QUANTUM CHEMISTRY

Annual Research Highlights

(1) “Tracing ultrafast hydrogen migration in allene in
intense laser fields by triple-ion coincidence
momentum imaging”

We investigated the two types of three-body Coulomb
explosion processes of allene induced by intense laser
fields, I: C;H,*—H" + C,H" + CH," and II: C;H,” —H"
+ CH" + C,H,", by the triple-ion CMI method.

The geometrical structure of C3H43+ was reconstructed
from the momentum vectors of the three fragment ions as
shown in Fig. 1. It is noted that the migrating proton
covers the entire range of an allene molecule and the
migrating proton exhibits a denser distribution in the area
around the ion moiety to which it is initially bonded, that
is, C,H" in Pathway | and CH' in Pathway Il. The
distribution in the area around CH," in Pathway | and that
in the area around C,H," in Pathway Il indeed indicate
that the migrating proton reaches the other end of the
allene molecule prior to the C-C bond breaking. It can
also be seen in both Figs. 1(a) and 1(b) that the proton
density in the spatial region between those two relatively
dense areas is much smaller, showing that the proton
stays with a much lower probability in the spatial region
between the two heavy moieties.
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Fig. 1 The geometrical structure of C;H,*" reconstructed
directly from the observed momentum vectors ejected through
the Coulomb explosion pathways of (a) Pathway I: C;H,*" —
H" + C,H' + CH," and (b) Pathway II: C;H,** — H" + CH" +
C,H,". The parameter r is the distance between the proton and
the center of mass of “C,H" and CH,"™ in Pathway | or that of
“CH" and C,H," in Pathway Il, and @ is the angle between r
and the line connecting the two heavy moieties in each pathway.

The rcos@ distributions of the proton for Pathway |
(open bar) and Pathway Il (solid bar) are plotted in Fig.
2(a). It is seen in Fig. 2(a) that the relative intensity of
Pathway | is larger in the region of rcosé <0, while the
relative intensity of Pathway Il is larger in the region of
rcosd>0. This may be interpreted as follows by referring
to Fig. 2(b). When a proton is trapped in the region of
rcosd <0 in the course of the migration from one end to
the other, as shown in the upper-left side of Fig. 2(b), the
precursor species H'...C,H"...CH," may be formed
preferentially, that is, the C-C bond between C,H" and
CH," is broken with the larger probability. This is
Pathway I. Contrary, if the position of the migrating
proton is in the region of rcos@ >0, as shown on the
upper-right side of Fig. 2b, the precursor species

H"...CH'...C,H," may be formed preferentially, that is,
the C-C bond between CH™ and C,H," is broken with the
larger probability. This is Pathway Il. Therefore, it can be
said that the extent of the hydrogen migration plays a
decisive role in breaking selectively one of the two
initially equivalent C-C chemical bonds that become
inequivalent in the course of the hydrogen migration.
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Fig. 2 (a) The rcos@ distributions for Pathway | and Pathway
Il., and (b) the schematic diagram for the position of the C-C
chemical bond broken preferentially depending on the spatial
position of the migrating proton.

1.(1)-1) J. Chem. Phys. 131, 151102 (2009).

2) “An extension of multiconfiguration
time-dependent Hartree-Fock theory to
description of molecular dynamics”

The multiconfiguration time-dependent Hartree-Fock
(MCTDHEF) theory has originally been developed for the
description of many electron dynamics within a molecule
interacting with a strong laser field. Our recent
experiments revealed the existence of the ultrafast
hydrogen and/or proton migration within a hydrocarbon
molecule in an intense laser field. We have proposed a
theory to describe the hydrogen migration dynamics as
well as electron dynamics within a molecule by extending
the MCTDHF theory to construct a
non-Born-Oppenheimer time-dependent molecular wave
function. In this theory a class of hydrocarbon molecules
that consist of electrons, protons, and two heavy nuclei is
treated as if such the molecules are diatomic molecules,
“diatomic-like molecular picture”. By the introduction of
the notion of the diatomic-like molecule the numerical
implementation of the extended MCTDHF calculations
can be a practical means from the view point of the
calculation costs.

1.(1)-4) J. Chem. Phys. 131, 164118-1 (2009)
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