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We report the results of a quasiclassical trajectory study of the reaction of O+ H3
+. In this study, action-

angle fast Fourier transform methods are used (a) to prepare the H3
+ reactants in specific vibrational states

and (b) to analyze the vibrational states of the H2O+ products. There are two possible product channels for
this reaction: (1) O+ H3

+ f OH+ + H2 (∆E1 ) -57 kJ/mol) and (2) O+ H3
+ f H2O+ + H (∆E2 ) -158

kJ/mol). Channel 1 is the predominant reaction channel even though channel 2 is 101 kJ/mol lower in energy.
Channel 2 corresponds to the very unusual donation of a H2

+ ion to a neutral species. Our results show the
effects of H3

+ vibrational state and O+ H3
+ collisional energy on the dynamics of the reaction. A detailed

analysis of the product states and reaction mechanism for each product channel is presented.

Introduction

There are two possible product channels for this reaction of
O + H3

+:

Channel 1 is the predominant reaction channel even though
channel 2 is 101 kJ/mol lower in energy. The reaction O+
H3

+ f H2O+ + H is the only known example of H2+ donation
from H3

+ to a neutral species. Other H3
+ ion-molecule reactions

show only H+ transfer. The reaction of O with H3+ has been
identified as playing an important role in the synthesis of H2O
in interstellar molecular clouds.

Fehsenfeld1 reported in 1976 the results of an experimental
study of this reaction. His results were obtained in room-
temperature flowing afterglow experiments at the NOAA
Aeronomy Research Laboratory in Boulder, Colorado. Fehsen-
feld measured the rate constant for the O+ H3

+ reaction, 8(
4 × 10-10 cm3 s-1, but was unable to determine the relative
importance of the two reaction channels. This was because both
products were rapidly converted to H3O+ in a reaction with H2,
the source gas in his experiment for the production of H3

+.
More recently, a theoretical study of the reaction of O+ H3

+

was reported by Bettens et al.2 in 1999. In this work, they
constructed a complete multidimensional potential energy
surface (PES) for this system. The PES is given by an
interpolation of Taylor expansions centered on 727 data points.
The potential energy at each of the data points was determined
using GAUSSIAN943 at the MP2/6-311+G(2d,p) level. The
geometries of the data points were selected from a search for
local minima and saddle points on the surface and from running
O + H3

+ and OH+ + H2 trajectories. The accuracy of the fitted
PES was 0.35 kJ/mol on the basis of a test of 1000 random
configurations spanning an energy range of 220 kJ/mol. The
exoergicity of the PES for channel 1 is-56 kJ/mol and-166
kJ/mol for channel 2. This is in good agreement with the
experimental values of-57 and-158 kJ/mol.

After constructing the PES, Bettens et al. evaluated 2000
trajectories for each of seven different initial relative translational
energies O+ H3

+ ranging from 4.6 to 17.9 kJ/mol. On the basis
of the cross sections calculated from these trajectories, they were
able to determine the value of the thermal rate constant between
0 and 500 K. Their result for the combined (channels 1 and 2)
O + H3

+ rate constant at 300 K was 9.392× 10-10 cm3 s-1.
This compares favorably with the Fehsenfeld experimental result
of 8 ( 4 × 10-10 cm3 s-1. Their trajectory study further showed
that the unusual formation of H2O+ in the O + H3

+ reaction
occurs in a two-step process: (1) O extracts H+ from H3

+ to
form OH+ and H2, which is followed by (2) H extraction from
H2 by OH+ to form H2O+.

The purpose of this paper is to extend the work of Bettens et
al. (a) to determine the effect of the initial H3

+ vibrational state
in the collision of O with H3

+, (b) to provide a more complete
analysis of the product states in both channels, and (c) to study
in more detail the reaction pathways, particularly in the H2O+

+ H product channel.

Description of Calculations

We used the Bettens et al. OH3
+ PES and a modified version

of their classical trajectory program. The trajectory program was
modified to generate the H3+ initial coordinates and momentum
using a fast Fourier transform (FFT) method4 that we have
described previously. The first step in this method is to do an
exact FFT semiclassical quantization5 of the H3

+ ion for each
of the vibrational states of interest. We did the FFT quantization
of the first three H3+ vibrational states: (000), (010)+(001),
and (100). The notation (n1n2n3) corresponds to (symmetric
stretch, bend, asymmetric stretch) quanta. The second state,
(010)+(001), is a degenerate state involving the bend and
asymmetric stretch modes. As shown in Table 1, the vibrational
energies of these states are 52.3, 81.9, and 90.9 kJ/mol. To
efficiently determine these vibrational states, we used a fifth-
degree Simons-Parr-Finlan6 expansion to fit the H3+ region
of the OH3

+ PES. In the Bettens et al. O+ H3
+ trajectory study,

the H3
+ was given an initial vibrational energy of 47.3 kJ/mol

using a microcanonical sampling technique.
For each trajectory, the O and H3

+ centers of mass were
separated by 20 bohr, the reactants were randomly oriented,* Corresponding author. E-mail address: eaker@udallas.edu.

O + H3
+ f OH+ + H2 ∆E1 ) -57 kJ/mol (1)

O + H3
+ f H2O

+ + H ∆E2 ) -158 kJ/mol (2)
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and the H3
+ was given zero rotational angular momentum. The

impact parameterb was sampled from a distribution of values
between 0 and 15 bohr. The distribution was prepared so that
the probability of a trajectory having an impact parameter
betweenb andb + db was proportional tob. For each of the
three sets of vibrational energies, two different initial relative
collisional energies were used: 0.00175 hartree (4.59 kJ/mol)
and 0.0050 hartree (13.1 kJ/mol). The six sets of initial
conditions are shown in Table 1. Notice that in Table 1 and the
later tables we have used the notation 4n1n2n3 and 13n1n2n3 to
identify different sets of initial conditions (4 for 4.59 kJ/mol
and 13 for 13.1 kJ/mol collisional energies and n1n2n3 for the
vibrational states). For each set of initial conditions, we ran 1000
trajectories.

Results

Reported in Table 2 are the cross sections in Å2 for each of
the two product channels. The initial conditions used by Bettens
et al. are similar to our 4000 and 13000 cases and their calculated
cross sections are consistent with our calculations. For example,
at 4.59 kJ/mol we calculate 89.9( 2.9 Å2 for OH+ + H2 and
7.1( 1.0 Å2 for H2O+ + H and the Bettens paper reports cross
sections of 90.9( 1.5 and 7.9( 0.5 Å2. At 13.1 kJ/mol we
calculate 52.3( 2.4 and 1.6( 0.5 Å2 and their paper reports
54.7( 1.2 and 2.8( 0.5 Å2. Both of these calculations show
that the reaction cross sections decrease as the initial translational
energy increases and the percentage of H2O+ + H products
decrease as translational energy increases. We calculate that the
percentage of H2O+ + H products is 7.3% for 4.59 kJ/mol
collisions and 3.0% at 13.1 kJ/mol collisions.

Increasing the H3+ vibrational energy produces a small
increase in H2O+ + H cross sections. At 4.59 kJ/mol the cross
sections increases from 7.1 Å2 for 4000 to 9.3 Å2 for 401/21/2and
9.2 Å2 for 4100. For the higher energy collisions, there is even
a larger relative increase from 1.6 Å2 for 13000 to 3.2 and 2.7
Å2 for 1301/21/2and 13100. Increasing the H3+ vibrational energy
has essentially no effect on the OH+ + H2 cross sections.

The final values of the coordinates and momentum for each
of the trajectories were analyzed to determine how energy was

distributed among the products. The results for the OH+ + H2

channel are shown in Table 3. It is interesting that each diatomic
product receives about 50% of the available energy. The internal
energy and translational energy are about equally shared for
H2 but for OH+ the energy is almost all internal energy. The
disposal of energy in the H2O+ + H product channel is shown
in Table 4. We find that more than 80% of the available energy
is dumped into the H2O+ ion. As was the case for OH+, less
than 2% of the H2O+ product energy is in translational energy.

For the H2O+ + H products, we used the approximate FFT
method5 to determine the vibrational and rotational quantum
states of H2O+ products. These results are shown in Table 5.
The results are reasonably consistent for the different sets of
initial conditions. The H2O+ product is rotationally and vibra-
tionally excited. The excited bend mode is the most excited
vibrational mode with an average value ofVbend of 3.6. The
symmetric stretch has about one quanta of energy. However,
we do find some differences due to the initial conditions. For
example, O collisions with vibrationally excited H3

+ give higher
average values of the total rotational quantum numberJ and
more energy in the H2O+ asymmetric stretch. Vibrationally
excited H3

+ produces H2O+ with an averageJ around 16 and a
range from 5 to 35; the corresponding results for H2O+ from
ground-state H3+ are an averageJ of 12 and a range of 1-30.
The symmetric and asymmetric stretch modes of H2O+ have
about one quanta of excitation when the H3

+ is vibrationally
excited; there is very little asymmetric stretch excitation in H2O+

from the reaction of O and H3+ in the ground vibrational state.
Table 6 gives the partition of vibrational and rotational

energies for the OH+ + H2 products. For both OH+ and H2,
the amount of energy in vibration is two to three times greater
than the energy in rotation. For the trajectories in which the
H3

+ was in the 100 excited vibrational state, 4100 and 13100,
there is almost twice as much vibrational energy in the H2

products (as shown in the last column of Table 6).

TABLE 1: Initial O + H3
+ Collisional Energies and H3

+

Vibrational States

label

collisional
energy

(kJ/mol)
H3

+

vibrational statesa

vibrational
energy

(kJ/mol)

4000 4.59 (000) 52.3
13000 13.1 (000) 52.3
401/21/2 4.59 (010)+(001) 81.9
1301/21/2 13.1 (010)+(001) 81.9
4100 4.59 (100) 90.9
13100 13.1 (100) 90.9

a (n1n2n3) ) (symmetric stretch, bend, asymmetric stretch).

TABLE 2: Reaction Cross Sections

label products cross section (Å2)

4000
OH+ + H2 89.9( 2.5
H2O+ + H 7.1( 1.0

13000
OH+ + H2 52.3( 2.4
H2O+ + H 1.6( 0.5

401/21/2
OH+ + H2 93.8( 2.5
H2O+ + H 9.3( 1.2

1301/21/2
OH+ + H2 54.5( 2.4
H2O+ + H 3.2( 0.7

4100
OH+ + H2 89.0( 2.5
H2O+ + H 9.2( 1.2

13100
OH+ + H2 51.8( 2.4
H2O+ + H 2.7( 0.7

TABLE 3: Disposal of Energy into OH+ + H2 Products

label

total energy
available
(kJ/mol)

OH+

translational
energy

OH+

internal
energy

H2

translational
energy

H2

internal
energy

4000 112 2.1% 52.8% 18.1% 27.0%
13000 121 2.8% 50.4% 23.9% 22.9%
401/21/2 142 2.0% 55.4% 17.0% 25.6%
1301/21/2 151 2.6% 52.3% 22.3% 22.7%
4100 151 1.8% 45.4% 15.5% 37.6%
13100 159 2.3% 42.2% 19.6% 35.9%

TABLE 4: Disposal of Energy into H2O+ + H Products

label

total energy
available
(kJ/mol)

H
translational

energy

H2O+

translational
energy

H2O+

internal
energy

4000 222 20.0% 1.1% 78.9%
13000 230 14.9% 0.8% 84.2%
401/21/2 252 13.7% 0.8% 85.6%
1301/21/2 261 12.8% 0.7% 86.5%
4100 261 15.8% 0.9% 83.3%
13100 269 18.4% 1.0% 80.6%

TABLE 5: Weighted Average Values and (Ranges) of H2O+

Quantum Numbers

label J Vsym str Vbend Vasym str

4000 13.3 (1.4-30.5) 0.9 (0-2.5) 3.0 (1.0-8.0) 0.4 (0-2.3)
13000 11.2 (3.4-24.2) 1.4 (0.1-2.7) 4.3 (1.9-7.5) 0.1 (0-2.2)
401/21/2 16.1 (9.8-31.8) 1.3 (0.1-2.7) 3.4 (1.2-5.8) 0.8 (0-2.0)
1301/21/2 18.1 (7.6-31.5) 1.0 (0-1.2) 4.1 (1.7-6.2) 0.9 (0-3.3)
4100 17.2 (5.7-35.3) 1.0 (0-3.3) 3.6 (0-6.9) 0.8 (0-3.1)
13100 18.7 (4.6-32.8) 1.0 (0.3-2.3) 3.1 (0.2-8.7) 0.9 (0-3.5)
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Reaction Mechanisms

The minimum energy paths for the two product channels are
shown in Figure 1. Figure 2 shows the molecular geometries at
the critical points along the minimum energy paths. Figure 3 is
a contour plot of the potential energy surface. The contour plot
was constructed by specifyingRO-Ha and RO-Hb and then
optimizing the other four radii to give the lowest potential energy
at each point. Conveniently displayed on this plot are both
product channels and the localC2ν minimum (critical point I in
Figures 1 and 2) atRO-Ha ) 4.603 bohr andRO-Hb ) 2.081
bohr. Notice the differences in the topology of the two product
channels: the broad exit channel for the OH+ + H2 products
and the much narrower exit channel for the H2O+ + H products.
Another more subtle difference is the dissimilarity between the
smooth change in geometric configuration in going from O+
H3

+ to OH+ + H2 and the abrupt change in configuration across
the ridge that separates theC2ν minimum from the H2O+ + H
products. The minimum in this ridge occurs at an energy of
about-77.5 kJ/mol withRO-Ha ) 4.0135 bohr andRO-Hb )
1.9300 bohr. The abrupt change in configuration can be seen
by comparing the radii (RO-Ha, RO-Hb, RO-Hc, RHa-Hb, RHa-Hc,
RHb-Hc) at two points (0.0005 bohr from the minimum
geometry on the ridge. The radii on theC2ν side are (4.0140,
1.9300, 4.5473, 2.2621, 1.4243, 2.6174) compared to the radii
(4.0130, 1.9300, 4.0133, 4.4312, 1.4398, 4.4869) found on the
H2O+ + H side of the ridge. Notice the change in the O-Hc

distance from 4.5473 to 4.0133 bohr and the big changes in the
Ha-Hb and Hb-Hc distances.

In light of these observations of the characteristics of the
potential energy surface, we will now turn to the trajectory
results. One of the surprises that we found was that the reaction
times for the OH+ + H2 and H2O+ + H product channels were
essentially the same. For the 4.59 kJ/mol collisions, the OH+

+ H2 and H2O+ + H products were formed in about 0.8 ps
(0.6 ps for the 13.1 kJ/mol trajectories). The detailed values
are shown in Table 7. These results were surprising because
we had expected that the OH+ + H2 products would be formed
faster with a one-step process and that forming H2O+ would
take longer as it is formed in two steps. One reason for this is
that the average impact parameter (also shown in Table 7) for
the OH+ + H2 channel is 2-3 bohr larger than that of the H2O+

Figure 1. The minimum energy path along the path of steepest descents. The geometries of the critical points (I, II, and III) are shown in Figure
2.

TABLE 6: OH + and H2 Weighted Average Rotational and Vibrational Energies and (Ranges)

OH+ H2

label
total energy available

(kJ/mol) Erot (kJ/mol) Evib (kJ/mol) Erot (kJ/mol) Evib (kJ/mol)

4000 112 18.0 (0-86) 41.3 (0-108) 8.6 (0-59) 21.7 (0-101)
13000 121 12.3 (0-74) 46.0 (0-112) 6.8 (0-53) 19.4 (0-65)
401/21/2 142 22.9 (0-126) 53.6 (0-123) 12.2 (0-77) 24.2 (0-117)
1301/21/2 151 21.1 (0-124) 56.3 (2-126) 11.1 (0-76) 23.6 (0-108)
4100 151 19.0 (0-116) 49.5 (0-138) 11.2 (0-105) 45.6 (0-118)
13100 159 19.2 (0-148) 48.0 (0-135) 9.7 (0-81) 47.6 (0-135)

Figure 2. Critical points (minima and saddle point) along reaction
coordinate to H2O+ + H. The bond distances are in bohrs.
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+ H channel. With a larger average impact, it takes longer for
the O+ H3

+ reactants to reach the reaction zone.
To get a more detailed picture of the reaction mechanisms

for each of the product channels, we constructed radii and
potential energy graphs of individual trajectories. Two examples
of these graphs are shown in Figures 4 and 5.

OH+ + H2 Mechanism. Figure 4 is the graph of a 4000

trajectory withb ) 8.4 bohr that produces OH+ + H2. This
trajectory is typical of the OH+ + H trajectories with a reaction
time and impact parameter consistent with the averages for these
products. During the first 400 fs, the O atom is approaching
the H3

+ ion. The average potential energy remains fairly constant
around 30 kJ/mol (the oscillations are due to the H3

+ vibration).
When the O-H distances reach about 5 bohr, the potential
energy decreases rapidly as the atoms approach the configuration

of the local minimum at-100 kJ/mol (point I in Figures 1 and
2). At this point, atom Ha is closest to the O atom (R12).
However, then the O atom moves away from the H3

+ ion.
Following a rotation of the H3+ ion, Hc becomes closest to the
O atom (R14). This time the O captures the Hc proton and the
Ha-Hc (R24) and Hb-Hc (R34) bonds are broken. The final
products are OHc+ (R14) and HaHb (R23). Many of the trajectories
studied showed that the proton that is ultimately transferred to
the O atom is not the first hydrogen atom of closest approach.
Sometimes this happens, but typically there are two or more
collisions of the O atom with the H3+ ion before the exchange
occurs that leads to separation and the final products.

H2O+ + H Mechanism. Figure 5 is a 4000 trajectory withb
) 5.5 bohr that produces H2O+ + H. This trajectory is typical
of trajectories that produce H2O+. It has several similarities to

Figure 3. Contour plot ofRO-Hb vs RO-Ha. The four other radii have been optimized to produce the lowest energy at each point. The bond distances
are in bohrs and the energies are in kJ/mol. Each contour line represents 10 kJ/mol.

Figure 4. Radii and potential energy graph for a OH+ + H2 trajectory (a 4000 trajectory withb ) 8.4 bohr).

TABLE 7: Weighted Average Reaction Times and Impact Parameters and (Ranges)

OH+ + H2 H2O+ + H

label reaction time (ps) b (bohr) reaction time (ps) b (bohr)

4000 0.86 (0.45-1.97) 8.3 (0.5-13.4) 0.85 (0.58-1.72) 4.8 (0.8-10.4)
13000 0.57 (0.38-1.32) 6.3 (0.5-10.4) 0.57 (0.45-0.85) 3.9 (1.4-7.2)
401/21/2 0.76 (0.48-1.82) 8.3 (0.4-13.0) 0.75 (0.53-1.45) 6.1 (1.5-11.0)
1301/21/2 0.54 (0.33-1.32) 6.5 (0.4-10.3) 0.60 (0.38-1.32) 4.2 (1.9-7.8)
4100 0.81 (0.45-1.90) 8.3 (0.3-13.5) 0.80 (0.53-1.47) 6.0 (0.9-11.9)
13100 0.56 (0.33-1.45) 6.2 (0.3-10.8) 0.62 (0.38-1.20) 3.8 (0.5-6.8)
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the OH+ + H2 trajectory described previously. The O atom
approaches the H3+ ion in the first 400 fs, with a sharp decrease
in potential energy when the O-H distances approach 5 bohr.
The O atom then bounces off H3

+ and H3
+ rotates. Step 1 in

the H2O+ formation occurs at 600 fs where the proton Hc is
bonded to the O atom (seeR14). This is shown more clearly in
Figure 6 in which the time axis has been rescaled to 600-800
fs. Step 2 is the extraction of the second H, Hb in this case (see
R13), and this occurs around 700 fs for this trajectory. Ha rapidly
separates from HbHcO+ beginning at about 730 fs. In analyzing
the H2O+ + H trajectories, we found that in most cases the
atoms assumed a “critical configuration” just prior to the step
2 hydrogen atom transfer. Figure 6 is an expanded look at the
region in Figure 5 where H2O+ gets formed. The vertical line
labeled “a” in Figure 6 indicates this configuration for which
R12 (O-Ha) ≈ R24 (Ha-Hc) ≈ 5 bohr,R13 (O-Hb) ≈ R34 (Hb-
Hc) ≈ 4 bohr,R14 (O-Hc) ≈ 2.3 bohr, andR23 (Ha-Hb) ≈ 2
bohr. After reaching this arrangement, atom Hb is quickly
captured by the OHc+ ion previously formed in step 1. A
schematic view of this characteristic configuration is shown in

Figure 7. The consistent feature of this critical configuration
that we found in many of the H2O+ + H trajectories is a very
interesting situation in which two sets of O-H and H-H bond
lengths match, as can be seen in Figure 7.

Discussion and Conclusions

The O + H3
+ is a very interesting reaction system. The

reactants are strongly attracted to one another and readily form
an OH3

+ complex (critical point I in Figures 1 and 2) at an
energy of-100 kJ/mol. From this point, the system can go on
to form H2O+ + H with an overall energy of-158 kJ/mol.

Figure 5. Radii and potential energy graph for a H2O+ + H trajectory (a 4000 trajectory withb ) 5.5 bohr).

Figure 6. Radii and potential energy graph for a H2O+ + H trajectory (a 4000 trajectory withb ) 5.5 bohr) at the point of formation of H2O+.

Figure 7. Characteristic geometry for formation of H2O+. The bond
distances are in bohrs.
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However, this rarely happens even though the saddle point
energy (critical point II) is only 30 kJ/mol above the energy of
the OH3

+ complex. Since the potential energy has dropped by
100 kJ/mol, the reactants have more than enough energy to
overcome the 30 kJ/mol barrier. Over 90% of the time, the OH3

+

complex falls apart to form OH+ and H2. These results are
consistent with the narrow H2O+ exit channel shown on the
potential energy contour plot and with the abrupt change in
configuration required to enter this exit channel. An interesting
aspect of the mechanism for the formation of H2O+ is that
because of the large amount of available energy (∼100 kJ/mol)
the trajectories are not required to pass near the saddle point
geometry. The bottleneck to reaction is obviously a dynamical
bottleneck. We attempted to search for combinations of spatial
and momentum coordinates that led to H2O+ formation, but this
proved difficult with six spatial and six momentum coordinates.
One characteristic we were able to uncover was that prior to
the step 2 donation of the H′ atom to OH+ the system often
assumed a configuration in whichRO-H′′ ≈ RH′′-H andRO-H′ ≈
RH′-H. Listed below are some general conclusions for this study
of the O+ H3

+ reaction system.
1. Increasing collisional energy decreases the cross sections

in both reaction channels.
2. Adding a quanta of H3+ symmetric stretch has almost no

effect on the cross sections in the OH+ + H2 channel; it
produces a small increase in cross section for the H2O+ + H
channel.

3. Each diatomic product receives about 50% of the available
energy in the OH+ and H2 channel; the OH+ energy is
predominately internal energy.

4. In the H2O+ + H product channel, about 83% of the
available energy is dumped into the H2O+ ion; less than 2% of
the H2O+ product energy is translational energy.

5. O collisions with H3
+ in the (100) excited vibrational state

produces H2O+ that is more rotationally excited and with more
energy in asymmetric stretch than H2O+ produced from ground
vibrational H3

+. O collisions with H3
+ in the (100) excited

vibrational state produces H2 in the OH+ + H2 channel with
twice the vibrational energy as H2 produced from ground
vibrational H3

+.
6. H2O+ is produced from O+ H3

+ in a two-step process:
H+ transfer to O followed by H transfer to OH+. The transfer
of H+ from H3

+ to O produces OH+ and H2. These species
become trapped in a potential well. While in this well, the atoms
may reach a critical configuration that leads to transfer of a H
atom to OH+ to give H2O+.

It is our hope that this paper will encourage further theoretical
and experimental studies of this very interesting reaction system.
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