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Abstract: The research presented by the author investigates a polyatomic reaction occurring
in the gas phase. This study employs the Quasi-Classical Trajectory (QCT) approach
using the Wu-Schatz-Lendvay-Fang-Harding (WSLFH) potential energy surface (PES),
recognized as one of the most reliable PES models for this type of analysis. The substantial
sample size enables the derivation of detailed results that corroborate previous findings
while also identifying potential objectives for future experimental work. The Gaussian
Binning (GB) technique is utilized to more effectively highlight the variation in the total
angular momentum (J') of the excited product molecule, HOD*. A key aim of the study
is to explore the reaction dynamics due to their importance in excitation and emission
processes, which may contribute to the development of a chemical laser based on this
reaction. Increasing the vibrational level, v, of one reactant, D,, significantly enhances
the excitation of HOD* and shifts the P(J') distributions towards higher J' values, while
also broadening the distribution. Although the current research focuses on a few initial
conditions, the author plans to extend the study to encompass a wider range of initial
conditions within the reaction chamber of this type of chemical laser.

Keywords: OH + D,; gas phase reaction; Wu-Schatz-Lendvay-Fang-Harding potential
energy surface; Quasi—Classical Trajectory; Vibrational and Rotational Gaussian Binning
selections; chemical laser

1. Introduction

The gas—phase reaction OH + D, — HOD* + D is a fundamental system in tetratomic
reaction dynamics, akin to the well-known benchmark reaction OH + Hjy. Such reactions
are instrumental in performing large-scale computational processes, including dynamic
simulations, which are showcased in this study. These simulations enable a high-level
contrast with past and future theoretical and experimental results, offering insights into the
underlying mechanisms of these types of systems [1,2]. Notably, reactions like OH + Hp
serve as exemplary models for atom abstraction processes, where the OH radical abstracts
a hydrogen atom (or deuterium in this case) from the D2 molecule, forming the excited
product molecule, HOD*. This reaction mirrors the OH + H; system, in which the abstrac-
tion leads to the excited molecule HOH*, commonly used as a benchmark for this type
of reaction.

Although the current research lacks some experimental results necessary for a complete
comparison, it presents a clear pathway for future experimental investigations aimed at
obtaining these critical data. These findings are vital for expanding our understanding
of this reaction system. In particular, the influence of initial vibrational and translational
excitations on the reaction dynamics, as well as the effects of isotopic substitutions, has
been a focus of previous experimental efforts. For example, studies have examined how
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vibrational excitation influences the rate and product distribution in reactions of this type,
providing a foundation for future work [3].

In the past, Alagia et al. conducted significant experimental work on the reaction
OH + Dy — HOD + D, [4,5] where they were able to identify key aspects of the energy
distribution but were unable to resolve the vibrational levels of HOD. Nevertheless, their
findings demonstrated that approximately 64% of the total available energy was trans-
ferred into the internal energy of HOD [6]. These results were later confirmed by B.R.
Strazisar et al. [6] who not only corroborated the energy distribution but also successfully
resolved the vibrational states of the product molecule, HOD. In more recent studies, Liu
et al. [7] and other research groups have continued to expand our understanding of this re-
action, confirming and refining previous results while providing new insights into various
characteristics of the reaction dynamics.

On the theoretical front, the development of potential energy surfaces (PES) has
been essential in validating experimental results and providing insights into reaction
mechanisms. The first theoretical approaches led to the creation of the pioneering WDSE
(Walch-Dunning-Schatz—Elgersma) PES, [8] which successfully reproduced some of the
experimental data obtained for reactions such as OH + D,. Subsequent advancements in
PES development include the OC (Ochoa—Clary) [9,10] and WSLFH (Wu-Schatz-Lendvay-
Fang-Harding) [11] surfaces, which have proven to be highly effective in modeling this
type of reaction. In 2010, Bowman et al. [12] reported on full-dimensional, electronically
adiabatic potential energy surfaces for the ground state and excited state of OH3z. More
recent work has focused on Neural Network (NN) PES models, such as those developed
by Chen et al. [13] which utilize machine learning techniques to predict energy surfaces
with greater accuracy and efficiency. Despite the advances in NN PES, some challenges
remain. For instance, previous work by the author [1,14] has identified a discontinuity in
the transition state region of this NN PES [13], which may explain the inability to accurately
capture energy distribution in half of the reactive trajectories. Or Quanli Ma et al., who
note, according to their own words: “For the interaction of OH(X?TI) with H,, under the
assumption of fixed OH and H;, bond distances, we have determined two new sets of
four-dimensional ab initio potential energy surfaces.” [15] In addition to NN PES, other
non-analytical PES, such as the YZCL2 (Yang-Zhang-Collins-Lee) [16] and XXZ (C. Xiao, X.
Xu, S. Liu, T. Wang, W. Dong, T. Yang, Z. Sun, D. Dai, D. H. Zhang and X. Yang) [17], have
demonstrated their quality in describing reaction dynamics and energy transfer processes
in related systems.

The methodology employed in this study, including Gaussian Binning (GB), [18-20]
plays a crucial role in analyzing large data sets obtained from the simulations. GB method-
ology is particularly effective when dealing with very large samples, such as those used
in this article, and is especially useful when analyzing vibro-rotational energy distribu-
tions through a two-step process: first, a Vibrational-GB (V-GB) selection followed by a
Rotational-GB (R-GB) selection [1,14]. This approach ensures that the distributions are
accurately represented, leading to more precise results.

Over the past few years, significant theoretical and experimental investigations have
been conducted in the field of polyatomic reactions, particularly those related to systems
like the one studied in this article [21-27]. These studies have furthered our understanding
of the dynamics of such reactions and have provided valuable insights into the factors
that influence energy transfer and product formation in these systems. Some recent con-
tributions [28-31] in the field include studies on the influence of vibrational excitation
on reaction dynamics, as well as investigations into the effects of isotopic substitution on
product distribution. These works have been instrumental in expanding our knowledge of
this important reaction system and have provided a solid foundation for future research.
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In particular, the possibility of using reactions like OH + D, — HOD + D in chemical
laser applications has been a subject of increasing interest. The development of chemical
lasers based on reactions like this one could lead to advances in a variety of fields, includ-
ing materials processing, spectroscopy, and fundamental research in molecular dynamics.
The emitted wavelengths from such reactions could be extremely useful for manipulating
physicochemical systems, particularly those that involve molecules that can be excited
or dissociated under controlled conditions. The current study aims to further investi-
gate this possibility and contribute to the development of a chemical laser based on the
OH + D, reaction.

The contributions from recent studies in this area have significantly enhanced the
understanding of the dynamics of this reaction system and have provided invaluable
information for the design of future experimental and theoretical investigations. The author
acknowledges and appreciates the important contributions made by these researchers,
whose work has provided essential insights that have expanded the scope of his own
research and will continue to inform future studies in the field.

The remainder article is organized as follows: Section 2 describes the computational
method. Section 3 shows the results and discussion. Finally, Section 4 provides the
concluding remarks.

2. Computational Method

OH(v=0;j=2)+Dy(v=0,1,2,3,4;j=2) for a collision energy of 0.28 eV are initial
conditions studied in this article, although the author has planned to follow extending his
research to vast samples of initial conditions that improve the knowledge about a possible
chemical laser. Large samples of these initial conditions have been studied in this article
(Table 1). They were calculated using QCT calculations and analyzed by means of GB
methodology. Only WSLFH analytical PES was used, because of its good chemical-physical
behavior and efficiency to obtain enough large samples of good results to analyze in a
less time of calculus. Then, translational, vibrational, and rotational state distributions for
HOD product molecules were analyzed by means of GB methodology. It is a very good
method, as shown in the results obtained by the author in Refs. [1,14,19]. They had a great
agreement with the experiments carried out with a high-resolution molecular beam [6,7].
GB methodology is better than the habitual histogram binning methodology, as shown in
previous publications by the author.

Table 1. Summary of QCT calculated and QCT-GB selections for WSLFH PES. The meaning of the
acronyms used in this table are also indicated throughout the article: TT (Total Trajectories), TRT
(Total Reactive Trajectories), GRT (Good Reactive Trajectories), V-GB (first Vibrational-GB selection
on GRT) and R-GB (second Rotational-GB selection on V-GB trajectories).

vD; TT TRT GRT V-GB R-GB
0 102,098,979 1,483,121 1,483,119 2267 224
1 55,000,000 2,315,774 2,314,719 2022 206
2 25,000,000 2,034,409 2,025,653 2188 216
3 14,691,407 1,705,064 1,678,727 1894 197
4 9,629,120 1,433,845 1,396,695 1289 146

2.1. Procedure to Generate Each Trajectory

As in preceding QCT-GB publications, [1,14,19] the author uses a similar strategy in
the present article. Then, he gives a summary here. Between 100 M and 10 M trajectories
were run for each of the initial conditions in reagents: OH (vOH = 0; jOH = 2), and D,
(vD2=0,1,2,3,4;jD, =2). Total Trajectories (TT) calculated are started and stopped when
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the separations between two molecules, in reactants (OH and D,), and in products (HOD
and D), are 10 bohr, with an integration time step of 10 au (0.24 fs) and the energy conserva-
tion is better than 1 in 1000. The product vibrational actions of HOD are determined at the
end of each reactive trajectory using the Fourier Series method [32,33].

2.2. Analysis of Total Reactive Trajectories (TRT)

Like in the previous publications, the author considers Good Reactive Trajectories
(GRT) those reactive trajectories that conserve the energy better than 1 in 1000 (Table 1).

To determine the vibrational actions corresponding to the HOD product molecule
in each of the trajectories, the Fourier Series methodology [32,33] is used. Knowing the
coordinates and momenta of said molecule at the end of each trajectory, and given their
time dependency, they would be integrated for 1 ps using the corresponding classical
equations of motion applied to an isolated system: in this case, the HOD molecule. That
is, in the same manner as during the QCT calculations in the product area (HOD + D),
but with removing the atom partner (D). From the coordinates and momenta developed
as a function of the Fourier Series, the non-integer vibrational quantum numbers, Nk’
(k =1(HO), 2(HOD), and 3(OD)), are calculated. These correspond to the classical actions
of the product molecule HOD.

Expression used for vibrational energy, Ey’, of HOD product molecule is:

EV/ =2 (Nk/ + 1/2)'h'Vk/.

where the sum extends to the three vibrational modes, Nk’ (“real” values), and vk’ are
action and harmonic frequency of the kth vibrational mode, respectively.
For rotational energy, Eg’, of same HOD product molecule:

Er' =1/2-<fsj’ | 17! | fsj’ > + Coriolis Coupling Term.

where the bracket expression, <...|...I...>, applies to the inner angular momentum (the
module of vector fsj’ (fsj’) is a “real” value) and the inertial matrix (I) of HOD product
molecule.

Finally, for translational energy, Et’, between products (HOD and D):

Er’ = (p'Hop,p)* /2 HHOD,D-

where p'gopp and pyop,p are the linear momentum and the reduced mass, respectively,
of the product system, HOD + D.

2.3. First Vibrational-GB (V-GB) Selection on GRT

QCT-GB analyses were completed as in some previous articles by the author [1,14,19].
A Gaussian statistical weight is given for each GRT, such that the closer the final non-
integer vibrational actions of HOD, (N1/, Ny, N3'), to integer values, (vHO’, vHOD/, vOD'),
defining this one the correspondent final vibrational state of HOD product molecule:

IN7" — vpo' | < sqrt(In(2)) x 0.05 ~ 0.042.

N, — vgop' | < sqrt(In(2)) x 0.05 = 0.042.

IN3' — vop' | <sqrt(In(2)) x 0.05 a2 0.042.
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That is, that weight is a product of three narrow Gaussian functions, like the following
expressions:

exp[—(Ny'—vi/)?/€?], k = 1(HO), 2(HOD), 3(OD).

With ¢ being a parameter kept at 0.05, its typical value. This method permits to apply
Bohr quantization of HOD product vibration motions in a simple manner. Vibrational-state
populations are then kept proportional to the sum of the Gaussian weights associated with
the states [18,20].

V-GB selection requires about 1000 times more trajectories than the standard QCT
approach, because this traditional methodology processes all trajectories without discrimi-
nating their different importance. For the GB methodology, each Gaussian has a full width
at half maximum of ~0.1, then is accountable for only 10% of the trajectories that actually
contribute to the reactivity. In this case, HOD (N;/, N;/, N3'), it is necessary three Gaussians,
and their product does that the number of trajectories selected (V-GB) be three orders of
magnitude less than the number of GRT.

2.4. Second Rotational-GB (R-GB) Selection on V-GB Trajectories

Another important information about the HOD product molecule is the rotational-
state-specific distribution, P(J, R-GB), where J' is the total angular momentum of that
molecule in products. This new study was possible thanks to the improvement of the
statistics here performed (Table 1).

fsj, is obtained from the analysis of the rotational dynamics of each HOD product
molecule of previously selected trajectories: V-GB trajectories. From the real number,
fsj’, the nearest integer number to fsj’ is the action (J') corresponding to the total angular
momentum of the HOD product molecule. For this second GB selection, R-GB, only
trajectories that verify the following condition are chosen:

fsj' —J'1 <0.05.

The parameter (0.05) used in this second selection, R—-GB, is less restrictive than the
one used in the first selection, V-GB. Therefore, the number of trajectories selected (R-GB)
decreases to a lesser extent that for the first selection (V-GB). This R-GB selection just
produces a decrease of one order of magnitude on V-GB paths (Table 1).

3. Results and Discussions
3.1. Energies Disposal in Products

Energies disposal in products, calculated on WSLFH PES with three statistics (GRT,
V-GB, and R-GB) and five initial conditions for the reactive components (OH + D,
(vD2=0,1, 2,3, 4;jD, =2)), are presented in Table 2.

The increase of the vibrational excitation of D, (vD, — 0, 1, 2, 3, 4) causes variations
and redistributions of energies in products (HOD + D) (Table 2). Particularly, it produces a
light augment of the vibrational fraction (51-61% to 69—68%) but a significant decrease of the
translational fraction (41-33% to 18-20%) and a middle augment for the rotational fraction
(8-6% to 14-13%). Nevertheless, the increase in the initial conditions of vD; produces
a redistribution of energies disposal in products in another sense, helping a significant
increase of vibrational (11-13 to 39-38 kcal-mol~1) and rotational (2-1 to 8-7 kcal-mol 1)
levels but a less one in the translational energy (9-7 to 10~11 kcal-mol~!). Subsequently, it
produces an increase of the inner energy (vibrational and rotational levels), as shown in the
next sections.
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(a) vD2=0

0.15

0.10

P(J') / arb. units

0.00

Table 2. Energies disposal in products (kcal-mol ') for GRT, V-GB, and R-GB trajectories when
vD, =0, 1,2, 3, 4. All energies are expressed in terms of average and fraction ones, respectively, for
vibrational (V), translational (T) and rotational (R) kinds.

<Ey’> and (fv')

<ET/> and (fT/)

<ER/> and (fR,)

GRT (0)  10.97 (50.74%) 8.95 (41.38%) 1.70 (7.88%)
V-GB (0)  12.64 (58.11%) 7.63 (35.08%) 1.48 (6.80%)
R-GB(0)  13.36(61.27%) 7.21 (33.08%) 1.23 (5.66%)

19.13 (62.29%) 8.35 (27.18%) 3.24 (10.53%)
1) 17.71 (57.92%) 9.57 (31.30%) 3.29 (10.77%)
18.38 (60.10%) 9.26 (30.29%) 2.94 (9.61%)
25.43 (64.44%) 8.97 (22.72%) 5.07 (12.84%)
)  25.37 (64.14%) 9.32 (23.56%) 4.86 (12.30%)
25.60 (64.66%) 9.64 (24.36%) 4.35 (10.99%)
31.57 (66.02%) 9.66 (20.20%) 6.59 (13.78%)
(3)  31.72 (66.09%) 9.89 (20.61%) 6.38 (13.30%)
31.53 (65.46%) 10.11 (20.99%) 6.53 (13.55%)
38.60 (68.84%) 9.84 (17.55%) 7.64 (13.62%)
@)  36.96 (65.96%) 11.40 (20.35%) 7.67 (13.69%)
37.95 (67.63%) 10.98 (19.57%) 7.19 (12.81%)

3.2. P(I') vs. (vyo', vgop', vop') on R-GB Trajectories Selected

The rotational angular momentum distributions, P(J'), of the HOD product molecule,
after the second selection, R-GB, is shown at Figure 1.
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Figure 1. (a—e). P(J') after a second selection, R-GB. P(J') distributions are divided in 40 bin’s

g=1,..

., 40) and normalized to the unity the sum of the set of all probability distributions. The

P(J")(all) distribution is the sum of all possible distributions, P(J')(vuo’, vaop’, vop')-

Figures below correspond to visualizations of some of the GB analyses (after V-GB

and R-GB selections) of QCT calculations executed for the following initial conditions

OH + Dy(vD; = 0(a), 1(b), 2(c), 3(d), 4(e)) on WSLFH PES.
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It is important to remark that, according to the first V-GB selection, (vio', viop',
vop'), and the second selection, R-GB, a variable predilection for odd or even J' is detected.
(Figure 1) The author believes it is important to remember that an analogous behavior is
shown in another triatomic molecule utilized in the gas laser of CO; [34].

Global distributions (all) for the initial conditions considered in this research
(OH + Dy (vDy =0, 1, 2, 3, 4) are qualitatively similar in their oscillating behaviours. Nev-
ertheless, quantifiable differences are shown for global (all) and specific distributions, P(J").
The author considers that it could be interesting to carry out experimental measurements
to compare with the results of this paper. Furthermore, an increase of vD, =0, 1,2, 3, 4
provokes a considerable increase of vibrational levels in HOD product and a displacement
of the distributions, P(J), towards very higher values of ]’ but a greater dispersion of said
distributions. This substantial dispersion could be due to the isotropic character induced
by the increase of “vD,” in the reaction studied, OH + D, (vDy; j=2) = HOD + D, and
then, in the HOD product molecule.

3.3. Discussion About V-GB and R—GB Selections in a Chemical Laser

The author would like to finish by saying that the dynamics of gas phase reactions
like the present one (OH + D, — HOD* + D) can be of great interest for present and
future gas/chemical lasers based in water vapor semi-deuterated, HOD*. Then, the interest
and importance of theoretical and experimental research. The processes of excitation and
emission of the products of the aforementioned reactions could be studied by means of
laser prototypes based on chemical reactions in the gas phase and adequately controlled
to obtain behaviors based on the above theoretical investigations. The author proposes
a constructive interaction between the theory used by him and experimentation in the
form of laser prototypes, so that it produces a significant advance in the knowledge of
the dynamics of the investigated systems related to the excitation and emission processes
by one of the reaction products produced in the reaction camera of a possible chemical
laser [35].

4. Summary and Conclusions

This work provides QCT calculations and GB analysis for the reaction above presented
and the following initial conditions: OH (vou = 0; jog = 2) and Dy (vD2, =0, 1, 2, 3, 4;
jD2 =2).

Energies disposal in products (HOD + D) were calculated for large and good samples
of simulated trajectories: GRT and trajectories obtained after both selections, V-GB and
R-GB. It was shown that the increase of vD; induces changes in energies disposal in
products. Remember that in previous articles, [1,14,19] it was shown that improvements
in the statistics yields results that are good to those obtained under similar experimental
conditions. This conclusion inspires the author with confidence in a possible coincidence
with future experiments based in this theoretical research studied in the present article.

Depending on the result of the first selection, V-GB (vyo', viop', vop’), and given the
asymmetry of the product molecule, HOD, when the second selection, R-GB, is realized, a
variable predilection of even or odd values for the total angular momentum, J', becomes
apparent. Moreover, it is observed that an increase of vD; =0, 1, 2, 3, 4 induces an increase
of vibrational levels in HOD product and a displacement of the distributions, P(J’), towards
very higher values of J', but a greater dispersion of said distribution. This effect could
be due to the isotropic behavior induced by the increase of “vD,” in the reaction studied,
OH + Dy (vDy;j=2) = HOD + D, and then, in the HOD product molecule.

It is important to recall an analogous behavior in the CO, triatomic molecule employed
in this gas laser.
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