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Molecular dynamics simulations have been performed in a wide range of the temperature-density space. The
calculated energy and pressure were fitted to obtain the equation of state of the modified Buckingham (exp-6)
potential system. This potential function has three parameters; the size, energy, and steepness parameters in the
exponential repulsion term. The Helmholtz free energy measured from the ideal gas was expanded in a series of

temperature, density, and the steepness parameter.
steepness parameter.

The liquid-gas critical point was examined as a function of the
The liquid-vapor phase boundary was compared with that of the Lennard-Jones fluids.

The results reveal how entropy, energy and pressure depend on the steepness parameter.

Equations of state (EOS) of several fluids are derived
by computer simulations (Monte Carlo and molecular
dynamics method).1714 It is important in physical
chemistry that the equation of state is known for a
system with a given molecular interaction function.
The Lennard-Jones (12-6) potential is a typical one,
where the equation of state is obtained by computer
simulations:7-13)
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This potential function has only two parameters, i.e.,
the size parameter o and the energy parameter ¢. For
this reason the equation of state is reduced by these
parameters and no other parameters remain. Here this
potential is too rigid because we can find no more
flexibilities to express the complex properties of real
fluids other than the two effective potential parameters.

In this paper, we derive the equation of state of the
modified Buckingham (exp-6) potential which has three
parameters.’® The third parameter is the steepness
parameter of the exponential repulsion term. The first
parameter is the molecular separation at the potential
minimum, and the second one is the depth of the
potential well at the minimum energy.

The potential energy and pressure at many state
points calculated by molecular dynamics (MD) simula-
tions for many values of the third parameter will be
fitted to obtain the equation of state. The energy and
size parameters are used as units to reduce the thermo-
dynamic quantities. The third parameter, however,
remains in the equation of state. In this sense, it is
much more difficult to determine the equation of state
of the system where the interaction function has more
than two parameters. On the other hand, systematic
studies become possible for such a system. We can
change the value of the third parameter to see its effects
on many kinds of fluid properties.

Only thermodynamic properties are studied in this
paper. It will be shown how these depend on tempera-
ture, density and the steepness parameter. Studies on

the structure and the dynamic properties will be exam-
ined in separate work.

Modified Buckingham Potential

This potential is also called the exp-6 potential. It is
written as a function of the molecular distance r as
follows:15
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Fig. 1. Modified Buckingham potential as a function
of the molecular distance r.
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Here rmax is the value of r for which ¢(r), as given by the
upper relation, has a spurious maximum (Fig. 1). This
is a three-parameter potential function in which ¢ is the
depth of the potential at the minimum; ry, is the value of
r for the energy minimum; a reflects the steepness of the
exponential repulsion. The ratio rmax/rm is given by the
smallest root of the equation,

(%);xp{a(l - -r—rm;"—)} =1. )

The diameter o is defined as the value of r at ¢(r)=0.
The value of the ratio o/ rm depends on a in the modified
Buckingham (exp-6) potential. For the Lennard-
Jones potential (12-6), this ratio is constant: o/
re=0.8909. Figure 2 shows the ratios gmax/’m and o/rm
as a function of a. The value of em.x is plotted against a
in Fig. 3. Hereafter we use the parameter a in the range
of 10=a=30. In this case, the spurious maximum is
very high as seen from Fig. 3. The ratio ¢/rm has the
value: 0.8547<0/rn=0.9323.

Three cases are compared in Fig. 4: the pair potentials
at a=10, 14.34 and 30. The case of a=14.34 is shown
because there the ratio o/r, is the same as that of
Lennard-Jones potentials. As the potential is normal-
ized by the potential depth ¢ and the molecular distance
rm at the potential minimum, the potential curve
becomes narrower as @ increases as shown in Fig. 4.

Molecular Dynamics Simulations

Molecular dynamics calculations were carried out in
microcanonical ensemble. The program calculates the
temporal evolution of the system using a leapfrog algo-
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Fig. 2. Ratios rmax/rm and o/ rm as a function of a.
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rithm.1® The periodic boundary condition is assumed
on the cubic cell. The force is cut off at re which is
half of the MD cell width for the 256-molecule system.
The correction term is included by the assumption of the
random distribution at, r>r.: in the calculations of
energy and pressure. The unit of time 7o is defined as
by

100}

Fig. 3. Plot of em. against a.
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Fig. 4. Pair potential for three values of a.
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m
T0 = Fm\ , e 3)

where m is the mass. The time step is

dr=0.00457o, )

at the typical density and for the value of steepness
parameter a<<20. The time step d¢ is 0.02 ps in the case
of the potential parameters corresponding to liquid
CCly.19

In our run, 5000 steps were spent on aging of the
system. After this, a 5000-step run was performed,
where the molecular dynamics statistical averages are
obtained. This MD run was performed up to 22.5 o,
which is 100 ps for the potential parameters correspond-
ing to liquid CCls. The cpu time was 0.006 s/step with
FACOM VP-2600 at the Kyoto University Data Proc-
essing Center and with HITAC S-820/80 at the Comput-
er Center of the Institute for Molecular Science.

Equation of State

Figure 5 is a simulated map of state points. As for
the steepness parameter a, the following cases were
examined:

a=10, 11.5, 13, 14, 16, 18, 20, 25, 28, 30. %)

The numbers of the states simulated are shown in Fig. 5,
where the numbers of the state points with different
values of a are summed for simplicity. Full listings of
all volumes V, temperatures 7, steepness parameters a,
energies E, and pressures P are available from the
author on request.

The studied volume ¥V has a range:

0.76 Vo< V'<8192V%,. 6)

Here V5 is the volume of a close packed FCC crystal at
low temperatures:
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Fig. 5. Map of the simulated states in the (Vo/V, ¢/
kT) plane. L denotes the number of state.
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where N is the number of molecules in the system. The
state points at a temperature T in the following range (k

is the Boltzmann constant):

(7

__8_
k
are analyzed although further simulations at lower
temperatures are performed to see the liquid-solid
transition.

At each volume a random configuration is obtained
first and the MD simulation at very high temperatures
(about 15 &/k) is then performed. Then this sample is
cooled gradually at constant volume. In this way, a
liquid-to-solid transformation is observed at high den-
sity (V<V,) by monitoring its energy and pressure.
When these quantities change to a large extent in a
narrow temperature range, it is assigned to a phase
transition. The solid state points are omitted by this
way in the analysis, where only the fluid states remain.

As for the liquid-gas two phase regions, we assume
that the phase separation does not occur in our small
(N=256) system simulated for a relatively short time
(100 ps for liquid CCls). The validity of this assump-
tion will be examined in what follows. All data in the
low density region are included to obtain the equation of
state of fluid.

Ree’s method!? is used to obtain the equation of state
of fluid. By denoting the density N/ V and 1/kT as p
and B, respectively, the excess Helmholtz free energy
A¢, measured from the ideal gas state, is given as
follows:

05— < T< 16% 8)

P
BA_ (B _\ 1
- —L( o 1) de. 9)
where the excess internal energy E* is given by
dBA*¢
Ec= . 10
5 ), (19

When the pressure is given as a function of tempera-
ture and density,!? the numerical derivation of the other
thermodynamic quantities is not simple. On the other
hand, it is easy to obtain thermodynamic quantities
from the Helmholtz free energy. For this reason, we
assume the following analytic expression for the excess
Helmholtz free energy:

BA°

N =§;2Aﬁqurpﬁﬂarr’ (Il)

P=1,2,3,4’5,

g=0,0.25,1,2, 3, (12)

r=-0.5,0, 1.5,

P s B _a"an

pPr= po’Br— Bo’a'_ a (13)
N 1

p0=70,ﬁo=7,aoo=8,ao=|0. (14)

The expansion (11) is a sort of high temperature expan-
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sion. Though the exponent g=0.25 may seem odd, this
is chosen to express A¢ with as a number of terms as
small as possible in the trial and error way. Because
the equation of state is used in the restricted region (Eq.
8), there are no singularities even with this exponent.
The expansion (11) can also be viewed as a density
expansion. At the low density limit, only the p terms
remain. Although the expansion with respect to
temperature and density has such a physical meaning,
the expansion with respect to a is only a technical way to
express the a-dependence of the coefficients in the -
and p-expansion. The expansion is performed by
means of the dimensionless reduced quantities given by
Egs. 13 and 14.

The coefficients Apqr are obtained by the least-squares
fittings. The following quantities are minimized in our
case:

EL“—?( - EZEqAMfP/r’Bﬂ a,,}w, E

1
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Pir= Bi , Bir= g(; _q%()ai, Wi = 4Rimp, Wir= Mimp,
(16)
L=7860. (17)

Here nimp is the MD step number of the i-th MD run.
The weights w;r and w;p are tentatively chosen as
Nicola’s case.l® The number of coefficients Apqr is 75.
This is moderate compared with the case of Lennard-
Jones fluids where 32 coefficients are used.1® As there
is the third potential parameter in our case, we need
more coefficients than the case of the two-parameter,
Lennard-Jones potential. The total number of data
points 7860 is large enough to determine 75 coefficients.
The coefficients Aprq are given in Table 1.

Some technical details are described below. The
analysis was performed with the statistics package
SALS at the Kyoto University Data Processing Cen-
ter.l? The coefficients at the low density limit (Apqr,

=1) were determined at first, and then the other coeffi-

BiP; kT, _ cients were obtained. It is seen that there are no strong
+{( pi ZEEPA”""O i ”lw"P]’ (15) correlations between the basis functions used in the
Table 1. Coefficients A4 in the Equation of State

p q r Apgr P q r Apgr

1 0.0 —0.50 —0.6850148 3 2.00 0.0 —6.6081009
1 0.25 —0.50 0.4524021 3 3.00 0.0 12.0017595
1 1.00 —0.50 —0.9978102 3 0.0 1.50 —2.4980745
1 2.00 —0.50 —1.7569237 3 0.25 1.50 6.4317245
1 3.00 —0.50 0.5178725 3 1.00 1.50 —0.2996140
1 0.0 0.0 0.9798958 3 2.00 1.50 —4.2253304
I 0.25 0.0 2.0371027 3 3.00 1.50 1.9814978
1 1.00 0.0 —5.3831902 4 0.0 —0.50 1.3786678
1 2.00 0.0 2.5157204 4 0.25 —0.50 —3.8790855
1 3.00 0.0 —1.3160448 4 1.00 —0.50 1.2802448
1 0.0 1.50 0.1106332 4 2.00 —0.50 15.9196701
| 0.25 1.50 0.0221654 4 3.00 —0.50 —17.1450195
1 1.00 1.50 —0.0927995 4 0.0 0.0 1.8664589
1 2.00 1.50 0.0685976 4 0.25 0.0 —2.6899223
1 3.00 1.50 0.0455256 4 1.00 0.0 10.8094797
2 0.0 —0.50 3.2473965 4 2.00 0.0 6.9019051
2 0.25 —0.50 —7.1216450 4 3.00 0.0 —18.3938751
2 1.00 —0.50 6.3146334 4 0.0 1.50 3.4184790
2 2.00 —0.50 3.9169369 4 0.25 1.50 —8.8453131
2 3.00 —0.50 —5.7430820 4 1.00 1.50 —2.0526648
2 0.0 0.0 —2.6474066 4 2.00 1.50 6.2798786
2 0.25 0.0 6.5439167 4 3.00 1.50 —2.0717278
2 1.00 0.0 —4.2844410 5 0.0 —0.50 1.0566063
2 2.00 0.0 —0.1870927 5 0.25 —0.50 —1.1453161
2 3.00 0.0 —0.6190643 5 1.00 —0.50 1.9671011
2 0.0 1.50 1.1307259 5 2.00 —0.50 —7.9601946
2 0.25 1.50 —2.2454348 5 3.00 —0.50 6.1615953
2 1.00 1.50 0.9304036 5 0.0 0.0 —1.5089417
2 2.00 1.50 0.8111790 5 0.25 0.0 1.0174732
2 3.00 1.50 —0.6701541 5 1.00 0.0 —2.4891043
3 0.0 —0.50 —5.2004805 5 2.00 0.0 —2.3425989
3 0.25 —0.50 9.9220171 5 3.00 0.0 8.2107668
3 1.00 —0.50 —8.3147421 5 0.0 1.50 —1.7408895
3 2.00 —0.50 —10.7043695 5 0.25 1.50 5.0178003
3 3.00 —0.50 16.3647919 5 1.00 1.50 1.4885798
3 0.0 0.0 0.4470198 5 2.00 1.50 —3.0418901
3 0.25 0.0 1.8149662 5 3.00 1.50 0.7206789
3 1.00 0.0 —6.1030884
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expansion Eq. 11.
The relative deviation is obtained as follows:

(et =Y
(e - ey

The contributions from energy and pressure are shown
below:

(o=0)
T Eaewz
()
(e
211/2
{we—1F<T)
The (V,T) plane is divided into 4 parts as described in
Table 2 to see where the deviation comes from. The

energy deviation is largest in the low temperature and
low density region. On the other hand, the pressure

=0.049. (18)

=0.11, (19)

(20)

a=11.5

-8 I L L 1 1 1 1
0 2 4 6 8 1012 14 16
Tk’

Fig. 6. Examples of fitting of the excess internal
energy as a function of temperature at constant
volume.
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deviation becomes conspicuous at the high temperature
and high density region mainly (Table 2).

Figures 6 and 7 show how the least-squares fitting
smooths the data. The solid curve represents the EOS,
and the circles are the MD result. It is seen that the
temperature dependence of pressure and excess internal
energy at a given volume is well reproduced.

The volume dependences of pressure and excess inter-
nal energy are plotted in Figs. 8 and 9. As the excess
internal energy depends only slightly on the density, the
shifted excess internal energy FEf/Ne+n, n=0 or 1, is
plotted in Fig. 8. The curve represents the EOS, and
the solid circles show the MD value at the following
temperature:

& &
15— <T<1.7- - @

These are compared with the curve for 7=1.6 ¢/k. The
open circles correspond to such data for a temperature
range:

£ £
0.95 X <T<1.05 P (22)
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Fig. 7. Examples of fitting of the pressure as a func-
tion of temperature at constant volume.

Table 2. Deviations in the Fitting. Ratios of Contributions from Each Part are Shown
Total deviations Enegry deviations Pressure deviations
V>V V=Vo V>V V=Vo V>Vo V<V
el kT>1 0.700 0.005 0.678 0.002 0.022 0.003
el kT<1 0.093 0.202 0.034 0.026 0.058 0.176
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1 These data should be compared with the EOS curve at
T=1.0 ¢/k. The overall feature of MD data is well
ol reproduced by EOS in Figs. 8 and 9. The pressure
around V=3V, at T=1.6 ¢/k has a character corre-
sponding to the critical point.
=11 At a lower temperature (7=1.0 ¢/ k), the excess inter-
nal energy curve deviates from the raw data around
-2 V=8V,. This means that the liquid and gas phases
c separate in small parts of the system. It is understood
i that the phase separation is far from complete by the
-4 -3t pressure versus volume data around at 7=1.0¢/k. The
°f.\|.| metastable and unstable regions are observed in Fig. 9
-41 around V=2V, at T=1.0 ¢/k. Such a situation has
been reported for a hard disk system?® and the Lennard-
Jones system.13)
-5L
0 Thermodynamic Properties and Discussions
-6 n= ] The thermodynamic properties thus derived are dis-
T=1.0 ¢/ k a=11.5 cussed below. A simple interpretation by the van der
-7 L . , L Waals approximation is followed by a comparison of

0 4 8 12 16 20
V/Vo

Fig. 8. Volume dependence of the shifted excess inter-
nal energy E*/ Ne+n at constant temperature (n=0 at
T=1.0¢/k,n=1 at T=1.6 ¢/ k). The curve represents
EOS, and the circles are raw MD data (see text and
Egs. 21 and 22).

10 T T T T
a=115

£ T=T =16 ¢k

Prr "3

¢

0 2 4 6 8 10
v/ V0
Fig. 9. Volume dependence of the pressure at constant

temperature. The curve represents EOS, and the
circles are raw MD data (see text and Eqgs. 21 and 22).

some results with those of Lennard-Jones fluids. Sev-
eral thermodynamical quantities will be plotted to see
their dependence on the steepness parameter.

The critical point is discussed first because this is one
of the most interesting state points of the fluid. In the
next subsection, the liquid-gas phase boundary line is
presented. In the third subsection thermodynamic
properties are discussed in the (7, P) or (T, V)-plane.

" Another discussion will be given in the last subsec-
tion, for theoretical interest, on the potential functions
which give the same critical temperature and volume.

Critical Point and Comparison with the van der
Waals Approximation. In this section we show how
the critical point depends on the steepness parameter a

in comparison with a simple van der Waals
approximation.
The van der Waals EOS is given as follows:18
_ NkT _ N2avdw
p= V— Nbuww ve (23)
aw = 21| ¢(r)ridr, (24)
3
buw=—— (25)

Here the repulsion part is assumed to be a hard sphere
with a diameter 0. The attraction part is treated as a
perturbation to the hard core system. The free energy
of the hard core system is assumed to be the free energy
of a perfect gas with volume replaced by a smaller free
volume.1® The critical temperature, volume, and pres-
sure are plotted against the steepness parameter a in
Figs. 10, 11, and 12, respectively.

The a-dependences of these quantities are understood
qualitatively by van der Waals approximation as fol-
lows. The critical point is expressed by the van der
Waals constants:



August, 1992]

exp-6 potential
2.0 I
Tx .
% Molecular Dynamics
\O
=
1.05 1
]
van der Waals
0.0 :
10 20 30
a

Fig. 10. Critical temperature 7. versus the steepness
parameter a. The result with EOS derived by MD is
compared with that by the van der Waals

approximation.
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5] van der Waals )
4r I
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= 3_,"/Vf [
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2_ |
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exp-6 potential
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10 20 30
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Fig. 11. Critical volume V. versus the steepness

parameter a. The result with EOS derived by MD is
compared with that by the van der Waals
approximation.
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Fig. 12. Critical pressure P. versus the steepness
parameter a. The result with EOS derived by MD is
compared with that by the van der Waals

approximation.
_ 8ayaw

T kb

Vc = 3bvdW, (26)
_ AvdW

Pe= 27b%w

The critical temperature is discussed first. The van
der Waals constants a.aw and b.aw versus a plots (Fig.
13) shows that the constant a.uw decreases to a greater
extent than b,yw with an increase in a. For this reason
the critical temperature decreases as a increases in Fig.
10 by the van der Waals approximation. The reason
why a.gw decreases with an increase in a is obvious from
Fig. 4. Although the absolute value of the critical
temperature by this approximation is only about half of
the MD result, the relative temperature dependence is
well reproduced. We believe that the present approxi-
mation gives a simple route to estimate the dependence
of the’ critical temperature on the value of a potential
parameter.

It is easy to understand why the critical volume is an
increasing function of a by the van der Waals approxi-
mation. In this approximation the core size is defined
by o which increases as a increases (Fig. 2). We see
that this way of understanding is correct qualitatively by
the comparison the MD result with that of the van der
Waals approximation in Fig. 11.

The estimated critical pressure by the van der Waals
approximation is worst compared with other critical
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quantities as shown in Fig. 12. The critical pressure is
most difficult to estimate in an approximation.

The compressibility factor at the critical point is
shown in Fig. 14 as a function of a. The van der Waals

2.0
r1.5
= E “
: vdw \.E
> 1.0 3
o a”
2.
0.5
1 E
0 y 0.0
10 20 30
a
Fig. 13. Van der Waals constants awuw and bww as a

function of a.

0.427
Molecular Dynamics
0.40
0.38
o C
'_\z_c van der Waals
S 0.367
>
Q
a
0.341
0.321
exp-6 potential
0.30 T
10 20 30

a

Fig. 14. Compressibility factor PV/NkT at the critical
point versus the steepness parameter a. The result
with EOS derived by MD is compared with that by
the van der Waals approximation.
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approximation is too crude to give a-dependence of the
compressibillty factor at the critical point. The MD
result shows that the factor decreases as a increases.
The value is larger than that of Lennard-Jones fluids
(0.30—0.33).1013)  In order to see this difference critical
quantities are compared in Table 3, where a is 14.34
because at this value o has the same value as in the
Lennard-Jones potential. It is seen that a large value
of the critical pressure is the main reason for a large
compressibility factor in the exp-6 potential.

Although the compressibility factor is an indicator to
specify real fluids, we believe EOS should be compared
with the observed data in a wide range. In this sense,
we hope the present EOS is used in the analysis of real
fluids. The FORTRAN program to calculate the ther-
modynamic quantity from the EOS is available from the
author on request.

Liquid-Gas Phase Boundary.
gas phase boundary is displayed.

In Fig. 15 the liquid-
It is seen that the

Table 3. Critical Constants of the Modified Buckingham
(exp-6) and Lennard-Jones Potential Fluids

exp-6 Lennard-Jones
a=14.34 Nicolas et al.1% Adachi et al.1®
P;jec—3 0.17 0.14 0.12
V.| No® 3.08 2.86 3.52
T./ ekt 1.35 1.35 1.27
P.V./(NkT:) 0.39 0.30 0.33

x
% 1. ]
'—
0.5 ! : ; !
0 0.2 0.4 0.6 0.8 1
vy -1
p/N V0

Fig. 15. Liquid-gas phase boundary for a=10, 14.34,

and 30. The large mark represents the critical point.
The Lennard-Jones case is also shown.
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phase boundary moves to a large extent as a changes.
The case of a=14.34 is compared with that of Lennard-
Jones fluids. The phase boundary at a=14.34 almost
coincides with that of Lennard-Jones fluids. This is in
contrast with the large (ca. 20%) difference in the com-
pressibility factor at the critical point. The critical
point is shown by the large mark in Fig. 15, where we
can see how the critical point depends on the steepness
parameter a in the (p,7)-plane.

Dependence of Thermodynamic Properties on the
Steepness Parameter. We are going to see how the P-
V-T relation depends on the steepness parameter. The
reduced forms of P-V-T curves at the critical tempera-
ture for three values of a are close to each other (not
shown in figure). For details, the reduced volumes at
the critical temperature divided by that of the van der
Waals EOS are plotted against the reduced pressure in
Fig. 16. The about 10% difference is observed in the
three curves of the modified Buckingham potential
fluids. The reduced volume of the Lennard-Jones
fluids is larger than that of the exp-6 cases in almost all
the region in Fig. 16. In this figure is plotted a curve of
Lennard-Jones fluids outside the region where those of
the exp-6 fluids are found except around the P=P,
This means that a difference in the functional form of
the pair potential is significant for the P-V-T relation.

Now the second derivatives of the free energy are
discussed. The isothermal compressibility, thermal
expansion coefficient and heat capacity at constant

1.3

T=Tc

1.2

c) vdw

—t

.

-
n

[

(VIV)I(VIV
e

0.91

0.8 ' ;
.01 .1 1

P/P
c

10 100

Fig. 16. Reduced volume (V/V.)/(V/ Ve)vaw versus the
reduced pressure P/P. at the critical temperature for
a=10, 14.34, and 30.
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P 4
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Fig. 17. Isothermal compressibility k7 versus temper-
ature T plot at the critical pressure for a=10, 14.34,
and 30.
6 -
P=Pc
5¢L 4
l
4l 4
'w
*
v 3 5 & .
3
21
ra=30
1t
114.34
0 A i 1 1 "
0 1 2 3 4
Tk
Fig. 18. Thermal expansion coefficient a versus

temperature T at the critical pressure for a=10, 14.34,

and 30.
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volume are shown at the critical pressure in Figs. 17, 18,
and 19, respectively. Among the three figures the a
dependence of the heat capacity at constant volume is

2 T T T
P=Pc
1.5
20
o
8> 17
30
0.5
0
0 1 2 3 4

T/e* k!

Fig. 19. Heat capacity at constant volume C, versus
temperature 7T at the critical pressure for =10, 14.34,
and 30. R is the gas constant Nk.

-0.4 . — .
a=10
'O.Gr h
14.34
-0.8¢} _
o
o=
[4p]
-10 ]
30
-1.2¢ .
V=V
c
1.4l , - .
0 1 2 3 4

T/e* k!

Fig. 20. The excess entropy S¢ versus temperature T’
at the critical volume for a=10, 14.34, and 30.
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most significant. These quantities are plotted against
temperature also at P=0.1P. and 2P., though these are
not shown in figures. These results can be summarized
as the follows. As for the isothermal compressibility
factor and the thermal expansion coefficient, the volume
is more sensitive to the change of pressure or tempera-
ture for larger values of the steepness parameter a, as
expected by the pair potential shown in Fig. 4.

The temperature dependence of the extensive quanti-
ties at the constant volume condition is easier to under-
stand than that at the constant pressure condition. In
Figs. 20 and 21, the excess entropy and the excess
internal energy are plotted against temperature at the
critical volume. Similar plots are obtained at V'=0.4V.
and 0.7V; (not shown). The excess entropy is lower for
larger values of the steepness parameter and concomi-
tantly the excess internal energy is higher as seen in Figs.
20 and 21. It is not difficult to understand these a-
dependences by the width of the pair potential well in
Fig. 4. As the excess internal energy is an average of
the pair potential, the potential function with a wider
range of the attractive part gives a lower energy as in
Fig. 21. The excess entropy (Fig. 20) is interesting,
when it is seen as a function of a. This figure shows
that the order is established relatively more by the
narrower potential well.

Potential Functions Which Give the Same Critical
Temperature and Volume. The three potential func-
tions which give the same critical temperature and
volume are compared in Fig. 22. Here &(a) and Vo(a)
are regarded as functions of the steepness parameter a,

-1 : : ;
V=V
c
-1.5¢} .
[
30
w
z .20 :
tu
14.34
-2.5¢ ]
a=10
- 3 1 1 1
0 1 2 3 4
Tk’
Fig. 21. Excess internal energy E° versus temperature

T at the critical volume for =10, 14.34, and 30.
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Fig. 22. Pair potentials which give the same critical
temperature and volume are compared for a=10,
14.34, and 30.

because we can choose suitable values as ¢ and ¥o (or rm)
for each value of a. Figure 22 is obtained by the

equations:
_ 2.05¢(10) _ 1.35¢(14.34) _ 0.98¢(30)
L. k k k ’ @7
Ve=2.57Vo(10) = 3.08 Vo(14.34) = 3.14 V(30). (28)

The critical pressures are related with ¢ and Vo as
follows:

P10y = 2329010
Vo
1%(14.34)=M, (29)
Vo
P30y = 2112260
Vo
By combining Eqs. 27—29 we obtain
PL(10)=1.14P,(30),
P.(14.34) = 1.08 P(30). (30)

It is interesting that the ratio of the two critical pressures

Equation of State of exp-6 Fluid
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is only 1.14 (Eq. 30) in contrast to a large difference in
the pair potentials shown in Fig. 22.
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