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Influence of collision energy on the N (2D)+0,—0O(3P)+NO reaction
dynamics: A guasiclassical trajectory study involving four potential
energy surfaces

Irene Miguel, Jordi Hernando,® R. Sayos,” and Miguel Gonzalez®
Departament de Qmica Fsica i Centre Especial de Recerca en Qiga Teoica, Universitat
de Barcelona, i Parc Cientific de Barcelona, C/Mairfrranques, 1, 08028 Barcelona, Spain

(Received 4 April 2002; accepted 22 August 2003

The influence of collision energyE{) on the dynamics of the ND)+0,—O(°P)+NO
atmospheric reaction was studied by means of the quasiclassical trajectory method. The four lowest
potential energy surface®ES$ involved in the process were used in the calculation$A’2

32A’, 12A”, and 2?A” PESS$, and the nonadiabatic couplings between them were neglected. The
dependence of the scalar and two-vector properties of the reactiofyitlas analyzed. Moreover,

the different modes of reaction taking place were investigated. Although only one type of
microscopic mechanisifabstractionwas found for the 2A’, 32A’, and 22A” PESs, two different
modes of reactioifabstraction and insertiorvere observed to coexist for the?A” PES. For this

PES, the abstraction mechanism is the most important one at room temperature, while the insertion
mechanism increases its contribution to reactivity wih (it accounts for about half of the
reactivity above 0.5 e © 2003 American Institute of Physic§DOI: 10.1063/1.1618221

I. INTRODUCTION Concerning the dynamic properties of the process, only one
_ . experimental work was reportéfiywhere the vibrational dis-
The relevance of the study of the nitrogen atom in Stribution for the NO product arising from the RD)+0,

. . . 2 .
first gxcned .elec.tronlc statfeN( !Z))] is due to the Présence eaction at 100 K was measured. The vibrational distribution
of this species in the earth-high atmosphere. Actually, it$ ptained is inverted and peakedudt=7

deactl\éatpn with  ground-state _ moIecuIa_r OXYGEN  From a theoretical point of view, a wealth of work was
[Oa(X 29 )] could contrql Fhe production OT NO n the.ther- recently carried out in our group to investigate the?INf
mosphere and be an efficient source of highly V|brat|onally+ 0, system. In Ref. 1 we showed that the rate constant for

g\)jg'rtegl (lz\lé)) 'nlg]es i:;n?;pzag%ﬁ%'lgni:f L%t(izgildgosfems reaction(2) is several decades higher than the rate constant
C ) play P ; photoly y 'for reaction(1), so that the contribution of the latter process
discharges in plasmas and chemical reactions. S
. to the reactivity of the N{D) + O, system can be assumed to
The reaction between RD) and Q can take place o L :
. be negligible. This is due to the fact that the only potential
through two reactive channéls,
energy surfacéPES that correlates reactants and products

N(°D)+ Oy(X 325)—>O(1D)+ NO(X 211) of reaction(1) has a very high energy barrieOn the other
0 1 (1) hand, reactior(2) can take place through six PESs%®’,

AH3Zgg k= —41.4 kcalmol -, 32A’, 12A”, 22A", 3*A’, and 3*A”), although only four

N(2D)+Oy(X 33 5 )— O(*P) + NO(X 2IT) of them (22A’, 32A’, 12A”, and 22A") present reaction

barriers that are small enough to allow reactivity at low and
moderate temperaturéghe contribution of the highly ener-

o | . | studi g getic 3*A’” and 3*A” PESs can be ruled out.
Due to its interest, several experimental studies were de= | sy eral recent workd®23we performed extensivab

voted to the measurement of the global rate constaoiud- initio studies on the most important PESs involved in reac-

ing bort]h rea?tivt:e c?\laglgels Oand o) pf_yliic_?:] electronic tion (2), using the complete active space self-consistent field/
quenching of the N(D)+0O, systen. € recom- - second-order perturbation theory on a CASSCF wave func-
mended value of the global rate constant at room temperatute | (CASSCF/CASPTR method. Afterwards, analytical

H —12 ;1115 g . ,
(298 K) is 5.2<10 2 cm® molecule *s™1.*° In addition, functions describing satisfactorily thes initio calculations

some experimental worgf?g?termined the temperature depegf these PESs were derived and used to calculate the rate
dence of the rate constant. ' However, none of these mea- constant of reactiori2) over a wide range of temperatures

surements provided any information about the branching ra; : . : : .
. . employing the quasiclassical trajectof@CT) and varia-
tio of the two reactive channels of the NI{) + O, system. ploying d ) @CT)

tional transition state theorf¢/ TST) methods. A good agree-
ment with the experimental values was obtained. The QCT
“Present address: Applied Optics Group, Faculty of Applied Physics, Univibrational distribution of NO was also computed for reac-
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on some of the most important PESs for reacti@nas well. 3.0
They also carried out kinetic calculations on reacti@nand
computed the NO product vibrational distribution at 500 K = 254
by means of the QCT method. However, a thorough investi-
gation of the dynamics of the title reaction has not been done  2.-
yet.

The main purpose of this work is to employ the analyti- % 154
cal representations of the PESs previously developed in oul ©
group to study theoretically the dynamics of reacti@n by
means of the QCT method, paying particular attention to the
investigation of collision energyH;) on reactivity. The
work is organized as follows: Section Il deals with the PESs
used and the computational method. Section Il presents the
results obtained and the discussion. The conclusions ar¢ “ 3 o7 & o3 o5 05 o5 o1 o oa 1
given in Sec. IV. Ep/ev

Global

1.0+

FIG. 1. Excitation function for théO) 2 2A’ PES, () 12A” PES,(A)
32A’ PES,(¢) 2 2A” PES, and—) global.
The four PESs used in this study were recently obtained
in our groug® 23 by means of an extensivab initio study
based on the CASSCHRefs. 25, 26 (17,12 calculations, the molecules are placed in this level at 300 &nd the Q
where the standard correlation-consistent cc-pVTZ basis séétational distribution was sampled from the Maxwell—
of Dunning and co-workefé was employed. The treatment Boltzmann distribution aT =300 K. The final quantized vi-
of the dynamic correlation was performed by means of thérational distributiondi.e., P(v")] were obtained from vi-
CASPT2 (Ref. 29 method using the G2 correction to the brational radial action angle variabl&.
Fock matrix. Four collision energies were considered in particular de-
A many-body expansidii was used to obtain suitable tail in the calculationsE+=0.0388 (the average collision
analytical representations of the’®&’,1° 12A”,20 32A’ 21 energy at 300 K 0.25, 0.50, and 1.00 eV. Typically, for the
and 22A"” (Ref. 22 PESs of the title reaction. In all cases the computation of the cross section, batches of 15000 trajecto-
minimum energy reaction pattMEP) involves an abstrac- ries were sampled for each collision energy and PES, while
tion mechanism through a saddle point of bent geometry. Theéhe calculation of product state distributions and two-vector
classical energy barriers associated to the saddle points apgoperties for eactEr value required batches of 150 000
0.19, 0.21, 4.60, and 7.51 kcal molfor the 22A’, 12A”, trajectories for each PES. The standard efmre standard
32A’, and 2?A” PESs, respectively. The correspondingdeviation was always kept below 5%.
NOO angles at the saddle points are 120.5°, 109.3°, 113.1°,
and 115.6°, respectively. In the case of theA! PES an ||I. RESULTS AND DISCUSSION
insertion mechanism evolving through a saddle poinCgf
geometry was also found. This saddle point has an ON
angle of 30.8° and a classical energy barrier of 1.43  Figure 1 shows the dependence of the cross se¢tipn
kcal mol L. with E; for each one of the PESs studied. To derive éhe
To study the dynamics of reactiof®2) on the four se- values depicted in Fig. 1, the cross sections calculated by the
lected PESs, the QCT meth8d! as implemented in the QCT method on each PES were multiplied by 1/15 to take
TRIQCT prograni? was employed, as we did in previous into account all the potential energy surfaces that correlate
works from our grougsee, e.g., Refs. 20, 33-8Although  with reactants (ZA’, 32A’, 42A’, 12A”, 22A", 34A/,
the principles of this method were established long time ago4 *A’, 54A’, 34A”, and 4*A"). Figure 1 also shows the
it can still be considered as the most useful theoretical tool t@ross section of reactiof?) obtained as the sum of the con-
study the dynamics of chemical reactions. The accuracy dfributions for the four main PESs involved in the reaction
the numerical integration of Hamilton’s differential equations (2 2A’, 32A’, 12A”, and 2?A").
was verified by checking the conservation of the total energy  The contribution of the 3A’ and 22A” PESs to the
and total angular momentum for every trajectory, and pereross section of reactio?) is negligible forE; values lower
forming back-integrations on some batches of trajectoriesthan 0.25 and 0.4 eV, respectively, due to their energy barri-
The integration step size chosen30 '’ s) was found to ers. The threshold energies found for these two PESs are
fulfill these conservation requirements for all calculated tra-consistent with their energy barriers. As they present much
jectories. The trajectories were started at an initial distance dbwer energy barriers, the?2’ and 1°A” PESs are reactive
8 A between the N{D) atom and the center of mass of the even forE;+=0.0388 eV. For all PESs increases withE
O, molecule, thus ensuring that the interaction energy couldintil it reaches a plateau at sufficiently high energies, as
be neglected with respect to the available energy of reactantexpected for reactions with energy barrier along the MEP.
To study the reaction dynamics, the collision energy wasThe raise ofo- with E+ is due to the increase of the reaction
fixed at different valuegfrom 0.0388 eV to 1.00 el the  probability (P) with collision energy in all the PESs. With
vibrational level of the @ molecule was set at=0 (99% of  respect to the value of the maximum impact parameter

Il. COMPUTATIONAL METHOD

6\. Scalar properties
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TABLE I. Average energy fractions in products for the four PESs involved
in reaction(2).

E;/eV? 22A 32 12A” 22p" GlobaP

(fo)°
0.0388 0.49 0.33 0.39
0.25 0.44 0.18 0.30 0.36
0.50 0.36 0.17 0.30 0.33 0.30
1.00 0.28 0.15 0.30 0.28 0.26

(fR)°
S2ar 0.0388 0.09 0.28 0.21
1 0.25 0.08 0.15 0.25 0.18
05 0.50 0.14 0.14 0.26 0.13 0.19
. 1.00 0.22 0.16 0.27 0.15 0.21

L 064

a (fn°
044 0.0388 0.42 0.39 0.40
024 0.25 0.48 0.67 0.45 0.47
0.50 0.50 0.69 0.44 0.53 0.50
R S e 1.00 0.50 0.68 0.44 0.55 0.52

b/A b/A

aThe value of the available energy for the different values of the translational
FIG. 2. Opacity function for the four PESs involved in reacti®) at energy is 3.85, 4.06, 4.31, and 4.81 eV fgr=0.0388, 0.25, 0.50, and 1.00
several collision energies: 0.0388)), 0.25(0), 0.50(A), and 1.00(<¢ ) eV. eV, respectively.
bThe global average energy fractions were obtained according to the follow-
ing  expression: (f/y=[c(22A"){f/}(22A")+ (3 %A"){f])}(32A")
(bmay), it only increases slightly wittEy for the 32A” and ~ +o(17A) (1) (L°A")+o(2*AT)(f]) (2°AN]/ [0(2°A") + (3 °A")
22A" PESs, whereas for the more reactivéA? and 12A" Céfg(_lE,A/éJrU(vzvhgg]'the available energy is given W5, El+E!
H H i/ =i avs av— =V R
PES_SbmaX d_ecreases S|gn|f|c_antly from 9'0388 to 0.25 eV +Et, andE,,, E;, andE; are the classical vibrational, rotational, and
and it remains constant for higher energies. translational energies of products, respectively.
The opacity functiorjreaction probabilityP(b), vs the
initial impact parametetb)] presents a similar shape in all o - )
the PESs(Fig. 2. P(b) is essentially constant betwe¢n (Fig. 3. For the 22A » 3°A’, and 2°A” PESs unimodal and
=0 and some intermediate value lof and after this it de- inverted NO vibrational distributions are found for dlr
creases progressively and reaches a value of zerb at values explored. For these PESs the higher the collision en-
— bax. When the value of the collision energy is close to the®9Y is, the lower the peak of the distribution becomes. This

threshold energy of the PES, that is to say at 0.0388 eV fofrend is also observed for the global reaction. On the other
the 22A’ and 12A” PESs, 0.25 eV for the A’ PES and 0.5 hand, the vibrational distribution of the’?A” PES presents a

eV for the 22A” PES, reactivity is more important at low bimodal feature that results from the overlap of an inverted
values ofb. distribution similar to that found for the other PESs and a

In Table | we show the average fractions of energy inless excited distribution peaked at low values. In this
products (), i =V (vibratior), R (rotation, T (translation] ~ C@S€, a.slight incregse of the average NO vibrat'ional level
for the different PESs and the global reaction. For the overallVith Et is found. This behavior arises from the existence of
reaction, the majority of the available enerdgg,() is chan- two microscopic reaction mechanisms for theAl' PES(cf.

neled into NO vibrational energy and relative translationalin Sec. 1IlO. Hence, the vibrational distributions for the
energy atE;=0.0388eV (f)=0.39 and (f})=0.40) global reaction aE;=0.0388 and 0.25 eV are bimodal as
while a smaller fraction oE,, is channeled into NO rotation well.

((fry=0.21). As the collision energy increases, the average _

fraction of vibrational energy in products diminishes, which B- Two-vector correlations

is accompanied by an increase in final translational energy  The analysis of the angular momentum transformation
((f\)=0.26 and(f)=0.52 atE;=1.00 eV). The average when the system evolves from reactants to products was per-
fraction of NO rotational energy essentially remains constant

at all collision energies. This behavior is consistent with the o , _
|arge exoergicity of the PESs, which leads to the existence O'IEABLE Il. Average NO vibrational levels for the four PESs involved in

. I . tion(2).
early saddle points. A similar trend is also observed for the o bon(@

22A’, 32A’, and 2°A” PESs, while in the case of the?A” Er/eV 22 32A/ 12A" 22A" GlobaP
PES sllght chaqges iKfy), (fry, and(fy) W|_th Ey are 0.0388 83 54 o4
found. This fact is due to the occurrence of different micro- 55 78 27 5.1 6.2
scopic reaction mechanisms for the PESs, which will be fur- 050 6.7 2.7 5.6 6.1 5.7
ther discussed in Sec. Il C. 1.00 5.8 2.8 6.2 5.8 5.4

Cha_nges in the energy d_lstrlbutlon of NO WIE} arg 2The global average NO vibrational level has been obtained using an analo-
also evident from the evolution of the average NO vibra- 4o,s expression to the one reported in Table I for the calculation of the

tional level (v')) (Table Il) and NO vibrational distribution  global average energy fractions.
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FIG. 3. Vibrational distribution of NO at several collision energies for the |G, 4. DCS kk') at several collision energies for t@) 2 2A’ PES, ()
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12A" PES,(A) 32A’ PES,(¢) 2 ?A” PES, and—) global.

=111.4° andf/b=0.35 at 0.0388 eV, angkk’)=95.2° and

formed at all collision energies studied. Except fBg
=0.0388 eV, the total angular momentum of the systdm

f/b=0.82 at 1.00 eV. A decrease of backward character with
E+ is known to occur for direct reaction pathways evolving

can be assumed to be equal to the reactants orbital angulifough an energy barrier, as itis the case for the MEP of the
momentum(l), as the modulus df is much larger than that 2“A’, 3“A’, and 2°A" PESs. For such a situation the fol-
of the O, rotational angular momenturj). In these cases, lowing expression was derive.

we observe a clear partition of the orbital angular momentum
(I) between the final orbitall() and NO rotational j(') an-
gular momental(~1"+j'). The partition ofl betweerl” and (5
j’ changes for the different PESs and collision energies. Fat

TABLE lll. (kk') and(l’j") values for the four PESs involved in reaction

example, at medium and high collision energi&s € 0.25, Er/ev  2%A 32 12p” 2°A"  Globaf
0.5, and 1.0 eYand for the ZA’ PES, a clear equipartition (Kk')/°b
exists, i.e.,l/2—1" and|/2—j’. In other cases, the angular 0.0388 111.4 93.5 99.9
momentum transformation is less evident and|jhg|l| and 0.25 111.8 125.5 75.8 92.5
[I”/]1] distributions are very broad. (1)'20 1;;3-23 i(l)gg ;g-i ﬁgg gg-g

To obtain a more complete description of the stereody- : ' ' ' '
namics of the title reaction, we also examined the two-vector f/bP
angular distribution&k’, kj’, k’j’, andl’j’, wherek (k') 0.0388 0.35 0.83 0.63
; i ; ; ; 0.25 0.32 0.05 1.97 0.88
is the initial (final) relative velocity vector. These properties

d in terms of the solid angle differential cross 0-50 0-54 0-25 212 016 087

are expressed in - , ANg 1.00 0.82 0.46 2.83 0.36 1.00
section[ do/dQQ, differential cross sectiofDCS) hereaftet. .

Figure 4 shows the globak’ distribution at different 0.0385 o e 6o
collision energies, as well as the contribution of the different 0.25 1161;.4 158.4 1128'8 1152‘:1"(1)
PESs to the total DCS. At lovEr values the overalkk’ 050 96.2 1315 1245 146.7 115.5
angular distribution is predominantly backwardkk') 1.00 90.4 102.3 110.9 105.8 102.1
=99.9° and the forward/backward/p) scattering ratio is Jan?
equal to 0.6_$ (_Table Il). When ET_ int_:rea_ses the backward ) y3g¢ 0.040 pap 0.0039 0.020
scattering diminishes and thd’ distribution evolves to an 0.25 061 0.00010 0.070 0.25
essentially sideways distribution. Thus, at high collision en- 0.50 0.89 0.10 0.19 0.0079 0.36
ergies E+=1.00 eV)(kk’)y=90.8° andf/b=1.00. The loss 1.00 1.27 0.57 0.36 0.49 0.62

of backward feature withe

for the overall reaction arises 2The global values have been obtained using an analogous expression to the

from the particular behavior of each one of the PESS inveSune reported in Table I for the calculation of the global average energy

tigated.

fractions.

In general, the éAr, 32A', and 22A” PESs present a B(kk’) and(l’j’) stand, respectively, for the averake’ and!l’j’ angles

clear backward distribution for all collision energies ex-

values derived from the DC8k') and DCS(’j’) distributions;f/b is the
ratio of products recoiled in the forwarkK’' <90°) and backwardkk’

plored. However, this behavior becomes less noticeable as gge) hemisphereg/ap is the ratio of products formed within the par-

E+ rises. For example, in the case of théA2 PES(kk')

allel (I'j’<90°) and antiparalleli(j’>90°) I'j’

orientation regions.
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kj’ angle in this casgwhose limiting values correspond to a
O (D,E7) =N (D)/Er. 3 fully perpendiculaf A® = —17] or parallel[ AL = +2] kj
In Eq. (3) \(b) is a function of the impact parameter and alignment. The value of this parameter for the overall reac-
O (b,E7) is the scattering function that gives tkke’ angle  tion is equal to—0.26, —0.28, —0.32, and—0.38 for Ey
for fixed values ob andE+. From this expression it comes =0.0388, 0.25, 0.50, and 1.0 eV, respectively. Thus, the
out that more forward scattering is expected for a given valudigher the collision energy is, the closaf? is to the per-
of b asE increases. Moreover, changes in the opacity funcpendicular limiting value. This situation is also observed for
tion with E; may also influence the scattering of productsthe 22A’, 32A’, and 2?A” PESs, while the occurrence of
because a correlation betwebnand thekk’ angle is ex- two reaction mechanisms for the’A” PES favors a less
pected. Thus, we found that the higlhes, the lower thekk’ perpendicularkj’ alignment trend a&+ increases. FOE+
angle becomes for the?d’, 32A’, and 22A” PESs. There- =1.00 eV, A= —0.48, —0.50, —0.56, and—0.14 for the
fore, the larger contribution to reactivity of highvalues as  22A’, 32A’, 22A”, and 1?A” PESs, respectively.
E- rises(see Fig. 2 also favors the loss of backward feature With regard to thé'j’ DCS, thel’ andj’ vectors present
of the DCSkk’) distribution when collision energy in- a predominant antiparallel orientation at low collision ener-
creases. gies, and when collision energy increases, this distribution
On the other hand, the DCK’) distribution for the tends to lose preference for the antiparallel orientatkig.
12A” PES is not backward, but it presents a sideways featur6). This behavior is found for both the global reaction and all
for E;=0.0388 eV that transforms to a forward feature asthe PESs investigated. For the global reactiolij’)
collision energy increases. Actuallfkk')=93.5 and 70.4° =154.4° and the parallel/antiparallgd/@p) ratio is equal to
and thef/b ratio is equal to 0.83 and 2.83 f&;=0.0388 0.016 atE;=0.0388 eV, while(l’j’}=102.1° andp/ap
and 1.0 eV, respectively. This behavior is due to the occur=0.62 atE+=1.00 eV. Nevertheless, the antiparallel orien-
rence of two reaction mechanisms for théAl' PES. The tation in general dominates within the range Bf values
larger forward feature of the DCBK') distributions corre- explored.
sponding to the two mechanisms as collision energy in- Thek'j’ DCS for the global reaction and all the PESs
creasesdue to the same reasons outlined above for the othestudied corresponds to a symmetric distribution, as it must be
PESS$ and their different contribution to reactivity depending (Fig. 7). ForE+=0.0388 eV, the overall DC&(’) presents
on E1 explain the behavior of the global DA&(’) function  a maximum around 90° and preferential perpendicular align-
for the 1°A” PES. This will be further discussed in Sec. ment[A{)=—0.81]. As collision energy increases, the peak
lc. at 90° disappears and two new maxima at around 40° and
Thekj’ DCS distributions for the global reaction and the 140° are observed. This results in a loskgf' perpendicu-
four different PESs studied are symmetric around €85 lar alignment withE; [A{?)=—0.26, —0.11, and 0.07 for
they must bg where they exhibit a maximurtFig. 5. The  E;=0.25, 0.5, and 1.0 eV, respectivghThis situation cor-
global DCSKj') becomes narrower as collision energy in- relates with the behavior of the DAY|(') because antipar-
creases, which means that the tendency to a perpendiculaliel I'j’ orientation leads to perpendiculkfj’ alignment.
kj" arrangement is more noticeable wih . This trend can  As mentioned above, the antiparall§]’ orientation dimin-
also be inferred from the analysis of the product rotationaishes withE+ and so does the perpendiculdij’ alignment.
alignment paramete[rAgZ)E<3 cog —1), with 0 being the Such a behavior is specially accentuated for thgA2
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FIG. 8. Typical i j i i h i
12A" PES,(A) 32A’ PES,(0) 2 2A" PES, and—) global. G. 8. Typical reactive trajectories corresponding to the abstraction and

insertion microscopic mechanisms for théA” PES, plotted in terms of the
internuclear distances, angles, and potential energy.

32A’, and 2?A” PESs, which results in pronounced minima
at 90° in the DCSK'j") for high E values. On the other amples of both types of reactive trajectoriedstraction and
hand, the loss of antiparallélj” orientation as the collision insertion. For the reactive trajectories corresponding to the
energy increases is less clear for théAY PES, which ex- insertion mechanism, there is a point where the N—O1 and
plains that the DCS(’j’) for high collision energies still N-O2 distances have small and similar values. Then the ge-
preserves the peak at 90°, although it broadens E&th ometry of the system is close to that of the N@inimum
and, consequently, the value of the potential energy is below
the energy of products. Despite the exploration of this mini-
mum, we did not observe the formation of collision com-
We investigated the microscopic reaction mechanismplexes for this kind of trajectories. This is usually explained
(reaction modestaking place on the PESs studied. On theon the basis of the small depth of the minimum with respect
22A’, 32A’, and 2°A” PESs all reactive trajectories ana- to products, the high energy content of the system when it
lyzed evolve through an abstraction mechanism of directeaches this region of the PES and the low number of de-
type via a saddle point of bent geometry. In fact, the dynamigrees of freedom involved. All these characteristics prevent
properties described for these three PESs in the previous settte formation of collision complexes.
tions are similar to the ones expected for a rebound-type With regard to the abstraction mechanism, there is an
reaction mode. Namely, reactivity is favored for Ilbwalues  oxygen atom(O1 in Fig. 8 that remains at a long distance
yielding backward scattering of products. (=2.0 A) from the attacking nitrogen atom during the trajec-
However, the PA” PES presents an additional mode of tory, while the potential energy is always kept higher than
reaction(insertion. As we have already explained, this PESthe energy of products. Moreover, at the closest approach
has two saddle points with low enough energy barriers talistance between the three atoms, the trajectories evolving
allow reaction to occur at low temperatures. The first saddléhrough abstraction present a NOO angle of about 126r>
point has C, symmetry and connects reactarjtsl(?D) responding to the angle of the abstraction saddle point
+0,] and product§ O(3P) + NO] of reaction(2) through an  while the trajectories evolving through insertion show a
abstraction pathway, in a similar way as in théAZ, 32A’, much smaller NOO angle, corresponding to the insertion
and 2?A” PESs. The second saddle point, however, presentaddle point. This indicates that the trajectories exhibiting an
C,, symmetry and connects reactants with a,Nf@inimum.  abstraction mechanism do not explore the region of the PES
From this minimum, after distortion of th&,, symmetry, it  where the N@ minimum is located.
is possible to reach products without surmounting any bar-  Table IV shows the percentage of reactive trajectories
rier. Therefore, the saddle point 6%, symmetry gives rise that evolve through each type of microscopic mechanism on
to an insertion mechanism, in which trajectories are influthe 12A” PES as a function of collision energy. At low col-
enced by the presence of the N@inimum that is located lision energieg0.0388 eV the number of reactive trajecto-
23.62 kcalmol'! below products. Reactive trajectories on ries occurring via insertion is only about 18% of the total
the 12A” PES could evolve through any of these two mecha-ones. This fact is due to the different values of the energy
nisms, then leading to different dynamic properties. barriers for both mechanisms. The saddle poinCgfsym-
Figure 8 shows a schematic representation of two exmetry that allows the abstraction reaction mode to take place

C. Reaction mode
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TABLE IV. Yield (in %) of the two microscopic mechanisms of théA”  high collision energies, as the inverted vibrational distribu-

PES. tion arising from the abstraction mechanism is less excited.
E.leV Abstraction Insertion The average fractiqns of energy in products are also dif-

ferent for both mechanisni&ig. 9b)]. On the one hand, we

o(.)oggs SSé'f 238'3 observed that the average fractions of vibrational, rotational
0.50 526 47.4 and translational energies are rather constant with collision
1.00 47.2 52.8 energy for both mechanisms. As refers(fg,) there are no

important differences between the two mechanisms. Instead,

(fy)y and(f1) present different features for insertion and ab-

straction.(f\,) is higher for abstraction than for inserti¢im

presents an energetic requirement of 0.21kcalthol consistency with what we have observed before: abstraction

whereas in the case of the saddle pointGy symmetry yields more excited vibrational distributions than insertion

associated to the insertion mode the energy barrier i8loreover, reactive trajectories that evolve through the inser-

1.43 kcalmol*. The contribution of the insertion mecha- tion mechanism present higher values( bf).

nism increases witk, the insertion and abstraction mecha- Regarding to the two-vector properties, the most impor-

nisms having similar yields &=0.5 and 1.0 eV. tant difference between the two mechanisms refers takhe
The cross section, average fraction of energies, NO viangular distribution. The insertion mechanism vyields in all

brational distribution and DC8k') for the 12A” PES, as a cases a clearly forward scattering of products, whereas the

function of the reaction mode, are given in Fig. 9 for someabstraction mechanism is backward at low collision energy

selected conditions. Concerning the scalar properties, we olfE+=0.0388 eV) and becomes sideways at medium and

served some differences in both mechanisms. While abstratigh energies, as it occurs for thdk’ distributions of the

tion yields excited NO vibrational distributions similar to the 22A’, 32A’, and 2°A” PESs. For thd'j’, kj’, andk’j’

ones obtained for the 24’, 32A’, and 2?A” PESs, the angular distributions, there are no important differences be-

insertion mechanism results in less excited distributiongween both mechanisms.

peaked at low' (atE;=0.5eV, v,,=1) [Fig. Ac)]. This

might be due to the presence of the N@inimum in the

insertion pathway, which may allow for a more efficient eg- V- SUMMARY AND CONCLUSIONS

uipartition of the available energy among translational, vibra- A study of the collision energy effects on the dynamics
tional, and rotational energy. The different behavior of bothOf the N@D)+0,—0(3P)+NO reaction was performed

mechamzsnjls leads tq a _b|modal NO y|brlat|onal dIStrIbUtlonusing the QCT method on the main four analytical potential
for the 1°A” PES. This bimodal behavior is smoothed out atenergy surfaces recently derived by us, and neglecting nona-
diabatic couplings between them. These PESs correspond to
the main surfaces of the system. Scalar and two-vector prop-
erties of the reaction were analyzed in terms of the collision
energy, paying particular attention to the followigg val-

ues: 0.0388, 0.25, 0.50, and 1.00 eV.

The cross section of the reaction increases Wwith due
to the increase of the reaction probability in the four PESs
studied. The available energy is mainly channeled into vibra-
tional and translational energy of products. The vibrational
distribution of NO is inverted, though it becomes less excited
asEq increases.

Concerning the two-vector correlatiorigxpressed as
DCSs, thekk’ angular distribution is backward at low col-
lision energy and at highe; values it becomes sideways.

In addition, a predominant antiparallel orientation of the
andj’ vectors is observed at low collision energies, though
this orientation preference is smoothed out whHep in-
creases.
120 130 Finally, we investigated the microscopic reaction mecha-
nism occurring on the four PESs considered. For tRA"2
FIG. 9. (a) Cross sectiori—) for the 12A” PES and for the two reaction 3 ZA,' and 2°A” PESs Onlyza? abstraction meChamSm IS
mechanisms of this PES©O) abstraction and[J) insertion; (b) average observeq. Howeverf for t,he A PES, both an abStraCtlc_m
fractions of energy in the 4A” PES for the two mechanisme:A--) trans- ~ Mechanism and an insertion mechanism can occur leading to
lation, (--V--) rotation, and-- ¢ --) vibration for insertion, an¢-A-) trans-  different dynamic properties. Nevertheless, both mechanisms
lation, (-V-) rotation, and(-<-) vibration for abstraction{c) vibrational are of direct type.

distribution of NO(—) for the 12A” PES and for the two reaction mecha- - . . .
nisms of this PES(O) abstraction andJ) insertion;(d) kk’ angular dis- Further work on this reaction StUdymg the influence of

tribution (—) for the 12A” PES and for the two reaction mechanisrt®) ~ the intem_al excitation of reactants on the dynamics is in
abstraction and[J) insertion. progress in our group.

6 % 12 15 18 21 000 y
0 60
v ekkv I
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