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The effect of translational vibrational, and rotational energies on the dynamics of the N(4S,) 
+NO(X 211) -t N2(X ‘2:) +0( ‘Pg) reaction has been examined using a Sorbie-Murrell ana- 
lytical fitting of a grid of ab initio configuration interaction (CI) points for the 3A” ground 
potential energy surface reported by the authors in a previous work. Translational energy is 
shown to increase total reaction cross section for all the initial rovibrational states of reactants 
considered. The reaction mode analysis points towards a direct mechanism and a strong influ- 
ence of the shape of the potential energy surface on the reactivity, especially at low relative 
collision energies. Vibrational excitation of the NO reactant molecule changes the total reaction 
cross section values moderately, while increasing the initial rotational states of NO at low fixed 
relative collision energies decreases the reaction cross section sharply, eventually becoming zero 
for the highest J values explored. By comparing with model calculations on the same surface 
involving extreme H+HL and L+ LH mass combinations, the microscopic reaction mecha- 
nism is shown to imply product molecules being created with rotational angular momentum 
(J’) oriented preferentially antiparallel with respect: to their orbital angular momentum (1’) at 
low relative energies, with loss of orientation for higher relative energies. Thus, the surface used 
indicates a strong vector correlation between 1’ and J’ and also an important influence in 
equipartitioning total angular momentum between the rotational and orbital angular momenta 
of products. Comparison with unfortunately scarce experimental data (e.g., fraction of vibra- 
tional energy in products and rate constants) shows a very good agreement. 

I. INTRODUCTION 

The reactions of atomic nitrogen with oxygen and ni- 
trogen oxides are thought to play an important role in the 
chemistry of the upper atmosphere. In particular, the re- 
action 

N(4Su> +NO(X*ll) -+N2(X ‘2;) +O(3Pg>, 
(1) 

A&s = -74.95 kcal/mol (Ref. 1) 

is fast enough at room temperatures for NO to be used as 
a titrant for nitrogen atoms,2 or as a source of ground state 
oxygen atoms in discharge-flow systems.3 This reaction is 
also interesting from a theoretical point of view as it pro- 
ceeds with almost no activation energy and also because it 
can be well described at room temperature using only the 
ground 3A’r potential energy surface (PES). The impor- 
tance of this system notwithstanding, very little theoretical 
and experimental information is available on its basic dy- 
namical features. 

The majority of the experimental measurements refer 
to rate constants (k) at temperatures (T) ranging from 
300 to 700 K.&l1 Recently, Michael and Lim12 reported k 
measurements between 1251 and 3 152 K. Their results in 

.I 
“Author for correspondence. Present address: Soreq Technology Center, 

P.O. Box 625, Yavne 70654, Israel. 
“Present address: Departamento de Quimica, Universidad de La Rioja, 

Obispo Bustamante, 3, 26001, Logroso, Spain. 

this temperature range are well represented by either 
k=(2.34&0.36)~10’~ exp(-113&260/T) or k=(2.23 
hO.48) X lOI cm3/mol s over the whole experimental 
range. Most of the k values obtained in these works fall 
within statistical error of each other and are in good agree- 
ment with the recommended value of Baulch et al. l3 of 
(1.6AO.3) X lOI cm3/mol s, independent of T. In Ref. 12, 
the authors suggest (2.11 AO.66) X 1013 cm3/mol s as a 
suitable value for k between 196 and 3150 K. 

There seems to be a general consensus in that reaction 
( 1) should proceed with no or very little energy barrier. 
This assumption has been confirmed in view of the con- 
tracted CI (CCI) calculations of Walch and Jaffe,14 who 
found out an energy barrier of only 0.5 kcal/mol on the 
ground 3Af’ PES connecting reactants and products. In the 
same paper, the authors report a 14.4 kcal/mol energy 
barrier for the 3A’ PES also correlating reactants and prod- 
ucts in their ground electronic states, thus showing that at 
moderate relative collision energies, reaction ( 1) should be 
well describkd using the lowest 3A’r PES only. 

The only other experimental information available 
about this system consists in estimates of the fraction of 
exothermicity going into vibration. The values given in 
Refs. 15 and 16 are 0.28*0.07 and 0.25 hO.03, respec- , 
tively. 

In a recent work” (hereafter referred to as paper I), 
we reported preliminary quasiclassical trajectory calcula- 
tions (QCT) using an analytical Sorbie-Murrell function 
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FIG. 1. Equipotential polar contour plot for the 3A” Sorbie-Murrell PES 
with NO maintained fixed at its equilibrium bond distance with N atom 
at (0,O). Contours are spaced 0.3 eV with energies relative to dissociated 
atoms. The arrows point the lowest equipotential contours for N ap- 
proaches to the N or 0 end of the NO molecule. The equipotential con- 
tours on the 0 side of the NO molecule rise in energy for a N collinear 
approach from the more external one placed at -6.6 eV (reactant 
asymptote), but those diminish for an angular N approach. More details 
are given elsewhere (Ref. 17). 

for the 3A” ground PES obtained from a fitting of a CC1 
grid of points’* which enabled reproduction of the ab initio 
information with an overall standard deviation of 1.06 
kcal/mol. The analytical PES showed, however, no barrier 
to reaction on the minimum energy path leading to prod- 
ucts. Figure 1 displays a polar contour plot of the Sorbie- 
Murrell PES employed with the NO molecule kept fixed at 
its equilibrium bond distance. The energy rises steeply as 
the attack angle goes away from the saddle point value 
( 107.1”), leaving a narrow passage for N approach to NO. 
When the NNO angle is varied away from the saddle point 
value with the NN and NO distances kept fixed at their 
saddle point values, the potential energy rises steeply indi- 
cating a rather repulsive behavior. The observed excitation 
function shape can be well interpretedlg in terms of the 
angle dependent line-of-centers model ( ADLOC) .*’ This 
same model provides good fittings of the angle-dependent 
partial reaction cross sections at low and moderately low 
collision energies. 

The rate constants and vibrational energy distributions 
in products obtained using this PES considering only the 
most populated rovibrational level of NO at 300 K (v=O, 
J=7) compare well with the experimental data. From the 
preliminary QCT’7p’g results, a direct reaction mode with 
energy being released mainly as translation of products has 
been inferred. As it is derived from the minimum energy 
reaction path, the energy decreases slightly on the path 
from reactants to products falling below the reactants 
asymptote, rising again a bit afterwards until it reaches the 

*saddle point geometry, subsequently experiencing a very 
steep descent to products. The very sudden behavior of the 
energy profile was invoked in paper I to account for the 

-predominant translational excitation over the whole energy 
range explored. 

In this work, we present the results of an extensive and _i* 
complementary study on the dynamics of reaction ( 1) us- 
ing the Sorbie-Murrell PES built up in paper I. Our goal in 
carrying out these calculations is to acquire a deep insight 

c* into the detailed mechanism through which this system 
evolves towards products, as well as to check the accuracy 
of the dynamical magnitudes obtained in previous refer- 

’ &nces17’1g using only preliminary QCT results. In Sec. II, a 
brief description of the methodology and initial conditions 
selected is given. Section III presents the results obtained 
for different dynamical properties of interest together with 
a discussion about them, and finally in Sec. IV some con- 
clusions are drawn. 

II. QUASICLASSICAL TRAJECTORY CALCULATIONS 

QCT 3D calculations were performed on the above- 
mentioned PES using a QCT program developed in our 
laboratory*i based on a previously existing standard ver- 
sion.22 The integration methods and Monte Carlo sam- 
plings of the initial conditions were identical to those used 
in previous similar studies.23-25 Trajectories were carried 
out for a wide range of relative translational energies [ET 
=0.0388 eV (average value at 300 K) to 1.0 eV], and 
rovibrational states of NO (v=O; J=O, 4, 7, and 14) and 
(v= 1, 2; J=7) to probe rotational and vibrational effects. 
Some additional calculations were also performed at ET 
=0.0388 eV for v=O and J= 1,2, 10, 11, 16,25, and 36 to 
obtain an insight into the influence of rotation on reactiv- 
ity. Besides a much more detailed grading of ET at (v = 0, 
J=7), the most populated rovibrational level at 300 K 
within the anharmonic oscillator and nonrigid rotor model 
was used to obtain a detailed shape of the excitation func- 
tion. The results of this calculation have already been re- 
ported in paper I, but we include some of them in the 
present work for completeness. In all, the present study 
comprises about 167 000 trajectories run on the IBM 
3090/6OOJ computer of the Centre de Supercomputacio de 
Catalunya (CESCA) . 

For most ET and rovibrational conditions, an esti- 
mated number of about 1500 trajectories was enough to 
furnish total reaction cross section values with error esti- 
mates (one standard deviation) of less than 10% of each 
value. However, for the lowest relative energy value con- 
sidered (E,=0.0388 eV) to obtain a statistically signifi- 
cant number of trajectories to evaluate dynamical proper- 
ties such as angular or vibrational distributions in 
products, it was necessary to increase the number of inte- 
grated trajectories to between 8000 and 10 000. 

Ill. RESULTS AND DISCUSSION 

A. Reaction mode analysis 

An approximate analysis of the reaction mode has been 
carried out by monitoring on a graphical terminal the ev- 
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FIG. 2. Typical reactive trajectories of reaction (1) (a) E,=0.0388 eV, u=O, and J=O; (b) &=0.0388 eV, u=O, and J=25; (c) E,=0.6 eV, u=O, 
and J=7; (d) ET= 1.0 eV, u=O, and J=7. The continuous lines indicate the temporal evolution of the three internuclear distances and the dotted line 
indicates the evolution of the NNO angle. 

olution of the interatomic distances of a representative 
sampling of trajectories at I&=0.0388 eV with v=O and 
J=O, 7, and 25, and at E,=O.3,0.6, and 1.0 eV, and v=O, 
J=7. 

Figure 2 shows several plots of typical reactive trajec- 
tories for different ET and rovibrational conditions. As was 
to be expected on the previous considerations about the 
shape of the PES, almost all reactive trajectories analyzed 
proceed in a direct mode. The temporal evolution of the 
interatomic distances evidenced that the N atom can come 
very close to the N end of the NO molecule (almost within 
the N2 bond distance range) before the NO bond breaks. 
Once the N atom has come close enough to the NO mol- 
ecule, the interatomic NO distance tends to grow fast- 
indicating that the N, molecule formed and the 0 atom are 

rapidly going away from each other, in agreement with the 
translation excitation of products found in the preliminary 
calculations.‘7 At the same time, the NNO angle usually 
peaks at values above 90“ for most trajectories atilyzed, 
indicating that configurations near that of the saddle point 
are being explored, in agreement to the study of the angle- 
dependent partial reaction cross section carried out in Ref. 
19. At the higher ET studied ( 1.0 eV>, the reaction mode 
follows for some trajectories a less simplistic pattern. As 
can be seen in Fig. 2 (d), after the N atom has come near 
enough to the NO diatomic, the whole NNO system starts 
to vibrate along the NO and NN bonds and also through 
the NNO bending angle, eventually breaking to give prod- 
ucts. For this type of trajectory, a higher degree of product 
vibrational excitation is observed. Thus on increasing ET, 
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the forming NN bond is produced with more vibrational 
excitation enabling the NNO system to bounce several 
times between the repulsive walls of the potential before 
the NO bond breaks completely. However, these few col- 
lision complexes have very short lifetimes and trajectories 
can be mainly termed as also direct trajectories.t9 

An interesting feature of the reaction mode as evi- 
denced in Fig. 2(b) is the behavior of the NNO angle with 
rotational excitation of reactants for the lowest ET consid- 
ered. Usually one would expect the NNO bond angle to 
explore wider ranges of values along the evolution of the 
trajectory as rotational excitation of the NO molecule is 
increased, especially at the beginning of the trajectory 
when the interaction with the NO molecule is still weak. 
However, even for the highest rotational quantum number 
J of NO considered, J= 25; for those trajectories eventually 
leading to reaction, the NNO angle varies little and is kept 
constrained oscillating at values near that of the NNO sad- 
dle point angle quite early in the temporal evolution of the 
trajectory. The NO molecule changes thus relatively early 
from a free to a hindered rotation, so that the NNO system 
moves in such a way that the NNO angle does not vary 
away much from the saddle point value. Also, for most 
reactive trajectories studied over the whole energy range, 
the NNO angle distribution at the beginning of the trajec- 
tory falls not very far from the distribution recorded at a 
collision diameter equal to 2.5 A, which almost overlaps 
the ADLOC distribution peaked at the saddle point an- 
gle,19 effect being more evident for trajectories with low 
ET. This supports our consideration that the PES exerts a 
very strong influence in the way reaction takes place. In a 
more graphical representation, we could say that the NNO 
angle oscillates around the minimum energy path con- 
strained by the repulsive nature of the potential along the 
whole trajectory evolution which causes reorientation to 
occur for trajectories starting with NNO angles away from 
the minimum energy path value, even though this anisot- 
ropy effect is more difficult to happen as J is increased [see, 
e.g., Figs. 2(a) and 2(b)]. 

6. Excitation function and thermal rate constants 

Table 1 shows the total reaction cross sections for all 
the main rovibrational states of the NO molecule at 300 K. 
Even though at energies above 0.6 eV the N(4,S’,) 
+NO(X 211> -NO(X 211) +N(4S,) exchange channel 
begins to open, its contribution to reactivity is very low. 
For the highest ET condition ( 1.8 eV) at u=O, J= 7, only 
73 trajectories out of 9332 went through the exchange 
channel, while 2968 proceeded through N atom abstrac- 
tion, so that the results for this exchange channel are not 
shown. The excitation function plots for selected fixed 
(u,J) rovibrational states are depicted in Fig. 3. For mod- 
erately low collision energies (ET<0.6 eV), and ADLOC 
excitation function dependence seems to reproduce quite 
well the shape of the QCT excitation function at (v=O, 
J=7).19 At the higher energy values considered, the exci- 
tation function plot clearly deviates from this simple 
model, since some of its basic assumptions, such as that all 
trajectories reaching the saddle point with enough energy 

in the line of centers to overcome the bending potential will 
eventually lead to reaction, no longer hold. In fact, it is to 
be expected that on increasing ET, the number of trajec- 
tories with enough energy along the line of centers experi- 
encing rebound will also increase, thus further disrupting 
one of the basic approximations made in the ADLOC 
mode1.20’26 

Defining the average quantity AS/AE to measure the 
contribution of the increment of relative translational, vi- 
brational, or rotational energy (AE) to the enhancement of 
the total reaction cross section (AS,), we find average val- 
ues of 1.94 and 1.07 A2/eV for AS,./AE, as the vibrational 
quantum number is increased from u=O to v= 1 and from 
v= 1 to v=2 at constant ET and J values, respectively. The 
effect of vibrational excitation is to cause a more modest 
increase in the reaction cross section than ET. The AS,./ 
AE, for a similar rise in ET (from 0.0388 to 0.3 eV) yields 
17.08 A’/eV thus giving a clear demonstration of the 
strong influence of ET in promoting reactivity. On the con- 
trary, rotation causes in most cases a net decrease in S,. 
Thus, the average ASJAE, at constant v and ET for the 
passage from J=O-1 and from J= 1-2, J=2-4, J=4-7, 
J=7-10, and J= 10-14 are - 1040.76, -236.53, - 165.57, 
-21.17, and - 13.64 A2/eV, respectively. 

The observed behavior of the total reaction cross sec- 
tion S, with the initial relative and vibrational energies of 
reactants corresponds well with that expected for a PES 
with an early saddle point27,28 such as the one we are deal- 
ing with in this work for which vibration of reactants 
should contribute modestly to reactivity. In this respect, 
Smith29 has pointed out that the earlier the position along 
the reaction path the energy barrier occupies, the less is the 
coupling between relative translational and vibrational mo- 
tions, so that vibrational adiabaticity becomes a good ap- 
proximation, but since the V-T coupling is weak, the vi- 
bronic curves are likely to run almost parallel and the 
shape of the PES near the saddle point changes slowly with 
u, so that the effects of vibrational excitation are slight. It is 
reasonable to suppose that in the present case, since the 
stretching frequency of the NNO saddle point structure is 
quite similar to that of the NO reactant, which could jus- 
tify the moderate changes in reactivity when u goes from 1 
to 2. In fact, one of the reasons for the increase in S, with 
u is the slight rise in the maximum impact parameters 
(b,,,) on exciting the reactants vibrationally. This in- 
crease is less apparent for high collision energies, for which 
there is much less dependency on the features of the sur- 
face. The slight increase in b,, may be explained consid- 
ering that on exciting u, the region in space swept by the 
NO molecule is also greater. It has been shown3’ that for 
reactions possessing a high bending frequency at the saddle 
point so that the barrier to reaction increases significantly 
with the angle of attack, but for which the initial vibra- 
tional frequency of the reagent diatomic molecule is high 
and the symmetric frequency at the saddle point is low, 
vibration can enhance reactivity even for systems without 
an earlier barrier taking place under vibrational adiabatic- 
ity conditions. In the present case, however, as shown in 
paper I, even though the bending frequency is high (421 
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TABLE I. Dynamical properties for the N(4S,J +NO(X ‘Il) reaction. 

V J ETB b *axa s,B f/bb E,,” (f6)d(&J’ 

1723 

cf:>“w*,,Y V;)dP,)e 

0 0 

1 
2 
4 

7 

0 10 

0 10 

0 11 

0 14 

O.OS(O.27) 0.62(2.11) 
O.OS(O.28) 0.64(2.14) 
O.ll(O.40) 0.65(2.12) 
0.13(0.48) 0.77(2.20) 
0.14(0.59) 0.66( 1.96) 
0.16(0.70) 0.63 (1.76) 
0.07(0.25) 0.63(2.14) 
0.07(0.25) 0.63(2.14) 
0.09(0.29) 0.62(2.10) 
O.OS(O.29) 0.64(2.04) 
O.ll(O.39) 0.65(2.10) 
0.12(0.48) 0.68(2.17) 
0.14(0.60) 0.65( 1.94) 
0.16(0.69) 0.62( 1.74) 
O.OS(O.27) 0.63(2.15) 
0.09(0.31) 0.64(2.14) 
O.lO(O.34) 0.64(2.12) 
O.ll(O.39) 0.64(2.07) 
0.13(0.49) 0.67(2.13) 
0.13(0.51 j 0.66(2.07) 
0.14(0.59) 0.65( 1.92) 
0.15(0.67) 0.62( 1.75) 
0.16(0.78) 0.60( 1.45) 
0.16(0.83) 0.58( 1.24) 
O.lO(O.31) 0.61(2.08) 
O.lO(O.31) 0.62(2.09) 
0.09(0.31) 0.62(2.08) 
O.ll(O.38) 0.63(2.03) 
0.13(0.47) 0.65(2.04) 
0.14(0.59) 0.63( 1.88) 
0.16(0.67)~ 0.61(1.71) 
0.09(0.29) 0.60(2.05) 
0.09(0.30) 0.62(2.09) 
0.12(0.37) 0.58( 1.99) 
0.12(0.39) 0.60(2.02) 
O.ll(O.37) 0.62(2.01) 
0.14(0.50) 0.63(2.00) 
0.14(0.57) 0.63( 1.87) 
0.16(0.66) 0.60(1.69) 
0.13(0.38) 0.62(2.13) 
0.15(0.40) 0.58(2.04) 

. . . . . . 

-0.06(0.22) 0.66(2.39) 
0.07(0.25) 0.68(2.43) 
O.lO(O.39) 0.64(2.21) 
0.12(0.49) 0.66(2.23) 
0.14(0.62) 0.63(2.00) 
0.16(0.72) 0.61( 1.82) 
0.06(0.21) 0.66(2.56) 
0.05(0.20) 0.65 (2.47) 
0.09(0.37) 0.63(2.34) 
0.12(0.50) 0.64(2.33) 
0.14(0.62) 0.61(2.08) 
0.15(0.75) 0.60( 1.94) 

‘Relative translational energies (ET) in electron volts, maximum impact parameter (b,,,,,) in Angstroms, and total reaction cross sections (S,) in squared 
Angstroms. 

bRatio of forward vs backward scattered trajectories in the center of mass framework. 
CEnergy (in electron volts) accessible for reaction (see the text$. 
dThe fraction of accessible energy appearing as translation ((fi)), vibration ((f;) ), and rotation ((f:) ) in products. 
eIncrements in translational, vibrational, and rotational energies when evolving from reactants to products (in electron volts) defined as in Ref. 23. 
‘No reactive trajectories found at this condition (over 8800 trajectories performed). 

0 16 
0 25 
0 36’ 
1 7 

2 7 

0.0388 
0.1 
0.3 
0.5 
0.8 
1.0 
0.0388 
0.0388 
0.0388 
0.1 
0.3 
0.5 
0.8 
1.0 
0.0388 
0.1 
0.2 
0.3 
0.5 
0.6 
0.8 
1.0 
1.5 
1.8 
0.0388 
0.065 
0.1 
0.3 
0.5 
0.8 
1.0 
0.0388 
0.0905 
0.0388 
0.1 
0.3 
0.5 
0.8 
1.0 
0.0388 
0.0388 
0.0388 
0.0388 
0.1 
0.3 
0.5 
0.8 
1.0 
0.0388 
0.1 
0.3 
0.5 
0.8 
1.0 

2.70 
2.70 
2.55 
2.55 
2.47 
2.57 
2.70 
2.70 
2.55 
2.55 
2.61 
2.52 
2.47 
2.57 
2.55 
2.55 
2.47 
2.61 
2.52 
2.47 
2.52 
2.57 
2.57 
2.57 
2.55 
2.55 
2.55 
2.61 
2.52 
2.61 
2.57 
2.55 
2.55 
2.55 
2.55 
2.47 
2.52 
2.61 
2.57 
2.40 
2.40 
. . . 

2.80 
2.80 
2.48 
2.69 
2:55 
2.60 
3.06 
2.88 
2.64 
2.55 
2.63 
2.48 

2.70 ho.24 
4.27 ho.23 
5.84=tO.10 
6.62* 0.20 
7.34rto.11 
7.22bO.17 
2.26*0.15 
2.06*0.14 
1.67*0.16 
3.58 10.22 
5.66*0.12 
6.55*0.19 
7.39*0.11 
7.25kO.17 
1.06*0.09 
2.81 ho.09 
4.37*0.25 
5.52*0.10 
6.53bO.21 
7.oO=to.10 
7.34hO.12 
7.15*0.16 
7.27*0.11 
7.302to.11 
0.70*0.09 
1.34*0.15 
2.2OhO.18 
5.15*0.12 
6.38*0.18 
7.38*0.11 
7.08*0.16 
0.72*0.09 
1.83*0.17 
0.60*0.08 
1.66a0.15 
4.68hO.11 
6.02*0.18 
7.19*0.11 
7.01*0.17 
0.49 *o&l 
0.03 *0.01 

. . . 

1.55ztO.18 
3.2OkO.33 
5.45hO.18 
6.89bO.29 
7.41hO.16 
7.6OdO.26 
2.09 & 0.22 
3.53aO.38 
5.81 *to.20 
7.042to.33 
7.54*0.17 
7.59 bO.29 

0.06 
0.12 
0.37 
0.55 
0.61 
0.81 
0.03 
0.04 
0.03 
0.11 
0.35 
0.50 
0.62 
0.77 
0.03 
0.14 
0.26 
0.35 
0.50 
0.57 
0.62 
0.77 
1.17 
1.26 
0.02 
0.09 
0.21 
0.37 
0.53 
0.67 
0.81 
0.03 
0.13 
0.06 
0.14 
0.40 
0.51 
0.78 
0.90 
0.02 
0.00 
. . . 

0.07 
0.18 
0.35 
0.53 
0.65 
0.79 
0.11 
0.26 
0.38 
0.53 
0.77 
0.83 

3.44 
3.50 
3.70 
3.90 
4.21 
4.41 
3.44 
3.45 
3.45 
3.51 
3.71 
3.91 
4.21 
4.41 
3.45 
3.52 
3.62 
3.72 
3.92 
4.02 
4.22 
4.42 
4.92 
5.22 
3.46 
3.49 
3.53 
3.73 
3.93 
4.23 
4.43 
3.47 
3.53 
3.49 
3.55 
3.75 
3.95 
4.25 
4.45 
3.50 
3.58 
. . . 

3.69 
3.75 
3.95 
4.15 
4.45 
4.65 
3.92 
3.98 
4.18 
4.38 
4.68 
4.88 

0.30(0.91) 
0.28(0.87) 
0.24(0.77) 
0.21(0.61) 
0.20(0.74) 
0.21(0.83) 
0.30(0.90) 
0.30(0.90) 
0.30(0.90) 
0.27(0.84) 
0.25(0.79) 
O.lg(O.63) 
0.20(0.74) 
0.22(0.86) 
0.28(0.87) 
0.27(0.84) 
0.26(0.84) 
0.26(0.83) 
0.20(0.67) 
0.21(0.71) 
0.21(0.78) 
0.22(0.87) 
0.24( 1.06) 
0.26( 1.22) 
0.29(0.87) 
0.29(0.89) 
0.29(0.90) 
0.27(0.88) 
0.23(0.77) 
0.22(0.82) 
0.23(0.90) 
0.31(0.95) 
0.29(0.90) 
0.30(0.93) 
0.28(0.87) 
0.27(0.91) 
0.23(0.79) 
0.23(0.86) 
0.24(0.94) 
0.25(0.77) 
0.27(0.85) 

. . . 

0.28 (0.67) 
0.26(0.60) 
0.26(0.68) 
0.22(0.55) 
0.23(0.66) 
0.24(0.74) 
0.28(0.50) 
0.30(0.60) 
0.28(0,56) 
0.24(0/M) 
0.25(0.58) 
0.24(0.59) 
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FIG. 3. Total reaction cross section plots for reaction (1). (a) Excitation 
function for NO at v=O, and 1, 2 and J=T; (b) evolution of the total 
reaction cross section with Jfor &=0.0388,0.1, 0.3, 0.5, 0.8, and 1.0 eV 
with NO at u=O. Errors (one standard deviation) are indicated in Table 
I, but were not included here on behalf of clarity. 

cm-‘), the stretching frequency at the NNO saddle point 
( 1858 cm-‘) is similar to the vibrational frequency of 
NO(X 211) ( 1904 cm-‘), so that actually the most impor- 
tant effect of increasing the initial quantum vibrational 
number of reactants is to induce motion in the direction of 
the repulsive walls of the potential, perpendicular to the 
coordinate leading over the barrier to products, thus not 
contributing very much to reactivity. From the discussion 
above, it follows that the relative increments in S, with u 
are more important at low relative energies [Fig. 3(a)]. 
The less important relative enhancement of S, with v on 
growing ET is probably caused by the lesser role the de- 
tailed shape of the PES plays. in determining overall reac- 
tivity at high collision energies. 

Figure 3(b) shows the behavior of the reaction cross 

section with the initial J quantum rotational number of the 
NO reactant molecule in the ground u =0 vibrational level. 
The dramatic fall in S, with J is more evident at low col- 
lision energies. For ET=0.0388 eV, u=O, and J=36, no 
reactive trajectories have been found out of a total of 8800 
trajectories computed. Additional calculations for ET 
=0.0388 eV, v=O at J=SO, 100,124, and 169 were carried 
out in search of an eventual rise of S, at very high rota- 
tional energies, as has been observed in many cases.31 Nev- 
ertheless, no reactive trajectories were found for these con- 
ditions either. A similar inhibiting behavior was observed 
by Persky et al.32733 in their QCT studies of the 0( 3P) 
+HCl reaction. 

At the higher energies explored, the falling behavior of 
the reaction cross section with J is very much attenuated 
[see Fig. 3(b)]. For most systems studied, the behavior of 
the reaction cross section with J of reactants has been ex- 
plained in terms of the competing orientational and energy 
effects.3’,34 At low J values, the loss of the preferred orien- 
station between the attacking atom and the diatomic mole- 
cule causes S, to go down until it reaches a minimum 
value. At the same time, rotational energy may contribute 
to reactivity through R-V coupling. At high J values, this 
last effect sometimes prevails and reaction cross section 
rises again. In the present case, the prevailing effect at all J 
values considered is that of the loss of orientation. Since as 
we have found, vibrational motion does not contribute too 
much to the enhancement of reactivity, the vibration- 
rotation coupling expected to be found at high J values 
(which causes the system to behave as if having a higher 
degree of vibrational excitation) is not enough to counter- 
balance the decreasing trend motivated by the loss of ori- 
entation. Therefore, S, continues to decrease even when the 
NO reagent has high rotational excitation. Consequently, 
for low ET, high rotational excitations will result in the 
incoming N atom seeing a blurred picture of the surface as 
it approaches the saddle point configuration. Due to the 
narrow cone of acceptance around the saddle point at low 
ET, most bent repulsive configurations will not lead to 
reaction at these energies,17*19 so that S, will decrease 
with J. 

A reasonable explanation for the hindered rotation of 
the NNO system in trajectories with large initial J such as 
the one depicted in Fig. 2(b) for u=O, J=25 has been 
proposed in the previous subsection. From the analysis of 
the temporal evolution of the interatomic distances carried 
out at E,=O.O388 eV, v=O, and J=25, we found out that 
only those trajectories starting with NNO angles relatively 
close to that of the saddle point such that the combined 
rotational and brbital motions of the system and the ori- 
entational effect due to the anisotropy of the potential em- 
ployed, caused it to evolve around the minimum energy 
reaction path and led eventually towards reaction. All 
other trajectories starting from different angular configu- 
rations at this J did not result in reaction and were scat- 
tered back to reactants due to the repulsive nature of the 
potential zones explored. For higher ET, as already stated, 
it is possible for trajectories starting at and evolving 
through more repulsive angular configurations to end up in 
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reaction [see Fig. 2(d)], so that the effect of rotation on S, 
is less apparent with growing E,, until an almost 
J-independent behavior is found (see Table I). These find- 
ings are consequent with the rotating-sliding-mass model 
(RSMM) of Loesch35 which predicts a strong influence of 
the anisotropy of the PES on the Jdependence of S, as well 
as a clear smoothing out of this dependence as E, goes up. 

We have also evaluated the absolute thermal rate con- 
stant k(T) using fittings of the excitation function to fifth 
degree polynomials in ET at different (u,J) states. For J in 
between values used in QCT calculations (J=O, 4, 7, 10, 
and 14), excitation functions have also been derived from 
estimated reaction cross sections at u=O by means of a 
polynomial interpolation of values plot in Fig. 3 (b) . Then, 
these excitation functions have been integrated numerically 
by means of a standard Gaussian quadrature algorithm 
using the standard equation36 and subsequently weighted 
according to a Maxwell-Boltzmann distribution of NO 
rovibrational states at each T, within the anharmonic os- 
cillator and nonrigid rotor model, to give k(T). Thus, the 
state specific rate constants k(v=O, J=O+14), k(v=l, 
J=7), and k( v=2, J=7) were used in these calculations, 
assuming that for v=O and higher J values k was equal to 
the value for J= 14 and that for U= 1 and 2 all k( v,J) were 
equal to the values for J=7. The last assumption is not so 
critical since the populations in U= 1 and 2 are practically 
insignificant even at the highest temperature (at 700 K, the 
population in v=O is of 98%). The resulting k(T) values 
at 300, 500, and 700 K are (l.Oj=O.2) X 10i3, (1.9*0.2) 
X 1013, and (2.1 =tO.2) X 1013 cm3/mol s, respectively, fall 
well within experimental error range [compared to exper- 
imental values of (1.6~0.3)~10’~ (Ref. 13), (2.3hO.9) 
X10i3 (Ref. 6), and (2.911.0) X1013 cm3/mol s (Ref. 
6)]. In general, these results improve our previous esti- 
mates of these rate constants using a polynomial fitting of 
the QCT excitation function for NO only at u=O, J=7 
(Ref. 17) (1.5*0.1x 1013, 3.0&0.3x 1013, and 4.9*0.3 
x 1013 cm3/mol s, respectively) or an ADLOC fittinglg of 
the same data (0.9 x 1013, 1.6X 1013, and 2.2X 1013 cm3/ 
mol s, respectively). The agreement with the experimental 
magnitudes is good and the differences observed may be 
due to the numerical integration procedure employed 
(slightly different results depending on the method used) 
as well as to the errors introduced by the truncation of the 
rovibrational distribution (typically, the rovibrational 
states chosen for QCT calculations comprise only about 
20%-17% of the total NO population in the 300-700 K 
range, although after the abovementioned interpolations, 
the limits become 84%-53%). Since as T increases, the 
more populated rovibrational states appear at higher J val- 
ues where S, takes lower values, the error committed in 
truncating at relatively low J is more evident at higher T. 
Our results for k(T) on the 3A” PES seem to support 
Michael and Lim’s12 considerations about this system. 

.n 
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FIG. 4. Opacity function for reaction (1) at &=0.2,0.8, and 1.8 eV and 
v=O, J=7. 

duced assuming an ADLOC model, especially at low and 
moderately high ET energies (0.0388-0.6 eV). The behav- 
ior predicted using this model shows a monotonous de- 
crease in P( b;E,) as the impact parameter (b) approaches 
its maximum value leading to reaction (b,,,), eventually 
becoming zero at b,,. Thus, P(b;E,) would exhibit its 
higher values at low b. As can be seen from the plots of 
Fig. 4, this behavior is a good approximation to the real 
shape of P(b;E,) over a wide range of energies. The ob- 
served depletion of P(b;E,) at low b values seems to be 
motivated by the poor statistics in the low b range caused 
by the QCT sampling scheme in which b is chosen from a 
uniform distribution in b2, and the small number of reac- 
tive trajectories at low ET energies. As has been checked, l9 
if trajectories are chosen from an initial uniform distribu- 
tion in b, this fall disappears and the P(b;E,) vs b plot 
shows a continuous decrease from b=O to b,, . An inter- 
esting feature observed in Table I and Fig. 4 is that the b,,, 
value varies little for widely differing initial rovibrational 
and energetic conditions. This behavior is typically found 
in reactions with no energy threshold, for which at the 
minimum energy path configuration, only the. centrifugal 
barrier must be overcome in order for the system to pro- 
ceed to products. ADLOC model predicts a constant b,,, 
equal to the collision diameter (2.5-2.7 A) regardless of 
the ET value.” 

C. Opacity function analysis 

J. Chem. Phys., Vol. 99, No. 3, 1 August 1993 

Figure 4 presents a plot of the opacity function at sev- 
eral initial ET conditions. Recent worklg shows that the 
QCT opacity and excitation functions can be well repro- 

It is also worth noting that the P(b;ET) shapes, as 
observed in Fig. 4, remain almost the same. Since the ro- 
tational periods of the NO molecule, assuming a rigid rotor 
approximation, are 2.2X 10-12, 1.3X lo-“, 9.3X 10-13, 
and+ 6.7~ lo-l3 s for J=4, 7, 10, and 14, respectively, and 
the times inverted by the N atom in covering the 6.0 A 
distance that separates it initially from the center of mass 
of NO would be assuming constant relative velocity of re- 
actants, approximately 6.8~ 10-13, 4.2X 10-13, 2.4 
x 10-13, 1.9X 10-13, and 1.3~10-‘~ s for E,=O.O388, 
0.1, 0.3, 0.5, and l.OkeV, respectively, it follows that for the 
most of ET and rovibrational conditions, the time it takes 
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for N to approach NO is shorter than the rotational period 
of NO. Therefore, the similar P(b;Er) shapes, almost un- 
affected by rotation [rotational excitation causes mainly a 
decrease in the area under the P(b;ET) curve as expected 
from the decreasing shape of the S, vs J curve] seem to 
corroborate our observation that the PES is anisotropic 
enough to reorientate initially unfavorable NNO configu- 
rations towards more favorable dispositions (either NNO 
angle close to the saddle point value ( 107.1”) or impact 
parameters close to the collision diameter, which is ap- 
proximately equal to the distance of the N atom to the 
center of mass of NO in the saddle point (2.5 A)] for 
reaction to take place. 

rather oscillating behavior for (f{) and SE,, is observed). 
No clear conclusion can be drawn on the behavior of 
(f:) and SEvi, when the initial quantum rotational number 
of reactants J is increased for fixed ET and v values. As in 
the case of translation, the effect is so slight that any de- 
duced trend may be due simply to the statistical uncer- 
tainty. However, on varying u of NO from 0 to 1 and 2 
with ET and J kept fixed, a clear decrease in SEvib is ob- 
served at all energetic conditions, even though the corre- 
sponding (f{) do not change significantly for the reasons 
given above. 

D. Energy distribution in products 

The analysis of the energy distribution in products has 
been carried out considering the mean fraction of available 
energy appearing in rotation (f:), vibration (fi), and 
translation (fi) of products. For each ET and NO rovibra- 
tional quantum level considered, the accessible energy is 
defined as 

&c=E,+&g+AE, (2) 

where Ei, is the internal energy of reactants and AE is the 
exoergicity. Also the absolute quantity 

SEizEi-Ei (3) 

is depicted in Table I (the primed quantities refer to prod- 
ucts). For a given kind of energy i, this magnitude shows 
the variation in the energy present in that mode on passing 
from reactants to products.25 

Finally, mention should be made of the behavior of 
(fi) and SE,,, over the different ET and rovibrational levels 
explored. The most important and clear trend found in the 
product energy distribution for this system is the monoto- 
nous increase in ( fi ) and SE,,, for fixed values of v and J as 
ET is increased. For certain rovibrational levels (cf. v=O 
and J=O, 4, and 7), (f:) almost duplicates over the whole 
energy range explored and, at the same time, the corre- 
sponding SE,,, may be two to three times greater ‘at the 
higher ET with respect to the lowest ET explored. Again, 
no clear influence of the initial J on the (f:) and SE,,, 
values at fixed ET and v can be deduced after inspection of 
Table I. The differences observed might be very well due 
once again to statistical deviations. The behavior with ris- 
ing v at fixed ET and J is somewhat different. For E,<0.5 
eV, both (fi) and SE,,, tend to diminish with growing v, 
while for higher ET, this trend inverts and both magni- 
tudes tend to increase with rising vibrational excitation of 
reactants. 

On studying the evolution of the fraction of transla- 
tional energy (fk) and the corresponding increment SE,, 
it becomes evident that for a fixed (u,J) state of NO, both 
(f;) and SET remain almost constant for ET below 0.5 eV. 
At higher relative energies, both magnitudes decrease. For 
fixed values of the vibrational quantum numbers u and ET, 
the rise in J does not greatly influence either the (fi) or 
SET obtained, even though it seems that for the higher J 
values considered, there is a very slight trend towards di- 
minishing (fk) and SE,. The observed effect is so low, 
however, that it might well stem from the statistical uncer- 
tainty in the determinations. If J and ET are kept fixed and 
u is made to increase, there is a clear trend towards an 
augmentation of SE,. This effect is much less evident for 
(fi), since given the large exothermicity of this reaction, 
most of the contribution to the accessible energy (except at 
high ET) comes from the difference in the electronic ener- 
gies of reagents and products, causing quantitative differ- 
ences in the energy disposal of products at different condi- 
tions to be hidden when considering the fractions of energy 
solely. 

To attempt an explanation for the features of the en- 
ergy distribution, we must first take into account that most 
trajectories, as seen in a previous section, proceed through 
an almost pure direct mechanism. Second, as noted before, 
the bmax values at the different energetic and rovibrational 
conditions considered are relatively low and their value 
does not practically change over the whole ET range ex- 
plored. It might also be illuminating to consider the E,, at 
each (E,,vJ) condition used in QCT calculations. From 
the data in Table I, it can be seen that, except for the 
higher ET considered, the contribution of relative and in- 
ternal energies of reactants to the total accessible energy is 
small compared to the amount of energy coming from the 
difference in electronic energies between the ground states 
of the NO and N2 molecules (3.29 eV>, so that the fall 
from reactants to products will always play an important 
role in determining the reaction mechanism over a wide 
range of energies, implying also as stated above only small 
variations in the energy fractions. Finally, the bent nature 
of the saddle point on this PES (107.1”) would tend to 
favor accessible energy being channeled to rotation of 
products.27 Thus, when ET rises, SErot does as well grow. 

The evolution of (fi) and SEvib with ET at fixed u and 
J as seen in Table I involves generally a slight downhill 
behavior until approximately ET=0.5 eV, rising then again 
very slightly. This subsequent rise does not for many con- 
ditions bring (fi) above the value it had at the lowest 
collision energies (see, however, that for v=2, J=7, a 

As advanced in paper I, the main energetic effects ob- 
served stem primarily from the high exothermicity and 
marked anisotropy of the PES of the system. At low E,, 
the sharp decrease in energy observed after the saddle 
point and the direct character of the trajectories cause en- 
ergy to be released primarily as repulsion in the NO direc- 
tion resulting in translational motion of products. On in- 
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creasing ET a little, the NNO angular scope around the 
saddle point configuration leading to reaction widens a bit, 
contributing to rising slightly (fi) and SE,, (because of 
the combined effects of the bent saddle point and the pos- 
sibility that more bent configurations away from the min- 
imum reaction energy path may become reactive), while 
leaving the product translational energy contents almost 
unchanged {since more ET results, at most, in a faster 
motion of N relative to NO after the saddle point [see Figs. 
2(c) and 2(d)]} and making (f;) and SE,, decrease very 
slightly. In that paper, we indicated that on increasing ET 
enough, the scope of NNO angular configurations eventu- 
ally resulting in reaction expands considerably, with open 
ones tending to give N2 product molecules in excited v’ 
states {since in this case, the NN bond is compressed while 
forming [see Fig. 2 (d)]} and with bent ones favoring low 
v’ values. Hence, increasing the ET contents contributes to 
populating both the low and high v’ levels in products, 
implying only moderate increases in (fi) and SE,, [and a 
more statistically resembling P( 0’) distribution (see be- 
low)] and also to a higher rotational excitation of products 
(since bent NNO configurations usually result in 0 exert- 
ing a torque on N2 and this latter going away tumbling), 
all at the expense of the translational energy contlnts of 
products. As seen in Table I both these effects make that, 
at E+l.O eV, the sum SEvib+SEro, almost overcomes 
SE,, thus reflecting a change in the way AE is distributed 
among products. It is also worth noting that, on increasing 
ET, the shape of the surface loses importance in establish- 
ing the outcome of trajectories, so that the energetic con- 
tents and energy distributions of products should become 
more similar to the statistical limits. On the other hand, 
the strong dependence of the reactivity on the NNO con- 
figuration at the saddle point could explain the small dif- 
ferences encountered in the energy distributions when 
changing the initial rovibrational state of reactants. 

The results of Figs. 5 (a) and 5 (b) correspond to typ- 
ical translational energy distributions for the products of 
reaction ( 1) . Error bars have been omitted for clarity. The 
data in this figure indicate that the initial vibrational state 
of reactants does not greatly influence those distributions. 
Similar plots for fixed ET and u (not shown in Fig. 5) 
indicate that the initial rotational quantum number of re- 
agents does not influence the shape of the energy distribu- 
tion either. All QCT distributions exhibit important frac- 
tions of the N2 population at relatively high Ek in 
accordance with the observed translational excitation of 
products. Almost no molecules are obtained with E& below 
1.0 eV, the distribution being slightly broader for ET= 1.0 
eV in accordance with the slightly wider rotational and 
vibrational energy distributions observed at this energy. 
The shape of both curves does not obviously conform to a 
typical Boltzmannian curve, not showing any clear max- 
ima (the observed spikes are more probably due to the 
binning of Ek than to real dynamically induced structures) 
and behaving instead relatively even between 1.5 and 4.0 
eV. This shows that even though the Nz molecules are 
mostly produced with high relative energy, the final con- 
tents vary very much according to the evolution of the 
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FIG. 5. QCT and prior translational distributions for reaction (1) at 
several conditions (a) u=O, J=7; ET=0.0388 (solid line), 0.5 (dotted 
line), and 1.0 eV (dashed line). (b) J=7, E,=l.O eV; v=O (dotted 
line), 1 (solid line), and 2 (dashed line). Lines with points are used for 
QCT distributions and without points for the corresponding prior distri- 
butions. 

system in its passage to products. Also, superimposed on 
Fig. 5 (a), plots of the corresponding prior distributions for 
Ek following the vibrating rotor model (VR) of Levine 
et aL28 are presented for comparison with the QCT data. 
According to this scheme, the expected probability distri- 
bution for the relative translational energy of products at a 
certain ET is given by 

p(E;.) = 
E;-“2Z;::,( l/B,,) 

~:*=,~~~~‘(251+l)(E,,-E~,,)1’2 
(4) 

z 

with B,t the rotational constant corresponding to the vi- 
brational level v’ of products, E,,,I the rovibrational energy 
of products within the VR scheme, and ,v’* and Jr* (v’) the 
maximum values of the vibrational and rotational quantum 
numbers of products satisfying E,tp <E,, . The prior distri- 
butions obtained in this manner do almost superimpose on 
those derived using the simpler rigid rotor and harmonic 
oscillator (RRHO) approximation, for which the maxima 
in p( Ek) fall always at Ek = E,,/3. 

As can be seen in Figs. 5 (a) and 5 (b), the QCT 
P(E>) distributions are peaked at higher translational en- 
ergies than the prior statistical ones for all conditions ex- 
plored. The prior distribution maxima fall at ,Tk = 1.15, 
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FIG. 6. QCT vibrational distribution of the Nz product for reaction (1) at several ET and NO rovibrational states: (a) u=O, J=O; .&=0.0388,0.5, and 
1.0 eV. (b) u=O, J=O, 7, and 14; E,=O.O388 eV. (c) u=O, 1, 2, and J=7; l&=0.0388 eV. (d) u=O, 1, 2, and J=7; E~=0.5 eV. 

1.31, and 1.47 eV for E,=0.0388, 0.5, and 1.0 eV, respec- 
tively, with v=O and J=7 [Fig. 5(a)], and at Ek = 1.55 for 
E,=l.O eV with u= 1 and J=7 [Fig. 5(b)]. These facts are 
reflected in the average ( fr) which for the prior distribu- 
tions fall around 0.43, about 20% lower than the usual 
magnitude derived from QCT calculations (0.58-0.68 ) . 
The essentially nonstatistical behavior of the translational 
energy release in products is maintained over a wide range 
of initial translational energies and NO vibrational levels, 
as evidenced by the plots of Fig. 5. Only the prior distri- 
bution for the u= 1, J=7 condition is shown in Fig. 5 (b) 
on behalf of legibility, since all three prior distributions 
almost overlap each other, but for a short energy range. 
Similarly as in the u=O case, the QCT distributions for 
u= 1 and 2 are rather hotter than the prior ones. 

Some typical quantum vibrational distributions in 
products obtained by means of a quantization of the clas- 
sical rovibrational energy of the Nz molecule following the 
method proposed by Muckerman37’38 are presented in Fig. 
6. Other methods based on action-angle variables could be 
more reliable for quantization of higher rovibrational lev- 
els3’ of product or reactant molecules. Figure 6 (a) depicts 
the behavior of the vibrational quantum distribution in 
products P( v’ ) with the relative energy of reactants. It can 
be seen that at the lowest translational energy explored, a 
vibrational inversion peaked at u’ = 3 is found. This situa- 
tion continues for higher ET values, up to 0.3 eV, but is not 
found at ET>0.5 eV, where a smoothly decreasing distri- 

bution is observed. As can be seen in Fig. 6(b), the initial 
J state of the NO reactant molecule does not alter substan- 
tially the general features of P( u’ > . The very rough trend 
observed for all relative energies explored seems to be for J 
to increase the number of populated levels as J goes up, but 
never altering enough the shape of the P( v’) distribution at 
high ET so as to achieve a vibrational inversion situation as 
the one observed for low ET. The effect of vibrational ex- 
citation of reactants is similar to rotation [see Figs. 6(c) 
and 6(d)]. In this case though, it causes a P(v’) inversion 
to arise at v’= 1 for ET=0.5 eV, when v goes from 0 to 1 
or 2 [Fig. 6(d)]. 

As in the case of the translational energy distribution, 
to check the way vibrational energy is distributed into 
products, we have calculated as well the prior vibrational 
distribution within the VR model following the scheme of 
Levine et &.40Y4’ to be compared with the QCT results; The 
expected probability distribution of levels u’ at a certain ET 
is given in general by 

with E,tp expressed according to the VR model. 
Figure 7 plots the prior and QCT distributions for ET 

=0.0388 and 1.0 eV and NO at u=O, J=7. Obviously, the 
observed behavior even though there is considerable statis- 
tical error, deviates greatly from the statistical expectations 
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FIG. 7. QCT and prior vibrational distributions for reaction ( 1) at sev- 
eral conditions: (a) v=O, J=7; E,=0.0388 eV and (b) u=O, J=7; ET 
= 1.0 eV. The solid line shows prior vibrational distribution. 

at 0.0388 eV, while both plots are similar at 1.0 eV. The 
strong nonstatistical nature of the N2 vibrational popula- 
tion produced in reaction ( 1) is maintained up to relatively 
high ET (in some cases even for 0.5 eV) for many initial 
rovibrational conditions examined in the present work. An 
attempt at obtaining information about the constraints to 
vibrational energy partitioning by performing a surprisal 
analysis yielded no clear behavior of the surprisal plot for 
the lower energies. However, at high and moderately high 
ET energies (0.8 eV and above), the surprisal approaches a 
straight line. The QCT P( v’) distribution at high ET tends 
to fall more steeply than the prior one [Fig. 7(b)] being 
more peaked towards low v’ than the statistical expecta- 
tion. This fact implies that the QCT vibrational distribu- 
tion is in general somewhat cooler than the prior one. The 
(f;) values corresponding to the prior distributions are 
0.26 (at u=O, J=7, and E,=0.0388 eV) and 0.27 (at 
u=O, J=7, and E T= 1.0 eV>, while the analogous QCT 
values are 0.28 and 0.22, respectively, in general somewhat 
lower. Experimental values of (f;) at 300 K are within 
the 0.25-0.28 range, 15&S quite close either prior or to the 
QCT value at the lowest ET. 

The change in the behavior of P(v’) with ET arises 
probably from the decreasing influence of the shape of the 
potential in determining the mechanism of reaction ( 1); at 
low collision energies, the repulsive shape of the PES and 
the bent nature of the saddle point as well as the sudden 

ii 
b 
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J’ 

FIG. 8. QCT and prior rotational distributions of reaction ( 1) at u=O, 
J=7, and ET=0.5 eV (solid line) and 1.0 eV (dashed line) for different 
vibrational levels of the N, product molecule (a) v’=O and (b) u’= 1. 
Lines with points are used for QCT distributions and without points for 
the corresponding prior distributions. Both kind of distributions are nor- 
malized to area unity. 

and direct mechanism for energy release in products pre- 
vent vibrational energy to be disposed of statistically, fa- 
voring vibrational inversion and also limiting the number 
of product quantum states accessible. In fact, as stated in 
paper I, on monitoring the U’ values for trajectories evolv- 
ing with NNO angles near the saddle point one, we observe 
a vibrational inversion at about v’ =2. As ET reaches 
higher values, the reaction mode is less dependent on the 
shape of the PES, and besides, the NNO structure can 
explore a wider range of configurations, and may also 
channel vibration towards its bending and stretching 
modes [see Fig. 2(d)] favoring a more statistical energy 
partitioning in products (with more N2 molecules pro- 
duced in v’ = 0, but also in v’ = 4). With that, a seemingly 
more statistical vibrational distribution corresponding to 
little constrained U’ distribution becomes more likely as 
can be seen in Fig. 7(b) for ET= 1.0 eV (see paper I). 

In Fig. 8 we present the distribution of the population 
of N2 rotational levels at different vibrational levels for 
several initial rovibrational and energetic conditions. No 
conclusions ought to be taken from the detailed oscillating 
shapes of these QCT distributions due to the large error 
bars, which were not shown only on behalf of legibility. 
Due to the small number of trajectories obtained at low ET 
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the distr ibut ions w e  g ive  co r respond  to energet ic  cond i -  
t ions for wh ich  spl i t t ing the di f ferent u ’ levels of p roducts  
in  terms of rotat ional  q u a n t u m  levels J’ makes  statistically 
speak ing  sense.  A s  for the plots showed ,  the distr ibut ions 
h a v e  b e e n  bui l t  by  o rde r ing  the rotat ional  popu la t ion  of 
e a c h  v’ in  b ins  of f ive J’ d u e  to the c loseness of the N 2  
rotat ional  levels a n d  renormal i z ing  to unity. T h e  cor re-  
spond ing  pr ior  p (  J’ 1  v’) vs J’ curves w e r e  ob ta ined  ac-  
co rd ing  to the s tandard  fo rmula  

wi th EvrJt  expressed  accord ing  to the V R  approx imat ion  as  
stated above .  These  distr ibut ions a re  a lso  s h o w n  super im-  
p o s e d  o n  Figs. 8  (a)  a n d  8  (b)  . T h e  pr ior  rotat ional  distr i- 
bu t ions as  wel l  as  those com ing  f rom Q C T  calculat ions a re  
no rma l i zed  to unity, so  that the a reas  u n d e r  the curves d o  
not  ref lect the relat ive popu la t ions  of the co r respond ing  v’ 
levels. 

For  al l  v’ levels, w e  observe  Q C T  b r o a d  be l l - shaped  
distr ibut ions p e a k e d  at approx imate ly  the s a m e  J’ interval.  
A s  E T  g o e s  up,  the r a n g e  of a t ta inable  J’ levels g rows  [see 
Figs. 8 (a )  a n d  8(b) ]  a n d  the m a x i m a  of the P(J’ 1  v’)  dis-  
t r ibut ions shift to h ighe r  S , ind icat ing the a u g m e n tat ion in  
the overa l l  rotat ional  ene rgy  contents of the produc t  mo l -  
ecu les  as  init ial re lat ive ene rgy  is ra ised.  C a r e  must  b e  
taken w h e n  d raw ing  conc lus ions abou t  the Q C T  distr ibu- 
t ions, however ,  s ince they still b e a r  relat ively h igh  statisti- 
cal  errors.  T h e  statistics a re  too modes t  for a  P (  J’ 1  v’) plot  
at E ,= O .O 3 8 8  e V  (ave rage  thermal  ene rgy  at 3 0 0  K )  to b e  
of interpretat ive va lue,  but  it seems  reasonab le  to suppose  
in  v iew of . the gene ra l  behav io r  of this system that the Q C T  
P(J’ 1  v’) plot  at this ene rgy  wil l  not  great ly  dif fer in  s h a p e  
a n d  behav io r  f rom the o n e s  g iven  in  Fig. 8. 

E v e n  t hough  these be l l - shaped  distr ibut ions c lear ly d o  
not  co r respond  to thermal  distr ibut ions at 3 0 0  K  s ince 
most  N 2  mo lecu les  a re  p r o d u c e d  wi th relat ively h igh  J’ 
values,  they d o  not  e i ther  con fo rm to the statistically ex-  
pec ted  ones.  O n  the contrary,  they a re  notab ly  coo ler  than  
the pr ior  distr ibut ions, s ince the m a x i m a  for these latter 
usual ly  a p p e a r  at J’ zones  for wh ich  the Q C T  resul ts d o  
not  y ie ld la rge  N 2  popu la t ions  (see  Fig. 8).  However ,  o n  
g row ing  E T  there  seems  to b e  a  sl ight t rend towards  p o p -  
u la t ing the h ighe r  J’ levels m o r e  [ the Q C T  P (  v’ 1  J’)  curves 
en la rge  m o r e  in  the h igh  J’ b ranch  wi th ET]  as  expec ted  
f rom the cons idera t ions m a d e  above .  A lso  the Q C T  p o p u -  
lat ions at l ow a n d  h igh  J’ levels a re  not  neg l ig ib le  d u e  to 
the b r o a d  form of the P(J’ I v’) curves,  ind icat ing that Nz  
mo lecu les  a re  p r o d u c e d  wi th ra ther  var iab le  rotat ional  en -  
e rgy  contents.  T h e  c o m b i n e d  compensa t ing  effect of the 
hot  P ( E > )  a n d  co ld  P (  J’ )  v’) Q C T  distr ibut ions w h e n  
c o m p a r e d  to the co r respond ing  pr ior  o n e s  cou ld  exp la in  
why  the P (  v’) Q C T  distr ibut ion resemb les  the pr ior  o n e  at 
suff iciently h igh  ET.  Unfortunately,  n o  exper imenta l  da ta  
exist o n  e i ther  rotat ional  o r  t ranslat ional  ene rgy  distr ibu- 
t ions to b e  c o m p a r e d  with. Exper imenta l  work  o n  bo th  
aspects  wou ld  b e  des i rab le  to assess the val idity of the 
present  theoret ical  results. 
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FIG. 9. Po la r  di f ferent ial  react ion cross sect ion at severa l  ini t ial  cond i -  
t ions: (a )  u = O , J=7;  E ,= O .O388 ,  0.5, 1.0, a n d  1.8 eV;  (b )  v=O,  J = O  
a n d  10;  & = 0 . 0 3 8 8  eV;  (c)  v=O,  1, 2, a n d  J=7;  & = 0 . 0 3 8 8  eV.  

E . A n g u l a r  d is t r ibut ion in  p roduc ts  

T h e  angu la r  d istr ibut ion study of the N 2  mo lecu les  
p r o d u c e d  in  the center  of mass  f ramework  has  b e e n  unde r -  
taken us ing  the s tandard  po la r  di f ferent ial  react ion cross 
sect ion qr (  ET,v,J;W) ,42  w h e r e  react ive trajector ies w e r e  
b i n n e d  in  intervals of ten deg rees  in  the ang le  of scat ter ing 
(0’). This  proper ty  enab les  a  m o r e  deta i led  examina t ion  of 

J. Chem.  Phys. ,  Vo l .  99,  No.  3, 1  Augus t  1 9 9 3  

Downloaded 05 May 2006 to 161.116.73.191. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



Gilibeti et a/: Dynamics of N(4Au)+NO(X211) reaction 1731 

the forward/backward (f/b) scattering ratio and total re- 
action cross section, which are depicted in Table I for all 
conditions studied. 

Typical results for qr are plotted in Fig. 9 for different 
rovibrational and ET conditions. Once again, no correla- 
tion is found between the initial rovibrational state of re- 
actants and the final f/b ratio of reaction ( 1). On the other 
hand, on increasing translational energy, the f/b ratio in- 
creases also significantly leading to more forward scatter- 
ing. It is thus that at the highest ET for which QCTs have 
been calculated ( 1.8 eV) , the reaction acquires a consider- 
ably forward character. The predominantly backward scat- 
tering found for most relative energy conditions is conse- 
quent with the direct mechanism outlined before, involving 
repulsive energy release along the NN bond27*28 also en- 
countered in other systems with direct trajectories.24 Since 
b,, remains almost constant over the whole ET, it seems 
that trajectories at high and low &- proceed in a simil~ar 
manner (as seen in a previous section, the overall shape of 
the opacity function is approximately the same irrespective 
of initial energy). The relatively low values found for b,,, 
point towards a direct mechanism in which the repulsion 
induced by the close vicinity of N to NO expel the N2 
product molecule backwards in the center of mass frame- 
work, overcoming the trend of the forming N2 product to 
continue forward in the center of mass system. However, at 
higher collision energies, the higher velocity of the incom- 
ing N atom together with the accelerating effect, of the 
downhill potential after the saddle point are enough to 
overcome the repulsion between the N2 molecule formed 
and the outgoing 0 atom and force the N2 product to 
continue forward in the center of mass framework. Thus, 
trajectories would be produced in forward angles mainly 
because of the inertial effect of the incoming N atom. This 
mechanism depending only on the relative energy of the 
motion of the N atom, the proportion of forward vs back- 
ward scattered NO molecules will not rely significantly on 
the amount of vibrational or rotational excitation of reac- 
tants as observed from Table I and Figs. 9 (b) and 9 (c) . 

F. Angular momentum disposal in products 

In a general A + BC scattering experiment, the product 
distribution has three angular degrees of freedom, usually 
taken as the 8’ scattering angle between the incoming k 
and outgoing k’ relative velocities (cf. the previous subsec- 
tion), the orientation angle x between k and the rotational 
angular momentum J’ of products (the bold quantities 
represent vectors), and the dihedral angle 4 between the 
kk’ and kJ’ planes. The differential cross sections for each 
one of these angles may be defined in terms of the associ- 
ated Legendre polynomial series.43344 Scalar parameters de- 
fined as 

A= (&J A.‘= (j&J> 
where 1 and J refer to the moduli of the orbital and rota- 
tional angular momenta of reactives or products (primed 
magnitudes) 45*46 can be useful to describe two vector cor- 

TABLE II. Average macroscopic indicator of vector correlation for re- 
actives (A) and products (A’) of reaction (1) at several initial rovibra- 
tional and ET conditions. The results for model mass combinations 
H+HL and L+ LH are indicated by HHL and LLH. 

ET V J A A’ 

0.0388 0 1 0.91*0.05 0.543to.14 
0.0388 0 4 0.77*0.09 0.52&0.15 
0.0388 0 7 0.66=!=0.11 0.49kO.16 
0.5 0 4 0.92 bO.06 0.55+0.18 
0.5 0 7 0.88a0.07 0.55*0.19 
0.5 1 7 0.88hO.07 0.54*0.19 
0.5 2 7 0.88 ho.07 0.53*0.18 
1.0 0 7 0.91 ao.07 0.57hO.18 
0.5 (HHL) 0 17 0.87*0.08 0.35*0.18 
0.5 (LLH) 0 17 0.802tO.09 0.65hO.17 

relations, although logically detailed correlation of those 
vectors quantities is often more instructive. For typical re- 
actions in which 1% J in the entrance channel A- 1. This is 
the situation for many of the initial rovibrational and en- 
ergetic conditions considered in this study (see Table II). 

For situations in which I’ <<J’, A’ + 0, and, conversely, 
for cases corresponding to I’ % J’, an obvious A’ 31 is 
found. Many of these limiting constraints to angular mo- 
mentum disposal occur because of the mass combinations 
of the system. As already mentioned before, in the partic- 
ular case of reaction ( 1 ), the relatively similar reduced 
masses of reactives and products is not likely to impose any 
very relevant kinematic constraint upon the angular mo- 
mentum distribution in products. However, as it can be 
seen in Table II, the average A’ values resemble each other 
very much for a wide variety of initial conditions, usually 
falling near 050.6. The A’ indicator for the hypothetic 
mass combinations H+HL and L + LH on the 3A” PES 
(with H and L having masses of 127 and 14 amu, respec- 
tively) is also shown. It seems that for most conditions the 
system approaches a little bit more the L + LH case rather 
than the H+HL situation, i.e., that angular momentum is 
somewhat more effectively being transferred to orbital an- 
gular momentum than to rotational angular momentum of 
products. To obtain a deeper insight of this effect, we have 
plotted the I’ and J’ moduli as a function of the module of 
the initial orbital angular momentum of reactives 1. These 
plots have shown that there was a considerable concentra- 
tion of points near the I’ =I line [see Fig. 10(a)], similarly 
as was found for the L+ LH model system [Fig. 10(c)], 
while not resembling the HHL case as evidenced in the plot 
of Fig. 10(b) indicating a clear correlation between both 
vectors. On representing the probability distribution for J’ 
and I’ over the whole energy range explored, no great dif- 
ference between the I’ and S moduli distribution is found 
(Fig. 1 1 ), albeit the latter tends to peak at lower values, 
while the I’ distribution spans a wider angular range and 
peaks at higher values, justifying the A’ values observed. 

We have also examined the way in which both orbital 
and rotational angular momenta of products are produced. 
To do this, we have plotted the probability distribution for 
the J’Z’ and 31 angles. For all conditions explored, the x 
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FIG. 10. Correlations between the orbital angular momenta of reactants 
and products: (a) plot of I’ vs I for reaction (1) with u=O, J=7; E~=0.5 
eV; (b) model H+HL mass combination with v=O, J= 17; ET=0.5 eV, 
(c) model L+ LH mass combination with u=O, J= 17; ET=0.5 eV. 

angle shows a considerable broad distribution centered at 
go”, very similar to the one observed for the L+ LH model 
system. The behavior of the J’l’ angle at low ET shows that 
most J’ and 1’ are produced with angles in the 140”-170” 
range, thus pointing towards an essentially antiparallel 
character of J’ with respect to 1’ (Ref. 44). As ET goes up, 
the angle between J’ and 1’ shifts progressively down to 90” 
(Fig. 12)) corresponding to an almost symmetric distribu- 
tion of J’ with respect to l’, thus implying a loss of orien- 
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FIG. 11. Distribution of the moduli of the final orbital (I’) and rotational 
(_Jb)5aEFlar momenta of products of reaction (1) with v=O, J=7; ET 

. . 

tation. This fact is probably linked to the progressive 
change in the scattering mechanism from a markedly back- 
ward towards a more forward character. It seems however 
clear that the most outstanding feature of this PES in what 
regards the angular momentum disposal in products is its 
ability to equidistribute the total angular momentum be- 
tween orbital and rotational angular momenta of products 
(cf. Table II). A more detailed analysis of the vector prop- 
erties on this surface is in progress and will be reported in 
the near future. 

IV. CONCLUSIONS 

Extensive QCT calculations have been performed for 
the N(4S,) +NO(X ‘II) -+N2(X ‘Zg’) +O(3P,) exother- 
mic ( AZ&s = - 74.95 kcal/mol) atmospheric reaction on 
an accurate analytical Sorbie-Murrell analytical PES built 
from ab initio information for a variety of initial rovibra- 
tional levels and relative energy conditions. This process 
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FIG. 12. Distribution of the angle between the final rotational (J’) and 
orbital (I’) angular momenta of products of reaction (1) with u=O, J=7; 
E,=0.0388 and 0.5 eV. 

J. Chem. Phys., Vol. 99, No. 3, 1 August 1993 

Downloaded 05 May 2006 to 161.116.73.191. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



Giliberl et al.: Dynamics of N(4Au)+NO(XzIl) reaction 1733 

has been shown to evolve through a direct mechanism im- 
plying repulsive energy release. Vibrational excitation of 
reactants showed a moderate effect on increasing reaction 
cross section, in full agreement with the early barrier and 
direct mechanism proposed. Rotational excitation of reac- 
tants effectively inhibited reactivity at low ET, leading to 
strictly zero reaction cross sections for the higher rota- 
tional state of reactants studied at E,=O.O388 eV. This 
behavior has been justified in terms of the orientation effect 
not being effectively compensated for by the energy effect 
on this repulsive surface. 

QCT rate constants at 300, 500, and 700 K are (1.0 
10.2) x 10’3, (1.9AO.2) X 10’3, and (2.1 hO.2) X lOI 
cm3/mol s, respectively, quite close to experimental values 
of (1.6kO.3) X 1013 (Ref. 13), (2.3hO.9) X 1013 (Ref. 6), 
and (2.9& 1.0) X 1013 cm3/mol s (Ref. 6). 

The energy disposal in products has proved to yield 
translational excitation for all relative energies calculated, 
with the fraction of available energy going to vibration of 
products ( (fi) ) fluctuating slightly over the whole energy 
range. The QCT value for u=O, J=7, and E,=O.O388 eV 
(0.26) is in good agreement with the experimental value at 
300 K (0.25428) (Refs. 15 and 16). The observed energy 
distribution has been accounted for using the proposed 
mechanism for reaction ( 1) as well as some simple consid- 
erations on the structure of the PES used. A surprisal anal- 
ysis of the vibrational energy partitioning has revealed the 
existence of strong constraints at low collision energies, 
while the statistical distribution was approached at higher 
ET. The related translational and rovibrational prior dis- 
tributions are, respectively, cooler and hotter than the 
QCT ones even ate relatively high ET. Their mutually com- 
pensating effect may account for the statistic-resembling 
vibrational distribution observed at moderately high ener- 
gies. 
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