
Principal Investigator: Paul Ayers 

Title of research project: Chemical Concepts from Quantum Mechanics 

Project description: The immediate outputs of quantum chemistry calculations are the approximate 
energy and wavefunction for a chemical substance. However, extracting a molecule’s intrinsic chemical 
characteristics from the gigabytes of raw numerical wave-function data is neither unique nor 
straightforward, because chemical concepts (e.g. atoms & bonds) do not correspond to well-defined 
observables in quantum mechanics. This has led into a proliferation of post-processing methods for 
interpreting the wavefunction in chemical language. Unfortunately, only a limited number of these 
interpretive tools, and rarely the most modern ones, exist in quantum chemistry packages.  

To bridge this gap, we have developed a stand-alone free and open-source Python package, called 
ChemTools, to take the numerical output of quantum chemistry packages (including our own package, 
HORTON) and extract chemical concepts. Our goal—and the larger goal of the QC-Devs organization is to 
make it easy for theorists to test and implement new ideas and non-specialists (e.g. experimental or 
computational chemists) to use the most recent tools from conceptual quantum chemistry in their 
research/teaching. Projects based on ChemTools have multiple facets including mathematical 
development (converting the chemical problem to a mathematical problem), software implementation 
(programming mathematical equations within the ChemTools packages), and computational modeling 
(running calculations and analyzing results) of molecular reactivity. Depending on a student’s interests, 
one or more of these facets could be emphasized. Some ongoing projects include: 

Visualize Molecular-Orbital Diagrams: While quantum chemistry calculations often provide information 
about the shape and energy of the molecular orbitals, characterizing their composing atomic orbitals 
remains challenging. In this project one constructs molecular-orbital diagrams directly from calculations, 
and uses these diagrams to explore chemical phenomena. A phenomena of persistent interest to our 
group is redox-induced electron transfer. Another phenomena of interest is the role of hyperconjugation 
in torsional barriers and tautomerization for ketones, thioketones, and selones.  

Visualize Chemical Reaction Pathways: In order to understand the driving forces behind chemical 
reactions, it’s useful to be able to visualize how various molecular features (e.g., atomic charges, Lewis 
acidity, site-electrophilicity, electronegativity) change over the course of a reaction. In this project one 
uses the Gopt library (from HORTON) and the ChemTools package to explore chemical reactions. 
Reactions from our standard database of organic, inorganic, and biochemical reactions could be used, but 
it might be even more interesting to explore a nonpolar cycloaddition reactions, where there is 
mechanistic uncertainty about the possible role of diradical structures. 

Number of available positions: 2 

Please send your CV and transcript to ayers@mcmaster.ca 

 

  


