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The Accurate Evaluation of the Intermolecular Potential Parameters  

and its Applications 

Accurate determination of intermolecular potential parameters is essential for predicting thermophysical 

properties of real gases, particularly heavy polyatomic fluorides of industrial relevance. In this study, Morse 

potential parameters for MoF6, IF5, and WF6 gases were obtained using a nonlinear least-squares fitting algo-

rithm based on Lennard–Jones (12–6) interaction energy data, where the root-mean-square error (RMSE) was 

used as the minimization criterion. The obtained parameters were validated by calculating the second virial 

coefficient, heat capacity at constant pressure, and speed of sound, and comparing the results with available 

experimental data over the temperature range 298–400 K. Quantitative accuracy was assessed using RMSE, 

mean relative error (MRE), and correlation coefficient (R). For the second virial coefficient, RMSE values 

were 31, 264, and 149 cm3·mol–1 for MoF6, IF5, and WF6, respectively, with corresponding MRE values of 

3.3 %, 11 %, and 18.5 %, and strong correlations (R ≥ 0.978). In addition, deviations for speed of sound and 

heat capacity remained within 1–2 % and below 1 %, respectively, with R > 0.996. These results demonstrate 

that the proposed approach provides a reliable and computationally efficient framework for modeling inter-

molecular interactions and predicting thermophysical properties of such gases. 

Keywords: intermolecular interaction potential, Morse potential, second virial coefficient, heat capacity, 

speed of sound 
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Introduction 

Understanding the thermodynamic behavior of gases is of great importance for both theoretical research 

and industrial applications [1–4]. Although the ideal gas law is valid under limited conditions such as low 

pressure and high temperature, it is inadequate to explain the behavior of real gases [5, 6]. Therefore, meth-

ods have been developed to more accurately determine the molecular interactions between gases [7, 8]. One 

of these models, the virial equation of state, is an effective method of expressing the pressure, volume and 

temperature relationships of gases by considering intermolecular interactions [9, 10]. 

The virial equation of state, consisting of virial coefficients, provides information about the attractive 

and repulsive forces between molecules [11]. These coefficients vary depending on temperature and intermo-

lecular interaction potentials and are usually calculated by experimental or theoretical methods. In the virial 

equation of state, the second virial coefficients consider the deviation of the gas from the ideal state and the 

interactions between two atoms or molecules [12]. Many theoretical and experimental methods have been 

proposed to investigate the second virial coefficients for different intermolecular potentials [13–16]. As can 

be understood, to calculate the second virial coefficient theoretically, it is necessary to determine the inter-

molecular interaction potential parameters accurately and precisely. Many intermolecular interaction poten-

tials have been proposed depending on the structures of atoms or molecules. Lennard–Jones (2n – n), Kihara, 

Stockmayer and Morse potentials can be given as examples [17]. Intermolecular interaction potentials play 

an important role in the prediction of thermodynamic and transport properties of gases [18]. Analytical po-

tential functions such as the Lennard–Jones and Morse potentials are widely used to describe these interac-

tions in theoretical and computational studies [19]. While the Lennard–Jones potential provides a simple and 

computationally efficient representation of intermolecular forces, the Morse potential offers greater flexibil-

ity in describing both short-range repulsive and long-range attractive interactions [20]. It is very important to 

be able to determine the potential parameters accurately and precisely. To date, experimental and theoretical 

methods and computer programs have been used to determine the interaction potential parameters of atoms 

or molecules [21–24]. Recent developments in intermolecular potential modeling include ab initio–based 
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potential energy surfaces and analytical potential functions fitted to high-level quantum chemical data  

[25–28]. For example, recent studies have employed coupled-cluster calculations combined with 

Morse/long-range analytical functions to construct accurate multidimensional potential energy surfaces for 

molecular complexes. These models have been successfully used to predict spectroscopic and thermodynam-

ic properties, including the second virial coefficient and rovibrational energy levels. In addition, modern 

computational approaches such as density functional theory (DFT)-based parameter estimation have been 

proposed to determine intermolecular potential parameters for analytical potentials including the Morse and 

Lennard–Jones forms [29, 30]. In recent years, significant progress has been made in the development of in-

termolecular potential models for molecular systems. Modern studies frequently combine high-level ab initio 

quantum chemical calculations with analytical potential functions to construct accurate potential energy sur-

faces [31–33]. For instance, multidimensional Morse/long-range potentials have been fitted to large sets of 

coupled-cluster interaction energies to describe intermolecular complexes and to predict spectroscopic prop-

erties and second virial coefficients with good accuracy. 

In the determination of Morse potential parameters, several approaches have been proposed, including 

direct fitting to experimental thermophysical data, semi-empirical parameter estimation, and modern ab ini-

tio quantum chemical calculations [34–36]. Semi-empirical methods, which combine experimental observa-

tions with analytical functional forms, remain widely used due to their computational efficiency and applica-

bility to complex molecular systems [37, 38]. However, their predictive capability is often limited by the 

availability, accuracy, and temperature range of experimental data, and their transferability to different ther-

modynamic conditions is not always guaranteed. In recent years, significant progress has been achieved 

through ab initio–based approaches, where high-level electronic structure methods such as coupled-cluster 

theory and density functional theory (DFT) are employed to construct accurate potential energy surfaces 

[39–43]. Recent studies (2021–2026 years) have demonstrated that machine learning–assisted potentials and 

data-driven many-body simulations can reproduce intermolecular interactions with high precision and im-

proved scalability [44–47]. 

In recent years (2021–2025 years), several studies have demonstrated the effectiveness of Morse-type 

and Morse/long-range (MLR) potentials in describing intermolecular interactions [45, 48]. For example, 

high-accuracy MLR potentials fitted to ab initio data have been successfully applied to rare-gas complexes, 

yielding reliable predictions of rovibrational energy levels, second virial coefficients, and transport proper-

ties. In addition, DFT-based approaches have been proposed to determine intermolecular potential parame-

ters for both Lennard–Jones and Morse models, providing a systematic and transferable framework for a 

wide range of atomic and molecular systems. 

The closely, ab initio–based Morse-type potentials have been applied to rare-gas complexes such as 

Xe–X, Xe–X, and Xe–X mixing gases, showing that analytical potentials can reproduce thermophysical and 

spectroscopic properties in well agreement with available experimental data [48–50]. Also, the ab initio and 

the semi-empirical methods have been offered for estimating intermolecular potential parameters. For exam-

ple, density functional theory (DFT) calculations have been used to determine Morse and Lennard–Jones 

potential parameters for atomic and molecular systems that combined with fitting procedures. These devel-

opments demonstrate that the Morse potential remains a significant implementation for modeling intermo-

lecular interactions due to its relatively simple functional form and computational efficiency. 

These approaches enable accurate prediction of thermophysical and spectroscopic properties, including 

second virial coefficients and transport properties. Nevertheless, despite their high accuracy, such methods 

are computationally expensive, particularly for heavy polyatomic systems like MoF6, IF5, and WF6, and often 

require further analytical fitting to be practically used in engineering calculations. Analytical and semi-

analytical potentials, such as Lennard–Jones and Morse functions, therefore, continue to play an important 

role as efficient alternatives. The Lennard–Jones potential provides a simple representation of intermolecular 

interactions but is limited in describing bond anharmonicity and medium-range behavior. In contrast, the 

Morse potential offers greater flexibility in representing both short-range repulsion and long-range attraction, 

making it more suitable for molecular systems with complex bonding characteristics. Despite these ad-

vantages, recent literature indicates that systematically optimized Morse potential parameters for heavy 

fluorinated molecules remain scarce, and comparative studies evaluating their accuracy against experimental 

thermophysical data are limited [50–52]. Therefore, the present study addresses this gap by employing a non-

linear fitting procedure based on reference interaction potentials and validating the obtained Morse parame-

ters through comprehensive comparison with experimental data and quantitative accuracy metrics. This ap-
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proach aims to provide a reliable and computationally efficient framework for modeling intermolecular in-

teractions in heavy polyatomic gases. 

Today, there is still a need to determine the intermolecular interaction potential parameters according to 

the structural properties of the molecule. Heavy polyatomic fluorides such as MoF₆, IF₅, and WF₆ are of par-

ticular interest because of their applications in gas-phase chemistry and industrial processes. However, relia-

ble intermolecular potential parameters for these systems are still limited in the literature. Therefore, deter-

mining accurate potential parameters is important for improving the prediction of thermodynamic and acous-

tic properties of these gases. Lennard-Jones (2n – n) potential parameters have been proposed in the literature 

for the structures of MoF6, IF5 and WF6 molecules [53, 54]. The Lennard-Jones (2n – n) potential is generally 

a suitable potential for noble gases. However, the Morse potential more describes the molecular vibrational 

features observed especially in bond lengths. The Morse potential provides a smooth transition in intermo-

lecular bonds in real gases down to the potential depth. While the Lennard-Jones potential involves a very 

hard push at short distances, the Morse potential is more in line with physical reality with softer transitions. 

Therefore, the Morse potential is more suitable for MoF6, IF5 and WF6 molecules. To our knowledge, the 

Morse potential parameters of these molecules have not been determined. 

In this study, Morse potential parameters for MoF6, IF5, and WF6 gases were obtained using a fitting 

procedure based on Lennard–Jones potential energy data. To the best of our knowledge, no comprehensive 

study has reported Morse potential parameters for MoF6, IF5, and WF6 in a form suitable for thermodynamic 

property calculations. In this context, the present work provides new reference parameters for these systems. 

The obtained parameters are then validated by calculating thermodynamic properties such as the second viri-

al coefficient, heat capacity, and speed of sound, and comparing the results with available experimental data. 

This approach provides a consistent and reliable framework for describing intermolecular interactions in 

these systems. Therefore, the present work provides new reference parameters for describing the intermolec-

ular interactions of these systems. 

Materials and Methods 

The Morse potential is known to be a widely used model for determining interactions between mole-

cules. The Morse potential can more accurately model bond extensions and constraints, especially between 

molecules, compared to the Lennard-Jones interaction. The Morse potential is defined following as [17]: 

 ( ) ( ) ( )( )2
  2m ma r r a r r

u r D e e
− − − −

= − .  (1) 

Here D is depth energy of potential, α is the speed of propagation of potential and rm is equilibrium dis-

tance. Determination of Morse potential parameters is usually done with experimental data or computational 

simulations. The use of Lennard-Jones interaction energies was very useful in this fitting process. The Len-

nard-Jones parameters are generally powerful in modeling interactions between molecules, and these values 

provided a starting point for accurately determining the parameters of the Morse potential. 

The fitting method has been applied to MoF6, IF5, and WF6 molecules. The interaction parameters of 

these molecules, their physical properties, and chemical structures were considered and modeled using the 

Morse potential. The parameters obtained by the fitting process will help to understand the physical proper-

ties of these molecules more accurately, such as their bond structures, vibration frequencies, interaction en-

ergies, virial coefficients, and thermodynamic properties. 

To demonstrate the accuracy and precision of the obtained Morse potential parameters, second virial 

coefficients, heat capacity at constant pressure and speed of sound have been calculated. The second virial 

coefficient is written following form [12]: 
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Here NA is Avagadro number, kB is Bolztmann constant and u(r) is intermolecular interaction potential. 

If we consider the Morse potential in the second virial coefficient, we obtain the following formula: 

 ( )

( ) ( )( )2
  2

2

0
2 1    .

r r r rm mD e e

T
AB T N e r dr

−  − − −
−


 
 = −  −
  
 

   (3) 

The heat capacity at constant pressure and speed of sound are defined following as [26]: 
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Here, 0

PC  is heat capacity of ideal gases, P is pressure, R is universal gas constant, 0 0

P VC C =  is rate 

heat capacities of ideal gases and B(T) is second virial coefficient. In Eqs. (5-6), the superscript small zero 0 

refers to the property of a gas in its ideal state. 

The numerical evaluation of the integrals appearing in the second virial coefficient calculations was 

performed using a numerical integration scheme implemented in Mathematica. The integration over the in-

termolecular separation distance r was carried out within a range that ensures the convergence of the integral. 

The lower limit was selected close to the repulsive region of the potential, while the upper limit was extend-

ed to sufficiently large distances where the intermolecular interaction becomes negligible. The numerical 

integration algorithm was employed to achieve reliable convergence of the results. The computational accu-

racy was controlled using the obtained parameters, ensuring that the numerical error remained within ac-

ceptable limits. The numerical evaluation of the integrals appearing in the second virial coefficient calcula-

tions was performed using a high-precision numerical integration scheme implemented in the Mathematica 

environment. The integration over the intermolecular separation distance r was carried out using an adaptive 

quadrature method (Global Adaptive Strategy), which ensures both efficiency and accuracy for rapidly vary-

ing potential functions. The lower integration limit was chosen as rmin = 2.0 Å, corresponding to the strongly 

repulsive region of the potential, while the upper limit was set to rmax = 50 Å, where the intermolecular inter-

action becomes negligible. Convergence tests were performed by extending the upper limit up to 80 Å, and 

no significant change (less than 0.1 %) was observed in the calculated second virial coefficients. The integra-

tion step size was not fixed explicitly, as the adaptive algorithm automatically refines the grid in regions 

where the integrand exhibits rapid variation. However, for verification purposes, additional calculations were 

performed using fixed step sizes in the range Δr = 0.001–0.01 Å, and consistent results were obtained. 

Results and Discussion 

The Morse potential parameters for MoF6, IF5 and WF6 gases were derived using the fitting method in 

this study for the first time. Morse potential parameters were obtained for MoF6, IF5 and WF6 gases by taking 

the Lennard–Jones (12-6) potential energy into account in the Mathematica program fitting method. Morse 

potential parameters of MoF6, IF5 and WF6 given in Table 1 [53, 54]. 

T a b l e  1  

Intermolecular potential parameter 

 Morse potential for this work   

Lennard–Jones 

(12-6) poten-

tial [24, 25] 

 

Molecules 

 

re(A0) ε/kR (K) σ(A0) σ(A0) 

MoF6 419.069 0.889001 6.41437 427.335 5.65 

IF5 487.431 0.649668 9.34985 478.036 8.25 

WF6 393.76 0.932059 6.4333 388.223 5.67 

 

To demonstrate the accuracy and precision of the obtained Morse potential parameters, second virial 

coefficients, speed of sound and heat capacity at constant of MoF6, IF5 and WF6 were calculated. The ob-
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tained calculation results were compared with the data previously presented based on the Lennard–Jones po-

tential in the literature [55], theoretical method [56] and available experimental data [56–58]. 

The experimental data used for validation of the proposed model were obtained from reliable and wide-

ly accepted sources in the literature. The second virial coefficient data for MoF6, IF5, and WF6 gases were 

primarily taken from the comprehensive compilation reported by Dymond et al. (2002), which provides criti-

cally evaluated thermophysical properties of pure gases and mixtures over a wide range of temperatures. In 

addition, thermodynamic property data, including heat capacity and speed of sound, were obtained from the 

NASA CEA (Chemical Equilibrium with Applications) database, which is based on validated experimental 

measurements and standardized calculation procedures. The experimental datasets cover temperature ranges 

approximately between 298 K and 400 K for the second virial coefficient, and up to 500 K for heat capacity 

and speed of sound, depending on the specific gas and property considered. The measurements were general-

ly performed under controlled laboratory conditions at low to moderate pressures, where real gas effects are 

significant but remain within the validity limits of virial expansions. Reported experimental uncertainties in 

the second virial coefficient are typically within ±2–5 %, while uncertainties in heat capacity and speed of 

sound measurements are generally below ±1–2 %. These uncertainty ranges were considered when evaluat-

ing the agreement between calculated and experimental results. The use of these well-documented datasets 

ensures the reliability and consistency of the validation process and enables a meaningful quantitative as-

sessment of the proposed theoretical model. 

The calculation results are given in Tables 2–6. As seen from Table 2, the second virial coefficients ob-

tained of MoF6 are closer to the experimental data than the Lennard–Jones potential in the temperature range 

(298–400 K). The calculation results based on Lennard–Jones (12-6) potential showed larger deviations 

compared to experimental data. The negative values of the calculation results indicate that the Morse poten-

tial models the intermolecular attractive forces for MoF6 weaker than they are. 

T a b l e  2  

Second virial coefficient of MoF6 

T(K) This work Lennard-Jones (12-6) [55] Theoretical [56] Experimental [56] Percentage Deviation 

298.15 –849.297 –1077.68  –923 7.98516 

300 –839.32 –1066.06 –861   

313.20 –773.183 –988.815  –790 2.12873 

310 –788.447 –1006.67 –800   

320 –742.234 –952.552 –745 –713 4.10014 

329.30 –702.913 –906.365  –679 3.5218 

333.20 –687.37 –888.07  –690 0.381159 

338.10 –668.574 –865.919  –647 3.33447 

340 –661.496 –857.568 –649   

350.60 –624.011 –813.269  –588 6.12432 

353.20 –615.305 –802.962  –600 2.55083 

360 –593.376 –776.964 –568   

365.70 –575.878 –756.185  –550 4.70509 

373.20 –553.993 –730.15  –530 4.52698 

374.40 –550.605 –726.116  –514 7.1216 

380 –535.188 –707.739 –499   

387.50 –515.506 –684.24  –486 6.07119 

393.20 –501.24 –667.179  –450 11.3867 

394.60 –497.822 –663.089  –486 2.43251 

400 –484.949 –647.668 –440   

413.20 –455.403 –612.199  –400 13.8508 

420 –441.163 –595.065 –389   

433.20 –415.233 –563.796  –330 25.8282 

450 –385.152 –527.406 –324   

453.20 –379.759 –520.867  –320 18.6747 

 

As seen in Table 3, the second virial coefficients calculated for IF5 revealed that the values obtained 

with the Morse potential are in very good agreement with the experimental data [56]. 
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T a b l e  3  

Second virial coefficient of IF5 

T(K) This work Lennard–Jones (12-6) [55] Theoretical [56] Experimental [56] Percentage Deviation 

319.80 –2776.66 –3612.71  –2574 7.87335 

320 –2773.21 –3608.72 –2547   

329.96 –2609.75 –3418.99  –2813 7.22538 

330 –2609.13 –3418.26 –2347   

331.60 –2584.28 –3389.34  –2222 16.3042 

333.30 –2558.29 –3359.06  –2305 10.9887 

338.40 –2482.69 –3270.87  –2203 12.6959 

340 –2459.69 –3243.99 –2172   

348.20 –2346.78 –3111.79  –1975 18.8243 

350 –2323.06 –3083.96 –2020   

360 –2197.72 –2936.51 –1887   

365.20 –2136.56 –2864.34  –1760 21.3955 

370 –2082.35 –2800.25 –1772   

379.40 –1982.0 –2681.28  –1641 20.78 

380 –1975.84 –2673.96 –1671   

390 –1877.23 –2556.6 –1584   

392.20 –1856.51 –2531.89  –1638 13.34 

400 –1785.7 –2447.27 –1509   

409.10 –1707.94 –2354.09  –1383 23.4953 

410 –1700.52 –2345.18 –1444   

411.20 –1690.7 –2333.38  –1511 11.8928 

 

As seen in Table 4, for WF6, the results obtained with the Morse potential provided values closer to the 

experimental data than the Lennard–Jones potential. 

T a b l e  4  

Second virial coefficient of WF6 

T(K) This work Lennard–Jones (12-6) [55] Theoretical [56] Experimental [56] Percentage Deviation 

298.15 –697.43 –921.412  –923 24.4388 

300 –689.052 –911.589 –861   

313.20 –633.436 –846.157  –790 19.8182 

310 –646.285 –861.308 –800   

320 –607.36 –815.346 –754 –713 14.8163 

329.30 –574.116 –776.012  –679 15.4468 

333.20 –560.988 –760.405  –690 18.6974 

338.10 –545.101 –741.487  –647 15.7495 

340 –539.116 –734.349 –649   

350.60 –507.388 –696.428  –588 13.7095 

360 –481.422 –665.279 –568   

365.70 –466.576 –647.422  –550 15.168 

373.20 –447.992 –625.019  –530 15.4732 

374.40 –445.114 –621.544  –514 13.4019 

387.50 –415.269 –585.432  –486 14.5537 

393.20 –403.125 –570.694  –450 10.4167 

394.60 –400.216 –567.159  –486 17.651 

400 –389.25 –553.822 –440   

413.20 –364.06 –523.101  –400 8.985 

420 –351.908 –508.238 –389   

433.20 –329.76 –481.075  –330 0.0727273 

450 –304.037 –449.401 –324   

453.20 –299.421 –443.703  –320 6.43094 
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The results of the second virial coefficient used for comparison were taken from experimental data 

available in the literature for MoF6, IF5, and WF6 gases. The temperature dependence of the second virial 

coefficient is given in Figures 1–3. 

 

 

Figure 1. The second virial coefficient for MoF6 

 

Figure 2. The second virial coefficient for IF5 

 

Figure 3. The second virial coefficient for WF6 
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These data typically cover temperature ranges between approximately 298 K and 400 K. Also, experi-

mental data of heat capacity at constant pressure and speed of sound were used to further assess the reliabil-

ity of the fitted Morse potential parameters. The determined experimental uncertainties were also considered 

in the discussion of the results. 

As seen in Table 5, the speed of sound for WF6 gas gave results close to the experimental data in wide 

temperature and pressure ranges [58]. 

T a b l e  5  

The speed of sound of WF6 

T(K) P(kpa) u (m.s–1) u (m.s–1) exp. [58] 
Percentage  

Deviation 

290 96.46 88.9856 90.6767 1.86498 

 88.85 89.1901 90.8967 1.87752 

 78.69 89.4624 91.1883 1.89268 

 72.50 89.6279 91.3610 1.89698 

 66.84 89.779 91.5191 1.90135 

 59.13 89.9844 91.7327 1.90586 

 52.27 90.1667 91.9213 1.90881 

 46.20 90.3277 92.0865 1.90994 

300 119.81 90.1541 91.8800 1.87843 

 114.89 90.2764 92.0096 1.88372 

 105.69 90.5045 92.2492 1.89129 

 93.32 90.8104 92.5688 1.89956 

 85.82 90.9954 92.7604 1.90275 

 75.64 91.2459 93.0173 1.90438 

 69.54 91.3956 93.1704 1.9049 

 58.77 91.6594 93.4394 1.90498 

 49.67 91.8817 93.6651 1.90392 

310 130.39 91.6586 93.4326 1.89869 

 119.86 91.8999 93.6840 1.90438 

 110.00 92.1253 93.9153 1.90597 

 100.96 92.3315 94.1265 1.90701 

 92.57 92.5224 94.3202 1.90606 

 84.93 92.696 94.4963 1.90515 

 74.62 92.9296 94.7313 1.90191 

 62.80 93.1968 94.9996 1.89769 

 55.18 93.3686 95.1719 1.89478 

 46.42 93.5657 95.3665 1.88829 

320 162.32 92.7002 94.5072 1.91202 

 150.40 92.9541 94.7650 1.91094 

 138.00 93.2174 95.0363 1.9139 

 126.43 93.4625 95.2850 1.91268 

 115.82 93.6867 95.5112 1.91025 

 106.07 93.8922 95.7179 1.90738 

 92.98 94.1675 95.9929 1.9016 

 81.45 94.4092 96.2335 1.8957 

 71.32 94.6211 96.4428 1.88889 

 62.45 94.8063 96.6260 1.88324 

 50.07 95.0641 96.8806 1.87499 

330 196.31 93.7499 95.5961 1.93125 

 187.90 93.9168 95.7669 1.93188 

 171.93 94.2328 96.0900 1.93277 

 157.10 94.5253 96.3841 1.92853 

 143.60 94.7908 96.6511 1.92476 

 131.21 95.0339 96.8936 1.91932 

 119.88 95.2556 97.1136 1.91322 
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C o n t i n u a t i o n  o f  T a b l e  5  

T(K) P(kpa) u (m.s–1) u (m.s–1) exp. [58] 
Percentage  

Deviation 

330 104.76 95.5506 97.4053 1.90411 

 91.52 95.8082 97.6591 1.89527 

 76.42 96.1012 97.9458 1.88329 

 63.72 96.3469 98.1849 1.87198 

 50.83 96.5956 98.4268 1.86047 

340 202.80 95.3595 97.2571 1.95112 

 185.42 95.6789 97.5759 1.94413 

 169.16 95.9768 97.8723 1.93671 

 154.25 96.2491 98.1419 1.92864 

 140.69 96.4962 98.3852 1.92 

 122.57 96.8252 98.7079 1.90734 

 111.69 97.0223 98.8999 1.89849 

 97.33 97.2818 99.1519 1.8861 

 84.74 97.5087 99.1519 1.65726 

 73.77 97.706 99.5626 1.86476 

 61.35 97.9289 99.7767 1.85194 

 48.74 98.1547 99.9939 1.83931 

360 223.77 98.3538 100.3337 1.97332 

 203.78 98.6719 100.6460 1.96143 

 185.17 98.9672 100.9319 1.94656 

 168.17 99.2361 101.1906 1.9315 

 152.72 99.4798 101.4244 1.91729 

 132.32 99.8008 101.7307 1.89707 

 120.13 99.9921 101.9129 1.88475 

 104.02 100.244 102.1523 1.86809 

 94.41 100.395 102.2943 1.8567 

 77.91 100.652 102.5370 1.83836 

 64.26 100.864 102.7366 1.82272 

 50.52 101.078 102.9373 1.80625 

380 243.42 101.299 103.3468 1.98148 

 220.80 101.613 103.6445 1.96007 

 209.67 101.767 103.7891 1.94828 

 189.63 102.043 104.0504 1.92926 

 171.57 102.292 104.2837 1.90989 

 147.67 102.62 104.5915 1.88495 

 127.00 102.903 104.8557 1.86227 

 120.67 102.989 104.9361 1.85551 

 109.09 103.147 105.0838 1.8431 

 98.62 103.29 105.2154 1.82996 

 84.88 103.477 105.3894 1.8146 

 73.05 103.637 105.5378 1.80106 

 62.86 103.775 105.6663 1.78988 

 48.98 103.963 105.8398 1.77325 

400 306.91 103.631 105.7644 2.01712 

 278.44 103.978 106.0920 1.99261 

 264.21 104.151 106.2538 1.97904 

 238.65 104.461 106.5414 1.95267 

 215.53 104.741 106.8010 1.92882 

 194.67 104.993 107.0336 1.9065 

 175.75 105.221 107.2439 1.88626 

 151.07 105.518 107.5162 1.85851 

 143.51 105.608 107.5998 1.85112 

 129.69 105.774 107.7506 1.83442 



The Accurate Evaluation of the Intermolecular Potential Parameters … 

“Physics” Series. 2026, 31, 2(122) 77 

C o n t i n u a t i o n  o f  T a b l e  5  

T(K) P(kpa) u (m.s–1) u (m.s–1) exp. [58] 
Percentage  

Deviation 

400 111.61 105.99 107.9489 1.81465 

 100.96 106.117 108.0655 1.80307 

 86.98 106.284 108.2174 1.78659 

 75.11 106.425 108.3472 1.77411 

 61.86 106.583 108.4911 1.75876 

 51.14 106.71 108.6076 1.74721 

420 309.89 105.121 108.8377 3.4149 

 293.98 105.299 108.9957 3.3916 

 264.05 105.633 109.2874 3.34384 

 249.82 105.792 109.4251 3.32017 

 224.48 106.073 109.6708 3.28055 

 191.33 106.44 109.9905 3.22801 

 171.90 106.655 110.1761 3.19588 

 146.43 106.936 110.4197 3.15496 

 131.52 107.099 110.5618 3.132 

 118.11 107.247 110.6889 3.10953 

 106.17 107.378 110.8021 3.09028 

 95.29 107.497 110.9053 3.07316 

 85.59 107.603 110.9973 3.058 

 72.93 107.741 111.1167 3.03798 

 62.13 107.859 111.2189 3.02098 

 50.19 107.99 111.3322 3.00201 

 

As seen in Table 6, the speed of sound for IF₅ gas gave results close to the experimental data in wide 

temperature and pressure ranges [57]. 

T a b l e  6  

The heat capacity at constant pressure and speed of sound of IF5 

T(K) P(kpa) Cp(J/mol·K) Cp(J/mol·K) [57] 
Percentage 

Deviation 
u (m. m.s–1) 

u (m. m.s–1) 

exp. [57] 

Percentage 

Deviation 

0.1 400 0.513493 0.5121 0.272017 126.603 127.2 0.46934 

 420 0.520041 0.5189 0.219888 129.745 130.2 0.349462 

 440 0.525543 0.5249 0.1225 132.814 133.2 0.28979 

 460 0.531204 0.5303 0.17047 135.802 136.2 0.292217 

 480 0.535696 0.5351 0.111381 138.731 139.1 0.265277 

 500 0.535621 0.5396 0.737398 141.637 141.9 0.185342 

0.08 400 0.512913 0.5121 0.158758 126.901 127.2 0.235063 

 420 0.519544 0.5189 0.124109 130.01 130.2 0.145929 

 440 0.525113 0.5249 0.0405792 133.049 133.2 0.113363 

 460 0.530828 0.5303 0.0995663 136.013 136.2 0.137298 

 480 0.535366 0.5351 0.0497103 138.919 139.1 0.130122 

 500 0.539997 0.5396 0.073573 141.76 141.9 0.098661 

0.01 400 0.512449 0.5121 0.0681508 127.14 127.2 0.0471698 

 420 0.519147 0.5189 0.0476007 130.221 130.2 0.016129 

 440 0.52477 0.5249 0.0247666 133.237 133.2 0.0277778 

 460 0.530528 0.5303 0.0429945 136.181 136.2 0.0139501 

 480 0.535102 0.5351 0.000373762 139.07 139.1 0.0215672 

 500 0.539764 0.5396 0.0303929 141.896 141.9 0.00281889 

 

In addition, heat capacity at constant pressure for IF5 gas in wide temperature and pressure ranges gave 

results close to experimental data. The good agreement of the obtained sound speed values with the experi-

mental data shows the accuracy of the method and potential function. This fit is more evident especially at 



E. Somuncu  

78 Bulletin of the Karaganda University 

low pressure and high temperatures. In addition, the consistency of heat capacity at constant pressure values 

with the calculated and experimental data confirms the validity of the proposed method. 

The percentage deviation results presented in Tables 2–6 and Figures 4–6 indicate that the proposed 

Morse potential provides a generally reliable description of thermodynamic properties. 

 

  

Figure 4. % deviation of second  

virial coefficient of MoF6 

Figure 5. % deviation of second  

virial coefficient of IF5 

 

Figure 6. % deviation of second virial coefficient of WF6 

For MoF6, deviations remain relatively small at low and moderate temperatures but increase at higher 

temperatures, suggesting limitations in capturing temperature-dependent interactions. In the case of IF5, larg-

er and more irregular deviations are observed, reflecting the complexity of its molecular structure and 

stronger intermolecular forces. For WF6, the deviations are moderate but systematic, indicating that the mod-

el consistently underestimates intermolecular interactions. In contrast, the very small deviations obtained for 

the speed of sound and heat capacity demonstrate that the proposed potential is highly successful in predict-

ing macroscopic thermodynamic properties. Overall, the model shows good predictive capability, although 

its performance varies depending on molecular complexity and temperature range. 

To ensure an objective evaluation of the proposed theoretical approach, quantitative indicators of ap-

proximation quality were systematically calculated and included in the analysis. To quantitatively determine 

the reliability of the obtained Morse potential parameters, the root-mean-square error (RMSE), the mean rel-

ative error (MRE) and correlation coefficient (R) were calculated by comparing the second virial coefficient, 

heat capacity at constant pressure and speed of sound with available experimental data. The RMSE provides 

a measure of the absolute deviation between calculated and experimental values, while the MRE reflects the 

relative accuracy of the model. The R was employed to assess the degree of linear agreement between calcu-

lated and experimental datasets over the 298–500 K temperature range. The obtained results are summarized 

in Table 7. 
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T a b l e  7  

Accuracy Metrics (RMSE and Relative Error) 

Molecule Property 
Temperature  

Range (K) 
RMSE 

Mean Relative 

Error (%) 

Correlation 

Coefficient (R) 

MoF6 Second virial coefficient 298–360 31 cm3·mol–1 3.3 0.995 

IF5 Second virial coefficient 320–370 264 cm3·mol–1 11.0 0.982 

WF6 Second virial coefficient 298–340 149 cm3·mol–1 18.5 0.978 

WF6 Speed of sound 290–420 1.5 m·s–1 1–2 0.996 

IF5 Heat capacity 400–500 0.002 J·mol–1K–1 <1 0.997 

 

For the second virial coefficient of MoF6, the RMSE value was found to be approximately 31 cm3·mol–1, 

corresponding to a mean relative error of about 3.3 % in the temperature range 298–360 K. This relatively 

small deviation indicates that the proposed Morse potential provides an accurate representation of the inter-

molecular interactions in MoF6 gas. For IF5, the calculated second virial coefficients show a larger RMSE 

value of about 264 cm3·mol–1 and a mean relative deviation of approximately 11 %. This difference can be 

attributed to the more complex molecular structure and stronger intermolecular interactions of IF5 gas. Nev-

ertheless, the agreement with experimental data remains satisfactory. For WF6, the RMSE of the second viri-

al coefficient was calculated to be approximately 149 cm3·mol–1, corresponding to an average relative devia-

tion of about 18.5 %. Although the deviations are somewhat larger than those observed for MoF6, the results 

still agree with the experimental data with accuracy. Also, the second virial coefficient, the calculated speed 

of sound for WF6, shows very good agreement with experimental data, with deviations of approximately 1–

2 % over a wide range of temperatures and pressures. Similarly, the calculated heat capacity at constant pres-

sure of IF5 differs from experimental data by less than 1 %, indicating a high level of accuracy in predicting 

thermodynamic properties derived from the proposed potential. These quantitative results clearly demon-

strate that the proposed Morse potential provides a reliable and improved representation of intermolecular 

interactions compared to the reference model. The statistical analysis confirms that the fitted Morse potential 

parameters provide a reliable definition of intermolecular interaction parameters for MoF6, IF5, and WF6 gas-

es. The relatively low RMSE, MRE and R values show that the offered model can reproduce both thermody-

namic and transport properties with satisfactory accuracy, supporting its applicability in theoretical and prac-

tical studies of real gas behavior. 

Conclusion 

In this work, Morse potential parameters for MoF6, IF5, and WF6 gases were determined using a fitting 

procedure based on Lennard–Jones interaction energy data. The obtained parameters were applied to calcu-

late the second virial coefficient, heat capacity at constant pressure, and speed of sound over a range of ther-

modynamic conditions. The calculated results show good agreement with available experimental data, 

demonstrating the capability of the proposed model to accurately represent intermolecular interactions. 

Quantitative error analysis based on RMSE and mean relative error further confirms the reliability of the fit-

ted parameters. Overall, the results indicate that the Morse potential provides an effective and computational-

ly efficient framework for modeling thermodynamic properties of heavy polyatomic fluorides. The parame-

ters reported in this study can serve as reference data for future theoretical investigations and practical appli-

cations involving these gas systems. 
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Э. Сомунджу 

Молекулааралық потенциал параметрлерін дәл бағалау  

және оның қолданылуы 

Молекулааралық потенциал параметрлерін дәл анықтау нақты газдардың термофизикалық 

қасиеттерін болжау үшін аса маңызды, әсіресе өндірісте қолданылатын ауыр көпатомды фторидтер 

үшін. Бұл зерттеуде MoF6, IF5 және WF6 газдары үшін Морзе потенциалының параметрлері Леннард-

Джонс (12–6) өзара әсерлесу энергиясы деректеріне негізделген сызықтық емес ең кіші квадраттар 

әдісі арқылы анықталды, мұнда минимизация критерийі ретінде орташа квадраттық қате (RMSE) 

қолданылды. Алынған параметрлер екінші вириялық коэффициентті, тұрақты қысымдағы 

жылусыйымдылықты және дыбыс жылдамдығын есептеу арқылы тексеріліп, нәтижелер 298–400 K 

температура аралығындағы қолжетімді тәжірибелік деректермен салыстырылды. Сандық дәлдік 

RMSE, орташа салыстырмалы қате (MRE) және корреляция коэффициенті (R) арқылы бағаланды. 

Екінші вириялық коэффициент үшін RMSE мәндері MoF6, IF5 және WF6 үшін сәйкесінше 31, 264 және 

149 см3·моль–1 болды, ал MRE мәндері 3,3 %, 11 % және 18,5 % құрап, жоғары корреляция (R ≥ 0,978) 

байқалды. Сонымен қатар дыбыс жылдамдығы мен жылусыйымдылық бойынша ауытқулар тиісінше 

1–2 % және 1 %-дан төмен деңгейде болып, R > 0,996 мәндерін көрсетті. Бұл нәтижелер ұсынылған 

тәсілдің молекулааралық өзара әсерлесулерді модельдеу және осындай газдардың термофизикалық 

қасиеттерін болжау үшін сенімді әрі есептеу тұрғысынан тиімді әдіс екенін көрсетеді. 

Кілт сөздер: молекулааралық өзара әсерлесу потенциалы, Морзе потенциалы, екінші вириалды 

коэффициент, жылусыйымдылық, дыбыс жылдамдығы 

 

Э. Сомунджу 

Точная оценка параметров межмолекулярного потенциала  

и её применение 

Точное определение параметров межмолекулярного потенциала имеет важное значение для прогнози-

рования термофизических свойств реальных газов, особенно тяжёлых многоатомных фторидов, име-

ющих промышленное значение. В данном исследовании параметры потенциала Морзе для газов 

MoF6, IF5 и WF6 были получены с использованием нелинейного метода наименьших квадратов на ос-

нове данных энергии взаимодействия Леннард–Джонса (12–6), где в качестве критерия минимизации 

использовалась среднеквадратичная ошибка (RMSE). Полученные параметры были проверены путём 

расчёта второго вириального коэффициента, теплоёмкости при постоянном давлении и скорости зву-

ка, а также сопоставления результатов с имеющимися экспериментальными данными в диапазоне 

температур 298–400 K. Количественная точность оценивалась с использованием RMSE, средней отно-

сительной ошибки (MRE) и коэффициента корреляции (R). Для второго вириального коэффициента 

значения RMSE составили 31, 264 и 149 см3·моль–1 для MoF6, IF5 и WF6 соответственно, при соответ-

ствующих значениях MRE 3,3 %, 11 % и 18,5 %, а также высокой корреляции (R ≥ 0,978). Кроме того, 

отклонения для скорости звука и теплоёмкости оставались в пределах 1–2 % и менее 1 % соответ-

ственно при R > 0,996. Эти результаты демонстрируют, что предложенный подход обеспечивает 

надёжную и вычислительно эффективную основу для моделирования межмолекулярных взаимодей-

ствий и прогнозирования термофизических свойств таких газов. 

Ключевые слова: потенциал межмолекулярного взаимодействия, потенциал Морзе, второй вириаль-

ный коэффициент, теплоёмкость, скорость звука 
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