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Abstract An ab initio molecular dynamics simulations
have been carried out for the dissociative recombination
reaction of the deuterium-substituted hydronium cation,
HD,0" + e7, at the state-averaged multiconfigurational
self-consistent field level. In the present simulations, five
electronic states of HD,O were included explicitly, and non-
adiabatic transitions among adiabatic electronic states were
taken into account by the Tully’s fewest switches algorithm. It
is shown that the dominant products, OD + D + H, were gen-
erated in 63% of trajectories, while the products, OH + 2D,
were generated in only 11% of trajectories, indicating that
the release of a light fragment H is favored over the release
of a heavy fragment D. This result is in conformity with
the observation that there is a larger amount of deuterium
substituted species than the non-substituted species in the
interstellar space.
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1 Introduction

Recent developments in computational performance for the
last decade make it possible to combine ab initio electronic
structure calculations with dynamics. In 1995, an option of ab
initio molecular dynamics code (referred to as DRC) has been
implemented in the ab initio program package, GAMESS [1].
This method was applied to several polyatomic reactions, in
which the trajectories were analyzed in terms of normal coor-
dinates of the molecule [2-5], or in terms of reaction coordi-
nate and curvature coordinate [6,7]. This option enables one
to carry out classical trajectory simulations for any molecular
system in the electronic ground state, based on the energy gra-
dients evaluated by ab initio molecular orbital calculations.
The advantage of this approach is no requirement of poten-
tial energy functions in advance, while the disadvantage may
be a huge computational cost compared to the conventional
trajectory calculations using potential functions. Owing to
the growth of performance of computer resources, however,
the number of applications of this approach increases year
by year, and it is now feasible to do direct trajectory sim-
ulations in the electronic ground state. The next stage may
be to develop an ab initio molecular dynamics method for
electronic excited states. In order to perform a trajectory
simulation in electronic excited states, the energy gradients
on the excited potential energy surface need to be evalu-
ated. In general, a multiconfigurational self-consistent field
(MCSCF) wavefunction is required to describe electronic
excited states. Also, if one considers the possibility of non-
adiabatic transitions between two adiabatic states, the state-
averaged MCSCF (SA-MCSCF) wavefunctions, or higher
ab initio multireference theory, should be employed. Very
recently we have developed a program code for ab initio
molecular dynamics simulations in the electronic excited
states, including Tully’s surface hopping algorithm [8]. This
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code was successfully applied to the dissociative recombina-
tion (DR) reactions of HCNH™ + ¢~ [9] and of H301 4 ¢~
[10] by the SA-MCSCF method.

The DR reaction is a combination of an electron and a
positive molecular ion, which is followed by the dissocia-
tion into neutral molecules. Through the DR reactions, poly-
atomic ions dissociate into different combinations of neutral
atoms/molecules, and the study of the branching ratios of the
DR reaction will help to understand the chemical evolution
in interstellar clouds [11-13]. The possible mechanism to
generate the water molecule in interstellar clouds is the DR
reaction of H3O™ with electrons [14—17]. Jensen et al. [19]
investigated the branching ratios of the dissociative prod-
ucts from this reaction by using the heavy-ion storage ring
ASTRID, and reported the following ratio [18]:

OH + 2H (0.60)
H H 2

Hi0* 4o  |RO+H (025 (1)
OH+Hy (0.14)

O+H,+H (0.013)

This branching ratio was deduced from the collision with
zero relative energy of H30™ and a colliding electron. In ab
initio molecular dynamics simulations for this DR reaction
[10], the experimental branching ratios are reproduced qual-
itatively, although the rates of H;O + H and OH + Hj are
relatively small compared to the experimental ones.

In interstellar clouds, the relative ratio of abundances of
singly-deuterated species to that of non-deuterated species is
observed to be on the order of 0.01-0.1 for several molecu-
lar species [20], which is much larger than the total cosmic
abundance ratio of deuterium to hydrogen, 1 x 107 [21].
This observation indicates that the chemistry of interstellar
clouds favors the formation of deuterated molecular species.
Therefore, it is very interesting to examine the isotope effects
on the branching ratios of dissociative products from the DR
reactions. Jensen et al. [19] reported the branching ratio from
the DR reaction of deuterated species, HD,0™, as follows:

OD+D+H (0.42)
D,O+H  (0.15)
OH+2D  (0.13)
HD,O* 4o — |HPO+D  (©.13) o
OD+HD (0.13)
OH+D, (0.03)
O+HD+D (0.01)
[O+Dy+H  (0.00)

As is shown here, there are much more fragmentation chan-
nels than the non-substituted reaction in Eq. (1), and the
branching ratio of OD + D + H and OH + 2D shows that the
release of a lighter fragment (H) is favored over the release of
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a heavier fragment (D). Based on a simple classical model, it
was argued that if two electronically equivalent dissociation
pathways that lead to different dissociation channels exist,
pure kinetics tends to favor release of the lighter fragment.
In addition, when dissociating along the pathway leading to
release of lighter fragment, the neutral system has less time
to decay by autoionization and hence a higher probability for
completing the DR process [19].

In the present study, we apply the ab initio molecular
dynamics method to the DR reaction of HD,O + ¢~ to
investigate the isotope effect in the DR reaction, and also
to examine the reaction mechanism and the tendency in the
branching ratio.

2 Energy diagram for DR reaction: H301 + ¢~

First we need to investigate an energy diagram for the DR
reaction of HD,O" + e~ to grasp the possible reaction path-
ways through electronic excited states, and also to check the
accuracy of the ab initio methods employed in dynamics sim-
ulations. As is described in the introduction, we already per-
formed similar calculations for H3OT +¢~ [10], and verified
the accuracy of the method. Here we give a brief description
as to ab initio electronic structure methods, and show the
energy diagram for the DR reaction of H3O™" + ¢~. The adi-
abatic potential energy surfaces are of course independent of
atomic masses, and the energy diagram for HD;O" + e~ is
the same as that for H30F 4 ¢~.

The energy diagram has been derived by the SA-MCSCF
and following multireference Rayleigh—Schrodinger pertur-
bation theory with contraction (RS2C) [22] methods for the
ground and excited states of H30 and the dissociative prod-
ucts, OH, H, H,O, H», and O, using the MOLPRO program
package [23]. Geometry optimization was carried out for
H307" in the ground state at the MCSCF/6-311G(d,p) level
with the full valence active space. For the thus optimized
H30% geometry (C3,), the energetics were calculated for
the neutral H3O in the ground state (12A1), the first excited
degenerate state (12E), and two Rydberg states (referred to
as 22A1, 3%A1) with the 6-311G(d,p) basis sets augmented
with Dunning—Hay’s Rydberg functions of O atom (s type
function with o = 0.032 and p type function with o, =
0.028) [24] which is referred to as 6-311G(d,p)+ Ryd(s,p).
In these SA-MCSCEF calculations, the full valence orbitals
plus two Rydberg orbitals of O atom with a; symmetry (s
and p, orbitals where z-axis is taken as the C3 axis of H3 0")
were included in the active space, and five electronic states
described above (12A1, 12E, 22A1, and 32A1) were equally
averaged. For H,O, OH, and H;, we optimized geometri-
cal structures by the MCSCF/6-311G(d,p) method with the
full valence active space, and calculated the relative ener-
gies. The energy for OCP) atom was also calculated by
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(three-states-averaged) SA-MCSCF and RS2C methods with
6-311G(d,p) basis sets, while the energy for H atom was set
to an accurate value, —0.5 hartree. The relative energy of
H;0" (X 'A1) and H30(12A) was evaluated by the state
specific MCSCF and RS2C methods with the full valence
active space and 6-311G(d,p) basis sets.

In the ground state of H3O™T, there are three unoccupied
valence orbitals, 4a; and 2e, which are all anti-bonding
orbitals between O and H atoms. In the valence electronic
states of H3O, an additional electron comes into one of these
unoccupied orbitals of H3O™ : 4ay is singly occupied in
the 1%A; ground state, while 2¢ is singly occupied in the
1?E first-excited state. In SA-MCSCF and RS2C calcula-
tions, p,-type Rydberg orbital is singly occupied in the 2 A4
Rydberg state, while s-type Rydberg orbital is singly occu-
pied in the 3 ?A;| Rydberg state. Figure 1 shows a summary
of relative energies of (a) the related electronic states of
H30(1%A,, 1%E,22A;,3%A ) and H30" (X 'A}), and (b) the
dissociative products, OH + 2H, H,O + H, OH + H», and
O+H;, +H, at the SA-MCSCF and RS2C levels. The energy
of H30(1?A1) at the equilibrium structure of H307 (X A1)
is taken as zero at both the SA-MCSCF and RS2C levels
in Fig. 1a and b. The MCSCF method gives a poor estima-
tion of the relative energy of H30% and H30, i.e., an ioni-
zation potential of H3O, which is estimated as 71 kcal/mol.
The experimental ionization potential is reported as 4.3 eV
(=99.2kcal/mol) for H3O [25]. By including dynamical cor-
relation effects in RS2C calculations, the MCSCF energies
of the electronic states of H3O are more lowered than the
MCSCEF energy of H30™, resulting in more accurate energet-
ics: ionization potential of H3O is estimated as 108 kcal/mol
at the RS2C level.

Y2 T s
84 OH+2H
ya A O+H,+H
H 0" —LL 66 T 2
Ryd-1 58 - — 7
2 —_— 46 —51/
1’E R
124, 0 0 H00%)
SA-MCSCF RS2C _
. /,_20 OH + H,
32~ —— H,0+H
2
SA-MCSCF RS2C

(a) Excited states of H30 (b) Dissociative products

Fig. 1 Relative energies of a the electronic states of
H30(12A1, 12E,22A1,32A) and H30T(X'A;), and b the dis-
sociative products, OH + 2H, H,O + H, OH + Hj, and O + H, + H,
at the SA-MCSCF (or MCSCF) and RS2C levels

As shown in Fig. 1, the MCSCF energies are in qualita-
tively agreement with the RS2C energies except for H307T,
although the RS2C energies for the dissociative products
are higher by 12-26kcal/mol than the MCSCF energy lev-
els. Taking into account a qualitative agreement between
SA-CASSCF and RS2C relative energies, we employ the SA-
MCSCF method with the 6-311G(d,p) + Ryd(s,p) basis sets
in the succeeding ab initio molecular dynamics simulations.

3 Ab initio molecular dynamics simulations

Ab initio molecular dynamics simulations have been carried
out for the DR reaction of HD,O™" + ¢ ™. In the present simu-
lation, the trajectory proceeds on a single adiabatic potential
energy surface (PES), and the surface hopping is invoked
around the nonadiabatic region where two adiabatic PES’s
are close to each other. The atomic positions and veloci-
ties are developed by the Newton equation of motion, while
the electronic degree of freedom is developed by the time-
dependent Schrodinger equation. The forces acting on the
respective atoms are evaluated as the negatives of the energy
gradients of the PES that are determined by ab initio molecu-
lar orbital calculations [2—-5]. As the surface-hopping scheme,
we use the Tully’s “fewest switches” algorithm [8].

In the present study we consider five electronic states of
HD>0,i.e.,1%A,2%A,3%A,42A,and52A, in C; point group
where 4 2A and 52A correspond to the Rydberg states. The
electronic wavefunction W is written as a function of time 7,

V() =ci1(t)V) + c2(t) W2 + c3(1) W3
+ea(t) Wy + c5(1) Vs, 3)

where ¢ () and Wy denote the electronic amplitude and
eigenfunction, respectively, for the kth 2A electronic state.
Along the trajectory, the electronic amplitudes are also devel-
oped according to the time-dependent Schrodinger equation
as

é1(0) lv—;-i —v-di2 —v-dj3 —v-dyg —v-dis
¢ (1) v-dp ,V—ff —v-dy; —Vv-dpy4 —Vv-dos
M) | =|v-diz v-dy ,V—fi —v-d3g —v-d3;s
c4(1) v-dig v-dy v-diy z"/_fj —Vv - dys
¢s(1) v-dis v-dys v-dzs v-dgs ,V—g

c1(r)

c(t)

X | e3(0) |, 4)
cy (1)
cs(t)

where v denotes atomic velocities, di;j(= (Vr|V[¥;))
denotes nonadiabatic coupling terms between the kth and jth
electronic states, Vj is the adiabatic potential energy of the
kth electronic state, and 7 is the Planck’s constant divided
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by 27. Nonadiabatic coupling terms are calculated by the
SA-MCSCF method at each step. To reduce the computa-
tional cost, only the nonadiabatic coupling terms between
neighboring states, d; ; 1, are evaluated, and others are set
to zero. The probability of surface hopping from the kth to the
Jjth electronic states within the time step of Ar are evaluated
from the electronic amplitudes and nonadiabatic coupling
terms as [8],

Pyj(1) = —2Re{(v - dij)erc} At /|er | )

The surface hopping is invoked when Py;(t) is greater than
a uniform random number generated between 0 and 1. To
conserve the total energy, the energy difference in the adia-
batic potential energy before and after the surface hopping is
converted to the kinetic energy. This conversion is performed
by scaling the component of atomic velocities in the direc-
tion of the nonadiabatic coupling vector in mass-weighted
coordinates.

In the direct trajectory simulations, the SA-MCSCEF calcu-
lations were carried out, step by step, in which five 2 A states
are averaged with equal weights, and full-valence plus two
Rydberg orbitals are included in the active space. The energy
gradients and nonadiabatic coupling terms were calculated
analytically by solving the coupled-perturbed multiconfigu-
rational SCF equations for the relevant excited states. Such a
direct trajectory approach requires extensive computational
costs compared to the conventional trajectory simulations
using potential energy functions. In this study, each trajectory
has been run over a time length of up to 100 fs until bond dis-
sociation occurs, with a fixed time step of 0.1 fs. The criteria
for bond dissociations were determined arbitrarily, by check-
ing energy variations along the respective bonds, as follows:

OH + 2H if two r(OH) > 3 A, the other one r(OH)
<2A,and all r(HH) > 2A,

H,O +H if one 7(OH) > 3 A and the other two r(OH)
<3 A,

OH + H, if two r(OH) > 3 A, the other one r(OH)
<2 A, and one r(HH) < 2 A,

O+H, +H ifall (OH) > 3 A and one r(HH) < 2 A.

(6)

The initial conditions for atomic positions and velocities
are determined by the quasiclassical trajectory sampling [26]
where zero-point vibrational energies are assigned, with ran-
dom phases, to the respective normal modes of vibration of
HD,O% in the electronic ground state. The sum of zero-
point vibrational energy was evaluated as 18.0kcal/mol at the
MCSCEF level. Then, the molecule is placed on the adiabatic
52A PES of neutral HD,0, and the electronic amplitudes at
t =0 were set as,
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Itis noted that the HD, O ground state and the 5 2 A Rydberg
state are accidentally degenerate with each other at the equi-
librium point of HD,O™ at the RS2C level, as shown in Fig. 1.
Then, the initial conditions described above correspond to the
situation that HD,O% makes transitions to the 52A Rydberg
state of HD,O without any increase or decrease of the energy
on capturing an electron. These conditions correspond to
the experimental ones [19]. First we generated 99 different
atomic coordinates and velocities by the quasiclassical tra-
jectory sampling, and found that the SA-MCSCF energy of
the 52A state is too high in five initial molecular configura-
tions. Thus, we carried out molecular dynamics simulations
for the remaining 94 initial conditions.

In the ab initio molecular dynamics simulations with the
SA-MCSCF method, we sometimes encounter a convergence
problem in MCSCEF calculations. This is partly because the
SA-MCSCF wavefunction depends on the number of aver-
aged states. The character of low-lying electronic states can
change in different regions of the configurational space, indi-
cating the difficulty to determine the constant number of
averaged states. In the present simulations, the sixth elec-
tronic state in the external space often comes close to the
fifth electronic state in the averaged states, invoking the con-
vergence problem in SA-MCSCEF calculations. When this
situation occurs, we attempt to converge the SA-MCSCF
calculation by applying several different orbital sets as ini-
tial guess; if these attempts failed, we increased the number of
the averaged states to six temporarily, and continued the sim-
ulation until 52A and 6 A states were separated sufficiently
with each other; then, setting the number of averaged states
to five again, we continued the simulation. If we encounter
this situation while the molecule stays on the other states,
12A — 42A, we decreased the number of averaged states
one by one to continue the trajectory simulations. Even if
such a convergence problem does not occur, we reduced the
number of averaged states from 5 to 3 and eliminated two
outer Rydberg orbitals from the active space after the mol-
ecule transits to the 3 2A state, to reduce the computational
costs. At these points, the potential energy shows a slightly
discontinuous change due to the change of the SA-MCSCF
wavefunctions described above. The energy corresponding
to the change in potential energy is added to (or subtracted
from) the total energy which should be conserved along the
trajectory.

4 Results and discussion

Asis described in the previous section, 94 trajectories have
been run on the 52A electronic state of H3O neutral species
with the possibility of nonadiabatic transitions to different
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electronic states, starting from the zero-point-vibrational
energy region of the electronic ground state of H3O™. The
surface hopping scheme was taken into account by the
Tully’s fewest switches algorithm [8]. Figure 2 shows exam-
ples of variations of (a) the adiabatic potential energies, (b)
the norm of the respective electronic amplitudes, (c) the inner
product of the atomic velocity and the nonadiabatic coupling
vector, and (d) the O — H (or O — D) interatomic distances
in HD,O along the trajectory. This trajectory leads to the
products, OD+H+D, where H atom leaves from O atom
by 3.0A att = 41.2 fs and one D atom (denoted as D)
leaves at t = 49.4fs as shown in Fig. 2d. The surface hop-
ping occurs at ¢ 19.2fs (52A — 42%A),t = 193 fs
(42A — 32A),t=29.0 fs 32A — 22A),andr = 48.2
fs (22A — 12A), which are denoted by dashed lines in
Fig. 2a. After hopping to 3%A state, the number of averaged
states was reduced from 5 to 3 and the active space was
reduced by eliminating two Rydberg orbitals as described
above, so the adiabatic energies of 12A and 2 %A states are
not continuous at this point. The discontinuous point in adi-
abatic potential energies was also observed at t = 31.3fs
where the character of 32A state changes. When the sur-
face hopping occurs, two adiabatic states come close to each
other in energy as shown in Fig. 2a, the electronic amplitude
changes drastically as shown in Fig. 2b, and the inner prod-
uct of the atomic velocity and nonadiabatic coupling vector
becomes large as shown in Fig. 2c. Therefore, the surface

hopping is invoked around the nonadiabatic region, although
the Tully’s fewest switches algorithm permits the molecule to
make transitions between adiabatic states at any region in the
configurational space. As shown in Fig. 2a, the 12A,22A,
and 3 2A states become degenerate in the final stage. This is
a common feature in energy profiles for trajectories leading
to OD + D + H or OH + 2D, which can be related to different
spin couplings in the dissociation limit [10].

Figure 3 shows distributions of (a) the time when OH (or
OD) bond cleaves and (b) the time when surface hopping
occurs. In Fig. 3a, H(1) and H(2) denote the first and second
H (or D) atoms leaving from the molecular system, respec-
tively. The peak time for the first leaving H atom is about 25
—30 fs, while the peak time for the second leaving H atom is
about 30 —35 fs. Each peak time is later than the correspond-
ing leaving time of H(1) or H(2) in H30™ + ¢~ by ca. 5fs
[10]. It is also interesting to note that the first leaving frag-
ment is H atom in 29 trajectories while D atom leaves first in
25 trajectories. These numbers indicate that H atom is more
favored to be released than D atom. As shown in Fig. 3b,
the first transition from 5 %A to 42A was invoked at early
stage (~ 10 fs), and the following transitions to the ground
state have completed at around r = 45fs in most cases. The
dissociation into D,O +H, HDO + D, or O + D, + H occurs
on the ground state, while the dissociation into OD + D + H
or OH + 2D occurs on one of the triply-degenerate states. In
the latter case, the upward surface-hopping was observed in
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Fig. 3 Distributions of a the lifetime of the trajectory until bond disso-
ciations occur and b the time step when surface hopping in the descend-
ing way occurs. In part (a), H(1) and H(2) indicate the first and second
hydrogen or deuterium atoms departing from oxygen atom

some trajectories, i.e., 22A — 32A in five trajectories, and
12A — 22A in nine trajectories.

To examine the motions of dissociated fragments, we car-
ried out energy partition analyses in which the total energy
is divided into translational, rotational, and vibrational ener-
gies of the respective fragments. Here the OD vibrational
energy was estimated from the O-D vibrational amplitude,
based on the SA-MCSCF potential energy curve of OD.
The excess energy of the initial H30 system is evaluated as
172 kcal/mol relative to the dissociation limit of H,O+H, and
as 66 kcal/mol relative to the dissociation limit of OH + 2H
at the MCSCEF level, which are distributed to the energies of
the respective fragments in the dissociation limit. It is noted
that these numbers are reduced to 155 and 42 kcal/mol for
H,0 + H and OH + 2H, respectively, at the RS2C level.

In the present simulations, the dominant products are OD+
D + H which were generated in 34 trajectories. This result
agrees with tendency in the experimental branching ratio
given in Eq. (2). In these trajectories, most of the energy was
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distributed to the OD vibrational energy and translational
energy of H and D atoms. The translational energy is varied
in a range of 0-50kcal/mol (the peak is 10—15kcal/mol) for
H atom and 0-65 kcal/mol (the peak is 45-50kcal/mol) for D
atom, and thus, D atom has much more translational energy
than H atom. In the previous simulation for H;O, the peak
is 20-25 kcal/mol for dissociated H atoms [10]. In OD mole-
cules, the translational energy is 3—7 kcal/mol, which is larger
than that of OH produced in the simulation for H30% (less
than 4 kcal/mol). The rotational energy is less than 1 kcal/mol
in both OD and OH. The OD vibration energy varies in the
range of 0-50kcal/mol (the peak is 5—10kcal/mol), which is
lower than that of OH [10]. It is noted that the OD binding
energy was calculated as ca. 80kcal/mol at the SA-MCSCF
level, so the succeeding dissociation will not occur.

There were 6 trajectories leading to OH + 2D in which
most of the energy was distributed to the OH vibrational
energy and the translational energy of D atoms. The trans-
lational energies of D atoms vary in a range of 10-40 and
0-30kcal/mol for the first and second dissociating D atoms,
respectively. In OH molecule, the translational and rotational
energies are both less than 10kcal/mol. The OH vibrational
energy varies in the range of 5-60kcal/mol and so the disso-
ciation to O + H will not occur.

There were 10 trajectories that lead to the products, HDO+
D, in which the translational energies are estimated in the
range of 23-73kcal/mol (21-66kcal/mol for D and
2-Tkcal/mol for HDO). Those numbers are similar to those
of H,O + H in the simulation for H30 (9-81 kcal/mol) [10].
The remaining energies, 99-149 kcal/mol, should be attrib-
uted to the rotational and vibrational modes of HDO. The
energy of HDO relative to that of OD + H(orOH + D) is
evaluated as 106kcal/mol at the MCSCEF level. Thus, the
H;0O molecule having more than 106 kcal/mol as the inter-
nal energy can possibly dissociate into OD + H(orOH +
D) if the energy comes together to one OH (or OD) bond.
Since HDO has a sufficient energy in seven of ten trajec-
tories leading to HDO + H, it can further dissociate into
OD + D+ Hor OH + 2D. There were 3 trajectories that
lead to the product, DO + H, in which the translational
energies were estimated in the range of 21-30kcal/mol (20-
28 kcal/mol for H and 1 kcal/mol for D,O). The remaining
energies, 142—151kcal/mol, should be assigned to the rota-
tional and vibrational modes of D,O. The transitional energy
is lower than that for HDO + D.

There is one trajectory leading to the products, O + Dy +
H, in which H atom attempts to leave after the transition to
22A at t = 28.5 fs, and then two D atoms start escaping
from O atom and bind together to become D». The first H
atom leaves from O atom by 3.0 A atr = 39.9 fs, while
two D atoms leave by 3.0 A almost simultaneously at 1 =
51.5-55.21fs. The vibrational energy for leaving D, was cal-
culated as ca. 27.5kcal/mol. It is noted that the branching



Theor Chem Account (2008) 120:191-198

197

ratio for O + D> + H is zero in the experimental study as
shown in Eq. (2).

Finally we show comparison of the branching ratios of
dissociated fragments between theoretical ones obtained in
the present simulation and experimental ones [19]. Among 94
trajectories, H3O keeps its all OH bonds throughout (no bond
cleavage) in 40 trajectories, while some bond dissociations
occur during 100 fs in 54 trajectories. Among 54 trajecto-
ries, HD,O dissociates into OD + D + H in 34 trajectories,
into DO + H in 3 trajectories, into OH + 2D in 6 trajectory,
into HDO + D in 10 trajectory, and into O + D, + H in one
trajectory, while OD + HD, OH + Dj, and O + HD + D
are not produced. The branching ratios are as follows:

Experiment Calculation
OD+D+H (042) (0.63)
D,O+H 0.15) (0.06)
OH + 2D 0.13) (0.11)
HD,O" +¢~ — { HDO +D (0.13) (0.18)
OD + HD 0.13) (0.00)
OH + Dy (0.03) (0.00)
O+HD+D (0.01) (0.00)
O+Dy+H (0.00) (0.02)

®)

Of course the number of trajectories is very small in the pres-
ent simulations, but the tendency of branching ratios can be
discussed. As shown here, the qualitative agreement between
theory and experiment has been obtained. The rate of DO +
H s smaller while the rate for HDO + D is slightly larger than
the corresponding experimental rate. This may be caused
by the difference in kinetic energy of dissociating fragments
between H and D atoms. As discussed above, the dissociating
D atoms tend to have more kinetic energy than the dissociat-
ing H atoms, and so the remaining energy in HDO is smaller
than that in D,O. The large excess energy in DO might
have caused a further dissociation to OD + D. It is noted
that the relative energy of HoO + H is estimated to be too
low at the SA-CASSCEF level as shown in Fig. 1. As another
point, the difference in the relative ratio of OD + D + H
and OH + 2D indicates that the isotope effect is essentially
important in this DR reaction: H atom is favored to dissociate
than D atom. This result supports the interstellar observation
that the relative ratio of abundances of deuterated species to
that of non-deuterated species is much larger than the ratio
of D atom to H atom.

5 Concluding remarks

Ab initio molecular dynamics simulations have been carried
out for the DR reaction, HD,O1 + ¢~, at the SA-MCSCF
level. The purposes are (1) an investigation of the tendency in

the branching ratio of the dissociative products, (2) an exami-
nation of isotope effects in the DR reactions by comparing the
results of similar simulations for H3O0" +¢~, and (3) getting
insight to the dynamical processes of multi-state reactions
with nonadiabatic transitions. The surface hopping mecha-
nism was taken into account by the Tully’s fewest switches
algorithm, which permits nonadiabatic transitions between
adiabatic states at any region in the configurational space.
In the simulations two Rydberg states of HD>O have been
included, which play a significant role in the indirect mecha-
nism. It is verified that MCSCF and RS2C methods give the
qualitatively similar energy diagram, although the MCSCF
energies of the dissociative products were higher by 12—
26 kcal/mol than the RS2C energies. We have run 94 trajec-
tories with the initial conditions that zero-point vibrational
energies are given to the respective normal vibrational modes
of HD,O™ with random phases, and the molecule is put on the
second Rydberg state of HD,O. In the present simulations,
the surface hopping was observed in the relatively early stage
less than 30 fs in most cases. The rate of exothermic products
is small compared to the experimental ones, but the tendency
in the branching ratio is roughly reproduced. It is shown that
the leaving D atoms tend to have more kinetic energy than
the leaving H atoms, and that H atoms are favored to release
than D atoms. Such isotope effects in the DR reactions should
be a significant factor to determine the relative ratio of abun-
dances of deuterated species to that of non-deuterated species
in the interstellar space.
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