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ABSTRACT — The development of an intermolecular potential energy 
function for carbon tetrafluoride is outlined, which is able, when used in 
conjunction with a perturbation theory, to accurately predict a variety of 
PVT properties over wide ranges of temperature and pressure (120-400 K, 
0-110 MPa ). The importance of anisotropic forces in the dense fluid region 
for this molecule is clearly demonstrated, the most significant forces arising 
from the non-spherical shape of the molecule rather than its multipolar 
interactions. 

1 — INTRODUCTION 

The ability to predict P-V-T data over wide ranges of 
density and temperature is, perhaps, one of the strictest tests of 
intermolecular potentials. It is well-known [1] that second-virial 
coefficients do not generate a unique potential and recent potential- 
inversion techniques [2] for this property and transport properties 
can only generate gaseous potentials for spherical or quasi-spherical 
molecules. Transport properties, which are another source of 
potential functions, are difficult to measure accurately. 

In perturbational and variational treatments, intermolecular 
potentials are usually developed by requiring agreement with 
experimental data along the saturation line (usually vapour pres- 
sures and liquid densities) often because accurate P-V-T data 

(¢) Author to whom correspondence should be addressed. 

Portgal. Phys. — Vol. 16, fasc. 3-4, pp. 125-136, 1985 125



  
J. C. G. Catapo et al.— Intermolecular potential for fluid tetrafluoromethane 

over extended pressure and temperature ranges are not available. 

However, as we have recently shown for ethylene [1], orthobaric 

data may not define the intermolecular potential in a unique way. 

That definition can only be reliably achieved by testing the 

potential against the whole phase surface of the substance. This 

supports the claim of Powles et al. [3] that there is an urgent 

need for configurational energy data over wide ranges of density 

and temperature, in order to properly test theories and improve 

intermolecular potential functions. 

We have recently completed such a study for tetrafluoro- 

methane, CF, [4]. Thirty-three isotherms, covering the temperature 

range 95-413 K and pressures up to 110 MPa have been studied, 

resulting in over one thousand and five hundred data points. This 

amount of data should enable us to develop an effective and 

flexible intermolecular potential energy function for CF,, which 

can then be applied to predict properties of systems of which 

CF, is a component. 

Despite its apparent simplicity, tetrafluoromethane is an 

attractive substance from both the industrial and theoretical points 

of view. It has a low order of toxicity and a remarkable thermal 

stability. As Freon-14, it is widely used as a low-temperature 

refrigerator and sometimes as a gaseous insulator. On the other 

hand, CF, molecules display an interesting degree of anisotropy, 

as manifested in the intermolecular potential function, which any 

successful theory must be able to account. Whilst the gross 

features of the CF, molecules may be considered to be repre- 

sentable by a quasi-spherical or globular model, the thermodynamic 

behaviour of the substance, especially in mixtures, displays a 

non-ideality which is characteristic of the anisotropy present at 

the molecular level [5]. Even the existing low-density studies lead 

to contradictory conclusions about the intermolecular potential 

of CF,. While some authors claim that a simple (12,6) Lennard- 

Jones potential 

u(r) = 4¢ [(r/o)*—(r/o)*] (1) 

is able to describe the second virial coefficient data [6], others 

have argued that a spherical-shell model is necessary [7]. 

Tetrafluoromethane is then an intermediate case between those 

of methane, CH, (which can roughly be treated as spherical) and of 
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tetrachloromethane,: CCl, (which displays strong anisotropy and 

requires a spherical-shell or site-site model). The discriminating 

factor would appear to be the octopole moment (the first non-zero 

electric moment exhibited by a tetrahedral molecule) which is a 

measure of the electronic non-centrality of the molecule. 

Strong orientational correlations, which seem to persist over 

several molecular diameters, have been found for tetrahedral 

molecules [8]. Interlocking effects have also been detected in CCl, 

molecules, using Brillouin scattering techniques [9]. In addition, 

calculations carried out using the site-site distribution function 

formulation show that the disagreement with results from computer 

simulation is much larger than for diatomic molecules [10]. All 

these facts seem to add up to the general conclusion that despite 

their apparent simplicity (small size, higher symmetry, non- 

polarity) CF, molecules offer enough problems to make a sys- 

tematic study of its underlying potential worthwhile. 

2—THEORY AND PROPOSED MODELS 

A spherical reference based perturbation theory approach due 

to Gubbins, Gray and co-workers [11-13] was used to evaluate 

the Helmholtz energy and hence all other thermodynamic properties 

of CF, from a knowledge of the dominant isotropic and anisotropic 

contributions to the intermolecular potential energy function, by 

the use of Statistical Mechanics techniques. The intermolecular 

pair potential u(ro,.) depends on the molecular orientations 

o;( = 6;¢;4; for non-linear molecules) as well as the inter- 

molecular separation, r. Such a potential may be separated into 

isotropic and anisotropic parts 

u Cro, 2 ) = Uy.(r) + u, (ro, o> ) (2) 

where u, is a reference pair potential of isotropic particles and u, 

contains all the orientation-dependent terms. The reference poten- 

tial is given by 

Uy (r ) = < U(r; os ) a. (3) 
1 ®2 

where <...> denotes an unweighted average over orientations o, . 
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The Helmholtz energy, A, may be expanded in powers of the 

perturbing potential as 

Atotal = Ag Ay A, +A, +... (4) 

With the choice of a reference potential given by Eq. (3), the first 

order term, A,, vanishes. The series expansion is slowly con- 

vergent, but for moderately polar molecules its sum can be 
obtained from a Padé approximant 

Atctat = Ay + A, (1-A;/ A, )7 (5) 

where A; is the it order term in the series. Detailed expressions 
relating A; to the underlying intermolecular forces have been 
given previously (see, for example, ref. [11]) and will not be 
repeated here. 

The major thrust of this paper lies in the development of the 

best possible effective intermolecular potential energy function 

for CF, which is able to give the closest prediction of experimen- 

tally determined thermodynamic properties over as wide a range 

of state conditions as possible, thus providing the most stringent 

test of the flexibility and dependability of the model potential. 

For CF,, it will be interesting to try to ascertain whether a 

spherical, isotropic model for this molecule is indeed sufficient 

to reproduce the thermophysical properties of the fluid as has 

been suggested by some authors [6], to determine whether 

anisotropic forces contribute significantly to these properties and, 

if so, which anisotropic forces are the most important. Several 

candidates for orientation-dependent forces suggest themselves for 

this fluid. CF, is known to have a reasonably large octopole 

moment (Qpr, = 4.8 x 104 esu) and we might expect the 

spatial anisotropy of the molecule’s electronic structure to cause 

charge overlap forces to be significant. In order to test the relative 

contributions of these terms we proposed four models, building 

on the isotropic potential model ( which constitutes model A) in 

a stepwise fashion, thus: 

Model A: Wu = Uy ™ 6) 

Model B: u = uy 9 + Udo (336) 

u 

u 

Model C: u = uy“ ©) too (336) + ug;, (803 + 033) 

Model D: u = uy +o (336) + ug;, (303 + 033) + u,, (303 + 033) 
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where: u is the intermolecular potential energy; u,“® is the 

contribution from the reference fluid, here a Lennard-Jones (n, 6) 

potential; Ug, is the anisotropic octopole-octopole interaction; u -" 

is that due to the anisotropic dispersion; and u,,, is that arising 

from anisotropic charge overlap forces. The figures in brackets 

refer to the leading term or terms in the spherical harmonic 

expansion of these interactions. Such a method of determining the 

quality of the proposed model was used recently for ethylene [1], 

with considerable success. 

The thermodynamic properties of the reference fluid were 

obtained using a methane equation of state [14]. This has been 

shown previously [5] to provide a better reference system for CF, 

than the more commonly employed argon reference used, for 

example, in most of the proposed models for ethylene in refer- 

ence [1]. The potential model for CF, used in reference [5] is that 

given as model D here, and we shall use exactly that potential 

(with accompanying potential parameters) as our model D to test 

its efficacy in predicting PVT and other thermophysical properties. 

The adjustable potential parameters involved in each of the 

models (the Lennard-Jones parameters ¢«/k, o and n for 

models A-D and the shape parameter 5, appearing in u,, in 

model D ) were obtained by fitting to the experimental saturation 

line values for ;, and Pj, [15]. Experimental values for the 
octopole moment (©) and dispersion coefficient (8,) were 

employed in each model where appropriate. For CF, it was found 

to be considerably more difficult than usual to determine an 

acceptably invariant set of parameters over the whole saturation 

curve. It was possible to obtain a similar quality of fit to the 

coexistence properties with each of the models tested, underlining 

cnce again that these properties do not provide a route to a unique 

potential model for any fluid. The potential parameters determined 

in this manner for each of the models are given in Table 1. Using 

these models, the PVT properties from 120-400K and from 

0-110 MPa were predicted with no further adjustment of 

parameters. 

3 — RESULTS 

Several key PVT properties were predicted using each of the 

potential models described in the preceding section, over as wide 
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a range of temperature and pressure as the theory (and the 

reference equation of state) would allow. The resulting theoretically 

predicted values were compared with recent, extensive experi- 

TABLE 1 — Potential Parameters for CF, Models 

  

Model |. n (€/k)/K o/A @ X 10*4/esu B, 

  

          

| 

A 20 232.7 4,255 = — | _ 

B 18 221.2 4.260 48 = | _ 

Cc 20 231.7 4.220 4.8 -0.20 — 

D 20 232.0 4.250 4.8 -0.20 | 0.10 
  

mental data due to Rubio et al. [4]. Isotherms from 120-400 K and 

pressures from 0-110 MPa were investigated, excluding state points 

where the reduced density, ¢o*, exceeds 1.05 (the limit of the 

methane equation of state ), and temperatures close to the critical 

region (210-240 K ), where the theory is invalid. 

TABLE 2— Average Percentage Deviation Between Theory 

and Experiment (120-210 K, 0-110 MPa ) 

  

  

Model [Ap | % |Auc|}% | | ASe|% 

A 1.54 4.09 5.42 

B 1.63 465 | 5.40 

Cc 1:22 5.29 6.90 

D 0.58 5.03 8.20         
The most important property in this study is that of the 

density, due to its sensitivity to the intermolecular potential and 

its key value in industrial applications. Its prediction by each of 

the models is summarized in Table 2, where the average deviation 
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between theory and experiment is given covering the whole 

temperature and pressure ranges. This information is disseminated 

in Figure 1 to show the deviation between theory and experiment 

as a function of (sub-critical) temperature. It can be seen that the 

full anisotropic potential (model D) is clearly superior to that of 

a simple Lennard-Jones model (model A). It is interesting to note 
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Fig. 1— Deviation between theory and experiment for the density of CF, as 

a function of temperature: © , model A; A, model B; (1), model C; x, model D. 

from this figure that the major improvement in predicting the 

density arises not from the addition of the octopolar forces 

(compare the results of models A and B), but from the addition of 

the shape forces (compare models C and D). The prediction 

of the density (and the other PVT properties) at supercritical 

temperatures is of much less interest. At high temperatures the 

effect of the anisotropy is ‘washed out’ by the higher kinetic 

energy of the molecules and any useful distinction between the 

potential models is precluded. The performance of the full 

anisotropic potential (model D) in predicting the density of CF; 
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over wide density and temperature ranges can be fully appreciated 

in Figure 2, where the experimental results are compared with 

  

      O | 1 | | 
O 200 400 600 800 1000 

p/bar 

  

Fig. 2— Comparison of experimental density values (¢) with the predictions 

of perturbation theory using potential model D (—), as a function of 

pressure, for several isotherms. 

those from perturbation theory. Table 3 lists both the experimental 

and calculated values of density at round values of temperature 

and pressure. 

The prediction of the configurational internal energy, u; 

was also investigated; results for this are shown in Table 2 and 
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Figures 3 and 4. This property is of somewhat less importance 

than the density, its experimental value being derived rather than 
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Fig. 3— Deviation between theory and experiment for the configurational 

energy Uc of CF,, as a function of temperature: ©, model A; A, model B; 0, 

model C; x, model D. 

fundamental and subject to more uncertainty (~5%). The 

theoretically predicted values do not have the accuracy obtained 

for the density but give an adequately good description of the 

experimental values. Here, unlike for the density, no clear 

improvement is produced by adding anisotropic forces to the 

potential. The overall prediction of the internal energy for model D 

is numerically not quite as good as that of model A, but the 

difference is not particularly significant given the experimental 

uncertainly. 

The results for the configurational entropy S° in terms of 

the observed trends between models mirror those for U‘, 

although the prediction of this property is significantly poorer for 

all the models studied as can be seen in Table 2. 
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Fig. 4— Comparison of ‘‘experimental’’ configurational energy, derived from 

the experimental values of density (———), and the predicted one by pertur- 

bation theory (——), using potential model D. 

4 — DISCUSSION 

The development of an effective fluid potential for carbon 

tetrafluoride using a perturbation theory approach is clearly a 

difficult task; indeed it has been suggested [16] that this molecule 

is probably too far from sphericity to be adequately represented 

by such a procedure. It has already been noted that the deter- 
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mination of the potential parameters is particularly difficult for 
this fluid. Fortuitously, however, the prediction of the PVT proper- 
ties appears to be relatively unaffected by this choice. The 
prediction of the most discerning property, the density, shows a 

clear distinction between the proposed models, with the importance 

of including the anisotropy of the molecule clearly demonstrated 
over a purely isotropic Lennard-Jones model. It was interesting 

and somewhat unexpected, to discover that it is the non-spherical 

shape of the fluid molecule which provides the most significant 

of the anisotropic forces, and not the octopolar forces. Whilst 

the preferred proposed model (D) clearly does not provide the 

definitive intermolecular potential for CF,, the stringent tests 

applied have demonstrated that for most practical purposes it may 

serve as a useful source of thermodynamic properties with 

acceptably good accuracy. 
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