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Density fluctuation structures of supercritical carbon dioxide along the isothermal and isochoric lines were
observed with small-angle neutron scattering �SANS�. All the scattering intensities in the low-Q range were
well described with the Ornstein-Zernike �OZ� equation. It was confirmed that there exists a locus where the
OZ correlation length and scattering intensity at Q=0 exhibit extrema on the isothermal lines: this locus,
named the ridge, was interpreted as the boundary by which the supercritical state is divided into liquidlike and
gaslike phases. In order to clarify the difference of the fluctuation structure between the liquidlike and the
gaslike phases, a real-space molecular distribution was obtained with a reverse Monte Carlo �RMC� method.
Number density distributions of CO2 molecules at all measured states were calculated with the real-space
molecular distributions obtained. In addition, the statistical parameters of the number density distributions, the
standard deviations, and the skewnesses, were examined. The standard deviations of the number density
distributions almost coincide with the results of the OZ analysis. On the other hand, the skewnesses, which
describe the asymmetric nature of the number density distribution, clearly showed a difference between the two
phases: the skewness became negative in the liquidlike phase, positive in the gaslike phase, and almost zero at
the nearest state to the ridge in all isotherms. It was proved with simple equations of statistical mechanics that
the skewness is described as the first differential of the magnitude of the density fluctuation with respect to the
pressure. We conclude that the skewness, obtained with a RMC analysis for SANS data, is an important
structural parameter distinguishing between the liquidlike and gaslike phases.

DOI: 10.1103/PhysRevE.78.051503 PACS number�s�: 61.05.fg, 61.20.�p

I. INTRODUCTION

A supercritical fluid �SCF� is generally defined as any
substance at a temperature T higher than its critical tempera-
ture Tc �1�. A SCF can change its density in a wide range
without a liquid-gas phase transition. The viscosity and dif-
fusion coefficient of the fluid also vary from liquidlike to
gaslike values with a small change of the thermodynamic
state. Because of these features, SCFs are expected to be
useful for extraction, chromatography, chemical reactions,
material synthesis, and so on.

It has been considered that the chemical and physical
properties of SCFs, such as solubility and compressibility,
are strongly connected with their large-scale density fluctua-
tion structure �1�. One of the most characteristic features of
the density fluctuation in the supercritical phase is a “ridge”
which Nishikawa and co-workers found with small-angle
x-ray scattering �2–12�. The ridge is defined as the locus of
the states where the scale and the magnitude of the density
fluctuation become maximal on the isothermal line. The
ridge is regarded as a kind of boundary which divides the

supercritical region into liquidlike and gaslike phases be-
cause the solubility of the SCF changes drastically there. In
addition, the magnitude of the density fluctuation is directly
connected with the isothermal compressibility, which is the
second derivative of the Gibbs energy. Therefore, the isother-
mal compressibility �13� and the other thermodynamic pa-
rameters that relate to the second derivative of the Gibbs
energy, such as partial molar volume �14�, sound velocity
�15�, and thermal conductivity �16�, have extrema at the
ridge.

The difference of molecular distribution structures be-
tween the liquidlike and gaslike phases has attracted much
interest to understanding the solution properties of SCFs.
Generally, the Ornstein-Zernike �OZ� equation is used for
describing the small-angle neutron or x-ray scattering inten-
sity I�Q� of the large-scale density fluctuation structure:

I�Q� =
I�0�

1 + �2Q2 , �1�

where � and Q are the OZ correlation length, which corre-
sponds to the scale of the density fluctuation, and the mag-
nitude of the scattering vector �Q=4� sin � /�, where 2� is
the scattering angle and � is the wavelength�. I�0�, the scat-*sugiyama@rri.kyoto-u.ac.jp
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tering intensity at Q=0, is connected with the magnitude of
the density fluctuation by the relation

I�0� � �N2� − �N�2, �2�

where N is the number of molecules in the corresponding
volume V. The fluctuation parameters � and I�0� symmetri-
cally decrease away from the ridge with respect to pressure
or density. However, no characteristic differences between
the liquidlike and gaslike phases have been shown by OZ
analysis. In the previous studies, the structural difference be-
tween the two phases was presumed to come from the dif-
ference of the scatterers in the phases, i.e., the scattering
intensity reflects the distribution of the molecular aggregates
in the gaslike phase, but that of voids in the liquidlike phase
�10�. Nonetheless, this presumption leaves much room for
argument. Because the OZ equation describes only the de-
viation of the local density from the average one, it cannot
distinguish the difference between the aggregates and the
voids. Moreover, the behavior of the solution properties
mentioned above is not explained by only an analysis of the
OZ equation. Therefore we have to find another structural
parameter that describes the difference between the liquid-
like and gaslike phases in a SCF. To accomplish the purpose,
it is necessary to establish an advanced analytical method
which can extract more detailed structural information from
the scattering data than the traditional one.

In recent years, we have investigated the density fluctua-
tion structure of supercritical carbon dioxide �sc-CO2� with
small-angle neutron scattering �SANS� �17–19�. In particu-
lar, by applying a reverse Monte Carlo �RMC� simulation
method, the molecular distribution of sc-CO2 was revealed
in real space �18�. The RMC simulation is a kind of inverse
modeling method based on the scattering data and is widely
used for visualizing the local structure of disordered materi-
als �20�. Even though the RMC method for SANS is a still
developing analysis, it has the advantage of treating the real-
space molecular distribution �21,22�. Therefore, it is strongly
expected that there is great potential to extract more detailed
structural information than in the previous analysis.

In this study, SANS experiments were performed for
sc-CO2 at more thermodynamic states than those in the pre-
vious study �18�. In particular, the structural change along
both isothermal and isochoric lines was examined. Moreover,
we suggest an advanced analytical method based on statisti-
cal mechanics and apply it to the real-space molecular dis-
tribution obtained with the RMC calculation. The aim of this
study is to reveal the differences of the fluctuation structure
between the liquidlike and gaslike phases in sc-CO2 by ap-
plying this analysis method to the SANS data.

II. EXPERIMENTAL PROCEDURE

SANS experiments on sc-CO2 were carried out by using
the time-of-flight small- and wide-angle neutron scattering
instrument �SWAN� installed at the Neutron Science Labo-
ratory �KENS� of the High Energy Accelerator Research Or-
ganization �KEK� in Tsukuba, Japan �23�. SANS intensities
were measured in 20 thermodynamic states. These measure-
ment points are displayed on a pressure-temperature phase

diagram �Fig. 1�, and the thermodynamic parameters �pres-
sure P, temperature T, and density �� are listed in Table I.
The density in the table was calculated with the equation of
state of CO2 �24�. The deviations of temperature and pres-
sure during the measurements were kept within
�0.2 °C and�0.03 MPa, respectively. Among the 20 mea-
surement points, the state groups �a ,b ,c ,d ,e�, �f ,g ,h , i , j�,
�k , l ,m ,n ,o�, and �p ,q ,r ,s , t� have almost the same tempera-
tures of 32, 33, 35, and 38 °C, respectively, and state groups
�a , f ,k , p�, �b ,g , l ,q�, �c ,h ,m ,r�, �d , i ,n ,s�, and �e , j ,o , t�
have almost the same densities of 0.645, 0.615, 0.528, 0.357,
and 0.280 g /cm3, respectively.

A sample container of sc-CO2 was made of SUS316 with
two sapphire windows. The details of this container and the
SCF system were reported in previous papers �17,18�. In the
following analysis, SANS data between Q=0.01 and 0.5 Å−1

were used.

III. RESULTS OF SMALL-ANGLE
NEUTRON SCATTERING

Figure 2 shows the SANS intensities at 32 °C; states
�a ,b ,c ,d ,e�. The scattering intensities in the low-Q range
increase with decreasing pressure or density in the states a,
b, and c, while they decrease with decreasing pressure or
density in the states c, d, and e. Therefore, the SANS inten-
sities showed a symmetric change around the state c.

In order to evaluate this change of fluctuation quantita-
tively, all the observed intensities were analyzed with the OZ
equation �1� in following form:

1

I�Q�
=

1

I�0�
+

�2

I�0�
Q2. �3�

This equation means that when we plot I�Q�−1 vs Q2, the
inverse intensity is described in a linear form, and then � and
I�0� can be estimated from the slope and the intercept on the
y axis, respectively. Figure 3 shows the so-called OZ plot of
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FIG. 1. Thermodynamic states of sc-CO2 observed in this study.
The characters a– t indicate each of the measurement points listed
in Table I.
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I�0� / I�Q�−1 vs Q2 at 32 °C �here both sides of Eq. �3� were
multiplied by I�0� in order to clarify the difference of the
slope�. Since all the observed data are well described in the
linear form in Fig. 3, it is confirmed that the SANS intensi-

ties satisfy the OZ equation in this Q range. The � and I�0�
obtained at all measurement states are also listed in Table I.

The pressure dependences of � and I�0� of all isothermal
lines are shown in Figs. 4�a� and 4�b�, respectively. It is

TABLE I. Thermodynamic states of sc-CO2 in the SANS experiment and the values of Ornstein-Zernike
correlation lengths and I�0� which were obtained from the SANS intensities. T, P, and � are the temperature,
pressure, and density, respectively. � is the Ornstein-Zernike correlation length and I�0� is the scattering
intensity at Q=0. CP is the critical point of CO2.

T �°C� P �MPa� � �g cm−3� � �Å� I�0� �cm2�

CP 31.1 7.38 0.468

a 32.1 7.97 0.645 13.2 0.234

b 31.9 7.76 0.619 16.6 0.397

c 32.0 7.57 0.538 41.2 2.605

d 31.8 7.46 0.362 20.3 0.560

e 31.9 7.24 0.279 11.3 0.157

f 33.0 8.24 0.647 12.9 0.219

g 32.9 8.01 0.615 14.7 0.378

h 33.0 7.76 0.524 30.6 1.434

i 32.8 7.60 0.346 18.9 0.491

j 32.9 7.34 0.278 11.2 0.149

k 35.0 8.80 0.646 11.7 0.184

l 34.9 8.51 0.614 13.5 0.269

m 35.1 8.16 0.527 22.1 0.751

n 34.8 7.87 0.355 16.4 0.377

o 34.9 7.57 0.283 10.4 0.138

p 38.0 9.63 0.643 10.8 0.153

q 38.0 9.25 0.613 12.0 0.208

r 38.0 8.75 0.523 16.9 0.435

s 37.8 8.26 0.363 14.2 0.280

t 37.9 7.87 0.278 10.2 0.123
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FIG. 2. SANS intensities for sc-CO2 at 32 °C (states
�a ,b ,c ,d ,e� in Fig. 1 and Table I). Markers of open circles, tri-
angles, squares, diamonds, and inverted triangles correspond to the
states a, b, c, d, and e, respectively. The solid curves show the
results of RMC calculation.
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FIG. 3. Ornstein-Zernike plots for SANS data at 32 °C �states
a–e�. Markers of open circles, triangles, squares, diamonds, and
inverted triangles correspond to the states a, b, c, d, and e, respec-
tively. The solid thin lines are the fitting results of the Ornstein-
Zernike equation �3�.
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apparently confirmed that there exists a locus around the iso-
choric line of �c ,h ,m ,r� where the scale and the magnitude
of the density fluctuation become maximal. The locus of the
maximal points corresponds to the ridge of the density fluc-
tuation which Nishikawa and co-workers found in previous
studies �2–12�. Therefore, it can be judged that the isochoric
lines of �a , f ,k , p� and �b ,g , l ,q� were in the liquidlike
phase, �d , i ,n ,s� and �e , j ,o , t� were in the gaslike phase, and
�c ,h ,m ,r� was located quite near to the ridge.

IV. REVERSE MONTE CARLO SIMULATION

The traditional OZ equation describes only the deviation
of the density from the averaged one. However, the averaged
density itself was not in consideration. In order to extract

further structural information, we have to include the aver-
aged density into the SANS analysis. For this purpose, it is
important to obtain a real-space molecular distribution.
Therefore, the RMC method was applied to all the SANS
data. The details of the calculation of the RMC calculation
and the results are described in this section.

The size of the computational domain of the RMC simu-
lation is determined as �271.2�3 Å3. It was shown in a pre-
vious study that this size is enough to reproduce the largest
molecular distribution in this study, i.e., state c �18�. The
effective diameter a of a CO2 molecule is determined to be
3.39 Å with the equation for the critical packing fraction
�25,26�

�

6
�CPa3 = 0.13044, �4�

where �CP �=0.006 40 Å−3� is the number density of CO2
molecules at the critical point. The length a exactly corre-
sponds to the intermolecular distance of sc-CO2 �27–32�.

Initially, CO2 molecules are randomly distributed in the
computational domain. The number of molecules was calcu-
lated with the density of the state listed in Table I. Then these
molecules were moved to reproduce the SANS intensity. The
basic algorithm of the RMC method for SANS is exactly the
same as in the original RMC computation �20� and was re-
ported in Refs. �18,21�. In the previous study, we used grids
on the computational domain, and located the CO2 molecules
only around the grid points �18�. Even though the calculation
time was rather shorter, this grid structure caused an artificial
oscillation in the obtained pair-distribution function g�r�
�18�. In this study, we removed the grid from the domain and
located the molecules everywhere except for the excluded
volume �a3 /6 around other molecules. The artificial oscilla-
tion in g�r� was expected to be cleared by this improvement.

The calculated scattering curves at 32 °C are additionally
shown in Fig. 2. It is apparently confirmed that all the RMC
results well reproduce the observed SANS intensities. Figure
5 shows the pair-correlation functions fPC�r�=4�r2�0�g�r�
−1� ��0 is the number density in each state� of states
�a ,b ,c ,d ,e�, which were obtained from the RMC results. As
expected above, no artificial oscillation was observed. fPC�r�
means the excess number of molecules at distance r from
one CO2 molecule. Therefore, it directly corresponds to the
density fluctuation. fPC�r� in state c is much higher than
those in the other states. This relates to the fact that the
observed I�0� in state c was the largest in all the measured
states. The convergence distance of fPC�r� toward zero is also
an important parameter indicating the range of the indirect
intermolecular correlation �33�. This distance reflects the OZ
correlation length �, because � is a decay parameter of g�r�
given as g�r�−1�exp�−r /�� /r in the OZ theorem �33�. The
convergence distance of state c where � was the largest is
about 120 Å. It is extraordinarily larger than in the other
states. These facts about fPC�r� indicate that the RMC results
successfully reproduce the real-space molecular distribution
of sc-CO2.

Figures 6�a�–6�e� display the density maps of the real-
space molecular distribution of the states �a ,b ,c ,d ,e� in a
layer with thickness 2a. In Figs. 6�a� and 6�e�, high-density
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and low-density areas with small size are observed. On the
other hand, high-density and low-density areas with larger
size exist in state c. For example, a large high-density area is
located around �x ,y�= �200,70�, and a large low-density area
is around �x ,y�= �140,180� in Fig. 6�c�. In the states b and d,
there are fluctuations of intermediate size. This visualization
greatly helps us to understand the differences of the fluctua-
tion structures in sc-CO2 along the isotherm.

V. NUMBER DENSITY DISTRIBUTION
OF SCF MOLECULES

In this study, we suggest a statistical analysis method for
the obtained real-space molecular distribution in order to ob-
tain detailed information about the density fluctuation struc-
ture. The computational domain of the RMC method includ-
ing the real-space molecular distribution was cut into small
cubics of V=5a	5a	5a Å3 �5a=16.95 Å�. From now on,
this cube is called the “cell.” Then the number density of
molecules in each cell was calculated. Figure 7 shows the
number density distributions of states �a ,b ,c ,d ,e�. As refer-
ences, the initial distribution of the RMC calculation, i.e., a
random distribution, is also displayed. In all states, the stan-
dard deviations of the number density distributions were
larger than those of the initial distributions. This behavior
indicates the existence of density fluctuations because the
standard deviation of the number density distribution, 

= ��N2�− �N�2�1/2 /V, corresponds to the magnitude of the den-
sity fluctuation. Figure 8 shows the standard deviations of all
the observed states. The standard deviations of the states

�c ,h ,m ,r� on the nearest isochoric line to the ridge are the
largest in all isotherms, while the standard deviations are
small at states on the two isochoric lines of �a , f ,k , p� on the
high-density side and �e , j ,o , t� on the low-density side
which are located far from the ridge. At the lines of
�b ,g , l ,q� and �d , i ,n ,s�, the standard deviations have inter-
mediate values. This trend corresponds to the magnitude of
the density fluctuation, I�0�, of the SANS experiment. Focus-
ing on the isochoric change of the states, the standard devia-
tions decrease with increasing temperature in all lines even
though there exist slight exceptions in states b and o. These
exceptions come from small deviations of these states from
the isochoric lines as shown in Table I. From the consider-
ation above for the standard deviation, the structural feature
of the density fluctuation can also be described with a statis-
tical approach. However, the information about the standard
deviation indicating the magnitude of the density fluctuation
is the same obtained with the traditional OZ equation for
SANS data. In order to explain the differences between the
liquidlike and gaslike phases, further structural information
should be extracted from the real-space molecular distribu-
tion.

Looking at the number density distributions shown in Fig.
7 carefully, it is noticeable that some have asymmetric na-
tures. In order to estimate this asymmetry, the skewness of
the number density distribution, �, was calculated. Generally,
the skewness � is defined as the third standardized moment

� =
1

n
	

i

�Ni − �N��3

V3
3 , �5�

where Ni is the number of molecules in the ith cell, and n is
the number of cells. The skewness has a positive value if the
mass of the distribution is concentrated on the left �low-
density� side, while, it becomes negative when that is con-
centrated on the right �high-density� side. Additionally, the
skewness becomes zero when the distribution has a symmet-
ric shape.

Figures 9�a� and 9�b� show the obtained skewness of the
calculated number density distribution and that of the initial
�random� distribution, respectively. As shown in Fig. 9�a�, it
can be confirmed that the skewness is clearly different de-
pending on the density of the states. When the state is on the
isochoric lines of �d , i ,n ,s� and �e , j ,o , t�, the skewness be-
comes positive. On the other hand, the skewness becomes
negative for the states on the isochoric lines of �a , f ,k , p� and
�b ,g , l ,q�. This means that the mass of the number density
distribution is concentrated on the high-density side when
the states are in the liquidlike phase and on the low-density
side in states in the gaslike phase. In addition, the skewness
of the states on the isochoric line of �c ,h ,m ,r�, which is the
nearest to the ridge, is almost zero, i.e., the distribution is
symmetric. When the molecular distribution is random, as
shown in Fig. 9�b�, the skewness is almost zero without any
density dependence. Therefore, the differences of the skew-
ness can be regarded as characteristic of the fluctuation struc-
ture at each density. It was suggested from the above consid-
eration that the skewness of the number density distribution
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FIG. 5. Pair-correlation function 4�r2�0�g�r�−1�, of sc-CO2 at
32 °C (states �a ,b ,c ,d ,e�) obtained by the RMC calculation for
SANS data.
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is one of the parameters showing the difference of fluctuation
structure between the liquidlike and gaslike phases in SCFs.

VI. ANALYSIS WITH STATISTICAL MECHANICS

In the previous section, it was suggested that the structural
difference of the liquidlike and gaslike phases in SCFs can
be described by the skewness of the number density distri-
bution. In order to prove the suggestion theoretically, we
consider how the skewness is expressed in statistical form in
this section.

A cell of the computational domain can be regarded as a
system of a statistical ensemble obeying the grand canonical

�T ,V ,�� distribution. Hence, the number of molecules in a
cell can be described with the grand canonical partition func-
tion :

 = 	
j

	
N

e−��Ej−�N�, �6�

where Ej is the energy of the jth system, � is the chemical
potential, and �= �kBT�−1 �kB is the Boltzmann constant�
�34�. With this partition function, the average and the vari-
ance of the number of molecules in a cell are expressed as

�N� =
1

�

 � ln 
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�N2� − �N�2 =
1

�2
 �2 ln 

��2 �
T,V

, �8�

respectively �34�.
The important question is how the skewness is expressed

using . By expanding Eq. �5�, we have

� =
1

n
	

i

�Ni − �N��3

V3
3 =
�N3� − 3�N2��N� + 2�N�3

V3
3 . �9�

With a similar form to Eqs. �7� and �8�, the third partial
differential of ln  with respect to chemical potential was
calculated:


 �3 ln 

��3 �
T,V

=
1



 �3

��3 �
T,V

− 3� 1



 �2

��2 �
T,V


	� 1



 �
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come

1



 �

��
�

T,V
= �

1


	

j
	
N

Ne−��Ej−�N� = ��N� , �11�

0.5

0.4

0.3

0.2

0.1

0.0

N
um

be
r

de
ns

ity
di

st
ri

bu
tio

n

0.0150.0100.0050.000

Number density (Å
-3

)

RMC result
Random distribution

a

b

c

d

e

FIG. 7. Number density distribution of sc-CO2 at 32 °C (states
�a ,b ,c ,d ,e�). Black bars are distributions of the RMC results.
White bars are those of the initial states, i.e., random distributions.

0.0017

0.0016

0.0015

0.0014

0.0013

0.0012

St
an

da
rd

de
vi

at
io

n
(Å

-3
)

38373635343332
Temperature (ºC)

a, f, k, p
b, g, l, q
c, h, m, r
d, i, n, s
e, j, o, t

FIG. 8. Standard deviation of the number density distribution of
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FIG. 9. Skewness of the number density distribution of sc-CO2.
Markers of open circles, triangles, squares, diamonds, and inverted
triangles correspond to isochoric lines of �a , f ,k , p�, �b ,g , l ,q�,
�c ,h ,m ,r�, �d , i ,n ,s�, and �e , j ,o , t�, respectively. �a� RMC results.
�b� Initial states �random distribution�.
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N3e−��Ej−�N� = �3�N3� , �13�

respectively. By substituting Eqs. �11�–�13� into Eq. �10�, the
third derivative of ln  is expressed in the form

1

�3
 �3 ln 

��3 �
T,V

= �N3� − 3�N2��N� + 2�N�3. �14�

Since the right side of the equation is the same as the nu-
merator of Eq. �9�, Eq. �14� is the answer indicating the
relation between the skewness and the grand partition func-
tion . With Eqs. �8�, �9�, and �14� the skewness is expressed
as the first derivative of the variance,

� =
1

n
	

i

�Ni − �N��3

V3
3 =
1

�V3
3
 �

��
��N2� − �N�2��

T,V
.

�15�

Furthermore, the Gibbs-Duhem relation for all the sc-CO2 in
the sample container is described as,

ScondT − VcondP + Ncond� = 0, �16�

where Scon, Vcon, and Ncon are the entropy, volume, and num-
ber of molecules in the sample container, respectively. By
using Eq. �16�, the partial differential with respect to chemi-
cal potential can be transferred to that of pressure:


 �

��
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T,V
= 
 �
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�
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 �P

��
�

T,V
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Ncon

Vcon
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�P
�
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 �
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T,V
.

�17�

With Eqs. �15� and �17�, the following relation is obtained:

� =
1

n
	

i

�Ni − �N��3

V3
3 =
�N�

�V4
3
 �

�P
��N2� − �N�2��

T,V
.

�18�

Equation �18� indicates that the sign of the differential of the
density fluctuation with respect to the pressure is directly
connected with the sign of the skewness. Considering our
experimental results, the sign of the skewness is determined
by whether the slope of Fig. 4�b� is positive or negative.
When the state is in the gaslike phase �lower-density side
from the ridge�, the skewness becomes positive because the
magnitude of the density fluctuation increases with increas-
ing pressure. The skewness becomes negative in the state of
the liquidlike phase �higher-density side from the ridge� for
the same reason. Furthermore, the skewness becomes zero at
the states on the ridge. From the above consideration, the
skewness obtained from the RMC analysis was theoretically
exhibited to be a parameter indicating the difference between
the liquidlike and gaslike phases in a SCF.

VII. DISCUSSION

We have shown that the liquidlike and gaslike phases in a
SCF can be regarded as states where the skewness is nega-

tive and positive, respectively. This understanding is natu-
rally expanded to the general gas-liquid phases for T�Tc.
When a state in the subcritical region �T�Tc� comes close to
the line of the first-order phase transition �liquid-gas coexist-
ence line�, the density fluctuation generally grows. That is,
the density fluctuation increases with decreasing pressure in
the liquid phase, while it increases with increasing pressure
in the gas phase. This is the same trend as in the supercritical
region even though the scale and the magnitude of the den-
sity fluctuation are quite small. Therefore, it is predicted with
Eq. �18� that the skewness is positive in the gas phase and
negative in the liquid phase. We suggest that the skewness is
one of the universal parameters by which the liquidlike and
gaslike phases are distinguished in both supercritical �T
�Tc� and subcritical �T�Tc� states.

The density fluctuation is connected with the isothermal
compressibility �T, which is the second derivative of the
Gibbs energy G �33�:

�N2� − �N�2 =
�N�2kBT

V
�T, �19�

�T = −
1

V

 �2G

�P2�
T,N

, �20�

while the skewness of the number density distribution is the
first derivative of the density fluctuation �left side of Eq.
�19��, as shown in the last section. Therefore, the skewness
corresponds to the third derivative of the Gibbs energy. Gen-
erally, higher-order derivatives reflect detailed structural in-
formation about the system �35,36�. The analysis method we
developed in this study succeeded in extracting information
about the third derivative from the SANS data. On the other
hand, only the second derivative of the Gibbs energy was
evaluated with the traditional OZ equation. This is solid evi-
dence of the progress in analyzing the SANS data.

This innovation was caused by introducing the macro-
scopic density for the analysis of the SANS data. In other
words, the absolute value of the average number of mol-
ecules �N� in a corresponding volume V was included in our
analysis. The OZ equation evaluates the deviation of the
number of molecules from the average, �N2�− �N�2. However
the absolute values of the average number �N� are not taken
into consideration. The lack of information makes the struc-
tural difference between the liquidlike and gaslike phases
invisible. On the other hand, our RMC analysis considers the
macroscopic density as the number of molecules in the com-
putational domain. Therefore, the absolute value of the local
number density can be calculated as the number of molecules
in each cell. With both the average number of molecules,
�N�, and the local number of molecules, N, the skewness, the
third standardized moment as shown in Eq. �5�, can be cal-
culated. By using the further information about the macro-
scopic density for SANS analysis, we have succeeded in re-
vealing that the skewness is an important parameter for the
number density distribution, which shows the structural dif-
ference between the liquidlike and gaslike phases in SCFs.
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VIII. CONCLUSION

SANS experiments were carried out for sc-CO2 along iso-
thermal and isochoric lines in order to clarify the structural
difference between the liquidlike and gaslike phases in SCFs.
The observed scattering intensities were well described with
the OZ equation, and the existence of the ridge can be clearly
confirmed. With application of the RMC method to the ob-
served SANS intensity, the real-space molecular distribution
was successfully obtained. The number density distributions
of the CO2 molecules for all states were calculated using the
results of the RMC simulation. The standard deviation of the
number density distribution shows good agreement with the
experimental results. The skewness of each distribution was
also calculated in order to evaluate its asymmetric nature.
The skewness clearly showed the differences of the molecu-
lar distribution structure between the liquidlike and gaslike
phases. It becomes positive in states in the gaslike phase,
negative in the liquidlike phase, and almost zero at the states

on the nearest isochoric line to the ridge. It was proved with
simple equations of statistical mechanics that the skewness is
described as the first partial differential of the magnitude of
the density fluctuation with respect to the pressure. We con-
clude that the molecular distribution structures of the liquid-
like and gaslike phases can be distinguished using the skew-
ness of the number density distribution, obtained by RMC
analysis for SANS data.
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