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ABSTRACT

In this project, electron transfer rates are predicted by numerical methods, in a collabo-
ration with Argonne National Laboratory . Emphasis is on electron transfer involving ions
known to be important in enhancing stress corrosion cracking in light water reactors and
on electron transfer at oxide surfaces. In the report period, we have completed studies of
the ferrous-ferric electron transfer rate in which the effects of electric field, entropic effects
in the free energy and quantum effects are included for the first time in the calculation
of the rate of an electrochemical (heterogeneous) reaction rate. These new results confirm
assumptions made in our earlier calculations. The ferric ion has been modelled in a disso-
ciable polarizable model showing for the first time that, as we suggested earlier, the six fold
coordination of this ion in aqueous solution is stabilized by the three body interactions aris-
ing from the polarizability of water. In our studies of oxides, we have completed a Hartree
self consistent calculation of the electronic structure of fayalite. The calculation utilizes a
new method which takes phenomenological account of local electron correlations which have
plagued electronic structure calculations of oxides for a long time. No electronic structure
calculation of fayalite has been previously reported to our knowledge. Similar methods have
been used to calculate the electronic structure of a vacancy in rutile (TiO;). The results
show for the first time that the screening donor electrons are anisotropically distributed
around the vacancy.

The objective of this work is to calculate electron transfer rates at electrode electrolyte
interfaces with emphasis on electron transfer involving ions known to be important in
enhancing stress corrosion cracking in light water reactors. We collaborate with quantum
chemist Larry Curtiss and experimental electrochemist Zoltan Nagy of Argonne National
Laboratory in this work. The role of the Minnesota group is to provide large scale molecular
dynamics and electronic structure calculations and overall guidance in physical theory to
the effort. Previous to the grant period on which we report here, the results of a study of
the ferrous-ferric electron transfer reaction were completed and reported in 1. In the report
period, we continued studies on the characterization of the ferrous-ferric transition. We have
utilized a new molecular dynamics model which takes full account of the electric field from
the electrode (using a method developed by us earlier? ) and employing new algorithms to
compute the free energy barriers. In this way we include entropic and electric field effects in
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a much more realistic way than in our earlier simulations® . The results confirm the validity
of our earlier approximations, but also provide new results, We show that the free cnergy
barrier is a quadratic in the reaction coordinate as we assumed earlier and as in Marcus
theory, but that the curvature is a function of electric field, unlike our earlier assumption
or Marcus theory. The model provides a quantitative estimate of the equilibrium potential
for the reaction for the first time in this kind of a simulation. The result is within about a
factor of 2 of the experimentally observed equilibrium potential.

Our studies of the effects of the dynamics of the solvation shell of dissolved ions on the
electron transfer process depend heavily on the reliability of our molecular dynamics model
of water. Recently we completed work on a new molecular dynamics model for water, in
which the water molecules are both polarizable and dissociable 3 . During the period of this
report we have, in collaboration with J. Rustad, incorporated a ferric ion in this model.
The results show that the effects of polarizability stabilize the six-fold coordination of the
ferric ion in water as we suggested earlier 4~% and provide a basis for studying the effects
of water polarizability on the electron transfer process.

The experimental program at Argonne has undertaken a study of electron transfer from
the cuprous ion to an electrode. This ion is specifically implicated in the stress corrosion
cracking studies which motivate the entire program, We have made major progress on the
study of the cupric ion, described in a recent publication in Physical Review Letters® where a
molecular dyanmics model and calculated results from it are also reported. A second paper?
describes a comparison of calculations from the molecular dynamics model with neutron
scattering experiments. The conclusion is that, unfortunately, the experimental evidence
for observation of a Jahn Teller effect in this ion is not conclusive and we are currently
exploring other possible explanations for the observations, including the pessibility of ion
pairing. Xiang Rong Wang worked on this problem while he was a post- doctoral associate
with the group from 1990-92. An invited review of work on the Jahn Teller effect in liquids
is in preparation 8.

A better understanding of the electronic structure of the disordered oxides characteristic
of electrode surfaces is required in order to characterize electron transfer at such surfaces.
Aspects of our earlier work on oxides, specifically titanium dioxide, are summarized in
a paper? in which results of our calculations are used to interpret photoelectrochemical
studies of TiO, films on titanium electrodes by workers at the Corrcsion Center at the
University of Minnesota. A later calculation of the conductivity 1°-!2 showed that the
mobility gap which is observed in the photoconductivity experiments is not expected to shift
at the low vacancy concentrations present, because the donor states associated with the
vacancies are localized until they begin to percolate at significantly higher concentrations.
A detailed description of the innovative code used in this work appeared recently!3. During
the reporting period, we have developed Hartree self consistent calculations within tight -
binding models for several oxides. We have made a study of the relative efficiency of
proposed Hartree self consistent methods using equation of motion techniques and direct
exact matrix diagonalization methods. Depending on the method of implementation, the




computational effort associated with the equation of motion method scales with N or with
N? while the computation associated with exact diagonalization scales as a higher power
of N, where N is the number of orbitals in the basis. At large enough N the equation
of motion methods will therefore be more efficient. However we find that the coefficients
in the scaling relations are such that the crossover occurs at about 10 orbitals, which is
somewhat larger than current computational resources can feasibly consider. Accordingly,
for the present time we are using exact diagonalization methods for the Hartree studies.
We have completed a study of a single oxygen vacancy in rutile. In this system and also in
a study of iron oxides to be described below, we take account of local correlation effects,
known to have large qualitative effects on electronic structure in transition metal oxides, by
a new phenomenological method which makes use of experimental ionization potentials for
isolated ions. By this means we find that the self consistent potential around the oxygen
vacancy in rutile is of very short but finite range (as we had assumed earlier 14-15 ) but also
that the potential is very anisotropic, as we had not previously suspected. Using similar
methods we have developed band structures of fayalite and wustite, both expected to be
important in the passivation of iron.

Several papers on our related work on a model for high temperature superconductivity

appeared recently 1618 | The synergy between these two programs has been very useful
and significant.

During the grant period, the proceedings for the first Symposium on Microscopic Models
of the Electrode-Electrolyte Interface, held at the Toronto meeting of the Electrochemistry
Society in October, 1992 appeared!®. Sessions were held on electron transfer, solvent struc-
ture, ion solvation, electronic structure of the electrode and on fractal aspects associated
with rough surfaces. The lead speaker for the symposium was Professor Rudy Marcus.
Three papers in this volume were coauthored by the PI.
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