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ABSTRACT
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GROUND STATE STRUCTURAL SEARCHES FOR BORON ATOMIC CLUSTERS USING DENSITY FUNCTIONAL THEORY

by John Kabaa Kamau


Elemental boron has a fascinating chemical versatility that is unique among the elements of the periodic table. The study of the evolution of boron atomic clusters and their chemical and physical properties is of fundamental interest to researchers interested in nanotechnology.

One of the most difficult problems in the study of boron clusters is finding their ground state cluster structures. The atomic arrangements in clusters are generally very different from those in corresponding bulk materials, such that chemical intuition cannot be trusted to generate optimal structures. An unbiased search method was used to search for these stable boron structures. It took advantage of the relative speed of the density functional-based tight binding (DFTB) method to identify low-lying local structures and then used the more accurate density functional theory (DFT) to find the ground state structures.

The lowest energy boron clusters for cluster sizes N = 2-14, 16, 18 and 20 and their respective binding energies per atom were investigated. Planar, three-dimensional (3D) cage-like and tubular ring-shaped structures were found. Preliminary results, for B80, at the DFTB level suggest that cages are not the most stable cluster structures.
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INTRODUCTION
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Overview of Atomic Clusters


Clusters are aggregates of particles ranging from a few to many thousands. They may consist of identical atoms or molecules of two or more different species. Clusters can be studied in several media, such as in molecular beams, the vapor phase, colloidal suspensions and then isolated in inert matrices or on surfaces [1]. Interest in clusters arises, in part, because they constitute a unique type of material that has distinct properties from those of bulk matter. Their small size causes the properties of clusters, in general, to be different from the corresponding bulk material. This difference can be said to bridge the gap between small molecules and bulk materials [2]. An important issue involves determining how large a cluster must be before its properties resemble those of the bulk element.

The addition of a single atom can dramatically change the physical and chemical properties of a cluster. This makes clusters fascinating from a fundamental point of view, and also potentially very useful, as careful size selection may result in properties that are optimal for applications such as nanocatalysis [3]. The investigation of the geometric and electronic structures of clusters and their related properties is nowadays of great interest.

Historically, theory has played (and continues to play) an important role in the development and application of cluster science. Computational methods are very useful in the interpretation of spectroscopic (e.g. photoelectron spectroscopy) and mass spectrometric data. The field of clusters also serves as a proving ground for theoretical
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methods by testing the range of validity of models derived from the extremes of atomic and solid-state physics [3]. One of the main challenges for cluster theory is to develop an understanding of cluster structure and bonding that is applicable over large size ranges.

Chemical intuition, albeit helpful, cannot be trusted to generate optimal structures. The most stable conformation of a cluster corresponds to the global minimum of a suitable potential energy function. Clusters corresponding to global minima (or low-lying local minima) are the most likely candidates for the most probable structure formed in a cluster experiment, though, depending on experimental conditions, the structures observed experimentally may be from metastable (kinetic) and thermodynamic products. It is also important, however, to locate the global minimum from the point of view of testing the accuracy and how physically reasonable a particular inter-atomic potential energy function is.



Boron Clusters


Until the mid-1990s the chemistry of elemental boron was thought of only in terms of α-Boron and β-Boron [4], which are complex bulk structures based on slightly distorted icosahedral B12 cluster units as shown in Figure 1 below. The α-Boron structure is a metastable phase of boron and the simplest known phase. It contains 12 atoms in the rhombohedral unit cell. Pearson’s Handbook [5] gives the lattice constants and positions in terms of the hexagonal unit cell. The β-Boron structure is the ground state phase of boron, with 105 atoms in the unit cell. In nature, boron occurs as β-Rhombohedral periodic crystals and in amorphous forms. The experimental formation
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