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A molecular dynamics simulation of the supercritical water was performed on awide range of temperature
and pressure near and above the critical point. Density fluctuations along the critical isochore line at 0.3
g-cm™ and some isobaric curves were calculated by the bin analysis method. The obtained values of the
density fluctuation were plotted on a P-T phase diagram as contour lines. From this figure, it was found that
the density fluctuation has a maximum at the critical point and ranging to a little higher temperature region.
The ridge of the density fluctuation found by Nishikawa et a was also confirmed in this work and deviates
from the critical isochore to lower density region with increasing pressure. It also found that the density
fluctuation occurred not only near the critical point but in arather wide T-P region of the supercritical state.
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1 Introduction

With the growing concern for the environment, much at-
tention has been focused on the supercritical fluid as an
environmentally benign solvent. In order to use a su-
percritical fluid effectively, understanding of the physico-
chemical properties of it isimportant. Especialy, thein-
formation about the cluster size, their distribution and the
inhomogeneity are important because they relate to the
solubility and the reactivity in chemical reaction [1].

Recently, Nishikawa measured the density fluctuation
of CO, and CF3H using the small angle x-ray scattering
method and found the ridge of the density fluctuation ex-
ists along the extension of the coexistence curve of gas
and liquid [2, 3]. They also measured the density fluctua-
tion of supercritical water and obtained its maxima at the
lower density point than the critical isochore [4].

On the other hand, many simulational works have
been done especially focused on the number of hydro-
gen bonds of supercritical water and their orientation
[5-8]. For cluster size and its distribution, Yoshii and
Okazaki performed calculations by using large number
of Lennard-Jones fluid with NVT ensemble [9]. They
also investigated the microscopic properties of water in
the sub- and supercritical states with polarizable water
model [10]. However, the studies on the cluster size and
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its distribution are still limited in humber compared to
the works on the hydrogen bond of water. Especially, the
density fluctuation of water at the supercritical state has
not been investigated yet.

In this work, we performed a molecular dynamics
simulation of water on awide range of sub- and supercrit-
ical states and investigated the behavior of density fluctu-
ation directly. As afirst step of this study, we applied a
simple “bin method” for the analysis of the density fluc-
tuation. The result showed that the density fluctuation
was observed in a large area from the critical point to
high pressure and temperature regions and it confirmed
the existence of the ridge of the density fluctuation which
was found by Nishikawa et a [4].

2 Simulation procedures

All the caculations were performed using the
CHARMMZ25 program [11]. The system consisted of a
cubic cell containing 512 of TIP3P water molecules[12].
Cubic periodic boundary conditions were imposed in all
directions. The calculations were performed using NPT
ensemble using Nose-Hoover's temperature controlling
method [13] and Andersen’s pressure controlling method
[14]. Electrostatic and van der Waals interactions were
taped to zero by applying a switching function between
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10.0 and 12.0 A [15]. Equation of motion was integrated
by leap-flog method with a time step of 1 fs. A 70ps
production run was performed after the equilibration at
each temperature and pressure state.

Time averaged densities were evaluated at 144 ther-
modynamic states at the pressure region between 5
and 100 MPa and temperature region between 300 and
1000K, and the isochore curves were calculated from
these values. Density fluctuations were analyzed along
the critical isochore line and some isobaric lines.

For the analysis of the density fluctuation along the
critical isochore, some (P, T) points were selected from
the critical isochore curve obtained in the above calcula-
tion and other production runs were performed on these
thermodynamics states. Similarly, temperature depen-
dence of the density fluctuation along the isobaric lines
at the pressures of 25, 30, 40 and 50 MPa were analyzed
from the further simulation runs produced at these ther-
modynamic points.

3 Analytical method

The density fluctuation was evaluated using a method
named here as “bin analysis’. This method divides the
cubic box filled with water into little cubes (bin) with
equal volumes, and the number of the water molecules
in each bin was calculated at each time step. In thiswork,
each side of the box was divided equally by five and made
125 bins with equal volumes. Although the method is
simple, this enables one to obtain the direct information
of the density fluctuation of water.

Moreover, if we change the number of division, that
is, the size of bin, it may give information about the size
of cluster formed among water molecules. However, the
size of water box used in thiswork is not large enough to
examine the effect of the size of bin. Therefore, we only
analyzed the case of division by 5 asafirst step check for
this method. The analyses were separately performed,
one was along the critical isochore curve with density 0.3
g-cm™ which was selected based on the critical density
value of water 0.32 g-cm™ and the other was along the
isobaric lines at pressures of 25, 30, 40 and 50 MPa.

4 Resultsand Discussion

Time averaged density of water

Molecular dynamics simulation of water has been
performed at various temperature and pressure points and
the time averaged densities at these points were obtained.
The density values were plotted on the T-P plane as iso-
chore contour curves as shown in Figure 1. Above the
value of 0.6 g-cm™3, the density did not show any signifi-
cant change with increasing pressure under constant tem-
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perature. This indicates that the water behaves as liquid
in here. On the other hand, it can be seen that theisochore
lines under the density values of 0.6 g-cm™ converge at
the temperature range around 550 K to 650 K according
to the decrease of the pressure. In these areas, the den-
sity changes drastically according to a small change of
temperature and pressure. This indicates that the phase
transition between the liquid and the gas occurred and
the gas-liquid coexistence curve could be reproduced by
this smulation.

The convergence of the isochore lines disappeared
above the pressure of 20 MPaand the temperature of 650
K. That is, the gas-liquid coexistence curve disappeared
at this point. This indicates that the critical point exists
at this point in our simulation. Although it is difficult to
specify thecritical point exactly by the simulation, the ex-
perimentally obtained value of the critical point of water
(T=647K,P=22MPa, p =0.32g-cm?3) also exists at
the same position where the convergence of the density
lines disappeared. Though TIP3P is a simple model of
the water, it can reproduce well the critical point. Guis-
sani and Guillot obtained the critical point by using an-
other water model of SPCE [5]. They also found that the
critical value of their simulation corresponded well with
the experimental ones. These two models are both pa-
rameterized for the water at ambient condition, but they
can reproduce the critical phenomenawith good accuracy
for our purpose. Therefore, we next analyzed the density
fluctuation from sub- to supercritical regions.
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Figure 1. Isochore lines of water at sub- and supercritical
regions obtained by molecular dynamics simulation. The
density values are shown in the figure whose dimensions
are all g-cm3. Experimental value of the critical point is
shown as small circle.
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Table 1. Trajectory averaged values of the temperature
and pressure calculated at some selected points on the
isochore curve, which were used for the bin analysis.

Average Temperature ~ Average Pressure  Average Density

(K) (MPa) (gom®)
631 193 0.298
640 2238 0.308
650 26.2 0.295
670 313 0.307
700 40.2 0.319
751 49.7 0.301
799 66.0 0.329
849 80.6 0.315
898 916 0.309
951 100.6 0.301

Analysis of the density fluctuation

In order to investigate the density fluctuation along
the critical isochore curve, some of the state points (T,
P) with the average density of 0.3 g-cm™ were selected
from Figure 1. The selected state points were shown in
Table 1. The density fluctuations of these points were an-
alyzed using bin analysis. In this analysis, the number
of water molecules in each bin was calculated at each
time step. Then, the time averaged percentage of the
number of bins which include different numbers of wa
ter molecules were calculated. These values were plotted
as ordinate and the number of water molecules in a bin
was plotted as abscissain Figure 2. In order to clear the
figure, the results of the five representative state points
out of ten were shown in the figure. As the simulation
box was divided equally by 125 in thisanalysis, the aver-
age humber of water molecules per a bin should be 4.09.
Therefore, the histogram in Figure 2 should show a sharp
peak at 4.09 if the density of the system is homogeneous.
Figure 2 showed that the peak and the width of the his-
togram become lower and broader when the thermody-
namic state approaches the critical point. Especialy, at
the state point of T=640K, P=23MPa, which is the clos-
est calculated state to the critical point, the shape of the
histogram distorted and showed a flattening of the peak.
This indicates that the density fluctuation of the water is
large near the critical point. With increasing of the pres-
sure and the temperature, the shape of the histogram be-
came sharp and the peak position approached the value of
4.09. These results qualitatively indicate that the density
fluctuation is large near the critical point and gradually
decreases with the increment of the temperature and the
pressure.

In order to investigate the density fluctuation quanti-
tatively, the density fluctuation defined in the next equa-
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Figure 2. Average percentage of the number of bins
which include different number of water molecules were
plotted against the number of water in a bin. The mea-
sured (T, P) points were on the critical isochore whose
values are shown in the figure.

tion [3] was calculated from the histogramsin Figure 2.

= @

Thecalculated values of the density fluctuation were plot-
ted against temperatures in Figure 3. It can be seen that
the density fluctuation gradually decreased with the in-
crement of the temperature along the critical isochoreline
from the critical point. Nishikawa et a measured the
density fluctuation of supercritical water near the criti-
cal point (T =660 ~ 690K and P= 225 ~ 38.8MPa)
using the small angle x-ray scattering method [4]. Intheir
measurement, density fluctuation took a maximum value
of 31.3 a T = 659.6K, P = 25.22 MPa and p = 0.2914
g-cm3, and the value rapidly decreased to 1.17 at their
most remote state from the critical point at T=687.4K,
P=23.69, p=0.1244 g-cm3. Their valueisten timeslarger
than ours near the critical point, though both took similar
values at the peripheral points. These differences should
attribute to the number of water and the size of bin used
in this study. The occurrence of the large cluster and
the density fluctuation near the critical point could not
be represented by the size of our 512 water molecules.
Nishikawa also obtained the value of 16A for the cor-
relation length near the critical point of water [4]. The
estimated size of our binis 7 ~ 8A in average near the
critical point in our simulation. In order to investigate the
fluctuation near the critical point, the simulation box with
more than 3000 water molecules at least should be con-
sidered. Although the quantitative analysis of the density
fluctuation near the critical point can not be achieved in
this study, the rest of the wide supercritical region can
be represented well by this bin analysis. Further studies
with alarger scale simulation will give usamore accurate
picture around the critical point.
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Figure 3. Temperature dependence of the density fluctu-
ations along the critical isochore line.
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Figure 4. Temperature dependence of the density fluctua-
tions along the isobaric curves. The pressures are 25M Pa
(o), 30MPa (M), 40MPa( A ), and 50MPa( 4 ), re
spectively.

The temperature dependences of the density fluctu-
ation along the isobaric lines were shown in Figure 4.
At the pressure of 25 MPa, density fluctuation began to
rapidly increase near thecritical temperature, and reached
a maximum value at 700K, then gradually decreased
again. Asisobaric lines were taken at successively higher
pressures, the peak of the density fluctuation shifted to-
ward the high temperature gradually. The temperature
and the pressure values at the peak point along with each
isobaric line were listed in Table 2 with its peak value of
the density fluctuation.

By combining the data aong the isochore and iso-
baric lines, the density fluctuations were represented as
a contour map and superimposed on the isochore lines
on the P-T phase diagram in Figure 5. The contour line
shows that the highest point of the density fluctuation oc-
curs in a little high temperature region from the critical
point. However, the highest density fluctuation should be
at the critical point. Asthe simulation of this work does
not have a sufficient accuracy for the fluctuation analy-
sis at the critical point, the highest area of the fluctuation
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Table 2. The peak values of the density fluctuation and
their (T, P) value dong the isobaric lines which were
obtained from Figure 4.

Peak Temperature Peak Pressure  Peak Density

(K) (MPa) Fluctuation
700 25.0 1.45
750 30.0 1.48
800 40.0 132
850 50.0 1.19
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Figure 5. Contour plot of the density fluctuation ( — )
of supercritical water superimposed on the isochore lines
(--- ). The peak points of the density fluctuation along
the isobaric lines shown in Table 2 were plotted as ( x ).
Experimental value of the critical point is shown as small
circle.

should include the critical point and the area may spread
from critical point to alittle high temperature region.

Compared to the isochore lines, the contour lines of
density fluctuation below the value of 0.8 behave almost
parallel to the isochore lines of the average density above
0.4 g-cm™. However, the contour lines of density fluctua-
tion above the value of 1.0 are not parallel to theisochore
lines, and instead, it forms a maximum near the critical
point. The threshold line locates around the isochore line
with critical density of 0.3 g-cm™. From the density fluc-
tuation point of view, thisthreshold line may be regarded
as the boundary of the sub- and supercritical regions.

The maxima points of the density fluctuation along
the isobaric lines shown in Table 2 are also plotted in the
same figure. The connected line of these peak values of
the density fluctuation, that is, the ridge of the density
fluctuation, roughly lies along theisochore line at density
of 0.2 g-cm3. This indicates that the ridge of the den-
sity fluctuation deviatesto alittle lower density side from
the critical isochore line of 0.3 g-cm3. This deviation be-
comes large with the increase of the pressure. Nishikawa
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et al [4] showed that the ridge of the density fluctuation
exists and deviates to a little lower density region than
the critical isochore line. The result of our simulation is
in accord with their results. However, the (P, T ) region
investigated by their experiment was limited because of
the experimental difficulty. They investigated the tem-
perature ranging from 660K to 690K and pressure rang-
ing from 22.5 MPa to 38.8 MPa. Compared to the ex-
perimental method, simulation has an advantage in that
it can investigate at the extreme conditions. The results
obtained in this simulation could predict that the ridge of
the density fluctuation spreads to a wide area of the su-
percritical field. Futhermore, the ridge line deviates from
the critical isochore line and lies along the isochore line
at0.2g-cm.

In order to investigate the water structure around the
ridge line of the density fluctuation, the coordination
number of water in the first hydration shell was calcu-
lated. The coordination number, <N>, was evaluated by
integrating the oxygen-oxygen radial distribution func-
tion until it takes the first minimum at 4.0 A. The re-
sults were shown in Figure 6(a). It can be seen that the
coordination number decreases with increasing temper-
ature along each isobaric line. Along the isobaric line
at 25MPa, the coordination number rapidly decreases at
around the critical temperature and reaches a constant
value at high temperature. With the elevation of the pres-
sure, the coordination number decreases monotonically.
Asthe bulk density changes according to the elevation of
the temperature along the isobaric line, the coordination
number should be affected by the bulk density. Therefore,
in order to analyze the coordination behavior in more de-
tail, the ratio of <N>/p was plotted in Figure 6(b). It
can be seen that al the values of ratio <N>/p take al-
most constant value below the critical temperature. This
means that the coordination number changes proportion-
ally to the bulk density. However, the ratio <N>/p in-
creases above the critical temperature in al cases. Es
pecially, the increment is largest at 25 MPa among the
isobaric lines. This could show that the preferential ag-
gregation of water molecules occurred above the critical
temperature. Thisbehavior isin accord with that reported
by Yoshii et a [10]. Although the curve greatly waves at
25MPa due to the large fluctuation, the peak existsin all
cases of theisobaric linesand their values shift toward the
higher temperature with the increment of the pressure.
This behavior is similar to that of density fluctuation,
which was shown in Figure 4. These results may sug-
gest that the preferential aggregation of water becomes
maximum along the ridge line of the density fluctuation.

5 Summary

Molecular dynamics simulation of water in the supercriti-
cal region was performed to investigate the density fluctu-
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ation. The density fluctuation along the critical isochore
line and some isobaric lines was analyzed using bin anal-
ysis, and the results were plotted on the T-P phase dia-
gram. The maxima of the density fluctuation exists from
the critical point to alittle high temperature region. The
ridge of the density fluctuation shiftsto the lower density
from the critical isochore line according to the increment
of the temperature and pressure. As the number of water
molecules was small in this study, the size of bin for the
analysis of density fluctuation was aso limited. In order
to evaluate the behavior near the critical state, simulation
with alarge number of molecules, wherethesize of binis
larger than that of cluster, will be needed. Nevertheless,
the behavior of the density fluctuation for the wide area of
sub- and supercritical water except near the critical point
can be obtained in thiswork. Study with different size of
bin would also give information on the size of cluster of
water. Although thisisafirst step of the bin analysis, the
result shows that this is an effective way to analyze the
density fluctuation of supercritical water.
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Figure 6. Temperature dependence of the coordination
number of water, <N>, in the first hydration shell within
the radius of 4.0 A along the isobaric curves (a). The
ratio of the coordination number of water and the bulk
density, <N>/p, was also plotted in (b). The pressures
are 25MPa (e ), 30MPa (), 40MPa( A ), and 50MPa
(4), respectively.
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