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Abstract

(ax)
The nonadiabatic dynamics of the reactive quenching channel of the OH

+ H,/D; collisions is investigated with a semi-classical surface hopping method, using
a recently developed four-state diabatic potential energy matrix (DPEM). In
agreement with experimental observations, the HO/HOD products are found to have
significant vibrational excitation. Using a gaussian binning method, the H,O
vibrational state distribution is determined. The preferential energy disposal into the
product vibrational modes is rationalized by an extended Sudden Vector Projection
model, in which the h and g vectors associated with the conical intersection are found
to have large projections with the product normal modes. However, our calculations
did not find significant insertion trajectories, suggesting the need for further

improvement of the DPEM.
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I. Introduction

The hydroxyl radical (OH) is an important oxidizing agent in combustion' and

(A
Earth’s atmosphere.” Laser induced fluorescence (LIF) via OH has been

widely used in kinetic diagnostics.®> In gaseous environments, however, the excited

[Az°]
OH radical can also be efficiently quenched by collisions with other gas

molecules, thus affecting the LIF.* Consequently, an in-depth understanding of the
radiationless decay is needed. It is now well established that the electronic quenching

proceeds via a nonadiabatic mechanism facilitated by conical intersections (CIs).’

(Ax]
Indeed, the nonadiabatic quenching of OH radicals through collisions with H,

has served as a benchmark system for understanding nonadiabatic dynamics of

bimolecular collisions.

Az
The quenching of OH by H, can proceed through either a nonreactive
channel:
(Ag)  (x'z) xnl o (xE
OH +H2 - OH +H2 (Rla)

or a reactive channel:

]
A

(A=) x's] [X'A)
OH +H2 — Hzo " +H (R]_b)



In addition, there also exists an adiabatic channel:
OH ~¢+H, ¢ - OH ¢ +H, (R1c)

consisting of elastic and inelastic scattering between the two molecules.

Lester and co-workers have extensively investigated this system,®'* in which OH

Az
was prepared in its ground ro-vibrational state at a low temperature and

allowed to collide with H, with an average collision energy of 0.025 eV. These
authors identified both the nonreactive and reactive channels (Rla and R1b) and
deduced from the measured Rla yield the latter (R1b) as the dominant one.’ In the
highly exothermic reactive quenching channel, the kinetic energy distribution of the H
product measured from its Doppler profile was found to be bimodal, suggesting
complex dynamics with at least two reaction pathways.” * > The major peak of the
distribution lies below 0.5 eV, suggesting that the energy release of 4.83 eV is mainly

disposed as the internal energy of the H,O co-product. A subsequent crossed-beam

[Aaxe) 'z
experiment by Davis and coworkers on OH +D; collisions at 0.16 eV of

collision energy confirmed the large internal excitation of the HOD product,'
although their kinetic energy distribution of D measured via Rydberg tagging was
broader and has only a single peak. More recently, Brouard et al. reported a molecular
beam investigation and found that the adiabatic channel (R1c) has a much larger cross

section than the quenching channels (R1a and R1b)."



One of the interesting experimental findings by Lester and coworkers is the
significant yield (~25 %) of the H,O + D products from the H, + OD collision, along
with the major HOD + H products (~75%)."* The minor product was proposed to have
formed from an insertion pathway, in which the OD inserts into the H-H bond,
followed by decay of the H,DO complex to the H,O and D products. Similar
observations were reported for the D, + OH collision.” This pathway might play a role
in the fast component of the H kinetic energy distribution in the H, + OH collision,
which was also found by the same group.'* In the latter case, the insertion is not easily

distinguished from the main abstraction channel because of the identical H nuclei.

Complementing the experimental studies mentioned above, theoretical
investigations have provided much insight into the electronic structure of this
prototypical system and the resulting dynamics.* '** There are three states involved:
the 1°A, 2°A, and 3’A states, which have *A’, 2A” and “A’ symmetries at planar

geometries, respectively. Early ab initio studies identified a T-shaped (C,y) CI between

[ AE)
the 3°A state (A; irreps at C, geometries) correlated to the OH + H»

asymptote and the lower 2°A state (B, irreps at C,, geometries), which is apparently
responsible for nonadiabatic transitions leading to the quenching products.” A CI is a
cone-shaped degeneracy between electronic adiabatic PESs and forms the gateway for

nonadiabatic transitions.** Later studies found that the T-shaped (C,) and linear (

C

) (3%A, 2°A) CIs are connected by a crossing seam with planar (C;) geometrises.'®



7 Another CI between the 2*A and 1°A states was found to be part of another seam
extending to non-planar geometries.”” > Both CIs have a distinct orientation with OH
pointing its O end to H». Interestingly, a Rydberg-like H;O minimum was found on
the 2°A state PES,* which might be responsible for the insertion pathway found in the

2 More recent studies reported reduced- and full-

deuterated experiments.”
dimensional PESs in either the adiabatic or diabatic representations,'®?" *> * which
enabled dynamics calculations yielding attributes that can be directly compared to the

experiments, '#2" 24 2731

Very recently, we reported a theoretical study on the collision dynamics between

OH - and H» using a full-dimensional quantum model with zero total angular

momentum.® The quantum dynamics calculation was based on a four-state diabatic
potential energy matrix (DPEM) developed by Malbon, Zhao, Guo and Yarkony
(MZGY).” For the nonreactive channel, the experimental OH(X*~!) rovibrational and
A-doublet distributions were well reproduced. Most importantly, the results suggested
a dominant adiabatic channel (R1c), consistent with the observations by Brouard and
coworkers.' The large elastic and inelastic cross sections in the adiabatic channel
R1c were attributed to the unique stereodynamics in this system. While nonadiabatic
transitions to lower electronic states occur largely in the HO-HH orientation, leading
to the collinear CIs,* collisions in the OH-HH orientation are mostly adiabatic.*" The
quantum dynamics calculations also found that the reactive and nonreactive

quenching channels have branching fractions of the same order of magnitude,



consistent with another earlier trajectory surface hopping (TSH) calculations by
Collins et al.* on a different DPEM, but different from the experimentally based
estimate of Lester and coworkers.? With the inclusion of the (in)elastic channel, which
was ignored in the earlier model,’ the measured and calculated branching fractions of

the three channels become consistent.>!

This conclusion was further confirmed by a
more recent TSH study®” using an improved DPEM developed independently by Shu

et al.”?®

L XTI
In contrast to the extensively investigated OH + H, channel, the H + H,0

channel received much less attention. The earlier TSH study by Collins et al.*!

reported angular and kinetic energy distributions of the products in R1b, but did not
resolve the internal state distribution of the H,O product. Neither did they explain
why/how the large energy release is deposited among the internal modes of the
H,O(HOD) product. This question has been partially addressed by Bowman and

coworkers,*® %

who revealed that the large energy release is almost exclusively into
the vibrational modes with limited rotational excitation. However, that study started
the trajectories near the CI seam on the ground state PES, thus did not include the

initial collision dynamics and the subsequent nonadiabatic transitions. Nor did it
explore the possible insertion channel.

In this work, we report a new and thorough theoretical investigation of R1,
focusing on the R1b channel. Both the H, + OH and D, + OH processes are
investigated. The dynamics is characterized on the MZGY DPEM?® using a semi-

classical TSH method. The vibrational distribution of the H,O/HOD product is

7



resolved using the 1GB method, a modified Gaussian binning* method developed by
Czako and Bowman.® In addition, we propose an extended version of the Sudden
Vector Projection (SVP) model* to rationalize the energy disposal in the products.
This nonadiabatic version of SVP is shown to explain energy disposal in products of
both the reactive and non-reactive quenching channels. This work is organized as
follows. Section II presents the method used in dynamics calculations and an
extended version of the SVP model to analyze the mode-specificity in product energy
disposal. The results and discussions are presented in Section III, and the final section

concludes the paper.
IL. Methods
ITA. Nonadiabatic Dynamics

The extensively tested®”* 4-state MZGY DPEM, whose details can be found in a

previous paper,®® is used in the present work. The nonadiabatic dynamics of OH

i X'y
+H,/D, collisions were investigated with fewest switches method with

time uncertainty and stochastic decoherence (FSTU/SD),* as implemented in the
Adiabatic and Non-adiabatic Trajectories (ANT) package.* This method adds time
uncertainty”” and stochastic decoherence® to the fewest-switches TSH method of
Tully.® It has been used in our recent work on the non-reactive quenching channel and

good agreement with quantum dynamics results was found.”



The initial atomic coordinates and momenta in the Cartesian coordinates were

(A'S" ) 'z
sampled from the rovibrational ground state of OH and H»/D» reactants

using the harmonic oscillator and rigid rotor approximations. The coupling between

(As” )
the rotational quantum number and non-zero electronic spin of OH is ignored.

About 1,000,000 and 400,000 trajectories were propagated for the OH + H, and OH +
D, collisions, respectively. The large number of trajectories in the former was needed
to resolve the H,O product vibrational states. The calculations were performed in the
adiabatic representation with the collisional energy chosen at 0.16 eV(15.5 kJ/mol) in

I. 13

order to compare with the beam experiment of Ortiz-Suarez et al.”” The impact

parameter b was randomly sampled from a uniformly distributed random number

ce 0,1 :
' -, according to

b =b_ J: with bm=5.5 Angstrom. A trajectory is

terminated when the separation between the two products reaches 5 A.
IIB. Gaussian binning (1GB) for product vibrational states

For each trajectory, the final Cartesian coordinates and velocities of an N-atom
polyatomic product, denoted as r; and v; (i=1~N) need to be transformed to the center
of mass frame for the following vibrational product analysis. The overall angular
momentum is removed from the velocities by:

\'r.. :1l'r_ - ﬂxr and Q :I-j , (1)



=N rxmv|
e =]

where I' is the inverse of the moment of inertia tensor and Then,

riand ' need to be rotated to the Eckart frame® corresponding to reference

geometry L

r' =Cr and ¥ b=Cv'

; )

in which more details about the transformation matrix € can be found in Ref. 40.

Normal-mode analysis of the product molecule was then performed. The

. . ik =3N - 6 . .
harmonic frequencies of a non-linear molecule are obtained by

diagonalizing the Hessian matrix at its equilibrium structure in the center of mass

r

frame, which is denoted as' . The corresponding eigen vectors form the

transformation matrix L , which transform from mass-scaled Cartesian coordinates to

) 9] F
normal mode coordinates ** and momenta

Q =) mL Ar

b

k=.2,..,3N-6

(3a)

10



p :Z mL v

k=L2,...,3N-6

b

(3b)

Ar =r" -
where

Thus, the classical harmonic energy and action for each normal mode are

determined by:
E :P—..+—|"J i)
2 2
4)
E 1
n =—- —
i 2

(=12,...,3N -

where E, is the harmonic energy for k-th vibration mode. The integer vibrational

quanta are assigned to quantum states by rounding to the nearest integer value n. The
vibrational state with (ni, n., ..., navs ) as the collection of vibrational quantum

numbers is denoted collectively as 1.

The vibrational quantum numbers determined by the aforementioned procedure is
often called histogram binning (HB).*' Bonnet has shown that it is generally better to
bin the vibrational actions using Gaussian weight functions centered at the integers.*
However, such a Gaussian binning (GB) method is too numerically expensive for
polyatomic molecules. Czako and Bowman proposed a more efficient approach called

1GB, in which the binning is not performed for each vibrational mode, but for each

11



vibrational quantum state labeled by n.*> * This approach was further improved by
Conte and Bowman,* who replaced the harmonic energies in Eq. (4) with accurate
energies of the vibrational levels of the molecule. This improvement is particular
relevant to highly excited vibrational states where the anharmonicity is large. In this

improved 1GB approach, the weight of the product from each trajectory is a single

Ein,
Gaussian of the difference between the classical vibrational energy * of the p-th

trajectory and the energy of the corresponding vibrational state associated with

(nl
quantum numbers n ( Eln ):

V7 ®)

1 il
whereg— (12?5, s the full-width at half maximum, and EN0) - e zero

point energy. The classical vibrational energy is calculated by:

i ]l ¢ - T N
Eln |=—Nmv v | +Vir ,r v, |-Virir', r|

()

(n]
The vibrational energies g for H,O used in this study were taken from Ref. 42,

which was obtained using a quantum method on an accurate PES of H,O. Such 1GB
analysis was not performed for HOD because of the lack of assignment of the highly

excited vibrational levels.

IIC. Sudden Vector Projection

12



In the original Sudden Vector Projection (SVP) model,* the ability of a reactant
mode in promoting the reaction is given by the projection of the corresponding
normal mode vector onto the reaction coordinate at the transition state. By
microscopic reversibility, the SVP model can also be used to predict the energy
disposal into different product modes. This model has been successfully applied to

direct reactions with and without an activation barrier.*

Here we extend this idea to rationalize the product energy disposal in non-
adiabatic reactions dominated by a CI. The basic premise is that the product energy
disposal is dictated by the forces exerted on the system immediately after
nonadiabatic transitions near the CI, which is in the same spirit as the recent work of
Fu et al.*® who sampled the trajectories near the crossing seam. Hence, the bottleneck
is assumed to be the CI which is an N™-2 dimensional seam (N™ is the number
internal degrees of freedom). At the CI seam between the Ith and Jth electronic states,
the degeneracy is lifted by two orthogonal vectors, namely the g and h vectors.* The

g vector is defined as the derivative of the adiabatic energy difference:

29." :"s,— E.‘ - E | (8)
and h vector is approximately parallel to the derivative coupling i :
h, =f,dE, -E, ©)

As the Cl region is viewed as the bottleneck, we use the g and h vectors to predict
the mode specificity in product energy disposal. In the current system, the non-

adiabatic transitions occur predominantly at linear configuration,* the g and h vectors

13



are obtained at the lowest energy linear CI seam between the 2°A and 1°A states. The

o

Qvl-g 4 Qv h

projections are denoted as , where is a product normal

mode vector, taken as the column vector of L for vibrational mode v. For the

Ol trans)

translational vector , it is defined by allowing an infinitesimal displacement

along the scattering coordinate without inducing a movement in the center of mass
frame. In practice, the orientation of the coordinate system of the product molecule
contains some arbitrariness. So, the coordinate frame of the product H,O is
transformed to the Eckart frame corresponding to reference geometry that is chosen to

be the CI geometry.
I11. Results

At least three adiabatic states are needed to understand the quenching of OH

AE )
by H,. The highest adiabat, 3°A, is correlated with the reactant asymptote,

x|
while the lower two adiabats, 2°A and 1°A, form the degenerate pair of the OH

+ H, asymptote of Rla. The H,O + H asymptote of R1b is correlated with the 1A
state. There are two CI seams between the three states,” ** leading to nonadiabatic
transitions from the 3°A and 2°A states followed by those from the 2°A to 1%A states.

Previous dynamics calculations have shown that such transitions occur mostly near

14



the linear (C ) geometry.””>*' In Figure 1a, the adiabatic PESs of the three states at

collinear HO-HH geometry and their correlations to various asymptotes are shown.

1 ~ L]
OH(A)+H, :
0 e —— o —— \\\ II sssseses 12A State
N « :, ————— 2°A State
> - N/ ——— 32a State
52 /
o 7 :
c Lo
L -3 "P .'-
OH(X)+H, _ :
_4 1 ( ) ..-‘i’.‘/ ..’ X
alolol s andad .'. HZO(X)+H
_5 ..I..O.I'l.......'.'...
Reaction Coordinate
3 -
2 //"\\ ........... 1?A state
. / \\ —————— 2°A state
T
2 0 // /// \\\\ - E'zé's_t?'@— o
> v VT OH{A)+H,
5 \\\&// o \CZV ¢l
5 -2 1Cs,/ D3, Regiont N
39 . .': ‘\\
..'l‘..-.‘ \ OH(X) - H2
-4 1 H;O minimum T
5 . '

Figure 1. (Upper panel) potential energy surfaces involved in OH(A) + H scattering,

including both the reactive and non-reactive quenching channels via the ~* conical

15



intersections. (Lower panel) PESs of the insertion pathway as function of R, generated

. . o . &, . N
with the C,, geometric restriction (I " and ' are fixed at 0 and 90°) by optimizing

the bond lengths of o , " and ¥ with respect the adiabatic energy of the 3°A state.

The coordinate system is defined in Figure 2.

i Iao i

LAE
For the OH ~ collision with H,, about 9000 out of a total of 1,000,000

trajectories were found in reactive quenching channel, yielding a branching ratio of

LA'E)
~1 % which is consistent with the previous report.”” For the OH + Dy

scattering, about 4000 trajectories were found in the HOD + D product channel from
400,000 trajectories, yielding roughly the same branching fraction. The small
branching ratio of the R1b channel required a very large number of trajectories to
achieve reasonable statistics, especially if the product vibrational distribution is to be

resolved.

In our previous study of the nonreactive quenching channel, we have discussed its
stereodynamics,® namely the dependence on the orientation of the collision partners.
The anisotropy of the 3°A PES is such that non-adiabatic transitions are near the HO-
HH (HO-DD) linear CIs in the nonreactive quenching channel.* A natural question is
whether nonadiabatic transitions in the reactive quenching channel exhibits a similar

tendency. As confirmed in Figure 2, the geometries of the hopping positions are

16



mostly located near the linear Cls, implying that both the R1a and R1b channels have
the same nonadiabatic origin, despite the fact that the two diverge after the initial
transition, as illustrated in the upper panel of Figure 1. The observed propensity for
nonadiabatic transitions occurring near linearity suggest that the adiabatic model in
Ref. 20 might not have the correct weight concerning the initial conditions since it
assumed equal probability for nonadiabatic transitions at different CI seam

geometries, including those with linear (C;) and T-shaped (C.,) geometries.

W H
GoH.E‘-\TDH - ‘3"_&, w"‘l“!i!,ﬂ, CéDo O OO O
e B rn S OH(A)+
@] (A)+D,
. H o © O OH(A)+H,
%o e
&

0,/Degree

0,,/Degree

Figure 2. Distribution of the diatomic polar angles (defined in the Inset) at the 3*A-

2°A transitions for the reactive quenching channel. Red and black circles represent

OH(A) + H, and OH(A) + D, processes, respectively.
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Figure 3 presents the distribution of the center-of-mass scattering angle (6) from
the TSH simulation of the OH(A) + D, -— HOD + D reaction at the collision energy of
0.16 eV. The experimental differential cross section (DCS) of Ortiz-Sudrez et al.” and

[.* are included in the same figure

the previous theoretical distribution of Collins et a
for comparison. The agreement of our results with experiment is satisfactory,
confirming the accuracy of the DPEM as well the dynamics simulation. The

agreement between the two theoretical DCSs is also quite reasonable, suggesting

similar non-adiabatic dynamics.

1.4 -
—— Expt. (Ortiz-Suarez et al.)
12 —e— Theory (this work)
> 10 | Theory (Collins et al.)
£ 08 - // /- \E\E
)
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Figure 3. Comparison of the calculated product angular distribution of D, + OH(A) —
HOD + D to the experimental™ and previous theoretical results.*! The scattering angle

is defined such that forward scattering corresponds to the scattered D atom is aligned



inl ¢
with the initial direction of D,. The experimental data have been multiplied by S e

for comparison. The statistic errors are given by the error bars for the theoretical

results.

In the experimental DCS, two decomposition schemes were proposed for the
kinetic energy and angular distributions.”? One decomposition called for the major
channel with forward scattering and the minor backward scattering channel.
Alternatively, the DCS is fit with a major forward scattering channel and a minor
forward-backward scattering, which implies long-lived intermediate complex. Such
decomposition is empirical because of the lack of knowledge of the correlation
between the two distributions. To gain insights into the reaction mechanism, the
lifetime distributions are displayed in Figure 4, in which the lifetime of a trajectory is
defined by the time difference (T:-Ty). T; is defined as the time when the distance
between the mass centers between OH and H, reaches 3.5 Bohr, and T} is defined as
the time when the H, bond length reaches 3.0 Bohr. Based on the lifetime distribution,
we can conclude that the abstraction is a direct process without obvious long-lived
intermediate complex. This is confirmed by the correlation between the impact
parameter and scattering angle, as shown in Figure 5. From this figure, it is clear that
the scattering angle is inversely proportional to the impact parameter. A small impact
parameter leads to backward scattering while a large impact parameter to forward

scattering.
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Figure 4. Calculated lifetime distributions of the trajectories for the H, + OH(A) —

H,0 + H (blue line) and D, + OH(A) = HOD + D (red line) reactions.
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Figure 5. Correlation between the impact parameter and center of mass scattering

angle for the D, + OH(A) = D+HOD reaction.

Figure 6 compares the calculated distribution of the relative kinetic energy of the

HOD and D atom products from the OH(A) + D, - HOD + D reaction with the

113

experimental® and previous theoretical results.” For a better comparison, all

displayed distributions have been normalized to their highest peaks. The peak of our
theoretical distribution is at 0.30 eV, which is in good agreement with the previous

! These theoretical values are somewhat lower than the

theoretical prediction.
experimental peak of 0.6 eV.” While all distributions are peaked at relatively low

kinetic energies, the theoretical widths appear to be slightly narrower than the

21



experimental one. These differences could have several possible origins, including the
inevitable collisional energy spread in the crossed-beam experiment, the remaining
inaccuracies in the DPEM, and the approximate nature of the dynamical method. In
the same figure, the kinetic energy distribution for the OH(A) + H, - H,O + H
reaction at the same collision energy is shown. Like its deuterated counterpart, the
distribution peaks at a low kinetic energy. These low kinetic energy distributions
suggest that a large portion of the 4.8 eV energy release for this reactive channel is

disposed into the internal degrees of freedom of the H,O/HOD product.

It is interesting to note that both the calculated and measured kinetic energy
distributions in Figure 6 have a single peak and decay to zero after 2 eV. While the
OH(A) + D, - D,O + H channel was not investigated in the molecular beam
experiment,® the OH(A) + H, - H,O + H distribution in the same figure has the
qualitatively the same shape. This is different from the bimodal kinetic energy
distribution reported by Lester and coworkers, where a weaker peak is also present at
high kinetic energy (~2.6 eV) in addition to a high energy peak below 0.5 eV." This
secondary peak, which is more predominant for the OD + H, - H,O + D reaction,
was assigned to an insertion pathway. We have extensively searched for trajectories
that follow to this pathway, but unfortunately very few (~0.01%) insertion trajectories
were found in both the H, + OH and D, + OH cases. As pointed out in Ref. 22, the
insertion pathway (shown in the lower panel of Figure 1) passes through the C,, CI
between the 3'A and 2'A states and the long-lived H;O intermediate complex on the

2'A state could provide multiple chances to cross the C,, CI. However, a detailed

22



analysis of the DPEM identified a barrier for the formation of the H;O intermediate
that is 0.7 eV above the C,, CI, as shown in Figure 1b, which prevented the formation
of the H;0 intermediate. The small number of insertion trajectories were found to be
direct process crossing the C,, CI to the 1°A state without formation of the HsO
intermediate complex on the 2'A state. While there is a H;O well on the 1°A PES, the
trajectories do not stay in the well long because the barrier to its decomposition is low.

Hence, the extremely small proportion of insertion trajectories observed in our

calculation can be rationalized by the preference of hopping near c CI, which

results in few C,, CI crossings. For those C,, nonadiabatic trajectories, some will end
with the nonreactive quenching channel, further reducing the chance for the reactive
quenching. Interestingly, the earlier simulations by Collins et al. also found little

evidence for the insertion pathway.*'
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Figure 6. Product kinetic energy distributions for the H, + OH(A) — H.O + H (upper
panel) and D, + OH(A) = HOD+D (lower panel) reactions at a collision energy of
0.16 eV. The latter is compared with the experimental and previous theoretical

distributions.*

One might argue that the barrier is too high for trajectories to access the H;O
region at the collision energies. To test this assumption, we performed an additional
calculation with collisional energy of 1.0 eV which is higher than the barrier.

Although the total energy is now above the barrier, this attempt failed to significantly

24



increase the proportion of the insertion channel (0.02%). It appears that further
improvement of the DPEM is needed for this region. Previous ab initio studies with
larger MR-SDCI wave functions showed a barrier height of 700 cm™,” much lower
than the one in the MZGY DPEM. However, those studies were unable to describe the
reactive quenching channel. The current DPEM is fit to ab initio that uses a smaller,
but more flexible, MR-SDCI wave function, and the DPEM reflects this ab initio
result. This suggests that there might still be room for improvement in the ab initio

description.

Because of the availability of a detailed list of vibrational energy levels, we have
used the 1GB method to obtain the vibrational distribution of the H,O product in the
OH(A) + H, - H,O + H reaction. Figure 7 presents the classical rotational and
vibrational energy distributions. It is clear from these figures that the energy disposal

is almost exclusively in the vibrational excitation of the H,O product. Populations of

VoLV
the vibrational states of H,O """ = obtained by 1GB is also shown in the right

panel, which is in reasonable agreement with the classical vibrational energy
distribution. It should be noted that the assigned vibrational states above 3.9 eV are
incomplete as Ref. ** did not assign all the vibrational states in this region. As a result,
the 1GB distribution does not contain their populations in this range. Our rotational
energy distribution is slightly cooler than the previous adiabatic QCT results by Fu et

al.” while the vibrational energy distribution is somewhat hotter than that of Conte et
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al.** This minor difference is presumably due to the assumption that all different CIs

are equally approached in their QCT calculations, and/or differences in the PESs.

1.0 1
—— Classical Rotational energy (This work) 12 | —— Classical Vibrational energy (This work)
Classical Rotational energy (Fu et al.) —— Classical Vibrational energy (Conte et al.)
08 1 1.0 = 1GB
= >
§ 06 € 08 1
= £
3] o 06
= >
5 04 5
& 2 04
0.2 1
0.2 1
0.0 0.0

05 1.0 1.5 2.0 25 0 1 2 3 4 5 8
Rotational Energy / eV Vibrational Energy / eV
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o

Figure 7. Calculated rotational energy distribution (left panel) and classical
vibrational energy distribution (right panel) of H,O formed from the H, + OH(A) = H
+ H,0 reaction at 0.16 eV. The classical rotational energy from QCT results by Fu et
al. * and classical vibrational energy distribution by Conte et al.* are also shown for
comparison. These two previous QCT studies were performed on the same adiabatic
PES with the same total energy. The red vertical bars in the right panel represent

populations of H,O vibrational states as a function of vibrational energy.

This high vibrational excitation of the H,O and cool translational excitation can
be rationalized by the extended SVP model described in Section II. Figure 8 presents
the g and h vectors at the minimum energy crossing of the linear 2°A-3°A CI seam.
These vectors span the branching space in which the electronic degeneracy is lifted.

Because of the cone-shape of the CI seam, it is not difficult to recognize that the main
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forces acting on the system in the lower adiabat is along the g and h vectors after the
nonadiabatic transition. Table I presents the SVP values for the vibrational and
translational modes of the products in both the reactive and nonreactive quenching
channels. For the nonreactive channel, the g and h vectors have moderate projections
on the rotational and vibrational modes of both the OH and H, fragments, but the
largest projection is on the translational mode by the g vector. This result is consistent

with the previous quantum dynamics results in the non-reactive quenching channel,*
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which showed moderate excitations in the internal modes of the two diatoms.

2 l
o o
v 4 ¥

Figure 8. Mass-scaled\/H g (left) and h (right) vectors for the 2°A-3’A minimum
energy crossing in collinear geometry. T =1.197 A, for = 2,137 A, "= 0.963 A,

i = 0.940 A,
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For the reactive quenching channel, both the g and h vectors have larger
projections on the vibrational modes of the H,O product than on the relative
translational mode between H and H,O. Specifically, the g vector has a large
projection on the antisymmetric stretching (as) mode, while the h vector has a large
projection on the bending (b) mode. For the symmetric stretching (ss) mode, both g
and h vectors have moderate projections. This can be easily understood as the g vector
is mostly along the antisymmetric stretching coordinate and the h vector lies along the
bending coordinate, as shown in Figure 8. The symmetric stretching mode overlaps

slightly with both g and h vector at the linear transition state.

lax ) (xx) [X'A) _ o
Table 1. For OH +H, -HO " +H reactive channel, projection of

the vibrational, rotational, and translational modes onto the g and h vectors at the
minimum energy crossing of linear CI. The geometry and corresponding g and h

vectors are shown in Figure 8.

g-vector h-vector
las) 1x'E [X'Al
OH +H2 — Hzo " +H
Qftrans) 0.097 0
Qlv ) 0.22 0.23
olv ) 0.14 0.26
Qlv | 0.45 0.17
las) 1x'E (xnl o lx'x
OH +H, - OH +H,
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Qftrans) 0.48 0

QIR,,] 0 0.42
QIR | 0 0.37
Qlv,, 0.19 0
alv. | 0.32 0

Figure 9 presents the 1GB total vibrational distributions of each mode obtained
by summation over other two modes, from which we can see the bending mode is
more excited than other two vibrational modes. The average vibrational quantum
number by 1GB and harmonic energy for each mode is v,=7 and 1.48 eV for bending,
vs=2 and 1.14 eV for symmetric stretching, and v,=2 and 1.09 eV for asymmetric
stretching. These results show qualitative similarities as the earlier QCT study.*
However, we note that the SVP model is not able to predict quantitatively the extent

of product state distributions because of the post-bottleneck dynamics.
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Figure 9. Total 1GB vibrational distributions of the three vibration modes of the H,O

v

product for the H, + OH(A) - H + H,O reaction at 0.16 eV. ","", " denote

symmetric stretching, bending, and asymmetric stretching modes, respectively.
IV. Conclusions

In this work, we perform semi-classical trajectory surface hopping calculations on

_ _ , | AE") X'z (X'A) ,
the reactive quenching reaction, OH + H, - H,O '+ H, using

an accurate DPEM. It is shown that the reactive quenching shares the same
nonadiabatic origin as the nonreactive quenching channel, and the nonadiabatic
transitions occur mostly near the minimum energy crossing of the ClIs near collinear
HO-HH geometry. The calculated product translational energy and angular
distributions are in reasonable agreement with the molecular beam experiment by
Ortiz-Sudrez et al.”® and with previous theoretical calculations of Collins et al.*! It is
also shown that the H,O/HOD vibrational modes, particularly the bending mode, are
highly excited, which is also consistent with earlier theoretical understanding of the
post-quenching dynamics on the ground electronic state PES.** ** The vibrational
excitation is rationalized by the Sudden Vector Projection model in which mode-
specific product energy disposal is quantified by the projection of the product normal

modes onto the h and g vectors of the relevant CI.

Despite these successes, our model did not find significant presence of the

insertion mechanism identified by the earlier isotope experiments, despite the
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existence of a pronounced H;O well in the Rydberg region. Analysis of the DPEM
revealed that this channel is hindered by a significant barrier, which prevented
trajectories to enter the well. Our results are apparently consistent with an earlier
theoretical study, which also failed to see much insertion dynamics. Further

investigations of this issue, perhaps a refinement of the DPEM, are warranted.
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