five thermodynamic states of water including ambient, sub- and
supercritical conditions. Clustering of molecules via hydrogen bonding interaction has been studied with respect to the increasing
temperature and decreasing density to examine the relationship between the extent of hydrogen bonding and macroscopic properties.
Calculations confirmed decrease of the average number of H-bonds per molecule and of cluster-size with increasing temperature and
decreasing density. In the sub- and supercritical region studied, linear correlations between several physical quantities (density, viscos-

ity, static dielectric constant) and the total engagement of molecules in clusters of size k > 4, P,_,, have been found. In that region

there was a linear relationship between P, _,

and the average number of H-bonds per water molecule. The structural heterogeneity

resulting from hydrogen bonding interactions in low-density supercritical water has been also discussed.
Keywords: Hydrogen bonds « Supercritical water « Molecular clusters * MD simulation
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1. Introduction

The ability to form large molecular clusters, in which
molecules are continuously connected via hydrogen
bonds, is a characteristic feature of highly associated
liquids. On the other hand, it is commonly known that
macroscopic properties like viscosity, static dielectric
constant, heat capacity, compressibility or diffusivity
strongly depend on temperature and density of
associated liquids. In particular the physicochemical
and thus the solvent properties of water can rapidly
change with increasing pressure and temperature [1,2].
Above the critical point (T_ = 647.13 K, p_= 322 kg m?,
p, = 22.055 MPa) water becomes highly compressible
and diffusive. The static dielectric constant approaches
values characteristic of low-polar solvents, even though
the single water molecule remains polar. Unlike liquid
water at ambient conditions, supercritical water is a
poor solvent for ionic species, but is quite miscible
with hydrocarbons and gases [1-3]. The ionic product
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of supercritical water can be a few orders of magnitude
higher than in ambient water, with consequent effects
on the kinetics and mechanisms of chemical reactions.
Thus water, which, under ambient conditions, is a non-
ionic and polar solvent, may become an ionic and low-
polar solvent above the critical point. With adjustment
of thermodynamic conditions, one can control viscosity,
polarity or pH to obtain the desired solvent properties.
This highly tuneable reaction medium has encouraged
many technological applications, like hydrothermal
synthesis or supercritical water oxidation [1].

An alteration in the character of water as a solvent
near and above the critical point is thought to be a
consequence of the structural transformations in the
hydrogen-bonded network. As evidenced by many
experimental and simulation studies the average number
of hydrogen bonds per molecule and the lifetime of
hydrogen bonds decrease with increasing temperature
and decreasing density [3,4]. The temperature and
the density limits for the existence of hydrogen bonds
in water are not precisely known. High-temperature
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Table 1. The macroscopic properties of the thermodynamic states of water investigated.

Label TK T p, kgm? pd g D n, nPas®
TS1 298 0.49 998 2.64 78.7 891

TS2 573 0.94 720 1.90 20.5 87

TS3 623 1.02 610 1.61 14.3 71

TS4 653 1.07 451 1.19 8.55 539

TS5 673 1.10 167 0.44 2.51 29

spectroscopy experiments have indicated that hydrogen
bonding persists well above the critical temperature [4].
Neutron scattering studies have shown the existence
of H-bonds in supercritical water at densities as low as
200 kg m? [5]. The remnant hydrogen-bonded network
in supercritical water takes the form of finite-size
molecular clusters. Size and topology of the hydrogen-
bonded clusters had been investigated for various
thermodynamic states by computer simulations [4,6] but
a relationship between the extent of hydrogen-bonded
clustering and the macroscopic properties of water was
not specified.

The aim of this paper is to examine the effects of
temperature and density on the connectivity of hydrogen
bonds and to link features of hydrogen bonding with the
observed macroscopic properties. Molecular dynamic
simulations have been performed to generate water
structures for the five thermodynamic states listed in
Table 1.

The point TS1 is at ambient conditions. The two
thermodynamic states, TS2 and TS3, correspond to
liquid water in the sub-critical region. The state TS2
is located very near the liquid-vapour coexistence
curve. The other two points, TS4 and TS5, are in the
supercritical region and represent dense and low-density
fluid, respectively. A quantification of hydrogen-bonded
pairs has been performed using the recently proposed
extended energetic criterion, which takes account of
the intermolecular interaction and separation, and the
orientation of H-donating molecule [7].

2. Computational Details

The NVE molecular dynamics simulations were
performed for water at the five thermodynamic conditions
characterized in Table 1. The cubic box contained 400
water molecules. The simulated systems have been
twice as large as those in previous studies [4,6]. At the
high temperatures studied, intermolecular vibrational
energies were comparable with k,T. This indicates
the need to use a flexible model of water that better
captures distortion and breakage of the hydrogen-

bonded network. All simulations were done using the
3-site BJH model [8]. The intermolecular part of the BJH
potential is described by the the central force potential
[9], which leads to the liquid-vapour coexistence curve
and the critical point (T.”" = 609.5K, pS© =378 kg m?,
pS™ =27.5 MPa) [10]. The partial charges q,, = -0.66e
and g, = +0.33e located on the oxygen and hydrogen
atoms, respectively, are smaller than those used in other
models of water, e.g. SPC/E [11]. Smaller charges have
been found to provide better descriptions of the high-
temperature and low-density thermodynamic states
[10]. The BJH model correctly reproduces the observed
properties of liquid water: pair correlation functions,
heat capacity, compressibility, self-diffusion coefficient,
vibrational spectrum, and dielectric relaxation [12]. The
gas-liquid shifts, the blue-shift of the bending mode and
the red-shift of the stretching mode, are also correctly
matched.

The equations of motion were solved using a
Verlet algorithm. Long-range Coulomb interactions
were treated by Ewald summation and the shifted-
force method was used for short-range non-bonding
interactions [13]. Stability of the integration method
required the time step of 0.25 fs at 298 K and 0.1 fs
otherwise. The resulting stability of the total energy was
AE/E ~ 10%. Both simulations were extended to 15 ps
after the pre-equilibration stage of about 7 ps. Calculated
trajectories of the system were recorded every 1 fs.

The H-bond criterion used in the investigation of
the thermodynamic conditions involves the interaction
energy E, the distance between the hydrogen atom of
H-donor and the oxygen atom of H-acceptor r, ,, and
the angle between the OH bond of the H-donor and
the line connecting the oxygen atoms of two molecules
.. Ho [71: E< E°

rO...H S r(;H

Qo o <af
The hybrid energy-distance criterion [4] was shown to
overestimate the size of hydrogen-bonded clusters in
conditions of high temperature and low density [7].

The H-bond energy threshold E° has been taken from
the statistical distributions of the pair interaction energy

(1)
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h(E) x 16, arb. units

Figure 1. Normalized statistical distributions of pair interaction en-
ergy E in water calculated for the thermodynamic states
listed in Table 1: TS1 (—A—), TS2 (—o—), TS3 (—), TS4
(—0—), TS5 (—o—).

E presented in Fig. 1. The assumed value of E° = -8
kJ mol-' delimits the low-energy part of strong attractive
interactions in all of the systems studied. The allowable
length of hydrogen bond r,, =0.25 nm coincides with the
minimum-position of the calculated g, radial distribution
functions (RDFs) shown in Fig. 2 and agrees well with
the experimental scattering data [14]. The value of 30°
has been adopted for a°. This assumption is consistent
with the estimates for O-H...O angles derived from the
X-ray Raman scattering experiments [15]. H-bonds were
established in the simulation-generated configurations
and a connectivity matrix for each configuration was
determined. From the connectivity matrix molecules
continuously connected by hydrogen bonds, can be
easily separated into clusters. The H-bonded cluster
was defined as consisting of molecules which have at
least one H-bond to other members.

Connected molecules constitute clusters of varying
size k. Considering k as a random variable the probability
density function of finding a given molecule in a H-bonded
continuous cluster of size k can be calculated as:

k.,
Nconf ‘Nbox (2)
where N, is the number of clusters containing k
molecules, N_ . denotes the number of sampled
equilibrium configurations, and N, is the number
of molecules in the simulation box. The probability
density function f, can be converted into the cumulative

distribution F(N,;) via the relation:
NHE
F(Ng)=> 'f,
( HB) ; k (3)

F(N,,) represents the probability distribution function for
a molecule to participate in a cluster of size k< N,, The
total engagement of molecules in the clusters composed

of more than N, , molecules can be expressed as:
NHE
P(k > N,z)=1=F(Nyg)=1=> f,
pas 4)

The features of hydrogen-bonding, discussed below,

fo=

represent the arithmetic mean of ten statistically-
independent ensemble averages each resulting from
N__=1000 equilibrium configurations.

conf

3. Results and Discussion

Taking ambient water (TS1) as the reference system
one can see features that imply the existence of
hydrogen bonds in the states TS2 — TS5 as well as their
progressive diminution with increasing temperature and
decreasing density. Firstly, the distribution functions of
the pair interaction energy in Fig. 1 exhibit a low-energy
part from ca. -28 to -8 kJ mol'. The low-energy part
evolves from a well-defined peak in ambient water to
the shoulder seen for the supercritical state TS5.

Secondly, as shown in Fig. 2, the first maximum of
the intermolecular g, function precedes the maximum
of the corresponding oxygen-oxygen RDF in all systems.
Moreover, g,,, shows O - H distances for neighbouring
molecules between 0.1 and 0.25 nm, which is shorter
than the sum of Van der Waals radii of the oxygen and
hydrogen atoms of 0.27 nm. As can be seen, however,
the height of the main peaks, g,,(R,.)and g, (R ). is
lower for other states than for ambient water, and the
secondary peak of g, at 0.45 nm, which arises from the
characteristic tetrahedral arrangement of molecules in
the hydrogen-bonded network, is not seenin TS2 - TS5..
This indicates a breakage of the tetrahedral network
and a decrease in the average number of H-bonded
neighbours in sub- and supercritical water.

Finally, hydrogen bonding is reflected in changes
in the molecular geometry. It is well known that the
hydrogen-bonded molecule has longer OH bonds,
smaller bond angle and higher dipole moment than the
isolated monomer. Molecules in all states examined
exhibit these features. The average molecular geometry
and dipole moment are presented in Table 2. The
decrease in OH-bond length and in the dipole moment,
and the increase in the HOH angle, which are apparent
when going from ambient to supercritical conditions,
indicate a reduction in hydrogen bonding. Similar trends
were observed in neutron scattering studies [5].

The features discussed above characterize the
degree of local hydrogen bonding, which is usually
expressed as the number of H-bonds n,, formed by a
given molecule.The average values <n, > are listed
in Table 2 and the statistical distributions of molecules
according to the number of H-bonded neighbours are
presented in Fig. 3. As expected, the degree of local
hydrogen bonding gradually decreases with increasing
temperature and decreasing density of water. A loss
of molecules participating in four or three bonds is
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Figure 2. Oxygen-oxygen (A) and oxygen-hydrogen (B) radial pair distribution functions and the respective cumulative RDFs (C, D) calculated
for water at temperatures and densities corresponding to the thermodynamic points TS1 (——), TS2 (——-), TS3 (——), TS4 (— - —),

TS5 ().

Table 2. The calculated average properties of water molecules in the thermodynamic states studied: the bond length I, bONd angle 6
moment ¢ and the number of hydrogen-bonded neighbours <n, ,>. Size of the largest hydrogen-bonded cluster (N,,

HOH®

dipole

max

is given in

the last column.

State Iy (102nm) 0.0 u, D <N.> (Ng)
TSt 9.75 = 0.02 101.4° = 0.03 1.97 = 0.005 3.39 +0.02 > 400
TS2 9.75 = 0.03 101.4° + 0.04 1.96 + 0.005 172 +0.02 336 + 6
TS3 9.74 = 0.02 101.4° + 0.03 1.95 = 0.001 1.40 = 0.03 199 + 26
TS4 9.73 = 0.02 101.8° = 0.02 1.94 = 0.01 1.06 + 0.02 62 + 11
TS5 9.70 = 0.02 102.9° + 0.01 191 = 0.01 0.46 = 0.02 15+2

) The equilibrium geometry and dipole moment of the isolated molecule in the BJH model are: bond-length 13, = 0.0957 nm, bond-angle

0%y, = 104.5° p° = 1.86 D.

associated with an increasing number of molecules
having one or two H-bonded neighbours. In the low-
density state TS5 the fraction of the latter is smaller
than in the dense fluid (TS4) but not insignificant. The
calculations show that 38.5% of molecules form at least
one hydrogen bond. The presence of H-bonds at low
densities agrees with the experimental reports: NMR
[16], rapid X-ray diffraction [17], and neutron scattering
[5].

We have found that the average number of hydrogen
bonds per molecule near and above the critical point
correlates linearly with the density, viscosity and static
dielectric constant of states TS2 - TS5. On the other
hand the macroscopic properties are supposed to be

related to an extent of hydrogen-bonded interaction, i.e.
to the assembly of H-bonded molecules into clusters.
The effect of temperature and density on the extent of
hydrogen-bonded clusters is illustrated in Fig. 4.

The cumulative distribution F(N,,) calculated from
eq. (3) shows the probability of finding a molecule in a
cluster of size k < N, as a function of N,,. The largest
cluster (N,) . corresponds to point where F(N, )
converges to unity. Values of (N,,) _ are given in
Table 2. In ambient water 99.9% of molecules exist in
large clusters (N, > 395) and 0.1% constitute isolated
monomers or dimers temporarily detached from the
network. Interestingly, isolated trimers, tetramers,
pentamers, efc. have not been found in TS1. Our result
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Figure 3. Percentage of water molecules forming i = 0, 1, 2, 3,

4, 5 hydrogen bonds calculated for the thermodynamic

states listed in Table 1.
upgrades the size of large clusters in ambient water,
which was estimated in the simulations with smaller
model systems as N,, > 200 [4,6]. According to the
percolation theory, the size of hydrogen-bonded clusters
can be related to <n,,>. Blumberg et al. estimated that
if <n_.> exceeds the percolation threshold of 1.56 the
interconnected molecules form a space-filling infinite
H-bonded network [18]. In ambient water <n, > = 3.4
is far above 1.56. This indicates the presence of an
infinite network of H-bonds in accordance with the
features exhibited by F(N,.). Extensive connectivity
is also observed in the liquid-vapour equilibrium state.
The TS2 distribution shows continuous variety of
clusters and reflects density fluctuations when the
liquid is in coexistence with its vapour. There are about
340 hydrogen-bonded molecules in the largest cluster.
The extensive connectivity is consistent with the value
of <n,> = 1.72, slightly exceeding the percolation
threshold. Significant diminution of big clusters is seen
in TS3 where the percolation threshold is not reached. A
further diminution occurs in the supercritical region. The
TS4 and TS5 distributions rapidly approach unity. This
indicates the elimination of large clusters in favour of
small ones. In the supercritical region, the cluster size is
strongly affected by density. The most extensive cluster

F(NHB)

0 100 200 300 400
NHB

Figure 4. The cumulative distribution functions F(N,,) for fraction
of molecules belonging to the H-bonded cluster of size
N, calculated for the thermodynamic states TS1 (—o—),
TS2 (—), TS3 (—o—), TS4 (—e—), TS5 (—A—).

excess (r), arb. units
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Figure 5. Excess of the local density defined in eq. (5) as a function
of distance r from a central molecule: TS1 (—A—), TS2
(—0—), TS3 (—), TS4 (—e—), TS5 (—o—).
at 451 kg m=and 653 K consists of 62 hydrogen bonded
molecules whereas at 167 kg m®and 673 K (N, ;) =
15. In the latter system, multi-molecular clusters show
the branched-chain structure resulting in the relatively
small <n_ > The persistence of clusters, however,
even in this situation, suggests that aggregation of
molecules prevails over the trend of equal space filling.
We calculated an excess of the local density around a
molecule in each system following the formula:
Noo(r)
%TY(I’3 - )pn (5)
In eq. 5 n,(r) denotes the cumulative oxygen-oxygen
radial distribution function, and p, is the number density
of the system. The radius r, describes the outermost
sphere around a molecule with no neighbour inside.
Its value equals the largest distance at which g, (r) =
0. The denominator in eq. (5) represents the expected
number of molecules in a spherical shell with inner
radius r, and outer radius 1, under an assumption of
equal space filling.

excess(r)=
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Figure 6. The probability P(k > 4) as defined in eq. (4) and calculated for TS2-TS5 versus: (A) density, (B) the calculated average number of H-
bonds per molecule <n, ,>, (C) viscosity, (D) static dielectric constant. Lines represent linear least squares fits. Correlation coefficients

r are given in the figure.

The excess(r), displayed in Fig. 5, describes the
deviation from the expected number of molecules in
each of the systems examined. The significant long-
range excess seen for TS5 confirms aggregation
of molecules and indicates the existence of density
heterogeneity. Such a conclusion is consistent with the
NMR observation that hydrogen bondingin supercritical
water becomes spatially more inhomogeneous at lower
densities [16]. It also validates the result of a small-scale
simulation employing a different model of water [6].

To examine the relationship between the extent of
hydrogen bonding and the macroscopic properties in
the sub- and supercritical regions, we calculated the
engagement of molecules in multi-molecular clusters.
Definition of a multi-molecular cluster is somewhat
arbitrary. However, taking into account that the water
molecule is able to form four hydrogen bonds, the
pentamer has been assumed to designate the smallest
multi-molecular cluster. The engagement of molecules
in clusters composed of at least five molecules, P(k > 4),
can be obtained from eq. (4) for N, = 4. In Fig. 6, values
of P(k > 4) calculated for TS2 — TS5 are plotted against
the values of density, viscosity and static dielectric
constant listed in Table 1. In each case - Pk > 4) vs.
density, P(k > 4) vs. viscosity and P(k > 4) vs. static
dielectric constant — closely linear relationships have
been found. The change of thermodynamic conditions
from TS2 to TS5 reduces the engagement of molecules
in multi-molecular clusters, which in turn results in the
decreases in viscosity and dielectric constant. Fig. 6 also
shows a linear dependence between P(k > 4) and <n >

HB ’
which explains the correlations found between <n, >

and the experimental density, viscosity and dielectric
constant. These results give preliminary grounds for the
use of <n,>as an indicator of structural transformations
in the hydrogen-bonded network, and of the consequent
changes of macroscopic properties. Further studies
including simulations of other thermodynamic states and
calculation of the dynamical and dielectric properties
are in progress. The observed effects of temperature
and density on the connectivity of hydrogen bonds is
qualitatively the same as reported in the simulations of
smaller systems [4,6]. However, the cluster statistics is
significantly dependent on the number of molecules in
the simulation box. The distribution functions F(N, )
obtained in the present work are broader because
clusters tend to be larger with increasing N, . Our
results are more consistent with the percolation theory
than those of the less extended simulation [6]. The
correlations discussed above are not expected to
be particularly sensitive to system size, because the
development of F(N,.) with increasing N, proceeds
similarly in all thermodynamic states.

0X

4. Conclusions

Multi-molecular hydrogen bonded clusters have been
found in all of the thermodynamic states of water
studied. The size of clusters and the average number of
H-bonds per molecule <n, > decrease with increasing
temperature and decreasing density. The observed
trends are qualitatively the same as reported in smaller-
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scale simulations but the clusters are larger in size. In the
low-density supercritical water branched-chain clusters
of H-bonded molecules are incorporated into molecular
aggregates, resulting in density heterogeneities.

In the sub- and supercritical region (states TS2 - TS5
in Table 1) studied, variations in the total engagement of
molecules in clusters composed of at least five molecules
is related to changes in the experimental density, static
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