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Electron capture processes of'tHthat is, Ht + e~ — H, + Hy, have been studied by means of direct ab
initio dynamics calculations to elucidate the reaction mechanism. The ab initio molecular orbital calculations
showed that the structure ofsHis flexible and its intermolecular motion+Hst is composed of a low-
frequency mode. The H ion has a wide FranckCondon (FC) region for the direction of the low-frequency
mode. In dynamics calculations, we assumed that all trajectories run on the ground stataraf that
auto-ionization does not take place once thé idn captures an electron. A total of 120 trajectories were run
from the initial geometries of Idchosen from the FC region. Each trajectory gave two kinds of hydrogen
molecules: a vibrationally excited hydrogen molecule (hgt-&hd a vibrationally ground-state,Hcold-

H,). The vibrational quantum number of cold-Mas populated only im = 0, whereas that of hot-Hvas
widely distributed iny = 4—8. About 30% of the total available energy was partitioned into the relative
translational mode between hot-Bind cold-H. The reaction mechanism of the electron capture processes of
H4" is discussed on the basis of the theoretical results.

1. Introduction they did not obtain detailed features because they did not apply
a dynamics calculation.

In this article, a full dimensional direct ab initio dynamics
calculation is applied to the electron capture processes,of H

lon clusters of hydrogen atoms {H and hydrogen molecules
(H2n™) are important species in interstellar cloud! Among
them, H* ion plays an important role as a proton donor and an
electron acceptor in chemical reaction with neutral molecule
and electron in a dark cloud, respectively. Studying provides
information on detailed reaction dynamics in the cloud. The
positive ion H*, composed of an even hydrogen atom, has been
shown both computational§ 14 and experimentally to be a
stable species. Borkman et al. carried out accurate ab initio
calculations of Kt systems6-18 They showed that It has a
planarC,, geometry consisting of a triangle of three H atoms
with a fourth H bonded to one vertex. Namely,*Hs composed
of Hz™ and H atom, which is expressed by™H-H. The ab
initio molecular orbital (MO) calculations showed that the
triangular part of H* contains three strong +H bonds with
high-frequency ring-stretching vibrations similar to the well-  In general, the classical trajectory is performed on an
known Hs* ion. The fourth H atom in k" is bound weakly to analytically fitted potential energy surface as previously per-
Hs™, so that the B"—H stretching vibration displays a lower ~formed by several groupsand by us? However, it is not
frequency. The best calculation provided the spectroscopic appropriate to predetermine the reaction surfaces of the present

H," +e —H* @)

to elucidate detailed reaction dynamics. In particular, we focus
our attention on the product states of the vibratierratational
states of H and relative translational energy between the
products. In this study, we assumed that the reaction of H
proceeds on the ground-state potential energy surface, once an
electron is captured by #1. The dynamics on the Rydberg state
surface of H were not considered throughout.

2. Computational Method

constants D = 4.8 kcal/mol andw, = 610 cnt?1).16718 H,* systems because of the numerous degrees of freeddm @

was detected by mass spectrometry in 1984. = 6, whereN is number of atoms in the system). Therefore, in
Recently, there has been interest in charge neutralizationthis study, we applied the direct ab initio trajectory calculation

reactions of small ions containing hydrogen (e.gs; H e~ with all degrees of freedom. The details of the direct dynamics

and H* + e7).1920Pan and Borkman investigated the electron method are described elsewhéte.

capture process of #, Hs" + e~ = H,*, using ab initio MO In the direct ab initio dynamics calculation, we used the

calculations. They calculated potential energy surfaces for the 6-311G(d,p) basis set for the electron capture processsof H
dissociation between +olecules and found thatst formed throughout. First, the HF/6-311G(d,p) optimized geometry of
by the electron capture by,4, decomposed into the hydrogen Hs" was chosen as an initial structure. Second, several initial
molecules H* — H, + H,. Also, they predicted that the product ~ geometries were selected from the Fran€london (FC) region,
hydrogen molecules are composed of two kinds of hydrogen and then the trajectories were calculated. We considered the

molecule, that is, vibrationally hot-Hand cold-H. However, intermolecular stretching mode’ & 0) between H and &t
calculated at the HF/6-311G(d,p) level. The equations of motion
* hiroto@eng.hokudai.ac.jp. for n atoms in a reaction system are given by
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wherej = 1—-3N, H is classical Hamiltoniar; is the Cartesian
coordinate of thgth mode, andp; is the conjugated momentum.
These equations were solved numerically by the Ruiigéta
method. No symmetry restriction was applied to the calculation TABLE 1: Charge on Each Atom of H," Calculated at the
of the gradients in the Rungé&utta method. The time step ~ HF/6-311G(d,p) and MP4SDQ/6-311G(d,p)//HF/6-311G(d,p)
size was 0.10 fs, and a total of 10 000 steps was calculated for-€Vels of Theory"

Figure 1. Geometrical parameters and schematic structure of the
reaction system of i and H,.

each dynamics calculation. The drift of the total energy was atom HF MP4SDQ

confirmed to be less than 0.1% throughout all steps in the H(1) 0.128 (0.875) 0.134 (0.867)
trajectory. The momentum of the center of mass and the angular H(2) 0.244 (0.080) 0.236 (0.095)
momentum around the center of mass were also confirmed to H(3) 0.314 (0.022) 0.315 (0.019)

retain at the initial value of zero. Static ab initio MO calculations  a gpjn densities are given in parenthes@s.symmetry is assumed.
were performed using the GAUSSIAN-94 progr&m.

TABLE 2: Harmonic Vibrational Frequencies (in cm ~1) of
H,* Calculated at the HF/6-311G(d,p) and MP4SDQ/

3. Results 6-311G(d,p) Levels of Theory
A. Structure and Electronic States of H". First, the mode  sym. HF MP4SDO description

structure of H" was optimized by the energy gradient method 1 a 3523 3480 v, mode of H+

at the HF/6-311G(d,p) level. ThesH ion has aC,, structure 2 b, 2620 2254 v, mode of H*

constructed by a triangular skeleton of #hd a hydrogen atom 3 a 2590 2219 v2 mode of H*

in a corner of the triangular part ofsHThe schematic illustration 4 by 715 877 H(1) bend (out of plane)

of the structure of i" is given in Figure 1. The optimized 5 b 532 682 H(_le(z)_H@) and
(4) bend (in-plane)

parameters of gt calculated were; = 1.6097 A,r, = 0.9004 6 a 480 643 H(1)-H(2) stretch.

A, r3=0.8437 A, = 55.9, and¢ = 152.%. The numerical
values of H™ were in good agreement with those obtained by
Pan and Borkma#t® To elucidate the electronic states of'H
the charge on each atom was calculated at the MP4SDQ/6-
311G(d,p)//HF/6-311G(d,p) level. The results are summarized the FC region as initial structures. In this study, we considered
in Table 1. In the K ion, the positive charge was delocalized only FC for the vibrational ground stater (= 0). One-
mainly over the triangular part composed of the rHoiety of dimensional Gaussian distribution along thelirection ¢; =
H4", whereas the charge on the hydrogen H(1) was close t01.38-1.84 A, and the center of the potential curve is located at
zero (+0.13e). Instead, an unpaired electron was almost r; = 1.61 A) was assumed as distribution of sampling points in
localized on H(1). The binding energies of H tos*Hwere the FC region. Thep-angle was randomly distributed gs=
calculated to be 3.0 kcal/mol (HF level) and 4.2 kcal/mol 152.14+ 1.0°. Therefore, the initial structure of Hvas near-
(MP4SDQ level), which are in reasonable agreement with the C,,.
numeric values obtained previoudh!®18 The agreement Sample TrajectoryThe result of the dynamics calculation
revealed that the dynamics calculations at the HF/6-311G(d,p) for a sample trajectory is given in Figure 2. For this trajectory,
level would give reasonable features of the reaction dynamics. the geometry of b at the starting point corresponds to the

Second, the harmonic vibrational frequencies af kvere optimized structure of kf; namely, the potential energy surface
calculated at the HF/6-311G(d,p) and MP4SDQ/6-311G(d,p) of H4™ is changed vertically by the electron capture to that of
levels. The numeric values are given in Table 2. The HF the neutral H without structural change. Figure 2A shows the
calculation gave reasonable values for the vibrational frequenciespotential energy of the reaction system calculated as a function
of Hs*. The highest frequency (3523 cA) corresponded to  of reaction time, and distances and angles are plotted in parts
thev,-mode of free H™: a symmetric deformation of triangular B, C, and D of Figure 2. Zero level in Figure 2A corresponds
structure of H. The degenerated,-mode of free H' splits to the total energy at the point of the vertical electron capture
into the b- and a-modes in H* by the interaction with the  of Hst (i.e, [Ha]ver). After starting the trajectory calculation,
H(1) atom. The smallest frequency (480 Cihcorresponds to  the potential energy decreased suddenky5oeV within a very
the stretching mode between H(1) and H(2). This mode movesshort time (about 5 fs). Within this period, the distancg (
along ther; direction. Mode 5 (b 532 cnt?) is composed of decreased from 1.6 to 0.4 A, meaning that the H(2) atom of
a bending mode of H(£)H(2)—H(3), where H(1) moves along triangular part H* approaches the H(1) atom. H(2) collided
the ¢-angle direction on the molecular plane. These numeric with H(1) at time= 5.0 fs, and the H(}H(2) molecule was
values indicate strongly that the structure oftHs nonrigid newly formed. After that, the HH stretching mode of the
and that H™ has a wide FC region mainly for the direction. hydrogen molecule formed by the collision was strongly
In the trajectory calculation, therefore, we considered the vibrated; the amplitude was as large as 1.20rA=¢ 0.42—
electron capture processes from the wide FC region with 1.62 A). On the other hand, the amplitude of the Histretching
sampling of the starting points. mode of the H(3}H(4) molecule was 0.116 Ar{ = 0.68—

B. Dynamics of the Electron Capture by H;". As men- 0.797 A), which corresponds to the vibrational ground state of
tioned above, the i ion has a wide FC region mainly for the the H, molecule. These results indicate that two kinds of
r1 direction. Therefore, we sampled 120 geometries £f &h hydrogen molecules are formed by the electron capturefiy H

a Optimized parameters obtained at the MP4SDQ/6-311G(d,p) level
arer; = 1.3792 A,r, = 0.9444 A r; = 0.8382 A,6 = 63.7, and¢
= 153.7.
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Figure 2. A typical trajectory for the H molecule formed by the
vertical electron capture by /4 plotted as a function of reaction time.
(A) The potential energy of the reaction system; (B) the intermolecular
distance between the hydrogen moleculgs (C) intramolecular
distances; andr,; and (D) anglesf and¢) versus time. The direct
ab initio dynamics calculation was performed at the HF/6-311G(d,p)
level.

these are vibrational coldsHand hot-H. The intermolecular
distance between cold-tand hot-H (denoted byrs) increases
linearly from 3.644 to 16.98 A within 0.10 ps, meaning that
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Figure 3. Snapshots for configurations of; ldfter the vertical electron
capture by H' calculated as a function of time. The direct ab initio
dynamics calculation was performed out at the HF/6-311G(d,p) level.

and H(2). This strong collision between H(1) and H(2) causes
vibrational excitation of the HH stretching mode of the H(%)
H(2) molecule. The mode of H(HH(2) is thus highly excited,
whereas that of H(2)H(3) is in a vibrational ground state. The
H(1)—H(2) molecule is separated from the H{3J(4) molecule
because of the strong repulsive interaction betwegartd H.

C. Population of Vibrational Quantum Number of the
Product H, Molecules.A total of 120 trajectories are calculated
from the different initial geometrical configurations on the FC
region. Populations of the product internal states and the relative
translational energy are given in Figure 4. Figure 4A clearly
shows that the population of the vibrational quantum number
of the H—H stretching mode is bimodal: one is populated only
in v = 0, whereas the second is distributed widely frons 4
to 8, with a peak oy = 6. The population of = 0 is composed
of the H(3-H(4) molecule, whereas it is higher vibrational
guantum number is the H(ZH(2) molecule. It is therefore
concluded that the electron capture by Hjives two kinds of
hydrogen molecules as products: one is in the vibrational ground
state, and the other is in the vibrational excited state. These
correspond to cold-pand hot-H. The population of vibrational
states for hot-Hlis widely distributed, whereas the population
of vibrational states for cold-is only in v = 0. The product
rotational quantum number of the hydrogen molecules obtained
was onlyJ = 0.

Population of the relative translational energy between the

the hydrogen molecules leave each other with a relative hydrogen molecules, formed by the electron capture by I8
translational energy of 33.2 kcal/mol, which corresponds to 26% given in Figure 4B. The energy is widely distributed from 25

of the total available energy. The anglésand¢) are hardly
varied, meaning that both cold;tdnd hot-H molecules are in
a rotational ground state.

SnapshotsSnapshots of the conformation of the siystem
are illustrated in Figure 3. Before the electron capture of,H
the H(1) atom interacts weakly with the H(2) in the trianglar
part of Hs*. After the vertical electron capture bysH the

interaction between H(1) and H(2) becomes strongly attractive,

to 50 kcal/mol with a peak at 33 kcal/mol.

D. Angle Dependence on the Dynamicsn section 3B, we
calculated the trajectories from the néay,-structure of H. As
mentioned in section 3A, the /4 ion has another lower
vibrational mode that corresponds to the bending mode of-H(1)
H(2)—H(3) (i.e., deformation along thg-angle). In this section,
to elucidate angle dependence on the reaction dynamicg,of H
trajectories from the FC region for tigedirection are calculated

whereas the interaction between H(2) and H(3) or H(4) becomesin the same manner. The vibrational frequency of the bending

strongly repulsive. At 5 fs, H(2) moves rapidly and collides
with H(1). After that, H(2) is recoiled by H(1), and then H(1)
leaves from H(2). However, H(1) is not fully separated from

mode is calculated to 532 crhas given in Table 2. The outer
edge of the FC region is estimated py= 152 + 23° for v =
0. From the FC region, we selected five anglesH 155, 160,

H(2) because of a strong attractive interaction between H(1) 165, 170, and 179, and then trajectories were calculated.
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Figure 4. Populations of (A) vibrational quantum number of the > 7T
product H molecules and (B) relative translational energies between % -------
Hz molecules formed by the electron capture by H 5: ______ -
Sample TrajectoryThe result of the dynamics calculaton | ~pr~——a = L !

for a sample trajectory is given in Figure 5. The geometry of 000 002 004 006 008 010
H, at the starting point corresponds to that in the outer edge of Reaction time / ps
FC re.g'of‘ (b = 175’). The dynamics feature obtained igr= Figure 5. A trajectory for the H molecule formed from the outer
175 is similar to those of the nedr,, structure. Therefore,  gqge of the FC region for thg-direction. (A) Potential energy of the
we discuss briefly the reaction dynamics in this section. The reaction system; (B) intermolecular distance between the hydrogen
potential energy of the reaction system calculated as a functionmoleculess, (C) intramolecular distances andr, and (D) angles{
of reaction time is plotted in Figure 5A. The potential energy and ¢) versus time. The direct ab initio dynamics calculation was
decreases te-5 eV at time 5 fs, and then it vibrates in the Performed at the HF/6-311G(d,p) level.
range from—5.57 to —1.32 eV. The time dependence iof trajectory at the starting point is located in the outer edge of
indicates that the hydrogen molecule leaves rapidly from the the FC region. The H(2) collides with the H(1) at time 5 fs,
other H molecule after the electron capture. Figure 5C clearly and two hydrogen molecules are formed. At this time, the bond
indicates that the vibrational mode of the H{3J(4) molecule distances; andr, become 0.4725 and 1.8150 A, respectively.
is in the ground state, whereas the other idolecule is The H(2)-H(3) distance is shortened from 0.8430 to 0.6747 A
vibrationally hot. Time dependence of the anglésatd¢) is within 5 fs. After the collision, the H(X)H(2) distance is
plotted in Figure 5D. As shown in this figure, the angles are significantly elongated.r{ = 1.5889 A at 10 fs, and the
slightly different from those given in Figure 2D. At time zero, intermolecular distance is 2.1433 A.) At 15 fs, the intermo-
the anglesf and¢) are 55.9 and 175 respectively. After the lecular distance becomes 3.2492 A, and the interaction between
electron capture of kf, these angles decrease gradually and the two hydrogen molecules becomes weaker. As clearly seen
are close to zero at time 7 fs. This means that the rotation of in Figure 6, the H(1}H(2) molecule is rotated after the
the H(1)>-H(2) molecule occurs after the electron capture of collision. However, the rotation period of the hydrogen molecule
the Hy™ ion with a bent structure. However, the rotational period is very long; the rotational excitation of Hhardly occurs in
is very long, meaning that the energy is hardly transferred into the electron capture of the vibrationally ground-statg.H
the rotational mode of Heven in the outer edge of the FC A total of five trajectories are calculated from the different
region. initial geometrical configurations on the FC region. Relative
SnapshotsSnapshots of the conformation of the siystem translational and rotational energies of the products are sum-
are illustrated in Figure 6. The hydrogen atom H(1) is located marized in Table 3. The relative translational ener@y)(
atr; = 1.608 A andp = 175.0 at time zero, meaning that the  increases with increasing angl) @nd reaches a maximum at
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Figure 6. Snapshots for configurations of,Hormed from the outer
edge of FC region fog-direction calculated as a function of time. The
direct ab initio dynamics calculation was carried out at the HF/6-311G-
(d,p) level.

TABLE 3: Angle Dependence on the Reaction Dynamics of
Electron Capture by Hy*2

angleg = Erot comment
152.1 32.9 0.0 optimized structure
155.0 34.1 16
160.0 36.4 34
165.0 37.0 5.9
170.0 35.1 10.9
175.0 31.9 151 outer edge of FC region

anitial ¢-angle (in degrees), relative translational energy between
product hydrogen molecule&{ in kcal mol?), and rotational energy
of H(1)—H(2) (Eot in cal mol?).

¢

165’. Ey decreases gradually at larger angles. The
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Figure 7. Schematic illustration of the reaction model for the electron
capture processes ofsH

distance from H(2). Two trajectories are run from the structures
with nearC,, symmetry (we choos¢ = 93.1+ 1.0° and¢ =
93.1+ 2.0°). The dynamics feature obtained is much different
from that of the vertical electron capture to the ground-state
H,. After radiative transition from Rydberg4Ho the ground
state, the hydrogen atoms H(2) and H(3) approach H(4) and
H(1), respectively. In particular, the collision of H(3) with H(1)
takes place strongly. Two kinds of the hydrogen molecules,
H(1)—H(3) and H(2)-H(4), are formed as products. The former
hydrogen molecule has a large vibrational energy corresponding
to v =9 or 10, which is higher than that of the vertical electron
capture of H*. The vibrational mode of the latter hydrogen
molecule is in the ground state. The relative translational energy
between the products is calculated to be 42 kcal/mol. Thus, the
present dynamics calculations suggest that the formation mech-
anism of the hydrogen molecules via the Rydberg state are
different from that via the vertical electron capture to the ground
state of H.

4. Discussion

Reaction Model. The reaction model for the electron capture
by Hs* is illustrated schematically in Figure 7. Lower and upper
curves indicate schematically potential energy curves (PECSs)
for Hy and H;™ alongr, respectively. The PEC for £ shows
that the hydrogen atom is bound weakly tg"Hso that H*
has a wide FC region for the electron capture. In theystem,
the H(1) is bound strongly to H(2), so that the PEC farhas
a deep basin. Once electron capture occurs, the PEC is changed
from Hyt to the neutral system 4 H(1) rapidly approaches

translational energies in the maximum point and in the outer H(2), and the Hmolecule is formed. If electron capture occurs

edge of FC region are calculated to be 37.0 and 31.9 kcal/mol,

respectively. The rotational energy of H{AM(2) increases
linearly with increasing angle. However, the magnitude is

from the outer edge of the FC region (largedistance), the
H—H stretching mode of Kis highly excited. On the other
hand, the electron capture from the inner edge of the FC region

very small as shown in Table 3. The product rotational quantum leads to H at the lower vibrational state. Thus, the wide FC

number of the hydrogen molecules was obtained by driy
0.

E. Trajectories from a Geometrical Configuration at
Rydberg State.To elucidate the effect of the Rydberg state on
the reaction dynamics, preliminary trajectory calculations from

region gives the wide distribution of vibrational state of hot-
H». The vibrational mode of the hydrogen molecule H{Bi(4)

is perpendicular to that of H(H)H(2), so that the intermolecular
vibrational energy transfer does not take place, meaning that
the vibrational mode of H(3)H(4) is in the ground state after

a geometrical configuration optimized for the Rydberg 2s state the electron capture.

(the lowest Rydberg state) are run. The structure patthe

lowest Rydberg state is optimized at the single excited config-

uration interaction (S-CI) method with a basis set 6-311G-
(d,p+Rydberg orbital*t The calculated optimized parameters
underCy, symmetry are:r; = 2.1206 A;r; = 0.9194 A;¢ =
93.1°. The triangular structure of # is largely deformed at
the Rydberg state of f4the conformation of the H(2)H(3)—

In the present study, in addition to the FC region for the
direction, we considered FC region fg¢rdirection as shown in
section 3D. The calculations from the outer edge of the FC
region ¢ = 175°) gave similar results: the hydrogen molecules
are composed of hot<4and cold-H. The vibrational levels of
two hydrogen molecules ate= 0 andv = 7, and the rotational
energies of the hydrogen molecules are in the ground states,

H(4) skeleton is close to linear, and H(1) is located at a longer although these increase slightly with increasing angle
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