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Quasiclassical trajectory calculations for the planar reaction of O('D)+N,0—NO+NO are
performed on a newly constructed ab initio potential energy surface. In spite of the reduced
dimension approximation, the agreement between the computational and experimental results is
largely satisfactory, especially on the similar amount of excitation of the two kinds of NO products
found by Akagi er al. [J. Chem. Phys. 111, 115 (1999)]. Analyzing the initial condition dependence
of the trajectories, we find that the trajectories of this reaction can be classified into four reaction
paths, which correspond to respective areas in the space of initial condition. In one of the four paths,
a long-lived stable complex is formed in the course of reaction, whereas the other three paths have
direct mechanism. Contradictory to conventional understanding of the chemical reaction dynamics,
the direct paths show more efficient energy exchange between the NO stretching modes than that
with a long-lived intermediate. This indicates that the vibrational mode coupling along the

short-lived paths is considerably stronger than expected. © 2006 American Institute of Physics.

[DOLI: 10.1063/1.2191041]

I. INTRODUCTION

Nascent state distribution of reaction products is the ma-
jor experimental information on reaction dynamics. Until to-
day it has been generally believed' that the product state
distribution is closely related to the stability of the reaction
intermediate, that is, the depth of the well on the potential
energy surface (PES) of the system. If the PES possesses a
deep well, the system is expected to be trapped in it for a
sufficiently long period which enables energy randomization,
resulting in a statistical distribution of the products. On the
other hand, if there is no significant well on the PES, the
lifetime of the intermediate is likely to be short and the en-
ergy is distributed in only a part of the rovibrational modes
of the products.

However, contradictory experimental results™  were
found for the reaction of O('D) with N,O:

O('D) +N,0 — NO +NO, AH(0) =341 ki/mol,
(1)

O('D) + N0 — N, + 0y, AH((0) =— 520 kJ/mol. (2)

Many experimental studies’ ™! have been done by measuring
product state distributions and vector properties for channel
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(1). The two NO products should be distinguished from dy-
namical viewpoint. Hereafter we use prime symbols for this
purpose and express the reaction as follows:

O('D) +NN'O’ = NO+N'O’. (3)

The newly formed NO originating from O('D) is called a
“new” NO and the N’O" which already exists in the reactant
N,O is called an “old” NO. Agagi er al.>® distinguished
these two kinds of NO by using isotopically labeled "*0('D),
and measured the individual vibrational state distributions
for v’ <17. The sum of the distribution of the new and old
NO products decreased monotonically as the vibrational
quantum number increased and was very close to the statis-
tical distribution up to v’ ~10 and became smaller than
the statistical one for higher v’. The statistical nature
of the vibrational distribution was further confirmed by the
measurement with Fourier transform infrared
spectrometer.7’10 Furthermore, although the vibrational distri-
bution of the new NO is more excited than that of the old
NO, the populations of both types of the products in each
vibrational level are not significantly different.”” This nearly
equal energy partitioning between the two kinds of NO is
surprising ~ because  neither  experiments 1213 nor
calculations'*™® have found any deeper well for this reaction
than the cis-planar NO dimer, whose binding energy of
8.3 kJ/mol (Ref. 13) relative to NO+NO is very small com-
pared with the exothermicity of 341 kJ/mol. This result
forms a sharp contrast to the O(ID)+H20 reaction, whose
two types of OH products show entirely different vibrational
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distributions although the reaction is considered to pro-
ceed with stable H,O, intermediate.”'

In theoretical works, Gonzdlez et al."” have performed
high-level ab initio calculations at the stationary points for
the O(ID)+NZO reaction and obtained the rate constants us-
ing transition state theory and quasiclassical trajectory
(QCT) calculation on a fitted pseudotriatomic London-
Eyring-Polanyi-Sato surface. Although they found relatively
good agreement with the experimental results in the rate con-
stants and branching ratios, their ab initio calculation was
limited to the neighborhoods of the stationary points and was
not adequate for dynamical studies on global PES. Takay-
anagi and co-workers'®"® constructed a global PES by cal-
culating ab initio energies at about 10 000 grid points of
planar configuration and fitted them to an analytical form.
Using this 'A’ ground surface, they performed QCT calcula-
tion with zero impact parameter18 and quantum
calculations.'”* They found qualitative agreement with the
experimental results on vibrational distribution and branch-
ing ratio. They also pointed out the existence of “scram-
bling” process:

O('D) +NN'O’ —NO’ +N'O, (4)

whose contribution was smaller than that of the normal NO
channel (3) but not negligible. Recently, the authors used this
PES to calculate the product rotational distribution and com-
pared the results with the experiment.“ To elucidate the dy-
namics, we carried out two types of calculations, one of
which utilized only the exit region of the PES. Although we
had relatively good agreement with the experiment by this
type of calculation, the calculation using the full PES
showed less satisfactory results.

In this paper, our purpose is to clarify the detailed reac-
tion mechanism based on the QCT analyses. In Sec. II, we

kJ/mo

-34(
-351 kJ/mol

construct a new global PES function and characterize it with
the minima and saddles. In Sec. III, we perform the QCT
calculations in order to investigate the dynamical features.
We show that the reaction dynamics are clearly dependent
upon the initial condition and the reactive trajectories can be
classified into four paths. One of the paths is found to have a
long lifetime, being trapped in a Y-shaped well, whereas the
other paths exhibit a short lifetime. Contrary to the general
notion, we find that the old NO vibration is highly excited
along the short-lifetime paths rather than the long-lifetime
one. Finally, we conclude in Sec. I'V.

Il. POTENTIAL ENERGY SURFACE

To construct the global PES, we performed ab initio cal-
culations for about 10 000 geometries in planar configura-
tion. Here, we employed CASPT2(10,,8,)/cc-pVDZ, which
is the same level as that by Takayanagi and co-workers.'®'®
We note that they showed that the calculations of this level
provided reasonable results.'®*? These calculated energies
were fitted to an analytical form (the details about construct-
ing PES function are given as supplemental materials).23 The
root mean square of the fitting error is 4.096 kJ/mol and the
maximum value of the error is 19.96 kJ/mol. In this paper,
we used the MOLPRO program for all the ab initio
calculations.*

The energy profile with stationary points of the new PES
are schematically shown in Fig. 1. The PES has several
minima and saddle points rather than a single shallow well.
The collinear saddle (Is), Y-shaped minimum (Ym), and
L-shaped saddle (Ls) are newly found in this work. The
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TABLE I. Geometies and energies of stationary points. Results of higher-level calculation in Ref. 15 are shown
in parentheses, when available. The available experimental data are shown in brackets.

Stationary Ran Ryno /NNO Dihedral Energy
point (A) (A) (deg) (deg) (kJ mol™")
Is 1.1409 1.2120, 1.2120 180.0, 180.0 180 ~196
Tm 1.2597 1.1971, 1.1971 1414, 141.4 180 -260

(1.2700) (1.2099, 1.2099)" (137.7, 137.7)* (180)° (-277)®
(=174)%
Ts 1.5015 1.1814, 1.1814 127.9, 127.9 180 -232
(1.4578)° (1.1892, 1.1892)¢ (129.5, 129.5) (180)° (-258)™
(-167)
Ym 1.2977 2.2056, 1.2817 31.0, 1175 180 -209
Ls 1.2407 1.4540, 1.1679 87.7, 179.3 180 —69
Cm 2.4376 1.1527, 1.1527 94.3,94.3 0 -351
(3.0623)° (1.1603, 1.1603)° (90.8, 90.8)° (o) (~345)"
(=329)°
[2.26307° [1.1515, 1.15157 [97.2,97.2] o1 [-353]

‘MIN Bl of Ref. 15.

bCASPTZ//CASSCF(18,14) level calculation of Ref. 15.

‘CASSCF(18,14) level calculation of Ref. 15.
TS B1 of Ref. 15.

‘MIN D1 of Ref. 15.

fExpe:rimental data taken from Ref. 27.
®Experimental data derived from Refs. 13 and 28.

imaginary frequency mode at Is corresponds to the isomer-
ization between two trans-shaped minima (Tm):

O\ /O
N - N\ = /N -N )

O O

These two configurations are energetically equivalent and
therefore only one of them is shown in Fig. 1, but they must
be distinguished in the planar configuration space. As will be
shown later in Sec. III C, trajectories go downhill along a
bath mode direction of Is and then fall into one of the trans
minima following the reactive (imaginary) mode of Is. The
Ym plays important roles, as seen in Sec. III. Particularly, the
scrambling process occurs in the Ym well, which can trap the
trajectories for a long time. From the additional ab initio
calculations, we checked that the Ym has the real frequency
of the out-of-plane vibration mode. Thus, we can consider
that the Y-shaped minimum exists in the real O('D)+N,O
system. This structure can be also expected by the analogy
with NO; molecule, whose equilibrium geometry is D3h.25
Although the electronic wave functions of both can be de-
scribed by a single Slater determinant, Fisfeld and
Morokuma® revealed that the insufficient dynamic and static
correlations lead to the symmetry breaking problem for NOs.
The recent density functional theory (DFT) calculation of
N,O, also indicated that C,, symmetry of the Y-shaped
structure is broken.”® This fact also shows that DFT level
calculation is not appropriate for this system as emphasized
by Gonzilez et al.”

Table I shows geometries and energies of stationary
points found in our new PES with those found by Gonzélez
et al."” and experimental data.">*"?® At these points, we also
calculate the vibrational frequencies of the planar normal

modes, which are summarized in Table II. Here we adopt 14
and 16 amu for the masses of nitrogen and oxygen, respec-
tively, in order to compare them with the results of the
former works.">?® The geometrical parameters and normal
mode frequencies of reactant [O('D)+N,0] and products
(NO+NO and O,+N,) are the same as those of the PES of
Takayanagi and Akagi18 and agree with those of the experi-
ments. The stationary points listed in Tables I and II have
large effects on dynamics, as will be explained in Secs. III B
and III C. Gonzdlez et al. found more stationary points
through larger CASSCF(18,14) calculations, although we
consider that their contribution to the dynamics is minor to
reproduce the product vibrational distribution. The trans-
shaped minimum (Tm) and saddle (Ts) points can be consid-
ered to correspond to “MIN B1” and “TS B1” of Gonzalez et
al., respectively. Our geometries for these points are in good
agreement with those of Gonzdlez et al., while the energies
are slightly lower. The normal mode frequencies are in quali-
tative agreement, as seen in Table II. The cis-shaped mini-
mum (Cm) corresponds to “MIN D1 of Gonzdlez et al. and
experimentally found NO dimer."*'**"*® For this minimum
point, we have obtained better agreement with the experi-
ment than with Gonzdlez et al. In particular, the Ryy for our
PES is considerably (by 0.63 A) closer to the experimental
one than to that by Gonzélez et al.

lll. RESULTS AND DISCUSSIONS

In QCT calculations, the classical equations of motion
for the O('D)+N »O collision were numerically integrated by
fourth-order Runge-Kutta method with variable time step.29
We confirmed the total energy conservation better than
10 cm™. Since the ab initio PES is only available for planar
configurations, the dynamics calculations were confined in
two-dimensional collision plane. However, we can consider
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TABLE II. Harmonic vibrational frequencies (in cm™') of in-plane normal modes at the stationary points. The
symmetries of the vibrational modes are given in parentheses. Results of higher-level calculation in Ref. 15 are
shown in parentheses, when available. The available experimental data are shown in brackets.

Stationary point [N ) w3 [oN w5

Is 688.6i (m,) 2658.0 (o) 1258.2 (o7) 906.4 (o) 316.2 ()

Tm 2080.7 (a,) 1486.9 (b,) 858.1 (a,) 622.2 (a,) 4853 (b,)
(1672.4) (1520.2)* (810.2)° (496.6)" (401.8)

Ts 750.9i (a,) 1611.2 (ag) 1538.1 (b,) 442.8 (a,) 415.8 (b,)
(561.4i)° (1610.5)° (1604.7)° (398.4)° (611.1)°

Ym 1907.7 (a,) 1465.2 (by) 1324.9 (a,) 692.6 (a,) 254.1 (b,)

Ls 661.0i (a') 2223.7 (a') 1195.4 (a") 689.0 (a') 368.8 (a')

Cm 1877.5 (a,) 1862.8 (b)) 460.7 (b)) 2143 (a)) 156.1 (a,)
(1890.5)° (1886.2)° (113.2)° (85.0)° (31.2)°
[1863.41° [1776.31° [242.91 [299.3]¢ [175.4]¢

“MIN B1 of Ref. 15.

°TS B1 of Ref. 15.

‘MIN D1 of Ref. 15.

dExpc;—:rimental data taken from Ref. 28.

that this planar dynamics contains the essential features of
this reaction because of the good agreement with the experi-
mental results as we will see in Sec. III A. To compare our
results with the experiments of Akagi et al.* we employed
the nuclear masses of 0+ "“N'*N'°0 and the collision en-
ergy was fixed to 20.9 kJ/mol, which corresponds to the
mean value under their experimental condition.

A. Product vibrational distribution

Figure 2(a) shows the calculated product vibrational dis-
tributions for N'®0 (new NO) and N'°0 (old NO) with the
experimental ones of Akagi et al’ and Hancock and
Havend.' The results of Hancock and Haverd which do not
distinguish the two NO’s, appear mainly in the region be-
tween the two distributions of Akagi et al. In QCT calcula-
tions, we sampled about 200 000 trajectories whose initial
conditions were chosen according to the classical Boltzmann
distribution of N,O rotation at 300 K and the zero-point vi-
brational energy of the present PES. As mentioned above,
there are two channels to NO+NO: the normal product chan-
nel (3) and the scrambled channel (4). The experiment of
Akagi et al’ distinguished the two O atoms by using isoto-
pically labeled '"*O('D) but not the N atoms. Thus, in order
to make a comparison with their experiment, we show in Fig.
2(a) the sum of the population of NO and N’O by downward
open triangles, and that of N'O’ and NO’ by upward open
triangles. The former corresponds to the new NO of Ref. 3
and the latter to the old NO. The computational and experi-
mental distributions agree well on their qualitative features
in that both distributions decrease monotonically as product
vibrational energy increases and the difference between the
vibrational distributions of N'%0 and N'O is small, al-
though the QCT underestimates vibrational excitation
slightly. Taking into account the fact that our QCT calcula-
tions do not include the out-of-plane motion, the agreement
between the measured and calculated results is so good that
we can consider that our planar model includes the essential
features of this reaction. We also calculated the product vi-
brational distributions for each channel. The results are
shown in Fig. 2(b). The closed triangles show the vibrational

distribution of the normal product channel (3), with down-
ward triangles depicting new NO (NO) and upward ones old
NO (N'Q’). The gray triangles show the distribution of the
scrambled channel (4), with downward triangles depicting
N’O and upward ones NO'. The product vibrational distri-
butions for the normal product channel are very similar to
the total ones, while the contribution of the scrambled chan-
nel is minor, but not negligible.

For further investigation of the dynamics, we first exam-
ined the effect of initial rovibrational motion of the reactant
N,O by performing additional QCT calculations where N,O
is initially fixed to its equilibrium configuration with zero
rovibrational momenta. Figure 2(c) shows the resulting prod-
uct vibrational distributions. Comparing Fig. 2(c) with 2(b),
we can see that the vibrational excitation is diminished prob-
ably due to the smaller amount of total energy. However, the
qualitative features like the similarity between the two NO’s
are well conserved. Therefore we can consider that the effect
of initial rovibrational motion is minor and most of the im-
portant dynamical features of this system are still contained
in the dynamics with the zero rovibrational energy of initial
N,O. The reason of this is likely to be the large exothermic-
ity of this reaction. The sum of zero-point energy and 300 K
rotational energy of N,O amounts to ca. 2000 cm™', which is
less than 10% of the exothermicity and therefore is not likely
to affect the dynamics. This result allows us to investigate
the dynamics with fixed initial condition of N,O.

This simplification enables us to easily elucidate the ini-
tial condition dependence of the dynamics, because now we
can specify the initial condition with only two parameters:
impact parameter b and initial orientation angle ¢ of N,O as
defined in Fig. 3. In Sec. III B we will examine the reaction
dynamics by analyzing the dependence on these two param-
eters.

B. Initial condition dependence of dynamics

We have seen in Sec. III A that the initial condition of
this reaction system can be specified with only two param-
eters. Here we analyze the dynamics by plotting various
properties of trajectories on two-dimensional space of initial

Downloaded 06 Mar 2008 to 130.54.110.22. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



184315-5 Distributions from O('D)+N,O reaction

(@)

104V

1024

Population P (v)

1034

0 5 10

Vibrational quantum number v
VNO+N'O ANO'+N'O’ (calc.)
VN30 AN'SO (Akagi et al.)
©Hancock ef al.

(b)

1014y

102

Population P (v)

103

0 5 10

Vibrational quantum number v
VNO (new) AN'O’ (old)
VN'O ANO’
VNO+N'O ANO'+N'O’

()
10-
=
Ry
g 102
‘g 10+
a
=]
=Y
103+
0 5 10
Vibrational quantum number v
VNO (new) AN'O’'(old)
VN'O ANO'

VNO+N'O ANO'+N'O’

FIG. 2. Vibrational distribution of NO produced from O('D)+N,O obtained
from experiment and calculation. (a) Comparison of the QCT and experi-
mental results. Open triangles depict the results of QCT calculation. Closed
triangles show experimental results of Akagi er al. (Ref. 3). Gray circles
show the results of Hancock and Haverd (Ref. 10). (b) Results of QCT
calculation of this work. Initial rovibrational state of N,O is sampled by
thermal rotational distribution and zero-point vibrational energy. Closed tri-
angles denote the vibrational distribution of O('D)+NN’O’ —NO+N'0’
reaction channel. Gray triangles show those of N'O+NO' channel. Sum of
these two channels is shown by open triangles. (c) Same as (b) except that
N,O is initially fixed to its equilibrium geometry with zero rovibrational
energy.

conditions parametrized by b and . First, the final product
channels of trajectories are plotted in Fig. 4. For each com-
bination of (b, ), the final product channel of the trajectories
starting with that initial condition is shown by colors. White

J. Chem. Phys. 124, 184315 (2006)

FIG. 3. Definitions of the impact parameter b and the initial orientation
angle ¢ of N,O.

region means that no reaction occurs for that (b,). The
initial conditions leading to O,+N, channel are localized in
the region with relatively large |#{, which corresponds to the
approach of O('D) to the O-end side of N,O. For those
leading to NO products, we need to distinguish the normal
(NO+N'Q’) and the scrambled (NO’+N’QO) channels. The
former is shown by light gray and the latter by black in Fig.
4. In the figure, some regions are covered only by gray color
(NO+N'Q’), while other regions have a mosaic pattern with
gray and black (NO’+N’O). In the other channels, atom
exchange reactions, such as NN’O+QO’, are minor and al-
most imperceptible in the figure. Although some parts of the
initial condition space have mosaic pattern for the final chan-
nel, the mosaic pattern is localized in certain regions. The
initial conditions leading to O,+N, and NO+N'O’ channels
are also localized. Thus we can state that this system has a
kind of regularity in that the initial condition space may be
divided into some regions which have different dynamical
properties.

To obtain further insight into the dynamics, we calcu-
lated the following two quantities for each trajectory. One is
the lifetime of the reaction intermediate. To estimate the life-
time, we needed to define the regions of “reactant,” *“prod-
uct,” and “reaction intermediate.” By using the nuclear dis-
tances, geometries with Ron, Rons Roor>2 A were
regarded as reactant (O+NN'Q’), those with Ryg/, Ron's
Runr» Roor>2.5 A as normal NO+N'O’ product, those
with Ryo, Rorn's Ran's Roor>2.5 A as scrambled NO’
+N’O product, and those with Ry, Ron's Rorns Ron
>2 A as 0,+N, product. These values were determined by
inspecting the PES and specifying the region where the in-
teraction of the two molecules is negligible. If the system is
in none of these four regions, it was regarded as intermedi-
ate, and its lifetime 7 is defined as the length of time during

0-180 -120 -60 0 60 120 180
v / degree
O('D) + NN'O'— WOz + N2
NO +N'O'
mENO'+NO

FIG. 4. Final product channel of the reaction is plotted against the initial
conditions b and ¢ (see Fig. 3 for definition).
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FIG. 5. (a) The lifetimes of the reaction intermediate are plotted against the
initial condition. Light (dark) colors denote short (long) lifetime. (b) Value
of the minimum distance D,;,(Ym) from the Y-shaped minimum point is
plotted against the initial condition. Light (dark) colors denote larger
(smaller) values.

which the system has intermediate geometry. The lifetime 7
thus defined can be interpreted as the “time delay” between
the beginning of the interaction (entrance into the intermedi-
ate region) and the formation of the product (exit from the
intermediate region). Martinez er al*® called a similar quan-
tity “collision time,” although they defined the intermediate
region by using center-of-mass distances, not nuclear dis-
tances. With all this ambiguity of terminology, we will use
the word “lifetime” for this quantity 7 in all that follows,
because we regard the word suitable for describing such con-
cepts as long-lived intermediate, etc. Figure 5(a) shows the
initial condition dependence of the lifetime 7. In this figure
we notice that the region with large 7 value, which is shown
in dark colors, and that with small value, which is shown by
light colors, are clearly divided in the b-i plane.

The other quantity is an abstract “distance” from Ym,
which is meant to estimate how close the system is to Ym.
We define the abstract distance D,;,(Ym) as

def 1 2
Dyin(Ym)= min [—2 (Rij_R?j)Z:| ’ ©)

one trajectory 2 i#j

where i and j run over N, O, N’, and O’. R;; and R?j are the
ij distances for the geometries of the reacting system and

J. Chem. Phys. 124, 184315 (2006)

0 ‘ ;
-180 -120 -60 0 60
v / degree
MPath2 WPath3

120 180

W Path 1 Path 4

FIG. 6. Classification of the reactive trajectories. The regions of the initial
conditions belonging to paths 1, 2, 3, and 4 are painted with the indicated
colors.

Ym, respectively. The operator “minge gjeciory.  MeANS
searching the minimum value along one trajectory. Figure
5(b) shows the initial condition dependence of D,;,(Ym). In
this figure again, we can see clear distinction of the region
with large D,,;,(Ym) value (light colors) and that with small
value (dark colors).

C. Classification of trajectories and analysis
of dynamics

The peculiar dependence on the initial condition shown
in Sec. III B implies that there are several classes of trajec-
tories which have different reaction mechanisms. Thus we
suggest here the following classification of the trajectories
leading to NO products. By using ¢, D,;,(Ym), and 7 intro-
duced above and referring to Fig. 5, we have set up four
groups with the definitions listed below:

D,in(Ym) >0.8 A, -80° <y§<20° (pathl),

D,yin(Ym) > 0.8 A, #<-80° or 4>20° (path 2),

) (7)
Dpin(Ym) < 0.8 A, 7>160fs (path 3),
Dpyin(Ym) < 0.8 A, 7<160fs (path 4).

Distribution of these paths is shown in Fig. 6, where the
colors indicate which path the initial condition belongs to. As
can be predicted from the plots of D;,(Ym) and 7, there is a
clear distinction of these paths without any mosaic pattern.
Trajectories of paths 3 and 4 come close to the Y-shaped
minimum point while those of paths 1 and 2 do not. This
distinction is well justified because we have found (though
not shown here) that there is a clear gap in the distribution of
D,in(Ym). The distinction of paths 1 and 2 can also be
clearly seen in Fig. 6, because ¢ for these paths are well
separated from each other. On the contrary, the distinction of
paths 3 and 4 might be artificial, since the distribution of the
lifetime has no gap at 7=160 fs. Both of these paths go
through the Y-shaped well and the areas of path 4 are sur-
rounded by those of path 3 in the initial condition space.

However, this distinction is meaningful when consider-
ing whether scrambling process occurs or not. Thus, this
short-lifetime component yields only normal product channel
(NO+N'Q’) as can be seen in Fig. 4.
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TABLE III. Contribution, mean vibrational energies, and lifetime of each
path.

Path 1 Path 2 Path 3 Path 4 Total
Contribution (%) 24 23 43 10 100

(Eyip) (cm™)

NO 4600 2900 3200 4300 3600 3200 (7400%)
N'O 1500 1500

N'O’ 6400 2100 1400 900 3000 3000 (3800%
NO’ 3000 3000

(7 (fs) 80 140 1100 100

“Calculated from experimental data of Ref. 3.

In Table III, we show the contributions, mean vibrational
energies of the products, and lifetimes of these paths sepa-
rately. Path 3 has the largest contribution of 43%, which is
four times as large as the contribution of path 4. The contri-
butions of paths 1 and 2 are about 20%, respectively. Then,
all four paths have non-negligible amount of contribution to
the reaction. In what follows, we describe these paths in
more detail.

1. Path 1: Direct mechanism through collinear
approach to trans minimum

As can be seen from definition (7), path 1 does not ap-
proach the Y-shaped minimum and has initial orientation of
almost collinear O—N-N’-O’ structure. By observing the
trajectories of path 1, we have found that they have collinear
approach of O('D) to NN’O’ and then go to the frans-type
structures associated with Tm (see also Fig. 1).

In Table III, we can see that the mean lifetime of this
path is as short as 80 fs. This means that the frans-shaped
intermediate has a short lifetime probably because of the
small height of the trans-shaped saddle. Thus, reaction of
path 1 proceeds through almost “direct” mechanism.

To investigate the contribution of this path to the vibra-
tional distribution, we have separately calculated the vibra-
tional distribution of only path 1. A considerable excitation
of the old NO is observed in the result shown in Table III.
This indicates that large amount of energy flow from the new
NO to the old NO has occurred in spite of the short lifetime.
This result is contradictory to the conventional understanding
of the reaction dynamics and it is implied that there is a need
to consider strong coupling among the vibrational modes
within ONNO intermediate, especially between the two
stretching vibrations of NO bonds.

2. Path 2: Direct mechanism through bent approach
to trans minimum

Trajectories of path 2 as well as those of path 1 do not
approach the Y-shaped minimum. The difference from path 1
is the direction of approach, as can be implied from Fig. 6.
By observing the trajectories, we have found that the O atom
approaches the N end of the NN'O’ through bent geometry.
The system then takes an L-shaped structure and bending
motions are excited, causing cis-trans isomerization. The in-
termediate dissociates immediately to the products, as we
have seen for path 1.

J. Chem. Phys. 124, 184315 (2006)

The lifetime for path 2 is a little longer than that for path
1, but is still short. Thus, we can conclude that path 2 is also
direct. In the vibrational distribution, the old NO is consid-
erably excited, though the amount of excitation is a little less
than that of path 1 (see Table IIT). Therefore, path 2 has
strong vibrational coupling in the intermediate stage of this
reaction, but the coupling in the bent structure is slightly
weaker than that in the collinear one.

3. Path 3: Complex mechanism trapped in Y-shaped
minimum

As can be seen from definition (7), the trajectories of
path 3 form a long-lived Y-shaped complex. Table III shows
that the intermediate has a long lifetime extending to pico-
second order. This long lifetime is probably due to the large
barrier height at the L-shaped saddle point relative to the
Y-shaped minimum. In the geometry of the Y-shaped mini-
mum shown in Fig. 1, the two O atoms are equivalent except
for their masses. Therefore, once the system is equilibrated
after being trapped in the well, it has almost equal probabil-
ity to dissociate into both of NO+N’'O’ and N'O+NO’
channels, because the isotopic labeling is not likely to affect
the dynamics considerably. After passing over the barrier at
the L-shaped saddle point, the system dissociates immedi-
ately to the product.

Table IIT also shows mean product vibrational energies
of path 3. In each of the two channels, the two NO products
have quite different vibrational energies. To be more precise,
NO has larger vibrational energy than N'O’ in the normal
product (NO+N’'Q’) channel, and NO’ has larger energy
than N'O in the scrambled (NO'+N’QO) channel. In both
channels, the product containing the N atom has larger vibra-
tional energy than that containing the N’ atom. It should also
be noted that the vibrational distributions of N-containing
products (NO and NO’) are very close, and those of
N’-containing products (N'O’ and N’O) are also close. For
the total distributions of N'%0 and N16O, the difference be-
tween N-containing products and N'-containing products are
canceled out through summing up the distributions of NO
and N’O, and those of N'O’ and NO’.

The difference in the vibrational distribution of the two
NO molecules produced in the same product channel in spite
of the long lifetime can be understood by noting the high
barrier at the L-shaped saddle. This saddle point is
69 kJ/mol below the reactant, and this amount of energy is
likely to be equilibrated after a long lifetime in the Y-shaped
reaction intermediate. However, almost 80% of the total exo-
thermicity is released affer the system surmounts the barrier,
Ls. The system spends only a short time in the exit region
before dissociating to the product, and therefore the exother-
micity released in the exit region of the PES has no reason to
be equilibrated. At the L-shaped saddle, the NO (or NO')
bond length is longer than the equilibrium distance (1.15 A)
of isolated NO molecule, while the N’O’ (or N’O) bond has
almost the same length as isolated NO. Therefore, the prod-
uct molecule containing the N atom is likely to be vibra-
tionally excited more than that containing the N’ atom. This
explains the trend seen in Table III.
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4. Path 4: Direct mechanism through Y-shaped
minimum

The trajectories of path 4 go through similar regions to
those of path 3, that is, they go through the Y-shaped well,
surmount the L-shaped saddle, and then dissociate to the
products. The marked difference from path 3 is its short life-
time, which can be seen from definition (7) and Table III. In
spite of the large depth of the Y-shaped well, the system
immediately reaches the L-shaped saddle point, after the O
atom bounces back at the N’ atom. This path yields only
normal product (NO+N'Q’) and the resulting vibrational en-
ergy (Table IIT) shows the largest difference between the two
NO products in the four paths.

It is an interesting case where a deep well does not al-
ways ensure a long lifetime, nor yet energy randomization. A
similar situation was also found in O('D)+HCI reaction.*’
Finally, we should also note that this short-lifetime compo-
nent of the Y-shaped path is localized in the initial condition
space [see Figs. 5(a) and 6]. This implies that some sort of
regular behavior appears in spite of the high energy.

D. Efficient energy exchange in the direct paths

In Sec. IIT A, we showed that our planar dynamics on the
new PES reproduces the experimental results qualitatively.
The QCT analyses showed that the trajectories of this reac-
tion can be classified into four paths, which we named paths
1, 2, 3, and 4. The largest contribution comes from path 3, in
which the trajectories are trapped for a long time in the
Y-shaped well. However, paths 1 and 2, which have short
lifetimes, are not negligible. In these paths, the N'O’ vibra-
tion is excited more largely than that in path 3, although the
trajectories have short lifetimes (see Table III). In order to
characterize the energy distribution more qualitatively, we
refer here to the ratio of the vibrational energies of the two
NO products. In path 3, NO’ has 2.0 times larger energy than
N’O in the scrambled channel (N’O+NQ’), and NO has 2.3
times larger vibrational energy than N’O’ in the normal
product (NO+N'Q’) channel. For paths 1 and 2, which only
form NO+N’O’ channel, the ratio takes much lower values
of 0.7 and 1.4, respectively. This means that paths 1 and 2
have larger excitation of the old NO in spite of their direct
mechanisms.

One possible reason for the excitation of the old NO in
these direct paths is the change of the equilibrium nuclear
distance along the reaction path. If the N'O’ bond length
changes largely along the reaction path, the force is exerted
in the direction of N'O’ bond during the reaction, resulting
in excitation of N'O’ vibration. From Fig. 1, we can see that
the equilibrium length of N'O’ changes slightly in going
through the reactants, trans-type geometries (Tm and Ts),
and the products. However, we consider that it does not fully
explain the similar amount of excitation of NO and N'O’,
because the change of the N'O’ bond length is rather small
compared with that of the new NO. Therefore, we must con-
sider the coupled motion of the NO and N'O’ stretching
modes, rather than independent excitations of these two
which accidentally have the same amount.

J. Chem. Phys. 124, 184315 (2006)

There are two possible scenarios for the coupled motion
of the two NO stretching modes. The first one is that fully
chaotic motion is developed in a short period and results in
near-statistical distribution of the product. The second possi-
bility is that the motion is a regular type, but this regular
motion has similar projections onto both of the two NO vi-
brations. This regular motion might be something like, for
example, symmetric or antisymmetric stretching motion of
two NO bonds, in which the two bonds vibrate with the same
amplitude. At present, we consider that the latter is more
probable, because we have found (though not shown here)
that the vibrational distribution of path 1 has a non-
Boltzmann-type shape peaked at v=2-3, which indicates in-
complete randomization. For validating either of these two
scenarios, it is necessary to further investigate the motion of
the direct paths in terms of the geometrical structure of the
phase space. Analyses in this direction are now underway.31

IV. SUMMARY AND CONCLUSIONS

We have constructed a new PES for the reaction of
O('D)+N,0, and performed the QCT calculations on the
PES. The QCT calculation reproduced semiquantitatively the
experimental vibrational distribution,*"* especially the
similar excitation of the two NO products.

It is newly found that the trajectories of this reaction can
be classified into four paths, and the extent and mechanism
of the vibrational excitation of the “old NO” are different for
these paths. In paths 1 and 2, the reaction proceeds through
trans-type geometry with direct mechanism. The difference
of these two is the direction of approach of the O('D) atom.
In path 1, the reactants approach in collinear geometry, while
in path 2 they approach through L-shaped geometry. In spite
of the short lifetime, these two paths produce similar excita-
tion of NO and N'O’. In paths 3 and 4, the system passes by
the Y-shaped minimum structure. Path 3 has a long lifetime
in the Y-shaped well and produces almost equal amount of
normal (NO+N’Q’) and scrambled (NO’+N’QO) products.
In spite of the long lifetime, the difference in vibrational
energy of the two NO products is relatively large, because
most of the exothermicity is released after the barrier. Path 4
exhibits a short lifetime in spite of the deep Y-shaped well,
and yields only normal (NO+N’'Q’) channel products. This
path has the largest difference in the distribution of the two
NO’s. Trajectories belonging to each of these four paths are
located at the respective areas in the initial condition space.
Note that the regularity in path 4 implies that a deep well
does not always ensure chaotic behavior.

The present work is the first recognition of the existence
of more than one mechanism for this reaction. Although our
calculations are based on the reduced dimension approxima-
tion, we expect the real three-dimensional reaction has simi-
lar features. In fact, full-dimensional calculations will also
exhibit several different paths. However, the full-dimensional
calculations, although difficult, would be necessary for full
understanding of the dynamics. Furthermore, separate analy-
ses on each of the paths are also inevitable. We have also
shown for the first time the existence of the short-lifetime
paths (paths 1 and 2) with unexpectedly efficient energy ex-
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change, whereas a short-lifetime for this reaction has been
only “expected” from the absence of low-energy intermedi-
ate. For understanding of the mechanism for this efficient
energy transfer, detailed investigation of the phase space
structure would be desirable in the future.
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