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Ab initio , VTST, and QCT study of the 1 2A9 potential energy surface
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An ab initio study based on the CASSCF~Complete Active Space Self-Consistent Field! and
CASPT2 ~Second-Order Perturbation Theory on a CASSCF wave function! methods has been
carried out on the ground2A9 potential energy surface~PES! involved in the relevant atmospheric
reaction between N(2D) and O2 to produce O(3P) and NO. Also, some intersections between PES
have been studied. The stationary points have been characterized and a grid of more than 800 points
have been fitted to an analytical function. This analytical representation of the PES has been used
to obtain kinetic and dynamic properties of the reaction. The rate constant of this reaction has been
calculated at different levels of theory@variational transition state theory~VTST! and quasiclassical
trajectory ~QCT! methods# and has been compared with the experimental values~overall rate
constant including physical electronic quenching! obtaining a good agreement. The QCT method
has also been employed to study the properties of products from both the abstraction and insertion
microscopic mechanisms. The vibrational distribution of NO arising from the reaction at 100 K has
also been calculated and compared with the experimental ones. In this case, the agreement between
the theoretical and the experimental results is not so good, the experimental vibrational distribution
being less excited. Future work is necessary to determine the origin of this difference. ©2001
American Institute of Physics.@DOI: 10.1063/1.1408301#
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I. INTRODUCTION

The reactions of electronically excited species li
N(2D) play an important role in atmospheric chemistry, d
charges in plasmas, lasers, and photolysis systems.1 In the
upper atmosphere, the deactivation of N(2D) is mainly due
to molecular oxygen in its ground state O2(X

3Sg
2) to pro-

duce vibrationally excited NO. This reaction is the ma
source of NO observed in the aurora. The reaction betw
N(2D) and O2 can take place by means of two reacti
channels:

N~2D !1O2~X 3Sg
2!

→O~1D !1NO~X 2P!,DH°298 K5241.4 kcal mol21,2,3

~1!

→O~3P!1NO~X 2P!,DH°298 K5286.7 kcal mol21.2,3

~2!

The overall rate constant@reactions~1!, ~2! and physical
electronic quenching# has been measured by seve
authors4–16 at low and moderate temperatures~210–465 K!
and a global rate constant of 5.2310212cm3 molecule21 s21

at 298 K has been recommended.17

Recent theoretical papers1,18 have shown that reactio
~2! is strongly dominant over reaction~1!, that plays an es-
sentially negligible role in the deactivation of N(2D) by O2.
There is only one potential energy surface~PES! involved in
reaction ~1! and its barrier is quite large~about 20

a!Authors to whom correspondence should be addressed. Electronic
miguel@qf.ub.es, r.sayos@qf.ub.es
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kcal mol21!. Because of this, reaction~1! is not important in
overall reactivity. As refers reaction~2!, it involves six PES
~2 2A8, 3 2A8, 1 2A9, 2 2A9, 3 4A8 and 34A9 PES! and two
of them present very low-energy barriers~0.08 and 0.25
kcal mol21 for the 22A8 and 12A9 PES, respectively1!. Nev-
ertheless, if we take into account the zero-point ene
~ZPE!, the energetic requirement is about 0.50 kcal mol21 in
both PES. Due to this, reaction~2! is also important in reac-
tivity at low temperatures. From VTST~Variational Transi-
tion State Theory! calculations we have reproduced1 the ex-
perimental rate constant of the overall deactivation of N(2D)
by means of O2 and have also suggested that physical el
tronic quenching is negligible. Hence, from the calculatio
it turns out that the formation of NO is mainly due to rea
tion ~2!.

Regarding the NO vibrational distribution of reactio
~2!, it has also been measured,19 showing an inverted distri-
bution peaking at NO(v857) at 100 K. Braunstein and
Duff18 have succeeded in reproducing qualitatively these
brational distributions by means of a QCT study on the 22A8
and 12A9 PES but considering a temperature of 500 K.

Recently, we have carried out a detailed study of
2 2A8 PES implied in reaction~2!.20 In that work we com-
puted more than 600ab initio points that were fitted to an
analytical function. We used this PES to perform a QC
kinetic and dynamic study of reaction~2!. The experimental
populations are peaked atv857 while our results showed a
more excited vibrational distribution. To improve these r
sults and due to the importance of the 12A9 PES in reaction
il:
8 © 2001 American Institute of Physics
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~2!, in the present work we have carried out a similarab
initio/QCT study of this PES.

This work is organized as follows: In Sec. II the met
odology employed in theab initio calculations, the analytica
fit of the PES and the evaluation of the rate constants
vibrational distributions is described. In Sec. III we show t
results obtained, that is to say, the stationary points and
minimum energy path on the PES, the parameters of
analytical fit and the rate constant and vibrational distrib
tions for the 12A9 PES, and in Sec. IV the more releva
conclusions are given.

II. METHODOLOGY

A. Ab initio methods

As indicated in Sec. I, several PES~2 2A8, 3 2A8, 1 2A9,
2 2A9, 3 4A8, and 34A9 surfaces! connect reactants an
products of reaction~2!.1,20 In a previous paper20 we have
performed a detailedab initio study of the 22A8 PES. In the
present paper we will perform an analogous study on
1 2A9 PES, as this one along with the 22A8 PES are the mos
involved in the reactivity of N(2D) and O2.

The 12A9 PES has been studied by means of the sa
ab initio methodology employed in previous papers.1,20 We
have carried out CASSCF~17,12!/CASPT2 G221–23 ~Com-
plete Active Space Self-Consistent Field/Second-Order P
turbation Theory on a CASSCF wave function! calculations
using the standard correlation-consistent cc-pVTZ basis
of Dunning and co-workers24 (10s5p2d1 f /4s3p2d1 f ).
Several basis sets have been previously tested and sligh
ferences in the value of the energy barrier for the transit
states of the 22A8 and 12A9 PES have been found. Table
shows the value of the energy barriers at t
CASSCF~17,12!/cc-pVTZ optimized geometry with differen
basis sets. Differences in the energy barriers are lower
0.5 kcal mol21; hence the barrier height is essentially co
verged with respect to the basis set employed. On the o
hand, the CASPT2 perturbation method used is an adeq
way20,25–27 to include the dynamical correlation to th
CASSCF wave function. A variational approach such as
MRCI ~Multireference Configuration Interaction! method
implies to perform excitations over a large number of ref
ence configurations on the CASSCF wave function, as
PES studied involve excited states. However, these calc
tions are not affordable with the active space~17,12! and the
basis set used in the present work.

As our purpose was to study all the PES involved
reaction ~2!, we have calculated the first two roots inCs

symmetry for the2A9 states at the CASSCF level usin

TABLE I. Ab initio CASSCF~17,12! energy barriers~kcal mol21! for the
abstraction transition states on the 22A8 and 12A9 PES.a

Basis set TS1 22A8 PESb TS1 12A9 PES

cc-pVDZ 6.35 6.50
cc-pVTZ 6.65 6.83
cc-pVQZ 6.78 6.97

aThe calculations have been performed at the optimal cc-pVTZ geome
bReferences 1 and 20.
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equally weighted state average wave functions and CAS
calculations were performed on both roots. These calc
tions have been performed using theMOLCAS 4.1 program.28

The characterization of all the stationary points at t
CASPT2 G2 level and the calculation of their harmonic fr
quencies have been achieved by fitting different sets
pointwise calculations with theSURVIBTM program29 of mo-
lecular rovibrational analysis.

B. Analytical fit

A NOO8 many-body expansion30 has been used to obtai
an analytical representation of the 12A9 PES, which can be
written as

V~R1 ,R2 ,R3!5VN
~1! f ~R1 ,R2 ,R3!1VNO

~2!~R1!

1VOO8
~2!

~R2!1VNO8
~2!

~R3!

1VNOO8
~3!

~R1 ,R2 ,R3!, ~3!

whereV(1), V(2), andV(3) are the one-, two-, and three-bod
terms, respectively.R1 , R2 , andR3 are bond displacemen
coordinates associated with the N–O, O–O8, and N–O8
bond lengths, respectively.

As the O and O8 atoms correlate with its ground elec
tronic state in both reactants and products asymptotes
one-body terms have been included for them. The N at
however, changes its electronic state from one asymptot
the other one@ground state, N(4S), in products and the firs
excited electronic state, N(2D), in reactants#. As a conse-
quence, an accurate representation of the PES will be at
two-valued. To obtain a simpler analytical form for the su
face we have used a single-valued representation that p
erly reproduces the two nitrogen atom states in reactants
products asymptotes. This has been achieved by includin
one-body term, which consists on the product of the ene
of the excited N atom relative to its ground state (VN

(1)) and
a switching functionf (R1 ,R2 ,R3), whose value ranges be
tween 0~products! and 1~reactants!,

f ~R1 ,R2 ,R3!5
1

2 F12tanhS aS8

2 D G , ~4!

whereS8 is expressed in terms of displacement coordina
$r j5Rj2Rj

0% with respect to aC2v-ONO reference structure
~i.e., R1

05R3
0,R2

0!, and $bj8% parameters that introduce th
correct symmetry of the PES with respect to the O–O8 ex-
change:

S85(
j 51

3

bj8r j . ~5!

This one-body term ensures the correct asymptotic limits
reaction~2!. The parametera was optimized by means of
trial and error procedure in the global fitting of the PES. Th
switching function does not assure that a unique value of
energy is obtained when the three atoms are far away f
each other. Nevertheless, this uniqueness is not crucia
the study of the interesting PES, because the three separ
atoms region will not be explored under the energy con
tions defined in the present study.

.
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Extended-Rydberg potentials have been used to desc
the two-body interactions~diatomic energy curves! for NO
and O2:

V~2!~R!52De~11a1r1a2r21¯ !e2a1r, ~6!

wherer5(R2Re) is the diatomic internuclear displaceme
distance,De is the equilibrium dissociation energy, andRe is
the equilibrium bond length of the corresponding diatom
molecule. Theai parameters have been determined by me
of a nonlinear least squares fitting of the diatomicab initio
points.

The three-body term consists of ann-order polynomial
P(S1 ,S2 ,S3) expressed in terms of symmetry-adapted co
dinates (S1 ,S2 ,S3) and a range functionT(S1 ,S2 ,S3),
which tends to zero as one of the three atoms separates
the other ones:

VNOO8
~3!

~R1 ,R2 ,R3!5P~S1 ,S2 ,S3!T~S1 ,S2 ,S3!, ~7!

where

P~S1 ,S2 ,S3!5 (
i , j ,k50

0< i 1 j 1k<n

ci jkS1
i S2

j S3
k , ~8!

i, j, k being zero or positive integer numbers, and

T~S1 ,S2 ,S3!5)
i 51

3 F12tanhS g iSi

2 D G , ~9!

with

Si5(
j 51

3

bi j r j . ~10!

The number of parameters in the three-body term is
duced, owing to the use of the permutational symmetry
the system. From the sets of linear$ci jk% and nonlinear$g i%
parameters, those that are associated to odd powers oS3

~which is antisymmetric with respect to the exchange of
O atoms! are identically zero. The nonzero parameters
determined by a weighted nonlinear least squares proce
using the energies and geometries of theab initio points
calculated.

The analytical expression of the 12A9 PES has been
obtained by means of the same set of programs31,32 used in
previous works of our group33–39

C. Kinetics and dynamics methods

The rate constant for reaction~2! has been calculated i
a wide range of temperatures using the variational transi
state theory~VTST!.40 The calculations have been perform
considering the ICVT~improved canonical VTST! method
and including the tunnel effect by means of the microcano
cal optimized multidimensional~mOMT! correction~ICVT/
mOMT method hereafter!. These methods have been appli
taking into account the analytical PES obtained from theab
initio points. ThePOLYRATE41 program has been employed
perform these kinetic calculations.

The QCT method42 as implemented in theTRIQCT43 pro-
gram has been used to calculate the rate constant for rea
~2! at several temperatures. Moreover, the mechanism of
be
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reaction through the 12A9 PES has also been studied and t
NO vibrational distributions at 100 and 300 K have be
obtained. The accuracy of the numerical integration
Hamilton’s differential equations has been verified by che
ing the conservation of total energy and total angular m
mentum for every trajectory and performing bac
integrations on sampling trajectories. The integration s
size chosen (5310217s) was found to achieve these conse
vation requirements for all the calculated trajectories. T
trajectories were started and finished at a distance from
atom to the center of mass of the corresponding diatomic
about 8.0 Å, ensuring that the interaction between fragme
was negligible with respect to the available energy. For e
temperature, both the relative translational energy (ET) and
the rovibrational levels of the O2 molecule have been
sampled according to a Maxwell–Boltzmann distributio
Approximate final quantized internal distributions@i.e.,
P(v8)# were obtained from vibrational radial action var
ables.

III. RESULTS

A. Ab initio study

The reaction between N(2D) and O2 on the 12A9 PES as
in the case of the 22A8 PES could take place by means
two different microscopic mechanisms: an abstraction and
insertion mechanism.~See Fig. 1.!.

The abstraction mechanism could occur through a v
low energetic transition state. The values of the geome
harmonic frequencies, and energy of this transition st
~TS1! at the CASSCF and CASPT2 G2 levels are shown
Table II. The geometry and energy are very similar to t
ones of the transition state of the 22A8 PES.20 Both PES
show a bent abstraction transition state with large bond
tances between the N and O atoms, the distance betw
both O atoms being very similar to the O2 equilibrium bond
distance~early transition states!. Regarding the value of the
energy with respect to the reactants, this is very low at
CASPT2 G2 level: 0.25 and 0.08 kcal mol21 for the 12A9
and 22A8 surfaces, respectively~when including the zero-
point energy~ZPE! the following values result: 0.51 and 0.4
kcal mol21, respectively!. Thus, reaction~2! can take place
through this mechanism with a very low energetic requi
ment. The electronic configuration of the wave functi
along the abstraction mechanism of the PES is clearly m
ticonfigurational, that is to say, there are several electro
configurations that contribute significantly to the CASSC
wave function.

The insertion mechanism is more complicated due to
presence of intersections between PES along the minim
energy path~MEP!, as two PES of the same symmetry~spin
and space!, in this case the 12A9 and 22A9 surfaces, can
cross in contrast to what happens for diatomic molecules.44,45

In fact, the noncrossing rule only applies to diatomic m
ecules, whereas, in general, an intersection seam of dim
sion M-2 can exist, whereM is the number of independen
internal coordinates for the molecular symmetry consider
Therefore, for the NOO system inCs symmetry one hasM
53 independent internal coordinates and, consequently,
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FIG. 1. Energy diagram of the stationary points located in the minimum energy path of the 12A9 PES:~a! ab initio level; ~b! analytical PES. In the analytica
PES the intersection I2 really corresponds to a saddle point. Energies are given in eV relative to reactants N(2D)1O2.
t
y

n
ted
e-

s,
feasible to have a one-dimensional~i.e., a line! intersection
seam. Moreover, in case the surfaces belong to differen
reducible representations in a restricted space of higher s
metry~in this case the 12A9 and 22A9 PES presents2A2 and
ir-
m-

2B1 symmetries inC2v! the intersection seam entirely lies i
the restricted coordinate space. In this work, we have loca
the minimum energy point along the line of intersection b
tween the two lowest2A9 surfaces. The dimensionality rule



8842 J. Chem. Phys., Vol. 115, No. 19, 15 November 2001 González, Miquel, and Sayós
TABLE II. Properties of the stationary points of the 12A9 PES.

RNO /Å ROO/Å ,NOO/° v i /cm21 E/kcal mol21 a

Reactants@N(2D)1O2#
CASSCF 1.2177 1541.74 0
CASPT2 G2 1.2091 1586.18 0
Analytical fit 1.2075 1610.1 0
Products@O(3P)1NO#
CASSCF 1.1587 1895.63 2102.33
CASPT2 G2 1.1543 1904.45 285.02
Analytical fit 1.1508 1887.6 287.28
Transition state of the abstraction mechanism~TS1! (Cs)
CASSCF 1.9286 1.2318 108.20 441.07i (va), 106.26(vb), 1376.44(vs) 6.83 ~6.74!
CASPT2 G2 2.1580 1.2113 112.97 164i (va), 235(vb), 1534(vs) 0.25 ~0.51!
Analytical fit 2.118 1.211 109.3 174i (va), 131(vb), 1543(vs) 0.21 ~0.30!

RNO8 /Å RNO9 /Å ,ONO/° v i /cm21 E/kcal mol21a

Transition state2A2 of the insertion mechanism~TS2! (C2v)b

CASSCF 2.2149 2.2149 32.08 138.88(va), 1490.22(vb), 320.66i (vs) 5.29 ~5.42!
CASPT2 G2 2.3056 2.3056 30.49 180(va), 1629(vb), 217i (vs) 1.25 ~1.57!
Analytical fit 2.284 2.284 30.8 158i (va), 1411(vb), 229i (vs) 1.43 ~1.15!
Minimum 2B1-ring form of NO2 ~M1! (C2v)
CASSCF 1.3809 1.3809 67.78 668.59(va), 740.84(vb), 1217.93(vs) 275.63~274.07!
CASPT2 G2 1.3648 1.3648 68.44 613(va), 722(vb), 1239(vs) 282.79~281.38!
Analytical fit 1.3750 1.3750 62.8 800(va), 506(vb), 1269(vs) 281.40~280.02!
Peaked intersection in the insertion path~I2! (C2v)
CASSCF 1.349 1.349 84.29 259.41
CASPT2 G2 1.343 1.343 85.38 268.66
Analytical fit 1.363 1.363 68.8 281.08
Transition state2A2 ~TS3! (C2v)
CASSCF 1.2857 1.2857 109.92 721.26i (va), 757.68(vb), 1302.99(vs) 2107.61~2105.84!
CASPT2 G2 1.2763 1.2763 110.06 432i (va), 777(vb), 1300(vs) 2109.38~2108.68!
Analytical fitc 1.2748 1.2748 113.8 826(va), 588(vb), 1082(vs) 2110.9~2109.63!
Distorted minimum~M2! (Cs)

d

CASSCF 1.5834 1.1619 109.58 339.24(vNO8), 703.26(vb), 1733.81(vNO9) 2111.25~2109.48!
CASPT2 G2 1.5081 1.1680 109.73 310(vNO8), 768(vb), 1735(vNO9) 2110.29~2108.54!

aEnergy referred to reactants. Between parentheses is givenE1ZPE, where ZPE is the zero-point energy.
bIn the analytical fit this stationary point is a second-order saddle point.
cThis point is a minimum in the analytical PES~see the text!.
dThe distorted minimum is not reproduced in the analytical PES.
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however, do not guarantee the surfaces to cross, the exis
of an avoided intersection between them being possible.

The lowest-energy point on the first intersection se
~II ! between the surfaces of2A2 and2B1 symmetry has been
located at the beginning of the MEP and after an insert
transition state~TS2! of only 1.25 kcal mol21 above reactants
~1.57 kcal mol21 including ZPE! that belongs to the
1 2A2 PES. The topology of this intersection is sloped, tha
to say, both surfaces decrease monotonically and touch
other along the slope. Thus, we can only appreciate a slig
change in the slope of the adiabatic PES near the inter
tion. In this case and in the excited PES we have localize
NO2 minimum. For this reason, the shape of this intersect
in the 22A9 PES is a little different from what has to b
expected for a standard sloped intersection. Table II sh
the geometry and energy of this crossing at
CASSCF~17,12! level. Figure 2 shows the shape of the 12A9
and 22A9 PES near the crossing point using Jacobi coo
nates~a cross marks the location of the intersection point
lowest energy along the seam!. Figure 3 shows the bendin
plot ~variation of energy in both surfaces with the ON
angle! for the same intersection.

After the intersection, the electronic configuration of t
nce

n

s
ch
ly
c-
a
n

s
e

i-
f

adiabatic PES changes from2A2 into 2B1 symmetry. In this
part of the PES and for a small ONO angle of about 69°,
have found a minimum~M1!. The existence of this minimum
called the ‘‘ring form’’ of NO2, has been noted before.18,46

However, to the best of our knowledge, this is the first tim
that a complete description of its properties~geometry, har-
monic frequencies, and energy! is reported. The wave func
tion in this part of the PES has a clear monoconfiguratio
character, as only one electronic configuration contribu
significantly to the wave function.

Another intersection~I2! ~Table III and Figs. 2 and 3!
between 12A9 and 22A9 PES is found after the2B1 mini-
mum. In this case the topology of the intersection is pea
~it has the form of a tilted double cone, where the low
surface decreases in all directions from the intersection p
and the upper surface increases in all directions from
same point! and it is located 12.72 kcal mol21 above the2B1

minimum. In this point, the electronic configuration of th
adiabatic PES changes again from2B1 into 2A2 symmetry.

At the end of the insertion pathway we have found a
other stationary point which frequencies corresponding to
normal mode of bending and symmetric stretching are r
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FIG. 2. Contour diagrams of the 12A9 and 22A9 PES forCs symmetry tending toC2v symmetry, using Jacobi coordinates@R and r correspond to the
N(2D) – O2 and O2 distances, respectively#. The location of the I1 and I2 intersections is evident from these plots, and the point of lowest energy alo
seam of the intersections is indicated by a cross. Energy in eV referred to reactants N(2D)1O2.

FIG. 3. TheC2v ONO bending absolute energy curves considering the NO distance of the lowest-energy point along the intersection seam of I1~a! and I2
~b!.
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but the asymmetric stretching presents an imaginary
quency. Therefore, thisC2v structure must be a transitio
state~TS3! and connect two minima. We have also found t
properties of these two minima~M2!. In fact, they corre-
spond to equivalentCs structures and theC2v-transition state
of 2A2 symmetry allows the interconversion between the
This excited state of NO2 has also been described in previo
theoretical and experimental works.47–50However, while the
experimental structure reported hasC2v symmetry, severa
theoretical works have predicted the existence of disto
Cs equivalent structures for this minimum. According to R
46, this excited state of NO2 with 2A2 symmetry may suffer
from a pseudo-Jahn–Teller distortion due to the interac
with the higher lying2B1 state via the asymmetric stretchin
vibration. On the other hand, theCs minimum is located only
0.91 kcal mol21 below the C2v-transition state at the
CASPT2 G2 level, and if we take into account the zero-po
energy~ZPE!, the Cs structure is 0.14 kcal mol21 more en-
ergetic than theC2v structure. Therefore, we can conclud
that the dynamical symmetry of this excited state of the N2

is C2v and that the N–O bond length inferred from expe
ment would roughly correspond to an average of the t

TABLE III. Location and energetics of the CASSCF~17,12!/cc-pVTZ low-
est energy point of the 12A9– 2 2A9 intersection seams.

I1 I2

RNO /Å 1.6621 1.3487
ROO/Å 1.2000 1.8100
,ONO/° 42.32 84.29
DE/kcal.mol21a 0.57 0.16
1 2A9Ci(CSFs)b 20.903 76, 0 0.901 47, 0
2 2A9Ci(CSFs)b 0, 0.894 86 0, 0.887 86

aEnergy difference between the ground and the first excited2A9 surfaces at
both geometries.

bCoefficients (C1 , C2) of the two most important CSFs~configuration state
functions! in the CASSCF wave function, CSFs (9a8, 3a9) for
CASSCF~17,12!. Occupation numbers are the following~222222000 212!
~222222000 221! for I1 and ~222222200 210! ~222222000 221! for I2.
-

.

d
.

n

t

o

distances in theCs structure. As in the case of M1, the wav
function in this part of the PES also has a monoconfigu
tional character.

Finally, this Cs structure correlates with the products
reaction~2! on the 12A9 PES without the presence of an
saddle point. The properties~geometry, frequencies, and en
ergy! of all stationary points implied in the insertion mech
nism through the 12A9 PES can be found in Table II. In
Table IV we present a comparison between the propertie
the excited states of NO2 found in this work and the one
reported in recent studies.

As a conclusion, either the abstraction mechanism or
insertion mechanism could take place through
1 2A9 PES. However, the energetic requirement of the
straction mechanism~around 0.5 kcal mol21! is lower than
the one for the insertion mechanism. Moreover, in the ins
tion mechanism we have found the presence of two exc
states of the NO2 minimum and of several intersections b
tween the 12A9 and the 22A9 PES that make possible elec
tronically nonadiabatic transitions between them.

B. Analytical fit

The fitting of the potential energy curves of O2 and NO
has been carried out using the calculated diatomicab initio
points~20 and 25 points for O2 and NO, respectively!, and an
extended Rydberg potential up to third order for O2 and fifth
order for NO has been employed. The values of the equi
rium dissociation energy (De) and bond distance (Re) used
in the fitting procedure are the experimental ones becaus
this way we can exactly reproduce the energetics of reac
~2!. The root-mean-square deviation~RMSD! for the di-
atomic curves of O2 and NO are 0.39 and 0.53 kcal mol21,
respectively. The optimal extended Rydberg parameters
each diatomic molecule are given in Table V and the sp
troscopic constants derived from them are given in Table

The value of the one-body term is taken as the exp
mental energetic requirement for the process N(4S)
→N(2D)3. This one-body term ensures a single-valued r
TABLE IV. Properties of the excited states of NO2.

RNO8 /Å RNO9 /Å ,ONO/° v i /cm21 E/kcal mol21 a

Minimum 2B1-ring form of NO2 ~M1! (C2v)
CI ~Ref. 46! 1.40 1.40 75 69.72

CASSCF MP2~Ref. 18! 1.37 1.37 69 79.33
This work
CASSCF

1.3809 1.3809 67.78 668.59(va), 740.84(vb),
1217.93(vs)

75.61

This work
CASPT2

1.3648 1.3648 68.44 613(va), 722(vb), 1239(vs) 80.25

Distorted minimum~M2! (Cs)
MCSCF ~Ref. 47! 1.27 1.27 110 798(vb), 1360(vs) 42.43
CCSD ~Ref. 48! 1.303 1.274 109.4 44.57

QRHF CCSD~T! ~Ref. 49! 1.513 1.183 109.5
Expt. ~Ref. 50! 1.33960.01 1.33960.01 108.461.0 250(va), 750(vb), 1010(vs) 46.40

This work
CASSCF

1.5834 1.1619 109.58 339.24(vNO8), 703.26(vb),
1733.81(vNO9)

39.98

This work
CASPT2

1.5081 1.1680 109.73 310(vNO8), 768(vb),
1735(vNO9)

52.75

aEnergy referred to the ground state of NO2(X
2A1).
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TABLE V. Optimal parameters of the 12A9 analytical PES.

One-body parameters

VN
(1)/eV a1 /Å 21 b18 b28 b38

2.3835 1.543 60 21 3 21
Two-body parameters

Species De /eV Re /Å a1 /Å 21 a2 /Å 22 a3 /Å 23 a4 /Å 24 a5 /Å 25

O–O 5.2132 1.2075 5.458 19 7.581 88 5.115 49
N–O 6.6144 1.1507 3.848 32 0.007 46 0.909 85 26.264 02 4.291 64

Three-body parameters

c000 0.722 526 c102 23.878 49 c022 219.2622 c104 6.463 68 c240 42.1305
c100 20.065 327 7 c030 29.394 09 c004 2.330 65 c050 224.6928 c222 27.407 19
c010 22.310 61 c012 24.931 91 c500 0.300 729 c032 211.3022 c204 20.229 995
c200 3.305 33 c400 0.293 570 c410 21.324 29 c014 3.935 40 c150 222.2739
c110 20.782 257 c310 20.209 408 c320 27.101 57 c600 0.287 496 c132 222.0082
c020 6.445 784 c220 27.675 03 c302 2.513 39 c510 0.548 994 c114 4.658 86
c002 2.305 52 c202 22.495 03 c230 29.718 98 c420 23.260 64 c060 7.175 38
c300 0.400 585 c130 39.9638 c212 28.420 32 c402 0.595 284 c042 7.884 13
c210 5.180 22 c112 210.8210 c140 42.7277 c330 220.1527 c024 4.494 11
c120 1.159 79 c040 6.506 81 c122 211.1881 c312 14.1041 c006 21.684 80
R1

05R3
0/Å R2

0/Å g1 /Å 21 g2 /Å 21 g3 /Å 21

2.054 70 1.539 00 3.040 92 2.763 46 0.0
bi j i , j 51,2,3

A(1/2) 0.0 A(1/2)
0.0 1.0 0.0

A(1/2) 0.0 2A(1/2)

aUnits for coefficients are eV Å2( i 1 j 1k).
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resentation of the PES, being the electronic atomic stat
the nitrogen atom reproduced correctly in reactants@N(2D)#
and in products@(N4S)#.

As regards the three-body term, we have used as a
erence structure an average of the geometries of TS1,
TS3, and M1.

Theab initio data employed to determine the three-bo
parameters are the following:~a! energy and geometry of th
ab initio stationary points;~b! 424 ab initio points for the
abstraction mechanism~Cs symmetry, NOO arrangemen!
and 456ab initio points for the insertion mechanism~C2v
symmetry, ONO arrangement!. Although most of theab ini-
tio points are concentrated near the stationary points,
asymptotes have also been widely explored to provid
good description of the PES along the minimum energy p
~c! about 210 points interpolated between theab initio points
by means of bicubic splines, that allows us to eliminate s
rious structures in the entrance and exit channels. As in
fitting of the 22A8 PES, the points have been properly sca
by shifting the value of their energy to reproduce the en
of

f-
2,

e
a

h;

-
e

d
r-

getics of reaction~2! and the dissociation energy of the d
atomic molecules. The whole set of points was fitted to
sixth-order polynomial. In Table V are shown the optim
parameters of the 12A9 analytical PES. There are 87 param
eters but, as 35 of them are equal to zero by symmetry,
leads to 52 parameters to be optimized, 50 of which
linear ~the polynomial coefficients! and 2 are nonlinear~g1

andg2!.
In general, there is a good agreement between theab

initio properties of the stationary points and those result
from the fitting ~Table II and Fig. 1!. The RMSD of the
points located in the abstraction and insertion parts of
PES is equal to 2.26 and 2.75 kcal mol21, respectively, while
the RMSD of the PES is 2.47 kcal mol21.

The description of the MEP along the abstraction mec
nism is very good, as the properties of the analytical tran
tion state~TS1! are very close to the properties of theab
initio one. However, it has not been possible to reprod
properly all the stationary points involved in the insertio
mechanism. The energetics and geometry of the transi
,

TABLE VI. Spectroscopic constants of the diatomic molecules.

Species De /eVa Re /Å a ve /cm21 vexe /cm21 Be /cm21 ae /cm21

O2

Analytical fit 5.2132 1.2075 1610.1 12.554 1.445 30 0.0152
Expt. ~Ref. 51! 5.2132 1.2075 1580.2 11.981 1.445 63 0.0159
NO
Analytical fit 6.6144 1.1508 1887.6 13.569 1.704 47 0.0193
Expt. ~Ref. 51! 6.6144 1.1508 1904.2 14.100 1.671 95 0.0171

aThe value ofDe andRe included in the fit are the experimental ones. Theab initio @CASSCF~17,12!/CASPT2
G2/cc-pVTZ# values forDe andRe are 5.3362 eV and 1.2091 Å for O2, and 6.4912 eV and 1.1543 Å for NO
respectively.
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FIG. 4. Contour diagrams of the 12A9 analytical PES at different,NOO angles:~a! 110°,~b! 140°,~c! 180°, and~d! NO2 ~C2v arrangement described usin
Jacobi coordinates!. The contours are depicted in increments of 0.5 eV and the zero of energy is taken at N(4S)1O(3P)1O(3P).
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state at the entrance channel is well reproduced, howev
has not been possible to obtain the correct harmonic freq
cies. While at theab initio level this point presents only on
imaginary frequency in the analytical PES, it corresponds
a second-order transition state~two imaginary frequencies!.
As refers the minimum2B1 ~M1!, it has also been possible t
reproduce quite well its geometry, energy, and harmonic
quencies. Unfortunately, as refers the intersection~I2!, the
2A2 transition state~TS3! and the distorted minimum~M2!,
they have not been correctly reproduced. While the inters
tion is situated 12.72 kcal mol21 above the2B1 minimum at
the CASPT2 G2 level, it is located only 0.32 kcal mol21

above this minimum in the analytical fit. Several attempts
improve the description of this part of the PES have be
carried out. However, it has not been possible to attai
better fit of theab initio data around the intersection I2 b
means of the analytical function used in this work. For t
purpose of the present work, it is enough to consider
kind of representation, although for studies including no
diabatic interactions a multivalued analytical representa
would be required. Nevertheless, from the present appro
it is expected that the reaction dynamics will not be stron
affected by the not so well-described intersection I2. In fa
, it
n-
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the high exoergicity of the reaction and the minimum M2 a
expected to be much more important to define the proper
of products. As refers theC2v structure of symmetry2A2 , at
an ab initio level it corresponds with a saddle point and
minimum with distorted symmetry is located 0.91 kcal mol21

below. In the analytical PES, it has not been possible
reproduce these structures and in this part of the PES the
only a stationary point ofC2v symmetry whose geometr
and energy are quite similar to the ones of the transition s
~TS3!. Nevertheless, in the analytical fit this point is a min
mum, while at theab initio level it corresponds to a trans
tion state.

The contour diagrams at several NOO angles~110°,
140°, and 180°! and the contour diagram for the ONO-C2v
arrangement are shown in Fig. 4.

C. Rate constants

The thermal rate constant through the 12A9 PES of re-
action~2! has been calculated by means of the QCT meth
at 100, 200, 300, 400, 500, 1000, and 2000 K. Furtherm
we have also considered the VTST method to calculate
rate constant. Unfortunately, in our analytical PES TS2 is
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satisfactorily described in what regards to the frequencies
we have only managed to apply the ICVT method~with the
mOMT tunneling correction! to TS1. However, reactivity can
also take place by means of an insertion mechanism thro
TS2 and the rate constant for the 12A9 PES is given by the
sum of the rate constants obtained through TS1 and TS2
take into account the influence of TS2 in the ICVT a
ICVT/mOMT rate constant, we have carried out both a T
and a TST/Wigner study of this rate constant using theab
initio structures of both the abstraction~TS1! and the inser-
tion ~TS2! transition states. In this way, we have calculated
the TST and TST/Wigner levels the increase in percentag
the value of the global rate constant due to the inser
mechanism~TS2! and have applied this same increase to
value of the ICVT and ICVT/mOMT rate constant calculate
by means of the analytical PES, where only TS1 is satis
torily described. Taking into account this approximation t
values obtained by VTST and QCT methods are, in gene
quite close to each other. The largest difference between
methods occurs at 2000 K, where we can appreciate a
crepancy of about 17% between the QCT and ICVT valu
Regarding the tunnel effect, it is only important at the low
temperature~100 K!, where reactivity increases about 20
because of this effect. The importance of tunneling, howe
quickly decreases as temperature increases because
atoms are involved. Table VII and Fig. 5 shows the values
the rate constant for the 12A9 PES at different levels o
theory. There is some curvature in the Arrhenius’ represe
tion of the rate constants at both the VTST~with and without
tunneling! and QCT levels. This fact shows that the rate co
stants present a non-Arrhenian behavior, that is to say,
the pre-exponential factor and the activation energy dep
on the temperature. This feature is expected when a w
range of temperatures is explored.

The rate constant for reaction~2! can be expressed as

k~2!5k~2 2A8!1k~1 2A9!, ~11!

where the ratio between the electronic partition functions
the corresponding saddle point and those of reactants
been taken as

Zel,TS

Zel,N~2D !•Zel,O2

5
2

@614 exp~212.536/T!#•3
, ~12!

TABLE VII. Rate constants of the 12A9 analytical PES at different levels o
theory.a

T/K ICVTb ICVT/mOMTb QCTc

100 6.72310213 8.38310213 (7.7060.4)310213

200 2.18310212 2.31310212 (2.4760.08)310212

300 4.02310212 4.11310212 (3.8160.11)310212

400 5.97310212 6.06310212 (5.3760.12)310212

500 8.03310212 8.11310212 (6.7760.13)310212

1000 1.83310211 1.84310211 (1.2860.02)310211

2000 3.86310211 3.86310211 (2.1160.03)310211

aUnits are cm3 molecule21 s21.
bCalculated taking into account the ICVT and ICVT/mOMT rate constant of
TS1 in the analytical PES and the increase in reactivity due to TS2 a
TST and TST/Wigner level~see the text!.

cStatistical errors correspond to one standard deviation.
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where we have taken into account the electronic states
adiabatically correlate reactants and products and have
glected electronically nonadiabatic effects. The value
12.536 K of Eq.~12! corresponds to the energy of the excit
spin–orbit~SO! state of the N(2D) atom (2D3/2) relative to
the ground SO state (2D5/2), 8.713 cm21, divided by the
molar gas constant~R!.

Even though reaction~2! has six PES that adiabaticall
correlate reactants and products, at temperatures below
K only the 22A8 and 12A9 PES have low enough energ
barriers to be involved in reactivity. Thus, because of th
these PES are the only ones that appear in Eq.~11!. As we
have also studied in a previous paper20 the 22A8 PES, we
have been able to calculate the rate constant of reaction~2! at
different temperatures at both the VTST and QCT levels. T
values of these rate constants and a comparison with
experimental17 ones can be found in Table VIII and Fig. 5
The agreement between the experimental and theoretical
ues is very good at temperatures below 300 K and it beco
slightly worse at temperatures between 300 and 400 K. H
ever, in both cases the theoretical results are within the
perimental estimated error margins@at room temperature,2–14

it may be found that k5(5.261.1)310212cm3

molecule21 s21#.

D. Dynamical properties

To perform a rigorous study of the dynamics of th
N(2D)1O2 system, the possibility of nonadiabatic trans
tions between the different PES involved should be tak

FIG. 5. Arrhenius’ plot of the calculated rate constant for the 12A9 analyti-
cal PES: ICVT~—!, ICVT/mOMT ~–––!, and QCT~s! values. Arrhenius’
plot of the rate constants of reaction~2!: QCT values taking into account the
contributions of the 12A9 and 22A8 PES ~:! and recommended experi
mental data17 ~ !. In the case of the experimental results the two react
channels and the physical electronic quenching are included. That is to
they correspond to the global rate constant for the deactivation of N(2D)
~see the text!. The QCT error bars correspond approximately to the size
the symbol.
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into account. However, as a first approach, we will stu
some dynamics properties of this system by means of
quasiclassical trajectory method neglecting nonadiabatic
fects.

The QCT vibrational distributions of NO at 100 K on th
1 2A9 PES have been calculated and after taking into acco
the 22A8 results reported in Ref. 20 have been compa
with the experimental results at 100 K.19 Figure 6~a! shows
the vibrational distribution of products obtained here fro
the 12A9 PES and previously20 from the 22A8 PES. There
are important differences between the vibrational populati
obtained in both PES. While the 22A8 PES leads to a clearly
inverted distribution peaked atv859, the 12A9 PES leads to
a less excited vibrational distribution peaked atv856, being
more similar to the experimental values.

TABLE VIII. Rate constants of reaction~2!a

T/K ICVTb QCTc
k(T) globald

Experimentale

100 1.26310212 1.41310212

200 3.68310212 3.96310212 3.85310212

300 6.36310212 6.16310212 5.24310212

400 9.13310212 8.50310212 6.11310212

500 1.20310211 1.04310211

1000 2.62310211 2.14310211

aUnits are cm3 molecule21 s21.
bTaking into account the ICVT results of our previous paper~Ref. 20! ~see
the text!.

cTaking into account the QCT results of our previous paper~Ref. 20! ~see
the text!.

dIncluding both reactive channels@reactions~1! and ~2!# and the physical
electronic quenching of N(2D).

eReference 17.
y
e
f-
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The vibrational distributions of products for reaction~2!
at 100 K have also been calculated, taking into account
values obtained from both PES and compared with the
perimental values available at this temperature19 and with the
theoretical results of Ref. 18 at 500 K@Table IX and Fig.
6~b!#. The global vibrational distributions have been obtain
after proper averaging of the populations obtained from
2 2A8 and 12A9 PES@both surfaces have the same weight,
indicated in the rate constant calculation, Eq.~12!#.

The agreement between the theoretical and the exp

TABLE IX. NO vibrational distributions from reaction~2! at 100 K.a

v8 QCT Experimentalb

0 0.036460.0027 0.0000
1 0.034760.0026 0.0000
2 0.039760.0029 0.072060.0356
3 0.041560.0030 0.054460.0293
4 0.044260.0031 0.118660.0175
5 0.063760.0042 0.174960.0265
6 0.098260.0063 0.170160.0265
7 0.146160.0092 0.184860.0287
8 0.139960.0090 0.112260.0258
9 0.146860.0094 0.072060.0223

10 0.144060.0093 0.031360.0062
11 0.053160.0041 0.009860.0082
12 0.006960.0009 0.0000
13 0.002660.0005 0.0000
14 0.002260.0005 0.0000
15 0.001160.0003 0.0000
16 0.000160.0001 0.0000
17 0.000260.0001 0.0000
18 0.000260.0001 0.0000

aPopulations are normalized to unity.
bReference 19.
FIG. 6. Vibrational distributions of NO from reaction~2! at 100 K: ~a! QCT results on the 12A9 analytical PES~h!, QCT results on the 22A8
PES ~Ref. 20! ~s!, and global results~n!; ~b! QCT global results for reaction~2! ~n!, QCT global results for reaction~2! ~h! ~Ref. 18, 500 K!, and
experimental data~Ref. 19! ~s!.
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FIG. 7. Representative reactive trajectories correspo
ing to the abstraction and insertion mechanisms.
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mental vibrational distributions for the reaction at 100 K
only qualitative. The experimental populations peak n
v857, whereas according to our QCT results, thev857, 8,
9, 10 vibrational levels are equally populated being^v8&
55.64. The QCT results show that the vibrational levels c
responding tov850, 1 are slightly populated. Experimen
tally the population of these levels is not reported becaus
the difficulty in extracting these populations from the me
sured spectra. The difference between experimental and
oretical results could be due to the above-mentioned lim
tions of the calculations, but also to the existence of so
vibrational relaxation in the experimental measurements.

There is a good agreement between both the presen
previous18 QCT results, although higher-energy barriers
the transition states were obtained in Ref. 18. This fact s
gests that the features of the PES after the barrier~particu-
larly, the large exoergicity of the reaction! essentially con-
trols the populations of the NO internal states. However,
vibrational results of Ref. 18 were calculated at 500 K, d
to the energy barrier of the PES. In contrast, our vibratio
distributions are calculated at the experimental tempera
of 100 K.

The vibrational distributions obtained in this wor
clearly improve the ones of our previous paper,20 where only
the 22A8 PES was considered. However, the agreement
tween theoretical and experimental work is yet only qual
tive. Further work is necessary to clarify the origin of th
discrepancy.
r

r-

of
-
e-
-
e

nd
r
g-

e
e
l

re

e-
-

The differences that appear in the vibrational distrib
tions of NO derived from both PES are due to the existe
of different microscopic mechanisms of reaction. While u
der the reaction conditions explored, reactivity on the 22A8
PES takes place only by an abstraction mechanism, the 12A9
PES could present two different modes of reaction beca
of the very-low- and low-energy barriers of the saddle poi
that allow either the insertion or the abstraction mechanis
respectively. Reactive trajectories that evolve through the
straction mechanism are the ones in which there is alway
oxygen atom that along the whole trajectory remains a
large distance~>2.0 Å! of the nitrogen atom and the value o
the energy never becomes lower than the products ene
On the other hand, for the reactive trajectories correspond
to the insertion mechanism, there is a point along the evo
tion to products where the distances of the attacking nitro
atom to both oxygen atoms have the same value~C2v geom-
etry!. At this point the system is located not far from the NO2

minimum and the value of the energy of the system at t
point is lower than the products energy~Fig. 7!.

The properties of the products of reaction are differe
for both mechanisms. Trajectories that have taken pl
through the abstraction mechanism present excited vi
tional distributions peaked atv856, as expected for a reac
tion with high exothermicity, while in the case of the inse
tion mechanism the vibrational distribution is less excit
and peaked atv852. One of the reasons of this fact could b
that the insertion mechanism allows trajectories to p
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FIG. 8. Vibrational distributions of NO from reaction~2! at 100 K ~a! and 300 K~b! on the 12A9 analytical PES: abstraction mechanism~h!, insertion
mechanism~s!, and global~n!.
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through the minimum of the PES and in this way they co
distribute the available energy in vibrational, rotational, a
traslational energy. We have only performed preliminary c
culations of the NO rotational distributions because at 10
the reactivity is quite small~5%!. Moreover, as there are
large number of NO vibrational levels populated, we ha
not enough statistics to derive rotational distributions.

Furthermore, we have seen that the temperature ha
important influence in the branching ratio between b
mechanisms. At 100 K the percentage of reactive trajecto
corresponding to the insertion mechanism is equal to 11%
the global reactive trajectories, while at 300 K this perce
age has increased to 27%. The vibrational distributions
products for both mechanisms and the global ones at 100
300 K are shown in Fig. 8. When the contribution of t
insertion mechanism increases~at 300 K!, the global vibra-
tional distribution presents a bimodal feature. This featur
supposed to be stressed at higher temperatures when th
portance of the insertion mechanism will also increase.

Table X shows the energy distribution of products fro
the reaction at 100 and 300 K, for both the abstraction
insertion mechanisms. At 100 K there are no differences
tween the energy distribution of the NO arising from t
insertion and abstraction mechanisms. At 300 K the rela
traslational energy in products is about 14% higher than
value at 100 K. This is due to the fact that at 300 K t
products of the insertion mechanism have increased t
d
l-
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translational energy~being in this case about 50% of th
global!, whereas theirvibrational and rotational energy a
about 20% lower than at 100 K.

IV. SUMMARY AND CONCLUSIONS

In this work anab initio, VTST, and QCT study of the
1 2A9 PES implied in reaction~2! that is relevant in atmo-
spheric chemistry has been carried out. This PES along w
the 22A8 PES studied by us in a previous paper are the m
involved in the reactivity of N(2D) with O2. We have also
reported new information about excited states of NO2 and
about the existence of intersections between two PES of
system. Finally, we have calculated some properties of
reaction~rate constants and vibrational distributions of pro
ucts! using an analytical representation of the 12A9 PES
obtained in this work.

The stationary points of the 12A9 PES have been char
acterized at the CASSCF~17,12!/CASPT2 G2 level of theory
and have shown that both the abstraction and insertion
croscopic mechanisms are allowed~from an energetic point
of view! through this PES. Moreover, a grid of more tha
800 points has been calculated and fitted to an analyt
PES. Also, two intersection seams involving the 12A9 and
2 2A9 surfaces have been studied.

As regards the kinetic calculations, the rate constant
reaction~2! through this PES has been calculated at differ
and the
TABLE X. Energy distributions of products and cross section depending on the reactants temperature
reaction mechanism for the 12A9 analytical PES.

100 K ins 100 K abs 100 K total 300 K ins 300 K abs 300 K total

^ f v8& 0.33 0.35 0.35 0.25 0.35 0.32
^ f r8& 0.31 0.30 0.30 0.25 0.28 0.27
^ f t8& 0.36 0.35 0.35 0.50 0.37 0.41
s/Å2 0.2660.01 2.0860.03 2.3460.03 1.8660.05 5.0860.08 6.9460.08



a
-

ra
T
u
ex
al

-
th
ro
wi
re

d
e

bu
s
b

n
th

t

-

-

a

r-

o

A

-

An
tin

hy

em

s. 2

, J.

un.

das,

.

.

em.

-

8851J. Chem. Phys., Vol. 115, No. 19, 15 November 2001 N1O2 reaction
levels of theory~ICVT, ICVT/mOMT, QCT methods! obtain-
ing, in general, small differences between them. VTST c
culations including the tunnel effect show that it is not im
portant at temperatures above 100–200 K. The global
constant of reaction~2! has also been obtained at the QC
level, taking into account previous QCT results of our gro
on the 22A8 PES and shows good agreement with the
perimental values~overall note constant including physic
electronic quenching!.

The vibrational distributions of NO arising from the re
action at 100 K have also been calculated by means of
QCT method, showing the existence of two possible mic
scopic reaction mechanisms: abstraction and insertion,
different properties of products. Taking into account the p
vious results obtained for the 22A8 PES, the vibrational dis-
tribution of NO arising from reaction~2! has been calculate
and compared with the experimental results. The agreem
between theoretical and experimental vibrational distri
tions is qualitative, being the experimental distribution le
excited than the theoretical one. This discrepancy may
due to the approximations involved in the calculations a
also to the existence of some vibrational relaxation in
measurements. Future work is necessary to determine
origin of this difference.
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36R. Sayó, M. González, and C. Oliva, J. Chem. Phys.113, 6736~2000!.
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