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The atmospheric reaction between NO and ozone has been investigated using ab initio methods. The structures
of all reactants, products, intermediates, and transition states of reaction 1 have been optimized and characterized
at the UMP2(full) level of theory. The 6-31G(d), 6-311G(d), and 6-311G(df) basis sets have also been used
to calibrate the effect of the basis set functions on the optimized structures and energies of all stationary
points. Finally, we have reoptimized at the UMP4(SDQ, full)/6-31G(d) and 6-311G(d) levels. The energetics

of the reaction has been studied more accurately within the G2 and G2(MP2) schemes. Also, QCISD(T)/6-
311G(d) single-point calculations have been performed by using UMP2(full)/6-31G(d), 6-311G(d), and 6-311G-
(df) geometries. The mechanism study of the M@D; — NO, + O, reaction has shown that the transition
between reactants and products is not direct, but it proceeds along two transitioni§atasdTS?2) separated

by the intermediateX). There is also the possibility of two different conformational (cis/trans) channels on

the PES. In addition to the title reaction (the only one found under atmospheric conditions), we have also
extended our QCISD(T)/6-311G(d)//UMP2(full)/6-31G(d) study to the reactions that might occur under high
temperature or pressure conditions, such asN@; — NO, + O;(*Ag), NO + O3 — ONOO + OCP),

ONOO— NO + O, ONOO— NO, + O(P), and ONOO— NOs.

1. Introduction NO+ O,— NO, + 02(1Ag) )
General knowledge of atmospheric chemistnas become NO + O, — ONOO+ O(P) 3)
o ot ' et v e ¢ i s ono0 o <o, "
i:';1Csép.)ects related to life, such as health, biodiversity, and econom- ONOO— NO, + O(3P) (5)
Nitrogen oxides (NG play an important role in tropospheric ONOO— NGO, (6)

chemistry. However, despite the extensive experimental research

made on reactions of Nptheoretica] studies are very scarce Reaction 1 is also relevant to the Stratosphere because the
in the literaturez—4 NOy emitted from supersonic transports (SST) can easily react,
destroying the ozone layer in a catalytic cycséimilar to that
proposed for Cl atoms:

NO + O;—~ NO, + O,(°%,) ) NO + O,— NO, + O,

is of fundamental importance because the majority of thg NO NG, +O—~NO+ 6,

emitted into the atmosphere (at least 95%, as generally accepted) 0,+0—20,

is in the form of the primary pollutant NO because ozone is

the most abundant photochemical oxidant and because the Because of its implications in atmospheric chemistry and the
reaction between them is very fast. visible chemiluminescence it showsreaction 1 has been

However, the most important implication that reaction 1 has extensively studied. It was first assumed that reaction 1 took
in the tropospherical chemistry of NG due to the fact that  place along two different PESs with different rate coefficients
NO, photolysis is an important source of ozone pollution in and activation energies:
the troposphefe’ through the displacement of the Leighton
equilibriums-8 NO + O, — NO,(*A,) + O,

Although NG, + 0,(3Z,7) are the only products experimen- 2
tally four?d for the r((aagti())n betweenyl\?o and;,@vg have NO + O;—~ NO*("B,) + O,
included in our study different reaction channels that might occur NO,* — NO, + hv
under higher temperature conditions, such as

The atmospheric reaction

However, Adler-GoldeH has shown that the experimental
* Corresponding author. E-mail: ignacio.nebot@uv.es. data can be explained in terms of a single PES. This is mainly
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due to the great mixing between th#, excited electronic state  energy paths from transition-state structures to the corresponding

of NO, and the high vibrational levels of the grou; state. minima at the UMP2(full)/6-311G(d) level of theory. The

In any case, because we cannot introduce the appropriateeigenfollowing and T% methods have been employed for

coupling between the two states, in this work we will restrict locating the minima and transition-state structures.

our study of the mechanism to the fundamental PES 0§.NO Zero-point energies (ZPE) have also been calculated at these
Because of its important implications to atmospheric chem- levels of theory. To predict more reliable values, the raw

istry, considerable research effgr2® has been devoted to  calculated ZPE values were scaled by 0.9676 when the 6-31G-

measuring the rate of reaction 1. All the measured rate constantgd) basis set was used and by 0.9748 with the 6-311G(d) basis

lie within the range 1.4k 10 14-2.77 x 10 % cm® molecule’® set to account for their average overestima#oho obtain the

s1, and all activation energies lie within the range 18418 energies at 298.15 K, the thermal energy of each species has
kcal/mol. The IUPAC-recommended Arrhenius expression for been added to its total energy.

the rate coefficient & k = 1.8 x 10712 exp(~1370M) cm? The relative energies calculated for all stationary points of

molecule’l s1. Then, at 298.15 Kk298-15k= 1 8 x 10714 cm? reactions 6 have been refined using the G2(MP2)nd G238
molecule’! s71, andE;298-1%k= 2,72 kcal/mol. This expression  procedures developed by Pople et al.

is based on a least-squares analysis of the data over the range The best results, however, have been obtained by performing
195-304 K16720 The temperature range is limited because direct QCISD(TY® or CCSD(T¥° single-point energy calcula-
Clyne et al? Clough and Thrusk Birks et al.}® Michael et tions at the optimized UMP?2 structures.

al.'¥ and Borders and BirkS found a nonlinear Arrhenius All calculations have been performed with the Gaussiah 94
behavior that can be representedkas 8.9 x 10-29T 22 exp set of programs on an IBM RS6000/SP and an SGI Origin 2000
(—765IT) cm® molecule’ s71. 22 of the theoretical chemistry group of the University of Valencia

In this paper, theoretical results derived from a high-level ab (Spain).
initio study of the mechanism of reactions-@& are presented.
Theoretical and computational details are described in section3. Results and Discussion
2. The results are discussed in section 3 as follows: In . . .
subsection 3.1, we focus on reaction 1, in subsection 3.2, we Because of the complexity of reactions-4, a previous

describe reaction 2, and in subsection 3.3, we discuss reactionsexpk.)rat'on of the PES_ has been performe_d with the. semk-
3—6. The main conclusions that arise from the current research &MPirical AM1 method in order to characterize all stationary
are finally summarized in section 4 points easily according to their significance in the reaction

mechanism. Then, the geometry of all reactants, products,
intermediates, and saddle points involved in the reaction between
NO and Q have been reoptimized at the UHF, UMP2, and

Geometries of all stationary points involved in the mechanism UMP4 levels of theory. Also, because of the ability of DFT-
of reactions 6 have been previously optimized with the based methods to overcome spin-contamination problems, we
semiempirical AM%3 method because of the complexity of the have tried these methods without successful results.
reaction mechanism and because it has been shown that this 3.1. Reaction 1: NO+ Oz — NO, + O,(°E47). In Figure
method efficiently works with radica®.All AM1 calculations 1, we depict our proposal of the mechanism of reaction 1. The
have been performed with the MOPAC2®rogram. main geometrical parameters predicted at the UMP2(full)/

The geometries obtained have then been reoptimized at the6-31G(d) level of theory are given along with the geometries
UHF,26 B3LYP 27 UMP228 and UMP4(SDQ,full) levels of  of all stationary points and the notation system employed also
theory with the 6-311G(dJ basis set. Unfortunately, despite in Figure 1.
the great recent advances made in density functional theory Tables 1 and 1S (Supporting Information) show the optimized
(DFT), which is particularly relevant when dealing with radicals, geometries of reactants, transition states, intermediates, and
the B3LYP method was not able to reoptimize most of the products of reaction 1. The calculations have been carried out
saddle points previously found at the UHF or UMP2 levels. atthe UHF, UMP2(full), and UMP4(SDQ,full) levels of theory
Becke'’s three-parameter hyb#dmethod B3PW93! and the using the valence triplé-6-311G(d) basis set with all three
local spin-density approximation (LSDAY were also tested.  methods: the 6-31G(d) at the UMP2 and UMP4 levels of theory
However, the results obtained with these methods were similar and the 6-311G(df) at the UMP2(full) level to analyze the effect
to those obtained with B3LYP; therefore, we finally decide to of the inclusion of polarization functions on both the structure
obviate DFT methods in further research. of the stationary points and the calculated barrier heights of

To check the convergence of the predicted structures andreaction 1.
relative energies calculated for reaction 1 at the level of Finally, Table 2S (Supporting Information) collects the
computation, all stationary points have also been optimized at normal-mode frequencies of all the stationary points of reaction
the UMP2(full)/6-31G(d), 6-311G(df), and UMP4(SDQ,full)/ 1 calculated at the same levels of theory. Experimental values
6-31G(d) levels of theory. are also shown in the same table.

The Berny? algorithm has been employed for the UHF, MP2, 3.1.1. Reactants and ProductsThe UMP2(full) and the
and MP4 geometry optimizations. The computed stationary UMP4(SDQ,full) optimized structures are in reasonably good
points have been characterized as minima or transition statesagreement with experimental results'® Therefore, the UMP2-
by diagonalizing the Hessian matrix and analyzing the vibra- (full) and UMP4(SDQ,full) methods should be good enough to
tional normal modes. In this way, the stationary points can be study the mechanism of reaction 1. The best results were
classified as minima if no imaginary frequencies are shown or obtained with the largest 6-311G(df) basis set, which predicts
as transition states if only one imaginary frequency is obtained. very accurate values for all the geometrical parameters.

The particular nature of the transition states has been determined The values given in Table 2S for the vibrational frequencies
by analyzing the motion described by the eigenvector associatedshow, however, three anomalous predictions for NO and the b
with the imaginary frequency. Furthermore, the intrinsic reaction normal mode of @ and NQ. These discrepancies can be
coordinate (IRCY method has been used to describe minimum- attributed in the case of NO and M@ spin contamination of

2. Computational Details
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TS1

Figure 1. Optimized UMP2(full)/6-31G(d) geometries of the stationary points along thetNG; — NO, + O(3%;") reaction pathway. Angles
and dihedrals are given in degrees, and bond distances are given in angstroms.

TABLE 1: Geometrical Parameters? of the Reactants and Products of the NO+ O; — NO, + O, Reaction

UHF UMP2® UMP2 UMP2 UMP4 UMP4

parameter 6-311G(d) 6-31G(d) 6-311G(d) 6-311G(df) 6-31G(d) 6-311G(d) exp
NO
r(N—0) 1.117 1.143 1.134 1.133 1.146 1.137 1.151
O3
r(0—0) 1.194 1.300 1.281 1.273 1.269 1.250 1.278
0(0O—-0-0) 119.2 116.3 116.9 117.1 117.5 117.8 116.8
NO,
r(N—0) 1.156 1.216 1.202 1.197 1.208 1.194 1.193
0(O—N-0) 136.3 133.8 134.0 134.3 134.2 134.5 134.1
(073
r(0—-0) 1.157 1.246 1.223 1.217 1.224 1.204 1.207

aBond lengths are given in angstroms; angles and dihedrals are given in dédué#32 and UMP4(SDQ) optimizations have been performed
using all electrons in the correlatiohExperimental data taken from refs 47 and 48.

the UHF wave functioff and in the case of £ to the The evolution ofTS1is thus toward an ONOOO intermediate.
multiconfigurational nature of the wave function, as is well- This point @A) has been characterized as a minimum and is the
known#° intermediate of reactions-13:

3.1.2. Reaction MechanismAs seen in Figure 1, the NO N
radical approach to the Onolecule is determined by the NO + O; —~ [ONOOQO]— NO, + O,(%; ) (1)

orbitals of the terminal oxygen atom of ozone, according to the

- . 1
previous theoretical work of Dupuis et ®lfor the H + O3 NO + O; = [ONOOO] —~ NO, + Oy Ag) )

reaction. . . 3
The first step of the reaction mechanismTiS1, which as NG + O; =~ [ONOOO]—~ ONOO+ O(P) (3)
expected for exothermic reactiotfsshows very small perturba- The symmetry ofA is alsoCy, although except for the £

tions of geometrical parameters compared to those of reactantsgtom, the rest of the molecule lies in a plane, as shown by the
The characterized structure @fS1 is quite similar to the value of the dihedral anglg(0;—0s;—N,—0,) of 180.C at the
nonplanar structure reported for the-HO3*¢ and Cl+ O3*8 UMP2(full)/6-31G(d) theoretical level.
reactions. The UMP2/6-31G(d) value for the imaginary fre-  From the intermediatd, the products are finally reached
quency corresponding to the reaction coordinate is 352.9tcm  through the transition staf€S2. This saddle point shows an
TS1 has not been characterized at the UMP4/6-311G(d) level imaginary frequency of 1245.7i cth at the UMP2/6-31G(d)
of calculation because of the great computational cost involving |eve| of theory. The spin-density analysis 562 shows two
this calculation. unpaired electrons on the forming@Ey~) molecule.
To asses the reliability of UMP2 and UMP4 methodologies,  The increase of the number of polarization functions from
TS1 has also been optimized at the QCISD/6-31G(d) level, the 6-311G(d) to the 6-311G(df) basis set at the UMP2 level of

confirming the results previously obtained. theory produces structures f681 that are more similar to those
The subsequent IRC calculation confirms th&1 connects of reactants. The changes in the structureAond TS2 are,
the reactants with the intermediate structe This is in however, less sensitive to the number of polarization functions

agreement with the reaction mechanism proposed for the Cl introduced into the basis set.

Os* reaction that proceeds along several steps at the MP2 level. The change of the doublebasis set by a triplé-basis set
TS1hasC; symmetry. However, except for the;@tom, the at either the UMP2 or UMP4 level also gives structures for

atoms of TS1 are almost planar, as can be inferred from the TS1 that are more similar to those of reactants.

dihedralO(O4—03—N>—0;) value of —178.3 at the MP2/6- The study of reaction 1 has also shown that there are two

31G(d) level of theory. different conformational (cis/trans) channels on the PES. As
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cis-TS1

cis-TS2

Figure 2. Optimized cisUMP2(full)/6-31G(d) geometries of the stationary points along the N@; — NO, + O,(°Zy") reaction pathway.
Angles and dihedrals are given in degrees, and bond distances are given in angstroms.

TABLE 2: Vibrational Frequencies (cm~?) of the Stationary tion 1 is depicted in Figure 3 for both the cis and trans PES
Points of the NO + O3 — NO; + O, Reaction along the cis channels. The reaction enthalpy and relative energid&Saf
$rr1]d trans Reaction Channels at the MP2/6-31G(d) Level of A, andTS2 with respect to the reactants N© O calculated
oy at several levels of theory are shown in Table 3.

method frequencies (crf) The UMP2 barrier height forTS1, which is the rate-
cisTS1 3337, 118.0,154.8, 228.5, 449.1, 667.0, 1060.3, 1138.6, 3643.1 determining step of reaction 1, calculated with several basis sets
transTS1  352.9i,73.6,125.4,227.9,345.2, 667.7, 1101.3,1171.4, 37748 j5 mych larger than the experimental values. Projecting out spin
cis-A 125.7,279.7, 314.9, 600.2, 649.3, 842.9, 1174.5, 1748.2, 1827.0 contamination reduces calculated barrier heights. However,
transA 96.9,189.1, 327.2,535.4, 669.2, 922.9, 1185.1, 1730.0, 1935.9  PUMP2 barriers are still excessively large. The problem is
cisTS2  1273.3i, 102.7, 250.6, 309.2, 500.1, 595.5, 859.6, 1568.8, 3972.1 located in the ozone multiconfigurational nature of the wave
transTS2 1245.7i,93.7, 168.6, 274.4, 544.2, 631.4, 858.9, 1604.7, 1746.4  function.

At the UMP4 level, the rate-determining barrier height also

can be seen in Figure 1, except for theddom, all the atoms  corresponds t@S1 However, at this level of theory, thES1

of any of the stationary point§S1, A, or TS2 lie in a plane. andTS2 barrier heights are also overestimated. Moreover, with
Therefore, @—0, and @Q—04 bonds can adopt either cis- or the inclusion of triples, the UMP4 barrier height value @1
trans-like conformations. drops to 28.7 kcal/mol, as can be seen in Table 3.

The cis channel on the PES has been studied only at the Because of this important limitation of perturbationallMp—
UMP2(full)/6-31G(d) level of theory. The mechanism and Plesset methods, G2(MP2) and G2 calculations have been
optimized geometries of this new pathway have been depictedcarried out on every stationary point of the PES. These
in Figure 2. The vibrational normal modes of the optimized methodologies give, respectively, maximum barrier heights of
stationary points of this channel, ¢I$S1, cis-A, and cisTS2, 6.94 and 6.22 kcal/mol foifS1, which are closer to the
are shown in Table 2 along with those for the trans channel. experimental recommended value.

3.1.3. Reaction Enthalpy and Barrier Heights.The QCISD- The G2 technique reproduces results of a single-point QCISD-
(T)/6-311G(2d)//UMP2(full)/6-31G(d) energy diagram of reac- (T)/6-3114+G(3df,2p) calculation at a frozen UMP2(full)/6-31G-

354,68 T == m - - -- e e sssmemasemecaseaceamemeen ...
-354,69 1
-354,70
-354,71 |
-354,72 +

-354,73

Energy (a.u.)

-354,74

-354,75 |

-354,76

-354,77

| NG,
B4 i
stationary points

Figure 3. Potential QCISD(T)/6-311G(2d)//UMP2(full)/6-31G(d) energy profile for the reaction between NOafElative energies with respect
to the reactants NG O; are given in kcal/mol. Values in parentheses refer to the cis potential energy surface. ZPE and thermal corrections are
included.
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TABLE 3: Reaction Enthalpy (AH%gg 19, Barrier Heights for Transition States TS1 and TS2, and Stabilization Energy of the
Intermediate of the Reaction between @ and NO?

method AH298.15 AErs: AE, AErs?
UHF/6-311G(d) —88.46 —22.96 —28.50 —27.25
MP2(full)/6-31G(d) —52.48 39.36 1.93 17.84
cis-MP2(full)/6-31G(d) 37.51 —0.40 21.82
PMP2(full)/6-31G(d) ~58.07 23.94 2.09 0.90
MP2(full)/6-311G(d) —54.61 28.97 4.68 20.84
MP2(full)/6-311G(df) —52.85 39.03 1.91 19.71
MP4(SDQ,full)/6-31G(d) ~60.56 10.02 ~15.96 —6.74
MP4(SDQ.full)/6-311G(d) ~59.98 10.81 ~13.32 —2.11
MP4(SDTQ)/6-311G(d)//MP2/6-31G(d) —52.30 28.71 —2.48 ~1.07
G2(MP2) —43.49 6.94 —11.90 —13.04
G2 —44.31 6.22 —-11.79 —23.50
CCSD(T)/6-311G(d)/IMP2/6-31G(d) —54.13 3.83 ~11.66 —13.55
cis-CCSD(T)/6-311G(d)//MP2/6-31G(d) 3.23 ~11.98 —1451
QCISD(T)/6-311G(d)//MP2/6-31G(d) ~54.13 3.79 ~12.06 ~1453
Cis-QCISD(T)/6-311G(d)//MP2/6-31G(d) 3.02 ~12.66 ~12.46
QCISD(T)/6-311G(d)//IMP2/6-311G(d) —54.23 3.90 ~11.37 —12.84
QCISD(T)/6-311G(d)//MP2/6-311G(df) —52.66 4.94 —11.24 ~12.05
QCISD(T)/6-311G(d)//MP4/6-31G(d) —52.93 4.41 ~10.37 ~13.32
QCISD(T)/6-311G(d)//MP4/6-311G(d) —52.62 2.75 ~11.60 —12.25
QCISD(T)/6-311G(2d)//MP2/6-31G(d) —52.52 3.04 ~13.83 ~15.77
Cis-QCISD(T)/6-311G(2d)//MP2/6-31G(d) 1.63 ~15.05 —13.64
QCISD(T)/6-311G(3d)//MP2/6-311G(df) —51.74 3.11 ~14.39 —14.80

aThese energy values are relative to reactantsiNQ; and are given in kcal/moP. UHF/6-311G(d) relative energies include the ZPE correction
but not the thermal correctiofMP4(SDQ,full)/6-311G(d) and MP4(SDTQ)/6-311G(d)//MP2(full)/6-31G(d) energies do not include ZPE corrections
because of the great computational cost involved in a frequency calculation.

TABLE 4: Open-Shell T, Diagnostic Values for All

(d) geometry, assuming the additivity of several corrections Stationary Points of the NO + O3 — NO, + O, Reaction

introduced. However, the G2 scheme is based on UMP4(SDTQ)/ -
6-311G(d) energies, and the corrections are added through MP2_SPecies CCSD(T)/6-311G()  CCSD(T)/6-3111G(d)

and MP4 calculations when both methods have not described  NO 0.0261 0.0204
adequately the energetics of reaction 1. Hence, with the aim of ~ Os 0.0349 0.0274
predicting more reliable energies, we have carried out CCSD- 1351 0.0501 0.0525
(T)/6-311G(d), QCISD(T)/6-311G(d), 6-311G(2d), and 6-311G- A 0.0336 0.0301
(3d) single-point energy calculations. These calculations have  TS2 0.0511 0.0464
been computed by using the frozen geometry of the optimized o, 0.0275 0.0241
MP2 and MP4 stationary points. O, 0.0152 0.0148

Single-point QCISD(T)/6-311G(d) energy calculations have a UMP2/6-31G(d) optimized aeometriesUMP2/6-311G(df) opti-
been carried out at each MP2 and MP4 geometry, showing thatizeq geometries(;.) pimIized g ' (d0) ot

the inclusion of polarization functions in the basis set employed
to optimize the geometry 6T S1 at the MP2 level of theory fiyad geometry reduces the same barrier. However, all calculated
increases the calculated barrier height from 3.9 to 4.9 keal/mol y51yes for the rate-determining transition barrier of reaction 1
because the optlmlze'ES1 structures are situated earlier in the  jig in the range of the experimentally determined values, between
PES, as can be seen in Table 3. 1.44 and 3.18 kcal/mol.

The QCISD(T) and CCSD(T) calculations shows that the cis The values calculated for the reaction enthalpy of reaction 1

channel is slightly favored from a_klnenc_ point of_ view with are—52.5,—54.6, and-52.9 kcal/mol, depending on the basis
respect to the trans channel, despite steric repulsion, as can be loved h level of th h h ical
seen in Table 3. Set employed at the MP2 level of theory. These theoretica

. . . . values differ slightly from the experimentally measured value
Lower transition barriers are obtained when using the same gntly P y

UMP2(full)/6-31G(d) geometries but performing QCISD(T) of —47.6 kcal/mol. HO\_Never, we can consider that our values
. . . . . are accurate enough if we take into account the fact that the
single-point energy calculations with the larger basis set 6-311G- . .
experimentally recommended enthalpy is an average of the value

gZd) for both the cis and trans channels, as can be seen in Tablecorresponding to the NiPA1) ground electronic state and the

Therefore, we can conclude that, at a fixed geometry, if we value corresponding t,o the _NGBZ_) eXCII?d state.
use an increasing number of polarization functions in the basis MP4 methodology including triples gives nearly the same

set employed for the single-point QCISD(T) or CCSD(T) results as MP2. G2 an(_j G2(MP2) give values-0£3.4 and _
calculation then the obtained rate-determining barrier height —44-3 kcal/mol, respectively, above the recommended experi-
decreases. We have then two opposite effects. The improvemenfnental value. Finally, QCISD(T) and CCSD(T) give results
of the geometry quality, which is achieved by increasing the Similar to those predicted at the MP2 or MP4(SDTQ) level.
number of polarization functions on the basis set employed As can be seen in Table 3, at the QCISD(T)/6-311G(d) level,
during the MP2 optimization, increases the calculated barrier the larger the basis set used along the MP2 or MP4 optimization
heights at the QCISD(T) level. On the other hand, the use of step, the higher the calculated reaction enthalpy is. The same
larger basis sets in the single-point QCISD(T) calculation at a happens, as well, when the fixed MP2/6-31G(d) geometry is
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Figure 4. Reaction mechanism for the N® O; — NO; + O(*Ag) and NO+ O; — ONNO + O(P) reactions. Evolution of the N& O; system
during a hypothetical process that takes place under high-temperature conditions. Bond distances are given in angstroms.
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Figure 5. Final evolution of the peroxidic ONOO radical. Bond distances are given in angstroms.

used and the size of the basis set employed in the single-pointshell system, values over 0.02 are suspect, as happens with the
QCISD(T) energy calculation is increased. ozone molecule as expected. However, Jayatilaka and Lee
3.1.4.T, Diagnostic. The T; diagnostic gives a qualitative  suggest that cut-off open-shélf values may be larger. In fact,
assessment of the significance of nondynamical correlation. we found values of 0.045 accepted as reliable in the work of
Hence, it is used to ensure that all species involved in the Rienstra-Kiracofe et af9 so our highest values of 0.053 and
mechanism of reaction 1 are well-treated with a single-reference-0.046 obtained forTS1 and TS2, respectively, could be
based wave function. We report in Table 4 fhediagnostic considered to be reliable enough.
values using the open-shdll formalism of T. J. Lee et &® Despite the multireference character of, @hich shows a
The larger theT; value, the less reliable the results of the T; value of 0.027 at the CCSD(T)/6-311G(3d)//MP2/6-311G-
single-reference coupled-cluster wave function are. For a closed-(df) level, slightly greater than the recommended value of 0.020,
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Figure 6. Potential QCISD(T)/6-311G(d)//UMP2(full)/6-31G(d) energy profile for the reaction between NO amktive energies with respect
to the reactants NG- O; are given in kcal/mol for all systems found until ONOO. After this system and the removal of3@) &6m, relative

energies are given with respect to ONOO. Values in parentheses refer to the cis potential energy surface. ZPE and thermal corrections are included.

we will not appeal to complete active-space methodologies the elongation of the terminal oxygewnxygen bond. The IRC

because of the difficulty in selecting a CAS consistent for all
stationary points studied in this work.

3.2. NO+ O3— NO; + O5(*Ag) Reaction. The mechanism
for reaction 2 is depicted in Figure 4 along with the one for
reaction 3 because the intermedidtds the starting point of

carried out subsequently confirms the naturel 8.

The ONOO radical has an unpaired electron on the terminal
oxygen atom, as shown by the atomic spin-density value of
0.944 on it. This peroxidic radical can exist in two different

. conformations, the so-calledisONOO and transONOO.

both reactions. Reaction 2 takes place through the saddle po'ntAIthough we have focused only on the path leading toward the

TS3, which is very similar to th&'S2 described for reaction 1.

In fact, the largest differences are smaller than 0.045 A. Thus
the only meaningful difference betwed@is2 and TS3 is the
distribution of the atomic spin densities.

TS3 shows an imaginary frequency of 1136.0i ¢hat the
UMP2(full)/6-31G(d) level involving the asymmetric stretching
of the Nb,—0O3; and @—0O,4 bonds in a similar way as forS2.
The estimation ofAH,° for this reaction is—23.39 kcal/mol.
Then, reaction 2 is less exothermic than reaction 1.

The QCISD(T)/6-311G(d) barrier height corresponding to
TS3 is larger than the one corresponding T82. However,
although there is no experimental evidence of the excited O
(*Ag) as a product, it cannot be neglected without further
experimental research.

3.3. NO+ O3 — ONOO + O(®P) Reaction: Evolution of
the ONOO Radical. In this last subsection, we will describe
the mechanism of reactions-8. Figure 4 shows the mechanism
of reaction 3. G2(MP2) and QCISD(T)/6-311G(d) reaction
enthalpies and relative energies for reaction® 2rre collected
in Table 3S (Supporting Information) along with the vibrational
frequencies calculated at the UMP2(full)/6-31G(d) level.

3.3.1. Reaction Mechanism and Energy Profile.The
starting point of reaction 3 is the intermediaein its trans
conformation. This intermediate leads to ONOO through the
saddle poinfTS4. Because reaction 3 is endothermic by 35.9
and 30.5 kcal/mol, respectively, at the G2(MP2) and QCISD-
(T)/6-311G(d)//UMP2/6-31G(d) levels of theofyS4 is located

transsONOO throughTS4, the pathway leading to the slightly

' more stableissONOO also exists, and it would start in this-A

intermediate. In any case, the pathway leading tctts©NOO
does not contain different chemical information.

The peroxidic short-life ONOO radical is highly energetic,
thus it will deactivate toward more stable products. As depicted
in Figure 5, the ONOO radical can follow three different
pathways giving NOF Oz, NO, + OCP), or NG, as final stable
products. Among them, the one leading to NGD, is the most
favored.

Reaction 4 involves the transition stafis-TS5 with the cis
conformation, as can be seen in Figure 5. The imaginary
frequency of 1094.2i cmt associated with the reaction coor-
dinate involves the stretching of the bond between the central
N and O atoms. This transformation leads to the cleavage of
that bond, as shown by the large value of the bond length of
1.741 A.

TS5 exists, as the radical ONOO, in two different conforma-
tions: the so-calledis-TS5andtrans TS5. Furthermore, at the
UMP2(full)/6-31G(d) level of theory, we have been able to
optimize the homologous transition states leading to the O
(*Ay) excited state in both conformations.

The first step of reaction 6, as depicted in Figure 5, shows
no saddle point. The reason is probably that the subsequent
structure found via this route (excited ONOO) could be an

at the end of the reaction channel. Therefore, its geometry is €lectronic excited state of thisssONOO radical. When compar-

very similar to that corresponding to the products ON@O
OEP), which confirms the elongated bond distance of 1.991 A
between the terminal O atom and the forming ONOO radical
in TS4.

The stationary point S4 has been characterized as a transition
state with an imaginary frequency of 234.9i chthat involves

ing the structure of the excited ONOO with the geometry of
the ONOO ground state, we noticed that the bond lengths of
both terminal bonds have increased from 1.307 to 1.384 A and
from 1.135 to 1.182 A, whereas the central bond distance O

N3 has decreased from 1.561 to 1.482 A. This new structure
shows enhanced radical character, as can be inferred from the
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value of the total atomic spin density on the &om, which multireference methods were definitively obviated because
has increased from 0.933 to 1.072 in the excited ONOO single- and multireference ab initio methods consistently predict
molecule. the same results for the chemically equivalent syster Og*®

The excited ONOO is 15.0 kcal/mol above the ground state and because the rate-determining transition structi®d
at the QCISD(T)/6-311G(d) level and leads to the intermediate obtained at the UMP2(full) level is equivalent to that optimized
B through the transition stat€S7. The reaction coordinate  at the higher QCISD/6-31G(d) level.
involves a complex bending movement in which the N atom
moves simultaneously toward;@nd Q. This stationary point Acknowledgment. J.P.-G. thanks the Conselleria d’Educacio
has been characterized as a transition state with an imaginaryi Ciéncia for a personal grant. This work was supported by the
frequency of 911.6i cmt and a barrier height of 41.6 kcal/mol ~ Spanish DGES (Project PB97-1381) and CCEC (Projects
at the QCISD(T)/6-311G(d) level, which means that it is a very INF99-02-134 and INF00-15).
slow path from a kinetic point of view. ) _ _ )

At the next point in the reaction mechanism, the short-life ~ Supporting Information Available: Geometrical param-
intermediateA leads to the final stable product NGhrough eters, vibrational frequencies, and total energies for transition
TS8. The reaction coordinate involves the en|argement of the states and reactants. This material is available free of Charge
distance between oxygen atomsg @nd Q. TS8 has been  Via the Internet at http://pubs.acs.org.
characterized as a transition state with a single imaginary
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