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Modified 2CLJDQP model and the second virial
coefficients for linear molecules∗
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A modified form of 2CLJDQP potential model is proposed to calculate the second virial coefficients of two-center
Lennard-Jones molecules. In the presented potential model, the potential parameters σ and ε are considered as the
temperature-dependent parameters in the form of hyperbolical temperature function based on the theory of temperature-
dependent potential parameters. With this modified model, the second virial coefficients of some homonuclear molecules
(such as O2, Cl2, CH3CH3, and CF3CF3) and heteronuclear molecules (such as CO, NO, CH3F, CH3Cl, CH3CF3,
CH3CHF2, and CF3CH2F) are calculated. Then the Lorentz–Berthelot mixing rule is modified with a temperature-
dependent expression, and the second virial coefficients of the heteronuclear molecules (such as CH3F, CH3Cl, and
CH3CF3) are calculated. Moreover, CO2 and N2O are also studied with the modified 3CLJDQP model. The calculated
results from the modified 2CLJDQP model accord better with the experimental data than those from the original model.
It is shown that the presented model improves the positive deviation in low temperature range and negative deviation in
high temperature range. So the modified 2CLJDQP potential model with the temperature-dependent parameters can be
employed satisfactorily in large temperature range.
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1. Introduction
The key to understanding the nature of matter is to inves-

tigate the structure and interaction of molecules, so it is nec-
essary to develop potential models that are accurate enough to
indicate the features of matter and simple enough to employ.[1]

The studies of intermolecular potential have developed enor-
mously in the past forty years. The researchers have pro-
vided us with an insight into the basic physical problems, and
a large number of relevant industrial applications have been
found. Potential function has been known as the basis of gas
kinetic theory, liquid perturbation function, and distribution
function.[2,3] Generally, the pair potential function with satis-
factory accuracy has been employed to determine the trans-
port (viscosity, diffusion, etc.) and thermodynamic (sound
speed, virial coefficients, etc.) properties of fluids.[4,5] Re-
cently, some researchers have introduced the potential func-
tion to investigate the fourth order virial equation of state and
to estimate the elastic characteristics of bulk solids.[6–8] In ad-
dition, it is crucial for molecular simulation to choose a proper
potential function.

The well-known Lennard-Jones (LJ) potential function
which is the defacto standard in molecular simulation was
proposed in 1924.[9] It is particularly accurate to investigate
the properties of monatomic molecules, but it is not suitable
for the spherically unsymmetrical polar molecules. Later, the
two-center Lennard-Jones model (2CLJ) and its derivatives

such as 2CLJD, 2CLJQ, etc. were developed.[10–14] and were
used to study the common linear molecules such as N2, O2,
Cl2, F2, CO, CO2, NO, C2H6, C2F6, CH3F, etc.[15–22] The
2CLJDQP model derived from 2CLJD and 2CLJQ was pre-
sented by Meng and Duan in 2006.[23] in which the dipole,
quadrupole, and induction effects as well as the rotation of the
dipole out of molecular axis were introduced to describe the
intermolecular forces more truly. However, like other LJ-type
potential functions, this model is probably not suited for cal-
culating the second virial coefficients in a large temperature
range. The calculation results indicated that the negative de-
viation at high temperature and positive deviation at low tem-
perature would arise.[23] Maybe there are two reasons: firstly,
the virial expansion theory is not applicable for dense gases
nor liquids at low temperature, although it may obtain good
results at the expense of calculation accuracy in high temper-
ature range; secondly, it is not proper to treat the potential pa-
rameters as constants in large temperature range, which has
been presented in some studies.[24] The novel point of this
work is to propose a modified 2CLJDQP potential function
by introducing the temperature-dependent parameters.

The rest of this paper is organized as follows. In Sec-
tion 2, the temperature-dependent potential parameters are in-
troduced into the 2CLJDQP potential function to improve the
model applicability in large temperature range and the mod-
ified 2CLJDQP potential function is proposed. In Section 3,
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the second virial coefficients are selected as the criterion to
verify the present model, and the calculation of the potential
parameters of the modified 2CLJDQP are given. In Section 4,
by coupling the modified 2CLJDQP potential function with
the Lorentz–Berthelot mixing rule, the second virial coeffi-
cients of Cl2, C2H6, C2F6, CO, CH3Cl, CH3CF3, CH3CH2F,
CH3CHF2 are calculated in the high and low temperature
ranges. Moreover, the second virial coefficients of CO2 and
N2O are also calculated using the modified 3CLJDQP poten-
tial in this section. Some results obtained in this work are dis-
cussed in Section 5, and finally some conclusions are drawn
from the present study in Section 6.

2. Potential model
The 2CLJ potential function was proposed by Sweet and

Steele (1967),[25] which is the primary model for simple linear
molecules. Kong (1970)[26] and Murthy (1981)[27] introduced
the dipole and quadrupole to the mass center and improved this
model, which were named 2CLJD and 2CLJQ, respectively.
Santisa and Frattinia (1987)[28] proposed the dipole effect in
2CLJQ model. Recently, Meng and Duan[23] presented the
molecular polarizability by introducing two polarization an-
gles to make the long-range interactions more realistic. This
model is referred to as 2CLJDQP:[23,29]

u2CLJDQP =
2

∑
i=1

2

∑
j=1

uLJ
i j +uele +uind, (1)

where

uLJ
i j (r) = 4εi j

[
(σ/ri j)

12 − (σ/ri j)
6
]
, (2)

uele = u(µ,µ)+u(µ,Q)+u(Q,Q), (3)

uind = u(µ, ind µ)+u(µQ, ind µ)+u(Q, ind µ), (4)

µ , Q, and ind µ are permanent dipole, permanent quadrupole,
and induced dipole, respectively. The calculations of the
dominant electrostatic and induced interactions can be found
in many classical statistical textbooks as well as in the
literature.[23,30]

As the potential function mentioned above, more and
more forces were put forward, such as octopole, hexade-
capole, and higher dispersion contributions.[26–28,31–33] How-
ever, another perspective on developing potential function was
considered to introduce the temperature-dependent potential
parameters.[8,34–36]

Normally, gas can be considered as the molecular mixture
of different excited states at different temperatures.[37] The vi-
brational partition function of one molecule is

Z = 1+
∞

∑
n=1

n

∑
υ1=0

· · ·
n−υ1−···−υN−1

∑
υN=0

N

∏
i=1

gυ i exp(−υiθi/T ), (5)

where N is the total number of normal vibrations, υi is the
number of the vibrationally excited level of the i-th normal

vibration, gυ i is the degeneracy and θi = hνi/k, and νi is
the i-th normal frequency. For light molecules, the vibra-
tional frequencies are high and at normal temperatures almost
all molecules are in the ground state. Therefore we can ex-
pect that a unique intermolecular interaction would be a fair
approximation to the problem of calculating thermodynamic
properties. In contrast, for molecules with heavier atoms, even
small differences among all these different potentials would
lead to substantial changes in the overall interaction with tem-
perature changing, because according to the mixture rule

B = ∑
k,l

xkxlBkl , (6)

where xk and xl are the relative populations of levels (includ-
ing the ground state) and Bkl is the second virial coefficient
calculated by the corresponding potential functions u(k, l); k
and l = 0 or υi and υ j = 0. Based on the enlargement of the
size of the vibrationally excited states, the mixture of all dif-
ferently enlarged states at a given temperature is considered as
an average state. Thus the pair interactions can be described
by a single effective potential with characteristic distance and
potential well-depth dependent on the temperature.

The characteristic distance between molecules increases
slightly with the increase of temperature, while the poten-
tial well-depth decreases with temperature increasing, and the
temperature effect is more intense for heavy molecules.[28]

The temperature-dependent potential can be obtained from
Boltzmann averaging of the intermolecular potential over dif-
ferent quantum states.[34,35,38] Hohm and Zarkova[39] pre-
sented a Lennard-Jones (n-6) temperature- dependent potential
(LJTDP), which is very suitable for globular molecules and
can be extended to simple linear molecules.[40,41] Then some
different temperature-dependent functions such as linear,[42]

double-exponential,[27] hyperbolic,[36] etc. were proposed.
When the 2CLJDQP model is used to calculate the second

virial coefficients, the obvious deviations between calculated
results and experimental data can be found. Typically, the
results indicate that the calculated second virial coefficients
are extraordinarily larger than experimental data at low tem-
perature and slightly smaller than experimental data at high
temperature. To modify the 2CLJDQP potential function at
low temperature more intensively, we choose the hyperboli-
cal temperature function for characteristic distance correction.
As shown in Eq. (8), the characteristic distance changes more
steeply with temperature changing in low temperature range
than in high temperature range. If the reasonable assumption
that the long-ranged dispersion energy does not depend on the
temperature holds, the power function for potential well-depth
can be corrected into Eq. (9).[42] In this case, the 2CLJDQP
model is modified by

uLJ
i j (r,T ) = 4εi j(T )

[
(σ(T )/ri j)

12 − (σ(T )/ri j)
6
]
, (7)
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σ(T ) = σ ∞ −δ/T, (8)

ε(T ) = ε
∞ · (σ∞/σ)6 , (9)

where σ(T ) and ε(T ) are the effective potential parameters
that result from the vibrational excitation of molecules; σ∞

and ε∞ are potential parameters when temperature is infinitely
high, which can be obtained by fitting; δ is the temperature
enlargement factor, which is a fitted parameter and indepen-
dent of temperature. For the simple two-center molecules such
as N2, O2, and F2, the molecular vibration frequency is high
and most of molecules are in the ground state, hence temper-
ature affects the potential parameters slightly, then δ would
approach to 0, and equation (17) would degenerate to Eq. (2).

3. Calculation of potential parameters
The potential parameters of the modified 2CLJDQP are

determined by solving a typical ill-posed inverse problem
of minimizing the root-mean-square deviation (RMSD) be-
tween measured and calculated thermodynamic properties (see
Eq. (10)). Only the second virial coefficients are used as the
criterion in this work, because it is difficult to make the calcu-
lated and measured transport properties (viscosity or diffusiv-
ity) be in good agreement with each other and the calculated
and measured thermodynamic properties under the same pa-
rameters for complex molecules in a large temperature range
be in accordance with each other

RMSD =

√
n

∑
i=1

(
Bexp −Bcal

)2
/n. (10)

The expression deduced from molecule physics for the
second virial coefficient is given by

B(T )

= − NA

32π3

∫
∞

0

∫ 2π

0

∫ 2π

0

∫ 2π

0

∫ 2π

0

∫ 2π

0

∫ 2π

0
(e−u(T )/kT −1)

× r2 drdψ1 dψ2 sinθ1 dθ1 sinθ2 dθ2 dϕ1 dϕ2, (11)

where NA is the Avogadro constant, k is the Boltzmann con-
stant, T is the absolute temperature, u(T ) is the potential be-
tween two molecules, r is the distance between the two molec-
ular centers, ψ1, ψ2, θ1, θ2, ϕ1, and ϕ2 are the orientation
angles of two linear molecules. The seven-fold integration is
calculated with the Monte Carlo method. In order to compare

with the 2CLJDQP model conveniently, 5×108 random sam-
plings from the Mersenne twister are adopted.[43] This pseudo-
random number generator has a very long period (219937 −1),
which is far greater than the number of the samplings, so the
calculation error caused by the pseudorandom number gen-
erator can be neglected. The samplings of r are chosen be-
tween r = 0.3σ(T ) and r = 20σ(T ). For 0 < r < 0.3σ(T ),
the value of potential function shown in Eq. (17) varies disas-
trously, which would lead to mistakes in integrating Eq. (11).
In this range, it is assumed that the molecules behave like hard
sphere molecules to avoid overflow of the Mayer function. For
the range r > 20σ(T ), the interaction among molecules can be
ignored because it is very weak. Another method for this diffi-
cult integration was proposed by Conroy[44] and improved by
Nezbeda et al.[45] It has been verified that the results from the
two methods agree very well within a deviation of less than
0.5%.[29]

It should be noted that the values of dipole, quadrupole,
polarizability, and other molecular properties serving for cal-
culating the 2CLJDQP potential can be found in Ref. [23].
In the present work, we focus on the modified part of the
2CLJDQP potential. For calculating the parameters of Eqs. (8)
and (9) accurately and quickly, the potential parameters of the
2CLJDQP model are used. The calculated results of the sec-
ond virial coefficients by the 2CLJDQP model may present
positive deviation in low temperature range and negative de-
viation in high temperature range, which can be named the
seesaw phenomenon figuratively. We define the optimal tem-
perature Topt as the temperature value corresponding to the
intersection point between the second virial coefficient curve
calculated from 2CLJDQP model and that fitted by the ex-
perimental data. We can calculate the exact value of Topt by
the iterative method; however, it is a time-consuming process.
Usually Topt is estimated from the intersection point of the two
curves, and it is proved that the uncertainty due to this estima-
tion can be ignored. Then the 2CLJDQP parameters and Topt

can be substituted into Eqs. (8) and (9), whose freedom degree
decreases to one, and it is easy to calculate the potential pa-
rameters of the modified 2CLJDQP model from fitting. Take
C2H6 for example. Firstly, estimating Topt to be about 342 K
and then substituting it into Eqs. (8) and (9), we can obtain
4.10 = σ∞ −δ/342 and 93.9 = ε∞/k · (σ∞/4.10)6 because of
σ = 4.10×10−10 m and ε/k = 93.9 K for 2CLJDQP model as
listed in Table 1. Secondly, express σ∞ and ε∞/k as a function

Table 1. Potential parameters of 2CLJDQP and modified 2CLJDQP model for the homonuclear diatomics and C2 derivatives.

Molecule (σ ×1010)/m Ref. [23] (ε/k)/K Ref. [23] BRMSD/cm3·mol−1 (σ∞ ×1010)/m (ε∞/k)/K (δ ×1010)/m·K BRMSD/cm3·mol−1

O2 3.02 51.4 5.5 3.02 51.4 0 5.5
Cl2 2.81 203.0 17.8 2.83 194.5 18.0 5.8

C2H6 4.10 93.9 5.3 4.16 86.1 20.5 4.4
C2F6 4.28 91.1 37.3 4.35 82.7 17.5 15.8

125101-3



Chin. Phys. B Vol. 23, No. 12 (2014) 125101

of δ [σ∞ = 4.10 + δ/342, ε∞/k = 93.9 × 4.106/(4.10 +

δ/342)6] and substitute them into Eq. (11) for calculating the
best value of δ . Here, δ = 20.5 m·K is obtained by fitting.
Finally, the potential parameters σ∞ = 4.16 × 10−10 m and
ε∞/k = 86.1 K are calculated with the value of δ . In the
present work, we avoid calculating the temperature enlarge-
ment from the spectral of molecules, because the original spec-
tral data for complex molecules is hard to know.[34]

4. Energy parameters in the modified 2CLJDQP
model

4.1. Homonuclear diatomics and C222 derivatives

For the light molecules like N2, O2, and F2, the poten-
tial parameters vary with temperature slightly, and the poten-
tial function with temperature modification will degenerate to
2CLJDQP model. So the heavy and complex molecules such
as Cl2 and C2H6 are studied. Here we follow Dymond’s rec-
ommended curve in the book series titled “Virial Coefficients
of Pure Gases and Mixtures”, in which a great number of sec-
ond virial coefficients data are listed and fitted to polynomials.

The calculations indicate that the second virial coeffi-
cients from the modified 2CLJDQP model are more accurate
compared with those from the 2CLJDQP model. The opti-
mized values of σ∞, ε∞/k, and δ are listed in Table 1. It is
obvious that the potential parameters for O2 are the same, and
the temperature enlargement factor for O2 is zero. The exper-
imental second virial coefficients of Cl2 are lacking and have
large deviations among different data sources, so the consis-
tency between calculated curve and experimental data is un-
satisfactory especially in the low temperature range.

For C2F6 and C2H6, the RMSDs of the modified model
are much smaller than those of 2CLJDQP model, since the
temperature-dependent factors cannot be ignored. The pa-
rameters of 2CLJDQP model are just effective values in the
large temperature range. The fitted parameters are listed in
Table 1 and the calculated second virial coefficients are shown
in Fig. 1 for Cl2 and Fig. 2 for C2H6. It is shown that the value
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Fig. 1. (color online) Second virial coefficients of Cl2: symbol circle
for experimental data; dash line for calculated results with 2CLJDQP
model; and solid line for calculated results with the modified 2CLJDQP
model.
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Fig. 2. (color online) Second virial coefficients of CH3CH3: sym-
bol circle for experimental data; dash line for calculated results with
2CLJDQP model; and solid line for calculated results with the modified
2CLJDQP model.

of σ∞ in modified 2CLJDQP model is always greater than σ

in 2CLJDQP, and ε∞/k is less than ε/k.

4.2. Heteronuclear diatomics and their derivatives

To avoid more parameters being introduced, the homonu-
clear diatomics parameters are employed with Lorentz–
Berthelot mixing rule for the heteromuclear diatomics like
CH3F, CH3Cl, and CH3CF3. If the Lorentz–Berthelot mix-
ing rule is used directly, it is verified that the calculated
second virial coefficients have large deviations from the ex-
perimental data, because the long range attraction between
two different molecular cores is much greater than that be-
tween the corresponding homonuclear molecules.[46] So the
Lorentz–Berthelot mixing rule is improved on Eq. (10) and
Eq. (11) for fitting the potential parameters with the expres-
sion (ζ0+ζi j/T ) which is similar to the constant ξ used in the
2CLJDQP potential.

The following two equations:

σ j = 0.5(σi +σ j) (12)

and

εi j = (εiε j)
1/2[1− (ζ0 +ζi j/T )] (13)

denote the departures from the other unknowable forces that
arise in heteronuclear molecules. The constant ζi j quantifies
the modification for ε with the temperature variation.

For CO, ζ0 = 0 and ζi j = 0 are obtained with the pa-
rameters σC−C = 3.5×10−10 m and εC−C/k = 29.1 K, while
the nonzero parameters ζ0 and ζi j are obtained for other het-
eronuclear molecules. Taking CH3Cl for example, uLJ(CH3–
CH3) and uLJ(Cl–Cl) can be determined from the parame-
ters of homonuclear molecules CH3CH3 and Cl2, respectively.
Since u2CLJ = uLJ(CH3–CH3) + 2uLJ(CH3–Cl) + uLJ(Cl–Cl),
uLJ(CH3–Cl) is the key point for calculating the potential of
CH3Cl. However, the parameters of CH3Cl cannot be deter-
mined from CH3–CH3 and Cl–Cl directly, because the disper-
sion forces and the other long-range forces between the two

125101-4



Chin. Phys. B Vol. 23, No. 12 (2014) 125101

heteronuclear molecules are always much greater than those
between the corresponding homonuclear molecules. There-
fore, the potential parameters for CH3–Cl should be calcu-
lated with the modified Lorentz–Berthelot mixing rule, and
the temperature-dependent factors can be fitted from the ex-

perimental second virial coefficients. The calculated parame-
ters and the calculated results of second virial coefficients are
shown in Table 2 and Figs. 3–6. The values of ζ0 and ζi j are al-
ways negative, and the temperature correction is stronger with
the greater absolute value ζi j.

Table 2. Potential arameters of 2CLJDQP and modified 2CLJDQP model for the heteronuclear diatomics and C2 derivatives.

Molecule ξ [23] BRMSD/cm3·mol−1 ζ0 ζi j/K BRMSD/cm3·mol−1

CO 0 0.7 0 0 0.7
NO –0.27 14.4 –0.1 –73 9.1

CH3Cl –0.2 9.2 –0.1 –36 8.5
CH3F –0.5 4.7 –0.4 –33 3.2

CH3CF3 –0.5 25.8 0.1 –201 6.8
CH3CHF2 –0.6 64.2 –0.1 –168 5.6
CF3CH2F –0.85 33.4 –0.1 –248 6.3

CO2 –0.3 1.3 –0.25 –15 0.8
N2O –0.95 15.6 –0.85 –38 10.7
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Fig. 3. (color online) Second virial coefficients of NO: circle for experi-
mental data; dash line for calculated results with 2CLJDQP model; and
solid line for calculated results with the modified 2CLJDQP model.
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Fig. 4. (color online) Second virial coefficients of CH3F: circle for
experimental data; dashed line for calculated results with 2CLJDQP
model; and solid line for calculated results with the modified 2CLJDQP
model.

For CH3CHF2 and CF3CH2F, instead of calculating the
potential parameters of CHF2 and CH2F from the second virial
coefficients of the molecules CHF2CHF2 and CH2FCH2F, it
is assumed that the changes of σ and ε are linear when an H
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Fig. 5. (color online) Second virial coefficients of CH3CF3: circle for
experimental data; dashed line for calculated results with 2CLJDQP
model; and solid line for calculated results with the modified 2CLJDQP
model.
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Fig. 6. (color online) Second virial coefficients of CH3CHF2: circle
for experimental data; dashed line for calculated results with 2CLJDQP
model; and solid line for calculated results with the modified 2CLJDQP
model.

is substituted by an F in CH3. Then, the potential parame-
ters can be obtained by interpolation, σ∞ = 4.22× 10−10 m,
ε∞/k = 84.8 K, δ = 19.5× 10−10 m·K for CHF2–CHF2 and
σ∞ = 4.29×10−10 m, ε∞/k = 83.7 K, δ = 18.5×10−10 m·K
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for CH2F–CH2F. The other CH3–CHF2 and CF3–CH2F of
heteronuclear interaction can be obtained from the Lorentz–
Berthelot mixing rule. The results show that the calculated
results are in much better agreement with the experiment data
than the results from the 2CLJDQP model. The fitted param-
eters are listed in Table 2 and the calculated second virial co-
efficients curves are shown in Fig. 6 for CH3CHF2 and Fig. 7
for CF3CH2F.
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Fig. 7. (color online) Second virial coefficients of CF3CH2F: circle
for experimental data; dashed line for calculated results with 2CLJDQP
model; and solid line for calculated results with the modified 2CLJDQP
model.

4.3. Triatomic linear molecules
For CO2 and N2O, the three-center Lennard-Jones (3CLJ)

potential is proposed naturally.[27] To reduce the calculated
deviation of second virial coefficients at low temperature, the
modified 3CLJDQP model is also studied in this work for
linear triatomic molecule, which has nine site–site interac-
tions. Like the modified 2CLJDQP model, the heteronuclear
site–site interaction is calculated by the modified Lorentz–
Berthelot mixing rule. The fitted parameters for CO2 and N2O
are given in Table 2 and the calculated second virial coeffi-
cients are shown in Fig. 8 for CO2 and those for N2O are dis-
played in Fig. 9. The temperature influence parameter for CO2

is ζi j =−15, which is closer to zero than that for N2O. In other
words, the temperature correction of 3CLJDQP for CO2 is less
than that for N2O, which can also be seen in Figs. 8 and 9. The
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Fig. 8. (color online) Second virial coefficients of CO2: circle for exper-
imental data; dashed line for calculated results with 2CLJDQP model;
and solid line for calculated results with the modified 2CLJDQP model.
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Fig. 9. (color online) Second virial coefficients of N2O: circle for exper-
imental data; dashed line for calculated results with 2CLJDQP model;
and solid line for calculated results with the modified 2CLJDQP model.

calculated second virial coefficients curve of CO2 with modi-
fied 3CLJDQP are close to that with 3CLJDQP model, while
for N2O the two curves deviate from each other greatly at low
temperature. In addition, it is found that the absolute value
of ξ in the 2CLJDQP model and ξ0 in the modified 2CLJDQP
model for N2O are both much larger than those for CO2, which
maybe results from the difference in molecule structure be-
tween CO2 and N2O. The structure of N2O (N≡N=O) is not
as symmetrical as that of CO2 (O=C=O), so the correction for
N2O is larger than that for CO2. Further investigation about
this difference is necessary.

5. Discussion
The 2CLJDQP potential has already considered the in-

teraction between dipole moment and quadrupole moment,
which is accurate enough to calculate the second virial co-
efficients of homonuclear and heteronuclear molecules in the
moderate and high temperature ranges. However, when the
long-range forces arise intensively for the heavy molecules
in low temperature range, the potential parameter variation
which depends on temperature cannot be neglected. The pur-
pose of this work is to introduce the temperature-dependent
potential parameters from the LJTDP model in order to mod-
ify the 2CLJDQP model and calculate the second virial coeffi-
cients. As predicted by the theory, the results shown in Table 1
indicate that the characteristic distance σ at the infinite tem-
perature is larger than the effective σ in the 2CLJDQP model
while it is contrary to the well depth ε . The positive tem-
perature enlargement factor δ indicates that σ increases with
the increase of temperature while the ε decreases with the in-
crease of temperature. In this paper, the hyperbolic function
is used for temperature correction of σ and power-dependent
function is used for correction of ε . Therefore, the larger cor-
rection can be induced in the low temperature range, while
slight correction in the high temperature range. For the het-
eronuclear molecules, the temperature-dependent factor is in-
troduced to modify the Lorentz–Berthelot mixing rule, and the
seesaw phenomenon can be greatly weakened.

In addition, the second virial coefficients of CF3CH2F as
an example from 2CLJDQP and modified 2CLJDQP potential
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are compared with those from the semi-empirical correlations.
Tsonopoulos[47,48] gave a widely used expression for second
virial coefficients as

Br =
BPc

RTc
= f (0)(Tr)+ω f (1)(Tr)+ f (2)(Tr), (14)

where

f (0) = 0.1445− 0.330
Tr

− 0.1385
T 2

r
− 0.0121

T 3
r

− 0.000607
T 8

r
, (15)

f (1) = 0.0637− 0.331
T 2

r
− 0.423

T 3
r

− 0.008
T 8

r
, (16)

f (2) =
a

T 6
r
. (17)

In Eq. (14), Tc and Pc are the critical temperature and
pressure, R = 8.314472 J·mol−1·K−1 is the universal gas con-
stant, ω is the acentric factor, and a is related to the reduced
dipole moment µr. For the halogenated methanes and ethanes,
Tsonopoulos proposed the correlation a as

aTsonopoulos =−2.188×10−11
µ

4
r −7.831×10−21

µ
8
r . (18)

Weber[49] omitted the last term of Eq. (16) and proposed the
correlation a as

aWeber =−9×10−7
µ

2
r . (19)

In 2004, Meng et al.[50] fitted the new experiment data of sec-
ond virial coefficients and redefined Eqs. (15) and (16) as

f (0) = 0.13356− 0.30252
Tr

− 0.15668
T 2

r

− 0.00724
T 3

r
− 0.00022

T 8
r

, (20)

f (1) = 0.17404− 0.15581
Tr

+
0.38183

T 2
r

− 0.44044
T 3

r

− 0.00541
T 8

r
, (21)

aMeng = −1.1524×10−6
µ

2
r +7.2238×10−11

µ
4
r

− 1.8701×10−15
µ

6
r . (22)

For CF3CH2F, Tc = 374.25 K, Pc = 4.059 MPa.[49] ω =

0.326,[5] and µr = 121.17.[50] The deviations between the cal-
culated second virial coefficients and experimental data are
shown in Fig. 10. Normally the experimental data are scat-
tered, and we use the mean value if several different values are
proposed at the same temperature. It is obvious that the results
from the modified 2CLJDQP potential are in good agreement
with the results from the Meng’s correlation and better than
those from the Tsonopoulos’s correlation and Weber’s corre-
lation at moderate temperature. While at high temperature, the
results from the modified 2CLJDQP have positive errors and
the semi-empirical correlations have a better accuracy.
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Fig. 10. (color online) Deviations of calculated second virial coeffi-
cients of CF3CH2F from experimental data.

In this work, all the temperature-dependent factors are ob-
tained from purely fitting the second virial coefficients, and
further studies should be extended to the calculating of the
temperature correction factor from the data of molecular spec-
trum in a statistical physics way.

6. Conclusions
It is found that the calculated second virial coefficients

from 2CLJDQP model are larger than the experimental data at
low temperature and smaller than the experimental data at high
temperature. To improve the so-called seesaw phenomenon
in calculation of second virial coefficients, the temperature-
dependent modification of 2CLJDQP potential is proposed
based on the theory of Lennard-Jones temperature-dependent
potential. In the present work, the characteristic distance is
corrected as being a hyperbolical temperature function and
the potential well-depth is corrected as being a power func-
tion of temperature. The second virial coefficients of linear
homonuclear molecules O2, Cl2, C2F6, and C2H6 are repro-
duced to test the modified 2CLJDQP model. The results show
that the potential parameters cannot be considered as con-
stant for the heavier molecules in large temperature range. In
addition, the Lorentz–Berthelor mixing rule is modified into
a temperature-dependent expression to calculate the second
virial coefficients of heteronuclear molecules (such as CO,
NO, CH3F, CH3Cl, CH3CF3, CH3CHF2, and CF3CH2F) and
triatomic linear molecules (such as CO2 and N2O). It is shown
that the calculated results from modified 2CLJDQP model are
much better than those from 2CLJDQP model especially in the
low temperature range. In this work, all the temperature cor-
rections for potential parameters are from the fitting of second
virial coefficients. The further work is needed to calculate the
temperature correction from the quantum physics and molec-
ular spectral data.
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