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Capturing hydrogen transfer from modeling: a small step
towards simulating chemical reactions by computers

All the matter of the world around us are made of atoms that are joined to form molecules.
Chemists can create new molecules by changing connectivity of atoms in molecules through
chemical reactions. Researchers can control reaction pathway to generate expected molecules
with superior functions after uncovering reaction magic. To explore reaction mechanisms
underneath experiments, theoretical models have been developed. By leveraging the computers,
researchers can simulate reaction processes using theoretical approaches besides the traditional
experiment techniques in lab. People begin to walk deep into the atomic world, which greatly
facilitate chemical synthesis and material design. Due to the growing success achieved by
computational modeling, Nobel Prize was awarded to three chemist "for the development of
multiscale models for complex chemical systems" in 2013. However, the early version of multiscale
models, for example, the hybrid quantum mechanical and molecular mechanical (QM/MM) method,
cannot reach the timescale of reaction occurrence. To overcome this issue, the multiscale
modeling method is combined with enhanced sampling method to realize sampling within limited
simulation timescale. The first try is demonstrated by implementing QM/MM potential with the
selective integrated tempering sampling (SITS) method.

Fig. 1. Double proton transfer process in porphycene simulated by SITS-QM/MM method. The
protons are highlighted with orange color.

The combined SITS-QM/MM is proposed to investigate the chemical reactions in solution. The
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applicability is validated by using two representative double proton (hydrogen atom with positive
charge) transfer reactions, independent proton transfer in 3-3’-bis-malondialdehyde (MDH) and
correlated proton transfer processes in porphycene (PPC). SITS-QM/MM molecular dynamics
simulations can monitor in real time distance changes of hydrogen bond as illustrated in Figure 1,
which is beyond the resolution of experimental techniques. The time delay between two
consecutive proton transfers serves as important clues to distinguish independent and correlated
process. To obtain more insight, the free energy barrier that is required for hydrogen bond
breakage is computed along the reaction pathway, which cannot be captured by normal molecular
dynamics simulations. One noticeable finding is that the existence parallel reaction pathway can
lead to the pseudo free energy change profile. The conditional distance distribution and free energy
profile have been well established to identify independent and correlated proton transfer processes
for different molecules. The combination of SITS and QM/MM make it possible to identify possible
reaction paths, intermediate and product states without prior knowledge of reaction mechanisms.
Moreover, the hydrogen/deuterium (H/D) isotope effects on the double proton transfer in PPC are
also investigated in the later study. The structural analysis and the free energy shifts of double
proton transfer process indicate that the asymmetric isotopic substitution in PPC compress the
covalent hydrogen bonds and alter the location of original transition state of unsubstituted PPC.
SITS-QM/MM can provide free energy barriers and structural changes during reaction, which
provides chemical insights for the design of chemical reaction pathway. The protocol can be easily
extended to explore and optimize potential halogen or deuterium substitution of the hit discovery
and lead optimization stages of drug design, which would be beneficial for both academic studies
and industry applications.

The multiscale molecular modeling combined with enhanced sampling provides an initial trial for
the road map of the capturing chemical reaction steps in real-time. We are excited to look forward
to more advanced theoretical methods to simulate more complex reactions by computers in the
future.
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