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ABSTRACT OF DISSERTATION 

EXPLORATION OF BASIS SET ISSUES FOR CALCULATION OF 

INTERMOLECULAR INTERACTIONS AND DENSITY FUNCTIONAL THEORY 

CALCULATIONS OF VANADIUM OXIDE CLUSTERS AND THEIR REACTIONS

WITH SULFUR DIOXIDE

The ab initio calculation o f intermolecular interactions requires a large basis set in 

order to describe systems with dominant dispersion interaction accurately. This work 

focuses on calculation o f intermolecular bonding energies o f weakly bound systems 

within the supermolecular method and on issues related to the choice of a basis set for 

these calculations, in particular size of the basis set, efficiency of 2 -electron integral 

codes, basis set superposition error (BSSE), and the linear dependence o f basis functions. 

In an attempt to find more efficient basis sets for calculations o f intermolecular 

interactions, standard basis sets (10s Huzinaga, 6-311G**, cc-pV6 Z), or their parts, are 

extended (tessellated) by a set of off-centered, s or p functions, symmetrically placed 

around the nuclei. Standard basis sets (10s Huzinaga, 6-311G**, cc-pVXZ, aug-cc- 

pVXZ, X = D, T, Q, 5, 6 ) are also augmented by sets o f atom-centered, higher angular 

momentum functions (p, d, f). Distance from the nucleus o f tessellating functions and 

orbital exponents o f tessellating and augmenting functions are optimized with respect to 

the BSSE-corrected bonding energy at the MP2 or UCCSD level o f theory. The two
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approaches are tested on the model systems with dominant dispersion interactions H2, 

(CH4)2, and Ne2 and their efficiency is compared. Both tessellation and augmentation are 

successful in describing the intermolecular interactions of these model systems, with 

augmentation being more efficient. Our results draw attention to the linear dependence 

problems inevitably present in accurate calculations and confirm the need for underlying 

standard basis sets that provide good descriptions o f core and valence electrons in order 

for the tessellation and augmentation approaches to be reliable.

Vanadium oxide is a catalytic system that plays an important role in the 

conversion of sulfur dioxide to sulfur trioxide. Density functional theory is employed to 

study structure and stability o f small neutral vanadium oxide clusters in the gas phase. 

BPW91/LANL2DZ level o f theory is used to obtain structures o f VOy (y=l,...,5), V2 0 y 

(y=2,...,7), V3 0 y (y=4,...,9), and V4 0 y (y=7,...,12) clusters. Energies of growth and 

fragmentation reactions o f the lowest energy isomers o f vanadium oxide molecules are 

also obtained to study the stability o f neutral vanadium oxide species under oxygen 

saturated gas phase conditions. Our results suggest that cyclic and cage like structures are 

preferred for the lowest energy isomers of neutral vanadium oxide clusters, and oxygen- 

oxygen bonds are present for oxygen rich clusters. Clusters with an odd number of 

vanadium atoms tend to have low spin ground states, while clusters with even number of 

vanadium atoms have a variety of spin multiplicities for their ground electronic state. 

VO2, V2O5, V3O7, and V4O10 are predicted to be the most stable neutral clusters under the 

oxygen saturated conditions.

Thermodynamics o f reactions of vanadium oxide clusters with SO2 is also 

studied. BPW91/LANL2DZ is insufficient to properly describe relative V -0  and S-0

iv
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bond strengths o f vanadium and sulfur oxides. Calibration of theoretical results with 

experimental data is necessary to compute reliable enthalpy changes for reactions 

between VxOy and SO2. Theoretical results indicate SO2 to SO conversion occurs for 

oxygen-deficient clusters and SO2 to SO3 conversion occurs for oxygen-rich clusters. 

Some possible mechanisms for SO3 formation and catalyst regeneration for condensed 

phase are also suggested. These results are in agreement with, and complement, previous 

gas phase experimental studies o f neutral vanadium oxide clusters.

Elena Jakubikova 
Chemistry Department 

Colorado State University 
Fort Collins, CO 80523 

Summer 2007
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CHAPTER 1

INTRODUCTION

OVERVIEW

Computational chemistry methods development and application are equally 

important areas of quantum chemistry; what is more, they could not exist without each 

other. As new methods emerge, they allow us to tackle more interesting and complicated 

problems than ever before. At the same time, the drive to answer important questions of 

today’s chemistry (e.g., How do proteins fold?, How does heterogeneous catalysis work?) 

serves as a motivation for development o f new and better computational methods.

Here I present my contribution to both methods development and applications in 

two different areas o f computational chemistry. The first area encompasses basis set 

development for ab initio calculations o f intermolecular interactions. The second area 

deals with the application of density functional theory to study heterogeneous catalysis on 

the model system neutral vanadium oxide clusters in the gas phase.

The organization o f this dissertation is as follows: First, a short introduction is 

devoted to basis sets for electronic structure calculations, heterogeneous catalysis and the 

place o f gas phase metal clusters in catalysis research. Chapters 2, 3 and 4 contain results 

of my research that have been published (or submitted for publication) as three separate 

papers. Chapter 5 outlines some future directions for both areas o f research presented
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here. Finally, technical details of calculations and additional material for those interested 

in pursuing these topics further are included in the Appendices.

BASIS SETS IN ELECTRONIC STRUCTURE CALCULATIONS 

Short history of basis set development

A basis set in quantum chemistry is a set o f functions (also called basis functions) 

used to approximate one-electron wavefunctions (orbitals). One-electron wavefunctions 

are usually expressed as a linear combination of basis functions with expansion 

coefficients determined iteratively in a self consistent field (SCF) calculation. 14 Many- 

electron wavefunctions are then represented as sums o f anti-symmetrized products of 

one-electron wavefunctions. Note that the final form of a many-electron wavefunction 

depends on the choice o f basis functions as well as the method by which the expansion 

coefficients are determined.

Efforts to find the best set o f basis functions for electronic structure calculations 

are as old as computational quantum chemistry itself. The very first quantum chemistry 

computations applied the stationary Schrodinger equation to calculate many-electron 

atom properties, taking advantage of the central symmetry o f these systems as well as 

their similarity to the exactly solvable case of hydrogen atom. These calculations did not 

use basis functions in the sense that we use them today, but took different approaches to 

determine one-electron wavefunctions. For example, Pauling5 approximated one-electron 

wavefunctions by analytic, hydrogen-like functions of the form N p(r)e~Zr/n, in which N  

is a normalization constant, p(r)  is a polynomial in r, Z is the nuclear charge, and n 

represents the principal quantum number. Hartree, 1 on the other hand, computed one-

2
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electron wavefunctions for a range of atoms by numerically integrating the wave equation 

for an atom with a non-coulomb spherically symmetric field. Hartree’s functions are very 

accurate, but do not have an analytical representation; they exist only as tables of values.

The concept o f a basis set goes back to Slater,6 who obtained accurate analytical 

expressions for one-electron wavefunctions by using linear combinations of functions 

r ne~ar, with exponents a and n varied from one term to another, to approximate Hartree’s 

functions. Slater further used these one-electron wavefunctions to construct orthogonal 

antisymmetric wave functions in the form of determinants. Both Hartree and Slater

7 19functions have been used in various calculations o f atomic properties. ' The full

potential of Slater functions were realized in 1950s and 1960s, when they were used as

11basis sets (called “Slater Type Orbitals” or STO) in the Roothaan-Hall implementation 

of the Hartree-Fock Self Consistent Field method3,4 for calculations on diatomic14' 18 and

10 99polyatomic ' molecules. Unfortunately, integrals arising from Slater functions in the 

solution o f the Schrodinger equation require complicated numerical integration schemes 

and therefore calculations with large sets o f Slater functions can be performed only with 

great difficulty.

In 1950 Boys suggested the use of Gaussian functions for electronic structure 

calculations.23 He defined the class of Gaussian functions to consist o f all functions, and 

o f all their linear combinations, of the form x ly mz n exp(-ar^2).* He pointed out that

Gaussians form a complete system of functions, so they can be used to approximate any 

function with arbitrary accuracy. Boys also derived simple formulas for integrals over

‘in this formula I, m, n have any integral value, a > 0 , and x A = x -  Ax , etc., rA -  x 2A + y \  + z \ ,

Ax, A , Az have any real values.

3
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Gaussians arising in the calculation o f atomic and molecular properties. Gaussian 

functions are less accurate than Slater functions -  to approximate one-electron 

wavefunctions with the same accuracy, more than twice as many Gaussian functions are 

needed than Slater functions.24 The main advantage o f Gaussians lies in the simplicity 

and speed o f their integral evaluation, making them a very efficient choice for electronic 

structure calculations.

At first, Gaussian functions were used as an approximation to Slater functions in 

the calculation o f integrals over Slater functions for which it is impossible to obtain 

explicit formulas. Use of exclusively Gaussian functions in electronic structure 

calculations have been then explored by Huzinaga, O-ohata, Takata, Reeves and

9 A 96  98Fletcher, ’ " who proposed to replace Slater type orbitals by a finite expansion of 

Gaussian functions at every point in the calculations. Gaussian representations of Slater 

type orbitals have been obtained by least-squares fitting.

The idea o f Gaussian functions for electronic structure calculations was further

9Qdeveloped by Pople and coworkers, who have obtained STO-«G (n = 2 -  6 ) basis sets 

by using two to six Gaussian functions to represent each Slater type orbital. 

Subsequently they optimized another series (LEMAO-«G) in which coefficients were 

chosen to minimize the energy of atomic ground state rather than to approximate Slater 

functions. STO-«G and LEMAO-«G basis sets are minimal in the sense that they 

contain only atomic orbitals for shells occupied or partly occupied in the atomic ground 

state. Later on Pople’s group developed split-valence basis sets:31,32 4-31G, 5-31G, and 6 - 

31G. In these basis sets, the inner shell is represented by 4, 5, or 6  Gaussian functions and 

a valence part is represented by an “inner” function composed of 3 Gaussians and an

4
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“outer” single Gaussian. Split-valence basis sets are optimized with respect to the total 

energy o f the atomic ground state at the Hartree-Fock level o f theory. The 6-311G** 

basis set was an additional improvement over these basis sets, using 6  Gaussians for the 

inner shell, triple split (311) representation o f the valence, and five uncontracted d- 

functions on nonhydrogen atoms. Moreover, coefficients o f 6-311G** basis set are 

optimized to give lowest possible energy of the atomic ground state at the MP2 level of 

theory34,35 to account for valence electron correlation.

Another step in the basis set evolution was the development o f Gaussian basis sets 

for use in correlated calculations (i.e., configuration interaction). At first, basis sets for 

correlated calculations were taken from Hartree-Fock calculations. Then Almlof and 

coworkers ’ showed that better results can be achieved when one optimizes basis 

functions specifically for correlated calculations. They have developed new basis sets by 

taking basis functions to be the natural orbitals obtained from correlated atomic 

calculations. Subsequently, Dunning and coworkers developed correlation consistent 

basis sets,38-40 which are noted for their systematic convergence toward the basis set limit 

(i.e., molecular properties computed with correlation consistent basis sets converge 

systematically to the basis set limit with increasing basis set size).

Today, the majority o f quantum chemical calculations use basis sets composed of 

Gaussian functions. Among some of the most widely used basis sets are those developed 

by Pople and Dunning mentioned above. Further development o f new basis sets 

continues even today 41,42 Gaussian or Slater type orbitals are by no means the only 

available choices for basis functions. Alternatively, one may use plane wave basis sets,43 

effective core potentials44 combined with Gaussians, numerical basis functions,45 or lobe

5
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functions.46 A good starting point to finding more information on this topic is a book of 

Helgaker, Jorgensen and Olsen47 and references therein.

Basis sets for intermolecular interactions

Basis sets used for calculations of intermolecular interactions are usually the same 

as those developed for atomic and molecular calculations (e.g., Pople and Dunning’s 

basis sets). These standard basis sets are in most cases able to provide a proper 

description o f interactions that are about one order o f magnitude weaker than covalent 

bonding (i.e., hydrogen bonding). Unfortunately, they are not as effective in case of 

interactions dominated by dispersion, such as the interaction between two rare-gas atoms

48(i.e., Ne2). The goal o f my work was to develop a computationally inexpensive basis 

set that would be suitable for calculations of these very weak interactions. To achieve this 

goal, standard basis sets were supplemented with two kinds o f basis functions optimized 

for intermolecular interactions: 1 . off-centered tessellating functions; and 2 . atom- 

centered augmenting functions. Results o f these efforts are presented in Chapter 2.

HETEROGENEOUS CATALYSIS AND GAS PHASE METAL CLUSTERS 

Basic concepts in catalysis

Catalysis plays a very important role in our lives. Photosynthesis, biological 

reactions occurring in our bodies, as well as many industrial processes (e.g., oil refining, 

ammonia synthesis, fermentation) are all catalytically assisted reactions.49 Catalytic 

materials have special properties that allow them to facilitate chemical reactions (by 

lowering barriers to these reactions) without being consumed in the process.

6
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Traditionally, two types o f catalysis are recognized: 1. homogeneous catalysis, in which 

catalyst and reactants are in the same phase; and 2 . heterogeneous catalysis, in which 

catalyst and reactants are in different phases. An example o f homogeneous catalysis 

could be the destruction o f ozone in the atmosphere catalyzed by chlorine free radicals, 

where both catalyst and reactants are in the gas phase. Catalysis o f SO2 + V2O2 —» SO3 by 

vanadium pentoxide is an example of heterogeneous catalysis, in which reactants are in 

the gas phase, while the catalyst is in the molten phase .50

There are two limiting approaches to the study and design of heterogeneous 

catalysts.51 First, a largely empirical approach finds its roots in the work of Alwin 

Mittasch, 52 who together with Fritz Haber and Carl Bosch found a new catalyst for the 

synthesis o f ammonia from atmospheric nitrogen by testing about 6500 substances over a 

period o f three years .53 This empirical approach is still in use today in the form of 

combinatorial chemistry and high-throughput screening methodologies applied to 

discovery of new catalytic materials.54 No a priori knowledge of the processes involved 

in the catalytic reaction is necessary for these techniques to be successful.

Second, a more conceptual approach stems from the work of Langmuir55 and 

focuses on uncovering principles central to heterogeneous catalysis from studies of model 

systems, such as single crystal surfaces, thin metal films, or supported metal cluster 

catalysts. The rationale behind this approach is that atomic level understanding of 

heterogeneous catalysis will facilitate design of new and more efficient catalysts.

The above approaches to catalysis research are highly complementary and much 

can be learned from both o f them. My efforts aimed towards better understanding of

7
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vanadium oxide catalysis rely on the second approach, which involves studying the 

reactivity of small neutral vanadium oxide clusters in the gas phase.

Gas phase metal clusters as models of active sites

At first sight studying heterogeneous catalysis using model systems composed of 

small clusters in the gas phase might seem like a contradiction. What can these small 

clusters teach us about complicated processes that occur in the condensed phase? The 

answer to this question lies in the understanding of mechanistic steps that occur during 

the heterogeneous catalytic reaction.

In general, heterogeneous catalytic reactions occur in several steps: 1. diffusion of 

reactants to the surface; 2. adsorption of reactants; 3. chemical reaction (breaking and 

forming bonds) at the active site; 4. desorption of products; and 5. diffusion o f products 

away from the surface.56 Recent surface studies57 also point to three essential features of 

active heterogeneous catalysts: 1 . restructuring o f the active metal site during the bond 

breaking process; 2. mobility of adsorbed molecules along the surface; and 3. catalytic 

activity of metal oxide -  metal interfaces that continues even after the active sites of the 

supporting metal are deactivated. Although many factors contribute to catalytic activity, 

at the heart o f current theories of heterogeneous catalysis lies the concept o f an active

c o

site. Metal and metal oxide clusters are often employed as models o f the active sites.

The concept of an active site in heterogeneous catalysis is attributed to Taylor,59 

who pointed out that only a small fraction of the heterogeneous catalyst surface is 

catalytically active and that the “catalyst surface shows a varying capacity both to adsorb 

gas and to promote catalytic change.” Active sites are often described as surface defects

8

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



in the form of steps, kinks, terraces or missing atoms. More than one kind of the active 

site can be present in the catalyst, especially if the catalyzed reaction involves a complex 

chemical rearrangement.60 Mobility o f the surface and restructuring o f the active site are 

also considered vital for catalytic activity.60 Muetterties61 was the first to suggest the use 

of discrete metal clusters as model systems for chemisorption and catalytic processes at a 

metal surface. This approach has since been used in a number o f experimental and 

theoretical studies.62"69

Limitations o f the cluster approach to the investigation of heterogeneous catalysis 

should also be understood. Clearly, not all properties o f catalysts can be described with 

model systems consisting o f gas phase clusters. Diffusion o f reactants and products, 

mobility o f adsorbed molecules along the surface, or any other feature that relies on the 

presence of an extended lattice would be impossible to study directly based on cluster 

model systems. On the other hand, metal and metal oxide clusters provide a 

straightforward representation o f active sites central to the heterogeneous catalytic 

process. Moreover, due to the simplicity of these systems, gas phase theoretical and 

experimental studies have the ability to examine cluster behavior at the atomic level. As a 

result, one can gain valuable insights into the mechanisms of reactant adsorption, product 

desorption, active site rearrangement, and chemical reactions occurring at the active sites.

Vanadium oxide clusters as a model system for vanadium oxide catalyst

Vanadium oxide, V2O5, is a catalytic system that plays an important role in the 

conversion o f sulfur dioxide to sulfur trioxide. Although vanadium oxide is a very 

efficient catalyst with over 95% conversion, 50 the detailed mechanism for its action has

9
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not yet been identified. In an effort to understand the behavior o f this catalyst better, we 

have adopted the approach set forth by Muetterties61 and directed our attention to 

vanadium oxide clusters. The focus of my work is to use density functional theory 

calculations to investigate neutral vanadium oxide clusters in the gas phase, with the aim 

o f elucidating the properties that could play a role in the catalytic process. This aim is 

achieved by: 1 . studying the ground state structures and stabilities of neutral vanadium 

oxide clusters in the gas phase; and 2 . exploring the reactivity o f gas phase vanadium 

oxide clusters with SO2. Results of these investigations are presented in Chapters 3 and 4.

10
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CHAPTER 2

EXPLORATION OF BASIS SET ISSUES FOR CALCULATION OF 

INTERMOLECULAR INTERACTIONS

Work presented in this chapter is published in “E. Jakubikova, A. K. Rappe, and 

E. R. Bernstein, Exploration o f basis set issues for calculation of intermolecular 

interactions. Journal o f Physical Chemistry A 110 (31), 9529 (2006).” My contribution to 

this paper consists o f all calculations described below.

INTRODUCTION

Intermolecular interactions play a crucial role in understanding a variety of 

phenomena involving solids, liquids and gases and their accurate calculation is one of the 

major challenges for today's computational chemistry.

The calculation o f intermolecular interactions usually focuses on computing the 

properties o f weakly bound systems, including geometry, vibrational modes, and bonding 

energy. The quality o f such calculations is often measured by their ability to describe the 

bonding energy properly. At the ab initio level, bonding energy can be computed in two 

ways: 1 . directly, as a sum of physically distinct contributions from at least first and 

second order perturbation theory calculations1; 2 . as a difference between the energy of
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monomers and the energy of the complex. The second approach is also known as the 

supermolecular method.

Both approaches have their strengths and weaknesses and are complementary 

• • 2rather than competitive. The advantage of perturbational methods lies in the fact that the 

interaction energy is calculated directly and not as a difference of two large, almost 

identical numbers. Also, perturbational methods are free from the basis set superposition 

error (BSSE) which is a major problem in the application of the supermolecular method. 

Despite this, the vast majority of calculations use the supermolecular method since it is 

very simple and straightforward and many standard quantum chemistry programs can be 

employed in the calculations using this method. The supermolecular method is, unlike 

perturbation approaches, also valid for any distance between the subsystems and higher 

order terms with respect to the interaction potential are implicitly taken into account.

The main focus o f this paper is computation of total bonding energy for systems 

with dominant dispersion interaction (i.e., we are not interested in computing different 

components o f bonding energy such as induction or dispersion, but in the bonding energy 

itself). The bonding energy is, unlike its components, a quantity o f direct chemical 

interest as it is an experimentally accessible number. The supermolecular approach is 

used in all our calculations due to its simplicity as well as widespread use, and therefore 

further discussion will refer to the supermolecular approach only.

Once a decision is taken on which method to use to compute the bonding energy 

(supermolecular or perturbational), one needs to determine the appropriate theory level 

and basis set. Some ab initio methods are more suitable for calculation o f intermolecular 

interactions than others. For example, Hartree-Fock (HF) calculations completely miss

15
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the dispersion interaction, which involves correlation between the electrons on different 

molecules. Current density functional methods (DFT) also fail to account for dispersion.3' 

5 HF and DFT methods can be more successfully used for computations on systems in 

which charge transfer or electrostatic interactions are dominant (i.e., hydrogen bonded 

systems). To describe systems for which dispersion plays an important role, methods that 

treat electron correlation at a higher level (e.g., configuration interaction, coupled-cluster, 

or perturbational methods) are needed.

Most o f the calculations of intermolecular interactions suffer from the basis set 

superposition error (BSSE). This error was first noted in the calculation o f interaction of 

two ground state helium atoms.6, 7 The basis functions o f each monomer in the 

supermolecular calculation are usually finite and far from complete; therefore they use 

basis functions o f the other monomer to improve their energies. The lowering of 

monomer energy lowers the total energy of the dimer; however, it has nothing to do with 

the interaction energy one is trying to calculate -  it is a mere mathematical artifact. This 

artificial lowering o f the energy can be significantly large -  o f the order o f the interaction 

energy itself.

There has been a considerable amount of discussion about the BSSE and the ways 

to correct it (see refs. 8-12 and references therein). The most widely accepted is the 

counterpoise correction scheme, 13 ,14 which is also used in our calculations.

Another problem associated with calculations o f intermolecular interactions is 

their remarkable dependence on the quality o f the basis set employed. One can argue that 

to obtain reliable results, large basis sets of cc-pVTZ quality or better should be 

employed in the calculations.15, 16 Extensive polarization functions (i.e., d shell for the
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first row atoms and p shell for hydrogen) and diffuse functions must be included to 

describe weakly bonded systems with reasonable accuracy . 17' 19 Many researchers also 

use specially tailored basis sets designed to reproduce monomer properties, such as 

polarizibilities,2’ 20-25 relevant to intermolecular forces. Some also augment standard basis 

sets with functions optimized with respect to the bonding energies26 or construct new 

interaction optimized basis sets.27 In addition, "bond-centered" basis functions located 

near the midpoint o f the van der Waals bond are also found effective in recovering most 

of the interaction energy, even in the absence o f basis functions with excessively large 

angular momentum quantum numbers.28'31

In 2000, Rappe and Bernstein proposed to supplement standard basis sets with 

tessellated spherical Gaussians (TSG) optimized for the calculation o f intermolecular 

interactions. 15 TSG functions consist of s basis functions placed at the vertices, faces or 

edges o f an octahedron centered at the atom's nucleus, thus offering a better description 

of electron density away from the nucleus as well as providing the higher angular 

momenta components to the basis sets important for the proper description of dispersion 

electron correlation events. Another reason behind introducing TSG was a general belief 

that 2 -electron integrals over s basis functions are simpler and therefore faster to evaluate 

than integrals over higher angular momentum functions. Thereby, the extensive use of 

TSG should lead to substantial computational savings.

Use of basis functions not centered on nuclei but rather allowed to "float" in space 

for computation o f molecular properties is an idea that dates back to the 1950s, when 

Neumark and Kimball first introduced a "free-cloud" approximation to molecular orbital 

calculations. ’ Their model has been extended by Frost, who employed floating
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spherical gaussian orbitals (FSGO) to represent a pair o f electrons in a molecule, with 

radius and position o f FSGO optimized to achieve minimum energy .34 FSGO were later 

used in a similar manner by Archibald et al. ,35 Spangler et al. ,36 and more recently by 

Pakiari.37, 38 A different approach was adopted by Whitten, who instead o f explicitly 

using functions with higher angular momentum (p, d, f, ...), reconstructed them from 

linear combinations o f off-centered gaussian s-functions ("lobe-functions").39, 40 Bond 

functions mentioned earlier are another example o f the use o f the off-centered functions 

for the ab initio calculations.

The aim o f this work is to explore the viability of the tessellation approach for the 

calculation o f intermolecular interactions and compare it with a more standard approach, 

augmentation. Other issues pertaining to the calculation of intermolecular interactions, 

such as BSSE and linear dependence of the basis set, are also explored and discussed.

METHOD

Tessellated basis sets are composed of a standard, nucleus centered, valence basis 

set (or a part o f the set) and a set of s or p functions centered away from the nuclei. To 

place these functions around the nuclei, we use three different tessellation patterns or 

"shells". The first shell is created by placing s or p functions at the vertices of an 

octahedron centered at the atom's nucleus; we call this shell the V  shell. The second shell 

o f functions, the 'f  shell, is created by placing functions at the centers of the eight 

triangular faces o f the octahedron. The third, 'e' shell, places twelve functions in the 

middle of the octahedron's edges. Moreover, there can be more than one function
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



centered at the same point of space. See Figure 2.1 for a graphical description of the 

shells.

N nucleus ©  tessellating functions

Figure 2.1. Tessellation shells. A - v-shell, functions placed in the vertices of octahedron; B - f-shell, 
functions placed in the faces of octahedron; C - e-shell, functions placed in the middle of the octahedron's 
edges.

Each shell o f functions is characterized by its radial displacement R from the

nucleus and an orbital exponent %. Both o f these parameters are variationally hand-

optimized in order to maximize the BSSE-corrected intermolecular bonding energy.

Augmented basis sets are created by adding sets o f p, d, or f  functions centered on

nuclei to the standard basis sets. Their orbital exponents % are hand-optimized with

respect to the BSSE-corrected bonding energy.

Geometries of dimers are kept fixed during the basis set optimization and are

shown in Figure 2.2. Bond distance for 3H2 is 4.15 A. Distance between Ne atoms in the

dimer is 3.15 A. Geometry of (CFUE is optimized at the MP2/cc-pVTZ level o f theory.

The optimization is done at the MP2 level of theory for Ne2 and (CFL^ and at

CISD (UCCSD) level o f theory for 3H2. The GAUSSIAN 98 program41 and MOLPRO

2000.1 and 2002.6 42 are used to perform all computations. Bonding energies are
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calculated using the supermolecular approach and the counterpoise method is applied to 

account for BSSE . 13 ,14

H

Figure 2.2. Geometries of dimers used in study. A - 3H2; B - Ne2; C - (CH4)2

The following naming scheme is introduced for the basis sets we developed. The 

main part o f the name consists of the standard basis set used for description of core and 

valence (i.e., 6-311G**, Huz for a modified 10s Huzinaga basis set (see Table 2.1), and 

spd-cc-pV6 Z for s, p, and d functions from cc-pV6 Z basis set). The prefix stands for the 

type of functions added to the standard basis set: T for tessellated and A for augmented 

functions. The suffix describes the angular momentum of functions added: S, P, or D for 

adding a set o f s, p or d functions. In case o f tessellated basis sets, the subscript further 

gives the tessellation pattern (v, f, or e shell) and the number o f functions centered at each 

position. For example, T6-311G**Sv2f describes a 6-311G** basis set tessellated with 

two sets o f s functions centered at the vertices of an octahedron (both sets centered at the 

same position) and one set of s functions centered in the faces o f octahedron. AHuzP2D is 

modified 10s Huzinaga basis set augmented with two sets of p functions and one set of d
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functions. Basis set parameters for optimized tessellated and augmented basis sets are 

shown in Appendix A.

Exponents Contraction Coefficients
1776.77556 0.44000 x 10' 4

254.017712 0.37200 x 10' 3

54.6980390 0.20940 x 10' 2

15.0183440 0.88630 x 10' 2

4.91507800 0.30540 x 10' 1

1.79492400 0.90342 x 10' 1

0.71071600 0.213239
0.30480200 0.352350
0.13804600 0.339657
0.06215700 0.107330
1.79492400 1 .0

0.71071600 1 .0

0.30480200 1 .0

0.13804600 1 .0

0.06215700 1 .0

0.03108000 1 .0

0.01554000 1 .0

0.00777000 1 .0

Table 2.1. Exponents and contraction coefficients for modified 10s Huzinaga basis set used for hydrogen 
atom.

Finally, it is important to note that all calculations are done with basis sets 

consisting o f spherical gaussians (i.e., we use 5 functions for the d shell, 7 for the f  shell, 

etc.), which is a default choice in the MOLPRO program. A sample MOLPRO file for 

calculation of bonding energy of neon dimer with tessellated basis set is shown in 

Appendix B.

RESULTS

We have extended (i.e., tessellated and augmented) two standard basis sets for

3H2 : modified 10s Huzinaga43 and 6-311G** basis sets.44 Radial distance from the
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nucleus for each tessellation shell and orbital exponents for tessellating, as well as 

augmenting functions, are optimized at UCCSD level o f theory with respect to the BSSE- 

corrected bonding energy. Note that in the case of the modified 10s Huzinaga basis set, 

BSSE is of no concern, since the energy o f the hydrogen atom computed with this basis 

set is 0.499 9993 hartree, which suggests a maximal BSSE of 1.4 ph [1 ph = 2.7211 

x 10' 5 eV = 0.2195 cm ' 1 = 2.6255 x 10' 3 kJ/mol -  6.2751 x 10' 4 kcal/mol], BSSE- 

corrected bonding energies and BSSE for each optimized basis set are shown in Figures 

2 .3-2.6.

H2) Tessellated 10s Huzinaga

20

10

£  0
CD

LD

-10

-20

 !".... ' ..... I.

_J Bonding Energy

X JL X X
0 10 20 30 40 50

Number of Tessellating Functions

Figure 2.3. Bonding energy for 3H2 computed with tessellated modified 10s Huzinaga basis sets. Radial 
distance from nucleus and the orbital coefficients for tessellating functions are optimized with respect to the 
3H2 bonding energy. The letter labels indicate different basis sets: A - modified 10s Huzinaga basis set, no
tessellation; B - THuzSv; C - THuzPv; D - THuzSv2f; and E - THuz(SP)v
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H2, Augmented 10s Huzinaga
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Figure 2.4. Bonding energy for 3H2 computed with augmented modified 10s Huzinaga basis sets. Orbital 
coefficients for augmenting functions are optimized with respect to the 3H2 bonding energy. The letter 
labels indicate different basis sets: A - modified 10s Huzinaga basis set, no augmentation; B - AHuzP; and 
C -  AHuzPD.

H2, Tessellated 6-311G*
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Figure 2.5. BSSE-corrected bonding energy and BSSE for H2 computed with tessellated 6-311G** basis 
sets. Radial distance from nucleus and the orbital coefficients for tessellating functions are optimized with 
respect to 3H2 BSSE-corrected bonding energy. The letter labels indicate different basis sets: A - 6-311G** 
basis set, no tessellation; B - T6-311G**SV; C - T6-31 lG**Svf; D - T6-311G**PV; E - THuzSv2f; F - T6- 
31 lG**Pvf; and G - T6-311G**P.V f-
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3H2i Augmented 6-311G**
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Figure 2.6. BSSE-corrected bonding energy and BSSE for 3H2 computed with augmented 6-311G** basis 
sets. Orbital coefficients for augmenting functions are optimized with respect to 3H2 BSSE-corrected 
bonding energy. The letter labels indicate different basis sets: A - 6-311G** basis set, no augmentation; B - 
A6-311G**P; and C - A6-311G**PD.

Both tessellated and augmented functions are able to recover substantial amounts 

o f the accepted bonding energy for 3H2, -19.52 ph .45 Tessellated 10s Huzinaga basis sets 

recover between 59.2 - 100.4% of the accepted bonding energy, while tessellated 6 -

311G** recover 74.5 - 105.7% of accepted bonding energy. 3H2 bonding energy

computed with augmented 10s Huzinaga and augmented 6-311G** basis sets lies 

between 16.5 - 79.1% and between 55.0 - 92.1% of accepted bonding energy,

respectively. In case o f 10s Huzinaga and 6-311G** basis sets, higher numbers of

functions optimized for bonding recover larger amounts o f bonding energy irrespective of 

whether they are augmenting or tessellating the basis set. Interestingly, bonding energies 

computed with extended (tessellated or augmented) 6-311G** basis sets recover larger 

amounts o f the bonding energy compared to the 10s Huzinaga basis set tessellated or 

augmented with the same type and number of functions.
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Ne2

We have extended (tessellated or augmented) s, p and d functions from the cc- 

pV6 Z46 and 6-311G** basis sets for Ne2. All parameters are optimized at the MP2 level 

o f theory with respect to the BSSE-corrected bonding energy. The BSSE-corrected 

bonding energy and BSSE for each optimized basis set are shown in Figures 2.7-2.10.
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Figure 2.7. BSSE-corrected bonding energy and BSSE for Ne2 computed with tessellated spd-cc-pV6Z 
basis sets. Radial distance from nucleus and the orbital coefficients for tessellating functions are optimized 
with respect to the Ne2 BSSE-corrected bonding energy. The letter labels indicate different basis sets: A - 
spd-cc-pV6Z basis set, no tessellation; B - Tspd-cc-pV6ZSv; C - Tspd-cc-pV6ZSvf; D - Tspd-cc-pV6ZPv; E 
- Tspd-cc-pV6ZSv2f; F - Tspd-cc-pV6ZGPvf; and G - Tspd-cc-pV6ZPv2f.
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Ne2, Augmented spd-cc-pV6Z
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Figure 2.8. BSSE-corrected bonding energy and BSSE for Ne2 computed with augmented spd-cc-pV6Z 
basis sets. Orbital coefficients for augmenting functions are optimized with respect to the Ne2 bonding 
energy. The letter labels indicate different basis sets: A - spd-cc-pV6Z basis set, no augmentation; B - 
Aspd-cc-pV6ZD; and C - Aspd-cc-pV6ZDF.
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Figure 2.9. BSSE-corrected bonding energy and BSSE for Ne2 computed with tessellated 6-311G** basis 
sets. Radial distance from nucleus and the orbital coefficients for tessellating functions are optimized with 
respect to Ne2 BSSE-corrected bonding energy. The letter labels indicate different basis sets: A - 6-311G** 
basis set, no tessellation; B - T6-311G**SV; C - T6-31 lG**Svf; D - T6-311G**PV; E - THuzSv2f; F - T6- 
311Gli”l‘Pvf; and G - T6-311G**Pv2f .
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Ne2, Augm ented 6-311G**
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Figure 2.10. BSSE-corrected bonding energy and BSSE for Ne2 computed with augmented 6-311G** basis 
sets. Orbital coefficients for augmenting functions are optimized with respect to Ne2 BSSE-corrected 
bonding energy. The letter labels indicate different basis sets: A - 6-311G** basis set, no augmentation; B - 
A6-311G**D; and C - A6-311G**DF.

■a

As in the case of H2, both tessellated and augmented basis sets are able to recover 

substantial amounts o f the Ne2 accepted bonding energy (-134 ph ) . 47 Tessellated spd-cc- 

pV6 Z basis sets recover 38.9 - 61.1% of the accepted bonding energy, while tessellated 

6-311G** basis sets recover 19.3 - 75.6% of the Ne2 bonding energy. Augmented basis 

sets recover between 33.6% and 52.6% for spd-cc-pV6 Z and between 51.4 and 72.44% 

for 6-311G** basis sets. Again, with one exception, the higher number o f tessellating or 

augmenting functions recovers more bonding energy, irrespective o f the type of the 

extending function or method employed. Tessellated and augmented 6-311G** basis sets 

have substantially larger BSSE and recover more bonding energy per shell than 

tessellated and augmented spd-cc-pV6 Z basis sets.

Note that the best available calculation for Ne2 at the MP2 level of theory

1 «7
employing the t-aug-cc-pVQZ' basis set of Woon recovers only 64% of the accepted
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bonding energy. To approach Ne2 bonding energy more closely, one needs to use the 

MP4 level o f theory. Indeed, the MP4 calculation with selected basis sets reveals further 

lowering o f the bonding energy: MP4/Tspd-cc-pV6ZPv lowers the bonding energy to 

-108.08 ph from -72.05 ph at MP2 level o f theory and MP4/T6-311G**PV lowers the 

bonding energy from -98.36 ph to -120.29 ph. Augmented basis sets behave in a similar 

manner with respect to the MP4 calculations. This shows the importance of using higher 

levels o f theory than MP2 in order to obtain the correct description o f the neon dimer 

interaction.

The BSSE - corrected bonding energy computed with 6-311G** basis sets 

extended by more than 20 primitives at the MP2 level o f theory lies between -93 ph and - 

101 ph (70-76.5% of the accepted bonding energy). This indicates possible 

overestimation of the bonding energy with extended 6-311G** basis sets. We attribute 

this to the approximate nature of the counterpoise model and an undercorrection of the 

large BSSE that arises with these basis sets.

(CH4)2

The first family o f basis sets constructed for calculation o f the bonding energy for 

(CH4) 2 uses 10s Huzinaga basis set on hydrogen and s, p, and d functions from the cc- 

pV6 Z basis set on carbon. The second family of basis sets consists o f the 6-311G** basis 

sets on both carbon and hydrogen atoms. Basis sets on carbon are extended with 

augmenting or tessellating functions optimized for BSSE-corrected bonding energy o f the 

methane dimer at MP2 level o f theory without the presence o f additional functions on 

hydrogen. We also compute bonding energy for the methane dimer using extended
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functions on hydrogen which are optimized for bonding energy of 3H2 and their 

combination with extended functions on carbon. BSSE-corrected bonding energies and 

BSSE for each of the basis sets are shown in Figures 2.11-2.14.

There are several experimental estimates of the methane dimer bonding energy 

based on spherically averaged potentials obtained from the fit o f experimental data such 

as viscosity, virial coefficients, and methane-methane scattering.48' 50 The bonding energy 

given by these empirical potentials lies in the range o f 574-797 ph. All bonding energies 

computed with extended basis sets containing 32 or more augmenting or tessellating 

functions fall within this range. Extended basis sets with 12 augmenting or tessellating 

functions recover between 56.0 - 79.9% of the average bonding energy given by 

empirical potentials.

Interestingly, basis sets for (CH4)2 do not behave in the same manner as the basis 

sets for H2 and Ne2. First, a higher number of basis functions does not always generate a 

larger energy (although this general pattern is roughly followed here too). Second, 

bonding energies and BSSE computed with extended 10sHuz/spd-cc-pV6Z basis sets and 

6-311G** basis sets are of comparable size, with 10sEhiz/spd-cc-pV6Z basis sets having 

noticeably larger BSSE in certain cases. Third, the contribution o f MP4 to the bonding 

energy is not as significant as in the case o f Ne2. For example, the MP4 calculation with 

6-311G**on hydrogen and T6-311G**PV basis set on carbon gives -696.13 ph, while 

MP2 level o f theory with the same basis set recovers -636.80 ph for the methane bonding 

energy.

In all calculations for 3H2, Ne2, and (C F I^  presented here, tessellated basis sets 

are more linearly dependent than augmented basis sets. The degree o f linear dependence
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is usually measured by the smallest eigenvalue of the overlap matrix S (linear 

dependence is discussed in greater detail later in this paper). In a few cases the difference 

is quite significant: difference in the smallest eigenvalue between tessellated and 

augmented basis set using approximately the same number of extending functions can be 

two to three orders o f magnitude.

(CH4)2, Tessellated 10s Huz/spd-cc-pV6Z
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Figure 2.11. BSSE-corrected bonding energy and BSSE for (CH4)2 computed with tessellated modified 10s 
Huzinaga basis set on hydrogen and spd-cc-pV6Z basis set on carbon. Radial distance from nucleus and the 
orbital coefficients for tessellating functions on carbon are optimized with respect to the (CH4)2 BSSE- 
corrected bonding energy. Parameters of tessellated 10s Huzinaga basis set are optimized with respect to 
the 3H2 bonding energy. The letter labels indicate different basis sets: A - 10s Huzinaga/spd-cc-pV6Z basis 
set, no tessellation; B - Huz/Tspd-cc-pV6ZSv; C - Huz/Tspd-cc-pV6ZPv; D - THuzSv/spd-cc-pV6Z; E - 
THuzSv/Tspd-cc-pV6ZSv; F - THuzPv/spd-cc-pV6Z; and G - THuzPv/Tspd-cc-pV6ZPv.
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(CH4)2, Augmented 10s Huz/spd-cc-pV6Z
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Figure 2.12. BSSE-corrected bonding energy and BSSE for (CH4)2 computed with augmented modified 
10s Huzinaga basis set on hydrogen and spd-cc-pV6Z basis set on carbon. Orbital coefficients of 
augmenting functions on carbon are optimized with respect to the (CH4)2 BSSE-corrected bonding energy. 
Parameters of augmenting functions on hydrogen are optimized with respect to the 3H2 bonding energy. 
Basis sets C and D have the same number of tessellating functions (24). The letter labels indicate different 
basis sets: A - 10s Huzinaga/spd-cc-pV6Z basis set, no augmentation; B - Huz/Aspd-cc-pV6ZD; C - 
AHuzP/spd-cc-pV6Z; D - Huz/Aspd-cc-pV6ZDF; E - AHuzP/Tspd-cc-pV6ZD; F - AHuzPD/spd-cc-pV6Z; 
and G - AHuzPD/Aspd-cc-pV6ZDF.
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Figure 2.13. BSSE-corrected bonding energy and BSSE for (CH4)2 computed with tessellated 6-311G** 
basis set on hydrogen and carbon. Radial distance from nucleus and the orbital coefficients for tessellating 
functions on carbon are optimized with respect to the (CH4)2 BSSE-corrected bonding energy. Parameters 
of tessellated 10s Huzinaga basis set are optimized with respect to the BSSE-corrected 3H2 bonding energy. 
The letter labels indicate different basis sets: A - 6-311G**/6-311G** basis set, no tessellation; B - 6- 
311G* */T6-311G**Sv; C - 6-311G**/T6-311G**Pv; D - T6-311G**Sv/6-311G**; E - T6-311G**SV/T6- 
311G**SV; F - T6-31 lG**Pv/6-311G**; and G - T6-31 lG**Pv/T6-311G**PV.
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(CH4)2, Augmented 6-311G**
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Figure 2.14. BSSE-corrected bonding energy and BSSE for (CH4)2 computed with augmented 6-311G** 
basis set on hydrogen and carbon. Orbital coefficients of augmenting functions on carbon are optimized 
with respect to the (CH4)2 BSSE-corrected bonding energy. Parameters of augmenting functions on 
hydrogen are optimized with respect to the BSSE-corrected H2 bonding energy. Basis sets C and D have 
the same number of tessellating functions (24). The letter labels indicate different basis sets: A - 6- 
31 lG**/6-311G** basis set, no augmentation; B - 6-31 lG**/A6-311G**D; C - A6-31 lG**P/6-311G**; D 
- 6-311G**/A6-311G**DF; E - A6-311G**P/T6-311G**D; F - A6-311G**PD/6-311G**; and G - A6- 
31 lG**PD/A6-311G**DF.

Augmented basis set choices for Ne2 and (C H ^

Comparing the performance of tessellated and augmented basis sets leads us to 

the conclusion that, at present, augmented basis sets are more suited for calculation of 

intermolecular interactions. In this section we will focus on augmentation, in particular, 

how to choose a basis set most suitable for augmentation. The two main criteria this basis 

set should satisfy are 1 . it should provide a good description o f the core and valence for 

the atoms present, so it will not be unbalanced after augmentation, and 2 . it should be as 

small as possible, so the calculation does not take an excessively long time and the basis 

set can be applied to larger systems (more than 3 or 4 first row atoms). Obviously, choice 

of such a basis set will require some compromises. For example, aug-cc-pV6 Z basis set
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satisfies the first criterion, but it is too large to be efficient. STO-3G basis set is small 

and fast, however, it does not provide a satisfactory description o f the core and valence, 

and augmenting it results in an unbalanced basis set leading to erroneous bonding 

energies even after the application of a BSSE-correction scheme. To illustrate this, we 

have augmented STO-3G basis set with one p function optimized with respect to the 3H2 

bonding energy. The BSSE-corrected bonding energy obtained with this basis set at 

UCCSD level o f theory is -66.82 ph, more than three times the size o f the accepted 

bonding energy for this interaction, -19.52 ph .45 BSSE is 3631.60 ph.

We have tested a series of Dunning's correlation consistent basis sets2 1 ,51-53 as 

well as 6-311G** basis set at MP2 and LMP2 level o f theory for Ne2 . Figures 2.15 and 

2.16 show bonding energies and BSSE computed with cc-pVXZ, aug-cc-pVXZ (X = D, 

T, Q, 5) and 6-311G** basis sets. Clearly, the 6-311G** basis set as well as the cc-pVXZ 

series are not efficient in describing the interaction o f Ne2. The aug-cc-pVXZ family 

performs better, although even here larger basis sets are required to describe the 

interaction with satisfactory accuracy. Figures 2.17 and 2.18 show the results of MP2 

calculations performed with the same basis sets but with each basis set augmented with a 

set of d and f  functions optimized for the Ne2 bonding energy. All o f the augmented basis 

sets are able to describe the Ne2 interaction, with the smallest basis sets (Acc-pVDZDF, 

A6-311G**DF) overestimating the bonding energy. Bonding energies and BSSE of 

these augmented basis sets behave smoothly with increasing size o f the basis set. In both 

cases, the BSSE decreases with an increase in number of functions. Bonding energies 

calculated with Acc-pVXZDF and A6-311G**DF basis sets converge to the Ne2 bonding 

energy from below and vary from -111.64 to -73.82 ph. It is far more common for
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systematic basis set enhancement to converge to an answer from above. Convergence 

from below is thought to be due to the approximate nature of the counterpoise correction. 

Bonding energies computed with Aaug-cc-pVXZDF basis sets (with the exception of 

Aaug-cc-pVQZ basis set) converge to the bonding energy from above and vary between - 

75.67 and -78.77 ph. Results obtained at the LMP2 level o f theory with the same basis 

sets are shown in Figures 2.19 and 2.20. In all cases, LMP2 bonding energies lie within 

13 ph o f MP2 bonding energies, most of them being slightly lower than bonding energies 

computed at the MP2 level o f theory. Bonding energies computed with Acc-pVXZDF 

and A6-311G**DF basis sets still converge to the Ne2 bonding energy from below, 

varying between -108.74 and -76.47 ph. Bonding energies computed with Aaug-cc- 

pVXZ basis sets are almost saturated, varying between -80.77 and 82.38 ph.

We have also computed the methane dimer bonding energy with several 

augmented and standard basis sets. The results are shown in Figures 2.21 and 2.22. As in 

the case o f Ne2, augmentation with a set o f d and f  functions improves bonding energies 

and the use o f LMP2 substantially reduces the BSSE; nonetheless, some differences exist 

for the two dimers. The A6-311G**DF basis set performs better for the methane dimer 

than for Ne2, it does not overestimate the (CFL^ bonding energy, and its absolute as well 

as relative BSSE is smaller. Calculation of the (CFL^ bonding energy with the Aaug-cc- 

pVDZDF basis set, which is quite efficient for Ne2, shows a very large BSSE for (CFL^. 

LMP2 bonding energies lie within 120 ph of the MP2 bonding energies, all higher than 

energies computed at the MP2 level of theory, which is opposite to the behavior for Ne2 

LMP2 bonding energies.
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Ne2, cc-pVXZ and 6-311G**
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Figure 2.15. BSSE-corrected bonding energy and BSSE for Ne2 computed with cc-pVXZ and 6-311G** 
basis sets at MP2 level of theory. The letter labels indicate different basis sets: A - cc-pVDZ; B - 6- 
311G**; C - cc-pVTZ; D - cc-pVQZ; and E - cc-pV5Z.
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Figure 2.16. BSSE-corrected bonding energy and BSSE for Ne2 computed with aug-cc-pVXZ basis sets at 
MP2 level of theory. The letter labels indicate different basis sets: A - aug-cc-pVDZ; B - aug-cc-pVTZ; C - 
aug-cc-pVQZ; and D - aug-cc-pV5Z.
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Ne2, Acc-pVXZDF and A6-311 G**DF, MP2
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Figure 2.17. BSSE-corrected bonding energy and BSSE for Ne2 computed with Acc-pVXZDF and A6- 
311G**DF basis sets at MP2 level of theory. Orbital coefficients of augmenting functions are optimized 
with respect to the Ne2 BSSE-corrected bonding energy at MP2 level. The letter labels indicate different 
basis sets: A - Acc-pVDZDF; B - A6-311G**DF; C - Acc-pVTZDF; D - Acc-pVQZDF; and E - Acc- 
pV5ZDF.
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Figure 2.18. BSSE-corrected bonding energy and BSSE for Ne2 computed with Aaug-cc-pVXZDF basis 
sets at MP2 level of theory. Orbital coefficients of augmenting functions are optimized with respect to the 
Ne2 BSSE-corrected bonding energy at MP2 level. The letter labels indicate different basis sets: A - Aaug- 
cc-pVDZDF; B - Aaug-cc-pVTZDF; C - Aaug-cc-pVQZDF; and D - Aaug-cc-pV5ZDF.
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Ne2, Acc-pVXZDF and A6-311G**DF, LMP2
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Figure 2.19. BSSE-corrected bonding energy and BSSE for Ne2 computed with Acc-pVXZDF and A6- 
311G**DF basis sets at LMP2 level of theory. Orbital coefficients of augmenting functions are optimized 
with respect to the Ne2 BSSE-corrected bonding energy at MP2 level. The letter labels indicate different 
basis sets: A - Acc-pVDZDF; B - A6-311G**DF; C - Acc-pVTZDF; D - Acc-pVQZDF; and E - Acc- 
pV5ZDF.
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Figure 2.20. BSSE-corrected bonding energy and BSSE for Ne2 computed with Aaug-cc-pVXZDF basis 
sets at LMP2 level of theory. Orbital coefficients of augmenting functions are optimized with respect to the 
Ne2 BSSE-corrected bonding energy at MP2 level. The letter labels indicate different basis sets: A - Aaug- 
cc-pVDZDF; B - Aaug-cc-pVTZDF; C - Aaug-cc-pVQZDF; and D - Aaug-cc-pV5ZDF.
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{CH4)2, MP2
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Figure 2.21. BSSE-corrected bonding energy and BSSE for (CH4)2 computed with a mixture of standard 
and augmented basis sets at MP2 level of theory. Orbital coefficients of augmenting functions on carbon 
are optimized with respect to the (CH4)2 BSSE-corrected bonding energy at MP2 level, hydrogen basis set 
is not augmented. The letter labels indicate different basis sets: A - cc-pVDZ; B - 6-311G**; C - Ad- 
311G**DF; D - aug-cc-pVDZ; E - Aaug-cc-pVDZDF; F - cc-pVTZ; G - aug-cc-pVTZ; and H - Aaug-cc- 
pVTZDF.
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Figure 2.22. BSSE-corrected bonding energy and BSSE for (CH4)2 computed with a mixture of standard 
and augmented basis sets at LMP2 level of theory. Orbital coefficients of augmenting functions on carbon 
are optimized with respect to the (CH4)2 BSSE-corrected bonding energy at MP2 level, hydrogen basis set 
is not augmented. The letter labels indicate different basis sets: A - cc-pVDZ; B - 6-311G**; C - A6- 
311G**DF; D - aug-cc-pVDZ; E - Aaug-cc-pVDZDF; F - cc-pVTZ; G - aug-cc-pVTZ; and H - Aaug-cc- 
pVTZDF.
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DISCUSSION

Overall, our calculations show that both tessellated and augmented basis sets are 

able to describe bonding in the weakly bound systems we tested - 3H2, Ne2 and (CEL^. 

The traction o f recovered bonding energy in these dimers roughly scales with the number 

of augmenting or tessellating functions, irrespective of their type; however, tessellated 

basis sets have a larger BSSE than augmented basis sets, and they are also more linearly 

dependent. Additionally, augmented basis sets are much easier to use in conventional 

electronic structure codes, because one does not need to set up ghost centers for monomer 

and dimer calculations. Augmented basis sets seem to be more desirable and efficient for 

use in calculations o f intermolecular interactions.

In this section we discuss a number of general issues that arise from the above 

studies o f the calculation o f intermolecular interactions for H2, Ne2, and (CEL^. In so 

doing, we will focus on tessellation and augmentation of basis sets, BSSE, and linear 

dependence problems associated with basis sets.

Further considerations on tessellation

The original proposal o f the tessellation approach was motivated by the idea that 

integrals over s functions are simpler and faster to evaluate than those over the higher 

angular momentum functions. 15 Therefore, one would expect that tessellating space 

around the nucleus with a large number of s functions optimized to describe 

intermolecular interactions rather than augmenting the nucleus centered basis set with 

higher angular momentum functions should result in substantial computational savings 

and make the computation of intermolecular interactions more accessible. This
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hypothesis has, however, two flaws. First, placing a number o f s basis functions in close 

proximity causes a severe linear dependency problem. Second, although it is true that 

individual two-electron integrals over s basis functions are simpler and therefore faster to 

evaluate than a single two-electron integral over functions with higher angular 

momentum, this simplification does not obtain for the modem computation of integrals 

involving large number o f functions.

In modem two-electron integral codes, the calculation o f integrals is done in 

batches. An integral batch consists o f all the integrals for a unique combination of four 

shells. The number o f integrals in each batch depends on the number of functions in each 

shell. For example, an (ss|ss) batch consists o f only one integral, a batch (dp|ds) has a 

total o f 75 or 108 integrals since it involves a d shell with 5 (or 6 ) components, a p shell 

with 3 components and an s shell with 1 component. Calculation of integrals in the 

batches allows for intermediate quantities to be computed and reused for many integrals 

within the batch, thereby avoiding their recalculation. This reduces the number of 

arithmetic operations needed per uncontracted integral within the batch and causes a 

relative increase in computational cost for integrals involving low quantum numbers such 

as (ss|ss) batches, because the cost of setting up each batch (which is quantum number 

independent) is divided over 81 possible integrals in a (pp|pp) batch, but carried by only 

one integral in an (ss|ss) batch .54

We have performed some timing tests using the computational package Molpro 

2 0 0 0 .1 ,42 which implements a very efficient scheme for calculation o f two electron 

integrals.55 As our test system we used the methane molecule with the modified 10s 

Huzinaga basis set on hydrogen and s, p functions from cc-pV6 Z basis set on carbon. We
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have augmented the carbon and hydrogen basis sets with an increasing number of s, p, 

and d functions and compared the timings for computation of two electron integrals for 

these basis sets. For up to about 15 additional primitives the angular momentum 

dependence o f the timing is insignificant. For more than 15 additional functions there is a 

clear impact o f angular momentum. Up to about 30 additional functions, the time needed 

for calculation o f two electron integrals is smallest for basis sets augmented with p 

functions, and longest for basis sets augmented with d functions. For more than 30 

additional functions timings for basis sets augmented with p functions were still the 

fastest, followed by basis sets augmented with d functions, and finally basis sets 

augmented with s functions. For example, for basis sets augmented with 45 functions, the 

time for the computation o f two electron integrals for p augmentation functions was half 

that of s functions.

Tessellation could still be viable if  a specific (ss|ss) code were implemented or if 

p functions were used for tessellation. More efficient implementation o f the s integral 

code or the use of p functions instead of s functions might not, however, bring the desired 

cost benefit since it seems that a relatively small number of tessellating functions is able 

to recover a substantial portion of the bonding energy. Moreover, one would still need to 

deal with the significant linear dependency problem.

Another issue is the relationship between tessellating and bond functions. Bond 

functions are auxiliary functions centered at the bond midpoints added to standard basis 

sets to improve the description of intermolecular interactions. The exponents of bond 

functions are chosen to maximize the correlation contribution to the bonding energy, but 

at the same time to keep the change in the Hartree-Fock interaction energy minimal. A set
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of {3s3p2d} bond functions with fixed exponents was found very useful to describe 

bonding in a variety o f van der Waals systems. For a recent review of bond functions see 

reference 30.

The basic idea behind the use of tessellating functions is therefore very similar to 

that of bond functions. Both are off-centered and extend standard basis sets; however, 

some inherent differences between the two approaches exist. For example, due to their 

construction, bond functions cannot be associated with a particular molecule or atom in 

the weakly bound complex, so they can not be used to describe bond dissociation 

potential curves. Tessellating functions, on the other hand, are directly associated with a 

particular atom. Also since tessellating functions are placed symmetrically around the 

nucleus they do not bias the basis sets in certain directions. To test whether each of the 

tessellating functions makes a contribution to the dimer bonding energy and not just those 

that extend in the bond direction, we have run test calculation on Ne2 using portions of 

the Tspd-cc-pV6 ZPv basis set. Figure 2.23 shows the labeling scheme and results are 

summarized in Table 2.2. Although the functions in the bond region make a larger 

contribution to the neon dimer bonding energy, other functions contribute as well. The 

presence o f these non-bond functions also somewhat reduces the BSSE.

3 3?

Na

5

Nd

Figure 2.23. Ne2 with indicated positions of tessellating functions in the vertices of octahedron.
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Tessellating Functions Used Bonding Energy [ph] BSSE [phi
i - 6 , r - 6 ' -72.05 85.84

1 , 1 ' -67.96 152.39
1-5, T-5' -71.84 96.37
2-5, 2'-5' -56.25 31.06
2 -6 , 2 '-6 ' -59.00 33.95

6 , 6 ' -37.54 16.77
no tessellation -32.91 8.62

Table 2.2. Bonding energies and BSSE for Ne2. Energies and BSSE are computed on MP2 level of theory 
with spd-cc-pV6Z basis set tessellated with p functions situated in different positions of the vertices of 
octahedron. Numbers in the first column denote tessellating functions present in the basis set, for more 
detailed description see Figure 2.23.

Augmentation

Augmenting standard basis sets with d and f  functions significantly improves 

computed bonding energies o f van der Waals systems. LMP2 is effective in reducing 

BSSE, and the reduction is most apparent with larger basis sets for which BSSE arises 

primarily at the correlated level. It is difficult to assess which of the standard basis sets is 

the most suited for such augmentation in terms of the computational cost and quality of 

the calculation. Among the basis sets tested, Aaug-cc-pVDZDF is the most efficient for 

Ne2. For methane dimer, the A6-311G**DF basis set is the most efficient. Suitability o f a 

particular basis for one system does not imply the suitability o f this basis set for a 

different van der Waals system. For example, while A6-311G**DF basis set performs 

well for the methane dimer, it would not be our first choice for Ne2 due to the 

overestimation of the Ne2 bonding energy. Therefore, augmentation of medium-sized 

basis sets such as 6-311G** or aug-cc-pYDZ should always proceed with caution, 

especially when confronting a new system, one for which little or no data are available. 

Use o f aug-cc-pVTZ or larger basis sets is desirable for more accurate results. If
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calculation with a larger basis set is prohibitive, medium size basis sets can be quite 

useful in obtaining qualitative insights into the behavior o f new systems.

Basis Set Superposition Error

Basis set superposition error (BSSE) has been known for a long time to hamper 

the computation o f intermolecular interactions. BSSE arises from incompleteness in the 

basis set o f the monomers; in the dimer calculation, monomers use each other's basis 

functions to improve their energies and thus artificially lower the energy of the dimer. 

For a review of BSSE literature see refs. 7, 8 and references therein.

Several schemes can be used to remove the BSSE from calculations. A posteriori 

schemes (such as counterpoise correction) remove BSSE after the supermolecular 

calculation has been completed, and a priori schemes (e.g., Chemical Hamiltonian) aim to 

remove the BSSE from the computational model. For example, in the Chemical 

Hamiltonian approach (CHA), BSSE effects are removed by modifying the one-electron 

Hamiltonian in a manner that ensures that free monomer wavefunctions remain 

unchanged in the extended basis set used for supermolecular calculation .5 6 ,57 CHA has 

been successfully used at the SCF, DFT and MP2 level of theory. The drawback of the 

method is that the CHA Hamiltonian is non-Hermitian and its applicability to different 

levels of theory is nontrivial. Other examples of a priori schemes for removal of BSSE 

are the method of Self-Consistent Field for Molecular Interaction for two and multi- 

component systems,58' 60 Constrained Dimer Function approach, 61 Strictly Monomer 

Molecular Orbital SCF approach,62 and the method of Muguet and Robinson that
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attempts to remove BSSE using a specific localization scheme for Hartree-Fock 

molecular orbitals.63

The most popular scheme for BSSE correction is the a posteriori counterpoise 

(CP) correction proposed independently by Jansen and Ross13 and Boys and Benardi. 14 

The basic idea is to correct inconsistency in the basis set by using exactly same set of 

functions for computation o f monomer, as well as, dimer properties; that is, calculation 

on one monomer is done in the presence of basis functions o f the other monomer. The 

complete set o f basis functions used for calculation o f the dimer is often called dimer 

centered basis set, and the set of basis functions used for the monomer is called the 

monomer centered basis set. CP correction scheme is in principle very simple and 

applicable at any level o f theory using conventional quantum chemistry codes.

Much discussion is found in the literature concerning the accuracy o f the CP 

procedure and alternative approaches, such as the virtual-only counterpoise procedure64 

and a variety o f a priori approaches mentioned earlier, are suggested. Currently, the CP 

procedure is widely accepted as a useful tool for eliminating most o f the BSSE, some 

even claim that the CP correction rigorously eliminates BSSE in a supermolecular

o

calculation for closed-shell fragments. Our experience with computing bonding energies 

o f van der Waals dimers at the MP2 level o f theory with augmented and tessellated basis 

sets suggests that although the CP correction is very accurate, it does not necessarily 

remove BSSE completely. This is especially noticeable in our calculations for Ne2 with 

tessellated and augmented 6-311G** basis sets (see Figures 2.9 and 2.10). These basis 

sets have very large BSSE compared to tessellated or augmented spd-cc-pV6 Z (Figures 

2.11 and 2.12) with the same number o f extending functions. They also overestimate
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bonding energies. This overestimation is caused by a portion of the BSSE that is not 

corrected by the CP procedure. Counter to this interpretation is the relatively large Tspd- 

cc-pV6 ZPv2f basis set’s MP2 BSSE of 846.37 ph and a bonding energy of -81.89 ph, 

while the smaller A6-311G**DF basis set has a MP2 BSSE of 513.54 ph and a bonding 

energy o f -97.07 ph. In this particular case, the basis set with smaller BSSE overestimates 

the bonding energy while the basis set with the larger BSSE does not. (Note that the best

1 n

available calculation at the MP2 level o f theory gives -84.5 ph for Ne2 bonding energy. ) 

Interestingly, a large part o f the BSSE for the A6-311G**DF basis set, about 300 ph, 

arises at the Hartree-Fock (HF) level, while BSSE with Tspd-cc-pV6 ZPv f basis set arises 

almost exclusively at the correlated level (BSSE at HF level is 1 ph). Therefore we 

speculate that the large BSSE already present at the HF level indicates an imbalanced 

basis set and a possible (very small) undercorrection of BSSE by the CP procedure.

Another way to remove BSSE partially is to use local correlation methods such as 

local MP2 (LMP2) . 65' 68 Removal o f BSSE is a byproduct of these methods, their primary 

purpose being the reduction of computational cost associated with the treatment of 

electron correlation. Reduction in computational cost is achieved in two ways: 1. pair 

correlation between the distant orbitals is neglected (or, alternatively, this correlation is 

treated at a lower level); and 2 . virtual space for a given pair is restricted to a subset of 

atomic orbitals localized in the spatial vicinity o f the correlated pair. Restriction o f the 

virtual space also prevents basis functions located on distant centers from contributing 

with their tails to improve basis set flexibility and as a result, the BSSE is reduced.6 9 ,70 

While local correlation methods will eliminate incremental BSSE arising at the correlated 

level, they do not impact HF level BSSE.
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The positive effect o f the LMP2 method on BSSE is also confirmed in this work. 

Nine different basis sets, aug-cc-pVXZ, aug-cc-pVXZ (X = D, T, Q, 5), and 6-311G**, 

are augmented with a set o f p and d functions optimized with respect to the Ne2 

intermolecular bonding energy at the MP2 level of theory. Figures 2.17-2.20 show Ne2 

bonding energies as well as BSSE for these basis sets computed at the MP2 and LMP2 

theory level. The effect o f LMP2 on the bonding energy is relatively small - LMP2 

bonding energies are between 97-119% of MP2 bonding energies indicating that 

augmented basis sets are almost saturated with respect to the intermolecular interaction. 

The impact o f LMP2 on BSSE is significant -  BSSE computed with the LMP2 method is 

reduced to 5-78% of the BSSE computed at the MP2 level o f theory. LMP2 has an 

especially favorable effect when used with the augmented aug-cc-pVXZ series, in which 

BSSE is reduced to 5-18% of the BSSE computed with MP2.

Similar results are obtained for a mixture of standard (cc-pVDZ, 6-311G**, aug- 

cc-pVDZ, cc-pVTZ, aug-cc-pVTZ) and augmented (A6-311G**DF, Aaug-cc-VDZDF, 

Aaug-cc-pVTZDF) basis sets for the methane dimer. Figures 2.21 and 2.22 show 

methane dimer bonding energies and BSSE computed at the MP2 and LMP2 levels of 

theory with the above basis sets. Two small standard basis sets (cc-pVDZ, 6-311G**) 

experience a significant reduction in bonding energy as well as BSSE: LMP2 bonding 

energy is 32-41% of the MP2 bonding energy and LMP2 BSSE is 23-30% of the MP2 

BSSE. Bonding energies computed with all other basis sets are not significantly affected 

(LMP2 recovers between 85-96% of the MP2 bonding energy), while BSSE is 

substantially reduced (BSSE computed at the LMP2 level of theory is between 9-53% of 

the MP2 BSSE).
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One could also mitigate BSSE by using large, almost complete basis sets. 

Unfortunately, this approach is costly in terms of the computational time which scales 

with the number o f basis functions N as N4 or N 6 for correlated methodologies. 

Moreover, this approach creates linear dependency problems which are discussed next.

Linear Dependence

Calculations performed with large basis sets, especially those containing diffuse 

functions or those with several closely spaced sets o f off-centered functions, often suffer 

from numerical instabilities due to linear dependency (i.e., two or more functions 

spanning almost the same physical space). This problem has been known to arise for 

calculations on periodic systems,71 calculations using a large set o f bond functions, 72 and 

is also observed for tessellated basis sets.

Two main problems exist for nearly linearly dependent basis sets, one at the HF 

level and the other for correlated calculations. Solution of the HF equations typically 

involves construction of an orthogonalizing transformation matrix S' 1/2 (S is an overlap

matrix). For near linear dependence in the basis set, eigenvalues o f the S matrix will

11')approach zero and construction of S' involves dividing by quantities that are nearly

1 /9zero. S’ becomes almost singular, leading to problems in numerical precision. Near 

linear dependence also leads to very large molecular orbital (MO) coefficients for virtual 

orbitals. This is problematic for correlated calculations that require transformed integrals. 

For example, if  a MO coefficient is 1000, the product o f four such coefficients is 1012. 

Since two-electron integrals are at best evaluated to an accuracy o f 10'14, the transformed
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integrals will have very large numerical errors and the resulting energies may behave 

abnormally.

Only a few publications in the literature discuss linear dependence or near linear 

dependence and the ways to avoid it.71' 73 The severity o f this problem is usually 

measured by the size of the smallest eigenvalue o f the overlap matrix S. The smaller the 

eigenvalue, the greater the linear dependence. Serious numerical instabilities arise when 

the eigenvalues are o f the order 1 0 '8 or smaller, although sometimes even larger 

eigenvalues (of the order 1 0 '7, 1 0 '6) generate unreliable results depending on the 

computational method used.

One way to deal with near linear dependence is to simply omit one or more of the 

most diffuse basis functions from the basis set, or alternatively omit linear combinations 

of basis functions that correspond to small eigenvalues of the overlap matrix. Some 

quantum chemical program packages (e. g., Gaussian) do this automatically for the user. 

This approach works very well in most cases, but can cause spurious results when applied 

to the calculation of intermolecular interactions using the supermolecular approach. To 

compute the bonding energy by the supermolecular method, one usually computes the 

energy o f monomers using a monomer centered basis set and the energy of dimer with 

dimer centered basis set. This inconsistency in the basis is the cause o f BSSE when one 

uses unsaturated basis sets (see the discussion in the previous section) and is usually not 

considered to be an issue in calculations using large, almost saturated basis sets. If the 

basis sets used in a computation are nearly linearly dependent, different linear 

combinations o f basis functions may be deleted from the monomer and dimer centered
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basis sets making the calculation inconsistent and the computed bonding energies no 

longer reliable.

This problem can be somewhat alleviated by using the dimer centered basis set 

for calculations on the monomer in the same way one uses the dimer centered basis set to 

compute counterpoise corrections. This ensures that the same basis set is used in both 

monomer and dimer calculations and therefore that the same linear combinations 

corresponding to small eigenvalues of the S matrix are deleted by the program. The 

bonding energy computed from such a calculation might be smaller than expected, since 

the basis functions removed by the program are not completely redundant and do provide 

contribution to the bonding energy of the system. Alternatively, one could turn off the 

automatic removal o f the basis functions by the program and risk the unreliability of a 

numerically unstable calculation resulting from the nearly linearly dependent basis set. 

Obviously, it would be best to avoid using linearly dependent basis sets altogether.

One is often tempted to believe that using faster computers, parallel processing, 

larger disk space, and computer memory will help push computational limits further, by 

enabling calculations at higher levels of theory with larger basis sets. In reality, this is a 

rather oversimplified view. Gaussian basis sets that have been used in quantum 

mechanical computations for the past fifty years with great success suffer from one 

serious shortcoming: a large number of gaussian functions is required to describe systems 

with high levels o f accuracy, especially for calculations of nonbonded interactions for 

which dispersion plays an important role. For example, one o f the most accurate 

computations o f (NH3)2 at the MP2 level o f theory used 1024 basis functions.74 Our 

largest computation on methane dimer with the Tspd-cc-pV6 ZPv basis set on carbon and
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THuzPy basis set on hydrogen uses a total of 466 primitives and the smallest eigenvalue

n

of the S matrix is 10' . The methane dimer basis set could still be extended to give more 

accurate description of the system, but due to the problems with linear dependence as 

well as the computational cost we feel that using more than 500 primitives is not 

advisable. In general, due to the fact that gaussian basis functions are not orthogonal, 

increasing the number o f gaussian functions in a basis set leads to near linear dependency 

which causes the computation to be numerically unstable. We believe that learning how 

to deal with the problem of linear dependence in the basis set, whether at the 

programming level (by finding more efficient ways to treat numerical instabilities) or 

modeling level (by discovering functions with better spatial properties to replace 

gaussians) is one o f the challenges computational chemistry faces in future years.

CONCLUSION

In this work the role o f basis sets in ab initio calculations o f intermolecular 

interactions is explored. The focus o f this study is on three systems in which dispersion 

interactions dominate - 3H2, Ne2 and (C H ^ .

Standard basis sets are augmented and tessellated with functions optimized with 

respect to the BSSE-corrected intermolecular bonding energy of each system. Relatively 

few tessellating or augmenting functions recover a significant portion of the 

intermolecular bonding energy. To obtain reliable results, both tessellated and augmented 

basis sets require underlying standard basis sets that provide a good description of the 

core and valence electrons. Tessellated basis sets with a large number o f s functions do 

not offer an advantage in terms of the computational speed in comparison with the use of
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higher angular momentum atom-centered functions. Augmented atom-centered basis sets 

are less linearly dependent and easier to work with than tessellated basis sets, and 

therefore more desirable for use in the calculations.

Our results further suggest that the counterpoise correction, applied to the closed 

shell van der Waals clusters at the MP2 level o f theory is very accurate, removing nearly 

all BSSE, although it is not exact. LMP2 theory is efficient in removing that portion of 

the BSSE that arises at the correlated level.

Linear dependence o f the basis sets is a real problem for the accurate ab initio 

calculation o f intermolecular interactions and we believe more attention needs to be 

focused on solving this fundamental issue. Current approaches to eliminating linear 

dependencies from basis sets do so by deleting a linear combination o f basis functions 

corresponding to the smallest eigenvalues of the overlap matrix S. This approach 

inadvertently causes supermolecular calculations to be inconsistent because different 

combinations of functions may be deleted from monomer and dimer basis sets. Therefore, 

it is recommended that the same set of functions (i.e., the dimer centered basis set) be 

used for calculations on both monomer and dimer, even if the monomer basis set is 

saturated. The use o f dimer centered basis sets in all calculations will ensure the removal 

of the same sets o f functions for each calculation.

Overall, at present no shortcut exists to reliable computation o f intermolecular 

interactions.
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CHAPTER 3 

DENSITY FUNCTIONAL THEORY STUDY OF SMALL VANADIUM OXIDE 

CLUSTERS

Work presented in this Chapter is to be submitted for publication in “E. 

Jakubikova, A. K. Rappe, and E. R. Bernstein, Density functional theory study o f small 

vanadium oxide clusters. Journal of Physical Chemistry A, to be submitted (2007).” My 

contribution consists o f DFT calculations of different vanadium oxide isomers as well as 

calculation o f the reaction energies for the fragmentation and growth reactions discussed 

below.

INTRODUCTION

Vanadium oxide based catalysts play an important role, in the manufacture of 

many chemicals. 1 They are, for example, involved in the oxidation o f SO2 to SO3 in the 

synthesis o f H2SO4 or selective reduction of NOx by NH3. Studying and understanding 

catalysis in the condensed phase is a very challenging task and therefore many 

experimental and theoretical studies focus on neutral or ionic vanadium oxide clusters in 

the gas phase as acceptable models for presumed “active sites” on catalytic surfaces. This 

general approach to metal and metal oxide mediated catalysis was first suggested by 

Muetterties.4
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In order to gain better understanding of vanadium oxide cluster reactivity and its 

role in catalysis, one should first understand structure and stability o f these molecules. 

Mass spectroscopy techniques have been applied to study neutral, 5' 7 cationic,8' 11 as well 

as anionic, 12 vanadium oxide clusters in the gas phase. Infrared spectroscopy, 13,14 

photoelectron spectroscopy, 15' 19 and electron spin resonance spectroscopy20 have also 

been used to obtain information about structure, electronic states, and stability of ionic 

vanadium oxide clusters.

Experimental investigations of gas phase vanadium oxide clusters are 

complemented by theoretical investigations. Yyboishchikov and Sauer21 used density 

functional theory (DFT) with B3LYP and BP8 6  functionals and a TZVP basis set to 

obtain structures o f neutral V O y (y = 1 -  4), V2 0 y (y = 4, 6 , 7), V 3O 8, V 4O 10, and V 4O 11 

clusters and their anions. They have also determined structures o f neutral (V2 0 5 )n (n = 1 -  

5, 8 , 10, 12) clusters at the BP8 6 /DZVP, TZVP levels o f DFT .22 Vyboishchikov also used 

BP8 6 /DZVP to determine structures and electronic states o f V2O /  (y = 4 -  6 ) cations. 

B3LYP/TZVP and DZP levels of theory were also applied to study structures and 

reactivity o f V2O /  (y = 2 -  6 ) and V4O /  (y = 8  -  9) cations.23 Calatayud et al.24 

employed DFT to study neutral and cationic V2 0 y (y = 2 -  7), V3 0 y (y = 6  — 7), and 

V 4O 10 clusters at the B3LYP/6-31G* level of theory. Pykavy and van Wiillen applied ab 

initio calculations at the CASSCF level to study electronic ground states of V2O4+/0/’ and 

V O +/0/’ species.25,26 CASSCF and MR-SDCI have been also used to characterize ground 

states o f V O 2 and V O 3 molecules.20

Despite the abundance o f experimental and theoretical work, the question of 

which neutral clusters are the most stable in the gas phase is still open. 11 Systematic
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behavior o f vanadium oxide clusters is also not completely understood. In this work we 

employ density functional theory at the BPW91/LANL2DZ level to explore structures 

and stabilities o f small neutral vanadium oxide clusters in the gas phase. Our aim is to 

gain better understanding of the systematic behavior o f vanadium oxide clusters as well 

as to attempt an explanation o f neutral cluster distributions observed in previous 

experimental studies.5,6 To accomplish this, a range of oxygen-deficient to oxygen-rich 

species is considered in our calculations: VOy (y = 1 -  5), ViOy (y = 2 -  7). V3 0 y (y = 4 

-  9), and V4 0 y (y = 7 -  12). Many of these structures have been calculated previously; 

however, our calculations consider a larger variety o f spin states in determining cluster 

ground electronic state. Structures of VO5, V3 0 y (y -  3, 4, 8 , 9), and V4 0 y (y = 7, 12) 

clusters are investigated for the first time computationally.

COMPUTATIONAL METHODS

All calculations reported in this work are performed employing the BPW91 

functional27,28 and the LANL2DZ basis set.29 LANL2DZ uses the Los Alamos effective

•3 A
core potential with a double zeta basis set on vanadium atoms, and a D95 basis set on

•31
oxygen atoms. The Gaussian 98 program is used for VxOy clusters (x = 1,2,3), Gaussian 

0332 is used for calculations on V4 0 y clusters. Cluster geometries are optimized without 

any restrictions on symmetry, and energy minima are confirmed by vibrational frequency 

calculations. A variety o f spin states and isomers are investigated. Broken symmetry 

calculations are also performed for V2 0 y (y = 2, 3, 4, 6 , 7) and V4 0 y (y = 7, 8 , 9) clusters 

in order to describe their open shell singlet electronic states.
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PERFORMANCE OF DFT CALCULATIONS

Table 3.1 shows a comparison between the energetic and structural parameters 

obtained from experiment and calculated at the BPW91/LANL2DZ level of theory.

Overall, the agreement between experimental and theoretical data is acceptable. 

The atomization energies of VO and VO2 are overestimated by about 1 eV. Note that the 

error in atomization energy of VO2 is carried over from the error in description of VO. 

The theoretical value o f 5.8 eV for the dissociation energy of VO2 (VO2 —► VO + O) 

compares very well with the experimental value o f 5.77 eV. BPW91/LANL2DZ also 

tends to overestimate slightly the bond lengths and bond angles, with the largest error of 

0.08A for O2.

An obvious way to improve the level o f theory used in this work would be to use 

an all electron basis set such as TZVP for vanadium and a triple zeta basis set for oxygen. 

The use o f a smaller basis set, however, allows us to perform a large number of 

calculations to investigate a variety o f isomers and spin states of the vanadium oxide 

clusters.

Parameter Experiment BPW91/L ANL2DZO>

6.44 eV ±  0.20 eV34 7.33 eV
Ea- V 0 2 12.20 e V ± 0 .1 9 e V " 13.13 eV
Ea- O2 5.12 eV ±  0.002 eVj:> 4.90 eV
VO: V -  0 1.589 AJ5 1.612 A
V 0 2: V -  O 1.589 A2Mb 1.633 A
V 0 2: 0  -  V -  0 1 1 0 o2Ub 110.99°
0 2: 0 - 0 1.208 AJ5 1.288 A
Table 3.1. Atomization energies, Ea, and structural parameters of VO, V 02 and 0 2.
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RESULTS AND DISCUSSION 

VOx clusters

Optimized lowest energy structures for V O y (y = 1 -  5) clusters are shown in 

Figure 3.1. Only low lying spin states (doublet -  sextet) are considered in the 

calculations. While the lowest energy structures of VO2 -  V O 5 are doublets, the lowest 

energy structure o f V O  is a quartet. This is in accord with previous studies of V O y 

clusters.21 The structure of V O 5 is reported for the first time. V O 5 has several low lying 

isomers that are shown along with lowest energy structure in Figure 3.1. Based on our 

calculations, V O 5 is a stationary point, though the structures o f its low lying isomers 

suggest that it can easily dissociate into V O 3 and O2 and thus might not be observed 

experimentally. Structural isomers of V O 3 and V O 4 obtained in our calculations lie at 

least 0.65 eV above the lowest energy isomers o f each cluster.

doublet, 0 eV quartet, 0.11 eV

doublet, 0.20 eV doublet, 0.55 eV

Figure 3.1. Lowest energy isomers of V 0 5 clusters.
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V2 0 y structures

Lowest energy structures obtained for V20y clusters (y = 2 -  7) are shown in 

Figure 3.2. Singlet through nonet spin states for the V2O2 cluster, singlet through septet 

states for V20y (y = 3, 4, 7) clusters, and singlet, triplet and quintet states for V 2O 5 and 

V2O6 clusters are considered in the calculations. Spin states of the lowest energy 

structures vary between singlet and septet depending on the oxygen saturation of a 

particular cluster. Oxygen deficient clusters tend to have higher spin states, while oxygen 

saturated clusters prefer lower spin states. V 2O 4 cluster is an open shell singlet in its 

ground electronic state, with a triplet state lying 0.11 eV above the open shell singlet. 

Ground electronic state of V2O6 cluster is also an open shell singlet. The energy 

difference between the open shell singlet and a triplet sate of V2O6 is almost negligible 

(0.004 eV). For V20y (y = 2, 3, 5) clusters, preferred spin states can be determined by 

simple electron counting with unpaired electrons occupying non-bonding d orbitals.

i 161

1.82

VoO,

1.40

1.97

1.86
.1.791.60 ,1.79 1.67

1.84

1.68
VoO

1.83 1.90 1.77
1.63

1.62

1.99

1.61
1.72

1.67

1.82

VoO,

Figure 3.2. Lowest energy structures of V2Oy (y = 2-7). 
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Although structures o f the lowest energy isomers are similar to those reported

91 9 4  Oftelsewhere, ’ ’ the spin states determined by our calculations differ in several instances. 

For example, Calatayud et al.24 report a triplet as the lowest energy state for both V2O2 

and V2O3, while our results indicate septet and quintet states, respectively. This 

difference is due to the fact that their set of calculations considered only lower 

multiplicity states. Vyboishchikov and Sauer21 report singlet states for neutral V2O6 and 

V2O7 clusters. Recently Chen and Yang37 performed spin unrestricted B3LYP 

calculations on V2O6 clusters, concluding that the lowest energy isomer o f neutral V2O6 

cluster is an open shell singlet, which is in agreement with our calculations. It is worth 

noting than in general, open shell singlets for V2O2, V2O3 and V2O7 lie relatively close to 

the ground electronic states o f these clusters (0.04 -  0.18 eV above the ground state).

V2Oy+ (y = 2 -  7)

To compare structures o f neutral V2 0 y clusters and their cations, we have also 

optimized geometries o f V2 0 y+ (y = 2 -  7). The starting geometry for each optimization is 

the lowest energy isomer o f the neutral structure, except in the case o f V20 4 +, for which 

both cis and trans isomers are considered. Several spin states (doublet -  octet for all 

clusters, and multiplicity 1 0  in case o f V2C>2+) are again considered in the calculations. 

Results are presented in Figure 3.3.

Optimized structures are in general very similar to the structures of neutral 

clusters. The lowest energy structure of the V2O /  cluster has a trans conformation as is 

the case for the neutral cluster. Energy differences between cis and trans isomers for both 

neutral and cation cluster are rather small (see Figure 3.4). The structure o f V2 0 7 + can be
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viewed as V2 0 5+ with weakly bound O2, indicating that this cluster can easily lose an O2 

subunit upon ionization.

1.82
.58

1.90

1.75

6V2C>2 2V2C>3

1.58

1.83

1.80

1.59

v9o;

1.67

1.64

1.88
1.59

1.75

1.67

1.84

VoO;

2.09

1.76
1.59

1.87

1.64

1.67

VoO:2 V2 0 +5

Figure 3.3. Lowest energy structures of V2Oy+ (y = 2-7) clusters.

Structures presented in Figure 3.3 are not necessarily the lowest energy structures 

for V2 0 y cations; they are just the lowest energy structures corresponding to the lowest 

energy neutral isomers o f V2 0 y. In other words, these are the isomers we would expect to 

obtain by ionization o f neutral vanadium oxide clusters in a collisionless molecular beam 

as opposed to the lowest energy isomers of vanadium oxide cations obtained by ablation 

of vanadium metal into a flow of oxygen. For a more comprehensive study o f vanadium 

oxide cations see references 23, 24, and 38.
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Figure 3.4. Comparison of V20 4 and V2O /  lowest energy structures.

V3Oy (y = 4 - 9 )

Lowest energy structures o f V30y (y = 4 -  9) clusters are shown in Figure 3.5. We 

have considered several spin states in the calculations: doublet -  multiplicity ten for 

V3O4, doublet -  octet for V3O5, and doublet -  sextet for V30y (y = 6 -  9). All lowest 

energy isomers are doublets; however, higher spin states for the same general isomeric 

structures o f oxygen deficient clusters (V3O4, V3O5, and V3O6) are energetically very 

accessible. For example, the energy difference between the sextet and doublet state of the 

lowest energy isomer of V3O4 is only 0.01 eV, and the difference between octet and 

doublet states for the same isomer is 0.13 eV.
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Figure 3.5. Lowest energy structures of V30 y (y = 4-9) clusters.

Other reported structures o f V3O5 clusters can be found in the work of Calatayud 

et al.24 (V 3O 6 and V 3O 7) and Vyboishchikov and Sauer21 (V 3O&).

V4Oy (y = 7 - 1 2 )

Figure 3.6 shows the lowest energy structures for V4 0 y (y = 7 -  12) clusters. 

Singlet through nonet spin states are considered for calculations o f the V 4O 7 cluster, and 

singlet through septet spin states are considered for all other V4 0 y (y = 8 -  1 2 ) clusters. 

As in the case o f V2 0 y clusters, spin states of the lowest energy structures vary between 

singlet and septet depending on the oxygen saturation o f a particular cluster and can be
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determined by simple electron counting. Open shell singlets of V4 0 y (y = 7, 8 , 9) lie 0.14 

to 0.61 eV above the ground electronic states.
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1.60
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1.801.80

1.47

Figure 3.6. Lowest energy structures of V4 0 y (y = 7-12) clusters.

Several different isomers of V4 0 y clusters are explored to find the lowest energy 

structures, except for V4O10, for which we considered only the cage-like isomer shown in 

Figure 3.7. Other isomers o f V4O 10 are explored in references 21 -  23. A cage-like 

structure is found for the lowest energy isomer of V4O 10. Lowest energy isomers of 

oxygen-deficient V4 0 y (y = 7 -  9) clusters can be all derived from the cage-like structure 

of V4O 10 by removing an appropriate number o f terminal oxygens. Additional isomers 

considered in our calculation (chain-like, cyclic or bridged isomers) are at least 1 eY
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above the lowest energy cage isomers o f V4 0 y (y = 7 -  9), indicating inherent stability of 

the cage structure.

As for the oxygen-rich V4O 11 cluster, the lowest energy isomer determined by our

91calculations (see Figure 3.6) differs from that reported by Vyboischikov and Sauer, in 

which an oxygen-oxygen bond is formed with one of the terminal oxygens. The energy 

difference between these two isomers is, according to our calculations, 0.27 eV. These 

structural differences are most likely associated with algorithm differences and are 

probably within the accepted actual calculational uncertainties for the various DFT 

approaches. V4O 12 also has several low lying isomers (0.14 - 0.57 eV above the lowest 

energy one) with oxygen atoms forming oxo-bonds either at the terminal oxygen sites or 

bridging oxygen sites. These latter oxo-bonds are thus incorporated into the cage 

structure.

Stability of neutral vanadium oxide clusters in the gas phase

Previous experimental studies in our laboratory5,6 address the question of the 

distribution o f neutral vanadium oxide clusters in the gas phase. To understand results 

obtained in these studies better, we look at the energies of oxidation and reduction 

reactions o f neutral vanadium oxides with oxygen. Under saturated oxygen conditions 

(i.e., % O2 in reaction/expansion gas for which the cluster distribution no longer changes, 

ca. 5 %), newly formed vanadium oxides will react with O2 and grow further, 

corresponding to the reaction described by VxOy.i + O2 —>■ VxOy + O. During the 

ionization process, vanadium oxide clusters could also fragment by losing an oxygen 

atom, corresponding to the reaction VxOy —► VxOy-i + O, or by losing an oxygen
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molecule VxOy —> VxOy.2 + O2. Interplay between these growth and fragmentation 

reactions for the neutral clusters determines which species will be the most prevalent in 

the gas phase. Energies o f the three reactions described here are obtained using the 

energies o f ground state vanadium oxide and oxygen structures computed at the 

BPW91/LANL2DZ level of theory.

The energies of fragmentation and growth reactions for VOy clusters are shown in 

Figure 3.7. The plot shows that the oxidation reactions leading to VO and VO2 formation 

are exothermic, while the formation of VO3, VO4 and VO5 by oxidation from clusters 

with lower oxygen content is not energetically favorable. Oxygen-rich clusters, such as 

VO4 and VO5, loose an oxygen molecule more easily than a single oxygen atom, which 

can be explained by the presence o f oxygen-oxygen bonds in their lowest energy isomers 

(see Figure 3.1). Loss of a single oxygen atom is preferable for clusters with lower 

oxygen content. Overall, our results suggest VO2 is the most stable cluster under the 

oxygen saturated conditions, since the formation of VO2 is exothermic and at the same 

time it will not be readily oxidized to form VO3. Additionally, VO2 will not be easily 

fragmented into VO or V. Figure 3.8, Figure 3.9, and Figure 3.10 show energies of 

fragmentation and growth reactions for V2 0 y, V 3 0 y, and V4 0 y clusters. The trends for 

these clusters follow the general trend described for VOy clusters. The vanadium-oxygen 

bond strength decreases with increasing oxygen content o f the clusters, meaning that 

oxygen poor clusters are oxidized more easily than the oxygen rich clusters. Loss of an 

oxygen molecule is preferred for oxygen rich clusters, while oxygen poor clusters are 

more likely to loose a single oxygen atom. This is again a consequence o f oxygen-oxygen 

bond formation in oxygen rich clusters. Finally, V2O5, V3O7, and V4O 10 are predicted to
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be the most stable clusters under the oxygen saturated conditions. Formation of these 

stable clusters is exothermic, they are not readily oxidized to form clusters with higher 

oxygen content and at the same time they are not easily fragmented by a loss of an 

oxygen atom or oxygen molecule.

FRAGMENTATION AND GROWTH OF VOy

VO -> VO + 0y y-1
VO -> VO + 0

^  3 : 
JL 2-
LU 1 ‘
<3 1 “

- 2 -

V OVO VOVO VO
VOy

Figure 3.7. Energies of fragmentation and growth reactions for VOy clusters.
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FRAGMENTATION AND GROWTH OF Vo02 y

0),
LU
< 1

- 2 -

V  02 7V O
2 6V  o2 4 V  02 5

V O2 y

Figure 3.8. Energies of fragmentation and growth reactions for V2Oy clusters.

F R A G M E N T A T I O N  A N D  G R O W T H  O F  V , 03 y
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- 2 -

V O3 5 V O V O V O ,

Figure 3.9. Energies of fragmentation and growth reactions of V3Oy clusters.
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FRAGMENTATION AND GROWTH OF VO4 y

VO ->VO +0
4 y 4 y-2 2

VO + O ->VO + o4 y-1 2 4 y

- 2 -

v o
4  8

V O
4  9 v40io v40l1 v4o12

Figure 3.10. Energies of fragmentation and growth reactions for V4 0 y clusters.

Previous molecular beam mass spectroscopy studies using 118 nm (10.5 eV) light 

for neutral cluster ionization5 show V O 2 , V 2O 5, V 3O 7 and V 4O 9 to be dominant in the 

beam under the oxygen saturated conditions. V 4O 10 cluster is not observed in this 

experiment due to its high ionization energy (> 10.5 eV). Relative increase in the 

intensity o f V 4O 9 peak under the oxygen deficient conditions is also observed, indicating 

that a vanadium oxide cluster with higher oxygen saturation than V 4O 9 (for example 

V 4O 10 as suggested by calculations presented here) is dominant in the molecular beam 

under the oxygen saturated conditions.

V O 2 , V 2O 4 , V 3O 7 and V 4O 10 clusters are found to be the most prominent in the 

molecular beam under the oxygen saturated conditions detected by single photon 

ionization studies employing a 26.5 eV x-ray laser.6 This confirms the stability o f V4O10 

cluster under the oxygen saturated conditions, but raises an additional question of V 2O 4 

versus V 2O 5 cluster stability. There are several possible reasons why 10.5 eV ionization
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and 26.5 eV ionization experiments could yield different results: 1. ionization cross 

section for V 2O 5 or V 2O 4 can be wavelength dependent and thus yield different intensities 

in the mass spectra; 2. special resonance can occur between the 26.5 eV and V 2O 4 cluster 

leading to the relative increase o f the V2C>4+ intensity; and 3. slight variation in the 

experimental setup in the ablation region can lead to the differences in the synthesis of 

V 2O 4 and V 2O 5 clusters and thereby influence their relative abundance in the molecular 

beam as accessed by mass spectroscopy. Which one o f these conditions (if any) is 

responsible for the differences in the experimental data is not clear. It is also worth noting 

that except in the case o f V2O4/V2O5 clusters, 10.5 eV and 26.5 eV ionization studies 

generate consistent results for many systems, not just V xO y clusters.6

In addition to studies investigating the stability o f neutral vanadium oxide 

clusters, stability o f vanadium oxide cluster cations has also been explored. 11 V2 0 4 +, 

V3 0 7 +, and V4 0 9 + species have been determined to be the most stable under the oxygen 

saturated conditions, suggesting differences in the distribution o f neutral and cationic 

vanadium oxide clusters.

To reiterate, DFT calculations predict V O 2 , V 2O 5, V 3O 7 and V 4O 10 to be the most 

stable clusters in the size range under oxygen saturated conditions. These results are in 

agreement with the previous experimental studies o f gas phase distributions o f neutral 

vanadium oxide clusters.

CONCLUSION

In this work we investigate the structure and stability of small, neutral vanadium 

oxide clusters in the gas phase. Calculations performed at the BPW91/LANL2DZ level of
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theory suggest cyclic and cage like structures for lowest energy isomers o f neutral 

vanadium oxide clusters. Oxygen-oxygen bonds are present for oxygen rich clusters. 

Clusters with an odd number o f vanadium atoms (VOy, V3 0 y) tend to have low spin 

ground states, while clusters with even number o f vanadium atoms (V2 0 y, V4 0 y) have a 

variety of spin multiplicities for their ground electronic state. Ground spin states of 

oxygen deficient V2O5, (y = 2, 3, 5) and V4 0 y clusters can be determined by simple 

electron counting. Whether these trends can be generalized to larger clusters, such as 

VxOy (x = 5,..., 10; y = 2x,... ,3x), has not been explored.

Energies o f growth and fragmentation reactions of neutral vanadium oxide 

molecules are obtained to study the stability o f neutral vanadium oxide species under 

oxygen saturated gas phase conditions. Vanadium-oxygen bond strengths in vanadium 

oxide clusters decrease with increasing cluster oxygen content. Oxygen saturated clusters 

will lose an O2 molecule more easily than a single oxygen atom, while the loss of a single 

oxygen atom is more favorable for oxygen deficient clusters. VO2, V2O5, V3O7, and 

V4O10 are predicted to be the most stable neutral clusters under the oxygen saturated 

conditions. These results are in agreement with, and complement, previous gas phase 

experimental studies o f neutral vanadium oxide clusters.
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CHAPTER 4 

REACTIONS OF SULFUR DIOXIDE WITH NEUTRAL VANADIUM OXIDE 

CLUSTERS IN THE GAS PHASE.

Work presented in this Chapter is to be submitted for publication in “S. G. He, Y. 

Xie, F. Dong, S. Heinbuch, E. Jakubikova, J. J. Rocca, and E. R. Bernstein, Reactions of 

sulfur dioxide with neutral vanadium oxide clusters in the gas phase. I. Experimental 

study employing single photon ionization. Journal o f Chemical Physics, to be submitted 

(2007).” and “E. Jakubikova, and E. R. Bernstein, Journal of Chemical Physics, to be 

submitted (2007).” My contributions include calculation of enthalpies for reactions of 

vanadium oxides with sulfur dioxide, optimization o f Vx0 yS0 2  intermediate structures, 

and calculation of reaction path for reaction of VO with SO2 . I have also contributed to 

the design of condensed phase catalytic cycles suggested based on our gas phase 

theoretical and experimental data. Calculation of reaction path for VO2 + SO2 + O2 

reaction was performed by Dr. He.

INTRODUCTION

Vanadium oxide is a heterogeneous catalyst that plays an important role in the

1 2 catalytic conversion of SO2 to SO3 , selective oxidation o f hydrocarbons, and selective

reduction o f NOx by NH3 .3 Due to the importance o f vanadium oxide for industrial scale
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catalysis, a number o f experimental and theoretical studies are devoted to vanadium 

oxide and its reactivity.

Experimental and theoretical studies of vanadium oxide structure and reactivity

Electronic and geometrical structure o f small vanadium oxides in the gas phase 

have been investigated by photoelectron spectroscopy,4’5 infrared spectroscopy,6’7 and

• O  Q

electron spin resonance spectroscopy. ’ Structure and properties o f vanadium oxide 

clusters also have been studied by means o f multireference correlation calculations,8’10’11 

and density functional theory (DFT) calculations. 12’13

Gas phase scattering experiments have been employed to study reactivity of 

medium-sized vanadium oxide cations with rare gases, hydrocarbons and small inorganic 

molecules. 14 Reactivity o f vanadium oxide and vanadium hydroxide cations with 

hydrocarbons15"19 and methanol20 was explored by the use o f mass spectrometric 

techniques and DFT calculations. DFT was also applied to study gas phase reactions of

I j ^  1
V2O5 and V2O6 ions with halogenated hydrocarbons, selective catalytic reduction of 

NO with ammonia on a V4O 16H 12 cluster,22 and the interaction o f V 0 2+ and V0 2 + cations 

with iV-hydroxyacetamide in the aqueous solution.

Significant efforts have been devoted to studying vanadium oxides as nanosized 

clusters, the bulk solid, and clusters supported on different metal surfaces. Extended X- 

ray absorption fine structure spectroscopies, IR and Raman spectroscopy, as well as DFT 

calculations, were utilized to study the structure o f the V O 4 molecule as a function of 

SiC>2, Nb2 0 , and ZrC>2 supports.24'26 Scanning tunneling microscopy and DFT 

calculations were used to characterize vanadium oxide nanostructures on the Rh ( l l l )
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97surface. DFT was employed to investigate structure and stability o f (V2 O5),,, n -  1 -  12, 

gas phase clusters and compare them to the bulk solid V2O5 .28 Periodic DFT calculations 

were also applied to study structural and vibrational properties o f vanadium oxide

9 0
aggregates. Furthermore, DFT calculations were utilized to gain insight into the 

oxidation o f methanol to formaldehyde on supported vanadium oxide catalysts30,31 and

• 99oxidative dehydrogenation of propane on vanadium oxide.

Reduction,33 stability,34,35 and re-oxidation36,37 of vanadium oxide surface 

vacancies were studied by means of DFT calculations. Adsorption of oxygen on reduced 

V20 3(0001) surfaces was also investigated by the use o f thermal desorption spectroscopy, 

infrared reflection absorption spectroscopy, high resolution electron energy loss 

spectroscopy, X-ray photoelectron spectroscopy, and DFT .38

Experimental studies of SO2 — *■ SO3 catalytic conversion

Although there are currently no reports of vanadium oxide cluster reactivity with 

SO2 in the gas phase, catalytic conversion of SO2 to SO3 was studied experimentally over 

supported vanadium oxide catalysts and in the molten phase. Kato et al.39 investigated a 

mixture o f V2 O5 -  K2 SO4  heated to 500, 550, and 600 °C in an atmosphere of 

SO2/SO3/O2/N2  gases and determined that reduction of V(V) by SO2 and oxidation of 

V(IV) with O2 are in equilibrium and the rate determining step of the reaction is the 

desorption o f SO3 from the molten catalyst into the gas phase.

Dunn and coworkers40'43 studied oxidation o f SO2 over supported vanadium oxide 

catalysts by Raman spectroscopy. They suggested the VO4 unit attached to the surface 

has a 0 =V-(0 -M )3 pyramidal structure, where O -  M represents oxygen -  support bonds.
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They also proposed a catalytic mechanism for SO3 formation consisting o f three steps: 1. 

adsorption o f SO2  onto V -  O -  M bridging oxygen; 2. cleavage o f the V -  O -  SO2 bond 

and formation of SO3 ; and 3. reoxidation of the V atom by dissociatively adsorbed 

oxygen. The activation energy for this process was determined to be 21 kcal/mol. More 

recent studies o f supported vanadium oxide catalysts suggest that VO4 is attached to the 

surface by only one V -  O -  M bond, and can be described as a chemisorbed 0=V  -  O2 

[oxo] species (“umbrella model” ) . 25,26

Fouda et al.44 employed X-ray diffraction techniques, electronic absorption and 

infrared spectroscopy, and chemical analysis to characterize reaction products of SO2 —> 

SO3 . The catalyst in this experiment is composed of ammonium meta-vanadate and 

potassium sulfate. They have identified a mixture of compounds, including ammonium 

and potassium polyvanadates, ammonium and potassium bronzes, and ammonium 

vanadic sulfate (NFLA^SC^). The presence of K2S2O7 in the melt was found to increase 

catalytic activity o f the vanadium based catalyst.

Giakomelou et al. applied in situ Raman spectroscopy to identify vanadium 

species on the surface o f a vanadium oxide based supported molten salt catalyst45 and 

supported solid V2 0 5 /Si0 2  catalyst.46 They found that the distorted tetrahedral 0 = V -(0 -  

Si)3 structure is practically inactive, while impregnation o f the surface with CS2SO4 

results in a complete structural transformation o f the surface and a dramatic improvement 

in SO2 oxidation.

A multi-instrumental investigation o f molten salt/gas model systems and 

industrial catalysts for SO2  —>• SO3 conversion was undertaken by Lapina and coworkers. 1 

They have identified (V0 )2 0 (S0 4 )44' as the active species and proposed a four step
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catalytic mechanism consisting o f 1. adsorption o f O2 onto the active site, 2. SO2 —► SO3 

conversion, 3. adsorption o f a second SO2 molecule, and 4. SO3 desorption.

Despite the significant effort devoted to the experimental studies, complete 

understanding of the SO2 oxidation by vanadium oxide based catalysts is still lacking. 

Available experimental studies provide different views of the catalytic process, 

suggesting several possible mechanisms for SO2—> SO3 conversion.

Recently, reactions of neutral vanadium oxide clusters VxOy with SO2 have been 

studied in the gas phase. Much o f these studies are reported in the preceding experimental 

paper, referred to as paper I ,47 in considerable detail.

Goal of this work

The goal of this work is to study the reactivity o f small neutral vanadium oxide 

clusters, VOy (y = 1 -  5), V2Oy (y = 2 -  7), V3Oy (y = 4 -  9), and V4Oy (y = 7 -  12), with 

SO2. Our focus lies in investigating the thermodynamics of reactions o f vanadium oxides 

with SO2. While solid state studies might provide more realistic models for 

heterogeneous catalysis, gas phase metal oxide clusters also represent a valid model for 

the active sites o f the condensed-phase vanadium oxide catalyst.48 Gas phase 

experimental and theoretical work have an advantage of being less complex and thus able 

to provide insights into catalytic processes at the molecular level. Also, computations of 

gas phase metal oxide clusters can be performed at a higher level of theory than currently 

possible for solid state studies.
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COMPUTATIONAL METHODS

DFT methods have been successfully employed to study structure and reactivity

i r 1Q 01 99
of various metal oxide systems ' ’ ’ suggesting DFT is a widely accepted tool to study 

the properties o f metal oxides. Pykavy and Wullen11 employed multireference averaged 

coupled-pair functional (MR-ACPF) and B3LYP density functional theory49,50 to study 

properties o f V2O4+/0/‘ species and found good agreement between the MR-ACPF and 

B3LYP results for molecular structures and relative energies of different electronic states, 

as well as for the ionization energies and electron affinities. Foltin et al.51 performed

9̂benchmark calculation with both BPW91 ’ and B3LYP functional on zirconium 

oxides, suggesting BPW91 to be more suitable for computing properties o f metal oxides. 

All calculations described in this work are performed using BPW91 functional.

Structures o f VOy (y = 1 -  5), V2Oy (y = 2 -  7), V3Oy (y = 4 -  9), and V4Oy (y = 7 

-1 2 )  clusters have been computed at the BPW91/LANL2DZ level o f theory and reported 

previously.54 The LANL2DZ basis set55 uses the Los Alamos effective core potential 

with a double zeta basis set on vanadium atoms, and a D95 basis set56 on oxygen and 

sulfur atoms. BPW91/LANL2DZ fails to describe bond strengths and other properties of 

sulfur oxides properly (for more details see section 3 on Performance o f DFT 

Calculations), therefore experimental enthalpies of formation of sulfur oxides57 are used 

to obtain enthalpies for reactions of vanadium oxides with S 0 2. Each reaction of a 

vanadium oxide cluster with S 0 2 is divided into two partial reactions. The first reaction 

involves oxidation (or reduction) of S 0 2, with the enthalpy computed from the 

experimental enthalpies o f formation of sulfur oxides and oxygen atom. The second 

reaction consists o f reduction (or oxidation) of a vanadium oxide cluster, and the enthalpy
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for this reaction is calculated from total energies of vanadium oxide clusters and an 

oxygen atom obtained from calculations performed at the BPW91/LANL2DZ level of 

theory. The total enthalpy for the reaction is then computed as the sum of enthalpies for 

the first and second reactions. To illustrate this, the enthalpy for the reaction of V2O5 with 

SO2 leading to the formation of SO3 and V2O4 is obtained in the following way:

Partial reaction 1: SO2 + O — > SO3 + A H exp

Partial reaction 2: V2O5 —> V2O4  + O + A H comp

Total reaction: V2 O5 + SO2 —► V2O4 + SO3 +  A H reaction

In the above reactions, A H exp is obtained from the experimental enthalpies of

formation of SO2 , SO3 and O; A H comp is calculated from the BPW91/LANL2DZ energies 

of the lowest energy isomers o f V2O5 , V2 O4 and O. Finally, the total enthalpy o f reaction 

is obtained as a sum of the enthalpies for the two partial reactions: A H reaction =  A H exp +

A H COmP-

Structures o f VOy (y = 1 -  4) clusters with SO2 are computed and barriers for 

reactions of oxygen-deficient VO and oxygen-rich VO4 clusters with SO2 are also 

investigated in an effort to learn more about reaction intermediates and reaction paths. 

Due to the failure o f LANL2DZ basis set to provide proper description o f sulfur oxides, 

these calculations are performed at the BPW91/TZVP level of theory using Gaussian 98

58program.
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PERFORMANCE OF DFT CALCULATIONS 

Vanadium oxides

Table 4.1 shows a comparison between the properties o f VO and VO2 clusters 

obtained from gas phase experimental data and properties calculated at different levels of 

theory (density functional as well as ab initio). Density functional methods with the 

LANL2DZ basis set tend to overestimate bond lengths for VO and VO2 and the bond 

angle for VO2. Use o f the TZVP basis set provides better agreement with the experiment, 

although the calculation still slightly overestimates the O -  VO bond length and O -  V -  

O bond angle, and underestimates O -  V bond length. Hybrid density functional B3LYP 

tends to underestimate dissociation energies, while BPW91 and BP8 6  overestimate them 

by about leV. Note that theoretical values for O-VO bond strength obtained with BP8 6  

and BPW91 functionals employing a LANL2DZ basis set compare rather well to the 

experimental value o f 5.77 eV ,59 suggesting that the error in atomization energy of VO2 is 

carried over from the error in the description of VO. Surprisingly, use o f TZVP basis set 

with BPW91 and BP8 6  functionals to compute atomization energies o f vanadium oxides 

does not provide an improvement over the use of LANL2DZ basis set. BPW91/TZVP 

overestimates atomization energies of VO and VO2 by 1.2 eV and 1.65 eV, respectively, 

while BP8 6 /TZVP overestimates these atomization energies by 1.26 eV and 1.93 eV 

correspondingly. Ab initio methods with full electron basis sets, on the other hand, tend 

to slightly underestimate the atomization energies o f VO.

From the data presented here, just what method is the best one for calculations of 

vanadium oxide systems is not entirely clear. While ab initio methods with full electron 

correlation consistent basis sets provide better accuracy, at this moment they are not
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practical for use on larger clusters. Density functional methods provide a viable 

alternative to the ab initio methods; however, one must understand their shortcomings. 

Additional experimental data are also needed, such as atomization energies and bond 

strengths o f vanadium oxide clusters containing more than one vanadium atom, in order 

to judge the accuracy of available theoretical methods. We have chosen to use the 

BPW91 functional, since it provides a correlation component that might be important for 

proper description o f clusters containing more than one vanadium atom, for clusters 

undergoing reactions, and for calculation of transition states.

VO vo2
Method VO

[eV]
V - O

\M
vo2
[eV]

O
z 

1 o V - O
[A]

o - v - o
[deg]

Experimental 6.44 ± 
0 .2 0 60

1.58961 1 2 .2 0  ± 
0.1959 5.77s9 1.58912’62 1 \ Q°^^

BPW91/LANL2DZ 7.33 1.612 13.13 5.80 1.633 110.99°
BPW91/TZVP 7.64 1.586 13.85 6 .2 1 1.612 110.59°
BP86/LANL2DZ 7.41 1.611 13.44 6.03 1.632 110.77°
BP8 6 /TZVP 7.70 1.585 14.13 6.43 1.611 110.24°
BP8 6 /basis limit10 7.46 1.585
B3LYP/LANL2DZ 6.92 1.607 11.92 4.98 1.627 114.83°
B3LYP/TZVP 6.33 1.577 11.75 5.42 1.607 114.63°
B3LYP/basis limit10 6 .2 2 1.579
MR-ACPF/basis limit10 6.44 1.593
MCPFW 6.06 1.588
AIMP-MCPFW 6.09 1.586
Table 4.1. Atomization energies, bond lengths and structural parameters for VO and V 0 2.

Sulfur oxides and oxygen molecule

Table 4.2 shows structural parameters for the oxygen molecule and sulfur oxides 

computed at the BPW91/LANL2DZ and BPW91/TZVP level of theory. 

BPW91/LANL2DZ overestimates 0 - 0  bond length, while BPW91/TZVP provides 

better agreement with the experiment. Performance o f BPW91/LANL2DZ for sulfur
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oxides is much worse, significantly overestimating S -  O bond lengths and 

underestimating O -  S -  O bond angle in SO2 molecule. This is due to the lack of 

polarization functions in description of sulfur and oxygen atoms. Use of the TZVP basis 

set represents an improvement over LANL2DZ and provides acceptable description of 

bond lengths and bond angles for sulfur oxides, although it still somewhat overestimates 

sulfur -  oxygen bond lengths.

Parameter Experiment BPW91/LANL2DZ BPW91/TZVP
0 2: 0  -  0 1.208 A61 1.288 A 1.223 A
SO: S -  0 1.4811 A64 1.653 A 1.529 A
S 0 2: S - 0 1.431 A64 1.636 A 1.481 A
S 0 2: 0  -  S -  0 119.329°64 113.448° 118.379°
S 0 3: S - 0 1.4198 A64 1.632 A 1.467 A
Table 4.2. Bond lengths and bond angles for 0 2 and SOy (y = 1 -  3).

Table 4.3 compares experimental atomization energy of the oxygen molecule and 

sulfur -  oxygen bond strengths o f sulfur oxides to the atomization energy and bond 

strengths obtained from the DFT calculations. Experimental bond strengths of sulfur 

oxides are obtained from the enthalpies of formation of sulfur and oxygen atoms and SOy 

(y = 1, 2, 3) molecules published in NIST Chemistry WebBook57 based on consideration 

o f the following reactions: SO —> S + O, SO2 —► SO + O, and SO3 —> SO2 + O. S -  O 

and O -  SO bond strengths obtained in this way are in excellent agreement with bond 

strengths published in CRC Handbook .64

Parameter Experiment [eV] BPW91/LANL2DZ |eV| BPW91/TZVP [eVl
0 2 5.12 ± 0.00261 4.90 5.84
O - S 5.40y/ 4.16 5.46
o - s o 5.715/ 2.69 5.08

rM
OG

O1

O

3.61s7 1.09 3.24
Table 4.3. Bond strengths for 0 2 and SOy (y =1 — 3).
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BPW91/LANL2DZ provides a surprisingly good value for atomization energy of 

O2, which is probably just a coincidence considering that the basis set is of only double 

zeta quality and lacking a polarization function. Use of TZVP basis set to compute 

atomization energy of O2 does not provide an improvement over the use o f LANL2DZ, 

overestimating O2 atomization energy by 0.72 eV.

As can be seen in Table 3, BPW91/LANL2DZ significantly underestimates 

bonding energies o f sulfur oxides, with the largest error being a little over 3 eV for O -  

SO bond strength. Description of sulfur oxides is dramatically improved by replacing 

LANL2DZ by TZVP basis set. BPW91/TZVP level of theory, however, still 

underestimates O -  SO and O -  SO2 bond strengths and predicts the largest bond strength 

for S - O ,  rather than O -  SO. To obtain proper description o f sulfur oxide bond strengths 

one would need to use higher level of theory, such as CCSD(T)/cc-pV(X+d)Z (X = T, Q,

z r r  r o

5,6), ' which is not practical for our calculations.

RESULTS AND DISCUSSION 

Thermodynamics of reactions of vanadium oxides with sulfur dioxide

Two main reactions o f interest occur between VxOy cluster and an SO2 molecule:

1. oxidation of SO2 and reduction of VxOy, resulting in the formation of SO3; and 2. 

reduction of SO2 and oxidation of VxOy, resulting in the formation of SO. These 

processes can be generally described by the two following reactions: VxOy + S 0 2 —> 

VxOy.i + SO3; and VxOy + SO2 —» VxOy.i + SO3. To determine which product (SO3 or 

SO) is more likely to be formed under the reaction of a particular vanadium oxide cluster 

with SO2, enthalpy changes for both reactions are computed for the lowest energy
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isomers o f VOy (y = 1 -  5), V2Oy (y = 2 -  7), V3Oy (y = 4 -  9), and V4Oy (y = 7 -  12) 

clusters.

Figures 4.1 -  4.4 show enthalpy changes for reactions of VOy (y = 0 -  5), V2Oy (y 

= 2 - 7 ) ,  V3Oy (y = 4 -  9), and V4O5, (y = 7 -  12) clusters with S 0 2. The enthalpies of 

reactions are computed as described in Section 2 (Computational Methods) above, using 

experimental enthalpies o f formation for sulfur oxides and BPW91/LANL2DZ 

calculations for vanadium oxides. Enthalpies of reactions for the smallest vanadium oxide 

clusters are also obtained using available experimental enthalpies of formation for 

vanadium oxides64 and are depicted in Figure 4.1. Comparison o f the theoretical and 

experimental enthalpies o f reactions indicates that while the agreement o f theoretical and 

experimental data is not perfect, enthalpy changes obtained from the calculations on 

vanadium oxides should reproduce general trends.

Computed enthalpy changes for reactions suggest that reactions of oxygen- 

deficient vanadium oxide clusters (VOo.i, V20 2_4, V3O4 .6 , V4 O7 .9) with S 0 2 result in the 

formation of SO, while reactions of oxygen-rich clusters (VO4  5 , V2 06j, V30 8 ,9, V40 n  i2) 

with S 0 2 lead to the formation of S 0 3. Each series of vanadium oxides also contains 

clusters, such as V 0 2, V20 5, V30 7 , and V4O10, which are predicted to be stable with 

respect to the reaction with S 0 2.

These results are in a very good agreement with gas phase molecular beam 

experiments performed in our laboratory, in which both SO and S 0 3 products are 

observed by 10.5 eV and 26.5 eV ionization, respectively.22,47
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Enthalpy Change for V 0 y + S 0 2 Reactions
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Figure 4.1. Enthalpy changes for VOy + S02 —» VOy+i + S 02 and VOy + S02 —*• VOy.i + S 03 reactions.
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Figure 4.2. Enthalpy changes for V2Oy + S02 —► V2Oy+i + SO and V2Oy + S02 —► V2Oy.i + S 03 reactions
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Enthalpy Change for V3Oy + S 0 2 Reactions
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Figure 4.3. Enthalpy change for V3Oy + S02 —> V3Oy+i + SO and V3Oy + S02 —»•V3Oy_! + S 03 reactions

Enthalpy Change for V40  + S 02 Reactions
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Figure 4.4. Enthalpy changes for V4Oy + S 02 —* V4Oy+1 + SO and V4Oy + S02 —► V4Oy.( + S 03 reactions
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Reaction intermediates, barriers and reaction paths

In an effort to better understand paths for the reactions o f vanadium oxides with 

sulfur dioxide, intermediate structures of the smallest vanadium oxides, VO 1.4, with SO2 

are optimized at the BPW91/TZVP level of theory. Structures o f various isomers are 

depicted in Figures 4.5 -  4.8. The ground electronic states of all the isomers are doublets, 

except the highest energy isomer o f VO2SO2, which is a quartet.

0.58 eV
OeV

1.74
2.17 eV

1.31 eV

Figure 4.5. VOSOy structures optimized at the BPW91/TZVP level of theory.
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Figure 4.6. V 02S02 structures optimized at the BPW91/TZVP level of theory.

95

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.68

1.83
1.64

1.47
1.74

OeV

1.58
1.86

1.46
1.67

0.69 eV

1.491.60
1.65

1.83

1.51 1.47

2.06

1.66 ^

0.12 eV

1.50

1.62

1.86

1.59 1.80

0.79 eV 1.13 eV

Figure 4.7. V 03S 02 structures optimized at the BPW91/TZVP level of theory.
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Figure 4.8. V 04S 02 structures optmized at the BPW91/TZVP level of theory.
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Structures o f different VOySC)2 isomers give some indication o f the possible 

formation of SO, SO2 , or SO3 from V 0 yS0 2  complexes. The lowest energy structures of 

VOSO2  (Figure 4.5) hint at SO formation, while structures of VO2 SO2 (Figure 4.6) and 

VO3 SO2  (Figure 4.7) are more indicative o f SO2 formation and suggest that VO2 and VO3 

should be relatively stable with respect to the reaction with SO2 . Low energy structures of 

VO4 SO2 (Figure 4.8) are, contrary to the expectations, also suggestive o f SO2 formation. 

BPW91/TZVP predicts AH = +0.63 eV for the V 0 4 + S 0 2 -> V 0 3 + S 0 3 reaction, while 

BPW91/LANL2DZ calculations calibrated with experimental data for SO2 predict AH = - 

0.45 eV. The BPW91/TZVP result is a consequence o f overestimation o f Y -  O bond 

strength and at the same time underestimation of O -  SO and O -  SO2 bond strengths. If a 

better theoretical method were used to optimize these structures, most probably the same 

isomers would be obtained, but with different relative energies. This result is nonetheless 

within the overall ± 1 eV apparent accuracy of the present level o f theory.

Table 4.4 shows the bonding energies of VO1.4 with SO2 for their lowest energy 

isomers. Even though the bonding energies computed with BPW91/TZVP are probably 

about 1 eV too strong, we can still conclude that the complexes o f VxOy clusters with SO2 

should be stable. This is confirmed by the observation o f numerous Vx0 yS0 2  reaction 

intermediates in the gas phase experiments.47

Structure Bonding Energy [eV]
V O  +  S 0 2 4.08
V O 2 + S O 2 2.75
V O 3 + S O 2 1.51
V O 4 + S O 2 1.19

Table 4.4. Bonding energies for lowest energy isomers of VOyS02 (y = 1 -  4) clusters computed at the 

BPW91/TZVP level of theory.
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Calculation o f a barrier for the reaction of oxygen-deficient VO with SO2 is also 

performed at the BPW91/TZVP level o f theory. Despite the shortcomings o f this method, 

calculations can still provide us with valuable insights into the reaction mechanisms. 

Since the oxidation o f SO2 is suggested to require only one vanadium surface site, 4 1 '43 

calculations focused on VOy clusters should also be representative o f a mechanism 

occurring on larger clusters.

Figure 4.9 shows one possible reaction path for VO + SO2 —► VO2 + SO. No 

overall barrier for the reaction is found, only small barriers for rearrangement of 

intermediate structures o f VOSO2 . Note that due to the existence o f many different 

isomers of VOSO2 , many possible reaction paths for formation o f VO2 and SO will exist.

VO + so2
4.08 eV

vo2 + so
TS 2.95 eV

TS

1.33 eV .  /
1.03 eV------------ —*

0.76 eV
OeV

0.59 eV

Figure 4.9. Possible reaction path for VO + S 02 -*  V 02 + SO.

Condensed phase catalytic mechanisms

Based on the calculations presented here, we can propose some possible catalytic 

mechanisms for SO2 — *■ SO3 catalytic conversion in the condensed phase. First of all, one
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specific vanadium oxide cluster does not appear to be responsible for the catalytic 

behavior o f vanadium oxides. On the contrary, SO2  will react with most clusters: 

reactions with oxygen deficient clusters will lead to the formation of SO, while reactions 

with oxygen very rich clusters will result in the formation of SO3 . SO can further react 

with O2  to produce SO3 (AH = - 96kcal/mol, rate gas kinetic), providing another channel 

for formation of SO3 .69 Note that other processes, such as SO2 formation, might compete 

with the SO3 formation from SO . 69 Furthermore, “stable clusters” such as VO2 , V2 Q5 , 

V3O7 , and V4 O10 are predicted to be least reactive with SO2 . They will still form 

intermediate complexes with SO2  (see also part I47), but overall reactions of these 

clusters with SO2 leading to the formation o f SO or SO3 are endothermic, requiring extra 

energy. Note that the general “belief’ that catalytic reactions occur at defect condensed 

phase or surface sites is consistent with these results. In the following paragraphs we will 

describe two possible catalytic cycles that rely on these oxidation/reduction properties of 

vanadium oxide clusters. V mO n denote the stable sites, while V mO n+i and V mO n-i (m, n, i 

are positive integers, i < n) describe oxygen-rich and oxygen-deficient sites, respectively. 

Enthalpy for the specific reactions involving vanadium oxide clusters is given based on 

the calculations performed with gas-phase clusters at the BPW91/LANL2DZ level of 

theory. Enthalpy of SO3 formation from SO is taken from available experimental data. 64

Catalytic Cycle 1: SO? —> SO3 occurs on oxygen-rich or oxygen-deficient sites 

Step #1: Formation o f the oxygen-rich and oxygen-deficient sites from stable sites.

2 V mO n — *■ 2 V mO n- i +  O 2 

2VmOn + O2 —► 2V20n+i
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For example,

2V20 5 -> 2 V2O4 + 0 2 (AH = 5.60 eV)

2V20 5 + 0 2 2V20 6 (AH = -0.73 eV)

V20 5  —► V20 3 + 0 2 (AH = 6.79 eV)

V2O5 + 0 2 —► V20 7 (AH = -0.8 eV)

Oxygen-deficient and oxygen-rich sites are formed from the stable sites. This step is 

endothermic and requires some source of energy, for example in the form of heat. (Note 

that although reactions like 2V20 5 + 0 2 —> 2V206 are overall predicted to be exothermic, 

they will have a significant barrier since 0 - 0  bond breaking requires some activation 

energy.) Additionally, some oxygen-rich or oxygen-deficient sites (or defects) will be 

naturally present in the condensed phase.

Step #2: Reactions o f oxygen-deficient and oxygen-rich sites with S 0 2, regeneration of 

stable sites.

VmOn+ 2  + S 0 2  — *■ VmOn+, + SO3

VmOn+i + S0 2  — *■ VraOn + SO3

VmO„ . 2  + S0 2  -► VmO„.i + SO, SO + 0 2  -► s o 3

V2 On.i + S0 2  -»  VmO„ + SO, SO + 0 2  — S 0 3
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For example,

V2O7 + S 0 2 -> V20 6 + S 0 3 (A H  = -0.73 eV)

V20 6 + S 0 2 -*• V20 5 + S 0 3 (A H  = -0.76 eV)

V2O3 + S 0 2 -»> V2O4 + SO (A H  = -0.73 eV), SO + 0 2 -► S 0 3 (A H  = -4.15 eY)

V2O4 + S 0 2 -♦  V20 5 + SO (A H  = 0.46 eV), SO + 0 2 S 0 3 (A H  = -4.15 eV)

Oxygen-deficient and oxygen-rich sites react with SO2, leading to the formation of SO 

and SO3. SO further reacts with O2, producing SO3. These reactions are exothermic and 

without significant barriers. Stable sites are also regenerated in this step, since oxygen- 

rich sites are reduced and oxygen-deficient oxidized.

Catalytic Cycle 2: SO? —> SO3 occurs on stable sites 

Step #1: Reactions o f stable sites with SO2 

VmOn + S 0 2 — VmOn+i + SO, SO + 0 2 -> S 0 3 

VmO„ + S 0 2 — VmO„.i + S 0 3

For example,

V20 5 + S 0 2 -»■ V20 6 + SO (A H  = 2.89 eV), SO + 0 2 —> S 0 3 (A H  = -4.15 eV)

V20 5 + S 0 2 -*• V20 4 + S 0 3 (A H  = 1.64 eV)

Stable sites react with SO2, producing SO3 and SO as well as oxygen-rich and oxygen- 

deficient sites. These reactions are endothermic, requiring additional energy.

1 0 2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Step #2: Regeneration of stable sites 

V mO n+i +  SO2 —► V mO n +  SO3 

VmOn+l V mO n.i * 2V mO n 

V mOn.2 +  O2 —> V mO n 

2 V mO n-i +  O 2 —» 2 V mO n

For example,

V20 6 + S 0 2 -*• V20 5 + S 0 3 (AH = -0.79 eV)

V20 6 + V2O4 -*■ 2V20 5 (AH = -2.44 eV)

V20 3 + 0 2 -*  V20 5 (AH = -6.79 eV)

2V20 4 + 0 2 -► 2V20 5 (AH = -5.60 eV)

There are several ways by which stable sites can be regenerated in this step: 1. oxygen- 

deficient and oxygen-rich sites react with leftover SO2, producing SO3 and a stable site;

2 . oxygen-deficient and oxygen-rich sites react with each other, forming two stable sites;

3. oxygen-poor clusters are oxidized with O2 present in the system.

In addition to the two mechanisms described above, other mechanisms leading to 

the SO3 formation are possible. Experimental evidence exists for reaction of stable sites 

with SO2 and O2 leading to the formation of oxygen-rich sites and SO3. This mechanism 

is discussed in more detail in part I.47 One can imagine other mechanisms as well -  for 

example, two units of SO2 coming together on a vanadium oxide, producing SO and SO3 

(a V2 0 4 (S0 2 ) 2  complex have been also observed experimentally47). Additional
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mechanisms, involving first reduction of a vanadium oxide by SO2 and then its 

reoxidation by O2 ,40 or adsorption of O2 followed by oxidation o f two SO2 molecules, 1 

have been suggested based on condensed-phase experimental work. Which one of these 

mechanisms most closely describes actual processes occurring in the condensed phase 

should be a subject o f further experimental and theoretical studies. Note, however, that 

the profusion of potential mechanisms is a positive and perhaps important part of the 

overall efficiency of the catalytic conversion of SO2  to SO3 by vanadium oxide. In 

general, catalytic metal oxide surfaces are very complex and can terminate with multiple

70surface functionalities. Moreover, vanadium oxide catalytic conversion of SO2 to SO3 

occurs in molten phase under high temperatures and presence of alkali metal sulfates, 71 ’72 

which leads to formation o f a variety o f chemical species and adds yet another layer of 

complexity. Quite possibly, no single mechanism is responsible for catalytic formation of 

SO3 , but two or more mechanisms occur concurrently, thus making vanadium oxide a 

very efficient catalyst.

CONCLUSION

Reactions o f neutral vanadium oxide clusters with SO2  are studied with the aim of 

elucidation o f a mechanism for catalytic formation o f SO3 .

Theoretical calculations at the BPW91/LANL2DZ level o f theory, calibrated with 

the experimental enthalpies of formation for SO1.3 molecules, suggest that both oxidation 

and reduction of SO2 occur. SO2 —» SO3 formation takes place on the oxygen-rich 

clusters, while SO2  —> SO formation is facilitated by oxygen-poor vanadium oxide 

clusters. SO formation provides another channel for SO3 production, since SO readily
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reacts with O2 : SO2 + O2 —> SO3 . SO and SO3 formation is also confirmed by gas phase 

experimental studies.47

Neutral vanadium oxide clusters form stable reaction intermediates with SO2 , 

illustrated with the example o f the smallest vanadium oxide clusters VOy, y = 1 -  4. 

Furthermore, BPW91/TZVP calculations find no overall barrier for VO + SO2  —> VO2 + 

SO reaction, suggesting that reactions of oxygen-poor clusters with SO2 occur rather 

easily. In general, many possible reaction paths will be feasible since a variety of 

Vx0 yS0 2  isomers exist that are lower in energy than reactants or products.

Finally, two possible catalytic cycles are suggested based on the facility of 

vanadium oxide clusters both to oxidize and reduce SO2. We suggest that more than just 

one detailed mechanism contributes to the conversion of SO2 to SO3 in the condensed 

phase. Further experimental and theoretical work is necessary to determine the role 

played by specific mechanisms.

Reported calculations are in a very good agreement with and complement gas 

phase molecular beam experimental studies of neutral vanadium oxide clusters.

One general extrapolation from these studies o f heterogeneous catalysis can be 

suggested concerning the overall oxidation/reduction catalytic processes we have posited: 

the profusion of the reactant species, reaction intermediates and transition states, and 

even mechanisms for the conversion of SO2 to SO3 may be a major reason that vanadium 

oxide is an excellent oxidation/reduction catalyst for the reaction. The fact that many low 

lying, energy accessible reaction intermediates and transition states are available, that 

many sites (clusters) can initiate the conversion, that many paths can lead to SO or SO3 , 

and that the thermodynamics enable and favor both product generation and catalyst
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regeneration to occur, ensure an overall very efficient and general rate enhancement 

process for the reaction.
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CHAPTER 5

FUTURE DIRECTIONS

BASIS SETS FOR INTERMOLECULAR INTERACTIONS

Development o f efficient basis sets for calculations o f intermolecular interactions 

with large dispersion components is not an easy task. Although relatively few functions 

(a set o f p and d functions for hydrogen, or a set o f d and f  functions for first row 

elements) optimized with respect to the interaction dramatically improve computed 

bonding energies, fairly large basis sets are needed for proper description of core and 

valence electrons. If the underlying basis sets are too small, deficiencies in the 

description o f core and valence regions combined with the presence o f diffuse functions 

give rise to very large basis set superposition errors (BSSE) in the calculation o f bonding 

energies. On the other hand, large, almost complete basis sets, that provide very good 

description of core and valence, are computationally expensive and bring about linear 

dependency problems. There is a need for basis sets that are efficient (i.e., 

computationally inexpensive), do not cause linear dependency problems, are saturated 

enough so BSSE is negligible, and provide very accurate bonding energies for systems 

with dominant dispersion component. At present, no such basis sets are known.

The main issue for basis set development for intermolecular interactions seems to 

be slow convergence o f Gaussian expansions toward the basis set limit. This means that
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to achieve very accurate descriptions (i.e., within nanohartree accuracy) o f higher-order 

phenomena such as dispersion or, more generally, electron correlation effects, large sets 

o f Gaussian functions are needed . 1 At least two reasons contribute to this slow 

convergence o f Gaussian expansions: 1. use of one-electron wavefunctions as building 

blocks for many-electron wavefunctions (i.e., many-electron wavefunctions are expressed 

in terms of antisymmetrized products of one-electron wavefunctions); and 2 . the general 

shape o f Gaussian functions. With regard to this latter point, Gaussian functions do not 

properly reproduce nuclear cusps and fall off too fast in the region away from nuclei.

The first reason for slow convergence (expansion of many-electron wavefunction 

in terms of one-electron wavefunctions) is not directly related to the choice of Gaussians 

as basis functions. The same would be true even if  different basis functions (for example 

Slater functions) were used. Slow convergence can be in this case alleviated by 

considering the explicit dependence o f the wavefunction on inter-electronic coordinates 

rj2 . The explicitly correlated wavefunction approach is able to describe correlation effects 

in many-electron systems properly with fewer basis functions than standard methods. 1' 3 

Since dispersion interactions also originate from electron correlation effects, it might be 

beneficial to apply r n  methods to calculate intermolecular interactions. With this method 

one might potentially achieve a better description o f intermolecular interactions with 

fewer basis functions, thus eliminating linear dependence problems. One drawback here 

is that explicit dependence of wavefunction on inter-electronic coordinates vastly 

complicates the evaluation o f 2 -electron integrals that are needed in the calculations.

The second issue revolves around the choice of Gaussians as basis functions for 

calculations o f intermolecular interactions. Due to the deficiencies in their shape, large
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numbers o f Gaussians are needed to achieve satisfactory accuracy in the computed 

energies and other properties of weakly bound systems. Large numbers o f Gaussians 

combined with the presence o f diffuse functions required for proper description of 

intermolecular interactions leads in turn to linear dependence problems. This puts 

practical limits on the accuracy one can achieve when using Gaussian basis sets, since at 

some point (once the number o f basis functions becomes large enough) calculations 

becomes numerically unstable.

The finite element method (FEM) offers an alternative approach to the use of 

Gaussian basis sets. In the FEM, the solution region is divided into a number o f smaller 

regions called elements. Basis functions used in the FEM are traditionally composed of 

polynomial functions. They are strictly local, defined to be nonzero only on a particular 

element, and zero everywhere else. This is in contrast to Gaussian basis functions, which 

have a global character, and are defined over all the solution space. Locality o f the finite 

element (FE) basis functions means that they do not incur global linear dependency 

problems, and they lead to sparse and band-structured matrices for which efficient 

algorithms for diagonalization are available. FE basis sets have been implemented for use 

with various methods, including Hartree-Fock,4' 6 MP2,7 explicitly correlated methods, 8 

and density functional methods.9,10 Unfortunately, FE basis functions do not reproduce 

nuclear cusps accurately. 11 Large numbers o f polynomials need to be included for 

elements where nuclei are situated. This then becomes computationally very expensive in 

the case o f polyatomic molecules. Therefore, FEM for polyatomic molecules is not 

currently competitive with traditional global expansion methods.
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One way to solve the basis set problem for calculations of intermolecular 

interactions would be to combine Gaussian basis sets with FE basis sets. Linear 

combinations o f atom-centered compact Gaussian functions can be used to describe 

nuclear cusps, thus compensating for the deficiency of FE basis sets in this region. Local 

FE basis functions would then be used to provide additional flexibility needed to describe 

electron correlation events properly. This will eliminate the need to add large number of 

Gaussians to the basis set to improve description o f wavefunction in the regions away 

from nuclei. Since the FE basis functions are local, they will not contribute to BSSE, nor 

to the linear dependence problems. Calculation of 2-electron integrals should also not 

pose any difficulties. FE functions are polynomials, so they will not be hard to integrate 

and standard quantum chemistry program packages already contain efficient codes for 

calculation o f 2-electron integrals over Gaussian functions. Use of compact Gaussian 

basis functions on nuclei will also minimize the overlap between Gaussians centered on 

two different atoms thus reducing the number of 2 -electron multicenter integrals that 

need to be evaluated. Moreover, this minimal overlap will also help to prevent conditions 

that give rise to BSSE . 12 Combined FE-Gaussian basis sets have already been used in 

density functional theory calculations on several polyatomic molecules12,13 and based on 

published results show a great promise for calculations of intermolecular interactions.

DFT CALCULATIONS OF VANADIUM OXIDE CATALYST

Results on structure and reactivity o f neutral vanadium oxide clusters in 

the gas phase presented in Chapters 3 and 4 demonstrate that much can be learned about
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condensed phase catalytic processes from these simple model systems. This is especially 

true when computational results are complemented by experimental investigations.

Theoretical as well as experimental14 studies performed in our laboratory suggest 

three possible mechanism for SO3 formation: 1. vanadium oxide catalyzed SO2 —* SO 

conversion (occurs on oxygen deficient sites) with subsequent SO + O2 —» SO3 reaction; 

2. vanadium oxide catalyzed SO2 —> SO3 conversion (occurs on oxygen rich sites); and 3. 

formation o f stable intermediates, VxOy + SO2 —» Vx0 yS0 2 , (occurs on stable, oxygen 

saturated vanadium oxide sites), and subsequent reaction of these intermediates with O2; 

Vx0 yS0 2  + O2 —► VxOy+i + SO3. It is important to note that the computational studies of 

reactions between vanadium oxide clusters and SO2 presented in this work are concerned 

with the thermodynamics o f these reactions and do not consider reaction kinetics. To 

learn more about the kinetics and determine preferred mechanism for SO3 formation, one 

would need to investigate barriers for the above reactions in more detail. In this respect, 

optimization o f transition states corresponding to steps o f the reaction mechanisms 

proposed above and the application o f transition state theory to obtain rate constants 

should aid us in predicting which o f the mechanisms for SO3 formation is the most likely 

to occur. SO2 and O2 concentrations and temperature effects will also have a considerable 

influence on SO3 formation in the condensed phase.

Our results also point out challenges that computational approaches need to 

overcome to become a better tool for catalysis research. First, while density functional 

theory (DFT) calculations provide us with qualitatively accurate pictures, they are not yet 

ready to supply precise quantitative answers. The apparent accuracy of calculations 

presented here is about ±1 eV, which is acceptable if  one wants to gain insight into
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general trends, but not good enough to provide reliable quantitative results (accuracy 

within ±2 kcal/mol or ±0.1 eY). Clearly, development o f better methodologies is 

necessary. This problem is compounded by the lack o f experimental data, especially for 

larger metal and metal oxide clusters, that could aid in the design and testing of new 

computational methods.

Current methods could be improved in two basic areas. First, better functionals 

are needed. The deficiency o f current functionals lies especially in the description of 

atomization energies and bond strengths. Recently some new functionals have been 

implemented in the Gaussian 03 computational package, such as PBE18 and revised 

PBE , 19 that might provide better atomization energies and bond strengths for metal oxide 

clusters.

The second area involves development o f better basis sets. Most o f the basis sets 

used in DFT calculations have been obtained for use with Hartree-Fock and correlated 

methods such as MP2 and configuration interaction. One could argue that basis sets 

developed specifically for DFT calculations would provide more accurate results. Some 

attempts to develop basis sets for use with DFT methods have already been reported.20,21 

One difficulty with this approach deals with the choice of functional for the basis set

optimization. A second difficulty centers about basis set transferability between different

* 22 •functionals. In order to make some progress in this area, careful characterization and

benchmark studies o f density functionals and basis sets that are already available is 

necessary. Such benchmark studies are currently underway in several laboratories.22'26
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APPENDIX A

BASIS SET PARAMETERS

Basis sets used in this study are composed o f Gaussian basis functions. A 

primitive Gaussian basis function, g p , in the spherical-harmonic representation is defined 

as:

gp =N{X,l,m)Slme-‘[’-ir .

In the above equation N  denotes a normalization constant, x  represents orbital exponent (x 

always has a positive value), R orbital center vector, and r is the radial distance from 

the center of the orbital. \r\2 = x 2 + y 2 + z 2, in which x, y, and z are cartesian coordinates. 

Sim represent real solid harmonics, where / can have any integral nonnegative value, and 

m runs over all integers\m\ < / .  Sim for I < 3 are shown in Table A .I. In the spherical-

harmonic representation, one s -  function, three p -  functions, five d -  functions, and 

seven f  -  functions correspond to each exponent x  on one center. All calculations 

presented here used spherical-harmonic representation o f Gaussian basis functions, which 

is a default choice in the MOLPRO program.

Orbital center vector, R , is in the standard, atom-centered basis sets identical with 

the atom’s coordinates and the only variational parameter is the orbital. In case of the 

tessellated basis sets, both x  and R are determined variationally with respect to the
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bonding energy o f a particular dimer, as described in Chapter 2. For augmented basis 

sets, only orbital exponent /  is optimized and all basis functions are atom centered.

Appendix A collects basis set parameters for tessellated and augmented basis sets 

optimized to describe dispersion interactions for 3H2, Ne2, and (CFL^. For tessellated 

basis sets, they include distance o f tessellating functions from the atom’s nucleus 

centered in the vertices o f the octahedron (i?v) and in the center o f octahedron’s faces 

(/?/), orbital exponents o f functions centered in the vertices o f octahedron (xvi and %v2 , 

functions with these exponents are centered in vertices of the same octahedron), and 

orbital exponents o f functions centered in the octahedron’s faces (//). For augmented 

basis sets, orbital exponents of augmenting functions are given: Xp describes the orbital 

exponent o f a set o f p -  functions, Xd is the orbital exponent for a set o f d -  functions, and 

Xf corresponds to the orbital exponent for a set of f  -  functions optimized for the 

intermolecular interaction.

Other parameters o f interest, such as the number of primitive Gaussian functions 

in each basis set (No. of Prim.), smallest eigenvalue o f S matrix (S eigen.), bonding 

energies (Ebond), and BSSE (E Bs s e ) are also presented. Number of primitive functions, 

smallest eigenvalues of S matrix, as well as BSSE and bonding energies are also given 

for some widely used standard basis sets for comparison.
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Basis Set R v [A] Xvl Xv2 R f \ M Xvl No. of Prim. S eigen. Ebond L«h] Ebsse f^h]
Ehiz 36 2.69x1 O' 4 17.38 0 .0 0

THuzSy 0.14 s 0.18 48 3.69x1 O' 5 -11.55 0 .0 0

THuzPv 0.25-0.35 p 0.17 72 3.96X10-3 -16.85 0 .0 0

TH uzS/f 0.25 s 0.63 s 0.14 0.70 s 0.16 76 1.56x10'* -18.70 0 .0 0

THuz(SP)v 0.33-0.38 s 0.45 p 0.13 84 2.17xl0‘5 -19.59 0 .0 0

6-311G** 16 1 .0 2 x 1 0 '1 15.39 2.50
T6-311G**SV 0.55 s 0.15 28 4.07x10'j -14.55 4.44
T6-311G**Svf 0.55 s 0.15 0.60 s 0.15 44 3.69xl0 '5 -18.81 6.57
T6-311G**Sv2f 0.71 s 0.15 s 0.31 0.79 s 0.14 56 9.16x1 O' 5 -19.52 9.26
T6-311G**PV 0.55 p 0.16 52 1.05x10'3 -19.32 4.99
T6-311G**Pvf 0.57 p 0.16 0.32 p 0.14 1 0 0 2.38x10_/ -20.06 8.29
T6-311G**P/f 0.58 p 0.16 p 0.39 0.33 p 0.14 136 1.85x1 O' 7 -20.64 10.95

Table A.2. Tessel ated basis set parameters for 3H2. Bonding energies and BSSE computed at the MP2 evel o f theory.
Rv -  distance from the atomic center to the vertices o f octahedron; Xvi, Xv2 -  orbital exponents o f functions centered in the vertices of 
octahedron; R f -  distance from the atomic center to the middle of octahedron’s faces; Xf~  orbital exponent o f functions centered in the 
faces of octahedron; No. o f Prim -  number o f primitive Gaussians in the basis set; S eigen. -  smallest eigenvalue o f the S matrix; Ebond 
-  bonding energy; E b s s e  -  BSSE.

Basis Set Xp Xd No. of Prim. S eigen. Ebond l/*h] Ebsse L̂ h]
Huz 36 2.69X10-4 17.38 0 .0 0

AHuzP 0 .1 42 2.69X10-4 -3.22 0 .0 0

AHuzPD 0.16 0.14 52 2.69X10-4 -15.43 0 .0 0

6-311G** 16 1 .0 2 x 1 0 -' 15.39 2.50
A6-311G**P 0.13 2 2 l .o ix io - ' -10.73 3.24

A6-311G**PD 0.13 0.14 32 9.81 xlO ' 2 -17.98 3.72
Table A.3. Augmented basis set parameters for H2. Bonding energies and BSSE computed at the MP2 level of theory.
XP -  orbital exponent for a set o f p -  functions; Xd -  orbital exponent for a set of d -  functions; No. o f Prim -  number of primitive 
Gaussians in the basis set; S eigen. -  smallest eigenvalue o f the S matrix; Ebond -  bonding energy; E b s s e  -  BSSE.
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Basis Set No. of Prim. S eigen. Ebond r^h] E b s s e  L«h]
cc-pVDZ 14 9.39xl0 ‘2 15.80 7.16
cc-pVTZ 32 1.38xl0'2 6.49 2.78
cc-pVQZ 64 2.01x1 O' 3 -1 .0 1 1.48
cc-pV5Z 116 6.44x1 O’4 -5.83 0.16
cc-pV6 Z 190 2.79xl0 ’4 -10.07 0 .0 2

aug-cc-pVDZ 2 2 6.28x1 O' 2 -10.57 2 .0 2

aug-cc-pVTZ 50 1.31xl0'2 -16.24 0.52
aug-cc-pVQZ 114 1.97x1 O' 3 -17.88 0.60
aug-cc-pV5Z 166 6.34X10"4 -18.91 0.06
aug-cc-pV6 Z 262 2.77x10"4 -19.49 0 .0 0

Table A.4. Bonding energies, BSSE, and lowest eigenvalues o f S matrix computed by standard basis sets for 3H2. Bonding energies 
and BSSE computed at the MP2 level of theory.
No. o f Prim. -  number o f primitive Gaussians in the basis set; S eigen. -  smallest eigenvalue of the S matrix; Ebond -  bonding energy; 
E b s s e  — BSSE.
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Basis Set Rr [A] Xvl Xv2 R f \ M Xvl No. of Prim. S eigen. Ebond L«h] E b sse  L«h]
spd-cc-pV6 Z 164 6.48X10-4 -32.91 8.62

Tspd-cc-pV6 ZSv 0.76 s 0.42 176 6.38X10-4 -52.15 52.44
T spd-cc-p V 6 ZS vf 0.63 s 0.41 0 .2 0 0.53 192 3.98x10'6 -59.58 58.18
T spd-cc-p V 6 ZS v2f 0.45 s 0.37 s 0.50 0 .1 0 0.50 204 4.97x1 O' 8 -61.90 85.50
Tspd-cc-pV6 ZPv 0.56 p 0.39 2 0 0 5.62X10-4 -72.08 96.19
Tspd-cc-pV6 ZPvf 0.92 p 0.36 0.44 p 0.45 248 1.66x1 O' 3 -78.94 457.36
T spd-cc-pV 6 ZPv2f 0.99 p 0.38 p 0.27 0.40 p 0.45 284 1.82xl0‘b -81.89 846.37

6-311G** 62 8.32xl0’2 38.24 124.59
T6-311G**SV 0.58 s 0.46 74 4.14xlO'J -25.86 593.14
T6-311G**Svf 0.59 s 0.46 0.59 s 0.56 90 1.47X10-4 -93.48 709.63
T6-311G**Sv2f 0.59 s 0.46 s 1 0 0 0 0.59 s 0.56 1 0 2 1.47X10-4 -93.48 709.63
T6-311G**PV 0.42 p 0.49 98 1.20x1 O' 4 -98.36 626.59
T6-311G**Pvf 0.49 p 0.44 0.73 p 0.49 146 3.18X10-4 -101.06 1228.26
T6-311G**Pv2f 0.42 p 0.49 p 7.00 0.73 p 0.49 182 4.15xl0’4 -101.37 1253.00

Table A.5. Tessellated basis set parameters for Ne2. Bonding energies and BSSE computed at the MP2 level o f theory.
R v -  distance from the atomic center to the vertices of octahedron; Xvi, Xv2 -  orbital exponents o f functions centered in the vertices o f 
octahedron; R f -  distance from the atomic center to the middle o f octahedron’s faces; x j~  orbital exponent o f functions centered in the 
faces of octahedron; No. o f Prim -  number of primitive Gaussians in the basis set; S eigen. -  smallest eigenvalue of the S matrix; Ebond 
-  bonding energy; E b s s e  -  BSSE.
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Basis Set Xd Xf No. of Prim. S eigen. Ebond fjWh] Ebsse L«h|
spd-cc-p V 6 Z 164 6.48x10'4 -32.91 8.62

Aspd-cc-pV6 ZD 0.24 174 6.45X10-4 -44.96 13.16
Aspd-cc-p V 6 ZPDF 0.25 0.36 188 6.43x1 O'4 -70.42 54.97

6-311G** 62 8.32xl0'2 38.24 124.59
A6-311G**D 0.35 72 8.62x10'2 -68.91 320.84

A6-311G**DF 0.34 0.34 8 6 8.62x10'2 -97.07 513.54

Table A.6 . Augmented basis set parameters for Ne2. Bonding energies and BSSE computed at the MP2 level o f theory.
Xd ~  orbital exponent for a set of d -  functions; Xf~ orbital exponent for a set o f f  -  functions; No. o f Prim -  number of primitive 
Gaussians in the basis set; S eigen. -  smallest eigenvalue of the S matrix; Ebond ~  bonding energy; E b s s e  -  BSSE.

Basis Set Xd Xf No. of Prim. S eigen. MP2 LMP2
Ebond L«h] Ebsse L«h] Ebond L«h] Ebsse L«h|

A6-311G**DF 0.34 0.34 8 6 8.62x10'2 -111.64 745.71 -108.74 517.25
Acc-pVDZDF 0.32 0.31 76 0.50x10'* -97.07 513.54 -99.19 398.75
Acc-pVTZDF 0.29 0.35 108 0.17x10'* -81.29 352.28 -96.22 2 2 1 .0 1

Acc-pVQZDF 0.26 0.33 160 0.52x10'j -74.48 152.13 -87.42 83.34
Acc-pV5ZDF 0.25 0.31 240 0.26x10'J -73.82 32.20 -76.47 9.82

Aaug-cc-pVDZDF 0.24 0.33 94 0.25x10'* -75.67 369.16 -81.88 65.04
Aaug-cc-pVTZDF 0 .2 0 0.31 140 0.74xl0 ' 2 -76.43 186.56 -81.30 14.13
Aaug-cc-p V QZDF 0.29 0.30 2 1 0 0 .2 1 xlO'J -78.77 98.17 -82.38 11.17
Aaug-cc-p V 5 ZDF 0.19 0.32 312 0.25xlO'J -78.59 38.25 -80.77 1 .8 6

Table A.7. Augmented basis set parameters for Ne2. Bonding energies and BSSE computed at the MP2 and LMP2 levels o f theory. 
Xd -  orbital exponent for a set of d -  functions; Xf ~ orbital exponent for a set o f f  -  functions; No. o f Prim -  number of primitive 
Gaussians in the basis set; S eigen. -  smallest eigenvalue o f the S matrix; Ebond ~ bonding energy; E b s s e  ~ BSSE.
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Basis Set No. of Prim. S eigen. Ebond 1/̂ h] E b s s e  L«h]
cc-pVDZ 52 5.00xl0 ‘2 16.98 67.50
cc-pVTZ 84 1.67x1 O' 2 20.48 163.71
cc-pVQZ 136 5.22X10-4 -9.21 105.68
cc-pV5Z 216 2.56X10-4 -33.33 19.70
cc-pV6 Z 322 6.70xl0 '5 -50.00 8.05

aug-cc-pVDZ 70 2.98x1 O' 2 -0.78 116.01
aug-cc-pYTZ 116 1.03x1 O' 2 -50.15 81.59
aug-cc-pVQZ 186 5.10X10-4 -68.70 45.54
aug-cc-pV5Z 288 2.51X10-4 -75.68 22.04
aug-cc-pV6 Z 420 6.62xl0‘3 -79.53 9.50

Table A.8 . Bonding energies, BSSE, and lowest eigenvalues o f S matrix computed by standard basis sets for Ne2. Bonding energies 
and BSSE computed at the MP2 level of theory.
No. o f Prim. -  number o f primitive Gaussians in the basis set; S eigen. -  smallest eigenvalue o f the S matrix; Ebond ~ bonding energy; 
E b s s e  -  BSSE.
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Basis Set rv rAi Xvl No. of Prim. S eigen. Ebond f/*h] Ebsse l/*hl
H: Huz 286 6 .8 8 x l0 ‘5 -378.71 222.45C: spd-cc-pV6 Z
H: Huz 298 6 .8 6 x l0 '5 -548.18 579.22C: Tspd-cc-pV6 ZSv 1.07 s 0 .2 1

H: Huz 322 6.59xl0 ' 5 -667.85 725.74
C: Tspd-cc-pV6 ZPv 0.85 p 0.23
H: THuzSv 0.14 s 0.18 334 8.18xl0’7 -638.64 749.50C: spd-cc-pV6 Z
H: THuzSv 0.14 s 0.18 346 7.16xl0‘7 -666.75 1069.08C: Tspd-cc-pV6 ZSv 1.07 s 0 .2 1

H: THuzPv 0.25 p 0.17 430 2 .0 1  x l 0 ‘7 -706.86 1758.46C: spd-cc-pV6 Z
H: THuzPv 0.25 p 0.17 466 1.04x1 O' 7 -723.49 1870.05C: Tspd-cc-pV6 ZPv 0.85 p 0.23

Table A.9. Tessellated basis set parameters for (C H ^ . Bonding energies and BSSE computed at the MP2 level o f theory.
Rv -  distance from the atomic center to the vertices of octahedron; /v i -  orbital exponents o f functions centered in the vertices of 
octahedron; No. o f Prim -  number of primitive Gaussians in the basis set; S eigen. -  smallest eigenvalue of the S matrix; Ebond ~ 
bonding energy; E b s s e  -  BSSE.
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Basis Set R v [A] Xvl No. of Prim . S eigen. Ebond l/^h] E bsse l/*hl
H: 6-311G** 126 l . l l x l O ' 2 -171.16 280.92C: 6-311G**
H: 6-311G** 138 2.28xl0'2 -384.91 445.56C:T6-311G**SV 1.14 0 .2 0

H: 6-311G** 162 7.53xl0 ’5 -636.80 622.06C: T6-311G**PV 0.37 0.19
H: T6-311G**SV 0.55 0.15 174 1.32xl0’5 -626.94 491.61C: 6-311G**
H: T6-311G**SV 0.55 0.15 186 7.86x10‘6 -663.39 672.27C:T6-311G**SV 1.14 0 .2 0

H: T6-311G**PV 0.55 0.16 270 3.28x1 O’6 -721.50 1196.21C: 6-311G**
H: T6-311G**PV 0.55 0.16 306 3.30xl0’7 -734.67 1298.65C: T6-311G**PV 0.37 0.19

Table A.10. Tessellated basis set parameters for (C H ^ . Bonding energies and BSSE computed at the MP2 level o f theory.
Rv -  distance from the atomic center to the vertices o f octahedron; /v i, Xv2 -  orbital exponents o f functions centered in the vertices o f 
octahedron; No. of Prim -  number o f primitive Gaussians in the basis set; S eigen. -  smallest eigenvalue o f the S matrix; Ebond -  
bonding energy; E b s s e  ~ BSSE.
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Basis Set Xd Xd Xf No. of Prim. S eigen. Ebond L«h| Ebsse l/*hl
H: Huz 286 6 .8 8 x l 0 '5 -378.71 222.45
C: spd-cc-pV6 Z
H: Huz 296 6 .8 6 x l 0 ‘5 -397.33 451.18C: Aspd-cc-pV6 ZD 0.13
H: AHuzP 0 .1 0 310 1.09xl0'5 -482.92 444.51C: spd-cc-pV6 Z
H: Huz 310 6.83 xlO ' 5 -618.86 637.79C: Aspd-cc-pV6 ZDF 0.14 0 .2 1

H: AHuzP 0 .1 0 320 8.09x1 O' 6 -496.87 616.53C: Aspd-cc-pV6 ZD 0.13
H: AHuzPD 0.16 0.14 350 5.21 xlO ' 6 -645.82 713.83C: spd-cc-pV6 Z
H: AHuzPD 0.16 0.14 374 4.04xl0 '6 -681.73 743.44C: Aspd-cc-pV6 ZDF 0.14 0 .2 1

Table A.11. Augmented basis set parameters for (C H ^ . Bonding energies and BSSE computed at the MP2 level o f theory.
XP -  orbital exponent for a set o f p -  functions; Xd -  orbital exponent for a set of d -  functions; x j~  orbital exponent for a set o f f  -  
functions; No. o f Prim -  number o f primitive Gaussians in the basis set; S eigen. -  smallest eigenvalue o f the S matrix; E bond -  

bonding energy; E b sse -  BSSE.
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Basis Set Xp Xd Xf No. of Prim. S eigen. Ebond L«h] Ebsse f/di|
H: 6-311G** 126 l . l lx lO -2 -171.16 280.92
C: 6-311G**
H: 6-311G**

136 9 .10x l0 ‘3 -476.18 332.18
C: A6-311G**D 0.17
H: A6-311G**P 0.13 150 1.25 xlO'3 -521.71 509.69
C: 6-311G**
H: 6-311G**

150 1.67x10'3 -628.11 438.52
C: A6-311G**DF 0.16 0.19
H: A6-311G**P 0.13 160 9.23 xlO4 -603.91 438.83
C: A6-311G**D 0.17
H: A6-311G**PD 0.14 0.14 190 2 .10x l04 -657.28 803.32
C: 6-311G**
H: A6-311G**PD 0.14 0.14 214 1.47x1 O'4 -701.82 711.83
C: A6-311G**DF 0.16 0.19

Table A.12. Augmented basis set parameters for (CEL^. Bonding energies and BSSE computed at the MP2 level o f theory.
XP -  orbital exponent for a set o f p -  functions; Xd -  orbital exponent for a set o f d -  functions; x j~  orbital exponent for a set o f f  -  
functions; No. of Prim -  number of primitive Gaussians in the basis set; S eigen. -  smallest eigenvalue of the S matrix; Ebond -  
bonding energy; E b s s e  ~ BSSE.
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Basis Set Xd Xf No. of Prim. S eigen. MP2 LMP2
Ebond l/*hl Ebsse [//hi Ebond [y«h] Ebsse [/*hl

A6-311G**DF 0.16 0.19 150 1.67xlO‘J -628.11 438.52 -603.93 74.71
Aaug-cc-p VDZDF 0 .1 2 0.17 182 0.17xl0’J -693.31 1397.85 -659.88 746.21
Aaug-cc-p VTZDF 0.19 0 .2 340 0.27x1 O’4 -741.33 258.23 -712.27 29.07

cc-pVDZ 108 1.13x10'* -127.89 358.52 -52.64 105.80
6-311G** 126 1 .1 1 x 1 0 '* -171.16 280.92 -54.00 63.71

aug-cc-pVDZ 158 3.75X10-4 -618.07 850.01 -522.29 422.79
cc-pVTZ 2 1 2 1.14xl0‘3 -502.11 158.28 -392.16 24.71

aug-cc-pVTZ 316 2.90X10'5 -726.42 219.51 -684.29 20.04
cc-p VQZ 392 1.15X1Q-4 -662.31 57.60 - -

Table A.13. Bonding energies, BSSE, and lowest eigenvalues o f S matrix computed by standard basis and augmented sets for (CFL^. 
Bonding energies and BSSE computed at MP2 and LMP2 levels of theory.
XP -  orbital exponent for a set of d -  functions; Xf ~ orbital exponent for a set o f f  -  functions; No. o f Prim. -  number of primitive 
Gaussians in the basis set; S eigen. -  smallest eigenvalue of the S matrix; E hond  -  bonding energy; E b s s e  -  BSSE.
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APPENDIX B

SAMPLE MOLPRO INPUT FILE

This appendix contains a sample MOLPRO input file for calculation of Ne2 

bonding energy and basis set superposition error (BSSE) with a tessellated basis set. The 

input file is presented first and its different components are explained afterward.

1 ***,Ne2 dimer
2
3 basis
4 S,Ne, 9024 00.0, 135100.0, 30750.0, 8710.0, 28 4 2.0,1026.0;
5 400.1,165.9,72.21,32.66,15.22
6 C,1.11,0.551D-05,0.4282D-04,0.22514D-03,0.95016D-03;
7 0.344719D-02,0.1112545D-01,0.3220568D-01,0.8259891D-01;
8 0.17990564,0.30605208,0.34012559
9 S,Ne, 9024 00.0, 135100.0, 30750.0, 8710.0, 28 42 . 0, 1026. 0;
10 400.1,165.9,72.21,32.66,15.22
11 C,1.11,-0.12 9D-05,-0.1005D-04,-0.5293D-04,-0.22312D-03;
12 -0.81338D-03,-0.26323D-02,-0.77591D-02,-0.2045277D-01;
13 -0.4797 505D-01,-0.9340086D-01,-0.1427 7215
14 S,Ne,7.149,2.957,1.335,0.5816,0.2463
15 P,Ne,815.6,193.3,62.6,23.61,9.762
16 C, 1.5, 0.1837 6D-03, 0.158509D-02, 0.8414 64D-02, 0.3220033D-01;
17 0.939639D-01
18 P,Ne,4.281,1.915,0.847 6,0.366,0.151
19 D,Ne,13.317,5.803,2.52 9,1.102,0.4 8
20 S,Eu,0.41
21 S,Cf,0.53
22 end
23
24 nogprint,angles,distance
25
26 R=0 . 63, P=3 .15+R, <2=3 .15-R;
27 D=0.2,A=D/sqrt(3),B=3.15-A;C=3.15+A
28
29 geomtyp=xyz
30 geometry={
31 nosym
32 30
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33 Ne dimer - 2 levels of tessellation
34 Nel 0.0000000000 0.0000000000 0
35 Ne2 0.0000000000 0.0000000000 3
36 Eu R 0.0000000000 0
37 Eu 0.0000000000 R 0
38 Eu -R 0.0000000000 0
39 Eu 0.0000000000 -R 0
40 Eu 0.0000000000 0.0000000000 -R
41 Eu 0.0000000000 0.0000000000 R
42 Eu R 0.0000000000 3
43 Eu 0.0000000000 R 3
44 Eu -R 0.0000000000 3
45 Eu 0.0000000000 -R 3
46 Eu 0.0000000000 0.0000000000 Q
47 Eu 0.0000000000 0.0000000000 P
48 Cf A A A
49 Cf A A -A
50 Cf A -A A
51 Cf -A A A
52 Cf A -A -A
53 Cf -A A -A
54 Cf -A -A A
55 Cf -A -A -A
56 Cf A A B
57 Cf A A C
58 Cf A -A B
59 Cf -A A B
60 Cf A -A C
61 Cf -A A C
62 Cf -A -A B
63 Cf -A -A C
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80 
81 
82 
83

}

dummy,Eu,Cf

hf
mp2
Edimer(1) = ENERGY

dummy,Eu,Ne2,Cf
hf
mp2
Eghost(1) = ENERGY
Ebond(1) = Edimer(1) - 2*Eghost(l)

geomtyp=xyz 
geometry={ 
nosym 
15
Ne atom - 2 levels of tessellation 
Nel 0.0000000000 0.0000000000 0

84 Eu R 0.0000000000 0
85 Eu 0.0000000000 R 0
86 Eu -R 0.0000000000 0
87 Eu 0.0000000000 -R 0
88 Eu 0.0000000000 0.0000000000 -R
89 Eu 0.0000000000 0.0000000000 R
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90 Cf A A A
91 Cf A A -A
92 Cf A -A A
93 Cf -A A A
94 Cf A -A -A
95 Cf -A A -A
96 Cf -A -A A
97 Cf -A -A -A
98 }
99
100 dummy,Eu,Cf
101
102 hf
103 mp2
104 Eatom(1)=ENERGY
105 Ebsse(1)=2*(Eghost(1)-Eatom(1))
106
107 tabl e,Edimer,Eghost ,Eatom,Ebsse, Ebond

Line 1: Title section

Lines 3 -2 2 :  Basis set specification

Lines 4 and 5 specify orbital coefficients of s -  functions centered on Ne atom. 

Lines 6 - 8  give values o f the contraction coefficients for the 11 s -  type basis functions 

listed in the in lines 4 and 5. Similarly, lines 9 - 1 9  specify other sets o f s, p and d -  

functions for neon atom. Line 20 gives the orbital exponent for the tessellating functions 

centered in the vertices o f octahedron, represented by dummy atoms Eu. Line 21 denotes 

orbital exponent for the tessellating functions centered in the octahedron’s faces, 

represented by dummy atom Cf.

Line 24: Output print options

Line 24 contains commands for suppressing the printout of all bond lengths and 

bond angles o f the specified molecular system.
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Line 2 6 -2 7 : Definition of variables

Variables are defined that will be used to position dummy atoms, Eu and Cf, into 

the vertices and faces of octahedrons centered on Ne atoms. R represents the distance 

from the center of octahedron (or from Ne atom) to its vertices, while D denotes the 

distance from the center o f an octahedron to the middle o f its faces.

Lines 29 -  64: Geometry specification

This input section specifies the geometry of Ne dimer and position of dummy 

atoms. Placement o f tessellating functions is determined through the positions of dummy 

atoms. Line 29 indicates that the geometry is given in cartesian coordinates. Line 31 

suppresses the use o f symmetry in the calculation, which is important for proper 

treatment o f the dummy atoms. Line 32 denotes the number o f atoms specified in the 

geometry input. Line 33 has no effect on calculation -  it is merely a title section for the 

following geometry input. Lines 34 -  64 contain cartesian coordinates of neon and 

dummy atoms.

Line 6 6 : Removal of charge from dummy atoms

All electrons are removed from Eu and Cf, making them just a place-holders for 

tessellating basis sets.

Line 6 8 : Hartree -  Fock calculation

Hartree -  Fock (HF) calculation is requested. This is an important prerequisite to 

the perturbational theory calculation.
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Line 69: Perturbational theory calculation

Moller -  Plesset perturbation theory calculation o f the 2nd order (MP2) is 

requested. Line 70 places the calculated energy of neon dimer into the variable 

Edimer(l).

Lines 72 -  76: Calculation of Ne atomic energy with “ghost” functions

In order to calculate BSSE, energy of single Ne atom is calculated with the 

presence o f basis functions on the second Ne atom. Charge is removed from the second 

Ne atom the same way it is done for dummy atoms representing positions o f tessellating 

basis functions. Energy o f neon atom computed from this “ghost” calculation is placed 

into the variable Eghost(l), BSSE -  corrected bonding energy is computed and saved as 

Ebond( 1) variable.

Lines 78 -  104: Energy calculation for single Ne atom

Lines 78 -  98 specify geometry for a single neon atom with its tessellating 

functions. Charge is removed from the dummy atoms Eu and C f in line 100. Lines 102 

and 103 request HF calculation followed by an MP2 calculation on neon atom. 

Calculated energy is saved into the Eatom(l) variable (line 104), and basis set 

superposition error is computed (line 105).

Line 107: Final printout of computed energies

Final line requests a printout of a table o f computed energies, including the neon 

dimer bonding energy and BSSE .
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Input files for calculation o f bonding energy and BSSE with augmented basis sets 

are very similar to the one presented here, albeit much simpler, since the augmenting 

functions are centered directly at the atoms, so there is no need to use dummy atoms. 

Other keywords relevant to the calculations performed in this work can be found in the 

manual for MOLPRO program.
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APPENDIX C

SAMPLE GAUSSIAN INPUT FILES

This appendix contains sample Gaussian input files for geometry optimization of 

a vanadium oxide cluster, internal reaction coordinate (IRC) calculation, and potential 

energy scan (PES). Each input file is presented first and its different components are 

explained afterwards.

GROUND STATE GEOMETRY AND TRANSITION STATE OPTIMIZATION

1 %Mem=300MB
2 %Chk=v3o6s7.chk
3 #P BPW91/LANL2DZ
4
a

# SCF(MaxCycle=800)
U
7
Q

single point calculation
O
9 0 2
10 0 -0.118349 -1.709894 -0 .756567
11 0 -1.510705 0.899985 -0 .804375
12 O 1.619344 0.689940 -0 .798591
13 V -1.412996 -0.664682 -0 .027507
14 V 0.110006 1.643699 -0 .120782
15 V 1.307337 -0.849439 -0 .030613
16 O -2.783089 -1.355451 0. 439047
17 O 0.213921 3.077226 0. 579723
18 O -0.001215 -0.016216 1. 081338
19
20 — Linkl--
21 %Chk=v3o6s7.chk
22 %Mem=300MB
23 #P BPW91/LANL2DZ
24 # Opt(Redundant,MaxCycle=100)
25 # SCF(MaxCycle=800)
26 # Guess(Read) Geom=Check freq
27
28 geometry optimization
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29
30 0 2
31

The input file above is an example o f a multi-step input file. The two 

computational steps are separated by the command in the line 20. The first step (lines 1 -  

19) requests a single point energy calculation at the BPW91/LANL2DZ level of theory. 

Cluster geometry and wavefunction are saved in the checkpoint file v3o6sl.chk. The 

purpose o f the first step is to provide a good initial guess for the wavefunction used for 

geometry optimization performed in the second step (lines 2 1  -31).

Lines 1-2: “Link 0” commands

Line 1 sets the amount o f dynamic memory to be used in the calculation to 300 

MB. Line 2 specifies the name of checkpoint file, in which geometry, wavefunction and 

other results o f calculation will be saved in binary format.

Lines 3-4: Route section

Line 3 specifies the level of calculation (BPW91/LANL2DZ) and the level of 

desired output (P -  generates additional output to the normal print level). Line 4 specifies 

the maximum number o f cycles for iterative self consistent field (SCF) calculation.

Lines 6, 8,19: Blank lines

Blank lines separate different parts of input. They are important and if  omitted the 

calculation will not run properly.
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Line 7: Title section

Lines 9 -1 8 :  Geometry Specification

Line 9 indicates the charge and multiplicity of the molecular system. Lines 10-18 

specify Cartesian coordinates of individual atoms in Angstroms.

Lines 2 1 -3 1 : Input for Step 2

Commands for the second step of the Gaussian job follow general rules outlined 

above. Line 24 contains the command for geometry optimization, specifying maximum 

number o f optimization steps to 100. Guess(Read) and Geom=Check commands request 

that the wavefunction guess and molecular geometry are obtained from the checkpoint 

file, “freq” keyword calls for the frequency calculation once the geometry optimization is 

completed.

Additional keywords can be used to achieve geometry convergence in case of 

difficult optimization cases. For example, Opt(tight) together with Int=Ultrafine 

keywords might prove helpful in achieving better convergence o f the geometry 

optimization, if  negative normal mode frequencies are present after the optimization is 

completed. Opt(CalcFC) or Opt(CalcAll) keywords, which improve the generation of 

force constants needed for geometry optimization, are also sometimes useful in achieving 

the geometry convergence.

141

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Transition state optimization

The input file shown above can be easily modified to request transition state 

optimization by altering the Opt keyword in the line 24 in the following way: 

Opt(Redundant,MaxCycle= 100,TS,noeigentest).

POTENTIAL ENERGY SCAN CALCULATION

1 %Chk=vo3so3pscan.chk
2 %Mem=1000MB
3 #P BPW91/TZVP
4
r

# SCF(MaxCycle=800)

6
7
8

single point

0 2
9 0 1.779400 .359988 1. 466285
10 O -1.924281 1.431723 .240418
11 O 1.678947 1.167181 -.880661
12 S 1.595301 -.017106 .034395
13 O .121172 -.640014 -.121362
14 V -1.629231 -.050636 -.261405
15 O -2.703145 -1.046041 .368316
16 O 2.541346 -1.093047 -.390246
17
18 — Linkl—
19 %Chk=vo3so3pscan.chk
20 %Mem=1000MB
21 #P BPW91/TZVP
22 # Opt(ModRedundant,MaxCycle= 100)
23 # SCF(MaxCycle=800)
24 # Guess(Read) Geom=Check
25
26 PES
27
28 0 2
29
30 4 5 1.607896 S 50 0.05
31

This input file requests a potential energy scan (PES) with respect to the S -  O 

bond o f VO4SO2 cluster. During the PES calculation, geometry is optimized at each step, 

while holding the S -  O bond fixed at the specified value. The first step of this multi- 

step input file calls for the single point energy calculation of the VO4SO2 cluster. The
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structure o f the input for the second step is very similar to the input file for geometry 

optimization, with two changes. Opt keyword specified on line 22 uses ModRedundant 

option, which is a requirement when performing potential energy surface (PES) scan. 

Line 30 specifies the atoms involved in the PES scan (atoms number 4 and 5 in the input 

geometry), the initial value of the scanned coordinate, number o f steps (50) and the step 

size (0.05 A).

INTERNAL REACTION COORDINATE CALCULATION

%Chk=vo2so2o2irc.chk 
%Mem=1000MB 
#P BPW91/TZVP 
# SCF(MaxCycle=800)

single point

8 0 2
9 O -.378919 -.431925 1.229169
10 O -1.473595 1.741734 .000481
11 S -1.343324 -.541772 .000001
12 0 1.744095 1.493079 -.000654
13 V 1.217092 -.011688 -.000038
14 0 -2.785658 -.248587 -.000298
15 0 -.378849 -.432421 -1.229106
16 0 2.460434 -1.004732 .000515
17
18 — Linkl--
19 %Chk=vo2so2o2irc.chk
20 %Mem=1000MB
21 #P BPW91/TZVP
22 # IRC(MaxPoints=40,CalcFC,MaxCycle=100)
23 # SCF(MaxCycle=800)
24 # Guess(Read) Geom=Check
25
26 IRC calc
27
28 0 2 
29

Internal reaction coordinate (IRC) calculation follows the reaction path from the 

transition state in both forward and reverse directions. Geometry is optimized at each 

point along the reaction path. The first step o f the above input file calls again for the
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single point energy calculation. The second step requests the IRC calculation. IRC 

program is called in line 2 2 , with options specifying the maximum number of points to be 

computed in each direction from the transition state (MaxPoint=40), and maximum 

number o f the geometry optimization cycles for each point (MaxCycle=T00). Force 

constants required for IRC calculation are computed at the beginning o f the calculation 

(CalcFC).

Other keywords and options relevant to the geometry optimization, IRC 

calculation or PES scans can be found in the manuals for Gaussian 98 and Gaussian 03 

programs.
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APPENDIX D

STRUCTURES OF VANADIUM OXIDE CLUSTERS

This appendix collects structures and energies of vanadium oxide clusters 

computed at the BPW91/LANL2DZ level o f theory. Several spin states are considered 

for each isomer. Bond lengths are reported for every structure in Angstroms. Cartesian 

coordinates are shown for each structure. Relative energies o f different isomers with 

respect to the lowest energy cluster with a particular stoichiometry are also given. The 

name noted for each isomer (i.e., vo2 s.log), corresponds to the name of the actual 

Gaussian output file for a particular calculation. More information about each calculation 

can be found in my laboratory notebook under these names.

VOy (y = 1 -  5), V2 0 y (y = 2 -  7), V3 0 y (y = 4 -  8 ) structures are optimized with 

Gaussian 98 program using the computer resources o f the Department of Chemistry. 

V3O9 and VOySC>2 (y = 1 -  4) are optimized using Gaussian 98 program, utilizing the 

resources o f the San Diego Supercomputing Center. V4 0 y (y = 7 - 1 2 )  are optimized 

with Gaussian 03 program using the resources o f the National Center for Supercomputing 

Applications. Unless noted otherwise, structures presented here are optimized at the 

BPW91/LANL2DZ level o f theory.

In addition to the structures and energies of different molecules, zero point energy 

correction and thermal corrections to the energy at T = 298.150 K and P = 1 Atm are
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given for most of the structures. The sum of the computed energy of a molecule 

(electronic energy) and a zero-point energy correction gives the total energy o f a 

molecule at 0 K. Sum of the electronic energy and thermal correction to energy gives the 

energy of a molecule at 298.15 K (E) accounting for the effects o f molecular translation, 

rotation and vibration. Sum of the electronic energy and thermal correction to enthalpy 

gives the enthalpy o f a molecule (H  = E  + R7) at 298.15 K. Finally, the sum of the 

electronic energy and thermal correction to Gibbs free energy gives the Gibbs free energy 

o f the molecule (G = H  — TS) at 298.15 K. All values are given in Hartrees.
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o ,  0 2
BPW91/LANL2DZ
0 : E -  -75.0686953426 h (triplet)
0 2: E = -150.317550924 h (triplet)

BPW91/TZYP
o2 .log

0(2)- V (1) 1.2225

0 .000000 .000000 .611250 E = -150.379106631 h
O .000000 .000000 -.611250 triplet
Zero-point correction= .003475 (Hartree/Particle)
Thermal correction to Energy= .005840
Thermal correction to Enthalpy= .006784
Thermal correction to Gibbs Free Energy= -.016517

SQy
BPW91/TZVP

sotzvp.log
S .000000 .000000 -.114350

S (1)- O (2) 1.5287

E =  -473.405275776 h
O .000000 .000000 1.414350 triplet
Zero-point correction= .002429 (Hartree/Particle)
Thermal correction to Energy= .004818
Thermal correction to Enthalpy= . 005763
Thermal correction to Gibbs Free Energy= -.019489

BPW91/TZVP
so2 .log

0(1)-S (2) 1.4808 
S (2)- O (3) 1.4807 

0(1)- S (2)-0(3) 118.3786
O -.098573 
S .137917

.000000 .022540 

.000000 1.484311 E =  -548.674187793 h 
singletO 1.536348 .000000 1.970987

Zero-point correction= .006340 (Hartree/Particle)
Thermal correction to Energy= .009456
Thermal correction to Enthalpy= . 010400
Thermal correction to Gibbs Free Energy= -.018590

BPW91/TZVP 0(1)-S (2) 1.4808
S (2)-0(3) 1.4807

so2 .log 0(1)- S (2)-0(3) 118.3786
0 -.098573 .000000 .022540 E -  -548.674187793 hS .137917 .000000 1.484311

singlet0 1.536348 .000000 1.970987
Zero-point correction= .006340 (Hartree/Particle)
Thermal correction to Energy= .009456
Thermal correction to Enthalpy= . 010400
Thermal correction to Gibbs Free Energy= -.018590
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BPW91/TZVP
so3.log

S (2)-0(1) 1.4672 
S (2)-0(3) 1.4675 
S (2)- O (4) 1.4674

O 1.243039 -.779695 . 000066
0 .000036 -.000121 .000099 E =  -623.875402877 h
O .053833 1.466360 .000066 singlet
0 -1.296943 -.686424 . 000066
Zero-point correction= .011121 (Hartree/Particle)
Thermal correction to Energy .014800
Thermal correction to Enthalpy= . 015744
Thermal correction to Gibbs Free Energy= -.015429

VO clusters

voquartet.com, voquartetfr.log
V .000000 .000000 -.005466
0 .000000 .000000 1.606766
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(2)- V (1) 1.6122

E = -146.5862035 h (0  eV) 
quartet

.002281 (Hartree/Particle) 

.004678 

. 005623 

.020608

Doublet: E = -146.5562050 h (0.82 eV) (V -  O bond length: 1.6013) 
Sextet: E = -146.4731554 h (3.08 eV) (V -  O bond length: 1.8852)

votzvp.log, vo.log

V
0

. 0 0 0 0 0 0

. 0 0 0 0 0 0
. 0 0 0 0 0 0  
. 0 0 0 0 0 0

. 013235 
1.598965

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(2)- V (1) 1.5858

E = -1019.31506181 h 
(BPW91/TZVP) 

quartet
002320 (Hartree/Particle)
004715
005659
020538
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V P2 clusters

vo2 opt.log (nosymm), vo2 optfr.log
V -.004031 .000000 -.002562
0 -.009860 .000000 1.630219
0 1.522501 .000000 -.581978
Zero-point correction^
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(3)- V (1) 1.6328
0(2)- V (1) 1.6328

0(2)- V (1)- O (3) 110.9895

E = -221.8680388 h (0  eV) 
doublet

.005269 (Hartree/Particle) 

.008573 

.009517 
-.021253

vo2 qr2 .log (nosymm)
-.023767 .330146 .000000

i 1.479889 -.527740 .000000
i -1.456122 -.513974 .000000
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(3)- V (1) 1.6626
0(2)- V (1) 1.7312

0(2)- V (1)-0(3) 119.7820

-221.787727016 h (2.19 eV) 
quartet

.002585 (Hartree/Particle) 

.006796 

. 007740 
-.025767

vo2 s.log (nosymm)
V .000210 -.237343 .000000
0 1.786430 -.249684 .000000
O -1.786640 -.224541 .000000
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(3)- V (1) 1.7869
0(2)- V (1) 1.7863

0(2)- V (1)- O (3) 179.9854

-221.689305813 h (4.86 eV) 
sextet

.002189 (Hartree/Particle) 

. 006428 

.007372 
-.019051
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VO3 clusters
Isomer 1

vo3.log
-1.974207 -0.737213 0.137895
-0.693977 0.164885 -0.437798
-0.629702 1.627061 0.363038
0.732415 -0.669297 -0.207481

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

0(4)- V (2) 1.6684
0(3)- V (2) 1.6684
V ( 2 ) - 0 ( 1 )  1 . 6 6 8 6

-297.096314838 h (0 eV) 
doublet

0.006979
0.011537
0.012481
-0.021559

(Hartree/Particle)

0
V
0
0

-2.041097
-.671635
-.689415
.836677

vo3qrl .log
-.758209
.121926

1.797883
-.776163

.060136
-.209533
.322237

-.317187
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(4)- V (2) 
0 (3) - V (2 ) 
V(2 ) - O(1 )

1.7587 
1.7584 
1.6501

-297.009738701 h (2.36 eV) 
quartet

.005406 (Hartree/Particle) 

. 010686 

. 011630 

. 025249
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0(4)- V (2) 
0 ( 3 ) - V ( 2 )  

V(2 ) - 0 (1 )

1.6683
1.8315
2.0037

vo3srl.log
0 -2.077104 -.328873 .378438
V -.207029 .130615 -.175236
O -1.195941 1.607697 .265869
0 .914603 -1.024003 -.613418
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

-296.899960594 h (5.34 eV) 
sextet

.004838 (Hartree/Particle) 

.010290 

. 011235 

. 026263

Isomer 2

vo3s2.log
-1.265068 -.769117 .230554
1.660903 .000013 .531983
.302349 -.000005 -.345417

-1.265088 .769118 .230538
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0 (4) - V(3) 
V(3)-0(2) 
V (3)- O (1)

1.8385 
1.6173
1.8385

E = -297.03558247 h (1.65 eY) 
doublet

.007939 (Hartree/Particle) 

.012285 

.013229 
-.020378
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vo3s2q.log
0 1.568676 -.708873 .041596
O -2.006407 -.000030 .101179
V -.393306 -.000005 -.064129
0 1.568485 .708918 .041596
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

V(3) - 0 (2 ) 
V(3) - 0 (4) 
0 ( 1 ) - 0 ( 4 ) 

0 (1 ) - V(3)

1.6215 
2.0886 
1. 4178 
2.0888

E = -296.986971000 h (2.98 eV) 
quartet

.006765 (Hartree/Particle) 

. 011906 

.012850 
-.024308

vo3s2srl.log
0 1.573077 -.413700 .000111
0 -2.239865 .313023 .000107
V -.654260 -.118990 -.000068
0 2.547785 .442773 -.000024
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0 (1 ) - V(3) 
0(4)-0(1) 
V(3)-0(2)

2.2467 
1.2975 
1.6434

E = -296.909263255 h (5.09 eV) 
sextet

.005962 (Hartree/Particle) 

.011744 

.012688 
-.026312

Isomer 3
n

^ _____________ X ..V V (4)-0(1) 1.6214
Pi 1 f 0(3)- V (4) 2.0865

0(2)- V (4) 2.0865
O (2)-0(3) 1.4178

n
vo3s3qr2.log

O -2.003175 .000000 .115076
0 1.566067 .708878 .047308 E -  -296.986969324 h (2.98 eV)
O 1.566067 -.708878 .047308 quartet
V -.392681 .000000 -.072937
Zero-point correction= .006767 (Hartree/Particle)
Thermal correction to Energy= . 011910
Thermal correction to Enthalpy= .012854
Thermal correction to Gibbs Free Energy= -.024323
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V ( 4)- O (1) 1.7469
V (4)- O (3) 1.6181
0(2)- O (1) 1.3513

vo3s3.log
O 1.074833 -.213345 .001063
O 2.281087 .395689 -.000578 E = -296.985906036 h (3.00 eV)
O -1.455789 .998656 .000182 doublet
V -.660915 -.410783 -.000232
Zero-point correction= .007725 (Hartree/Particle)
Thermal correction to Energy= .012424
Thermal correction to Enthalpy= .013368
Thermal correction to Gibbs Free Energy= -.021445

BPW91/TZVP V (2)-0(1) 1.6547 
V (2)-0(3) 1.6545

vo3tzvp.log V (2)-0(4) 1.6543
0 -1.047861 -2.171064 .293876
V -1.106515 -.645330 -.343932 E =  -1169.88116378 h
0 -1.202964 -.710849 -1.994300 doublet
O .215109 .232580 .124386
Zero-point correction= .006854 (Hartree/Particle)
Thermal correction to Energy= . 011423
Thermal correction to Enthalpy= . 012367
Thermal correction to Gibbs Free Energy= -.021650

VO4 clusters
Isomer 1

vo4s2.log
0 1.596176 -.000056 -.701341
0 -1.187166 -1.339751 .000228
0 -1.186885 1.339913 .000233
V -.284331 -.000014 -.000348
0 1.595326 -.000066 .701879
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0 (5 )-0 (1 )
0(5)- V (4) 
V ( 4 ) - O (1) 
V(4) - 0 (3) 
V(4) - 0 (2 )

1.4032 
2.0065 
2.0069 
1. 6156 
1. 6156

E = -372.280963306 (OeV) 
doublet

.010903 (Hartree/Particle) 

. 016721 

. 017665 

. 020114
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0 -1.596000
vo4s2q.log

.002855 . 704924
0 1.201557 -1.404911 . 001463
0 1.201452 1.404964 -.001428
V .274464 . 000000 -.000030
0 -1.596094 -.002908 -.704871

0(5)-0(1) 1.4098
0(5)- V (4) 1. 9989
V (4)-0(3) 1.6832
V (4)- O (2) 1.6832
V (4)- O (1) 1. 9989

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

= -372.211605692 h (1.89 eV) 
quartet

.008354 (Hartree/Particle) 

. 014881 

.015825 
-.023976

vo4s2s.log
0 1.536235 .000352 .472781
0 -1.273603 1.534655 -.069882
0 -1.272486 -1.533702 -.069949
V -.535635 -.000644 . 006240
0 2.549804 . 000547 -.350891
Zero-point correction=
Thermal
Thermal
Thermal

correction
correction
correction

0(5)-0(1) 1.3060
V (4)-0(2) 1.7051
V (4)-0(3) 1.7027
V(4)-0(5) 3.1060
0(1) -V ( 4 ) 2.1237

to Energy= 
to Enthalpy= 
to Gibbs Free Energy=

E = -372.121671031 h (4.33 eV) 
sextet

.007080 (Hartree/Particle) 

. 014358 

.015302 
-.027392
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Isomer 2

0(5)- V (2) 1.6210
0(4)- O (3) 1.3368
0(3)—V (2) 1.8324
V (2)- O (1) 1.6232

E = -372.255725646 h (0.69 eV) 
doublet

.010603 (Hartree/Particle) 

.016772 

. 017716 
-.021769

0(5)- V (2) 1.6477
0(4)- O (3) 1.3087
O (3)- V (2) 2.0408
V (2)- O (1) 1.6475

E = 372.208226119 h (1.98 eV) 
quartet

.009019 (Hartree/Particle) 

.015793 

. 016738 
-.024867
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vo4s3.log
0 1.291696 -1.270216 .378007
V . 511025 -.001810 -.267290
0 -1.314482 -.147730 -.205507
0 -2.546892 .032064 .280077
0 1.100483 1.391085 .315882
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

vo4s3qrl.log
0 1.294609 -1.368990 .291446
V .525056 -.000539 -.207971
0 -1.509423 -.001410 -.369083
0 -2.578878 -.002381 .385186
0 1.284154 1.374330 .290368
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=
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0 1.273296
vo4s3s.log
1.534430 -.069901

V . 535266 -.000273 . 006213
0 -1.536451 . 000173 .473113
0 -2 . 549282 -.000078 -.351211
0 1.273549 -1.533741 -.069865
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(5)-0(4) 1.3059
0(3)- V (2) 1.7036
V (2)-0(1) 1.7046
V (2) -0(5) 3.1052
V (2)-0(4) 2.1237

E = -372.121671264 h (4.33 eV) 
sextet

.007075 (Hartree/Particle) 

.014357 

.015301 
-.027406

Isomer 3

vo4q.log
0 -1.377504 1.042356 -0.022589
O -0.043893 -0.981326 1.419457
V 0.000046 0.000848 -0.000017
0 1.443039 0.949877 0.000527
0 -0.021775 -1.013347 -1.397344
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

0 (5) - V(3) 
0(4)- V (3) 
V(3)- O(1 ) 
V(3) - 0 (2 )

1.7267
1.7271
1.7271
1.7267

-372.246234115 h (0.95 eV) 
quartet

0.007558 
0.014055 
0.015000 

-0.024353

(Hartree/Particle)
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0 1. 114258
vo4.log

-0.013995 -1.315144
0 -1.070246 1. 359286 -0.011735
V -0.027578 -0.000059 -0.000201
0 1.112790 0.009574 1.316341
0 -1.077515 -1.354695 0.011115

0 ( 5 ) - V ( 3 )  
0 (4) - V(3) 
V(3) -0(1) 
V(3)-0(2)

1.7139
1.7418
1.7416
1.7132

E = -372.230985737 h (1.36 eV) 
doublet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0.007400
0.013944
0.014889

-0.023817

(Hartree/Particle)

0 1.174361
vo4sr2.log
-0.599295 -1.131492

0 0.057777 1.717249 0.000262
V -0.213981 0.083258 -0.000758
0 1.171346 -0.598551 1.133641
0 -1.788289 -0.758771 -0.000231
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0 (5)- V(3) 
0(4)- V (3) 
V(3) - 0 (2 ) 
V(3) - 0 (1 )

1.7853 
1.9159 
1.6564 
1.9162

E = -372.122485966 h (4.32 eV) 
sextet

0.007072
0.013854
0.014798
-0.025967

(Hartree/Particle)
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VO5 clusters
Isomer 1

vo5s3.log
0 1.331034 -.941850 -.584864
0 1.730539 -.281327 .644965
V .000165 .249262 . 124772
0 -1.730244 -.280113 .645561
0 -1.333613 -.939236 -.584969
0 .001810 1.725897 -.479412
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0 (6) -V (3) 1..5955
O (5) -V (3) 1.. 9223
0 (4) -V (3) 1..8830
V (3) - 0 (1) 1.. 9219
V (3) -0 (2) 1., 8832

-447.440735276 h (0 eV) 
doublet

.013847 (Hartree/Particle) 

.020400 

.021344 
-.017534

vo5s3q.log
-.641015 -.704261
-.640849 .704428
.249709 -.000141

-.640886 .704431
-.641016 -.704255
1.845853 .000061

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

1.654540 
1.653557 
- . 0 0 0 0 0 1  

653532 
654537 
000024

- 1
- 1

0(6)- V (3) 1.5961
0(5)- V (3) 2.0067
0(4)- V (3) 2.0059
V (3)- O (2) 2.0059
V (3)-0(1) 2.0067

E = -447.410636568 h (0.82 eV) 
quartet

.013027 (Hartree/Particle) 

. 020141 

. 021085 
-.020043
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0 -1.197221
vo5s3s.log
-.870608 1.157131

0 -1.192214 -.893753 -1.143069
V -.107322 . 176634 -.001474
0 1.775815 -.194636 -.697463
0 1.776430 -.177914 .702512
0 -.854260 1. 629088 -.014874
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0 (6 ) - V(3) 
0(5)-0(4) 
0(5)- V (3) 
0(4)- V (3) 
V (3)-0(1) 
V(3) - 0 (2 )

1.6333
4001
0420
0417
9045
9042

E = -447.325065743 h (3.15 eV) 
sextet

.010450 (Hartree/Particle) 

.018407 

.019351 
-.024491
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Isomer 2

0 (6)--V (5) 1., 6805
V (5)--0 (1) 1.. 6710
V (5)--0 (4) 2 .. 0118
V (5) --0 (3) 1.. 6800
0 (4)--0 (2) 1..2886

0 1.004634
vo5qrl.log

. 822267 1.362952
0 .873007 -2.313592 -.912149
0 -1. 668471 .406690 . 974086
0 .247979 -1.202793 -.722483
V -.173953 . 525938 .216038
0 -.204207 1.786098 -.895320
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy= 
Note that calculation without Int=Ultrafine 
frequency.
[ Int=Ultrafine 
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy= 
All frequencies are positive.]_______________

E = -447.436565721 h (0.11 eV) 
quartet 

[E = -447.436538077 h, 
Int=Ultrafine]

.011094 (Hartree/Particle) 

. 018338 

.019282 
-.022933
produces one negative

.011102 (Hartree/Particle) 

.019279 

. 020223 
-.026036
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0 1.059600
vo5rl.log
.909867 1.547789

0 .370120 -1.364363 -.442978
0 -1.576254 .584393 .852096
0 .039207 -2.274894 -1.285021
V .003995 .538403 .303081
0 .182318 1. 631203 -.951843

Energy=
Enthalpy=
Gibbs Free Energy= 

without Int=Ultrafine

Zero-point correction=
(Hartree/Particle)
Thermal correction to 
Thermal correction to 
Thermal correction to 

Note that calculation 
frequency.
[Int=Ultrafine 
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy= 
All frequencies are positive.]____________

0 (6 ) - V(5) 
V(5) - 0 (1 ) 
V(5) - 0 (3) 
0(4)-0(2) 
0 (2 ) - V (5 )

1.6736 
1.6738 
1.6735 
1.2836 
2.0763

E = -447.433234464 h (0.20 eV) 
doublet 

[E = -447.433226235 h, 
Int=Ultrafine]

.011185

.018461 

.019406 
-.022308 

produces one negative

.011237 

.019410 

.020354 
-.024696

(Hartree/Particle)
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0 1.130653
vo5sls.log

. 785252 .880752
0 .962599 -2 . 326406 -.480096
0 -1.694517 .294597 1.006680
0 .168558 -1.369110 -.864514
V -.446709 .482945 -.041284
0 -.041596 2.157330 -.478413

0(6)- V (5) 
V(5) - 0 ( 1 ) 
V(5) - 0 (3 ) 

0 ( 4 ) - 0 ( 2 ) 

0(4)- V (5) 
0 ( 2 ) - V ( 5 )

1.7773 
1.8519 
1. 6403 
1.3018 
2.1181 
3.1735

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -447.333931543 h (2.91 eV) 
sextet

.010315 (Hartree/Particle) 

. 018616 

.019561 
■.025588

Isomer 3

O (6) ■-V (5) 1.. 6610
V (5)--0 (2) 1.. 6606
V (5) ■-0 (1) 2..0383
V (5) •-0 (4) 1..7516
0 (3)--0 (1) 1., 3646

0 . 176540
vo5s2d.log

.634793 1.596062
0 1. 570648 -.899421 -.594361
0 -1. 001226 -.054244 1.607520
O -1.148552 -.972545 -.906511
V .195941 -.003446 -.339609
0 .285638 1.319472 -1.339979
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -447.420598375 h (0.55 eV) 
doublet

.010958 (Hartree/Particle) 

.018828 

. 019772 
-.022826
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0 .807894
vo5s.log
. 475913 1.532719

0 1.354998 -1.074790 -.469607
0 -1.383506 .280640 1.082470
0 -.830361 -1.268763 -.923754
V .021471 . 148076 -.102729
0 . 108491 1.463532 -1.095976

O (6)--V (5) 1.. 6506
V (5)--O (1) 1.,8441
V (5) ■-0 (2) 1 .. 8462
V (5)--0 (3) 1..8429
V (5)--0 (4) 1..8458

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -447.336646079 h (2.83 eV) 
sextet

.009053 (Hartree/Particle) 

. 017188 

.018133 
-.025445
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V2O2 clusters 
Isomer 1

v2 o2 sls.log
.000488 1.223330 .089821

.000000 -.031227
1.358843 .000000 -.031257
.000488 -1.223330 .089821

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

0
V -1.359183
V 
O

0 (4)- V(3) 
0(4)- V (2) 
V(3)- O(1 ) 
V(2 ) - O(1 )

1.8320
1.8330
1.8320
1.8330

E = -293.26100284 h (0  eV) 
septet

.006028 (Hartree/Particle) 

.010643 

.011587 
-.024677

v2 o2 s 1 bsopt.log, v2 o2 s 1 bsoptfr.log
.027282 1.557117 .029042

-1.014970 .001412 .029566
1.015909 -.001371 .029420
-.027584 -1.557158 .029130

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0 (4)--V (3) 1..8733
0 (4)--V (2) 1.,8450
V (3)--0(1) 1..8456
V (3)--V(2) 2.,0309
V (2)--0(1) 1., 8726

; =-293.256983332 h (0.11 eY) 
broken symmetry 

singlet
.005257 (Hartree/Particle) 
. 010618 
.011562 
-.025468

0(4)- V (3) 1.7476
0(4)- V (2) 1.9555
V (3)-0(1) 1.7476
V (3)- V (2) 2 . 5083
V (2)- O (1) 1.9555

v2 o2 slq.log
.125902 .132155 1.343723
.125902 -1.288607 .000000
.213486 1.196673 .000000
.125902 .132155 -1.343723

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -293.243520588 h (0.48 eV) 
quintet

.006053 (Hartree/Particle) 

. 010858 

. 011802 
-.024684
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v2 o2 sltr.log
V -1.024316 -.015214 -.104601
0 -.030114 1.487841 .300316
0 .030089 -1.487806 .300501
V 1.024325 .015202 -.104379
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

V (4)- V (1) 2.0489
V (4)-0 (2) 1.8559
V (4)-0 (3) 1.8470
0(3)-V(l) 1.8559
0(2)-V (1) 1.8470

E -  -293.238751142 h (0.54 eV) 
triplet

.006075 (Hartree/Particle) 

.010851 

.011795 
-.023931

v2 o2 sln.log
.035589 .001108 1.116359
.060346 1.547682 .000000
.035589 -1.548453 .000000
.035589 .001108 -1.116359

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(4)- V (2) 
0(4)- V (3) 
V(3) - 0 (1 ) 
V(2)-0(1)

1.9098
1.9098
1.9098
1.9098

E = -293.147442583 h (3.09 eY) 
nonet

.004480 (Hartree/Particle) 

.009990 

.010934 
-.028829

Optimization o f closed shell singlet cyclic isomer is unsuccessful (convergence 
problems).

Isomer 2

- l , 032884
001574
034810
003963

,102895 
.294747 
,102155 
.294770

0(4)- V (3) 
0(4)- V (1) 
V (3)- V (1) 
V(3) - 0 (2 ) 
0 (2 ) - V(1 )

1. 8540 
1. 8496 
2 . 0677 
1.8537 
1.8501

v2 o2 s2 trdi.log
.000581 

1.484154 
-.000612 

-1.484065 
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -293.238829733 h (0.60 eY) 
triplet

.005824 (Hartree/Particle) 

.010728 

. 011672 
-.024332
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v2 o21ine.log
V -1.093485 -0.399613 -0.001426
0 -1.474885 1.148557 0.003041
V 1.093673 -0.399489 0.001426
0 1.474346 1.148860 -0.003040
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(4)- V (3) 1.5945
V (3)- V (1) 2.1872
0(2)- V (1) 1.5945

E = -293.195516719 h (1.78 eV) 
singlet

0.006968
0.011931
0.012875

-0.022736

(Hartree/Particle)

V 
O
V 
O

-1.015627
-1.892575
1.532178
.407492

v2 o2 s2 q.log
.256666 

-.858236 
-.285719 
.941764

.310259 

.463204 

.063095 

.610190
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(4)- V (3) 
0 (4)- V(1 ) 
V ( 3 ) - V ( 1 )  

0 (2 ) - V(1 )

1.7958 
1.8281 
2.6166 
1.6156

E = -293.235873665 h (0.68 eV) 
quintet

.006135 (Hartree/Particle) 

.011232 

.012176 
-.025477
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V 2O3 clusters

V -1.018554
v2o3opt.log

. 0 0 0 0 0 1 -.000510
0 .406714 1.256460 -.000100
V 1.655414 -.000001 .000242
0 .406712 -1.256459 -.000100
0 -2.644400 -.000002 .000970
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(5)- V (1) 1.6258
0(4)- V (3) 1.7714
0(4)- V (1) 1. 9000
V (3)- O (2) 1.7714
V (3)- V (1) 2.6740
0(2)- V (1) 1.9000

E = -368.578068044 h (0 eV) 
quintet

.009434 (Hartree/Particle) 

.015328 

.016272 
-.023267

v2o3bsoptrl .log
V -1.065377 .000002 . 001929
0 .464978 1.266710 -.000471
V 1.627821 -.000001 -.003647
0 .464971 -1.266707 -.000467
0 -2.686507 -.000005 .003157
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0 (5)'-V (1) 1.. 6211
0 (4)--V (3) 1 ..7195
0 (4)--V (1) 1 .. 9866
V (3) -- 0 (2) 1..7195
0 (2) ■-V (1) 1 ., 9866

E = -368.571476172 h (0.18 eY) 
broken symmetry 

singlet

.009528 (Hartree/Particle) 

.015525 

. 016469 
-.021941
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V -.855573
v2o3.log
.000021 -.320140

0 . 459594 1. 399827 -.403885
V 1.247378 -.000014 . 329449
0 .459561 -1.399821 -.403924
0 -2 . 045592 -.000026 . 781043

0(5)- V (1) 1.6213
0(4)- V (3) 1.7658
0(4)- V (1) 1.9225
V (3)- O (2) 1.7658
V (3)- V (1) 2.2010
0(2)- V (1) 1.9225

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E -  -368.544992977 h (0.90 eV) 
singlet

.009880 (Hartree/Particle) 

.015568 

.016512 
-.020475

v2o3trr.log, v2o3trfr.log
-1.008831 

.389605 
1.652854 
.389513 

-2.630684 
Zero-point

.000116 
1.250692 
-.000070 

-1.250624 
- . 0 0 0 2 0 1  

correction=

006527
,004432
004646
004437
014275

Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(5)- V (1) 
0 (4)- V(3) 
0 (4)- V(1) 
V (3)-0(2) 
V (3)- V (1) 
0(2)- V (1)

1.6220
1.7776
1.8761
1.7777 
2.6617
1.8761

E = -368.573575885 h (0.12 eY) 
triplet

.009469 (Hartree/Particle) 

.015422 

.016366 
-.023705
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v2o3sp.log, v2o3spfr.log
V -.945432 .000156 -.000326
0 .277691 1.291507 -.000788
V 1.705463 -.000205 .000504
0 .276642 -1.291356 -.000789
0 -2.739423 -.000012 .001065
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

O (5)- V (1) 1.7940
O (4)- V (3) 1.9258
O (4)- V (1) 1.7781
V (3)- O (2) 1.9254
V (3)- V (1) 2. 6509
O (2)- V (1) 1.7787

E = -368.481468680 h (2.63 eV) 
septet

.007580 (Hartree/Particle) 

. 014036 

.014981 
-.025960

V2O4 clusters
Isomer 1 -  trans

v2o4bsopt.log
O -2.676125 .000000 -.447752
V -1.276999 .000000 .352633
0 .000000 1.259520 -.000001
V 1.276999 . 000000 -.352633
0 .000000 -1.259520 -.000001
0 2.676123 . 000000 .447757

o ( 6 ) - V (4)
0(5)- V (2) 
O (5)- V (4) 
V(4)- O(3) 
V(4)- V(2 ) 
0 (3)- V(2 ) 
V (2)- O (1)

1.6110
1.8176
1.8176
1.8176 
2.5935
1.8176 
1.6110

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -443.886798389 h (-0.10 eV) 
singlet, broken symmetry

.013428 (Hartree/Particle) 

. 020203 

. 021148 
-.018796
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v2o4s2trtight.log
0 2.649387 .000005 -.499832
V 1.285697 -.000003 .358267
0 .000003 -1.255778 -.000021
V -1.285705 .000004 -.358272
0 -.000004 1.255779 -.000010
0 -2.649363 -.000007 .499877
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(6)- V (4) 1.6112
0(5)-V(2) 1.8326
O (5)-V(4) 1.8326
V (4)- V (2) 2.6694
V (4)-0(3) 1.8326
0(3)- V (2) 1.8326
V (2)-0(1) 1.6112

E = -443.883305207 h (0  eV) 
triplet

.012868 Hartree/Particle) 

.019919 

. 020863 
-.020712

0 -2.676026
v2o4s2.log

. 000000 -.436609
V -1.255700 . 000000 .323640
0 . 000000 1.273593 -.000003
V 1.255702 . 000000 -.323642
0 . 000000 -1.273593 -.000003
0 2.676021 .000000 .436620

0 (6)--V (4) 1., 6110
0 (5) ■-V (2) 1.. 8176
0 (5)'-V (4) 1.. 8176
V (4)--0 (3) 1..8176
V (4)--V (2) 2.,5935
0 (3) ■-V (2) 1..8176
V (2) -0 (1) 1..6110

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -443.872265868 h (0.30 eV) 
singlet

.013585 (Hartree/Particle) 

.020309 

.021254 
-.018611
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v2o4s2q.log
0 -3.041522 .000000 .000215
V -1.374872 . 000000 -.000137
0 -.000005 1.231373 -.000018
V 1.374876 . 000000 .000113
0 -.000005 -1.231373 -.000018
0 3.041519 -.000001 -.000110
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(6)- V (4) 1.6666
0 (5)- V (4) 1.8457
0(5)- V (2) 1.8457
V (4)- O (3) 1.8457
0 (3)- V (2) 1.8457
V (2)- O (1) 1.6667

E = -443.798120181 h (2.32 eY) 
quintet

.009805 (Hartree/Particle) 

. 017847 

.018791 
-.026703

0 -3.193891
v2o4s2s.log

.084799 .002267
V -1.372626 -.063248 -.000952
O .017834 1.217298 -.000382
V 1.372501 .062915 -.000043
O -.017304 -1.216667 -.000168
0 3.193722 -.084472 .001145
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(6)- V (4) 1.8272
0(5)- V (4) 1.8892
0 (5)- V (2) 1.7797
V (4)- O (3) 1.7798
0(3)- V (2) 1.8903
V (2)- O (1) 1.8273

E = -443.684909032 h (5.40 eV) 
septet

. 009809 

. 017667 

. 018611 
-.026033

(Hartree/Particle)
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Isomer 2 -  cis

V 1.182736
v2o4rl.log
-0.217511 -0.000004

0 0.000014 -0.624613 1.334166
V -1.182728 -0.217514 0.000008
0 -0.000007 -0. 624646 -1.334152
0 1.844281 1.249987 -0.000010
0 -1.844311 1.249967 -0.000015
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

0(6)- V (3) 1.6097
O (5)- V (1) 1.6097
0 (4)- V (1) 1.8288
0 (4)- V (3) 1.8288
V (3)-0(2) 1.8288
V (3)- V (1) 2.3655
O (2)- V (1) 1.8288

E = -443.880765993 h (0.07 eV) 
singlet

0.013886 
0.020383 
0.021327 
-0.017720

(Hartree/Particle)

V -1.298661
v2o4trip.log

.000014 -.199180
0 .000000 1.270325 -.402864
V 1.298661 .000013 -.199179
0 -.000002 -1.270273 -.402995
0 -2.407625 -.000067 .975572
0 2.407627 -.000066 .975570
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(6)- V (3) 1.6155
O (5)-V(l) 1.6155
O (4) - V (3) 1.8280
0(4)- V (1) 1.8280
V (3)- O (2) 1.8280
V (3)- V (1) 2.5973
0(2)- V (1) 1. 8280

E = -443.876659821 h (0.18 eV) 
singlet

.012793 (Hartree/Particle) 

.019919 

. 020864 
-.021828
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v2o4qrl.log
V 1.375180 .000000 -.000004
0 . 000001 -1.231002 -.000006
V -1.375181 . 000000 -.000004
0 .000001 1.231002 -.000006
0 3.041838 . 000000 .000017
0 -3.041836 . 000000 .000017
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

0(6)- V (3) 1.6667
0(5)- V (1) 1.6667
0(4)- V (1) 1.8457
0(4)- V (3) 1.8457
V (3)- O (2) 1.8457
O (2)- V (1) 1.8457

E = -443.798120128 h (2.32 eV) 
quintet

.009809 (Hartree/Particle) 

. 017848 

.018792 
-.026662

V 1.349326
v2o4spr2.log

.000012 -.162428
0 -.051981 -1.233400 -.091110
V -1.375244 -.000001 -.038143
O -.051987 1.233409 -.090999
0 3.226684 -.000026 .442893
0 -3.048199 -.000014 .315858
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0 ( 6)- V (3) 1.7100
0(5)- V (1) 1.9725
0(4)- V (1) 1.8682
O (4)- V (3) 1.8097
V (3)- O (2) 1.8097
0(2)- V (1) 1.8682

E = -443.687488017 h (5.32 eV) 
septet

.008933 (Hartree/Particle) 

.017219 

. 018163 
-.028488
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V2O5 clusters

0(7)- V (3) 1.6124
O (6)- V (1) 1.6152
0(5)- V (1) 1.6190
0(4)- V (3) 1.7151
0(4)- V (1) 1.9866
V(3)-0(2) 1.7151
0(2)- V (1) 1.9866

V -1.197038 .062600 .000021
0 .346477 -.085234 -1.241882
V 1.500406 -.345056 .000030
0 .346520 -.085053 1.241946
0 -2.189320 -1.216672 -.000011
0 -2.047414 1.435819 -.000080
0 2.671555 .763199 -.000120
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -519.144980692 h (0  eV) 
singlet

.017267 (Hartree/Particle) 

.025050 

.025995 
-.016352

V -1.112063
v2o5tr.log
.039301 -.000019

0 .187920 -.194582 -1.246154
V 1.526707 -.323443 .000066
0 .187903 -.194437 1.246190
0 -2.354349 -1.066635 -.000015
0 -1.934022 1.520085 -.000011
0 2.720449 . 752480 -.000145
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

0(7)- V (3) 1.6071
0(6)- V (1) 1. 6936
0(5)- V (1) 1.6632
0(4)- V (3) 1.8335
0(4)- V (1) 1.8159
V (3)-0(2) 1. 8336
V (3)- V (1) 2.6636
0(2)- V (1) 1.8159

E = -519.103634486 h (1.13 eV) 
triplet

.015505 (Hartree/Particle) 

.023539 

. 024483 
-.019217
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v2o5qrl.log
V -1.203070 .000003 .000008
0 .110518 -.000085 -1.215739
V 1.575130 -.000005 .000002
0 .110548 .000063 1.215746
0 -2.273208 -1.317027 .000060
0 -2.273199 1.317038 -.000077
0 3.255668 .000015 -.000017

O (7)--V (3) 1.. 6805
0 (6)--V (1) 1., 6970
0 (5)--V (1) 1.. 6970
O (4) •-V (3) 1., 9034
0 (4) --V (1) 1.,7899
V (3) •-0 (2) 1., 9034
O (2) ■-V (1) 1.,7898

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -519.012116356 h (3.62 eV) 
quintet

.012802 (Hartree/Particle) 

.021696 

.022640 
-.023813

ViOfi clusters
Isomer 1

v2 o6 slbsoptrl .log, v2 o6 slbsoptfr.log
0 .000000 .000002 -1.227915
0 -2.388347 1.304754 . 000002
0 2.388348 1.304754 .000002
0 -2.388349 -1.304753 -.000003
V -1.340024 . 000000 . 000000
V 1.340024 .000000 .000000
0 2.388348 -1.304754 -.000002
0 .000000 -.000002 1.227915
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

O ( 8 ) - V (6) 
0 ( 8 ) - V ( 5)  
0 ( 7 ) - V (6)  
V(6)-0 (3 ) 
V(6 ) - O(1 ) 
V(6 ) - V(5) 
V(5) - 0 (1 ) 
V ( 5)-0(2) 
V ( 5 ) - 0 ( 4 )

1.8175
1.8175
1.6737
1.6737 

8175 
6800 
8175 
6737 
6737

-594.317287637 h (-0.004 eV) 
broken symmetry 

singlet

. 017469 

.026877 

. 027821 
-.017891

(Hartree/Particle)
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0 . 000000
v2 o6 sltr.log

.000002 -1.227915
0 -2.388347 1.304754 .000002
0 2.388348 1.304754 .000002
0 -2.388349 -1.304753 -.000003
V -1.340024 . 000000 .000000
V 1.340024 . 000000 .000000
0 2.388348 -1.304754 -.000002
0 . 000000 -.000002 1.227915
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(8)- V (6) 1.8175
0(8)- V (5) 1.8175
0(7)- V (6) 1.6737
V (6)-0(3) 1.6737
V (6) - O (1) 1.8175
V ( 6)- V (5) 2.6800
V (5)- O (1) 1.8175
V (5)-0(2) 1.6737
V (5)- O (4) 1.6737

E = -594.317126182 h (0  eV) 
triplet

.017433 (Hartree/Particle) 

.026861 

.027805 
-.019011

v2 o6 slrl.log
.000000 .000002 1.239555

2.356382 1.322975 -.000001
-2.356387 1.322971 -.000003
2.356389 -1.322971 .000001
1.348540 .000000 .000000

-1.348540 .000000 .000000
-2.356386 -1.322972 .000002

.000001 -.000005 -1.239553
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(8)- V (5) 1.8317
0(8)- V (6) 1.8317
O ( 7 ) -V ( 6) 1.6631
V (6)- O (1) 1.8317
V (6)-0(3) 1.6631
V (5)-0(2) 1.6631
V (5)- O (4) 1.6631
V (5)-0(1) 1.8317

E -  -594.293150183 h (0.65 eV) 
singlet

.017697 (Hartree/Particle) 

.027097 

. 028041 
-.017689
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v2 o6 slq.log
0 . 000000 . 000002 -1.308770
0 -2.331492 1.363029 .000002
0 2.331493 1.363028 .000003
0 -2.331493 -1.363028 -.000002
V -1.324181 . 000000 . 000000
V 1.324181 . 000000 . 000000
0 2.331492 -1.363029 -.000003
0 .000000 -.000002 1.308770

O i(8) -V (6) 1.8618
Oi(8) -Vi(5) 1.8618
Oi(7) - V i(6) 1.6949
Vi(6) - O i(3) 1.6949
V i(6) - O i(1) 1.8618
V i(6) - V i(5) 2.6484
V i(5) - O i(1) 1.8618
V i(5) - O i(2) 1.6949
V i(5) - O i(4) 1.6949

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

-594.219453903 h (2.66 eV) 
quintet

.013680 (Hartree/Particle) 

. 024522 

.025466 
-.025170

Isomer 2

v2 o6 s2 .log, v2 o6 s2 fr.log
O -.160506 1.059266 -.761414
O 2.322925 -.934060 .985513
O -2.826867 -.797148 .233257
V 1.358218 -.095680 .000344
V -1.463355 -.078816 -.208542
O 2.242090 .795303 -1.017026
O -.186869 .801895 1.009507
0 -1.088504 1.694953 .148732
Zero-point correction=

O (8) -Vi(5) 1.8478
O i(7) - V i! 5) 1.9720
Oi(6) - V i(4) 1.6156
V i(5) - O i:d 1.7217
V i(5) - O i(3) 1.6032
V (4) - O i(2) 1.6137
V (4) - O i11) 1.9533
Vi(4) - O i(8) 3.0356
V i(4) - O i(7) 2.0522

Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -594.290344801 h (0.73 eV) 
singlet

.019444 (Hartree/Particle) 

. 028683 

.029627 
-.016197
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v2 o6 s2 tr.log
0 -.055555 -1.015099 -.810190
0 2.331214 -1.065359 .833731
0 -3.021103 -.559350 .100632
V 1.281533 -.123292 .015031
V -1.494826 -.114060 -.131084
0 2.161975 .889035 -.976070
0 -.136541 .757582 1.126688
0 -.666771 1.675578 .058865
Zero-point correction^
Thermal correction to Energy= 
Thermal correction to Enthalpy= 
Thermal correction to Gibbs Free

O (8)- V (5) 1.9811
0(7)- V (4) 2.0057
0(6)- V (4) 1.6680
V (5)- O (1) 1.8288
V (5)- O (3) 1.6067
V (4)- O (2) 1.6308
V (4)- O (1) 1.8067
O (7)- O (8) 1.5047
V (4)- O (8) 2.6521
V (5)- O (7) 2.0461

Energy=

E = -594.245998924 h (1.94 eV) 
triplet

.017359 (Hartree/Particle) 

.027134 

. 028078 
-.019995

0 -.097074
v2 o6 s2 q.log
-.383310 1.281627

O -2.282765 -1.325905 -.449871
O 2.574843 -1.145755 -.239392
V -1.279857 -.042822 -.013292
V 1.419688 -.098084 .185552
O -2.361321 1.206434 .270162
O .116572 .265223 -1.164335
O 1.647730 1.788419 -.193438

0(8)- V (5) 1.9377
0(7)- V (5) 1.9111
O (7)- V (4) 1.8357
0(6)- V (4) 1.6765
V (5)- O (3) 1.6163
V (5)- O (1) 1.8930
V (4)- O (1) 1.7865
V (4)- O (2) 1.6860

E = -594.214321072 h (2.80 eY) 
quintet
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Isomer 3

0 .015076
v2o6s3.log,

-.311536 1.232989
0 2.768048 -.799560 -.000401
V 1.489641 .192371 -.000130
0 1.972992 1.733764 . 000556
V -1.081305 -.762615 .000023
0 -2.501332 .189786 .000562
0 .014598 -.310900 -1.232978
0 -3.443346 1.137899 -.000423
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy3

0(8)- O (6) 1.3365
O (7)- V (3) 1.9872
O (7 ) - V (5) 1.7104
0(6)- V (5) 1.7098
V (5)- O (1) 1.7105
0(4)- V (3) 1.6154
V (3)- O (2) 1.6181
V (3)-0(1) 1.9872

E = -594.247875282 h (1.88 eV) 
singlet

. 019574 

. 029000 

. 029944 
-.016939

(Hartree/Particle)

0 .094525
v2o6s3tr.log
-.004943 -1.247669

0 2.571569 1.335901 -.000036
V 1.659716 .001542 -.000012
0 2.584788 -1.323698 .000001
V -1.055356 -.005806 .000032
0 -2.873002 .002811 -.000010
0 .094584 -.004902 1.247690
0 -4.209997 .007090 -.000033
Zero-point correction3 
Thermal correction to Energy=
Thermal correction to Enthalpy3
Thermal correction to Gibbs Free Energy3

O (8)- O (6) 1.3370
0(7) -V (3) 2 . 0016
0(7)- V (5) 1.6968
0(6)- V (5) 1.8177
V (5)- O (1) 1.6968
0(4)- V (3) 1.6162
V (3)-0(2) 1.6162

E = -594.247709324 h (1.89 eV) 
triplet

.018542 (Hartree/Particle) 

.028561 

.029506 
-.020872
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Isomer 4

0 -.055454
v2o6s4.log

-.001032 -1.246710
0 -2.843518 -.772122 . 000049
V -1.208309 .000036 -.000271
V 1.523285 -.000084 . 000361
0 2.447261 -1.323090 . 000609
0 2.446098 1.323724 -.001093
0 -2.843720 .771902 . 000083
0 -.056222 .000754 1.246804
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(8)- V (4) 2.0121
0(8)- V (3) 1.6978
0(7) -V (3 ) 1.8084
0(6)- V (4) 1.6137
0(5)- V (4) 1.6137
V (4)-0(1) 2.0119
V (3)-0(1) 1.6978
V (3)- O (2) 1.8084

E = -594.297372710 h (0.54 eV) 
singlet

.019188 (Hartree/Particle) 

.028648 

.029593 
-.017709

O -.009766
v2o6s4tr.log
-.000029 1.250384

O -3.022060 .704802 -.008204
V -1.161835 -.000027 .004473
V 1.550209 . 000009 . 003213
0 2.470920 1.330389 -.008546
0 2.470917 -1.330371 -.008564
0 -3.022122 -.704728 -.008202
0 -.004464 -.000012 -1.238966

0(8)- V (4) 1.9900
0(8)-V(3) 1.6987
0(7)- V (3) 1.9893
0(6)- V (4) 1.6179
0(5)- V (4) 1.6179
V ( 4)-0(1) 1. 9972
V (3)-0(1) 1.6969
V (3)- O (2) 1.9893

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -594.272166672 h (1.22 eV) 
triplet

.018478 (Hartree/Particle) 

.028064 

.029008 
-.018821
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v2o6s4q.log
0 .118855 -.000018 1.273508
0 -3.049783 .699723 -.000058
V -1.157109 -.000013 .000057
V 1.462368 -.000009 -.000002
0 2.492081 1.325051 -.000055
0 2 .492245 -1.324955 -.000046
0 -3.049805 -.699710 -.000057
0 . 118786 -.000027 -1.273450

O (8) -V (4) 1 8512
0 (8) -V (3) 1 8027
O (7) -V (3) 2 0179
0 (7) -0 (2) 1 3994
O (6) -V (4) 1 6781
0 (5) -V (4) 1 6781
V (4) -0 (1) 1 8512
V (4) -V (3) 2 6195
V (3) -0 (1) 1 8027
V (3) -0 (2) 2 0179

E = -594.202379931 h (3.12 eV) 
quintet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

.016203 

. 026327 

. 027271 
-.022334

(Hartree/Particle)

Isomer 5

O -.000076
v2o6s5tr.log
1.218796 -.000326

0 2.999542 -.001278 .759278
V 1.338240 .000644 -.000228
0 3.000338 -.001116 -.758160
0 -2.999467 -.001244 .759336
V -1.338239 . 000541 -.000289
0 -3.000408 -.001075 -.758104
0 .000068 -1.217490 -.000536
Zero-point correction=
Thermal correction to Energy= 
Thermal correction to Enthalpy= 
Thermal correction to Gibbs Free

0(8)- V (3) 1.8096
0(8)- V (6) 1.8096
0(7)- V (6) 1.8268
V (6)- V (3) 2.6765
V (6)- O (1) 1. 8096
V (6)-0(5) 1. 8267
0(4)- V (3) 1.8268
V (3)-0(2) 1.8267
V (3) -0(1) 1.8097

Energy^

E = -594.195861086 h (3.30 eV) 
triplet

.018658 (Hartree/Particle) 

.027667 

.028611 
-.017839
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0 . 001426
v2o6s5.log
-1.169205 -.475276

0 3.128392 .038529 -.362542
V 1.302771 . 020605 -.132216
0 2.641053 -.139684 1.066024
0 -3.128630 .039631 -.362208
V -1.302806 . 018764 -.132620
0 -2.640892 -.139618 1.066129
0 -.001248 1.257161 -.170724

0(8)- V (3) 1.7975
0(8)- V (6) 1.7970
0(7)- V (6) 1.8035
V (6)- V (3) 2.6056
V (6)- O (1) 1.7971
V (6)-0(5) 1.8403
0(4)- V (3) 1.8035
V (3)-0(2) 1.8402
V (3)-0(1) 1.7963

E -  -594.175641266 h (3.85 eY) 
singlet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

. 019045 

.027938 

.028883 
-.017159

(Hartree/Particle)

0 -.045798
v2o6s5qrl.log

1.210606 -.000005
0 -3.048019 .000001 -.759779
V -1.370266 .000001 .000004
0 -3.048020 -.000006 .759791
0 3.179859 .000001 -.710147
V 1.310423 .000001 -.000018
0 3.179824 -.000005 .710191
0 -.045795 -1.210604 -.000012
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0 (8)- V (6) 1.8179
0(8)- V (3) 1.7944
0 (7)-V(6) 1.9998
V (6)-0(5) 1.9998
V (6)-0(1) 1.8179
V (6)- V (3) 2.6807
O (4)- V (3) 1.8418
V (3)- O (1) 1.7944
V (3)-0(2) 1.8418

E = -594.153819502 h (4.44 eV) 
quintet

.017081 (Hartree/Particle) 

.026837 

.027782 
-.021109

182

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Isomer 6

v2 o6 s6 .log
0 .517809 . 478593 1.180617
0 -2.483635 -.701813 .687209
0 -1.503857 1. 603791 -.520896
V -1.031816 . 191696 .085415
0 -1.806120 -1.412727 -.462010
V 1.701792 .231538 -.066029
0 2.796362 -.909148 .256121
0 .553259 -.275492 -1.196776

0(8)- V (6) 1.6896
0(7)- V (6) 1.6134
V(6)-O(1) 1.7369
0(5)- V (4) 1.8637
V (4)-0(1) 1.9191
V (4)-0(3) 1.6076
V (4)-0(2) 1.8078
V (4)- O (8) 2.0916

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -594.289379148 h (0.76 eV) 
singlet

.019826 (Hartree/Particle) 

.028710 

.029655 
-.015057

O .413580
v2 o6 s6 tr.log
-.247378 -1.247825

0 -2.077369 1.235280 -.701572
0 -1.765278 -1.626207 -.000041
V -.933754 -.261032 -.000020
0 -2.077024 1.235204 .701680
V 1.720937 -.197690 .000014
0 2.829490 .969423 -.000014
0 .413451 -.247497 1.247792
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(8)- V (6) 1.8080
0(8)- V (4) 1.8363
0(7)- V (6) 1.6097
V (6)- O (1) 1.8080
V (6)- V (4) 2.6554
0(5)- O (2) 1.4033
O (5)- V (4) 2.0095
V ( 4)-0(1) 1.8364
V (4)- O (2) 2.0097
V (4)-0(3) 1.5985

E = -594.281037421 h (0.98 eV) 
triplet

.018764 (Hartree/Particle) 

.028133 

. 029077 
-.018029
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V2O7 clusters 
Isomer 1

0 2.880939
v2o7s4tr.log
-0.799774 -0.094480

0 2.106235 1.738514 0.094659
V 1.586534 0.192176 -0.000214
0 -2.760635 1.881977 -0.153077
0 0.152881 -0.147420 -1.224091
0 0.212012 -0.303477 1.230756
V -1.019745 -0.520120 0.010289
0 -2 . 673565 0.608094 0.187336
0 -1.547387 -2.035075 -0.070069

0(9)- V (7) 1.6062
0(8)- V (7) 2.0098
0(8)-0(4) 1.3215
V (7)-0(6) 1.7475
V (7)-0(5) 1.7429
0(6)-V(3) 1.9106
O (5)- V (3) 1.9153
V (3)- O (2) 1.6341
V (3)-0(1) 1.6335

-669.491822883 h (0.00 eV) 
triplet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

0.020883
0.031541
0.032485
-0.017367

(Hartree/Particle)

0 -2.257917
v2o7slrl.log
-1.249037 0.825863

0 -2.522605 0.833812 -0.793183
V -1.471567 -0.140403 -0.048113
0 0.494509 1.895984 0.285648
0 0.020372 0.632339 1.119992
0 0.071522 -0.850716 -0.998315
V 1.393718 -0.321761 -0.047679
0 1.835746 1.450220 -0.246111
0 2.582187 -1.383878 0.081505

0(9)- V (7) 1.5991
0(8)- V (7) 1.8370
V(7)-0(5) 2.0396
V(7)-0(6) 1.7122
0(6)- V (3) 1. 9464
V (3)-0(2) 1.6152
V (3)-0(1) 1.6159
0(4)-0(8) 1.5101
O (4)- V (7) 2.4162
0(4)-0(5) 1.5867
V (3)-0(5) 2.0463
V (3)-0(4) 2.8502

-669.447870051 h (1.20 eV) 
singlet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0.022055
0.032423
0.033367

-0.014818

(Hartree/Particle)
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Isomer 2

0 -2.432300
v2o7s2.log
-0.886097 -1.307843

0 -2.460624 1.569572 -0.111927
V -1.803624 0.002757 0.001253
0 -2.450738 -0.696484 1.412557
0 2.423063 -1.525838 -0.424533
0 0. 000831 0.019581 0.006637
V 1.804513 0.001377 0.001116
0 2 .460991 0.387594 1.523768
0 2.456221 1.119788 -1.105469

0 (9)- V (7) 1.7030
0 (8)- V (7) 1.7025
V (7)-0(5) 1.7018
V (7)-0(6) 1.8038
0(6)- V (3) 1.8045
0 (4)- V (3) 1.7028
V (3)- O (2) 1.7028
V (3)- O (1) 1.7027

E = -669.425471572 h (1.81 eV) 
quintet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

0.015951 
0.028459 
0.029404 
-0.027822

(Hartree/Particle)

0 2.452008
v2o7s2tr.log
1.411422 -0.665702

O 2.454053 -1.314819 -0.888305
V 1.788249 -0.023906 -0.004609
0 2 .463885 -0.056082 1.568561
O -2 . 398438 1.510624 0.472731
O 0.007411 -0.010759 0.001113
V -1.807468 0.001734 0.000617
0 -2 .487366 -1.206041 1.051793
0 -2.436300 -0.270602 -1.528713

0(9)- V (7) 1.6758
0(8)- V (7) 1.7395
V (7)-0(6) 1.8149
V (7)- O (5) 1.6879
0(6) - V (3) 1.7809
0(4)- V (3) 1.7124
V (3)- O (1) 1.7140
V(3)-0(2) 1.7002

-669.416230951 h (2.06 eY) 
triplet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0.015772 
0.028495 
0.029439 

-0.028312

(Hartree/Particle)
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Isomer 3

v2o7s3r2.log

0(9)- V (7) 1.6343
0(8)- V (7) 1.6328
V (7)- O (6) 1.8170
O (6)- V (3) 1.8169
0(5)- O (4) 1.3670
V (3)- O (1) 1.6328
V (3)- O (2) 1.6343
0(5)- V (7) 3.1545
O (4)- V (7) 2.0493
V (3)- O (5) 3.1542
V (3)- O (4) 2.0493

O -2.439865 -0.291185 1.320232
O -2.418857 -0.290357 -1.332249
V -1.477873 -0.227035 0.002461
O 0.000054 1.192620 -0.006484
0 -0.000191 2.559642 -0.008657
0 -0.000012 -1.283968 0.007802
V 1.477908 -0.227079 -0.000661
0 2.437874 -0.306726 -1.319083
0 2.420895 -0.274446 1.333263
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -669.453669362 h (1.04 eV) 
triplet

0.019880
0.031263
0.032207

-0.020038

(Hartree/Particle)

Isomer 4

O -2.390091
v2o7s4tr.log
-1. 515249 0.160509

O -2.750287 1. 045685 -0.208780
V -1.535961 -0.090478 0.011409
O -0.222321 0.270364 1.241400
0 -0.192786 -0.097760 -1.177844
V 1.130814 0.281810 0.069023
0 1.700441 1.752542 -0.173776
0 2.630386 -0.862365 0.637776
0 2.389456 -1.143297 -0.710527

O (9)- O (8) 1.3982
0(8)-V (6) 1.9701
0(7)- V (6) 1.5958
V ( 6) -O ( 4 ) 1.7904
V (6)- O (5) 1.8576
0(5)-V (3) 1.7940
0(4)-V (3) 1.8354
V (3)-0 (2) 1.6775
V (3)-O (1) 1.6679

E = -669.491822883 h (0 eV) 
triplet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0.020883 
0. 031541 
0.032485 
-0.017367

(Hartree/Particle)
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v2o7s4s 1 bsopt. log, v2o7s4bsoptfr. log
0 -2.399122 -1.509113 .163474
0 -2.750102 1.047653 -.205302
V -1.534561 -.090919 .010807
0 -.222074 .263735 1.239829
0 -.193470 -.103361 -1.179551
V 1.131289 .278882 .063682
0 1. 698150 1.750954 -.176502
0 2.627222 -.865666 .643917
0 2.402319 -1.130913 -.711165

0(9)-0(8) 1.3990
0(8)-V(6) 1.9709
0(7)- V (6) 1.5956
V (6)-0(4) 1.7931
V (6)-0(5) 1.8565
0(5)- V (3) 1.7932
0(4 )- V (3) 1.8327
V (3)- O (2) 1.6795
V (3)- O (1) 1.6679

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

E = -669.491690886 h (0.04 eV) 
singlet 

broken symmetry

.020982 (Hartree/Particle) 

.031624 

.032568 
-.016252

O -2.304141
v2o7s4fr.log
-1.544657 0.214707

0 -2.720005 1.038332 -0.285592
V -1.551358 -0.090624 0.019246
0 -0.194613 0.355717 1.238026
0 -0.158980 -0.096454 -1.177391
V 1.132095 0.322813 0.082900
0 1.762872 1.770550 -0.150530
0 2.538890 -1.003953 0.606591
0 2.281359 -1.187079 -0.739482
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

O (9)-0(8) 1.3827
0(8)- V (6) 2.0034
0(7)- V (6) 1.5963
V ( 6) -O ( 4 ) 1.7594
V ( 6) -0 (5 ) 1.8523
0(5)- V (3) 1.8359
0(4)- V (3) 1.8776
V (3)- O (2) 1.6532
V (3)- O (1) 1.6490

-669.464781222 h (0.74 eY) 
singlet

0.021025
0.031731
0.032675
-0.016314

(Hartree/Particle)
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0(9)-0(8) 
0(7)- V (6) 
V (6) - V (3) 
V(6)-0(5) 
V(6 ) - 0 (4) 
0(5)- V (3) 
0(4) - V (3) 
V ( 3)-0(1) 
V(3 ) - 0 (2 ) 
V(6)-0(9)

1.2884 
1.6080 
2.6729 
1.8676 
1.8417 
1.8022 

8118 
6693 
6943 
1831

v2o7s4q.log
0 2.372334 1.522085 0.601161
0 2.771691 -0.554778 -0.947875
V 1.566649 0.202781 -0.028752
O 0.634906 -0.824999 1.136696
0 0.001483 0.548744 -0.852509
V -0.965375 -0.606100 0.251796
0 -1.611954 -1.890507 -0.467868
0 -3.233466 1.596390 -0.455437
0 -2.663658 0.762607 0.344579
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

-669.43389650 h (1.58 eV) 
quintet

0.019740 
0.031250 
0.032194 
-0.021116

(Hartree/Particle)

0(9)- O (8) 1.3651
0(7) -V { 6) 1.6014
V (6)- O (5) 1.9171
V (6)-0(4) 1.9170
0(5)- V (3) 1.9453
0(4)- V (3) 1.9450
V (3)-0(2) 1.6956
V (3)- O (1) 1. 6988
V(6)-O(9) 2.1189
V (6)-0(8) 2.1189

v2o7s4s.log
2.701121 -1.564179 0.000636
2.851025 1.245184 -0.000696
1.827931 -0.107007 -0.000226
0.210924 -0.041974 -1.079144
0.211367 -0.041106 1.079876

-1.330642 0.322842 0.000430
-1.793728 1.855840 -0.000327
-2.804671 -1.037239 -0.683038
-2.805744 -1.037052 0.682106

Zero-point correction^
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

-669.321657900 h (4.63 eV) 
septet

0.017101 
0.029484 
0.030429 

-0.025029

(Hartree/Particle)
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V3O4 clusters
Isomer 1

v3o4sl.log, v3o4slfr.log

0(7)- V (6) 1.6131
V{6)-O(3) 1.8296
V (6)-0(5) 1.8189
0(5)- V (4) 1.7990
V ( 4)-0(1) 1.8183
V (4)- V (2) 2.6458
O (3)- V (2) 1.7904
V(2)-O(1) 1.8184

2.296114 0.173723 0.331884
0.943367 1.363164 0.083029

-0.741643 1.512608 -0.503427
1.245068 -1.262418 -0.041048

-0.518773 -1.596976 -0.156167
-1.548576 -0.097921 -0.183377
-2.875295 -0.097475 0.734222

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -515.299842487 h( 0eV)  
doublet

.013977 (Hartree/Particle) 

.022717 

.023661 
-.022712

O 2.287982
v3o4quart.log

. 016941 .418695
V 1.069695 1.311535 .013093
O -.662945 1.562131 -.382840
V 1.116051 -1.291763 -.005291
0 -.624569 -1.572098 -.337877
V -1.543602 -.014776 -.173563
O -2.846630 -.021337 .778582

0(7)- V (6) 1.6138
V (6)-0(3) 1.8182
V (6)-0(5) 1.8157
0(5)- V (4) 1.7941
V (4)-0(1) 1.8072
V (4)- V (2) 2.6038
0(3)- V (2) 1.7949
V (2)-0(1) 1.8234

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E -  -515.277835562 h (0.60 eV) 
quartet

.013976 (Hartree/Particle) 

. 022711 

.023656 
-.023657
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0 2 . 046764
v3o4sls.log

.311187 . 471095
V .826692 1.562793 -.011100
0 -.807766 1.450815 -.725029
V 1.198847 -1.275976 .249104
0 -.393870 -1.714978 -.432374
V -1.425896 -.213502 -.292346
0 -2.569101 -.257804 . 842541
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0 (7)- V(6 ) 
V (6)-0(3) 
V(6) -0(5) 
0(5)- V (4) 
V( 4) - 0 (1 ) 
0(3)- V (2) 
V(2 ) - 0 (1 )

1.6115 
1.8274 
1.8273
1.7871
1.8131
1.7871
1.8132

E = -515.29958255 h (0.01 eV) 
sextet

.013986 (Hartree/Particle) 

.022658 

.023602 
-.023684

O 2.282103
v3o4slo.log

.000039 -.035434
V 1.200355 1.453930 .019436
0 -.589013 1.509055 -.012706
V 1.200420 -1.453904 . 019479
0 -.588943 -1.509073 -.012823
V -1.649340 -.000028 -.050539
0 -3.264523 -.000018 .094384

0(7)- V (6) 1.6217
V (6)-0(3) 1.8447
V (6)-0(5) 1.8447
0(5)- V (4) 1.7905
V (4)-0(1) 1.8130
0(3)- V (2) 1.7905
V (2)-0(1) 1.8130

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

-515.295111139 h (0.13 eV) 
octet

.013125 (Hartree/Particle) 

.022226 

.023170 
■.025902
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Isomer 2

O -2.282153

v3o4s2o.log
O .588869 -1.508606 -.013895

.000241 -.036666
-.000196 -.053051
1.508455 -.013818

-1.453745 .020420
1.453901 .020383
.000024 .099591

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

V 1.649637 
O .589211
V -1.200660
V -1.200299 
0 3.264123

0(7)- V (3) 1.6217
V (6)-0(4) 1.7907
V (6)- O (2) 1.8130
V (5)-0(1) 1.7907
V (5)-0(2) 1.8130
0(4)- V (3) 1.8445
V (3)- O (1) 1.8445

E = -515.295110952 h (0.13 eV) 
octet

.013129 (Hartree/Particle) 

.022226 

. 023170 
-.025857

v3o4.log, v3o4fr.log
0 -.566483 1.630913 .409688
O 2.267965 -.250727 .374644
V -1. 421429 .056670 .257805
0 -.561357 1.480111 .740946
V 1.069759 1.111752 .182091
V .857402 1.106608 . 313360
0 -2.594104 -.077794 . 842047

0(7)- V (3) 1.6134
V (6)-0(2) 1.7876
V (6)- V (5) 2.2324
V (6)-0(4) 1.8066
V (6)- V (3) 2.6215
V (5)-0(2) 1.8979
V (5)-0(1) 1.8158
0(4)- V (3) 1.8262
V (3)-0(1) 1.7978

-515.286740086 h (0.36 eV) 
doublet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

.014449 

.022856 

.023800 
-.020998

(Hartree/Particle)
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0 . 620804
v3o4s2q.log
-1.643707 -.581530

0 -2.036784 .008488 .598118
V 1.425947 -.021134 -.171136
0 .669354 1. 607840 -.601109
V -1.021788 -1.348973 -.004380
V -.983548 1.381011 -.004399
0 2.412367 -.003970 1.101777

0(7)- V (3) 1.6105
V (6)-0(4) 1.7719
V(6)-0(2) 1.8320
V (5)-0(1) 1.7658
V (5)-0(2) 1.7989
0(4)- V (3) 1.8469
V (3)- O (1) 1.8573

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -515.288421603 h (0.31 eV) 
quartet

.014368 (Hartree/Particle) 

.022847 

.023791 
-.022145

0 -.614812
v3o4s2sr2.log

1.589638 -.538066
0 2.260028 . 000170 -.045573
V -1.432823 -.000151 -.165285
0 -.613896 -1.589366 -.538996
V 1.016099 1.311959 .145702
V 1.016385 -1.311805 .145999
0 -2.755345 -.000451 .759190
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(7)- V (3) 1.6136
V (6)-0(2) 1.8179
V (6)- V (5) 2.6238
V (6)- O (4) 1.7900
V (5)- O (2) 1.8179
V (5)- O (1) 1.7901
0(4) -V ( 3) 1. 8264
V (3)- O (1) 1.8263

E = -515.290201016 h (0.26 eV) 
sextet

.013979 (Hartree/Particle) 

.022596 

. 023540 
-.023133
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0 . 576794
v3o4s2te.log
-1.402764 -.059861

0 -2 . 085376 .000338 . 113194
V 1. 647414 -.000107 -.122163
0 .577672 1.403254 -.059424
V -1.259565 -1.599114 . 012779
V -1.258762 1.599278 .012695
0 3.434782 -.000990 .284073
Zero-point correction=
Thermal
Thermal
Thermal

correction
correction
correction

to
to
to

Energy= 
Enthalpy= 
Gibbs Free

0(7)- V (3) 1.8330
V (6)-0(4) 1.8483
V(6)-O(2) 1.8028
V (5)-0(1) 1.8483
V ( 5)-0(2) 1.8029
0(4)- V (3) 1.7657
V (3)-0(1) 1.7657

Energy=

-515.198064014 h (2.77 eV) 
multiplicity = 1 0

.011672 (Hartree/Particle) 

.021060 

. 022004 
-.027508

Isomer 3

v3o4s3.log, v3o4s3fr.log
0 1.333372 .064484 1.384432
0 -1.283507 1.542389 .000452
V -1.668734 -.237817 -.000359
V .525381 1.215601 .000018
V .913087 -.937772 -.000001
0 -.722561 -1.787136 . 000007
0 1.334713 .065228 -1.383910

0 (7) -V (4) 1 9732
0 (7) -V (5) 1 7604
0 (6) -V (5) 1 8430
0 (6) -V (3) 1 8154
V (5) -0 (1) 1 7601
V (5) -V (4) 2 1880
V (5) -V (3) 2 6750
V (4) -0 (1) 1 9735
V (4) -0 (2) 1 8382
V (4) -V (3) 2 6318
V (3) -0 (2) 1 8214

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -515.294393469 h (0.15 eV) 
doublet

.013961 (Hartree/Particle) 

. 022232 

.023177 
-.020674
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0 -1.309929
v3o4s3q.log
-.127457 -1.396552

0 . 973067 1.687854 -.000860
V 1.693152 . 005012 .000300
V -.757623 1.127306 .000087
V -.725806 -1.050965 .000033
0 1.042940 -1.666735 -.000881
0 -1.309033 -.127552 1.397086

0(7)- V (4) 1.9571
O (7)- V (5) 1.7733
0(6)- V (3) 1.7937
0(6)- V (5) 1.8729
V (5)- V (3) 2.6394
V (5)- V (4) 2.1785
V (5)- O (1) 1.7733
V (4)- O (2) 1.8192
V (4)-0(1) 1.9571
V (3)- O (2) 1.8304

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -515.291838388 h (0.22 eV) 
quartet

.014238 (Hartree/Particle) 

.022326 

. 023270 
-.020732

v3o4s3srl.log
0 -1.165549 .400365 1.311504
O .524613 -1.756407 -.000011
V 1.729544 -.412572 -.000059
V -1.167259 -1.038889 .000040
V -.410223 1.290604 .000012
0 1.369390 1.418145 -.000048
0 -1.165635 .400361 -1.311427

O (7) -V (5) 1.. 7559
O (7) -V (4) 1.. 9471
O (6) -V (3) 1..8658
O (6) -V (5) 1..7842
V (5) -0 (1) 1..7559
V (5) -V (4) 2..4494
V (4) -0 (2) 1..8377
V (4) -0 (1) 1.. 9471
V (3) -0 (2) 1.. 8049

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -515.294351834 h (0.15 eV) 
sextet

.013924 (Hartree/Particle) 

. 0 2 2 1 1 0  

.023054 
-.021649
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v3o4s3orl.log
0 -1. 183017 .003198 1.203461
0 .927660 -1.574418 -.001662
V 1.880060 -.005580 .000331
V -.857583 -1.345749 .000447
V -.848051 1.350664 -.000151
0 .938334 1.570045 -.000899
0 -1.184454 .003088 -1.202702

0(7)- V (5) 1.8372
0(7)- V (4) 1.8368
0(6)- V (3) 1.8356
0(6)- V (5) 1.7998
V (5)- O (1) 1.8375
V(4)-0(2) 1.7998
V ( 4)-0(1) 1.8365
V (3)-0(2) 1.8353

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -515.294455985 h (0.15 eV) 
octet

.013999 (Hartree/Particle) 

. 021953 

. 022897 
-.021628

v3o4s3ter3.log
0 -1.313466 -.000015 1.132327
0 .967170 -1.527354 .002598
V 1.967813 . 000000 -.022123
V -.831303 -1.463784 -.000573
V -.831303 1.463784 -.000534
0 .967170 1.527354 . 002645
O -1.498346 .000014 -1.070784

0(7) -V (5 ) 1.9321
0(7)- V (4) 1.9321
0(6)- V (3) 1.8261
0(6)- V (5) 1.7996
V (5)- O (1) 1.9127
V ( 4)-0(2) 1.7996
V (4)-0(1) 1.9127
V (3)- O (2) 1.8261

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

-515.199267913 h (2.74 eV) 
multiplicity = 1 0

.012543 (Hartree/Particle) 

.021264 

. 022208 
■.025236
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V3O5 structures
Isomer 1

v3o5.log, v3o5fr.log
0 2.159951 •1.584477 .654524
0 -.745690 ■1.518374 .154003
V .963055 ■1.314990 .380455
V -1.720483 -.008759 .305767
0 -.787540 1.516286 .091943
0 -3.220623 -.040902 .284319
V .939885 1.322090 .386288
0 2.069338 1.632237 .709154
Zero-point correction=
Thermal correction to Energy= 
Thermal correction to Enthalpy= 
Thermal correction to Gibbs Free

O {8)- V (7) 1.6037
V (7)- V (3) 2.6372
V (7)- O (5) 1.8029
0(6)- V (4) 1.6123
O (5)- V (4) 1.8005
V (4)- O (2) 1.8034
V (3)- O (1) 1.6051
V (3)- O (2) 1.8019

= -590.550205173 h (1.38 eY) 
doublet 

[E = 590.550080666 h, 
in frequency calculation]

Energy=

.017266 

. 027632 

. 028576 
-.022056

(Hartree/Particle)
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0(8)- V (7) 1.6047
V (7)-0(5) 1.7952
0(6) -V ( 4 ) 1.6127
0(5)- V (4) 1.8043
V (4)-0(2) 1.8043
V (3)-0(2) 1.7952
V (3)-0(1) 1.6047

0 -2.102339
v3o4slqrl.log

1.679849 .690422
0 .758390 1.510664 .138502
V -.952621 1.395803 -.392403
V 1.727364 -.000027 .324043
0 .758216 -1.510652 .138841
0 3.200016 -.000189 -.333238
V -.952687 -1.395760 -.392396
0 -2.102692 -1.679720 .690148
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy= 

Note that frequency calculation results in 
without the use of Int=Ultrafine.
[ Int=Ultrafine 
Zero-point correction^
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -590.544539131 h (1.53 eV) 
quartet 

[E = -590.544532729 h, 
Int=Ultrafine]

.016944 (Hartree/Particle) 

.026609 

.027553 
-.021973 

one negative frequency

.016970 (Hartree/Particle) 

. 027544 

.028488 
■.024448]
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0

721955
886437
767567

V -1.777029
023150

0 -3.308149
151550
040976

v3o5sls.log
-2.106764 
-1. 847374 
-1.319372 
-.282991 
.411912 
.254548 

1.862549 
2.539646 

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

.801018 

. 679445 

.247115 

. 173942 

.214673 

.157885 

.567530 

.599470

O (8)-V (7) 1.6160
V (7)- O (5) 1.8714
0(6)- V (4) 1.6228
0(5)- V (3) 1.9403
0(5)- V (4) 1.9684
V(4)-0(2) 1.8698
V (3)-0(1) 1. 6216
V (3)- O (2) 1.7893

E = -590.546408014 h (1.48 eV) 
sextet

.015787 (Hartree/Particle) 

. 026818 

.027762 
-.027313

Isomer 2

v3o5s2.log, v3o5s2fr.log
0 2.666985 -0.876166 -0.862159
0 0.000344 -1.583311 -0.000362
V 1.515323 -0.629410 0.234039
0 -2.666056 -0.876811 0.862823
V -1.515054 -0.629938 -0.234046
O 1.438648 1.066579 0.889635
0 -1.439299 1.065976 -0.889856
V -0.000486 1.678038 -0.000021
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

V (8) ■-0(6) 1.,7990
V ( 8 ) ■-0(7) 1..7991
0(7)'-V (5) 1.. 8199
0(6) ■-V (3) 1.,8199
V (5) ■-0(2) 1.. 8055
V (5) •-0(4) 1., 6090
V (3) ■-0(1) 1., 6090
V (3) •-0(2) 1.. 8056

-590.600848219 h (0 eV) 
doublet

.017600 (Hartree/Particle) 

.027463 

. 028408 

.020897
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0 -2.128369
v3o5quart.log
-1.485411 . 946780

0 . 001918 -1. 344903 -.988004
V -1.449103 -.609078 -.216524
0 2.133129 -1.480752 .945491
V 1.450764 -.605485 -.216776
0 -1.638364 1.187490 -.056151
0 1.634659 1.191556 -.054172
V -.002695 1.886569 . 157146

V (8 ) •-0(7) 1..7913
V (8) ■-0(6) 1..7915
0(7)--V (5) 1..8137
0(6) -V (3) 1.. 8136
V (5) --0(4) 1., 6070
V (5) ■-0(2) 1., 8002
V (3) ■-0(2) 1.,8006
V ( 3) ■-0(1) 1.. 6071

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -590.600333993 h (0.01 eV) 
quartet

.017599 (Hartree/Particle) 

. 027312 

. 028257 
-.021023

0 -2 . 953165
v3o5s2s.log
-1.375321 -.420686

0 -.000019 -1.455102 -.000107
V -1.631589 -.696995 .211323
0 2.953043 -1.375364 .420913
V 1.631594 -.697043 -.211367
0 -1.500976 1.121536 . 167389
0 1.501006 1.121489 -.167433
V .000034 2.076738 .000017
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

V (8)-0(7) 1.7870
V (8)-0(6) 1.7870
0(7)- V (5) 1.8237
0(6)- V (3) 1.8237
V (5)- O (4) 1.6143
V (5)- O (2) 1.8115
V (3)-0(2) 1.8115
V (3)- O (1) 1.6143

E = -590.596583885 h (0.12 eY) 
sextet

.016340 (Hartree/Particle) 

.026708 

. 027652 
-.024192
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Isomer 3

0 1.581240
v3o5s3qrl.log
-1.268525 -.151441

V 2.813953 .092701 -.150918
0 1.357576 1.205260 -.292573
V .166602 -.142783 -.127109
0 4.093487 .259475 .827365
0 -1.600612 -.365885 -.012397
V -3.408240 -.281166 .136658
0 -4.202095 1.122015 .035484
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(8)- V (7) 1.6154
V (7)- O (6) 1.8157
0(6)- V (4) 1.7849
0(5)- V (2) 1.6193
V (4)- V (2) 2.6579
V (4)-0(3) 1.8064
V (4)-0(1) 1.8081
0(3)- V (2) 1.8382
V(2)-0(1) 1.8364

E = -590.562295890 h (1.05 eV) 
quartet

.016148 (Hartree/Particle) 

.026895 

. 027839 
-.026494

v3o5s3.log, v3o5s3fr.log
0 -3.761989 1.084159 . 972887
V -3.147406 .269736 -.295722
0 -1.353853 . 098808 -.298197
V .244224 -.403489 .334428
0 -3. 974531 -1.105935 -.567166
0 2 . 035092 -.403280 .334046
V 3.821183 -.130245 .086016
0 4 .416027 1.085241 -.800145
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(8)- V (7) 1. 6176
V (7)-0(6) 1.8238
0(6)- V (4) 1.7909
0(5)- V (2) 1.6280
V (4)-0(3) 1.7906
0(3)- V (2) 1.8017
V (2)- O (1) 1.6280

E = -590.518197812 h (2.25 eV) 
doublet

.015645 (Hartree/Particle) 

.027082 

.028026 
-.028801
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0 -3.722039
v3o5s3s.log
1.169711 .936886

V -3.144155 .267444 -.289691
0 -1.353661 . 070200 -.326162
V . 247102 -.434892 .301787
0 -3.997027 -1.109403 -.461522
0 2.044191 -.426161 .304116
V 3.821289 -.136114 .076003
0 4.371358 1.168392 -.706600

0(8)- V (7) 
V(7) - 0 (6 ) 
0 (6 ) - V(4) 
0(5)- V (2) 
V (4 ) -0(3) 
0(3)- V (2) 
V(2 ) - 0 (1 )

1.6176 
1.8150 
1.7971
1.6287 
1.7922 
1.8017
1.6287

-540.519820777 h (2.20 eV) 
sextet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

. 015456 

. 026948 

. 027893 
-.030179

(Hartree/Particle)

Isomer 4

O -3.261404
v3o5s4q.log
-.056794 .262353

0 1.699062 -.099449 -1.230197
0 -.582836 -1.531543 -.081441
V -1.702774 -.029188 -.155216
0 -.733583 1.500638 .012261
V 1.128036 -1.153397 .050459
V 1.062527 1.265937 -.006867
O 1.476369 -.052493 1.357944
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(8)- V (7) 1.9422
0(8)- V (6) 1.7444
V (7)- O (2) 1.9406
V (7)- V (6) 2.4209
V (7)-0(5) 1.8115
V(6)-0(2) 1.7541
V (6)-0(3) 1. 7571
0(5)- V (4) 1.8187
V (4)-0(3) 1.8753
V (4)-0(1) 1.6138

-590.599360203 h (0.04 eV) 
quartet

.016922 (Hartree/Particle) 

.026541 

.027485 
-.020607
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v3o5s4.log, v3o5s4fr.log
0 -3.269616 -.127113 .002404
0 1.601673 -.060542 -1.321658
0 -.552562 -1.551288 -.000775
V -1.658164 -.056095 -.001245
0 -.822046 1.530950 -.000792
V 1.161221 -1.107534 .000205
V .998838 1.257113 .000317
0 1.599604 -.060772 1.322899
Zero-point correction^
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(8)- V (7) 1.9614
0(8)- V (6) 1.7428
V ( 7)- O (2) 1.9614
V (7)- V (6) 2.3702
V (7)-0(5) 1.8414
V (6)-0(2) 1.7428
V (6)-0(3) 1.7703
0(5)- V (4) 1.7938
V (4)-0(3) 1.8596
V (4)-0(1) 1.6130

E = -590.597683511 h (0.09 eV) 
doublet

.017122 (Hartree/Particle) 

. 026829 

.027773 
-.020582

0 -3.263663
v3o5s4s.log
-.000302 .179690

O 1.520396 .000050 -1.161009
0 -.665677 -1.530364 -.028712
V -1.670315 .000015 -.097683
0 -.665958 1.530470 -.028800
V 1.123060 -1.346688 .017277
V 1.122903 1.346721 .017340
0 1.419913 .000007 1.220145
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(8)-V(7) 1.8299
0 (8)- V (6) 1.8299
V (7)- O (2) 1.8330
V (7)-0(5) 1.7989
V (6)-0(2) 1.8330
V(6)-0(3) 1.7987
0(5)-V(4) 1.8319
V (4)- O (3) 1.8320
V (4)- O (1) 1.6173

E = -590.599253761 h (0.04 eV) 
sextet

.017131 (Hartree/Particle) 

.026504 

. 027449 
-.021032
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v3o5s4orl.log
0 -3.487366 .080581 .001382
0 1.493924 .028355 -1.319088
0 -.644478 -1.535045 .000393
V -1.677924 -.063717 -.000833
0 -.671952 1.476638 -.000088
V 1.186864 -1.221110 .000111
V 1.122659 1.257245 .000086
0 1.494023 .028769 1.319228
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

O (8)- V (7) 1.8404
O (8)- V (6) 1.8430
V (7)- O (2) 1.8407
V (7)-V(6) 2 .4792
V (7)- O (5) 1.8080
V (6)- O (2) 1.8428
V (6) - O (3) 1. 8581
O (5)- V (4) 1. 8397
V (4)- O (3) 1.7980
V (4)- O (1) 1.8152

E = -590.485645773 h (3.13 eV) 
octet

. 014712 

. 025000 

. 025944 
-.024741

(Hartree/Particle)
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V3O6 clusters 
Isomer 1

v3o6s5.log, v3o6s5fr.log
0 1.839895 -2.643619 .621958
V .948252 -1.620598 -.242332
0 1.597046 .047567 -.465686
0 -.815180 -1.526835 .139894
V .855502 1.676154 -.247612
V -1.844011 -.051536 .278137
0 1.674702 2.731586 . 648971
0 -.903343 1.479758 . 113298
0 -3.277379 -.100015 -.449493
Zero-point correction^
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0 ( 9) - V (6) 1.6082
0(8)- V (5) 1.8062
0(8)- V (6) 1.8047
0(7)- V (5) 1.6090
V (6)-0(4) 1.8039
V (5)-0(3) 1.8027
O (4)- V (2) 1.8068
0(3)- V (2) 1.8038
V (2)-0(1) 1. 6089

-665.896512857 h(OeV) 
doublet

.020501 (Hartree/Particle) 

.031858 

.032802 
-.020517

0 -1.792835
v3o6quart.log

2.647357 .631270
V -.885091 1.656584 -.254561
0 -1.545912 .004398 -.549997
O . 848243 1.475654 .229078
V -.893700 -1.651050 -.253743
V 1.878218 -.004812 .320872
0 -1.809174 -2.639696 .626478
0 . 839330 -1.479222 .234871
0 3.174496 -.010570 -.632833

0(9)- V (6) 1.6093
O (8)- V (6) 1.8057
0(8)- V (5) 1.8088
0(7)- V (5) 1.6094
V (6)-0(4) 1.8058
V (5)-0(3) 1.8038
0(4)- V (2) 1.8086
0(3) - V (2) 1.8038
V (2)- O (1) 1.6094

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -665.895107479 h (0.04 eV) 
quartet

.020303 (Hartree/Particle) 

. 031717 

. 032661 
-.021636
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0 .191011
v3o6slsrl.log
-1.697729 -.077269

0 -.386924 3.464167 .149385
V 1.735322 -.745760 -.070032
0 1. 407312 1.011532 -.024042
0 -2.827210 -2.099814 .205943
V -1.523938 -1.103885 -.058400
V -.212131 1.869090 -.036030
0 3.225742 -1.417526 .230057
0 -1.607782 .683465 -.011247

O (9)- V (7) 1.8314
0(9)- V (6) 1.7899
0(8)- V (3) 1. 6621
V(7)-O(4) 1.8325
V (7)- O (2) 1. 6153
V (6)- O (1) 1.8150
V (6)-0(5) 1.6614
0(4)- V (3) 1.7882
V (3)-0(1) 1.8142

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

-665.808277111 h (2.40 eY) 
sextet

.016875 (Hartree/Particle) 

.029293 

.030237 
-.026984

Isomer 2

v3o6s2q.log
0 -4.115509 -1.772197 -.018865
V -3.668257 -.219853 .006896
0 -1.916837 .232495 -.018426
0 -.104569 2.453946 .058165
V -.246157 .847241 -.008574
O 1.256324 -.148432 -.032791
V 2.964485 -.682663 -.012633
0 3.840815 -.243351 -1.306338
0 3.770822 -.363544 1.359400

0(9)- V (7) 1.6231
0(8)- V (7) 1.6232
V (7)-0(6) 1.7899
0(6)- V (5) 1.8026
V (5)-0(4) 1.6143
V(5)-0(3) 1.7802
0(3)- V (2) 1.8091
V (2)-0(1) 1.6157

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

E = -665.819547694 h (2.09 eV) 
quartet

.019125 (Hartree/Particle) 

.031750 

.032694 
-.028801
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v3o6s2.log, v3o6s2fr.log
0 -4 . 123003 -1.775335 -.021861
V -3.663149 -.226979 .011205
0 -1.913131 .257335 -.031824
0 -.084041 2.459019 .080519
V -.244064 .856545 -.015090
0 1.250707 -.144751 -.041543
V 2.957458 -.688617 -.014913
0 3. 844818 -.238838 -1.297082
0 3.755195 -.387656 1.365835

O (9)- V (7) 1.6228
0(8) -V (7 ) 1.6229
V (7)- O (6) 1.7915
O (6)-V(5) 1.7993
V (5)- O (4) 1.6133
V (5)-0(3) 1.7734
0(3)- V (2) 1.8163
V (2)-0(1) 1.6155

E = -665.818521024 h (2.12 eV) 
doublet

v3o6s2s.log
0 -3.634391 -2.111099 . 002740
V -3.543042 -.499017 . 000861
0 -1.933113 .325489 -.001967
0 -.381605 2.735066 .000892
V -.340261 1.120741 -.002155
0 1.283866 .312621 -.002798
V 2.909459 -.420364 .000120
0 3.732911 -.926738 -1.385400
0 3.732134 -.914248 1.389908

0(9) - V (7) 1.6889
0 (8 ) - V (7 ) 1.6894
V (7) - O ( 6) 1.7832
0 ( 6 ) - V (5) 1.8141
V ( 5 ) - O (4 ) 1. 6149
V ( 5 ) - 0 (3 ) 1.7803
0 (3 ) - V (2 ) 1.8088
V ( 2 ) - 0 ( 1 ) 1.6147

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

-665.753213770 h (3.90 eV) 
sextet

.016569 (Hartree/Particle) 

.030071 

.031015 
-.033999
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Isomer 3

0 -3.934705
v3o6s3q.log
1.398801 -.579935

0 -4 . 335564 -.785916 .910892
V -3.462552 -.129496 -.292303
0 -1.679009 -.335341 -.110456
V . 000421 -.048694 .426365
0 1.666992 .286371 -.119463
V 3.460016 .164902 -.283844
0 4 .287542 .801929 .961354
0 4.000825 -1.327643 -.631769
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(9)- V (7) 1.6252
0{8)- V (7) 1.6252
V (7)- O (6) 1.8046
0(6)- V (5) 1.7854
V (5)-0(4) 1.7863
0(4)- V (3) 1.8046
V (3)-0(1) 1.6252
V (3)-0(2) 1.6250

E = -665.806172088 h (2.46 eV) 
quartet

.019309 (Hartree/Particle) 

.031602 

.032546 
-.026837

v3o6s3diis.log, v3o6s3fr.log
0 -3.853781 1.435409 -.583973
0 -4.336836 -.780171 . 846279
V -3.421971 -.110164 -.319570
0 -1.625448 -.366653 -.100188
V -.000690 -.096262 .512900
0 1. 606024 .294465 -.080443
V 3.417128 . 185507 -.297467
O 4 .271342 .760297 .961191
0 3. 954608 -1.283205 -.743472
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(9)-V (7) 1.6263
0 (8) -V (7) 1.6261
V (7)-0 (6) 1.8273
0 (6) -V (5) 1.7568
V (5)-0 (4) 1.7575
0(4)- V (3) 1.8280
V (3) -0 (1) 1.6264
V (3)- O (2) 1.6264

-665.784747664 h (3.04 eV) 
doublet

. 019097 

.031430 

.032374 
-.026462

(Hartree/Particle)
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Isomer 4

v3o6s4.log, v3o6s4fr.log
0 -1.695364 .121044 -1.259108
V -1.415939 -1.016542 -.005272
V -.617801 1.290900 .003218
0 -1.695320 .094963 1.266531
0 .795283 .896373 -1.185968
0 .242901 -1.629849 -.007183
V 1.499681 -.235889 -.000636
0 .791438 .884530 1.193508
0 3.096482 -.477659 -.000044

0(9 -V (7) 1.6150
0(8 -V (7) 1.7841
0(8 -V (3) 1.8889
V (7 -0(5) 1.7842
V (7 -0(6) 1.8769
V (7 -V(3) 2.6105
0(6 -V (2) 1.7686
0(5 -V(3) 1.8886
0(4 -V (2) 1.7120
V (3 -0(1) 2.0306
V (3 - v  ( 2 ) 2.4416
V (2 -0(1) 1.7159

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -665.859840903 h (1.00 eV) 
doublet

021523 (Hartree/Particle)
031322
032266
014506

v3o4s4qrl.log
0 1.592651 .186477 1.195010
V 1.556160 -1.062356 -.000081
V .515920 1.417201 .000029
0 1.592465 .186831 -1.194905
0 -.862265 . 873453 1.195303
0 -.133219 -1.602706 -.000137
V -1.475571 -.295091 .000000
0 -.862433 .873659 -1.195179
O -3.042163 -.689505 . 000059

0 (9) -V (7) 1 6155
O (8) -V (3) 1 9036
0 (8) -V (7) 1 7806
V (7) -0 (5) 1 7806
V (7) -V (3) 2 6264
V (7) -0 (6) 1 8740
0 (6) -V (2) 1 7737
0 (5) -V (3) 1 9036
0 (4) -V (2) 1 7290
0 (4) -V (3) 2 0250
V (3) -0 (1) 2 0253
V (2) -0 (1) 1 7289

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -665.850349569 h (1.26 eV) 
quartet

.021515 (Hartree/Particle) 

. 031210 

. 032155 
-.015048
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Isomer 5

v3o6s7q.log
0 1.596559 1.114349 -0.535722
0 -0.000184 -1.391180 -0.933120
0 -1.596247 1.114587 -0.535464
V 1.362901 -0.580783 -0.043520
V -1.363012 -0.580562 -0.043204
V 0.000217 1.833770 0.133047
0 2.685412 -1.408364 0.356417
0 -2.686018 -1.407789 0.355836
0 0.000176 0.045176 1.158876

0(9)- V (4) 1.9221
0(9)- V (5) 1.9222
0(8)- V (5) 1.6106
0(7)- V (4) 1.6106
V (6)-0(1) 1.8743
V (6)- O (3) 1.8743
V (5)-0(2) 1.8183
V (5)-0(3) 1.7805
V (4)-0(1) 1.7805
V(4)-0(2) 1.8183
V (6)- O (9) 2.0619

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

-665.898800221 h (0.06 eV) 
quartet

,020349 (Hartree/Particle) 
,030883 
,031828 
017867

v3o6s7rl.log, v3o6s7rlfr.log
0 1.389033 1.329525 -.577572
O -.037937 -1.449903 -.910670
0 -1.528906 1.104034 -.701717
V 1.454497 -.539817 -.139712
V -1.315697 -.625237 -.030616
V -.132308 1.749395 .217532
0 2.741996 -1.272714 .480279
0 -2.611584 -1.467131 .422721
0 .028731 .076208 1.151247

0 (9) -V (4) 2,.0196
O (9)--V (6) 1,. 9228
0 (9)'-V (5) 1,. 9226
O (8)'-V (5) 1,. 6105
0 (7)'-V (4) 1,. 6060
V (6)'-0 (1) 1..7672
V (6)'-0 (3) 1,.7922
V (6)'-V (5) 2.. 6647
V (5) ■-0 (2) 1..7571
V (5) ■-0 (3) 1.,8671
V (4)--0 (1) 1., 9211
V (4) ■-0 (2) 1., 9105

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

E = -665.893554917 h (0.08 eY) 
doublet

.020609 (Hartree/Particle) 

.031033 

.031977 
-.016581
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Isomer 6

v3o6s8rl.log
0 -1.673922 0.957304 -0.838504
0 1.674757 0.955878 -0.839965
V -1.815891 -0.713779 -0.240906
V 0.000867 1.142871 -0.036452
V 1.814938 -0.714889 -0.240968
0 -2.924060 -1.036268 0.877438
0 2.922279 -1. 037359 0.878175
0 0.001744 1.941933 1.348240
0 -0.000555 -0.959820 0.064802

O (9) -V (5) 1 8573
O (9) -V (3) 1 8573
O (8) -V (4) 1 5987
O (7) -V (5) 1 6071
O (6) -V (3) 1 6071
V (5) -O (2) 1 7804
V (5) -V (4) 2 6046
V (4) -0 (2) 1 8661
V (4) - 0 (1) 1 8662
V (4) -V (3) 2 6057
V (3) -0 (1) 1 7804

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

E = -665.882281541 h (0.39 eV) 
doublet

.021042 (Hartree/Particle) 

. 031902 

.032846 
-.018627

V3O7 clusters
Isomer 7

O -.029129
v3o7s7.log
-1.729140 -.737302

O -1.557103 . 808007 -.782016
V -1.377008 -.751746 -.010969
0 1.585160 .759389 -.778228
V 1.351331 -.796289 -.011093
V .026960 1.630554 -.101317
0 -.000634 -.033646 1.098222
0 -2.710386 -1.505913 .471817
0 2.657022 -1.597166 .470472
0 .051379 3.061225 .611747

0(10)-V(6) 1.5987
O (9)- V (5) 1.6057
0(8)- V (3) 1.6062
0(7) -V ( 5 ) 1.9079
0(7)- V (3) 1.9080
V (6)- O (4) 1.9092
V(6)-O(2) 1.9103
V (5)- O (4) 1.7502
V (5)-O (1) 1.8175
V(3)-O(1) 1.8165
V(3)-O(2) 1.7492
V (6)- O (7) 2.0516

E = -741.191379414 h (0 eV) 
doublet
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0 -1.519689
v3o7s7q.log

. 707829 -.907750
0 1.311641 1.200762 -.781774
V -.217778 1.523807 -.003995
0 .204183 -1.746806 -.779000
V -1.280108 -.996984 -.071735
V 1.546060 -.605617 -.097843
0 .008212 -.013470 1.038147
0 -.502718 3.026905 .603544
0 -2.497618 -1.826628 .657386
0 2.857489 -1.122058 .668471

0 (10 )- V (6) 1 6043
0 (9) -V (5) 1 6439
O (8) -V(3) 1 6461
0 (7) -V (6) 2 0015
0 (7) -V (3) 1 8709
0 (7) -V(5) 1 9644
V (6) -0(2) 1 9457
V (6) -0(4) 1 8886
V (5) -0(4) 1 8071
V (5) -0(1) 1 9138
V (3) -0(2) 1 7460
V (3) -0(1) 1 7826

E = -741.110445166 h (2.20 eV) 
quartet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

. 021973 

.033980 

. 034924 
-.017838

(Hartree/Particle)

Isomer 1

0 1.775977
v3o7sl.log
2.825442 -.502174

V 1.119786 1.588162 .287579
0 1. 907614 .000084 -.000543
O -.582256 1.462635 .146810
0 -2.752922 -.081990 1.323200
V 1.119875 -1.588253 -.287658
V -1.818362 -.000082 -.000036
0 1.776175 -2.825013 .502837
0 -2.753597 .081990 -1.322799
0 -.582223 -1.462650 -.147003

0(10)- V (6) 1.7125
0(10)-V(7) 1. 9206
0(9)- V (7) 1.6221
0(8)-V(6) 1.6079
V (7)- O (4) 1.9207
V (7)- O (5) 1.6221
V ( 6)-0(3) 1.7960
0(4)- V (2) 1.7125
0(3)- V (2) 1.7960
V (2)- O (1) 1.6078

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

-741.147786373 11 (1.19 eV) 
doublet

.023956 (Hartree/Particle) 

.036266 

.037210 
-.017792

211
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0 -1.650031
v3o7slq.log
-2.828989 -.573956

V -1.149568 -1.594152 .324197
0 -1.932828 .000209 -.000369
0 .638057 -1.346369 .468394
0 2.802601 .403127 1.219978
V -1.149176 1.594507 -.324269
V 1.725080 -.000184 .000007
0 -1.649303 2.829012 .574529
0 2.802380 -.403786 -1.220065
0 .638408 1.346303 -.468326

0(10)- V (7) 1.7925
0(10)- V (6) 1.8105
O (9)- V (7) 1.6769
0(8)- V (6) 1.6069
V (7)- O (5) 1.6769
V (7)-0(4) 1.7925
V (6)-0(3) 1.8058
0(4)- V (2) 1.8105
0(3)- V (2) 1.8058
V (2)-0(1) 1.6068

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

-741.110900712 h (2.19 eV) 
quartet

,022668 (Hartree/Particle) 
,035220 
, 036164 
, 020033

0 1.662066
v3o7slsrl.log

3.168130 -.000736
V .938763 1.723862 .000074
O 1.893677 .159897 .000371
0 -.878026 1.365515 -.000887
0 -2.859319 -.283719 1.285860
V 1.272745 -1.507053 .000292
V -1.780362 -.147268 -.000208
0 2.335080 -2.857667 -.000382
O -2.860404 -.286576 -1.284800
0 -.532616 -1.465513 .000117

0(10)-V(6) 1.8058
0(10)-V(7) 1.8151
0(9)- V (7) 1. 6841
0(8)- V (6) 1.7183
V(7)-0(4) 1.7615
V (7)- O (5) 1.6843
V (6)-0(3) 1.7788
0(4)-V{2) 1.8518
0(3)- V (2) 1.8324
V (2)- O (1) 1.6153

-741.019004528 h (4.69 eV) 
sextet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

. 019624 

. 032981 

.033925 
-.024418

(Hartree/Particle)
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Isomer 2

0 1.338872
v3o7s2.log

.000118 -1.145104
0 -3.129527 -.000165 .812123
0 -.913338 1.483457 -.261627
V -1. 980514 -.000127 -.303206
V .840520 1.296118 .035322
0 -.913208 -1.483581 -.261511
V .840737 -1.296019 .035273
0 1.733357 -2.628017 .109271
0 1. 732903 2.628277 .109303
0 1.011302 -.000006 1.306302

0(10)-V(5) 1.8233
0(10)- V (7) 1.8233
0(9)- V (5) 1. 6051
0(8)- V (7) 1.6051
V (7)-0(1) 1.8225
V (7)- V (5) 2.5921
V (7)- O (6) 1.7887
0(6)- V (4) 1. 8280
V (5)-0(1) 1.8225
V (5)-0(3) 1.7887
V (4)- O (3) 1. 8280
V (4)- O (2) 1.6013

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -741.190328338 h (0.03 eV) 
doublet

.025324 (Hartree/Particle) 

.036510 
037454 
013238

O 1.151786
v3o7s2q.log
-.000447 1.276014

0 -3.508133 .000285 -.359456
O -.861911 -1.502911 .056996
V -1.977317 -.000079 .138880
V .886748 -1.328918 .011039
0 -.861808 1.502519 .057319
V .886962 1.329061 .011417
O 1.758332 2.717243 -.150535
0 1.758797 -2.716866 -.150250
0 1.148308 -.000007 -1.193926

0(10)-V(7) 1.8132
0(10)- V (5) 1.8128
0(9)- V (5) 1.6471
0(8)- V (7) 1.6470
V (7)-0(1) 1.8539
V (7)- V (5) 2.6580
V (7)-0(6) 1.7580
0(6)- V (4) 1.8732
V (5)- O (1) 1.8534
V (5)- O (3) 1.7579
V (4)-0(3) 1. 8733
V (4)- O (2) 1.6099

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -741.103071624 h (2.40 eV) 
quartet

.020984 (Hartree/Particle) 

.033562 

.034506 
-.020618
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0 1.530477
v3o7s2s.log

.000080 -.970258
0 -3.225543 -.000078 . 782875
0 -.951662 1.460307 -.212599
V -2.025644 -.000033 -.285465
V .840101 1.549580 -.010332
0 -.951575 -1.460303 -.212569
V . 840200 -1. 549551 -.010454
0 1.685433 -2.929119 .184233
0 1. 685405 2 . 929144 .184108
0 1.220328 -.000021 1.124681
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(10)- V (5) 1.9581
0(10)- V (7) 1.9581
O (9)- V (5) 1.6296
0(8)- V (7) 1.6296
V (7)- O (1) 1.9491
V (7 ) - O (6) 1.8053
O (6)- V (4) 1.8142
V (5)- O (1) 1.9491
V (5)- O (3) 1.8054
V (4)- O (3) 1.8142
V (4)- O (2) 1.6066

-741.018106432 h (4.72 eV) 
sextet

.021217 (Hartree/Particle) 

.034001 

.034945 
-.021415
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Structure 3

v3o7s3rl.log
0 -1.297930 1. 073112 -1.022282
0 1.297929 1.073113 -1.022281
0 -2 . 948872 -1.406572 -.002611
V -1.585991 -.551270 -.073864
0 .000000 -1.400029 -.346099
V -.000001 1.519809 .078414
V 1.585991 -.551269 -.073864
0 2.948873 -1.406571 -.002612
0 -1.219669 .433650 1.297582
0 1.219671 .433648 1.297583

O (10 )- V (7) 1..7277
O (10 )-V(6) 2 .. 0381
O (9) -V(6) 2 .. 0381
O (9) -V (4 ) 1..7278
O (8) -V (7) 1.. 6106
V (7) -0(2) 1.. 9029
V (7) -V (6) 2.. 6130
V (7) -0(5) 1..8193
V (6) -0(2) 1..7595
V (6) -0(1) 1..7595
V (6) -V (4 ) 2 .. 6130
O (5) -V (4) 1..8193
V (4) -0(1) 1,, 9029
V (4) -0(3) 1.. 6106

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

E = -741.136027398 h (1.51 eV) 
doublet

.025338 (Hartree/Particle) 

. 036146 

.037090 
- . 0 1 2 1 2 0
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v3o7s3q.log
0 -1.329216 .801884 -1.101665
0 1.329216 .801883 -1.101665
0 -2.962138 -1.306454 -.005147
V -1.515135 -.596963 -.012875
0 .000000 -1.578187 -.124529
V . 000000 1.617991 -.051196
V 1.515134 -.596963 -.012875
0 2.962137 -1.306454 -.005147
0 -1.104691 .684069 1.279688
0 1.104692 .684069 1.279688
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

O (10 )- V (7) 1 8655
0 (10 )- V (6) 1 9657
O (9) -V (6) 1 9657
O (9) -V (4) 1 8655
O (8) -V (7) 1 6116
V (7) -0(2) 1 7824
V (7) -V (6) 2 6839
V (7) -0(5) 1 8086
V (6) -0(2) 1 8805
V (6) -0(1) 1 8805
V (6) -V (4) 2 6839
O (5) -V (4) 1 8086
V (4) -0(1) 1 7824
V (4) -0(3) 1 6116

-741.081197863 h (3.00 eV) 
quartet

.023402 (Hartree/Particle) 

.034693 

.035637 
■.014938
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0 1.336831
v3o7s3s.log

. 820560 1.104103
0 -1.336825 . 820558 1.104104
0 2.978043 -1.479255 .110524
V 1.601400 -.674992 -.100000
0 .000001 -1.496606 .072150
V . 000001 1.652726 .054642
V -1.601403 -.674992 -.100005
0 -2.978046 -1.479250 .110532
0 1.356136 .971802 -1.041748
0 -1.356135 .971808 -1.041748

O 10)- V (6) 1 8721
O 10)- V (7) 1 9128
O 9) -V 4) 1 9128
O 9) -V 6) 1 8721
O 8) -V 7) 1 6082
V 7) -O 2) 1 9382
V 7) -O (5) 1 8081
V 6)-0( 1) 1 8923
V 6) -O (2) 1 8923
0 5) -V (4) 1 8081
V 4) -O (1) 1 9382
V 4 ) -O (3) 1 6082
0 5) -V (6) 3 1494

E = -741.006158981 h (5.04 eV) 
sextet
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V3O8 structures
Isomer 1

v3o8sl.log

0 1. 922831 2.629201 .001790
0 -.744843 1.450444 -.005942
V 1. 038116 1.292813 -.000206
0 1.386248 .000024 -1.234418
V -1.836220 . 000045 -.000894
0 1.378952 -.000207 1.236000
0 -2.897533 -.000067 1.286337
0 -2.912902 .000195 -1.275333
V 1.037843 -1.292965 -.000341
0 -.745267 -1.450497 -.006147
0 1.923266 -2.628787 .001857

O (11 )-V(9) 1,. 6026
O (10 )- V (9) 1..7901
O (10 )- V (5) 1..8150
V (9) -0(6) 1..8210
V (9) -0(4) 1..8210
V (9) -V (3) 2 ,.5858
0 (8) -V (5) 1.. 6684
0 (7) -V (5) 1.. 6683
0 (6) -V (3) 1.. 8211
V (5) -0(2) 1,.8152
0 (4) -V (3) 1.. 8209
V (3) -0(1) 1.. 6027
V (3) -0(2) 1..7899

E = -816.402821525 h (0  eV) 
doublet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

.027364 (Hartree/Particle) 

. 039873 

. 040817 
-.012787
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v3o8slq.log
0 1.916900 2.731160 . 010181
0 -.764399 1.426464 -.017315
V 1.013881 1. 316223 -.001002
0 1.366753 .142208 -1.244909
V -1.869404 -.032630 -.001347
0 1.343457 .136260 1.244782
0 -2 . 921101 -.038378 1.298925
0 -2.952329 -.047628 -1.275278
V 1.076460 -1.391574 -.004860
0 -.758909 -1.431513 -.009376
0 2.134431 -2.608127 .013717
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(11)-V(9) 1.6123
0(10)- V (9) 1.8358
0(10)- V (5) 1.7861
V (9) - O (6) 1.9918
V (9)- O (4) 1.9936
0(8)- V (5) 1.6721
0(7)- V (5) 1.6724
O (6)- V (3) 1.7473
V (5)- O (2) 1.8304
O (4)- V (3) 1.7465
V(3)-0(1) 1.6786
V (3)-0(2) 1.7818

E = -816.316627895 h (2.35 eV) 
quartet

.023665 (Hartree/Particle) 

. 037418 

.038362 
-.019029
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Isomer 2

0 -2.543389
v3o8s2.log
-1.202604 1.384460

0 2.534258 -1.198024 1.390518
0 .009335 3.252508 .745071
0 -1.374606 1.065299 -.147211
0 1.376498 1.060079 -.161596
V . 001924 2.060199 -.332763
V -1.695577 -.816980 .030839
0 -.002066 -1.428651 .069491
V 1.693071 -.821640 .029920
0 -2.554797 -1.371898 -1.253106
0 2.556439 -1.388749 -1.245615

0(11)- V (9) 1.6413
0(10)- V (7) 1.6416
V (9)-0(2) 1. 6433
V ( 9 ) - 0 ( 5 ) 1.9177
V (9)-0(8) 1.8010
0(8)- V (7) 1.8010
V (7)-0(4) 1.9177
V (7)-0(1) 1.6431
V (6)-0(3) 1.6073
V (6)-0(5) 1.7085
V (6)-0(4) 1.7085

E = -816.362960572 h (1.08 eY) 
doublet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

026050 (Hartree/Particle)
039515
040459
016807

v3o8s2q.log
0 -2.582254 -1.068710 1.405249
0 2.585105 -1. 067907 1.404161
0 -.003369 3.263021 .721272
0 -1.459545 .971208 -.324945
0 1.458434 .973616 -.321855
V -.001420 2 . 041741 -.319956
V -1.669742 -.772224 . 024427
O . 001041 -1.421627 .132978
V 1.670984 -.770109 .024676
0 -2 . 607064 -1.545316 -1.118095
0 2 . 608163 -1.540084 -1.120061
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(11)- V (9) 1.6678
0(10)- V (7) 1.6678
V (9)- O (5) 1.7905
V (9) - O ( 2 ) 1.6815
V ( 9)- 0  (8) 1.7958
0(8)- V (7) 1.7958
V (7) -0(4 ) 1.7905
V (7) - O (1 ) 1.6814
V ( 6 ) - O (5) 1.8089
V (6) - O (3) 1.6049
V (6)-0(4) 1.8089

E = -816.324441878 h (2.13 eV) 
quartet

.024741 (Hartree/Particle) 

. 038516 

. 039460 
-.019148
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v3o8s2s.log
O -2.649902 -1.384367 1.270608
0 2.649784 -1.384516 1.270378
0 -.001136 3.692254 .001936
0 -1.521342 .937168 -.001074
0 1.521036 .937317 .000310
V -.000127 2 . 080423 -.001102
V -1. 667237 -.787080 -.000159
0 .000177 -1.482468 -.000141
V 1.668202 -.786992 .000180
0 -2 . 650286 -1.386679 -1.268649
0 2.649260 -1.384470 -1.270262

O (11 )- V (9) 1..7127
O (10 )- V (7) 1..7132
V (9) -0(5) 1..7306
V (9) -0(2) 1..7129
V (9) -0(8) 1.. 8072
0 (8) -V (7) 1.. 8066
V (7) -0(4) 1..7304
V (7) -0(1) 1..7138
V (6) -0(5) 1., 9028
V (6) -0(3) 1., 6118
V (6) -0(4) 1., 9029

E = -816.225385093 h (4.83 eV) 
sextet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

. 021145 

.036178 

. 037123 
-.025555

(Hartree/Particle)
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Isomer 3

0 2.752388
v3o8s3.log
-1. 870505 -.000596

0 -.263902 -1.656397 -.000197
V 1.443650 -.939556 .000227
0 1.248834 .345672 -1.228115
V -1.685688 -.593205 -.000415
0 -3.134973 -1.281803 -.000418
0 1.248772 .345863 1.228885
0 -1.321787 .832990 -1.085509
V .291178 1.370282 .000604
0 -1.324290 .831292 1.085940
0 .653681 2 . 920015 -.001187
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(11)- V (9) 1.5916
0(10)- V (9) 2.0195
0(10)-V(5) 1.8276
V (9)- O (7) 1.8642
V (9)- O (4) 1.8646
V (9) - V (3) 2.5814
V ( 9) -O ( 8 ) 2.0174
0(8)- V (5) 1.8286
0(7)- V (3) 1.7888
O (6)- V (5) 1.6046
V (5)- O (2) 1.7753
0(4)- V (3) 1.7885
V (3)- O (1) 1.6061
V (3)- O (2) 1.8519

E = -816.361417566 h (1.13 eV) 
doublet

.027159 (Hartree/Particle) 

.039744 

.040688 
-.012411
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v3o8s3qrl.log
0 -2.678257 -1.974119 -.000156
0 .314318 -1.748323 . 000076
V -1.360871 -1.038977 -.000093
0 -1.306649 .299116 1.198215
V 1. 697708 -.598118 . 000220
0 3.224506 -1.114661 .000331
0 -1.306576 .298996 -1.198404
0 1.240923 . 859305 1.059423
V -.331019 1.468208 -.000147
0 1.241214 .859214 -1.059105
0 -.746205 3.006022 -.000322

O (11) -V (9) 1..5929
O (10) -V{5) 1.. 8586
O (10) -V (9) 1,. 9910
V (9)-■0(4) 1.. 9377
V (9) -■0(8) 1..9911
V (9)-■0(7) 1.. 9377
0 (8) -V (5) 1 ,,8587
0 (7)-V (3) 1,.7970
0 (6)-V (5) 1.. 6118
V (5)- 0(2) 1..7991
0 (4)-V (3) 1.,7970
V (3)- 0(2) 1.,8192
V (3)- 0(1) 1., 6155

-816.301265665 h (2.76 eV) 
quartet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

.024816 

.038252 

.039196 
-.017746

(Hartree/Particle)
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v3o8s3sr2.log
0 -1.840390 2.667655 .000118
0 .929336 1.679458 -.000129
V -.825789 1.407452 .000056
0 -1.152305 .165953 -1.272313
V 1. 848406 .080515 -.000199
0 3.442997 -.120203 -.000312
0 -1.152069 .166009 1.272535
0 .752963 -1.158805 -1.082382
V -.939522 -1.365574 .000125
0 .753180 -1.158734 1.082286
0 -1.972609 -2.593213 .000249
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

O (11 )-V(9) 1 6045
O (10 )- V (5) 1 9766
O (10 )-V (9) 2 0197
V (9) -0(8) 2 0197
V (9) -0(7) 2 0025
V (9) -0(4) 2 0025
O (8) -V (5) 1 9766
O (7) -V (3) 1 8074
O (6) -V (5) 1 6072
V (5) -0(2) 1 8443
0 (4) -V (3) 1 8074
V (3) -0(2) 1 7761
V (3) -0(1) 1 6179
V (3) -0(10) 3 2015
V (3) -0(8) 3 2015

E = -816.223255529 h (4.88 eV) 
sextet

.024691 (Hartree/Particle)

. 038066

.039010

.019206
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Isomer 4

0 1.070709
v3o8s4.log

.310890 1.353359
0 -1.064442 .314569 1.350739
0 -.007081 3.009209 .055641
0 2.956751 -1.494882 -.002690
V 1.523459 -.765100 -.031958
0 .001921 -1.703001 -.311035
V -.003127 1.419736 -.047673
V -1.520884 -.769698 -.030978
0 -2.951220 -1.504719 .001264
0 1.342914 .702209 -1.064594
0 -1.347964 .696529 -1.064684

O (11 ) -  V (7 ) 1 8346
O (11 ) - V ( 8 ) 1 8023
O (10 )“V (5 ) 1 8033
O (10 ) -  V (7 ) 1 8332
O (9) -V (8) 1 6085
V (8) -0(2) 1 8147
V (8) -V (7) 2 6641
V (8) -0(6) 1 8079
V (7) -V (5) 2 6654
V (7) -0(3) 1 5928
0 (6) - V (5) 1 8090
V (5) -0(4) 1 6087
V (5) -0(1) 1 8116
0 (1) -V (8 ) 3 1306
0 (2) -V (5 ) 3 1265
0 (1) -0(2) 2 1352

E = -816.366152337 h (1.00 eY) 
doublet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

.027231 (Hartree/Particle) 

.039676 

.040620 
-.012153
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Isomer 5

0 -3.646724
v3o8s4v2.log
-.939840 -.935883

0 1.230465 -.870565 -.867332
0 -1.230464 -.870400 .867498
V -2.687610 .000001 .000001
0 3. 646700 -.940313 .935434
V -.000001 -.000006 -.000003
V 2.687613 .000003 .000001
0 -1.230461 .870391 -.867500
0 3.646733 .940304 -.935414
0 -3. 646711 .939853 .935887
0 1.230455 .870578 .867312

;ii)-v(7)
; i d - v (6)
: i o ) - v ( 4 )

0 ( 9 ) - V (7) 
0 ( 8 ) - V (6)  
0 (8 ) - V(4) 
V (7)-O(5) 
V(7) - 0 (2 ) 
V(6 ) - O(2 ) 
V(6 ) - O(3) 
V(4) - 0 (3) 
V ( 4)- O (1)

1.9062
1.7390
1.6368
1.6368
1.7390
1.9062
, 6368 
, 9062 
,7390 
,7390 

1.9062 
1.6368

E = -816.377200185 h (0.70 eV) 
doublet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

.026722 (Hartree/Particle) 

.039612 

.040556 
■.014756
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0 3.701742
v3o8s5q.log
-.926953 -.931332

0 -1.297964 -.868747 -.872773
0 1.297963 .872835 -.868684
V 2.664994 . 000000 .000001
0 -3.701737 .931314 -.926976
V .000000 -.000001 -.000002
V -2.664994 .000000 .000001
0 1.297963 -.872837 .868682
0 -3.701741 -.931310 .926978
0 3.701737 .926956 .931336
0 -1.297961 .868746 . 872772
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(11)- V (6) 1.7892
0(11)- V (7) 1.8399
0(10)- V (4) 1.6738
0(9)- V (7) 1.6738
0(8)-V(4) 1.8399
O (8)- V (6) 1.7892
V (7)- O (2) 1.8399
V (7)- V (6) 2.6650
V (7)- O (5) 1.6738
V (6)- O (3) 1.7892
V (6)- V (4) 2.6650
V (6)- O (2) 1.7892
V (4)- O (1) 1.6738
V ( 4)- O (3) 1.8399

E = -816.311926669 h (2.47 eV) 
quartet

.024457 (Hartree/Particle) 

.037847 

.038791 
■.018343
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V3O9 clusters
Isomer 1

v3o9sl.log.cluster
0 2.155599 -2.106264 •1.269064
0 2 .116168 -2.093492 1.293962
0 1.571893 .434489 -.006472
V 1.369211 -1.347937 -.002767
0 -.409058 -1.577503 -.026503
0 .749456 2.890240 1.287781
V .481584 1.859192 -.000960
0 .757156 2.907123 1.274481
V -1.851145 -.511585 -.004055
0 -1.164052 1.145010 -.010517
0 -2.909492 -.800339 1.266306
0 -2.866666 -.798314 1.293970
Zero-point correction=
Thermal correction to Energy= 
Thermal correction to Enthalpy= 
Thermal correction to Gibbs Free

0(12)- V (9) 1.6726
0(11)-V(9) 1.6725
0(10)- V (9) 1.7932
0(10)-V(7) 1.7938
V (9)- O (5) 1.7935
O (8)- V (7) 1.6724
V ( 7)- O (3) 1.7938
V (7)- O (6) 1. 6718
0(5)- V (4) 1.7937
V (4)-0(2) 1.6714
V(4)-O(1) 1.6728
V (4)- O (3) 1.7942

E = -891.536414929 h (1.02 eV) 
doublet

Energy=

.026808 (Hartree/Particle) 

.041849 

. 042793 
-.017788
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v3o9slq.log
0 .207962 3.060541 -1.234625
0 .190727 2.904578 1.329892
0 -1.352502 .906639 -.072778
V .129131 1.917322 -.016947
0 1.464404 .719392 -.064952
0 -2.702811 -1.263261 1.290772
V -1.725216 -.847318 .000637
0 -2.669057 -1.371342 -1.275637
V 1.596282 -1.069663 .001930
0 -.109504 -1.626413 .058239
0 2.459478 -1.711279 -1.277597
0 2.510737 -1.619838 1.288030
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(12)-V(9) 1.6712
0(11)- V (9) 1.6715
0(10)- V (9) 1.7952
0(10)-V(7) 1.7947
V (9)- O (5) 1.7952
0(8)- V (7) 1.6716
V (7)- O (3) 1.7946
V (7)-0(6) 1.6713
O (5)- V (4) 1.7945
V ( 4)- O (2) 1.6711
V (4)- O {1) 1.6721
V (4)- O (3) 1.7944

-891.537064900 h (1.00 eV) 
quartet

.026572 

.041645 

. 042589 
-.018643

(Hartree/Particle)
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Isomer 2

0 -1.061561
v3o9s2rl.log

.563601 -1.306035
0 -.429621 3.300013 .078866
0 2.824629 -1.113539 -1.233853
V -.201449 1.716276 -.030309
0 -2.982936 -1.329991 .812042
V -1. 317054 -.677126 -.129192
0 -2 . 777944 -1.874225 -.478629
0 1.439404 1.185140 -.045709
0 . 147573 -1.489318 .005630
V 1.929569 -.644810 .036137
0 -1.080562 .644811 1.132587
0 2.739204 -1.020221 1.389772
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

O (12)- V (10) 1.6213
0(11)- V (4) 1.8092
0(11)- V (6) 1.8427
V (10)-0(8) 1.8962
V (10)- O (3) 1. 6229
V(10)-0(9) 1.9722
O (9)- V (6) 1.6802
0(8)- V (4) 1.7247
0(7)- V (6) 1.9208
V (6)- O (1) 1.7291
V (6)- V (4) 2.6425
V (6)-0(5) 2.0217
V (4)-0(2) 1.6038
V (4)- O (1) 1.9225

E = -891.547215724 h (0.73 eV) 
doublet

.030031 (Hartree/Particle) 

.044125 

.045069 
■.012530
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0 1.105109
v3o9s2q.log

.589227 1.322224
0 .514850 3.309539 -.110114
0 -2.851764 -1.103684 1.234713
V .205592 1.744462 .040238
0 3.052488 -1.358208 -.650124
V 1.351160 -.625798 .134221
0 2.537605 -2.245948 .303815
0 -1.488430 1.147591 .010048
0 -.249605 -1.409271 -.021402
V -1.877800 -.616327 -.045789
0 1.120893 . 690299 -1.112627
0 -2.818132 -1.063763 -1.346463
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0 ( 1 2 ) - V( 1 0 )  
0(11)- V (6) 
0(11)- V (4) 
V ( 1 0 ) - 0 ( 8 )  
V ( 1 0 ) - 0 ( 9 )  
V ( 1 0 ) - 0 ( 3 )  
0 ( 9 ) - V (6)  
0 (8) - V(4) 
0 ( 7 ) - V (6)
0(7)-0(5)
V ( 6 ) - 0 ( 5 )  
V ( 6 ) - 0 ( 1 )
V ( 6 ) - V (4)
V ( 4 ) - 0 ( 2 )
V ( 4 ) - 0 ( 1 )

6662
8275
8106
8072
8112

1.6810
7890
7964
0153
4011
0115
7170
6343
6024
9461

E = -891.499509667 h (2.03 eV) 
quartet

.028107 (Hartree/Particle) 

. 042624 

.043569 
-.015381
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0 -1.222744
v3o9s2sr2.log

.706847 -.885656
0 -.086248 3.334911 -.487671
0 2.336469 -1.710874 -1.425007
V .030010 1.760325 -.153476
0 -3.144510 -1.422261 . 096696
V -1.282866 -.377773 . 643218
0 -3.689927 -1.827786 -1.000016
0 1.613107 .892966 -.391947
0 .170849 -1.411464 .484600
V 1.810416 -.860761 -.090515
0 -.605685 1.140774 1.438068
0 3.025701 -1.203262 1.023153

0(12)-V(10) 1.6836
0(11)-V(6) 1.8429
0(11)- V (4) 1.8224
V(10)-O(8) 1.7903
V (10)- O (3) 1.6674
V (10)- O (9) 1.8227
O (9)- V (6) 1.7908
O (8)- V (4) 1.8208
O (7)- O (5) 1.2902
V (6)- O (1) 1.8755
V (6)- V (4) 2.6325
V (4)- O (2) 1.6139
V (4)- O (1) 1.7931
O (5)- V (6) 2.2035

E = -891.438736426 h (3.68 eV) 
sextet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

.027094 (Hartree/Particle) 

.042340 

.043285 
-.019654
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Isomer 7

0 1.360140
v3o9s7.log

.000078 -1.313067
0 -.545900 -1.411924 .254401
0 -.546054 1.411951 .254560
0 2.074725 2.634227 -.176540
V 1.212949 1.289367 -.034347
V 1.213177 -1.289287 -.034366
0 2.075081 -2. 634074 -.176515
V -1.682924 -.000079 .293095
0 -2.906627 -.698508 -1.139390
0 -2.906442 .698330 -1.139510
0 -2.497432 -.000102 1.662251
0 1.755804 .000018 1.128714
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

O (12) - V ( 5 ) 1.8193
O ( 12 ) - V ( 6 ) 1.8192
0(11)- V (8) 1.5931
0(10)- V (8) 2.0093
O ( 10)- O (9) 1.3968
O (9)- V ( 8 ) 2.0093
V (8)- O (3) 1.8132
V (8) - O (2) 1.8132
O (7)- V (6) 1.6036
V ( 6)- O (1) 1.8218
V ( 6 ) - V ( 5 ) 2 . 5787
V ( 6 ) - O (2) 1.7868
V ( 5 ) - O ( 4 ) 1.6036
V ( 5 ) - O ( 1 ) 1. 8218
V{5)-O(3) 1.7868

E = -891.573939824 h (0  eV) 
doublet

.030855 (Hartree/Particle) 

. 044641 

.045586 
-.011252
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v3o9s7qrl.log
0 -1.323411 .499972 -1.304530
0 .885763 1.015756 . 400992
0 -.020430 -1.725657 -.126352
0 -2.902154 -1.876183 -.617031
V -1. 639121 -.950506 -.258241
V -.809106 1.465127 .166683
0 -1.162264 3.031346 .265961
V 1. 444625 -.756176 .331090
0 3.836265 .881030 -1.183240
0 3.146505 -.174995 -.939355
0 2.180169 -1.177566 1.693708
0 -1.755088 .220767 1.121194
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

O (12) -V (6) 1 8315
O (12) -V(5) 1 8133
0 (11) -V (8) 1 6048
O (10) -0(9) 1 2847
V (8)- 0(2) 1 8593
V (8) -0(3) 1 8154
O (7)- V (6) 1 6086
V (6)- 0(2) 1 7690
V (6)- 0(1) 1 8332
V (6)-V (5) 2 5894
V (5)- 0(1) 1 8161
V (5) -0(3) 1 7996
V (5) -0(4) 1 6065
V (8)-0(10) 2 2019

E = -891.518451772 h (1.51 eV) 
quartet

.029476 (Hartree/Particle) 

. 044240 

.045185 
-.015639

234

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



v3o9s7srl.log
0 -1.070422 .492094 -1.276516
0 .953558 .999678 . 531960
0 -.039706 -1.685144 -.112069
0 -3.082698 -1.697946 -.833627
V -1.785405 -.999050 -.183461
V -.722224 1.473734 .206989
0 -1.070008 3.075573 . 156434
V 1.444749 -.796428 . 349729
0 3.077139 -.180798 -1.020106
0 3.785745 .866016 -1.246564
0 2.294709 -1.373042 1.590796
0 -1.792534 .428580 1.136579
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

O (12) -V (6) 1..7613
O (12) -V (5) 1.. 9444
O (11) -V (8) 1.. 6110
O (10) -0(9) 1..2842
V (8)- 0(2) 1..8710
V (8)- 0(3) 1..7907
O (7)-V (6) 1.. 6399
V (6)- 0(2) 1.. 7716
V (6) -0(1) 1..8126
V (5) -0(1) 1.. 9823
V (5)- 0(3) 1.. 8770
V (5) -0(4) 1.. 6106
V (8)- 0(9) 2..2181

E = -891.430948235 h (3.98 eV) 
sextet

.026312 (Hartree/Particle) 

.042249 

.043194 
-.021478
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Isomer 5

v3o9s5rl.log
0 -2.926344 -.203291 1.417711
0 1.351020 .290005 1.234596
0 -.987001 1.338133 -.069883
V -2.107077 -.125297 .003451
0 1.318568 2.995229 .011853
V .739808 1.501563 -.017032
0 -1.097352 -1.784327 -.151069
0 .230293 -2.220329 -.051870
V 1.649118 -.973961 .006500
0 3.058556 -1.729112 .061825
0 -3.203949 -.142883 -1.203719
0 1.445891 .299948 -1.229084
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

O (12 ) - V (9) 1 7863
O (12 )-V(6) 1 8470
O (11 )-V(4) 1 6312
0 (10 )-V (9) 1 5999
V (9) -0(2) 1 7874
V (9) -V (6) 2 6374
V (9) -0(8) 1 8894
O (8) -0(7) 1 4009
O (7) -V (4) 1 9483
V (6) -0(5) 1 6021
V (6) -0(2) 1 8461
V (6) -0(3) 1 7353
V (4) -0(3) 1 8443
V (4) -0(1) 1 6363
V (4) -V (9) 3 8509

E = -891.536293344 h (1.02 eV) 
doublet

.029618 (Hartree/Particle) 

.044027 

.044972 
-.013899
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v3o9s5qrl.log
0 3. 951857 . 568483 -1.029920
0 -1.630128 .226090 -1.229520
0 1.203262 .242985 -.056545
V 2.922137 -.289406 .028210
0 -.435823 2.479575 -.008143
V -.450175 .875231 -.018107
0 3.128363 -1.896576 -.539960
0 -2.995975 -2.109319 -.004530
V -2.774661 -.460458 . 005286
0 -4.350095 .121237 .031252
0 3.590933 -.201879 1.576411
0 -1.592135 .208976 1.216713
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

0(12)- V (6) 1.8091
0(12)- V (9) 1.8205
0(11)- V (4) 1.6887
0(10)- V (9) 1.6796
V (9)-0(2) 1.8183
V (9)- V (6) 2.6810
V (9)- O (8) 1.6637
0(7)- V (4) 1.7171
V (6)- O (3) 1.7706
V (6)- O (5) 1.6044
V(6)-0(2) 1.8114
V (4)- O (1) 1.7076
V (4)- O (3) 1.8014

E = -891.499025238 h (2.04 eV) 
quartet

.026253 (Hartree/Particle) 

.041769 

. 042713 
-.021764
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0 -3.180244
v3o9s5s.log
-.335190 1.403627

0 1.327790 .229620 1.228023
0 -1.146947 1.126277 -.078626
V -2.289510 -.225832 -.029057
0 1.155181 2.879309 .197342
V . 643894 1.363433 .005018
0 -1.405047 -1. 774588 -.311581
0 . 377344 -1.804840 .340962
V 2.084295 -.914916 -.132847
0 3.624201 -1.333467 .100137
0 -3.518826 -.104738 -1.161896
0 1.505347 .477400 -1.266941

0(12)-V(6) 1.7734
0(12)- V (9) 1.8868
0(11)- V (4) 1.6761
0(10)- V (9) 1.6127
V (9)- O (2) 1.9324
V (9 ) - O (8 ) 1.9825
0(7)- V (4) 1.8058
V { 6 ) - 0 ( 5 ) 1.6113
V ( 6 ) - 0 ( 2 ) 1.8025
V (6 ) - O (3 ) 1.8084
V ( 4 ) - O (3) 1.7709
V (4 ) - O (1 ) 1.6905
0(7 ) - O (8) 1.8983
V (6 ) - 0 (8 ) 3.1972
V ( 4 ) - O (8 ) 3.1213

E = -891.397155657 h (4.81 eV) 
sextet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

.025676 (Hartree/Particle) 

.041131 

.042075 
■.020173
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Isomer 6

v3o9s6rl.log
0 -1.542520 1.216345 .174131
0 -3.928939 -.371632 1.319012
0 1.030465 -.021540 1.204664
0 3. 054479 1. 678648 .177205
V -3.028950 -.117624 .004613
0 .989708 .315835 -1.216377
V -.306964 . 070631 -.000687
V 2.360120 .254550 -.004927
0 4.906119 -1.123756 .140816
0 -1.363786 -1.235755 -.181755
0 3. 632134 -1.059004 -.316667
0 -3.972252 .004133 -1.298152
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(12)- V (5) 1.6130
O (11)- O (9) 1.3552
O (11)- V (8) 1.8549
0(10)-V(7) 1.6901
0(10)- V (5) 2.0144
V (8)- O (4) 1.5948
V (8)- O (6) 1.8301
V(8)-0(3) 1.8186
V (8)- V (7) 2 . 6734
V (7)- O (6) 1.7943
V (7)- O (3) 1.8028
V (7)- O (1) 1.6941
V (5)- O (1) 2.0044
V (5)-O (2) 1.6131

E = -891.530122099 h (1.19 eV) 
doublet

.030316 (Hartree/Particle) 

.044831 

.045776 
-.014628
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v3o9s6qrl.log

0 1.538402 -.938910 .776689
0 3.738591 1.130427 1.059904
0 -1.109640 .534596 .850709
0 -3.034232 -1.631146 .892653
V 2.926979 .169781 .026045
0 -.880351 -1.063439 -1.045959
V .248771 -.138241 -.049321
V -2.380799 -.525334 -.059735
0 -4 .110689 2.085116 -.013687
0 1.353874 .947743 -.803592
0 -3.761848 . 920363 -.503277
0 3. 980409 -.565092 -.974785
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy;

O (12) -V(5) 1 6283
O (11) -0(9) 1 3107
O (10) -V (5) 1 9412
O (10) -V (7) 1 7232
V (8) -V (7) 2 6579
V (8)- 0(3) 1 8890
V (8)- 0(6) 1 8744
V (8) -0(4) 1 5990
V (7)- 0(1) 1 7282
V (7)- 0(3) 1 7630
V (7)- 0(6) 1 7675
V (5) -0(2) 1 6280
V (5)- 0(1) 1 9289
V (8) -0(11) 2 0479
V (8)- 0(9) 3 1319

E -  -891.495502904 h (2.13 eV) 
quartet 

(used SCF=qc, does not converge 
with DIIS)

.029098 (Hartree/Particle) 

.043906 

. 044850 
-.016553
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0 -1.222744
v3o9s2sr2.log

. 706847 -.885656
0 -.086248 3.334911 -.487671
0 2.336469 -1.710874 -1.425007
V .030010 1.760325 -.153476
0 -3.144510 -1.422261 .096696
V -1.282866 -.377773 .643218
0 -3. 689927 -1.827786 -1.000016
0 1.613107 .892966 -.391947
0 . 170849 -1. 411464 .484600
V 1.810416 -.860761 -.090515
0 -.605685 1.140774 1.438068
0 3.025701 -1.203262 1.023153
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

O (12 ) - V (5) 1 6806
O (11 )-0(9) 1 2840
O (10 )- V (7) 1 8199
O (10 )- V (5) 1 8130
V (8) -0(4) 1 6124
V (8) -0(6) 1 8817
V (8) -0(3) 1 8528
V (8) -V (7) 2 6584
V (7) -0(6) 1 7650
V (7) -0(3) 1 7832
V (7) -0(1) 1 8140
V (7) -V (5) 2 6762
V (5) -0(1) 1 8153
V (5) -0(2) 1 6794
V (8) -0(11) 2 2479

E = -891.438736426 h (3.68 eV) 
sextet

.027094 

. 042340 

. 043285 
-.019654

(Hartree/Particle)
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V4O7 clusters
Isomer 2

v4o7s2rl.log
0 -1.528490 .389951 -1.459273
V -.705347 -1.136889 -1.032898
0 1.032212 -.832280 -1.275756
V -.992403 1.365300 -.013021
0 .772626 1.733465 -.058681
0 -1.596168 -1. 987411 .310248
0 -2.104570 2 . 304781 .675587
V 1.813192 .260018 -.035350
0 3.401016 .463748 -.164849
V -.527989 -.932117 1.298008
0 1.209445 -.796650 1.349600
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

0(11)-V(8) 
0 ( 1 1 ) - V ( 1 0 )  
V ( 1 0 ) - V ( 2 )
V(1 0 ) - 0 (6 )
0 (9) - V(8 )
V ( 8 ) - 0 ( 5 )  
V ( 8 ) - 0 ( 3 )  
0 ( 7 ) - V (4)
0 ( 6 ) - V ( 2 )
0 (5) - V(4)
V ( 4 ) - 0 ( 1 )
0  (3) - V(2 )
V ( 2 ) - 0 ( 1 )
V(4)- V(1 0 )

1.8437 
1.7435 
2.3466 
1.7973 
1.6061 
1.8040 
1. 8280 
1.6105 
1.8224 
1.8036 
1.8249 
1.7807 
1.7862 
2.6856

E = -812.612934632 h (1.58 eV) 
singlet

.026809 (Hartree/Particle) 

.039227 

.040172 
■.012197
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v4o7s2trr3.log
0 1.456516 .112638 -1.729791
V .777174 1.416358 -.680214
0 -1.013944 1.469071 -.703064
V .759466 -1.311770 -.854347
0 -1.037893 -1.372628 -.878598
0 1.638533 1.433881 .917219
0 1.615589 -1.567555 .736934
V -1.797563 .000476 .048329
0 -3.406098 .013455 .049794
V .837773 -.104303 1.464520
0 -.911145 -.091051 1.669927

0 ( 1 1 ) - V ( 1 0 )  
0 ( 1 1 ) - V (8)  
V ( 1 0 ) - 0 ( 6 )
V ( 1 0 ) - V (2)
V ( 1 0 ) - 0 ( 7 )
V(1 0 ) - V(4)
O(9)- V(8 )
V(8 ) - 0 (3)
V(8 ) - O(5) 
0 ( 7 ) - V (4)
O ( 6 ) - V(2 )
0 ( 5 ) - V (4 )
V ( 4 ) - O (1)
O ( 3 ) - V (2)
V ( 2 ) - 0 ( 1 )

1.7610 
1.8503 
1.8185 
2.6298
, 8098 
, 6156

1. 6086
8263
8226

1.8250
1.8149
1.7986
1.8114
1.7920
1.8063

-812.661469453 h (0.26 eY) 
triplet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

.025002 (Hartree/Particle) 

.037814 

.038758 
-.015256
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0 1.516489 -1. 620771 .678730
V .787887 -1.233071 -.937754
0 -.994461 -1.322487 -.999930
V . 807578 -.194494 1.527566
0 -.967344 -.201068 1.650333
0 1.496962 .223242 -1.752677
0 1.536177 1.390068 1.050623
V -1.770843 .001186 .006618
0 -3.379230 .002029 .017276
V .793408 1.424288 -.600810
0 -.985429 1.535000 -.631759
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy:

O 11) -V (10) 1 7825
O 11) -V (8) 1 8377
V 10) -V (4) 2 6741
V 10) -0 (7) 1 8111
V 10) -0 (6) 1 8067
V 10) -V (2) 2 6786
O 9)- V( 8 ) 1 6084
V 8)- 0( 5 ) 1 8407
V 8)- 0( 3 ) 1 8352
0 7)- V( 4) 1 8081
0 6)- V( 2 ) 1 8132
0 5 ) - V( 4 ) 1 7792
V 4)- 0( 1) 1 8048
V 4)- V( 2 ) 2 6752
0 3)- V( 2 ) 1 7857
V 2)- 0( 1) 1 8150

E = -812.667360659 h (0.10 eV) 
quintet

.025136 (Hartree/Particle) 

.037817 

.038761 
-.015305
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v4o7s2sp.log
0 1.761877 .256638 -1.188419
V .445638 1.425025 -1.326227
0 -1.060631 .488721 -1.475288
V 1.527784 -1.096675 .060868
0 -.132948 -1.807820 -.089918
0 . 371837 2.142156 .292800
0 2.758484 -1.880892 .751342
V -1.580001 -.737370 -.202183
0 -2.963566 -1.503526 -.507373
V -.103835 1.154841 1.766650
0 -1.567611 .160486 1.356921
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

O (11) -V(10) 1 8164
0 (11) -V (8) 1 7992
V (10) -0(6) 1 8367
O (9)  - V (8) 1 6107
V ( 8 ) - 0(3) 1 8422
V ( 8 ) - 0(5) 1 8034
0 (7)-V (4) 1 6144
0 ( 6 ) - V (2) 1 7723
0 (5) -V (4) 1 8129
V (4)- 0(1) 1 8566
0 (3)-V (2) 1 7798
V (2)  - 0(1) 1 7654
V (4)-V (10) 3 2621

-812.610681104 h (1.64 eV) 
septet

.024875 (Hartree/Particle) 

.038133 

. 039077 
-.017924
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Isomer 4

0 .268546
v4o7s4rl.log
1.523945 1.487585

V 1.095001 .000128 1.323586
V -.850801 1.297435 -.000540
0 -2.406972 1.679568 -.000762
0 .268439 -1.523599 1.487899
0 .270501 1.524149 -1.487412
V -.850863 -1.297401 -.000319
V 1.095968 -.000181 -1.322982
0 2.329323 -.000026 .001004
0 -2 .407053 -1.679458 -.000484
0 .270465 -1.524524 -•1.487098
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

O (11 )-V(8) 1 7413
O (11 )- V (7) 1 8760
O (10 )- V (7) 1 6024
O (9) -V(2) 1 8091
O (9) -V(8) 1 8094
V (8) -V(2) 2 6466
V (8) -0(6) 1 7413
V (7) -V (3) 2 5948
V (7) -0(5) 1 8758
0 (6) -V (3) 1 8760
0 (5) -V (2) 1 7412
0 (4) -V (3) 1 6024
V (3) -0(1) 1 8758
V (2) -0(1) 1 7412

-812.634022559 h (1.01 eV) 
singlet

.026910 (Hartree/Particle) 

. 039393 

.040337 
-.012082
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v4o7s4tr.log
0 1.510609 .031796 1.527134
V -.000099 -.959596 1.382144
V 1.440453 .843492 -.078572
0 2.033109 2.329006 -.214812
0 -1.510611 .032090 1.527140
0 1.515801 -.409896 -1.436938
V -1.440294 .843764 -.078573
V -.000121 -1.262193 -1.204733
0 -.000233 -2.366012 .190990
0 -2.032619 2.329409 -.214837
0 -1.515882 -.409609 -1.436939
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(11)- V (8) 1.7545
0(11)- V (7) 1.8498
0(10)- V (7) 1.6052
0(9)- V (2) 1.8431
O (9)- V (8) 1.7795
V (8)- V (2) 2.6045
V(8)-0(6) 1.7545
V (7)- O (5) 1.8006
O (6)- V (3) 1.8498
O (5)- V (2) 1.8128
0(4)- V (3) 1.6052
V (3)- O (1) 1.8006
V (2)- O (1) 1.8128
V (3)- V (7) 2.8807

-812.627311947 h (1.19 eV) 
triplet

. 025214 

. 038466 

. 039410 
-.016269

(Hartree/Particle)
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v4o7s4q.log
0 -1.529214 -.184127 -1.525766
V -.000128 -1.113188 -1.517983
V -1.495007 .802671 -.000328
0 -2 . 074296 2.299247 -.001311
0 1.528903 -.184049 -1.526028
0 -1.528845 -.182120 1.526498
V 1.495010 .802665 -.000523
V . 000123 -1.111171 1.519036
0 -.000004 -2.086285 .001294
0 2.074312 2.299236 -.001505
0 1.529153 -.182210 1.526236
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(11)- V (7) 1. 8172
0(11)- V (8) 1.7891
0(10)- V (7) 1.6048
0(9)- V (8) 1.8040
0(9)- V (2) 1.8042
V (8) -0(6) 1.7891
V (7)-0(5) 1.8171
0(6)- V (3) 1.8172
0(5)- V (2) 1.7892
0(4)- V (3) 1.6048
V(3)-0(1) 1.8171
V (2)-0(1) 1.7892
V (3)- V (7) 2.9900

-812.626729135 h (1.21 eV) 
quintet

.024734 

.038137 

.039082 
-.017895

(Har tree/Par tide)
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v4o7s4spr3.log
0 1.531069 1.489564 -.134542
V .000000 1.576722 .787803
V 2.412824 . 000000 -.716211
0 4.025869 .000000 -.762701
0 -1.531066 1.489563 -.134548
0 1.531069 -1.489564 -.134542
V -2.412825 .000000 -.716211
V .000000 -1.576722 .787803
0 -.000001 . 000000 1.651920
0 -4.025870 .000000 -.762697
0 -1.531066 -1.489563 -.134548

0(11 )-V(7) 1.. 8261
0(11 )- V (8) 1.. 7896
0(10 )- V (7) 1.. 6137
0(9) -V (2) 1..7980
0(9) -V (8) 1..7980
V (8) -0(6) 1..7895
V (7) -0(5) 1.. 8261
0(6) -V (3) 1.. 8261
0(5) -V (2) 1..7896
0(4) -V (3) 1.. 6137
V (3) -0(1) 1..8261
V (2) -0(1) 1.. 7895

-812.626559600 h (1.21 eV) 
septet
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Isomer 5

v4o7s5r2.log
0 1.970675 -.603644 1.153998
0 .596125 2.286454 1.267751
V .135506 -1.020618 .768507
0 -1.560595 -1.132765 1.243231
V .238713 1.394611 -.020909
0 -1.487443 1.542976 -.478910
0 1.707118 1.058032 -1.186387
V -2.211270 -.043598 -.076926
V 2.076556 -.528965 -.598941
0 -2.751662 -.844028 -1.357440
0 . 837202 -1.736134 -.848469
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0 (11 )- V (9) 1 7480
0 (11 )- V (3) 1 9024
0 (10 )- V (8) 1 6039
V (9) -0(7) 1 7321
V (9) -0(1) 1 7577
V (9) -V (3) 2 4247
V (8) -V (3) 2 6789
V (8) -0(6) 1 7896
V (8) -0(4) 1 8310
0 (7) -V (5) 1 9047
0 (6) -V (5) 1 7920
V (5) -0(2) 1 6074
V (5) -V (3) 2 5431
0 (4) -V (3) 1 7649
V (3) -0(1) 1 9210

-812.593866056 h (2.10 eV) 
singlet

. 026624 

.039374 

.040318 
-.013521

(Har tree /Par tide)
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0 2 . 118940
v4o7s5tr.log
-.789690 1.222583

0 -.080009 1. 830579 1.576933
V . 447161 -1.278666 .373843
0 -1.321492 -1.511336 .515629
V .068128 1.388623 .042962
0 -1.513437 1.229607 -.782297
0 1.813482 1.540540 -.610580
V -2.376973 -.289756 -.317266
V 2.376893 -.094354 -.362032
0 -3.936106 -.204498 .067845
0 1.437398 -1.307012 -1.235450

O 11)- V (9) 1.7652
O 11)- V (3) 1.8898
O 10) -v (8) 1. 6083
V 9) -O (7) 1.7470
V 9) -O (1) 1.7496
V 9)-V( 3) 2.3808
V 8) -O (6) 1.8084
V 8) -O (4) 1.8166
0 7) -V (5) 1.8699
0 6)-V( 5) 1.7910
V 5)-0( 2) 1.6032
0 4) -V (3) 1.7895
V 3) -O (1) 1.9376
V 3) -V (5) 2.7143

E =-812.600177661 h (1.93 eV) 
triplet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

.025398 (Hartree/Particle) 

.038829 

.039774 
-.017504
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v4o7s5q.log
0 1.815773 -1.059064 1.192821
0 .356229 1.934055 1.581823
V .283778 -1.344802 .380331
0 -1.474214 -1.388206 .704938
V .310502 1.427516 .060428
0 -1.380034 1.338533 -.581275
0 1.987204 1.434788 -.754200
V -2.428382 -.016316 -.029759
V 2.365121 -.270294 -.473712
0 -3.842716 -.293140 -.750151
0 1.011077 -1.380766 -1.213656
Zero-point correction=
Thermal correction to Energy= 
Thermal correction to Enthalpy= 
Thermal correction to Gibbs Free

O (11 ) - V (3) 1 7524
O (11 )- V (9) 1 9011
O (10 )- V (8) 1 6112
V (9) -0(7) 1 7688
V (9) -0(1) 1 9239
V (9) -V (3) 2 4932
V (8) -0(6) 1 7997
V (8) -0(4) 1 8255
0 (7) -V (5) 1 8641
0 (6) -V (5) 1 8104
V (5) -0(2) 1 6042
0 (4) -V (3) 1 7882
V (3) -0(1) 1 7575
V (5) -0(11) 3 1624
V (3) -V (5) 2 7908
0 (1) -V (5) 3 1195

E = -812.596304296 h (2.03 eV) 
quintet

Energy=

.024773 (Hartree/Particle) 

.038427 

. 039371 

.018580
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v4o7s5sp.log
0 1.957484 -.379422 1.169628
0 -1.509170 3.314553 .743571
V 1.379417 -1.815897 .216467
0 -.378428 -2.190305 .327074
V -.909680 2.096308 -.128420
0 -1.791135 .525688 -.086106
0 .887337 2.051913 -.308004
V -1.909993 -1.260866 .116346
V 2.160629 .785957 -.213853
0 -3.104198 -2.026486 -.652662
0 1.867036 -.736761 -1.166301

0(11)- V (9) 1.8199
0(11)- V (3) 1.8205
0(10)- V (8) 1.6136
V ( 9)- O (1) 1.8203
V (9)-O ( 7) 1.7980
V (8)- O (4) 1.8039
V (8)- O ( 6) 1.8019
0(7) - V (5) 1.8065
O ( 6 ) - V (5) 1.8016
V (5)- O (2 ) 1.6137
0(4) - V (3) 1.8007
V ( 3 ) - O (1) 1.8183

-812.600403592 h (1.92 eV) 
septet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

.023976 (Hartree/Particle) 

.038055 

.038999 
-.021885
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Isomer 9

0 (11) -V(10) 1.. 6080
V (10) -0(8) 1..8185
V (10) -0(7) 1.. 8429
V (10) -0(9) 1.. 8429
0 (9)-V (6) 1..7489
0 (8)-V (5) 1.. 8096
0 (7)-■V(3) 1..7489
V (6)-■0(4) 1,.7613
V (6)- V (3) 2..3369
V (5)-■0(2) 1.. 6090
V (5)-■0(1) 1,. 8481
V (5) -■0(4) 1..8481
V (3)-•0(1) 1..7613

O 1.409402
v4o7s9.log
-.255620 1.522212

0 2 . 841031 1.702084 -.000003
V .091639 -1.369392 1.168457
O 1.409417 -.255642 -1.522201
V 1.517703 .786857 -.000001
V .091632 -1.369391 -1.168456
O -1.437055 -.529420 1.295359
O -.045297 1.698730 -.000003
0 -1.437049 -.529398 -1.295375
V -1.608792 .770098 .000003
O -3.005472 1.567022 .000002
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

-812.595268517 h (2.06 eV) 
singlet

.026842 (Hartree/Particle) 

.039155 

. 040099 
-.011897
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0 1.466095
v4o7s9tr.log
-.398003 1.372159

0 2 .894867 1.695253 .000003
V .000115 -1.395573 1.141109
0 1.466098 -.398004 -1.372156
V 1.565667 .787597 .000001
V .000117 -1.395573 -1.141108
0 -1.465255 -.397227 1.372952
0 -.000029 1.698713 . 000000
0 -1.465252 -.397227 -1.372956
V -1.566027 . 787218 -.000001
0 -2.896156 1.693449 -.000003
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(11) -V(10) 1..6095
V(10) -0(8) 1..8120
V(10) -0(7) 1.. 8161
v (1 0 )-0(9) 1.. 8161
0(9)-■V(6) 1..7882
0(8)-•V(5) 1..8115
0(7)-■V (3) 1..7882
V ( 6) -■0(4) 1..7882
V ( 6) -V (3) 2.,2822
V (5) -■0(2) 1.. 6095
V (5) -•0(1) 1..8161
V (5 ) -0(4) 1.,8161
V ( 3 ) -•0(1) 1., 7882

-812.606750422 h (1.75 eV) 
triplet

.026925 (Hartree/Particle) 

.039145 

. 040089 
-.012511
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v4o7s9qrl .log
0 -1.471175 -.407733 -1.461995
0 -2 . 857328 1. 741957 .000001
V . 000000 -1.339737 -1.420707
0 -1.471178 -.407730 1.461991
V -1.598408 .742772 -.000002
V . 000000 -1.339732 1.420714
0 1.471175 -.407733 -1.461995
0 .000000 1.579544 .000001
0 1.471178 -.407730 1.461991
V 1.598408 .742772 -.000002
0 2.857328 1.741957 .000000
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(11)-V(10) 
V (10)-0(9)
V ( 1 0 ) - 0 ( 7 )  

V(10)-0(8) 
0(9)- V (6)
0 (8 ) - V(5) 
0(7)- V (3)
V ( 6) -0 ( 4 )
V (5)-0(4)
V(5) - 0 (1 )
V(5) - 0 (2 )
V(3) - 0 (1 )
V(3)- V(6 )

1.6072
8647 
8647 
8042 
7420 
8042 
7420 
7420

1.8647
1.8647 
1.6072 
1.7420 
2.8414

E = -812.613393816 h (1.57 eV) 
quintet

.025415 (Hartree/Particle) 

.038347 

.039291 
-.015627
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v4o7s9sp.log
0 -1.488671 -.374523 -1.409762
0 -2.906253 1.704802 -.000002
V .000278 -1.382045 -1.532118
0 -1.488673 -.374526 1.409756
V -1.595847 .768243 -.000002
V .000278 -1.382045 1.532119
0 1.489332 -.373932 -1.410168
0 -.000304 1.615095 . 000000
0 1.489330 -.373929 1.410173
V 1.595580 .768082 .000002
0 2.904405 1.706834 .000002
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0 ( 1 1 )

V( 1 0 )
V(10)
v  ( 1 0 ) 
0 ( 9 ) -  
0 ( 8 ) 

0 ( 7 ) -
V (6
V (5)  -
V (5 ) —
V ( 5 ) -
V (3)  -
V (3)

-V(10)
-0(9)
-0(7)
-0 (8 )
V (6)
V (5)
V (3) 
0(4) 
0(4) 
0 ( 1 ) 

0 ( 2 ) 

0 ( 1 )

V (6)

1.6107
1.8177
1.8177 
1.8067
1.8023 
1.8064
1.8023 
1.8020
1.8179
1.8179
1.6107 
1.8020 
3.0642

E = -812.601748473 h (1.89 eV) 
septet

.025089 

. 038199 

. 039143 
-.016806

(Hartree/Particle)
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Isomer 10

v4o7sl0r4.log
0 1.433658 -.241399 -1.321632
V -3.316880 -.440565 .326381
0 -4.238251 -.723696 -.982693
0 -1.532018 -.346138 -.038393
V -.114305 .456965 -.686100
0 -3.906071 .802913 1.189147
0 2.562664 .301173 1.443342
V 2.111449 1.184279 -.021766
V 2.011630 -1.102614 .338465
0 3.200564 -2.108088 -.088511
0 .490259 2.033296 -.077576
Zero-point <correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

O 11)- V (5) 1.7946
O 11)- V (8) 1.8309
O 10)- V (9) 1. 6146
V 9) -O (7) 1.8695
V 9) -0 (1) 1.9575
V 9) -V (8) 2.3172
V 8)-0( 7) 1.7692
V 8) -O (1) 2.0449
V 8)-V( 5) 2 . 4340
O 6) -V (2) 1.6241
V 5) -O (1) 1. 8132
V 5) -O (4) 1.7534
0 4) -V (2) 1.8242
0 3) -V (2) 1.6257

-812.507263843 h (4.46 eV) 
singlet

.025140 (Hartree/Particle) 

.038997 

.039941 
-.019780
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v4o7sl0trr3.log
0 1.245259 .427560 . 371409
V -3.806285 .564469 . 010217
0 -4.301045 .571947 1,.536934
0 -2.016483 .256591 .242116
V -.400657 -.424126 .321681
0 -4 . 777076 -.365785 . 921464
0 3.713533 -.639586 . 050046
V 2.001690 -1.322782 .379910
V 3.036326 .989414 .287072
0 3.545012 2.295547 .510316
0 .201461 -1.991328 . 124990
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

O (11)- V (8) 1.9372
0(11)- V (5) 1.7373
0(10)- V (9) 1.6126
V ( 9 ) - 0 ( 7 ) 1.7961
V (9)- V (8) 2.6195
V ( 9 ) - 0 ( 1 ) 1.8790
V (8)-O (7) 1.8724
V (8)- V (5) 2.6592
O ( 6)- V (2) 1.6242
V ( 5 ) - 0 ( 1 ) 1.8539
V (5)- O (4) 1.7552
0(4)- V (2) 1.8308
O (3)- V (2) 1.6244

-812.534407642 h (3.72 eV) 
triplet

.023446 (Hartree/Particle) 

. 038218 

.039162 
-.025592

259

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



0 1.278940
v4o7sl0q.log
.327198 -.596205

V -3.805124 .528384 -.083111
0 -4.449053 . 485035 1.407222
0 -2.003991 .318655 -.137135
V -.381479 -.396283 -.027234
0 -4.625830 -.441540 -1.095265
0 3.732590. -.521681 .116316
V 2.087352 -1.416581 .074461
V 2.966292 1.061319 -.271846
0 3.239627 2.382344 .613385
0 .334976 -1. 908424 .576408
Zero-point correction^ 
Thermal correction to 
Thermal correction to 
Thermal correction to

0(11)- V (8) 1.8880
0(11)- V (5) 1.7788
0(10)- V (9) 1.6135
V ( 9)- O (7) 1.8010
V (9)- V (8) 2.6519
V (9)- O (1) 1.8685
V ( 8)- O (7) 1.8733
V{8)-0(1) 2.0357
V (8)- V (5) 2 . 6733
O (6)- V (2) 1.6244
V (5)- O (1) 1.8985
V (5)- O (4) 1.7764
O (4)- V (2) 1.8141
O (3)- V (2) 1.6241

-812.544046297 h (3.46 eV) 
quintet

Energy=
Enthalpy=
Gibbs Free Energy=

,023484 (Hartree/Particle) 
,038176 
, 039120 
, 025278
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v4o7sl0sp.log
0 1.218651 .366242 -.038396
V -3.887059 .369142 -.206921
0 -4 . 154283 1.844894 .427543
0 -2 .132399 -.062390 -.349686
V -.427620 -.496815 -.117054
0 -4.795450 -.767092 .524806
0 3.683117 -.522117 .138041
V 2.150348 -1.513030 .090818
V 2.935355 1.148513 .038899
0 3.545600 2.645227 -.064076
0 .418070 -2.089718 -.079742

0(11)- V (8) 1.8337
O (11)- V (5) 1.8039
O (10)-V{9) 1.6196
V (9)-0(7) 1.8330
V (9)- O (1) 1.8881
V (8)- O (7) 1. 8258
0 (6)- V (2) 1. 6284
V (5)- O (1) 1.8604
V (5)- O (4) 1.7746
O (4)- V (2) 1.8126
0(3)- V (2) 1.6284
O (1)- V (8) 2.1015

E = -812.542580603 h (3.50 eV) 
septet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

.022568 (Hartree/Particle) 
,037697 
, 038642 
, 027475
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Isomer 11

v4o7sll.log
0 -1.847857 -.121265 -1.574501
0 -2.073137 2.290338 -.001029
0 1.337848 .133019 -1.280997
0 3.354353 1.630922 -.000458
V -.217115 -.758366 -1.112915
V -2.205674 . 691456 -.000152
V 2.593858 .218554 -.000093
0 1.337810 . 133576 1.281059
0 -.128869 -2.204850 .000634
0 -1.847646 -.119706 1.574925
V -.217157 -.757570 1.113288
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

V ( l l ) - 0 ( 8 )
V(1 1 ) - V(5)
V(1 1 ) - 0 (9) 
V ( l l ) -0(10) 
0 (1 0 ) - V(6 ) 
0(9)- V (5)
0 ( 8 ) - V (7)
V(7) - 0 (4) 
V ( 7 ) -0(3)
V(6 ) - 0 (2 )
V( 6 ) - 0 (1 )
V ( 5 ) - 0 ( 3 )
V ( 5 ) - 0 ( 1 )

1.8001
2262 
8277 
8107 
8075 
8276 
7962 

1.6041 
1.7960 
1.6044 
1.8075 
1.8002 
1.8106

E = -812.608671217 h (1.70 eV) 
singlet

.026422 (Hartree/Particle) 

.039104 

.040048 
-.013956
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v4o7sl ltrrl.log
0 -1.750073 .050162 -1.564232
0 -1.376103 2.442230 -.000101
0 1.392914 -.368699 -1.535918
0 3.163815 1.640974 -.000075
V -.235751 -.861618 -1.159240
V -1.921741 .931557 -.000041
V 2.175258 .375158 -.000006
0 1.392910 -.368560 1.535956
0 -.446627 -2.249284 .000090
0 -1.750112 .050334 1.564216
V -.235757 -.861500 1.159309

V(ll)-0(8) 
V(1 1 ) - V(5) 
V ( 1 1 ) - 0 ( 9 )  

V(ll)-O(10) 
0(10)-V(6)
0 ( 9 ) - V ( 5 )
0 ( 8 ) - V(7)
V(7) - 0 (4)
V (7)-0(3) 
V ( 6 ) - 0 ( 2 )  
V ( 6 ) - 0 ( 1 )
V (5 ) -0(3)
V(5) - 0 (1 )
V(6 ) - V(7)

7428
3185

1.8205
8135
8036

1.8205
1.8773 
1.6061
1.8773 
1.6062 
1.8036 
1.7428 
1.8134 
4.1346

-812.630670370 h (1.10 eV) 
triplet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

.025545 (Hartree/Particle) 

.038839 

.039783 
-.017647
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v4o7sllqv2.log
0 -1.742135 1.570384 -.087452
0 -1.891738 -.000018 2.409409
0 1.424715 1.536342 -.152323
0 3. 425584 -.000012 1.528135
V -.180938 1.321301 -.867905
V -2 . 087891 -.000006 .815592
V 2.234575 -.000004 .445015
0 1.424714 -1.536340 -.152345
0 -.280320 . 000016 -2.091684
0 -1.742136 -1.570382 -.087475
V -.180939 -1.321288 -.867924

V (11)- V (5)
V(1 1 ) - 0 (9)
V(1 1 ) - 0 (8 )
V(1 1 ) - 0 (1 0 ) 
0 (1 0 ) - V(6 ) 
0 ( 9 ) - V (5)
0 ( 8 ) - V(7)
V(7) - 0 (4)
V(7) - 0 (3)
V(6 ) - 0 (2 )
V(6 ) - 0 (1 )
V(5)- O(3)
V(5)- O(1 )

2.6426
1.8037 
1.7710 
1.7631 
1.8442
1.8037
1.8366

6099
8366
6058
8442
7710

1.7631

E = -812.628642767 h (1.15 eY) 
quintet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

.024549 (Hartree/Particle) 

.038196 

.039140 
-.019308
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v4o7sl lsp.log
0 -1.533728 1.441432 .014827
0 -2.973633 -.013838 2.093750
0 1.503831 1.478941 .062514
0 3.136882 -.013126 2.026795
V -.007236 1.413338 -.935517
V -2.502459 -.003715 .553549
V 2.417660 -.003836 .581923
0 1.503815 -1.479569 .043236
0 .181098 .013763 -2.069586
0 -1.533107 -1.441356 -.003518
V -.007150 -1.401003 -.954048
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

V ( 11)- O ( 8) 1.8121
V(ll)-0(9) 1.8115
V(ll)-0(10) 1.7982
O (10)-V(6) 1.8212
O ( 9)- V ( 5) 1.8112
0(8)- V (7) 1.8174
V (7)- O (4 ) 1.6140
V (7) - O (3) 1.8176
V ( 6)- O (1) 1.8213
V (6)- O (2) 1.6107
V (5)- O ( 3) 1.8121
V ( 5)- O ( 1) 1.7984

E = -812.609167053 h (1.68 eV) 
septet

. 024032 

. 037809 

. 038753 
-.020237

(Hartree/Particle)
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Isomer 12

0 -1.641364
v4o7sl2rl.log

-.208486 1.570698
0 1.640737 -.208399 1.570943
V -2.033548 . 584688 -.000214
0 -1.890093 2 .180117 -.000027
V -.000254 -.805533 1.105942
0 1.890246 2.180075 -.000114
V 2.033653 .584640 .000152
0 -.000029 -2.255816 .000117
0 -1.640769 -.208384 -1.571009
V .000132 -.805647 -1.105890
0 1.641322 -.208783 -1.570582
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0 (1 1 ) - V(7)
0(11)-V(10) 
V (10)- V (5)
V(1 0 ) - 0 (8 ) 
V(10)-0(9) 
0(9)- V (3)
0(8)- V (5)
V ( 7 ) - 0 ( 6 )

V(7) - 0 (2 )
V (5)-0(2)
V(5) - 0 (1 )
0 (4)- V(3)
V (3)-0(1)
V(3)- V(7)

1.8030
1.8071 
2.2118 
1.8238
1.8071
1.8030 
1.8238
1.6019
1.8030
1.8071
1.8071
1.6019
1.8030 
4.0672

-812.647034085 h (0.65 eV) 
singlet

.027257 (Hartree/Particle) 

.039632 

. 040576 
-.012251
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v4o7sl2trrl.log
0 -1.751710 .050673 1.564053
0 1.391401 -.366825 1.535787
V -1.922814 .931750 -.000232
0 -1.375375 2.441830 -.000280
V -.236917 -.860739 1.159255
0 3.175713 1.632281 .000181
V 2.176188 .375040 .000172
0 -.447067 -2.248693 .000106
0 -1. 751423 .050470 -1.564370
V -.236707 -.860904 -1.159192
0 1.391679 -.367035 -1.535486
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(11)-V(7)
0(11)-V(10) 
V(10)-V(5)
V(1 0 ) - 0 (8 ) 
V(10)-0(9) 
o (9)- V (3) 
0 (8 ) - V(5)
V (7)-0(6)
V(7) - 0 (2 )
V(5) - 0 (2 )
V(5) - 0 (1 )
0 ( 4 ) - V (3) 
V(3)-0(1)
V(3)- V(7)

1.8773
1.7427 
2.3184 
1. 8205
1.8136
1.8035 
1.8205 
1.6061
1.8773
1.7427
1.8136 
1.6062
1.8035 
4.1366

-812.630670497 h (1.10 eV) 
triplet

.025547 (Hartree/Particle) 

.038839 

.039783 
-.017634
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v4o7sl2qv2.log, v4o7sl2qv2fr.log
0 -1.741107 -1.570147 -.087101
0 1.425336 -1.536420 -.153721
V -2 . 087655 -.000019 .815826
0 -1.892811 -.000051 2.409798
V -.180392 -1.321198 -.868691
0 3.419726 -.000039 1.534339
V 2.234515 -.000006 .444914
0 -.280321 . 000046 -2.092445
0 -1.741106 1.570146 -.087018
V -.180396 1.321234 -.868639
0 1.425326 1.536433 -.153658

0 (11) -V (7) 1..8368
O (11) -V(10) 1..7708
V (10) -0(8) 1.. 8037
V (10) -V (5) 2.. 6424
V (10) -0(9) 1..7632
0 (9)-V (3) 1.. 8441
0 (8)-V (5) 1..8037
V (7)- 0(6) 1.. 6098
V (7) -0(2) 1 ..8368
V (5)-0(2) 1., 7708
V (5) -0(1) 1..7631
0 (4)-V (3) 1.. 6058
V (3)-0(1) 1..8441

E = -812.628642601 h (1.15 eV) 
quintet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0.024551 
0.038196 
0.039140 
-0.019284

(Hartree/Particle)
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O ( l l ) - V ( 1 0 )  
0 (1 1 ) - V(7)
V ( 1 0 ) - 0 ( 9 )  
V ( 1 0 ) - 0 ( 8 )  
0 ( 9 ) - V (3)
0 ( 8 ) - V( 5 )
V ( 7 ) - O (2)
V ( 7 ) - 0 ( 6 )

V(5) - 0 (1 )
V(5) - 0 (2 ) 
0 ( 4 ) - V (3)
V(3) - 0 (1 )

1.7889
1.8279
1.7889
1.7980
1.8279
1.7981

8279
6115
7889
7889
6115

1.8279

0 1.495325
v4o7sl2sp.log

1.517147 .065454
0 -1.495303 1.517151 .065472
V 2.407282 -.000009 .521336
0 3.254476 -.000014 1.892197
V .000005 1.574150 -.914796
0 -3.254516 -.000003 1.892169
V -2 .407273 -.000002 .521336
0 -.000004 .000012 -1.783750
0 1.495305 -1.517152 .065451
V -.000004 -1.574133 -.914814
0 -1.495311 -1.517156 .065454

E = -812.623517407 h (1.29 eV) 
septet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

.024227 (Hartree/Particle) 

.037898 

.038842 
-.020089
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v4o7sl2n.log
0 -1.601101 .048086 1.436294
0 1.600896 .048174 1.436313
V -2.495042 .566776 -.000202
0 -3.312382 2.030033 -.000583
V -.000063 -.936594 1.386290
0 3.312404 2.030001 -.000494
V 2.495043 .566783 -.000102
0 -.000003 -2.122405 .000573
0 -1.600901 .047402 -1.436326
V .000068 -.937354 -1.385798
0 1.601067 .047326 -1.436316

0(11)- V (7) 1.7697
0(11)-V(10) 1.8803
V(10)-0(9) 1.8803
V (10)-0(8) 1.8238
0(9)- V (3) 1.7697
O (8)-V(5) 1.8238
V (7)- O (6) 1.6760
V (7)—O (2) 1.7697
V (5)- O (2) 1.8802
V (5)- O (1) 1.8803
O (4)- V (3) 1.6761
V(3)-0(1) 1.7697

E = -812.511471648 h (4.34 eY) 
nonet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

.021407 (Hartree/Particle) 

.035969 

.036913 
-.024338
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Isomer 13

0 2.814011
v4o7sl3.log
-.216208 1.893474

0 -2.529740 -.355100 2.012471
0 1.225276 1.391102 -.039416
0 -2 . 046755 1.571421 -.111645
V 2.444246 -.062700 .324581
V -.356999 1.277567 -.650138
0 3.804382 .005913 -.556522
V -2.543906 -.072198 .434600
0 1.180701 -1.380852 -.295070
V -.363402 -.994502 -.895390
0 -2.090197 -1.442256 -.642545

O (11)-V(10) 
0(11)-V(8) 
V(1 0 ) - V(6 )
V ( 1 0 ) - 0 ( 9 )  
0(9)- V (5)
V( 8 ) - 0 (4)
V(8 ) - 0 (2 ) 
0(7)- V (5)
V(6)-0(3)
V(6 ) - 0 (4)
V(5)- O(1 )
V (5) -0(3)

1.8017
1.8009

2853
7011

1.9282
1.8020 
1.6031 
1.6220 
1.6998 
1.7977 
1.6192 
1.9318

-812.556251029 h (3.12 eV) 
singlet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

.025914 (Hartree/Particle) 

. 039615 

. 040559 
-.017876
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v4o7sl3tr.log
0 -2.913391 -.226169 1.800222
0 4.196920 . 034088 -.124369
0 -1.457434 -1.377472 -.468119
0 1.831873 -1.528080 .331092
V -2.576622 -.009639 .227876
V .260939 -1.302053 -.568694
0 -3.953294 .188448 -.606907
V 2.721998 .000405 .510623
0 -1.320181 1.464511 -.037028
V .255080 1.279692 -.600579
0 1.713997 1.535509 .343582

O (11) -V(8) 1..8440
O (11) -V(10) 1..7565
V (10) -V (6) 2..5819
V (10) -0(9) 1.. 6832
0 (9)-V (5) 1.. 9550
V (8)-■0(2) 1., 6062
V (8)-■0(4) 1..7779
0 (7) -■V(5) 1.. 6221
V (6) -■0(4) 1.. 8244
V (6) -■0(3) 1..7230
V (5)-■0(3) 1..8995
V (5)-■0(1) 1.. 6225

E = -812.562844476 h (2.95 eV) 
triplet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

.025302 (Hartree/Particle) 

.039252 

. 040196 
-.019347
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O (11)-V(10) 
O (11)- V (8)
V (10)-0(9)
V (10)-V(6)
0 (9)- V(5)
V ( 8)- O (4)
V(8 ) - 0 (2 )
0(7)- V (5)
V (6)-0(3)
V (6)- O (4)
V (5)-0(1)
V(5) - 0 (3)

1.7972 
1.8001 
1.7038 
2.6812 
1.9279 
1.7999 
1.6058 

6211 
7040 
7974 
6229

1.9278

0 2 .761128
v4o7sl3q.log

.000705 1.790403
0 -3.962951 -.000660 -.390344
0 1.380194 1.450181 -.339018
0 -1.747554 1.567521 .503398
V 2.538085 -.000094 .182855
V -.307380 1.340800 -.547909
0 3.975523 -.000839 -.566703
V -2.632256 .000046 .508386
0 1.379563 -1.450565 -.337594
V -.307619 -1.340413 -.548173
0 -1.747036 -1.567318 .503775
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -812.557499041 h (3.09 eV) 
quintet

.025196 (Hartree/Particle) 

. 039180 

.040124 
-.020206

273

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



v4o7sl3sp.log
0 3.326938 .000538 1.682085
0 -4.241707 .000104 1.043760
0 1.509979 1.446692 -.098974
0 -1.983176 1.431112 -.124025
V 2.718314 -.000168 .174724
V -.184719 1.701352 -.296150
0 3. 929374 -.000698 -.908665
V -3.067793 -.000067 -.059665
0 1.509719 -1.447028 -.097767
V -.184958 -1.700839 -.296236
0 -1.983553 -1.431522 -.124099

O ( l l ) - V ( 1 0 )  
0 (1 1 ) - V(8 )
V(1 0 ) - 0 (9)
0 (9)- V(5)
V ( 8 ) - 0 ( 4 )

V( 8 ) - O(2 ) 
0 ( 7 ) - V (5)
V(6 ) - 0 (3)
V(6 ) - 0 (4)
V(5) - 0 (1 )
V(5) - 0 (3)
V(6 ) - V(1 0 )

1.8268
1.7969
1.7250
1.9048
1.7969 
1.6111 
1.6249
1.7250 
1.8268 
1. 6256
1.9048 
3.4022

E = -812.554586319 h (3.17 eV) 
septet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

.024352 (Hartree/Particle) 

.038894 

. 039838 
-.023046

274

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Isomer 14

0 1.062422
v4o7sl4.log
-.685943 1.505229

V 1.716563 .062850 -.000109
0 3. 322670 .147991 .001001
0 . 806188 1.736913 -.001303
0 1.063539 -.688024 -1.504133
V -.928963 1.595905 -.001230
V -.710909 -.827323 1.082040
V -.710310 -.830135 -1.080873
0 -1.581470 .838786 1.417210
0 -1.270962 -2.190312 .001006
0 -1.580735 .836861 -1.418514

0(11)- V (6) 1.7348
0(11)- V (8) 1.9106
0(10)- V (7) 1. 8276
0(10)- V (8) 1.8262
O (9)- V (6) 1.7352
O (9)- V (7) 1.9095
V (8)- O (5) 1.8292
V (8)- V (6) 2.6644
V (8)- V (7) . 2.1629
V (7)- O (1) 1.8286
V (7)- V (6) 2.6633
V(6)-O(4) 1.7409
0(5)- V (2) 1.8034
O (4)- V (2) 1.9056
O (3)- V (2) 1.6084
V (2)- O (1) 1.8041

E = -812.648768011 h (0.61 eV) 
singlet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

.026611 (Hartree/Particle)

.038776

.039720

.011598
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v4o7s 14bsoptv2. log
0 1.131050 -0.754586 1.452401
V 1.783675 0.115013 0.033179
0 3.387123 0.247427 0.030989
0 0.850257 1.695348 -0.023975
0 1.041699 -0.727168 -1.423800
V -0.909119 1.451878 -0.010233
V -0.715858 -0.833451 1.326143
V -0.726965 -0.828015 -1.326850
0 -1.596501 0.805645 1.489226
0 -1.384690 -1.883013 -0.067752
0 -1.672638 0.708492 -1.479005

O (11 )- V (6) 1 8746
O (11 )-V(8) 1 7712
O (10 )- V (7) 1 7885
O (10 )~V(8) 1 8123
O (9) -V (6) 1 8886
O (9) -V(7) 1 7575
V (8) -V(6) 2 6666
V (8) -0(5) 1 7742
V (7) -V (6) 2 6823
V (7) -0(1) 1 7630
V (6) -0(4) 1 8354
O (5) -V (2) 1 8504
O (4) -V (2) 1 7988
O (3) -V (2) 1 6072
V (2) -0(1) 1 8633

= -812.657904748 h (0.36 eV) 
singlet, broken symmetry

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

0.025311 (Hartree/Particle) 
0.037977 
0.038922 

-0.013539
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v4o7sl4trrl.log
0 -.913683 -.080689 1.669825
V -1.796200 -.005153 .046715
0 -3.404749 -.009771 . 049007
0 -1.021571 -1.387127 -.858493
0 -1.032637 1.458090 -.727868
V . 772967 -1.326068 -.827440
V . 836011 -.068609 1.464361
V .763316 1.403319 -.706130
0 1.631810 -1.540244 .762984
0 1. 622414 1.464313 .896127
0 1.462144 .085397 -1.726909

O 11)- V (8) 1.8076
O 11)- V (6) 1.8100
O 10) -V (7) 1.8142
O 10)-V(8) 1.8191
O 9) -V (7) 1.8141
O 9) -V (6) 1.8201
V 8)-V( 7) 2.6235
V 8) -O (5) 1.7969
V 7) -V (6) 2.6149
V 7) -O (1) 1.7618
V 6) -0 (4) 1.7958
O 5) -V (2) 1.8232
O 4 ) -V (2) 1.8246
O 3) -V (2) 1.6086
V 2) -O (1) 1.8491

-812.661452772 h (0.26 eV) 
triplet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

.024966 

.037805 

.038749 
-.015379

(Har tree/Par tide)
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v4o7sl4q.log
0 -.980226 -.442217 1.600905
V -1.771505 -.001725 .000376
0 -3.379931 -.003714 .000113
0 -.980873 -1.165774 -1.179742
0 -.985743 1.607188 -.413205
V .799679 -1.084793 -1.102473
V .796472 -.410106 1.486548
V .793560 1.495803 -.387406
0 1.519921 -1.697391 .445653
0 1.521093 1.230017 1.249991
0 1.508419 .474252 -1.695219

0 (11 )-V(8) 1 8069
0 (11 )-V(6) 1 8123
0 (10 )- V (8) 1 8114
O (10 )- V (7) 1 8086
0 (9) -V (7) 1 8066
0 (9) -V (6) 1 8140
V (8) -V (7) 2 6729
V (8) -V (6) 2 6778
V (8) -0(5) 1 7830
V (7) -V (6) 2 6755
V (7) -0(1) 1 7807
V (6) -0(4) 1 7841
0 (5) -V (2) 1 8377
0 (4) -V (2) 1 8365
O (3) -V (2) 1 6084
V (2) -0(1) 1 8390

E = -812.667331676 h (0.10 eY) 
quintet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

.025143 

.037823 

.038767 
-.015307

(Hartree/Particle)
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0 -.967366
v4o7sl4sprl.log

1.521640 -.686026
V -1.720082 -.000485 -.001920
0 -3.327811 -.003491 .036509
0 -.950364 -.173398 1.648652
0 -.965791 -1.348538 -.984216
V . 833305 -.184608 1.784861
V .818612 1.641268 -.733973
V .819201 -1.455224 -1.054149
0 1.349172 1.341704 .965778
0 1.351056 .170150 -1.637131
0 1.351874 -1.510801 .671331

O (11) -V (6) 1., 8077
O (11) -V (8) 1.. 8067
0 (10) -V (7) 1., 8065
O (10) -V (8) 1..8 068
O (9)- V (7) 1.. 8057
O (9)- V (6) 1..8074
V (8)-■0(5) 1.. 7895
V (7)-■0(1) 1..7906
V (6)-•0(4) 1.,7889
O (5)- V (2) 1 .. 8306
O (4)-V (2) 1., 8294
O (3) -V (2) 1..6082
V (2)-■0(1) 1., 8307

-812.671072314 h (0  eV) 
septet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

.025781 (Hartree/Particle) 

. 037884 

.038828 
-.014139
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v4o7sl4nv2.log
0 .997028 -1.191634 -1.095355
V 1.722565 .007025 -.005783
0 3.518245 -.046957 .055273
0 . 952321 -.373695 1.577994
0 1.034140 1.549238 -.472065
V -.856349 -.400935 1.735701
V -.845195 -1.314973 -1.221872
V -.842645 1.725717 -.528790
0 -1.423652 -1.574661 .479208
0 -1.342648 .371139 -1.616613
0 -1.373267 1.218173 1.131196

0(11)- V (8) 1.8151
0(11)- V (6) 1.8039
O (10)-V(8) 1.8078
O (10)-V(7) 1.8017
O ( 9) - V (6) 1.8106
O (9)- V (7) 1.8154
V (8)- O (5) 1.8859
V (7)-0(1) 1.8507
V (6)- O (4) 1.8157
O (5)- V (2) 1.7521
0(4)- V (2) 1.8018
O (3)-V (2) 1.7975
V (2)- O (1) 1.7749

E = -812.570279804 h (2.74 eV) 
nonet

Zero-point correction^
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

.023212 (Hartree/Particle) 

. 036333 

. 037277 
-.018969
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V4O8 clusters
Isomer 3

0 -3.420346
v4o8s3.log

.000060 -.516203
0 -.976964 1.444941 -.923776
0 1.953168 1.695912 -1.559824
0 -.976943 -1.444686 -.924187
V -1.831313 . 000033 -.297198
V .784274 1.331595 -.528758
0 1.953195 -1.695438 -1.560300
V .784296 -1.331449 -.529123
0 -1.311152 -.000223 1.472428
0 1.154825 1.478011 1.307532
0 1.154853 -1.478362 1.307135
V .425999 -.000254 1.841060
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

V (12
V (12
V (12 
0(11 
0 ( 1 0  
0 ( 9
V (8
V (8
V (8
V (6
V ( 6
V (5
V (5
V (5
V (8
V (6

) - O ( 1 0 )  
)- O (11) 
)-0 (9 )
) - V ( 8 )  
)-V(6) 
-V (5)
-V (6) 
-0(7) 
-0(4) 
-0(3) 
-0 (2 ) 
-0 (2 ) 
-0(4) 
-0 (1) 
-0(9) 
-0(9)

1.7324
1.7324 
1.7758
1.8790
1.8790 
1.8445 
2.6630
1.6007 
1.8086
1.6007 
1. 8085
1.7917
1.7917 
1.6041
3.1889
3.1889

-887.913316322 h (1.43 eV) 
singlet

.029965 (Hartree/Particle) 

.043813 

.044757 
-.010858
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v4o8s3tr.log
0 3. 427039 . 000000 -.421205
0 .942764 -1.454872 -.938589
0 -1.836377 -2.054830 -1.592939
0 . 942764 1.454874 -.938584
V 1.827838 . 000000 -.288521
V -.785729 -1.472376 -.532639
0 -1.836376 2.054834 -1.592936
V -.785729 1.472378 -.532636
0 1.263723 -.000002 1.461834
0 -1.168287 -1.497290 1.248708
0 -1.168287 1.497287 1.248711
V -.453584 -.000002 1.884231
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

V (12)
V (12)
V (12) 
0 ( 1 1 ) 

0 ( 1 0 ) 

0(9)-
V (8) -
V ( 8 ) —
V (6)
V (6)
V (5) -
V (5) -
V (5)
V ( 6) —

-0(9) 
- 0 (1 1 ) 
-0 (1 0 ) 
-V (8) 
-V (6)
V (5) 
0(4) 
0(7) 
0 ( 2 ) 

0(3) 
0 ( 1) 

0(4) 
0 ( 2 )

V (8)

1.7685
1.7767
1.7767 
1.8221 
1.8221 
1.8390
1.7756 
1.6023
1.7756 
1. 6023 
1.6047 
1.8228 
1.8228 
2.9448

E = -887.917990794 h (1.30 eV) 
triplet

.028795 (Hartree/Particle) 

. 043124 

.044068 
-.014192
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0 -.000177
v4o8s3qrl.log

3.384163 -.471993
0 1.433291 .958358 -.929251
0 2.651622 -1.749498 -1.543811
0 -1.433391 .958233 -.929231
V -.000088 1.790240 -.264728
V 1.761662 -.804262 -.595399
0 -2.651428 -1.749748 -1.543835
V -1.761597 -.804430 -.595384
0 -.000055 1.261942 1.505690
0 1.397345 -1.155422 1.211684
0 -1.397224 -1.155562 1.211699
V .000029 -.443275 1. 973440

V(1 2 ) - 0 (1 0 ) 
V(12)-0(9) 
V(12)-0(11) 
0(11)- V (8) 
0 ( 1 0 ) - V (6)
0(9)- V (5)
V( 8 ) - 0 (4)
V (8)-0(7)
V(6 ) - 0 (2 ) 
V ( 6 ) - 0 ( 3 )
V(5) - 0 (2 )
V(5) - 0 (1 )
V(5) - 0 (4)
V(6 ) - V(8 )

1.7435 
1.7682 

7435 
8766 
8766 
8476

1.8238
6078 
8238 
6078 
7856 

1.6073 
1.7855 
3.5233

E = -887.903551691 h (1.70 eV) 
quintet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

.028121 (Hartree/Particle) 

.042856 

. 043801 
-.017134
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v4o8s3spr2.log
0 -.000002 3.200711 .892086
0 1.476403 1.201186 -.606649
0 4.040465 -.402957 -.780157
0 -1.476389 1.201174 -.606656
V .000004 1.593571 .299733
V 2.421645 -.386779 -.741230
0 -4.040464 -.402925 -.780183
V -2.421644 -.386783 -.741222
0 .000002 .315325 1.541087
0 1.518813 -1.638282 .216982
0 -1.518833 -1.638290 .217007
V -.000003 -1.458599 1.150192

V (12)-0(9) 
V(12)-0(10) 
V(1 2 ) - 0 (1 1 ) 
0 (1 1 ) - V(8 )
0(10)-V(6)
0 (9)- V(5)
V ( 8 ) - 0 (4)
V(8 ) - 0 (7)
V (6)- O (3) 
V(6)-0(2)
V( 5) - 0 (1 )
V (5)-0(2) 
V(5)-0(4)

1.8165
1.7916
1.7916
1.8165
1.8165 
1.7818
1.8529
1.6194
1.6194
1.8529 
1.7128
1.7763
1.7763

-887.831109976 h (3.67 eV) 
septet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

.025298 

.040685 

. 041629 
-.020885

(Hartree/Particle)
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Isomer 4

v4o8s4v2r5.log
O -2 . 548980 -.046086 -1.881202
0 .000254 -1.523082 -1.451049
V -.992218 -.036262 -1.490255
V .992326 -1.490254 .036142
0 .000142 -1.451009 1.523140
0 2.548965 -1.881692 .045763
0 -2.548896 .045604 1.881204
V -.992097 .036117 1.490398
0 -.000324 1.451049 -1.523106
0 .000010 1.523179 1.450998
V .992046 1.490431 -.036220
0 2.548666 1.881945 -.045935
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(12)-V(ll) 
V(ll)-0(10) 
V(1 1 ) - 0 (9) 
0 ( 1 0 ) - V (8)  
0(9)- V (3)
V ( 8 ) - 0 ( 5 )

V(8 ) - 0 (7)
0(6)- V (4) 
0(5)- V (4)
V (4)- O (2)
V(3) - 0 (2 ) 
V(3)-0(l)
V(4)- V(1 1 )
V(3)- V(8 )

1.6051
1.7880
1.7881
1.7881
1.7880
1.7881
1.6051
1.6051
1.7881
1.7880
1.7881
1.6051 
2.9816 
2.9815

E = -887.878009671 h (2.39 eV) 
singlet

.029268 

.044221 

.045165 
-.014357

(Hartree/Particle)
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v4o8s4trrl.log
0 3.239162 -.027349 -2.067928
0 1.592394 -1.489271 -.095165
V 2.436820 -.009417 -.675857
V -.000062 -1.386955 .711099
0 -1.593263 -1. 489096 -.093736
0 . 000841 -1.773880 2.264377
0 -3.238287 -.027959 -2.068530
V -2.436871 -.009358 -.675935
0 1.593876 1.484625 -.129693
0 -1.593377 1.484770 -.130803
V -.000046 1.406958 .676355
0 -.000892 1.834629 2.218953

0 (1 2 ) - V(1 1 ) 
V(1 1 ) - 0 (9)
V ( 1 1 ) - 0 ( 1 0 )  
0 ( 1 0 ) - V (8)
0 (9) - V(3)
V (8)-0(5)
V ( 8 ) - 0 ( 7 )
0 (6 ) - V(4) 
0(5)- V (4)
V ( 4 ) - O (2) 
V(3)-0(1)
V ( 3 ) - O (2)
V ( 4 ) - V (11)

, 6008 
.7878 
,7878 
8003 
,8003 
,8001 

1.6068 
1.6007 
, 7879 
,7879 
,6068 
,8001 
,7941

E =-887.894149221 h (1.95 eV) 
triplet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

,028851 (Hartree/Particle) 
, 044024 
,044968 
. 017316
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v4o8s4qrl .log
0 -2.667835 1.751353 -1.802827
0 -.434385 2.092802 -.002785
V -1.994428 1.301920 -.412318
V 1. 310495 1.989135 .411329
0 2.126953 .443310 -.005358
0 1.739024 2.650449 1.814002
0 2.667573 -1.751004 -1.803115
V 1.994437 -1.302014 -.412329
0 -2.126928 -.443519 -.005779
0 .434389 -2.092906 -.002817
V -1.310477 -1.989217 .411353
0 -1.738868 -2.649975 1.814329
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(12)-V(ll) 
V(ll)-0(10) 
V (11)-0(9) 
0 ( 1 0 ) - V (8)
0 (9) - V(3)
V(8 ) - O(5)
V(8 ) - O(7) 
0 (6 ) - V(4) 
0(5)- V (4)
V(4) - 0 (2 )
V(3) - 0 (2 ) 
V(3)-0(1)

1.6089
1.7963 
1.7972
1.7964
1.7970
1.7970
1.6090
1.6089 
1.7972 
1.7963

7964
6090

-887.886895985 h (2.15 eV) 
quintet

.027444 (Hartree/Particle) 

.043519 

.044463 
-.022455
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v4o8s4spr4.log
0 -3.237827 -2.318085 .508605
0 -2 .140944 .354287 -.129577
V -2 . 016459 -1.443960 -.131633
V -1.443968 2.016465 -.131802
0 .354281 2.140917 -.129912
0 -2.317982 3.237816 .508612
0 3.237717 2.317996 .508654
V 2.016472 1.443969 -.131941
0 -.354288 -2.140950 -.129583
0 2.140922 -.354282 -.129946
V 1.443962 -2.016468 -.131764
0 2.318105 -3.237715 .508676

0(12)-V(ll) 
V(ll)-O(10) 
V ( 1 1 ) - 0 ( 9 )  

0 ( 1 0 ) - V (8)  
0(9)- V (3)
V( 8 ) - 0 (7) 
V(8)-0(5)
0 (6 ) - V(4)
0(5)- V (4)
V(4) - 0 (2 )
V (3)-0(2)
V(3) - 0 (1 )

1.6327
1.8024 
1.8026 
1.8026
1.8024
1.6327
1.8024
1.6327 
1.8026
1.8024 
1.8026
1.6327

E = -887.800572118 h (4.50 eV) 
septet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

,023415 (Hartree/Particle) 
. 040301 
, 041245 
, 026929
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Isomer 5

0 -3.087422
v4o8s5r.log
-1.579176 -.000247

0 -1.392301 .405592 -1.361616
V -1.670246 -.824396 -.000012
0 .364652 2.536706 -.000016
0 -1.392460 .405359 1.361797
V .117911 1.270246 -1.264885
0 -.158023 -1.821000 -.000396
V .117609 1.270302 1.264882
0 1.420076 .112748 -1.445983
V 1.474555 -1.054167 .000021
0 1.419619 .112739 1.445977
0 2 .711350 -2.076173 . 000469
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0 ( 1 2 ) 

0 ( 1 1 ) 

0 ( 1 1 ) 

V(10) 
V( 1 0 )  
0(9
V (8
V (8
V (8 
0(7
V (6
V (6 
0(5
V (3
V (3

-V(10)
-V(10)
-V(8)
-0(9)
-0(7)
V (6) 
0(4) 
0(5)
V (6)
V (3) 
0(4) 
0 ( 2 )

V (3) 
0 ( 2 ) 

0 ( 1 )

1.6044
1.8589
1.7516
1.8589 
1.8037
1.7516 

8069 
7429 
5298 
8111

1.8068
1.7429
1.8558
1.8558 
1.6056

-887.942880968 h (0.63 eV) 
singlet

.030002 (Hartree/Particle) 

. 043349 

. 044294 
-.010168
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0 -0.000514
v4o8bsopt.log

2.205958 0.000046
V -0.000196 1.290552 -1.555782
0 1.391322 0.248555 -1.464151
0 -1.391266 0.247940 -1.464358
V -0.000433 1.290489 1.555836
0 1.391100 0.248496 1.464375
V 1.586824 -0.911036 0.000104
0 -1.391489 0.247881 1.464150
V -1.586429 -0.911769 -0.000142
0 2.892309 -1.846908 0.000190
0 0.000398 -1.763552 -0.000036
0 -2.891495 -1.848225 -0.000263

0(12)- V (9) 1.6063
0(11)- V (7) 1.8010
0(11)- V (9) 1.8010
0(10)- V (7) 1.6063
V (9)- O (8) 1.8780
V{9)-O(4) 1.8780
O (8)- V (5) 1.7408
V (7)-0(6) 1.8780
V(7)-O(3) 1.8780
O (6)- V (5) 1.7408
V (5)- O (1) 1.8051
0(4)- V (2) 1.7408
0(3)-V(2) 1.7408
V (2)- O (1) 1.8052

=-887.943622266 h (0.61 eV) 
singlet, broken symmetry

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0.028767 
0.042355 
0.043300 
-0.011148

(Hartree/Particle)
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v4o8s5tr.log, v4o8s5trfr.log
0 .259488 2.488197 .000026
V .108112 1.255686 -1.308083
0 1.474729 .138870 -1.426356
0 -1.395718 .365014 -1.413148
V .107902 1.255645 1.308122
0 1.474508 .138800 1.426552
V 1.470132 -1.024901 .000087
0 -1.395928 .364925 1.413007
V -1.656404 -.803507 -.000118
0 2.715957 -2.035971 .000238
0 -.173686 -1.812603 -.000080
0 -3.044858 -1.610637 -.000263

0(12)- V (9) 1.6060
O (11)- V (7) 1.8228
0(11)- V (9) 1.7935
0 (10)- V (7) 1.6045
V (9)- O (8) 1.8520
V (9)- O (4) 1.8520
0 {8)- V {5) 1.7510
V (7)- O (6) 1.8409
V (7)- O (3) 1.8410
O (6)- V (5) 1.7689
V (5)- O (1) 1.8037
V (5)- V (2) 2.6162
O (4)- V (2) 1.7510
O (3)- V (2) 1.7689
V (2) - O (1) 1.8036

E = -887.956332285 h (0.26 eV) 
triplet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0.029276
0.042752
0.043696

-0.011483

(Hartree/Particle)
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v4o8s5q.log, v4o8s5qfr.log
0 . 000439 2.208088 .000044
V -.000281 1.301394 -1.563304
0 1.399678 .220930 -1.446521
0 -1.400646 .221531 -1.446131
V -.000526 1.301331 1.563360
0 1.399461 .220877 1.446729
V 1.570683 -.900532 .000102
0 -1.400865 .221459 1.445933
V -1.569945 -.901330 -.000139
0 2.900305 -1.802681 .000205
0 .000426 -1.787805 -.000047
0 -2.898598 -1.804881 -.000262
Zero-point 'correction=

0(12)- V (9) 1.6068
0(11)- V (7) 1.8036
0(11)- V (9) 1.8033
0(10)- V (7) 1.6068
V (9)-0(8) 1.8386
V (9)- O (4) 1. 8386
0(8) -V (5 ) 1.7722
V (7)- O (6) 1.8384
V (7 ) - O (3) 1.8384
0(6)- V (5) 1.7723
V (5)-0(1) 1.8073
0(4) -V (2 ) 1.7722
0(3)- V (2) 1.7723
V (2)-0(1) 1.8072

-887.965867970 h (0 eV) 
quintet

Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0.029308
0.042561
0.043505
-0.011550

(Har tree /Par tide)
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v4o8s5sp.log
0 -.013172 2.471195 .000029
V -.010552 1.323897 -1.408363
0 1.448472 .190795 -1.379063
0 -1.452964 .174121 -1.382397
V -.010782 1.323873 1.408389
0 1.448247 .190720 1.379287
V 1.597846 -.918073 .000108
0 -1.453174 .174030 1.382227
V -1.586124 -.938054 -.000119
0 3.009214 -1.818236 .000191
0 .016649 -1.807417 -.000042
0 -2.975638 -1.851180 -.000273

0(12)-V(9) 1.6627
0(11)- V (7) 1.8141
0(11)- V (9) 1.8234
0(10)- V (7) 1.6740
V (9)-O (8) 1.7791
V (9)- O (4) 1.7791
0(8)- V (5) 1.8448
V (7)- O (6) 1.7759
V (7)- O (3) 1.7760
0(6)- V (5) 1.8476
V (5)- O (1) 1.8165
0(4)- V (2) 1.8448
O (3)- V (2) 1.8476
V (2)-0(1) 1.8166

E = -887.865711852 h (2.73 eV) 
septet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

.025771 (Hartree/Particle) 

.040263 

. 041207 
-.017126
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Isomer 7

0 3.670506
v4o8s7r3.log
2.346596 .549720

V 3.903428 1.001164 -.327088
0 5. 337640 .327207 .029369
0 2.495399 -.191568 -.316989
V 1.255306 -1.309556 .145935
0 .000009 -1.126637 1.417335
V -1.255291 -1.309534 .145934
0 -2.495378 -.191539 -.316990
0 -3.670563 2.346579 .549758
0 -.000001 -2.064592 -.899915
0 -5.337635 .327158 .029334
V -3.903435 1.001160 -.327084
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

V(12)-0(9)
V (12)-0(8)
V(1 2 ) - 0 (1 1 ) 
0(10)-V(5) 
0 ( 1 0 ) - V (7)  
0 (8 ) - V(7)
V ( 7 ) - 0 ( 6 )
V(7)- V(5)
0 ( 6 ) - V (5)
V(5) - 0 (4) 
0 (4) - V(2 )
0 (3) - V(2 ) 
V ( 2 ) - 0 ( 1 )

1.6227
1.8453 
1.6243
1.7999
1.7999
1.7326
1.7960 
2.5106
1.7960
1.7326
1.8453 
1. 6243
1.6227

E -  -887.766150359 h (5.43 eV) 
singlet

.027335 (Hartree/Particle) 

. 043301 

. 044245 

.023454
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v4o8s7q.log, v4o8s7qfr.log
0 5 .164683 1.549528 -.723706
V 4 . 800638 .130420 -.023665
0 5.341331 .078988 1.506706
0 3.073349 -.437178 -.257146
V 1.319226 -.402247 -.120365
0 .000005 .645442 .564947
V -1.319229 -.402211 -.120409
0 -3.073347 -.437099 -.257276
0 -5.164526 1.549915 -.723228
0 -.000003 -1.465300 -.788252
0 -5.341489 .078423 1.506533
V -4.800636 .130484 -.023761
Zero-point correction= 
Thermal correction to 
Thermal correction to 
Thermal correction to

Energy=
Enthalpy=
Gibbs Free Energy=

V (12)-0(8) 
V(12)-0(11) 
V(12)-0(9) 
0(10)-V(5) 
0 (1 0 ) - V(7)
0 ( 8 ) - V (7)
V( 7) - 0 (6 )
V(7)- V(5)
0 (6 ) - V(5)
V(5) - 0 (4) 
0(4)- V (2)
0(3)- V (2) 
V(2)-0(1)

1.8331
6239
6237
8211
8211

1.7598
1.8187 
2.6385
1.8187 
1.7598 
1.8331 
1.6239 
1.6237

E = -887.804043404 h (4.40 eV) 
quintet

0. 025853 
0.042463 
0.043407 
■0.028458

(Har tree/Par tide)
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v4o8s7sprl.log
0 5.594113 1.433058 .360637
V 4.916670 .029388 -.190348
0 5.712770 -1.294146 .400446
0 3.101820 -.046668 -.136368
V 1.339375 -.045550 -.020546
0 -.000019 1.180438 -.012118
V -1.339362 -.045567 -.020543
0 -3.101804 -.046710 -.136386
0 -5.594115 1.433093 .360539
0 -.000003 -1.271944 -.024670
0 -5.712825 -1.294109 .400506
V -4.916661 .029376 -.190332

V( 1 2 ) - 0 (8 )
V (12)-0(9) 
V (12)-0(11) 
0(10)- V (5) 
0(10)- V (7) 
0 (8 ) - V(7)
V(7)- V(5)
V(7) - 0 (6 )
0(6)- V (5) 
V(5)-0(4) 
0(4)- V (2)
0 (3) - V(2 )
V( 2 ) - 0 (1 )

1.8173
1.6531 
1.6537 
1.8160 
1.8160
1.7662 
2.6787
1.8158
1.8158
1.7662 
1.8172 
1. 6536
1.6531

E = -887.743779824 h (6.04 eV) 
septet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

.023468 (Hartree/Particle) 

. 040489 

. 041434 
-.031109
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Isomer 8

v4o8s8r2.log
0 -2.018777 2.271945 -.421361
0 -1.917916 -.407688 -1.534270
V -2.295876 .719488 -.158548
V -.345607 -1.089144 -1.013783
0 -2.069945 .179150 1.548570
0 3.613700 -.505905 .228419
0 1.141080 -.370673 -1.400516
V 2.315262 .418914 -.056318
0 2.809441 1.910892 -.429432
0 -.447747 -2.131695 .451628
V -.418819 -.504534 1.279710
0 1.032153 .362894 1.410163

Oi(12;1- V (8) 1 ., 9494
Oi(12;I-v(11) 1.. 6955
Vi(11!i-0(10) 1., 8260
V idi;1- V (4) 2.,3680
V i(11!i-V(3) 2., 6627
V i(11!1-0(5) 1., 8072
O ido;I-V(4) 1., 8013
Oi(9)--V (8) 1., 6154
V i(8)--0(6) 1., 6194
V i(8)--0(7) 1., 9517
O i(7)--V (4 ) 1.. 6959
O i(5)--V (3) 1.,8048
V i(4)--0(2) 1,,7909
V i(3)--0(1) 1., 5987
V i(3) --0(2) 1., 8182

-887.897484257 h (1.86 eV) 
singlet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

.029787 (Hartree/Particle) 

. 044006 

.044950 
-.014395
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0 -3.476751
v4o8s8tr.log
1.891029 -.107064

0 -1.720930 -.113546 -1.506557
V -2 . 608165 .544350 -.028311
V -.191787 -.950528 -1.255509
0 -1.726060 .053893 1.512916
0 3. 834720 -.080768 .003902
0 1.265829 -.117027 -1.470359
V 2.364469 .596443 -.030921
0 2.533723 2.202522 -.118380
0 -.166307 -2 .111197 .112107
V -.194464 -.804459 1.348383
0 1.266875 . 040902 1.476715

0 (1 2 ) - V(8 ) 
0 (1 2 ) - V (1 1 ) 
V(1 1 ) - 0 (5)
V(1 1 ) - 0 (1 0 ) 
V( 1 1 ) - V(4) 
0 (1 0 ) - V(4)
0 (9) - V(8 )
V ( 8 ) - O (6)
V(8 ) - O(7) 
0(7)- V (4) 
0(5)- V (3) 
V ( 4 ) - 0 ( 2 )
V(3) - 0 (2 )
V (3)-0(1)

1.9458
6931 
7634 
7991 
6080 
7939 
6173 
6191 
9463 
6928 
8423 
7612 

1.8453 
1.6044

-887.898503427 h (1.83 eV) 
triplet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

. 028659 

. 043377 

.044322 
-.016553

(Har tree/Par tide)
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0 -3.258908
v4o8s8qr2.log

. 000000 2.041174
0 -1.672869 1.492766 -.048292
V -2 . 557898 . 000000 .595861
V -.181509 1.539366 -.988824
0 -1.672869 -1.492766 -.048293
0 3.837603 .000001 . 157139
0 1.291175 1.477124 -.126750
V 2 . 286825 . 000000 .627632
0 2.229738 -.000001 2.247037
0 -.222037 . 000000 -1.927068
V -.181508 -1.539366 -.988824
0 1.291176 -1.477123 -.126752

0 (1 2 ) - V(8 ) 
0 (1 2 ) - V(1 1 ) 
V ( l l ) - 0 ( 1 0 )  
V(1 1 ) - 0 (5) 
0 (1 0 ) - V(4)
0 (9) - V(8 )
V(8 ) - 0 (6 ) 
V ( 8 ) - 0 ( 7 )
0 (7)- V(4)
0 ( 5 ) - V (3)  
V ( 4 ) - 0 ( 2 )
V(3) - 0 (2 ) 
V ( 3 ) - 0 ( 1 )

1.9345
1.7076
1.8032
1.7638
1.8032 
1.6204 
1.6206
1.9345
1.7076
1.8511
1.7638
1.8511 
1.6063

-887.891757752 h (2.02 eV) 
quintet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

.027947 (Hartree/Particle) 

. 042805 

.043750 
-.018683
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v4o8s8spr3.log
0 -3.212904 2.061583 -.011387
0 -1.728390 -.014320 -1.434817
V -2.712949 .531557 -.003052
V -.202028 -.957747 -1.399113
0 -1. 729749 .001696 1.435599
0 3.805200 -.135979 .000939
0 1.292818 . 076442 -1.412854
V 2.280247 .595264 -.002805
0 2.708596 2.215576 -.010981
0 -.018563 -2 . 073245 .011093
V -.203392 -.942117 1.408561
0 1.292589 .090743 1.412088

O (12) -V(8) 1..7978
O (12) -V(ll) 1..8179
V (11) -0(5) 1..7948
V (11) -0(10) 1.. 8074
O (10) -V (4 ) 1..8074
O (9)- V (8) 1.. 6760
V (8)- 0(6) 1 .. 6912
V (8)- 0(7) 1..7979
O (7)-■V (4) 1..8178
O (5)- V (3) 1..8213
V (4) -■0(2) 1..7947
V (3)-■0(2) 1.. 8213
V (3) -■0(1) 1.. 6097

E = -887.825683867 h (3.81 eV) 
septet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

. 026229 

. 041213 

.042157 
-.019322

(Hartree/Particle)
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V4O9 clusters
Isomer 2

0 -.000296
v4o9s2.log
2.604634 -1.778860

0 1.529464 .103844 -1.419575
V -.000112 1.040239 -1.445487
0 -1.529439 .103385 -1.420031
V 1.605181 -.998451 -.000305
0 -.000082 -1.830324 -.000157
0 2.845194 -2.013819 -.000663
V -1.605167 -.998298 -.000280
0 -2.844207 -2.014917 -.000587
0 1.529621 .102999 1.419639
V -.000072 1.039245 1.446407
0 -1.529524 .102547 1.420116
0 -.000242 2.603788 1.779157
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(13)
0 ( 1 2 )

0 ( 1 2 )

V(ll)
0 ( 1 0 )

0(9)-
V (8)
V ( 8 ) — 
0(7) - 
0 (6 )
V (5) 
0(4)
V (3 ) —
V (3 ) —
V (3)

-V(ll)
-V(ll)
-V(8)
-0 (1 0 )
-V(5)
V (8) 
0 (6 ) 
0(4)
V (5)
V (5) 
0 (2 )
V (3) 
0 (2 ) 
0 (1 ) 
V(ll)

1. 5995
1.7937

7986 
7937
7987 
6027 
8079

1.7986 
1.6027 
1.8080
1.7986
1.7937 
1.7936 
1.5995 
2.8919

E = -963.203067569 h (1.29 eY) 
singlet

.033327 (Hartree/Particle) 

. 048526 

. 049470 
-.009473
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v4o9s2trv2.log
0 2.462793 -.000651 2.445404
0 1.473090 -1.474409 .146228
V 2.253572 -.000740 .856245
0 1.474593 1.473560 .145814
V -.000703 -1.562385 -.861760
0 -.000085 .000022 -1.768701
0 -.000912 -2.834997 -1.837743
V .000570 1.562409 -.861727
0 .000791 2.835043 -1.837682
0 -1.474654 -1.473652 . 145881
V -2.253437 .000721 . 856410
0 -1.473150 1.474493 .146356
0 -2.462472 .000578 2 .445586
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

0(13)- V (11) 1.6029 
O (12)- V (8) 1.7877
0(12)- V (11) 1.8125 
V (11)-0(10) 1.8125 
0(10)- V (5) 1.7877
0(9)- V (8) 1.6038
V (8)- O (4) 1.7877
V (8)-0(6) 1.8066
0(7)- V (5) 1.6038
0(6)- V (5) 1.8066
V (5)- O (2) 1.7877
0(4)- V (3) 1.8125
V (3)-0(1) 1.6029
V (3)-0(2) 1.8125

E = -963.210920972 h (1.08 eV) 
triplet

.032811 (Hartree/Particle) 

. 048328 

. 049272 
-.012844
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0 .094130
v4o9s2qrl.log

2.508225 -2.482754
0 1.542132 .078122 -1.345926
V .051135 1.107130 -1.689335
0 -1.463901 .052368 -1.442889
V 1.608002 -1.010345 .042130
0 . 000067 -1.840399 -.000796
0 2.931363 -1.991988 .084064
V -1.607921 -1.010421 -.043037
0 -2.931247 -1.992080 -.085928
O 1.463964 .051201 1.442925
V -.051208 1.105550 1.690366
0 -1.542203 .076848 1.345957
0 -.094328 2.505952 2.484992
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(13)
0 ( 1 2 )

0 ( 1 2 )

V(ll)
0 ( 1 0 )

0(9)-
V (8) -
V (8) 
0(7)- 
0 (6 )-
V (5) 
0 ( 4 )  -
V ( 3) -
V (3)
V (3)

- V (1 1 ) 
- V ( 1 1 )
-V (8) 
- 0 ( 1 0 ) 
- v  (5)
V (8) 
0 ( 4 )  
0 (6 )
V (5)
V (5) 
0 (2 )
V (3) 
0 (2 ) 
0 (1 )
V (11)

1.6107 
1.8439 
1.7652 
1.8624 
1.7635 
1.6482

7635
8100
6482
8101
7652

1.8624
8439
6107
3813

E = -963.110282505 h (3.82 eV) 
quintet

. 028965 

.045325 

.046269 
-.017411

(Har tree/Par tide)
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v4o9s2s.log
0 -.005772 2.723877 2.394134
0 1.436753 1.361093 .093738
V -.003212 1.639238 1.167802
0 -1.441643 1.356696 .092530
V 1. 617088 .002310 -1.058757
0 -.000006 -.000847 -1.898037
0 3.042260 .005140 -1.949423
V -1.617094 -.003272 -1. 058746
0 -3.042273 -.006843 -1. 949400
0 1.441668 -1.356689 .093666
V .003218 -1.638247 1.169204
0 -1.436778 -1.361084 .094893
0 .005789 -2.721428 2.396827
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0 (13 
0 ( 1 2  
0 ( 1 2  
V(ll 
0 ( 1 0  
0(9
V (8
V (8 
0(7 
0 ( 6
V (5 
0(4
V (3
V (3
V (3

)-V(ll) 
) - V(8 )
)-V(ll) 
) - O( 1 0 )  
) - V(5) 
-V (8) 
-0(4) 
- 0 (6 )
-V (5)
-V (5) 
- 0 (2 )
-V (3) 
- 0 (2 ) 
- 0 (1 ) 
-V(ll)

1.6372
1.7908
1.8178 
1.8180 
1.7905

6806 
7905 
8219 
6806 
8219

1.7908 
1.8180
1.8178
1.6372 
3.2775

-963.019335402 h (6.29 eY) 
septet

.025743 (Hartree/Particle) 

.043029 

.043973 
-.022090
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Isomer 3

v4o9s3rl.log
0 1.915441 -.013834 1.188808
V .339679 -.002326 1.993406
0 3.087219 -.017383 -1.480069
V 1.717694 -.011566 -.649673
0 -.510136 -1.402475 1.442411
0 .625534 -1.415028 -1.023418
0 -.489787 1.410278 1.443687
0 .642173 1.404562 -1.023208
V -1.022235 -1.536453 -.358551
V -1.002772 1.549770 -.357128
0 -1.786011 -2.886217 -.765024
0 -1.830803 .012241 -.821632
0 -1.746680 2.909506 -.767209

0 ( 1 3 )
0 ( 1 2 )

0 ( 1 2 )

0 ( 1 1 )

V( 1 0 )
V(10)
V ( 9) -
V ( 9) - 
0 (8 ) -  
0 ( 7 ) -  
0 (6 ) 
0 ( 5 )
V (4)
V (4) -
V (2 ) -

-V(10 
-V(10 
-V (9) 
-V (9) 
- 0 (8 ) 
-0(7) 
0 (6 ) 
0(5)
V (4) 
V(2)
V (4)
V (2) 
0(3) 
0 ( 1) 

0 ( 1)

) 1.6033
8070
8074
6033

1.7806
8776
7810
8771

1.8171
.7279 
. 8172 
.7281 
. 6016 

1.8491 
1.7693

-963.225450356 h (0.68 eV) 
singlet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

.033463 (Hartree/Particle) 

.047829 

.048773 
-.007212

305

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



v4o9bsopt.log, v4o9bsoptfr.log
0 -0.208366 1.643689 1.382666
V -0.077397 0.038445 2.045097
0 -0.308174 3.265857 -1.127935
V -0.128231 1.806307 -0.489850
0 1.386378 -0.638434 1.399454
0 1.385310 0.943164 -0.946041
0 -1.384431 -0.901344 1.379526
0 -1.417456 0.654869 -0.983298
V 1.657262 -0.768705 -0.445686
V -1.455981 -1.073579 -0.489772
0 3.066536 -1.414283 -0.856172
0 0.180340 -1.677582 -0.944326
0 -2.690617 -1.880458 -1.117674

O (13 
0 ( 1 2  
0 ( 1 2  
0 ( 1 1  
V(10 
V(10
V (9)
V (9) 
0 (8 ) 
0(7) 
0 (6 ) 
0(5)
V (4 )
V (4 )
V (2)

) - V(1 0 ) 
) - V ( 9 ) 
)-V(10) 
)-V(9)
) - 0 (8 )
)-0(7) 
- 0 (6 ) 
-0(5)
- V (4)
-V (2)
-V (4 )
-V (2) 
-0(3) 
- 0 (1 ) 
- 0 (1 )

6030 
8044 
8025 
6035 
7979 
8786 

1.8041 
1.8695 
1.7976 
1.7420 
1.8011 
1.7371 
1.6031 
1.8813 
1.7415

E = -963.245403548 h (0.14 eV) 
singlet, broken symmetry

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0.032834
0.047411
0.048355
-0.008220

(Hartree/Particle)
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v4o9s3trv2.log
0 -.213755 1.651643 1.359383
V -.081376 .040586 2.051606
0 -.291948 3.272192 -1.091802
V -.128539 1.794538 -.491905
0 1.394223 -.642199 1.384858
0 1.383193 .941202 -.960409
0 -1.393898 -.903625 1.359637
0 -1.428303 .658180 -.998052
V 1.657982 -.767055 -.432835
V -1.450826 -1.066973 -.490059
0 3.065785 -1.417173 -.841458
0 .178650 -1.663590 -.960427
0 -2.686015 -1.899780 -1.082549
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(13) 
0 ( 1 2 ) 

0 ( 1 2 ) 

0 ( 1 1 ) 

v (1 0 )
V(10)
V ( 9) —
V (9)  -  
0 (8 ) 
0(7)- 
0 (6 )-  
0(5)
V (4)
V (4)  -
V (2)

-V(10) 
-V (9) 
-V(10) 
-V (9) 
- 0 (8 ) 
-0(7) 
0 (6 ) 
0(5)
V (4) 
V(2)
V (4)
V (2) 
0(3) 
0 ( 1 ) 

0 ( 1 )

1.6032 
1.8085 
1.7979 
1.6036 

7985 
8578

1 
1
1.8089
1.8410 
1.7991 
1.7587 
1.7981 
1.7573 
1.6031 
1.8587
1.7585

-963.250508579 h (0 eV) 
triplet

.032872 (Hartree/Particle) 

.047366 

.048310 
■.008991
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v4o9s3qrl .log
0 -1.452695 -.762102 1.340170
V .000422 .010325 2.048124
0 -2.997866 -1.597885 -.981537
V -1.628546 -.854959 -.459949
0 .058005 1.653032 1.329122
0 -1.384642 .841327 -.979216
0 1.394828 -.863363 1.340366
0 -.057694 -1.598519 -.970856
V .066000 1.823412 -.475194
V 1.563164 -.966945 -.460099
0 .117419 3.354731 -.995079
0 1.445785 .744879 -.978464
0 2.873873 -1.806119 -.981540

0 ( 1 3 )
0 (1 2 )
0 (1 2 )
0 (1 1 )
V(10)
V(10)
V ( 9) -
V (9) - 
0 (8 ) -  
0 ( 7 ) -  
0 (6 ) - 
0 ( 5 ) -
V (4 ) -
V (4) -
V (2 ) -

-V(10)
-V(10)
-V(9)
-V(9)
-0(7)
- 0 (8 )
0(5)
0 (6 )
V (4 )
V (2)
V (4)
V (2) 
0 ( 1) 

0(3) 
0 ( 1)

1.6414 
1.7924 
1.8222 
1.6180 
1.8113 
1.8130 
1.8124 
1.8229 
1.8115 
1.7913 
1.7907 
1.7941 
1.8111 
1.6429 
1.7915

-963.175613701 h (2.04 eV) 
quintet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

.030380 

. 045272 

.046216 
-.012216

(Hartree/Particle)
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0 -1.445300
v4o9s3s.log
-.610761 1.400506

V . 152673 .072373 2.044424
0 -3.285189 -1.353617 -.933395
V -1.726536 -.722668 -.329897
0 .273665 1.732318 1.275638
0 -1.334108 .926883 -.911944
0 1. 423604 -.997503 1.285835
0 -.232807 -1.624235 -.890789
V . 194820 1.819601 -.502965
V 1.432173 -1.130313 -.493955
0 .348110 3.318538 -1.140632
0 1.461652 .593734 -1.019060
0 2.637624 -2.097462 -1.129281
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy;

0(13)- V (10) 1.6710 
0(12)- V (10) 1.8025 
0(12)- V (9) 1.8368
0(11)- V (9) 1.6361
V (10)-0(7) 1.7848 
V (10)- O (8) 1.7815
V (9)-0(5) 1.7825
V (9)-0(6) 1.8171
0(8)- V (4) 1.8327
0(7)- V (2) 1.8263
0(6)- V (4) 1.7927
0(5)- V (2) 1.8333
V (4)-0(1) 1.7567
V (4)-0(3) 1.7865
V (2)-0(1) 1.8533

E = -963.076066834 h (4.75 eV) 
septet

.028349 (Hartree/Particle) 

. 043947 

. 044891 
-.015564
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Isomer 4

v4o9s4.log
0 5 .192692 -.684570 1.395082
0 -5.102186 -1. 902332 .244307
0 -.158079 .233220 1.133321
0 5.315342 -.351324 -1.237564
V 4 . 403548 -.878125 -.006333
0 -5.557691 .651083 .789459
V -4 . 778786 -.376106 -.189977
0 2 . 700574 -.271962 -.012602
V 1.296323 .806691 .062618
0 1.634692 2.349486 .320903
V -1.270645 .234180 -.191085
0 -3.018767 -.021583 -.395229
0 -.001594 .611392 -1.303940
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0 ( 13) - V(9) 
0(13)- V (11) 
0 (1 2 ) - V(1 1 ) 
0 (1 2 ) - V(7) 
V(ll)-V(9)
V (11)-0(3) 
0 (1 0 ) - V(9 
V (9)- O (8)
V (9) -0(3) 
0(8)- V (5)
V (7) -0(6)
V(7) - 0 (2 )
V (5)-0(4)
V(5) - 0 (1 )

1.8948 
1.7295 

7785 
8071 
6422 
7297

) 1.6004
1.7723 
1.8949 
1.8076 
1.6190 
1.6194 
1.6201 
1.6199

-963.084775544 h (4.51 eV) 
singlet

.031287 (Hartree/Particle) 

.048249 

.049193 
-.020547

310

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



v4o9s4tr.log
0 5. 157918 -.786482 1.372626
0 -5.015530 -1.994477 .268119
0 -.053995 .452303 1.159247
0 5.260087 -.549507 -1.265550
V 4 .331967 -.975026 -.007843
0 -5.631714 .539499 .727599
V -4.781196 -.466330 -.213927
0 2.684139 -.261422 -.010554
V 1.319443 .884892 .056191
0 1.836468 2.392973 .263296
V -1.312225 .375558 -.144114
0 -3.044288 -.016121 -.369381
0 .077697 .743338 -1.255034
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0 ( 1 3 ) - V (9)  
0 ( 1 3 ) - V (11)  
0 (1 2 ) - V(1 1 ) 
0 ( 1 2 ) - V( 7 )
V( 1 1 ) - 0 (3) 
0 ( 1 0 ) - V( 9 )
V ( 9 ) - 0 ( 8 )
V(9) - 0 (3) 
0 ( 8 ) - V (5)
V ( 7 ) - 0 ( 6 )
V(7) - 0 (2 )
V ( 5 ) - 0 ( 4 )  
V ( 5 ) - 0 ( 1 )

1.8114 
1.8169 
1.7900 
1.8010 
1.8132 
1. 6076 
1.7835 
1.8139 
1.7957 
1.6191 
1.6194 
1.6200
1.6197

E = -963.095791818 h (4.21 eV) 
triplet

,031239 (Hartree/Particle) 
, 048241 
, 049185 
,022452
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Isomer 5

0 -.579001
v4o9s5.log

.920438 1.576348
0 3.481861 -.202592 .728387
0 -.353657 3. 376846 -.075537
V -.286443 1.773938 -.075128
0 1.251748 1.191673 -.556772
V -.637339 -.805518 1.435604
V 2.194208 -.435647 -.225804
0 .808565 -1.393679 .808578
0 -1.604415 .992802 -1.052359
0 -2.190100 -1.465547 .891111
0 2.672298 -1.198496 -1.569092
V -2.029193 -.714429 -.770444
0 -1.305844 -1.699184 -1.797818

0 ( 1 3 )
V (12)
V (12)
V (12) 
0 ( 1 1 ) 

0 ( 1 0 ) 

0 ( 9 ) -  
0 (8 ) -  
0 (8 ) -
V (7)
V (7 ) —
V ( 6) - 
0 ( 5 ) -
V (4
V (4 ) -

- V (1 2 ) 
-V (6) 
-0(9) 
-0(10) 
- v  (7) 
-V (6) 
7(4)
V (7)
V (6) 
0 (2 ) 
0(5) 
0 (1 )
V (4) 
0(3) 
0 (1 )

1.5964 
2.6100 
1.7817 
1.8305 
1.6171 
1.7729 
1.8172 
1.9768 
1.6822 
1.6195 
1.9094

7327
7138
6043
8819

-963.174322156 h (2.07 eV) 
singlet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

.033549 (Hartree/Particle) 

. 048685 

.049630 
-.009790
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0 -.242021
v4o9s5trrr2.log

.955112 1.646691
0 3.775880 -.101544 -.058566
0 -.301709 3.310122 -.097679
V -.265818 1.705720 -.065277
0 1.157664 1.056386 -.776533
V -.158047 -.791451 1.733901
V 2.265895 -.463942 -.518977
0 1.272397 -1.264216 .979769
0 -1.760855 .960343 -.772568
0 -1.597609 -1.366362 .901755
0 2.322811 -1.444661 -1.807172
V -2.521317 -.636974 -.522253
0 -2.672407 -1.566993 -1.817726
Zero-point correction3 
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy:

0(13) - V (12) 1., 6019
V (12) -0(9) 1., 7867
V (12) -0(10) 1., 8474
0(11) -V (7) 1.. 6200
0(10) -V(6) 1..7594
0(9)- V (4 ) 1.,8141
0(8)-■V (7) 1., 9682
0(8)-■V (6) 1.. 6848
V (7) -■0(2) 1., 6197
V (7 ) —■0(5) 1.,8989
V (6) -■0(1) 1., 7508
0(5) -V (4) 1.,7187
v  ( 4 ) -•0(3) 1., 6051
V (4 ) -0(1) 1..8694

E = -963.179760622 h (1.93 eV) 
triplet

.032730 (Hartree/Particle) 

.048280 

.049224 
-.013126
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0 -.211095
v4o9s5q.log

.914955 1.600073
0 3.781522 -.082583 -.029827
0 -.244643 3.301263 .066036
V -.254298 1.699028 -.033970
0 1.224453 1.006632 -.821304
V -.170199 -.868512 1.690118
V 2.209836 -.442677 -.474971
0 1.326007 -1.343322 .828089
0 -1.726199 1.020080 -.800000
0 -1.629629 -1.414421 .836998
0 2.495762 -1.385041 -1.837217
V -2.543379 -.572069 -.504100
0 -2.836814 -1.487903 -1.789444

0 (13)
V (12)
V (12) 
0 ( 11 ) 

0 ( 1 0 ) 

0 ( 9 ) -  
0 (8 ) - 
0 (8 ) -
V (7)  -
V (7)
V (6) 
0(5)- 
V(4)
V (4 )

-V(12) 
-0(9) 
-0 (1 0 ) 
-V (7) 
-V (6)
V (4)
V (7)
V (6) 
0 (2 ) 
0(5) 
0 (1 )
V (4 ) 
0(3) 
0 (1 )

1.6053 
1.8139 

8284 
6809 
7764 
7928 
8139 

1.7909 
1.6727 
1.7865 
1.7862
1.8127

6054
8129

E = -963.128150180 h (3.33 eV) 
quintet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

.030262 (Hartree/Particle) 

. 046170 

. 047115 
-.016052
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0 -.295084
v4o9s5srl.log

.600283 1.610564
0 3.950595 -.081588 -.060045
0 -.300705 3.278053 .570848
V -.207486 1.647705 .195930
0 1.349626 1.172329 -.581075
V -.179411 -1.230080 1.466283
V 2.340137 -.345027 -.480992
0 1.468267 -1.391642 .634564
0 -1.595764 1.096173 -.778679
0 -1.604607 -1.583340 .394008
0 2.548501 -1.066938 -1.996163
V -2.454079 -.548441 -.790703
0 -4 . 080917 -.655284 -.916762

0(13)
V (12)
V (12) 
0 ( 1 1 ) 

0 ( 1 0 ) 

0(9)- 
0 (8 ) 
0 (8 ) -
V (7)
V (7)
V ( 6) — 
0(5)-
V ( 4 ) -
V (4 ) -

- V (1 2 ) 
-0(9) 
- 0 ( 1 0 ) 
-V (7) 
- V (6)
V (4)
V (7)
V (6) 
0 (2 ) 
0(5) 
0 (1 )
V (4)  
0(3) 
0 (1 )

1.6352 
1.8552

7878 
6912 
8182 
7836 
7607 
8528 

1.6853 
1.8148 

8397 
8040 
6755 
7624

E = -963.040184720 h (5.72 eV) 
septet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

.026824 (Hartree/Particle) 

. 043722 

. 044666 
-.021398
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Isomer 6

0 -1.441654
v4o9s6.log

-.040173 1.432624
0 1.441288 -.039871 1.432411
V -.000091 -.912605 1.280287
0 -2.822991 2.197791 -.000356
0 -4.044349 -.127047 -.000064
V -2.598421 .599331 -.000162
0 .000413 -2.175715 .000627
V 2.598483 .599476 -.000146
0 4.043749 -.128182 -.000007
0 2.824183 2.197772 -.000494
V -.000047 -.913350 -1.279862
0 -1.441613 -.041047 -1.432686
0 1.441194 -.040478 -1.432391
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(13)
0(13)
0 ( 1 2 )

0 ( 1 2 )

V ( l l )
V(ll)
0 ( 1 0 )

0(9)-
V (8) 
0(7)-
V (6)
V ( 6) -
V ( 6) -
V (3)
V (3)

-V(8)
-V( l l )
-V(ll)
- v  (6)
-V(3)
-0(7)
-V (8)
V (8) 
0 (2 )
V (3) 
0 ( 1 ) 

0(4) 
0(5) 
0 (2 ) 
0 ( 1 )

1.9494
1.6918
1.6919
1.9495 
2.5601 
1.7981
1.6142 
1.6181 
1.9494 
1.7980 
1.9493
1.6142 
1.6181
1.6919
1.6919

-963.163782224 h (2.36 eV) 
singlet

.033445 (Hartree/Particle) 

.048805 

. 049749 
-.011037
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0 1.425681
v4o9s6tr.log
-.119888 -1.458996

0 -1.425569 -.119778 -1.458974
V .000020 -1.041529 -1.543537
0 2.458881 2.260466 -.000036
0 3.983073 .112671 .000037
V 2.453435 .643538 -.000004
0 -.000013 -1.978479 .000027
V -2.453441 .643540 -.000012
0 -3.983016 . 112491 -.000039
0 -2.459082 2.260468 -.000001
V -.000003 -1.041497 1.543562
0 1.425631 -.119814 1.458981
0 -1.425616 -.119785 1.458975
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0 ( 13) - V(8 ) 
0(13)- V (11) 
0 (1 2 ) - V(6 ) 
0(12)-V(ll) 
V(1 1 ) - 0 (7) 
0 ( 1 0 ) - V (8)  
0(9)- V (8)
V(8 ) - 0 (2 )
0(7)- V (3)
V (6)-0(5)
V(6 ) - 0 (4)
V(6 ) - 0 (1 )
V(3) - 0 (1 )
V(3) - 0 (2 )

1. 9411
1.6997
1.9411 

6997 
8057 
6169 
6191 
9411 
8057 
6191

1.6169
1.9411
1.6997 
1. 6997

E = -963.157999299 h (2.52 eV) 
triplet

.032851 (Hartree/Particle) 

.048371 

.049315 
-.013387
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v4o9s6qr2.log
0 -1.443402 -1.476326 -.030252
0 1. 443081 -1.476316 -.029786
V .000008 -1.559455 -1.015651
0 -2.523286 -.000058 2.234361
0 -3.928751 -.000035 -.001439
V -2.398293 -.000024 .592401
0 .000128 .000063 -1.911671
V 2.398289 -.000016 .592429
0 3.928373 .000033 -.002344
0 2.524297 -.000085 2.234310
V -.000013 1.559526 -1.015553
0 -1.443446 1.476331 -.030194
0 1.443035 1.476304 -.029657
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(13)- V (8) 
0(13)- V (11) 
0 ( 1 2 ) - V (6)  
0(12)-V(ll) 
V ( 1 1 ) - 0 ( 7 )  

0(10)-V(8)
0(9)-V(8)
V ( 8 ) - 0 ( 2 )
0  ( 7 ) - V (3)
V(6 ) - 0 (4)
V(6 ) - 0 (1 )
V(6 ) - 0 (5)
V(3) - 0 (2 )
V(3) - 0 (1 )

1.8652
1.7497
1.8652
1.7497
1.7986 
1.6467 
1. 6416 

8652 
7986 
6467 
8652

1.6416
1.7497
1.7497

E = -963.106805607 h (3.91 eV) 
quintet

.029833 (Hartree/Particle) 

.045735 

.046679 
-.016930

318

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



v4o9s6sv2.log
0 -1. 549371 -1.450935 -.027284
0 1.549323 -1. 450934 -.027354
V -.000045 -1.557277 -.956658
0 -2.730770 -.000072 2.194033
0 -4 . 048986 .000008 .003584
V -2.457880 -.000016 .530501
0 -.000063 .000060 -1.834733
V 2. 457920 -.000018 .530294
0 4 . 048945 -.000010 . 003128
0 2.731074 -.000067 2.193782
V -.000039 1.557338 -.956556
0 -1.549360 1.450934 -.027183
0 1.549336 1.450939 -.027271
Zero-point correction=
Thermal correction to Energy= 
Thermal correction to Enthalpy= 
Thermal correction to Gibbs Free

0 ( 13) - V(8 ) 
0(13)-V(ll) 
0(12)-V(ll) 
0 ( 1 2 ) - V (6)
V(1 1 ) - 0 (7) 
0 ( 1 0 ) - V (8)
0 (9) - V(8 )
V(8 ) - 0 (2 ) 
0(7)- V (3)
V( 6 ) - 0 (1 ) 
V(6)-0(4) 
V(6)-0(5)
V(3) - 0 (2 )
V(3) - 0 (1 )

, 8005 
. 8098

1.8098
8005
7878
6858
6761
8005
7878
8005
6858
6761
8098
8098

E = -963.048021016 h (5.51 eV) 
septet

Energy=

.028503 (Hartree/Particle) 

. 044676 

. 045620 
-.018425
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V 4Oio clusters
Isomer 1

v4ol0sl.log
0 .373439 1.271307 3.241347
V .204238 .690813 1.759481
0 -1.101033 -.539579 1.591674
0 1.673043 -.128286 1.111098
0 -.197845 1.934421 .519087
0 -2.591127 -2.357368 -.036644
V -1.407325 -1.280429 -.022052
0 . 196772 -1.934910 -.513854
V 1.621329 -.831740 -.546879
0 2.986297 -1.529283 -1.007110
0 -1.674237 .131827 -1.108440
V -.418360 1.419744 -1.193358
0 1.104379 .541901 -1.590380
0 -.769350 2.614603 -2.198703
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(14
0(13
0(13
V (12
V (12 
0 ( 1 1  
0 ( 1 0
V (9)
V (9) 
0 ( 8 )

V (7)
V (7) 
0(5) 
0(4) 
0(3)
V (2)

) - V (12)  
)-V(9)
) - V(1 2 ) 
) - 0 ( 5 )  
)-0(ll) 
) - V ( 7 )

) - V ( 9 )
-0(4)
- 0 ( 8 )
-V (7) 
-0(3) 
-0 (6 )
-V (2)
-V (2)
-V (2) 
- 0 ( 1 )

1.6005 
1.8008
1.8019
1.8017
1.8009
1.8017
1.6005
1.8018 
1.8021
1.8009
1.8019
1.6004 
1. 8019 
1.8024 
1.8016
1.6005

E = -1038.52608132 h (0 eV) 
singlet

.037030 (Hartree/Particle) 

.052666 

. 053610 
■.004903
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v4ol0sltrv2.log, v4ol0sltrv2fr.log
0 -2.094455 2.041998 -2 . 010889
V -1.150689 1.067349 -1.120071
0 -2.012305 ■0. 052817 -0.001360
0 -0.049754 1.944210 -0.004992
V -1.093322 1.124921 1.121070
0 -1.978346 •2.149137 2.017128
0 -0.000906 0.005445 2.013594
0 -0.000681 ■0.005684 -2.013735
0 1.983539 2.162048 1.998234
V 1.094203 1.131284 1.114283
0 0.050089 ■1. 944402 0.005006
0 2.011830 0.053188 -0.001410
V 1.150040 ■1.073379 -1.115234
0 2.090322 ■2.055810 -2.001714

0(14)
V (13)
V (13)
V (13) 
0 ( 1 2 ) 

0 ( 1 1 )

V (10) 
V(10) 
V(10) 
0 (8 )- 
0(7) 
0 ( 6 ) 

V(5)- 
0(4)- 
0(3)
V (2)

- V(13) 
-0 (1 2 ) 
-0 (8 ) 
-0(11) 
-V(10) 
-V (5) 
-0(9) 
-0(4) 
-0(7)
V (2)
V (5)
V (5) 
0(3)
V (2)
V (2) 
0 ( 1 )

1. 6233 
1.8035 
1.8087 
1.7954 
1.8025 
1.7957 
1. 6232 
1.7951 
1.8098

8090 
8077 
6233 
8038 
7956 

1.8024 
1.6230

E = -1038.45988264 h (1.80 eV) 
triplet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0.033697
0.049859
0.050803

-0.010213

(Hartree/Particle)
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0 -2.069947
v4ol0slqrl.log

0.767369 2.841688
V -1. 122974 0.417410 1.539386
0 -0.376630 1.817360 0.678158
0 -1. 912230 -0.470312 0.181694
V 0.692380 1.654527 -0.767476
0 1.273521 3.051007 -1.420687
0 -0.328237 0.625268 -1.842357
0 0.324679 -0.615548 1.846142
0 -1.950846 -1.746574 -2.469848
V -1.060295 -0.945496 -1.338108
0 1.914153 0.463393 -0.177409
0 0.378109 -1.811678 -0.678531
V 1.491076 -1.126151 0.566315
0 2.746887 -2.081122 1.040813

0(14
V (13
V (13
V (13 
0(12 
0(11
V (10 
V(10 
V(10 
0 (8) 
0(7) 
0 (6) 
v (5) 
0(4) 
0(3)
V (2)

)- V (13)
)-0 (8)
)-0(ll)
)-0(12)
)-V(10)
)-V(5)
) - 0 ( 7 )
)-0(4)
)- 0 (9) 
-V (2)
-V (5)
-V (5) 
-0(3)
-V (2)
-V (2) 
-0 (1)

6475
8053

1.8052
1.8051
1.8040 
1.8055 
1.8048 
1.8059 
1.6479 
1.8047 
1.8046 
1.6476
1.8053
1.8040
1.8052 
1. 6478

-1038.38287026 h (3.90 eV) 
quintet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0.032141
0.048534
0.049478

-0.012104

(Hartree/Particle)
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0 -2 . 945887
v4ol0sls.log
-1.810833 -1.340438

V -1.563449 -0.915110 -0.753009
0 -1.532759 0.851875 -0.952024
0 0.070626 -1.376754 -1.334422
V -0.163038 1.936279 -0.402131
0 -0.289285 3.566791 -0.570590
0 1.321232 1.067780 -1.030695
0 -1.289677 -1.072165 1.049269
0 3.122160 -1.349118 -1.488463
V 1. 644721 -0.669412 -0.834047
0 -0.066107 1.390266 1.385742
0 1.496302 -0.862208 0.976692
V 0.074577 -0.295304 1.903432
0 0.134063 -0.567936 3.551476

0(14)
V (13)
V (13)
V (13) 
0 (12) 
0 (11) 
v (1 0 )
V(10)
V (10) 
0 (8)- 
0 ( 7 ) -  
0 (6)- 
v (5) - 
0(4) 
0(3)
V (2)

- V (13)
-0 (12)
-0(11)
-0 (8)
-V(10)
-V (5)
-0(7)
-0(9)
-0(4)
V (2)
V (5)
V (5) 
0(3)
V (2)
V (2) 
0 (1)

1.6715 
1.7893 
1.7689 
1.7873 
1.8270 
1.8719 
1.7780 
1.7530 
1.7968 
1.8297 
1.8310 
1.6440 
1.8315 
1.7948 
1.7784 
1.7489

E = -1038.27319153 h (6 . 8 8  eV) 
septet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0.029053 
0.046627 
0.047571 

-0.017216

(Har tree/Par tide)
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V 4O 11 dusters
Isomer 1

1.6002
1.7715

0 1.467220
v 4 o lls l.lo g
- 1 . 5 5 5 9 9 3 2.857681

V . 878504 -.826072 1.561032
0 -.947896 -.829881 1.404486
0 1.323317 . 884673 1.444483
0 -3.538498 -.778592 .002940
0 -3.421607 .713150 -.002939
V -1.817026 -.228807 .001223
0 -1.010138 1.480865 -.004511
0 1.434992 -1.541081 .005310
V .701432 1.816062 -.006730
0 1.008933 3.388470 -.012201
0 -.948156 -.840470 -1.397487
0 1.322807 .874357 -1.451468
V . 878108 -.837284 -1.555313
0 1.466099 -1.576706 -2.846907

0(15)
V (14)
V (14)
V (14 ) 
0(13) 
0 (12) 
0 (11) 
V(10) 
V(10) 
0(9 
0 (8 )-
V (7)
V (7 ) -
V (7) -  
0(4)- 
0(3) -
V (2) -

-V(14) 
-0(13) 
-0(9) 
-0 (12) 
-V(10) 
-V (7) 
-V(10) 
-0(4) 
-0 (8)
V (2)
V (7) 
0(3) 
0 (6) 
0(5)
V (2)
V (2) 
0 (1)

8003 
8331 
8331 
7565 

1.6022 
1.8331 
1.7441 

8003 
1.8905 
1.7567 

8606 
1.8071

7715
8331
6002

E = -1113.65425759 h (0.27 eV) 
singlet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

.039714 (Hartree/Particle) 

.056358 

.057302 
-.003343
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v4ollsltrr6.log
0 -2 . 919303 -0.439330 -2.052664
V -1.689179 -0.212850 -1.051871
0 -0.099279 -0.403811 -1.813789
0 -1.578861 1.432344 -0.304543
0 2.676505 -0.621054 -2.111196
0 2.799117 0.372084 0.363218
V 1.548939 -0.306172 -1.006745
0 1.177350 1.500740 -0.517315
0 -1.573578 -1.402674 0.307902
V -0.135241 1.783469 0.695917
0 -0.150990 3.241987 1.356792
0 1.198005 -1.605930 0.213110
0 -0.096565 0.418215 1.875315
V -0.148529 -1.314341 1.388704
0 -0.213374 -2.349125 2.608404

0(15)
V (14 )
V (14 )
V (14) 
0(13) 
0 (12) 
0 (11) 
V(10) 
V( 1 0 )  
0(9)- 
0(8)-
V (7) -
V (7)
V (7) - 
0(4) 
0(3)
V (2)

-V(14)
-0 (12)
-0(13)
-0(9)
-V(10)
-V (7)
-V(10)
-0(8)
-0(4)
V (2)
V (7) 
0(6) 
0(5) 
0(3)
V (2)
V (2) 
0(1)

1.6008 
1.8111 
1.8003 
1.7907 
1.8045 
1.8167 
1.6013 
1.8096 
1.7912 
1.8105 
1.9085 
1.9748 
1.6095 
1.8378 
1.8103 
1.7733 
1.6019

E = -1113.61444083 h (1.35 eV) 
triplet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0.037936 (Hartree/Particle) 
0.055316 
0.056260 

-0.007185
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0 2.939924
v4ollslq .log
-0.157914 2.154229

V 1.717541 -0.082130 1.067243
0 0.144115 -0.122992 1.825097
0 1. 615368 1.409219 0.057792
0 -2 . 689265 -0.169191 2.286335
0 -2 . 751496 0.084048 -0.528210
V -1.607534 -0.077095 1.100531
0 ' -1.198741 1.558700 0.222444
0 1.601864 -1. 421210 -0.132944
V 0.150498 1.673669 -0.951848
0 0.171070 3.010015 -1.863861
0 -1.212088 -1.562593 0.004013
0 0.102812 0.133288 -1.880807
V 0.135525 -1.526938 -1.175132
0 0.137853 -2.725451 -2.261369

0 ( 1 5 )
V (14)
V (14 )
V (14) 
0 ( 1 3 )  
0 (12) 
0 (11) 
V(10) 
V(10) 
0(9)- 
0(8)-
V (7)
V (7 )
V (7 ) - 
0 ( 4 ) -  
0 ( 3 ) -
V (2) -

- V (14) 
-0(9) 
-0(13) 
-0 (12) 
-V(10) 
-V (7) 
-V(10) 
-0(4) 
-0(8)
V (2)
V (7) 
0(3) 
0(5) 
0(6)
V (2)
V (2) 
0(1)

1.6175 
1.8021 
1.8043 
1.7910 
1.7994 
1.8882 
1.6180 
1.7987 
1.7924 
1.8019 
1.9010 
1.8961 
1.6077 
1.9969 
1.8038 
1.7469 
1.6375

E = -1113.55001485 h (3.11 eY) 
quintet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0.035266 (Hartree/Particle) 
0.053145 
0.054089 

-0.010920
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0 -2 .166885
v4ollsls3 .log
-2 . 017499 -2.208289

V -1.271021 -1.093182 -1.183120
0 0.356171 -1.760840 -0.726407
0 -0.845687 0.560432 -1.758428
0 3.044255 -1.647598 0.632287
0 3.845788 0.062133 -0.057427
V 1.491322 -0.918595 0.343284
0 1.624261 0.691290 -0.416180
0 -1.993363 -0.730067 0.417410
V 0.159840 1.745073 -0.818077
0 0.425011 3.191852 -1.519888
0 0.478671 -0.576841 1.765195
0 -0.710056 1.764023 0.749373
V -1.130142 0.261935 1.671306
0 -1.901912 0.476824 3.083850
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(15
V (14
V (14
V (14 
0(13 
0(12 
0(11 
V(10 
V(10 
0(9) 
0(8)
V (7)
V (7) 
0(4) 
0(3)
V (2) 
0(6) 
0(5)

)- V (14) 
)-0(12) 
)-0(13) 
)-0(9) 
)-V(10) 
)- v (7) 
)-V(10) 
)- o (8) 
)-0(4) 
-V (2) 
-V(7) 
-0(5) 
-0(3)
-V (2)
-V (2) 
-0(1)
-V (7 ) 
-0(6)

1.6239 
1.8168 
1.8118 
1.8170 
1.7928 
1.7788 
1.6297 
1.8484 
1.8162 
1.7931 
1.7850 
1.7397 
1.7726 
1.8018 
1.8172 
1.6456 
2.5818 
2.0103

-1113.48115269 h (4.98 eV) 
septet

0.034016
0.052143
0.053087
-0.013243

(Har tree/Par tide)
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Isomer 2

0 -0.001902
v4ol Is2r5.log

-2.092758 -2.858978
V -0.001435 -1.168692 -1.551720
0 -1.434083 -0.098339 -1.403658
0 1.430299 -0.096746 -1.405686
0 0.000601 -2.084305 0.000772
0 -3.305974 1.515673 0.003033
V -1.809036 0.955082 0.000881
0 0.728304 2.422219 -0.001274
0 -0.729936 2.421876 -0.000315
V 1.808318 0.956092 -0.001654
0 -1.429939 -0.096322 1.405643
V 0.002252 -1.167478 1.552535
0 1.434432 -0.096700 1.403634
0 3.304839 1.517764 -0.003822
0 0.003075 -2.090500 2.860531

0 ( 1 5 )
0 ( 1 4 )
0 ( 1 3 )
0 ( 1 3 )
V (12)
V (12) 
0 (11) 
V(10) 
V( 1 0 )  
0(9)-
V ( 7 ) -
V  ( 7 ) -  
0 ( 5 )  
0 ( 4 )  
0 ( 3 ) -
V (2) 
0 ( 9 ) -
V ( 7 ) - 
0(8)-
V ( 7 ) -

- V (12) 
-V(10) 
-V(10) 
- V (12) 
-0(11) 
-0(5) 
-V (7) 
-0(8) 
-0(4) 
V(7) 
0(3) 
0(6) 
V(2)
V (2)
V (2) 
0(1) 
V(10) 
v  ( 1 0 ) 
0(9) 
0(8)

1.6009
1.5985
1.7953
1.7944
1.7945 
1.8024 
1.7951

8210
7952 
8210
7953 
5985

1 
1 
1 
1 
1
1.8024
1.7945
1.7945

6009
9311
6174
4582
9310

E = -1113.66414866 h (0 eV) 
singlet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0.039595 (Hartree/Particle)
0.056644
0.057588
0.004420
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0 0.316607
v4olls2tr.log
-2.066052 2.855994

V 0.313856 -1.194304 1.513256
0 1.767050 -0.104610 1.236408
0 -1.060665 0.012035 1.457838
0 -0.000005 -2.121909 0.000001
0 3.333352 1.375989 -0.573661
V 1.841459 0.942279 -0.187792
0 -0.688252 2 . 568175 0.002578
0 0.688255 2.568170 -0.002587
V -1.841462 0.942285 0.187789
0 1.060682 0.012019 -1.457846
V -0.313855 -1.194305 -1.513253
0 -1.767044 -0.104610 -1.236410
0 -3.333356 1.375983 0.573668
0 -0.316620 -2.066063 -2.855984

0(15)
0(14)
0(13)
0(13)
V (12)
V (12) 
0 (11) 
v  (10) 
V(10) 
0(9)- 
0(9)-
V (7 ) —
V (7) - 
0(5) 
0(4)- 
0(3)-
V (2)
V (7 ) —

- V (12) 
-V(10) 
-V(10) 
- V (12) 
-0(11) 
-0(5) 
-V (7) 
-0(8) 
-0(4)
V (7) 
0(8) 
0(3) 
0(6)
V (2)
V (2)
V (2) 
0(1) 
V(10

1. 6009 
1.6009 
1.7691 
1.8373 
1.8297 
1.8025
1.7573 
2.0019
1.7573

0019
3765
7691

1. 6009
8025
8297
8373
6009

) 3.7020

-1113.60384165 h (1.64 eV) 
triplet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0.037710 
0.055522 
0.056466 

-0.008609

(Hartree/Particle)
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0 0.027006
v4ollslr2 .log

0.418170 3.527891
V -0.022609 0.236201 1.904377
0 -1.534239 -0.544322 1.279297
0 1.295604 -0.725122 1.193710
0 0.007359 1.760742 0.945951
0 -3.556952 -1. 029624 -0.786797
V -2 . 030552 -0.658089 -0.437109
0 0.469844 -2.178975 -1.150300
0 -0.848854 -2.321927 -0.926805
V 1.972232 -0.893157 -0.492644
0 -1.309195 0.756183 -1.266499
V 0.149391 1.748448 -0.853884
0 1.591060 0.705791 -1.196431
0 3.530158 -1.302468 -0.439818
0 0.131382 3.215515 -1.527324

0(15)-V(12) 1.6144
0(14)- V (10) 1.6117
0(13)-V(10) 1.7881
0(13)- V (12) 1.8119
V (12)- O (5) 1.8055
V(12)-O(11) 1.8117
0(11)- V (7) 1.7912
V (10)- O (4) 1.8248
O (9)-O ( 8) 1.3451
V (7)- O (3) 1.7903
V (7)- O (6) 1.6094
0(5)- V (2) 1.8010
0(4)- V (2) 1.7796
O (3)- V (2) 1.8124
V (2)- O (1) 1.6344
0(9)-V(10) 3.1919
0(8)- V (10) 2.0840
V (7)- V (10) 4.0101
V (7)- O (9) 2.0987
V (7)- O (8) 3.0123

-1113.52524369 h (3.78 eV) 
quintet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0.034760 (Hartree/Particle) 
0.053490 
0.054434 

-0.013651
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0 15 V (12) 
V(10)
V (12) 

-V(10) 
-0(11) 
-0(5) 
-V (7) 
-0(4) 
0(8) 
0(6) 
0(3)
V (2)
V (2) 
V(2) 
0(1 
V(10) 
0(9)

0 14
0(13)
0 13
V 12
V (12)
0 (11)
V 10)
0 9 -

V 7 -
0 5)-
0 4 -

V (2 ) -
0(8)-
V 7 -

1. 6399 
1.6139 
1.8065
1.8149 
1.8032

7940
8233
8234 
2932

1. 6139
1.8149 
1.7939 
1.8031

8066 
1. 6399 

5469 
5518

0 -0.004440
v4olls2srl.log
-2 .860711 -1. 953359

V 0.004209 -1. 577873 -0.931850
0 1.479892 -1.414996 0.097495
0 -1.461419 -1.412575 0.105393
0 0.001186 0.000268 -1.784914
0 3.970232 0.013200 0.441300
V 2.392520 -0.002983 0.780929
0 -0.650092 0.004177 2.636891
0 0.643093 -0.005088 2.638722
V -2.392594 0.002796 0.779392
0 1.461618 1.412692 0.107302
V -0.003051 1.578173 -0.931411
0 -1.479747 1.414855 0.096310
0 -3.970010 -0.013414 0.438384
0 0.006569 2.861264 -1. 952572

■1113.44524621 h (5.96 eV) 
septet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0.032321
0.052505
0.053449

-0.020279

(Har tree/Par tide)
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Isomer 3

v4ol Is3sr5.log
0 -0.000445 -2.092104 -2.859817
V -0.000162 -1.168561 -1.552167
0 -1.431452 -0.096460 -1.404728
0 1.431416 -0.096698 -1.404912
0 -3.304771 1.517410 0.000009
V -1.808267 0.955788 0.000117
0 -0.000198 -2.084724 0.000010
0 -0.729011 2. 422723 -0.000318
0 0.729649 2 . 422736 0.000294
V 1.808465 0.955452 -0.000126
0 3.305116 1.516676 -0.000026
0 -1.431505 -0.096455 1.404913
0 1.431362 -0.096672 1.404733
V -0.000096 -1.168544 1.552178
0 0.000012 -2.092071 2.859838
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

0(15)- V (14) 1.6009
V (14)-0(13) 1.7944
V (14)-0(12) 1.7944
V (14)- O (7) 1.8024
0(13)-V(10) 1.7952
0(12)- V (6) 1.7952
O(ll)-V(10) 1.5984
V (10)-0(9) 1.8212
V (10)-0(4) 1.7952
O (8)- V (6) 1.8212
0(7)- V (2) 1.8024
V (6)- O (3) 1.7952
V (6)- O (5) 1.5984
O (4)- V (2) 1.7944
O (3)- V (2) 1.7944
V (2 ) -O (1) 1.6009
0(8)- V (10) 2 . 9312
V ( 6)- V (10) 3.6167
0(8 ) - O (9) 1.4587
V (6)-0(9) 2.9314

-1113.66414825 h (0.00 eV) 
singlet

0.039594
0.056643
0.057587

-0.004418

(Har tree /Par tide)
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v4olls3trr2.log
0 0.000029 2.842401 -1.814576
V -0.000304 1.541615 -0.881194
0 -1.466872 1.415429 0.132180
0 1.465758 1.415313 0.132874
0 -4.006350 -0.000774 0.344932
V -2.374865 -0.000105 0.773397
0 0.000217 0.000018 -1.817823
0 -2.500928 0.000208 2.423427
0 2.501276 -0.000096 2.423406
V 2.374759 0.000067 0.773448
0 4.006178 0.000769 0.344708
0 -1.465839 -1.415287 0.132758
0 1.466601 -1.415657 0.132699
V 0.000315 -1.541586 -0.881247
0 0.000200 -2.842297 -1.814745
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy:

0(15)- V (14) 1. 6010
V (14)- O (13) 1.7872
V (14)-0(12) 1.7871
V (14)- O (7) 1.8038
0(13)-V(10) 1.7999
0(12)- V (6) 1.7999
0(11)-V(10) 1.6868
V (10)- O (4) 1.7999
V(10)-0(9) 1. 6548
O (8)- V (6) 1.6548
0(7)- V (2) 1.8038
V (6)- O (3) 1.7998
V(6)-0(5) 1.6868
0(4)- V (2) 1.7871
O (3)- V (2) 1.7871
V (2)- O (1) 1.6010

E = -1113.63057846 h (0.91 eV) 
triplet

0.036888 (Hartree/Particle)
0.054969 
0 . 055913 
0.011356
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0 -0.001357
v4olls3q.log
-2.795321 -1.899557

V 0.001204 -1.585210 -0.815041
0 1.505779 -1. 404354 0.213658
0 -1.499620 -1.403028 0.217649
0 4.044806 0.004527 0.113725
V 2 .476576 -0.000069 0.741889
0 -0.000021 0.000002 -1.643685
0 2.789781 -0.001974 2.386647
0 -2 . 789824 0.001996 2.386673
V -2.476560 0.000063 0.741927
0 -4 . 044767 -0.004569 0.113706
0 1.499678 1.403023 0.217558
0 -1.505772 1.404348 0.213691
V -0.001215 1.585225 -0.815037
0 0.001300 2.795327 -1.899560

0(15
V (14
V (14
V (14 
0(13 
0(12 
0(11 
V(10 
V(10 
0 (8 ) 
0(7)
V (6)
V (6) 
0(4) 
0(3)
V (2)

)- V (14) 
)-0(12) 
) - 0 ( 7 )
)-0(13) 
)-V{10) 
)-V (6)
)-V(10) 
)-0(4)
)-0(9) 
-V(6)
-V (2) 
-0(5) 
-0(3) 
-V(2)
-V (2) 
-0 (1)

1.6250
1.8309
1.7887
1.8316
1.7870
1.7883 
1. 6894
1.7883
1.6743
1.6743
1.7887 
1.6894
1.7870
1.8309
1.8316
1.6250

-1113.54692026 h (3.19 eV) 
quintet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0.032167
0.051508
0.052452
-0.017967

(Har tree/Par tide)
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0 -0.000008
v4ol ls3sep.log
-2 .566634 -2.249433

V -0.000001 -1.498404 -1.033051
0 1.491612 -1.466659 0.026797
0 -1.491596 -1.466669 0.026824
0 4.018796 -0.015761 0.321288
V 2.388918 -0.107009 0.766686
0 -0.000013 0.191289 -1.690792
0 2.571654 -0.277452 2.439318
0 -2.571735 -0.277475 2.439320
V -2.388906 -0.107016 0.766701
0 -4.018757 -0.015733 0.321214
0 1.476957 1.347575 0.324921
0 -1.476900 1.347559 0.324993
V 0.000001 1.688687 -0.727864
0 -0.000039 3.268218 -1.630309
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(15)
V (14)
V (14 )
V (14 ) 
0(13) 
0 (12) 
0 (11)
V (10) 
V(10) 
0(8)- 
0(7)
V ( 6) -
V (6) 
0 ( 4 )  -  
0(3)-
V (2 ) -

- V (14)
-0 (12)
-0(13)
-0(7)
-V(10)
-V (6)
-V(10)
-0(9)
-0(4)
V (6)
V (2) 
0(5) 
0(3)
V (2)
V (2) 
0 (1)

1.8192
1.8456
1.8456 
1.7803
1.7728
1.7728 
1.6921

6912 
7892 
6912 
8132 
6921 
7892 
8301 
8301 
6189

E = -1113.44706271 h (5.91 eV) 
septet

0.031013 (Hartree/Particle) 
0.050778 
0.051722 
-0.020503
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V4O12 clusters
Isomer 1

0 0.685029
v4ol2sl.log
0.000519 3.500844

V 0.498025 -0.000156 1.910855
0 -1.213880 -0.002471 1.400113
0 1.198145 1.431370 1.082711
0 1.201748 -1.429669 1.082424
V -2.151418 -0.000569 -0.117324
0 -3.731876 -0.000923 0.106882
V 1.035638 1.673237 -0.693755
0 -0.575274 -2.286649 -1.290239
V 1.037154 -1.672398 -0.693788
0 2.112956 2. 686658 -1.299289
0 -1.797623 -1. 596608 -0. 924521
0 -1.798331 1.595474 -0. 924728
0 1.175579 0.000449 -1.311060
0 -0.576562 2.286747 -1.289973
0 2.114315 -2 . 685226 -1.300377
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

O 16)-V(10) 1.5981
O 15)- V (8) 1. 8251
O 14)- V (8) 1.7885
O 14)-V(10) 1.7885
O 13)- V (6) 1. 8232
O 12)-V(6) 1.8232
O 11)- V (8) 1.5982
V 10)-0(5) 1.8003
V 10)-0(9) 1.8256
V 8)-0(4) 1.8002
O 7 ) - V (6) 1.5963
V 6)- O (3) 1.7837
0 5) - V (2) 1.7958
0 4)- V (2) 1.7959
0 3)- V (2) 1.7865
V 2)-0(1) 1.6009
0 13)-0(15) 1.4505
V 6)- O (15) 3.0145
V 8)- O (13) 2.8444
V 10)-0(12) 2.8452
0 9)-0(12) 1.4505
V 6)-V(10) 3.6461
V 6)- O (9) 3.0143
V 6)- V (8) 3. 6457

-1188.79230833 h (0.14 eV) 
singlet

0.042147
0.060638
0.061583
-0.003889

(Har tree/Par tide)
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0 0.421453
v4ol2sltr.log
-0.000989 3.531263

V 0.426051 -0.000575 1. 929390
0 -1.197621 -0.001150 1.278075
0 1.152609 1.473337 1.098228
0 1.153241 -1.474117 1.097532
V -2.228001 0.000260 -0.207109
0 -3.787556 0.000164 0.161610
V 1.081903 1.668827 -0.652222
0 -0.546139 -2.420228 -1.209181
V 1.082198 -1.668247 -0.652883
0 2.208495 2.684274 -1.159789
0 -1.666249 -1.524724 -1.166545
0 -1.665713 1.524787 -1.165275
0 1.223452 0.000309 -1.295485
0 -0.545641 2.421110 -1.208355
0 2.208485 -2.683537 -1.161460
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

O 16)-V(10) 1.5994
0 15)-V(8) 1.8773
O 14)- V (8) 1.7938
O 14)-V(10) 1.7936
O 13)- V (6) 1.8864
O 12)- V (6) 1.8872
O 11)- V (8) 1.5994
V 10)-0(5) 1.7626
V 10)- O (9) 1.8779
V 8)- O (4) 1.7628
O 7)- V (6) 1.6025
V 6)- O (3) 1.8076
O 5)- V (2) 1.8418
O 4)- V (2) 1.8415
O 3)- V (2) 1.7494
V 2)- O (1) 1.6019
0 13)- O (15) 1.4352
V 6)-0(15) 3.1134
V 8)-0(13) 2.7988
V 10)-0(12) 2.7997
0 9)- O (12) 1.4347
V 6)-V(10) 3.7336
V 6)-0(9) 3.1131
V 6)- V (8) 3.7333

-1188.73496350 h (1.70 eV) 
triplet

0.039054
0.058588
0.059532
-0.009671

(Har tree/Par tide)
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Isomer 2

0 0.826372
v4ol2s2.log
-0.138130 3.495531

V 0.513094 -0.107191 1.926686
0 1.193326 -1.481419 1.059411
0 -1.262494 -0.141789 1.492486
0 1. 092772 1.379302 1.082904
0 1.245945 -3.196757 -1.253130
V 0. 908465 -1.719607 -0.734798
0 -3.300647 -0.842994 -0.947410
V -1.872285 0.041300 -0.151267
0 -0.769518 -1.276895 -0.886741
0 -3.649284 0.360699 -0.121752
V 0.748521 1.851904 -0.604059
0 1.954745 -0.555593 -1.690116
0 -1.018208 1.430299 -0.800049
0 1.771690 0.889462 -1.750590
0 1.059139 3.382896 -0.935661
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

0(16)- V (12) 1.5970
0(15)-V(12) 1.8132
0(14)- V (12) 1.8269
0(14)-V(9) 1.7549
0(13)- V (7) 1.8336
V (12)- O (5) 1.7854
0(11)- V (9) 1.8057
0(10)- V (7) 1.7420
0(10)-V(9) 1.8694
V (9)- O (4) 1.7628
V (9)- O (8) 1.8590
V (7)-0(3) 1.8322
V (7)-0(6) 1.6014
0(5)- V (2) 1.8049
0(4)- V (2) 1.8282
0(3)- V (2) 1.7616
V(2)-0(1) 1.6001
0(13)-0(15) 1.4579
V(7)-0(15) 2.9299
V (12)-0(13) 2.9035
V (7)- V (12) 3.5775

E = -1188.78939034 h (0.22 eV) 
singlet

0.042180 
0.060300 
0.061244 
-0.002969

(Har tree/Par tide)
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0 -0.928845
v4ol2s2trrl.log
-0.000064 3.485821

V -0.587172 -0.000045 1.922083
0 -1.160644 1.443539 1.051334
0 1.234872 -0.000030 1.523543
0 -1.160624 -1.443615 1.051299
0 -1.137124 3.309817 -1.144855
V -0.826627 1.808082 -0.689956
0 3.665957 0.702380 -0.442610
V 1.815839 0.000001 -0.116019
0 0.911136 1.377521 -0.804167
0 3.665963 -0.702361 -0.442643
V -0.826626 -1.808049 -0.690020
0 -1.821993 0.725343 -1.776763
0 0.911139 -1.377498 -0.804222
0 -1.822005 -0.725245 -1.776747
0 -1.137149 -3.309756 -1.144995

0(16)- V (12) 1.5995
0(15)- V (12) 1.8287
O (14)- V (9) 1.7859
0(14)- V (12) 1.7939
O (13)-V(7) 1.8287
V (12)-0(5) 1.8101
O (11)-0(8) 1.4047
0(11)- V (9) 2.0057
0(10)-V(9) 1.7859

' 0(10)- V (7) 1.7939
V (9)- O (8) 2.0057
V (9)-0(4) 1.7394
V (7)- O (3) 1.8101
V (7)-0(6) 1.5995
0(5)- V (2) 1.7807
0(4)- V (2) 1.8651
0(3)- V (2) 1.7807
V (2)- O (1) 1. 6006
0(13)-0(15) 1.4506
V (7)-0(15) 2.9308
V(12)-0(13) 2.9308
V (7)- V (12) 3.6161

-1188.76134251 h (0.98 eY) 
triplet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0.040302
0.059246
0.060190

-0.007576

(Har tree/Par t i d e )
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0 ( 1 6 )
0 ( 1 5 )
0 ( 1 5
0 ( 1 4 )
0 ( 1 4 )
0 ( 1 3 )
V (12) 
0 (11) 
0 (11) 
0 (10) 
0 (10)
V (9)
V (7)
v (7) - 
0 ( 5 ) -  
0 ( 4 ) -  
0 ( 3 )  -
V (2
V (7) -

- V (12) 
-0(13) 
- V (12) 
-V (9) 
- V (12) 
-V (7) 
-0(5) 
-0 (8) 
-V (9) 
-V (9) 
-V (7) 
0(4) 
0 (6) 
0(3)
V (2)
V (2)
V (2) 
0 (1 )
V (12)

1. 6019 
1.3772 

0131 
8087 
7665 
0131 
7675 
4028 
9130 

1.8090 
1.7663 
1.8140 
1. 6019 
1.7675 
1.8376 
1.7764 
1.8375 
1.6028 
3.7497

0 -1.794560
v4ol2slqrl.log

0.001258 3.187137
V -1.125179 0.000484 1.730852
0 -1.499297 1.443082 0.656019
0 0.649535 0.000013 1.808627
0 -1.500703 -1.442112 0.656365
0 -0.710973 3.408496 -1.249862
V -0.596727 1. 875046 -0.800997
0 3.773058 -0.002329 -0.556157
V 1.785454 -0.000554 0.394268
0 1.078891 1.404476 -0.499722
0 3.645589 -0.002898 0.840805
V -0.599137 -1.874703 -0.801092
0 -1.231439 0.689189 -2.298783
0 1.076633 -1.403640 -0.500368
0 -1.233204 -0.687993 -2.298451
0 -0.713715 -3.408329 -1.249324

E = -1188.70389658 h (2.54 eV) 
quintet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0.039199 
0.058757 
0.059702 

-0.009896

(Hartree/Particle)
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Isomer 3

0 0.000195
v4ol2s3.log
2.321257 -2.778686

V -0.000131 1.366091 -1.495808
0 0.000142 2.246642 0.016620
0 1.433978 0.234852 -1.360719
0 -1.434509 0.234969 -1.360975
V -0.000025 1.222633 1.567009
0 -0.000281 2.018214 2.959398
0 1.392749 0.157429 1.337585
V 1.610659 -0.978224 -0.101786
0 -1.392895 0.157771 1.337207
V -1.610578 -0. 978198 -0.102042
0 2.850829 -2.199717 -0.593637
0 -0.000044 -1.747151 0.015735
0 3.196974 -1.520722 0.700883
0 -2.850599 -2.200164 -0.593400
0 -3.196324 -1. 521247 0.701290
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(16)- V (11) 1.8587
0(15)-V(ll) 1.8089
0(14)- V (9) 1.8588
O (13)- V (9) 1.7887
0(13)- V (11) 1.7886
0(12)-V(9) 1.8089
V(ll)-0(10) 1.8464
V(ll)-O(5) 1.7572
0(10)- V (6) 1.7683
V (9)- O (8) 1.8463
V (9)- O (4) 1.7572
O (8)-V(6) 1.7684
0(7)- V (6) 1.6037
V (6) -0(3) 1.8580
O (5)- V (2) 1.8317
0(4)- V (2) 1. 8316
O (3)- V (2) 1.7501
V (2)- O (1) 1.59949

-1188.77628621 h (0.57 eV) 
singlet

0.041977 
0.059792 
0.060736 

-0.002429

(Hartree/Particle)
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0 -0.081482
v4ol2s3trrl.log
-2 . 209889 2.880154

V -0.075690 -1.319091 1.549746
0 -0.176253 -2.231568 0.000002
0 1.394383 -0.309768 1.361658
0 -1.429161 -0.075578 1.377168
V -0.075690 -1.319094 -1.549744
0 -0.081483 -2.209894 -2.880151
0 1.394383 -0.309770 -1.361658
V 1.611137 0.838916 -0.000001
0 -1.429160 -0.075581 -1.377167
V -1.680847 0.967849 -0.000001
0 3.209201 1.821764 0.702931
0 0.151293 1.681459 -0.000003
0 3.209201 1.821764 -0.702931
0 -2.216499 2.757615 -0.000001
0 -3.308791 1.729778 -0.000001

0(16)-V(ll) 1.7974
0(15)-V(ll) 1.8682
0(14)-0(12) 1.4059
0(14)-V(9) 2.0035
0(13)-V(9) 1.6855
0(13)-V(ll) 1.9662
0(12)- V (9) 2 . 0035
V (11)- O (5) 1.7460
V (11)-0(10) 1.7460
0(10)- V (6) 1.8461
V(9)-0(4) 1.7946
V (9)-0(8) 1.7946
0(8)-V(6) 1.7931
0(7)- V (6) 1.6011
V(6)-0(3) 1.8012
0(5)- V (2) 1.8461
0(4)- V (2) 1.7931
0(3)- V (2) 1. 8012
V (2)- O (1) 1.6011

-1188.76408275 h (0.91 eV) 
triplet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0.040903 
0.059251 
0.060195 
-0 . 005639

(Har tree/Par tide)
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0 -0.000848
v4ol2s3q.log
-2.233272 -2.889396

V -0.000414 -1.349625 -1.554103
O -0.001853 -2.244358 -0.013678
0 -1.427038 -0.168543 -1.370254
0 1.428519 -0.171404 -1.368977
V -0.001654 -1.314364 1.553709
0 -0.002879 -2.167049 2.910561
0 -1.420711 -0.194416 1.348389
V -1.607373 0.907344 -0.025313
0 1.419751 -0.197070 1.349024
V 1.609253 0.904635 -0.024359
0 -2.722965 2.569132 -0.193815
0 0.001737 1.695574 0.027747
0 -3.510600 1.498580 0.267984
0 2.726320 2.566713 -0.194506
0 3.511107 1.495640 0.270861

0(16) 
0(16) 
0(15) 
0(14) 
0(14) 
0(13) 
0 (13) 
0 (12)
V (11)
V (11) 
0 (10)
V ( 9) -
V (9) - 
0 (8)- 
0(7)
V ( 6) — 
0(5)- 
0(4)- 
0(3)-
V (2

-0(15) 
-V(ll) 
-V(ll) 
-V (9) 
-0 (12) 
-V(ll) 
-V (9) 
-V (9) 
-0 (10) 
-0(5) 
-V (6) 
0 (8 ) 
0(4)
V (6)
V (6) 
0(3)
V (2)
V (2)
V (2) 
0 (1)

1.4070 
2.0133 
2.0098 
2.0144
1.4070 
1.7923 
1.7926 
2.0086
1.7708
1.7316 
1.8195
1.7708
1.7317 
1.8194 
1. 6025 
1.8225 
1.8613 
1.8612 
1.7814 
1.6012

-1188.73062835 h (2.80 eV) 
quintet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0.039003
0.058314
0.059258

-0.010752

(Hartree/Particle)
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Isomer 4

0 1.772631
v4ol2s4.log
-2.752108 -1.628004

0 -2.761284 -1.802675 1.584697
0 -0.427436 -1.960937 -0.025767
0 -0.503810 0.595179 -2.486212
0 0.436863 -0.529782 -2.506475
V 0.951711 -1. 506055 -1.054348
V -1.505690 -0. 981981 1.031894
0 -1.949137 0.419843 0.030997
0 -1.814669 2.796252 -1.508555
V -0.978803 1.533416 -0.995868
0 1.953178 -0.429418 -0.016571
0 -0.556518 -0.466421 2.499856
0 0.434906 1.952051 -0.000644
V 1.533183 0.954569 1.018525
0 0.612771 0.414724 2.496114
0 2.801350 1.763440 1.559981
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy;

0 16)- V (14) 1.5987
O 15)-V(14) 1.8226
V 14)- O (11) 1.7785
V 14)-0(13) 1.8000
0 13)-V(10) 1.7788
0 12)- V (7) 1.8225
0 11)- V (6) 1.7997
V 10)-0(4) 1.8240
V 10)-0(9) 1.5988
V 10)-0(8) 1.7989
0 8)- V (7) 1.7786
V 7)- O (3) 1.7999
V 7)- O (2) 1.5986
V 6)-0(1) 1.5986
V 6)- O (5) 1.8240
V 6)- O (3) 1.7796
0 12)- O (15) 1.4641
V 7)- O (15) 2.9296
0 12)-V(14) 2.9292
V 7)- V (14) 3.6035
V 6)-V(10) 3.6012
0 5)-V(10) 2.9228
0 4 )- V (6) 2.9298
0 4)- O (5) 1.4666

E = -l 188.79741296 h (0  eV) 
singlet

0.041818 (Hartree/Particle)
0.060524
0.061468
0.004744
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0 -3.700114
v4ol2s4trr3.log

0.000470 -1.172591
0 0.000379 3.369264 1.398913
0 -1.432168 1.422403 0.009543
0 1. 421781 0.000056 -2.497846
0 -1.421596 -0.000056 -2 .497802
V -2.078157 0.000226 -0.982558
V 0.000238 1.847924 0.900548
0 1.432659 1.422041 0.009713
0 3.700154 -0.000472 -1.172393
V 2.078177 -0.000227 -0.982531
0 -1.432718 -1.422041 0.009743
0 0.000071 0.692738 2.487884
0 1.432108 -1. 422406 0.009513
V -0.000278 -1.847923 0.900549
0 -0.000084 -0. 692734 2 .487884
0 -0.000412 -3.369262 1.398918

0(16 - V (14) 1.6009
0(15 -0(12) 1.3855
0(15 - V (14) 1.9632
V (14 -0(13) 1.7398
V (14 -0(11) 1.7398
0(13 -V(10) 1.8504
0(12 -V (7) 1.9632
0(11 -V (6) 1.8504
V(10 -0(9) 1.6331
V(10 -0(8) 1.8504
V(10 -0(4) 1.6514
0(8) -V (7) 1.7398
V (7) -0(2) 1.6009
V (7) -0(3) 1.7398
V (6) -0(3) 1.8504
V (6) -0(5) 1.6514
V (6) -0(1) 1.6331
V (7) - V (14) 3.6958
V (6) -V(10) 4.1563

E = -1188.76443980 h (0.90 eV) 
triplet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0.039703
0.059397
0.060341

-0.010253

(Har tree/Par tide)
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0 4.029204
v4ol2s4qrl.log

0.357514 0.523756
0 -0.011434 3.406556 -1.290718
0 1.312480 1.242955 0.156483
0 -2 . 560136 -0.172612 2.462301
0 2.355685 -0.009866 2.485851
V 2 .404126 0.051316 0.811551
V -0.203230 1.973107 -0.597519
0 -1.750855 1.395366 0.220462
0 -3.993275 -0.407327 0.329981
V -2.400661 -0.133532 0. 805143
0 1.740516 -1.488091 0.040862
0 -0.207224 0.704285 -2.234473
0 -1.219070 -1.360918 0.163191
V 0.214764 -1.800499 -0.747995
0 0.108862 -0.639162 -2.304901
0 0.152125 -3.288579 -1.332442

0 ( 1 6 )
0 ( 1 5 )
0 ( 1 5 )
V (14)
V (14 ) 
0 ( 1 3 )  
0 (11) 
V( 1 0 )  
V( 1 0 )  
V( 1 0 )  
0 (8)-
V (7 ) —
V (7)
V (6)
V (6)
V ( 6) -
V (7)  -
V (7 )
V (7)

- V (14) 
-V(14)
-0 (12) 
-0(11) 
-0(13) 
- V (10) 
-V (6) 
-0 (8) 
-0(4) 
-0(9)
V (7) 
0(3) 
0 (2) 
0 (1 ) 
0(3) 
0(5) 
0(15)
V (14 ) 
0 (12 )

1.6000 
1.9452 
1.3819 
1.7458 
1.7548 
1. 8206 
1. 8450 
1.7611 
1.6653 
1.6844 
1.8434 
1.8436 
1.6038 
1.6785 
1.7438 
1.6761 
3.1363 
3.7997 
2.0711

E = -1188.69455544 h (2.80 eV) 
quintet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0.037067 
0.057879 
0.058823 

-0.016714

(Hartree/Particle)
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VOSOa clusters (BPW91/LANL2DZ)
Isomer 1

voso2 slfr.log
V -1.522468 -.031152 .000000
0 -1. 695104 -1.640132 . 000000
0 .000000 .862059 .000000
s 1.870511 .819194 .000000
0 2.331177 -.770754 .000000
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0 (5) ■-S (4) 1.. 6553
0 (3)--V (1) 1..7651
0 (2) ■-V (1) 1.. 6182
0 (3)--s (4) 1.. 8710
V (1) ■-s (4) 3.,4979
(planar geometry)

E = -307.114666481 h (3.37 eV) 
doublet

.008458 (Hartree/Particle) 

. 015085 

.016029 
-.025195

V -1. 344431
voso2 slq.log

-.255807 .488142
O -1.943587 -1.465593 -.406357
0 . 051776 .813148 -.045609
S 1.797650 .718934 -.428983
0 2.422708 -.571466 . 392808
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0 (5) -S (4) 1., 6526
S (4) -0 (3) 1.,7900
0 (3) -V (1) 1., 8376
0 (2) -V (1) 1., 6195

E = -307.143476211 h (2.59 eV) 
quartet

.008332 (Hartree/Particle) 

.015113 

.016057 
-.026694
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V -1.370298
voso2 sls.log
-.351351 . 000000

0 -2.167302 -2.038487 .000000
0 .000000 .800824 .000000
s 1.758962 1.223248 .000000
0 2.588985 -.198700 . 000000
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(5)-S (4) 1.6465
S (4)-0(3) 1.8090
0(3)- V (1) 1.7903
0(2)- V (1) 1.8659
(planar geometry)

E = -307.049020337 h (5.16 eV) 
sextet

.007549 (Hartree/Particle) 

.014335 

.015279 
-.027563

Isomer lb

voso2 slbrl.log
V 1.523870 -.416497 -.000004
0 2.576731 .813400 .000026
0 -.238182 -.154653 -.000028
s -1.879924 .595598 -.000009
0 -2.959827 -.652515 .000031
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

O (5)-S (4) 
S (4)-0(3) 
0(3)- V (1) 
0(2)- V (1)

1.6504 
1.8050 
1.7814 
1.6190

E = -307.145826285 h (2.53 eV) 
doublet

.008303 (Hartree/Particle) 

. 015159 

.016103 
-.026560

V -1.397095
voso2 slbs.log

-.271744 -.037687
0 -2.893754 . 835272 . 085456
0 .347471 -.665838 -.033957
S 2.120627 -.339354 .060372
0 2.321678 1.290538 -.063893
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=
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0(5)- S (4) 
S (4)- O (3) 
O (3)- V (1)
0(2)- V (1)

1.6469 
1.8054 
1. 7885 
1.8656

E -307.048943768 h (5.16 eV) 
sextet

. 007445 

. 014321 

. 015265 
-.028355

(Hartree/Particle)
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Isomer 2

voso2 s2 .log
V .857093 -.000358 -.333198
0 -.458723 1.267556 -.086510
0 -.460181 -1.267017 -.086178
0 2 . 079999 .000044 .717027
s -1.812618 .000223 .206803
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(4)- V (1) 1. 6120
0(3)- V (1) 1.8441
0(2)-V(l) 1.8439
0(3)-S (5) 1.8764
0(2)- S (5) 1.8776
V (1)- S (5) 2.7238

E = -307.19784974 h (1.11 eV) 
doublet

.009401 (Hartree/Particle) 

.015259 

.016204 
-.021877

voso2 s2 q.log
V -.798867 -.063348 -.093428
0 .893360 -1.106088 -.028150
0 -.455524 1.585071 . 016871
0 -2.342152 -.492549 .173240
S 2 .100529 .097846 .053322
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

S (5)- O (2) 
0(4)-V(l) 
0(3)- V (1) 
0(2)- V (1)

1.7069 
1.6239 
1.6874 
1.9888

E = -307.186776013 (1.41 eY) 
quartet

.008667 (Hartree/Particle) 

.015253 

.016198 
-.025190

V .966444
voso2 s2 s.log
-.000331 -.267137

O -.292804 1.305361 -.377816
O -.294518 -1.304209 -.378147
0 2.139028 -.000328 . 887481
S -2.165116 .000064 .318250

0(4)- V (1) 
0(3)- V (1) 
0(2)- V (1) 
0(3)- S (5) 
0(2)- S (5) 
V (1)-S (5)

1.6456
1.8173
1.8174 
2.3844 
2.3862 
3.1858

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -307.08514343 h (4.18 eV) 
sextet

.006740 (Hartree/Particle) 

.013806 

.014750 
-.027523
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Isomer 2b

V -.927548
voso2 s2 b.log

-.002195 -.248618
0 .873132 -.115728 -.245773
0 -1.543398 1.388850 .319825
0 -1.710962 -1.283641 .371186
s 2.523965 .008415 .134769
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

S ( 5 ) - 0 ( 2 )  
0(4)-V(l) 
0(3)- V (1) 
0(2)- V (1)

1.6987 
1.6248 
1.6240 
1.8043

E = -307.238701305 h (0  eV) 
doublet

.009831 (Hartree/Particle) 

.016095 

. 017039 
-.023133

voso2 s2 bq.log
V .926718 -.003471 .092296
0 -1.002767 -.092972 .174823
0 1.737395 1.418475 -.127119
0 1.890573 -1.329048 -.149427
s -2.644757 .006762 -.081815
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

S (5)-0(2) 
0(4)- V (1) 
O (3)- V (1) 
0(2)- V (1)

1.6649 
1.6567 
1.6514 
1.9333

-307.189600656(1.33 eV) 
quartet

. 008088 

.014977 

.015922 
-.027021

(Hartree/Particle)

voso2 s2 bs.log
V -.939343 -.000072 .083116
0 .811976 -.001719 .477753
O -1.860511 -1.393035 -.198372
0 -1.857733 1.394765 -.197503
S 2.803439 .000097 -.160418
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0 (4) --V (1) 1 ., 6934
0 (3)--V (1) 1 .. 6936
O (2)--V (1) 1 ..7952
0 (2)--s (5) 2., 0912
V (!)■-s (5) 3..7507

E = -307.112145415 h (3.44 eV) 
sextet

.006588 

.013832 

.014776 
-.029301

(Hartree/Particle)
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VOSO2 clusters (BPW91/TZVP)
Isomer 2

voso2 s2 tzvp.log
V .785859 -.000005 -.244608
0 -.522570 1.256393 .063075
0 -.522621 -1.256376 .063075
0 2.235195 -.000013 . 407561
s -1.724674 . 000005 . 084769

S (5) -0 (2) 1., 7390
S (5) -O (3) 1..7389
0 (4) -V (1) 1., 5893
O (3) -V (1) 1.,8399
0 (2) -V (1) 1..8399

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -1568.09102124 h (1.31 eV) 
doublet

.009794 (Hartree/Particle) 

. 015600 

.016544 
-.021437

voso2 s2 tzvpq.log
V -.906119 .002193 -.001322
O .784198 1.243725 -.000594
O .776971 -1.243478 -.000610
0 -2.497750 -.001906 .002662
S 1.770836 -.002323 .001171

V (1)-S (5) 2.6770
V (1)-0 (3) 2.0939
V (1)-0(2) 2.0973
S (5)- O (2) 1.5894
S (5)-O (3) 1.5900
0(4)-V(l) 1.5916

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -1568.08052912 h (1.59 eV) 
quartet

.010072 (Hartree/Particle) 

.015992 

.016936 
-.022028
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voso2 s2 tzvps.log
V . 804492 -.000081 -.271462
0 -.171655 1.400615 -.219504
0 -.173155 -1.399954 -.219851
0 2.204395 -.000628 . 721791
s -2.086250 .000100 .249009
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0 (4)  ■-V (1) 1. . 7165
0 (3)--V (1) 1, . 7082
0 (2)  ■-V (1) 1,. 7081
O (3)-- s (5) 2. . 41 6 6
0 (2)--s (5) 2 .. 4180
V (1)  ■- s (5) 2 .. 9372

E = -1568.96077758 h (4.58 eV) 
sextet

.006969 (Hartree/Particle) 

.013848 

. 014792 
-.027156

Isomer 3

voso2s3tzvp.log
V -.914387 -.000002 -.240145
0 .912298 -.000184 -.227265
0 -1.614026 1.328530 .329442
0 -1.614272 -1.328376 .329516
S 2.472432 .000017 .129363
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

S ( 5 ) - 0 ( 2 )
0(4)- V (1) 
0 ( 3 ) - V (1)  
0(2)- V (1)

1.6004
1.6059
1.6059 
1.8267

E = -1568.11753342 h (0.59 eV) 
doublet

.010009 (Hartree/Particle) 

.016215 

.017159 
-.022803

voso2s3tzvpq.log
V -.792885 -.062284 -.156943
0 .956113 -1.073388 -.070296
O -.422881 1.557556 .018555
0 -2.267189 -.504271 .302297
S 2.006750 .099585 .100327
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=
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S (5)-0(2) 
0 ( 4 ) - V ( l )  
0 ( 3 ) - V (1)  
0(2)- V (1) 
0 ( 3 ) - S  (5)

1.5839 
1.6062 
1.6708 
2.0221 
2.8347

E = -1568.06781192 h (1.94 eY) 
quartet

.009089 (Hartree/Particle) 

.015539 

.016483 
-.024164
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voso2s3tzvpsb.log
V -.948586 .000562 . 013294
0 1.061502 -.001392 . 525647
0 -1.615373 1.544321 .105481
0 -1.618472 -1.544019 .105901
s 2.449764 -.000263 . 176243
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

S (5)- O (2) 1. 5556
0(4) -V (1) 1.6878
0(3)- V (1) 1.6858
V (1) - S (5) 3.4036
V (1)-0(2) 2.0744

E = -1567.97057805 h (4.58 eV) 
sextet

.006340 (Hartree/Particle) 

.013690 

.014634 
-.028887

Isomer 5

O -2.670372 -.602736 -.008157
S 1.900221 -.532255 -.000254
V -1.425266 .386780 .001674
0 .290814 -.214541 .010172
0 2.676755 .769794 -.006320

0(5)-S (2) 
0(4)-S (2) 
0(4)- V (3) 
V (3)-0(1)

1.5160 
1.6405 
1.8184 
1.5904

E = -1568.05912695 h (2.17 eV) 
doublet

Isomer 7

0
voso2s7tzvp.log

-1.454816 -1.334770 -.121570
V -.578099 -.000060 .010859
S 1.743538 .000272 -.424794
0 1.082926 -.001501 1.060042
0 -1.453152 1.335900 -.120102
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

O (5) -V (2) 1.. 6024
0 (4) — S (3) 1.. 6252
0 (4) -V (2) 1.. 9646
S (3) "V (2) 2 ..3622
V (2) -0(1) 1.. 6024

E =-1568.13905161 h(0  eV) 
doublet

.010265 (Hartree/Particle) 

. 016212 

. 017157 
-.021459
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voso2s7tzvpq.log
0 -1.702191 -1.235136 -.213941
V -.606642 -.002310 -.046042
s 1.846985 . 065718 -.364367
0 1.062104 -.377300 . 973727
0 -1.309787 1.487641 . 101319
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0 ( 5 ) - V (2) 
0(4)-S (3) 
0(4)- V (2) 
V (2)-0(1)

1.6541 
1.6133 
1.9913 
1.6578

E = -1568.05894233 h (2.18 eV) 
quartet

.007593 (Hartree/Particle) 

. 014366 

.015310 
-.025977

voso2s7tzvps.log
O -1.616977 -1.543952 -.106342
V -.948123 .000018 .013782
S 2.449259 -.000035 -.176440
0 1.061019 -.000062 .525924
0 -1.616705 1.544034 -.106324
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy;

0 (5) -V (2) 1.. 6868
O (4) -S (3) 1.. 5558
V (2) -0 (1) 1.. 6869
V (2) -0 (4) 2 .. 0734
V (2) -s (3) 3..4027

E = -1567.97057803 h (4.58 eV) 
sextet

.006336 (Hartree/Particle) 

.013687 

.014631 
-.028888
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Isomer 10

V . 731986
voso2 s l 0 .log

-.000006 -.194923
0 -.751621 1.256250 -.423044
0 -.751628 -1.256240 -.423041
0 2 .171379 .000007 .484608
s -1.386295 .000001 .460940

S (5)- V (1) 2.2175
S (5)- O (2) 1.6620
S (5)-0(3) 1.6620
0(4)- V (1) 1.5917
0(3)-V(l) 1.9574
0(2)- V (1) 1.9574

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

= -1568.10131965 h (1.03 eV) 
doublet

.010204 (Hartree/Particle) 

.015774 

.016719 
-.020469

V 0 2S 0 2 clusters (BPW91/LANL2DZ)
Isomer 1

O -0.788857 0.000536 -1.292464
V 0.745686 -0.000076 0.000126
O -0.789733 -0.000877 1.293691
O 1.690449 -1.309015 -0.000876
S -1.972790 0.000041 -0.000617
0 1.689874 1.309493 0.000520

O (6)- V (2 ) 1.6145
S (5)- O (3) 1.7535
S (5)- O (1) 1.7523
0(4)- V (2) 1.6143
O (3) - V (2 ) 2.0077
V (2)- O (1) 2.0064

E = -382.4506757 h (0  eV) 
doublet

355

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



v2o4s4q.log, vso4s4qfr.log
0 .796717 -.000170 1.253625
s 2.025656 -.000282 -.000002
0 .796753 -.000314 -1.253618
V -.766108 .000068 .000014
0 -1.719977 1.389007 -.000088
0 -1.722243 -1.388153 .000042
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(6)- V (4) 
0 ( 5 ) - V (4) 
V ( 4 ) - 0 ( 1 )  
V ( 4)-0(3) 
0(3)-S (2) 
S ( 2 ) - 0 ( 1 )

1.6856 
1.6849 

0035 
0035 
7555 
7555

Note: structure 4, quartet

-382.376999116 h (2.00 eV) 
quartet

.010127 (Hartree/Particle) 

.017852 

.018796 
-.024137

Isomer 2

optlanll.log, optlanllfreq.log
0 -2 .461376 -0.800079 0.237636
V -1.179362 0.057746 -0.259888
0 -1.166054 1.510820 0.457411
0 2.442156 0.997544 -0.319856
s 2 . 099417 -0.505468 0.254874
0 0.377106 -0.863371 -0.137762
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

O (6) --s (5) 1,.8024
O (6)--V (2) 1..8127
S (5) •-0 (4) 1 .. 6452
0 (3)--V (2) 1.. 6205
V (2)--0 (1) 1.. 6208

E = -382.428409402 h (0.61 eY) 
doublet

0.012350 (Hartree/Particle) 
0.019923 
0.020867 

-0.022863
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0 -1.763833
optlanl2 b.log
1.397730 . 318614

V -1.314627 -.049340 -.264216
0 -2.148466 -1.232460 .466951
s 2.040328 .495433 .084332
0 3.144107 -.716077 .117055
0 .467088 -.298207 -.311664
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

O (6)-S (4) 1.8060
0(6)- V (2) 1.7996
0(5)-S ( 4) 1.6393
0(3)- V (2) 1.6216
V (2)-0(1) 1. 6234

-382.425970397 h (0.67 eV) 
doublet

.012264 (Hartree/Particle) 

.019932 

.020876 
■.023492

vso4slq.log, vso4slqfr.log
0 -2.590938 -.977134 .081876
V -1.199423 .002478 -.035881
0 -1.634764 1.610339 .018858
0 2.659471 1.063500 .028197
S 2.268622 -.531928 .015784
0 . 477329 -.639974 -.057340

0 ( 6 ) - S (5)
0(6)-V(2) 
S (5)- O (4) 
0(3)- V (2) 
V (2)-0(1)

1.7960 
1.7957 
1.6427 
1.6667 
1.7058

Note: structure 1, quartet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -382.362918197 h (2.39 eV) 
quartet

.009693 (Hartree/Particle) 

. 018233 

.019177 
-.031217
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Isomer 5

0 -2.068862
ring2 .log
-0.646583 0.789533

0 -1.944690 -0.854245 -0.720992
s 2.736851 -0.173055 0.078397
0 1.066711 -0.416072 -0.206793
V -0.623327 0.171606 0.028623
0 -0.734796 1.769642 -0.100831
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

O (6)--V (5) 1.. 6071
V (5)--0 (4) 1..8047
V (5)--0 (1) 1..8270
V (5)--0 (2) 1..8331
O (4)--s (3) 1..7117

E = -382.395619428 h (1.50 eV) 
doublet

0.012390
0.019698
0.020643

-0.021686

(Hartree/Particle)

Isomer 6

vo3 sodoubletb. log
0 -1.335185 -0.993283 -1.257767
0 -1.031806 -0.740378 1.487851
V -0.748181 -0.039445 -0.006631
0 2 .483474 -0.864971 -0.030577
0 -1.370064 1.511396 -0.073125
s 1.702300 0.600321 -0.053659
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

S (6)--O (4) 1., 6607
O (5) --V (3) 1.. 6722
V (3) ■-0 (2) 1.. 6749
V (3)--0 (1) 1., 6792
V (3)--s (6) 2.,5331

-382.376311770 h (2.02 eV) 
doublet

0.009905
0.018313
0.019257

-0.026545

(Hartree/Particle)
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VO2SO2 clusters (BPW91/TZVP)
Isomer 1

0(6)- V (4) 2.0224
0(6)- S (3) 1.5983
0(5)- V (4) 1.5960
V (4)-0(2) 1.5960
V (4)- O (1) 2.0224
S (3)-0(1) 1.5984

O -.859521
vo2 so2 sl.log

. 000632 -1.231543
0 1.667795 -1.301939 -.000717
S -1.878366 .000005 -.000002 E = -1643.40059848 h (0 eV)
V .744600 -.000025 -.000001 doublet
0 1.667269 1.302260 .000724
0 -.859535 -.000892 1.231543
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

.013956 (Hartree/Particle) 

.020684 

. 021629 
-.018618

Isomer 2

vo2 so2 s2 r2 .log
0 -1.362527 -.951178 -1.264531
s 2.689913 -.008662 .004694
0 -1.249328 -.705599 1.451056
0 1.172282 . 147863 -.086036
V -.844925 .001057 -.000282
0 -1.511093 1.523200 -.109065
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(6)- V (5) 
V(5)-0(4) 
V (5)-0(3) 
V (5)-0(1) 
0(4)- S (2)

1.6651 
2.0244 
1.6641
1.6652 
1.5284

-1643.32268302 h (2.12 eV) 
doublet

. 010608 

. 018765 

.019709 
-.026456

(Hartree/Particle)
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Isomer 3

0 -2.355689
vo2so2s3.log

-.915982 .341110
V -1.203374 .030108 -.247068
0 -1.369391 1.530153 .287999
0 2 . 509475 .950069 -.067143
s 2 . 086619 -.477606 .137945
0 .502068 -.695590 -.127534
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(6)- S (5) 1.6214
0(6)- V (2) 1.8573
S (5)-0(4) 1.5030
0(3)- V (2) 1.6012
V (2)- O (1) 1.6028

E = -1643.37878723 h (0.59 eV) 
doublet

.013102 (Hartree/Particle) 

. 020481 

.021425 
-.021576

vo2so2s3q.log
O -2.497191 -1.062778 .116451
V -1.196805 .014946 -.065470
O -1.726963 1.567239 .062995
0 2.726184 .918534 .022109
S 2.188194 -.484566 .037379
0 .562396 -.496831 -.088086
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

0(6)-S (5) 1.6307
0 ( 6 ) - V (2 ) 1.8323
S (5 ) - O (4 ) 1.5028
0 (3 ) - V (2) 1.6454
V ( 2 ) - 0 ( 1 ) 1. 6987

-1643.30376232 h (2.64 eV) 
quartet

.010408 (Hartree/Particle) 

.018733 

. 019677 
-.027027
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0(6)- S (5) 1.6328
0(6)- V (2) 1.8442
S (5)-0(4) 1.5061
O (3) - V (2) 1.9397
V (2)-0(1) 1.7237

0 -2.208606 1.283621 .009020
V -1.077586 -.016440 -.033033
0 -2.828966 -.843532 .072622
0 2.788398 .998192 .034817
s 2.325567 -.434902 .012550
0 .696098 -.521212 -.046588
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -1643.18636680 h (5.83 eV) 
sextet

.010171 (Hartree/Particle) 

.018538 

.019483 
-.027927

Isomer 4

vo2so2s4rl.log
0 -1.991991 -.734201 .748164
0 -1.856198 -.917631 -.686557
S 2.681448 -.188240 .093280
0 1.120309 -.289810 -.261691
V -.623458 .192953 . 032176
O -.842573 1.763382 -.078982
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy;

0 (6)'-V (5) 1.. 5895
V (5)'-0(4) 1..8331
V (5)'-0(1) 1.. 8014
V (5)'-0(2) 1.. 8082
0 (4)'-S(3) 1 .. 6042

E = -1643.30824376 h (2.51 eV) 
doublet

.012851 (Hartree/Particle) 

. 020129 

. 021074 
-.021888

361

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



vo2so2s4q.log
0 1. 843041 -1.054743 -.681470
0 1.832189 -1.057869 . 687171
s -2.773769 -.227143 .003234
0 -1.207067 .013051 -.010227
V .652461 .275101 -.003083
0 1.203551 1.762933 .006922

0(6)- V (5) 1.5866
V (5)-0(2) 1.9092
V (5)-0(1) 1.9095
V (5)-0(4) 1.8779
0(4)—S (3) 1.5851
0(2)-0(1) 1.3687

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

-1643.28368342 h (3.18 eV) 
quartet

.012246 (Hartree/Particle) 

.019774 

. 020719 
-.023051

vo2so2s4s.log
0 1.343012 -1.590708 -.329530
0 2.317319 -.821941 .135999
S -2.594466 -.317836 -.186566
0 -1.289574 .012100 .591557
V .681895 .389381 . 111687
0 .857728 1.916751 -.345994

0(6)- V (5) 1.6041
V (5)-0(2) 2.0353
O (4)- S (3) 1.5547
O (2)- O (1) 1.3255
0(4)- V (5) 2 . 0638
S (3)- V (5) 3.3651

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -1643.20585508 h (5.30 eV) 
sextet

.010770 (Hartree/Particle) 

.019168 

. 020112 
-.026732
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Isomer 5

0(6)- S (3) 1.7371
0(6)- V (4) 1.8352
0(5)- V (4) 1.5863
V(4) -0(1) 1.8347
S (3)-0(2) 1.4737
S (3)-0(1) 1.7381

0 .207385
vo2so2s5.log
-1.220858 -.157315

0 2.372447 -.000774 .645101
S 1.404808 . 000400 -.466452 E =  -1643.36530872 h (0.96 eV)
V -1.073423 -.000113 .327991 doublet
0 -2.511537 . 000246 -.341418
0 .208180 1.220911 -.156438
Zero-point correction= .014200
Thermal correction to Energy= .020716
Thermal correction to Enthalpy= .021660
Thermal correction to Gibbs Free Energy= -. 017876

(Hartree/Particle)

vo2so2s5q.log
0 -.460136 1.224008 -.118274
0 -2.648754 -.000166 .558899
s -1.429362 -.000018 -.287636
V 1.249693 .000103 .036858
0 2.834673 -.000197 .147046
0 -.459926 -1.223905 -.118366
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy:

0(6)-S (3) 1.5705
O (5)- V (4) 1.5888
S (3)-O (1) 1.5705
S (3)-0(2) 1.4844
V (4)-0(6) 2.1083
S (3)- V (4) 2.6986
0(1)- V (4) 2.1084

E = -1643.29259938 h (2.94 eV) 
quartet

.014179 (Hartree/Particle) 

. 020914 

.021859 
-.019342

363

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



vo2so2s5s.log
0 .463693 1.199858 -.040448
0 2.772768 -.000008 -.268559
s 1.411398 -.000002 .323866
V -1.219725 .000007 -.199750
0 -3.016229 -.000013 .276009
0 .463682 -1.199853 -.040454

0(6)- S (3) 1.5718
0 (5)- V (4) 1.8584
S (3)-0(2) 1.4847
S (3)-0(1) 1.5718
V (4)- O (6) 2.0734
S (3)- V (4) 2.6827
0(1) -V ( 4 ) 2.0734

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -1643.17623735 h (6.11 eV) 
sextet

.012992 (Hartree/Particle) 

. 019984 

.020928 
-.021430

Isomer 9

vo2so2s9.log
V -1.635883 .000024 -.000016
O -.260603 -.001014 -1.176515
0 -.260715 -.000696 1.176537
S .948429 -.000081 -.000014
O 1.665062 -1.271847 .000173
O 1.662562 1.273651 -.000121

0(6)-S (4) 1.4603
0(5)-S (4) 1.4598
S (4)-0(3) 1.6871
S (4)- O (2) 1.6870
0(3)- V (1) 1.8098
0(2)- V (1) 1.8098

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -1643.21036412 h (5.18 eV) 
doublet

.015999 (Hartree/Particle) 

.021796 

. 022740 
-.015112
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vo2so2s9q.log
V 1.664217 0.000001 0.007163
0 0.147640 -0.000094 1.210330
0 0.303029 0.000077 -1.169528
S -0.947870 -0.000009 0.026953
0 -1.669784 -1.271100 -0.057733
0 -1.669767 1.271131 -0.057570
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

O (6)-S (4 ) 1.4643
O (5)-S (4) 1.4642
S (4)-0(2) 1.6126
S (4 ) - O (3) 1.7310
0(3)- V (1) 1.7993
0(2)- V (1) 1. 9359

-1643.24513809 h (4.23 eV) 
quartet

.015968 

.021803 

.022747 
-.016014

(Hartree/Particle)

V 0 3S 0 2 clusters (BPW91/LANL2DZ)
Isomer 1

0 2.602421
vso5slr4.log

1. 079667 .000025
S 2.312914 -.516444 -.000048
0 -.951609 1.689619 -.001465
0 -1.926228 -.469212 1.370897
0 .655630 -.855898 -.000094
V -1. 070725 .020939 -.000024
0 -1.927706 -.471488 -1.369198
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(7)- V (6) 1.6886
V (6)-0(5) 1.9363
V (6)-0(3) 1.6729
V (6)-0(4) 1.6887
O (5)-S (2) 1.6917
S (2)- O (1) 1.6222

E = -457.596908495 h (0.10 eV) 
doublet

.013182 (Hartree/Particle) 

. 022375 

. 023319 
-.025848
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0 2 . 629230
vso5slq.log
1.068366 .113355

s 2.348124 -.540713 -.060808
0 -.925105 1.532078 -.723783
0 -1.873791 .170305 1.483891
0 .562295 -.820362 .192553
V -1.019893 .016523 -.014253
0 -2 .156686 -.916464 -.903422
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(7)- V (6) 
V(6)-0(5) 
V ( 6 ) - 0 ( 3 )  
V ( 6) -0 ( 4 ) 
0(5)- S (2) 
S (2)-0(1)

1.7185 
1. 8018 
1.6761 
1.7312 
1.8253 
1. 6427

E = -575582565 h (0.68 eV) 
quartet

.012280 (Hartree/Particle) 

.021764 

.022708 
-.025936

Isomer 3

vso5s3rl.log
0 .295374 -.294767 -1.305819
0 2.602121 .869983 -.000238
S 1.733466 -.469869 .000062
0 -1. 657019 1.543892 -.000263
V -.938096 .014384 .000059
O .295330 -.294233 1.306075
O -2 . 305713 -.926489 -.000049
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(7)- V (5) 1.6600
0(6)- V (5) 1.8227
V (5)- O (1) 1. 8227
V(5)-0(4) 1. 6900
S (3)-0(2) 1.5968
S (3)- O (6) 1.9506
S (3)- V (5) 2.7151
0(1)- S (3) 1.9504

-457.600434805 h (0 eV) 
doublet

.014461 (Hartree/Particle) 

.022848 

.023792 
-.019941
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Isomer 5

vo3so2slrl.log
0 -2.943151 -1.063819 .075424
0 2.664139 -1.016539 .007935
0 1.596479 1.304881 . 726803
s -1.777323 .075498 .325164
V 1.441394 .013984 -.244236
0 -.164368 -.809517 -.071512
0 -1.742462 1.393793 -.686801
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0 ( 7 ) - S  (4) 1.6623
0 ( 6)- V (5) 1.8129
V ( 5 ) - 0 ( 3 ) 1.6228
V (5)-O (2) 1.6188
S ( 4 ) - 0 ( 1 ) 1.6491
S (4)- O ( 6) 1.8821
S (4)- V (5) 3.2693

E -  -457.550038534 h (1.37 eV) 
doublet

.014336 (Hartree/Particle) 

.023258 

.024203 
-.024053

vo3so2slq.log
0 2.817504 -1.197562 -.025849
O -2.304043 1.308109 -.301731
0 -2.249988 -1.080845 1.015393
S 1.983764 .217357 -.252556
V -1.515632 -.160301 -.208043
0 .230661 -.304038 -.582653
O 1.895781 1.300488 .998075

O (7)-S (4) 1.6568
0(6)- V (5) 1.7918
V (5)- O (2) 1.6693
V (5)-0(3) 1.6981
S (4)- O (1) 1.6579
S (4 ) - O (6) 1. 8585
S (4)- V (5) 3.5200

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -457.483888166 h (3.17 eV) 
quartet

.011994 (Hartree/Particle) 

.021616 

.022560 
-.028167
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VO3SO2 clusters (BPW91/TZVP)
Isomer 1

vo3so2sltzvprl.log
0 -2.624802 .950439 .000001
s -2.254765 -.471273 -.000001
0 1.231197 .956028 1.370553
0 1.231185 .956062 -1.370531
0 -.778130 -.797987 .000000
V 1.108392 .019875 .000000
0 2.263453 -1.179137 -.000020
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0 (7) -V (6) 1., 6649
V (6) -0(3) 1., 6643
V (6) -0(4) 1.. 6643
0 (5) -S (2) 1.,5123
S (2) -0(1) 1.,4691
0 (5) -V (6) 2.,0562
S (2) -V (6) 3..3988

-1718.59382991 h (0.47 eV) 
doublet

.014724 (Hartree/Particle) 

. 023744 

. 024688 
-.023013

vo3 so2s 1 tzvpq.log
0 -2.688023 .946656 .139909
S -2.297664 -.491993 -.071611
0 1.836322 .012947 1.495695
O 1.079728 1.579890 -.626442
0 -.654692 -.692110 .097448
V 1.012722 .024353 -.023372
0 2.110419 -.933411 -.896192
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy;

0(7) -V ( 6) 1.6983
V (6)-0(3) 1.7280
V (6)-0(4) 1.6697
V (6)-0(5) 1.8188
O (5)- S (2) 1.6637
S (2)- O (1) 1.5056

E = -1718.53866270 h (1.97 eV) 
quartet

.012734 (Hartree/Particle) 

. 022212 

.023156 
-.025992
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Isomer 2

vo3so2s2tzvp.log
0 -2.216547 -.993130 .000170
0 -1. 657441 1.526829 -.000294
V -.931222 .015324 -.000067
0 .406722 -.261203 1.226098
s 1.620723 -.411152 .000102
0 2.495943 .767612 -.000072
0 . 407140 -.261862 -1.225915

0(7)- S (5) 
0(7)- V (3) 
0(6)- S (5) 
S (5)-0(4) 
0(4)- V (3) 
V (3)-0(2) 
V (3)- O (1)

1.7315 
1.8360 
1.4682 
1.7319 
1.8358 
1.6769 
1. 6337

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -1718.60646820 h (0.12 eV) 
doublet

.015421 (Hartree/Particle) 

.023510 

. 024454 
-.018512

vo3so2s2tzvpq.log
O 2.101893 -1.291110 -.000224
0 1.930488 1.461569 -.000945
V 1.077393 .044174 .000429
0 -.571693 -.067735 -1.195960
S -1.571951 -.308819 .000104
0 -2.842851 .454583 -.000366
0 -.571439 -.066669 1.196053
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(7)- V (3) 2.0397
0(7)- S (5) 1.5780
0(6)- S (5) 1.4826
S (5)-0(4) 1.5777
O (4)- V (3) 2 . 0404
V (3)- O (2) 1.6543
V(3)-0(1) 1.6830

-1718.5280069 h (2.26 eV) 
quartet

.015152 (Hartree/Particle) 

. 023635 

. 024579 
-.020836
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vo3so2s2tzvps.log
0 2.538761 . 733903 .736896
0 2.335589 -.815330 -.832626
V . 987441 -.044636 -.040622
0 -.694633 -.812242 .886263
s -1.688249 .211342 .219617
0 -2.952431 -.322841 -.344163
0 -.689682 .922155 -.768814
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(7)—S (5) 1.5746
O (6)- S (5) 1.4837
S (5)- O (4) 1.5746
V (3)-0 (1) 1.9019
V (3)- O (2) 1.7432
V (3)- O (7) 2.0683
V (3)- S (5) 2.7005
V (3)-O (4) 2.0683

-1718.40768073 h (5.53 eV) 
sextet

.014684 (Hartree/Particle) 

.023360 

.024305 
-.022501

Isomer 3

vo3so2s3tzvp.log
0 -.059166 -.114984 -1.182034
O 2.521160 .708475 -.000331
0 -2 .114193 -1.074705 .000362
V 1.350191 -.353083 . 000211
0 -1.729997 1.446220 -.000825
S -1.220004 .081686 .000055
0 -.059594 -.113266 1.182110
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(7)-V(4) 1.8552
0(7)- S (6) 1.6679
S (6)-0(1) 1.6684
S (6)-0(5) 1.4567
S (6)-0(3) 1.4618
V (4)- O (2) 1.5805
V (4)-0(1) 1.8549

1718.58555898 h (0.69 eV) 
doublet

.019657 (Hartree/Particle) 

. 026556 

.027500 
-.013104
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Isomer 4

0 (7)- V (5) 2.0223
0 (7)—S (4) 1.5850
0 (6)- V (5) 2.0218
0 (6)-S (4) 1.5850
V (5)-0(2) 1.5979
V (5)- O (3) 1.5942
S (4)- O (1) 1.4795

vo3 so2s4tzvp.log
0 -2.762896 .531358 -.000016
0 1.790417 1.453601 .000485
0 2.151830 -1.127330 -.000195
s -1.559845 -.329781 -.000087
V 1.058754 . 033097 -.000104
0 -.551649 -.146224 -1.209290
0 -.551930 -.146997 1.209488
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

■1718.61099797 h(0 eV) 
doublet

.017641 (Hartree/Particle) 

.025268 

. 026212 
-.016206

vo3so2s4tzvpq.log
0 -2.842489 .450241 .000004
O 1.907081 1.467796 .000018
O 2.123047 -1.284697 -.000023
S -1.571433 -.312609 -.000007
V 1.077371 .046619 .000005
0 -.571103 -.071050 -1.196188
0 -.571113 -.071103 1.196190
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

0(7)- V (5) 2.0402
0(7)-S (4) 1.5779
0(6)- V (5) 2.0401
O (6)- S (4) 1.5779
V (5)-0(2) 1.6456
V (5)- O (3) 1.6929
S (4)- O (1) 1.4824

E = -1718.52800995 h (2.26 eV) 
quartet

.015253 (Hartree/Particle) 

.023667 

.024612 
-.020439
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vo3so2s4tzvps.log
0 2.946172 .485210 -.000422
0 -2.321812 1.175933 .000072
0 -2.553058 -1.024539 -.000180
s 1.690676 -.305355 . 000066
V -.987180 .054758 .000009
0 .692951 -.091659 1.199326
0 .692537 -.091665 -1.198954
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(7)-S (4) 1.5747
O (6)- S (4) 1.5746
V (5)-0(2) 1.7431
V (5)-O (3) 1.9018
S (4)-0(1) 1.4837
V (5)-O (7) 2.0689
V (5) - O (6) 2.0695
S (4)-V (5) 2.7020

E = -1718.40763577 h (5.53 eV) 
sextet

.014688 (Hartree/Particle) 

.023356 

. 024300 
-.022424

Isomer 5

vo3so2s5tzvp.log
0 -1.868616 1.357766 -.537662
0 -2.441354 -.743360 .896517
V -1.489592 -.164309 -.249230
0 .292023 -.541488 -.045332
O 2.704158 -.735098 -.752100
0 1.898338 1.354096 .565694
s 1.849014 -.109764 .294709
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

S (7)-0(6) 1.4895
S (7)-0 (5) 1.4893
S (7)-0(4) 1.6511
0(4)- V (3) 1.8325
V (3)-0(1) 1.5949
V (3)-0(2) 1.5981

E = -1718.58212290 h (0.79 eV) 
doublet

.017235 (Hartree/Particle) 

.025534 

.026479 
-.020489
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vo3so2s5tzvpq.log
0 2.375000 -1.335007 .264540
0 2.372613 1.335872 .264981
V 1.504048 -.000034 -.197929
0 -.336529 -.001664 -.303592
0 -2.497321 1.295874 -.107977
0 -2.499575 -1.295038 -.106835
s -1.869163 .000030 .278964
Zero-point correction=
Thermal correction to Energy= 
Thermal correction to Enthalpy= 
Thermal correction to Gibbs Free

S (7)-0(4) 
S (7)-0(5) 
S (7)-0(6) 
0(4)- V (3) 
V (3)-0(2) 
V (3)-0(1)

1.6396
1.4911
1.4911 
1.8436

6593
6597

Energy=

E = -1718.50912493 h (2.77 eV) 
quartet

.014476 (Hartree/Particle) 

.023488 

.024432 
-.024299

Isomer 6

vo3so2s6tzvp.log
O . 855521 1.743306 -.110807
V .926806 . 158134 -.085231
O -2.866327 .749123 .364813
O -.732373 -.674166 .003059
S -2.334298 -.544821 -.168813
0 2.239973 -.613034 . 877998
O 2.507235 -.570219 -.552400
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

0(7)- V (2) 
0 ( 6 ) - V (2) 
S(5)-0 (4) 
S (5)-0(3) 
0(4)-V(2) 
V (2)- O (1)

1.8018 
1.8019 
1.6163 
1.4974 
1.8583 
1.5870

-1718.56955553 h (1.13 eV) 
doublet

.015871 (Hartree/Particle) 

.024388 

.025333 
-.020658

373

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



vo3so2s6tzvpq.log
0 -1.006512 1.796121 -.000257
V -.883074 .219172 -.000071
0 2.975521 . 776460 .000588
0 .765138 -.591183 -.000284
s 2.401106 -.614235 -.000162
0 -2.498761 -.691535 -.664744
0 -2.498761 -.691515 .665222
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(7)- V (2) 1.9704
0(7)- O (6) 1.3300
0(6)- V (2) 1.9702
S (5)- O (3) 1.5047
S (5)- O (4) 1.6361
0(4)- V (2) 1.8366
V (2)-0(1) 1.5818

-1718.54121192 h (1.90 eY) 
quartet

.015612 (Hartree/Particle) 

. 024390 

.025335 
-.022064

VO4SO2 clusters (BPW91/LANL2DZ)
Isomer 1

vo4so2slrl.log
0 -.832328 -1.223719 -1.279010
0 -2.546875 .916365 -.230553
0 -1.503790 1.807851 -.069852
V -.967690 -.296187 .052884
s 2.305278 -.126288 -.380688
0 .859245 .286702 .408536
0 3.524074 .543637 .445098
0 -1.328772 -1.226722 1.335116
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(8)- V (4) 1. 6249
0(7)-S (5) 1.6175
O (6)- S (5) 1.6984
0(6)- V (4) 1.9504
V(4)-0(1) 1.6287
V (4)-0(2) 2.0111
0(3)-0(2) 1.3815

E = -532.772332038 h (0.05 eV) 
doublet

.016890 (Hartree/Particle) 

. 027393 

.028337 
-.022115
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Isomer 2

vo4so2s2r2.log
0 -.816434 -.592457 -.768149
s -2.416003 -.205147 -.394581
0 -2.506376 . 781532 .891836
0 .890357 1.741915 -.636580
0 . 677605 -.616105 1.648245
0 2.048845 1.385531 .023788
V . 925926 -.295767 .074406
0 1.875970 -1.439791 -.583893
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0 (8)--V (7) 1., 6263
V (7)--0 (6) 2..0224
V (7) ■-0 (5) 1., 6252
V (7) --0 (1) 1., 9580
O (6) --0 (4) 1., 3803
0 (3) ■-s (2) 1.. 6238
S (2) --0 (1) 1.. 6877

-532.774081693 h(0  eV) 
doublet

.017010 (Hartree/Particle) 

. 027406 

.028350 
-.021825

VO4SO2 clusters (BPW91/TZVP)
Isomer 3

vo2so2o2s3.log
O . 079515 -.950060 -1.153942
0 -1.395044 1.689718 -.402921
0 -2.573265 -.500410 .336679
V -1.164898 .163057 -.006854
S 1.104691 -1.174481 .033265
0 2.536922 .511324 -.312251
0 2.088571 1.503135 .292500
0 . 403002 -.373533 1.193110

0(8)- S (5) 1.5745
0(7)-0(6) 1.2452
S (5)-0(1) 1.5846
V (4)-0(1) 2.0257
V (4)-0(2) 1.5939
V (4)-0(3) 1.5943

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

-1793.78342547 h (1.09 eV) 
doublet

.019525 (Hartree/Particle) 

. 029172 

.030116 
-.017632
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vo2so2o2s3q.log
0 -1.951863 .864392 .864115
0 -.117281 -1. 629266 . 951748
0 -1.992891 -1.714697 -.852682
V -1.071457 -.749520 . 022829
s -1.113133 1.871576 -.050236
0 4.708213 . 515647 .340845
0 4.903399 -.466334 -.360568
0 -.242872 .841977 -.908620
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(8)- S (5) 1. 5982
O (8)- V (4) 2 . 0216
0(7)-0(6) 1.2224
S (5)- O (1) 1.5981
V (4)- O (2) 1.5960
V (4)-0(1) 2.0218
V (4)-0(3) 1.5960

E = -1793.77978697 h (1.19 eV) 
quartet

.017687 (Hartree/Particle) 

. 028910 

. 029855 
-.030019

Isomer 4

vo2so2o2s4.log
O 2.199273 -1.239715 .000074
O .322079 -.000147 -1.185056
S 1.397851 -.000124 -.000118
0 .322829 -.000152 1.185304
0 -2.174457 -1.298805 -.000018
O 2.199103 1.240019 -.000200
V -1.214087 -.000016 -.000039
0 -2.174030 1.299093 .000247

0(8) -V (7 ) 1.6153
V (7)- O (4) 1. 9409
V (7)- O (2) 1.9401
V (7)-0(5) 1.6153
0(6)- S (3) 1.4765
O (4 ) - S (3) 1.6003
S (3)-0(1) 1.4761
S (3)-0(2) 1.6004

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -1793.82359083 h (0  eV) 
doublet

.020758 (Hartree/Particle) 

. 029221 

.030165 
-.013908

376

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



0 -2.320321
vo2so2o2s4q.log

-1.175479 . 000167
0 -.376672 -.000040 1.181553
s -1.380207 -.000016 . 000096
0 -.376844 -.000035 -1.181514
0 2.233131 -1.368741 -.000103
0 -2.320235 1.175539 .000162
V 1.282899 -.000003 -.000108
0 2.233021 1.368797 -.000146

0(8)- V (7) 1.6662
V (7)-0(5) 1.6662
V (7)-0(2) 2.0373
V(7)-0(4) 2.0373
0(6)- S (3) 1. 5052
O (4)- S (3) 1.5501
S (3)-0(2) 1.5501
S (3)- O (1) 1.5052

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -1793.73680394 h (2.36 eV) 
quartet

.018520 (Hartree/Particle) 

.027955 

. 028900 
■.019044

Isomer 7

vo2so2o2s7.log
O 1.777501 .364154 1.465375
0 -1.922274 1.432021 .240034
0 1. 678491 1.165083 -.883295
S 1.594867 -.017427 .034410
0 . 121299 -.641505 -.120826
V -1.629035 -.050727 -.261684
O -2.702943 -1.045354 .369185
0 2.541670 -1.093706 -.386951
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0 (8) --S (4) 1..4941
O (7)--V (6) 1..5939
V (6)--0 (5) 1.. 8527
V (6)--0 (2) 1..5926
0 (5)- - s (4) 1.,6078
S (4)--0 (1) 1..4922
S (4)--0 (3) 1..4992

-1793.79111119 h (0.88 eV) 
doublet

.020544 (Hartree/Particle) 

. 029773 

. 030717 
-.017535
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Isomer 10

vo4so2sl0.log
0 2 .433122 -.372785 .623156
0 2.109397 -1.089510 -.439573
0 -2 .814495 .417453 -.274575
V .710210 .278952 .032418
0 -.563594 .374054 1.251618
s -1.796448 -.539803 .174215
0 . 986291 1.671331 -.666759
0 -.599678 -.722925 -.935497
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(8)- V (4) 1.9122
O (8)- S (6) 1.6423
0(7)- V (4) 1.5823
S (6)-0(3) 1.4677
0(5)- V (4) 1.7658
V(4)-0(1) 1.9345
V(4)-0(2) 2.0133
O (2)-0(1) 1.3221
0(5)- S (6) 1.8751

E = -1793.81737259 h (0.17 eV) 
doublet

.020207 (Hartree/Particle) 

.029150 

.030094 
-.015083

Isomer 11

vo4so2sl lr2.log
0 1.220166 -1.309763 -1.240094
0 -.952427 .393493 -.501017
0 2.577289 .792546 .258320
s -2.179212 -.064152 .262351
V .967039 -.283975 -.024874
0 1.610745 1.647737 -.050233
0 -3.440935 .471383 -.263557
0 .563349 -1.050663 1.343392
Zero-point correction=
Thermal correction to Energy= 
Thermal correction to Enthalpy= 
Thermal correction to Gibbs Free

0(8)-V(5) 1.6195
0(7)- S (4) 1. 4681
0(6)- O (3) 1.3269
O (6) - V (5) 2.0363
V (5)-0(3) 1.9575
V (5)- O (1) 1.6103
S (4) - O (2) 1.5156
S (4)- V (5) 3.1670
0(2)- V (5) 2.0905

Energy=

-1793.81077758 h (0.35 eV) 
doublet

.019461 (Hartree/Particle) 

. 029381 

.030325 
-.019086
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Isomer 12

vo4so2sl2.log
0 2.610035 -.970780 -.279031
0 1.270741 1.546565 -.740745
V 1.184494 . 100647 -.096150
0 2.507593 -.342885 1.029976
0 -.508340 -.581305 -.089414
0 -2.982327 -1.119640 -.216607
0 -2.171201 1.082896 .902233
s -2.065961 .047894 -.164991
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

S (8)- O (5) 1. 6816
S (8)- O (7) 1.4904
S (8)- O (6) 1.4851
0(5)- V (3) 1.8250
0(4)- V (3) 1.7932
V (3)- O (2) 1.5854
V (3)- O (1) 1.7926

E = -1793.77240408 h (1.39 eV) 
doublet

.020001 (Hartree/Particle) 

.029397 

. 030341 
-.018317

V2O3SO2 clusters (BPW91/LANL2DZ)
Isomer 1

0 1.052125
0 -1.369060 
O -3.480037 
S -3.083629
V 2.090796
V 0.195348 
0 1.784313
0 1.607254

v2o3so2.log
-0.045525 
-0.509426 
0.893125 
0.177600 
0.428570 
-0.923050 
1.839163 

-1.110909

1.501973 
-0.401532 
0.890427 

-0.538873 
0.029084 
0.198989 

-0.674800 
-0.894074

O (8 )-V (5) 1.,8590
O (8 )-V (6) 1 ..7954
O (7 )-V (5) 1 .. 6060
V (6 )-V (5) 2.,3342
V (6 )-O (1) 1 ..7894
V (6 )-O (2) 1..7260
V (5 )-O (1) 1 ..8636
s (4 )-0 (3) 1., 6468
s (4 )-V (6) 3..5366
O (2 )-s (4) 1 ..8522

-529.133221637 h (3.06 eY) 
singlet
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v2so5tripdi.log
V -2.732378 -0.272708 0.049658
0 -1.506584 -0.209691 -1.245010
0 -1.384078 0.060584 1.281444
V -0.153874 0.258409 -0.036023
0 0.354806 1.776772 -0.201538
0 3. 506609 0.810284 0.118417
s 3.055555 -0.765648 -0.021955
0 1.216113 -0.865445 0.051394

0(8)- V (4) 1.7741
S (7)-0(6) 1.6452
0(5)-V(4) 1.6098
V(4)-0(3) 1.8134
V ( 4)- V (1) 2.6340
V(4)-0(2) 1.8737
0(3)- V (1) 1.8564
0(2)- V (1) 1.7840
S (7)- O (8) 1.8436
V (4)- S (7) 3.3689

E = -529.157021073 h (2.42 eV) 
triplet 

Note: The starting structure for 
optimization does not come from 

isomer 1 singlet, but from modified 
structure of isomer 2 .

v2o3so2slquir.log, v2o3so2quifr.log
V 2.717791 -.296929 .214194
O 1.360075 .261856 1.253678
O 1.469621 -.333622 -1.231102
V .167964 .256844 -.175662
O -.314420 1.742424 -.576382
O -3.480515 .714294 .624424
S -3.044749 -.705969 -.078253
0 -1.241809 -.857769 -.024892
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(8)- V (4) 1.8035
0(8)- S (7) 1.8101
S (7) - O (6) 1.6434
O (5)-V(4) 1.6125
V (4)- V (1) 2.6382
V (4)- O (2) 1.8612
V(4) -0(3) 1.7768
0(3)- V (1) 1.9100
0(2)- V (1) 1.7989

E = -529.129463931 h (3.17 eV) 
quintet

.016530 (Hartree/Particle) 

.026705 

. 027650 
-.023587
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Isomer 2

v2o3so2 2bqc.log
V -2.690969 -.272411 . 157626
0 -1.654232 -.361036 ■1.203909
0 -1. 459195 .087290 1.284166
V -.150336 .278890 -.157365
0 .271248 1.804992 -.401574
0 3.615541 . 717955 .457044
s 3.088258 -.743038 -.091855
0 1.218873 -.781751 .047235
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

O (8) -V (4) 1 7440
S (7) -0 (6) 1 6474
O (5) -V (4) 1 6020
V (4) -V (1) 2 6188
V (4) -0 (3) 1 9565
V (4) -0 (2) 1 9407
O (3) -V (1) 1 7076
0 (2) -V (1) 1 7136
s (7) -0 (8) 1 8750
V (4) - s (7) 3 3966

E = -529.096711731 h (4.05 eV) 
singlet

. 016496 

.026849 

.027793 
-.022923

(Hartree/Particle)

0 0.529825
V -0.605145 
0 -1.191051 

1.997156 
2.909939 

-2.607860 
0.889300

v2o3so2s2tr.log

-l

0 -1.924325

0.327553 
0.529087 
1.887594 
0.037588 

270092 
1.143965 
0.857596 
0.272674

- 1.
0.

- 0 .
- 0 .
0.

- 0 .

1.
1.

151561
041777
572883
150517
343594
224314
001208
140897

O (8)'-V (2) 1..8950
O (8)--S (6) 1..7579
O (7) ■-V (4) 1..8317
O (V) --V (2) 1.,8060
O (5) ■-V (4) 1..6113
V (4)--V (2) 2.. 6702
V (4) ■-0 (1) 1..7998
O (3) ■-V (2) 1..6021
V (2)--0 (1) 1..8564

E = -529.245888901 h (0eV )  
triplet
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v2o3 so2s2qui.log, v2o3 so2s2quifr.log
0 -.793427
V .313279
0 .530314 2
V -2.065543
0 -2.518955 -1
S 3.477528 -1
0 -1.010203
O 1.874974
Zero-point corre 
Thermal correcti 
Thermal correcti 
Thermal correcti

.132779 1.252644

.835028 -.026130

.424566 .148565

.362607 .048703

.904242 -.086342

.219449 .027966

.416928 -1.215781

.010656 -.219915
ction=
on to Energy=
on to Enthalpy=
on to Gibbs Free Energy=

0(8)-V(2) 1.7765
0(7)- V (2) 1.8280
0(7)- V (4) 1.8222
0(5) -V (4 ) 1. 6126
V(4)-0{1) 1.8202
V (4)- V (2) 2.6643
0(3)- V (2) 1.6138
V (2)- O (1) 1.8312
S (6)-0(8) 2.0354
V (2) - S (6) 3.7731

-529.195359100 h (1.37 eV) 
quintet

.016787 (Hartree/Particle) 

. 026865 

. 027809 
-.023416

v2o3so2s2sep.log, v2o3sos2sepfr.log
913155
606485
651597

- 1 ,

-1.4'
-2.280144

350248 
102585 
40596 

-.249464 
1.095370 
.272470 

-.350055 
1.512731 

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

194570
464563
913564
252333

180512
000309
000152
000144
000346
000399
180623
000406

0(8)- V (2) 1.7396
0(7)- V (2) 1.9403
0(7)- V (4) 1.8088
0(5)- V (4) 1.6263
V (4)-0(1) 1.8089
0(3)- V (2) 1.6978
V (2)-0(1) 1.9404
S (6)- O (8) 2.5362
0(3)- S (6) 2 . 4943
V (2)- S (6) 2.8826

-529.092515441 h (4.17 eV) 
septet

.014166 (Hartree/Particle) 

.025168 

.026112 
-.027185
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Isomer 3

v2o3so2transb.log
0 0.712119 0.180472 1.263936
V -0.726727 0.354401 0.027927
0 -1.118582 1.894242 0.203081
V 1. 976938 0.120265 0.063699
0 2.937238 -1.176601 0.111234
s -2.748791 -0.705976 0.382212
0 0.900784 0.132444 1.242692
0 -1.528331 -0.983270 0.957245
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

O (8 )-V (2) 1.. 8446
0 (7 )-V (4) 1., 6926
S (6 )-V (2) 2..3106
0 (5 )-V (4) 1., 6144
V (4 )-0 (1) 1.,7447
0 (3)-V (2) 1., 6056
V (2 )-0 (1) 1.. 9048
V (2 )-0 (7) 2.,0767

E = -529.239756843 h (0.17 eV) 
singlet

.018038 (Hartree/Particle) 

.027587 

.028531 
-.018247

v2o3so2s3tr.log, v2o3so2s3trfr.log
0 -.993034 1.166538 -.251881
0 1.861090 -.599286 -.124612
O 3.895682 1.213586 .445801
S 3.646673 -.283058 -.191514
V .121145 -.230917 -.104520
V -2.490516 .176224 .214637
0 -3.965080 .149338 -.451189
0 -1.280060 -1.206816 .448321
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy:

O (8)--V (5) 1.,7948
0 (8)--V (6) 1,, 8527
0 (7)--V (6) 1,,6181
V (6)--V (5) 2,, 6624
V (6)--0 (1) 1,.8549
V (5) --0 (2) 1., 7786
V (5)--0 (1) 1.,7933
S (4) --0 (3) 1.. 6456
S (4)--0 (2) 1.,8146

E = -529.151404256 h (2.57 eV) 
triplet

.015601 (Hartree/Particle) 

. 026328 

. 027273 
-.026000
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v2o3so2s3qui.log, v2o3so2s3qui.log
0 -1.010684 1.192665 -.155912
0 1.876212 -.483010 .072207
0 4.035085 1.239851 -.028082
s 3.658693 -.352631 .120525
V . 112635 -.196360 -.047672
V -2.527966 .114010 -.145429
0 -3.965829 .277158 .581723
0 -1.308090 -1.284647 -.155820
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

O (8)- V (5) 1.7929
0(8)- V (6) 1. 8559
0(7) -V ( 6) 1.6195
V (6)- V (5) 2.6606
V(6)-O(1) 1.8617
V (5)- O (2) 1.8094
V(5)-O(1) 1.7897
S (4)- O (3) 1.6431
S (4)- O (2) 1.7980

E = -529.152346642 h (2.55 eV) 
quintet

.015687 

. 026414 

. 027358 
-.026813

(Hartree/Particle)

Isomer 4

O -1.606501 -1.113156 -0.892016
V -0.194233 -0.920895 0.199640
O 3.482796 0.893942 0.889286
S 3.085817 0.176407 -0.538885
O -1.790360 1.836897 -0.677241
O 1.369629 -0.506650 -0.401795
V -2.092812 0.426677 0.029142
0 -1.051943 -0.042971 1.501788

O (8)- V (2) 1.7894
0(8)- V (7) 1.8635
V (7)- V (2) 2.3344
V (7)- O (5) 1.6060
V (7)- O (1) 1.8591
O (6)- V (2) 1.7260
S (4)- O (3) 1.6469
V (2)- O (1) 1.7953
S (4)-0(6) 1.8522
V (2)-S ( 4) 3.5367

-529.133221935 h (3.07 eV) 
singlet
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v2o3so2s4trdi.log, v2o3so2s4trfr.log
0 -1.280391 -1.206482 .449324
V . 121154 -.231069 -.104077
0 3.894890 1.213521 .446227
s 3.646516 -.282792 -.192130
0 -3.963952 . 148756 -.453091
0 1.860960 -.599946 -.124967
V -2.490409 .176538 .214925
0 -.992932 1.166512 -.251921
Zero-point correction=
Thermal correction to Energy= 
Thermal correction to Enthalpy= 
Thermal correction to Gibbs Free

0(8)- V (2) 1.7934
0(8)- V (7) 1.8548
V (7)- V (2) 2.6624
V (7)-0(1) 1.8525
V (7)-0(5) 1.6181
O (6)-S (4) 1.8147
0(6)- V (2) 1.7786
S (4)- O (3) 1.6456
V (2)-0(1) 1.7950

Energy=

E = -529.151404207 h (2.57 eV) 
triplet

.015602 (Hartree/Particle) 

. 026328 

. 027273 
-.025985

v2o3 so2s4qui.log, v2o3 so2s4quifr.log
0 1.306794 -1.283916 -0.155125
V -0.113421 -0.196218 -0.044598
0 -4.034379 1.240341 -0.029770
S -3.659427 -0.352684 0.116789
0 3.973932 0.275024 0.567656
0 -1.877077 -0.484035 0.073993
V 2.527756 0.114524 -0.143600
0 1.008372 1.192823 -0.149263
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(8)- V (7) 1.8631
0(8)- V (2) 1.7885
V (7)-0(5) 1.6196
V (7)- O (1) 1.8565
V (7)- V (2) 2.6612
0(6)- V (2) 1.7909
O (6)- S (4) 1.7877
S (4)- O (3) 1.6431
V (2)-0(1) 1.7923

E = -529.152347269 h (2.54 eV) 
quintet

.015683 (Hartree/Particle) 

. 026415 

.027359 
-.026833
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Isomer 5

0 -3.800815
v2o3so2s5diis.log

. 692029 .880379
0 1.235273 -.331065 1.473381
0 -1.389472 -.351825 -.199781
s -3.108788 .243059 -.543528
V .208928 -.905314 .119860
V 2.156473 .384992 .023841
0 1.873127 1.920348 -.353215
0 1.498936 -.919681 •1.126849

O (8) -V (6) 1 8597
O (8) -V (5) 1 7940
O (7) -V (6) 1 6062
V (6) -O (2) 1 8608
V (6) -V (5) 2 3382
V (5) -0 (2) 1 7931
V (5) -0 (3) 1 7215
s (4) -0 (1) 1 6456
s (4) -V (5) 3 5730
0 (3) - s (4) 1 8515

E = -529.132820425 h (3.08 eY) 
singlet

v2o3so2s5tr.log
O 3.946428 1.265728 -0.016260
O -1.021575 1.181975 -0.252433
O 1.866830 -0.555430 0.055501
S 3.632308 -0.335489 0.184430
V 0.113879 -0.199950 -0.101374
V -2.527727 0.118276 -0.175782
O -3.782862 0.287492 0.827327
O -1.333626 -1.273975 -0.186168
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

0(8)- V (5) 1.8044
O (8 ) - V (6) 1.8342
0(7)- V (6) 1. 6156
V(6)-O(2) 1. 8455
V (6)- V (5) 2.6617
V (5)-0(3) 1.7955
V (5)- O (2) 1.7949
S (4)- O (1) 1.6440
S (4)-0(3) 1.7838

E = -529.149930557 h (2.61 eV) 
triplet

.016107 (Hartree/Particle) 

. 026607 

.027552 
-.025050

386

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Isomer 6

0 1.371338
v2o3so2s6.log

1.940340 1.024702
0 1.423664 -1.921047 1.007720
0 1.379201 .019320 -1.097770
V .534889 1.332769 -.206367
V . 565347 -1.315461 -.208794
0 -1.257311 1.295551 -.025639
0 -1.225022 -1.326078 -.008754
s -2.427524 -.028924 .146664

S (8)- O (6) 1.7758
S (8)- O (7) 1.7756
O (7)- V (5) 1.8015
O (6)- V (4) 1.8017
V (5)- O (3) 1.7984
V (5)- V (4) 2.6484
V (5)- O (2) 1.6073
V (4)-0(1) 1.6076
V{4)-O(3) 1.7979

E = -529.205574307 h (1.10 eV) 
singlet

v2o3so2s6tr.log
O 2. 912616 -1.208968 0.557009
O -2. 913439 -1.209308 0.555225
O -0.000017 -1.310636 -0.091149
V 1.639475 -0.571327 -0.199810
V -1.639323 -0.570861 -0.199271
O 1.370970 1.212128 -0.130478
O -1.371170 1.212643 -0.128834
S 0.000302 2.293966 0.192792
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

S {8)- O (6)
S (8)-0(7) 
0(7)- V (5) 
0(6)- V (4) 
V (5) -0(3) 
V (5)-0(2) 
V ( 4)-0(1) 
V (4)-0(3)

1.7758
1.7758
1.8049
1.8049
1.8017
1.6125
1.6125
1.8018

E -  -529.213983149 h (0.87 eV) 
triplet

. 017228 

. 027175 

. 028120 
-.021469

(Hartree/Particle)
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Isomer 7

v2o3so2s7qc.log
0 -1.050541 -.041309 1.501730
V -2.092422 .426795 .029240
V -.193991 -.920851 .200010
0 -1.790120 1.836131 -.678913
0 3.480598 .894295 .889679
s 3.085475 .176511 -.538934
0 1.369513 -.507507 -.403194
0 -1.606963 -1.114221 -.890526

O (8)- V (3) 1.7953
O (8)-V(2) 1.8591
O (7)- V (3) 1.7261
S (6)- O (5) 1.6469
0(4)- V (2) 1. 6060
V (3)- V (2) 2.3344
V (3)- O (1) 1.7893
V (2)- O (1) 1.8636
S (6)-0(7) 1.8523
V (3)- S (6) 3.5363

E = -529.133222189 h (3.07 eV) 
singlet 

(used SCF(qc))

v2o3so2s7tr.log
O -.912580 .162367 1.369853
V -2.235202 .299377 .026364
V .003364 -.846374 .274044
0 -2.674946 1.610585 -.798515
0 3.414464 1.151378 .792653
s 3.210251 .249148 -.569333
0 1.594879 -.589362 -.437940
0 -1.425783 -1.260649 -.651056

0(8)-V(3) 1.7521
O (8)- V (2) 1.8835
0(7)- S (6) 1.8248
0(7)- V (3) 1.7624
S (6)- O (5) 1.6464
0(4)- V (2) 1.6103
V (3)- O (1) 1.7485
V (3)- V (2) 2.5269
V(2)-0(1) 1.8903

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

E = -529.136341031 h (2.98 eV) 
triplet

.016124 (Hartree/Particle) 

. 026576 

. 027520 
-.024877
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v2o3so2s7qui.log
0 1. 011451 1.192958 -0.156796
V 2.528094 0.113931 -0.146623
V -0.112281 -0.195981 -0.047676
0 3.963163 0.276640 0.586038
0 -4.035916 1.239142 -0.028429
s -3.658399 -0.353015 0.121136
0 -1.875874 -0.482261 0.072711
0 1.308510 -1.284554 -0.157185
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy:

0(8)- V (2) 1. 8556
0(8)- V (3) 1.7932
0(7)- V (3) 1.7907
O (7)- S (6) 1.7879
S (6)- O (5) 1.6431
0(4)- V (2) 1.6195
V (3)-0(1) 1.7899
V (3)- V (2) 2.6603
V (2)-0(1) 1.8613

E = -529.152346057 h (2.55 eV) 
quintet

.015689 (Hartree/Particle) 

. 026414 

. 027358 
-.026797

v2o3so2s7sep.log
0 .686796 . 073441 1.240175
V 2.087262 -.528548 . 000346
V -.393208 .715821 .000033
O 3. 683261 -.898500 -.000836
0 -2.036261 .037575 . 001687
S -3.731730 -1.110987 -.000247
0 -.426387 2.400669 -.001976
0 .685646 . 070378 -1.239644
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(8)- V (2) 1.9649
O (8)- V (3) 1.7656
0(7)- V (3) 1.6852
0(5)- V (3) 1. 7775
0(4)- V (2) 1.6383
V (3)-0(1) 1.7655
V(2)-0(1) 1.9649
O (5)- S (6) 2.0479
V(3)-S(6) 3.8056

-529.102948809 h (3.89 eV) 
septet

. 013694 

. 024801 

. 025745 
-.028350

(Hartree/Particle)

389

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Isomer 8

0 (8) -V (2) 1 8636
0 (8) -V (5) 1 7893
0 (7) -S (4) 1 6469
0 (6) -V (5) 1 7260
V (5) -V (2) 2 3342
V (5) -O (1) 1 7954
0 (3) -V (2) 1 6069
V (2) -0 (1) 1 8592
s (4) -0 (6) 1 8521
s (4) -V (5) 3 5366

v2o3so2s8qc.log
O 1.607016 -1.111295 -.893883
V 2.091077 .428403 .028944
0 1.784612 1.838769 -.675418
s -3.084026 . 176904 -.538737
V .195315 -.922671 .199234
0 -1.369207 -.509210 -.401080
0 -3.480106 .894096 .889855
0 1. 052357 -.045150 1.501989

E = -529.133221775 h (3.07 eV) 
singlet 

(used SCF(qc))

v2o3so2s8tripr.log, v2o3so2s8tripfr.log
1.222333 -1.297918 0.083437
2.525604 0.125551 0.032899
4.131847 0.313281 -0.030048

-3.659590 -0.311036 -0.025134
-0.132867 -0.225500 -0.036406
-1.892565 -0.579422 -0.025438
-3.916749 1.307808 0.101390
0.895195 1.165676 -0.068993

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

O (8) ■-V (2) 1., 9366
O (8)--V (5) 1., 7301
O (7) ■-s (4) 1.. 6440
O (6) ■-V (5) 1.,7950
O (6) ■-s (4) 1., 7873
V (5)--V (2) 2.. 6824
V (5)--0 (1) 1., 7323
O (3) ■-V (2) 1., 6184
V (2) ■-0 (1) 1.. 9306

E = -529.146779669 h (2.70 eV) 
triplet 

(not completely optimized, one small 
negative frequency)

.015735 (Hartree/Particle)

.025702 

.026646 
-.024878
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V2O3SO2 (BPW91/TZVP)

0 .587239
v2o3so2trtzvp.log

-.078267 ■1.256271
V -.645046 .512528 . 006406
0 -1.250772 1.925115 -.380998
V 1.925870 .025755 -.090732
0 2.798718 -1.275542 .219925
s -2.344376 -1.152674 -.298663
0 .790754 .658580 1.140912
0 -1.919556 -.472105 1.116196
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

0(8)- V (2) 1. 8950
0(8)- S (6) 1.7579
0(7)- V (4) 1.8317
O (7)- V (2) 1.8060
O (5)- V (4) 1.6113
V (4)- V (2) 2.6702
V (4)-0(1) 1.7998
0(3)- V (2) 1.6021
V(2)-0(1) 1.8564

E =  -2662.90343133 h 
triplet

,018316 (Hartree/Particle) 
, 027717 
, 028661 
, 018830

V2O4SO2 (BPW91/TZVP)

v2o4so2s2.log
0 .676087 2.032583 .000001
0 1.442019 -.714225 -.000559
O -1.172173 .291810 -1.254135
V .117595 .546968 -.000127
0 3.863668 .264005 .000587
S 3.056757 -1.003469 -.000123
V -2.417137 -.080370 .000183
0 -1.171702 .291296 1.254227
0 -3.140230 -1.500000 -.000038
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(9)- V (7) 1.5932
0(8)- V (4) 1.8169
0(8)- V (7) 1.8061
V (7)-0(3) 1.8060
V (7)- V (4) 2.6112
S (6)-0(5) 1.5025
S (6)-0(2) 1.6404
V(4)-0(2) 1.8289
V (4)-0(1) 1.5871
V (4)-0 (3) 1.8169

=-2738.15837995 h 
triplet

021311 (Hartree/Particle)
032173
033117
019346
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V2O5SO2 (BPW91/TZVP)

v2o5so2slrl.log
0 -1.051079 .664125 -1.183751
0 1.953297 .013696 -.657944
0 .527973 2.412555 .306471
V .241967 .882302 -.067026
V -2.070233 -.461374 .025499
0 -3.521943 .079101 .469821
0 -2.139015 -2.021151 -.385680
0 -.574588 .012619 1.172984
s 3.266715 -.699846 -.341932
0 3.528188 -.971420 1.081352
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0 10 ) - s (9) 1 4724
S 9) -0( 2) 1 5278
0 8) -v 4) 1 7207
O 8) -V 5) 1 9438
0 7) - V( 5) 1 6145
0 6) -V( 5) 1 6115
V 5) -0( 1) 1 9411
V 5) -V( 4) 2 6759
V 4) -O 3) 1 6009
V 4) - 0 2) 2 0081
V 4) - 0 1) 1 7224

E = -2813.42362512 h 
singlet

,024826 (Hartree/Particle) 
, 037026 
, 037970 
, 017540

v2o5so2sltr.log
0 . 918885 .131117 1.231331
0 -1.763001 -.703854 .000073
0 -.840858 1.970623 .000194
V -.366469 .459522 .000181
V 2.200437 -.205733 -.000071
O 3.552415 .778040 -.000162
O 2.854668 -1.729011 -.000187
O .918690 . 131169 -1.231231
S -3.401526 -.876498 .000230
0 -4.110402 .445266 -.000796
Zero-point 1correction^
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

O 10)-S (9) 1.4999
S 9) -O 2) 1 . 6476
O 8) -V 5) 1.8089
0 8) -V 4) 1.8099
0 7) -V 5) 1.6578
0 6) -V 5) 1.6720
V 5) -0 (1) 1.8089
V 5) -V (4) 2. 6517
V 4) -0 (1) 1.8099
V 4) -0 3) 1.5838
V 4) -0 (2) 1.8176

E = -2813.39639489 h 
triplet

.023064 (Hartree/Particle) 
, 035404 
. 036349 
, 019754
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V3O5SO2 clusters (BPW91/LANL2DZ)
Isomer 1/

v3o5so2sl.log
0 -2.567231 2.146318 -.829768
V -2.137104 1.091413 .305154
0 -.390594 1.083881 .731930
s 3.868502 .569208 -.745271
0 2.046802 .393807 -.781071
0 4.453616 -.170863 .595784
0 -.136964 -1.576392 -.510743
V -1.928273 -1.489640 -.491370
0 -3.121371 -.434850 .344270
V .769781 -.226478 .292834
0 1.453578 -.784292 1.633614

O(ll)-V(10)
V (10)-0(5) 
V(10)-0(3) 
V(10)-0(7)
0 ( 9) -V ( 2 )
0 ( 9 ) - V (8) 
V(8)-0(7)
O (6)-S (4)
0(3)- V (2)
V (2)-0(1)
S (4)-V(10)
S (4)- O (5)

1.6051 
1.7801 
1. 8045 
1.8139 
1.8165 
1.7984 
1.7935 
1.6397 
1.7979 
1.6081 
3.3635 
1.8305

E = -751.152191495 h (2.81 eV) 
doublet

v3o5so2s 1 quart.log, v3o5so2slquartfr.log
O -2.595997 2.108740 -.837307
V -2.161543 1.065636 .306739
O -.417333 1.091616 .746100
S 3.867143 .655339 -.662763
O 2.055244 .470444 -.742717
O 4.460628 -.377125 .463736
0 -.092820 -1.547954 -.569436
V -1.884617 -1.497060 -.490926
0 -3.119247 -.474534 .332620
V .759718 -.195687 .289589
0 1.423763 -.778922 1.629501
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

0(11)-V(10) 
V (10)- O (5) 
V(10)-0(3) 
V(10)-0(7) 
o (9)- V (2)
O (9)-V (8)
V (8 ) -0(7)
0 ( 6)-S (4) 
0(5)-S (4)
0(3)- V (2)
V (2)-0(1)

1.6051 
1.7854 
1.8031 
1.8148 
1.8138 
1.8022 
1.7942 
1.6393 
1.8231 
1.7989 
1.6080

E = -751.152029617 h (2.82 eV) 
quartet

.024742 (Hartree/Particle) 

. 038843 

.039788 
-.021497

393

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Isomer 2

v3 o5so2s2rest.log, v3 o5 so2s2fr.log
0 -3.743179 -.673213 -.749176
0 -1.570590 1.254011 -.300109
V -2.322891 -.364524 -.059144
0 -1.310234 -1.771023 .380686
0 -.086885 3.252944 1.132051
V -.060396 2.196640 -.083028
s .081057 -2.829781 .356726
0 1.417779 -1.702751 .445630
0 1.475312 1.291332 -.276394
V 2.360293 -.258672 -.030407
0 3.721792 -.515388 -.849975
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

O(ll)-V(10) 
V (10)-0(9) 
V (10)-0(8)
0 ( 9 ) - V (6)
0(8)-S (7)
S (7)-0(4)
V (6)-0(5)
V (6)- O (2)
0(4)- V (3)
V ( 3 ) - 0 ( 2 )
V (3)-0(1)

6097
8017
7889
7931
7507
7485
6102
7934
7881
8010
6089

E = -751.202511772 h (1.45 eV) 
doublet

024321 (Hartree/Particle)
039002
039947
022455

v3o5so2s2quartdi.log
0 -3.690378 -.612848 -.878744
O -1.510963 1.264620 -.281709
V -2.348747 -.312178 -.041276
0 -1.368255 -1.726200 .448611
0 .003256 3.240359 1.151897
V .002153 2.207239 -.083698
S -.000084 -2 .816286 . 370786
0 1.362587 -1.719377 .460867
0 1.514669 1.263809 -.282227
V 2.350005 -.313510 -.038169
O 3.679445 -.624751 -.891233
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy^

0(11)-V(10) 1. 6100
V(10)-0(9) 1.8015
V (10)- O (8) 1.7890
O ( 9) - V ( 6) 1.7936
O ( 8)-S ( 7) 1.7516
S (7)- O (4) 1.7511
V (6)- O (5) 1.6106
V ( 6)- O (2) 1.7937
0(4)- V (3) 1.7891
V (3)-0(2) 1.8017
V (3)- O (1) 1.6099

E = -751.201997180 h (1.46 eV) 
quartet

. 024241 

.038952 

.039896 
-.023403

(Hartree/Particle)
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Isomer 3

v3o5so2s3rest.log, v3o5so2s3fr.log
0 . 129619 1.258023 .730664
V -1.520613 1.720940 .235674
0 -1. 659248 2.965306 -.772885
s 4 .245511 .073615 -.759668
0 -2 . 429628 .231647 -.230341
0 2.526247 .011873 -.614447
0 -2.595250 -2.666297 .100306
V 1.155147 -.218865 .485172
V -1.766694 -1.425808 -.501744
0 1.675283 -.750871 1.907046
0 -.008086 -1.416180 -.230926

0 (11)- V (8) 1.8164
0(11)- V (9) 1.7794
0 (10)- V (8) 1.6048
V (9)-0(5) 1.8056
V (9)-0(7) 1. 6087
V (8)- O (6) 1.7727
V (8)-0(1) 1.8147
0 (6)- S (4) 1.7265
0(5)- V (2) 1.8060
0(3)- V (2) 1. 6077
V (2)-0(1) 1.7840

-751.255637562 h (0  eV) 
doublet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

.024571 (Hartree/Particle) 

.038884 
, 039828 
.021458

v3o5so2s3quart.log, v3o5so2s3quartfr.log
0 .219947 1.239944 .665244
V -1.464029 1.730731 .221734
0 -1.651850 3.080069 -.632870
S 4.267271 . 116959 -.768139
0 -2.425661 .290262 -.278832
0 2.586990 -.122596 -.556144
O -2.685307 -2.613497 .085575
V 1.141801 -.284739 . 484542
V -1.810499 -1.399222 -.505145
0 1.581005 -.812009 1.936839
0 -.028074 -1.430553 -.261783

0(11)- V (8) 1.7996
0(11)- V (9) 1.7992
0(10)- V (8) 1.6063
V (9)- O (5) 1.8122
V (9)-0(7) 1.6089
V (8)-0(6) 1.7883
V (8)-0(1) 1.7908
O (6)-S (4) 1.7105
0(5)-V (2) 1.8028
0(3)- V (2) 1.6082
V (2)- O (1) 1.8092

-751.254255294 h (0.04 eV) 
quartet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

.025222 (Hartree/Particle) 

.039429 

. 040373 
-.020721
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Isomer 4

v3o5so2s4qcr.log, v3o5so2s4fr.log
s 1. 783853 2.308005 .049698
0 .500906 1.327073 .954735
0 2.810686 1.015598 -.571033
0 -3.902310 1.307272 -.643389
V 2.859039 -.784235 -.393082
V -3.487154 -.251384 -.454754
0 1.255014 -1.324431 .276123
0 4.244683 -1.560814 -.127365
V -.147856 -.305477 .679620
0 -1.733501 -.521887 -.061905
0 -4.512268 -1.003168 .557061

0(11 )- V (6) 1.. 6247
0(10 )“V (9) 1..7638
0(10 )- V (6) 1.,8174
V ( 9) -0(2) 1.,7781
V ( 9) -0(7) 1,.7802
0(8) -V (5) 1,, 6105
0(7) -V (5) 1., 8200
V (6) -0(4) 1,. 6240
V (5) -0(3) 1,.8093
0(3) - S ( l ) 1..7635
S (1) -V (9) 3..3104
s  (1 )-0(2) 1., 8513

E = -751.168269896 h (2.38 eV) 
doublet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

,023311 (Hartree/Particle)
.038180
.039124
.026231

0(11)- V (6) 1.6222
0(10)- V (6) 1.8037
0(10)- V (9) 1.7835
V (9)-0(2) 1.7842
V (9)-0(7) 1.7726
0(8)- V (5) 1.6155
0(7)- V (5) 1.8171
V (6)-0(4) 1.6224
V (5)-0(3) 1.8329
0(3)- S (1) 1.7575
O (2)- S (1) 1.7857

S
v3o5so2s4quart.log, v3o5so2s4quartfr.log
-2.309932 2.294696 .179366

0 -.696166 1.604825 -.150380
O -3.269300 .823365 .239431
O 4.374552 -.398518 1.420181
V -2.905221 -.963223 .051834
V 3.731597 -.399866 -.069411
O -1.100785 -1.134892 -.075693
O -3.986842 -2.128116 -.236005
V .202773 .063648 -.154764
0 1.928083 -.383196 -.087517
0 4 .411520 .763035 -.973268
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

: -751.171154934 h (2.30 eV) 
quartet

.023591 (Hartree/Particle) 

. 038332 

. 039276 
-.025326
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Isomer 5

v3o5so2s5qc.log, v3o5so2s5fr.log

0 3.901286 -.107871 .058872
0 -3.900834 -.108088 .059635
0 -1.500917 1.546784 -.047481
0 1.501017 1.546379 -.046767
V .000051 2.379154 .410760
V -2.357159 .000014 -.397446
V 2.357267 -.000290 -.397122
s -.000276 -2.416651 .233068
0 -1.397517 -1.513759 -.569439
0 1.398047 -1.514468 -.568082
0 -.000983 -1.854950 1.750576
Zero -point correction=

0(11)-S (8) 1.6181
O (10)-V(7) 1.8006
0(9)- V (6) 1. 8006
V(7) -0(1) 1.6135
V (7)-0(4) 1.8022
V (6)-0(3) 1.8023
V (6)-0(2) 1.6135
V (5)-0(4) 1.7764
V (5)-0(3) 1.7764
S (8)-0(10) 1.8469
S (8)-0(9) 1.8470
V (7)- S (8) 3. 4342
V(6)-S(8) 3.4341

E = -751.059533384 h (5.34 eV) 
doublet

Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

022806 (Hartree/Particle)
037668
038612
024110

v3o5so2s5quartqc.log, v3o5so2s5quartdir.log, 
v3o5so2s5quartfr.log

0 4.411263 .763724 -.973671
0 -3.986952 -2.126766 -.241473
0 -1.101136 -1.135071 -.072741
0 1.928291 -.384292 -.088532
V .202796 .062903 -.152915
V -2.905715 -.963177 .053116
V 3.731767 -.399713 -.070191
S -2.309649 2.295087 . 177559
0 -3.268768 .823669 .240059
O 4.374350 -.398140 1.419583
0 -.695686 1.604165 -.149621
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(11)-V(5) 1.7838
0(11)- S (8) 1.7858
0(10)- V (7) 1.6224
0(9)-S (8) 1.7577
0(9)- V (6) 1.8328
V (7)- O (1) 1.6222
V (7)- O (4) 1.8035
V (6)-0(3) 1.8172
V (6)-0(2) 1.6155
V (5)- O (4) 1.7837
V (5)- O (3) 1.7725

-751.171154848 h (2.30 eV) 
quartet

.023595 (Hartree/Particle) 

. 038331 

.039275 
-.025267
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V4O8SO2 (BPW91/LANL2DZ)

0 -0.650368
v4o8so2sl.log

0.659833 0.002082
V -0.626390 0.010124 1.699780
0 -2 . 395220 -0.395937 1.407846
0 0.545821 1.272303 1.890943
s -3.450497 -0.044057 0.000902
V -0.627781 0.019444 -1.697985
0 -2.398100 -0.385186 -1.410626
0 0.543448 1.281876 -1.887182
0 0.360933 -1.455666 1.455247
V 1.179072 1.532071 0.003295
0 1.831833 2.990796 0.006431
0 0.357639 -1.448968 -1.460444
0 2.277758 0.133537 -0.000861
V 1.458378 -1.496450 -0.004046
0 2.450323 -2.751892 -0.008241
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(15
V (14
V (14
V (14 
0(13 
0(12 
0(11 
V(10 
V(10 
V(10 
0(9) 
0 (8) 
0(7) 
0(7)
V (6)
S 1 
0| 
0| 
Vi

)- V (14) 
)-0(13) 
)-0(9)
)-0 (1 2 ) 
)-V (10) 
)- V (6)
)-V{10)
)-0 (8 )
)-0(l)
)-0(4) 
-V(2)
-V (6)
-V (6)
-S (5) 
-0 (1) 
-0(3)
-V (2) 
-V(2) 
-0 (1)

6000
8243
8264
8262
7785
7843

1.5981
0101
0267
0079
7841
7324
8386

1.7934
1.8168
1.7936
1.7331
1.8382
1.8179

-1048.49711439 h 
singlet

0.038025 
0 . 054685 
0.055629 
-0.005175

(Hartree/Particle)
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V 1.481357
v4o8so2s2rl.log

-0.194734 1.916555
0 -0.229025 -0.464011 1.690468
0 1.787126 1.361826 1.215977
s -4.658063 -0.521725 -0.080627
0 -4.931912 1.069866 -0.366790
0 2.292446 -1.345165 0.860149
0 -2.838320 -0.783396 0.219423
V -1.175632 -0.318887 0.134634
0 -0.719711 1.299583 -0.433541
V 1.043873 1.784498 -0.450766
0 1.368291 3.240104 -1.036171
0 -0.180941 -1.438761 -0.789403
0 1.831046 0.448027 -1.352735
V 1.646137 -1.280032 -0. 885933
0 2.324389 -2.318301 -1. 900285

0(15)- V (14) 1.6022
V (14)-0(13) 1.7995
V (14)-0(6) 1.8630
V (14)-0(12) 1.8365
0(13)-V(10) 1.7943
O (12)- V (8) 1.7599
0(11)-V(10) 1.6021
V (10)- O (3) 1.8733
V (10)-0(9) 1.8291
O (9)- V (8) 1.7749
V (8)- O (2) 1. 8269
V (8)- O (7) 1.7284
0(6)- V (1) 1.7599
O (5)-S (4) 1.6401
0(3)- V (1) 1.7341
0(2)- V (1) 1.7461

E = -1048.48433852 h 
singlet

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0.036334
0.054218
0.055162
-0.010936

(Hartree/Particle)
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V409S0 2 (BPW91/LANL2DZ)

0 2.081480
v4o9so2slr3.log

-2.322683 -2.229722
0 1.679558 0. 483085 -1.710156
V 1.465401 -1.238599 -1.224404
0 1.182675 3.278060 -1.180005
V 0.986403 1.776102 -0.660308
0 -0.326515 -1.426321 -0.894885
0 2 .121748 -1.307935 0.451013
0 -0.753254 1.270777 -0.387388
0 1.685866 1.441434 0.964614
V -1.208800 -0.331350 0.164664
V 1.495898 -0.184906 1.707288
0 -2.891265 -0.665275 0.321665
s -4.702169 -0.519514 -0.082523
0 -0.319175 -0.482973 1.689183
0 -5.117760 1.055165 0.034525
0 2.186636 -0.345389 3.142890
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

0(16)
0(15)
0(14)
0(14)
0 (12)
V(ll)
V(ll)
V (10)
V (10) 
0(9)- 
0 (8)- 
0(7)- 
0 (6)-
V (5) -
V (5 ) -
V (3) -
V (3 ) - 
0 (12) 
V(10)

-V(ll) 
- s (13) 
-V(ll) 
-V(10) 
-V(10) 
-0(9) 
-0(7) 
-0 (8) 
-0 (6) 
V(5)
V (5) 
V(3)
V (3) 
0 (2) 
0(4) 
0 (2 ) 
0 (1)
- S (13) 
- S (13)

1.6012 
1.6328 
1.8395 
1.7716 
1.7225 
1.7980 
1.7975 
1.7547 

7607 
8005 
8320 
8007 
8316 
8040

1.6014 
1.8017 
1.6017

8612
5072

■1123.79017099 h 
singlet

0.039740 
0.058910 
0. 059854 
-0.009689

(Hartree/Particle)
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