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Transformations in physics

Transformations are at the heart of physics:
Study of nucleation processes:

Goniakowski et al J Phys Chem C 2022 126 (40)

Study of ion pair dissociation:

Mullen et al J. Chem. Theory Comput. 2014, 10, 2

Study of protein folding:

Novelli et al J. Chem. Theory Comput. 2022

Study of chemical reactions:

Magrino et al J. Phys. Chem. A 2022, 126, 47
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Molecular dynamics simulations

A chemical reaction is a transition between two metastable states A and B

Molecular dynamics(MD):
Track the evolution of a sys-
tem by numerically solving

Newton’s equations of motion

P(s) =
1

T

∫ T
0 δ(s(x(t) − s)dt

F (s) = −kB Tln(P(s))
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The timescale problem

The Bottleneck: need to observe many transitions to have enough statistics to recover the
thermodynamics and the kinetics

Transition rates at 300K for
different barrier heights:
20 kcal/mol: 1/minute
30 kcal/mol: 1/human life
40 kcal/mol: 1/billion years
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One solution: Umbrella sampling

Split the chemical space into bins
In each bin perform a simulation in a
potential of the form:

Vbiased(r) = V (r) + k(r � r0)
2

Assemble the statistics of all the bins
and get the free energy
Main problem: it depends on the
reaction coordinate

Reaction coordinate
Projection of the 3N dimensional position space onto a 1D space that contains all the
information about the reaction
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The reaction coordinate

Use of a reaction coordinate based on a putative
reactive pathway : path collective variables
Branduardi, Gervasio, Parrinello, JCP 126, 054103 (2007)


s(t) =

1
N � 1

(∑N
α=1 α exp(�λD[x(t),Xα])∑N
α=1 exp(�λD[x(t),Xα])

� 1

)
z(t) =

�1
λ

log
∑N

α=1 exp(�λD[x(t),Xα])

Metric that includes the solvent:
Pietrucci, Saitta, PNAS, 112(49) (2015)
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Recent results: Strecker synthesis of glycine

Thorough study of every step of the prebiotic
synthesis of glycine :

T. Magrino, F. Pietrucci, A.M. Saitta, J. Phys. Chem. Lett. 2021, 12

Umbrella sampling was used, but each step
needed at least 500k CPU.h
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Machine learning

Machine learning in every day life:

ML answer:
It is a cat

Machine learning in molecular dynamics simulations:

ML answer:
quantum ener-
gies and forces
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Using ML to recover thermodynamics and kinetics of chemical reactions

ML answer:
quantum energies
and forces along

the chemical space

Can we use machine learning interatomic
potentials (MLIP) in such complex
environments?

Between 40-60 US windows: need of a MLIP
capable of producingab initio quality
simulations in each window
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Assessing the quality of a simulation

Train several ML models to form a "committee", and compute the deviation of the prediction
between them

Agreement between
all the members gives
good physical results

Disagreement between
all the members gives
bad physical results
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