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The fundamental building blocks of molecules, leading to the chemical evolution in the Universe, can be formed
on cosmic ice dust grains in the interstellar medium. To gain quantitative insights into the chemical evolution
in the interstellar medium, it is essential to know the mechanisms of the chemical reactions on ice grains at
very low temperatures (e.g., 10 K). As the chemical reactions occur at low temperatures, computing rate
constants accounting for quantum tunneling is essential.

The objective of the research exchange with Sweden was to develop computational methods to calculate rate
constants of the chemical reactions accounting for quantum tunneling. The Swedish team members are very
important, as they are the experts in the quantum effects of chemical reaction dynamics. The Japanese team
has expertise in computing potential energy surfaces and performing laboratory experiments.

During 2022 and 2023, Japanese team members visited Sweden twice to present and discuss research progress
and outcomes. Both Swedish and Japanese teams actively participated in research discussions and

presentations.
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For the rate constant calculations, our objective was to use three methods, in particular the Wigner method,
Harmonic quantum transition state theory, and Eckart potential to compute rate constants accounting for
quantum tunneling. Rate constants of several reactions on ice were computed and compared with the available
experimental results;

PH3 + H, SO2 + H, NH3 + OH, CH30OH + OH (radical), CO + OH (radical).

Computed potential energy surfaces of the above reactions on ice indicated relatively high reaction barriers,
which are difficult to pass thermally at low temperatures (e.g., 10 K). In general, we found that the computed
rate constates accounting for quantum tunneling from the Wigner method and Harmonic quantum transition state
theory are very small and not realistic. On the other hand, the Eckart potential gave reasonable rate constants,

indicating that the above reactions can occur at low temperatures.
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The Swedish team focused on theoretical studies of the chemical processes in the interstellar medium, while the
Japanese team worked on experimental studies. Thus, two symposiums were organized at the University of
Gothenburg in Sweden (one in 2020 and another in 2023) to exchange research outcomes from the ongoing
research activities and set up new collaborative research projects. Research outcomes from this project have

been published and also presented at several national and international conferences.
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In 2022, three junior and three senior members of the Japanese team visited Sweden to present their research

at the Symposium. In 2023, two senior and three junior members visited Sweden and discussed their research

outcomes at the symposium. Each member gave presentations followed by active discussions. Thus, both



Japanese and Swedish team members gave their input to achieve the goals of the projects. Symposium dinners

were great occasions to establish good relationships with both teams.
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The two symposiums were great occasions, especially for young members of both Swedish and Japanese teams
for scientific discussions. The Japanese young team members met Swedish researchers, and their research
initiatives, through this project, will initiate new potential research collaborations. Now Japanese young team
members are in the position to initiate independent research collaborations with the Swedish team members,

which will be beneficial for the future research of young team members
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This project established computational methods to compute rate constants accounting for quantum tunneling, in
particular employing the Wigner method, Harmonic quantum transition state theory, and Eckart potential.
Computed rate constants give some insights into the possibility of achieving the reaction under experimental
conditions. Thus, the outcomes of the present project will be beneficial for future combined experimental and

theoretical studies between Japanese and Swedish team members.
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