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Ab initio study of the two lowest triplet potential energy surfaces involved
in the N „

4S…¿NO „X 2P… reaction
P. Gamallo, Miguel González,a) and R. Sayósb)

Departament de Quı´mica Fı́sica i Centre de Recerca en Quı´mica Teo`rica, Universitat de Barcelona,
C / Martı́ i Franquès 1, 08028 Barcelona, Spain

~Received 30 January 2003; accepted 21 March 2003!

This work presentsab initio electronic structure calculations of the two possible N(4S)
1NO(X 2P ! abstraction reaction channels on the lowest3A9 and 3A8 potential energy surfaces
~PESs!. Complete active space self-consistent-field~CASSCF! calculations, second-order
perturbation calculations~CASPT2!, and multireference configuration interaction calculations
~MR-CI! based on CASSCF wave functions, along with some coupled cluster~CC! calculations
were carried out by using the standard correlation-consistent~cc-pVnZ and aug-cc-pVnZ,
n5D,T,Q,5! Dunning’s basis sets. It was shown that there was no energy barrier along the minimum
energy path in the3A9 PES for theN-abstraction reaction channel. However, an energy barrier~6.74
kcal/mol! was located in the3A8 PES. This energy barrier was considerably smaller than the
previously reported MR-CCI value~14.4 kcal/mol!. It was established that the N and O 2s electron
correlation, neglected in previous studies of these authors, was the main source of this energy
decrease. As a result, the presentab initio data will produce larger values of the thermal rate
constants at high temperatures. High-energy barriers were found for the O-abstraction reaction
channel in both PESs~41.13 and 30.77 kcal/mol for3A9 and3A8 , respectively!, which agree with
the accepted idea that this channel will be only important at high collision energies. Nonetheless,
currentab initio results show that this channel will be open at not very high collision energies~e.g.,
over 30 kcal/mol could take place!. Experimental studies on the O-abstraction reaction channel are
missing and would be useful to confirm itsab initio expected importance. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1574315#
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I. INTRODUCTION

The elementary gas-phase reaction of N(4S! with nitric
oxide,

N~4S! 1 NO~X 2P! → O~3P!1 N2~X 1Sg
1 !

~1!
D rH0K

o 52 75.01 kcal/mol ~Ref. 1!,

and its reverse reaction play an important role in atmosph
chemistry. The direct reaction is thought to be a domin
step for odd nitrogen removal in the upper stratosphere,
mesosphere and the thermosphere of the Earth, and pos
also in Mars and Venus.2–4 The accuracy of the rate con
stants for this reaction over a wide range of temperatu
@e.g., from 185 K in mesopause to approximately 1000 K
250 km altitude~upper thermosphere!5# is of great impor-
tance for the modeled concentration of NOx species in these
atmospheric regions for varying levels of solar activity. O
the other hand, this reaction has been also proposed as
important step to remove the NO molecules produced in
erogeneous catalytic processes~e.g., in SiO2-based materi-
als! for airflow cases; this NO production could have gre

a!Electronic mail: miguel@qf.ub.es
b!Authors to whom correspondence should be addressed. Electronic

r.sayos@qf.ub.es, miguel@qf.ub.es
10600021-9606/2003/118(23)/10602/9/$20.00
ic
t
e

ibly

s
t

ne
t-

t

effects for the heat flux on the thermal protection syste
used in atmospheric reentry vehicles~e.g., space shuttle
OREX, . . . !.6

In spite of this reaction having been extensively stud
from an experimental point of view, particularly for the roo
temperature rate constant3 (1.7310211<k298 K<4.5
310211 cm3 molecule21 s21), there are still some doubt
about its slight temperature dependence. Thus, several l
ratory studies covering different temperature ranges h
shown somewhat different expressions. Baulchet al.7 pre-
sented a recommended value at high temperatures equ
7.1310211e2790/T cm3 molecule21 s21 between 1400–
4000 K. The Jet Propulsion Laboratory8 proposed 2.1
310211e(1006100)/T cm3 molecule21 s21 based in published
kinetic data within the interval 200–400 K. Other studi
based in terrestrial or martian atmospheric NO model
have derived either a negative temperature dependence~e.g.,
1.6310210e2460/T cm3 molecule21 s21 for T.300 K ~Ref.
2! and 2.5310210 (T/300)1/2e2600/T cm3 molecule21 s21

between 100–200 K~Refs. 9 and 10! or a positive one@e.g.,
2.2310211e160/T cm3 molecule21 s21 for 213<T<369 K
~Ref. 3!#. Besides kinetic studies, there are only very fe
experimental studies dealing with the dynamics propertie
this reaction. Thus, only earlier studies measured some in
mation on the product N2 vibrational distributions, indicating
a product vibrational energy fraction of 0.25–0.28.11,12How-
il:
2 © 2003 American Institute of Physics
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ever, another study indicated a higher fraction due to
7565% of the N2 molecules appeared withv8.4.13

In several preceding papers we presented different th
retical approaches for this reaction and we also gave a
tailed review of the main experimental and theoretical d
that had been published for this reaction. We constructed
analytical potential energy surface~PES! ~Ref. 14! based on
limited ab initio information15 for the ground3A9 PES, and
we carried out dynamics studies by means of the quasic
sical trajectory ~QCT! method,16 reduced quantum
approaches17 ~reactive-infinite-order sudden approximatio!
or simple models18 ~angle-dependent line-of-centers mode!.
Lately, QCT calculations on a new3A9 PES,19 which was
fitted using the sameab initio data15 but adding new inter-
polated semiempirical points, reported good thermal r
constants for 200<T<1000 K, with the inclusion of the re
actant statistical degeneracy factor~i.e., 3/16!, missing in
previous works. The same authors presented a QCT stu20

on this reaction taking also into account the first excited P
(3A8), previously fitted for the reverse reaction by oth
authors.21 It was concluded that only at high energies~i.e.,
1–3 eV! the excited PES became important.

For the second reaction channel~i.e., the O-abstraction
process!:

N~4S! 1 N8O ~X 2P!→ N8~4S! 1 NO ~X 2P!

~2!

D rH0 K
o 5 0 kcal/mol,

there is almost no information. Only some experiments22,23at
very high energies with13N and pure NO indicated tha
channel 2 yielding13NO could account for up to a 20% o
the total reaction, although with the possible contribution
the first excited states of nitrogen@i.e., N(2D,2P)].

The present work presents a new accurateab initio mo-
lecular electronic structure study of the N(4S)1NO reaction
taking into account both PESs~i.e., 3A9 and 3A8), and also
the two possible reaction channels. Previous theoretical s
ies proposed that more extensive and accurateab initio char-
acterization of3A8 and3A9 PESs was necessary to constru
reliable analytical PESs valid for dynamics and kinetics st
ies, as it is our goal here. New analytical PESs based in g
of ab initio points are at present practically finished and Q
and wave packet studies on this reaction are also in prog

Section II will offer a summary of theab initio method-
ology applied in this work. Section III will provide theab
initio results on the stationary points of both PESs (3A9 and
3A8), and the corresponding minimum energy reaction pa
~MEPs! connecting minima~MIN !, and transition states
~TS!. Finally, Sec. IV will summarize the main concludin
remarks.

II. THEORETICAL METHODS

A similar strategy as that used in our recent study of
N(4S)1O2 reaction24 was also applied in the present wor
Thus, ab initio calculations have been carried out with t
MOLCAS 4.1 ~Ref. 25! package of programs. The comple
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active space self-consistent field method~CASSCF! ~Refs.
26, 27! was employed throughout this study, always cho
ing the lowest root inCs symmetry for both triplet PESs~i.e.,
3A9 and 3A8). These two PESs are the unique ones t
correlate reactants and products for reaction~1!. The other
PESs that also arise in reactants~i.e., 5A9 and 5A8), only
correlate with very excited products@i.e., O(3P)1N2

(A3Su
1)]. The location of the different stationary points o

the PESs was achieved by optimization searches of b
minima and transition states employing analytical CASS
gradients. Full characterization of them was performed
calculating the numerical Hessian matrix at the optimiz
geometries. Calculations at second-order perturbation the
based on a zeroth-order CASSCF wave function~CASPT2
method! using the standard correction~i.e., std! or some of
the more accurateGi ~i51,2,3! variants28 as implemented in
MOLCAS 4.1 were applied to improve the stationary poin
obtained at the CASSCF level. In some cases, a grid
CASPT2 points was generated to search directly for the
tionary point. Thus, local fits were performed by means
bicubic splines29 or Taylor expansions in the bond angle t
gether with symmetry adapted internal coordinate expans
in the bond lengths to obtain the optimal geometry and
harmonic frequencies at the CASPT2 level by using
SURVIBTM code of molecular rovibrational analysis.30

In the present study all the molecular orbitals~MO! aris-
ing from the 1s atomic orbitals were kept frozen, and tw
active spaces for the NNO system were considered:~a! the
full-valence active space with all the atomic 2s and 2p elec-
trons distributed among the corresponding derived bond
and antibonding MOs@i.e., CAS~16,12!#, and~b! a smaller
active space with only the atomic 2p electrons@i.e., CAS
~10,9!#, taking the 2s-derived MOs as inactive. This latte
active space has been assumed to be accurate enough fo
system in the most extensive precedingab initio paper on
this reaction.15 Natural MO occupation was checked for a
stationary points. The CAS~16,12! comprising 16 electrons
in 12 orbitals~9 a8 and 3a9! generates 56 664 and 56 59
configuration state functions~CSFs! for the 3A9 and 3A8
PESs, respectively, while the CAS~10,9! with 10 electrons in
9 orbitals~6 a8 and 3a8! only 3804 and 3756, respectively
The major part of CASSCF and CASPT2 calculations us
the lower active space@i.e., CAS~10,9!# as it reduced a lot
the computer time but the accuracy was suitable in comp
son with available experimental data and when compar
with CAS ~16,12! results. The N and O 1s and 2s MOs were
optimized at the CASSCF level; in some CASPT2 calcu
tions, the derived 1s and 2s MOs were kept frozen to com
pare with earlier CASSCF followed by multireference co
tracted CI~MR-CCI! calculations.15 The present results wil
show the importance of the 2s dynamical correlation energy
in the characterization of this reaction on both surfaces,
considered in previous studies.15 Moreover, two additional
ab initio methods were also used to check the accuracy in
correlation energies calculated:~a! uncontracted multirefer-
ence singles and doubles configuration interactions includ
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Davidson correction for quadruple excitations~i.e.,
MR-CI1Q!,31 using the CASSCF~10,9! MOs and all the
CSFs with a weight up to 0.0005 in the CASSCF wave fu
tion, and~b! coupled cluster method with perturbative co
tribution at triple excitations32 @i.e., CCSD~T!# using the
MOs derived from a restricted open shell Hartree–Fock c
culation.

The standard correlation-consistent~cc-pVnZ and aug-
cc-pVnZ, n5D,T,Q,5! Dunning’s basis sets33 were used in
the present study. Supermolecule calculations were con
ered too in the determination of the energies of the station
points within each PES.

III. RESULTS AND DISCUSSION

A. Stable species and reaction exoergicity

Table I summarizes the calculated bond length, the h
monic vibrational frequency, and the dissociation energy
both diatomic molecules along with the reaction exoergic
~1! for different ab initio levels. The CASSCF calculation
with larger basis sets and both active spaces show tha
lower active space is accurate enough for describing th
properties. However, the introduction of dynamical corre
tion energy by means of the CASPT2 method is necessa
obtain results in close agreement with experimental data.
comparison of the CASSCF geometries with the experim
tal data shows a small but rather clear effect of the size of
basis set on the optimal bond lengths and harmonic frequ
cies, which slowly tend to the experimental ones. Nevert
less, the description of both N2 and NO dissociation energie
is a bit worse. The CASPT2 calculations by using theGi

variants give similar results although much better than
CASPT2 with the standard~std.! Fock matrix, as it should be
expected.28 The N2 and NO dissociation energies show
significant error~errors of approximately24.5% with re-
spect to the experimental values! even with the inclusion of
the geometry optimization at the same level@i.e., CASPT2
G2~10,9!/cc-pVTZ#, which causes a similar error in exoe
gicity. Nevertheless, the results are very good with the la
est basis set and active space@i.e., CASPT2 G2~16,12!/cc-
pVQZ gives errors lower than21.2%#. The CCSD~T! and
MR-CI1Q energies present as well good results, which
prove with the size of the basis set and are quite close to
CASPT2~10,9! G2 energies. Present MR-CI1Q results are
quite good in spite of the N and O 2s electrons are not cor
related, such as was also observed in similar MR-CCI1Q
calculations.15 The difficulty in the theoretical treatment i
diatomic molecules is well known and can only be amend
with very refined and computationally expensiveab initio
calculations with inclusion of large primitive basis sets35 or
by using also complete basis set~CBS! limits.36,37 However,
as the main purpose of the present study is to characteriz
the stationary points of the two lowest triplet PESs involv
in the title reaction by using the sameab initio level, the
CASPT2 G2~10,9!/cc-pVTZ level accuracy can be suitab
for a later construction of the3A9 and 3A8 analytical PESs,
where usually some experimental diatomic data are often
troduced.
-
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B. Characterization of the lowest 3A 9 potential
energy surface

The ab initio study of the MEP on the3A9 PES for
reaction channel~1! shows only one transition state. Table
gives its properties for differentab initio calculations. The
CASSCF method reports an earlier transition state~i.e., long
NN distance! for both active spaces with several basis se
The corresponding geometry and harmonic vibrational f
quencies are very close to the preceding CASSCF resu15

with a Duijneveldt basis set. The small energy barrier clea
disappears as the dynamical correlation energy is introdu
by means of the CASPT2 method. This fact is in agreem
with previous multireference contracted CI results,15 where it
was observed a very small energy barrier of 0.5 kcal/m
Nevertheless, the same authors recognized that due to
limitations of their calculations probably no additional ba
rier should be expected. To make sure that there was
energy barrier at longer NN distances, as it was obser
when dynamical correlation energy was introduced,15 not
only CASPT2 energies at the CASSCF geometries were
culated but also an extensive grid of CASPT2~10,9! G2
/cc-pVTZ energies along the MEP~approx. 180 points!. The
local fit of these points30 showed an energy profile withou
any energy barrier from reactants to products.

The CCSD~T! and the uncontracted MR-CI1Q calcula-
tions at the CASSCF~10,9! optimal geometries seem to con
firm also the absence of any energy barrier. Present MR
calculations used the following nine reference CSFs, wh
the electronic occupation of the 6a8 and 3a9 MOs are indi-
cated:~222100 210!, ~220120 210!, ~221110 210!, ~222100
012!, ~122101 111!, ~212110 111!, ~022102 210!, ~112111
210!, and ~221110 201! with a total weight of 0.9837. This
originated the following number of CSFs depending on
basis set: 318644~cc-pVDZ!, 2202524~cc-pVTZ!, 1177190
~aug-cc-pVDZ!, and 5778909~aug-cc-pVTZ! to be com-
pared with previous MR-CCI calculations15 with approxi-
mately 1000000 of CSFs. Our MR-CI calculations kept fr
zen also the N and O 2s electrons to compare directly with
previous studies.15 The importance of the N and O 2s elec-
tron correlation, which was neglected in the past, is h
ascertained by means of the CASPT2 method. Thus, for
ample, the CASPT2~10,9! G2 energy for cc-pVDZ, cc-
pVTZ, and cc-pVQZ basis sets at the correspond
CASSCF optimal geometry~21.90,24.88, and26.12 kcal/
mol, respectively; see Table II! become more positive whe
2s electron correlation is neglected~i.e., 20.58,23.14, and
24.07 kcal/mol, respectively!. This energy lowering prob-
ably would vanish the MR-CCI energy barrier15 or our
MR-CI calculations at its optimal geometry~possibly with a
longer NN distance than in the CASSCF level!. A similar
trend with the addition of the N and O 2s electron correlation
has also been revealed in our similar study24 on the two
lowest PESs~i.e., 2A8 and4A8) of the N(4S) 1O2 reaction.

The second reaction channel~2! have been also studie
by using the CASSCF~10,9! and the CASPT2~10,9! G2
methods and the cc-pVTZ basis set. Thisab initio level
seems accurate enough to describe this less important c
nel, as it has been shown too in the reaction channel~1!
study or in other similar recent studies for the N(4S)1O2
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TABLE I. Ab initio properties of reactants and products.a

N(4S)1NO O(3P)1N2

Method Basis set E/a.u. Re/Å ve /cm21 De /kcal mol21 E/a.u. Re/Å ve /cm21 De /kcal mol21
DDe

b

kcal mol21

CASSCF~16,12! cc-pVDZ 2183.763 88 1.1640 1914.45 125.21 2183.891 32 1.1161 2360.34 205.17 279.97

cc-pVTZ 2183.807 10 1.1587 1895.64 129.73 2183.937 55 1.1056 2345.80 211.58 281.86

cc-pVQZ 2183.819 42 1.1570 1895.71 130.66 2183.950 53 1.1039 2345.34 212.93 282.27

aug-cc-pVDZ 2183.773 34 1.1657 1894.87 127.15 2183.900 76 1.1170 2344.82 207.11 279.95

aug-cc-pVTZ 2183.808 75 1.1586 1888.78 129.90 2183.939 80 1.1054 2343.00 212.14 282.23

CASPT2~16,12! std cc-pVDZ 2184.036 28 139.52 2184.128 06 198.36 258.84

cc-pVTZ 2184.206 80 141.23 2184.317 59 210.74 269.52

cc-pVQZ 2184.257 16 145.29 2184.369 76 215.95 270.65

aug-cc-pVDZ 2184.088 01 133.26 2184.192 53 198.84 265.58

aug-cc-pVTZ 2184.218 28 146.18 2184.329 03 211.58 269.50

CASPT2~16,12! G2 cc-pVDZ 2184.030 28 146.94 2184.123 79 205.62 258.68

cc-pVTZ 2184.196 91 147.29 2184.312 56 219.86 272.57

cc-pVQZ 2184.246 56 151.81 2184.364 36 225.73 273.92

aug-cc-pVDZ 2184.078 59 139.18 2184.187 64 207.61 268.43

aug-cc-pVTZ 2184.207 65 148.60 2184.323 68 221.41 272.81

CASSCF~10,9! cc-pVDZ 2183.754 79 1.1619 1926.77 119.52 2183.878 32 1.1144 2371.84 197.02 277.51

cc-pVTZ 2183.798 17 1.1565 1907.75 124.13 2183.925 08 1.1036 2357.52 203.76 279.63

cc-pVQZ 2183.810 50 1.1547 1907.98 125.05 2183.938 06 1.1020 2357.62 205.10 280.04

aug-cc-pVDZ 2183.764 34 1.1635 1907.91 121.50 2183.887 98 1.1153 2357.07 199.10 277.58

aug-cc-pVTZ 2183.799 85 1.1564 1899.89 124.32 2183.927 20 1.1035 2353.26 204.22 279.91

aug-cc-pVQZ 2183.811 07 1.1547 1907.31 124.87 2183.938 76 1.1020 2352.19 205.35 280.12

CASPT2~10,9! std cc-pVDZ 2184.05211 130.40 2184.157 19 196.36 265.94

cc-pVTZ 2184.204 77 140.02 2184.314 44 208.83 268.82

cc-pVQZ 2184.255 41 144.22 2184.366 93 214.18 269.98

aug-cc-pVDZ 2184.085 51 131.77 2184.188 86 196.61 264.85

aug-cc-pVTZ 2184.216 45 140.97 2184.326 07 209.75 268.78

aug-cc-pVQZ 2184.260 67 144.83 2184.372 19 214.92 269.98

CASPT2~10,9! G2 cc-pVDZ 2184.044 25 135.43 2184.152 97 203.67 268.22

cc-pVTZ 2184.194 99 146.15 2184.309 44 217.96 271.82

cc-pVQZ 2184.244 90 150.79 2184.361 57 224.00 273.21

aug-cc-pVDZ 2184.076 09 137.69 2184.184 01 205.40 267.72

aug-cc-pVTZ 2184.205 82 147.47 2184.320 75 219.58 272.12

aug-cc-pVQZ 2184.249 74 151.61 2184.366 70 225.03 273.39

CASPT2~10,9! G2c cc-pVTZ 2184.194 99 1.1571 1904.45 146.15 2184.310 22 1.1040 2331.25 218.46 272.31

CCSD~T!d cc-pVDZ 2184.076 94 131.97 2184.186 31 200.60 268.63

cc-pVTZ 2184.231 63 143.57 2184.347 77 216.44 272.88

cc-pVQZ 2184.279 26 148.48 2184.39781 222.87 274.39

aug-cc-pVDZ 2184.112 27 133.68 2184.220 81 201.80 268.11

aug-cc-pVTZ 2184.243 16 144.91 2184.359 66 218.01 273.10

MR-CI 1 Qe cc-pVDZ 2183.885 54 137.21 2183.997 59 207.52 270.31

cc-pVTZ 2183.971 09 149.34 2184.092 20 225.32 275.99

cc-pVQZ 2183.997 13 154.18 2184.121 29 232.08 277.91

aug-cc-pVDZ 2183.905 48 139.42 2184.017 22 209.52 270.12

aug-cc-pVTZ 2183.976 51 149.87 2184.098 08 226.15 276.28

Experimentalf 1.1508 1904.20 152.53 1.0977 2358.57 228.41 275.88

aCASPT2, energies at the CASSCF optimal geometries with the same basis set and active space.
bReaction exoergicity for N(4S)1NO→ O(3P)1N2 .
cCASPT2 G2 energies and harmonic vibrational frequencies obtained with the optimal geometries at the same level by using the VIBROT mod
MOLCAS 4.1 program~Ref. 25!. Masses of the most abundant isotopes were used:14N and16O.

dCoupled cluster energies with perturbative contribution at triple excitations~Ref. 32! using initial restricted open shell Hartree–Fock MOs. Energies w
calculated at the optimal CASSCF~10,9! geometries.

eMultireference configuration interaction energies including the Davidson correction for quadruple excitations~Ref. 31!. The N and O 2s electrons were not
correlated. Energies were calculated at the optimum CASSCF~10,9! geometries.

fThe lowest spin-orbit states@i.e., NO(X 2P1/2) and O(3P2)# were used for the experimental data~Ref. 34!.
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TABLE II. Ab initio properties of the3A9 transition state~TS1! for the reaction channel~1!.a

Method Basis set E/a.u. Re(NN)/Å Re(NO)/Å , NNO/° v i /cm21 b DE/kcal mol21 c

CASSCF~16,12! cc-pVDZ 2183.753 29 1.7896 1.1719 108.9 417.56 1854.43 241.48i 6.59 ~7.10!
cc-pVTZ 2183.798 23 1.8880 1.1606 109.0 419.70 1794.58 272.17i 5.51 ~5.97!
cc-pVQZ 2183.811 23 1.9103 1.1598 109.2 421.21 1743.24 281.19i 5.32 ~5.70!

aug-cc-pVDZ 2183.764 59 1.8933 1.1676 108.8 418.23 1823.23 262.23i 5.44 ~5.94!
aug-cc-pVTZ 2183.800 61 1.9219 1.1588 109.1 403.38 1803.22 268.29i 5.11 ~5.56!

CASPT2~16,12! G2 cc-pVDZ 2184.055 36 21.76
cc-pVTZ 2184.240 33 24.74
cc-pVQZ 2184.268 32 25.38

aug-cc-pVDZ 2184.091 03 23.83
aug-cc-pVTZ 2184.258 32 26.60

CASSCF~10,9! cc-pVDZ 2183.740 72 1.7287 1.1743 108.76 499.15 1735.87 310.29i 8.83 ~9.27!
cc-pVTZ 2183.786 39 1.8262 1.1610 108.90 455.13 1782.64 285.74i 7.39 ~7.86!
cc-pVQZ 2183.799 15 1.8455 1.1577 109.01 450.83 1792.68 285.95i 7.12 ~7.60!

aug-cc-pVDZ 2183.752 69 1.8368 1.1677 108.68 452.19 1785.80 295.12i 7.31 ~7.78!
aug-cc-pVTZ 2183.788 98 1.8603 1.1585 109.03 443.29 1792.73 280.12i 6.82 ~7.30!

CASPT2~10,9! std cc-pVDZ 2184.052 00 0.07
cc-pVTZ 2184.209 35 22.87
cc-pVQZ 2184.261 93 24.09

aug-cc-pVDZ 2184.088 72 22.01
aug-cc-pVTZ 2184.223 18 24.22

CASPT2~10,9! G2 cc-pVDZ 2184.047 27 21.90
cc-pVTZ 2184.202 77 24.88
cc-pVQZ 2184.254 65 26.12

aug-cc-pVDZ 2184.082 15 23.80
aug-cc-pVTZ 2184.215 61 26.14

CCSD~T!d cc-pVDZ 2184.074 49 1.54
cc-pVTZ 2184.234 75 21.96

aug-cc-pVDZ 2184.113 23 20.60
aug-cc-pVTZ 2184.248 23 23.18

MR-CI1Qe cc-pVDZ 2183.886 57 20.64
cc-pVTZ 2183.975 53 22.79

aug-cc-pVDZ 2183.908 61 21.97
aug-cc-pVTZ 2183.982 14 23.62

CASSCF~10,9!f Duijneveldt
@11s6p3d4f /5s3p2d1f #

••• 1.8193 1.1626 108.5 396 1720 250i 5.0~5.4!

MR-CCI1Qf Duijneveldt
@11s6p3d4f /5s3p2d1f #

2

•••
2.1707 1.1494 108.9 385 1785 210i 0.5~1.0!

aCASPT2 energies at the CASSCF optimal geometries with the same basis set.
bHarmonic vibrational frequencies:v1 ~NNO bend.,a8!, v2 ~NO str.,a8! andv3 ~NN str.,a8!, respectively. Masses of the most abundant isotopes were u
14N and16O.

cEnergy barrier respect to N(4S)1NO. The value corrected with the difference of zero point energies is shown in parentheses.
dCoupled cluster energies with perturbative contribution at triple excitations~Ref. 32! using initial restricted open shell Hartree–Fock MOs. Energies w
calculated at the optimal CASSCF~10,9! geometries.

eMultireference configuration interaction energies including the Davidson correction for quadruple excitations~Ref. 31! using 9 CSFs as reference wavefun
tion. The N and O 2s electrons were not correlated. Energies were calculated at the optimal CASSCF~10,9! geometries.

fPreviousab initio results from Ref. 15, where the N and O 2s electrons were not correlated in the MR-CCI calculations.
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~Refs. 24, 38, 39!, N(2D)1NO ~Ref. 40! or N(2D)1O2

~Refs. 41–44! reactions. Three stationary points were o
tained at the CASPT2 level: TS2, MIN1, and TS28 ~Fig. 1!.
The MEP presents only aC2v-symmetry transition state a
CASSCF level with a very high-energy barrier~65.70 kcal/
mol!. The inclusion of the dynamical correlation energy d
creased this barrier to 41.13 kcal/mol and led to
Cs-symmetry transition state~Table III!. The TS2 optimal
geometry at the CASPT2 level was derived by means o
local fit of 90 points with a final root-mean-square deviati
~RMSD! of 0.11 kcal/mol. 240 points were used for th
MIN1 characterization with a RMSD of 0.24 kcal/mol. I
spite of MIN1 is a very shallow minimum on the lowest3A9
NNO PES, this kind ofC2v-minimum is similar to the ones
-

-
a

a

observed in the lowest1A8 NNO PES~Ref. 40! and in the
lowest2A8 and4A8 NOO PESs.39 A similar structure as tha
for the peroxy isomer of NO2, with a shallow minimum over
reactants or products, reported in early theoreti
studies,45,46 has been later confirmed in more accurateab
initio studies,47 not only for the ground2A8 PES but also for
the first excited4A8 PES.24,39Although moreab initio calcu-
lations could be made to characterize even better this m
mum and both transitions states, we believe that the m
conclusion that reaction channel~2! will be only important
on the3A9 PES for collision energies over 41 kcal/mol ca
be reliably established, in agreement with experimental d
which show only a small contribution of this reaction cha
nel even at high collision energies.22,23
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C. Characterization of the lowest 3A 8 potential
energy surface

Table IV summarizes the properties of the transiti
state~TS1! found on the3A8 PES for reaction channel~1!. It
has a similar geometry as TS1 on the3A8 PES. However, in
the case of the3A8 PES, this TS is obtained at both th
CASSCF and the CASPT2 levels. The present CASS
properties are close to previously published CASSCF da15

~Table IV!. The full-valence active space CASSCF calcu
tions enlarge 0.1 Å the NN distance. Moreover, the optim
zation of the geometry at the CASPT2~10,9! level increases
significantly ~about 0.2 Å! the NN distance with respect t
the CASSCF~10,9! calculations. Because of this, th
CASPT2 energies derived using the optimal CASSCF ge
etries are not accurate enough to evaluate the energy ba

FIG. 1. Energetics of the minimum energy paths for both N(4S)1N8O
reaction channels computed on the lowest3A9 potential energy surface a
the CASPT2~10, 9! G2/cc-pVTZ level. The solid line corresponds to th
minimum energy pathway for the N abstraction and the dashed lines fo
O abstraction. The energies are given in kcal/mol relative to reactants.
ergies with the inclusion of zero point energy contributions are given
tween parentheses.
F

-
-

-
rier

associated to TS1. Although the dynamical correlation
duces considerably the energy barrier, the inclusion of
CASPT2 geometry optimization taking into account a grid
216 points~with a RMSD50.063 kcal/mol for the local fit!
tend to compensate partially with a small increase of
energy barrier.

A detailed study of the energy barrier of TS1 has be
made by increasing the quality of the basis set at the opti
CASPT2~10,9! G2 geometry. The basis set dependence
usually well described by a simple exponential-lik
function48 of the form,

DEn
Þ5DE`

Þ1Be2Cn, ~3!

wheren is the cardinal number of the standard correlatio
consistent cc-pVnZ basis set~2, 3, 4, and 5 for DZ, TZ, QZ,
and 5Z, respectively! andDE`

Þ corresponds to the estimate
complete basis set~CBS! limit as n→`. The estimated
CASPT2~10,9! CBS limit for this energy barrier was equal t
6.74 kcal/mol ~B522.06 kcal/mol, C50.8702, and
r 250.99995!. This energy barrier is much lower than th
previous MR-CCI1Q value15 ~14.4 kcal/mol!. This differ-
ence is essentially not originated by theab initio method and
basis set but by the N and O 2s electron correlation contri-
bution than is much more important in the3A8 PES than in
the barrierless3A9 PES. This point has been checked
comparing the present MR-CI1Q calculations with the MR-
CCI1Q ones,15 keeping also the atomic 2s electrons frozen.
The MR-CI1Q calculations were made at th
CASSCF~10,9! optimal geometries using the following 9 re
erence CSFs, where the electronic occupation of the 6a8 and
3a9 MOs are indicated:~221100 211!, ~201120 211!, ~211110
112!, ~111111 211!, ~121101 112!, ~021102 211!, ~101121
112!, ~211110 211!, and~201120 112! with a total weight of
0.9982. This originated the following number of CSFs d
pending on the basis set: 319740~cc-pVDZ!, 2230734~cc-
pVTZ!, 8669349~cc-pVQZ!, 1181526~aug-cc-pVDZ!, and
5864184~aug-cc-pVTZ! to be compared with the previou
MR-CCI calculations15 with approximately 1 000 000 o
CSFs. Similar energy barriers were found in both ca
~Table IV!. If CASPT2 optimal geometries were used inste
of the CASSCF ones a closer agreement could be expec

CASPT2 calculations correlated also the N and Os
electrons. Thus, for example, the CASPT2~10,9! G2 energy
for cc-pVDZ, cc-pVTZ, and cc-pVQZ basis sets at the co

he
n-
-

TABLE III. Ab initio properties of the3A9 stationary points for the exchange reaction channel~N1ON8! with the ~10,9! active space and the cc-pVTZ
basis set.

Stationary
point Method E/a.u. Re(NO)/Å Re(ON8)/Å ,NON8/° v i /cm21 a DE/kcal mol21 b

TS2 CASSCF 2183.693 47 1.3292 1.3292 102.07 300.07 1300.85 385.25i 65.70~65.26!
CASPT2 G2c 2184.129 44 1.4597 1.2294 100.59 424.92 1372.63 249.50i 41.13~40.98!

MIN1 CASSCF not present
CASPT2 G2 2184.136 09 1.3238 1.3238 104.84 672.25 1276.23 225.61 36.96~37.35!

aHarmonic vibrational frequencies:~a! Cs :v1 ~NON8 bend.,a8!, v2 ~ON8 str.,a8!, v3 ~NO str.,a8!, respectively, and~b! C2v :v1 ~NON8 bend.,a1), v2 ~sym.
str., a1), v3 ~asym. str.,b2), respectively~YZ taken as the molecular plane!. Masses of the most abundant isotopes were used:14N and16O.

bEnergy respect to N(4S)1ON8. The value corrected with the difference of zero point energies is shown in parentheses.
cThere are two equivalent transition states~TS2 and TS28! exchanging both NO distances.
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TABLE IV. Ab initio properties of the3A8 transition state~TS1! for the reaction channel~1!.a

Method Basis set E/a.u. Re(NN)/Å Re(NO)/Å ,NNO/° v i / cm21 b
DE/

kcal mol21 c

CASSCF~16,12! cc-pVDZ 2183.728 96 1.8101 1.1732 117.41 377.08 1796.53 761.62i 21.91~22.28!

cc-pVTZ 2183.773 22 1.8252 1.1663 117.43 380.02 1733.24 771.01i 21.26~21.57!

cc-pVQZ 2183.785 65 1.8267 1.1638 117.55 378.89 1735.62 769.37i 21.19~21.50!

aug-cc-pVDZ 2183.739 07 1.8230 1.1734 117.42 379.10 1784.13 752.23i 21.50~21.88!

aug-cc-pVTZ 2183.775 31 1.8283 1.1653 117.55 380.24 1732.65 773.86i 20.98~21.30!

CASPT2~16,12! G2 cc-pVDZ 2184.052 28 2.03

cc-pVTZ 2184.224 89 4.94

cc-pVQZ 2184.326 98 3.63

aug-cc-pVDZ 2184.075 31 5.65

aug-cc-pVTZ 2184.243 75 2.54

CASSCF~10,9! cc-pVDZ 2183.706 48 1.7315 1.1779 115.73 433.17 1660.97 873.27i 30.31~30.55!

cc-pVTZ 2183.751 44 1.7438 1.1703 115.87 425.58 1660.95 858.10i 29.32~29.58!

cc-pVQZ 2183.763 96 1.7454 1.1677 115.89 425.33 1665.18 855.94i 29.20~29.46!

aug-cc-pVDZ 2183.717 22 1.7433 1.1777 115.73 420.99 1655.18 854.00i 29.57~29.81!

aug-cc-pVTZ 2183.75370 1.7463 1.1692 115.93 423.62 1656.70 849.19i 28.96~29.22!

CASPT2~10,9! std cc-pVDZ 2184.037 18 9.37

cc-pVTZ 2184.196 68 5.08

cc-pVQZ 2184.249 97 3.41

aug-cc-pVDZ 2184.075 14 6.51

aug-cc-pVTZ 2184.212 04 2.77

CASPT2~10,9! G2 cc-pVDZ 2184.035 07 5.76

cc-pVTZ 2184.192 89 1.32

cc-pVQZ 2184.245 51 20.38

aug-cc-pVDZ 2184.071 28 3.02

aug-cc-pVTZ 2184.206 49 20.42

CASPT2~10,9! G2 cc-pVTZ 2184.181 68 1.9680 1.1578 116.04 251.89 1820.48 450.23i 8.38 ~8.59!

CASPT2~10,9! std. cc-pVTZ 2184.196 48 1.9367 1.1621 116.08 290.28 1920.23 434.78i 5.20 ~5.64!

CCSD~T!d cc-pVDZ 2184.051 94 15.67

cc-pVTZ 2184.213 02 11.68

aug-cc-pVDZ 2184.092 04 12.70

MR-CI 1 Qe cc-pVDZ 2183.859 40 16.40

cc-pVTZ 2183.950 20 13.11

cc-pVQZ 2183.976 73 12.80

aug-cc-pVDZ 2183.883 86 13.56

aug-cc-pVTZ 2183.957 86 11.70

CASSCF~10,9!f Duijneveldt
@11s6p3d4f /5s3p2d1f #

••• 1.7590 1.1906 116.5 383 1586 727i 25.3 ~25.5!

MR-CCI1Qf Duijneveldt
@11s6p3d4f /5s3p2d1f #

••• 1.8913 1.1695 116.5 383 1678 569i 14.4 ~14.71!

aCASPT2 energies at the CASSCF optimal geometries with the same basis set.
bHarmonic vibration frequencies:v1 ~NNO bend.,a8!, v2 ~NO str.,a8!, andv3 ~NN str., a8!, respectively. Masses of the most abundant isotopes were u
14N and16O.

cEnergy barrier with respect to N(4S)1NO. The value corrected with the difference of zero point energies is shown in parentheses.
dCoupled cluster energies with perturbative contribution at triple excitations~Ref. 32! using initial restricted open shell Hartree–Fock MOs. Energies w
calculated at the optimal CASSCF~10,9! geometries.

eMultireference configuration interaction energies including Davidson correction for quadruple excitations~Ref. 31! using 9 CSFs as a reference wavefunctio
The N and O 2s electron were not correlated. Energies were calculated at the optimal CASSCF~10,9! geometries.

fPreviousab initio results from Ref. 15, where the N and O 2s electrons were not correlated in the MR-CCI calculations.
e
to

is
ing
e
PT2
responding CASSCF optimal geometry~5.76, 1.32, and
20.38 kcal /mol, respectively; see Table IV! become much
more larger when 2s electron correlation is neglected~i.e.,
19.45, 14.34, and 13.17 kcal/mol, respectively!, leading to
values close to the MR-CCI1Q ones. Therefore, seems to b
clear that the N and O 2s electrons need to be correlated
produce reliable energies in the3A8 PES.
In a similar way as for the lowest3A9 PES, we have
studied the reaction channel~2! by using the CASSCF~10,9!
and the CASPT2~10,9! G2 methods and the cc-pVTZ bas
set. Figure 2 gives the MEP found for this PES, consider
reactions channels~1! and ~2!. Three stationary points wer
also obtained for the second reaction channel at the CAS
level, which were very analogous to those of the3A9 PES.
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Table V summarizes the properties of these stationary po
The CASSCF and CASPT2 methods agree with each o
showing aCs-symmetry transition state~TS2!. The high-
energy barrier~57.11 kcal/mol! at the CASSCF~10,9! level
becomes smaller when the CASPT2~10,9! G2 method is con-
sidered ~30.77 kcal/mol!. There was also found a
C2v-minimum ~MIN1! between both equivalent transitio
states~i.e., TS2 and TS28!. The CASPT2 TS2 optimal geom
etry was obtained by means of a local fit of 756 points w
a final RMSD of 0.0002 kcal/mol. 660 points were used
the MIN1 characterization with a RMSD of 0.0016 kcal/mo
One important conclusion that can be derived from th
results is that for collision energies over 30 kcal/mol t
second reaction channel will be open through the3A8 PES,
becoming even more accessible than through the3A9 PES.
Our recent quasiclassical trajectory study using the low
1A8 PES~Ref. 40! on the N(2D)1NO(X 2P! reactions gives

FIG. 2. Energetics of the minimum energy paths for both N(4S)1N8O
reaction channels computed on the lowest3A8 potential energy surface a
the CASPT2~10, 9! G2/cc-pVTZ level. The solid line corresponds to th
minimum energy pathway for the N abstraction and the dashed lines fo
O abstraction. The energies are given in kcal/mol relative to reactants.
ergies with the inclusion of zero point energy contributions are given
tween parentheses.
ts.
er

r

e

st

a rate constant branching ratio@i.e., k2 /(k11k2) but with
N(2D) instead of N(4S)# of 3.02% for the equivalent
O-abstraction reaction channel at 1500 K, although this P
presents a MEP with the stable NNO(X 1S1) minimum
~ground state of the NNO molecule! and without almost an
effective energy barrier~there are several MEPs for thi
reaction40!. Thus, experimental studies should be required
corroborate the real contribution of this O-abstraction re
tion channel~i.e., N-exchange reaction channel! to the total
reactivity at high collision energies~or temperatures! for
atomic nitrogen in its lowest electronic states~i.e., 4S, 2D,
and2P).

IV. CONCLUSIONS AND REMARKS

This work presents a theoretical study of the tw
N(4S)1NO(X 2P) abstraction reaction channels on the lo
est 3A9 and 3A8 potential energy surfaces.Ab initio
CASSCF, CASPT2, CCSD, and MR-CI methods with sta
dard correlation-consistent~cc-pVnZ and aug-cc-pVnZ,
n5D, T, Q, 5! Dunning’s basis sets were used. Moreover,
complete basis set limit extrapolated result was also repo
for the energy barrier of reaction channel~1! on the3A8 PES.

The ground3A9 PES does not have an energy barr
along the MEP for the most important reaction channel~1!,
and shows a very high-energy barrier~TS2! for reaction
channel~2!. The3A8 PES presents an energy barrier~TS1! of
6.74 kcal/mol for reaction channel~1!, a value that is much
lower than the previously published results~i.e., 14.4 kcal/
mol at MR-CCI1Q/@11s6p3d4 f /5s3p2d1 f # ~Ref. 15!. The
present analysis of the influence of the N and O 2s electron
correlation in the MR-CI and CASPT2 results shows tha
is very important to correlate the 2s electrons, in both type of
calculations~CASPT2 and MR-CI!. This produces lower en
ergy barriers, also in agreement with our recent theoret
studies on the analogous N(4S)1O2 reaction.24 This point
was not taken into account in previousab initio studies.

The 3A8 PES shows also a high-energy barrier~30.77
kcal/mol! for reaction channel~2! but smaller than the one
found in the3A9 PES ~41.13 kcal/mol!. Although the reac-
tion channel~1! will be only accessible through the3A9 PES
at room temperature, the second PES will become also
evant at higher temperatures. Moreover, reaction channe~2!
will be only open at high temperatures~e.g., collision ener-
gies over 30 kcal/mol!. Experimental studies would be o
interest to confirm the real contribution of this O-abstracti

he
n-
-

is
TABLE V. Ab initio properties of the3A8 stationary points for the exchange reaction channel~N1ON8! with the ~10,9! active space and the cc-pVTZ bas
set.

Stationary point Method E/a.u. Re(NO)/Å Re(ON8)/Å , NON8/° v i / cm21 a DE/kcal mol21 b

TS2c CASSCF 2183.70715 1.6042 1.2180 120.07 478.05 1184.43 1114.35i 57.11~56.76!
CASPT2 G2 2184.145 95 1.7104 1.1836 123.12 419.81 1448.40 958.02i 30.77~30.72!

MIN1 CASSCF 2183.723 41 1.3160 1.3160 120.34 536.10 1038.57 962.56 43.81~44.71!
CASPT2 G2 2184.168 07 1.3001 1.3001 124.20 522.92 1066.31 1021.27 16.89~17.90!

aHarmonic vibrational frequencies:~a! Cs : v1 ~NON8 bend.,a8!, v2 ~ON8 str.,a8!, v3 ~NO str.,a8!, respectively, and~b! C2v :v1 ~NON8 bend.,a1), v2 ~sym.
str., a1), v3 ~asym. str.,b2 !, respectively~YZ taken as the molecular plane!. Masses of the most abundant isotopes were used:14N and16O.

bEnergy respect to N(4S)1ON8. The value corrected with the difference of zero point energies is shown in parentheses.
cThere are two equivalent transition states~TS2 and TS28! exchanging both NO distances.
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reaction channel to the total reactivity at high temperatur
The present results significantly improve previous h

quality ab initio studies and, in particular, provide a muc
lower energy barrier for the3A8 PES, which will produce
larger values of the thermal rate constants at high temp
tures. On the other hand, two analytical PESs (3A9 and3A8)
based on several grids ofab initio points are currently in
progress in our group and will be used in kinetics and
namics studies on this reaction.
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