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We present the quantum dynamics of the title reaction using the Gray—Balint—Kurti wave-packet
(WP) method, several NO vibro-rotational levels, product coordinates, and an asymptotic analysis.
We calculate accurate reaction probabilitied &t0, estimate those dt>0 via a capture model, and
discuss the reaction mechanism analyzing the WP time evolution. We also obtain cross sections and
rate constants. The potential is barrier-less and thus both probabilities and cross sections do not have
a collision-energy ) threshold. The probabilities present many sharp resonances, dueig,the
redistribution on the NNO-internal and ,MNproduct degrees of freedom. The reaction is
stereo-specific and occurs via a bent abstraction mechanism. The cross sections decr&agge with

in agreement with the expected behavior for threshold-less reactions. The present values of the rate
constant support previous and less accurate calculations, and are in excellent agreement with
laboratory experimental data. This confirms the accuracy of the preséit PES. © 2003
American Institute of Physics[DOI: 10.1063/1.1606672

I. INTRODUCTION On the other hand, both collinear abstraction and insertion
mechanisms occur at higher energies.

Recently, some of us investigated theoretically the reac-  References 1 and 2 improve considerably previous the-
tion N(*S)+NO(X 2I1) > Np(X 2 ) + O(®P), the reverse oretical studies of the NE) + NO(X ?I1) system, which em-
one, and the N-atom exchange reaction on th\Land  ployed less accuratb initio*® and semiempiricAIPESs and
13A’ potential energy surfacePES3."* We calculated quasi-classical trajectaty’ (QCT) or reduced quantum
more than 10 00@b initio points of these surfaces in Ref. 1, approache8. On the other hand, some laboratory rate
employing the cc-pVTZ Dunning’s basis 3etnd the com-  constant®5are in poor agreement among themselves and
plete active space self-consistent-field and second-order pesre remarkably different from those inferred from models of
turbation methods. In Ref. 2, we fitted thb initio PESs to  planetary atmospheré&!’ Although previous calculations
three-body analytical forms and calculated variational-confirm some laboratory rates, they are based on statistical
transition-state-theorfVTST) rate constants in a wide tem- VTSTS or on a semiempirical PES and QC’T$his paper
perature range, finding a good agreement with laboratory olthus extend previous calculations, presenting an accurate
served rates. _ guantum wave packéWP) study of the title reaction on the

According to Ref. 2, the reaction R§)+NO(X?II)  13A” analytical PES of Ref. 2. We describe shortly the
—N,(X lEg)JrO(SP) is exoergic by 3.29 eV, does not method in Sec. Il, report reaction probabilities and mecha-
present any $A” potential barrier, and has a barrier height nism in Sec. lll, and present cross sections and rate constants
of 0.36 eV on the £A’ PES. On the other hand, the N-atom in Sec. IV.
exchange occurs preferentially on théA’ PES, with a bar- In a future work, we shall employ both®A” and 13A’
rier height of 1.19 eV whereas its®A” barrier height is PES$in a WP study of both N-abstraction and N-exchange
equal to 1.75 eV. According to these PES features, the titigeactions: Probabilities and cross sections at highgy,
reaction should be the preferred process at collision energigate constants at highef, and product vibro-rotational
E.o smaller than~1 eV and at temperatursbelow~2000  distributions.

K. This is shown in Fig. 1, where we plot the’A” N+NO

reactant channel at the equilibrium NO bond length of

2.17a,. We clearly see that the approaching N atom preferél' METHOD

the N end of the NO diatom and that the minimum energy  We employ the Gray—Balint—Kurti methtthat propa-
path(MEP) at <NNO~109° is quite narrow, hinting at a N gates real WPs under an arccos mapping of a shifted and
bent abstraction mechanism with a high steric requiremenscaled molecular Hamiltonian, via a Chebyshev time-
recursion. This method is related to other WP techniques, as
“Electronic mail: m.gonzalez@qf.ub.es the time-independent WP method of Huaegal,'*?° the
PElectronic mail: petrongolo@unisi.it Mandelshtam and Taylor's work on Green'’s function expan-
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TABLE I. Parameters of the calculatiofs.

Translational energy center 0.4 eV
of the initial WP
R center and width of the initial WP 10 and 0.1
R’ range and no. of grid points 0-14.5 and 329
r' range and no. of grid points 1.5-16.5 and 197
No. of Legendre polynomials 50 (including
and of y' points potential symmetry
- Potential and centrifugal cutoff 0.44
£ R’ andr’ absorption start at 11.5 and 13.5
f R’ andr’ absorption strength 0.01
> Asymptotic analysis aR’ 8.5

3/alues in a.u., unless otherwise specified.

tractive, the present CM assumes that the early dynamics,
before product formation, is dominated by the effective po-
tentials

Vi(R)=min, , V(R,r,y)+[I(I+1)+j(j+1)

X/ bohr

. ~ , _ —2K?%]12ugR?,  r<2.31a,. 2
FIG. 1. 1°A” PES forr(NO)=2.17a,, as function of the X,y) coordi-
nates of the other N atom. Energy in eV, with respect taMO(r ). HereV(R,r,7) is the PESK is the projection ofl alongR,
Mg IS the reduced mass associated wRhand the upper
limit on r avoids the opening of theJN- O product channel.
The second term in the rhs member of E?).is the centrifu-

sions with damped Chebyshev recursi6h& and it is an : _ : _
| potential, and these effective potentials present centrifu-

extension to scattering processes of the work by Chen and?

Guo23:24 gal barriers that depend on the three quantum numbers. We,
Using reactant or product coordinates, reaction probnerefore, estimat@>0 probabilities as
abilities are obtained via asymptdfioor flux®® analysis. In Pin(EcoO“PSjo(EcoF Ej]K)i 3

this study, the initial WP is defined in reactant Jacobi coor-
dinatesR, r, and y, and is then transformed to the product Where the energy shift;y are equal to
onesR’, r’, andy’ for the subsequent time-propagation and 3 J 0
asymptotic analysis. We thus take into account'tiNg per- Ejic=max Vix (R) = masg Vig(R). @
mutation and nuclear-spin symmetries, which require thatn Eq. (2) we minimize the PES with respect tandy, and
14N2(12g ,v',]") vibro-rotational states withj’=evenor  for N+NO this is a better choice than E(L3) of Ref. 27,
odd have nuclear statistical weights equal to 2/3 or 1/3because the correspondiM@(R) present only shoulders as
respectively’® Reaction probabilities resolved on the vibro- functions ofJ andK. As an example, Fig. 2 shows two ef-
rotational reactant statev(j) at total angular momentum fective potentials fofj=8, J=0 or 50, andK=0 or 4, re-
guantum numbed andE. are thus equal to spectively. We clearly see the centrifugal barriers Rat
=5.11ay, giving E3%=0.075 eV, and the minima at0.758
P E)=S 2 and —0.565 eV and aR=3.20a,.
vjt =col ~ 13 Initial-state-resolved cross sections,(Ec,) are ob-
tained via the usual partial wave suffisand rate constants
N } ] ) k,;j(T) andk(T) are calculated as Boltzmann averagen
3 ’ the 100—2000 K range. The thermal rate constarg ob-
tained by estimating the ratés; for odd j<9 with linear

whereev andod are even and od§i’ quanta, respectively, @nterpplatigns and .those.fojrz 120 via extzrapolations, and
andP}, , . are state-to-state probabilities. including’® both spin—orbittSO) Iy, and I, NO states
SR with their energy differenc® A=119.82 cm®. Assuming

Accurate probabilities af=0 are calculated fop =0 ) - . .
and 1,j=0-10(2), andE=<1 eV with the parameters of that “I1,,, correlates with the PES, the electronic population
' ’ «© ois thus equal to

Table I. A propagation converges the probability in 4000
steps, requiring~2.14 CPU days on a Compaq Alpha | 3
DS20E/667 work station. On the other hand, probabilities at ~ p®(T)= — :
J>0 are estimated via a capture mod€M) following an Al2+2ext—AlkeT)]
idea by Grayet al?’ The collision involves indeed three where 3 and 4 are the degeneracies of NRKJ] and
heavy nuclei, and both exact and centrifugal-sud8iealcu-  N(“S), respectively, and the second term of the denominator
lations atJ>0 are very CPU-time demanding. Because theis the NO electronic partition function. Note thak'(T) de-
reaction occurs without potential barrier and the PES is atereases withT from 3/8 to 3/16.

.,E e”Pj,j,’Uj(Ecol)

j"=ev

dpJd
/E ° Pvfj/,vj(Ecol)
j"=od

®)
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FIG. 2. Effective potentials foj=8: J=0 and K=0 (full line), andJ
=50 andK =4 (dotted ling. Energy in eV, with respect to NNO(r ).

Ill. REACTION PROBABILITIES AND MECHANISM

Figure 3 shows three examples of reaction probabilitie

at J=0, corresponding tou,j)=(0,0), (0,8, and (1,0).

Gamallo et al.

populated at roonT among those here considered, and that
thej’ even and odd sums of EfL) are nearly equal. The use

of this equation is, therefore, not necessary in the present
reaction.

The 13A” PES is without a reaction barrier, and thus the
probabilities do not present an energy threshold and their
average values increase from very I&y, up to 1 eV. The
probabilities are dominated by strong Feshbach resonances
over the full energy range, i.e., the collision energy is trans-
formed into internal energy owing to the minima of the ef-
fective potentials or the large reaction exoergicity. The role
of the effective potentials should be more important at low
E.o, When the centrifugal minima can trap part of the WP
giving rise to quasi-bound NNO states and to a collision-to-
internal energy redistribution. Because the sharpest reso-
nance is that oPJ g at Eco=0.015eV, with a full width at
half maximum of~69 cm %, the lifetimes of these collision
complexes should be as large a37 fs.

At higher collision energy, these resonances are probably
due to the opening and closing of several\Woro-rotational
product channels, owing to the flow of the collision energy
of the approaching N atom into these Modes.

Note also that the NO rotational excitation enhances the
reaction probabilities, mainly at low collision energy,
whereas the NO vibrational excitation has a little effect on
dhe reactivity. As in Refs. 27 and 31, we explain thesg
effects analyzing the effective interaction-centrifugal poten-

Note that the(0,8) vibro-rotational level of NO is that most tialS

Q. 04

! T
0.0 0.2 0.4 0.6 0.8 1.0
E/eV

FIG. 3. Reaction probabilities dt=0. Above:v =0, andj =0 (full line) and
8 (dotted ling. Below: j =0, andv =0 (full line) and 1(dotted ling.

vimeent Ry = (HNO(r) L () [ V(R )
—VNO() [ 5PN (9)) ey +i(j +1)/2gR2,
(6)

where </>ij andL; are NO states and normalized Legendre
polynomials, respectively. The barriers of these potentials are
in general lower increasing the NPquanta, showing that
this probability enhancement is due to a lower effective in-
teraction potentigfirst term of the rhs member of E¢6)] in
spite of the increase of the second centrifugal term. There-

FIG. 4. Radial trajectory fov =0 andj = 8, superimposed on the plot of the
PES aty=50°. Time in fs and energy in eV with respect totNO(r¢y) .

The PES outermost line is at 6 eV and the lines are spaced by 0.57 eV, so
that the innermost line is at2.55 eV.
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FIG. 5. y-averaged WP density far=0 andj=8. See the Fig. 4 caption for further details.

fore, stereo-specific effects due to proper alignment of the Nion of a bent abstraction mechanism, which can be con-

atoms along the MEP, and inferred from Fig. 1, overcome thérasted with the B+ O(*D) insertion reactiori®

larger centrifugal barrier. It is useful to contrast this reaction with that similar be-
As for N+0O,,% expectation values of the reactant co- tween N and @,*" which was investigated with the same

ordinates(R), (r), and(y), and snapshots of the WP at method here employed, h&?A’ anda*A’ reaction barri-

various times give qualitative insights into the reactioners of 0.30 and 0.65 eV, and is exoergic by 1.41 eV. Owing to

mechanism. We thus plot in Fig. 4 the radial trajectory and inthe potential barriers, the NO, probabilities have collision

Fig. 5 they-averaged probability density fov(j)=(0,8) at  energy thresholds that depend on the initgljj level of O,

0, 130, 285, and 605 fs. These results are superimposed @md decrease in general at highand the probability reso-

the plot of the PES ay=50° whose deep hole corresponds tonances are less sharp than the present ones, owing to the

a part of the N+ O product channel. In the first100 fs, the  smaller exoergicity.

WP moves in a narrow MNO reactant channel, reaching the

interaction region witHr) r_1ear|y_ unperturbed. This confirms IV CROSS SECTIONS AND RATE CONSTANTS

the role of the mutual orientation of the reactants we men-

tioned by discussing Fig. 1 and E@). Between~130 and Figure 6 shows that the cross sections far,jj

~285 fs, the repulsive wall of the PES reflects back part of=(0,0), (0,8), and(1,0) decrease as the collision energy in-

the WP towards the reactant channel, and &®phand(r)  creases fron~0.015 to~0.20—0.40 eV, depending on the

increase. At larger times, part of the WP eventually enters thanitial NO rotational level. This is consisteéfiwith a barrier-

N,+ O product channel and spreads on a wier{ space, less reaction and with a long-range potenti¥l(R)

whereagr’'(N,)) decreases. On the overall, the WP density~ — Cs/R® that dominates the dynamics at lok,. For

is negligible atR~ 0, and(y) decreases from 90° at O fs up to example, a linear fit to |0%'8/A2) for 0.015<E

~60° at the end of the reaction. This is a quantum descrip<<0.40 eV, gives
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FIG. 7. Initial-state-resolved rate constants at 300 and 2000 K.
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E./eV potential barriers of the latter reaction, Kg;(T) are indeed
orders of magnitude smaller and are very sensitive to the
FIG. 6. Cross sections. Above=0, andj =0 (full line) and 8(dotted ling. 0,(v,j) level at roomT and to the temperature.
Below: j=0, andv =0 (full line) and 1(dotted ling. Table Il and Fig. 8 contrast the calculated WP and
ICVT/ u OMT-SC therma:}zjé:1 gate constante(él;))gvith the ex-
erimental recommend and laboratory”*“ values be-
109 70,8 Eco) = (0.82=0.01 ~(0.30=0.0Dl0g Ecar, @) E/veen 100 and 2000 K. The reviews of Refs. 14 and 15 are
with standard deviation equal to 0.03. From this equation an@ased on other laboratory data® The experimental rates
from Eq. (2.58 of Ref. 29, we estimate that~6.67, and  are given as upper and lower bounds in Table Il and as ana-
Cs~1.58 eVx A% lytical fits of the data in Fig. 8. WP rates in ésn* were also

Increasing the collision energy, the cross sections becalculated in this temperature range in steps of 100 K and
come nearly constant because mogeHD product channels  pest-fitted to the equation

are now opened. At lovE.,; andj, some cross-section reso-
nances suprvive the partial wave sum, wif ;<o g and k(T)=AT exp(B/T), ®)
o0~ 010, IN agreement with the probability results. finding A=(1.15+0.06)x10 '}, x=0.15+0.01, and B
The WP initial-state-resolved cross sections are rathex=79.97+3.99. Note the small value of and the negative
similar to the®A” one of Ref. 9. However, the agreement is value of the “activation” energy.
quite fortuitous because of Ref. 9 was obtained via a semi- Because the reaction occurs without a collision energy
empirical PES, using a QCT method and a Boltzmann distrithresholdk varies very few withT, even less than the initial-
bution at 500 K of the NO vibro-rotational states. Unlike the state-resolved,; do, decreasing by-16% from 100 up to
N-+NO results, the N-O, cross sectioris are zero up to a 600 K, and then increasing by onty9% up to 2000 K. The
threshold energy and increase with,, like the reaction behavior up to 600 K is due to the decrease of the electronic
probabilities and owing to the potential barriers. populationp®' of Eq. (5), because omitting this term the rate
Figure 7 shows initial-state-resolved rate constantsncreases in the fulll range, from 13.0410 *cm’s ?® at
k,j(T) at 300 and 2000 K as functions of the N@f) 100 K to 19.48 10 cmPs ! at 2000 K. The subsequent
quanta. They oscillate somewhat wjthwith a minimum at  change of slope at highdrreflects the moderate increase of
j=2, are rather constant at high savek,;;(300) that de- k,; shown in Fig. 7. The low and high behaviors of the rate
creases, and are reduced dymainly at 300 K and higlf. ~ constant are described by the exponential @iderms of
Moreover, these rates increase moderately Witliup to  Eq. (8), respectively.
about two times fok, ;J, because in their expressfdrthe We see that the WP and ICVE/OMT-SC’ rates are in
decrease ofr with E, reduces the enhancement of the Bolt- qualitative agreement in the full temperature range, although
zmann factor withT. This behavior is due to the absence ofthey are somewhat quantitatively different. Indeed, Tor
any potential barrier and reaction threshold, and is very dif<300K the statistical rate seems too large, and the opposite
ferent from that of N- O,.3! Owing to theX 2A’ anda“A’  holds above 600 K where it changes slope-4000 K. Note
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TABLE II. Theoretical WP and VTST rate constarkts 10! in cmPs ™, versus experimental recommended and
laboratory upper and lower bounds.

TIK wpP VTST® Recomn? Recomnt. Lab? Lab?
100 4.15
200 3.87 6.52 2.3-5.4 2.4-46
300 3.65 4.68 2.2-38 12-3.7
400 3.54 3.79 1.9-38 1.8-4.6
600 3.49 3.20 2.8-5.9

1000 3.61 3.05

1500 3.77 3.11 2.7-6.7

2000 3.81 3.29 3.0-7.6

®Reference 2, ICVTL OMT-SO, including both £A” and 1A’ PESs.
PReference 15.
‘Reference 14.
YReference 12. The rate is constant in the full temperature range.
‘Reference 10.
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