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The vibrational relaxation of NOCII), O,(’%;). and ('Z}) in collisions with OCP) is
investigated by means of classical trajectories (NO,O;) and quantum mechanical (N)
scattering calculations N, using calculated potential energy surfaces. For NO and O,
intermediate collision complexes are formed and the relaxation rate coefficients are large,
of the order of 5 x 107" em?s™! and 2 x 10~2em’s™!, respectively, at room temperature.
The agreement with available experimental data for NO is very good. The calculated rate
coefficient for O,, however, is about two times smaller than the measured rate
coefficient. In both cases, the relaxation rate coefficient is slightly smaller than the complex
formation or twice the atom exchange rate. Oxygen atoms colliding with N,, on the
other hand, do not form a collision complex; the potential energy surfaces for
Ng(lEg*) + OCP) are purely repulsive. The calculated room temperature rate coefficient is
on the order of 1 x 107" em®s™"; it underestimates the measured rate coefficient by about a

factor of 4.

Keywords: Vibrational relaxation; Diatom—atom collisions

1. Introduction

Vibrational relaxation of diatomic molecules in colli-
sions with atoms or other molecules,

BC(v) + A — BC(V < v) + A, (1)

is an important process in several fields of physical
chemistry, especially the chemistry of planetary
atmospheres [1, 2]. The cross section or rate coefficient
for vibrational relaxation is governed by the dependence
of the interaction potential V(R,r,y)= V(R,r,y)—
vge(r) on the vibrational coordinate r [3-5]. Here, R, r,
and y are the common Jacobi coordinates for a BC + A
collision, V' is the full potential energy surface (PES),
and vgc(r) is the vibrational potential of the free BC
molecule. For purely repulsive PESs the dependence of
V;on ris generally very weak with the consequence that
vibrational relaxation is very slow. If, however, a long-
lived intermediate collision complex is formed through
strong attractive forces, the relaxation can be very
fast [6, 7]. In such a case the BC bond may change

*Corresponding author. Email: rschink@gwdg.de

drastically along the reaction path so that daV;/or is
large; the BC bond strength in the complex can be quite
different from the bond strength of the free BC reactant.
The transition along the reaction path from the region
where translation and vibration are almost decoupled to
the regime where both degrees of freedom are strongly
coupled usually occurs in the vicinity of the transition
state (TS).

If the lifetime of the collision complex is sufficiently
long so that the internal energy is randomized, it is
unlikely that vibrational energy will concentrate in the
vibrational mode of the product diatom, i.e. the reactant
molecule is effectively vibrationally deactivated [8].
In view of this picture it appears plausible to assume
that the rate coefficient for vibrational relaxation, k',
is similar in magnitude to the rate coefficient for the
formation of the collision complex, k', which, in turn,
is similar to the high-pressure recombination rate
coefficient, k7 [7, 9, 10]. The latter is difficult to
measure and therefore the measurement of £"" is of great
practical importance. The close relationship between k"
and k7 has been illustrated for several collision systems
(see [7] for examples).

Recently, we started to investigate the dynamics of
NO(II) + OCP) collisions, with emphasis on the
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O atom exchange reaction and NO, recombination [11].
Classical trajectories were calculated on two ab initio
PESs, for the attractive A’ and the attractive “A” state,
respectively. The agreement with experimental data for
the exchange rate coefficient £ and the high-pressure
recombination rate coefficient was good. In addition,
the pressure and temperature dependence of the
recombination rate k", calculated in a strong-collision
model with the stabilization frequency as parameter, was
also in good agreement with the experimental data. In
the present paper we extend this study and calculate the
rate coefficient for vibrational relaxation, i.e.

NOCII, v) + OCP) = NOCTILY < v) +OCP), (2)

withv=1,...,7.
In a second application we calculate &** for

0,C%;.v=1)+0CP) > 0,(C%,,v=0)+OCP). (3)

The kinetics of ozone has received much interest in
recent years because of the unusual isotope effect [12].
Despite many detailed theoretical studies performed in
the past decade, essential aspects of the complex
formation, the O atom exchange, and the recombination
are not well understood [13]. For example, classical
trajectory calculations for the exchange reaction
employing an accurate ground state PES [14] severely
underestimated the rate coefficient [15]. Calculations for
the vibrational relaxation of O, in collisions with O and
comparison with recent experimental data will
strengthen our understanding of this important molec-
ular system.

In both collisions, NO + O and O, 4+ O, long-lived
complexes are formed and therefore the relaxation rates
are large. Classical mechanics is an appropriate tool for
investigating these two systems. In order to contrast
them with a system which does not proceed via a
complex, we perform additional calculations for a
system with a purely repulsive PES, namely

No('SH, v = 1)+ OCP) — N2<l =iy = o) +O(CP).
4)

The corresponding rate coefficient is several orders of
magnitude smaller than for reactions (2) and (3). The
relaxation of N, in collisions with O atoms is a
classically forbidden process, in the sense of classical
S-matrix theory [16], and requires a quantum mechan-
ical description; classical trajectories yield a vanishing
rate coefficient at room temperature.

2. Calculations

2.1. Potential energy surfaces

For NO,, only the states 1°A” and 1°A” are attractive
and have to be taken into account in (2). The PESs
have been determined by Kurkal ef al. [17] and Ivanov
et al. [11] and are used in the present application without
modification. The first excited 2A’ state also has a deep
potential well and correlates with NO(II) + O(P).
However, a relatively high reaction barrier
(~0.19¢V [17]) hinders the formation of a NO, complex
and therefore the 27A’ state is not expected to
significantly contribute to the relaxation process,
especially not at room temperature. It is not included
in the present investigation. The same holds true for
the many other repulsive states correlating with
NOCII) + OCP) [11].

Figures 1(a) and (b) show two-dimensional contour
plots of the A" and ?A” PESs of NO, for fixed ONO
bond angle «; R; and R, are the two NO bond distances.
Both PESs are strongly attractive and, of course,
symmetric with respect to the interchange of the two
O atoms. The weakening of the NO vibrational bond
inside the potential well is quite obvious.

The PES of the ground state of ozone, 'A’, has been
calculated by Siebert et al. [14, 18]. It has a very small
reaction barrier, which clearly determines the TS
between the ozone well and the reactant region. This
barrier depends on the level of electronic structure
theory, especially the atomic basis set [15, 19]. In the
present study we use the modification of the original
PES due to Babikov er al. [20]. Figure 1(c) shows a
two-dimensional representation of the ozone PES for
fixed OOO bond angle; here, R| and R, are the two bond
distances between the central O atom and the two end
atoms. The O3 PES is much less attractive than the NO,
PESs. Actually, it has a ‘reef’ structure around
Ry ~ 3.8a9, i.e. a small barrier below the dissociation
threshold. As a consequence of this ‘reef’ the TS is much
narrower than for the two NO, PESs.

Three different triplet states, 1°A” and 1,23°A”, emerge
from the reactants Ny(! Eg) + OCP). The corresponding
PESs [21] are purely repulsive and do not lead to the
formation of N,O complexes like the PESs for NO, and
Os;. The linear ground state of NZO(XIA/) asymptotically
correlates with excited oxygen atoms, i.e. NZ(X‘Eg)—i—
O('D), rather than the ground state products
Nz(lﬁg)—i—O(}P). A collision complex can be formed
only via spin—orbit (SO) coupling between the triplet
states and the singlet ground state, which cross at
intermediate N,—O separations [21, 22]. SO interaction is
not taken into account in the present study and therefore
the possibility of forming N,O complexes is neglected.
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NO + O2A

NO + O2A”

R1 [ag]

Figure 1. (a) Contour plot of the A’ PES of NO, as a
function of the two NO bond distances R, and R, for bond
angle a = 134.5°. (b) Contour plot of the A” PES of NO, as a
function of the two NO bond distances for o = 110.1°.
(c) Contour plot of the 'A” PES of O5 as function of the two
OO bond distances R; and R, for bond angle @ = 116.8°. In all
figures the spacing between the contours is 0.25eV and the
highest contour is for E=3¢eV. Energy normalization is such
that E=0 corresponds to BC 4+ O with BC (NO and O,) at
equilibrium. Contours for positive energies are indicated by
solid lines and contours for negative energies (including £=0)
are shown by the dashed lines.

In the present calculations, vibrational relaxation of
N,(v = 1) can be induced only by the r dependence of
the repulsive triplet potentials.

PESs for the lowest three triplet states have been
determined previously by Nakamura and Kato [21].
In the present work, we use PESs calculated by the full-
valence complete active space self-consistent field
(CASSCF) method [23, 24]. The active space included
the 2s and 2p orbitals (16 electrons in 12 orbitals),
whereas the 1s orbitals were kept doubly occupied but
optimized in the CASSCF procedure. The lowest *A’ and
the two lowest *A” states were calculated simultaneously.
Dunning’s standard augmented correlation consistent

R [a,]

Figure 2. Contour plots of the A’ PES of N>O as a function
of the Jacobi coordinates R and r (a) and R and y (b). In (a)
y=90° and in (b) r = 2.094a,. The spacing between the contours
is 0.1eV and the highest contour is for E=2eV. Energy
normalization is such that £=0 corresponds to N, + O with
N, at equilibrium.

polarization triple zeta (aug-cc-pVTZ) atomic basis set
was used [25]. All electronic structure calculations were
performed with the MOLPRO suite of programs [26].
The purpose of the calculations for reaction (4) is to
demonstrate the smallness of the relaxation rate
coefficient in cases where no ‘chemically’ bound collision
complex is formed; the CASSCF PESs are sufficiently
accurate for this purpose.

For the construction of the PESs the Jacobi coordi-
nates appropriate for N, + O were varied: R ranges
from 3.5a¢ to 10ay with AR = 0.25ay; for r the values
(in ag) 1.8, 1.9, 2.0, 2.1, 2.2, 2.4, 2.6, and 2.8 are chosen;
and the angle y is varied from 0 to 90° with Ay = 10°.
Interpolation between the grid points is done by three-
dimensional cubic splines. Two-dimensional plots of
the PES of state A’ are depicted in figure 2. Plots for the
other two PESs are very similar. The potentials
are repulsive and the translational (R)/vibrational (r)
coupling is exceedingly weak.

2.2. Trajectory calculations for NO + O
and O, + O collisions

The classical trajectory calculations for NO + O and
O, + O collisions were performed in the same way as
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described, for example, in [11]. The only difference
is that, initially, the reactant molecule has the appro-
priate vibrational energy corresponding to a specific
quantum state v of BC. The other initial coordinates and
momenta are selected randomly from appropriate
thermal distributions. The vibrational relaxation rate
coefficient for a transition v — V' is then calculated
according to

(v > V) =g(T) 'nb?

max

<8kBT) V2N (v = V) )

N, tot

where Ny, is the total number of trajectories and
Ny:(v — V') is the number of trajectories that made a
transition from state v to v'. In the present calculations
we employed a simple boxing procedure. After the
trajectory is terminated the vibrational energy FE.;,
is determined. If (ey_; +€,)/2 < Ejp < (€y41 +€v)/2,
where €, is the quantum mechanical energy of state v/,
BC is considered to be in state v'. g(T') is the electronic
degeneracy factor, which accounts for the many SO
states which are repulsive and therefore do not
contribute much to k'*. The appropriate expressions
for reactions (2) and (3) are given, for example, by
Harding et al. [27] and Gross and Billing [28],
respectively. The maximum impact parameter was
bmax = 8 A in all calculations for NO + O and 0,+0
and typically 7000 trajectories were calculated for each
temperature. For NO + O the calculations were per-
formed for both electronic states separately and the rate
coefficients were then added.

2.3. Quantum mechanical calculations
for N+ O collisions

Three  different  triplet states emerge from
Nz(IEg*)+O(3P). We performed quantum mechanical
(as well as classical trajectory) scattering calculations
only for the A’ PES and assumed that the rate
coefficients for the other states have the same magni-
tude. In other words, we considered the electronic
degeneracy factor to be g(7) = 1.

The scattering calculations were carried out with a
parallel version [29] of the MOLSCAT program [30],
and the coupled states approximation [31] was
employed. They require radial strength functions
Vyjwin(R) such that

(b VIR, 7. V)| (M) = Y Vijya(R)Ps(cos y),  (6)
A

where the ¢,;(r) are vibrational wavefunctions of N, in
the internal state labeled by v and j, P, is a Legendre
polynomial, and the brackets indicate integration over
the diatomic bond length coordinate r. We obtained the

interaction potential from the splined 3D potential
described above by substituting V(100ay,r,y) for
vpc(r). We then obtained the radial strength functions
by quadrature according to

N2 [l
Viwin(R) = (% += dx P
@ =(r3) [ avrw
GOVAR DI, ()

where x = cos y. For the integral over r we used a seven-
point Gauss—Hermite quadrature. Our angular expan-
sion included even values of A through A = 20; we used
a 32-point Gauss—Legendre quadrature in cosy.

To determine the diatomic vibrational wavefunctions
¢,j(r) we used the recent N, potential curve of Le Roy
et al. [32], evaluated with code from Le Roy’s LEVEL
program [33], and the discrete variable representation
method of Balint-Kurti e al. [34]. Separate vibrational
functions ¢,;(r) were computed for each rovibrational
state; that is, centrifugal distortion was included in the
diatomic wavefunctions. Asymptotic channel energies
for the N, levels were determined with the same
N, potential and the LEVEL program.

The rovibrational basis set for the scattering calcula-
tions included all N, levels with energies below
6000cm~' for calculations at total energies of
5500cm ™! and below. For total energies between 5600
and 8000 cm ™', all levels with energies below 8500 cm ™'
were included in the basis. These criteria yielded basis
sets that included vibrational states v=0, 1, and 2 at
5500 cm ™" and below, and v = 0—3 above 5500 cm ™. In
all cases, at least one closed rotational level for each
v was present in the basis. Only even Aj transitions are
possible for N», so separate calculations were performed
with basis sets containing only even or odd j levels.

The coupled channel equations were propagated with
the hybrid log-derivative/Airy propagator of Alexander
and Manolopolous [35]. The partial wave sum included
all orbital angular momenta up to / = 180 at the lower
total energies and up to / = 220 above 5500 cm ™. These
maximum values of / are adequate to converge all the
vibrationally inelastic cross sections to better than 1%.
In the calculations above 5500cm™', the coupled
equations were solved for only every other /, and the
cross sections multiplied by two to compensate.

State-to-state rate coefficients were computed by
thermal averages over collision energy,

L 8kT\'*/ 1 \?
k== (20 ()

00
/ Ec0y iy (Ee) exp(—Ee/kpT)dE,,
0

®)
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where the collision energy E. = Eio —€,. The cross
sections were computed on an energy grid with 50 cm ™
spacing below 4050cm™', 100cm™' spacing between
4100 and 5600cm™', and 200cm™' spacing up to the
maximum total energy of 8000cm™'. (The energy of
the v=1, j=0 level is 2329.912cm™".) The integral over
collision energy was performed on this grid by the
overlapping parabolas method [36]. We then averaged
the state-to-state rate coefficients over the initial states
and summed over all final states to obtain £""(T).

3. Results

3.1. NO+O

Before we discuss the relaxation rate coefficients we first
show in figure 3 for the A’ PES the impact parameter-
dependent probabilities defined as P(1 — 0]b) =
Nyr(1 = 0] b)/Niot(b). They are more or less constant
for smaller values of b, increase slightly to a maximum
and then very quickly decay to zero. The corresponding
probabilities for complex formation exhibit similar
behaviour as a function of the impact parameter. They
are, of course, larger than the P(1 — 0 | b), because not
every trajectory automatically leads to vibrational
relaxation. No complexes are formed beyond the
maximum with the result that the probability for
vibrational relaxation also goes to zero. The maximum
probability as well as the maximum impact parameter
for which relaxation still occurs decreases with collision
energy E. with the consequence that the cross sections

2A| {
S .‘ ]
1 B
> !
T ' i
-— H \
I o _
> H \
N L : ll
o2l . _
| ——E=100cm’ Lo
04L ----E=200cm’ v ]
’ Vo
IEETEeE E =500 cm” Lo
00 1 1 1 1 - ] L
0 1 2 3 4 5 6 7
b [A]
Figure 3. Impact parameter-dependent probabilities

P(1 - 0| b) (see the text for definition) for vibrational
relaxation calculated for the A’ PES of NO,.

(not shown) also decrease with E.. The probabilitics
for the 2A” PES are similar.

Figure 4 shows the calculated relaxation rate coeffi-
cients for NO+ O as a function of temperature in
comparison with the available experimental data.
Because of the strong attraction the complex formation
rate coefficient (calculated in [11]) is large and so is k.
The temperature dependence of k' is approximately
described by 7794 over the entire temperature range.
Because the intramolecular energy randomization in
highly excited NO, complexes is fast [37, 38], it is
expected that &'" will be similar to k', which, in turn,
is ~ 2k, and figure 4 confirms this. Nevertheless, £ is
slightly but systematically smaller than k' ~ 2k°* for all
temperatures.

The most recent experimental results are those of
Hwang et al. [39]. The agreement with the calculated
rates is very good over the entire range of temperatures
for which measurements have been performed. The early
result of Fernando and Smith [40] for room temperature
is slightly higher than the calculated value. The
calculated k' is also in reasonable agreement with
the high-temperature result of Gldnzer and Troe [41]
obtained in shock waves. Small contributions from
state 22A’, whose PES has a reaction barrier of about

10" =
o
Em*”_—
: ;
X
107 —_—
100 1000
T [K]

Figure 4. Calculated vibrational relaxation rate coefficients
(solid lines) for NO + O and O; + O vs. temperature. Also
shown are the rate coefficients k" for complex formation
(dotted lines) and two times the rate coefficients £** for the
exchange reactions (dashed lines). The black triangles (A) and
open circles (O) indicate the results of Quack and Troe [43] for
NO + O and O, + O, respectively. The experimental data
(symbols with error bars) are taken from: Hwang
et al. [39] (M), Fernando and Smith [40] (®), Gldnzer and
Troe [41] (O), and Kalogerakis et al. [45] (A).
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0.19eV (~2200K), cannot be excluded in this tempera-
ture range.

Duff and Sharma [42] performed classical trajectory
calculations using analytical model PESs for the ’A” and
2A" states. Their values of k" ~ 3 x 107" cm®s™!, more
or less independent of temperature from 300 K to about
3000 K, are slightly smaller than our and the experi-
mental data, especially at low 7. Quack and Troe [43]
used a statistical approach to determine k'*. Their
predictions for 300K and 2100K, also included in
figure 4, are significantly smaller than the experimental
rate coefficients. Nevertheless, in view of the simplicity
of the statistical approach, the agreement within a factor
of 4 is noteworthy.

Hwang et al. [39] also determined (for
room temperature) the removal rate coefficient of
NO(v =2), i.e.

k) =) KT =), ©

<y

with v =2. The calculated results for v up to 7 are shown
in figure 5 together with the experimental results. Except
for the result for v=2 the calculated removal rates
gradually increase with v. The two experimental points
also suggest an increase with v, although the error bars
are large. An increase with v was also obtained by Duff
and Sharma [42]. The analysis of the trajectories shows
that the increase with v is not due to an increase of the
complex formation rate coefficient. This indicates that

8x1 0711 [ T T T T T T T

ex10™"t

k" (v) [cm’s]

4x10™"

2x1 0—11 [ 1 1 1 1 1

Figure 5. Calculated removal rates k'"(v) for NO + O and
T=300K as a function of the initial vibrational state v.
The open squares are the measured room temperature results
of Hwang et al. [39].

the increased relaxation rate is the result of more
efficient energy transfer in the complex.

For completeness, we show in figure 6 the full ‘matrix’
of rate coefficients k'(v — ') for room temperature.
For a given initial state v the state resolved rate
coefficients depend only slightly on the final vibrational
state v/. Duff and Sharma [42] obtained qualitatively
similar results. Analysis of the trajectories indicates
that the average complex survival time increases slightly
with decreasing Av, i.e. the larger V' the longer the
lifetime. This might explain the observation that,
generally, the relaxation rate coefficient increases
with V' for a particular initial state v.

3.2. 0,+0

The vibrational relaxation rate coefficient for reaction (3)
is also shown in figure 4. It is almost temperature
independent up to about 600 K and then rises slightly to
the high-temperature region by roughly a factor of 2.
Also shown are the complex formation rate coefficient
k" and 2k°*. While for NO 4 O k' ~ 2k for the entire
temperature range, this holds true for O, + O only for
lower values of T. At higher temperatures (collision
energies) O, + O collisions gradually become less
statistical and direct back scattering into the reactant
channel becomes more pronounced [44]. The relaxation
rate coefficient is only slightly smaller than 2k®* over the
entire temperature range. For O, 4+ O only one state out
of 27 states is attractive and leads to complex formation,
while for NO + O a total of four states (two two-fold

1 0_10 T T T T T T T T T T

k" (v - V) [em’s’]

107 : : :
0 1 2 3 4 5 6

Figure 6. Final state resolved relaxation rate coefficients
k"(v — v') for NO + O and room temperature.



Downloaded By: [Max Planck Inst & Research Groups Consortium] At: 10:11 19 June 2007

Theoretical investigation of vibrational relaxation of diatomic molecules 1189

degenerate states) out of 36 states lead to complex
formation. That is, the statistical factor g(7)~' in
equation (5) for Os is about three times smaller than
for NO,. This partly explains the large difference
between the relaxation rates for O, + O and NO + O
in figure 4. The main difference between O, + O and
NO + O is, however, the different topographies of the
PESs: while the two PESs for NO 4 O are purely
attractive with a wide TS, the PES for O, + O has a reef
structure with a narrow TS.

The most recently measured rate coefficient at room
temperature [45] is clearly larger than the calculated k"'.
The ratio of about two is, however, smaller than the
corresponding ratio for the exchange rate coefficient,
which around 300K is of the order of 2.5-3 [15].
Nevertheless, compared with NO + O the agreement
with the experimental relaxation rate coefficient is rather
poor, which indicates that something is missing in the
one-state classical model. It is important to note that,
except for the ground state, all states that correlate with
0,( )+ O(CP) are highly repulsive and do not lead to
O3 complexes [46]. Therefore, contributions to the
vibrational relaxation rate coefficient are expected to
be marginally small.

A possible explanation for the underestimation is the
neglect of non-adiabatic coupling between the many
states in the reactant channel [I11]. Including this
coupling may increase k' and thus the vibrational
relaxation as well as the exchange rate coefficient. In [11]
we discussed this question on the basis of the potential
energy surfaces in the entrance channel for NO + O and
0, + O [46].

The only other calculated rate coefficient for O + O,
we are aware of is the one of Quack and Troe [43]
obtained by a simple statistical model (figure 4).
The value for 300K is significantly larger than the rate
coefficient calculated in the present work and it is also
larger than the experimental value.

3.3. ;+0

Vibrational relaxation for N, + O is so slow that,
at room temperature, no classical trajectory out of
several millions of trajectories (with by, = 5SA) has
been found that could be classified as relaxation, i.e. the
classical relaxation rate coefficient is practically zero.
The experimental rate coefficient for 300K is
3.2 x 107 em?s™! [47]. For much higher temperatures
the classical calculations do yield a non-zero relaxation
rate. For example, the calculated rate at 3000K is
of the order of 2 x 107"%cm?s™!. However, this is
still more than one order of magnitude smaller than
the corresponding experimental rate coefficient of
4 x 107 B em?s™! [48].

0.0035
0.0030
0.0025
0.0020

0.0015

oVI(E,)/A2

0.0010

0.0005

1000 2000 3000 4000 5000 6000
E/cm™

0.0000

O T

Figure 7. Quantum mechanical 1— 0 relaxation cross
sections for selected initial rotational states j; as a function
of the collision energy E..

The quantum mechanical relaxation cross sections,
although small, are non-zero even at low collision
energies. In figure 7 we show for selected initial
rotational states j vibrational relaxation cross sections
summed over the final rotational states of Njy(v = 0),
07"(Ec). All cross sections rapidly rise with increasing E;
in the high-energy range some cross sections develop
undulations. In the low-energy onset the cross sections
gradually increase with initial rotation. The calculated
room temperature rate coefficient using the CS cross
sections is 0.8 x 10715 cm®s™!, about four times smaller
than the measured rate coefficient [47]. In view of the
smallness of the cross sections this level of agreement is
reasonable; small changes of the PES, for example, are
likely to have a large effect on the rate coefficient.
The calculated k'" rapidly increases with temperature;
it is, for example, 5.8x 107 cm’s™" at 723K.
However, the experimental rate coefficient increases
even faster with 7% it is 4.0 x 107"#cm?s™! at the same
temperature [47].

4. Discussion and summary

The present calculations for NO(v=1)4+0O and
Oy(v = 1) 4+ O provide further evidence for the general
view that vibrational relaxation is fast if an intermediate
collision complex is formed. Under such circumstances,
vibrational relaxation is governed by the association of
the atom and the diatom and the relaxation rate
coefficient k*" is of similar magnitude as the complex
formation rate coefficient k. The agreement of the
classical trajectory calculations for NO + O using
accurate PESs for the two attractive electronic states is
good. On the other hand, similar calculations for
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O, + O yield a relaxation rate coefficient which is about
a factor of 2 smaller than the measured value. This
discrepancy can have two major causes: the failure of
classical mechanics, especially the crude binning proce-
dure of the trajectories into two vibrational ‘boxes’, or
the neglect of non-adiabatic coupling to other (repul-
sive) states in the entrance channel, which could enhance
complex formation and therefore k'". If the classical
description were responsible for the underestimation of
k'', it would equally affect the calculations for NO + O,
which seems not to be the case, however. Therefore, we
interpret the present results as additional support for the
hypothesis that the correct description of collisions
between O atoms and O, diatoms requires a more
accurate treatment of the coupling between the states
correlating with O,(*%;) + O(P) [11, 13].

If the intermediate collision complexes are long-lived
so that the energy is more or less equilibrated among the
internal degrees of freedom, k'" should be slightly
smaller than two times the exchange rate coefficient.
The calculated rates reasonably fulfill this relationship,
but the measured ones do not. For NO + O and 300K,
2k is 7.4 x 107" em®s™! [49], whereas kY =4.2 x
107" em®s™" [39]. Likewise, two times the exchange
rate  coefficient for O, +0O and 300K s
6x 107 2cm?s™! [44] and k" =32x 1072 cem’s™!
[45]. Even though the experimental uncertainties are
large for all four rate coefficients, there seems to be a
systematic trend that £ is clearly smaller than 2k,

The third example of the present investigation,
N, 4+ O, exemplifies very slow vibrational relaxation in
cases when the PES is purely repulsive and no
intermediate complex is formed. The rate coefficient is
several orders of magnitude smaller than for complex
forming collisions and shows a strong positive tempera-
ture dependence. Because of the smallness of the cross
sections, ordinary classical trajectory calculations are
not adequate and quantum mechanical calculations are
required. The calculated room temperature k** is smaller
by a factor of 4 than the experimental value and this
factor increases with 7. The underestimation can be due
to a failure of the PES, which is not implausible in view
of the low level of electronic structure theory, or by the
neglect of complex formation in the N>O ground state
X't due to spin—orbit coupling between the triplet
states and the singlet state. The latter was roughly
modeled by Fisher and Bauer [50]. However, the lowest
singlet—triplet crossing point is at least 1eV above the
N; + O asymptote and, moreover, the SO coupling
element is only of the order of 80cm™" [21]. Therefore,
this ‘chemical’ mechanism for vibrational relaxation of
N> in collisions with O atoms [50] appears not to be
important for temperatures below 1000K or so.
Another possible relaxation mechanism is vibronic

interaction among the triplet states at crossings of
vibrationally adiabatic potentials belonging to different
electronic states [51, 52]. An assessment of this mechan-
ism goes far beyond the level of the present calculations.
Before extensive multi-state scattering calculations are
tackled, however, one should first calculate accurate
triplet state PESs.

The vibrational relaxation of CO('Z*) in collisions
with OCP) is an interesting example intermediate
between the adiabatic and the chemical mechanisms.
Two of the triplet states that correlate with
CO('=%) 4+ OCP) have sizable potential wells but also
reaction barriers of 0.2eV and 0.3 eV, respectively [53].
As in N,O, the 'A’ ground state does not correlate
with the ground state products. The measured rate
coefficient at room temperature is of the order of
k" =3 x 107" cm’s™! [54] and increases by about two
orders of magnitude for temperatures around
1000 K [55]. Classical trajectory calculations under-
estimate k'" by an order of magnitude at low tempera-
tures but agree well with the large rate coefficients at
high temperatures, which are determined by complex
forming collisions [53].
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