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An ab initio study based on the CASSOEomplete Active Space Self-Consistent Fjelthd
CASPT2 (Second-Order Perturbation Theory on a CASSCF wave functioethods has been
carried out on the grountA” potential energy surfad®ES involved in the relevant atmospheric
reaction between ND) and G to produce OfP) and NO. Also, some intersections between PES
have been studied. The stationary points have been characterized and a grid of more than 800 points
have been fitted to an analytical function. This analytical representation of the PES has been used
to obtain kinetic and dynamic properties of the reaction. The rate constant of this reaction has been
calculated at different levels of theofyariational transition state theofyTST) and quasiclassical
trajectory (QCT) method$ and has been compared with the experimental valoesrall rate
constant including physical electronic quenchimdptaining a good agreement. The QCT method

has also been employed to study the properties of products from both the abstraction and insertion
microscopic mechanisms. The vibrational distribution of NO arising from the reaction at 100 K has
also been calculated and compared with the experimental ones. In this case, the agreement between
the theoretical and the experimental results is not so good, the experimental vibrational distribution
being less excited. Future work is necessary to determine the origin of this differenc200®©
American Institute of Physics[DOI: 10.1063/1.1408301

I. INTRODUCTION kcal mol ). Because of this, reactiafl) is not important in

The reactions of electronically excited species "keoverall reactivity. As refers reactiof2), it involves six PES
N(2D) play an important role in atmospheric chemistry, dis-(2 ’A’, 32A7, 12A7, 2%A", 3%A" and 3'A” PES and two
charges in plasmas, lasers, and photolysis systeimghe ~ Of them present very low-energy barrief8.08 and 0.25
upper atmosphere, the deactivation ofNJ is mainly due kcalmol™* for the 2°A” and 1°A” PES, respectively. Nev-
to molecular oxygen in its ground state(® 329‘) to pro- ertheless, if we take into account the zero-point energy
duce vibrationally excited NO. This reaction is the main(ZPE), the energetic requirement is about 0.50 kcal mah
source of NO observed in the aurora. The reaction betweehoth PES. Due to this, reactidfl) is also important in reac-
N(®D) and Q can take place by means of two reactive tivity at low temperatures. From VTS{Variational Transi-
channels: tion State Theorycalculations we have reproducettie ex-
N(2D)+ Oy(X 325) perimental rate constant of the overall deactivation ofy(

by means of @ and have also suggested that physical elec-
—O(*D)+NO(X 2IT),AH® 595 <= —41.4 kcalmol1,%3  tronic quenching is negligible. Hence, from the calculations
) it turns out that the formation of NO is mainly due to reac-

tion (2).

Regarding the NO vibrational distribution of reaction
(2), it has also been measurEdshowing an inverted distri-
bution peaking at NQ('=7) at 100 K. Braunstein and
Duff*® have succeeded in reproducing qualitatively these vi-

and a global rate constant of %20~ 2cm® molecule ts ! brational distributions by means of a QCT study on tHé\2
at 298 K has been recommendéd. and 12A” PES but considering a temperature of 500 K.

Recent theoretical papér$ have shown that reaction Recently, we have carried out a detailed study of the
(2) is strongly dominant over reactioid), that plays an es- 2°A’ PES implied in reactiori2).*’ In that work we com-
sentially negligible role in the deactivation of }§) by O.. puted more than 60@b initio points that were fitted to an
There is only one potential energy surfd&ES involved in  analytical function. We used this PES to perform a QCT
reaction (1) and its barrier is quite largelabout 20 kinetic and dynamic study of reactid@). The experimental
populations are peaked at=7 while our results showed a
JAuthors to whom correspondence should be addressed. Electronic mailore excited vibrational distribution. To improve these re-
miguel@qf.ub.es, r.sayos@gqf.ub.es sults and due to the importance of théA’ PES in reaction

—O(3P)+NO(X 2IT),AH® yo4 k= — 86.7 kcal mot 1,23

The overall rate constarftreactions(1), (2) and physical
electronic quenching has been measured by several
authoré =% at low and moderate temperatur@i0—465 K
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TABLE |. Ab initio CASSCF(17,12 energy Earrierikcal mol™) for the  equally weighted state average wave functions and CASPT2
. P " a .
abstraction transition states on thé/2 and 1°A” PESS calculations were performed on both roots. These calcula-
Basis et TS12n PES TS1 A" PES tions have been performed using thieLcAs 4.1 program’®
The characterization of all the stationary points at the
z‘é'_z\ﬁ; g‘zg g'gg CASPT2 G2 level and the calculation of their harmonic fre-
CC-pVQZ 6.78 6.97 quencies have been achieved by fitting different sets of

pointwise calculations with theurviBTM progrant® of mo-
®The calculations have been performed at the optimal cc-pVTZ geometry. |ecular rovibrational analysis.
PReferences 1 and 20.

. . . B. Analytical fit
(2), in the present work we have carried out a simiddr y

initio/QCT study of this PES. ANOO’ many-body expansidfihas been used to obtain
This work is organized as follows: In Sec. Il the meth- an analytical representation of théA” PES, which can be
odology employed in thab initio calculations, the analytical Written as
fit of the PES and the evaluation of the rate constants and _ /(1) (2)
V(R{,R,,R3) =V’ f(R{,R,,R3)+ VAR
vibrational distributions is described. In Sec. Ill we show the (Ri.R2,Ra) =V (R1,Ro,Ra) + Vo Ry)

results obtained, that is to say, the stationary points and the +VZ (R +VE, (Rs)
minimum energy path on the PES, the parameters of the .
analytical fit and the rate constant and vibrational distribu- +Vﬁ,éol(R1,Rz,R3), ()]

tions for the 12A” PES, and in Sec. IV the more relevant

conclusions are given whereV®), v andv® are the one-, two-, and three-body

terms, respectivelyR;, R,, andR3 are bond displacement
coordinates associated with the N-O, O+G@nd N-O
Il. METHODOLOGY bond lengths, respectively.
A. Ab initio methods As the O and O atoms correlate with its ground elec-
- . tronic state in both reactants and products asymptotes, no
2A7 2N 271 ’
22A€\S g\?;:,ated 'g ngg;,l’ se;/eral PEB"A ’t3 A t ltA ’ q one-body terms have been included for them. The N atom,
oro du,cts of ,rezr(:tio 12) 12?% 21C?)%e(\:/ci)onl?:(;apr)%$?/vaen Pfa\?en however, changes its electronic state from one asymptote to
! Lo the other ongground state, N{(S), in products and the first
performed a detailedb initio study of the ZA’ PES. In the 49 NS) P

oresent paper we will perform an analogous study on th excited electronic state, KID), in reactants As a conse-
. . uence, an accurate representation of the PES will be at least
12A” PES, as this one along with thé &’ PES are the most g P

involved in th tivity of N{D q two-valued. To obtain a simpler analytical form for the sur-

mvoTvr:e 1"2 A ePrEegchlw ybo t) d"?m d l:? f th face we have used a single-valued representation that prop-

ab initi?) metho dologssemiﬁgyse; i;eprezizjiagzp()éﬁg Ve\’lesamgrly reproduces the two nitrogen atom states in reactants and
. 93 products asymptotes. This has been achieved by including a

have car.ned out CASSQH'l.Z)/CASF.)TZ G2 (Com- one-body term, which consists on the product of the energy

plete Active Space Self-Consistent Field/Second-Order Pegf the excited N atom relative to its ground sta\d\}()) and

turbation Theory on a CASSCF wave functiaralculations switching functionf (R, ,R,,Rs), whose value ranges be-

using the standard correlation-consistent cc-pVTZ basis S%ween 0(products and 11(,regé:ta3n’t;

of Dunning and co-workef§ (10s5p2d1f/4s3p2dif).

Several basis sets have been previously tested and slight dif- ; 1 asS'

ferences in the value of the energy barrier for the transition (R1,R2.Rg)= 2 1-tan o )

states of the 32A’ and 1?2A” PES have been found. Table |

shows the value of the en(;/rgy barrins at theWhereS’ is expressed in terms of displacement coordinates

—R. — RN wi -
CASSCHK17,12/cc-pVTZ optimized geometry with different {_p j=R;—R; } with respect to &,,-ONO reference structure

0_ p0 po ’ .
basis sets. Differences in the energy barriers are lower thah®+ R1=Rs.Rp), and {bj} parameters that introduce the

0.5 kcalmol':; hence the barrier height is essentially con-correct symmetry of the PES with respect to the O-e@-
verged with respect to the basis set employed. On the othé:lhange:
hand, the CASPT2 perturbation method used is an adequate 3
way?®?-?" to include the dynamical correlation to the ~ S'=2, b/p;. (5)
CASSCF wave function. A variational approach such as the =1
MRCI (Multireference Configuration Interactiprmethod  This one-body term ensures the correct asymptotic limits for
implies to perform excitations over a large number of refer-reaction(2). The parameterr was optimized by means of a
ence configurations on the CASSCF wave function, as thérial and error procedure in the global fitting of the PES. This
PES studied involve excited states. However, these calculawitching function does not assure that a unique value of the
tions are not affordable with the active spdt&,12 and the energy is obtained when the three atoms are far away from
basis set used in the present work. each other. Nevertheless, this uniqueness is not crucial for
As our purpose was to study all the PES involved inthe study of the interesting PES, because the three separated-
reaction (2), we have calculated the first two roots @, atoms region will not be explored under the energy condi-
symmetry for the?A” states at the CASSCF level using tions defined in the present study.
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Extended-Rydberg potentials have been used to descritreaction through the 3A” PES has also been studied and the
the two-body interactiongdiatomic energy curvesfor NO  NO vibrational distributions at 100 and 300 K have been
and Q; obtained. The accuracy of the numerical integration of

2 _ 2 “a Hamilton's differential equations has been verified by check-

VE(R)=—De(1+aip+app™+-)e ™, © ing the conservation of total energy and total angular mo-
wherep=(R—R,) is the diatomic internuclear displacement mentum for every trajectory and performing back-
distanceD. is the equilibrium dissociation energy, aRdis  integrations on sampling trajectories. The integration step
the equilibrium bond length of the corresponding diatomicsize chosen (510 ’s) was found to achieve these conser-
molecule. Thes; parameters have been determined by meansation requirements for all the calculated trajectories. The
of a nonlinear least squares fitting of the diatoralrinitio  trajectories were started and finished at a distance from the
points. atom to the center of mass of the corresponding diatomic of

The three-body term consists of arorder polynomial  about 8.0 A, ensuring that the interaction between fragments
P(S:,S,,S;3) expressed in terms of symmetry-adapted coorwas negligible with respect to the available energy. For each
dinates 6;,S,,S;) and a range functionl(S;,S,,S;), temperature, both the relative translational enefgy)(and
which tends to zero as one of the three atoms separates froime rovibrational levels of the QO molecule have been
the other ones: sampled according to a Maxwell-Boltzmann distribution.

(3) B Approximate final quantized internal distributions.e.,
Voo (R1:R2:Rs) =P(S1,$,,85)T(S1.$,.S5), @) P(v')] were obtained from vibrational radial action vari-
where ables.
0<i+]j+k=n
P(S1,$;,S5) = ”_;:0 Cijk S SbS, (8 IIl. RESULTS

A. Ab initio study

The reaction between RID) and G, on the 12A” PES as
, 9) in the case of the 2A’ PES could take place by means of
two different microscopic mechanisms: an abstraction and an
insertion mechanisnm(See Fig. 1.
The abstraction mechanism could occur through a very
3 low energetic transition state. The values of the geometry,
Si:zl bijp; - (100 harmonic frequencies, and energy of this transition state
(TS) at the CASSCF and CASPT2 G2 levels are shown in
The number of parameters in the three-body term is reTable Il. The geometry and energy are very similar to the
duced, owing to the use of the permutational symmetry obnes of the transition state of the’&’' PES?® Both PES
the system. From the sets of ling@;, } and nonlineafy;}  show a bent abstraction transition state with large bond dis-
parameters, those that are associated to odd powe8 of tances between the N and O atoms, the distance between
(which is antisymmetric with respect to the exchange of thesoth O atoms being very similar to the, ®@quilibrium bond
O atomg are identically zero. The nonzero parameters argiistance(early transition statésRegarding the value of the
determined by a weighted nonlinear least squares proceduemergy with respect to the reactants, this is very low at the
using the energies and geometries of #ie initio points  CASPT2 G2 level: 0.25 and 0.08 kcal mélfor the 12A”
calculated. and 2°A’ surfaces, respectivelgwhen including the zero-
The analytical expression of the’A” PES has been point energy(ZPE) the following values result: 0.51 and 0.45
obtained by means of the same set of progranfaused in  kcal mol %, respectively. Thus, reaction(2) can take place
previous works of our groufy>° through this mechanism with a very low energetic require-
ment. The electronic configuration of the wave function
along the abstraction mechanism of the PES is clearly mul-
ticonfigurational, that is to say, there are several electronic
The rate constant for reactidg) has been calculated in configurations that contribute significantly to the CASSCF
a wide range of temperatures using the variational transitiomave function.
state theoryVTST).*’ The calculations have been performed The insertion mechanism is more complicated due to the
considering the ICVT(improved canonical VTSTmethod presence of intersections between PES along the minimum
and including the tunnel effect by means of the microcanonienergy patiMEP), as two PES of the same symme(spin
cal optimized multidimensionaluOMT) correction(ICVT/ and spack in this case the fA” and 22A” surfaces, can
#OMT method hereafter These methods have been appliedcross in contrast to what happens for diatomic molectftés.
taking into account the analytical PES obtained fromdbhe In fact, the noncrossing rule only applies to diatomic mol-
initio points. TheroLYRATE* program has been employed to ecules, whereas, in general, an intersection seam of dimen-
perform these kinetic calculations. sion M-2 can exist, wher# is the number of independent
The QCT methotf as implemented in theriocT3 pro-  internal coordinates for the molecular symmetry considered.
gram has been used to calculate the rate constant for reactidmerefore, for the NOO system i@g symmetry one hai
(2) at several temperatures. Moreover, the mechanism of the 3 independent internal coordinates and, consequently, it is

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

3 Si
(51,5, =1 1—tan?‘(7'7)

=1

with

C. Kinetics and dynamics methods
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FIG. 1. Energy diagram of the stationary points located in the minimum energy path of&fePES:(a) ab initio level; (b) analytical PES. In the analytical
PES the intersection 12 really corresponds to a saddle point. Energies are given in eV relative to reaéEansy(

feasible to have a one-dimensior(ak., a ling intersection 2B, symmetries irC,,) the intersection seam entirely lies in
seam. Moreover, in case the surfaces belong to different ithe restricted coordinate space. In this work, we have located
reducible representations in a restricted space of higher synthe minimum energy point along the line of intersection be-
metry (in this case the A" and 2°A” PES present$A, and  tween the two lowestA” surfaces. The dimensionality rules,
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TABLE |I. Properties of the stationary points of théA’ PES.

Rno/A RoolA <NOO/° wlem™? E/kcal mol 1@
ReactantgN(’D) + O,]
CASSCF 1.2177 1541.74 0
CASPT2 G2 1.2091 1586.18 0
Analytical fit 1.2075 1610.1 0
Products[ O(®P) + NO]
CASSCF 1.1587 1895.63 —102.33
CASPT2 G2 1.1543 1904.45 —85.02
Analytical fit 1.1508 1887.6 —87.28
Transition state of the abstraction mechani§h$l) (Cy)
CASSCF 1.9286 1.2318 108.20 441.03,), 106.26(), 1376.44(.) 6.83(6.74
CASPT2 G2 2.1580 1.2113 112.97 164.), 235(wy), 1534(.) 0.25(0.51)
Analytical fit 2.118 1211 109.3 17o,), 131(wy), 1543@,) 0.21(0.30
Ryor /A Rnor /A <ONO/° wlem™? E/kcal mol 2
Transition state?A, of the insertion mechanisfTS2) (C,,)°
CASSCF 2.2149 2.2149 32.08 138.88), 1490.22(},), 320.66(ws) 5.29(5.42
CASPT2 G2 2.3056 2.3056 30.49 1890, 1629wy), 217 (w.) 1.25(1.57
Analytical fit 2.284 2.284 30.8 1560,), 1411@y), 229(wy) 1.43(1.19
Minimum 2B;-ring form of NO, (M1) (C,,)
CASSCF 1.3809 1.3809 67.78 668.6Q], 740.84¢,), 1217.93() ~75.63(—74.07)
CASPT2 G2 1.3648 1.3648 68.44 618, 722(wy), 1239w —82.79(—81.39
Analytical fit 1.3750 1.3750 62.8 800(,), 506(wy), 1269(w.) —81.40(—80.02
Peaked intersection in the insertion pai) (C,,)
CASSCF 1.349 1.349 84.29 —-59.41
CASPT2 G2 1.343 1.343 85.38 —68.66
Analytical fit 1.363 1.363 68.8 —81.08
Transition state?A, (TS3 (C,,)
CASSCF 1.2857 1.2857 109.92 72106,), 757.68y), 1302.99¢.) —107.61(—105.89
CASPT2 G2 1.2763 1.2763 110.06 483,), 777(wy), 1300, ~109.38(—108.69
Analytical fit 1.2748 1.2748 113.8 826(), 588(wy), 1082(w,) ~110.9(—109.63
Distorted minimurm(M2) (Cg)¢
CASSCF 15834 1.1619 109.58 339240 ), 703.266;), 1733.810n0r) ~111.25(—109.49
CASPT2 G2 1.5081 1.1680 109.73 310(wnor), 768(@y), 1735@nor) ~110.29(—108.59

*Energy referred to reactants. Between parentheses is §iveZPE, where ZPE is the zero-point energy.
bIn the analytical fit this stationary point is a second-order saddle point.

“This point is a minimum in the analytical PESee the text

The distorted minimum is not reproduced in the analytical PES.

however, do not guarantee the surfaces to cross, the existenadiabatic PES changes frot, into 2B, symmetry. In this

of an avoided intersection between them being possible. part of the PES and for a small ONO angle of about 69°, we
The lowest-energy point on the first intersection seamhave found a minimuniM1). The existence of this minimum

(I) between the surfaces &k, and®B; symmetry has been called the “ring form” of NO,, has been noted befot&4®

located at the beginning of the MEP and after an insertiorHowever, to the best of our knowledge, this is the first time

transition statéTS2) of only 1.25 kcal mol* above reactants that a complete description of its propertiggometry, har-

(157 kecalmol® including ZPB that belongs to the onic frequencies, and enejgg reported. The wave func-

1°A, PES. The topology of this intersection is sloped, that iSjon, i this part of the PES has a clear monoconfigurational
to say, both surfaces decrease monotonically a’?d t0uch €€ aracter, as only one electronic configuration contributes
other along the slope. Thus, we can only appreciate a S“ghtl¥ignificantly to the wave function

change in the slope of the adiabatic PES near the intersec- Another intersectior(12) (Tablé Il and Figs. 2 and)3

tion. In this case and in the excited PES we have localized " > . o
NO, minimum. For this reason, the shape of this intersectiorlgetween 12A and 2°A"PES is found .after thé,Bl mini-
in the 22A” PES is a little different from what has to be Mum- In this case the topology of the intersection is peaked

expected for a standard sloped intersection. Table Il showd! Nas the form of a tilted double cone, where the lower
the geometry and energy of this crossing at theSurface decreases in all directions from the intersection point
CASSCK17,12 level. Figure 2 shows the shape of thear ~ and the upper surface increases in all directions from the
and 22A” PES near the crossing point using Jacobi coordiSame pointand it is located 12.72 kcal mot above theB,
nates(a cross marks the location of the intersection point ofinimum. In this point, the electronic configuration of the
lowest energy along the seanfigure 3 shows the bending adiabatic PES changes again fréBy into A, symmetry.
plot (variation of energy in both surfaces with the ONO At the end of the insertion pathway we have found an-
angle for the same intersection. other stationary point which frequencies corresponding to the
After the intersection, the electronic configuration of thenormal mode of bending and symmetric stretching are real
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FIG. 2. Contour diagrams of the?A” and 22A” PES forC, symmetry tending tcC,, symmetry, using Jacobi coordinatf® andr correspond to the
N(?D)-0, and Q distances, respectivélyThe location of the 11 and 12 intersections is evident from these plots, and the point of lowest energy along the
seam of the intersections is indicated by a cross. Energy in eV referred to reactanis\(,.
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TABLE lIl. Location and energetics of the CASSQAF,19/cc-pVTZ low-  distances in th€, structure. As in the case of M1, the wave

est energy point of the 34”2 *A” intersection seams. function in this part of the PES also has a monoconfigura-
In 12 tional character.

Finally, this Cg structure correlates with the products of

gNofi i'gggé igigg reaction(2) on the 1°A” PES without the presence of any

00 . . . . .

—ONOJ® 42.32 84.29 saddle point. The propertiggeometry, frequencies, and en-
AE/kcal.mol 22 0.57 0.16 ergy) of all stationary points implied in the insertion mecha-
12A"C,(CSFsp —-0.90376, 0 0.90147, 0  nism through the £A” PES can be found in Table Il. In
2 °A"Ci(CSFsf 0,0.894 86 0,0.887 86 Table IV we present a comparison between the properties of

%Energy difference between the ground and the first excitédsurfaces at the exc't‘?d states of Ngound in this work and the ones

both geometries. reported in recent studies.

bCoefficients C,, C,) of the two most important CSRsonfiguration state As a conclusion, either the abstraction mechanism or the

fgggjsogs)ﬂi”l thg CASthCF W‘;‘)"e fU”Cttri]O”fv ||CS'F3232(§22%"0)0 ;T insertion mechanism could take place through the
(222222%00' Z%ﬁfoﬁlip:nlg?agg;n??eargoa;ip(s;?g%g% 221for 12. g 12A"PES' However, the energetic requirement of the ab-

straction mechanisnfaround 0.5 kcal mal') is lower than

the one for the insertion mechanism. Moreover, in the inser-

tion mechanism we have found the presence of two excited
but the asymmetric stretching presents an imaginary frestates of the N@minimum and of several intersections be-
quency. Therefore, thi€,, structure must be a transition tween the PA” and the ZA” PES that make possible elec-
state(TS3) and connect two minima. We have also found thetronically nonadiabatic transitions between them.
properties of these two miniméM2). In fact, they corre-
spond to equivalerntg structures and th€,, -transition state
of 2A, symmetry allows the interconversion between them.
This excited state of N©has also been described in previous  The fitting of the potential energy curves of @xd NO
theoretical and experimental works:>® However, while the has been carried out using the calculated diataahidnitio
experimental structure reported h@s, symmetry, several points(20 and 25 points for @and NO, respective)yand an
theoretical works have predicted the existence of distorteéxtended Rydberg potential up to third order foramd fifth
C, equivalent structures for this minimum. According to Ref. order for NO has been employed. The values of the equilib-
46, this excited state of NQwith A, symmetry may suffer rium dissociation energyld,) and bond distanceR,) used
from a pseudo-Jahn—Teller distortion due to the interactiornin the fitting procedure are the experimental ones because in
with the higher lying?B; state via the asymmetric stretching this way we can exactly reproduce the energetics of reaction
vibration. On the other hand, tlf&, minimum is located only  (2). The root-mean-square deviatidRMSD) for the di-
0.91 kcalmol’ below the C,,-transition state at the atomic curves of @and NO are 0.39 and 0.53 kcal md)
CASPT2 G2 level, and if we take into account the zero-pointespectively. The optimal extended Rydberg parameters of
energy(ZPE), the C, structure is 0.14 kcal mol more en-  each diatomic molecule are given in Table V and the spec-
ergetic than theC,, structure. Therefore, we can conclude troscopic constants derived from them are given in Table VI.
that the dynamical symmetry of this excited state of the,NO The value of the one-body term is taken as the experi-
is C,, and that the N—O bond length inferred from experi-mental energetic requirement for the process*3)(
ment would roughly correspond to an average of the two—N(?D)3. This one-body term ensures a single-valued rep-

B. Analytical fit

TABLE IV. Properties of the excited states of BlO

Ryor /A Ryor /A <ONO/° w;lem™t E/kcal mol 1@
Minimum 2B,-ring form of NO, (M1) (C,,)
Cl (Ref. 46 1.40 1.40 75 69.72
CASSCF MP2(Ref. 18 1.37 1.37 69 79.33
This work 1.3809 1.3809 67.78 668.50(), 740.84(v;), 75.61
CASSCF 1217.930)
This work 1.3648 1.3648 68.44 618(), 722(wp), 1239.) 80.25
CASPT2
Distorted minimum(M2) (Cy)
MCSCF (Ref. 47) 1.27 1.27 110 7986,), 1360@.) 42.43
CCSD(Ref. 48 1.303 1.274 109.4 44,57
QRHF CCSD(T) (Ref. 49 1.513 1.183 109.5
Expt. (Ref. 50 1.339-0.01 1.332:0.01 108.4:1.0 250,), 750(y), 1010@,) 46.40
This work 15834 1.1619 109.58 339.24(y0r), 703.26(p), 39.98
CASSCF 1733.810n0)
This work 1.5081 1.1680 109.73 310(wnor), 768(wp), 52.75
CASPT2 1735nor)

%Energy referred to the ground state of N®2A,).
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TABLE V. Optimal parameters of the 3A” analytical PES.

One-body parameters

v{Prev a AT b} b b}
2.3835 1.54360 -1 3 -1
Two-body parameters
Species D./eV R./A a, /At a,/A~? ag/A~3 a /A4 as/A~°
0-0 5.2132 1.2075 5.458 19 7.581 88 5.11549
N-O 6.6144 1.1507 3.84832 0.007 46 0.909 85 —6.264 02 4.291 64
Three-body parameters
Cooo 0.722 526 C102 —3.87849 Co22 —19.2622 Ci04 6.463 68 C240 42.1305
C100 —0.0653277 Co30 29.394 09 Coosa 2.330 65 Cos0 —24.6928 (s —7.407 19
Co10 —2.31061 Co12 —4.93191 Cs00 0.300 729 Co32 —11.3022 Co04 —0.229 995
C200 3.30533 C400 0.293570 Ca10 —1.324 29 Co14 3.93540 C150 —22.2739
C110 —0.782 257 Ca10 —0.209 408 Cano —7.10157 Ce00 0.287 496 Ci3o —22.0082
Co20 6.445784 C220 —7.67503 Can2 2.51339 Cs10 0.548 994 Ci14 4.658 86
Coo2 2.30552 Cooo —2.49503 Co30 —9.718 98 Ca20 —3.260 64 Cos0 7.175 38
C300 0.400 585 C130 39.9638 Co1o —8.420 32 C402 0.595 284 Cos2 7.884 13
C210 5.180 22 Ci12 —10.8210 C140 42.7277 Caz0 —20.1527 Co2a 4,494 11
C120 1.15979 Coa0 6.506 81 C120 —11.1881 Ca1o 14.1041 Coos —1.684 80
RY=RY/A RYA v /A1 v lA™Y yalATL
2.05470 1.539 00 3.04092 2.763 46 0.0
bji,j=123
J(1/2) 0.0 ((1/2)
0.0 1.0 0.0

(12) 0.0 —(112)

3Units for coefficients are eV Al 14K,

resentation of the PES, being the electronic atomic state ajetics of reactior(2) and the dissociation energy of the di-
the nitrogen atom reproduced correctly in reactaiNE’D) ] atomic molecules. The whole set of points was fitted to a
and in productg (N*S)]. sixth-order polynomial. In Table V are shown the optimal
As regards the three-body term, we have used as a reparameters of the 4A” analytical PES. There are 87 param-
erence structure an average of the geometries of TS1, TS2ters but, as 35 of them are equal to zero by symmetry, this
TS3, and M1. leads to 52 parameters to be optimized, 50 of which are
Theab initio data employed to determine the three-bodylinear (the polynomial coefficienjsand 2 are nonlineafty;
parameters are the followingg) energy and geometry of the and y,).
ab initio stationary pointsf{b) 424 ab initio points for the In general, there is a good agreement betweenathe
abstraction mechanisifiCg; symmetry, NOO arrangement initio properties of the stationary points and those resulting
and 456ab initio points for the insertion mechaniste,, from the fitting (Table Il and Fig. 1L The RMSD of the
symmetry, ONO arrangemegnilthough most of theab ini-  points located in the abstraction and insertion parts of the
tio points are concentrated near the stationary points, thBES is equal to 2.26 and 2.75 kcal mblrespectively, while
asymptotes have also been widely explored to provide the RMSD of the PES is 2.47 kcal mdl
good description of the PES along the minimum energy path;  The description of the MEP along the abstraction mecha-
(c) about 210 points interpolated between #ieinitio points  nism is very good, as the properties of the analytical transi-
by means of bicubic splines, that allows us to eliminate spution state(TS1) are very close to the properties of thbé
rious structures in the entrance and exit channels. As in thmitio one. However, it has not been possible to reproduce
fitting of the 22A’ PES, the points have been properly scaledproperly all the stationary points involved in the insertion
by shifting the value of their energy to reproduce the enermechanism. The energetics and geometry of the transition

TABLE VI. Spectroscopic constants of the diatomic molecules.

Species D./eV? Re/A? welemt weX/omt B./cm™* ag/em™t
0,

Analytical fit 5.2132 1.2075 1610.1 12.554 1.445 30 0.0152
Expt. (Ref. 53 5.2132 1.2075 1580.2 11.981 1.445 63 0.0159
NO

Analytical fit 6.6144 1.1508 1887.6 13.569 1.704 47 0.0193
Expt. (Ref. 51 6.6144 1.1508 1904.2 14.100 1.67195 0.0171

#The value oD, andR, included in the fit are the experimental ones. Bheinitio [CASSCF(17,12/CASPT2
G2/cc-pVTZ values forD, andR, are 5.3362 eV and 1.2091 A for,0and 6.4912 eV and 1.1543 A for NO,
respectively.
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FIG. 4. Contour diagrams of the?A” analytical PES at differenrt NOO angles{a) 110°,(b) 140°,(c) 180°, and(d) NO, (C,, arrangement described using
Jacobi coordinat¢sThe contours are depicted in increments of 0.5 eV and the zero of energy is taketSpt (P) + O(CP).

state at the entrance channel is well reproduced, however, tlhe high exoergicity of the reaction and the minimum M2 are
has not been possible to obtain the correct harmonic frequemxpected to be much more important to define the properties
cies. While at theab initio level this point presents only one of products. As refers th€,, structure of symmetryA,, at
imaginary frequency in the analytical PES, it corresponds t@n ab initio level it corresponds with a saddle point and a
a second-order transition stafvo imaginary frequenci@¢s  minimum with distorted symmetry is located 0.91 kcal ol

As refers the minimumB, (M1), it has also been possible to below. In the analytical PES, it has not been possible to
reproduce quite well its geometry, energy, and harmonic frereproduce these structures and in this part of the PES there is
guencies. Unfortunately, as refers the intersecti@), the only a stationary point ofc,, symmetry whose geometry
2A, transition stat€TS3) and the distorted minimurtvi2), and energy are quite similar to the ones of the transition state
they have not been correctly reproduced. While the intersed-TS3). Nevertheless, in the analytical fit this point is a mini-
tion is situated 12.72 kcal mot above the?B; minimum at  mum, while at theab initio level it corresponds to a transi-
the CASPT2 G2 level, it is located only 0.32 kcalmbl tion state.

above this minimum in the analytical fit. Several attempts to ~ The contour diagrams at several NOO ang(&40°,
improve the description of this part of the PES have beer140°, and 180°and the contour diagram for the ONQ;,
carried out. However, it has not been possible to attain @arrangement are shown in Fig. 4.

better fit of theab initio data around the intersection 12 by
means of the analytical function used in this work. For thec Rate constants
purpose of the present work, it is enough to consider this™
kind of representation, although for studies including nona-  The thermal rate constant through théAl' PES of re-
diabatic interactions a multivalued analytical representatioraction(2) has been calculated by means of the QCT method
would be required. Nevertheless, from the present approacit 100, 200, 300, 400, 500, 1000, and 2000 K. Furthermore,
it is expected that the reaction dynamics will not be stronglywe have also considered the VTST method to calculate the
affected by the not so well-described intersection 12. In factrate constant. Unfortunately, in our analytical PES TS2 is not
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TABLE VII. Rate constants of the 1A” analytical PES at different levels of

N+O, reaction

8847

-10.3
theory?
-10.54
TIK ICVTP ICVT/uOMTP QCT®
100  6.7%10° 3 8.38< 10713 (7.70-0.4)x 10713 1017
200 2.18 10712 2.31x10°*? (2.47+0.08)x 10712 -
300  4.010 12 4.11x 1012 (3.810.11)x 10" 2 =, 1097
400 5.97% 10 12 6.06x 10 *? (5.37+0.12)x 1072 "o
500 8.03 10712 8.11x 10712 (6.77+0.13)x 10712 ER
1000 1.8%10 % 1.84x 10 % (1.28+0.02)x 107 ¢ =
2000 3.86¢10° 1 3.86x 1071 (2.11+0.03)x 1071 m: 1134
3QUnits are crimolecule* s, SIS
PCalculated taking into account the ICVT and ICVZBMT rate constant of i
TS1 in the analytical PES and the increase in reactivity due to TS2 at the & -11.7-
TST and TST/Wigner levelsee the text
‘Statistical errors correspond to one standard deviation. 11.94
-12.14
satisfactorily described in what regards to the frequencies, sc 123
- - i T T T T T T T T T T T

we have only managed to apply the ICVT methedth the 0O 1 2 3 4 5 6 7 8 9 10 11 12
p#OMT tunneling correctionto TS1. However, reactivity can 1000 T /K1
also take place by means of an insertion mechanism thrOUQIE]IG. 5. Arrhenius’ plot of the calculated rate constant for tHé\1 analyti-
TS2 and the rate constant for Fhé’ﬁl” PES is given by the  'bEs. ICVT(—), ICVT/ZOMT (———). and QCT(O) values. Arrhenius’
sum of the rate constants obtained through TS1 and TS2. Tglot of the rate constants of reactié®: QCT values taking into account the
take into account the influence of TS2 in the ICVT andcontributions of the 2A” and 2?A’ PES(®) and recommended experi-
ICVT/uOMT rate constant, we have carried out both a TSTmental dat¥ (—). In t_he case of the experin_wental rgsults the two rgactive
. . . channels and the physical electronic quenching are included. That is to say,

and a TST/Wigner study of this rat’_e constant usm_g abe they correspond to the global rate constant for the deactivation 8DN(
initio structures of both the abstractioRS1) and the inser- (see the text The QCT error bars correspond approximately to the size of
tion (TS2) transition states. In this way, we have calculated athe symbol.
the TST and TST/Wigner levels the increase in percentage in
the value of the global rate constant due to the insertion
mechanism(TS2) and have applied this same increase to thewhere we have taken into account the electronic states that
value of the ICVT and ICVT#OMT rate constant calculated adiabatically correlate reactants and products and have ne-
by means of the analytical PES, where only TS1 is satisfacglected electronically nonadiabatic effects. The value of
torily described. Taking into account this approximation the12.536 K of Eq(12) corresponds to the energy of the excited
values obtained by VTST and QCT methods are, in generakpin—orbit(SO) state of the N{D) atom @D, relative to
quite close to each other. The largest difference between bothe ground SO state’Ds,), 8.713 cm?, divided by the
methods occurs at 2000 K, where we can appreciate a dignolar gas constani).
crepancy of about 17% between the QCT and ICVT values. Even though reactio2) has six PES that adiabatically
Regarding the tunnel effect, it is only important at the lowestcorrelate reactants and products, at temperatures below 1000
temperaturg100 K), where reactivity increases about 20% K only the 22A’ and 1°A” PES have low enough energy
because of this effect. The importance of tunneling, howevebarriers to be involved in reactivity. Thus, because of this,
quickly decreases as temperature increases because hedlvgse PES are the only ones that appear in(Ef). As we
atoms are involved. Table VIl and Fig. 5 shows the values ohave also studied in a previous padethe 2?A’ PES, we
the rate constant for the 2A” PES at different levels of have been able to calculate the rate constant of rea@jaat
theory. There is some curvature in the Arrhenius’ representadifferent temperatures at both the VTST and QCT levels. The
tion of the rate constants at both the VT&ith and without ~ values of these rate constants and a comparison with the
tunneling and QCT levels. This fact shows that the rate con-experimentdi’ ones can be found in Table VIIl and Fig. 5.
stants present a non-Arrhenian behavior, that is to say, bothhe agreement between the experimental and theoretical val-
the pre-exponential factor and the activation energy dependes is very good at temperatures below 300 K and it becomes
on the temperature. This feature is expected when a widslightly worse at temperatures between 300 and 400 K. How-
range of temperatures is explored. ever, in both cases the theoretical results are within the ex-

The rate constant for reactid@) can be expressed as  perimental estimated error margifa room temperature,**

K(2) = k(2 °A")+ k(L1 2A"). 11 it may ?? found that k=(5.2+1.1)x10 2cm?

molecule “s™-].

where the ratio between the electronic partition functions of

the corresponding saddle point and those of reactants has _ )
been taken as D. Dynamical properties

Zgits _ 2
Zene) Zeo, [6+4expg—12.536M)]-3

To perform a rigorous study of the dynamics of the
N(?D)+ 0, system, the possibility of nonadiabatic transi-
tions between the different PES involved should be taken

12
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TABLE VIII. Rate constants of reactio(2)?

Gonzalez, Miguel, and Sayos

TABLE IX. NO vibrational distributions from reactiof?) at 100 K2

k(T) globaf v’ QCT Experimentdl
T/IK ICVTP QCT® Experimentdl

0 0.0364+0.0027 0.0000

100 1.26<10° 12 1.41x 10 %2 1 0.0347-0.0026 0.0000
200 3.68 10712 3.96x10°*? 3.85x10 %2 2 0.0397-0.0029 0.0726:0.0356
300 6.36<10° 12 6.16x10 *? 5.24x10 *? 3 0.0415-0.0030 0.0544:0.0293
400 9.13<10 2 8.50x10 12 6.11x10 2 4 0.0442+0.0031 0.1186:0.0175
500 1.2 1071 1.04x 10" 5 0.0637-0.0042 0.174%0.0265
1000 2.6x10 % 2.14x10° 1 6 0.0982+0.0063 0.170%0.0265
7 0.1461+0.0092 0.18480.0287
“Units are cmimolecule *s™. 8 0.1399+0.0090 0.1122 0.0258
PTaking into account the ICVT results of our previous pafieef. 20 (see 9 0.1468-0.0094 0.0728:0.0223
the tex}. , 10 0.1440-0.0093 0.03120.0062
*I;\aklng )mto account the QCT results of our previous pajeef. 20 (see 11 0.0531 0.0041 0.009& 0.0082

the tex}. 12 0.0069 0.0009 0.0000

d : . . .

:;Scli?:,?]?c t;csfgnlehairc]gvgf c":ahg;ne[seactlons(l) and (2)] and the physical 13 0.0026- 0.0005 0.0000

eReference 17, 14 0.0022-0.0005 0.0000

15 0.00110.0003 0.0000

16 0.0001-0.0001 0.0000

17 0.0002-0.0001 0.0000

0.0002-0.0001 0.0000

into account. However, as a first approach, we will study:.
some dynamics properties of this system by means of th&opulations are normalized to unity.
quasiclassical trajectory method neglecting nonadiabatic efReference 19.
fects.

The QCT vibrational distributions of NO at 100 K on the
12A” PES have been calculated and after taking into account  The vibrational distributions of products for reactit)
the 22A’ results reported in Ref. 20 have been comparedit 100 K have also been calculated, taking into account the
with the experimental results at 100'RFigure a) shows values obtained from both PES and compared with the ex-
the vibrational distribution of products obtained here fromperimental values available at this temperattissd with the
the 12A” PES and previousf{ from the 2°A’ PES. There theoretical results of Ref. 18 at 500 [Riable 1X and Fig.
are important differences between the vibrational population§(b)]. The global vibrational distributions have been obtained
obtained in both PES. While the?2’ PES leads to a clearly after proper averaging of the populations obtained from the
inverted distribution peaked at =9, the 1°A” PES leads to 2 ?A’ and 1?A” PES[both surfaces have the same weight, as
a less excited vibrational distribution peaked a6, being indicated in the rate constant calculation, EtR)].
more similar to the experimental values. The agreement between the theoretical and the experi-
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FIG. 6. Vibrational distributions of NO from reactiof®) at 100 K: (a) QCT results on the #A” analytical PES(CI), QCT results on the 2A’
PES (Ref. 20 (O), and global result$A); (b) QCT global results for reactiof?) (A), QCT global results for reactiof®) (OJ) (Ref. 18, 500 K, and
experimental datéRef. 19 (O).
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mental vibrational distributions for the reaction at 100 K is The differences that appear in the vibrational distribu-
only qualitative. The experimental populations peak neations of NO derived from both PES are due to the existence
v'=7, whereas according to our QCT results, tHe=7, 8,  of different microscopic mechanisms of reaction. While un-
9, 10 vibrational levels are equally populated beind ) der the reaction conditions explored, reactivity on thé2
=5.64. The QCT results show that the vibrational levels corPES takes place only by an abstraction mechanism, t¢ 1
responding tov’ =0, 1 are slightly populated. Experimen- PES could present two different modes of reaction because
tally the population of these levels is not reported because ajf the very-low- and low-energy barriers of the saddle points
the difficulty in extracting these populations from the mea-that allow either the insertion or the abstraction mechanisms,
sured spectra. The difference between experimental and theespectively. Reactive trajectories that evolve through the ab-
oretical results could be due to the above-mentioned limitastraction mechanism are the ones in which there is always an
tions of the calculations, but also to the existence of som@xygen atom that along the whole trajectory remains at a
vibrational relaxation in the experimental measurements. large distanc€=2.0 A) of the nitrogen atom and the value of
There is a good agreement between both the present atide energy never becomes lower than the products energy.
previous® QCT results, although higher-energy barriers forOn the other hand, for the reactive trajectories corresponding
the transition states were obtained in Ref. 18. This fact sugto the insertion mechanism, there is a point along the evolu-
gests that the features of the PES after the bafparticu- tion to products where the distances of the attacking nitrogen
larly, the large exoergicity of the reactipessentially con- atom to both oxygen atoms have the same vélig geom-
trols the populations of the NO internal states. However, thestry). At this point the system is located not far from the NO
vibrational results of Ref. 18 were calculated at 500 K, dueminimum and the value of the energy of the system at this
to the energy barrier of the PES. In contrast, our vibrationapoint is lower than the products energyig. 7).
distributions are calculated at the experimental temperature The properties of the products of reaction are different
of 100 K. for both mechanisms. Trajectories that have taken place
The vibrational distributions obtained in this work through the abstraction mechanism present excited vibra-
clearly improve the ones of our previous paffawhere only  tional distributions peaked at' =6, as expected for a reac-
the 22A’ PES was considered. However, the agreement betion with high exothermicity, while in the case of the inser-
tween theoretical and experimental work is yet only qualitation mechanism the vibrational distribution is less excited
tive. Further work is necessary to clarify the origin of this and peaked at’ =2. One of the reasons of this fact could be
discrepancy. that the insertion mechanism allows trajectories to pass
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FIG. 8. Vibrational distributions of NO from reactio®) at 100 K (a) and 300 K(b) on the 12A” analytical PES: abstraction mechani¢m), insertion
mechanism(O), and global(A).

through the minimum of the PES and in this way they couldtranslational energybeing in this case about 50% of the

distribute the available energy in vibrational, rotational, andglobal), whereas theirvibrational and rotational energy are

traslational energy. We have only performed preliminary cal-about 20% lower than at 100 K.

culations of the NO rotational distributions because at 100 K

the reactivity is quite s_malq_S%). Moreover, as there are a IV SUMMARY AND CONCLUSIONS

large number of NO vibrational levels populated, we have

not enough statistics to derive rotational distributions. In this work anab initio, VTST, and QCT study of the
Furthermore, we have seen that the temperature has d?A” PES implied in reactiorf2) that is relevant in atmo-

important influence in the branching ratio between bothspheric chemistry has been carried out. This PES along with

mechanisms. At 100 K the percentage of reactive trajectoriethe 2°A’ PES studied by us in a previous paper are the most

corresponding to the insertion mechanism is equal to 11% dfvolved in the reactivity of N{D) with O,. We have also

the global reactive trajectories, while at 300 K this percentreported new information about excited states of,NDd

age has increased to 27%. The vibrational distributions o&bout the existence of intersections between two PES of this

products for both mechanisms and the global ones at 100 argystem. Finally, we have calculated some properties of this

300 K are shown in Fig. 8. When the contribution of the reaction(rate constants and vibrational distributions of prod-

insertion mechanism increasést 300 K), the global vibra-  ucts using an analytical representation of théAl' PES

tional distribution presents a bimodal feature. This feature i®btained in this work.

supposed to be stressed at higher temperatures when the im- The stationary points of the 2A” PES have been char-

portance of the insertion mechanism will also increase. acterized at the CASSCE7,12/CASPT2 G2 level of theory
Table X shows the energy distribution of products fromand have shown that both the abstraction and insertion mi-

the reaction at 100 and 300 K, for both the abstraction an@roscopic mechanisms are allowétom an energetic point

insertion mechanisms. At 100 K there are no differences besf view) through this PES. Moreover, a grid of more than

tween the energy distribution of the NO arising from the800 points has been calculated and fitted to an analytical

insertion and abstraction mechanisms. At 300 K the relativé®’ES. Also, two intersection seams involving théAl' and

traslational energy in products is about 14% higher than th@ 2A” surfaces have been studied.

value at 100 K. This is due to the fact that at 300 K the  As regards the kinetic calculations, the rate constant for

products of the insertion mechanism have increased theneaction(2) through this PES has been calculated at different

TABLE X. Energy distributions of products and cross section depending on the reactants temperature and the
reaction mechanism for the?\” analytical PES.

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

(fy  0.33 0.35 0.35 0.25 0.35 0.32
(fy 031 0.30 0.30 0.25 0.28 0.27
(f)  0.36 0.35 0.35 0.50 0.37 0.41

alA? 0.26+0.01 2.08-0.03 2.34:0.03 1.86-0.05 5.08:-0.08 6.94-0.08
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