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In this work we have carried owtb initio complete active space self-consistent-filBASSCH
calculations, second-order perturbation calculations based on CASSCF wave fu(C#SRT2,
uncontracted multireference configuration interaction calculations, and some density functional
calculations with standard correlation-consistent Dunning basis sets and atomic natural orbital basis
sets on the lowestA’ and*A’ potential energy surfaces involved in the title reaction. The ground
2A’ surface has an average energy barrier of 5.3 kcal/mol in the CASPT2 complete basis set limit.
A peroxy NOO minimum is found in agreement with precedatgnitio works, which seems to play

an important role in the opening of a double microscopic mechanism: dixgetostraction and
indirect C insertion through the Ng§X 2A,) molecule. The grountiA’ surface shows an average
energy barrier of 13.5 kcal/mol in the CASPT2 complete basis set limit. Despite this excited surface
displays another peroxy minimum, in this case only a dit@gabstraction mechanism can be
expected. The present results improve previous high quabtynitio studies and provide lower
energy barriers in both potential energy surfaces, which would produce larger total thermal rate
constants in better agreement with experimental data. Finally, it is demonstrated that the Nsand O 2
electron correlation cannot be neglected as it produces a significant decrease in both energy barriers.
© 2001 American Institute of Physic§DOI: 10.1063/1.1381012

I. INTRODUCTION principal information and we will update that with the latest

and the most significant contributions to this reaction.
Experimental kinetics studies are available dealing

with resembling thermal rate constants in a wide interval

The elementary gas-phase reaction of $)(with mo-
lecular oxygen,

N(*S)+0x(X 335 )—O(®P) + NO(X 2I1), of temperaturesk=1.5x 10" 1le~36%T ¢y molecule *s72
o (1) at 280-910 K (Ref 1) or 1.5x10°™T e 3*"Tcm’
ArHg k= —32.09 kcal/mol molecule 's™! at 298—-5000 K2 Measurements of NO vi-

(Ref. 1) and its reverse reaction play an important role inPrational distributions, populated betweef=0-7, show
atmospheric chemistry. This reaction is a source of infrare$0me important differences on their shapes for reactants at
chemiluminescence in the upper atmospHerégh tempera-  '00M temperature’
ture studies of the kinetics and dynamics of thé'$)¢ O, Several ab initio studies have been reported on the
and N('S)+NO reactions and their reverse ones are venyground ¢A’) and the first excited “A’) potential energy
important for the understanding of the chemical and physicasurfacesPES involved in this reaction. Thus, CASSCF and
phenomena taking place during the re-entry of spacecraft@ultireference contracted CI calculations with large Gauss-
into the Earth’s atmospheFaNhere nonthermal equilibrium ian basis seté have been carried out for both PESs aimed at
conditions between the different degrees of freedom magharacterizing the transition states and minimum energy re-
play an essential role. Reactigf) with hot N atoms pro- action paths. The sanab initio method but with large ANO
vides an additional mechanism for the production of nitricbasis sets were also used in a more recent theoretical study of
oxide in the earth thermosphetelhis reaction is also of the ground?A’ PES! Several studies have dealt with the
interest in the context of combustion of hydrocarbon-aircontroversy about the existence of a NOO peroxy isomer on
mixtures® the ground doublet PE% ??that could have some influence
In several preceding pap&fs® we have presented dif- in the studied reaction.
ferent theoretical approaches to this reaction and we have In order to study the kinetics and the dynamics of this
also given a detailed review of the main experimental andeaction, several analytical fits of the lowest doublet PES
theoretical data that have been published for this reactiorhave been reported in previous works based mainly in the
Thus, in the current introduction we will summarize only the before mentionedb initio data'®® Most of thenf®1° are
based on the analytical formany-body expansigrand pa-
dAuthors to whom correspondence should be addressed. Electronic maﬁ.ameters{diatomic terms and reference structure of the three-
r.sayos@qf.ub.es and miguel@qf.ub.es body term) employed in our first stud?/and made use of the
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ab initio data of Ref. 18 with some kind of correction in the ary point. Thus, local fits were performed by means of bicu-
energy and including experimental diatomic data. Two earbic splines? or Taylor expansions in the bond angle together
lier analytical’A’ PESs, one of bond-order-type basedabn  with symmetry adapted internal coordinates expansion in
initio data!® and another of double many-body form basedthe bond lengths to obtain the optimal geometry and the
on diatomics-in-molecule$DIM) and ab initio data?* are  harmonic frequencies at CASPT2 level by using the
available in the literature, although they do not reproduceSURVIBTM code of molecular rovibrational analyss.
properly neither theb initio information nor the experimen- More details of the procedure used can be found in a recent
tal data. In Ref. 10 we reported a detailed comparison on thpaper of our group?
transition states for most of these PESs. Regarding to the first Two different active spaces of the N®ystem were used
excited PES, only one analytical PES is available, which wai the present studya) the full-valence active space, i.e., all
constructed using a similar procedure than for the groundhe atomic 2 and 2p electrons are distributed among the
2A’ PES? corresponding derived bonding and antibonding molecular

Several guasiclassical trajectory  (QCT) orbitals (MO) [i.e., CAS(17,12] and (b) a smaller active
studies®®8232528 ;zriational transition state theofy TST)  space with only the g electrons[i.e., CAS (11,9]. This
studie$®*®and quantum approaclie€d have been performed latter active space has been assumed to be accurate enough
to study the kinetics and dynamics of the reactidh by  for this system in some preceding pap&$®%%in both cases
using the mentioned PESs. the natural MO occupation has been checked for all station-

In the present work we will present a new contribution toary points. The CAS17,12 comprising 17 electrons in 12
the study of the N{S) + O, reaction based on highly accurate orbitals generates 28503 and 20376 configuration state
and extensiveab initio calculations. We initiate a series of functions (CSP for the ?A’ and “A’ PESs, respectively,
papers that will try to study this reaction by using new globalwhile the CAS(11,9 produces only 3048 and 1878, respec-
analytical PES$?A’ and*A’) based in the currerab initio  tively.
data. Up to now, the published PESs do not reproduce prop- CASPT2 and CASSCF calculations have been per-
erly the properties of the NSDX 2A;) molecule and its iso- formed checking the effect of the correlation energy of the
mers, nor theC,, -insertion mechanism, which involves sev- three atomic $ or 2s electrons; previously, thesland X
eral surface crossings.e., between théA,, ?A,, °B; and  orbitals were optimized at the CASSCF level. The results
2B, PES$. QCT, VTST and wave packet time-dependentwere very similar to those obtained previously without the
guantum dynamics studies will follow the current paper andls frozen core option. In all cases the barrier energies were
will try to elucidate the importance of several microscopicaround 10% higher if the s orbitals were kept frozen. 2
mechanismsi.e., abstraction versu3; or C,, insertion that ~ valence orbitals were only kept frozen in some CASPT2 cal-
can compete in this reaction as it will be shown in theculations to compare with earlier CASSCF followed by mul-
present work. tireference contracted GCCI) calculations:®

Section II will offer a summary of theb initio and The standard correlation-consistgot-pVnZ and aug-
density functional theory(DFT) procedures used in this cc-pVnZ,n=D,T,Q,5 Dunning’s basis setdand small and
work. Section Il will provide theab initio and DFT results large atomic natural orbitaANO) basis sef® were used in
on the stationary points of both PEG#’ and*A’), and the the present study. The basis sets were obtained from the Ex-
corresponding minimum energy reaction patRdERP) con-  tensible Computational Chemistry Environment Basis Set
necting minima(MIN) and transition state$TS). Finally, = Database, version 1.0, as developed and distributed by the

Sec. IV will summarize the concluding remarks. Molecular Science Computing Facility.
Some density functional theolFT) studies by using
Il. THEORETICAL METHODS the unrestricted B3LYP method as implemented in the

The ab initio calculations presented in this work have GAUssIAN 98 (Ref. 39 code were adopted to facilitate the

been performed with theioLcAs 4.1 (Ref. 28 package of search of the stationary points. . .

programs. The complete active space self-consistent-field . Sgpermolecule ca_llcul_anons were c_opgdered in the deter-
method(CASSCH2%*was employed throughout this study, mination of all energies in both thab initio and the DFT
always choosing the lowest root @, symmetry for both the methods. _ . .

doublet and the quartet PE8<.,2A’ and*A’), which cor- Recent stud|ezs on S'”;Q,'ar reactiops.g., NED)+NO
relate reactants and products of reactiibn The location of (Ref. 34 and N(D)+O,™ system$ using the present
each stationary point geometry on the PESs was achieved ethods have shqu that they are accurate eno_ugh to pro-
optimization searches of both minima and transition state Ide a good description of thgm in comparison with experi-
employing analytic CASSCF gradients. Full characterizatior{nental data or larger calculations.

of them was effected by calculating the numerical Hessian

matrix at the optimized geometries. Calculations at secondy|. RESULTS AND DISCUSSION

order perturbation theory based on a zeroth-order CASSCK Stabl lecul q . icit
wave function(CASPT2 methodusing the standard correc- "~ able molecules and reaction exoergicity

tion (i.e., std or someG;(i=1,2,3) variantd® as imple- A first verification of the degree of accuracy of the the-
mented iNMOLCAS 4.1 were applied to refine the stationary oretical approach has been carried out by calculating the
points obtained at the CASSCF level. In some cases a grid gfroperties of the diatomic and NOX ?A;) molecules, and
CASPT2 points was generated to search directly the statiorthe exoergicity of reactiofil). Thus, Table | summarizes the
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TABLE I. Ab initio and DFT properties of reactants and proddcts.

4 3
N(*S)+ 0, 0CP)+NO rDs
Method Basis sét E/a.u. Re/A  we/cm™ D,/kcal molt E/a.u. Re/A  wel/cm™ D,/kcalmol't kcal mol*

CASSCFK11,9 ANO-A —204.163 165 1.2158 1544.05 87.12 —204.220540 1.1564 1904.66 123.12 —36.00
ANO-D —204.166 589 1.2140 1554.00 88.76 —204.224162 1.1548 1905.66 124.89 —36.13

cc-pvbDZz —204.097 256 1.2188 1539.25 83.96 —204.153884 1.1620 1926.57 119.50 —35.53

cc-pVvTZ —204.149390 1.2160 1545.95 88.32 —204.206461 1.1565 1908.11 124.13 —35.81

cc-pvVQZ  —204.163535 1.2140 1554.42 88.90 —204.221166 1.1547 1908.18 125.05 —36.16

aug-cc-pvVDZ —204.109068 1.2188 1552.25 86.15 —204.165425 1.1636 1907.45 12150 —35.36

aug-cc-pVTZ —204.151544 1.2161 1545.00 88.44 —204.208744 1.1564 1899.72 124.32 —35.89

CASPTZ11,9 std cc-pvDZ  —204.453 842 109.17 —204.488 174 130.70 —21.54
cc-pvTZ —204.661 455 119.68 —204.697 356 142.21 —22.53

cc-pvQzZ  —204.770974 121.99 —204.807 859 145.12 —23.15

aug-cc-pvDZ —204.496 305 112.05 —204.528 300 132.13 —20.08

aug-cc-pVTZ —204.679 268 122.26 —204.715 208 144.82 —22.55

CASPTZ11,9 G1 cc-pvVTZ  —204.650 644 122.84  —204.692 400 149.04 —26.20
CASPTZ11,9 G2 cc-pvDZ  —204.444018 111.86 —204.484 042 136.98 —25.12
cc-pVvVTZ —204.649 435 122.93 —204.690 010 148.39 —25.46

cc-pvVQZ  —204.758 182 125.54 —204.799 998 151.78 —26.24

aug-cc-pvDZ —204.485 080 115.42 —204.521 330 138.15 —22.75

aug-cc-pVTZ —204.666 579 125.84 —204.707 424 151.46 —25.63

CASPTZ11,9 G3 cc-pVTZ  —204.650 092 123.35 —204.690 174 148.48 —25.15
CASSCK17,12 ANO-A —204.168563 1.2176 1539.78 90.51 -—-204.229351 1.1586 1892.17 128.65 —38.14
ANO-B —204.171284 1.2164 1547.15 91.80 —204.232117 1.1576 1891.29 129.97 —38.17

ANO-C —204.171804 1.2158 1549.40 92.06 —204.776429 1.1572 1892.88 130.31 —38.26

cc-pvDZz —204.102678 1.2206 1534.14 87.37 —204.162890 1.1640 1914.40 125.15 —37.78

cc-pvTZ —204.154 781 1.2178 1541.57 91.71 -—204.215300 1.1588 1895.30 129.67 —37.97

cc-pvVQZ  —204.168923 1.2157 1550.09 92.29 -—204.229002 1.1570 1895.67 130.61 —37.70

aug-cc-pvVDZ —204.114 455 1.2205 1547.48 89.52 —204.174351 1.1657 1894.98 127.11 —37.59

aug-cc-pVTZ —204.156929 1.2179 1540.81 91.80 —204.217565 1.1586 1888.68 129.83 —38.05

CASPTZ17,12 std cc-pvVDZ  —204.454 466 109.56 —204.490 850 132.39 —22.83
cc-pVvVTZ —204.661 638 119.80 —204.696 977 141.96 —22.18

cc-pvVQZ  —204.771 209 122.13 —204.810 032 146.48 —24.36

aug-cc-pvDZ —204.496 814 112.37 —204.530 891 133.77 —21.38

aug-cc-pVTZ —204.679 556 122.45 —204.717 462 146.22 —23.79

CASPTZ17,12 G2 ANO-A —204.628 665 123.23 —204.669 150 148.64 —25.40
ANO-B —204.700 404 126.60 —204.744 705 154.41 —27.80

ANO-C —204.732 620 128.38 —204.776 429 155.86 —27.49

cc-pvDZ —204.444 535 112.19 —204.484 605 137.35 —25.14

cc-pvVTZ —204.649 724 123.12 —204.691 974 149.61 —26.51

cc-pvQZ  —204.758 313 125.63 —204.802 022 153.05 —27.43

aug-cc-pvDZ —204.485 486 115.67 —204.523776 139.70 —24.03

aug-cc-pVTZ —204.666 762 125.93 —204.709 530 152.77 —26.84

CASPT217,12 G3 cc-pvVTZ  —204.650 378 123.51 —204.692 886 150.19 —26.67
CASPTZ17,12 G2 aug-cc-pVTZ —204.666 873 1.2087 1583.13 125.95 —204.709581 1.1532 1899.21 153.16 —26.80
UB3LYP aug-cc-pVTZ —204.987 508 1.2055 1626.28 123.16 —205.037417 1.1455 1967.77 154.48 —31.32
Experimentdl 1.2075 1580.19 120.22 1.1508 1904.20 152,53 -32.31

2CASPT2 energies at the CASSCF optimum geometries with the same basis set.

PANO basis sets ar@[ 14s9p4d3f/4s3p2d1f], B[ 14s9p4d3f/6s4p3d2 f], C[14s9p4d3f/6s5p4d3f], D[14s9p4d3f/7s6p4d3f] (Ref. 36.
°Reaction exoergicity for NS) + 0,—~0(P) + NO.

dCASPT2 G2 optimum geometries and harmonic vibrational frequencies obtained by using the VIBROT module of the MOLCAS 4.1 (fefyragn
Masses of the most abundant isotopes were uéddand 0.

°The lowest spin—orbit stat¢se., NO(X ?I1,,,) and OfP,)] were used for the experimental ddfef. 40.

bond length, the harmonic vibrational frequency and the distions). An excellent agreement was also obtained for the har-
sociation energy of both diatomic molecules at differabt monic frequencies. However, the description of botha@d
initio levels. The comparison of the calculated geometriedNO dissociation energies was somewhat worse. First, the in-
with the experimental data shows a small effect of the sizéroduction of the dynamical correlation energy by means of
and quality of the basis set on the optimized bond lengththe CASPT2 method was essential for a reasonable descrip-
although the most remarkable enhancement is producetibn. Second, theés; variants gave similar results although
when the geometry is optimized directly at the CASPT2 G2much better than the standard Fock matrix one, as it should
level. The results are comparable for both types of basis setse expected® The O, dissociation energy presented a sig-
(i.e., ANO and cc-pVnZ/aug-cc-pVnZor a similar number nificant error(4.5% with respect to the experimental value
of basis functionge.g., compare the ANO-A basis set with even at the highestb initio calculation leveli.e., CASPT2

the cc-pVTZ one both with a total number of 90 basis func-G2(17,12/aug-cc-pVTZ metho} that originated mainly the
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discrepancy in the exoergicity with respect to the experimen¢11,9 and (17,12] and match very well the experimental
tal value. The differences arised from the use of two differentvalues, important differences were observed in the dissocia-
active spaces were very small as should be expected owirtgpn energies. The increase of the active space size improved
to the high occupation numbgover 1.99 in CA%17,12] of  significantly the calculated dissociation energies, although
two of the natural MOs in this asymptotic region of the PES.was necessary the introduction of the dynamical correlation

The difficulty in the Q theoretical treatment is well energy by means of the CASPT2 method to accurately repro-
known and can only be amended with very refined and comeuce the experimental values. The reference weight into the
putationally expensivab initio calculations with inclusion CASPT2 wave function was high enough to describe prop-
of complete basis s¢€BS) limits.***>However, we believe erly the moleculdi.e., approximately 90% at CA$7,12].
that is not crucial in the context of the present study, whichThe importance of the higher active space was confirmed by
tries to account for all the stationary points of the lowestthe occupation of the 12 natural MOs;:1.998, 1.984,
doublet and quartet PESs at the same level, with a foremo4t980, 1.039, 0.0424)b,:1.965, 0.115,a,:1.923, and
importance concerning the energy barriers. b,:1.998, 1.966, 1.960, 0.0284. The nitrogec@ntribution

On the other hand, DFT calculations at the UB3LYP/in several active MOs was important in the description of the
aug-cc-pVTZ level offered good results and improved subNO, molecule, especially for bent geometries as it has been
stantially the reaction exoergicity. also observed in previous workS.On the other hand, the

Table Il presents the results for the MX ?A;) mol-  multireference character of the wave function of the ;NO
ecule. In spite of the calculated geometry and harmonic fremolecule can be clearly illustrated taking into account the
guencies were very similar for both actives spafes., three most important CSFs and their coefficients:

—0.943 '"(331)2(43-1)2(531)2(631)1(73-1)0( 1b1)2(2b1)0(1az)2(2b2)2(3b2)2(4b2)2(5b2)01
—0.144 - (3a;)*(4a;)%(5a;)%(6a1)%(7a;)°(1b;)?(2b;)°(1a,)%(2by)%(3b,)?(4b,) (5b,)°, 2

0.125 -+(3ay)?(4a;)?(5a;)%(6a;)"(7a;)°(1b;)(2b;)%(1a,)°(2b,)?(3b,)?(4b,)%(5by)°.

The present study improves the previ@isinitio results for  reduction. The introduction of the dynamical correlation en-
NO, molecule as it can be observed in Table II. ergy through the CASPT2 methddtd or G2 originates a
dramatic decrease in the energy barrier. In some cases the
obtained valude.g., 4.14 kcal/mol at CASPT27,12 G2/
aug-cc-pVTZ is too small in comparison with a value com-
patible with the experimental activation enefgg., 7.2 kcal/
The geometries, frequencies, and energies relative to renol within 280—-910 K(Ref. 11)]. Due to this fact, and also
actants, NfS)+0,, for all the stationary points character- taking into account previous published resiee Table 1)
ized at theab initio (i.e., CASSCF and CASPT2Znd DFT that evidence the important effect of the dynamical cor-
(i.e., UB3LYP) levels for the ground doublet PES are givenrelation energy into the NO distance optimization of this
in Tables 111, 1V, and V. Figure 1 shows the MERPs connect-TS [e.g., 1.821 A at MR—CCHQ/CASSCF(11,9)/11s6p/
ing reactants and products. The attack of théSyi(atom to  5s3p2d1f]*® or 1.825 A at MR—ICCHQ/CASSCF(9,8)/
the O, molecule produces a bent transition stegf§1) with cc-pVTZ??], we carried out a numerical optimization at the
the highest energy barrier along the MERP, which leads to £ASPTZ17,12 G2 level. An optimum NO distance of 1.825
shallow NOO peroxy minimuntMIN1) previously reported A was obtained for TS1, which produced an energy barrier of

B. Characterization of the lowest 2A’ potential energy
surface

in the literature®?2 4.70 kcal/mol[5.00 kcal/mol including zero point energy
The system can directly produce )+ NO after sur- (ZPE) differences.
mounting another transition stateTS2) or can evolve A detailed study of the energy barrier of TS1 has been

through another shallow NOO minimuniMIN2) and made by increasing the quality of the basis set at the opti-
through the much deeper ground state X00?A;) molecule  mum CASPT217,12 G2 geometry. The basis set depen-
after surmounting two transition stat€§S3 and TS%A No  dence is usually well described by a simple exponential-like
barrier seems to exist between N@olecule and products. functiorr? of the form

Table Il presents a comparative study about the properties of

TS1. First of all, CASSCF calculations with different basis ~ AE; =AEZ +Be °", (3)
sets and the lower active spacEL,9 yield similar geom-

etries, frequencies and a very small decrease in the energyheren is the cardinal number of the basis $2f 3, 4, and
barrier. Nevertheless, the increase in the active space ® for DZ, TZ, QZ, and 5Z, respectivelyand AEZ cor-
(17,12 produces a significant enlargement of the NO dis-responds to the estimated complete basigGBS) limit as
tance(ca., 0.025 A and also an additional energy barrier n—o. The estimated CASPT27,12 CBS limits for this
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TABLE II. Ab initio and DFT properties of the NOX ?A;) molecule?

N+O, reaction

1291

Method Basis sét E/a.u. Renoy /A <ONO/° w;lcm ¢ D, /kcal mol ¢
CASSCK11,9 ANO-A —204.279 148 1.1969 134.28 1336.73 758.36 1643.68 36.78 72.78
ANO-D —204.283 923 1.1959 134.23 1338.00 761.73 1642.64 37.50 73.63
cc-pvbDZz —204.207 210 1.2026 133.95 1342.90 752.37 1654.58 33.46 69.00
cc-pvTZ —204.265 605 1.1977 134.21 1335.73 758.95 1645.62 37.10 72.92
cc-pvQz —204.281 099 1.1959 134.22 1340.21 762.90 1645.30 37.61 73.77
aug-cc-pvDZ —204.221 811 1.2037 133.93 1335.32 747.23 1641.91 35.37 70.75
aug-cc-pvTZ —204.268 151 1.1973 134.23 1331.92 759.00 1637.15 37.29 73.17
CASPTZ11,9 std cc-pvDZz —204.595 240 67.17 88.73
cc-pvTZ —204.819 314 76.54 99.07
cc-pvQz —204.932 603 78.29 101.42
aug-cc-pvDZ —204.641 007 70.73 90.81
aug-cc-pvVTZ —204.841 480 79.23 101.79
CASPTZ11,9 G2 cc-pvDZ —204.597 127 70.96 96.07
cc-pvVTZ —204.800 811 69.53 94.98
cc-pvQz —204.934 093 84.15 110.39
aug-cc-pvDZ —204.642 824 76.24 99.00
aug-cc-pVTZ —204.843 002 85.07 96.00
CASSCK17,12 ANO-A —204.306 726 1.2035 134.01 1339.95 751.77 1614.86 48.56 86.71
ANO-B —204.310 264 1.2028 133.95 1340.85 754.60 1614.98 49.05 87.21
cc-pvbDZz —204.235 397 1.2087 133.80 1348.46 746.83 1632.93 45.50 72.92
cc-pvVTZ —204.293 276 1.2043 133.95 1339.62 752.71 1618.38 48.93 86.91
cc-pvQz —204.308 694 1.2025 133.94 1343.13 755.82 1616.13 50.02 87.70
aug-cc-pVDZ —204.249 666 1.2100 133.78 1341.69 742.21 1618.21 47.25 84.84
aug-cc-pVTZ —204.295 723 1.2040 133.95 1335.76 753.15 1608.79 49.05 87.10
CASPT217,19 std cc-pvDZz —204.594 659 65.14 87.97
cc-pVTZ —204.817 849 75.84 98.03
cc-pvQz —204.930 986 75.89 108.36
aug-cc-pvDZ —204.640 114 68.53 89.91
aug-cc-pvVTZ —204.839 859 76.81 100.59
CASPT217,12 G2 ANO-A —204.795 983 79.58 104.99
ANO-B —204.875 660 82.16 109.97
cc-pvbDZz —204.593 065 68.05 93.21
cc-pvVTZ —204.816 027 77.85 104.35
cc-pvQz —204.929 061 79.72 107.14
aug-cc-pvDZ —204.638 534 72.02 96.04
aug-cc-pVTZ —204.837 976 80.59 107.44
CASPTZ17,12 G2 aug-cc-pvTZ —204.838 117 1.1965 134.30 1344.13 755.27 1677.17 80.69 107.52
ovc-cf Dunning 1.199 134.5 1351 758
[9s5p/4s3pld]
CISD? QZ+2P —204.652 64 1.174 135.1 1502 809 1821
CASPTZ11,9" Dunning DZ+P 1.23 137.5 1568 694 1473 69.49
UB3LYP aug-cc-pvTZ —205.160 469 1.1912 134.45 1385.88 766.12 1688.07 77.22 108.53
Experimenit 1.19455 133.851
J 74.48  106.79
k 1.197 134.25 1357.8 756.8 1665.5
! 1.1937 134.1 1319.7 749.8 1617.75 71.83 103.90

CASPT2 energies at the CASSCF optimum geometries with the same basis set.
PANO basis set as in Table |.
‘Harmonic vibrational frequenciesig (sym str,a;), o, (bend,a;), andw, (asym strb,), respectivel(Y Z taken as the molecular planélasses of the most

abundant isotopes were usééiN and*€0.

dDissociation energies to the &)+ NO and N('S)+ O, asymptotes, respectively.
fCASPT2 G2 optimum geometries and harmonic vibrational frequencies obtained by using the SURVIBTM piRgfagy.

'Reference 43.
9Reference 44.

"Reference 45. Properties derived from an analytical fit of &3 2nitio points.

'Reference 46.
'Reference 47.

“Reference 1. Fundamental frequencies are reported.
'Reference 48. Fundamenta! frequencies are reported.
TObtained by adding the experimental exoergi¢Ref. 40.

energy barrier weréa) 4.90 and 4.73 kcal/mol at the G2 ponential functions. Therefore, similar CBS energy barriers
level, and(b) 5.99 and 5.69 kcal/mol at the std level for the were found for both series of basis sets. The main difference
cc-pVnZ and aug-cc-pVnZ series, respectively, with a maxi{ca., 1 kcal/mol arises from the use of the G2 or the standard
mum error of= 0.3 kcal/mol, estimated by using other ex- CASPT2 variants. However, these values are very close to
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TABLE lIl. Ab initio and DFT properties for the entrance channel transition $T84) on the?A’ PES?

Sayos, Oliva, and Gonzalez

Method Basis sét E/a.u. Renoy /A Reiogy/A  <NOO/° w;lem ¢ AE/kcal mol *¢
CASSCK11,9 ANO-A —204.132389  1.7343 1.2406 113.43  653.20413.03  1307.05 19.319.56
cc-pvDZ —204.064 275 1.7040 1.2499 112.79  673.23424.96  1258.55 20.620.90
cc-pVTZ —204.118473  1.7332 1.2415 113.24  657.19413.96 1304.88 19.409.65
cc-pvVQZz —204.132851  1.7357 1.2384 113.38  654.79413.67 1317.82 19.259.50
aug-cc-pvVDZ —204.078236 1.7310 1.2442 112.74  650.45413.76  1308.07 19.359.59
aug-cc-pvVTZ —204.121279 1.7392 1.2404 113.32  647.97413.61 1311.54 18.999.25
CASPTZ11,9 std cc-pvDZ —204.433 397 12.83
cc-pVTZ —204.647 335 8.86
cc-pvQZz —204.758 841 7.61
aug-cc-pvVDZ —204.481 532 9.27
aug-cc-pvTZ —204.669 655 6.03
CASPTZ11,9 G2 cc-pvDZ —204.428 068 10.1
cc-pVTZ —204.640 027 5.90
cc-pvQZz —204.750 764 4.65
aug-cc-pvDZ —204.474 120 6.88
aug-cc-pVTZ —204.660 679 3.70
CASSCK17,12 ANO-A —204.141680 1.7581 1.2404 113.98 636.43392.01 1316.25 16.877.1)
cc-pvDZ —204.073933  1.7287 1.2493 113.33  658.28402.20 1269.32 18.048.29
cc-pVTZ —204.127685 1.7578 1.2413 113.73  640.20392.44  1314.40 17.007.29
cc-pvQz —204.142118 1.7605 1.2881 113.89  636.23392.93  1327.83 16.827.06
aug-cc-pvVDZ —204.087573  1.7563 1.2438 113.26  633.22391.36  1314.98 16.877.10
aug-cc-pvVTZ —204.130511  1.7649 1.2402 113.76  633.32384.91  1318.26 16.%86.81)
CASPT217,12 std cc-pvDZ —204.434 858 12.30
cc-pVTZ —204.648 144 8.47
cc-pvQZz —204.759 537 7.32
aug-cc-pVDZ —204.483 024 8.65
aug-cc-pvTZ —204.670927 5.41
CASPT217,12 G2 ANO-A —204.622 655 3.77
cc-pvDZ —204.428 408 10.12
cc-pVTZ —204.639 402 6.48
cc-pvQz —204.750 175 5.11
aug-cc-pvDZ —204.474 234 7.06
aug-cc-pvVTZ —204.660 158 4.14
CASPT217,12 G2 aug-cc-pvVTZ —204.659 275 1.8565 1.2207 115.88  414.72354.08 1438.94 4.76.00
UB3LYP aug-cc-pvVTZ —204.978 257  1.8647 1.2207 114.21  454.68347.08  1439.11 5.86.03
CASSCK11,9 Duijneveldt 1.730 1.253 114.1 702 367 1294 18.418.5
[11s6p/5s3p2d1f]
MR—CCHQ/CASSCK11,9 Duijneveldt 1.821 1.233 115.0 505 370 1498 10.210.6
[11s6p/5s3p2d1f]
CASSCK11,9¢ ANO-A 1.736 1.240 113.5 19.3
MR-CI+Q/CASSCF11,9¢ ANO-A 1.818 1.225 114.0 8.8
MR—ICCI+Q/CASSCK9,8)" cc-pvVTZ —204.376 00 1.825 1.232 113.8 626 398 1252 11.72

3CASPT2 energies at the CASSCF optimum geometries with the same basis set.

PANO-A basis set{ 14s9p4d3f/4s3p2d1f] (Ref. 36.

“Harmonic vibrational frequenciesi; (NO str,a’), w, (NOO benda’), andw; (OO str,a’), respectively. Masses of the most abundant isotopes were used:
4N and*€0.

YEnergy barrier respect to K§)+O,. The value corrected with the difference of zero point energies is shown in parentheses.

€CASPT2 G2 optimum geometries and harmonic vibrational frequencies obtained by using the SURVIBTM piRgfagy.

Reference 18.

YReference 19.

"Reference 22.

iA value of 8.6 kcal mol* was extrapolated assuming the effects of basis set and correlation of tisp &(@ N(Z) were additive(Ref. 22.

the energy barrier finally fitted in our previous analytical tions to verify the previous results of Walch and JHtfe
PES(i.e., 6.2 kcal/md®), which was derived fronab initio (Table Ill) and to show how those MR—-&IQ calculations
datd® and variational transition state rate constants whictoverestimate energy barriers, specially when tae[2ctrons
reproduced the experimental rate constants in a wide intervare not correlated. We have obtained an energy barrier of
of temperature300-5000 K, with the inclusion of the 8.16 kcal/mol by using a MR—CI with 24 CSFs of reference
k(*A") contribution. (3.709.673 CSF in all fo€g symmetry. If the 2s electrons
We have also calculated the TS1 energy barrier using thare neither correlated in the CASR12,9 G2 calculations,
uncontracted multireference SD—WR-CI) method with  the barrier increases to 8.07 kcal/mol, which is very similar
the inclusion of the Davidson correctid®), based on the to the mentioned MR—C1HQ value. Therefore, it is very im-
same CASSCHE1,9 MOs; 11 e have been correlatetls portant to correlate thes2electrons in both the CASPT2 and
and Z electrons were frozegnWe have done these calcula- MR—CI calculations, which produces lower energy barriers,
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TABLE IV. Ab initio and DFT properties of the NO@&’) peroxy minimum(MIN1).2

Method Basis set E/a.u. Renoy /A Reoy/A  <NOOP wijlem 1P AE/kcal molt©
CASSCK17,12 cc-pvDZ —204.103 826 1.2333 1.3802 119.98 1158.55 284.77 608.61 37.06-0.72
cc-pvVTZ —204.163 220 1.2255 1.3674 120.62  1168.29 323.31 686.75 32.68-5.30

cc-pvQz —204.178 556 1.2221 1.3651 120.73  1177.26 334.49 680.70 31.66-9.43
aug-cc-pvVDZ —204.120972 1.2349 1.3723 118.11  1171.40 352.77 624.31 33.56-4.09
aug-cc-pVTZ —204.166 630 1.2232 1.3700 120.35 1176.86 335.96 660.22 31.96-6.09

CASPT217,12 G2 cc-pvDZ —204.456 657 1754 -7.61
cc-pvVTZ —204.677 815 8.88 —17.63
cc-pvVQZ —204.790 834 7.02 —-20.41

aug-cc-pvDZ —204.505 818 11.27 -12.76
aug-cc-pVTZ —204.700 644 558 -21.26

CASPTZ217,12 G aug-cc-pVTZ —204.701014  1.2170 1.3491 123.81  1320.48 252.17 857.50  5.3421.49

UB3LYP aug-cc-pVTZ —205.025026  1.1952 1.3577 124.74  1231.40 373.99 77271 7.7823.54

MR-ICCI+Q/CASSCHK9,8° cc-pvVTZ —204.399 24 1.257 1.328 114.9 1238 509 979 19.73-14.58

CASSCK17,12 DZ+P —204.138 98 1.255 1.365 118.6 1116 356 761

cisp Qz+2P —204.513 50 1.160 1.371 121.2 1639 506 519

CASPT2 energies at CASSCF geometries.

PHarmonic vibrational frequenciesi; (NO str,a’), , (NOO benda’), andw; (OO str,a’), respectively. Masses of the most abundant isotopes were used:
1N and 0.

Energy respect to GP)+NO and N(¢'S)+ O,, respectively. In Ref. 21 relative energies to J0?A,) were given, herd E has been obtained by using the
NO,(X 2A;) experimental dissociation energi@Ref. 46.

dCASPTZ17,12 energies, geometries, and harmonic vibrational frequencies derived from a grid of points by using the SURVIBTM piRegfr88.
‘Reference 22.

Reference 21. The energy referred to JUO?A,;) was 75.3 and 85.3 kcal mol at CASSCK17,12/DZ+P and CISD-Q/QZ+2P levels, respectively. We
obtained 81.01, 86.14, and 84.99 kcal mait CASSCF17,12/aug-cc-pVTZ, CASPTA7,12 G2/aug-cc-pVTZ, and UB3LYP/aug-cc-pVTZ levels, respec-
tively.

90btained by summing up the experimental exoergidRef. 40 (see Table)l

much closer to the value estimated from experimental datathough no TSs were reported for its dissociation. In a latter

DFT calculations at the UB3LYP/aug-cc-pVTZ level paper Walch checked the low stability of this minimum,
give very good resultde.g., an energy barrier of 5.81 separated from GP)+NO by an energy barrier of only
kcal/mol (6.03 kcal/mol including zero point energy differ- 0.25 kcal/mol [at the MR-ICCHQ/CASSCF(9,8) level
ence$| and compare very well with the highest accurate  without the inclusion of ZPE differencgsThis energy bar-
initio calculations. Nevertheless, a large spin contaminatiomier corresponds approximately to that of T€Bable V).
was observed in TS S?) was 2.15 to be compared with the Here we have found this peroxy minimufMIN1) at the
correct expectation value of 0.5 CASSCF, CASPT2, and UB3LYP levels as is shown in Table

Schaefer lllet al,?° from an earlyab initio study, pro-  IV. Geometry and frequencies are very similar to those pre-
posed the existence of a NO®'() peroxy isomer as a stable viously obtained by the above-mentioned authors. We have
species that could play an important role in atmospheriobtained an energy with respect to the N@olecule of
chemistry. The same authors confirmed later this point by81.01, 86.14, and 84.99 kcal/mol at the CASSTH12,
using much more accuratab initio calculations! They = CASPTZ17,12 G2, and UB3LYP with the aug-cc-pVTZ ba-
found a very shallowly bound isomer, 85.3 kcal/mol over thesis set, respectively, also very close to the previous results.
NO, molecule at the CISB Q/QZ+2P level(Table IV), al-  The most important CSFs for this minimum are

TABLE V. Ab initio and DFT properties of several stationary points located orfAHePES?

Method Basis set  Renoy/A  Reogy/A  <NOO/P w;lcm™P AE*/kcal molt¢
TS2 CASPT217,12 G2 aug-cc-pvTZ 1.1428 1.5653 135.41 1660.03 574.86 619.69 —21.94
UB3LYP aug-cc-pvTZ 1.1324 1.5571 131.83 1748.03 540.27 4%5.75 —21.53
TS3 CASPT217,12 G2 aug-cc-pvVTZ 1.1798 1.4739 114.72 1553.46 390.79 802.04 —20.00
UB3LYP aug-cc-pvTZ 1.1580 1.4942 111.76 1595.70 431.66 7%1.10 —21.17
|\/|R-|CCI+Q/CASSCR:9,8)d cc-pvVTZ 1.194 1.483 107.3 1714 602 484 —14.33
TS4 CASPT217,12 G2 aug-cc-pvTZ 1.1415 2.1468 90.15 1891.41 34i1.35 139.54 —28.28
UB3LYP aug-cc-pvTZ 1.1254 2.2932 89.81 1948.49 276.31 195.97 —34.89
MIN2 CASPT217,12 G2 aug-cc-pvTZ 1.1367 1.9357 117.64 1924.33 344.76 222.14 —30.74
UB3LYP aug-cc-pvTZ 1.1255 2.1875 117.59 1961.25 267.55 171.51 —36.56

CASPTZ217,12 G2 energies, geometries, and harmonic vibrational frequencies derived from a grid of points by using the SURVIBTM (Re@ra3.
PHarmonic frequenciess; (NO str,a’), w, (NOO benda’), andws (OO str,a’), respectively. Masses of the most abundant isotopes were isieahd 0.
°Energy barrier respect to R§)+ O,.

‘Reference 22.
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0.917 - (4a’)*(5a’)*(6a’)*(7a’')*(8a’)%(9a’)*(10a")*(11a")°(12a")°(1a")*(2a")*(3a")",
—0.222 (4a')?(5a’)%(6a’')?(7a’)?(8a’)?(9a’)?(10a’ ) (11a')%(12a’)%(1a")?(2a")%(3a")?, (4)
0.108 ~(4a’)*(5a’)*(6a’')*(7a’)*(8a’)*(9a’)%(10a’) (11a’)%(12a")%(1a")%(2a")*(3a")",

where their coefficients are also reported. For this minimunour group. The importance of the indire@g-insertion
we have also performed calculations using the full valencenechanism has been observed in a recent wave packet time-
active spacd17,12, and we have seen that increasing thedependent quantum dynamics stefdyy using our previous
size of the basis set slightly decreases the bond lengths. TRA’ PESX Although this analytical PES does not properly
geometry optimized at the CASPT2 level is very close to theeproduce the N® geometry[a linear D, minimum is
CASSCF one, with the main difference being observed in thg@resent at-151.3 kcal/mol respect to &)+ NO] and fits
OO distance, which is shorter at the CASPT2 level. As aand estimated energy barrier for tGg, approachi.e., 47.46
consequence of this OO shortening the OO stretching frekcal/mol respect to M(S) + O,], it presents similar stationary
quency is higher at the CASPT2 level compared to thegoints to the present MIN2 and TS4, which allow the access
CASSCF one. to the deep linear minimum. This produces a particularly
From this peroxy minimum two TS@.e., TS2 and TSB  high contribution of theC.-insertion mechanism and a de-
with almost no energy barrier over MIN1 lead directly to crease in the overall reactivity. The importance of the
products O¢P) + NO (direct mechanisinor to another shal- Cg-insertion mechanism has also been observed by us in a
low minimum (MIN2), respectively. In spite of the good fit preliminary QCT study using a new analytical PES based in
obtained for theab initio points grids around MIN1 and TS2 the presentb initio data.
(i.e., a root-mean-square deviation below 50~ 2 kcal/mol), The NG, molecule does not present a potential energy
as their energies at the CASPT2 level are very clésg. 1), barrier for the ground state dissociatifire., OCGP)+NO]
a somewhat lower energy for TS2.45 kcal/mo) has been in agreement with precedingb initio studies of its
achieved, due to the uncertainty in the use of numerical dephotodissociatiotf or unimolecular dissociatiof?.
rivatives. Nevertheless, the UB3LYP method, which uses
analytical derivatives, gives the correct location. o a ) )
The minimum MIN2 is a previous step in the indirect C. Characterization of the lowest “A’ potential energy
insertion mechanism through the B@olecule to produce surface
also OfP)+NO. TS4 connects MIN2 and the NGnol- The geometries, harmonic vibrational frequencies, and
ecule. MIN2 and TS4 correspond s stationary points energies relative to reactants, 18]+ O,, for all the station-
with a lengthened OO bond to allow for the N atom inser-ary points characterized at tkad initio (i.e., CASSCF and
tion. The absence of energy barriers above reactants apal!tASPT2 and DFT (i.e., UB3LYP) levels for the lowest
from the one corresponding to TS1 opens a competition beguartet PES are shown in Tables VI and VII. Figure 2 depicts
tween both kinds of microscopic reaction mechanisms: directhe MERP connecting reactants and products, which is much
Cs-abstraction and indirecCq-insertion. The alternative simpler than for the doublet PES. All stationary points dis-
C,,-insertion mechanism, which involves different PESs andplay Cs symmetry. The highest energy barrier corresponds to
their crossings and conical intersections, is under study iTS1’, whose values are compared in Table VI. CASSCF
calculations with different basis sets and the lower active
spacg11,9 provide resembling geometries, frequencies, and

energy barriers.
< The increase in the active space(i¥,12 produces a

15 significant enlargement of the NO distar{ca., 0.020 A and

a little energy barrier decrease. The introduction of the dy-
namical correlation energy through the CASPT2 mettstd

or G2 originates a large decrease in the energy barrier. The
numerical optimization at the CASPTZ7,12 G2 level gives

a geometry(Table VI) for TS1'" with a much longer NO
distance(i.e., 1.7803 A and a shorter OO distandge.,
1.2559 A. An energy barrier of 12.74 kcal/mé¢12.79 kcal/
mol including ZPE differencgs is obtained at the
CASPTZ217,12 G2/aug-cc-pVTZ level. The estimated
CASPTZ17,12 CBS limits for this energy barrier wer@)
13.06 and 12.82 kcal/mol at the G2 level atwl 14.38 and
13.80 kcal/mol at the std. level, for cc-pVnZ and aug-cc-
FIG. 1. The lowesfA’ PES MERP at the CASPT27,12 G2 (regular pvnZ serles,' with a maximum (?rror of ,0'3 kcaI/mOL,eStl,_
numbers and UB3LYP(italic numbers levels with the aug-cc-pVTZ basis Mated by using other exponential functions. The main differ-
set. Energies are given relative to reactants'Q\{ O,, in kcal/mol. ence in both CBS limitgéca. 1.6 kcal/molarises again from
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TABLE VI. Ab initio and DFT properties for the entrance channel transition state’jT@1the*A’ PES?

N+0O, reaction

1295

Method Basis sét E/a.u. Renoy /A Reooy/A  <NOO/ o;lcmt¢ AE*/kcal mol 4
CASSCK11,9 ANO-A —204.118630 1.6775 1.2740 107.02  637.62428.23  1153.66 27.938.00
cc-pvDZ —204.050250 1.6554 1.2889 106.04  638.95434.76  1094.41 29.5029.49
cc-pVTZ —204.104769 1.6779 1.2750 106.81 644.14426.93  1154.05 28.028.05
cc-pvQzZ —204.119088 1.6793 1.2712 106.98 643.04428.40 1165.84 27.897.95
aug-cc-pvDZ —204.064530 1.6737 1.2785 106.21  650.45413.76  1308.07 27.928.18
aug-cc-pVTZ —204.107 672 1.6828 1.2733 107.02  647.97413.61 1311.54 27.%37.79
CASPTZ11,9 std cc-pvDZ —204.419 042 21.84
cc-pVTZ —204.633 391 17.61
cc-pvVQzZ —204.744 755 16.45
aug-cc-pvDZz —204.466 923 18.44
aug-cc-pVTZ —204.654 803 15.35
CASPTZ11,9 G2 cc-pvDZ —204.412 745 19.62
cc-pVTZ —204.625 376 15.10
cc-pvVQzZ —204.736 094 13.86
aug-cc-pVDZ —204.459 359 16.14
aug-cc-pvVTZ —204.646 043 12.89
CASSCFK17,12 ANO-A —204.127828 1.6967 1.2724 107.33  637.58407.92 1166.36 25.%85.62
cc-pvDZ —204.059 758 1.6747 1.2863 106.37  642.23414.11  1110.30 26.9236.92
cc-pVTZ —204.113893 1.6976 1.2733 107.16  644.71406.69 1166.18 25.685.70
cc-pvVQzZ —204.128 258  1.6981 1.2696 107.25 642.24409.18 1178.40 25.525.57)
aug-cc-pVDZ —204.073784  1.6947 1.2762 106.43  633.22391.36  1314.98 25.%25.79
aug-cc-pVTZ —204.116 817 1.7020 1.2714 107.32  368.28402.94  1170.50 25.125.22
CASPT217,19 std cc-pvDZ —204.420 994 21.00
cc-pvVTZ —204.634 745 16.88
cc-pvQzZ —204.746 022 15.81
aug-cc-pvVDZ —204.468 858 17.54
aug-cc-pVTZ —204.656 206 14.65
CASPT217,12 G2 ANO-A —204.608 718 12.52
cc-pvDZ —204.413 876 19.24
cc-pVTZ —204.625 855 14.98
cc-pvVQzZ —204.736 420 13.74
aug-cc-pVDZ —204.460 319 15.79
aug-cc-pVTZ —204.646 475 12.73
CASPT217,12 G2 aug-cc-pVTZ —204.646 467 1.7803 1.2559 105.65 417.71355.42  1260.84 12.742.79
UB3LYP aug-cc-pVTZ 1.9206 1.2218 111.29  406.55328.96  1428.27 14.184.38
CASSCK11,9 Duijneveldt 1.669 1.288 109.9 612 365 1187 27.27.1)
[11s6p/5s3p2d1f]
MR—-CCI+Q/CASSCK11,9 Duijneveldt 1.752 1.248 109.4 689 367 1406 18.(18.3
[11s6p/5s3p2d1f]

CASPT2 energies at the CASSCF optimum geometries with the same basis set.

PANO-A basis set] 14s9p4d3f/4s3p2d1f] (Ref. 36.

“Harmonic vibrational frequenciesi; (NO str,a’), w, (NOO benda’), andws (OO str,a’), respectively. Masses of the most abundant isotopes were used:
14N and 0.

YEnergy barrier respect to R§) + O,. The value corrected with the difference of zero point energies is shown in parentheses.

€CASPT2 G2 optimum geometries and harmonic vibrational frequencies obtained by using the SURVIBTM piRgfagy.

f

Reference 18.

the use of the G2 or standard CASPT2 variants, as it happemslation increases the barrier to 16.07 kcal/mol, which is very
for the TS1 in the doublet PES. The present energy barriersimilar to the aforementioned MR—€R value. Therefore,
are somewhat lower than the energy barrier fitted in a previthe 2s electron correlation becomes very important in both
ous analytical quartet PES(i.e., 15.0 kcal/ml based on  the CASPT2 and MR—ClI calculations to calculate the energy
MR—l%CH_Q/CASSCF(11,9[_/1_156p/553p2d1f] calcula-  parrier for both doublet and quartet PESs. The lower energy
thns, whlch_pr_esented a original value of 18.0 kcal/mol bUtbarrier found for the TS1in the quartet PES respect previ-
with a very similar geometry to the CASP(Z,12 G2 one ous published data will produce larger thermal rate constants

(Table VI). We have also calculated the TSé&nergy barrier . . . .
using the MR—CkQ/aug-cc-pVTZ method with 11 elec- at high temperatures, where th|45 ?xcned _PES becomes quite
trons correlatedN and O I and 2 electrons were kept important[e.g., at 1500 K the&(*A’) contributes around a

frozen, as for the doublet PES to compare with previous10% of the total rate constant

ab initio data’® An energy barrier of 15.51 kcal/mol was DFT calculations at the UB3LYP/aug-cc-pVTZ level
determined by using a MR—CI calculation with 12 CSFs ofprovide too long NO distance@.e., 1.9206 A although a
reference, which is very close to the mentioned publishegimilar energy barrier of 14.18 kcal/m@14.38 kcal/mol in-
data. CASPTRL1,9 G2 calculations without 2 electron cor-  cluding ZPE differences Some spin contamination was also
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TABLE VII. Ab initio and DFT properties of other stationary points located orf#kiePES?

Method Basis set Renoy/A Reoo)/A <NOO/° w;lcm™tP AE/kcal molt¢
TS3 CASSCK17,12 aug-cc-pvTZ 1.3168 1.5023 104.95 1060.75 441.36 740.23 19.59
CASPT417,12 G2 aug-cc-pvTZ 1.2795 1.5183 102.77 1227.53 392.29 775.14 7.81
UB3LYP aug-cc-pvTZ 1.2724 1.5266 106.92 1164.60 397.00 780.17 0.93
MIN1’ CASSCK17,12 aug-cc-pvVTZ 1.3846 1.3861 104.58 999.01 466.76 650.80 18.65
CASPT217,12 G2 aug-cc-pvTZ 1.3779 1.3546 102.73 1058.28 418.36 656.67 5.43
UB3LYP aug-cc-pvTZ 1.3769 1.3601 105.30 1058.77 436.30 741.28 —-1.58

8CASPT217,12 G2 energies, geometries, and harmonic vibrational frequencies derived from a grid of points by using the SURVIBTM (Refr83.

PHarmonic vibrational frequenciesi; (NO str,a’), w, (NOO benda’), andw, (OO str,a’), respectively. Masses of the most abundant isotopes were used:
N and*€0.
Energy barrier respect to R§) + O,.

observed in TS1 ((S?) was 4.20 to be compared with the (6.2 kcal/mo} derived from thermal rate constants in our
correct expectation value of 3.5 previous paper. A peroxy NOO minimum is found in agree-

TS1' leads to a very shallow minimum (MIN}. with a ~ ment with precedingb initio works, which seems to play an
structure comparable to the peroxy minimum in the doubleimportant role in the opening of a double microscopic reac-
PES. This minimum dissociates to ¥®)+NO products tion mechanism: direct Cs-abstraction and indirect
through TS3, which has an energy barriér.81 kcal/mol ~ Cs-insertion. The importance of this second mechanism
below that of TS1. Hence, only a direct microscopic through the N@ molecule has been recently anticipated in a
mechanism is expected for this PES differing from thewave packet time-dependent quantum dynamics study on our
double mechanism proposed for the doublet PES. DFT caPrevious analytical doublet PES and also in our preliminary
culations at the UB3LYP/aug-cc-pVTZ level exactly cor- QCT study.

roborate theab initio MERP. The alternativeC,, -insertion mechanism with the differ-
ent PESs and their crossings and conical intersections is cur-
IV. CONCLUSIONS AND REMARKS rently under study in our group.

) ) ) The ground*A’ PES presents an average energy barrier
. his work presents a detailed theoretical study of theTs1") of 12.9 keal/mol and 14.1 kcal/mol in the CBS limits
N(*S) +O2(X "2 ) =~ NO(X “IT) + O(*P) exothermic reac- for the G2 and std CASPT2 levels, respectively. In this sur-
tion on its lowest’A’ and“A’ potential energy surfaceb  tace another peroxy minimum is found, although in this case
initio CASSCF, CASPT2, and MR-CI methods with stan-qp1y g directC.-abstraction mechanism should be expected.
dard correIation-con_sisten(cc?anZ and aug-cc-pVnZ, The present results improve previous high quaaityini-
n=D, T, Q, 9 Dunning’s basis sets and small and largetj, studies and provide lower energy barriers for both PESs,
atomic natural orbital basis sets were used; CBS limits wergynich would produce larger values of both thermal rate con-
also reported for the main energy barri€fiS1 and TS1).  stants, and therefore a larger total rate constant, with an ex-
DFT methods were also used to facilitate the search of thgected petter agreement with the available experimental data.
stationary points, producing similar results too. Thus, several The good results obtained for reactants and products as
minima and transition states have been found along the difye|| as for the peroxy NOGA’) minimum and for the
ferent MERPSs connecting reactants and products on both SUKIO,(X 2A;) molecule point towards the suitability of de-
faces. ~ scribing both PESs at the CASP(1Z,12 level of theory.
The ground®A’ PES presents an average energy barriefrhys, two analytical PESEA’ and#A’) based on several

(TSD) of 4.8 keal/mol and 5.8 kcal/mol in the CBS limits qrids ofab initio points have been almost fitted and dynam-
for the G2 and std CASPT2 levels, respectively. Thejcs and kinetics studies are currently in progress.

second value is almost coincident with the energy barrier Finally, the study of the N and Os2electron correlation

in the MR—-CI and CASPT2 methods shows that it is very
important to correlate thes2electrons, in both CASPT2 and
MR-CI calculations, which produces lower energy barriers,
much closer to the value estimated from experimental data.
This point was not taken into account in previcals initio
studies.
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