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Current Research Activity (Executive Summary) 

ns of atoms, connected by bonds that define their 
der of 100 million different compounds, have been 
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st-row atoms (C, N, O, F) and hydrogen. Procedures have been 

scientific compute cluster (>
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Empirical and Quantum Interaction Models in Molecular 
Simulat
 
Statistical Physics and Computer Simulation (ETH Zürich
 
C

Chemical space exploration for machine learning 

Chemical compounds may be thought of as collectio
structure. An impressive number of them, on the or
made in the lab since the early days of chemical synthesis. This number is still dwarfed by serious 
estimates of how many different molecules are conceivable and small enough to have drug-like structure, a 
number thought to exceed an astronomical 1060. Clearly, experiment alone cannot explore any significant 
percentage of this space. 

Computational approaches, and accurate quantum chemistry in particular, allow one to predict properties 
of unknown molecules, bu
expensive property calculations into inexpensive property queries, needed for any serious attempt to cover 
significant portions of chemical space. 

Our work focuses on the exploration of the “Small Molecule Universe”, a chemical space we define to 
contain all molecules with up to 8 fir
devised to enumerate Lewis-valence  structure space exhaustively and to generate high-level, reliable 
reference data from quantum chemistry that so far are largely unavailable. More than a billion 
semiempirical (lower level) calculations were used for prescreening, and high-level calculations have been 
performed for millions of molecules. Generated data include thermochemical (ATOMIC-2; protocol 
developed in refs. 32-35, 37-39), spectroscopic (IR, UV/VIS, NMR), and other properties. The assembly 
of the database and the design of tools for efficient queries will satisfy growing needs in chemical 
information and quantum machine learning and it is expected that it marks a major leap forward compared 
to existing alternatives, both in coverage and data quality. Preliminary results indicate that there exist 
many experimentally unknown molecules that are more stable thermodynamically than well-known 
isomers.  
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Past Research Activity (published) 

 
 

A. Semiempirical calculations on large fullerenes, focusing on aspects of stability and on 
spectroscopic predictions to aid experimental identification, in an area which at the time emerged 
as a new branch of chemistry (1-10). 
 

B. Development of combined quantum/classical (QM/MM) approaches, focusing on aspects of 
coupling the “quantum mechanical” regions (QM, electronically important parts of a molecule) 
with the “classical” or “molecular mechanical” regions (MM, molecular environment) (PhD 
thesis, 12-13). Such approaches have now become standard tools in computational chemistry.  
 

C. Development of a graphical molecule editor, exploiting molecular symmetry to facilitate the 
definition of suitable starting geometries for complex molecules (appendix to PhD thesis). 
 

D. Biomolecular simulations, addressing, e.g., solvent effects on chemical reactivity (14-16), 
principles of peptide folding, structural properties of membranes, and questions of solvent 
mobility in large protein cavities  (19-21, 24-27, reviews in 17-18, 22-23, 29). 
 

E. Development of analysis techniques for molecular simulation, such as a computational 
geometry based procedure to capture solvent exchange between protein cavities and the 
environment, and application to fatty acid binding protein (19-20). 
 

F. Biomolecular simulation software development, including shared-memory parallel 
implementations and design of improved pair-list techniques (28) and of GPU force kernels. 
 

G. High level ab initio thermochemistry, developing procedures to extrapolate correlation energies 
to complete basis set limits (30-31), designing computationally efficient protocols for 
thermochemical data that retain high accuracy through ab initio isodesmic corrections (ATOMIC, 
32-35), developing realistic estimates of model bias and uncertainty (37-38), and introducing 
further refinements in both accuracy and computational efficiency (ATOMIC-2, 39-40). 
Applications to larger molecules have identified a surprisingly large number of cases where 
experiment is likely in error and heats of formation should be revised (38).
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