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We report quasiclassical trajectory calculations for the reactid8)N¢ O, — NO + O by focusing on the
rovibrational distributions of the NO product molecule at a collisional energy of 3 eV and the temperature
dependence of the rate constant. The calculations employ the lowest adiabatic sheet of a recently reported
(Varandas, A. J. CJ. Chem. Phys2003 119 2596) multisheeted double many-body expansion potential
energy surface for théA' states of N@, improved via a multiple energy-switching scheme to attain near-
spectroscopic accuracy in the vicinity of the deépA; minimum. For the quartet state, the calculations
employ single-sheeted potentials from various sources, except for the rate constant where the results are
taken from the literature. The rate constant for the reverse endothermic reaction is calculated by dividing the
rate constant for the forward reaction by the equilibrium constant calculated using statistical mechanics. For
both reactions, the agreement with the recommended rate constants is good. The vibrational distributions of
NO are found to agree with previously reported theoretical estimates, which show fair agreement with the
general trends observed from experiment.

1. Introduction aty' = 1-21213The other suggests an oscillatory nature for the
Highly rovibrationally excited NO molecules are known to distribution, but the measuremettare difficult to rationalize.

play an important role in the earth’s atmosphere, being produced From the theoretical point of view, the reaction is probably
by the reactioh the most complicated involving three atoms. The difficulties

start with the potential energy surfaces of the X#&) system,
N (48) +0,~NO+0 (1) where the muIti_sheeted nature of the eI_ectronic manifqld requires
a subtle handling at both the calculation and modeling levels.
Furthermore, the NE + O(X 3Z4") reactants correlate with
three A" surfaces of distinct spin symmetries, nameifoA’.
Of these, the doublet state dominates for temperatures below
5000 K or so, and the quartet state gives the major contribution
for higher temperatures. Although the sextet state does not
N, +O—NO+ N 2 correlate with the NO( 2IT) + O(P) products, one still requires
at least two electronically adiabatic potential energy surfaces
to study the dynamics of the title reaction. The first potential
energy surface for NgPA') was calculated long ago by Walch
and Jaffel> and its analytical representation has been performed

existence of an activation energy o0.3 eV, thus requiring  PY Duff etali®using the single-valued many-body expansion

superheated N§) atoms to occur. Such translationally hot atoms (MBE) method. More recently, several other single-valued
are produced by several chemical and/or physical proceses Surfaces of the MBE type have been propd$ed using

in the atmosphere, being that their relative lifetimes are large @ccurate ab initio data for their calibration. As stated above,
enough to allow reaction before de-excitation through collisions SUCh functions cannot reproduce the multisheeted nature of the

(refs 10 and 11 and references therein) may take place. 2/ electronic manifold, in particular, the well-establishe&A,/

. , A2 ical i i i
The reported studies related to reaction 1 have focused mainly/“B2 conical intersection that occurs for geometries wWith

on the vibrational distribution of the products and the temper- SYmmetry. To encompass such a difficulty, a multisheeted
ature dependence of the rate constants. Experimentally, the'@Presentation has recently been proposed by one*fous
values of the rate constant for the direct reaction over the the basis of the multivalued double many-body exparfsish
temperature range of 298 T/K < 5000 were compiled by (DMBE) formalism. Furthermore, near-spectroscopic accuracy
Baulch et al” who recommend the expressi&(T) = 1.5 x has been con\_/e_yed to Fhe Iowest adiabatic shget in the vicinity
10-1T exp(—3270M) cm~2 s, with A log k = +0.12 for 298 of the X 2A; minimum via a multiple en.ergy-swnchlﬁ@(ES)

< T/K < 1000 andA log k = +0.3 for 1000< T/K < 5000. scheme. As a result, the lowest adiabatic sheet of such a DMBE/
ES potential energy surface is expected to reproduce the main
topological features and rovibrational spectra of ground-state
NO; according to the most up-to-date experimental and theoreti-

Such species are responsible for the quiescent da¥/tme
nighttime®# thermospheres and are necessary for an understand
ing of natural and artificial terrestrial aurorast is also well
established that reaction 1 together with

are the main sources of nitric oxide in combustion processes
via the Zeldovich mechanisfAlthough reaction 1 has a large
exothermicity, 1.38 eV, the experimental restitsdicate the

In contrast to this rate constant, which is very well defined, the
vibrational distribution of the NQ() product has been a point

of some controversy with the appearance of two distinct patterns.
The first suggests a declining shape of the population with @l data.

vibrational quantum number, possibly showing a slight inversion ~ Theoretically, the title reaction has been extensively studied
by using the quasi-classical traject#$%-3° (QCT) method,
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dynamics®3-36 which are all based on the lowest electronically
adiabatic sheets for the doublet and quartet spin states. Suct
studies focused on dynamics attributes such as cross section: 1.0
and vibrational and rotational product distributions as well as
specific and thermalized rate constants. Because accurate full-
dimensional quantum dynamics calculations are computationally
very demanding because of the large number of open chdfnels
that are involved, our study will be carried out using the quasi-
classical trajectof/38 (QCT) method. A realistic sampling
procedure will also be employed for,Qwith the major goals * . 00
being the rovibrational distributions of the NO product molecule
and the temperature dependence of the total rate constant fol
the forward N{S) + O, exothermic reaction. The rate constant
for the reverse reaction will then be estimated from the
microreversibility principle by using the rate constant for the
direct reaction and the equilibrium constant, which is calculated
via statistical mechanics. -1.0
The paper is organized as follows. Section 2 provides a brief
description of the potential energy surfaces that are employed. ! . ! . ! . L . !
The dynamical results for the forward 4§ + O, reaction are -1.0 -0.5 0.0 0.5 1.0
reported in section 3, focusing on the analysis of NO product 5*
rovibrational distributions at a fixed collision energy of 3 eV
(BS;;) Sggtclz(t)irc])ng.j-)sirrl?n:gﬁztgsrmslIées(:lijlrt.zt?)bctg?rlsé?jn;o(rs?f?es eg:tlo sheet of the 8< 8 DMBE/ES?* potential energy surface. The contours
e i . start at—0.36(@;, equally spaced by BE,. Shown by dashed line is
NO reaction based on the rate constant for the forward reactionthe contour associated with the barrier height for théSNg- O,
and the equilibrium constant. The conclusions are in section 5. reaction. Two sample trajectories (starting at the open symbols and
2. Potential Energy Surfaces ending at the corresponding filled ones) are also shown: one forms a
: “complex” (shaded area), and the other is direct. Also indicated is the
The potential energy surface used to describe the lowést  X2A./A 2B, conical intersection.
state of NQ has been discussed in detail elsewléand hence
we give here only a brief description of its major features. The
basis of such &A' surface is the multisheeted DMBE2*
method. It starts from the diatomics-in-molecules (DIM) formal-
ism (refs 39 and 40 and references therein) in which a minimal
atomic basis set is employed for®g) and N¢S,). To account )
for the finite size of the basis sets as well as the missing many- l\D/I'\é'EETG((iﬁ)) A s Toan ATl Il Gerd aoe
_center terms and orbital ove_rlap_, a corre_ctwt_a ter_m is introduced MBE? (4A") 3457 2347 100.6 0548 1359.5 3797 563.5i
.|fn eaz(;ih element of the Hamiltonian matrix, yleldlng the general MBE2 (4A') 2202 5.456 115.7 —1.445 2020.5 174.5 129.2i
orm

X2A,/A%B, NO(X 2A;)

N(iS) + 0a(55)

r{:igure 1. Relaxed triangular plétfor the A’ electronically adiabatic

TABLE 1: Geometric and Energetic Attributes of the
Saddle Points on the Lowest Doublet and Quartet Spin-State
Surfaces of Relevance for the Title Reactioh

RNo/ Roo/ DNOO/ AVbb/ cul/ wz/ (U3/
surface a a deg eV cm?! cm?! cm?

a Also shown are the corresponding harmonic vibrational frequencies

_ ,AB AB BC--BC, | BC BCy —-BCtBCt (symmetric stretchingys, bendingw., and asymmetric stretchings.
H=H"Q1+F")+R™TH™1+F ) TR + b Classical barrier height for the A + O, — NO + O reaction.

RACTACHAC(1 + FAC) TACTRACT — A — HB — HC (3) ¢ Saddle point close to the products channel; see the text.

where1l is an identity matrix,HXY is the XY diatomic term, whereU is the orthogonal matrix that diagonalizes the original
andHX is the diagonal energy matrix for atom X. In tulR}Y DMBE potential matrix. It is the lowest sheet resulting from
and TXY are the rotational and spin-recoupling matrices, and the diagonalization of the DMBE/ES diabatic potential matrix
FXY is a dressing matrix that accommodates the three-body that will be used for the dynamics studies reported in the present
energy terms. The adjustable parameters available in the dressingvork. Such an adiabatic potential energy surface is shown in
matrix have in the present case been calibrated using bothFigure 1 as a relaxed triangular plot by using hyperspherical
theoretical and experimental data. With the above-mentioned coordinates® Visible from it are theC,, minimum ats* = 0
minimal basis set, the resulting Hamiltonian matrix is<83. associated with the chemically stable N@olecule and the
All input diatomic potential curvéd22have been represented X 2Ai/A 2B, conical intersectiond* = 0 andy* = 0.757), which
by using the extended HartreEock approximate correlation lies 9759 cmi! above the absolute minimum. Also seen are the
energy:*2 (EHFACE2U) model. The lowest adiabatic surface two equivalent barriers for the M O, reaction that are located
has subsequently been improved by merging it with an effective at aCs geometry (this is numerically defined in Table 1) with
spectroscopically accurate polynomial fdfrvia the ES® a barrier height of 0.276 eV. Although the saddle-point geometry
scheme. In fact, to allow the narrow energy window for the has a slightly shorter ©O bond distance than the one predicted
transition between the two merged surfaces to occur, a novelfrom ab initio calculations (see ref 21 and references therein),
multiple ES* method has been employed. Assuming that the such a feature should not drastically affect the results reported
changes in the DMBE/ES (for brevity, this will be denoted in the present work, as indeed seems to be the case by
simply by the superscript ES) surface are minimal relative to comparison with available theoretical and experimental data.
the original DMBE form, the corresponding diabatic matrix may =~ Two potential energy surfaces have been employed for the
be obtained by back transformatiorfés dynamics calculations carried out on the low#ststate of NG,
both of which are based on a single-valued MBigpresentation
WES = uvEU' (4) of the potential energy. They are illustrated as relaxed triangular
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Figure 2. Relaxed triangular plétfor the MBE single-valued potential
energy surfaces for théA’ state of NQ: (a) Duff et al.164¢(b) Say®

0.5

Caridade and Varandas

surface of Say® et al’® (MBEscq also employs the MBE
formalism, but the coefficients have been calibrated from a more
extensive set of ab initio energies reported in their own work,
leading to a function that is free from deep spurious wells. Such
a surface shows two equivalent minimaCat geometriesRyo,

= 2.2279, Ruo, = 4.910, Ro,0, = 7.13%0), which lie about
49.4 kcal mot? below the N+ O, dissociation limit (16.7 kcal
mol~! below the NO+ O dissociation limit), apparently not
located in ref 20. Also visible is a small minimum wity,
symmetry Ruo, = Rno, = 2.50789, DO.NOp = 129.7), which

is separated from the previous two minima by transition states
with Cs symmetry. However, the most interesting feature from
both surfaces is perhaps the high-energy ridge for Ghe
insertion of the nitrogen atom into,Owhich decreases as the
nitrogen atom approaches the oxygen molecule along geometries
with Cs symmetry. This feature bears some similarity with that
encountered for the ground doublet surface, with the two
equivalent barriers for the N- O, reaction now being located

at Cs geometries and having barrier heights of 0.65 and 0.55
eV, respectively, for the MBggp and MBEscg potential energy
surfaces; see Table 1 for the harmonic vibrational frequencies.
The potential energy surface of Sayet al?® for NO,(*A’) shows

an additional transition state close to the products chanel that
lies approximately 33.3 kcal mol below the N+ O, dissocia-

tion limit (0.77 kcal mot? below the NO+ O dissociation
limit). The vibrational frequencies of this second saddle point
are also given in Table 1, where we have characterized as
symmetric stretching a mode that corresponds essentially to pure
stretching of the short NO bond.

3. N(*S) + O, Reaction

The dynamics study of reaction 1 on the lowest adiabatic
sheet of NQ(?A') has been carried out by using the QCT
method. Because this method is widely described in the
literature3”4748we summarize only the details most relevant
to the present work. The thermal rate constant for the formation
of NO + O assumes the general form

8ksT \¥2 _ (2 + 1) exp(-E,/kgT)

oF

X

K(T) = g(T)

TUN+O, i

JP(ED o€y v, ]) B, (5)

et al? The contours are the same as in Figure 1. Shown by the dashedywheregy(T) = Ys is the electronic degeneracy facts,is the

line is the contour associated with the barrier height for theSN¢
O, reaction.

plots in panels a and b of Figure 2. The surface of Duff é¢-&l.
(MBEpgp) was based on limited information from Walch and
Jaffé!> and hence is intended to be qualitative in areas not
covered by the ab initio information. Thus, it should not be
surprising that it displays a deep spurious welCatgeometries
where the nitrogen atom gets between the two oxygen atoms,
reaching an absolute minimum 6f0.48 E, (—13 eV) at a
collinear geometry wittD.., sSymmetry and a characteristic bond
length of Ryvo = 2.19Ga. Note that such an attribute has
apparently no influence on the trajectory results, which may be
explained by the fact that the insertion path has a high-energy
ridge and the NGF O products channel samples only geometries
with Cs symmetry. However, such a fortunate result might not
have happened if quantum dynamics were employed for the
calculations because of the possibility that the wave function

may penetrate into such regions. The quartet potential energy

Boltzmann constang,; is the rovibrational energy for the,(j)

state,Q,; is the corresponding partition function-o, is the

reduced mass of the reactants, ar{ey, v, j) is the reactive

cross section. In turn, the integral in eq 5 represents the average

reaction cross section, with the translational energy distribution
E,

being given by
-
(kgT)

and normalized to unity foE; from O to «. To calculate the
integral in eq 5, we may use a random samplingeefrom a
Maxwell—Boltzmann distribution by the rejection method (ref
49 and references therein) or éfsealculate the cumulative
distribution function (CDF)

E,

S
&

P(E,) = ®)

()

r__

ke T In(&:5>)
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where&; and&; are two independent uniform random numbers. 1.0
This approach is somewhat simpler than the former, having been @
adopted in the present work. os | DMBE/ES(*A’)

Similarly, the rovibrational states for a given temperature are
obtained from a CDF as in ref 50, namely,

. 0.6 -
()

CUE)= Y Q; @+ expEykT)  (8)

(voJo)

N(*8)+02(v) »NO(v')+0

P(v)

v=>0

where the summation runs over all allowed rovibrational states.
Note that for the @ molecule, only odd rotational states are
allowed starting fronj = 1. The combination( j) for each
trajectory is then obtained by minimiziE,;) — §3 = 0, where

&3 is a freshly generated uniform random number. Although in
ref 50 this procedure has employed Morse curves to describe v
the diatomic molecule, we have chosen in this work a more 10
realistic procedure by calculating the rovibrational energy from (b)
the numerical solution of the Schiimger equation for the © DMBE/ES(A’) + MBEscc(*A”)
EHFACE2U* curve used to describe the diatomic in the 0.8
DMBE/ES potential energy surface. (Corresponding realistic

forms have been used for the calculations on ¥he MBE 06
surfaces8204§ The internuclear distance for each rovibrational <
state has been calculated by the von Newman rejection method:>
sampled between the turning points corresponding to the selecte 04 N T
combination. Using the Monte Carlo method and the above
sampling procedure, eq 5 reduces to

8kgT )1/2 N,

N(*5)+02(v) » NO(v') +-0O
v=20

0.2

— b? 9 T
TTUN+O, ®)

N max

K(T) = ge(ﬁ(

whereN; is the number of reactive trajectories out of a sellof
trajectories anmax is the maximum impact parameter opti- 1.0
mized from the standard procedure described in the literature.
For statistical purposes, the estimated error of the rate constant
is given by AK(T) = k(T)[(N — Np)/NN]¥2.

3.1. Vibrational and Rotational Distributions of the NO
Product. The vibrational distribution of the NO product 0.6
molecules has been the subject of some controversy in the
literature. Experimentally, there are reports of five measure-
ments. Two of these were carried out by Whitson et and
Rahbee and Gibséfusing first-overtone chemiluminescence.
The others were by Herm et . utilizing laser-excited 02 -
fluorescence, Winkler et & employing two-photon ionization,
and most recently Caledonia et'dlising crossed beams. There [
is a notable variation in the measurements, particularly at the 20 5 o 1‘5 2 25
higher vibrational levels. Whereas three of the measure- ,
mentd+51.52seem to suggest a preferential production of even _ L o o
over odd vibrational levels, the other ti#é3 show smoothly Flg_ure 3. Product V|_brat|onal.d|str|but|on_ for_Qn V|brat|o’nal states
decreasing production with increasing vibrational level (possibly v=0and 1 a =30 ev: (a) contribution of théA’ state as

- . ) . calculated from the DMBE/EX potential energy surface; (b) total
with a slight inversion at’ = 1-2). probability calculated using the DMBE/BSand MBEscc? surfaces

To obtain nearly converged vibrational and rotational distri- for the 2A" and“A’ states, respectively; (c) as in case b but using the
butions, we have followed a strategy similar to that utilized in MBEpep'®*® surface for the quartet state of MOThe G rotational
ref 30. Two sets« = 0, 1) of 10 000 trajectories have then temperature is assumgd to be 1000 K. Bpth distributions are_BoItzmann-
been calculated with 3.0 eV of translation energy, being the weighted and normalized such that their sum peaks at unity.
rotational quantum number obtained by the minimization of the to mimic the experimental conditions in the work of Caledonia
rotational partition function for a temperature of 1000 K, namely, et al.1}4 where the collisional velocity is 8 knT$. As pointed
Cw=01) — £ = 0 whereC»=01) js given by eq 8 for a specific  out in ref 30, although such a rotational temperature is probably
v state. Of course, such calculations have been performed bothhigher than that observed under the experimental conditions, it
on the doublét and quartéf2046spin state potential energy may have the advantadge of being closer to the atmospheric
surfaces because both contribute under the chosen initialsituation. The product vibrational distributions so obtained are
conditions according td®, = 2P, + *P;; "P; is the reactive shown in panels-ac of Figure 3. Of them, panel a refers to the
probability on they-th spin state surface including the proper contribution obtained from théA' state, and panels b and ¢
electronic degeneracy factaye(= /s for the doublet state and  show the probabilities when both ti#&' and ‘A’ states are
1/; for the quartet state). Note that= 1000 K has been chosen considered. Note that the probabilities have been weighted by

(©)

DMBE/ES(2A’) + MBEpgp (*A’)

—
% N(%8)+05(v) = NO(v) +O
~—

Q.‘ v=20
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Figure 5. Product rovibrational distribution from N- O,(v = 0, 1)
reactive collisions at a reactant rotational temperature of 1000 K. Panels
are the same as in Figure 4.
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) tional state for each vibrational manifoigl.
In addition to the above vibrational-specific calculations, we

Figure 4. Product rotational distribution in N@(= 2) from N + . ; A S
Ox(v =0, 1) at a collision energy of 3.0 eV: (a) distribution calculated have calculated a set of 10000 trajectories with a similar

using the DMBE/ES and MBEsec® surfaces for théA’ and A’ states translational energy but with the initial rovibrational distribution
respectively: (b) as in case a but using the MBEs4 surface for the of the reactant oxygen molecule thermalized at 1000 K. As noted

quartet state of N The reactant rotational temperature is 1000 K. in the previous paragraph, besides the trajectories run on our
The thick lines represent smoothed distributions. DMBE/ES potential energy surface for tR&' state, similar
calculations have been carried out using the MgEand
the appropriate Boltzmann factor fdr= 1000 K and hence = MBEscg potential energy surfaces of N@A') to obtain the
cannot be directly compared with those reported in Figure 1 of proper averaged state values. The results so obtained are shown
ref 30, which have apparently not included such a weighting in Figure 6 and Table 2, which includes for comparison the
factor>® Note further that the calculated values are, within the trajectory results of Duff et & and Ramachandran et 3l.
statistical error, coincident with those obtained by sampling a (which are based on £ = 0, 1) alone). Although there are
thermalized distribution of andj because the probability of  small variations depending on the quartet-state surface employed
getting populated states with> 2 is rather small. for the calculations, the results show common general trends.
In turn, Figure 4 shows the corresponding product rotational First, they indicate a small population inversion peaking at
distribution in NO¢' = 1), which corresponds to the maximum ' = 1, with product vibrational states populated to as much as
in the »' distribution in Figure 3. As observed in ref 30, the ' = 22 in the case of using tH&' potential energy surface of
large variations in the relative population of adjacent rotational Say® et al?® and' = 23 if the quartet-state surface is taken
levels may partly be due to incomplete convergence of the from Duff et al16-46 Apart from this, the shapes of both curves
distributions. To smooth out such distributions, we have in Figure 6 are rather similar. The somewhat smaller cross
averaged neighboring rotational states by using standard smoothsections reported for large values by Ramachandran et3al.
ing procedures8? Specifically, we have used a moving-window can probably be attributed to the fact that the DMBEES
averaging procedure (see ref 55 for the application of a similar potential energy surface properly allows for sampling of the
procedure to the treatment of triatomic rotations) to mimic the deep?A; chemical well of NQ, thus contrasting with the MBE
smoothing caused by the proper treatment of the statistics, whichsurfacé® used by Ramachandran et®&that shows erroneous
consists of replacing each data value by an average of itselfbehavior for such geometries. As a result, there is a small
and six nearby neighbors, six to the left and six to the right. compensation manifested by a slight increase in the reactive
The curves (fow = 0, 1) resulting from such a smoothing are probability for small ' values. This has been checked by
shown by the thick (solid and dashed, respectively) lines in analyzing all reactive trajectories run on DMBE/ES for the
Figure 4 for the case of' = 1. In turn, the 2D plots of the  possible formation of a “complex”. This has been defined as
Boltzmann weighted total probability far = 0, 1, covering having been formed whenever a trajectory samples regions of
other values of/’, are shown in Figure 5. Visible from both  configuration space lying at least 0.2 eV below the energy of
Figures 4 and 5 is the sharp drop off of the distributions at the the products channel. Such a region of configuration space is
high j' values, which is dictated by the fact that there is a depicted in Figure 1 by the shaded area. Also shown for
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14 TABLE 3: Rotational Properties? for Selecteds’ States of
Product NO Obtained at E, = 3.0 eV with Rovibrationally
12 Thermalized O, at T = 1000 K
DMBE(?A') + MBEpes(*A')°  DMBE(?A') + MBEscd(*A’)°
S N(*§)4 05+ NO(v) 40 v i max qo TrotIK i max jo TrotlIK
s 08 i e 0 151 107 27 656 151 100 24172
= o, 1 150 103 25373 148 100 23923
Y wsl B sty ol 2 151 102 24627 146 98 22742
B T e ETHE T DAY 4 B A 3 145 99 22962 145 95 21153
~ 4 138 96 21370 138 92 19635
0.4 - 4 5 134 95 20705 132 87 17 381
) 6 129 92 19 214 127 85 16 416
0.2 F 7 139 90 18 190 139 80 14 392
8 130 85 16 056 125 77 13192
0.0 ) 9 118 84 15507 118 76 12 709
" = 0 15 20 ok 10 118 79 13570 112 72 11286
. 11 121 78 13 080 108 68 9959
v 12 103 74 11644 102 60 7679
Figure 6. Comparison of the experimentatross sections for N- 13 105 72 10898 101 65 8895
O4(v) — NO(') + O with the results of the present calculations and 14 103 69 9896 103 55 6310
those of Duffé and Ramachandran etI(The shaded area encom- 15 86 65 8684 86 57 6692
passes the error of a factor of 2 in the experimental red)lts:) 16 gz 61 (755% %2 4% 4%%%
Results from the present study using th& DMBE/ES* and “A’ i; 17; 2; 4200 175 gz 3375
MBEscc® surfaces. £ — —) Results from the present study using the
’A'° DMBE/ES* and ‘A" MBEpgp'®“® surfaces. The rovibrational a Maximum rotational quantum number, average rotational quantum
distribution of Q is thermalized all = 1000 K. number, and rotational temperatubd=rom this work, using the
) ) ) MBEpgp'® potential energy surfacéFrom this work, using the
TABLE 2: Comparison of Calculated Cross Sections (in &) MBEscc® potential energy surface.
for Selecteds' States of Product NO Obtained atE, = 3.0
eV with Rovibrationally Thermalized O , Molecules atT = ; : ; ; _
1000 K with Theoretical®®% and Experimental'* Results rsnn;i:ltl:rTerrg; Iasr:tg;ggt?nd égggleg;zgglglis)bgfhtw;{hwﬁgssrCeT
’ DMBE(ZQ’): DMBE(ZQ'),t calculations of Duff et al* and Ramachandran et &.which
v MBEpsp(*A)* MBEscd*A)® ref14 ref56 ref30 employed MBE forms to represent both f#é and“A’ potential
2 8-22 g-gg 049 047 0(-)2231 energy surfaces. Clearly, the uncertainty in the measurements
5 046 0.48 065 042 048 is t?o large to descriminate among the various potential energy
3 0.40 0.43 020 039 0.44 surtaces. ) , o
4 0.34 0.32 0.69 0.36 0.37 Table 3 gathers the rotational properties of selected vibrational
g g.gg 8.38 8.% 8.% g-gg states of the NO product molecule. The average rotational
2 0.20 0.18 0.95 027 0.24 temperature [~ [Eillksg) was obtained from
8 0.18 0.14 0.22 2
9 0.13 0.11 0.18 (£ = B,JUJTH 1) + D,[UIH 1)1 (10)
10 0.11 0.07 0.14
g 8'82 8-82 8'(1)}3 where [[JOis the average rotational quantum number in the
13 0.05 004 0.07 product NO molecule for a giver state and the coefficients
14 0.04 0.03 0.06 have their standard meanifRgB, = Be — ag(v' + ), and
15 0.02 0.02 0.04 D, = De — Be(v' + U5), with their numerical values being taken
ig 8-8% 8-81 8-8;‘ from the NIST Chemistry WebBod# As seen from Table 3,
18 0.01 0.01 0.02 the rotational temperatures cover the approximate ranges of 4000

. _ _ " i < [MollK < 28 000 and 500G [T,,/K < 24 000 when using
) From_thls work,' using the M?O[&p pc_)tentlal energy surface. the MBEpep'®46and MBEscc quartet-state forms in conjunc-

From this work, using the MBE™ potential energy surface. tion with the DMBE/ES! potential energy surface for the
illustration are two reactive trajectories, one sampling the doublet state, respectively. _The results generally agree with those
complex region and the other being direct and hence not Of Ramachandran et & which vary between 1200 and 34 000
sampling it. Statistically, we have calculated the probability of K e}nd hence basically encompass the range of 4000000 K
complex formation to be 24% of the total number of reactive (this corresponds ! (= 40-64) used by Caledonia et #lin
traj?‘(l: tories, with the average complex lifetime being 1-61 thzlrzsp?ﬁg?*gtlisz.ed Rate Constants.Table 4 reports the
107+ s. l ATILS. -

The second feature observed from Figure 6 refers to the factc@lculated rate constant for the title reaction. For the lowest

that the results show hardly any evidence of oscillatory behavior adiabatic state of NgFA), the calculations covered the tem-
on the v dependence of the cross section. Such behavior Perature range between 1000 and 10 000 K, with a total of 3000

contrasts with the experimental results of Caledonia Ethile trajectories run per temperature, which minimizes the statistical
being in agreement with previous findings by Rahbee and €or o about 10% at temperatures above 2000 K or so. (Such
Gibsori2 and Herm et al3 that suggest a smoothly decreasing 2N €rror increases with decreasing temperature, reaching a value
production with increasing vibrational level, possibly with a ©Of about 30% afl = 1000 K.) As for the cross section, the
slight population inversion for'’ = 1—2 values. Despite such total rate constant requires calculations on the potential energy
a disagreement with Caledonia et4n the oscillatory behavior ~ surface for the'A” state because

of the cross-section dependence @nour results fall within ’ 4

the error bars (the estimated error is a factor of 2, although a ky(T) = Ky (T) + “ky(T) (11)
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TABLE 4: Parameters Used in the Present Calculations and Comparison of Rate Constant Results with the Values
Recommended in the Literature’ and the Variational Transition-State Results of Says et al2°

%k, (CI"I’T3 Sfl) ki = %k + “kg (CI'T'I3 Sfl)

TIK Brnad A N, this work ref 20 k2 ki VTST2 exptf
300 1.75¢17F 7.64(-17) 1.75¢17) 1.75¢17)  7.64€17)  8.31¢17)
600 2.30(14F 2.97(-14)  2.30¢14)  2.3414)  3.01¢14)  3.87¢14)

1000 1.9 45  4.18¢(13)+6.18(-13)  4.27¢13)  4.29¢13)  4.60(13)  4.69¢13)  5.72(13)

1250 2.3 96 1.46f12)+1.47(-13)  1.02612)  152(12)  1.64¢12)  1.20¢12)  1.37¢12)

1500 2.4 128 2.32{12)+£2.01(-13)  1.90(12)  2.33(-12)  2.82(-12)  2.41(12)  2.54(-12)

2000 2.3 285  5.48{12)+3.37(-13)  4.38¢12)  6.39(-12)  7.37(12)  6.27(12)  5.85(12)

3000 3.0 324 130{11)+6.82(-13)  1.13¢11)  1.77¢12)  2.09¢11)  1.92¢-11)  1.51¢11)

4000 3.1 471 2.3311)+ 9.85(-13) 1.95¢-11)  3.48¢11)  4.08¢11)  3.70611)  2.65¢11)

5000 3.2 558  3.28(11)+ 1.26(-12)  2.82(-11)  533(11)  6.24¢11)  577¢11)  3.90¢11)

10 000 3.1 1006  7.8%11)+2.02(-12)  8.14(11)  1.64¢11)  1.93¢10)  2.54(10)

aValues of%; from ref 20 using VTST and the potential energy surface from Duff ét dl\Values of; from ref 20 using VTST and the
potential energy surface from the same refereféstimated values from eq 13.

1077 slightly overestimate the VTST values. Such a slight under-
estimation relative to the VTST results for low-temperature

10710 | regimes may be attributed both to differences in the potential
energy surfaces used to represent they(R®) state and to
. guantum effects due to tunneling, which are included in VTST
lm theory but not in the QCT method. In fact, although we are
“E i dealing with three heavy atoms, tunneling is by no means
£ Wy negligible for temperatures under 600 K. This may be rational-
By i ized by assuming a 1D Wigner barrier, where the transmission
T W0 E coefficient assumes the following temperature dependéhce:
104 L : S (] . 1 h:7_(1/T) 2
o= DMBEES (47 — 1 + il 12
i «(T) 24[ T (12)
P 2000 4000 6000 8000 10000 ) _
T/K where 7 (v") denotes the absolute value of the imaginary

Figure 7. Total degeneracy averaged rate coefficients ortghend frequency fssoc@tEd with the re?Ctlon Coo_rdlnalte; for the
4A' potential energy surfaces as a function of temperature for the N DMBE/ES potgnnal energy surface; = 488.54i cnm”. From
O, reaction. (M) From the present study using the QCT results on €0 12, we obtaim = 1.23 for 300 K and 1.06 for 600 K. (For
the 2A" DMBE/ES! surface and the VTST results of Sayet al?° on comparison, Sayet al. reportedk = 1.28 for 300 K using
their own“A’ surface. ¢ — —) VTST results of Say® et al?® using their own potential energy surface.) Visible from Figure 7 is
their own?A" and“A” MBE surfaces! (-+) QCT results of Bose and  a|so the fact that wave packet calculations of Defazio & al.
Candler* (O) Quantum wave packet results of Defazio et’alhe underestimate the rate constant for all temperatures considered.
recommended val_ues are indicated by the shaded area, which eNCOMy ¢ giatad by the authofé,there are two main reasons that
passes the associated error bars. S . . -
account for this discrepancy. The first is the impossibility of
where each contribution includes the appropriate electronic including all channels that are open at a given temperature, and
degeneracy factoriky(T) is the total rate constant for they the second concerns the barrier height of their MBE potential
(n = 2, 4) state. Such quartet-state calculations could be energy surfacé® which, as they suggest, may overestimate by
extracted from the literatuf using both the potential energy .56 kcal mot* the true barrier height. Note also the differences
surfaces of Duff et at*“®and Soyos et & and hence were  petween our results and those of Bose and Car8liehich

used directly as such; see Table 4. are likely to be associated with the different potential energy
Figure 7 shows the calculated values of the total rate constantsyrfaces used for the calculations as well as the Samp]ing

and the corresponding Arrhenius equations (see later). Forprocedure of initial conditions.
comparison with other theoretical calculations, we include the  The temperature dependence of the calculated rate constants

QCT results of Bose and Candigbased on the MBE surface  can be modeled by a three-parameter Arrhenius equation
of Duff et al. 8 the variational transition-state theory (VTST)

results of Says et al?® based on their own MBE form, and the _ B

guantum wave packet calculations of Defazio efamploying "ky(T) = AT exp{— T) (13)

their most recent MBE surface. In addition, we present the rate

constant recommendédy the CEC Group on Evaluation of  with the optimum least-squares parameters obtained from the
Kinetic Data for Combustion Modelling established within the present work for the doublé®\’ surface § = 2) beingA =
European Community Energy Research and Development3.40 x 10713 cm?® s K™, n = 0.63, andB = 4043.29 K.
Program. This is indicated as the gray shaded area, thusSimilarly, one hasA = 2.31 x 10 cm® s 1 K™, n = 0.97,
including the error bars for their recommended valt€tearly, andB = 7458.75 K for the quartet-state results of Duff et’él.;
our results are in good agreement with the recommended valuesA = 1.41 x 10 cm? s 1 K™, n = 1.04, andB = 6112.00 K

and are very close to the VTST values. In this case, our resultsfor the quartet-state results of Soyos et®aBoth sets of
show, for very high temperatures, a tendency to lower the rate parameters were obtained from a least-squares fitting procedure
constant because of opening of the atomization channel. (Forto VTST results® Note that the rate constant for this reaction
T = 10000 K, the probability of dissociation into three atoms is quite small up to temperatures of abdut= 3000 K, and

is about 1%.) For median temperatures (1250 to 1000 K), they hence it would be rather expensive to obtain converged results
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by running classical trajectories. Using the results based on the 1030

Duff et al 16 potential function for théA' state, we then predict

the total rate constant to be 2.30(2.44)10714 cm?® s1 and 102 [

1.76 (2.16) x 10 cm® s for T = 600 and 300 K,

respectively. (Given in parentheses are the values corrected with 20 L

the 1D tunneling transmission coefficients.) Similarly, from the N(*5)+0(X *55) = NO(X *I1) + O(°P)
Say et al?? results for the!A’ state, we predict the total rate (-

constant to be 2.34(2.48) 104 cm® s and 1.76 (2.16)x E'lo C B L o, visT
107 cm? s~ for T = 600 and 300 K, respectively. Both of this work

the above predictions are seen to underestimate slightly the 10" F

results reported in ref 20. Note also that for low temperatures

where the electronic doublet state should dominate our estimates  10° |

obtained from a simple extrapolation of the Arrhenius equation

slightly underestimate the recommended results of Baulch et 10° . . . !

2000 4000

T/K

6000 8000 10000

al.” Besides extrapolation errors, this may be attributed also to 0
the fact that quantum effects such as tuneling are ignored in

the QCT method.

4. O + NO Reaction

To study the O+ NO reaction, we have adopted a different
strategy. As the literatufeshows, the thermalized rate constant

for this endoergic reaction assumes values ranging from 1.28

x 10020 cm? s 1 at 1000 K to 3.71x 1073 cm® s~ 1 at 5000
K. Even for the latter, the use of the QCT method becomes
computationally very demanding for giving converged reactive
cross sections. (The probability of finding a reactive trajectory
is about 1 in 10 000.) To overcome this difficulty, we have
chosen to calculate the ® NO rate constant by assuming the
microreversibility principle, which implies that the rate for this
reaction can be estimated from that for the directdu@ O,
reaction and the corresponding equilibrium constant, on which
we focus next.

Let us consider the equilibrium

N('S) + 0,(X’S,) = NO(X’T) + OCP)  (14)
where the equilibrium constant is defined by
ky(T)
K(T) = 15
M= (15)

with k; being the total rate constant for the direct reaction, eq

11, andk-1 being the total rate constant for its reverse. Because
ki(T) has been calculated in section 3.2, the key quantity missing

to calculatek—4(T) by using eq 15 is the equilibrium constant.
This can be determined from statistical thermodynamics as

O(P) ANOIL
Qe Qe

2
ele {/"O+NO 3

QN9 OZ(zEg_)\ﬂN-r%

ele ele

K(T) X

NO
S (@i +1) exp(-E,fkgT)
vy

ex (16)

O

S (@ +1) exp(-E,fkgT)
v

wherey; is the reduced mass amkk is the energy difference

Figure 8. Equilibrium constant.{) Statistical thermodynamics results
calculated in this work from egs 15 and 16.  —) Results calculated
from the VTST rate constants of Sayet al?° for the direct and reverse
reaction. @) Values from JANAF® tables.

atom and @ molecule correspond to their spin multiplicities,
namely,Q\(® = 4 andQX™ ) = 3. For OfP) and NOPIT),
we need to take into account spiarbit interactions, with the
electronic partition functions assuming the forms

OCP) _
ele

54 3 exp(227.7T) + exp(=326.6M) (17)

NOQIT) __
ele -

2+ 2 exp174.2m) (18)

Figure 8 shows the dependence of the calculated equilibrium
constant on temperature. Also shown for comparison are the
results obtained from the JANAFtables and those calculated
from the VTST total rate constants of Sayet al?° for the
forward and reverse reactions. Clearly, the statistical thermo-
dynamics results show, over 30 orders of magnitude, excellent
agreement with the JANAF results. Although the values
estimated from the VTST total rate const&htsightly under-
estimate the JANAF values, the agreement with the latter is
also seen to be good.

The temperature dependence of the NOO total rate
constantk_; = ki/K, is shown in Figure 9 by the solid line,
and the dash line indicates the VTST results of ‘Sagbal?°
As in Figure 7, the shaded area delimits the error bars of the
recommended valu€k_; = 1.14 x 10-15T1-13exp(—19 2001)
with A log k = £0.30 up to 5000 K. Clearly, the agreement
with both the latter and the VTST resu#itss good.

5. Conclusions

In this work, we have used the lowest adiabatic sheet of a
previously reported DMBE/EZS form for the 2A' electronic
manifold of NG, to calculate the corresponding contribution to
the dynamics and kinetics of the 4§ + O, reaction. The focus
has been on the rovibrational distributions of the NO product
molecule at a collisional energy of 3 eV and the temperature
dependence of the total rate constant. The quartet-state (
contribution to the dynamics attributes has been obtained from
results that are available in the literatfrer else calculated
using single-sheeted MBE potentials from various soute&s®
In turn, the total rate constant for the © NO reaction has

between the reactants and products. Note that the summatiorbeen determined from the calculated equilibrium constant and

in v, j runs over the total number of states available; for NO-
(°17), all rotational states count starting jat= 1, whereas for
O4(X 3%47) only odd rotational states startingjat 1 contribute.

In turn, the electronic partition function®j, for the N¢9

the rate constant for the &) + O, reaction. The agreement
with the recommended rate constants is good, and the rovibra-
tional distributions of NO are found to be similar to other
reported theoretical estimat&s In fact, although failing to
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Figure 9. Total degeneracy averaged rate coefficients ortAhend

4A' potential energy surfaces as a function of temperature for the O
NO reaction. {-) Results from the present study using the equilibrium

!
8000 10000

constant and the total rate constant for the direct reaction based on the

2A' DMBE/ES* and the!A” MBEsc surfaces. £ — —) VTST results

of Say® et al?® The recommended results and corresponding error

bars are indicated by the shaded area.

show any oscillatory structure, as earlier experimental rédifts
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