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An ab initio study of the A’ ground potential energy surfacéPES of the O(D)

+N,O(X 1=") system has been performed at the CASPT2//CASSE@Hnplete active space
second-order perturbation theory//complete active space self-consisteniefieldwith Pople basis

sets. The two reactions leading to 2 NOfII) [reaction(1)] and Ny(X 125)"-02(3 lAg) [reaction

(2)] products have been investigated. In both reactiomares-approach of the attacking oxygen to

the N,O moiety is found to be preferred, more markedly in reacfibn For this reaction also a
cis-path is feasible and is possibly connected withtila@s-path by a transition state placed below
reactants. A thorough characterization of the entrance zone has been performed to allow for
subsequent kinetics calculations. Fixed angle and minimum energy paths have been constructed and
transition state geometries have been refined at the CASPT2 level, thus obtaining approximate
structures and frequencies for the latter. From these calculations it can be inferred that both reactions
proceed without an energy barrier. Rate constant calculations in the 100—1000 K temperature range
based on CASPT2 structures and using the transition state theory yield values in good agreement
with experiment for the two reactions, especially when a proper scaling of the energy barriers is
performed. Also, for comparative purposes quasiclassical trajectory calculations were performed on
reaction(1l) in the same temperature range, using a previous pseudotriatomic analytical potential
energy surface, obtaining good agreement with experiment20@1L American Institute of Physics.

[DOI: 10.1063/1.1398101

I. INTRODUCTION than the other reactions. The rate constants for reactiors

(3) have been measured in the 200—350 K temperature inter-
val, their recommended values being, respectively, 7.2
X101 4.4x 1071 and<1x10*2 cm® molecule s 13
Hence, in thermal conditions reactiofly and (2) are very
fast withk, /k,= 1.6, and the electronic quenching process is

The reaction of MO with O(*D) is considered to be the
main source of stratospheric NOwhich plays a relevant
role in the natural degradation of ozone. The'D)(+ N,O
reaction presents the following reaction channels:

O('D)+N,O(X =)= NO(X 2I1)+ NO(X 2II) negligible with respect to both reactions. The NOY vibra-
o 12 (1)  tional distribution has been measured in differemt
AHgc=—81.9 kcal mol”, intervals?~'! With the exception of Refs. 5 and 8-9, the
o N(X 1Eg)+02(a 1Ag) e_x_perlments were do_ne under_NO_ rotational relaxation con-
@) ditions. The NO rotational distribution has been reported for
AH% = —102.3 kcal mor™,2 some vibrational Ievel%?'g*lz'lﬁ'he stereodynamics of reac-
5 ot tion (1) has been explored in Doppler-resolved polarized
—O(°P)+NO(X "27) laser-induced fluorescencklF) experiment3®°12-14prob-

AHO. — —45.4 Keal molL? ()] ing some specific NO rovibrational levels. The rovibrational

0K ) : distributions of the NO molecules arising from the half-
Most studies on the GD)+N,O reaction have been reaction O{D)-N,O have also been reportéd.

devoted to the study of reactiofl), due to its particular This system has been the object of several theoretical

interest and also because it is easier to study at the laboratoiyvestigations Ab initio calculations of the groundA’ po-

tential energy surfacéPES using the Mgller—Plessétand

“Electronic mail: miguel@f.ub.es Bruecknet’ methods, and density functional theof®FT)

bElectronic mail: r.sayos@gf.ub.es calculations”*® have been reported. Also, a multiconfigura-
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tional study on the ground and first excited PESs has beetotal spin (S?)) being equal to 1.0 in atomic units. One
published® Quasiclassical trajectofQCT) studie§?°~??on  could improve the wave function to some extent by project-
the dynamics of reactiofl) have been carried out, mainly at ing out the triplet component, but there is no such a proce-
a triatomic level and employing LEP8.ondon-Eyring- dure available ircAussIAN 94for DFT calculations, making
Polanyi-Satp empirical PES$°-?>QCT vibrational distribu- it necessary to correct for it manualigee, e.g., the method
tions of reactiong1) and (2) have been derivédusing an  outlined in Ref. 42. In this way, we do not expect to obtain,
empirical PES® that describes the four-atom system. Previ-for example, transition states accurate enough for our pur-
ous work focusing on some selected portions of the PES alsposes, because the shape of the PES for geometries close to
exists. In particularab initio®*?>and DFT studie€?’ have  them has a strong influence on the kinetics. Hence, a multi-
been devoted to the characterization of the (N@an der  configurational method should be required to reach a correct
Waals (vdW) dimers. These dimers have been experimendescription of this system.
tally detected ircis->®~3*andtrans-conformations*2A de- For the reasons stated above, we have adopted the
tailed comparison between the theoretical and experiment@ASPT2//CASSCKcomplete active space second-order per-
data available on the (N@)limers can be found in Ref. 25. turbation theory//complete active space self-consistent)field
High-energy NO, isomers(about 40—80 kcal mof above  method. Thus, we have obtained the optimal geometries at
NO+NO) with potential applications in the field of high- the CASSCF levéf and performed CASPT24 point-wise
impulse fuels have been investigated. There is some indiregalculations on the resulting structures. This approach seems
experimental evidence on the existence of this kind of isoto be adequate, since the multiconfigurational CASSCF
mers, which could be involved in reactions such asmethod provides the basis for an accurate description of
O(®P,'D)+N,0 or N(*D,?P)+NO,. A certain number of hond breaking and forming processes, and can treat on an
ab initio investigations aimed at the elucidation of their equal footing the ground and excited states. Moreover, this
structures and energetics have been carried*it. method is intended to introduce the main part of the nondy-
The main goal of this work is to characterize the groundnamical correlation enerdy. The CASPT2 method is based
PES of the system OD) +N,O(X *=*) with high-levelab  on the calculation of the energy at the second order of per-
initio methods, in order to obtain in the near future an anatyrpation theory, taking as the zeroth-order wave function the
lytical representation of the PES suitable to perform dynampne resulting from the CASSCF step, thus introducing the
ics studies. This work is Organized as follows. In Sec. |l Wedynamica| Correlatioﬁ‘}v‘ls Th|s method is not Supposed to
discuss in some detail the selection of #ieinitio methods  ghift to a great extent the geometries obtained at the
and basis sets employed. Section Il describes the stationagyasscFk level(see below to clarify this poiit The com-
points and the comparison with previous theoretical and expined CASPT2//CASSCF method has an estimated error in
perimental works. In Sec. IV rate constant calculations baseghe exoergicities of+2 kcal mol'! for isogyric reactions
on the conventional transition state theory are put forwardj e reactions that conserve the number of electron pairs in
and compared with experiment. Finally, the summary angeactants and produgfsassuming that the active space in-
conclusions are given in Sec. V. cludes all the valence electrons and a large enough basis set
has been used.
IIl. SELECTION OF THE METHOD Two standard Cartesian Gaussian basis sets of Pople and
The selection of the computational methods employedo-worker§®~*® have been used: the 6-31( basis set,
has been guided by the nature of the system under study. Aspmprising 60 contracted basis functions for thgON sys-
important feature of the AD)+N,O system is its diradical tem, and the 6-311@d) basis set, which amounts to 100
character, particularly in the entranpewned to the O(D)  contracted basis functions. The first basis set has been used
specie$ and exit zones[owned to the NOX 2[1) and mainly to perform the initial searches and the second one to
0O,(a 1Ag) specie$ Therefore, in a qualitatively correct ap- obtain the final structures, harmonic vibrational frequencies,
proach one must, in general, keep at least twocand energies. The 6-311&) basis set has been considered
configuration®’ throughout the PES. However, as a first ap-to be of enough quality because it yields good values of
proximation, we have used several DFT functionals asxoergicities(see below and a rather correct description of
implemented in thesAUssIiAN 94 package of prografi®at  the demanding vdw (NQ)dimer propertie® Therefore,
the unrestricted level of theory, thereby generating a brokefrom now on we will drop the basis set when referring to the
symmetry(in spin and spadesinglet wave functioff! The  methods applied. All the stationary points were characterized
results obtained in this W&ﬁ,which are not presented in this as either minimgMINs) or transition state$TS9 calculat-
work, are reasonable in those zones of the PES where theg their corresponding harmonic vibrational frequencies.
wave function of the system can be approximated by arhe G2 variant of the CASPT2 method has been employed,
unique closed-shell configuratigmtermediate zones which because it gives slightly better values of the exoergicities
present a strong chemical interacfiotdowever, they are than the standard and other nonstandard variants. The calcu-
considerably in error in the entrance and exit zones, whertations were performed by means of thieLcas 4.1*° pack-
the spin contamination is increasingly important towards reage of programs.
actants and products. It is well known that, for symmetry A crucial aspect in the CASSCF method is the selection
broken solutions in singlet diradicals, the calculated state isf the active space, to which different approaches can be
essentially an equally weighted mixing of the ground openfound in the literaturé® -2 We have first followed the
shell singlet and triplet states, the mean-square value of thmethod described in Ref. 51, i.e., by performing a previous
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TABLE I. Reaction energies and,® geometry with different chosen active spaces. The active spaces are defined as indicated in the text.

Reactiort (14,12), (14,12) (18,14), (18,14)% Experiment
O(*D) + N,0—NO+NO 1) —-76.1(—79.7) —93.1(—82.9 —78.3(—80.5 —80.0(—81.0 —80.4
O('D) +N,0—N,+0,(a 'Ag) 2 —100.8(—103.8 —117.8(—106.9 —101.3(—103.6 —103.0(—104.0 —100.9
Run /A Ruo/A <NNO/°
N,OP 1.1323/1.1146 1.1901/1.1949 180.0/180.0
(1.1343/1.13391.1273 (1.1931/1.19191.185] (180.0/180.0{180.0

3nergies in kcal molt. Both theA- and B-type active spaces given refer to reactants, wBHgpe active spaces were always employed in products. In

parentheses are given the values derived from point-wise CASPT2 calculations in optimal CASSCF geometries. Experimental energies derived from Refs.

54-57.
PGeometries correspond to: (14,42}14,12); and, in parentheses, (18,44)18,14); . Experimental geometrgin bracket$ taken from Ref. 57.

SCF MO-based MRCI calculation on each one of the previtesian basis set for its representation in the cubjog@up
ously obtained DFT stationary points, diagonalizing the spintan be chosen as follows?—z2, xy, xz, yz, and 3/?—r?2.
averaged first-order density matrix, and keeping as activé, this basis the resolution of tH®, state into the species of
those molecular orbitalVOs) bearing natural orbital occu- the C, subgroup (xy symmetry plang leads to three
method relies on the fact that these occupations are esseRp analogous description of tH®, state can be effected by
t?ally maintained in_thg CASS_CF wave fl_Jr!ction. OCCUpa‘considering the three valence Cartesiamp(22p,, 2p,)
tions off the above-indicated limits can originate, e.g., CON-ypitals of the oxygen atom and performing the replacements

vergence problems, a not clear-cut definition of the orbitalg(_>2p y—2p,, z—2p,. In this way, it is evident that for
as either active or inactive, and difficulties in the delimitation o ‘firat two 1A ’compo;ents only tv;/de oxygen atomic

of the nondynamical/dynamical correlation. There are,iiaiq are involved, but in the third oney3-r?) all three
suggestiorn® that, choosing the active orbitals in this way,

: : . 2p orbitals are required. From the above-mentioned states,
one obtains at a single point of the PES the lowest energy T, 10+ a0 twoA” correlate with the products of reaction
a given size of the Cl expansidne., for a fixed number of

: 1), and only one*A’ and one'A” correlate with th f
active electrons and MQs (1), and only one*A’ and one correlate with those o

o L reaction(2). Hence, inCg symmetry only onéA’ and one
In our case, the application of the NOONS criterion IeadSlA” PESs)correIate rea(S:ta¥1ts andybothykinds of products. In
to a different active space for each one of the two reactiw?hiS work we are concerned with the lowest-enehay PES '
channels, i.e., 14 electrons in 12 orbitdts (14,12] for i i ’
: : . which also corresponds to the ground PES of the system.
reaction(1) and 12 electrons in 10 orbitalsr (12,10] for We have chos[()an two activegspaceS' the first oneyincludes

reaction(2). Thus, it is inconsistent in, for example, reac- . . . .
tants. This problem can be overcome by taking a homoge:gtll the atomic2p-derived molecular orbitals and, optionally,

neous active space for the whole PES, even when th@1€ Of them has been replaced by d@sa(N atom-derived
NOONS are not strictly in keeping with the above-mentioned© (SpacesB and A, respectively; see belgwHence, 14
criterion. Nevertheless, since we focus here on the groun@l€Ctrons in 12 orbitalf(14,12 hereaftef are introduced. In
PES rather than in a balanced description of all the singlef’® Second one, 4 additional electrons occupying 2s6N
PESs of the system, we have tried to obtain the lowest@nd O atomsderived MOs are added to either4,19 A or
energy stationary points on the ground PES, which would b&: Summing up to 18 electrons in 14 orbitgise will indi-
almost equivalent to obtaining the set of NOONs maximallycate these active spaces by (184ldnd (18,143, respec-
different from 2.0 or 0.0, but not necessarily within the limits tively]. The size of the Cl expansion is of about 85 000 and
1.98-0.02(more details about this point can be found, e.g.,500 000 configuration state functiod€SF$ for the ‘A’
in Ref. 53. This is further justified by the absence of ana-Symmetry and the14,12 and(18,14 active spaces, respec-
lytical gradients at the CASPT2 level imoLCAS 4.1, thus tively. The need to enlarge further the already extensive
being necessary to obtain CASSCF geometries of as good(@4.12 active space will be discussed in Sec. IIl.
quality as possible. We note that this has been done at the [n Table | are shown the energies of reactigfy and
cost of dealing with active spaces which are not strictly ho{(2), and the NO geometry for thé14,12 and (18,14 active
mogeneous throughout the PES. spaces. It is remarkable the variation in the exoergicities and
According to the former, and since at present it is notN,O geometry(NN distancg between seté andB, particu-
feasible for this system to include all the valence electrons akrly for the CASSCFL4,12 calculations in which spaca
active, some trial and error was necessary in order to obtaii$ clearly favored. The energy differences are much smaller
the set of active MOs giving the lowest-energy CASSCFfor the (18,14 active space. When CASPT2 point-wise cal-
stationary points. In this respect, a comparison with expericulations are performed, all the active spajgsther (14,12
mental results was found to be necessary. or (18,14] tend to give similar results. The need of correlat-
Regarding this question, it is worth presenting an outlineing one2s N,O MO could be expected because it is known
of the PESs arising from the D)+ N,O(X 1=") system. that nitrogen is a limiting case with respect to the type of
The lDg state of oxygen is five-fold degenerate, and a Carorbitals to be chosen as actit®eThe almost double occu-
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pancy of the atomic oxygeng, orbital in the very entrance to be performed ir€, symmetry. For the same reason, in TS
zone(reactants and vdW entrance minimuis owed to the E1 only four frequencies can be calculated; the remaining
fact that for the (14,12) space the ground PES correlatestwo, which are ofC, symmetry, cannot even be calculated
with thex?—z? component of O(D), thus being preferred to with the available software.

the (14,12} description (3°—r? component Both compo- The connections between the TSs and MINs for reaction
nents are degenerate and, therefore, the energy differen¢g) (Fig. 1) and reaction2) (Fig. 2) have been checked by
between both active spaces stems from the inclusion of afhe nature of the TS imaginary mode and full optimization
atomic nitrogen2s orbital in spaceA, thus allowing for a  departing from geometries obtained from small distortions of
better description of the JO fragment. For thé18,14 active  the TS structures. As is apparent in Table 1V, the qualitative
space, the differences are relatively minor, because a larggharacter of the PES varies considerably when moving from
portion of the nondynamical correlation has been introducedne CASSCF to the CASPT2 method. There is a general
However, the lowest-energy criterion seems o favorstapilization of the stationary points and, in particular, the
(18,14), in reactants and the very entrance zone. Thénarked decrease in the barrier heights for the entrance zone
(18,14), space also leads to the partition (2)2)  g,ggests that no CASPT? transition states exist in this zone,
+N;0(16,12); that is, the full valence space is correlated in, 4 that no stationary points at all may exist in reactin

E'ZO' 'I;jhe in_tber(rjnidia;[]e and exit zones in reactidn are e the steady decrease in CASPT2 energy towards prod-
etter described by the (14,%2pnd (18,143 spaces. For ucts. Besides, there is an acute variation in the geometries of

reactlor_1(2) the optimal active space, which is e_ssentlally Ofthe stationary points in the exit zone, i.e., shortening of the
type A in reactants and otherwise, changes slightly from NIN distance and stabilization of the (NOvAW minima2>

one stationary point to another. This was to be expected sinc[:ﬁe same tendency is to be expected in the very entrance

we are interested in finding the lowest-energy CASSCF pro- . . . -
. . . . zone. All these aspects will be considered in more detail in
file and the full-valence active space is not feasible.

Bearing all this in mind, we decided to employ the what follows when considering the stationary points of each

A-type spaces in the very entrance zone an eones 'eaction. . , ,
in t);lpe rezt of the PES. Izence, the geometrﬁ?ﬁgptimization . Th_|5 ewdence_suggests that |nc|u_d|_ng dynamlca! corre-
and characterization of the stationary points on the PES We@t'on is of utmost importance for pr_edlctmg_the energies and
performed at the CASSQE4,12 level. These structures structu-res of the pD, system, partlcularly'ln the entrance
were then reoptimized at the CASS(B, 14 level. Further, and exit zones. The entra_mce zone determlnes.the energy and
in some relevant zones of the PES systematic scans weB$OMetry of the TSs, which are supposed to yield an almost
carried out yielding several candidates to stationary points?Ull barrier. Thus, a good prediction of the rate constants by
For some of them, the minimization of the gradient led to theM&ans of more accurately obtained TSs would support the
location of new structures, for which the harmonic vibra- feasibility of the CASPT2//CASSCF approach as a means of
tional frequencies were also calculatesge below. studying the whole grountA’ PES of the systerfsee Secs.
Il C and IV).

The reaction energies are shown in Table (Bée also
Figs. 1 and 2 The exoergicities of reactiond) and (2),
A. CASSCEF stationary points which were partially discussed in Sec. Il regarding the selec-
tion of the active space, are in good agreement with experi-
ment (Table IV). At the highest level considered, i.e.,
CASPT2//CASSCHS,14 with zero-point energyZPE) in-

IIl. Ab initio results

The geometrieSCASSCH, harmonic vibrational fre-
guencies(CASSCH, and energie$CASSCF and CASPT)2
of the stationary points of reactiord) and (2), obtained L i o
employing the(14,12 and (18,14 active spaces, are shown cluded, thf eg:)herglcny .Of re%ctlmﬂk) 'T n ?llmgst_pte_rfect
in Tables I, Ill, and 1V, respectively. The ground PES will agr;]reemenf wi e>.<per|2me.n( N calmo SVIE |or)2,
also be analyzed in terms of electronic configurations ang/hereas for reaction(2) it is overestimate y 2.9

1 .
predominant CSFs, as well as the nature of the bonding, fafc Mol " Although the second value is somewhat larger
each one of the stationary points found. Thus, the main eledhan the accuracy of the method, these can be considered as

tronic configurations of the stationary points at theVerY good resultsz sincg not all the vaIenge MOs are corre-
CASSCR18,14 level are presented in Table V. Schematic'ated and the basis set is of a moderate size. _
representations of the minimum energy reaction paths Regarding the MERP of reactidf), as it can be seen in
(MERP) of reactions(1) and(2) are presented in Figs. 1 and Fig. 1, it corresponds to mansMERP, placed energetically
2, respectively. In what follows, the results obtained will alsobelow reactantgincluding the ZPE in which the O{D)
be compared with previously reported data. atom attacks the terminal N atom of thg@imolecule form-
The harmonic frequencies have been calculated numerind an entrance  channel vdW  minimum[MIN
cally only at the CASSCE4,12 level because the Al (*A’,CJ]. This structure evolves through T®\1
CASSCR18,14 calculations are computationally very ex- (*A’,C) to MIN B1 (*A4,Cy), bearing a double bond be-
pensive(Table 1Il). For MIN B1 and TSB1 the frequencies tween the nitrogen atoms. The double bond breaks on elon-
are calculated at the CASS(B,14 level, but the out-of- gation of the NN distance, giving rise to TSl (1Ag ,Con),
plane normal modes, that ke€g symmetry, must be calcu- and leading to thetrans(NO), vdW dimer [MIN C1
lated separatelycf. Table Ill). This is due to limitations in (1Ag ,Csn)] in the exit zone, and finally to productg NO).
themoLcAs 4.1program, ag18,14 calculations are too large This MERP can be summarized as follows: D+ N,O
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TABLE Il. Geometries of the stationary points at the CAS$TH 14 level. The CASSCHR4,12 geometries
are shown in parentheses, with the exception of MBN TS B1, and TSE1 (see the tejt The available
experimental data are given in brackets.

Stationary point Ry /A Rno/A Roo/A <NNO/° <NNO/° Dihedral/®
O(*D) +N,O° 1.1343 1.1931 180.0
(1.1323 (1.1902 (180.0
[1.1273 [1.1851 [180.0
NO-+NO° 1.1605
(1.1586
[1.1508
N +0y(a A g)© 1.1045 1.2332
(1.1037 (1.2332
[1.0977 [1.21564
Reaction(1)
MIN Al 1.1342 1.1929,3.3975 179.9,169.1 180.0
(1.1323 (1.1898,3.3971 (180.0,169.1 (180.0
TS A1 1.1314 1.1875,1.9408 178.3,151.3 180.0
(1.1372) (1.1799,1.7641 (176.7,128.1 (180.0
MIN B1 1.2700 1.2099,1.2099 137.7,137.7 180.0
TSB1 1.4578 1.1892,1.1892 129.5,129.5 180.0
MIN C1 3.5403 1.1604,1.1604 109.1,109.1 180.0
(3.6129 (1.1585,1.158p (109.3,109.8 (180.0
TSC1 3.5293 1.1606,1.1606 91.0,91.0 57.8
(3.529) (1.1586,1.158p (91.0,91.0 (57.8
MIN D1¢ 3.0623 1.1603,1.1603 90.8,90.8 0.0
(3.3109 (1.1585,1.158p (86.9,86.9 (0.0
[2.263( [1.1515,1.151F [97.2,97.2 [0.0]
TSE1°® 1.2471 1.3372,1.3372 108.7,108.7 11.9
MIN E1 1.2618 1.4052,1.4052 94.8,94.8 0.0
(1.2653 (1.4001,1.4001L (94.9,94.9 (0.0
TSF1 1.2379 1.3498,1.3498 109.7,109.7 0.0
(1.2800 (1.3402,1.340p (104.5,104.5 (14.9
Reaction(2)
MIN A2 1.1339 1.1931 3.3541 179.9 76.4 180.0
(1.1320 (1.1900 (3.3541  (179.9 (76.3 (180.0
TS A2 1.1272 1.2099 1.9038 179.1 103.3 180.0
(1.1236 (1.2119 (1.8623  (179.9 (101.2 (180.0
MIN B2 1.1199 1.2340 1.6228 178.2 102.5 180.0
(1.1169 (1.233% (1.6148 (179.9 (101.0 (180.0
TS B2 1.1151 1.3751 1.4469 172.9 106.5 0.0
(1.1125 (1.3729 (14461 (1715 (106.3 (0.0

Reactiong1)—(2) connection
TS A3 (1.1992 (1.414% (1.4988 (110.0 (97.9 (18.9

@Dihedral angle is defined asONNO for reaction(1) and <NNOO for reaction(2).

PExperimental data taken from Ref. 57.

‘Experimental data taken from Ref. 55.

YExperimental data taken from Ref. 28.

®The gradient norm{7x10 2 a.u) is larger than for the remainder of the stationary points, for which it is
<10 % a.u.

—MIN A1—-TS A1—-MIN B1—-TS B1—-MIN Cl1—-2 follows: MIN B1—TS E1—-MIN E1—-TS F1—MIN

NO.

D1—2 NO. The transition states TS1 (*A,C,) connects

There is an alternative patktrans/cisMERP), with both types of (NO) vdW dimers.

higher energetic requirements than thens-one, but which The presentb initio results show that for reactiofi)

is also situated energetically below reactatfgy. 1). The there is not an energy barri@éncluding the ZPE above re-
initial part of thetrans/cisMERP is identical to that of the actants. According to this, high rate constant values, with a
transMERP, but it changes after MINB1 (trans  slight dependence on the temperature, may be expected for
conformation, passes over an interconversion baffie8 E1 this reaction, as has actually been found experimentally.
(*A,C,)], and connects with the cyclic MINEL (*A;,C5,) Regarding the main electronic configurations of the sta-
that has acis-conformation. This minimum may evolve tionary points(Table V), we first note that each electronic
through TSF1 (*A;,C,,), which connects with theiss  configuration corresponds to a single closed-shell CSF.
(NO), vdw dimer [MIN D1 (*A,,C,,)], and then with Hence, in reactants two equal-weighted CSFs are required to
products. This MERP from MINBL can be summarized as describe thex’-~z?> component of the'D diradical state.
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TABLE Ill. Harmonic vibrational frequencie$n cm™?) of the stationary points at the CASS(E.12 level. The symmetries of the normal vibrational modes
are given in parentheses, and the available experimental data are given in brackets. For tBe &N TSB1 stationary points the harmonic vibrational
frequencies have been calculated at the CAS3$EHE4) level (see the text

Stationary point o w, w3 o ws wg ZPE/kcal molt

O(*D) +N,0? 23151 @) 1317.6 @) 593.0 (m) 6.9
[2282.1 )] [1298.3 )] [596.3 ()]

NO-+NOP 1915.1 @) 5.5
[1904.2 ¢1)]

Np+0y(a tA,)P 2365.9 7y)(N2)  1450.0 @;)(0,) 5.4
[2358.6 ()] [1483.5 (@y)]

Reaction(1)

MIN Al 2280.9 &') 1300.2 @') 6129 @) 603.2 @") 37.7@") 26.2 @") 6.9

TSAL 423.0i (a') 2241.4 @') 1304.9 @') 640.0 @") 629.6 @) 76.6(@") 7.0

MIN B1 1672.4 &) 1520.2 b,) 810.2 @) 496.6 @) 401.8 b,) 2453 @,)° 7.3

TSB1 561.4i (ag) 1610.5 @g) 1604.7 b,) 611.1 @) 398.4 (b,) 157.7 @y)° 6.3

MIN C1 1889.9 @) 1889.7 b) 61.2 @y) 40.5 (@) 27.6 @) 24.6 by) 5.6
[1861.1 @gy)]¢ [1747.1 p)]®

TSC1 19.9i (a) 1890.3 @) 1889.4 p) 51.6 (@) 39.5 (b) 22.7 @) 5.6

MIN D1° 1890.5 @) 1886.2 ;) 113.2 p,) 85.0 @;) 41.0 @,) 31.2 (@) 5.8
[1863.4 @y)] [1776.3 ,)] [242.9 (1)] [299.3 ()] [103.4 @;)] [175.4 @1)] [6.4]

TS Elf 1277.7i (a) 217.2i (a) 1222.0 @) 928.3 @) 5.2

MIN E1 1485.8 @) 1116.3 b,) 1072.8 @) 805.2 (b,) 792.1 @,) 677.4 @,) 8.5

TSF1 3034.4i (a) 1227.3 @) 877.2 ) 754.3 @) 491.7 b) 107.6 @) 4.9

Reaction(2)

MIN A2 2272.7 &') 1296.1 @') 603.6 @) 603.0 @) 65.0 @') 48.7 @') 7.0

TSA2 553.1i (a') 2247.2 @') 1197.6 @') 605.3 @) 575.5 @") 164.5 @') 6.8

MIN B2 2272.4 @') 1125.7 @') 629.5 @) 545.1 @") 507.8 @) 223.1@") 7.6

TSB2 1098.7i (a') 2160.4 @') 841.4 @') 633.8 @) 2785 @") 195.9 @') 5.9

Reactiong1)—(2) connection
TSA3 622.3i (a) 1585.9 @) 798.2 (@) 630.1 @) 551.1 @) 438.3 @) 5.8

8Experimental data taken from Ref. 57.

bExperimental data taken from Ref. 55.

‘Frequencies calculated numerically by fitting small out-of-plane distortions to a quadratic polynomial.

YExperimental data taken from Ref. 32.

°Experimental data taken from Ref. 31.

fOnly four symmetry-adapted;) frequencies could be calculated, two of which are imagiriaeg the tejt In addition to the two positive frequencies, the
third, fifth, and sixth frequencies of TB1 have been assumed to calculate the ZPE.

When the ON distance decreases, the weight of the first coriwo leading configurations relatdth C,,, symmetry by the
figuration diminishes and that of the second one augmentslouble excitation from aay (o0 NN bonding to ab, (¢ NN
finally reaching MINBL. The change in importance for con- antibonding orbital. These orbitals are the+'* and “ —"
figurations 13a’? 2 a"? and 12a’? 3 a"? can be attributed combinations of ther* orbitals of each NO fragment, which
to the gradual shifting of the ®D) 2p, electron @’) to-  are equally occupied at an infinite distance.

wards the , orbital (@”), both being initially singly occu- In the alternativecisMERP of reaction(1) (Fig. 1), a
pied, with simultaneous formation of the ON bond. In fact, new electronic configuration is predominant in E$, MIN

this process can be seen as an attack 4D & O(D), in E1, and TSF1. MIN E1 could be compared with MINB1
which the two electrons situated in an in-plamé,O orbital  because both stationary points are of an essentially closed-
displace the O(D) 2p, electron to the P, orbital, thus  shell nature, the main difference being the OO single bond in
forming a dative ON bond. In this way the system gains onghe former. In TSE1 an out-of-plane rotation of one NO
new bonding at the cost of only an electronic recoupling, andnoiety with respect to the other takes place, allowing for the
no bond breakage takes place. This would allow one to uneis—transisomerization between MI1 and MINB1. MIN
derstand the absence of an energy barfiecluding the E1 can also evolve through TB1 keepingC,, symmetry
ZPE) for reaction(1). From MIN B1 to TSB1 the configu- while the NO fragments separate from each other on their
ration 12a’? 3 a"? loses its importance and somewhere be-way to products.

tween TSB1 and MIN C1 the leading configuration changes, For reaction(2), as it can be seen from its MERP in Fig.
as can be seen i@,, symmetry. A double excitation from an 2, the attack of the GD) atom to the other end of the,®

a, orbital (= NN bonding to anag one(o NN bonding has  molecule leads at the CASSCF level to a very different be-
occurred. Thus, the double NN bonding breaks and same havior from that observed in reactidf). Thus, the system
electronic density passes from the NO bonds to the NN bonchow passes through two mininifIN A2 (vdW) and MIN
Nearer to products the NN bond acquires increasingly diradiB2] and two TSYTS A2 and TSB2) of C, symmetry ¢A’),

cal character, as indicated by the almost equal weight of thwith little distortion of the NO fragment (i.e., they
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TABLE IV. Energies of the stationary points calculated at different levels. Energies are given in kcalwithl respect to reactants. For MI®L, TSC1, and
MIN D1, it is more convenient to give them relative to products. Energies (wifmnout) ZPE without(in) parentheses.

Stationary point CASSQE4,12 CASPT2//CASSCH4,12 CASSCF18,14 CASPT2//CASSCHS,14 Experiment
O(*D)+N,0 0.000.0 0.000.0 0.000.0 0.000.0 0.000.0
NO+NO ~77.5-76.1) —81.3-79.9 ~79.1-78.3 —81.9-80.5 —81.8—-80.4
N,+0x(a *Ag) —-102.3-100.8 —~105.3-103.9 -102.8-101.3 -105.0-103.5 -102.1—100.9
Reaction(1)

MIN Al -0.2-0.2) —0.5—0.5 -0.2-0.2) —0.6(—0.6)

TS A1 12.512.9 -7.2-7.3 5.85.7) -5.1(-5.2

MIN B1P —41.1—41.5 —65.8-66.2

TS B1® —40.5—39.9 -62.20-61.6

MIN C1 —-0.1(-0.2 —-0.7-0.9 —-0.1(-0.2 —-0.7-0.9 —2.1(—-3.1°
TSC1 -0.1(-0.2 -0.8-0.9 0.0(-0.1) -0.7-0.8

MIN D1 0.0-0.3 -1.3—-1.6) 0.00-0.3 ~1.7(-2.0

TSE1° —1.30.4) —25.3-23.6

MIN E1 —-12.3-13.9 —35.8—-37.9 —-16.6—-18.2 —36.9—-38.5

TSF1 7.69.6) —20.1—18.7 —2.6(—0.6) —26.0—24.0

Reaction(2)

MIN A2 —0.5—0.6) -1.0—-1.2) —0.5—0.6) -1.0(—1.2)

TS A2 7.98.0 —5.1(—5.0) 6.2(6.3) —4.6(—4.5)

MIN B2 0.3-0.9 -8.3—9.0 —1.7-2.9 -9.1(—-9.9

TSB2 4.95.9 -9.2(—10.0 2.13.1) -11.9-10.9

Reactiong1)—(2) connection

TS A3 14.615.9 —6.8(—5.6)

aExperimental data derived from Refs. 54-57.

PThese stationary points were not found at (hé,12 level (see Table IIJ.
‘Derived from experimental values &f, and ZPE summarized in Ref. 25.

TABLE V. Electronic configurations and active spaces of the stationary points at the CABSCH level.

Inactive Active Electronic configuratiohs

Reaction(1)
O+N,0 (Cy) 6a’ 102’ +4a” 13a'?2a"?/12a'?3a"%(— 0.67/0.67)
MIN Al (Cy) d " d (—0.66/0.67
TS AL (Cy) d ” i (—0.32/0.88
MIN B1 (C,p, 3a,+3b,(6a’ 5a,+2a,+2b,+5b,(10a’+4a")  6a22a21b26b?(12a’3a")(0.89)

g u g g g u g u
TSB1 (Cyp) g " i (0.89
MIN C1 (Csp) 4 " 7a§1a51b§6bﬁ/ﬁaglaﬁlbgmﬁ(13a'2a")(o.69/— 0.63)
TS C1 (Cyp) 3a+3b 7a+7b 8a°7b?/7a?8b%(0.85/~0.37)
MIN D1 (C,,) 3a;+3b,(6a’)  5a;+2a,+2b,;+5b,(10a'+4a")  7aZla2lb?6b3/6aZlaslb37b3(13a’2a")(0.72/-0.60)
TSEL (Cp) 3a+3b 7a+7b 8a%7b?/7a?8b?(0.81/- 0.45)
MIN E1 (C,,) 3a;+3b,(6a’)  5a,+2a,+2b,+5b,(10a" +4a")  7a3la32b3i5b3/6a3la32bi6b3(12a’3a")(0.92/0.17)
TSF1 (Cy,) g " d (0.78/0.51)
2 NO (Cy,) d " 7a31a31b26b3/6a31a31b%7b3(13a’ 2a")(—0.66/0.66)
Reaction(2)
O+N,0 (Cy) 6a’ 102’ +4a” 13a'?2a"?/12a'?3a"%(—0.67/0.67)
MIN A2 (Cy) d " d (—0.66/0.67
TSA2 (Cy) ! g ” (—0.30/0.89
MIN B2 (Cy) 5a’+1a" 11a’ +3a” 12a’23a"%(0.94)
TSB2 (Cy) g " i (0.92
Np+Oya *Ag) (Cy) 6a,(6a’) 6a,+4b,+4b,(10a’ +4a") 10a22b23b3/10a33b22b3(12a’23a"%/13a’ 22a"2)(0.65/- 0.65)
Reactiong1)—(2) connection
TS A3 (C,) 6a l4a 15a2(0.81/— 0.43f

8 eading configurations and CI coefficients for each stationary point are given. For the configurations, the number of orbitals belonging to each irreducible

representation is indicated.

PResults obtained at the CASS(1H,12 level. The two different main electronic configurations cannot be distinguished by symithetistationary point has

C, symmetry.
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0.0 |O0(ID) + N20 TS A1 (1A)
— -5.1

0_/0-0—0
MIN A1 (1AY u
B8 u FIG. 1. Schematic represen-
m ) tation of the stationary points
o (1 [CASSCR18,14] and energy profile
[CASPT2//CASSCHS8,149 energy
plus CASSCF14,12 ZPE] for reac-
tion (1). Energies are given relative to
reactants, JD)+N,0, except for
MIN C1, TSC1, and MIND1, whose

1 - . .
MIN B1 (1A,) TS B1 (CAg) energies are given relative to products,
ess & -622 2 NO.

'\—(\ I—U 2 NO

MIN C1 (1Ag) TS C1 (14) =812
-0.7

-0.7
MIN D1 (1A7)
-1.7

Reaction Coordinate

E+ZPE / kcal.mol-1

are placed in the entrance zoneFrom the TS with data. From TSB2, and as the ON bond elongates, another
the shorter OO distanc€TS B2) the energy goes down configuration becomes increasingly important, representing
abruptly, bringing about the products. In summary, for thisthe redistribution of the electronic density to reach a pure
MERP we have the following: OD)+N,O0—MIN A2 diradical character in producfene electron placed in each
—TS A2—MIN B2—TS B2—N,+0,(a *A,). my orbital of O(a *Ag)].

The marked reactant-like diradical character of VAR As concerns the quality of the active spaces selected, in
and TSA2 becomes clear from Table V, which changes intoTable Il we note the important qualitative differences that
an essentially closed-shell situation in MBR and TSB2.  exist between the CASSCH4,12 and (18,14 results in
The formation of the OO bond takes place in a way analoteaction (1), whereas both levels of calculation provide a
gous to reactionl) up to TSA2, thus implying also that very similar description of reactiof2). For reaction1) three
reaction(2) is not likely to have an energy barrier, as ob- stationary points which are present at the CASQBF.4
served in the calculations and consistently with experimentdevel (MIN B1, TS B1, and TSE1l) are absent at the

0.0 | O(D)+N20O

MIN A2 (1A" T8 AD AA o—o—I !
0 A2CA) INB2 (A
-9.1

TS B2 (1A)
-11.9
FIG. 2. Schematic  represen-
tation of the stationary points
[CASSCHK18,14] and energy profile
[CASPT2//CASSCHS8,149  energy
plus CASSCF14,12 ZPE] for reac-
tion (2). Energies are given relative to

reactants, GD)+ N,O.

E+ZPE / kcal.mol-1

Ny + Oy (alAg)
-105.0

Reaction Coordinate
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a
e
e
~
&_% - 0\0_‘\
/ ———
———=— TSBI
MIN Bl 18.9
14.3 (22.8)
(17.8)
-2.0 .
- 0.0)
¢1.4) [0.0]

TS A3 MIN B2 TS B2
74.9 70.7 69.6
(84.3) 61.2) (65.4)

[75.5]

Ng + Og(a 1Ag)
23.0
(-13.8)

FIG. 3. Sketch of the energies of the stationary poiirtscal mol ) on the*A’ PES relative to products, 2 NO, féa) reaction(1) and(b) reaction(2). The
vertical scale is approximate and reflects the ener@igthout ZPB of the structures reported in Figs. 1 and 2. The nomenclature of those structures is also
kept. The energy data correspond to the following levels: CASPT2 //CASISCIH)/6-311G2d) except for TS A3(CASPT2//CASSCH.4,12/6-311G2d))
(present work, plain text BD(T)/aug-cc-pVTZ(Ref. 17, in parenthesgsCASPT2//CASSCH4,12/6-311+G(2d) for MIN E1, TSE1/F1; CASPT210,10/
6-311+G(2d)//CASSCK10,10/6-313d) for MIN B2 (Refs. 35 and 37, in bracketdNote that two connections, namely, those betweerET&nd MIN B1
[reaction(1)] and between T3 and MIN B2 [reaction(2)] could not be rigorously established, as indicated with dashed lines. Note also that only one
connection for TSA3 has been indicated in subfigur@s and (b).

CASSCHK14,12 level. In addition, one transition statdS  B. Comparison with previous  ab initio and DFT results
F1) changes its symmetry froi@, (nonplanar structujeto
C,, (planar structure However, we believe that TE1 at
the CASSCFL14,12 level is the equivalent of TE1 at the
CASSCH18,14 one, but in the former case TRl connects
with the cis-(NO), dimer near products, because MBL

At this point it is interesting to compare with other re-
sults from the literature obtained with different theoretical
methods. In Fig. 3 the structures obtained in the present work
that were also studied in previous works are schematized. We

does not exist at the CASSCIH,12 level. The entrance and alrt_aady commented n S?C‘ | that there is a WE_’a_Ith of theo-
exit zones of reactionfl) are described in a similar manner ret|ca_l studies on the exit zone shallow (NGninima Of_
with both active space@he same structures are obtained€action() and the TS connecting them. For a more detailed
with slightly varying geometrigs The discrepancies in the diScussion of this region see Ref. 25.

intermediate zone of this reaction are due to the two relevant /AS concems reactiofl), in thetransMERP a structure
2sactive orbitals mainly centered in the N atoms lacking inC0r"ésponding to MINB1 has been characterized at the
the (1,4,12 space. Their importance can be estimated bysecond—order Mgller—Pless@P2) level,® but its stability
their NOONS in this zone, whose values &te9883, 1.975p with respect to reactanfs-95.9 kcal mol' (UMP2)] is quite

in MIN B1, (1.9893, 1.978bin TS B1, (1.9920, 1.979¢in  different from that found in the present stufliyig. 3a)].

TS E1, and(1.9915, 1.981pin TS F1. This reinforces the Also, in reaction(1) structures analogous to MIEL and TS
criterion explained above based on the NOONSs, because Bl have been reported in the context of studies on high-
least one of the orbitals has an occupancy near 1.98, whilenergy isomers. Thus, calculations at the NMP2nd

for the other stationary points of reactiof® and (2) the =~ CASPT2//CASSCP? levels are available in the literature.
associated NOONs are always larger. The role ofaber-  In Ref. 37, which is the more directly comparable to the
bitals must be to strengthen the NN bonding, thus makingpresent study(10,10 and (14,12 active spaces were used
feasible the existence of MIB1 and TSB1, and the con- with several Pople basis sets. The geometries of NHN
nection of MIN E1 and MIN B1 through the nonplanar TS obtained with these two active spaces are very similar to
E1, though the latter could not be fully checked. each other and to the results given here, whereas there is a
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significant difference in the structure of TEL (Table II). agreement between comparable structures was achieved.
Thus, it is reported as pertaining to thg symmetry group On the other hand, there are remarkable differences be-
at the CASSCHO0,10 and (14,12 levels, but our results tween the results in Ref. 17 and those presented in this work
indicate that the CASSQE8,14) structure ha€, symmetry. at the CASPT2//CASSCEF level. Thus, in Ref. 17 the B3LYP
The relative energies can be compared to those obtained and BO(T) wave functions are based on a single determinant,
the present workFig. 3(@)]. Note the change in the TEL  and it is doubtful that the electronic correlation introduced by
energy barrier with respect to the one derived from Ref. 37these methods could correct for the lacking diradical charac-
the latter being larger by about 6 kcal mdl This indicates  ter when necessary. The alternative of using an unrestricted
again the importance of the addition2dtype MOs in the approach has the spin contamination problem as an impor-
(18,19 active space with respect to tie4,12 one. tant limitation, as explained above. In particular, note the

For reaction(2) one of the stationary pointéVIN B2) unsatisfactory geometry and frequencies of the pure diradical
has been noted previously also as a high-energy isdtner. O,(a lAg) obtained at the unrestricted B3LYP level, as
Its characterization was carried out at the CASSIORL0, pointed out by the authors themselves. The incorrectness of
CISD (configuration interaction with single and double exci- the wave function is also reflected in the energy difference
tationg and MRCI(multireference configuration interaction between 2 NO and N-O,(a 1Ag), about 6 kcal mol® de-
levels. There is a good general accord both in the geometriesating from experiment at the restricted BD/aug-cc-
reported for MINB2 and our own, and in its energy relative pVTZ level. Note also that for theis-(NO), dimer distances
to 2 NO[Fig. 3(b)]. The shortening of the OO distance from shorter than the experiment are always obtained with either
CASSCF when going to CISD and MRCI methods, that in-B3LYP or BDXT). In previous DFT works, including our
troduce dynamical correlation, is remarkable. calculations, the same tendency was folfttf:?’ The geom-

We should mention that other high-energy structuresetries and relative energi€Big. 3) of the rest of the minima
were characterized on the ground PES® but connections common to Ref. 17 and this work are rather similar, as could
with the rest of stationary points and with reactants were nobe expected from their marked closed-shell character.
reported. Thus, they are possibly not relevant to the present The transition states are also a particularly difficult case,
study in which we have focused on the reactivity of-DJ because a mixing of configurations is commonly found for
+N,0. this kind of structure. First, note the much higher barriers for

Most of the structures reported in the present work, andhe interconversion of MINE1 and MINBL (i.e., through TS
high-energy structures obtained in previous works, were obEl) and for the passage from MIE1 to products(TS F1)
tained recently at theb initio BD(T) (Brueckner doubles obtained at the BDX)/aug-cc-pVTZ level when compared to
approach with perturbative tripletand DFT(B3LYP) levels  the CASPT2 one$Fig. 3@)], particularly for the former.
of theory?’ In reaction(1), structures corresponding to MIN However, the TS1 barrier relative to MINBL is very simi-

Bl and TSC1 in thetransMERP and to TSE1, MIN E1, TS  lar at both levels, as could be expected by the essentially
F1, and MIND1 in thecis-one were foundFig. 3@)]. Also,  closed-shell character of these stationary poisee Table

in reaction(2) stationary points analogous to MIB2 and TS V). There are also interesting differences in the symmetry of
B2 were locatedFig. 3(b)]. Besides, a TS between reactions TS E1, TSF1, and TSB1, as these structures belong to the
(1) and(2) was noted, connecting MIE1 with MIN B2. We  C,, C,,, andC, point groups at the CASSCE8,14 level
have also obtained this structure, which is labeledABSn  but to C,,, C,, andC, according to Ref. 17, respectively.
Table Il and Fig. 3. However, the van der Waals minima andMe were also able to characterize the TS linking reactions
TSs on the entrance zone of both reactions and the isomeri@) and (2), labeled TSA3, at the CASSCHA4,19 level,
structures to the vdWis-dimer (MIN D1) presented here obtaining the results reported in Table Il. The main electronic
were not located previously. configurations of this T$Table V) suggest a strong diradical

As commented on above, we also performed a study o€haracter, which would not be correctly treated at the B3LYP
the ground'A’ PES at the DFT level with several functionals or BD(T) levels. For instance, note the energy difference of
and basis set® The best results were obtained at theabout 10 kcal mol' reported in Fig. 3 between the
B3LYP/6-311G2d) level, although only a moderately good CASPT2//CASSCF and BO) results. The ON distance of
representation of reactants and products was reached. ThisTS A3 is about 0.15 A longer at the CASSCF level than that
particularly true for the diradical species, ) and obtained at the B3LYP level, the rest of the parameters being
Oy(a 1Ag), which are affected by the spin contamination rather similar. It is worth mentioning that broken-symmetry
problem. Even when projection of the wave function toproblems were detected for the CASSCF wave function.
eliminate the triplet contribution was performed, the methodThey were also detected in previous work of our GWwit.is
we used? did not seem to yield results of enough quality. likely that this structure is not correctly treated either at the
With this method we obtained stationary points analogous t@3LYP, BD(T), or CASSCF levels.
those reported in Figs. 1 and 2. Among the structures ob- Finally, in a recent work?® restricted scans over the
tained in our work, those that were also characterized in Refground and excitedA’ and *A” PESs of the system were
17 show very similar geometries and frequencies. Howeveperformed at the CASPT2//CASSCF level of theory, using a
we found a certain spin contamination in B8 and in the (10,8 active space for reactiofil) and a(10,10 one for
vdW (NO), dimers. In particular, T81 present,,, sym-  reaction(2), and employing a basis set of double-zeta qual-
metry, whereas it is found to hav@, symmetry in Ref. 17. ity. In particular, potential energy curves with respect to the
From this comparison one can conclude that a good overalD(*D)—N distance with a fixed 3D)—N-N angle were
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FIG. 4. Energy relative to reactants, @) + N,O, in front of the ON attack distance for reacti@h at different ONN angles of approach, with the\
geometry kept fixed at its equilibrium CASSR,12 value: (a) 80°; (b) 100°; (c) 120°; (d) 140°; () 160°; (f) 180°. Symbols correspond to the following
type of calculation: CASPT20), CASSCF(®), and LEPS empirical surfadé]). See the text.

constructed, assuming the equilibrium geometry for th@ N high barrier for collinear geometries must be a consequence
molecule. The authors observe the same trends as found @i the study being partial. If one takes a look at Fig. 1 in this
the present work, i.e., the CASSCF curves present a consiavork, it is clear that a huge distortion of the NNO moiety is
erable entrance barrier, whereas the CASPT2 ones are vergquired for the system to reach a minimum, e.g., MBN
flat, bearing a small barrier at an f)—N distance rather Even though MINBL is placed about 65 kcal mol below
shifted from the CASSCF value. reactants, its barrier to products is not larger than 3-4
From a reduced-dimensionality study of the groddd  kcal mol? (i.e., through TSB1). On the other hand, the wide
PES}®in which grids of points at several fixed values of the entrance angle and the energy decreasing character of the
O(*D)~-N~-N angle were calculated with respect to only two pgs for angles far from collinearity are in qualitative agree-
degrees of freedom, i.e., the ) ~N and N-N distances, ment with our own results. A second comment concerns the

the authors discuss qualitatively the rovibrational d|str|but|onsiZe of the active spaces used. In our opinion, those used in

for the products of reactioil), 2 NO. They attach great Ref. 19, i.e., a(10,9 active space for reactiofl) and a

|mportan<ie to a very deep coII.mear. mmmufabout 50 (10,10 one for reaction(2), are not large enough to yield
kcal mol = below reactansand to its exit barrier to products e .
quantitative results. In fact, they must lack some important

(some 20 kcal mol* above reactantsas well as to the ever- . : . .

decreasing character of the PES for'Df—N-N angles far orpltals, given that a minimum .CASSCF active space com-

from collinearity. These features of the PES would lead toP1S€S 18 electrons in 14 prbltals. Qne could argue that
CASPT2 could correct for it by adding all the electronic

two very different reactive mechanisms, which can be de ‘ )
scribed as complex and direct, respectively. Their study OFOI’I’e|atIOI’l not considered at the CASSCF level. However,

reaction(2) is more limited and we will not refer to it in the SOME problems such as a low and nonhomogeneous refer-
following. ence weight in the CASPT2 wave function and/or the ap-

There are important differences between the work refearance of intruder states may be preseat, it must be
ported in Ref. 19 and our own. First, we believe that a dis-corrected for even in thel4,12 case, see belowTherefore,
cussion of the dynamics of reacti¢h) in terms of a partial, We conclude that a full-dimensional study of the system with
three-dimensional study of the six-dimensional D]  a more extensive active space than those employed in Ref.
+N,O system is not quite justified, as it may lead to mis-19 is needed if a reliable PES useful in dynamics studies is to
leading conclusions. The presence of a deep minimum and Ize obtained.
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FIG. 5. Energy relative to reactants, @) + N,O, in front of the OO attack distance for reactit® at different OON angles of approach, with thgQN
geometry kept fixed at its equilibrium CASSQR,12 value: (a) 80°; (b) 100°; (c) 120°; (d) 140°; (e) 160°. Symbols correspond to the following type of
calculation: CASPTZ0) and CASSCH@®). See the text.

C. CASPT2 study of the entrance zone determined at the CASSCH,12 level, and about 100° in
We have performed a study of the potential energ);eactmn(Z), near the O_ON.N. angle at T&2 and at the
same level. In Fig. 6 the minimum energy paths were ob-
I,tgined by fixing the attacking O—NNO distaneeaction(1)]

found necessary in order to gain deeper insight into the strud” the aftacking O-ONN distaneeaction(2)] and optimiz-

ture of this very important zone. In Figs. 4 and 5 plots of theN9 the_ rest of paramelters.at the CASSDF1) level (e}l-
energy calculated at the CASS@B,12 and CASPT2// ways in Cg symmetry; point-wise CASPT2 calculations

CASSCR14.12 levels in front of the attack distance for sev- were then performed on the resulting geometries. The curves
eral angles ’of approach and for reactigbsand (2), respec- are very similar to those obtained at fixed geometries for the

tively, are presented. As a first approximation, thgON near-optimal angles of approach, thus indicating that freezing
distar’1ces were kept fixed at the optimal équilibriumthe NNO moiety does not introduce an important error in the
CASSCR14,12 values. We note that the weight of the paths at fixed angle. We have also used an analytical LEPS

CASSCEF reference wave function in the CASPT2 one had t@mpirical_ PES.previoust derived in our grétiassuming a
oseudotriatomic model. As one can see, the LEPS energy

be maintained almost constant in order to obtain smooth er2 fles f " imil d tend t )
ergy curves. We have done so by using the imaginary shi rofiles for reaction(1) are similar and tend to converge to
the CASPT2 ones as the oxygen atom approaches jfe N

technique®® as implemented in theloLcAs 4.1 program, oeule. thouah th derabl tractive in th
thus correcting for the differences in reference weight for thém?[rzcr:ll::g,zor?sg €y are considerably more attractive In the

set of geometries considered. In Figs. 4 and 5 one can notice’
the dramatic change in the shape of the potential energy suy-

face when comparing CASSCF with CASPT2 results. Therv' RATE CONSTANTS

vdW minimum and the TS CASSCF geometries are consid- Rate constant calculations based on the conventional
erably shifted and the possible reaction barrier is now placettansition state theoryTST)®! require the structure, har-
below reactants for reactiofl), and turns into an inflection monic vibrational frequencies, and energy of the TSs. The
point for reaction(2) (not appreciated in the scale of Fig. 5 geometry of the TSs was determined by means of local fits
The angle giving the lowest-energy profile is about 120° inaround the geometries obtained in the minimum energy
reaction(1), which is near the O—NNO angle at &l as  paths, and considering the,® as a frozen fragment with its
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own frequencies. For reactidft) a bidimensional grid in the ventional TST rate constant calculations assuming that the
O-NNO distance and angle was fitted to a bicubic splineeactivity is dominated by the CASP{2,12 entrance
polynomial expression, taking the other parameters as thosshannel transition states reported in Sec. Ill C. We recall that
optimal at the CASSCF level. The fit was then used to dein C, symmetry two PESs (YA’ and 1*A”) correlate with
duce the corresponding harmonic vibrational frequencies fothe reactants and products of reacti¢hsnd(2). Hence, the
these degrees of freedom. For reacti@hwe have made the total rate constant for reactigid) can be expressed as
assumption that a TS exists and that it is located nearby the _ Lnr Lan
inflection point commented on above. In the same way a Ki=ky(1°A) Thka(17A7), (43
one-dimensional fourth-degree polynomial fit in the O—ONNand an analogous expression can be written for rea¢fipn
angle was performed, and the frequency was also deducete.,
We did not try to determine the imaginary frequency of this . I Lan
TS because we do not need it for the subsequent calculations. ka=ka(1°A") Thka(17A"). (4b)
The geometry, frequencies, and energy of both TSs are given According to Eqs(4a) and (4b), we need further infor-
in Table V1. Note that th&®oy andRog distances are remark- mation regarding the 1A” PES. For both reactiond) and
ably longer than for CASSQHES8,14 TSAL and TSA2 struc-  (2) we have located the corresponding TSs for ¢ie and
tures in Table Il. This is a consequence of the importance ofrans-arrangements, the computed barrier heights being 2.4
dynamical correlation in this system, as indicated above. and 5.3 kcal mol! for reaction (1) and 11.5 and 25.2
With this set of data it is possible to estimate the ratekcal mol ™ for reaction(2), respectively[values obtained at
constants of reaction at different temperatures as well as ththe CASPT2//CASSCHES8,149 level including the
branching ratio between both reactions, and to compare the@ASSCK14,19 ZPE]. Their geometrical parameters are de-
with experimental data. To this aim, we have performed contailed in Ref. 62, while more details on the'A” are cur-

TABLE VI. CASPT2(14,12 entrance transition states for reactigg and(2).

Geometry(A, °)aP

R Rno Roo <NNO <NOO Dihedraf E/kcal.mol*¢ wlem e
Reaction(1) TS  1.1329 1.1883,2.3260 180.0,109.1 180.0 —0.6 2275.22') 1296.2a') 603.0a’) 603.0a")
10.4a’) 165.2(a’)
Reaction(2) TS  1.1310 1.1926 235  180.0 98.9 180.0 -15 2275.24') 1296.2@') 603.0@’) 603.0@")
13.9@")

a8SecondRyo distance and<NNO angle for reactiorfl) TS and<<NOO for reaction(2) TS calculated by means of fits to grids of poisee the text
bThe principal moments of inertién a.u) for these two transition states are as follows: X46°(C), 8.06x 10°(B), 1.20x 1(°(A) [reaction(1) TS]; and
8.43< 10°(C), 6.84x10°(B), 1.58x 10°(A) [reaction(2) TS], where the molecular symmetry plane has been taken aBGrmne.

‘Dihedral angle is defined asONNO for reaction(1) and <NNOO for reaction(2).

YEnergies relative to reactants ) + N,O at the same level.

fLast two frequencies for reactigqit) TS and last frequency for reactid®) TS calculated by means of fits to grids of poigee the text
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rently being investigated. The barrier heights for thbA1 ~ TABLE VII. Rate constantsin cm™° molecule™ s™%). Experimental data
. . . . . — _ —11 — _ —11

TSs imply a negligible contribution to the total rate constantRef- 3: ki=7.2(+3.0-2.1)x10"%, k,=4.4(+1.8,-1.3)<10"", and

. . . kg /k,=1.6(+1.7,—0.8) for T: 200-350 K.

in the range of temperatures considered. Therefore, in what

follows only the 1'A’ PES will be taken into account. ky X 10t kpx 10t Ky Ik,
The electronic partition function ratio for each of the TSs

on the 1'A’ PES is given by

T/IK TST(CASPT2 QCT (LEPS? TST(CASPT2 TST (CASPT2

100 4.29 3.42:0.04 1.54 2.79

Zoi TS 1 150 4.88 3.63:0.06 2.25 2.17
— & 5 200 5.67 3.740.06 2.95 1.92
Zel,0 Zel,N,0 250 6.53 3.86:0.07 3.66 1.78

. . 300 7.42 3.920.07 4.36 1.70
Tunneling corrections are expected to be very low, owned t0 ;¢ 8.32 418007 506 164
the negligible barrier heights and the atoms being relatively 400 9.23 4.36:0.07 5.77 1.60
heavy, and have not been considered. For readfigna 450 10.2 4.46:0.08 6.48 1.57
comparison has also been made with the rate constants 0200 1.1 4.480.08 7.18 1.54
tained by using the above-mentioned LEPS PES and runnin 12'8 jg;g'gg ;'gg igg
quasiclassical trajectori®on it using therriQcT program®* 250 157 = 040 10 107 147
A set of 10 000 trajectories for each temperature was deemeghoo 20.4 5380.10 14.2 1.44

sufficient for the present purpose of calculating rate cons — ———
stants, since a low statistical uncertainty was achieved. A N€ statistical errofone standard deviatioris indicated.

number of reactive trajectories of between 1700 and 3000

was obtained within the range of temperatures studied. Un-

der the reasonable assumption that reactivity in the tempera-

ture range explored is dominated by the ground PES1) as the one resulting from the QCT calculation on the
(1*A"), we have taken the QCT rate constant for reactionl A’ PES divided by Selectronic degeneracy in reactants

-9.6
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q
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FIG. 7. Arrhenius plot of the rate constant for reactig@hwithin the 100—1000 K range of temperatures, taking into account théaAIPT2, QCT(LEPS),
and experimentalRef. 3 results. The curves shown correspond to fits of the TST and QCT rate constants based on the expfEpsid"
Xexp(—Eg/RT): A=1.90x10 3 n=9.99x10 !, E,/R=—8.22x10" for TST(CASPT2, and A=7.84x10 % n=2.74x10"}, E,/R=—2.37x 10
for QCT(LEPS.
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FIG. 8. Arrhenius plot of the rate constant for reacti@ within the 100—1000 K range of temperatures, taking into account thgdA3PT2 and
experimentalRef. 3 results. The curve shown corresponds to a fit of the TST rate constant values based on the eX{EssiAT" exp(—Ey/RT): A
=1.45¢10 1% n=9.96x10 %, E,/R=—7.85.

On the other hand, the TST theory cannot be applied to then the captions of the figures. Notice the nonlinearity of the
LEPS potential surface because of the absence of any TS.plots (non-Arrhenian behavior of the systeénthe branching
The values of the rate constants in front of temperatureatio is somewhat higher than the experimental one but still
are given in Table VII. In the CASPT2 case almost-perfectin good agreement with ifFig. 9), and the slope of the plot
agreement with experiment was found by taking the heightlecreases with increasing temperature. We finally note the
of the classical barriefi.e., that derived without taking into rather large uncertainty in the experimental rate constants
account the ZPE energies of reactants and E8sply as an  and branching ratio.
adjustable parameter at a temperature of 300 K. The optimal
values obtained are arouneD.15 kcal mol* for reaction(1)
and around 0.0 kcal mot for reaction(2). If the classical V. SUMMARY AND CONCLUSIONS
barrier height for reactiofil) is also taken as zero, the com-
puted rate constants increase slightly, although their values An ab initio study of the !A’ ground PES of the
are still within the experimental error bounds. In Table VIl O(*D)+N,O(X =) reaction has been performed mainly
one can notice the slight variation in the rate constants foat the CASPT2//CASSCF level. The stationary points of the
this range of temperatures, in accordance with experimentwo fast reactions leading to 2 N®(?I1) and Ny(X 125)
This is particularly true for the LEPS PEQCT calculation, +0y(a 1Ag) products have been located and characterized
but also for the CASPT2 TST results if we restrict ourselvesas either minima or transition states calculating their har-
to the experimentally studied range, i.e., 200—350 K. Withinmonic vibrational frequencies. Two paths are found to be
this temperature interval the CASPT2 TST rate constants areasible in reactioil), i.e., those bearing predominaréns
within the experimental error bounds for both reactions.andcis-arrangements, thieans- one connecting directly with
Arrhenius plots of the CASPT2 TST and LEPS QCT derivedreactants. A rather complicated dynamics would thus be ex-
results are presented in Figs. 7 and 8, and the CASPT2 TSfected for this reaction, which is the most amenable for com-
branching ratio is given in Fig. 9. A very good fit of the data parison with experimental studies. In reacti@®) several
was obtained by using an expression of the kid) structures are found in the entrance zone of the reaction.
=AT"exp(— Eq/RT). The expressions for each fit are given Some of them would possibly not be obtained if full
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FIG. 9. Plot of thek, /k, rate constants ratio within the 100—1000 K range of temperatures, taking into account {{@ABFIT ) and experimentaRef. 3
results. The curve shows the results obtained from a fit of the TST rate constants ratio based on the exgf@ssiai" exp(—Ey/RT) for each rate
constantA;/A,=1.24,An=9.96x10"3, AE,/R=—7.62x10". Experimental error bounds are not indicated since they would exceed the bounds of the
figure.

LI S e e

optimization at the CASPT2 level were performed. Most re-initio information derived in this work, to obtain deeper in-
markable is the decrease in energy observed when introdusight into this important atmospheric reaction.

ing dynamical correlation to the system using the CASPT2
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