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Abstract. Calculations based on molecular orbital (MO) theory using the program Gaussian 92 [I] and G2 theory [2] 
have been used to study the reactions MgO + Mg + 0 and Si02 + H2 + SiO + H20. We demonstrate that MO 
calculations can reproduce structures and vibrational spectra of gas-phase molecules accurately with the MP216- 
311+G** basis set. We can also calculate accurate molecular dissociation energies, D,, if G2 corrections are made to 
account for limitations of the basis set in describing electron orbitals. Consequently, MO calculations can act as a 
check on experimental thermodynamic values where the uncertainty is high (e. g., D,(MgO); [3]) or where activation 
energies, AE,, do not exist (e. g., MgO + H2 + Hz0 + Mg). Furthermore, the lowest energy reaction pathways 
may be followed between reactants and products to obtain predictions of mechanisms of gas-phase reactions. 

Introduction. Molecular dynamics (MD) simulations of free evaporation in crystalline and molten forsterite 
(Mg2SiOq) have been performed previously [41 to investigate possible speciation of gas-phase molecules leaving the 
condensed phase surface and better understand the isotopic fractionation results of [5-71. Species such as Si02(g), 
MgO(g) and larger molecular units were observed leaving the crystal and melt surfaces in our simulations. Two 
limitations of our previous modeling have led us to study the gas-phase of this process with high level, ab initio 
calculations. First, the MD simulations were limited to an ionic description of the atoms since the interatomic 
potential was taken from a semi-empirical fit of Leinenweber and Navrotsky [8] to crystal data in the system Mg-Si- 
0. Second, the MD simulations did not include hydrogen because there is no interatomic potential available for 
hydrogen compatible with the Leinenweber and Navrotsky [8] parameters. We have chosen to model the gas-phase 
reactions separately from the surface evaporation process at this point because of these limitations, although we note 
that hydrogen at the surface of the condensed phase may play a role in the chemical and isotopic fractionations 
associated with evaporation in the early solar nebula [6]. 

Methodology. Molecular structure optimizations were made with the MP2/6-311+G** basis set because theoretical 
gas-phase geometries reproduce experimental values fairly accurately at this level (Table 1; [2]). (For an explanation 
of basis set codes see [I].) Molecular structures were optimized by solving for the lowest energy structure for a 
given molecule or dimer. The fist  and second derivatives of the molecular energy with respect to movement of the 
nucleii are used to move the atoms into lower energy positions following the Berny algorithm [I]. We have tested 
the dynamic stability of each stationary point by performing force constant analyses of the optimized molecular 
configurations. At an equilibrium configuration, the fist  derivatives of the energy with respect to atomic motions 
dV/dqij = 0 and all the second derivatives dv2/dqij2 > 0. Hence, calculation of the second derivative matrix at an 
equilibrium configuration results in eigenvalues (i, e., force constants) that are all positive. 

Reaction pathways were also calculated between the stable configurations of products and reactants. Structural 
optimizations were made for molecular configurations along the reaction pathway with one parameter constrained and 
the others allowed to optimize. For SiO2 + H2 + SiO + H20, one 0---H distance was constrained starting at the 
optimized dimer geometry (Fig. 1) and then decreasing to the uansition state (i. e., the highest energy point along 
the reaction path). After formation of SiO and H20, the constrained parameter was the %---OH2 distance. For MgO 
dissociation, the constrained parameter was the Mg-0 distance. Energetics of reactions can be significantly in error 
even with the relatively large MP2/6-31 l+G** basis set. Theoretical energies of reactions are inaccurate because 
only a basis set of infinite size with full configuration interaction can predict exact molecular energies. For this 
reason, Pople and co-workers have devised a method, G2 theory, that generally reproduces reaction energies within f 
10 kJ/mol[2]. We have used G2 theory to calculate the reaction energetics of interest. 

Results and Discussion. Calculated structures and vibrational frequencies of gas-phase molecules are listed and 
compared to experiment in Table 1. Bond distances are within k 0.02 A, and vibrational frequencies generally < 7% 
higher than the observed frequencies with the MP2/6-311+G** basis set indicating that this level of theory 
reproduces molecular structures and vibrational spectra. Calculated dissociation energies, De, in Table 1 are generalIy 
close to the experimental dissociation energies. The MgO molecule has the largest error with 35% underestimation 
of experiment. 

The calculated energy change of SiO + H20 forming from SiO2 and H2 using the G2 corrections is -57 kjlmol 
at 0 K compared to the experimental AH of -85 kJ/mol at 300 K. Such a close approximation of experimental 
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reaction energies allows us to calculate the activation energy of the reaction accurately following the same 
methodology. Figure 1 pictures the rearrangement of the SiO;? + H2 and SiO + H20 molecules as the SiO;! + H2 
+ SiO + H20 reaction occurs. H2 orients itself at an angle of = 144" relative to the Si02 molecule as it 
approaches with the 0---H-H angle nearly 180". This geometry optimizes the interaction between one electron lone 
pair on the oxygen and one of the hydrogen atoms. The transition state in Fig. l b  gives an energy = 180 kJ1mol 
higher in energy than the SiOz---Hz dimer in Fig. la This energy difference is an estimate for AE, of this reaction 
and is comparable to activation energies for diffusion in silicate melts. Hence, the conversion of Si02 to SiO 
should be rapid at the elevated temperatures of the early solar nebula. On the other hand, our predicted activation 
energy for the dissociation of MgO into isolated atoms is = 500 kJ/mol and the reaction is = 250 kJImol 

othe& so MgO could be a long-lived metastable species if evaporated from a crystal or melt. However, the 
MgO + H2 += Mg + H20 reaction is - 235 kJ/mol gxothermic, and further study of this reaction will be necessary 
to evaluate the validity of this conclusion in the presence of H2. 

Table 1 - Calculated dissociation energies, D,, structures and vibrational frequencies (MW6311+G**) of various 
molecules compared to experiment (in parentheses) . 

Molecule De (kJhnol) Bond Length (A) Frequencies (cm-l) 

Figure 1 - (A) Optimized dimers of Si02---H2, (B) optimized transition state structure, (C) and @) optimized SiO- 
H20 in two different configurations. (D) is lower in energy and thus more stable than (C). 
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