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Time-dependent quantum wave packet calculations have been performed on the two lowest
adiabatic potential energy surfaces (22A8 and 12A9) for the N(2D)1O2(X 3Sg

2)→O(3P)
1NO(X 2P) reaction. The calculations have been carried out, on these recently published potential
energy surfaces, using the real wave packet method together with a new dispersion fitted finite
difference technique for evaluating the action of the radial kinetic energy operator. Reaction
probabilities, corresponding to the O2 reactant in its ground vibrational-rotational state, have been
calculated for both surfaces and for many different values of the total angular momentum quantum
number~J!, within the helicity decoupling approximation. The reaction probabilities associated with
all other relevantJ values have been interpolated, and to a smaller extent extrapolated, using a
capture model, to yield probabilities as a function of energy. The probabilities have in turn been
summed to yield energy dependent cross sections and then used to compute rate constants. These
rate constants are compared with ones obtained from quasiclassical trajectory~QCT! and variational
transition state theory~VTST! calculations performed on the same surfaces. There is a good
agreement between the wave packet and QCT cross sections for reaction on both potential energy
surfaces considered, with the exception of the near threshold region, where the reaction probability
is dominated by tunnelling. Comparison of the predicted rate constants shows that for the 22A8
surface, above 300 K, the wave packet, QCT and VTST results are quite similar. For the 12A9
surface, however, significant differences occur between the wave packet and the other methods.
These differences become smaller with increasing temperature. It is likely that these differences
arise, at least in part, from the fact that, when calculating the rate constants, the reactants are
restricted to be in their lowest vibrational-rotational state in the wave packet calculations but are
selected from a thermally equilibrated population in the other methods. ©2003 American Institute
of Physics. @DOI: 10.1063/1.1530575#
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I. INTRODUCTION

The nitrogen atom in its first excited electronic sta
N(2D), plays an important role in atmospheric chemistr1

The deactivation of N(2D) is mainly due to molecular oxy
gen in its ground electronic state, O2(X 3Sg

2), which reacts
with it to produce vibrationally excited NO. This reactio
can take place by means of two reactive channels,2,3

N~2D !1O2~X 3Sg
2!→O~1D !1NO~X 2P!

DH298 K
0 5241.4 kcal mol21, ~1!

a!Electronic mail: miguel@qf.ub.es
b!Electronic mail: Gabriel.Balint-Kurti@Bristol.ac.uk
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N~2D !1O2~X 3Sg
2!→O~3P!1NO~X 2P!

DH298 K
0 5286.7 kcal mol21. ~2!

The thermal rate constant for the disappearance
N(2D) has been measured experimentally in a range of t
peratures between 210 and 465 K. The overall rate inclu
contributions from both reactions~1! and~2! as well as from
physical~i.e., nonreactive! electronic quenching.1,4 However,
recent theoretical studies5–9 have clearly shown that reactio
~2! is the dominant reactive process over a very wide te
perature range, and have suggested~Refs. 6–9! that reaction
~2! also dominates over the physical electronic quenching
N(2D) by O2. Thus, the experimentally measured rate co
stant probably arises mainly from reaction~2!. The recom-
mended expression for the temperature dependence o
© 2003 American Institute of Physics
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FIG. 1. Adiabatic correlation diagram
connecting the electronic states of re
actants (N1O2) with those of prod-
ucts~NO1O!. The numbers preceding
the brackets, e.g., 2(2A8), indicate
that there are two different states o
the specified symmetry correlating be
tween the two asymptotic limits.
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rate constant10 ~based on the data of Refs. 1 and 4! is k
59.7310212exp(2185/T) cm3 molecule21 s21 in the tem-
perature range of 210–465 K. As far as we know, only o
experimental study11 has been published in which the N
product vibrational population resulting from the N(2D)
1O2 reaction has been reported. This study shows tha
100 K, the NO product vibrational distribution is inverte
and peaks atv857.

Figure 1 presents an adiabatic electronic correlation
gram connecting N1O2 reactants and NO1O products.12

There have been many theoretical studies of the lowest2A8
potential energy surface~PES!, which correlates with the
ground state N(4S)1O2(X 3Sg

2) reactants.13–19 In the cur-
rent work we address exclusively the dynamics on the a
batic PESs associated with reactions~1! and ~2!. There are
six potential energy surfaces which correlate adiabatic
from N(2D)1O2(X 3Sg

2) reactants to O(3P)1NO(X 2P)
products, and a single potential energy surface which co
lates from N(2D)1O2(X 3Sg

2) reactants to O(1D)
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1NO(X 2P) products. Several theoretical studies5–9 of reac-
tion ~2! have already been published in which analytical fi
to ab initio calculations of adiabatic potential energy surfac
have been employed to calculate rate constants and v
tional distributions of products. These studies have used
variational transition state theory~VTST! and quasiclassica
trajectory~QCT! methods to solve the necessary reaction
namics. The theoretical study of reaction~2! is quite compli-
cated because of the six potential energy surfaces (22A8,
3 2A8, 1 2A9, 2 2A9, 3 4A8, and 34A9) that correlate reac-
tants and products. However, only two of them (22A8 and
1 2A9) possess sufficiently low energy barriers~0.08 and
0.25 kcal mol21, respectively, at the CASPT2/cc-pVTZab
initio level7,8! to permit reaction to take place at low tem
peratures or collision energies.

In two recent studies,7,8 high levelab initio calculations
were carried out for the 22A8 and 12A9 surfaces of reaction
~2!. More than 500ab initio points for each of the two lowes
surfaces were computed and fitted to an analytic Sorb
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



c

-
-
n

3113J. Chem. Phys., Vol. 118, No. 7, 15 February 2003 N(2D)1O2 quantum reactive scattering
FIG. 2. Energetics of minimum energy
paths for the reaction N(2D)
1O2(X 3Sg

2)→O(3P) 1 NO(X 2P)
computed on the two lowest adiabati
potential energy surfaces, 22A8 and
1 2A9. The solid lines correspond to
the minimum energy pathways for ab
straction and the dashed lines for in
sertion. The energies are given i
kcal mol21 and do not include zero
point energy contributions. The
unprimed symbols~i.e., TS1, TS2,
etc.! correspond to the 22A8 surface
while the primed symbols~i.e., TS1’,
TS2’, etc.! correspond to the 12A9
surface.
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Murrell many-body functional form.20,21 Moreover, some ki-
netic and dynamic properties of the reaction were calcula
using the VTST and QCT methods. In the present paper
report the first three-dimensional quantum dynamics stud
the N(2D)1O2(X 3Sg

2)→O(3P)1NO(X 2P) reaction on
these two potential energy surfaces. We investigate the
sibility of interesting quantum effects and compare accur
quantum mechanical predictions with those of statistical
quasiclassical trajectory theories. By performing a limit
number of quantum mechanical reactive scattering calc
tions for a range of total angular momentum values, and
using capture model techniques to interpolate and extrapo
these results to obtain estimates of reaction probabilities
all other relevant values of the total angular momentum,
are able to estimate reactive cross sections and therma
constants. These are compared with QCT, VTST, and exp
mental values.

Salient aspects of the potential energy surfaces, wh
have been previously reported, are briefly summarized
Sec. II. The wave packet formalism is described in Sec.
and our results are presented in Sec. IV. A summary of
main conclusions of the work is given in Sec. V.

II. POTENTIAL ENERGY SURFACES

The lowest potential energy surface which correla
adiabatically between reactants and products for reaction~2!
is the 22A8 PES.6,7 The reaction is exothermic by 3.76 e
and the analytical representation of the surface has a
small energy barrier7 @0.013 eV~0.30 kcal mol21! taking into
account the zero point energy~ZPE!# for the reaction to oc-
cur via the abstraction pathway. Figure 2 shows schem
energy profiles along the minimum energy paths~MEPs! for
the analytical PESs for both the 22A8 and 12A9 states. Two
reaction pathways are possible, abstraction and insertion
both surfaces, and the energetics along both pathway
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shown. The transition state~TS! for abstraction on the 22A8
PES~TS1 on Fig. 2! hasCs symmetry with a NOO angle o
120.47°. There are also two van der Waals~vdW! minima
located respectively in the entrance and exit channels a
the MEP.7 The lowest energy route to the insertion@perpen-
dicular approach of the N(2D) atom to the middle of the O2
molecule (C2v symmetry!# has a TS, TS2 on Fig. 2, which
lies 0.98 eV ~22.75 kcal mol21! above the energy of the
reactants.7 The energies quoted do not include the effect
ZPE. The TS for the insertion pathway~TS2! is a second
order saddle point. Because of the high energy of TS2,
insertion pathway cannot, in principle, really be accesse
the energies considered in the present paper. The shape o
MEP along this insertion pathway is more complicated th
that of the abstraction pathway, due to the existence of th
intersections between the ground 12A8 and the 22A8
surfaces.22 The last one of these intersections has a pea
topology and is located between two NO2 minima
@NO2(X 2A1) and NO2(2B2)], with the lowest energy point
of the intersection seam being located 2.14 eV below
products.22

The second lowest adiabatic potential energy surface
reaction~2! is the 12A9 PES.6,8 This surface can again lea
to reaction through an abstraction or an insertion pathway8 as
with the 22A8 surface, but in contrast to this latter surfa
there is a very small energy barrier to reaction via either
the two mechanisms in this case~see Fig. 2, TS1’ and TS2’!.
The TS corresponding to the abstraction path~TS1’! on the
1 2A9 analytical PES is associated with a barrier8 of only
0.013 eV~0.30 kcal mol21! including the ZPE, and its geom
etry is very similar to the abstraction TS on the 22A8 PES,
having a geometry corresponding to a NOO angle of 109.
~note that the height of this barrier is identical to that on t
2 2A8 PES when ZPE is taken into account!. The energy
barrier to the insertion reaction on the 12A9 analytical PES
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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3114 J. Chem. Phys., Vol. 118, No. 7, 15 February 2003 Miquel et al.
is 0.050 eV~1.15 kcal mol21! including the ZPE~in the ana-
lytical PES this TS corresponds to a second order sa
point!. As in the case of the insertion pathway on the 22A8
PES, the topology of the reaction coordinate for the insert
on the 12A9 PES is complex, involving three intersection
along theC2v minimum energy path.8

III. QUANTUM REACTIVE SCATTERING METHOD

A. Time-dependent real wave packet approach

The time-dependent real wave packet method, develo
by Gray and Balint-Kurti,23 has been used in the prese
work to obtain total reaction probabilities at different valu
of the total angular momentum quantum number~J!. As the
system consists of three heavy, i.e., nonhydrogenic, at
we have had to use small radial and angular grid spaci
The main advantage of this method is that only the real p
of the wave packet is propagated, thus both computa
time and computer memory are significantly reduced. In
der to ensure that the computational time required was m
mized, we have also used the dispersion fitted finite dif
ence method developed by Gray and Goldfield24 to evaluate
the action of the radial differential operators on the wa
packet.

Two possible coordinate systems can be used to pro
gate the wavepacket: a reactant coordinate system or a p
uct coordinate system.25 We can use reactant coordinates
calculate total reaction probabilities, but must use prod
coordinates if we wish to compute product state distributio
or state-to-state reaction probabilities. In this work we w
compute only total reaction probabilities and cross secti
and will therefore use reactant Jacobi coordinates. For
N(2D)1O2→O(3P)1NO system, the reactant Jacobi coo
dinates are denoted byR, r, andg, whereR is the N(2D) – O2

center of mass distance,r is the O–O internuclear distance
andg is the angle between the vectorsR and r .

In the real wave packet approach the wave funct
evolves under a modified time-dependent Schro¨dinger equa-
tion,

i\
]c~x,t !

]t
5 f ~Ĥ!c~x,t !, ~3!

wherex denotes all coordinates (R,r ,g) and the Hamiltonian
has been replaced by a function of itself,

f ~Ĥ!52
\

t
cos21~Ĥs!. ~4!

Ĥs5asĤ1bs is the scaled and shifted Hamiltonian withas

and bs chosen in such a way that the maximum and mi
mum eigenvalues ofĤ lie in the interval~21,1!. This scaling
ensures a single valued mapping. The propagation is m
efficient if the energy range of the Hamiltonian is as small
possible and so a maximum value or a cut-off energy,Vcut,
has been introduced and it is applied to the potential to
duce the energy range. The propagation of the wave pack
achieved by a Chebyshev iteration where each step req
only a single evaluation of the action of the Hamiltonian
a real vector. A grid representation is used for the wa
packet and the potential. TheR and r grids are taken to be
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evenly spaced. The angular part of the wave function is r
resented using a grid or discrete variable representa
~DVR! ~Refs. 26, 27! based on Gauss–Legendre quadrat
points. The potential matrix is diagonal in this representati
In this work, the evaluation of the kinetic energy term ass
ciated withR and r is not accomplished using fast Fourie
transforms as in previous studies,28,29but with the dispersion
fitted finite difference method recently developed by Gr
and Goldfield.24 This results in a significant reduction o
computation time.

Let c be the representation of the wavepacket on a d
crete grid of points and letq andp denote the real and imagi
nary parts of the wave packet, respectively, i.e.,q5Re$c%
andp5Im$c%, then the central equation of our approach,

qk115Â~2Âqk2112Ĥsqk!, ~5!

wherek denotes the iteration step,k51,...,N. The recursion,
Eq. ~5!, was originally introduced by Mandelshtam and Ta
lor in the context of a time-independent Green’s functi
approach.30,31The real wave packet23 method can be though
of as a more explicitly time-dependent interpretation of t
work and also of the time-independent wave packet idea
Kouri and co-workers.32,33

When finite grids are used the wave packet has to
absorbed to prevent it from reaching the end of the grid.Â is
some appropriate operator, which damps the wave pa
amplitude as it approaches the grid edges.34,35 Let q0 be the
real part andp0 the imaginary part of the initial wave packe
c(R,r ,g,t50). The recursion Eq.~5! requiresq0 andq1 to
be initialized. In the present case the initial condition is co
plex and the initial step in the iteration process to evaluateq1

is

q15Â@Ĥsq02A12Ĥs
2p0#. ~6!

The square root is evaluated with a Chebyshev se
expansion.36

The initial wave packet used in the calculation is chos
to be

c~R,r ,g,t50!5N expb2a~R2R0!2c
3exp@2 ik0~R2R0!#xv j~r !f j~cosg!,

~7!

wherexv j (r ) is the initial vibrational wave function of the
O2 reactant and f j (cosg) its initial rotational state.
Exp@2 ik0(R2R0)# is a phase factor which gives the wav
packet a relative momentum ofk0\, associated with a rela
tive kinetic energy ofEtrans5(\k)2/2m, towards the interac-
tion region. N exp@2a(R2R0)

2# is a normalized Gaussia
function centered on the N–O2 scattering distanceR5R0 . In
these calculations the O2 is considered to be initially in its
ground vibrotational state (v50, j 50). The wave packet is
analyzed by determining the flux37 passing, in the positiver
direction, through a line drawn at some large fixed value
r (r 5r * ). The value ofr * should be sufficiently large to
ensure that the initial reactant bond has been broken and
reaction has taken place, but it is important to note thatr *
need not be in the asymptotic region of the potential.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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B. Capture model approach

The integral reactive cross section summed over all fi
quantum states for a reactive scattering process is g
by38,39

sall←v, j
tot 5

p

kv j
2 (

J

~2J11!

~2 j 11! (
v8

(
j 8

(
ll8

uSv8 j 8l8←v j l
J u2,

~8!

whereSv8 j 8l8←v j l
J are the state-to-state reactive scattering

matrix elements and there is one summation over the t
angular momentum quantum number,J, and further summa-
tions over the helicity quantum numbersl andl8, which are
the quantum numbers for thez component of the total angu
lar momentum referred to the body-fixed coordinate syst
as well as summations overv8 and j 8, the vibrational and
rotational quantum numbers of the products.J is a good
quantum number because the total angular momentum
strictly conserved quantity and calculations can be car
out separately for each value ofJ. The helicity quantum
numbers,l and l8, are not good quantum numbers, in t
sense that the nuclear dynamics couples differentl values. In
the present wave packet calculations the initial state of
O2 is alwaysj 50. In this case the initial value ofl must also
be zero. The differentl values are coupled by the centrifug
coupling terms in the Hamiltonian operator. ForJ50, l is
also equal to zero and centrifugal terms in the Hamilton
can be omitted. In the case of nonzero total angular mom
tum a separate wavepacket is required for each valuel
and these different wave packets are all coupled. Thus fJ
greater than zero, in an exact treatment, it is necessar
propagateJ11 or J coupled wave packets~depending on the
parity! for each value ofJ. In this work helicity decoupled
calculations have been carried40 out in whichl is assumed to
remain equal to zero throughout.

In order to compute a reactive cross section we nee
solve the dynamics for manyJ values. Now let us define th
total reaction probabilityPreact

J corresponding to a particula
initial relative translational energy as

Preact
J 5

1

~2 j 11! (v8
(
j 8

(
ll8

uSv8 j 8l8←v j l
J u2. ~9!

Substituting Eq.~9! into Eq. ~8! we obtain

sall←v, j
tot 5

p

kv j
2 (

J
~2J11!Preact

J . ~10!

To compute cross sections we must calculate the t
reaction probability for all the values ofJ that contribute to
the sum in Eq.~10!. This computational problem may b
simplified by using a ‘‘J-shifting’’ approximation.40,41 In this
type of approximation the reaction probability is calculat
for a limited number ofJ values, or even just forJ50, and
approximate methods are used to estimate the reaction p
ability for other requiredJ values from those for which mor
accurate calculations have been performed.J-shifting ap-
proximations rely on the identification of a ‘‘bottleneck’’ ge
ometry, such as a transition state. The changes in rotati
Downloaded 04 Apr 2003 to 161.116.73.191. Redistribution subject to A
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energy of the system, when fixed at this geometry, provide
energy shift,Eshift , which is used in estimating the reactio
probabilities,

Preact
J ~E!5Preact

J50~E2Eshift
J !, ~11!

where Preact
J50(E) is the accurately computed reaction pro

ability for J50, at the total energyE, and Preact
J (E) is the

estimated reaction probability for another value ofJ.
The J-shifting method depends upon our ability to ide

tify a unique bottleneck geometry. In the present case
barrier to reaction via the abstraction mechanism is v
small on both PESs, while on the 12A9 PES there are two
distinct energetically accessible pathways to the reaction.
this reason we have chosen to use a related method,
capture model,40,42 which does not depend on the existen
of a barrier to the reaction. In this approach the energy of
centrifugal barrier in an effective one-dimensional poten
is used to define the energy shift needed in Eq.~11!. For the
case ofl50, we define the one-dimensional effective pote
tial as

VJ
eff~R!5^v j uVuv j &1

\J~J11!

2mR2 , ~12!

where ^v j uVuv j & is the potential averaged over the initi
vibrotational state of the reactants and is a function of
reactant scattering Jacobi coordinate. The effective poten
exhibits a centrifugal barrier in the entrance channel. LetVJ*
be the height of the effective potential barrier correspond
to a total angular momentum quantum numberJ. In the cap-
ture model the reaction probability is now estimated as

Preact
J ~E!5Preact

J50~E2VJ* !. ~13!

Both in theJ-shifting model and in the capture model it
assumed that the reaction probabilities are a function of
available energy, which is the energy in excess of the bar
height. This function of the excess energy is assumed to
universal~i.e., the same for allJ values!. One can then take
the results for some particularJ values and use them to de
fine how reaction probability varies as a function of the e
cess energy.

In the present paper we compute the total reaction pr
ability for many values of the total angular momentumJ, and
we use the capture model approach to interpolate betw
values ofJ for which we know the reaction probability. Sup
pose that we have calculated the reaction probability forJ1

and J2 and thatJ lies between these twoJ values (J1,J
,J2). Then the reaction probability forJ can be estimated a

Preact
J ~E!5Preact

J1 ~E2~VJ* 2VJ1
* !!

~J22J!

~J22J1!

1Preact
J2 ~E1~VJ2

* 2VJ* !!
~J2J1!

~J22J1!
. ~14!

For the highestJ values needed~up to J5140), where no
wave packet calculations at higher values ofJ have been
carried out, the reaction probability is extrapolated using
formula,

Preact
J ~E!5Preact

J1 ~E2~VJ* 2VJ1
* !!, ~15!
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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where, in this case,J1 is the highest value ofJ considered in
the wave packet calculations.

C. Backward propagation method

The theory used to analyze the wave packet and to
termine the reaction probability requires that the initial wa
packet be placed in the asymptotic region, where ther
very little interaction between the reactants.23,37 This is be-
cause we require knowledge of the amplitude of the ini
wave packet associated with a given relative translatio
energy in this asymptotic region. For large values of the to
angular momentum the centrifugal potential is very lo
ranged and it is in practice impossible to place the ini
wave packet at sufficiently large separations so as to re
the centrifugal potential unimportant. In order to overcom
this problem and also to overcome problems arising from
intrinsically long range nature of the potential energy s
faces, we place the initial wave packet at a large but m
ageable separation of the reactants and after calculatin
effective potential, as in Eq.~12!, we propagate theR depen-
dent part of the wave packet@see Eq.~7!# backwards in one
dimension. We then analyze the backwards-propagated w
packet and use the resulting momentum distribution in
analysis of the final wave packet to yield the total react
probability.23

D. Calculation details

Calculations have been carried out on the two poten
energy surfaces discussed in Sec. II above. Table I lists
details of the initial wave packet and the grids used in
calculations. Calculations were performed using the helic
decoupled method for total angular momentum quant
numbersJ50, 5, 10, 20, 30, 40, 60, 80, and 100. The init
wave packets were centered at a reactant scattering dis
of 12.5 Bohr and, as described above, the momentum di
bution of the initial wave packet was obtained using o
backward propagationmethod, involving a one-dimensiona
backwards propagation of the initial wave packet. The cal
lations were performed using four different initial relativ
translational energies and the resulting reaction probabil
were combined to yield the total reaction probability over
extended energy range. Use was made of the exchange
metry of the two oxygen atoms, so the 40 angular grid po
used were equivalent to using reactant rotational states u

TABLE I. Grid and initial condition details for wave packet calculationsa

Scattering coordinate~R! range 0–14.5
Number of grid points inR 392
Internal coordinate~r! range 0.5–6.5
Number of grid points inr 170
Number of angular basis functions 40
Absorption region length inR, r 1
Absorption strength (cabs) 0.05
Center of initial wave packet (R0) 12.5
Width parameter of the wave packet,a 0.25
Initial relative translational energy/eV 0.05, 0.1, 0.25, 0.5
Cut-off energy,Vcut /eV 5.98

aAll quantities are given in atomic units unless otherwise indicated.
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j 578. The flux analysis method37 was used to compute th
total net outward flux through an analysis line that was
cated at a fixed value of the O–O vibrational coordinate (r * )
equal to 5.0 Bohr. From this we are able to compute the t
reaction probability using standard formulas.

The damping operator,Â, used in Eq.~6! corresponds to
the form ÂR(R)Âr(r ), where the absorption functions use
were Âx(x)5exp@2cabs(x2xabs)

2# for x.xabs and Âx51
otherwise withx5R or r. This form is consistent with a
quadratic imaginary absorbing potential.34,35 The calcula-
tions were run for 30 000 iteration steps which was suffici
to reach convergence. Each calculation required about 2 d
of computational time on a single processor of a SGI R120
based computer.

IV. RESULTS

A. Reaction probabilities

Figures 3~A! and 3~B! show the total reaction probabili
ties for the N(2D)1O2(X 3Sg

2)→O(3P)1NO(X 2P) reac-
tion on the two surfaces, 22A8 and 12A9, respectively, for
zero total angular momentum. The O2 molecule is started in
its lowest vibrational and rotational state (v50, j 50). Each
wave packet calculation yields reaction probabilities for
range of energies of about 0.25 eV. In order to provide res
for a range of total energies between 0.1 and 0.8 eV, f
calculations were therefore performed. The values of
relative translational energies of the initial wavepackets w
centered on 0.05, 0.1, 0.25, and 0.5 eV. Figure 3~A! shows
the total reaction probability on the lowest adiabatic surfa
for the reaction, i.e., the 22A8 PES. The zero point energy o
the O2 diatomic is 0.0998 eV and the surface has a barrie
reaction of 0.013 eV if ZPE effects are included.7 The reac-
tion probability starts to build up at 0.104 eV and by 0.1
eV, where we would expect to see the reaction threshold
the absence of tunnelling, it has reached a small, but n
negligible value~'0.06!.

The reaction probability forJ50 is seen, on average, t
increase gradually from the threshold upwards@Fig. 3~A!#.
This behavior should be contrasted to that of the O(1D)
1H2 ~Ref. 28! and O(1D)1HCl ~Ref. 29! systems. These
reactions are similar to the present one in that they are e
thermic and display no, or very small, barriers to reactio
The total reaction probabilities for both these other syste
however rise very rapidly, seemingly instantaneously, to
large value of near unity immediately above the thresh
energy. The gradual rise in the present case is much m
characteristic of a system with a barrier to reaction, as in
case of the excited 11A9 PES for the O(1D)1H2 system.42

The behavior displayed in Fig. 3~A! may be due to the to-
pology of the surface in the present case. The 22A8 PES
used in this work exhibits a quite high anisotropic behav
in comparison to the 11A9 PES. That is to say, at values o
the NOO angle different from that of the transition state
the 22A8 PES ~120.5°! the potential becomes much mo
repulsive~see Fig. 2 of Ref. 7! than in the case of the 11A9
PES. This constriction of the reaction path may be expec
to create a dynamical bottleneck similar to that arising fro
an energy barrier.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 3. Total reaction probabilities for
J50, calculated using the quantum
wave packet method, plotted as
function of total energy for the reac
tion N(2D)1O2(X 3Sg

2)→O(3P)
1NO(X 2P). The initial vibrational-
rotational state of the O2 reactant isv
50, j 50. The reaction probabilities
were computed on the two lowes
adiabatic potential energy surfaces~A!
2 2A8 and ~B! 1 2A9. Note that the
zero point energy of the O2 reactant is
0.0998 eV.
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At total energies above about 0.3 eV the total react
probability for J50 eventually attains a nearly consta
value of unity, showing that there is no recrossing and all
collisions become reactive. This can be attributed to the la
exothermicity of the reaction~3.76 eV! and the absence o
long-lived collision complexes. There is however clear in
cation of resonance structure in the reaction probability
low collision energies. These could be due to reactive s
tering resonances arising from quasibound bending vib
tional states near the transition state in the entrance vall

Figure 3~B! shows the total reaction probability forJ
50 on the 12A9 PES. The form of the reaction probability
qualitatively similar to that displayed for the 22A8 surface
@Fig. 3~A!#. There is somewhat more tunnelling for reacti
on the 12A9 PES than on the 22A8 surface. This is shown in
the inset in Fig. 3~B!. The magnified portion corresponds
the energy range 0.1–0.113 eV. This is the energy range f
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the zero point energy of O2 up to the zero point vibrationa
energy of the very low transition state barrier for the abstr
tion reaction on the surface. It is interesting to observe t
there appears to be a resonance in this tunnelling region.
is followed by two more well defined resonances and the
sharp rise in the reaction probability to unity. The rise of t
reaction probability to near unit values is faster in this ca
than on the 22A8 surface. These results are consistent w
the discussion above for the 22A8 surface. The differences
may be attributed to the fact that the insertion pathway
now available to the reaction, which was not the case for
2 2A8 surface. This would effectively make the 12A9 surface
less anisotropic so that, in line with the discussion presen
above, it would present less of a dynamical bottleneck
reaction.

Reaction probabilities for values ofJ greater than zero
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 4. Total reaction probabilities
calculated using the quantum wav
packet method, for different values o
J, plotted as a function of total energ
for the reaction N(2D)1O2(X 3Sg

2)
→O(3P)1NO(X 2P). The initial
vibrational-rotational state of the O2
reactant isv50, j 50. The reaction
probabilities were computed on th
two lowest adiabatic potential energ
surfaces~A! 2 2A8 and ~B! 1 2A9.
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are taken into account in the next subsection, in the con
of the cross sections and rate constants calculations.

B. Cross sections and rate constants

To evaluate the total reactive cross section for reac
~2! from the ground vibrotational state of reactants@O2(v
50, j 50)#, several calculations at different non-zero valu
of the total angular momentum quantum number,J, were
performed. The helicity-decoupling approximation in whi
l is assumed to equal zero was used. The approximatio
used here for practical reasons rather than because we
confident of its validity. The validity of this widely use
approximation has recently been investigated.43,44 It is ex-
pected that it will be more valid for abstraction than f
insertion reaction dynamics. The helicity-decoupled calcu
Downloaded 04 Apr 2003 to 161.116.73.191. Redistribution subject to A
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tions were carried out in reactants Jacobi coordinates and
J values employed are 0, 5, 10, 20, 30, 40, 60, 80, and 1
The maximumJ value used depends on the energy for wh
the cross section is required, and is such that for higheJ
values the reaction probability is zero at the energy of int
est. For reaction on the 22A8 surface and for a maximum
total energy of 0.8 eV the maximum required value ofJ used
in the calculation of the reaction cross section wasJ5140.

Figure 4~A! shows the reaction probability evaluated o
the 22A8 surface forJ values of 0, 20, 40, 60, 80, and 10
There are several interesting observations that may be m
regarding this figure. First, asJ increases the threshold fo
the reaction moves gradually to higher energies. This i
direct result of the presence of the centrifugal barrier, wh
prevents reaction when the reactants have insufficient en
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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to approach each other. The second thing that is appa
from the figure is that asJ increases the resonance structu
present at low values ofJ gradually disappears. This woul
appear to be a real and interesting aspect of the reac
dynamics. Finally, as is clearly apparent from the react
probabilities for higher values ofJ shown in the figure, the
individual reaction probabilities does not in fact increa
smoothly with increasing energy. They have a stepped st
ture. The underlying dynamical cause of this stepped st
ture is also of interest in interpreting the detailed dynam
of the reactive process. We speculate that this structure
be related to excitation of the bending motion near the
straction transition state~TS1 in Fig. 2!. The associated nor
mal mode vibrational frequency is 198 cm21 ~see Ref. 7! and
this approximately corresponds to the energy spacings
tween the major resonance structures in the lowJ reaction
probability plots.

Figure 4~B! shows the reaction probability calculated o
the 12A9 surface forJ values of 0, 20, 40, 60, 80, 100, an
120. The figure is qualitatively similar to Fig. 4~A!. It again
shows that the resonance structures, present for smallJ val-
ues, disappear for higher values ofJ. However, in the case o
reaction on the 12A9 surface the stepped structure of the ra
of increase of the reaction probability with increasing ene
is missing. This suggests that the underlying cause of
stepped structure probably lies in the angular dependenc
the PESs and in the fact that for the 22A8 surface the pos-
sibility of reaction is restricted to a more limited range
N–O–Oangles.

Figures 5~A! and 5~B! present the total reactive cros
section for reaction with O2(v50, j 50) on the 22A8 and
1 2A9 PESs, evaluated with the help of the capture mo
approach, as a function of the initial relative translation
energy. Figure 5~A! shows the total reactive cross section
the 22A8 surface. The reactive cross section is seen to
crease smoothly with relative translational energy a
reaches a constant value at an energy of around 0.4 eV.
cross section has a very small nonzero value at zero rela
translational energy. This arises from the small tunnell
contribution to the reaction probability. Except for this, t
cross section shows the typical behavior for a reaction w
an energy barrier along the MEP between reactants and p
ucts. Also shown in the figure are the values of the cr
section at different energies evaluated by the quasiclas
trajectory method45 for O2(v50, j 50) using theTRIQCT

program.46 The agreement between the QCT and the w
packet calculations is quite satisfactory in this case show
that, as expected, there are no large quantum effects for
reaction, except perhaps in the vicinity of the threshold
ergy.

Table II presents calculated values of the thermal r
constant,k(T), for reaction~2! on the 22A8 PES. The wave
packet results~WP! are calculated from the cross sectio
data of Fig. 5~A!. The table also lists the rate constants co
puted using the QCT and two VTST methods$ICVT ~im-
proved canonical VTST! and ICVT/mOMT @ICVT method
including the microcanonical optimized multidimension
~mOMT! correction to account for the tunnelling contributio
to reactivity#%.47,48 All VTST calculations have been per
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formed using thePOLYRATE program.47 In the case of the
QCT and VTST calculations a thermal distribution of th
vibrotational levels of the O2 reactant is properly taken into
account, while in the wave packet calculations only t
O2(v50, j 50) state is used. In the range of temperatu
studied the agreement between different methods is, on
whole, quite good. We see that at low temperatures an
room temperature, i.e., 100–300 K, there is a considera
difference between the wave packet results and those
tained with the other methods. The difference is largest at
lowest temperatures and reduces progressively as the
perature increases. Interestingly we see that wave pa
method, which accurately takes account of tunnelling a
zero-point vibrational effects, yields a lower rate consta
than either the QCT or the ICVT/mOMT methods.

The good agreement found between the wave packet
the QCT cross sections for the 22A8 PES with O2(v50,
j 50) @see Fig. 5~A!# suggests that the cause of the disagr
ment between the theoretical rate constants at low temp
tures~Table II! is likely to lie in the neglect of excited vibro

FIG. 5. Total reactive cross section, calculated using the quantum w
packet method, for the reaction N(2D)1O2(X 3Sg

2)→O(3P)
1NO(X 2P). The initial vibrational-rotational state of the O2 reactant is
v50, j 50. The cross sections correspond to calculations on the two low
adiabatic potential energy surfaces and are plotted as a function of the
tive translational energyEtr : ~A! 2 2A8 PES and~B! 1 2A9 PES. Also shown
are quasiclassical trajectory results~shaded circles!.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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tational states in the wave packet calculations. At hig
temperatures, in the range between 400 and 1000 K the
ferent calculations for the rate constant agree very well w
each other. The difference between the wave packet and
the ICVT and the ICVT/mOMT methods47,48 is less than or
equal to 10%. It is interesting to note that at the high
temperatures studied the wave packet calculations agree
~within 0.5%! with the QCT results, both of which yield
somewhat higher rate constants in this limit than the VT
calculations.

Figure 5~B! shows the total reactive cross section f
reaction~2! on the 12A9 surface with O2 initially in its (v
50, j 50) vibrotational state. It is qualitatively similar t
the cross section for reaction on the 22A8 PES. Compared
with the latter cross section, the 12A9 cross section increase
somewhat more rapidly with increasing relative translatio
energy, reaching a near constant value at a collision en
of about 0.3 eV as compared with an energy of about 0.4
for the 22A8 PES. The cross section also shows a sligh
greater amount of reactivity at very low relative translation
energies, indicating a greater degree of tunnelling. There
furthermore, some residual resonance structure still pre
in the cross section at low energies. While the summa
over manyJ values has decreased the magnitude of this re
nance structure, it has not, in this case, entirely wiped it o
The absolute magnitude of the cross section is sligh
greater than that for the 22A8 PES. The figure also show
cross sections obtained using the QCT method on the s
surface. The QCT results agree very well with the quant
wave packet calculations.

Table III presents the calculated thermal rate consta
k(T) for reaction~2! on the 12A9 PES. In the case of the
wave packet calculations the rate constants are calcul
from the cross section of Fig. 5~B!. The table also lists the
rate constants computed using the QCT, ICVT,48 and ICVT/
mOMT ~Ref. 48! methods. These latter rate constants
computed using a thermal distribution of initial O2 vibrota-
tional states. Again, as for the dynamics on the 22A8 PES,
the agreement between different methods is quite good a
higher temperatures, but much less so at the lowest temp

TABLE II. Rate constants for reaction~2! calculated on the 22A8 PES.

T (K)

k(T) (cm3 molecule21 s21)

WPa QCT ICVTb ICVT/mOMTb

100 3.62•10212 9.20•10212 8.36•10212 1.12•10211

200 1.45•10211 2.21•10211 2.19•10211 2.36•10211

300 2.84•10211 3.46•10211 3.46•10211 3.58•10211

400 4.34•10211 4.69•10211 4.69•10211 4.78•10211

500 5.88•10211 5.42•10211 5.89•10211 5.97•10211

600 7.40•10211 7.57•10211 7.09•10211 7.15•10211

700 8.88•10211 9.55•10211 8.28•10211 8.33•10211

800 1.03•10210 1.05•10210 9.47•10211 9.51•10211

900 1.16•10210 1.17•10210 1.06•10210 1.07•10210

1000 1.28•10210 1.28•10210 1.18•10210 1.19•10210

aWP results are for O2(v50, j 50), while thermal vibrotational distribu-
tions of O2 were used in the QCT and VTST calculations. The VTST resu
have been obtained using the minimum energy path~intrinsic reaction co-
ordinate! for abstraction. See text.

bCalculations were performed using thePOLYRATE code, Ref. 47.
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tures. The disagreement between the wave packet and
other calculations at the lower temperatures leads to the s
conclusions as discussed above in connection with Table
In this case the agreement between the different method
high temperatures is much less good than was the case
the 22A8 PES~see Table II!.

Figure 1 shows that there are a total of 30 surfac
including spin–orbit interaction, which correlate with th
N(2D)1O2(X 3Sg

2) reactants. In the present work we ha
taken account of reaction on the two most important doub
surfaces. Reaction on these two surfaces dominates at
and moderate temperatures.6,7,8 We can estimate the overa
or global total reaction cross section for reaction~2! using
the relationship,

sglobal5
1

15
s2 2A8 PES1

1

15
s1 2A9 PES. ~16!

Figure 6 shows the comparison of the overall react
cross section for reaction~2! with O2 initially in its (v50,
j 50) vibrotational state computed using Eq.~16! with the
QCT results. Two different QCT curves are shown. T
curve with open circles include the reactivity on only th
2 2A8 and 12A9 PESs, while the curve with asterisks als
includes reactivity arising from two extra doublet surfac
(3 2A8, see Ref. 9, and 22A9, see Ref. 49! which also cor-
relate adiabatically between reactants and products for r
tion ~2!. As in the case of Figs. 5~A! and 5~B! we see that the
agreement between the wave packet and the QCT cross
tions is very good. The deviation at larger reactant relat
translational energies between the wave packet and the
surface QCT calculations~* ! is entirely due to the inclusion
of the contribution from the two additional PESs~Refs. 9,
49! in the latter case. These additional surfaces contrib
only at higher energies.

Table IV presents the calculated and experimental10 glo-
bal thermal rate constants. For the wave packet calculat
these are computed from the cross sections shown in Fig
The QCT and the ICVT/mOMT results include contributions
from two extra PESs as compared with the wave packet
culations and also take into account the thermal distribut

s

TABLE III. Rate constants for reaction~2! calculated on the 12A9 PES.

T(K)

k(T) (cm3 molecule21 s21)

WPa QCT ICVTb ICVT/mOMTb

100 4.21•10212 1.10•10211 9.61•10212 1.20•10211

200 1.28•10211 3.61•10211 3.20•10211 3.37•10211

300 2.78•10211 5.62•10211 5.93•10211 6.07•10211

400 4.61•10211 7.95•10211 8.84•10211 8.97•10211

500 6.56•10211 1.01•10210 1.19•10210 1.20•10210

600 8.50•10211 1.19•10210 1.50•10210 1.50•10210

700 1.04•10210 1.38•10210 1.81•10210 1.81•10210

800 1.21•10210 1.52•10210 2.12•10210 2.12•10210

900 1.38•10210 1.70•10210 2.43•10210 2.43•10210

1000 1.52•10210 1.92•10210 2.73•10210 2.73•10210

aWP results are for O2(v50, j 50), while thermal vibrotational distribu-
tions of O2 were used in the QCT and VTST calculations. The VTST resu
have been obtained using the minimum energy path~intrinsic reaction co-
ordinate! for abstraction. See text.

bCalculations were performed using thePOLYRATE code, Ref. 47.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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of O2 initial quantum states. The QCT and ICVT/mOMT
results are consistently higher than the wave packet res
but are completely in line with the results obtained for t
two separate surfaces~see Tables II and III!. The contribu-
tion of the two extra potential energy surfaces to the r
constant is very small~3%! even at the highest temperatur
studied

The experimental results correspond to the rate of dis
pearance of N(2D) and include ‘‘physical electronic quench

FIG. 6. Overall total reactive cross section for the reaction N(2D)
1O2(X 3Sg

2) →O(3P) 1NO(X 2P), calculated using the quantum wav
packet method. The initial vibrational-rotational state of the O2 reactant is
v50, j 50. The cross sections have been summed over contributions
both the 22A8 and 12A9 potential energy surfaces@see Eq.~16!# and are
plotted as a function of the collision energyEtr ~continuous line!. Also
shown are the results of two different quasiclassical trajectory calculati
The open circles show the results of QCT calculations in which reac
occurs on the same two PESs as used in the wave packet calculations,
the asterisks show the QCT results taking into account the additional
excited PESs, as discussed in the text.

TABLE IV. Rate constants for reaction~2!

T (K)

k(T) (cm3 molecule21 s21)

WPa QCT ICVT/mOMTb Experimentalc

100 5.16•10213 (1.416 0.12)•10212 1.62•10212

200 1.82•10212 (4.026 0.13)•10212 3.91•10212 3.85•10212

300 3.75•10212 (6.136 0.10)•10212 6.54•10212 5.24•10212

400 5.98•10212 (8.436 0.23)•10212 9.29•10212 6.11•10212

500 8.30•10212 (1.046 0.02)•10211 1.22•10211

600 1.06•10211 (1.316 0.03)•10211 1.50•10211

700 1.28•10211 (1.576 0.03)•10211 1.79•10211

800 1.50•10211 (1.746 0.04)•10211 2.09•10211

900 1.69•10211 (1.956 0.04)•10211 2.39•10211

1000 1.87•10211 (2.236 0.03)•10211 2.70•10211

aWP results are for O2(v50, j 50), while thermal vibrotational distribu-
tions of O2 were used in the QCT and VTST calculations. The VTST resu
have been obtained using the minimum energy path~intrinsic reaction co-
ordinate! for abstraction. See text.

bCalculations were performed using thePOLYRATE code, Ref. 47.
cIncluding both reactive channels@reactions~1! and ~2!# and the physical
electronic quenching of N(2D) ~Ref. 10!. This reference gives the erro
estimate for the rate constant ask(298 K)55.2(11.6,21.2)10212 cm3

molecule21 s21. Experimental error margins are larger at lower and hig
temperatures.
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ing’’ as well as reaction as a destruction mechanism. T
experimentally measured rate constants should therefor
an upper limit to the calculated global reaction rate consta
The ICVT/mOMT rate constants for temperatures 200–4
K listed in Table IV are all greater than the listed experime
tally values. No firm conclusion can be drawn from this d
crepancy, as the experimental results are associated w
substantial uncertainty and the range of this uncertainty
compasses the QCT and the ICVT/mOMT predicted values
~see Ref. 10!. The wave packet estimate of the rate const
at 200 K, on the other hand, seems to be too low as c
pared with the experimental value; this may be due to
fact that the wavepacket calculations have not include
proper averaging over the thermal distribution of initi
quantum states.

V. CONCLUSIONS

Quantum scattering calculations have been perform
for the total reaction probabilities of the N(2D)
1O2(X 3Sg

2)→O(3P)1NO(X 2P) reaction on the two
lowest potential energy surfaces involved (22A8 and 12A9
PESs! and for many values of the total angular momentu
quantum number,J. The time-dependent real wave pack
approach23 has been used in all the calculations and the
sulting total reaction probabilities display some intriguin
features, namely, a stepped structure in the energy de
dence of the reaction probability for the 22A8 potential en-
ergy surface@see Fig. 4~A!# and three clear well characte
ized resonance features for reactive scattering on the 12A9
surface@see Fig. 4~B!#. Even more interesting is the fact tha
the first of these features occurs in the low energy tunnel
region of the energy spectrum. TheJ50 quantum reactive
probabilities for both PESs show marked resonance feat
@see Figs. 3~A! and 3~B!#. This resonance structure vanish
as the total angular momentum,J, is increased@see Figs.
4~A! and 4~B!#. The reaction probability predicted using th
wave packet method is nonzero at total energies below
of the transition state barrier~including zero-point vibra-
tional energy! for both PESs. This indicates that the wa
packet method does predict the existence of some tunnel

The computed quantum wave packet reaction probab
ties for a large number ofJ values have been used, in co
junction with a capture model approach, to estimate to
cross sections for the reaction. These reaction cross sec
have been compared with the reaction cross sections c
puted using the quasiclassical trajectory method. In gen
remarkably good agreement is observed between the Q
and wave packet cross sections. Further investigation is
quired to investigate whether this agreement persists eve
very low collision energies, for which we do not current
have the QCT results. In both the wave packet and Q
calculations the initial quantum state of the O2 was the low-
est vibrotational level O2(v50, j 50). The summation over
total angular momentum required to compute the cross
tion from theJ dependent reaction probabilities greatly r
duces the resonance structure, but for the 12A9 PES a small
part of this structure survives in the total reactive cross s
tion @see Fig. 5~B!#.
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The quantum mechanical cross sections have been
to compute total rate constants for the reaction and have
been compared with rate constants computed using the Q
~Refs. 45, 46! and VTST ~ICVT and ICVT/mOMT! ~Refs.
47, 48! methods on the same potential energy surfaces,
also with experimental results.10 In these comparisons bot
the QCT and VTST results assumed a thermal distribution
vibrotational levels of O2 . The comparisons are on the who
quite good. The QCT and VTST methods predict rate c
stants that are consistently higher than those predicted by
wave packet calculations at low to room temperatures~100–
300 K!. This difference is likely, in part, to arise from the us
of only the O2(v50, j 50) level as the initial state in the
wave packet calculations. The difference between the w
packet and the QCT rate constants diminishes as the
perature increases. For the 22A8 PES the two agree almos
perfectly at 800 K. For reaction on the 12A9 PES the wave
packet and QCT results do not agree to the same exte
high temperatures. The disagreement between the QCT
VTST rate constants for this surface at high temperatu
may be understood on the basis that the VTST calculat
consider the minimum energy path~intrinsic reaction coordi-
nate! of the abstraction pathway, while in the case of t
quasiclassical trajectories the system can evolve tow
products following both abstraction and insertion pathwa

The global total reaction rate constant for the wa
packet calculations is estimated by combining the rate c
stants arising from reaction on the two potential energy s
faces considered. Reaction on these two surfaces has
shown to constitute the main contribution to the rate of
action, especially at low and moderate temperatures6–8

These global rate constants have been compared with
computed using the QCT and ICVT/mOMT methods and
with experiment.10 The global rate constants calculated usi
the QCT and ICVT/mOMT methods~see Table IV! include
contributions from reaction on two other potential ener
surfaces (32A8 and 22A9) and also take account of the the
mal distribution of the O2 vibrotational states. The contribu
tion from the two extra potential energy surfaces amount
most to 3% of the rate constants in the energy range ex
ined. At first glance the QCT and ICVT/mOMT methods ap-
pear to somewhat overestimate the reaction rate as comp
with the experimental values~see Table IV!, but the values
fall within the experimental uncertainty. As the experimen
measure the rate of disappearance of the N(2D) reactant and
include a contribution from nonreactive physical electroni
de-excitation, they represent an upper bound to the ca
lated rate constants. The fact that the current wave pa
calculations yield a lower value for the rate constants is
part due to the exclusive use of the lowest vibrotational s
of O2 as the initial state in these calculations.

As indicated above, the present wave packet calculat
are all based on reactants initially in their ground vibration
rotational states (v50, j 50), and the dependence of th

reaction probabilities and other properties on the initial re
tant quantum states still remains to be investigated.
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