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Abstract 

 
The intermolecular interaction potentials of the dimers H2–H2 and H2–O2 were calculated from 

quan-tum mechanics, using coupled-cluster theory CCSD(T) and correlation-consistent basis sets aug-
cc-pVmZ (m = 2, 3); the results were extrapolated to the basis set limit aug-cc-pV23Z. The interaction 
energies were corrected for the basis set superposition error with the counterpoise scheme. For 
comparison also Møller–Plesset perturbation theory (at levels 2 to 4) with the basis sets aug-cc-pVTZ 
were considered, but the results proved inferior. The quantum mechanical results were used to 
construct analytical pair potential functions. From these functions the second virial coefficients of 
hydrogen and the cross virial coefficients of the hydrogen–oxygen system were obtained by 
integration; in both cases corrections for quantum effects were included. The results agree well with 
experimental data, if available, or with empirical correlations. 

 
1. Introduction 

 
Computer simulations have become indispensable tools for studying fluids and fluid mixtures. 

They can generate structural, thermodynamic as well as transport properties consistently without the 
need to introduce artificial simplifications as required by, e.g., integral equation techniques, statistical 
ther-modynamic perturbation theory. Computer simulation techniques, Monte Carlo as well as 
Molecular Dynamics, cannot work without some input, however: It is necessary to know the 
interaction potentials of the systems under study. 

The usual procedure is to assume a simple model potential, e.g., the Lennard-Jones pair potential, 
fit its parameters to suitable experimental data, and then to perform the simulation. Such a simulation 
is no longer predictive, because it requires experimental input of the same kind that is produces. This 
can sometimes be a severe limitation, namely if experimental data are scarce. 

An example of such a system is the fluid mixture (H2 + O2). Its thermodynamic properties are im-
portant for the design of efficient rocket engines [1,2] and may have some bearing for future hydrogen 
storage and fuel cell technologies, but there are remarkably few publications of experimental results 
only— for evident reasons. 

Recently an alternative approach has become feasible, for which the name “global simulation” has 
been coined [3]. It consists of a calculation of intermolecular potentials by quantum mechanical 
methods, followed by computer simulations and — eventually — calculations with equations of state 
fitted to the simulations results, in order to obtain properties that are not accessible to simulations. 

Such global simulations have been reported for the noble gases, where it is now possible to predict 
the vapour–liquid phase equilibria without recourse to experimental data with an accuracy comparable 
to the experimental uncertainty. One of the first attempts that achieved near-experimental accuracy 
was that of Deiters, Hloucha and Leonhard [4] for neon. Further global simulation attempts for noble 
gases were published by the groups of Eggenberger and Huber [5–9], Sandler [10], and Malijevsky´ 
[11]. Using a functional form for the dispersion potentials of argon and krypton proposed by Korona et 
al. [12], Nasrabad and Deiters even predicted phase high-pressure vapour–liquid phase equilibria of 
noble-gas mixtures [13,14,15]. Other mixed-dimer pair potentials for noble gases were published by 
López Cacheiro et al. [16], but not used for phase equilibria predictions, yet. 

The development of ab initio pair potentials for molecules is much more complicated because of 
the angular degrees of freedom of molecular motion, but for some simple molecules such potentials 
have al-ready been constructed: Leonhard and Deiters used a 5-site Morse potential to represent the 
pair potential of nitrogen [17] and were able to predict vapour pressures and orthobaric densities. Bock 
et al. also used a 5-site pair potential for carbon dioxide [18]; they furthermore applied the first-order 
quantum correc-tion to the 2nd virial coefficients developed by Pack [19]. Naicker et al. used SAPT 
(symmetry-adapted perturbation theory) to develop a 3-site pair potential for hydrogen chloride [20], 
based on Korona’s func-tion and a modified Morse potential; they then successfully predicted the 
vapour–liquid phase equilibria of hydrogen chloride with GEMC (Gibbs ensemble Monte Carlo [21]) 
simulations. 

We note in passing that there is a wealth of ab initio pair potential work on water dating back even 
to 1973 [3]. In liquid water, however, the dominant intermolecular interactions are the hydrogen bond 
and electrostatic forces, the energy of which can be calculated with a decent accuracy even at SCF 
level, whereas the calculation of dispersion forces requires computationally expensive high-level 



  

theories. Similarly, there are many publications using a hybrid approach, i.e., computing structures and 
charge distri-butions of molecules with advanced quantum mechanical methods, but using empirical 
functions for the dispersion contributions. With this approach it is possible to deal with relatively large 
molecules, but as it is not fully predictive, it is not within the scope of this work. 

In this work we report quantum mechanical calculations at a sufficiently high level of 
approximation to obtain pair potential data of the H2–H2 and the H2–O2 dimers. These data are then 
represented by analytical pair potential functions. These in turn are used to calculate 2nd virial 
coefficients. This calculation involves exact expressions only and can be performed without any loss 
of accuracy. The 2nd virial coefficents can then be compared to experimental data — as far as such 
data are available. They can furthermore be used to determine the parameters of a suitable equation of 
state. From there it is in principle possible to predict for phase equilibria and excess volumes of (H2 + 
O2) mixtures. 

There have been other attempts to develop a pair potential function for hydrogen. A potential was 
published by Diep and Johnson, who performed calculations with post-SCF methods MP2, MP3, 
MP4, and CCSD(T) and with the basis sets aug-cc-pVmZ (m = 2, 3), including extrapolation to the 
basis set limit [22,23]. This pair potential, however, uses a spherical harmonics expansion to account 
for the anisotropy of interaction. Such an approach can become problematic, however, if repulsion at 
short ranges becomes the dominant feature of a fluid, e.g., in a dense liquid state. 

 

2. Computational details 
2.1. Molecular orientation 

In this work hydrogen and oxygen molecules are represented as 5-site models, with two sites 
placed on the atoms (H or O), one site in the center of gravity (M), and two sites halfways between the 
atoms and the center (N). The molecules are treated as rigid; the interatomic distances are set to 
0.74130 Å for hydrogen and 1.20741 Å for oxygen [24]. 

As hydrogen and oygen are linear molecules, the intermolecular pair potential is a function of dis-
tance r (distance between the centers of gravitiy) and three angular coordinates, α, β, and ϕ, which are 
explained in Fig. 1. 

Interaction energies were calculated for all values of r from 2.6 to 15 Å with increment 0.2 Å; the 
angles α, β, and ϕ were varied from 0 to 180° with increment 45°. Care was taken to recognize 
identical configurations in order to reduce the computational workload. 

 
2.2. Quantum chemical calculations 

 
The Hartree–Fock SCF method is a widely used method in quantum chemistry; it had proven 

useful for the calculation of chemical bond energies and even of hydrogen bonding energies. 
Dispersion forces, however, are caused by electron correlations, and these effects are excluded in SCF 
calculations. 

A full configuration interaction treatment (CI) of electron correlations requires enormous computa-
tional resources and is at present usually not practical. Fortunately there are several other post-SCF 
methods that can capture at least a part of the electron correlation effects, e.g., Møller–Plesset pertur-
bation theory (MP) and coupled-cluster methods (CC). Experience shows that especially the CCSD(T) 
method appears to account for the most significant electron correlation efects. It is therefore used in 
this work. But the results are compared with the perturbation theory at levels MP2, MP3, and MP4 
will be discussed, too. 

Because of the diffuse, wide-range nature of dispersion force fields it is necessary to adopt 
appropriate basis sets. Here we use the correlation-consistent basis sets of Dunning et al. [25]: aug-cc-
pVDZ (for oxygen: 10s5p2d/4s3p2d, for hydrogen: 5s2p/3s2p) and aug-cc-pVTZ (for oxygen: 
12s6p3d2f/5s4p3d2f, for hydrogen: 6s3p2d/4s3p2d). The ab initio energy results were corrected for 
the basis set superposition error (BSSE) with the counterpoise correction method proposed by Boys 
and Bernardi [26]: 

AB Ab aB
E E E E∆ = − −        (1) 

where EAB denotes the total electronic energy of a dimer AB, EAb the energy of a dimer consisting 
of an A atom and a B ghost atom (an atom without nucleus and electrons, but having its orbitals), and 
EaB vice versa. 

The electronic energies are then extrapolated to the basis set limit [27–30]: 



  

3( ) ( )E m E cm−∆ = ∆ ∞ +        (2) 
with m = 2 (for the aug-cc-pVDZ basis set) or 3 (for aug-cc-pVTZ). If results for two basis sets are 

available, it is possible to calculate the energy value for an infinite basis set from Eq. (2); this result is 
referred to as aug-cc-pV23Z below. 

Another method for obtaining basis sets with a sufficiently diffuse character is the inclusion of 
bond functions. It is our experience, however, that the extrapolation scheme is adequate [13,14,17,31]. 

All quantum chemical calculations were carried out with the Gaussian03TM program package [32]. 
The influence of the choice of the theory level is shown in Figs. 2 and 3 for a special molecular 
configuration, the T-configuration of Fig. 1.  

Figs. 4 and 5 similarly demonstrate the influence of the basis set. It must be pointed out that the 
basis sets most commonly used for calculations of chemical bonds, turn out to be totally insufficient 
for the purpose of calculating intermolecular potentials. 

The locations and depths of the potential minima for four different dimer configurations are given 
in Table 1. In all cases the extrapolation to the basis set limit has a significant effect on the calculated 
energies. 

In order to verify that the calculation method and the basis set can yield an adequacy to describe 
for dimers hydrogen and oxygen, we performed calculations without restrictions of the intramolecular 
bond length for a T-configuration: The results, listed in Table 2, show that the CCSD(T) calculation 
with the extrapolated basis set gives results within 1% of the experimental values. This also proves 
that the molecules are not significantly deformed upon making contact with each other, or that 
vibrational excitation is not to be expected with low-speed collisions. 

The potential energies of the dimers H2–H2 and H2– O2 for all distances and orientations, 
calculated with the CCSD(T) method and the aug-cc-pVmZ basis sets, are given in Table 7. 
 
3. The pair potential function 
 

For the calculation of virial coefficients, but especially for the use within computer simulations, it 
is desirable to represent the ab initio pair potential data by an analytic function. As the molecules 
considered here are not spherical, the construction of an accurate, yet not too computationally 
expensive function is not a trivial task. 

Modelling the molecular anisotropy by spherical harmonics is possible in principle, but not 
attempted here for reasons explained in the Introduction. Instead, a multi-center potential is proposed. 
Previous work on nitrogen [17,33] and carbon dioxide [18] had shown that 2-site or even 3-site 
molecular models did not represent the ab initio data well, but that 5-site models were sufficient. In 
principle such a 5-site model leads to a pair potential consisting of 25 spherical site-site interactions, 
but because of molecular symmetry only six different site-site potentials have to be fitted for 
hydrogen, and 8 for the hydrogen–oxygen dimer. 

For the construction of the pair potential function two different functional forms were explored. 
The first one had been used by Bock et al. for carbon dioxide [18]: 
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The other functional form was proposed by Naicker et al. [20], originally used for hydrogen 
chloride 
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Here the ri j denote site-site distances, the q i  electric charges of sites, and the Ci j,n dispersion 

coefficients; the leading dispersion term is always proportional to 6
ij

r − . In both models the auxiliary N 

sites (compare Fig. 1), placed on the molecule axis halfways between the outer sites (H or O) and 



  

the center (M), carry each a charge of +q, and the central M site a charge of −2q. The outer sites do 
not have electric charges. The two models differ mostly in the choice of the damping function f1(rij ): 
Eq. (4) makes use of the damping function of Tang and Toennies [34], which had also been built into 
many noble-gas pair potentials. 

Fitting these functions to the ab initio interaction energy values proved difficult, because the object 
function of the fitting problem has got many local minima. For this work the global minima were 
coarsely located by means of a genetic algorithm, and then the parameters optimized with a 
Marquardt-Levenberg algorithm. The results - the parameters of the interaction potentials - are given 
in Tables 3 and 4. 

4. Second virial coefficients 

Virial coefficients are linked to intermolecular potentials by rigorous statistical thermodynamic 
theory; the second virial coefficient depends on the pair potential only. On the other hand, at least 
second virial coefficients have been determined experimentally for many gases. Hence the prediction 
of second virial coefficients from ab initio potentials is a stringent test for the usefulness of such 
potentials: Computer simulations of some property of the liquid state may fail to give satisfactory 
results because multi-body potentials could not be accounted for, or because that property is difficult 
to sample by simulations. But a failure to reproduce second virial coefficients points to an inadequacy 
of the pair potential used. 

In the case of hydrogen the matter is more complicated because of quantum effects. These can in 
principle be obtained from a perturbation expansion of Planck’s constant (for a more detailed 
explanation see [35]). The first order corrections to the second virial coefficient of linear molecules 
have been worked out by Pack [29] and Wang [36]. Following the latter, the virial coefficient up to 
first order can be written as 
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Here NA is Avogradro’s constant, kB Boltzmann’s constant, T the temperature, and u(r, α, β, φ) the 
pair potential; its parameters, the center-center distance and the relative orientation angles must be 

calculate from the center vectors i
r
�

and the absolute orientations Ωi. H0 is the translation-rotation 

Hamiltonian for a pair of molecules. 
This expression can be broken down into a zeroth order (classical) term and first-order quantum 

corrections (radial part, angular part proportional to I−1 (moment of inertia), angular part proportional 
to µ−1 (reduced mass)): 
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The first-order correction terms can be written as: 
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The terms ul1l2l(r)Al1 l2l(α, β, φ) represent a spherical harmonics expansion of the interaction 
potential. All these integrals were evaluated numerically with a 4D Gauss–Legendre quadrature 
method [37]. The results for the second virial coefficients are presented in Tables 5 and 6. 

5. Discussion 

The predicted values for the second virial coefficents of hydrogen shown in Table 5 are in 
excellent agreement with the experimental data. It appears that values obtained with potential function 
(3) are marginally better than those obtained with potential function (4), although the latter function 
has more adjustable parameters. But the differences are insignificant. 

More important is the fact that an accurate prediction of second virial coefficients from an ab initio 
pair potential without recourse to experimental data is possible, and that the CCSD(T) method, applied 
to basis sets aug-cc-pVDZ and aug-cc-pVTZ, and followed by an extrapolation to the basis set limit, is 
evidently able to generate virial coefficients almost within the uncertainties of the experiments (see 
Fig. 6). 

It is worth noting that quantum corrections contribute significantly to the second virial coefficient 
of hydrogen even at high temperatures. Of these corrections, only the radial term is important; the 
angular terms are usually much smaller in size. 

Experimental values for the cross virial coefficients of the hydrogen–oxygen interaction are 
difficult to find in the literature. There are some experiments, however, from which these virial 
coefficients can be calculated: 

- Van Itterbeek and van Doninck measured the speed of sound in (hydrogen + oxygen) mixtures 
at low temperatures and pressures [38]. The pressure dependence of this property is related to 
the virial coefficients. The values of the cross virial coefficient obtained by these authors lie 
reasonably close to our predictions (see Table 6); it should be noted, however, that their 
evaluation method involved several simplifications (linearizations, neglect of temperature 
derivatives of the virial coefficient), and that their results exhibit an uncertainty of about 20%. 

- McKinley at al. measured solid–fluid equilibria of the (hydrogen + oxygen) system [39]. With 
the usual assumptions and simplifications (no hydrogen dissolved in the solid oxygen, neglect 
of higher virial coefficients) it is possible to estimate cross second virial coefficients from 
these data. The result agrees reasonably well with the ab initio prediction. The sublimation 
pressure of γ-oxygen, which is required for the equilibrium calculation, was taken from the 
work of Roder [40]. 

- In an earlier publication on high-pressure phase equilibria of the (hydrogen + oxygen) system 
it had been suggested that the parameters of the hydrogen–oxygen interaction could be 
interpolated from those of the systems (hydrogen + nitrogen), (neon + nitrogen), and (neon + 
oxygen) [41]. This idea can be extended to second virial coefficients as follows: Eq. (7) can be 
simplified-although with some loss of accuracy-by performing the integrations of the 
orientation variables: 

(0) 2
A

B0

( , )
( ) 2 exp 1 d

u r T
B T N r r

k T
π

∞   
= − − −  

  
∫       (11) 

Here ( , )u r T denotes an angle-averaged pair potential. For small molecules like the ones studied 
here the assumption of conformal pair potentials is usually acceptable, i.e., pair potentials can be 
written as 
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where ( , )u r T�� � is a universal (reduced) pair potential function. Then Eq. (11) become 
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We use this equation for the cross virial coefficient of the hydrogen–oxygen system, assuming 
ϵH2,O2 = ϵH2,N2 + ∆ϵO2,N2, where the last term is supposed to be small. Taylor expansion of the 
Boltzmann factor of this term, truncation after the linear term, and rearrangement yield 
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where the integral is a function of the reduced temperature T� only. A similar equation holds for 
the cross virial coefficients of the (neon + oxygen) and (neon + nitrogen) systems, for which 
experimental data are available [42]. Therefore ∆ϵO2,N2 can be determined from the neon data and then 
substituted into Eq. (14) to give the second virial coefficient of (hydrogen + oxygen) at the same 
reduced temperature as the (neon + oxygen) system (tacitly assuming that this value also holds for the 
hydrogen systems). For the parameters ϵ and σ usual Lennard-Jones parameters [35] and Berthelot–
Lorentz combining rules were used. It turns out that the hydrogen–oxygen cross virial coefficient 
obtained from this interpolation (−58 cm3/mol) agrees reasonably well with the ab initio predictions as 
well as with the experimental values (see Fig. 7). 

Recently Estela-Uribe and Jaramillo [43] published empirical correlation equations for second 
virial coefficients which are based on the corresponding-states approach of Lee and Kesler [44]. In 
their work, binary interactions are characterized by so-called pseudocritical parameters, which are 
interpolations of the pure-fluid critical temperatures and densities: 
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Here the Mi denote molar masses of the pure components, Mij an “interaction molar mass”, and c 
is a constant (21.8 K g/mol) It turns out that the adjustable parameters aij and dij are very close to zero 
for a large number of chemical compounds. 

We have set these two correlation parameters to zero for the hydrogen–oxygen interaction and 
used the correlations of Estela-Uribe and Jaramillo to predict cross second virial coefficents. The 
results, presented in Table 6, show a remarkably good agreement with the predictions from quantum 
mechanics. 

We conclude that our ab initio pair potential for the hydrogen–oxygen interaction is reliable, and 
that the calculation of thermodynamic properties from quantum mechanical results can be useful, if 
experimental data are scarce. 
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Table 1: Potential energies Emin and equilibrium distances rmin of dimers at selected orientations (α, β, 
ϕ), calculated with CCSD(T) method and basis sets aug-cc-pVmZ with m = 2, 3, 23. 

   aug-cc-pVDZ aug-cc-pVTZ aug-cc-pV23Z 
α β ϕ rmin/Å 106Emin/EH rmin/Å 106Emin/EH rmin/Å 106Emin/EH 

H2-H2 
0 0 0 3.8 -42.3549 3.8 -37.4896 3.8 -35.444 

90 0 0 3.6 -110.267 3.4 -152.745 3.4 -171.825 
90 90 0 3.8 -32.6377 3.6 -47.3085 3.6 -55.246 
90 90 90 3.8 -42.7146 3.6 -66.9307 3.4 -78.1582 

H2-O2 

0 0 0 4.0 -176.903 4.0 -225.514 3.8 -247.957 
90 0 0 4.0 -167.764 3.8 -237.364 3.8 -268.209 
90 90 0 3.4 -200.841 3.2 -332.693 3.0 -398.079 
90 90 90 3.6 -84.2173 3.4 -156.328 3.2 -196.486 

 

Table 2: Comparison of bond lengths of the hydrogen–oxygen dimer in an optimized T configuration 
(α = 90, β = ϕ = 0), calculated with the CCSD(T) method and different basis sets. 

Basis set rH-H/Å rO-O/Å 
aug-cc-pVDZ 0.761677 1.233374 
aug-cc-pVTZ  0.742979 1.223396 
aug-cc-pV23Z  0.735106 1.219195 
Exp [46] 0.7413 1.207411 

 

Table 3: Optimized parameters of the 5-site potential function (3). Partial charges: hydrogen: qN/e = 
−0.078329, qH = 0; oxygen: qN/e = −0.98630, qO = 0; qM = -2qN. EH = 4.359782×10-18 J (Hartree 
energy unit).  

interaction De/EH α/Å-1 (C6/EH)/Å6 (C6/EH)/Å8 (C6/EH)/Å10 
H2-H2 

H-H 1.0228×10-1 0.5726 1.3331×101 -6.0553×101 1.1427×102 
H-N -7.6904×10-1 2.8339 -4.8925×101 2.2518×102 -4.1995×102 
H-M -1.9219×10-1 0.5715 7.0556×101 -3.2310×102 6.0229×102 
M-M -4.9352×10-2 0.5773 -2.9216×102 1.3811×103 -2.5920×103 
M-N 4.1656×100 3.0343 1.9574×102 -9.2093×102 1.7195×103 
N-N 5.5669×10-1 0.5726 4.4158×102 -2.1135×103 3.9999×103 

H2-O2 
H-O 6.9772×101 2.2167 4.3122×101 -1.7085×102 1.9864×102 

H-N -8.6380×102 2.8495 -2.8926×102 1.7056×103 -2.0407×103 
H-M 5.9249×103 3.2500 7.0326×102 -6.6618×103 8.8238×103 
N-O -1.1945×102 2.2241 -2.0153×102 8.1092×102 -1.6856×103 
N-N 5.2939×102 2.4593 -2.9395×102 2.8724×103 -4.8864×103 
N-M -3.4254×103 3.4888 5.4258×102 -5.1390×103 9.0644×103 
M-O 3.4040×102 3.1597 4.6619×102 -1.9659×103 4.0898×103 
M-M -1.3311×103 2.4629 -1.5500×103 1.7298×104 -2.7469×104 

 



  

 

Table 4: Optimized parameters of the 5-site potential function (4). For all interactions δi j = 5.0 Å-1 and 
ζij = 1.0Å-1 were assumed. See Table 3 for the partial charges. 
 
interaction De/EH α/Å-1 (C6/EH)/Å6 (C6/EH)/Å8 (C6/EH)/Å10 (C6/EH)/Å12 

H2-H2 
H-H -6.784×100 1.9231 4.262×101 -3.153×101 2.163×102 -1.655×102 
H-N -5.820×101 2.3929 -7.308×101 2.987×102 -3.550×102 6.276×102 
H-M 8.196×101 2.1509 3.680×101 -2.863×102 -1.458×102 -2.134×102 
M-M -9.521×101 2.1064 -8.199×102 4.323×103 -1.609×104 2.516×104 
M-N 1.110×102 2.3557 5.208×102 -2.478×103 8.087×103 -1.198×104 
N-N 8.194×101 1.9595 1.464×103 -8.550×103 3.523×104 -5.773×104 

H2-O2 
H-O 8.031×102 2.5442 -2.413×102 -6.748×102 -5.092×103 2.801×103 
H-N -2.443×104 3.9714 6.479×102 -1.035×104 5.657×104 -3.314×104 
H-M 9.773×104 3.8896 -1.060×103 2.357×104 -1.968×105 9.897×104 
N-O -3.738×103 2.6003 5.700×102 7.742×103 6.132×103 7.740×103 
N-N 2.776×103 2.8975 -6.953×102 -7.366×102 6.722×103 -3.054×104 
N-M -2.535×104 3.7516 8.308×102 7.766×102 -7.083×103 8.570×104 
M-O 4.950×103 2.5963 -7.921×102 -1.099×104 -4.793×103 -1.450×104 
M-M -5.654×103 2.8208 -7.416×102 -1.262×104 1.848×105 -3.081×105 

 

Table 5: Second virial coefficients of hydrogen as a function of temperature (given in cm3/mol). B0: 

classical result obtained from pair potential,
(1)
rB ,

(1)
a,IB ,

(1)
a,B
µ

: quantum corrections, B: total virial 

coefficient; methods: Eq. (3) and Eq. (4): predicted ab initio using these two pair potentials, exp.: 
experimental data.  

T/K method (0)B  
(1)
rB  

(1)
a,IB  

(1)
a,B
µ

 B ref. 

60 Eq.(3) -24.655 0.626 0.049 0.01 -23.970  

 
Eq.(4) -24.408 0.356 0.076 0.026 -26.321  

 exp.     -24.000 [45] 
70 Eq.(3) -16.307 0.288 0.044 0.005 -15.970  

 Eq.(4) -16.144 0.117 0.066 0.012 -17.178  

 
exp. 

    
-16.000 [45] 

75 Eq.(3) -13.107 1.065 0.055 0.017 -11.970  

 
Eq.(4) -12.976 0.9 0.099 0.027 -10.799  

 exp.     -12.000 [42] 
80 Eq.(3) -10.373 1.382 0.059 0.022 -8.910  

 Eq.(4) -10.269 1.233 0.113 0.033 -8.782  

 
exp. 

    
-8.940 [46] 

90 Eq.(3) -5.96 0.884 0.052 0.014 -5.010  

 
Eq.(4) -5.900 0.791 0.094 0.025 -6.140  

 exp.     -5.040 [46] 
100 Eq.(3) -3.066 0.034 0.041 0.001 -2.990  

 Eq.(4) -3.036 0.014 0.061 0.01 -0.982  

 
exp. 

    
-3.000 [45] 

109.01 Eq.(3) -0.127 0.511 0.047 0.008 0.440  

 
Eq.(4) -0.125 0.485 0.081 0.019 -0.117  



  

T/K method (0)B  
(1)
rB  

(1)
a,IB  

(1)
a,B
µ

 B ref. 

 
exp. 

    
0.410 [42] 

123.15 Eq.(3) 2.867 0.071 0.041 0.001 2.980  

 Eq.(4) 2.838 0.086 0.064 0.011 2.906  

 
exp. 

    
2.950 [42] 

133.27 Eq.(3) 4.553 0.561 0.048 0.009 5.170  

 Eq.(4) 4.507 0.577 0.085 0.021 4.589  

 exp.     5.140 [42] 
150 Eq.(3) 6.751 0.329 0.045 0.005 7.130  

 
Eq.(4) 6.684 0.373 0.077 0.017 6.763  

 exp.     7.100 [42] 
173.15 Eq.(3) 8.962 0.029 0.04 0.0000 9.030  

 
Eq.(4) 8.872 0.036 0.062 0.01 8.934  

 
exp. 

    
8.930 [42] 

223.15 Eq.(3) 11.859 0.176 0.043 0.003 12.080  

 Eq.(4) 11.74 0.273 0.072 0.015 11.793  

 
exp. 

    
12.050 [42] 

265.6 Eq.(3) 13.246 1.111 0.055 0.018 14.430  

 Eq.(4) 13.113 1.193 0.111 0.032 13.212  

 exp.     14.400 [47] 
298.8 Eq.(3) 13.957 1.051 0.055 0.017 15.080  

 
Eq.(4) 13.818 1.142 0.109 0.031 13.983  

 exp.     15.050 [47] 
398.15 Eq.(3) 15.073 0.755 0.05 0.012 15.890  

 
Eq.(4) 14.922 0.864 0.098 0.026 15.377  

 
exp. 

    
15.860 [42] 

 
 
Table 6: Cross second virial coefficients of the hydrogen–oxygen system. correl.: empirical correlation [42], 
exp.: experimental data. For an explanation of the other properties see Table 5. 
 

T/K method ( 0)
B  

(1)
r

B  
(1)
a,IB  

(1)
a,B
µ

 B ref. 

49.8 Eq. (3) −138.393 0.199 0.266 0.053 −137.876 
Eq. (4) −137.023 0.057 0.037 0.028 −136.900 

 
correl. 

    
−142.097 

 
 

exp. 
    

−110.0 [39] 
60.00 Eq. (3) −100.725 0.104 0.209 0.042 −100.370 

Eq. (4) −99.728 0.020 0.010 0.019 −99.679 

 
correl. 

    
−106.393 

 80.00 Eq. (3) −60.795 0.228 0.283 0.057 −60.227 
 Eq. (4) −59.559 0.036 0.096 0.032 −60.154 

correl. −63.887 

 
exp. 

    
−72.9 [38] 

85.00 Eq. (3) −57.374 0.405 0.388 0.078 −56.504 
 Eq. (4) −56.806 0.325 0.073 0.057 −56.352 

correl. −56.806 

 
exp. 

    
−54.0 [38] 

90.00 Eq. (3) −49.970 0.344 0.352 0.070 −49.204 
 



  

T/K method (0)B  
(1)
r

B  
(1)
a,IB  

(1)
a,B
µ

 B ref. 

Eq. (4) −48.627 0.192 0.042 0.046 −49.113 

 
correl. 

    
−50.664 

 
 

exp. 
    

−32.5 [38] 
100.00 Eq. (3) −41.612 0.427 0.401 0.080 −40.705 

Eq. (4) −40.200 0.299 0.066 0.055 −40.602 

 
correl. 

    
−40.591 

 123.15 Eq. (3) −27.115 0.490 0.438 0.088 −26.099 
 Eq. (4) −25.729 0.387 0.085 0.063 −25.987 

correl. −24.782 
150.00 Eq. (3) −15.285 0.449 0.414 0.083 −14.340 

 
 

Eq. (4) −14.093 0.344 0.076 0.059 −14.234 
 correl. −13.804 

200.00 Eq. (3) −3.798 0.426 0.400 0.080 −2.891 

 
Eq. (4) −2.761 0.323 0.071 0.057 −2.789 

 
 

correl. 
    

−2.789 
 273.15 Eq. (3) 4.077 0.406 0.388 0.078 4.948 

 
Eq. (4) 4.998 0.302 0.067 0.055 5.048 

 correl. 4.656 
298.15 Eq. (3) 5.101 0.429 0.402 0.080 6.012 

 Eq. (4) 5.545 0.365 0.080 0.061 5.600 
correl. 6.165 

400.00 Eq. (3) 8.636 0.448 0.260 0.082 9.425 
 Eq. (4) 9.623 0.345 0.076 0.059 9.720 

 
correl. 

    
9.931 

  
Table 7: Pair interaction energies calculated with the CCSD(T) method and the basis sets aug-cc-
pVmZ, m = 2, 3, 23*. 

    106
u/EH H2–H2  106

u/EH H2–O2 
α β ϕ r/Å m = 2 m = 3 m = 23 r/Å m = 2 m = 3 m = 23 
0 0 0 2.8 978.17 877.59 835.3 3.4 473.71 291.25 214.42 
0 0 0 3 398.31 342.95 319.67 3.6 17.12 -98 -146.47 
0 0 0 3.4 11.64 2.86 -0.83 3.8 -142.28 -216.65 -247.96 
0 0 0 3.6 -31.77 -31.2 -30.96 4 -176.9 -225.51 -245.98 
0 0 0 3.8 -42.35 -37.49 -35.44 4.2 -164.03 -196.57 -210.27 
0 0 0 5 -10.94 -7.15 -12.23 5 -67.83 -76.03 -79.48 
0 0 0 10 0.1 0.22 -5.55 10 -0.98 -1.1 -1.15 

45 0 0 3 238.21 144.38 104.93 3.4 287.21 115.78 43.59 
45 0 0 3.2 31.66 -22.89 -45.82 3.6 -50.97 -162.59 -209.59 
45 0 0 3.4 -49.09 -79.91 -92.87 3.8 -160.79 -233.45 -264.04 
45 0 0 3.6 -71.87 -89 -96.2 4 -176.12 -223.52 -243.48 
45 0 0 4 -60.52 -65.57 -52.8 4.2 -157.1 -188.29 -201.43 
45 0 0 5 -18.13 -18.14 -23.67 5 -62.67 -69.64 -72.58 
45 0 0 10 -0.19 -0.16 -5.29 10 -0.62 -0.67 -0.69 
90 0 0 2.8 449.78 265.06 187.4 3.2 807.44 556.85 451.34 
90 0 0 3 87.81 -27.16 -75.5 3.4 159.81 -11.82 -84.08 
90 0 0 3.2 -60.56 -131.85 -152.87 3.6 -89.41 -203.25 -251.18 
90 0 0 3.4 -107.37 -152.75 -100.72 3.8 -164.11 -237.36 -268.21 



  

    106
u/EH H2–H2  106

u/EH H2–O2 
α β ϕ r/Å m = 2 m = 3 m = 23 r/Å m = 2 m = 3 m = 23 

90 0 0 3.6 -110.27 -140.26 -79.08 4 -167.76 -213.85 -233.25 
90 0 0 3.8 -97.07 -117.62 -61.77 4.2 -146.14 -174.93 -187.05 
90 0 0 5 -24.89 -28.44 -10.31 5 -57.05 -62.49 -64.78 
90 0 0 10 -0.47 -0.54 -0.57 10 -0.7 -0.25 -0.05 

135 45 0 2.8 492.22 292.59 208.66 3.2 703.34 491.6 402.45 
135 45 0 3 118.26 -5.71 -57.84 3.4 165.69 21.23 -39.59 
135 45 0 3.2 -38.94 -115.77 -145.14 3.6 -59.89 -156.4 -197.04 
135 45 0 3.4 -92.51 -141.03 -120.49 3.8 -138.56 -201.86 -228.51 
135 45 0 3.6 -100.34 -131.88 -96.3 4 -151.61 -192.6 -209.85 
135 45 0 3.8 -90.5 -111.61 -75.57 4.2 -138.06 -164.98 -176.32 
135 45 0 4 -23.87 -27.03 -28.36 5 -61.12 -66.61 -68.93 
135 45 0 9 -0.43 -0.49 -0.51 10 -1.07 -1.1 -1.11 
90 45 0 2.8 160.83 59.21 16.48 3.4 401.94 235.32 165.16 
90 45 0 3 4.84 -56.2 -81.87 3.6 125.17 19.35 -25.21 
90 45 0 3.2 -52.98 -90.72 -106.59 3.8 4.99 -61.15 -89 
90 45 0 3.4 -66.99 -91.14 -101.29 4 -40.54 -81.96 -99.4 
90 45 0 3.6 -63.37 -79.31 -86.02 4.2 -52.23 -78.68 -89.81 
90 45 0 3.8 -54 -64.82 -69.37 5 -28.77 -34.09 -36.33 
90 45 0 5 -0.49 -0.53 -0.55 9 -0.66 -0.71 -0.73 
90 45 0 9 -0.26 -0.28 -0.29 10 -0.33 -0.33 -0.33 

45 45 0 2.8 739.82 595.17 534.36 3.2 810.42 586.92 492.81 
45 45 0 3 288.53 205.82 171.04 3.4 223.04 72.17 8.65 
45 45 0 3.2 81.12 36.46 17.69 3.6 -22.84 -125.08 -168.12 
45 45 0 3.4 -5.82 -28.77 -38.42 3.8 -110.71 -179.48 -208.43 
45 45 0 3.6 -36.22 -47.39 -52.09 4 -128.82 -175.01 -194.46 
45 45 0 3.8 -41.97 -46.92 -49.01 4.2 -118.98 -149.99 -163.05 
45 45 0 4 -38.2 -39.93 -40.66 5 -50.57 -57.96 -61.07 
45 45 0 10 -0.02 0.04 0.07 10 -0.63 -0.72 -0.76 
90 90 0 3 214.91 132.94 98.47 2.6 1027.94 576.3 386.14 
90 90 0 3.2 58.37 9.44 -11.14 2.8 229.37 -91.39 -226.45 
90 90 0 3.4 -6.08 -36.17 -48.83 3 -90.33 -306.9 -398.08 
90 90 0 3.6 -28.43 -47.31 -55.25 3.2 -192.28 -332.69 -391.81 
90 90 0 3.8 -32.64 -44.62 -49.66 3.4 -200.84 -290.2 -327.82 
90 90 0 4 -29.91 -37.48 -40.66 3.8 -140.24 -177.7 -193.47 
90 90 0 5 -9.46 -10.23 -10.56 5 -27.11 -31.82 -33.8 
90 90 0 10 -0.06 -0.03 -0.02 10 -0.14 -0.19 -0.21 
90 45 45 2.8 506.51 330.85 256.99 3.2 947.1 727.25 634.67 
90 45 45 3.2 -2.17 -66.13 -93.02 3.4 426.61 244.04 167.17 
90 45 45 3.4 -57.96 -97.96 -114.78 3.6 145.35 22.64 -29.03 
90 45 45 3.6 -70.65 -96.55 -107.43 3.8 21.45 -61.22 -96.03 
90 45 45 3.8 -66.14 -83.43 -90.7 4 -26.61 -83.38 -107.28 
90 45 45 4 -56.14 -68 -72.98 4.4 -44.83 -66.7 -75.9 
90 45 45 5 -17.74 -20.14 -21.15 5 -26 -30.6 -32.54 
90 45 45 10 -0.29 -0.32 -0.33 10 -0.31 -0.65 -0.8 
45 45 45 3 258.05 166.13 127.49 3.2 680.09 464.3 373.43 
45 45 45 3.2 59.68 8.16 -13.5 3.4 174.49 28.34 -33.2 



  

    106
u/EH H2–H2  106

u/EH H2–O2 
α β ϕ r/Å m = 2 m = 3 m = 23 r/Å m = 2 m = 3 m = 23 

45 45 45 3.4 -21.31 -49.49 -61.34 3.6 -43.3 -160.77 -210.23 
45 45 45 3.6 -47.68 -62.9 -69.29 3.8 -119.69 -205.85 -242.13 
45 45 45 3.8 -50.64 -58.74 -62.15 4 -132.43 -196.64 -223.68 
45 45 45 4 -44.89 -49.08 -50.84 4.2 -119.75 -169.44 -190.37 
45 45 45 5 -13.57 -13.3 -13.18 5 -53.29 -66.35 -71.84 
45 45 45 10 -0.09 -0.05 -0.03 10 -0.27 -1.3 -1.73 
90 90 45 2.8 534.9 387.27 325.2 2.8 445.33 123.89 -11.46 
90 90 45 3.2 45.22 -8.38 -30.91 3 49.63 -164.9 -255.23 
90 90 45 3.4 -15.32 -49.32 -63.62 3.2 -98.9 -236.46 -294.37 
90 90 45 3.6 -35.15 -57.18 -66.44 3.4 -136.78 -223.35 -259.81 
90 90 45 3.8 -37.67 -52.14 -58.23 3.6 -129.43 -184.36 -207.49 
90 90 45 4 -33.69 -43.29 -47.33 4 -84.07 -107.88 -117.9 
90 90 45 5 -10.82 -12.16 -12.73 5 -20.44 -24.7 -26.49 
90 90 45 10 -0.11 -0.1 -0.09 10 0.01 -0.02 -0.04 
90 45 90 2.8 491.26 310.36 234.3 3.4 444.91 281.94 213.31 
90 45 90 3.2 -9.18 -76.07 -104.2 3.6 158.97 56.32 13.09 
90 45 90 3.4 -62.94 -105.21 -122.98 3.8 31.49 -31.62 -58.2 
90 45 90 3.6 -74.31 -101.95 -113.57 4 -19.3 -58.2 -74.58 
90 45 90 4 -58.29 -71.17 -76.58 4.4 -36.08 -51.65 -58.2 
90 45 90 5 -18.48 -21.17 -22.3 5 -20.7 -25.18 -27.07 
90 45 90 10 -0.31 -0.35 -0.37 10 -0.03 0 0.01 
45 45 90 2.8 598.82 418.3 342.4 3.2 558.82 353.11 266.49 
45 45 90 3.2 13.24 -51.63 -78.9 3.4 120.11 -37.47 -103.82 
45 45 90 3.4 -54.81 -93.45 -109.7 3.6 -71.12 -185.13 -233.13 
45 45 90 3.6 -72.45 -95.9 -105.75 3.8 -136.31 -219.43 -254.43 
45 45 90 3.8 -69.39 -83.95 -90.07 4 -143.45 -205.58 -231.74 
45 45 90 4 -59.36 -68.63 -72.53 4.2 -127.99 -174.87 -194.61 
45 45 90 5 -18.4 -19.77 -20.35 5 -56.16 -66.44 -70.77 
45 45 90 10 -0.25 -0.26 -0.26 10 -0.54 -0.73 -0.81 
90 90 90 2.8 507.94 353.01 287.87 2.8 661.35 339.17 203.51 
90 90 90 3.2 32.44 -25.85 -50.35 3 189.43 -22.78 -112.13 
90 90 90 3.4 -24.45 -62.26 -78.16 3.2 -5.97 -140.04 -196.49 
90 90 90 3.6 -41.85 -66.93 -77.48 3.4 -72.74 -156.33 -191.52 
90 90 90 3.8 -42.71 -59.6 -66.7 3.6 -84.22 -136.7 -158.8 
90 90 90 5 -12.18 -14.09 -14.89 4 -60.13 -82.43 -91.82 
90 90 90 9 -0.31 -0.33 -0.33 5 -13.79 -17.56 -19.15 
90 90 90 10 -0.16 -0.16 -0.17 10 0.16 0.15 0.14 
45 135 45 2.8 519.9 324.36 242.14 3.2 630.41 423.82 336.84 
45 135 45 3 137.53 16.77 -34 3.4 142.78 -15.45 -82.07 
45 135 45 3.2 -25.28 -99.4 -130.56 3.6 -66.19 -179.49 -227.19 
45 135 45 3.4 -82.64 -128.83 -148.25 3.8 -138.13 -220.15 -254.68 
45 135 45 3.6 -93.04 -122.62 -135.05 4 -148.27 -208.14 -233.34 
45 135 45 3.8 -84.97 -104.47 -112.67 4.2 -133.3 -178.43 -197.43 
45 135 45 5 -22.43 -25.14 -26.27 5 -60.49 -68.31 -71.61 
45 135 45 9 -0.7 -0.78 -0.82 10 -0.99 -0.02 0.39 

*:“23” denotes the extrapolation from sets 2 and 3 



  

    

Fig. 1: 5-site molecular model and some selected orientations used for quantum chemical calculations. 
 

 

Fig. 2: Intermolecular potential of the hydrogen dimer in T configuration calculated 
with the basis set aug-cc-pVTZ with different post-SCF techniques: +: MP2, 

∆: MP3, □: MP4, —: CCSD(T). 

 

Fig. 3: Intermolecular potential of the hydrogen–oxygen dimer in T configuration calculated 
with the basis set aug-cc-pVTZ with different post-SCF techniques; for 

an explanation of the symbols see Fig. 2. 
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Fig. 4: Intermolecular potential of the hydrogen dimer in T configuration calculated 
with the CCSD(T) method for different basis sets: ○: aug-cc-pVDZ, ∆: aug-cc-pVTZ, —: aug-cc-pV23Z. 

 

Fig. 5: Intermolecular potential of the hydrogen–oxygen dimer in T configuration calculated 
with the CCSD(T) method for different basis sets; for an explanation 

of the symbols see Fig. 4. 

 

Fig. 6: Second virial coefficient of hydrogen. —: ab initio prediction (this work), 
symbols: experimental data (see Table 5). 
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Fig. 7: Cross second virial coefficient of the hydrogen–oxygen system. —: ab initio 

prediction (this work) based on Eq. (3), - - -: prediction based on Eq. (4), 4: 
empirical correlation [43], •: interpolation from neon mixtures (see text), other 

symbols: experimental data (see Table 6). 
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Highlights 

 

• We construct the angular orientations of dimers H2-H2 and H2-O2  

• We calculate the ab initio intermolecular interaction energies for all built 

orientations. 

• Extrapolating the interaction energies to the complete basis set limit aug-cc-pV23Z. 

• We develop two 5-site ab initio intermolecular potentials of dimers H2-H2, H2-O2. 

• Calculating the virial coefficients of dimer H2-H2 and H2-O2  
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