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Reconstructing the thermodynamics and kinetics of activated 
processes with molecular dynamics simulations: from 

chemical reactions to biomolecular recognition 
Abstract: 

Molecular dynamics allows simulating a number of different physico-chemical processes at the experimental 

conditions of temperature, pressure, concentration, etc. Unfortunately, the time scale that is nowadays accessible 

is typically smaller than one nanosecond if interatomic forces are computed from density functional theory, or 

smaller than one millisecond if an atomistic force field is employed. Metadynamics [1] is an advanced technique 

designed to overcome this limitation: it greatly accelerates the sampling of the configuration space and it allows 

reconstructing the free energy profile, and sometimes even the kinetics, of complex activated processes 

occurring over time scales exceeding seconds. I will present the basic metadynamics algorithm and some recent 

developments.  

On one side, it is possible to combine metadynamics with graph theory by regarding a system of atoms as a 

"social" network whose connections are the chemical bonds [2]. This approach allowed us to investigate 

complex multi-step chemical reactions without imposing any prejudice about the transformation pathway, 

leading us to rationalize the folding of a graphene flake into a fullerene-like cage observed by transmission 

electron microscopy [3], and opening the way to the systematic study of reactions in solution and phase 

transitions in disordered systems [4].  

On the other side, to tackle very challenging biomolecular processes characterized by several different reaction 

coordinates, multiple metadynamics simulations can be run in parallel and their trajectories can be combined 

together to reconstruct high-dimensional free energy surfaces [5]. In this way we could investigate the detailed 

association mechanism of a substrate to HIV-1 protease [6], and the dimerization mechanism of the latter 

enzyme, discovering a promising new route towards the design of new drugs [7]. 
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