JOURNAL OF CHEMICAL PHYSICS VOLUME 118, NUMBER 7 15 FEBRUARY 2003

Quantum reactive scattering calculations of cross sections and rate
constants for the N (*D)+0,(X X ;)—O(°*P)+NO(X “II) reaction

Irene Miquel, Miguel Gonzalez, and R. Sayos i
Department de Qmica Fsica i Centre de Recerca en Quica Teoica, Universitat de Barcelona,
C/Marti i Franques, 1,08028 Barcelona, Spain

Gabriel G. Balint-Kurti®
School of Chemistry, Centre for Computational Chemistry, The University of Bristol, Bristol BS8 1TS,
United Kingdom

Stephen K. Gray®
Chemistry Division, Argonne National Laboratory, Argonne, lllinois 60439-4831

Evelyn M. Goldfield?
Department of Chemistry, Wayne State University, Detroit, Michigan 48202

(Received 4 September 2002; accepted 28 October)2002

Time-dependent quantum wave packet calculations have been performed on the two lowest
adiabatic potential energy surfaces %@ and 1°A”) for the N(D)+0,(X®%,)—O(°P)

+NO(X 2II) reaction. The calculations have been carried out, on these recently published potential
energy surfaces, using the real wave packet method together with a new dispersion fitted finite
difference technique for evaluating the action of the radial kinetic energy operator. Reaction
probabilities, corresponding to the, @eactant in its ground vibrational-rotational state, have been
calculated for both surfaces and for many different values of the total angular momentum quantum
number(J), within the helicity decoupling approximation. The reaction probabilities associated with

all other relevant) values have been interpolated, and to a smaller extent extrapolated, using a
capture model, to yield probabilities as a function of energy. The probabilities have in turn been
summed to yield energy dependent cross sections and then used to compute rate constants. These
rate constants are compared with ones obtained from quasiclassical traj€s@nyand variational
transition state theoryVTST) calculations performed on the same surfaces. There is a good
agreement between the wave packet and QCT cross sections for reaction on both potential energy
surfaces considered, with the exception of the near threshold region, where the reaction probability
is dominated by tunnelling. Comparison of the predicted rate constants shows that fofAhe 2
surface, above 300 K, the wave packet, QCT and VTST results are quite similar. FoPAl{e 1
surface, however, significant differences occur between the wave packet and the other methods.
These differences become smaller with increasing temperature. It is likely that these differences
arise, at least in part, from the fact that, when calculating the rate constants, the reactants are
restricted to be in their lowest vibrational-rotational state in the wave packet calculations but are
selected from a thermally equilibrated population in the other method20@3 American Institute

of Physics. [DOI: 10.1063/1.1530575

I. INTRODUCTION N(2D)+O,(X 33 ;) —O(3P) + NO(X 2IT)

The nitrogen atom in its first excited electronic state,
N(?D), plays an important role in atmospheric chemistry.
The deactivation of N{D) is mainly due to molecular oxy-
gen in its ground electronic state (X 32;), which reacts
with it to produce vibrationally excited NO. This reaction
can take place by means of two reactive chanf@ls,

AHY%g =—86.7 kcalmolt. (2

The thermal rate constant for the disappearance of
N(?D) has been measured experimentally in a range of tem-
peratures between 210 and 465 K. The overall rate includes
contributions from both reactiord) and(2) as well as from
N(?D)+ O,(X 325)—>0(1D) +NO(X 21) physical(i.e., nonreactiveelectronic quenching? However,

recent theoretical studi&s have clearly shown that reaction
AHYyg «=—41.4 kcalmol!, (1)  (2) is the dominant reactive process over a very wide tem-
perature range, and have suggestefs. 6—9 that reaction
(2) also dominates over the physical electronic quenching of

¥Electronic mail: miguel@gqf.ub.es 2 ;

YElectronic mail: Gabriel.Balint-Kurti@Bristol.ac.uk N( D) by 02 ThL.JS’ the e.Xpenmenta”y .measured rate con
9Electronic mail: gray@anchim.chm.anl.gov stant probably arises mainly from reacti¢®). The recom-
9Electronic mail: evi@sun.science.wayne.edu mended expression for the temperature dependence of the
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rate constari (based on the data of Refs. 1 any id k +NO(X ?I1) products. Several theoretical studie®of reac-
=9.7x10 2exp(—185/) cm®molecule ' s™! in the tem-  tion (2) have already been published in which analytical fits
perature range of 210—465 K. As far as we know, only one&o ab initio calculations of adiabatic potential energy surfaces
experimental study has been published in which the NO have been employed to calculate rate constants and vibra-
product vibrational population resulting from the ) tional distributions of products. These studies have used the
+ O, reaction has been reported. This study shows that, atariational transition state theofyTST) and quasiclassical
100 K, the NO product vibrational distribution is inverted trajectory(QCT) methods to solve the necessary reaction dy-
and peaks ab'=7. namics. The theoretical study of reacti@) is quite compli-
Figure 1 presents an adiabatic electronic correlation diacated because of the six potential energy surfaced(2
gram connecting MO, reactants and N©O productsl.2 32A", 12A”, 22A", 3%A’, and 3*A") that correlate reac-
There have been many theoretical studies of the lo##&st  tants and products. However, only two of them?¢¢ and
potential energy surfacéPES, which correlates with the 12A”) possess sufficiently low energy barriei®.08 and
ground state NtS) +O0,(X %) reactants®*?In the cur-  0.25 kcalmol’, respectively, at the CASPT2/cc-pVTab
rent work we address exclusively the dynamics on the adiainitio level’®) to permit reaction to take place at low tem-
batic PESs associated with reactidds and (2). There are  peratures or collision energies.
six potential energy surfaces which correlate adiabatically In two recent studie§® high levelab initio calculations
from N(°D)+0,(X %) reactants to GfP)+NO(X?I)  were carried out for the 2A’ and 1°A” surfaces of reaction
products, and a single potential energy surface which corrg2). More than 50@b initio points for each of the two lowest
lates from NED)+O,(X 325 ) reactants to OQ) surfaces were computed and fitted to an analytic Sorbie—
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Murrell many-body functional forra®2! Moreover, some ki- shown. The transition stat@S) for abstraction on the 2A’

netic and dynamic properties of the reaction were calculate®ES(TS1 on Fig. 2 hasC, symmetry with a NOO angle of
using the VTST and QCT methods. In the present paper wg20.47°. There are also two van der WaaldW) minima
report the first three-dimensional quantum dynamics study ofocated respectively in the entrance and exit channels along
the N(2D)+02(X3E§)HO(3P)+NO(X °[1) reaction on the MEP’ The lowest energy route to the insertiferpen-
these two potential energy surfaces. We investigate the posficular approach of the ND) atom to the middle of the O
sibility of interesting quantum effects and compare accuratenolecule C,, symmetry] has a TS, TS2 on Fig. 2, which
quantum mechanical predictions with those of statistical anffes 0.98 eV (22.75 kcalmol?) above the energy of the
quasiclassical trajectory theories. By performing a limitedreactantd. The energies quoted do not include the effect of
number of quantum mechanical reactive scattering calculazpg. The TS for the insertion pathwa¥S2 is a second
tions for a range of total angular momentum values, and byrder saddle point. Because of the high energy of TS2, the
using capture model techniques to interpolate and extrapolaigisertion pathway cannot, in principle, really be accessed at
these results to obtain estimates of reaction probabilities fofye energies considered in the present paper. The shape of the
all other relevant values of the total angular momentum, we,ep along this insertion pathway is more complicated than

are able to estimate reactive cross sections and thermal rafe.+ o the abstraction pathway, due to the existence of three

constants. These are compared with QCT, VTST, and eXperihtersections between the ground?A’ and the 2A’
mental values.

. _ __surfaceg? The last one of these intersections has a peaked
Salient aspef:ts of the potential energy surfacesz wh|c; pology and is located between two MNOminima
B e o e \INOLGXA) and NGB, wih th oest enray o
o P . ", of the intersection seam being located 2.14 eV below the
and our results are presented in Sec. IV. A summary of the

2
main conclusions of the work is given in Sec. V. products: . . .
The second lowest adiabatic potential energy surface for

reaction(2) is the 1°A” PES®® This surface can again lead
to reaction through an abstraction or an insertion patfhaay
The lowest potentia| energy surface which Corre|ateéNith the 22A’ SUrface, but in contrast to this latter surface
adiabatically between reactants and products for rea¢gipn there is a very small energy barrier to reaction via either of
is the 22A’ PES®7 The reaction is exothermic by 3.76 eV the two mechanisms in this cagee Fig. 2, TS1'and TSR’
and the analytical representation of the surface has a verJhe TS corresponding to the abstraction patB1’) on the
small energy barrié0.013 eV(0.30 kcal moT?) taking into 1 ?A” analytical PES is associated with a baftief only
account the zero point energgPE)] for the reaction to oc-  0.013 eV(0.30 kcal mol'*) including the ZPE, and its geom-
cur via the abstraction pathway. Figure 2 shows schematietry is very similar to the abstraction TS on thé& PES,
energy profiles along the minimum energy pathkEPs for  having a geometry corresponding to a NOO angle of 109.30°
the analytical PESs for both the?2A’ and 12A” states. Two  (note that the height of this barrier is identical to that on the
reaction pathways are possible, abstraction and insertion, dh?A’ PES when ZPE is taken into accounThe energy
both surfaces, and the energetics along both pathways arrier to the insertion reaction on theA” analytical PES

II. POTENTIAL ENERGY SURFACES
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is 0.050 eV(1.15 kcal mol'}) including the ZPHin the ana-  evenly spaced. The angular part of the wave function is rep-
lytical PES this TS corresponds to a second order saddlesented using a grid or discrete variable representation
point). As in the case of the insertion pathway on th&A2 (DVR) (Refs. 26, 27 based on Gauss—Legendre quadrature
PES, the topology of the reaction coordinate for the insertiompoints. The potential matrix is diagonal in this representation.
on the 12A” PES is complex, involving three intersections In this work, the evaluation of the kinetic energy term asso-

along theC,, minimum energy patf. ciated withR andr is not accomplished using fast Fourier
transforms as in previous studi&s>’ but with the dispersion
IIl. QUANTUM REACTIVE SCATTERING METHOD fitted finite difference method recently developed by Gray

and Goldfield®* This results in a significant reduction of
computation time.

The time-dependent real wave packet method, developed Let ¢ be the representation of the wavepacket on a dis-
by Gray and Balint-Kurt?® has been used in the present crete grid of points and let andp denote the real and imagi-
work to obtain total reaction probabilities at different valuesnary parts of the wave packet, respectively, ies Re{y}
of the total angular momentum quantum numbbr As the  andp=Im{}, then the central equation of our approach, is
system consists of three heavy, i.e., nonhydrogenic, atoms A -
we have had to use small radial and angular grid spacings. dk+1=A(—Adk-1+2Hs0), 6)

The main advantage of this method is that only the real par\Evherek denotes the iteration step=1,...N. The recursion,

of the wave packet is propagated, thus both computatloréq. (5), was originally introduced by Mandelshtam and Tay-

time and computer memory are significantly reduced. In or-~ . N , .

. : . . _lor in the context of a time-independent Green’s function
der to ensure that the computational time required was m|n|(;:1 r0ach%3L The real wave pack&method can be thought
mized, we have also used the dispersion fitted finite differ- bp ' P 9

ence method developed by Gray and Goldf&td evaluate of as a more explicitly time-dependent interpretation of this

the action of the radial differential operators on the Wavework_and also of the t2|r£13e-|ndependent wave packet ideas of
Kouri and co-workerg?

packet . . When finite grids are used the wave packet has to be
Two possible coordinate systems can be used to propa- ~

gate the wavepacket: a reactant coordinate system or a proggf’nogbaed trc()) prr;\tlsné |tefrr§tr(r)1 rreviﬁ?clﬂgdtg; egdﬂ:); t\?vze:lmacket
uct coordinate systeAT.We can use reactant coordinates to molitu dpepaspit a r(?aches,the id e d@gg’ Let an. be thpe
calculate total reaction probabilities, but must use produc%l b PP 9 €1 o

coordinates if we wish to compute product state distributionsreal part andp, the imaginary part of the initial wave packet

or state-to-state reaction probabilities. In this work we will Y(R.r,y,t=0). The recursion Eq(5) requiresqo andq, to

. o . _be initialized. In the present case the initial condition is com-
compute only total reaction probabilities and cross sections

and will therefore use reactant Jacobi coordinates. For thIBSIex and the initial step in the iteration process to evalgate
N(°D) +0,—O(®P) + NO system, the reactant Jacobi coor-

A. Time-dependent real wave packet approach

dinates are denoted I r, andy, whereR is the NéD) -0, — ATA.0n— J1—R2 6
center of mass distance,is the O—0 internuclear distance, d1=AlHsdo sPol- ©
andy is the angle between the vectdrsandr. The square root is evaluated with a Chebyshev series

In the real wave packet approach the wave functionexpansior?®
evolves under a modified time-dependent Sdimger equa- The initial wave packet used in the calculation is chosen
tion, to be

dP(x,t ~ —0)= _ _ 2
i D (oo, @ MRy =0=Nexg—a(R=Ro)]

i o Xexfd —ikg(R—Rg)]x,i(r) ¢;(cosy),
wherex denotes all coordinate®(r,y) and the Hamiltonian H ol o) Jxwj(r) éj(cosy

has been replaced by a function of itself, )
- h e where x,;(r) is the initial vibrational wave function of the
f(H)=——cos*(Hy). (4) 0, reactant and ¢;(cosy) its initial rotational state.

. . Expg —iko(R—Ryp)] is a phase factor which gives the wave
Hs=asH +bs is the scaled and shifted Hamiltonian witl ~ packet a relative momentum &f#, associated with a rela-
and b chosen in such a way that the maximum and mini-tive kinetic energy oE ., (%:k)%/2u, towards the interac-
mum eigenvalues dfl lie in the interval(—1,1). This scaling  tion region. N ex —a(R—Ry)?] is a normalized Gaussian
ensures a single valued mapping. The propagation is moreinction centered on the N—Qcattering distancR=R,. In
efficient if the energy range of the Hamiltonian is as small aghese calculations the Qs considered to be initially in its
possible and so a maximum value or a cut-off enexgy;, ground vibrotational statev(=0, j=0). The wave packet is
has been introduced and it is applied to the potential to reanalyzed by determining the fléfpassing, in the positive
duce the energy range. The propagation of the wave packet direction, through a line drawn at some large fixed value of
achieved by a Chebyshev iteration where each step require¢r =r*). The value ofr* should be sufficiently large to
only a single evaluation of the action of the Hamiltonian onensure that the initial reactant bond has been broken and that
a real vector. A grid representation is used for the waveaeaction has taken place, but it is important to note ttiat
packet and the potential. THR andr grids are taken to be need not be in the asymptotic region of the potential.

Downloaded 04 Apr 2003 to 161.116.73.191. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 118, No. 7, 15 February 2003 N(®D)+0, quantum reactive scattering 3115

B. Capture model approach energy of the system, when fixed at this geometry, provide an

The integral reactive cross section summed over all fina?nebrg%.ﬁth'ft’ESh‘“’ which is used in estimating the reaction
guantum states for a reactive scattering process is give‘ﬁro abilities,

8,39 -
by3 P}]eac{ E)= P;]eaS{ E- Eghiﬁ)a (11

o 7 (23+1) , where P)_YE) is the accurately computed reaction prob-
Ua“Hv‘j:P_-g (21—+1)2 2 2 |Sj,j,}\,wj)\| ) ability for J=0, at the total energ§, and P,,,(E) is the
vl vl A ) estimated reaction probability for another valueJof

The J-shifting method depends upon our ability to iden-

whereS),;,,,._,;, are the state-to-state reactive scattering §ify @ unique bottleneck geometry. In the present case the
matrix elements and there is one summation over the totdf@/Tier to reaction via the abstraction mechanism is very
angular momentum quantum numbérand further summa- Small on both PESs, while on the®A” PES there are two
tions over the helicity quantum numbersand\’, which are d|§t|nct energetically accessible pathways to the reaction. For
the quantum numbers for tiecomponent of the total angu- this reason w%4r21avg chosen to use a related mthod, the
lar momentum referred to the body-fixed coordinate systemgapture modef>**which does not depend on the existence
as well as summations over andj’, the vibrational and of a barrier to the reaction. In this approach the energy of the

rotational quantum numbers of the produclsis a good centrifugal barrier in an effective one-dimensional potential
quantum number because the total angular momentum is g Used to define the energy shift needed in @4). For the

strictly conserved quantity and calculations can be carrie§@Se 0iA=0, we define the one-dimensional effective poten-
out separately for each value df The helicity quantum  tial @s

numbers\ and\’, are not good quantum numbers, in the . £J(J+1)
sense that the nuclear dynamics couples diffexaralues. In VI(R)=(vj|V|vj)+ TouRE (12)

the present wave packet calculations the initial state of the
0, is alwaysj = 0. In this case the initial value afmust also ~ Where (vj|V|vj) is the potential averaged over the initial
be zero. The different values are coupled by the centrifugal Vibrotational state of the reactants and is a function of the
coupling terms in the Hamiltonian operator. Fbe0, A is  reactant scattering Jacobi coordinate. The effective potential
also equal to zero and centrifugal terms in the Hamiltoniarexhibits a centrifugal barrier in the entrance channel \Lpt
can be omitted. In the case of nonzero total angular momerbe the height of the effective potential barrier corresponding
tum a separate wavepacket is required for each value of to a total angular momentum quantum numbein the cap-
and these different wave packets are all coupled. Thug for ture model the reaction probability is now estimated as
greater than zero, in an exact treatment, it is necessary to  5J=0 %
propagatel+ 1 orJ coupled wave packetslepending on the Preacl B) = Preac( E=V3)- (13
parity) for each value ofl. In this work helicity decoupled Both in theJ-shifting model and in the capture model it is
calculations have been carrf@dut in which\ is assumed to assumed that the reaction probabilities are a function of the
remain equal to zero throughout. available energy, which is the energy in excess of the barrier
In order to compute a reactive cross section we need tbeight. This function of the excess energy is assumed to be
solve the dynamics for manyvalues. Now let us define the universal(i.e., the same for all valueg. One can then take
total reaction probabilityP;,...corresponding to a particular the results for some particuldrvalues and use them to de-
initial relative translational energy as fine how reaction probability varies as a function of the ex-
cess energy.

1 In the present paper we compute the total reaction prob-

I _ 2
PreaCt_(2j+1) UE ]2 g |Si’i’>\’~vjx| ' ©) ability for many values of the total angular momentdnand
we use the capture model approach to interpolate between
Substituting Eq(9) into Eg. (8) we obtain values ofJ for which we know the reaction probability. Sup-
pose that we have calculated the reaction probabilityJfor
ot _ T 3 and J, and thatJ lies between these twd values J;<<J
Oall—v,j= kii EJ: (294 1) Preace (10 <J,). Then the reaction probability fdrcan be estimated as
To compute cross sections we must calculate the total Pfeac(E): Pfelac(E_(Vj —-V3 ))M
reaction probability for all the values dfthat contribute to 17 (J2=d1)
the sum in Eq.(10). This computational problem may be S J-3y)
simplified by using a J-shifting” approximation?®**n this TP E+(V],—V])) 3= (14)
27 Y1

type of approximation the reaction probability is calculated
for a limited number of] values, or even just fa}=0, and  For the highest] values neededup to J=140), where no
approximate methods are used to estimate the reaction prolxave packet calculations at higher valuesJohave been
ability for other required values from those for which more carried out, the reaction probability is extrapolated using the
accurate calculations have been performédhifting ap- formula,

proximations rely on the identification of a “bottleneck” ge- J

ometry, such as a transition state. The changes in rotzgtional Preacl E) = Préao E= (V3 —Vi)), (19
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TABLE I. Grid and initial condition details for wave packet calculatidns. j=78. The flux analysis methddwas used to compute the
Scattering coordinatéR) range 0145 total net othard flux through an gnaly&s line tha_tt was lo-
Number of grid points iR 392 cated at a fixed value of the O—O vibrational coordinaie) (
Internal coordinater) range 0.5-6.5 equal to 5.0 Bohr. From this we are able to compute the total
Number of grid points i 170 reaction probability using standard formulas.

Number of angular basis functions 40 The damping operatoA, used in Eq(6) corresponds to
Absorption region length iR, r 1 the f A R A h th b ti f ti d
Absorption strengthd,s) 0.05 e formAg(R)A(r), where S absorption functions use
Center of initial wave packetRp) 12.5 were Ay (X) =eXd —Capd X— Xapd “] for X>X,,s and Ay=1
Width parameter of the wave packet, 0.25 otherwise withx=R or r. This form is consistent with a
Initial relative translational energy/eV 0.05, 0.1, 0.25, 0.5 quadratic imaginary absorbing potenﬁéﬁ5 The calcula-
Cut-off energyVeu/eV 598 tions were run for 30 000 iteration steps which was sufficient
2All quantities are given in atomic units unless otherwise indicated. to reach convergence. Each calculation required about 2 days

of computational time on a single processor of a SGI R12000

based computer.
where, in this casel; is the highest value of considered in

the wave packet calculations. V. RESULTS

C. Backward propagation method A. Reaction probabilities

The theory used to analyze the wave packet and to de- Figures 3A) and 3B) 35h9W the :Eotal reacti02n probabili-
termine the reaction probability requires that the initial wavefi€s for the NED) +Ox(X 2g,)_’o( E)TNO(X IT) reac-
packet be placed in the asymptotic region, where there i§0n On the two surfaces, A" and 1°A", respectively, for
very little interaction between the reactafts’ This is be- ~ 2€ro total angular momentum. The @olecule is started in
cause we require knowledge of the amplitude of the initialltS Iowest vibrational and rotational state<0, j =0). Each
wave packet associated with a given relative translational/ave packet calculation yields reaction probabilities for a
energy in this asymptotic region. For large values of the total@N9€ of energies of about.0.25 eV. In order to provide results
angular momentum the centrifugal potential is very |0ngfor a range of total energies between 0.1 and 0.8 eV, four
ranged and it is in practice impossible to place the initialcalculations were therefore performed. The values of the
wave packet at sufficiently large separations so as to reng&glative translational energies of the initial vv_avepackets were
the centrifugal potential unimportant. In order to overcomecentered on 0.05, 0.1, 0.25, and 0.5 eV. Figui®)3hows
this problem and also to overcome problems arising from thdhe total reaction probability on the lowest adliabatlc surface
intrinsically long range nature of the potential energy sur-for the reaction, i.e., the 2A" PES. The zero point energy of
faces, we place the initial wave packet at a large but manthe Q diatomic is 0.0_998 eV and the surface has a barrier to
ageable separation of the reactants and after calculating 4Raction of 0.013 eV if ZPE effects are includedhe reac-
effective potential, as in Eq12), we propagate thR depen- tion probability starts to build up at 0.104 eV and by 0.113
dent part of the wave packftee Eq(7)] backwards in one eV, where we would expect to see the reaction threshold in
dimension. We then analyze the backwards-propagated watBe absence of tunnelling, it has reached a small, but non-
packet and use the resulting momentum distribution in thé&€gdligible value(~0.06.

analysis of the final wave packet to yield the total reaction  1he reaction probability fod=0 is seen, on average, to
probability?? increase gradually from the threshold upwaf&gy. 3A)].

This behavior should be contrasted to that of the'[)(
+H, (Ref. 28 and O¢D)+HCI (Ref. 29 systems. These
reactions are similar to the present one in that they are exo-
Calculations have been carried out on the two potentiathermic and display no, or very small, barriers to reaction.
energy surfaces discussed in Sec. Il above. Table | lists th€he total reaction probabilities for both these other systems
details of the initial wave packet and the grids used in thenowever rise very rapidly, seemingly instantaneously, to a
calculations. Calculations were performed using the helicityarge value of near unity immediately above the threshold
decoupled method for total angular momentum quantunenergy. The gradual rise in the present case is much more
numbers]=0, 5, 10, 20, 30, 40, 60, 80, and 100. The initial characteristic of a system with a barrier to reaction, as in the
wave packets were centered at a reactant scattering distancase of the excited 1A” PES for the OtD) -+ H, system*?
of 12.5 Bohr and, as described above, the momentum distrifhe behavior displayed in Fig.(8) may be due to the to-
bution of the initial wave packet was obtained using ourpology of the surface in the present case. THA2 PES
backward propagatiommethod, involving a one-dimensional used in this work exhibits a quite high anisotropic behavior
backwards propagation of the initial wave packet. The calcuin comparison to the 1A” PES. That is to say, at values of
lations were performed using four different initial relative the NOO angle different from that of the transition state on
translational energies and the resulting reaction probabilitiethe 22A’ PES (120.59 the potential becomes much more
were combined to yield the total reaction probability over anrepulsive(see Fig. 2 of Ref. Vthan in the case of the A"
extended energy range. Use was made of the exchange syRES. This constriction of the reaction path may be expected
metry of the two oxygen atoms, so the 40 angular grid pointdo create a dynamical bottleneck similar to that arising from
used were equivalent to using reactant rotational states up #n energy barrier.

D. Calculation details
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At total energies above about 0.3 eV the total reactiorthe zero point energy of Qup to the zero point vibrational
probability for J=0 eventually attains a nearly constant energy of the very low transition state barrier for the abstrac-
value of unity, showing that there is no recrossing and all thgjop, reaction on the surface. It is interesting to observe that

coIIisions.bgcome reactive_. This can be attributed to the largg, e e appears to be a resonance in this tunnelling region. This
exothermicity of the reactiof3.76 eV) and the absence of is followed by two more well defined resonances and then a

Iong-hved collision complexes. j’here IS hoyvever clear. .md"sharp rise in the reaction probability to unity. The rise of the
cation of resonance structure in the reaction probability at

. . . reaction probability to near unit values is faster in this case,
low collision energies. These could be due to reactive scatt

tering resonances arising from quasibound bending vibra-han on the 2A’ surface. These results are consistent with

. . 2 ’ .

tional states near the transition state in the entrance valley.N€ discussion above for the"a" surface. The differences

Figure 3B) shows the total reaction probability far may be attributed to the fact that the insertion pathway is
—0 on the 12A” PES. The form of the reaction probability is "OW available to the reaction, which was not the case for the
qualitatively similar to that displayed for the?2’ surface 2 A’ surface. This would effectively make théA” surface
[Fig. 3A)]. There is somewhat more tunnelling for reaction |€ss anisotropic so that, in line with the discussion presented
on the 12A” PES than on the 2A’ surface. This is shown in above, it would present less of a dynamical bottleneck to
the inset in Fig. 8). The magnified portion corresponds to reaction.
the energy range 0.1-0.113 eV. This is the energy range from Reaction probabilities for values df greater than zero
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are taken into account in the next subsection, in the contextons were carried out in reactants Jacobi coordinates and the

of the cross sections and rate constants calculations. J values employed are 0, 5, 10, 20, 30, 40, 60, 80, and 100.
The maximumJ value used depends on the energy for which

B. Cross sections and rate constants the cross section is required, and is such that for higher
T luate the total i tion f i values the reaction probability is zero at the energy of inter-
0 evaluale the fotal reactive cross section for reacltioly; o reaction on the 2’ surface and for a maximum
(2) from the ground vibrotational state of reactaf€,(v . .
M : . total energy of 0.8 eV the maximum required value)afsed
=0,j=0)], several calculations at different non-zero values. th lculati f th " tion \Jas140
of the total angular momentum quantum numhgrwere n gca culation ot the reac 'O'f] Cross se(? _|on )
Figure 4A) shows the reaction probability evaluated on

performed. The helicity-decoupling approximation in which
tbe 2°A’ surface forJd values of 0, 20, 40, 60, 80, and 100.

\ is assumed to equal zero was used. The approximation : ‘ )
used here for practical reasons rather than because we atgere are several interesting observations that may be made

confident of its validity. The validity of this widely used regarding this figure. First, adincreases the threshold for
approximation has recently been investigatédf. It is ex-  the reaction moves gradually to higher energies. This is a
pected that it will be more valid for abstraction than for direct result of the presence of the centrifugal barrier, which
insertion reaction dynamics. The helicity-decoupled calculaprevents reaction when the reactants have insufficient energy
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to approach each other. The second thing that is apparen g
from the figure is that ag increases the resonance structure 1 &
present at low values af gradually disappears. This would 16'_
appear to be a real and interesting aspect of the reactior 14
dynamics. Finally, as is clearly apparent from the reaction 124
probabilities for higher values af shown in the figure, the

individual reaction probabilities does not in fact increase . ]

o . <

smoothly with increasing energy. They have a stepped struc- 5 8 —WpP
ture. The underlying dynamical cause of this stepped struc- * ocx
ture is also of interest in interpreting the detailed dynamics

of the reactive process. We speculate that this structure may ]
be related to excitation of the bending motion near the ab- 2
straction transition stat€l'S1 in Fig. 2. The associated nor- 0]

. . . — T T ¥ T ¥ T Y T ¥ T ¥ T ¥ T !
mal mode vibrational frequency is 198 ch(see Ref. Yand 00 01 02 03 04 05 06 07 08
this approximately corresponds to the energy spacings be- Relative Translational Energy / eV

tween the major resonance structures in the lbveaction
probability plots. ]
Figure 4B) shows the reaction probability calculated on 164 (B)
the 12A” surface forJ values of 0, 20, 40, 60, 80, 100, and ]
120. The figure is qualitatively similar to Fig(4). It again

18

14
12

shows that the resonance structures, present for shvall- ]

ues, disappear for higher valuesloHowever, in the case of 10

reaction on the #A” surface the stepped structure of the rate ”j 2] — WP
of increase of the reaction probability with increasing energy © | ® QCT

is missing. This suggests that the underlying cause of this 6‘_
stepped structure probably lies in the angular dependence o 4
the PESs and in the fact that for th&é/&’ surface the pos- 1
sibility of reaction is restricted to a more limited range of
N-O-Oangles. 000 01 02 03 04 05 06 07 08
Figures %A) and 3B) present the total reactive cross ' ' - ) ' ) ’ ’
section for reaction with gfv=0,j=0) on the A’ and Relative Translational Energy / eV
12A" PESs, evaluated with the help of the capture mOde,:IG. 5. Total reactive cross section, calculated using the quantum wave
approach, as a function of the initial relative translationalpacket method, for the reaction )+ O,(X ¥3,)—O0(P)
energy. Figure 8\) shows the total reactive cross section on-+NO(X ?I1). The initial vibrational-rotational state of the,Qeactant is
the 22A’ surface. The reactive cross section is seen to inv=0.j =0. The cross sections correspond to calculations on the two lowest
crease smoothly with relative translational energy an i\%aﬁggglggéiglaeln?;gﬁ ?X;fgcze:, i,”ssa;ié’gtfgA"’,‘,sPaEg”XIt'S%”sﬁgtwhﬁ rela-
reaches a constant value at an energy of around 0.4 eV. The: quasiclassical trajectory resulshaded circles
cross section has a very small nonzero value at zero relative
translational energy. This arises from the small tunnelling
contribution to the reaction probability. Except for this, the formed using theroLYRATE program?” In the case of the
cross section shows the typical behavior for a reaction wittQCT and VTST calculations a thermal distribution of the
an energy barrier along the MEP between reactants and prodgibrotational levels of the @reactant is properly taken into
ucts. Also shown in the figure are the values of the crossiccount, while in the wave packet calculations only the
section at different energies evaluated by the quasiclassic@,(v=0,j=0) state is used. In the range of temperatures
trajectory methot? for O,(v=0,j=0) using theTRIQCT  studied the agreement between different methods is, on the
program®® The agreement between the QCT and the wavavhole, quite good. We see that at low temperatures and at
packet calculations is quite satisfactory in this case showingoom temperature, i.e., 100—-300 K, there is a considerable
that, as expected, there are no large quantum effects for thdifference between the wave packet results and those ob-
reaction, except perhaps in the vicinity of the threshold entained with the other methods. The difference is largest at the
ergy. lowest temperatures and reduces progressively as the tem-
Table 1l presents calculated values of the thermal ratgerature increases. Interestingly we see that wave packet
constantk(T), for reaction(2) on the 2°A’ PES. The wave method, which accurately takes account of tunnelling and
packet resultgWP) are calculated from the cross section zero-point vibrational effects, yields a lower rate constant
data of Fig. BA). The table also lists the rate constants com-than either the QCT or the ICVZOMT methods.
puted using the QCT and two VTST method€VT (im- The good agreement found between the wave packet and
proved canonical VTSTand ICVT/xOMT [ICVT method the QCT cross sections for the?A’ PES with Q(v=0,
including the microcanonical optimized multidimensional j=0) [see Fig. BA)] suggests that the cause of the disagree-
(uOMT) correction to account for the tunnelling contribution ment between the theoretical rate constants at low tempera-
to reactivity]}.*"*® All VTST calculations have been per- tures(Table ll) is likely to lie in the neglect of excited vibro-

24
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TABLE II. Rate constants for reactiof®) calculated on the 2A’ PES. TABLE IIl. Rate constants for reactiof?) calculated on the 2A” PES.
K(T) (cm® molecule * s71) k(T) (cm® molecule * s71)

T (K) Wp? QCT ICVT? ICVT/uOMTP T(K) WP? QCT ICVT® ICVT/uOMTP
100 3.621072 92010* 83610 % 1.12:10° % 100 42110712 1.1010°% 9.61.10° % 1.2010° %
200 14510 22110 21910 23610 % 200 12810 36110 32010 % 3.37.10 1
300 2841001  34610% 346104 358101 300 2781071 562107 59310 % 6.07-10° %
400 434101 46910 46910 % 4781071 400 461100% 79510% 88410 % 8.97.10 !
500 58810 % 54210*% 589104 5.97.10° 1 500 656107  1.01107° 11910 % 1.2010 %
600 7.4010°% 757101 7.0910 % 71510 % 600 8.5010° ¢ 119107 15010 % 1.50 10 %
700 88810 % 95510 828104 8.3310 1 700 1.0410°° 13810 1.81.10°%° 1.81:10° %
800 1.0310°° 1.0510%® 9471071 9.51.10 % 800 122107 15210 212107 2.12.10°1°
900 1.1610°° 11710 1.0610°%° 1.07.10° % 900 13810 17010 243107 2.4310°1°

1000 128107 128107 11810 11910 % 1000 152107  19210% 27310 % 2.7310°%°

WP results are for gfv=0,j=0), while thermal vibrotational distribu- WP results are for v=0,j=0), while thermal vibrotational distribu-
tions of G, were used in the QCT and VTST calculations. The VTST results tions of O, were used in the QCT and VTST calculations. The VTST results
have been obtained using the minimum energy [gittninsic reaction co- have been obtained using the minimum energy gttninsic reaction co-
ordinate for abstraction. See text. ordinate for abstraction. See text.

PCalculations were performed using theLyRATE code, Ref. 47. PCalculations were performed using theLyRATE code, Ref. 47.

tational states in the wave packet calculations. At highefures. The disagreement between the wave packet and the
temperatures, in the range between 400 and 1000 K the dipther calculations at the lower temperatures leads to the same
ferent calculations for the rate constant agree very well wittconclusions as discussed above in connection with Table I1.
each other. The difference between the wave packet and both this case the agreement between the different methods at
the ICVT and the ICVTLZOMT method§’“8is less than or high temperatures is much less good than was the case for
equal to 10%. It is interesting to note that at the highesthe 2°A’ PES(see Table ),
temperatures studied the wave packet calculations agree best Figure 1 shows that there are a total of 30 surfaces,
(within 0.5%) with the QCT results, both of which yield including spin—orbit interaction, which correlate with the
somewhat higher rate constants in this limit than the VTSTN(*D) +O,(X °%) reactants. In the present work we have
calculations. taken account of reaction on the two most important doublet
Figure 5B) shows the total reactive cross section forsurfaces. Reaction on these two surfaces dominates at low
reaction(2) on the 12A” surface with Q initially in its (v and moderate temperature§® We can estimate the overall
=0, j=0) vibrotational state. It is qualitatively similar to Or global total reaction cross section for reacti@: using
the cross section for reaction on thé/&2 PES. Compared the relationship,
with the latter cross section, the?A” cross section increases 1 1
somewhat more rapidly with increasing relative translational T globa= 75 72 2" pest 15712 PES: (16
energy, reaching a near constant value at a collision energy
of about 0.3 eV as compared with an energy of about 0.4 eV  Figure 6 shows the comparison of the overall reactive
for the 22A’ PES. The cross section also shows a slightlycross section for reactiof®) with O, initially in its (v=0,
greater amount of reactivity at very low relative translationalj=0) vibrotational state computed using E46) with the
energies, indicating a greater degree of tunnelling. There iIQCT results. Two different QCT curves are shown. The
furthermore, some residual resonance structure still presectrve with open circles include the reactivity on only the
in the cross section at low energies. While the summatior2 A’ and 1?A” PESs, while the curve with asterisks also
over manyd values has decreased the magnitude of this resdncludes reactivity arising from two extra doublet surfaces
nance structure, it has not, in this case, entirely wiped it out(32A’, see Ref. 9, and 2A”, see Ref. 49which also cor-
The absolute magnitude of the cross section is slightlyrelate adiabatically between reactants and products for reac-
greater than that for the 2\’ PES. The figure also shows tion (2). As in the case of Figs.(B) and 3B) we see that the
cross sections obtained using the QCT method on the sanagreement between the wave packet and the QCT cross sec-
surface. The QCT results agree very well with the quantuntions is very good. The deviation at larger reactant relative
wave packet calculations. translational energies between the wave packet and the four
Table Ill presents the calculated thermal rate constantsurface QCT calculation&) is entirely due to the inclusion
k(T) for reaction(2) on the 12A” PES. In the case of the of the contribution from the two additional PE®Refs. 9,
wave packet calculations the rate constants are calculatet9) in the latter case. These additional surfaces contribute
from the cross section of Fig.(B). The table also lists the only at higher energies.
rate constants computed using the QCT, IC¥&nd ICVT/ Table IV presents the calculated and experiméhtib-
nOMT (Ref. 48 methods. These latter rate constants arebal thermal rate constants. For the wave packet calculations
computed using a thermal distribution of initial, @ibrota-  these are computed from the cross sections shown in Fig. 6.
tional states. Again, as for the dynamics on th®A2 PES, The QCT and the ICVT4OMT results include contributions
the agreement between different methods is quite good at tfeom two extra PESs as compared with the wave packet cal-
higher temperatures, but much less so at the lowest temperaulations and also take into account the thermal distribution
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3 ing” as well as reaction as a destruction mechanism. The
experimentally measured rate constants should therefore be
e an upper limit to the calculated global reaction rate constant.
The ICVT/uOMT rate constants for temperatures 200—400
K listed in Table IV are all greater than the listed experimen-
tally values. No firm conclusion can be drawn from this dis-
crepancy, as the experimental results are associated with a
substantial uncertainty and the range of this uncertainty en-

WP (2 PESs) compasses the QCT and the ICVL_‘UMT predicted values
-0 QCT (2 PESs) (see Ref. 10 The wave packet estimate of the rate constant
¥ QCT (4 PESs) at 200 K, on the other hand, seems to be too low as com-

pared with the experimental value; this may be due to the
fact that the wavepacket calculations have not included a

04— : . : . . . . : o
00 01 02 03 04 05 06 07 08 proper averaging over the thermal distribution of initial

quantum states.

Relative Translational Energy / eV

FIG. 6. Overall total reactive cross section for the reactior?DN(

+0,(X32;) —OFP) +NO(X 2II), calculated using the quantum wave V. CONCLUSIONS

packet method. The initial vibrational-rotational state of ther€actant is . )

v=0,j=0. The cross sections have been summed over contributions from  Quantum scattering calculations have been performed

both the 22A" and 1?A” potential energy surfacdsee Eq.(16)] and are  for the total reaction probabilities of the m)
plotted as a function of the collision enerdy, (continuous ling Also +0,(X 325)—>O(3P)+ NO(X 2H) reaction on the two
shown are the results of two different quasiclassical trajectory calculations, . . 2 2A0
The open circles show the results of QCT calculations in which reactiojoweSt potential energy surfaces involved“¢ and 1°A
occurs on the same two PESs as used in the wave packet calculations, whiRES$ and for many values of the total angular momentum
the asterisks show the QCT results taking into account the additional twguantum number]. The time-dependent real wave packet
excited PESs, as discussed in the text. approack® has been used in all the calculations and the re-
sulting total reaction probabilities display some intriguing

o features, namely, a stepped structure in the energy depen-
of O, initial quantum states. The QCT and ICVAOMT  gence of the reaction probability for the?&’ potential en-

results are consistently higher than the wave packet resultgrgy surfacdsee Fig. 4A)] and three clear well character-
but are completely in line with the results obtained for thej,oq resonance features for reactive scattering on the’ 1
two separate surfacdsee Tables Il and [)l The contribu- g facelsee Fig. 48)]. Even more interesting is the fact that

tion of the two extra potential energy surfaces to the ratgne first of these features occurs in the low energy tunnelling
constant is very small3%) even at the highest temperatures region of the energy spectrum. THe=0 quantum reactive

studied _ ~ probabilities for both PESs show marked resonance features
The experimental results correspond to the rate of d'sal{'see Figs. @) and 3B)]. This resonance structure vanishes
pearance of N{D) and include “physical electronic quench- a5 the total angular momenturd, is increasedsee Figs.
4(A) and 4B)]. The reaction probability predicted using the
wave packet method is nonzero at total energies below that
of the transition state barriefincluding zero-point vibra-
k(T) (cm® molecule 1 s™1) tional energy for both PESs. This indicates that the wave
packet method does predict the existence of some tunnelling.
The computed quantum wave packet reaction probabili-
100 5-1610:2 (141+0.12) 10:12 1.62 10:12 b ties for a large number af values have been used, in con-
200 1.8210° " (4.02% 0.13)-10 3.91-10 3.8510 junction with a capture model approach, to estimate total

300 3.7510 2 (6.13+0.10)-10° 12 654102 5241012 . . . .
400 5981072 (8.43=023)102 929102 611102 cross sections for the reaction. These reaction cross sections

TABLE V. Rate constants for reactiof®)

T (K) WP QCT ICVT/uOMTP  Experimentdl

500 8.3010 %% (1.04* 0.02)-10°** 1.2210° have been compared with the reaction cross sections com-
600 1.0610° ' (1.31*0.03)-10** 1.5010 " puted using the quasiclassical trajectory method. In general
700 128107 (.57 0.03) 107 179107 remarkably good agreement is observed between the QCT
ggg iggig_u ﬁ:;g; 8:82;: 18_11 ;:gg 18_11 an_d wave pack_et cross section_s. Further investig_ation is re-
1000 1.871071 (2.23+0.03).10°% 2701071 quired to investigate whether this agreement persists even at

very low collision energies, for which we do not currently
AWP results are for gfv=0,j=0), while thermal vibrotational distribu- hKayve the QCT results. In both the wave packet and QCT
tions of G, were used in the QCT and VTST calculations. The VTST resultsCalcula‘tiorIS the initial quantum state of the ®as the low-
have been obtained using the minimum energy [gitninsic reaction co- . ) . .
ordinate for abstraction. See text. est vibrotational level v =0,j=0). The summation over
PCalculations were performed using theLyraTe code, Ref. 47. total angular momentum required to compute the cross sec-
‘Including both reactive crganne[seactions(l) and (2)] and the physical  tjon from theJ dependent reaction probabilities greatly re-
electronic quenching of ND) (Ref. 10. This reference gives the error ,

estimate for the rate constant &$298 K)=5.2(+1.6,—1.2)10 2cn? duces the, resonance Stru,Cture,’ but for tﬁélpgs a small
molecule * s™1. Experimental error margins are larger at lower and higherpart of this structure survives in the total reactive cross sec-

temperatures. tion [see Fig. 8B)].
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