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Dynamics of the O + H,™ - OH* + H, OH + H*
proton and hydrogen atom transfer reactions
on the two lowest potential energy surfacest

Rodrigo Martinez,® Miguel Paniagua,® Jordi Mayneris-Perxachs,+“ Pablo Gamallo®
and Miguel Gonzalez**

The dynamics of the title reaction was studied using mainly the quasiclassical trajectory (QCT) method
on the ground 12A” (OH* channel) and first excited 1°A’ (OH channel) potential energy surfaces (PESs)
employing ab initio analytical representations of the PESs developed by us. Both PESs correspond to
exoergic reactions, are barrierless and present a deep minimum along the minimum energy path (MEP).
Some extra calculations (cross sections) were also performed with the time dependent quantum real
wave packet method at the centrifugal sudden level (RWP-CS method). A broad set of properties as a
function of collision energy (E.,, < 0.5 eV) was considered using the QCT method: cross sections,
average fractions of energy, product rovibrational distributions, two- and three-vector properties, and
the microscopic mechanisms analyzing their influence on the dynamics. The proton transfer channel
dominates the reactivity of the system and significant differences between the two reaction channels are
found for the vibrational distributions and microscopic mechanisms. The results were interpreted
according to the properties of the ground and excited PESs. Moreover, the QCT and RWP-CS cross
sections are in rather good agreement for both reaction channels. We hope that this study will
encourage the experimentalists to investigate the dynamics of this interesting but scarcely studied
system, whose two lowest PESs include the ground and first excited electronic states of the H,O™ cation.

|. Introduction

The O(*P) + H," atom-molecular ion gas phase chemical reaction
system has been studied very little, in spite of its interest from a
fundamental point of view as, e.g., it leads to two different and
important reaction products (OH" + H, OH + H'). Moreover, the
ground potential energy surface of this system (1°A” PES)
correlates with the electronic ground state of the water cation,
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H,O0"(X*By; C,, symmetry), and the first excited potential energy
surface (1°A’ PES) correlates with the first excited electronic
state of that cation, HOH'(1%Il,; D, symmetry); with both
electronic states of H,0" becoming degenerate in D,,;, symmetry
(see, e.g., ref. 1 and 2). Besides, the O(*P) + H," system is related to
other interesting ionic systems as, e.g., the X('S) + H,” —» XH' + H
(X = He, Ne, Ar)*>* and O*(*S) + H," — OH" + H>® reactions,
from which a lot has been learned from the reaction dynamics
perspective.

Furthermore, although the H,O molecule and the related
ionic species (O, OH', H,0", H;0", etc.) are important in
Astrochemistry and it cannot be ruled out that the O(°P) + H,"
reaction might play some role in this context, it should be noted
that once the H," molecular ion is formed it quickly reacts
leading to H;" (H," + H, — Hj;' + H); thus the main reaction
involving the oxygen atom corresponds to O + H;" — OH" + H,,
H,0" + H.7®

To the best of our knowledge the dynamics and kinetics of
the O + H," reaction has been investigated only in two previous
contributions™? and the most related studies probably correspond to
an ab initio analysis of the H,O" PESs in the C,, region,” an ab initio
analytical ground PES developed recently,’® and an experimental™
and a theoretical”® study on the H,O" photodissociation. In ref. 1
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analytical representations of the ground 1°A” and first excited 1°A’
PESs of O(°P) + H," were reported for the first time, and they
were based on MRCI (multireference configuration interaction)
ab initio calculations.

This system leads to proton transfer, OH' + H, on the ground
PES and to hydrogen atom transfer, OH + H', on the first
excited PES, with both reaction channels being exoergic and the
two PESs being barrierless and presenting a deep minimum
(H,0"(X’B,) and HOH(1°I1,,), respectively),

OCP)+H,” - OH"+H AD,=-2.44¢V,” (1)
O(’P) + H,Y - OH+ H' AD,=-1.741eV,"* (2

This can be seen in the electronic correlation diagram presented in
Fig. 1 of ref. 1, for different arrangements of the H,O" reactive
system under Cg, C,, C., and D, symmetries, and in the
simplified scheme presented here (Fig. 1); which only shows the
energy profile (minimum energy path) of the two most relevant PESs.

In ref. 1 the kinetics of the O + H," reaction was also
investigated (T: 200-900 K) using the quasiclassical trajectory
(QCT) method, and taking also into account the D," and HD"
isotope variants. Moreover, the O + H,'(v = 0, j = 0) QCT cross
section was also reported for a small set of collision energies
(Ecop) in the 0.010-0.50 eV interval. In ref. 2 a time dependent
quantum dynamics study, using the real wave packet (RWP)
method and taking into account the Coriolis coupling (CC),
was performed on the cross sections and rate constants of the
O + H," reaction, estimating also the influence of the Renner-
Teller (RT) 1°TI, (1*°A”-1?A’) nonadiabatic coupling on the
reactivity of the system.

This paper is a continuation of the work reported in ref. 1
and is focused on the theoretical study of the O + H," reaction
dynamics (cross sections, rovibrational distributions, two- and
three-vector angular distributions, and microscopic mechanisms
and their influence on the dynamics), taking into account the
two possible reaction channels. The cross sections were also
calculated using the time dependent real wave packet quantum
method and the centrifugal sudden approximation (RWP-CS
method). Both methods were applied on the ab initio ground
and first excited PESs" indicated above. The paper is organized

O(Py) +Hy' (2]

] OH(’m) + H*('sy)

OH*(3Y) + H(’s,)

V/eV

reaction coordinate

Fig. 1 Schematic representation of the potential energy profile along the
minimum energy path for the ground (12A” PES) and first excited (1A’ PES)
potential energy surfaces.
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as follows: Section II provides the computational details, Section
III presents the results and discussion and Section IV gives the
summary and conclusions. Moreover, some useful additional
information is provided in the ESL}

[I. Computational methods

The analytical representations (many-body expansions)'*"> of
the 1°A” and 1°A’ PESs used here were reported in ref. 1. They
are based on grids of ab initio MRCI points (2698 and 2000,
respectively), in which the standard correlation-consistent
aug-cc-pVQZ basis set was used. Both PESs are exoergic and
present a deep minimum along the MEP, as indicated previously.
As in the case of ref. 1, we considered that reaction (1), proton
transfer, and reaction (2), H atom transfer, take place adiabatically
on the 1°A” and 1°A’ PESs, respectively.

The spin-orbit couplings with the quartet PESs are expected
to be of little relevance in these reactions as they only involve
light atomic species. Regarding the influence of the Renner-Teller
effect'® on the dynamics (nonadiabatic coupling of the 1°A” and
1°A’ PESs for collinear geometries), from the estimations of the
quantum dynamics calculations of ref. 2 it comes out that the RT
coupling mainly decreases the reactivity of the system on both
PESs (Fig. 6 of ref. 2) and this is particularly evident for E., below
0.1 eV. The cross section for non-adiabatic H transfer when the
system evolves initially on the 1°A” PES is almost zero and similarly
the cross section for non-adiabatic H' transfer when the system
evolves initially on the 1°A’ PES is really small (Fig. 5 of ref. 2).

Here, we investigated the dynamics of reactions (1) and (2)
using the QCT method in the standard way (see, e.g., ref. 17-19).
Thus, the dynamic properties (cross sections, product state
distributions, vector correlations and microscopic mechanisms)
were studied as a function of collision energy within the interval
0.05 eV < E., < 0.50 eV and considering a selection of
rovibrational levels of H,".

Though the QCT method has approximate character it is a
valuable theoretical approach for studying reaction dynamics if
quantum effects are not significant; as it is expected to occur
for the ‘ordinary’ reaction conditions examined, since both
PESs are barrierless (in fact, a rather good comparison between
the QCT and RWP-CS cross sections was obtained; ¢f. Section III).

As usual, the accuracy of the numerical integration of Hamilton’s
equations was checked by analyzing the conservation of total energy
and total angular momentum for each calculated trajectory (an
integration step size of 5.0 x 10~"” s was enough to fulfill these
requirements). The trajectories were started at an initial separation
of 15 A between the O atom and the H," center of mass, thus
ensuring that the interaction energy was negligible with respect
to the available energy.

For each initial condition (E., = 0.05-0.50 eV, v = 0, j = 0)
batches of 1.0 x 10° trajectories were calculated on both PESs
The statistical error (one standard deviation) of the cross sections
was less than 0.15% for all conditions studied, whereas in the case
of the product state distributions the standard deviation was
maintained below 2%. Additional QCT calculations were also
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performed to investigate the influence of the rovibrational
excitation of H," on the dynamics considering the following
cases: E, = 0.05, 0.25 and 0.50 eV, v =0, = 2 and 4; E., = 0.05,
0.25 and 0.50 eV, v =1, =0, 2 and 4.

Some calculations were also carried out (E.,; < 0.50 eV,
v =0, j = 0) by means of the time dependent real wave packet
quantum method,*® using the centrifugal sudden approximation,**
which has been applied to a wide range of reactions® and is quite
satisfactory for this® and related systems,*® in order to compare
the quantum and quasiclassical cross section results. Basically,
the RWP-CS method propagates the real part of a wave packet
under the action of an inverse cosine mapping of a shifted and
scaled Hamiltonian operator, using the Chebyshev’s iterations.
We employ the usual, spinless, triatomic Hamiltonian operator,
using atomic units, reactant Jacobi coordinates (R, r and y),
and a body-fixed reference frame whose z axis is along the
quantization axis R.>?

The state selected (v, j) reaction probabilities at fixed total
angular momentum, P/, j(Eco1), are calculated for a range of E.
values from a single wave packet propagation by means of a flux
method.** The initial wave packet (eqn (3)) is of Gaussian type
and contains a range of momenta or collision energies,

2(R) = ch1/40(71/2e7(R7R0)2/2cL2e7i(z,uREn]l/z(RfR()). 3)

Thus, the initial wave packet is defined by the half width at half
maximum (), the center of the Gaussian (R,), the reduced mass
associated with R (ug), and the relative translational energy
distribution center (Ej).

The state selected reaction probabilities can be determined
from a time-energy Fourier transform of a time dependent flux
quantity inferred from the wave packet, and normalizing the
result to the asymptotic distribution of the initial collision
energies.”* More technical details are given, e.g., in ref. 25.

The features of the initial wave packet, the grid and other
parameters employed in the RWP-CS calculations, were derived
from a large number of test calculations, and they are given in
Table 1. The reaction cross sections, o, j(E.o1), are calculated as
shown in eqn (4) using the reaction probabilities obtained for
all J values in the range 0 < J < Jmax, Where the J,ax values are
equal to 90 and 70 for the 1?A” and 1?A’ PESs, respectively,

Jmax

G = %Z(zwr Hel, (4)

w0

where £, ; is the module of the wave vector associated to Eo.

[1l. Results and discussion

Since the results obtained for the ground rovibrational state
(v=0,j = 0) of H," are quite similar to those obtained for the
other selected states, here we will mainly refer to the former
ones in order to present the results in a more compact form.
The results (tables and figures) achieved for the other rovibrational
states can be found in the ESIf and the most relevant aspects will
be considered at the end of this section.

This journal is © the Owner Societies 2017
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Table 1 Parameters employed in the RWP-CS calculations®
R range and number of grid points 0-37 and 617
r range and number of grid points 0.5-18.5 and 208
Number of associated Legendre functions 100”
and of y points
R and r absorption start at 32 and 13.5
R and r absorption strength 0.0005
Flux analysis at r 12.5

Centre of initial wave packet (Ry) 30

Width of the wave packet (o) 0.30
Mean relative translational energy/eV 0.15
Number of iterations 50000

“Values in atomic units, unless otherwise specified. ” Taking into
account the symmetry (2 x 50).

A. Cross sections

The QCT and RWP-CS cross sections for both reactions with
H,"(v = 0,/ = 0), 6(1?°A”) and ¢(1A’), as a function of collision
energy (up to 0.50 €V), are shown in Fig. 2. Here the cross
section values are not multiplied by the electronic term (2/18)
that must be applied to them in order to compare with the
experimental results, when they become available.

Comparison of the QCT and RWP-CS cross sections shows a
rather good agreement and suggests that quantum effects are
not important under the reaction conditions explored, as expected
due to the properties of the PESs.

o(?A") / A2

02 03
E _/eV

Fig. 2 Cross sections for reactions (1) and (2) with H,*(v =0, j = 0) as a
function of collision energy (panels (a) and (b), respectively). QCT (black),
RWP-CS (green) and RWP-CC (red)? cross sections.

8001

col
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Both the QCT and RWP-CS cross sections for reaction (1)
strongly decrease with E, in the 0.05-0.15 eV range [Ac(1°A”)/AEe
(QCT, RWP-CS) ~ —9.41 x 10> A* eV ™Y, —7.26 x 10> A> eV ']. In
the case of reaction (2), the stronger decrease with E,,; is smoother
and takes place in the 0.05-0.10 eV E,, range [Ac(1’A')/AE. (QCT,
RWP-CS) ~ —2.24 x 10% A% eV, —1.60 x 10*> A% ev™']. At
higher E., values the decrease becomes progressively less
intense for both reactions.

At E.o; = 0.05 eV the cross section of reaction (1) is around
three times the cross section of reaction (2) (3.1 and 2.9 for QCT
and RWP-CS, respectively), and the o(1°A”)/c(1°A") ratio
decreases with E,, up to reaching values of 1.9 and 1.7 at 0.20 eV,
and 1.5 and 1.0 at 0.50 €V, for the QCT and RWP-CS methods,
respectively. Hence the proton transfer process occurs more easily
than the hydrogen atom transfer. This probably arises from the
more attractive character of the ground PES, which is also
evident in the long range region.

The decrease observed for the cross sections as collision
energy increases is expected for reactions with PESs without
threshold energy (exoergic and barrierless PESs),?® as it happens
for the 1A” and 1?A’ surfaces. In these cases when E,, increases
is more difficult for the reactants to evolve into the products
following the MEP. Moreover, the shapes of the ¢(1?A”) and
a(1%A") vs. E., dependences mainly arise from the b’ Vs, Eeol
dependences [6(QCT) = Thyay (Pr), Where bpa, and (P,) are the
maximum impact parameter and average reaction probability for
the selected reaction]. In fact, both by,,> and (P,) diminish with
E.o1 but the decrease is much less evident for the second property,
which is not far from unity (0.8 < (P;) < 1.0). The higher value of
o(1°A") relative to ¢(1°A’) arises from the higher b, values of the
former due to the more attractive character of the 1°A” PES.

B. Product state distributions

Fig. 3 shows the QCT average energy fractions [i.e., {f'(1%A"))
and (f(1*A")), with i = V (vibration), R (rotation), and T
(translation)] for the ground and excited PESs. In both cases
the vibrational average energy fraction is slightly dependent on
E o and corresponds to the main energy contribution, reaching
larger values for the ground PES ({£/(1?°A")) = 0.50-0.53
and (f/(1?A")) = 0.38-0.41). The translational and rotational
average energy fractions are in general quite close to each other.
For the 1°A” PES both fractions are similar ({fi/) = 0.23-0.26
and (fz') = 0.24-0.25), while for the 1?A’ PES the translational
average energy fraction is somewhat larger than the rotational
one ({ft') = 0.32-0.36 and (fz’) = 0.26-0.27). Hence, there is
some more vibrational energy than translational + rotational
energy in the products of the ground PES, while the opposite is
true for the excited PES. Besides, about 74-77% and 64-68% of
the available energy is released as internal energy of the
product molecules in the ground and excited PESs, respectively.
Although there is no a general rule, it often happens that for
exoergic and barrier-less (or with a small barrier) triatomic
reactions there is an important fraction of the energy appearing
as internal excitation of products (mostly as vibrational energy),
at least for “soft” reaction conditions; and this can be found for
different reaction kinematics and PESs shapes.'927729
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Fig. 3 QCT average energy fractions for reactions (1) and (2) with Hy*(v = 0,
Jj = 0) as a function of collision energy (panels (a) and (b), respectively).
Translation (black; T), vibration (red; V) and rotation (blue; R).

A more detailed information on the energy distributions was
obtained from the vibrational populations of the product
molecules, P(v'). The QCT vibrational distributions arising
from reactions (1) and (2) with H, (v = 0, j = 0) at selected E.q
values [0.05, 0.15, 0.30 and 0.50 eV] are reported in Fig. 4. For
reaction (1) the OH'(v') vibrational distributions present population
inversion for all the E, values explored. However, in strong contrast
to this for reaction (2) the OH(v') vibrational distributions are
monotonically decreasing (i.e., the populations are non-inverted).
In both cases the distributions are little dependent on E.,; and
become slightly wider as E. increases.

The vibrational distributions obtained could be interpreted
on the basis of the more attractive character of the ground PES
(¢f. equipotential contour plots of the 1?A” and 1?A’ PESs in
ref. 1), its larger exoergicity [—2.48 eV (1°A") vs. —1.61 eV (1°A")],"
and the smaller vibrational frequency of the corresponding diatomic
product [OH" (3116 cm™ ') vs. OH (3696 cm ™ )],* although it is far
from trivial to determine the weight of these factors in the resulting
distributions. These aspects also help to understand that some
more vibrational excitation is found for the ground PES.

The rotational distributions were also examined for both
reactions (Fig. 5). The ground PES rotational distributions are
hotter than the excited PES ones. Thus, e.g., for OH'(Y' = 0 and 5)
the maximum of the distribution is located atj’ = 32 and 19 (Eo =
0.05 eV) and atj’ = 31 and 26 (E. = 0.50 eV), respectively. For
OH(v' = 0 and 5) they are peaked atj’ = 22 and 7 (E.o = 0.05 eV)

This journal is © the Owner Societies 2017
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Fig. 4 QCT products vibrational state distributions for OH* (reaction (1))
and OH (reaction (2)), panels (a) and (b), respectively, at selected collision
energies with H,"(v = 0, = 0) [0.05 eV (black), 0.15 eV (red), 0.30 eV (blue)
and 0.50 eV (green)].

and atj’ = 24 and 13 (E. = 0.50 eV), respectively. The shape of
the distributions is similar for all E.,, there is a bit more
rotational excitation as E. increases and, for a given vibrational
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level v/, the maximum j’ value reached in the distribution
decreases as V' increases, as expected.

Additional insight into the product state distributions is
given below in the analysis of the influence of the microscopic
reaction mechanism on the dynamics (Section III.D).

C. Two- and three-vector correlations

After completing the study of the scalar properties of the
O + H," reactive system, the stereodynamics (vector properties)
was also investigated taking into account the main vectors of
the system. Thus, we have examined the two-vector angular
distributions kk’, kj’, and k'j’, where k and k’ correspond to the
initial and final relative velocity vectors, respectively, and j’
refers to the rotational angular momentum vector of OH' or OH
(reactions (1) and (2), respectively). The three-vector angular
distribution kk'j’ has been also analyzed, where the KK'j’
dihedral angle corresponds to the angle that results from the
plane defined by the k’ and j’ vectors with respect to the plane
defined by k and k'. The kk’ angular distribution is given in
terms of the differential cross section per unit of solid angle,
d’¢/dQ (DCS), employing its dimensionless form (2n/c times
the d’s/dQ value; relative DCS); while the kj’, k’j’, and kk'j’
angular distributions are given in terms of their corresponding
probability density functions [P(kj’), P(k’j’), and P(kk'j’),
respectively]."®*°

The kk' angular distributions for the ground (top panels)
and excited (bottom panels) PESs are given in Fig. 6, where it
can be seen that they are similar and rather symmetric around
Kk’ = 90°. Reaction (1) shows a symmetric kk’ distribution at
0.05 eV, a slight tendency toward backward scattering at 0.15
and 0.30 eV, and a slight tendency toward forward scattering
at the higher E., (0.50 eV). For reaction (2) the evolution of the
kk' distribution with E., displays a simpler behavior, as it is

P(Vl’jI’ZAII)

P(V\{\2A)

Fig. 5 QCT products rotational state distributions for OH* (reaction (1)) and OH (reaction (2)), panels (a)—(d) and (e)—(h), respectively, at selected collision energies
with Ho*(v = 0, = 0) (0.05, 0.15, 0.30 and 0.50 eV). Black, blue, orange, navy, olive, and gray lines stand for the v/ = 0, 2, 4, 6, 8 and 10 states, respectively.
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Fig. 6 QCT products kk’ (black), kj’ (red) and k'j’ (blue) angular distributions for reactions (1) and (2) with H,*(v = 0, j = 0) (panels (a)-(d) and (e)—(h),

respectively), at selected collision energies (0.05, 0.15, 0.30 and 0.50 eV).

essentially symmetric at 0.05 eV and becomes progressively and
slightly more forward as E. increases.

The 1°A” forward/backward (f/b) scattering ratio, expressed
in terms of the DCS(kk’: 0-90°)/DCS(kk’: 90-180°) ratio, is equal
to 1.02, 0.87, 0.91 and 1.03 for E,; = 0.05, 0.15, 0.30 and 0.50 eV,
respectively, while the 1*A’ f/b ratio takes the following values:
1.04, 1.17, 1.26 and 1.20, respectively.

The similar shape of the 1?A” and 1A’ kk’ angular distributions
can be interpreted taking into account the similar shape
of both PESs. Besides, the rather symmetric character of
DCS(KK') results from the deep minimum which is present in
each PES that plays an important role in the dynamics (see
Section IIL.D).

The kj’ angular distributions for reactions (1) and (2) are
symmetric around kj' = 90° (as they must be),'®*° exhibit a
maximum at 90° and show a weak dependence with collision
energy (especially for 0.15-0.50 eV; c¢f. Fig. 6). This trend
towards a perpendicular arrangement of the k and j’ vectors
(which is more evident for the ground PES at 0.15-0.50 eV) is
stronger for those reactive processes following a direct reaction
mode (¢f: Section II1.D), and results from the angular momentum
vectors transformation from reactants to products (see below).

The K’j' angular distributions for both reactions are also
symmetric around 90° (as they should be),’®?° and are quite
similar to the kj’ angular distributions, especially for the excited
PES (Fig. 6). These results correlate with the dependence
exhibited by the I'j’ angular distribution, where I’ is the orbital
angular momentum vector of products. Although the Ij
distribution cannot be determined experimentally, it is helpful
in interpreting the k’j’ distribution results. In fact, the tendency
of the system to show a parallel or anti-parallel I'j’ orientation in
products leads to the tendency toward a perpendicular K’j'
orientation, which is stronger for the reactions evolving through
a direct reaction mode, as in the case of kj' (¢f. Section IILD).
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The kKk'j’ angular distributions for both reactions show the
existence of two maxima (at 90 and 270°) and are almost
symmetric around 180° at E o = 0.05 €V (Fig. 7). This symmetry
disappears at higher E. values, where the maximum at 90° is
more intense than that at 270°. Hence, the rotational angular
momentum vector of the diatomics (OH" or OH) tends to rotate
perpendicularly to the kk’' plane (scattering plane), which
corresponds to the dihedral angles of 90° and 270°, with some
preference for the former. Stronger peaks are found for those
reactive processes occurring through a direct reaction mode
(¢f Section IIL.D).

To interpret the vector properties it is often useful to
examine how the total angular momentum of the system (J) is
distributed between the rotational (j') and orbital (I') angular
momenta of products (Table S3, ESIt). The modulus of j' is
larger than the modulus of I, with the only exception of what
happens for the excited PES at 0.05 eV. Moreover, while j' has a
tendency to be oriented parallel to J this is not the case of I',
which shows a trend to be perpendicular to J. The tendency of j’
to be parallel to J allow us to understand the maximum
observed in the kj’ distribution at 90°. Regarding the angular
distribution of j’ and I’, it can be seen that both vectors tend to
be strongly perpendicular. Therefore, on the basis of this single
result we can not necessarily conclude the existence of a maximum
in the kj’ angular distribution at 90°, as it is in fact observed.

Here it is also of interest to determine the allowed vector
modules of the couple of vectors (I',j") for the average J value of
O +H, (v=0,j=0)at E.o = 0.05, 0.15, 0.30 and 0.50 eV (average
J values in units of h: 33.3, 41.2, 45.6 and 51.5, respectively
(ground PES) and 18.4, 27.4, 35.7 and 43.3, respectively (excited
PES)). A direct microscopic reaction mechanism would lead to a
non-uniform distribution of (I';j’) points, within the area allowed
by the triangular inequality, while a highly complex (statistical)
mechanism would lead to an uniform distribution. From Fig. S7
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Fig. 7 QCT products kk’j’ dihedral angle angular distribution for reactions (1) and (2) with Hx*(v = 0, j = 0) (panels (a)-(d) and (e)-(h), respectively), at

selected collision energies (0.05, 0.15, 0.30 and 0.50 eV).

of the ESI{ it comes out that rather uniform distributions are
observed, which are more uniform as collision energy decreases.
Besides, more uniform distributions are observed for the excited
PES. These results suggest that both direct and complex micro-
scopic reaction mechanisms are involved in the O + H," reaction.

This will be examined in detail in the following section
where, in addition of identifying the different reaction modes
involved, the effect of them on the scalar and vector dynamic
properties is also analyzed.

D. Microscopic reaction mechanisms

The microscopic mechanism and its influence on the dynamics
properties was investigated for reactions (1) and (2) at E., =
0.05, 0.15, and 0.50 eV, employing representative samples of
reactive trajectories and analyzing the time evolution of the
internuclear distances. The most important types of reactive
trajectories observed are shown in Fig. 8.

Reaction (1), which takes place on the 1°A” ground PES,
occurs according to three reaction modes (Fig. 8 and see also
Movies 1-3 in the ESI}): (a) direct; (b) non-direct (short-lived
collision complexes); (c) complex (long-lived collision complexes);

and most of reactive trajectories lead to products evolving
through geometries which are not far from that of the PES
H,O"(X’B;) deep minimum. We have defined the three types of
reactive trajectories on the basis of the lifetime (¢..) of the
collision complex expressed in terms of the average rotational
period of the collision complex at a given E.o ({tror)): (@) direct
trajectories: 0 < t,. < 0.1(1.o); (b) non-direct trajectories:
0.1(Tror) < tee <{(Tror); (c) complex trajectories: tee > (Tror)-

The direct reaction mode accounts for 5.2-21.1% of the total
reactivity, i.e., the non-direct and complex reaction modes are
clearly the most favored ones (33.9 and 17.7% non-direct at
0.05 and 0.50 eV, respectively, and 60.9 and 60.6% complex at
0.05 and 0.50 eV, respectively, ¢f. Table 2). The formation of
long-lived collision complexes occurs with a higher probability
in the case of reaction (1), probably due to the presence of the
deepest minimum on the 1>A” PES. For the long-lived collision
complexes the average lifetimes are 0.25, 0.19 and 0.15 ps for
E.o = 0.05, 0.15, and 0.50 eV, respectively.

Analogous results as those for reaction (1) are obtained for
reaction (2), which occurs on the 1?A’ excited PES. It also takes
place following a direct, non-direct and complex reaction modes,

1.0
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and the contributions of the second and third ones represent
29.4-51.5% and 31.8-41.1% of the total, respectively (Table 2).
Thus, the direct mechanism has in general a lower contribution
to reaction (2) (16.7-35.0%) than the other mechanisms, as it
happens for reaction (1), even though its contribution to reactivity
is larger than for reaction (1). Moreover, long-lived collision
complexes of somewhat larger average lifetimes than those for
the 1°A” PES are found here (0.33, 0.26 and 0.20 ps for E., = 0.05,
0.15, and 0.50 eV, respectively). Of course, as the ground and
excited PESs have a similar shape, with the HOH'(1°I1,) deep
minimum in the case of the excited PES, the microscopic reaction
mechanisms on both surfaces are also expected to be similar.

Concerning the influence of the microscopic mechanism on
the dynamics and in order to make things more evident regarding
the influence of the complex mechanism, from now on we
have been more restrictive and considered only the complex
reactive trajectories with long-lived collision complexes satisfying
lec = 5<Tr0t>-

Regardless of what happens at the lowest collision energy
(0.05 eV), for the ground 1°A” PES the direct mechanism leads
to a degree of vibrational excitation somewhat higher ({ f,/) ~ 0.6)
than the complex mechanism ({ £/} &~ 0.5), although the results
are similar (Fig. 9). For the excited 1°A’ PES both mechanisms
lead to results that are more similar to each other than in the case
of the ground PES (Fig. 10). Both mechanisms lead to inverted
vibrational populations for the 1°A” PES and non-inverted ones
(monotonically decreasing) for the 1°A’ PES.

When the angular distributions of both PESs are considered,
appreciable and expected differences in these properties are

Table 2 Microscopic mechanism analysis data as a function of collision
energy?

PES 12A” 0.05 eV 0.15 eV 0.50 eV
(Trot)/PS 0.073 0.049 0.034
(tec)/pS 0.16 0.14 0.093
{tee Y{Tror) 2.3 2.8 2.8
{tice) /S 0.25 0.19 0.15
(tuce )/ {Trot) 3.4 4.0 4.4
(tsice)/PS 0.043 0.026 0.022
{tsice M {Trot) 0.59 0.52 0.65
% direct 5.2 6.8 21.1
% llce 60.9 67.7 60.6
% slcc 33.9 25.5 17.7
PES 1%A’ 0.05 eV 0.15 eV 0.50 eV
{Tror)/PS 0.146 0.105 0.076
{tec)/PS 0.14 0.13 0.082
{teed {Trot) 0.97 1.26 1.08
{tiee)/ps 0.33 0.26 0.20
<tllcc>/<rrot> 2.3 2.5 2.6
{tsiee)/PS 0.069 0.059 0.045
{tstee) {Trot) 0.47 0.56 0.60
% direct 16.7 19.3 35.0
% llce 31.8 41.1 35.6
% slece 51.5 39.6 29.4

% (1r0r) is the average rotational period of the collision complex; (¢..) is
the average lifetime of the collision complex; (t..) is the average
lifetime of the long-lived collision complex; (¢..) is the average lifetime
of the short-lived collision complex; llcc and slcc refer to the long- and
short-lived collision complexes, respectively.
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Fig. 9 QCT average energy fractions for OH* (reaction (1)) and OH
(reaction (2)), as a function of collision energy with H,™(v = O, j = 0) (panels
(a) and (c) and panels (b) and (d), respectively), as a function of the microscopic
mechanism. Translation (black; T), vibration (red; V), and rotation (blue; R).
Please, note that to make more evident the influence of the microscopic
mechanism, in the complex case we have only considered the reactive
trajectories with long-lived collision complexes satisfying tec > 5(tror)-
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Fig. 10 QCT products vibrational state distributions for OH* (reaction (1))
and OH (reaction (2)), panels (a) and (c) and panels (b) and (d), respectively,
at selected collision energies with H,"(v = 0, j = 0) as a function of the
microscopic mechanism [0.05 eV (black), 0.15 eV (red) and 0.50 eV
(green)]. The same comment on the complex mechanism given in Fig. 9
applies here.
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observed, depending on whether the results are for the direct
mechanism or for the complex one, e.g., tendency towards
“forward”’/“backward” symmetry in the kk’ distribution for
the complex mechanism (Fig. 11 and 12). For the direct mechanism
the DCSs show preference for kk' “forward” dispersion, while for
the complex mechanism the DCSs are essentially symmetrical about
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90°. Moreover, there is a decrease in the intensity of the maximum
observed at 90° in the kj’ and K'j’ distributions when evolving from
the direct to the complex mechanism.

For the angular distribution of the kk'j’ dihedral angle there
is a clear trend to evolve from distributions with maxima at 90°
and 270° of remarkable intensity (direct mechanism) to significantly

direct mechanism
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Fig. 11 QCT products kk’ (black), kj’ (red) and k’j’ (blue) angular distributions for reactions (1) and (2) with Hy*(v =

0, = 0) panels (a)—(c) and (d)-(f),

respectively), for the direct reaction mechanism at selected collision energies (0.05, 0.15 and 0.50 eV).
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Fig. 12 Same as Fig. 11 but for the complex reaction mechanism. The same comment on this mechanism given in Fig. 9 applies here.
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Fig. 14 Same as Fig. 13 but for the complex reaction mechanism. The same comment on this mechanism given in Fig. 9 applies here.

attenuated maxima (complex mechanism); Fig. 13 and 14. In
particular this distribution is substantially isotropic for the
complex mechanism at the lowest collision energy analyzed
(0.05 eV). This isotropy is progressively lost as collision energy
increases, and the intensities of the maxima are rather attenuated
with respect to the direct case.
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In summary, both reactions involve a rich dynamics (with
the stronger differences occurring for the product vibrational
distributions) resulting from the contributions of three microscopic
reaction mechanisms, with the direct mechanism being at most
responsible of 21 and 35% of the reactivity for the ground and
excited PESs, respectively.
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E. Influence of rovibrational excitation of H,"

The effect of vibrational and rotational excitation of H," was
also explored and the results are presented in the ESI:{ cross
sections (Table S1), average energy fractions (Table S2), product
vibrational and rotational distributions (Fig. S1 and S2, respectively)
and angular distributions (Fig. S3-S6).

The cross sections for H,'(v = 1, j) are very similar, although
a bit smaller, than the cross sections for H, (v = 0, j). The
vibrational average energy fraction of reaction (1) increases
somewhat with vibrational excitation of reactants (v = 1), while
in the case of reaction (2) the situation is basically the same as
for v = 0. The vibrational distributions tend to be a bit more excited
with vibrational excitation of H,". The rotational distributions tend
to be a bit less excited with vibrational excitation of H,". Vector
properties are also similar (or very similar), with the angular
distributions kj’, K’j’, and kk'j’ showing stronger peaks at 90°,
90°, and 90° and 270°, respectively, when the rovibrational state of
H," changes from (v = 0,/ = 0) to (v = 1, = 0). Rotational excitation
of H," shows in general a very small influence on the examined
properties, leading to slightly more excited rotational distributions.

The influence of a moderate rovibrational excitation is small
because of the barrierless character and exoergicity of the PESs,
and taking into account the influence of the corresponding
deep minimum in the dynamics (wide range of O-H," attack
angles available for the reaction to occur).

IV. Summary and conclusions

We investigated the dynamics of the O + H," reaction, using
mainly the QCT method and two ab initio analytical surfaces
developed by our group for the ground (1?A”) and first excited
(1?A") PESs. Two reaction channels are possible: O + H," — OH" +
H (1), H' transfer (ground PES), and OH + H' (2), H transfer (first
excited PES). Both PESs are exoergic and barrierless and have a
deep minimum along the minimum energy reaction path.

Scalar properties (cross sections, average fractions of energy,
and product rovibrational distributions), vector properties (kk’,
kj’, kK’j’, and kKk’j’ angular distributions), and the microscopic
reaction mechanism were determined as a function of E.y
(0.05-0.50 eV) using the QCT method. Moreover, some additional
calculations (cross sections) were also carried out by means of the
time dependent RWP-CS quantum method.

The QCT and quantum cross sections are on the overall
similar, the proton transfer reaction channel dominates the
reactivity of the system, and the energy is mainly released as
vibrational energy of the diatomic product molecule (OH" and
OH for reactions (1) and (2), respectively). Besides, significant
differences are found between the two reaction channels for the
vibrational distribution (vibrational inversion for the 1*A” PES;
reaction (1)) and it should also be noticed that a larger
contribution of the direct reaction mode is observed for the
1?A’ PES (reaction (2)). Vibrational (v = 1) and rotational (j = 2
and 4) excitation of H," leads to quite similar results as those
for H,'(v = 0,/ = 0). All results obtained here were understood
on the basis of the PESs properties.

This journal is © the Owner Societies 2017
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We expect that this study will encourage the experimentalists to
carry out investigations on this interesting but rather surprisingly
little studied system, whose two lowest PESs adiabatically correlate
with the two lowest electronic states of H,O".
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