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Abstract

The contribution of hydrogen bonding interactions to the formation of local density
inhomogeneities in supercritical water at near-critical conditions has been extensively
studied by means of molecular dynamics simulations. The results obtained have
revealed the strong effect of water molecules forming one and two hydrogen bonds on
the determination of the local density augmentation in the fluid. The local structural
order has also been studied in terms of the trigonal and tetrahedral order parameters,
revealing the correlation between local orientational order and hydrogen bonding. The
dynamics of the structural order parameters exhibit similarities with local density
ones. The local structural analysis performed in terms of nearest neighbors around the
individual molecules provides additional significant evidence about the existence of a

liquid-like to gas-like structural transition in supercritical water at the density range

close to 0.2 p,, further supporting previous suggestions based on the interpretation of

experimental thermodynamic data.
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Highlights

e The structural properties of supercritical water along a near-critical isotherm
have been studied.

e Classical molecular dynamics simulation techniques have been employed.

e Hydrogen bonding interactions play a key role in the formation of local
density inhomogeneities.

e There is significant evidence about the existence of a liquid-like to gas-like

structural transition in supercritical water.



1. Introduction

Supercritical water (SCW) is an environmental friendly solvent and a cheap
alternative to organic ones, having thus a wide applicability in several green chemical
processes [1-5]. The main reason for this wide applicability is that by slightly
adjusting the thermodynamic conditions, the dielectric properties of SCW can be
drastically altered, allowing thus the eclectic dissolution of several types of polar or
non-polar solutes in SCW. Such a behavior, in combination with the low viscosity of
SCW, has promoted its use in new emerging applications such as hazardous waste
treatment, biomass processing and materials synthesis. Apart from the technological
applications, the study of the properties of SCW is also very important in
Geochemistry. SCW acts as a medium in several hydrothermal reactions in the
Earth’s crust and mantle [6] and can also be dissolved in silicate minerals, strongly
affecting in this way many important geochemical processes.

The properties of SCW exhibit in general significant differences with its liquid state
ones [7-20]. According to several existing experimental and simulation data [21-41]
the hydrogen bonding (HB) network in SCW is much weaker and the fraction of
water molecules forming hydrogen bonds is much lower at supercritical conditions.
However, water molecules can still form hydrogen bonds even at these high
temperature conditions and quite recent experimental studies have confirmed the
existence of hydrogen bonds up to at least 873 K and 132 MPa [20]. Previous studies
have also confirmed the existence of local density inhomogeneities [29, 42] in SCW
and have revealed that the local density augmentation is much more pronounced in
comparison with non-HB fluids [29, 42-44]. Taking into account the importance of
density inhomogeneities in determining a wide range of properties of supercritical
fluids [45] a deeper insight on the interplay between hydrogen bonding and the local
structural fluctuations in SCW would lead towards a better understanding of its
behavior.

' Abbreviations:
SCW: Supercritical Water, HB: Hydrogen Bonding, MD: Molecular Dynamics,
rdf: radial distribution function, LDA: Local Density Augmentation



Molecular simulation has become a very important tool to investigate the properties of
supercritical fluids and their solutions, as pointed out in recent reviews [46]. The
present study has been therefore devoted to a more thorough investigation of this
interplay by performing a series of molecular dynamics simulations of SCW along a
near critical isotherm, aiming to shed light on open questions regarding the
interrelation between hydrogen bonding, local density inhomogeneities and structural
order in SCW. Moreover, attention has been paid to provide information related to
recent observations [41], according to which at near-critical temperatures there might

be a supercritical fluid — gas transition at densities lower than 0.2 p., due to the

collapse of the short-range order. This work aims therefore to provide additional
insight towards a deeper understanding of a wide-range of properties of SCW, often

related to it peculiar behavior near the critical point.

The computational details of the performed simulations are presented in Section 2 of
the manuscript. The results obtained and the following discussion is presented in
Section 3. Finally, Section 4 contains the general conclusions and remarks drawn

from the present study.
2. Computational Details

Eleven thermodynamic state points of SCW were simulated in the framework of the
present study. Ten molecular dynamics (MD) atomistic simulations of SCW were

performed at a constant near-critical temperature of T = 666 K (T, = 647.1 K) and for
densities in the range 0.0644 - 0.644 g/cm® (p, =0.322g/cm?) in order to reveal

the effect of hydrogen bonding interactions on the local structural order and density

inhomogeneities in SCW. An additional MD simulation was later performed at the
lower density of 0.0322 g/cm® and at the same temperature, in order to investigate

the possible existence of structural transitions in SCW. The simulated state points of
SCW are presented in Table I. The simulations were carried out with 500 molecules,
using the DL_POLY software [47]. Each simulation was extended to 1 ns to achieve
equilibrium, starting from an initial configuration created with the packmol software
[48], and the properties of SCW were evaluated in subsequent simulations with
duration of 2 ns. In all simulations the equations of motion were integrated using a

leapfrog-type Verlet algorithm and the integration time step was set to 1 fs. The Nose-



Hoover thermostat [49] with a temperature relaxation time of 0.5 ps was also used to
constrain the temperature during the simulations. The intramolecular geometry of the

molecules was also constrained by employing the shake algorithm [50].

The rigid SPC/E potential model [51] was employed to describe the site-site
interactions between the water molecules. This three-site potential model has been
successfully used in previous studies of liquid water and SCW, as well as in the case
of several aqueous mixtures. Therefore, our choice has been based upon previously
reported simulation results concerning the accuracy of this model in approximating
sufficiently the critical point of water [35,36], as well as various properties of the fluid
[35, 51-53]. Taking into account that the performance of SPC/E in predicting the
properties of SCW is very reasonable, as well as that our previous studies on SCW
have also been performed with the same model [29,30,42,52,54], we decided to
employ it in the present treatment as well. In such a way our findings could be also
correlated to the findings of our previous works, providing in this way a more
complete picture of the behavior of SCW at near-critical, supercritical conditions. It
has to be noted that in the presentation of the results in this study, the simulated fixed
densities have been presented as reduced densities p/ p,, taking the experimental
critical density as a reference. The reason to do so is that the reported values for the calculated

critical density using the SPC/E model are close to the experimental one (for instance
0.29 g/cm?® in reference 35 and 0.308 g/cm® in reference 36). Moreover, since

depending on the method used to extract the value of the critical density in the
simulations the calculated values can be slightly different (as in references 35, 36), it
was considered as a more standard approach to use the experimental critical density as
a reference point. The temperature of the simulated isotherm in our case is also higher
than the predicted critical temperatures of SPC/E water [35,36], ensuring that the
simulated fluid is at supercritical conditions [45]. In our simulations a cut-off radius
of 12.0 A has been applied for LJ interactions and long-range corrections have been
also taken into account. To account for the long-range electrostatic interactions the

Ewald summation technique was used.



3. Results and Discussion
A. HB effect on local structure and density augmentation

In order to obtain a clearer picture of the effect of HB interactions on the local
structural properties of SCW the individual water molecules in the fluid were
classified in different types according to the number of hydrogen bonds they form
with other water molecules. Note that there are several definitions of the hydrogen
bond in the literature [28], but a well-established geometric criterion, also used in
several previous studies [25-27, 29, 30], was used in order to analyze the HB network
in SCW. According to this criterion a hydrogen bond between two water molecules
exists if the interatomic distances are such that RO...0 < 3.6 A, RH...O <24 A
and the donor-acceptor angle H-O...0 < 30° (the symbol ... corresponds to
intermolecular distances). Since our previous studies [29] have revealed that the main
trends of the density dependence of the number of hydrogen bonds in several
supercritical fluids and corresponding statistics can be realistically represented by
simple geometric criteria and since the systematic study of HB definitions is way out
of the scope of the present treatment, this simple definition was employed in the
present study. Based on this criterion the fractions of water molecules forming 0-4
hydrogen bonds were estimated for all the investigated state points and are present as
a function of the bulk density of the fluid in Figure 1. From this figure it can be
clearly seen that in the range of the simulated bulk densities the majority of water
molecules from mainly 0-2 hydrogen bonds and there is also a small fraction of water
molecules forming 3 hydrogen bonds, which increases with the density. The fraction
of water molecules forming 4 hydrogen bonds is almost negligible. It is interesting to
notice that the fraction of water molecules forming one hydrogen bond maximizes in

the density range 0.8-1.0 p_and then starts to decrease. The fractions of molecules

forming two hydrogen bonds increases non-linearly with the density and the fraction

of HB-free molecules decreases also non-linearly as the density increases.

Our previous studies on SCW [29] have revealed that the mean number of hydrogen
bonds per water molecule exhibits a clearly non-linear bulk density dependence,
which is much more pronounced in SCW in comparison with other HB supercritical
fluids like methanol, ethanol and ammonia. This behavior has been related as one of
the main reasons for the observation of strong local density augmentation (LDA)



effects in SCW and for the observation of a maximum in the local density

augmentation, which was located at 0.68 p,. From the present analysis it can be

observed that the fractions of molecules forming one and two hydrogen bonds exhibit
similar bulk density dependence, signifying that they have the most important

contribution on the bulk density dependence of the average LDA.

The determination of the LDA in supercritical fluids is based upon the calculation of
the pair radial distribution functions (rdf) in order to calculate the corresponding local
coordination numbers and effective local densities. The use of effective local
densities to investigate local density inhomogeneities in supercritical fluids has been
extensively discussed and justified in previous publications [42-44, 55-57]. To
calculate the effective local densities in SCW, we initially calculated the average
coordination number N, corresponding to the first solvation shell of SCW at each

state point:
RC
N, (p.R.) =470 [ goo (r)ridr (1)
0

In this equation, g, (r) is the oxygen-oxygen rdf, which is essentially identical to
the center of mass (com) - center of mass one, and p is the bulk number density of
the fluid. R, is a defined cut-off distance specifying the solvation shell around a water

molecule. To estimate the excess local density in a supercritical fluid, it is more

convenient to calculate the effective local density [42-44, 55-57], p,, ,, according to

the following relation

N.(o.R)
N R pref

c pref’ c

Peft | (,0, R, ) = 2

The employed reference density, p,,,, corresponds typically to a high liquid-like
density and has been set as 2 p, . The cut-off distance R, is determined as the position
of the first minimum of the corresponding g, (r) observed at this high reference
density p,,,. In the case of SCW the estimated value of R, is 4.22 A. This cut-off

distance has been used to compute the effective local density, p of the first

eff !



coordination shell in all the simulated state points of interest. The LDA has been

therefore defined as Ap,, , = p,;, — p-

In order to find the interrelation between HB interactions and the LDA in SCW, we
initially focused on the effect of the HB state of the water molecules on the
determination of the rdfs around them. The term HB state in this case is associated to
the number of hydrogen bonds formed by each individual water molecule. Since in
the case of water the O-O rdf is essentially identical to the com-com rdf, we focused
only on this particular rdf. The bulk density dependence of the O-O rdf for water
molecules forming 0-3 hydrogen bonds is presented in Figures 2,3. It is interesting to
note that a weak first peak located at 3 A is observed for HB-free molecules, followed
by a second, higher-intensity peak at 3.4 A. This first low-intensity peak, which turns
to a lower intensity shoulder at higher bulk densities, is an indication of the weak
short-range interactions of non-HB water dimers located at short intermolecular
distances. These weakly interacting dimers are quite scarce and the probability to find
most of the non-HB water dimers at longer intermolecular distances is higher. That’s
why the main peak is located at 3.4 A in the case of non-HB water molecules. On the
other hand, in the case of hydrogen bonded molecules there is just one strong peak
located at 3 A, due to the existence of HB interactions. The intensity of this peak
increases with the number of hydrogen bonds formed by the central water molecule.
Regarding the bulk density dependence of these functions, the intensity of the peaks
decreases as the bulk density increases in all cases. Such a finding is in agreement

with previous results in the literature.

From these calculated rdfs the composition of the solvation shell of water molecules
can be predicted by calculating the corresponding coordination numbers for all
classes of water molecules. The cut-off used in determining the size of the solvation
shell was 4.22 A in all cases. The dependence of the coordination number on the bulk
density is presented in Figure 4. From this figure it can be clearly observed that the
deviations from linearity are more pronounced when the number of hydrogen bonds
formed by the reference water molecules increases. This is a clear indication of the
strong HB-effect on the formation of LDA in SCW. Also, as the bulk density
increases the differences between the calculated coordination numbers for the
different classes of molecules decrease. For example, the calculated coordination



numbers for molecules forming zero and three hydrogen bonds at 0.2 p_ are 0.83 and
3.89, respectively. The corresponding coordination numbers at 2 p, are 5.92 and

6.94. This behavior is related to the more dense packing of SCW at higher densities,

which at densities close to 2 p, starts to approach a liquid-like behavior and therefore

the local density inhomogeneities are much less pronounced.

The average coordination number can be expressed as a linear combination of these

coordination numbers when the fractions of molecules forming 0-3 hydrogen bonds

are known. Therefore it can be expressed as: N, = ZZi -N! . In this equation, y; is

the molar fraction of molecules forming i=0-3 hydrogen bonds and N! is the

coordination number corresponding to each class of molecules. The contributions

z: - N to the total average coordination number for the classes of molecules forming

i=0-3 hydrogen bonds for all the investigated bulk densities are also presented in
Figure 4. From these data it can be seen that the most important contribution to the
overall average coordination number arises from the fraction of molecules forming

mainly one and two hydrogen bonds. The contribution of HB-free molecules is also

important in the range 0.2-1.0 p, and then it starts to decrease. On the other hand, the

contribution of molecules forming three hydrogen bonds starts to become more
important for densities higher than the critical one where SCW begins to approach a

liquid-like behavior.

In order to estimate the contribution of these different classes of molecules to the
overall average LDA, it was expressed in the form:

Nc(p, Rc) ZZi 'Nci

Pret ~ Pouk =~ Pret ~ Poukk (3)
N.{p

APt 1 = Pett 1 — Pouk = N
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The above equation can be further expressed in the following way:

APyt = Z(lu : Nci : Pra J_Z(Ii 'Pbulk) (4)

which at the end gives the final expression:
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Using equation 5, the contributions of each class of water molecules to the overall
average LDA has been estimated and it is plotted as a function of the bulk density in
Figure 5. From this figure it may be clearly observed that the contribution of non-HB
molecules is very small, and specifically for bulk densities higher than 0.6 p, it is
negative. This is a clear evidence of the important role of HB interactions on the more
pronounced LDA effects in SCW in comparison with non-HB fluids [29]. On the
other hand, the most important contributions to the average LDA come from
molecules mainly forming one and two hydrogens bonds and to a much lesser extent

from molecules forming three hydrogen bonds. The contributions of molecules
forming one hydrogen bond are more important in the bulk density range 0.2 - 1.0 p_,
whereas the contribution of molecules forming two hydrogen bonds is more important

inthe range 1.0-2.0 p..

B. Local Structural Order

Apart from the description of the structure in SCW in terms of rdfs and coordination
numbers, in the present study particular attention was given to the structural order
around the water molecules. In general, this structural order can be described in terms

of orientational order parameters. The most commonly used order parameter in the
case of water is the tetrahedral order parameter q, [58, 59] This parameter gives

information about the extent to which a molecule and its four nearest neighbors adopt
a tetrahedral arrangement and is defined as:

3& & 1)

q, =1- _z (Cos¢jik +_j (6)

8 j=1 k=j+1 3
In this equation ¢, corresponds to the angle formed by the vectors r, and T,
connecting the oxygen atom of the central molecule i with the oxygen atoms of two of
its four nearest neighbors j, k. Using this definition the parameter g, gets the value

g=1 in a perfect tetrahedral network and the value g, =0 in an ideal gas [58].

10



Previous studies in the literature [41, 60] have revealed that g, in SCW shows
significant density dependence and it is generally low, even at liquid-like densities. In
the present treatment the existence of different kinds of local structures around the
water molecules was also studied, since our previous studies have revealed that q, is
strongly related to the formation of four hydrogen bonds around the water molecules.
Taking also into account that only up to three hydrogen bonds can be formed by the

water molecules in the investigated range of thermodynamic conditions, the trigonal
order parameter g, [61, 62] of SCW was investigated for the first in the framework of
the present study. The q, order parameter is defined, taking into account the three

closest neighbors of a given molecule i, as:

Qs :1_<;ZZ: ZS: (Cos¢jik +%j > (7

=1 k=j+

As in the case of the tetrahedral order parameter, this order parameter has been
normalized to one for perfect order and zero for a random distribution.

The dynamic behavior of these parameters has also been investigated, by calculating
the corresponding average time correlation functions [63]:

_{#,(0)- &1, (t)) o
C, ()= (2,0 . &, (t)=0,t)-(a,) ®)

The corresponding correlation times 7, associated with the relaxation of the

corresponding orientational order parameter have been calculated using the relation:

7y = | Cq (0)-dt )

The bulk density dependence of g, and q, , as well as of their corresponding

relaxation times 7z, and ¢, , are plotted in Figure 6. From this figure it can be clearly

seen that the values of q, are higher than the g, ones at all the investigated

thermodynamic state points and they all increase non-linearly with the bulk density.

11



This is a clear indication that the structural orientational order is also strongly related
to HB interactions and LDA in SCW. The bulk density dependence of the

corresponding relaxation times z, and z, on the other hand has a very similar

behaviour with local density dynamics of supercritical fluids at more extended length

scales, beyond the first or second solvation shell, as it has been observed in our

previous studies [29]. These relaxation times increase up to about 0.6-0.8 p, and then

they decrease rapidly with the increase of the bulk density. The fact that the density
dependence of the structural order parameters’ and local density dynamics is very
similar is probably related to the fact that the local density dynamics slowing-down in

the density range 0.6-0.8 p, causes a corresponding slowing-down of the overall

packing dynamics of water molecules. And this slowing-down is also reflected on the
dynamics of the structural order changes, which are directly related to the packing of

the water molecules around a central one. The values of z_ are also slightly higher
than the corresponding z, ones. This could be explained if someone takes into

account that the region around a molecule containing its four nearest neighbors is
more extended in comparison with the region containing its three nearest neighbors.
Previous studies [29,45] have revealed that the local density relaxation times of
supercritical fluids increase with the increase of the size of the region taken into
account in the calculation. In this sense, this finding is in agreement with all these
previously reported trends.

Taking into account that by definition the tetrahedral and trigonal order parameters
depend upon the distribution of nearest neighbors, this signifies that the closest three
and four neighbors of each individual water molecule are distributed over a more

extended length scale of the first and second solvation shell, which are located at 4.22

and 6.75 A, respectively at the bulk density of 2.0 p,.

In order to provide a deeper description of these effects, the distribution of nearest
neighbors and their contribution on the overall shape of the O-O rdfs obtained were
systematically explored by employing a methodology similar to the one used in recent
studies [64, 65]. The nearest neighbors have been classified by sorting their distances

from a central molecule. According to the methodology used, the overall site-site rdf

12



can be also analyzed as a sum of the rdfs g, ,"(r), each one corresponding to the n™

neighbor molecule around a central one:
Jas () :Zga—bn(r) (10)
n=1

The contributions up to the fourth nearest neighbors to the overall O-O rdfs for
representative investigated state points is presented by means of the functionsg"(r),

where n=1-4, in Figures 7-8. From these figures it can be observed that the
distribution of the third and fourth neighbor can be extended to larger length scales
than the size of the first solvation shell, or even the second solvation shell at low bulk
densities, and they are much broader in comparison with the corresponding
distributions of the first and second neighbor. All these distributions are also less
symmetric at low bulk densities, especially the ones corresponding to the first and

second neighbor, starting to exhibit a more symmetric shape at bulk densities higher
than p,. In the case of the first neighbor the contribution of g*(r) to the short-range
shape of the total g(r) is the most important at lower densities and its intensity
decreases with the bulk density increase. However, according to our results, the

contribution of g*(r) seems to be more important in the density range 0.4 - 0.8 p,
and then its intensity decreases. On the other hand, the peak intensity of g°(r) and

g*(r) is higher at high densities and decreases with the decrease of the bulk density.
These findings are consistent with the bulk density dependence of the calculated order
parameters g, and g, and their corresponding relaxation times. The maximization of
these relaxation times in the density range 0.6-0.8 p, is also consistent with the fact

that the LDA is maximized in the same range, slowing down in this way the local

density and the structural order relaxation dynamics.

Finally, the dependence of the calculated order parameters of the individual water

molecules upon the number of hydrogen bonds they form was also investigated. The

bulk density dependence of g, and q, for water molecules forming 0-3 hydrogen

bonds is presented in Figure 9. From this figure it can be observed that there is a very

strong coupling among HB interactions and these local orientational order parameters.

As the degree of HB increases, the values of g, and g, increase significantly.

13



Moreover, the bulk density dependence of these order parameters is weaker for more

strongly hydrogen bonded water molecules, especially the ones forming 3 hydrogen

bonds. From Figure 9 it can be seen that the q, values corresponding to molecules

forming 3 hydrogen bonds remain almost constant at all bulk densities, signifying that
HB interactions are the most crucial factor in determining the local orientational order
around the water molecules. Similar conclusions were drawn in our previous ab initio
molecular dynamics studies of liquid water [62, 63], signifying that HB interactions
have a very important role in determining the local orientational structural order

around water molecules in a very wide range of thermodynamic conditions.
C. Evidence of Structural Transitions

Interestingly, while inspecting the relevant literature, we noticed that in a previous

simulation study of SCW along the same isotherm, the authors reported evidences of a

structural transition taking place at the density of about 0.19 p, . In that study [41] the

authors calculated the mean relative fluctuation +/(AE)? / < E > of the water-water

interaction energy within the first solvation shell and they found out that it increases

sharply at 0.19 p_. They attributed this behavior to a possible supercritical fluid — gas

structural transition taking place at these conditions, where the water molecules tend
to locate arbitrarily around a center water molecule due to greatly enhanced

fluctuation regardless of its favorable or non-favorable energy.

At the same period when the above mentioned study was published, another
interesting independent study published by Sedunov [66], similarly suggested a fluid
structural transition in supercritical fluids, going from a liquid-like structure to a gas-
like one. The conclusions of that study were based on the interpretation of available
thermodynamic experimental data. According to Sedunov [66], the liquid-like
structure resembles a continuous condensed medium filled with different size pores
and small density islands. On the other hand, the gas-like structure resembles a
continuous vacuum medium filled with clusters of different dimensions and with a
variety of types of intermolecular bonding. A schematic representation of the liquid-

like and gas-like structures is provided in Figure 10.
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In order to provide a more structure-based analysis of these phenomena under

investigation, apart from the 0.2 - 2.0 p, investigated range of densities we

performed an additional simulation at 0.1 p, and applied a new methodology to

search for possible structural transitions in this particular range of thermodynamic
conditions. As it has been mentioned above, the tetrahedral order is one of the most
characteristic features of the structure of liquid water and our present study revealed
interesting findings regarding its interconnection with local density inhomogeneities
in SCW. This order parameter is related to the orientational ordering of the four
nearest neighbors around a central water molecule. However, it does not provide
information about the length scale of the region where these neighbors are located,
which could provide an additional measure of the resemblance of SCW with a liquid-
like fluid. Our decomposition of the O-O rdfs in terms of the contributions of nearest
n neighbors, as reflected in the shape of the calculated functions g" (r), could provide
valuable information about the location of these nearest neighbors. By carefully
inspecting Figure 8, it might be observed that the shape of the g°(r), g*(r)

functions starts to change significantly when approaching the density of 0.2 p,. At

this density it can be observed that these distributions become much broader and
extend up to a significantly larger length scale. In order to provide a description of
this length scale and to find possible changes when going from 0.2 p. to 0.1 p, , we
calculated the average volume of the sphere around a central water molecule which
contains its four nearest neighbors. The radius of this sphere is determined by the
average oxygen-oxygen distance between each individual water molecule and its

fourth nearest neighbor.
The calculated average volume V, of this sphere is presented in Figure 11. From this
figure a very sharp increase in the volume V, is observed when going from 0.2 p. to

0.1 p,. Such a finding is a indication that in this range of densities the short-range

order is destroyed and the liquid-like to gas-like fluid structural transition takes place,

further supporting the previously reported works [41,66].

The relaxation dynamics of this volume were also studied by calculating the

corresponding time correlation functions and relaxation times:

15



<6V4 (0) éV4 (t)>

(v, (0))

C, ()= . V)=V, (t)-(V,), TV4:TCV4(t)-dt (11)

The calculated correlation times 7, , associated with the relaxation of the volume of

the sphere containing the closest four neighbors of each individual water molecule, as
a function of the bulk density of the system are also presented in Figure 11. From this
figure it can be clearly observed that these correlation times decrease with the
increase of the density, exhibiting a sigmoidal-like decay with the increase of the
density. At the density range where the structural transition takes place, the
correlation time remains almost constant, signifying that in this range of densities the
system exhibits a gas-like behavior. On the other hand, in the liquid-like supercritical

region (densities higher than 0.2 p,) the relaxation dynamics are very much affected

by the local environment around the water molecules and as the density increases the

corresponding volume fluctuation dynamics become significantly faster.

As it has been pointed out in Ref. 66, the fluid structural transition is not really a
phase transition (either first- or second-order), because both the gas and liquid phases
coexist in the fluid in forms of clusters and pores. During these structural transitions,
significant but not abrupt changes of thermophysical properties can be observed.
However, other previous studies also revealed that there are some thermophysical
quantities exhibiting maxima, which define a line emanating from the critical point,
named as the Widom line in the case of the constant-pressure specific heat [67]. These
previous studies support that this line actually divides the supercritical region into two
regions which, although not connected by a first-order singularity, can be identified
by different dynamical regimes: gas-like and liquid-like, reminiscent of the subcritical
domains. Our study directly attributes the existence of the Widom line to the
structural transitions in SCW. And the simple geometrical method proposed in our
study could provide an alternative way to locate the Widom line, not based upon the
behavior of thermodynamic properties but directly upon some specific structural
features of the fluid. However, extensive studies in a wide range of thermodynamic
conditions are required in order to verify this and it is one of our main goals for the

near future. Research on this field is in progress.
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4. Conclusions

Classical molecular dynamic simulation techniques were employed in the present
treatment to investigate the interplay among hydrogen bonding, local structural order
and density inhomogeneities in supercritical water, along a near-critical isotherm. The
results obtained have revealed the important role of HB interactions on the more
pronounced LDA effects in SCW in comparison with non-HB fluids. Especially water
molecules forming one and two hydrogen bonds have a very strong effect on the
determination of the local density augmentation in the fluid. Particular attention was
also given to the structural orientational order around the water molecules and its
relation to HB interactions, by calculating the trigonal and tetrahedral order
parameters. The results obtained revealed that the structural orientational order in

SCW is also strongly related to HB interactions and LDA. Interestingly, the relaxation

times of these order parameters are maximized in the density range 0.6-0.8 p, ,

something which is also consistent with the fact that the LDA is maximized in the
same range, slowing down in this way the local density and the structural order
relaxation dynamics. The structural analysis based upon the identification of nearest
neighbors and particularly the estimation of the volume V, of the sphere containing

the four nearest neighbors around a central water molecule revealed a very sharp

increase of this volume when going from 0.2 p, to 0.1 p_. Such a finding provides

an indication that in this range of densities the short-range order is destroyed and a

liquid-like to gas-like fluid structural transition takes place in the system.
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TABLES

Table I: Simulated thermodynamic state points of supercritical water, along the

supercritical isotherm of T=666 K.

Simulated State Density (g /cm®)
Points
1 0.0322
2 0.0644
3 0.1288
1 0.1932
5 0.2576
6 0.322
7 0.3864
8 0.4508
9 0.5152
10 0.5796
1 0.644
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FIGURE CAPTIONS

Figure 1: Calculated fractions of water molecules forming 0-4 hydrogen bonds as a
function of the bulk density of SCW.

Figure 2: Bulk density dependence of the O-O rdf for water molecules forming zero

and one hydrogen bonds.

Figure 3: Bulk density dependence of the O-O rdf for water molecules forming two

and three hydrogen bonds.

Figure 4: Bulk density dependence of the coordination number for water molecules
forming i=0-3 hydrogen bonds and of their contributions y, - N! to the total average

c

coordination number.

Figure 5: The contributions of water molecules forming 0-3 hydrogen bonds to the

overall average LDA as a function of the bulk density.

Figure 6: Bulk density dependence of the average orientational order parameters qs,

and q, , as well as of their corresponding relaxation times 7, and ¢ .

Figure 7: The contributions of the first and second nearest neighbors to the overall

0-O rdfs for representative bulk densities in terms of the functions g*(r) and g°(r).

Figure 8: The contributions of the third and fourth nearest neighbors to the overall

0-O rdfs for representative bulk densities in terms of the functions g*(r) and g*(r).

Figure 9: Bulk density dependence of the orientational order parameters g, and q,

for water molecules forming 0-3 hydrogen bonds.

Figure 10: Schematic representation of the gas-like (left) and liquid-like (right)
structure of water at near-critical, supercritical temperatures. The gas-like fluid
consists of small isolated clusters interacting like gas-phase particles inside a vacuum
environment. The liquid-like fluid structure is similar to a continuous condensed
medium consisted of a distribution of voids and regions of different density,

resembling an inhomogeneous porous liquid.
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Figure 11: Bulk density dependence of the calculated average volume V, of the
sphere containing the four nearest neighbors of each water molecule and its

corresponding correlation time z,, .
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