HW5 Kinetics (Transition State Theory) – Adapted from Ignatov et al. (2004)

You have already discovered that accurate calculation of thermodynamic parameters for a chemical reaction is a demanding problem for first-principles geochemistry. In this homework we’ll ratchet up the difficulty level even further, attempting to predict the rate of a chemical reaction:

SO3 + H2O ( H2SO4
In the atmosphere, this is one of the final steps in the conversion of sulfur pollution from fossil-fuel burning or volcanic eruption (as H2S, SO2, etc.) into acid rain, and we would like to know how fast it happens under typical conditions.

1. Using the techniques from HW4, calculate the enthalpy and Gibbs free energy of this reaction at 298.15K. You may want to visit the NIST computational chemistry database for help with the molecular structures of SO3 and H2SO4. Use B3LYP/6-31G* first, then try 6-311++G(2d,2p).

2. To estimate a rate constant we will use standard Transition State Theory (TST) (http://www.iupac.org/goldbook/T06470.pdf), which relates rate constants to an “equilibrium” constant between the reactants and a high-energy transition state. TST assumes that all molecules reaching the transition state react – ignoring the possibility that the transition state may simply dissociate back into the reactant molecules. For this reason TST often over-estimates reaction rates. TST also ignores quantum-mechanical tunneling effects, which means it can significantly under-estimate rates for reactions involving movement of hydrogen atoms or electron transfer (other atomic nuclei are generally so massive that this assumption introduces much less error). For the formation of sulfuric acid at 25ºC we might expect a reaction rate that is proportional to the abundance of water vapor:
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Here the rate is in units of molecules/cm3/ sec and CH2O and CSO3 are the concentrations of water vapor and sulfur trioxide (in mol/cm3), T is the reaction temperature, NA is Avogadro’s number, kB is the Boltzmann constant, h is Planck’s constant, R is the molar gas constant, and G(TST-Reactants) is the free energy difference (in KJ/mol) between the reactants and the transition state. The great advantage of TST is that we only need to know the relative energies of the reactants and the transition state. 

To find the Gibbs free energy of the transition state we need to know what it’s molecular structure is. The transition state will be a saddle-point, with one negative force constant corresponding to one imaginary vibrational frequency (ignored when calculating the vibrational zero-point energy and thermal energy). Gaussian03 has an automatic transition state optimization method, invoked thus:

#B3LYP/6-31G* Opt=QST2 SCF=Tight

Because the QST2 method requires input specifying the molecular structure of both the reactants and products, and is somewhat picky about syntax and input format, I have posted an example input file (B3LYP/6-31Gd,p) for this reaction on the class website. Run this input file, and estimate the Gibbs free energy of the resulting transition structure (ignoring the imaginary frequency, as Gaussian03 does by default). Can you find one imaginary frequency in the output? What does the transition structure look like?

Calculate the activation enthalpy and Gibbs Free Energy, and the TST reaction rate at 1 atmosphere of SO3 and H2O. Reiner and Arnold (1994, J Chem Phys v. 101, p 7399-7407 – on the class website) found that rateTST ≈ CH2O • CSO3•(1.2x10–15 cm3/molecule/sec). How does this compare with your result? Try calculating the rate with a larger basis set (e.g., B3LYP/6-311+G(2d,p)). Does this make a difference?

3. Later experiments (Jayne et al., 1997; Lovejoy and Hanson, 1996 – both on the website) suggested that the reaction rate is actually 2nd order in the abundance of water vapor:
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indicating a reaction with two water molecules:



SO3 + 2H2O ( H2SO4 + H2O

Calculate the enthalpy and Gibbs Free Energy of this reaction. Using the input QST2 script from the website, calculate the activation enthalpy and Gibbs Free Energy, and the TST reaction rate at 1 atmosphere of SO3 and H2O. How does this compare with the result rateTST ≈ CH2O2 • CSO3•(3x10–31 cm6/molecule2/sec). Which reaction will be faster in Earth’s lower atmosphere with ~5x1017 H2O molecules/cm3?

