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A detailed reactive—infinite-order sudden approximatiBalOSA) study of the reactivity of the
N+NO—N,+O system has been carried out in the 0.0038 to 1.388 eV translational energy range
and the results have been compared with the existing quasiclassical traj¢@GF) and
experimental data available. The general features already observed in the previous QCT studies are
reproduced qualitatively in the quantum study, even though some differences arise in the product
vibrational distributions and state-to-state opacity functions in the low energy range. The observed
differences have been justified in terms of the anisotropy of the potential energy surface and the
vibrational barriers to reaction at fixed angles. A strong vibrational adiabaticity is observed quantally
in the low translational energy range, disappearing at moderately high collision erargiesd 0.3

eV), where a simple Franck—Condon type model is capable of describing the evolution of the
vibrational distribution with translational energy. The vibrational distributions at fixed angles have
been discussed within the context of Polanyi’'s and Light’s correlation between products vibrational
excitation and the features of the potential energy surface. The validity of extending the conclusions
drawn from collinear to three-dimension@D) collisions is discussed. Finally, the detailed reaction
mechanism is examined in light of the vibrational matrix elements of the close-coupling interaction
matrix. © 1995 American Institute of Physics.

I. INTRODUCTION is 0.82 kcal/mol, whereas other authors claim that this reac-

thouah th is th | _ tion should proceed with no activation energy. This assump-

A,t ough the N atom_ IS t_e mo_st abuno!ant eement Mion has been subsequently confirmed by the contracted CI
earth’s atmosphere and in spite of its prominence in atmo(CCD calculations of Walch and Jafté who found an en-

spheric chemistry, relatively few direct measurements of th%rgy barrier of only 0.5 kcal/mol on the groudd” potential
reaction process of this species have been reported. In par;

. . 1 nergy surfacéPES. These same authors report a 14.4 kcal/
ticular, the reaction of ground state(8) atoms mol energy barrier for thA’ excited PES connecting reac-
N(*S)+NO(X 2IT)— Ny(X 12g) +0(3P), tants and products in their ground electronic states and there-

fore, the ground potential energy surface is adequate to
AH9gg=—74.95 kcalmol'™* (1)  describe reactivity at room temperatures and in the moderate
has been used as a titrant for nitrogen atoms in low pressu;éanslatmnal energy range. .
discharge flow systerisand is thought to act as a sink for Ir_1 our two previous wqus on this _system we gndertook
NO molecules at altitudes above 40 Bm. to build an accurate analytical PES using the Sorbie—Murrell
many-body expansidfito carry out a study of the dynamics

A great majority of the experimental studies report only )
rate constants, with no information about the detailed dyOf this system on the ground PES. The procedure and pre-

namical microscopical mechanism of this reaction. Many exJiminary analysis of th79 dynamical features were reported in
perimental techniques have been employed to determine trR&Per | of this serlgé, whereas paper |l was devoted to a
value and temperature dependence of the rate constant fgetailed quasiclassical trajectory study of the dynamical
this reaction. Thus Kistiakowsky and Vofpgave a lower properties of this systedf.On this analytical PES, the in-
bound for the absolute rate constanat 298 K (4.0<10'*  coming N atom reaches the saddle point Ryy=2.28 A,
cmPmol $ using a discharge flow system with mass spectroRno=1.15 A and fyyo=107.10° (which is equivalent to a
metric measurement of products. Other measurements refdacobi angle of 126; falling subsequently to product5:®

to the rate constant dependence oietween 196 and 700 The bending potential around the saddle point configuration
K>~ and between 1251 and 3152'k*3 It was proposed Shows a smooth evolution from a repulsive behavior at 180°
that this behavior can be well represented by a constant valu®.75 eV above the saddle point energry an attractive con-

of (2.11+0.66 x 10" cm®mol s between 196 and 3150'R. figuration at the saddle point NNO angle and then again
Most of this data are in good agreement with the recomsising steeply for bent anglg®.84 eV at 805.

mended value 0of(1.6+0.3)x10" cm*mol's reported by In addition to the fact that reactivity is observed over the
Baulchet al* The main conclusion that can be drawn from whole energy range scannédom 0.01 to 1.8 eV because
these measurements is that this reaction proceeds with veof the lack of barrier on the fitted PES, the main conclusion
little or no energy barrier. The highest experimental estimatehat can be drawn from these studies is the strong influence
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of the repulsive part of the potential in determining the out-brational states required for close-coupling calculations to be
come of reaction. Also, the quasiclassical trajecto(i@€T) carried out under convergence conditions make it very diffi-
rate constants and fraction of available energy being diseult to undertake such a study free of restrictions which re-
posed of as vibration agree reasonably well with the experiduce the dimensionality of the coupled set of differential
mental existing result¥"'>2°From these studies a change in equations. Thus, for instance, in the-R, system, a total of
the shape of the vibrational distribution in producB{¢')) 150 rovibrational states for each of the 31 total angular mo-
with energy is observed, going from a distribution peaking atmentum partial waves is required to get fully converged
v'=2-3 at low translational energies to a smoothly decreastegral cross sectionsrom close-coupling calculatior?s,
ing distribution in the high energy range. This fact was sub-whereas a similar study with-NNO would need about 1500
sequently interpreted in terms of the direct mechanism fostates for each of 200 partial waves to ensure convergence.
this reaction and the shape of the reaction window at eacfihen, a detailed investigation of the reaction dynamics at a
energy. The strong anisotropy of the potential together wittrelatively low cost can only be performed by means of ap-
the fact that almost all reactive trajectories are well con-proximate methods. The reactive—infinite-order sudden ap-
trolled by the bending potential around the saddle poinproximation(R-IOSA) method®~**has been proven to be a
prompted the application of the angle dependent line-offeasonable, reliable and computationally cheap way of cal-
centers(ADLOC) model to this reaction with good agree- culating dynamical properties of interest and so it has been
ment between the model predictions and the QCT #tfata. chosen to carry out this study.
Some of the spirit of the ADLOC application will be used ~ This paper is organized as follows: In Sec. Il we give
later on regarding the analysis of the angle-dependent reagetails of the methods and calculations performed. In Sec. IlI
tivity. we present the results with a detailed comparison between
As stated above, an important factor in describing and2CT and R—IOSA dynamical properties and wherever pos-
interpreting the reactivity of the N and NO species in theSible with experimental data. Finally, Secs. IV and V are
upper atmosphere is the shape of the vibrational distributioflevoted to the discussion of the results and the main conclu-
in products, since most reactions take place under nonequsions of this study.

librium conditions. Population deviations from statistical
predictions of product vibrational states is a peculiar featurd- METHODOLOGY AND COMPUTATIONAL DETAILS

singled out previousl§? More recently, similar results have Calculations have been performed by means of the same
been found out in other exothermic atmospheric proc€§ses,R_|OSA procedure used in previous works®? so only a
as well as that the quantum and classical results in this rescheme of the practical steps needed will be outlined. The
spect can differ significantly. This has also been observed igalculation is divided in two main parts. In the first part the
other important combustion and laser precuiprocesses. potential energy, vibrational functions and overlaps are com-
On the other hand, the quantum mechanical methods usualpited for each sector into which the configuration space is
employed in reactive scattering can furnish state-to-statglivided. In the second part, the solution is propagated
properties without the limitations associated with the QCTthrough the sectors to get the fixed an§lenatrix elements
method in what regards the assignment of the product quaror all relevant values of the orbital angular momentum at
tum states. Therefore, even though, to the best of our knowleach desired collision energy. These two steps are repeated at
edge, no experimental detailed dynamical information hagach relevantnon-negligibly contributing to reactivijycol-
been so far reported in the literature, we have thought itision Jacobi atom—diatom orientation anglg). At this
interesting to carry out a quantum dynamical study of thispoint, it has to be noted that this angle must not be mistaken
system, which will enable us to characterize also all the othepy the attack angley (180° minus the ABC bond angle
dynamical properties of interest. employed in the previous ADLOC study of this syst&m.
Since the PES for this reaction shows no electronic barThe Jacobi angle provides a better description of the process,
rier to reaction, this work could be carried out in principle by because it eliminates possible ambiguities caused by taking
means of the quantum capture the®y?’ which considers as defined in Ref. 21 enabling also a better comparison with
only the long range part of the potential in the entrance chanthe R—IOSA results.
nel to calculate accurately integral cross sections and rate Configuration space has been divided into 500 sectors
constants. However, two important features prevent the apg250 for each reaction chanmelFor the energy range of
plication of this model to the title reaction. First, the methodinterest, convergence within a few percent was obtained us-
cannot provide state-to-state quantities since they are ollng 43 vibrational basis functions. The matching
tained summed over all product states, and second and moparamete¥ is chosen automatically by means of a pseudoi-
important, the method is unapplicable as originally formu-terative procedur® and ranges from 0.85 to 0.97 depending
lated to reaction paths evolving through configurations moren the collision angle considered. Propagation through the
open or bent than that of the saddle point, since an electronigectors is performed by means of the well-knoRsmatrix
barrier appears. As it will be seen, the contribution of thesenethod of Light and Walke¥ Circular collision coordinates
configurations to reactivity is by no means negligible. On theare used, which are a good choice given the large value of
other hand, even though rigorous quantum 3D methods havwbe collinear skew angl€59.39. The scanned translational
been greatly improved in the last 6—8 ye#tsoth from the  energyE; ranged from 0.0038 to 1.49 eV with a total of 19
methodological and computational point of view, the highly different values. The NO rotational quantum number was
exothermicity of this system and the great number of rovi-fixed toj =7 (the most populated level forv=0 at 300 K
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throughout all the calculations. For each energy value, a totakhere(5) is in turn obtainable, within the R—IOSA context,
of 21 collision angles were included, ranging from 80° toin a straightforward manner from a direct integration over
180° in steps of 5°. For each collision angle and energy, altogy) of Eq. (3).
angular momentum partial waves necessary for integral cross The QCT 3D calculations have been carried out using
section convergence were included, the maximum numbehe TRIQCT prograni® The integration methods and Monte
(I e required being 188 d1=1.49 eV andy=145°. With  Carlo sampling procedures have been described elsewhere.
these parameters, the first p@@bmputation of the potential Trajectories were computed f& ranging from 0.01 to 1.8
energy, vibrational functions and overlapasted an average eV, with the NO molecule placed in the=0, j =7 rovibra-
of 80 s on an IBM 3090/600J computer, while the computa-tional level. All of these conditions had already been re-
tion of a fixed angle cross section needed up to 4000 s on theorted in our previous work¥;*821put we carried out addi-
same computer, at the highest energies. tional trajectories in order to improve statistics so as to
All calculations have been carried out assuming the fol-compare with the R—IOSA state-to-state dynamical magni-
lowing transformation between reactants and products orbitalides. In all, about 180 000 additional trajectories were inte-
and rotational angular momenta: grated taking an average of 13 s per trajectory on both the
IBM 3090/VF 600J and an HP Apollo 735GRX Workstation.
To compare the classical and quantum results, we had to
carry out some very simple transformations. The angle-
dependent partial cross sections as a function of the Jacobi
o . . | angle [the classical quantity equivalent to expressi@]
strictions, pr?V|des theS-mairix elemer.lts S'{v’(ET’y)' were built by recording and classifying reactive trajectories
wherev andv are reactant an(_d product vibrational quantumin bins of A cogy)=0.1 at several distances between N and
numbers] is the reactants orbital angular momentum quanine center of mass of NGee Sec. Il B. In order for Monte

tum r_1umber andy is the reactants JaC.Ob' atom—d|at_o_m oM carlo sampling to be done properly, we checked that the total
entation angle. A state-to-state analysis of the reactivity may, yper of trajectories followed a uniform distribution in

start by a less averaged quantity, the fixed angle opacitxosy at the beginning of the trajectorigarge JacobiR

function, which is simply the squared modulus of the Corre'distances Thus, the classical expression analogous3io
spondingS-matrix element when plotted vs the orbital angu- summed over’ at fixedv andj, is

lar momentum quantum number. The first sums over this
guantity give rise to specific opacity functiofig averaging

=", j—j’,

which has been based in previous QCT calculatidri.
Solving the Schrdinger equation, under R—IOSA re-

2 NR(UvJ',ETaCOE{Y))

or steric factorql averaging: Y= i
¥ averagng 7 MO N0, En)A Cog )’ ©
1
P:,UI(ET):E f71|5LUr(ET,7)|2d cosy (2)  where b, is the maximum impact parameter leading to
reaction. For NO in the initial «,j) rovibrational state,
and N+(v,j,Eq) is the total number of trajectories with energy

E; andNg(v,j,E,cogy)) is the number of reactive trajec-
. | tories between cdy) and co$y)+A cogy), with A cogy)
o) (Er)= W 2 (21+1)[S,, (ET,y)|% (3)  the length of the binning intervaD.1).
vj 1=0 For the opacity functions analogous (8), we carried
The usual differential cross section is expressed in term8Uut trajectory calculations considering a uniform distribution
of products ofS-matrix elements times Legendre polynomi- between 0 andy,,. The resulting reactive trajectories were

als P,(cos6), whered is the scattering angle, in the form  then classified according to their final value in order to
obtain the state-to-state classical property. The sum aver

do,, (Ey) 1 , gives the total opacity function. To make comparison be-
T Zﬁ 2_: (21+1)(2I"+1)P(cos 0) tween classical and quantum results easier, we have trans-
vl 1"=0 formed the 0, interval to the equivalent 0+, range
according to the equation

o0

o0 [

1 (1
X P),(cos 0) > f_lsvv,(ET,y)
{1+ 2h=uob, (7)

XS'U/U,(ET,y)d cos vy (4) ) ) .
where w is the reactants reduced mass and the relative
allowing the averaging procedure over the scattering polavelocity.
and azimuthal angles to be continued to derive the R—IOSA  Finally, for the differential cross section of expression

integral cross section: (4), summed over alb’, the classical analog runs like
T < 1 do Ng(v,j,ET,0)
_ - v _ 2 R T
v (Er) K2 .:20 (21+1) 3 dQ ~ TPmax N[ (v,],Ep) 27 Sin(0)A S ®
» Jl IS (E7,y)|%d cosy, ®) To compare the R—IOSA and QCT data with the experi-
-1 mental findings, the rate coefficient defined as
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FIG. 1. State-to-state and total R—108Aft) and QCT(right) opacity functions for N-NO(v =0, j =7), at several translational energies. R—IOSA res(ifs:
0.0178,(b) 0.0388,(c) 0.0882, andd) 0.488 eV. QCT results(a) 0.0388,(b) 0.1, and(c) 0.5 eV.

8kgT )1/2< 1
T ILN,NO KgT

=1 loe
X ex —kB—T T

kU(T)=(

was also calculated, whete,(E1) =2, 0,,/(E7) andkg is

the Boltzmann constant.

Ill. RESULTS
A. Opacity functions

The R—IOSA and QCT opacity functiorP{:O’U,) plots

2 o
) J' ETO-U( ET)
0

explored at higH values the dominant transition is that cor-
responding tw =0—uv'=0. On the other hand, the classical
results display a similar behavior, even though in this case no
peaks are observethe differences in the reaction probabil-
ity at differentl values may be attributed in most cases to
statistical uncertainties, hence the form at hify is
smothey. In this case, differently from the quantum results,
the dominant state-to-state contribution to the opacity func-
tion at low energies is not the=0—v’'=0 one. Another
marked difference between the quantum and classical distri-
bution is the absolute magnitude of the opacity function,
with quantum values usually much lower than the classical

at severaE values, with NO in the ground vibrational state, ©"eS. Thel value range contributing to reactivity is very
are presented in Fig. 1. On the overall, the behavior of thsimilar in both cases, however. Given the strong anisotropy
curves is the one to be expected in most systems, with rea&f the potential energy surface of this systéhihe differ-

tivity being a decreasing function of the orbital angular mo-€nces in the absolute magnitudes are not surprising since the
mentuml. The most interesting features of the R—IOSA re-R—IOSA method does not allow for reorientation to take
sults are the presence of peaks over the whole energy ranggace, even though, as it will be shown below, many other
the high vibrational adiabaticity of the opacity function at QCT and quantum dynamical results fit each other reason-

low translational energies and the fact that forigjl values

ably well. For instance, leaving apart the sharp peaks appear-
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angular momentum have to be taken into consideration. It
(@y=100° may be the contribution of both these factors that leads to the
appearance of peaks at selected energiesl aralues(see
Fig. 1). On the other hand, the denser spectrum of reactivity
peaks at high energy may be explained by the fact that, since
asE; is increased the range bfvalues contributing to reac-
tivity is bigger so that more resonant conditions can be met.
The abovementioned minima on the potential energy
surface were already reported in paper | of this series, and
were found to cause no noticeable effect on reactivity from a
classical point of view. It is also worth noting that, for all
angles not negligibly contributing to reactivity at the energies
explored in the present study, the sudden release of energy
immediately after the saddle point is also reflected in a sharp
fall of the adiabatic curves. The effect of these features on
the reactivity will be analyzed below, in terms of interactions
between vibrational states.
= ? (e)y= 180" A distinct feature of the quantum opacity function is, in
fact, the very strong vibrational adiabaticity observed below
the average thermal enerd®.0388 eV. Thus, the almost
ved exclusively dominant state-to-state opacity function at
- yr— 0.007 78 eV is the ©:0 transition, whereas this same transi-
1k \ e — ticl)n is responsible for the overall shape and magnitude of the
‘ P,_o, Curve at 0.0388 eV. These results are rather surpris-
6 -4 -2 0 2 4 6 ing given the strong exothermic nature of this reacti®29
S/ awu. eV), which simply by energy conservation would allow lev-
els up tov’'=12 to be populated at thermal energies. Even
FIG. 2. Vibrational adiabatic curves along the reaction coordiftatetrans-  though the vibrational adiabatic character is lost at higher
Iationr_cll coordinate of the cir_cular c_ollisio_n coordinate sysotem, seeotext for itsenergies, the 6:0 transition continues to be the dominant
(© 180° The siraight ins on eash araphic ndigates the asymptati rovibra2'® CVT the whole energy range explored. Moreover, as evi-
tional energy of the NNO(u =0, j =7) reactants(3.4202 eV. denced in Fig. 1, there is an almost strict ordering of the
state-to-statePL:O'U, curves over the wholé range. Thus,

L theP _, ., curves fall to zero for lowet values as’ in-
ing in the quantum results, the shapes of the overall opacr%reases “I'he classical state-to-s@te curves show al
functions become increasingly similar as energy grows, j v=0.0’

which is consequent with the increasing sudden character (gpos_t the same feature at high (ca. 0.5 ey even though
reaction dynamics aB; grows. not in the low energy rang@.0388 to 0.1 eV, As it will be

The existence of sharp peaks in the opacity functions iShOWn below, these behaviors lead ultimately to a product
usually understood in terms of the vibrational adiabatic path¥iPrational inversion for the QCT data at lo#; and no
along an adequate reaction coordindt@hese are shown for NVersion at highE, whereas no vibrational inversion is _
the N+NO system in Fig. 2, along with the ground potential observed quantally over the whole energy range. The classi-
energy curve. In the figure, the fixed-angle vibrational eigencal P, _o . plots show non-negligible probabilities for ail
values within each sector for all sectors and arrangemeralues at high. This contrasting behavior is not surprising
channels are plotted against the translational circular coordBince classical trajectories allow for angular momentum
nate S** (defined in terms of mass-scaled Jacobi coorditransfer betweeh andj’ to occur and thus may modify the
nate3, with negative values designing reactant configuracentrifugal barrier for a given initial value. This is not
tions and positive ones corresponding to products. Fogllowed within the R—IOSA framework adopted for the
clarity, a straight line showing the reactants asymptotic rovipresent study because of thesl" conservation. As men-
brational energyv =0, j =7) has been added. The curves for tioned in our previous studies, the potential energy surface
v=130° approximately correspond to the saddle point confor this system shows a marked anisotropy which may cause
figuration. It may be seen that at this angle there is no barriefteorientation of the system along the collision and thus in-
to reaction although, as the angle is increased or decreaseddaces a change dfalong a given trajectory.
barrier appears, as reflected in the curves of Fig. 2. Another The analysis of the R—IOSA state-to-state opacity func-
interesting feature is the presence of a very shallow minition curves in Fig. 1 reveals other interesting facts. Whereas
mum in the reactants zone and also after the saddle point fat low| values(or, equivalently, low impact parametgiend
severaly angles. The appearance of sharp reactivity peaks ifor sufficiently high energies there is a non-negligible contri-
usually attributed to the discrete levels supported by thesbution from the 0-v’, v'#0, at the highest values the
minima. However, when discussing the structure in the opacdominant transition is that from-80. This behavior differs
ity function the centrifugal barriers due to nonzero orbitalmarkedly from that observed in the at least formally similar

V/eV
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e . . reactive differential cross sections&t=0.0388(a) and 0.788 e\(b).
FIG. 3. Jacobi fixed-angle partial cross section. The R—IOSA results are

superimposed on the QCT ones, drawn at diffeFept, distancegsee text
(@) E;y=0.0388 eV,(b) 0.788 eV.
falling to products. It is interesting to remark that all trajec-

tories reachindR¢,q=2.5 and 2.0 A become reactive.
N+0O, (Ref. 22 system, in which at lowE; the 0—0 tran- The R—IOSA curve presents a much narrower angular
sition was dominant at high values but only minor at low window to reaction and a certain shift with respect to the
angular momenta. In that study, a vibrational inversion waglassical results, even though, in general, both types of re-

observed, which is not the case in the present quantum reults tend to overlap at least partially. The quantum results
sults. tend to show a maximum at more open angles than the QCT

ones. Thus, foE;=0.0388 eV the maxima of the R—IOSA
) ) and QCT distributions are 125° and 116° respectively, while
B. Angle-dependent reaction cross section for E;=0.788 eV they appear at 130° and 123°. An interest-

Quantum and classical Jacobi angle-dependent partidihg point to remark here is the shift in the QCUTZ=0,U'
cross section§Egs. (3) and(6)] are plotted as a function of distribution at 2.0 A that occurs in the low energy case and
the initial orientation angle in Fig. 3, at 0.0388 €¥a)] and  which is not observed at higher energies. This seems to in-
0.788 eV[3(b)] respectively. On both plots, the R—IOSA and dicate that there is still the possibility of some reorientation
QCT results are shown together. Although the QCT calculaafter the saddle point at low energies. On increasing energy,
tions have not been performed at fixed angle, we have kefthe mechanism becomes more dirfct® The observed shift
track of the orientation angle at several JacBbdistances makes the maximum of the distribution to peak at 130°, thus
(hereafter referred aBgpe). The Rgne=6.0 A value corre- increasing the contribution of more open configurations to
sponds to the starting point of each traject®y,=2.5 Ais  the reaction window. In our previous QCT wotks®it was
the R distance at the saddle point configuration, andpointed out the existing correlation between open configura-
Renei=2.0 A shows results for a configuration after overcom-tions and vibrational excitation, which may be an explana-
ing the saddle point. tion for the vibrational inversion obtained at low energies, as

The shape of the trajectory distributionRy,.=6.0 Ais  opposed to the smoothly decreasing vibrational distribution
much broader than &¢,.=2.5 A and lie completely within  observed at higher energies. As it will be shown below this
the 60°-180° and 90°-180° ranges, respectively, but o€orrelation (which was first discovered by Blais and
course the area under the curves is conserved. The exchargeihlan® has also been found in the R—IOSA quantum cal-
NO+N channel is very repulsive and is not open at the enculations, although with differences at the quantitative level.
ergies considered in the present study. The conservation of The results for the reactive differential cross section are
areas implies that all reactive trajectories must pass througshown in Fig. 4. The agreement between classical and quan-
Rehei=2.5 A, i.e., near saddle point configurations, beforetum results is very good from a qualitative point of view. The
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0.5 and above that required to red¢By contrast, the R—IOSA
(a) QCT _3_233223 distribution shows a much less complicated behavior as a
0.4+ o E7=0.788 eV function of energy. Over the whole energy range, a decreas-

-0~ ET=0.488 eV
- A ET=0.0388 eV

ing shape is found, even though at the higher energies ex-
plored the fall is much smoother than at low energies. Both
types of distributions resemble each other, even quantita-
tively, in the high energy range. This is directly correlated

with the convergence of the quantum R-IOSA collision to

the QCT behavior as energy is increased, i.e., the system
feels much less the potential and the collision are much bet-

.| 3 ) . ter described within the fixed-angle approximation. Equiva-
S 8 0.0 T (6) RIOSA - Eye1.4878 v lently, it_ can be said_ that the range of configuratio_ns leading
~0n E7=0.7878 eV to reaction is vastly increased Bs grows so that anisotropy
0.4+ T ET-0.5878 eV

~O— ET=0.3878 eV
-4 - ET=0.0388 eV
~@- ET=0.00383 eV

effects are effectively reduc8tiand the system can be de-
scribed within the prior vibrating rotafVR) model assump-

tions, following the scheme of Levinet al*

The fraction of available energy going into vibration of
products(measured relative to the bottom of the potentisi
. 0.05 and 0.30 for the R—IOSA and QCT calculations, respec-
tively, for average thermdlr =300 K) E;=0.0388 eV. It can
be seen that the agreement with the experimental fraction

.......P.‘,.W.,..w.?:j,w.“&\.ﬂ

0.0 —®=4 o hpd U G [0.28+0.07 (Ref. 19 and 0.25-0.03 (Ref. 20] is poor for
0 2 4 6 8 o 12 the quantum results and very gdddor the classical ones.
V' The difference lies in the strong adiabaticity observed in the

quantum vibrational distribution, which is not accomplished
at low energies by the classical treatment. As shown in our
previous work® on this system, even though there is a strong
reactant rotational dependence of the cross section, the frac-
tion of vibrational energy in products estimated for (§&0,

j=7) is a good approximation to the thermally averaged

) o ) guantity.

main feature of these (.jlstnbu'glons is the marked backward |4 our previous work¥'182lwe explained the change in
character at low energies, which becomes more forward age shape of the QCT vibrational distribution by taking into
energy is increased. As pointed out in our previous works oRyccount the correlation between the NNO angle at the saddle
this system, the predominant backward scattering stems fromint and vibrational excitation of products. We concluded
the direct collision mechanism followed by this reaction. Theihat due to the strong energy release after the saddle point,
agreement between quantum and classical results is in thigoge configurations evolving with angles more open than
case much better than that of the similat®, reaction®? It that of the saddle point tended to give Molecules in ex-

is al_so interesting to note that_despite its underl_yin_g approXigited vibrational states, whereas the opposite happened for
mations the R—IOSA method is capable of furnishing a realyngles more bent than that of the saddle. The question is now
istic description of the angular properties, even though, as hether quantally a similar mechanism can be observed. The
has been pointed out before, in this system the anisotropy qfest way we have found to check this point has been to plot
the potential is the main factor that determines the reactiogne product vibrational distribution at different fixed angles

outcome. at selected collision energies. The results of this analysis are
given below.

FIG. 5. Vibrational distributions of the Nmolecules produced in the
N+NO reaction, at several translational energies with NO inuth®, j =7
rovibrational state. Figure (& shows the QCT results and Fig(bb the
R—-IOSA ones. The R—-IOSA distributions f&r=0.003 83 and 0.0388 eV
show probabilities close to 1 far'=0.

C. Product vibrational distributions

The vibrational distributions obtained at several energiesD' Excitation function and rate constants

are presented in Figs.(® (classical and 8b) (quantum). The QCT and R-IOSA integral cross sections for this
The QCT results in Fig. ®) differ a bit from our previous system with NQu =0, j=7) are compared in Fig. 6. To en-
resultd”*8 due to the improved statistics for the calculationsable a better comparison between the quantum and classical
reported in the present work. The most striking differenceresults, we have carried out additional quasiclassical trajec-
between both types of resulfslassical and quantunis the  tory calculations near threshold and also in the intermediate
QCT vibrational inversion peaking at’=3 obtained at E; range. This has in turn allowed for a better estimation of
E;=0.0388 eV. As mentioned in our previous works on thisthe QCT rate constant as compared with our previous values.
system, this inversion disappears as translational energy iBhe main feature of both distributions is the characteristi-
increased, giving rise to a monotonically decreasing shapeally steep rise of the excitation function near threshold.
which can be well described using a prior distributi8his ~ However, the QCT curve rises in a much more abrupt way
kind of behavior has been previously presented in the literathan the quantum one. The different behavior is more evident
ture as one example of the disposal of excess energy oveear threshold, where the quantum curve grows in a
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10 perimental error margin. The R—IOSA results however are
usually from 15 to 6 times lower than the QCT and experi-
7 A mental values. As temperature increases, the differences be-
"""""" come lower due to the larger contribution of the cross sec-
tions at higher translational energies where the quantum
results differ less from the classical ones. At low tempera-
~_ BE tures, however, it is the region near threshold that plays an
~ x important role in determining the value of the rate constant.
T
o
=}

o]
,Oo—-lmwa
\

=4 T
S,

I In this sense, the steeper rise of the QCT excitation function
4L / curve near threshold leads naturally to higher values of the

rate constant than the comparatively smoother R—IOSA one,
in good agreement with experiment.

IV. DISCUSSION

(()).0 015 110 115 20 The form of the QCT and R—IOSA vibrational distribu-
tions stems directly from the contribution to reaction of the
different state-to-state cross sections. As outlined in Sec. I,
FIG. 6. Integral cross sections for theHMO reaction, with NO in the =0, at m_OderatE|¥ high CO"'_SIO” energléaroundl 0.5 e, the
j=7 state. Open circles: R—IOSA; full circles: QCT. The box embedded inf€lative ordering of the different state-to-stéte_, , curves
the graph shows an enlarged picture of the threshold re@ipietween 0.0 in the R—IOSA and QCT cases is similar. In particular it is
_and 0.1 eVpy_, between 0._0 an_d 0.4_2,& Note the much smoother behav- noticed that at these energies, in the hlgiralue region of
ior for the quantum results in this region. . . . .
the opacity function plot, a zone which by virtue of the
weighing factor 2+1 plays an important role in determining
the final value of the state-to-state cross sections, the domi-
smoother way. A€ is increased, the quantum results ap-nant contribution comes from the 0 td Bansition. Leaving
proach more the QCT ones, even though there is still a coreut the differences between classical and quantum curves
siderable difference in magnitude between both curves at thgrising from the imposition of conservatior{see abovg the
highest translational energy explored. All structutesak$  behavior is roughly similar in both cases. In this sense it is
found in the R—IOSA opacity functions disappear once intenice to observe how the quantum and classical results con-
grated to give the total reactive cross section at each energyerge as collision energy is increased.
The differences between the QCT and R—-IOSA excita—A Andle-d q ibrational distributi
tion functions are usually attributed to the impossibility of "~ ngle-dependent vibrational distributions
the R—I0OSA method to account for reorientation taking place  The abovementioned convergence is also observed for
during the collision process. As it has been shown in oumore averaged quantities. For instance, the fractions of avail-
previous work"182lthe PES for this system is rather aniso- able energy in products from the R—IOSA calculations at
tropic, which means that reorientation may play an importanE;=0.388 and 0.788 eV are respectively 0.17 and 0.22, to be
role, justifying the differences observed. In fact, for the simi-compared with the classical value of about 0.20 at these
lar N+0O, reaction, for which the PES is less anisotropic, aenergies® While being the expected result in the high en-
much more similar behavior of both excitation functions isergy range, where the details of the potential are in principle
observed? Also, in the B+OH system, whose surface dif- less important and the IOSA approximation is more valid, it
fers markedly from the present ones, the behavior of thés interesting in view of the behavior of the product vibra-
integral cross section with energy follows a similar tréfd. tional distribution in the low and very low energy range
This seems to allow us to conclude that, in view of the ex-(0.003 83 and 0.0388 gV At these energies the quantum
perience gained in dealing with the R—IOSA application tovibrational distributions show a sharp decrease froh+0
triatomic systems, the R—IOSA cross sections are about halfith v which is steeper for the lowet . Instead of that, a
the classical analogs. QCT vibrational inversion is observed at these very low en-
The QCT rate constants evaluated using expres@pn ergies. Thus, for the lowest translational energy explored in
are 6.11x10%, 1.34x 10" and 1.94 10" cm®mol s at 300, the QCT calculations, 0.007 887 eV, a vibrational inversion
500, and 700 K, respectively, while the R—IOSA ones, evalupeaked abv'=3 is found. Only at moderately high collision
ated using the same expression, are found to bex4l¥, energies does the classical vibrational distribution show a
1.48x10' and 3.1&10' cm®mol s respectively at the decreasing shape.
same temperatures. The QCT results differ a bit from our At these very low collision energies, the system should
previously reported estimations due to the improved statisticevolve as close as possible to the minimum energy reaction
obtained for the threshold region in the present calculationgpath. From the change of behavior found at higher energies,
but still when compared to the experimental resultswhere the details of the potential are much less relevant for
[>4.0x10" (Ref. 4), 1.3+0.4x 10" (Ref. 5, 1.5+0.8x10*®  reactivity, it is clear that its shape and features are respon-
(Ref. 6, 1.020.5x10" (Ref. 9, and 1.6-0.3x10*® (Ref.  sible for the observed differences at low energies. In this
14) cm’mol s at 300 K, they fall in general within the ex- sense, even though the system proceeds with no barrier to-

E;/ eV
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ward products, we have checked the possibility that the
ground vibrational state at the saddle point configuration
might lie above the energy of reactants and thus give rise to
tunneling. This would explain to some extent the observed
discrepancies. Tunneling should not be expected to be impor-
tant since all atoms are not lighter than N. Even though the
zero point energyZPE) calculation has been carried out at
fixed angle, within the R—IOSA scheme, thus not taking into
account the ZPE bending energy, the real system should have
an even higher barrier and thus the tunneling will be even
less important. It is found that the ground vibrational state at
the saddle point, which is also the point of highest effective
potential, falls at 3.4078 eV, while the energy available for
reaction[E; plus the NFNO(v=0) asymptotic vibrational
energy at E;=0.0388 eV is 3.4468 eV. Thus, even though
by a very slight amount, the system has enough energy to
overcome the vibrational barrier to reaction. The observed 0.4
differences are likely to arise from the quite anisotropic char- -
acter of the potential and the possibility that the system may
experience reorientation along the trajectory. As seen on Fig.
3, the system leads only to reaction if it reaches the saddle
point with an NNO angle within the open angular window.
However, at these low energi€8.0388 eV} we have found

in the QCT results that there is a subsequent reorientation of
the system toward more open angles that those correspond-
ing to the saddle point. Since, as shown in our previous wWorkic. 7. Jacobi fixed angle R—IOSA JNvibrational distributions from
on this systent/ open NNO angles correlate with vibra- N+NO for several NNO anglesa) E;=0.0388 eV,(b) Er=0.788 eV. The
tionally excited N products, this would explain, at least par- vibrational distribution at each fixed angle has been normalized to unity.
tially, the differences observed with respect to the R—IOSA

result_s, in Whi?h no reorigntation s possiblg. Note also tha?tobtained, while aty=135° already a vibrational inversion
as evidenced in Fig. 3, this subsequent reorienting effect dis-

. . _ can be found, especially at low energies. It is found that the
appears at highdy, since the reaction mode becomes mUChbarrier to reaction ay=135° is 0.1416 eV, 0.2319 eV when
more direct(sudden. Notice that the differential cross sec- '

. : considering the ground vibrational levelhich includes the
tion plots become more forward with; as expectedthe d d u

) . . zero point energy of transition state and reactarftbus, at
symmetry found at high translational energ} 768 eV is E;+=0.0388 eV(0.1682 eV, total energythe system can only
purely accidentalsee Fig. 4b)]. '

: i . , . cross the barrier at this angle through vibrational tunneling.
Itis very mtere;tmg t,o gscertam Whether in the R_IOSANevertheless, since trajectories do not take into account the
calculr_;ltlons there is a S|r_n|Iar_correIa_t|or_1 be_twe(_en the NNOzero point energy of the transition state, this angular range is
JacoEn angle and the V|brat|0nal'd|str|but|on in prOdLfCtScIassically open for reaction. Since these angles are the ones
[P(v ):"OU’/,EUOU’],' To check this, we have plotted in 54 |ead to vibrational inversion and quantally the process
Fig. 7 theP(v") vsv’ curves for different fixed NNO Jacobi 54 very low probability, it is clear that no vibrational inver-
angles aE;=0.0388 eV andE;=0.788 eV. Examination of - gjon can be recovered when summing over the whole angular
the plots reveals a clear correlation between the NNO angl?ange. This effect is the more important in this energy range

and the vibrational distribution in products, since relatively yocause of the steep rise in the cross section for small energy
closed NNO anglegwith respect to that of the saddle paint ,crements.

lead to sharply decreasing distributions and, as more open

angles become reactive, the populations in exaitetevels S

become greater, eventually giving rise to a strong vibrationa?‘ Franck—Condon model application

inversion(as much as’'=9 for y=180°)). It is the compen- The considerable reactivity at high energies obtained in

sating effects of the different angle-dependent vibrationathis system together with the direct collision mechanism and

distributions that give rise finally to the observed overall 3Dthe sudden and repulsive energy release after the saddle point

vibrational distribution. At low energies, there is a very low make the vibrational distributions of this system eligible to

weight of the open NNO angles, so that a strong decreasinge interpreted in terms of the simple Franck—CondBg)

distribution is observedsee Fig. 7a)]. On increasingE;y,  model of Baet! and Lagan4? This model has been previ-

there is an ever greater contribution of the open NNO angueusly applied by us to the NO, systemd? and the details can

lar range, thus smoothing out the firR{v ") distribution. be found in that reference. Figure 8 shows the results of the
The transition from a smoothly decreasing vibrationalmodel application for different values of the shifting param-

distribution to an inverted one occurs over a relatively nar-terd, which is directly related with variations of collision

row range ofy angles. Thus, ay=130° a decreasing trend is energy. It can be seen that, dsincreases, the vibrational

(a)

1) 4

(b)
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1.0 curvature, large radius of curvatuehich means strongly
............ 440,30 skewe_d potentia)sano_l Iow_ velocity make the system be-
: — d+0.25 come increasingly adiabatic.
0.8F o290 In our case, the symmetric stretching frequency at the
e, d4+0.10 saddle point is 1785 cnit, whereas it is 2359 ciit for N,

and 1904 cm? for NO. This means that together with the
sharp fall in energy after the saddle point, the NN force
constant will increase with respect to the saddle value. Also,
the angle-dependent skew anyléalls around 60° for the
whole angular range. Even though important, this value does
not suffice to characterize the system as having a large radius
of curvature. Therefore, following the analysis of Pol&Ajti
seems the factor governing energy release at each angle is
the more or less attractive character of the surface. As seen in
Fig. 4 of Ref. 17, at a NNO angle of 110° it is not until both

' N come almost as close as the equilibrium bond distance of
10 12 N, that the system falls down to products, giving rise to a
V' rather repulsive energy release. This situation changes as the
NNO angle opens up, since taking, for instance, 180° it may

be seen that the fall and subsequent energy release in prod-
Franck—Condon model considering several shift parametefsee texk ts start lativel | ft qth ddl gy int fi P
Parameted corresponds directly to overlapping the asymptoticakd NO '“_'C S S 6_“ S rela '\_/e y early a _er e §a € point configura-
vibrational curves without shifting them one with respect to the other.  tion. This results in energy being partially released as the NN

bond is formed. Putting it in terms of the Ligat al** analy-

sis, for closed NNO angles the symmetric force constant is

distribution evolves from a sharply decreasing shape to #und to be similar to that of the Noroducts at the point of
smoother one, in a similar way as the R—IOSA distributionmaximum curvature, thus giving rise to low vibrational ex-
with energy(see Fig. 5. Note however that the dependence Citation. Open NNO angles give rise to force constants, at the
is not monotonous. Lowl values show a behavior very simi- Point of maximal curvaturdthe turning of the PES more

lar to that obtained from R—IOSA calculations at the lowestSimilar to that of the saddle point, thus favoring vibrational
E; values considered. It may thus be concluded that th&xcitation.

R—IOSA results are consistent with the EC behavior in the The final vibrational distribution comes from the differ-
high energy range. ent distributions obtained at each angle after proper weigh-

ing. These can in turn be well accounted for using a
“collinear-type” description of the surface at each angle to
C. Vibrational adiabaticity in products predict the type of energy release and the amount of adiaba-

The vibrational adiabaticity in products observed in thet'C'ty. _exp(ic_:ted, but in dl_sagreement with nght’s_
rediction§” it seems rather unlikely that one can draw reli-

uantum calculations reported in the present work is found t& . . . R )
d P P ble conclusions about the 3D vibrational distribution in

be directly correlated with the main features of the potentiafa. ¢ onlv th I It t also be st d .
energy surface. Polanyi and co-workErdirst, and after- 'SV ! Oy Ih€ coflinear case. it must aiso be stressed again

wards Light and co-workef$ carried out, in a series of that a full exact 3D study will have to be able to account for
works, a study of the factors that determ,ine the vibrationafeoriemation after the saddlg poi_nt to e>_<tra_ct a clear picture
energy release in products for collinear reactions. From th f the factors causing the vibrational distribution observed

results of Polanyf? it is implied that those surfaces having rom QCT and experimental data, something which the

an early barrier to reaction tend to release energy in the diR_IOSA method is only capable of doing partially.

rection of the forming diatomic bon¢httractive energy re-

lease and thus give rise to vibrational excitation in products, ) ) ) )
while for those surfaces having a late barrier, close to prodP: nteraction matrix evolution through the reaction
ucts, the energy is released mainly in the direction of thecoordmate
breaking diatomic bond, thus causing low vibrational excita-  The ultimate mechanism leading to the vibrational dis-
tion (repulsive energy releaseSubsequently, Lighet al**  tribution obtained effectively must be accounted for by in-
gave a more quantitative formulation to the ideas outlined byspection of the off-diagonal terms in the interaction matrix
Polanyi by studying the HCl, system employing a potential which appears in the close-coupling equations, since the
with variable parameters which lead to different types oftransitions between the different vibrational levels are gov-
potential energy surfaces. These authors found out that theegned mainly by those off-diagonal terms which couple the
are essentially three factors that govern the product energyifferent translational function$(S, ;i) within each sector
release in a given reaction: the local kinetic energy along thé.*® Close examination of these terms will lead to the knowl-
translational coordinata, the curvature of the reaction path edge of the detailed mechanism determining the vibrational
and finally, the vibrational spacing and its variation withit ~ distribution as well as the influence of the different zones of
is found that large force constants in the region of maximunthe PES in controlling the reactive vibrational transitions.

P(v")

FIG. 8. N, vibrational distributions from N-NO obtained using the
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The system of equations to be solved, within the 300 5
R—IOSA framework, is =160° 0-1, =0
d2 ) 250
— f(Sy;) =DVE(S, ;i) (10 !
duy .
200F

wherei refers to every sector. The symmetric maftiX is
called the interaction matrfX and its elements are directly
related to the probability of transition from a given initial
vibrational staten, to a final vibrational state, . For the
polar region, the expression of a matrix element is

150

N/ A

100

Interaction matrix (arb. units)

o) _ L h(h+1)  h(ht+1D) >0
n)\n)’\_ ¢n}\ N\ R)Z\ r}z\ (ﬁn),\
2/.L)\ 1 2
+? E(En)\jx+6n)’\j)\)_E}<¢nx|7])\|¢n)’\> 5 ] >
s S/ au
+ 4?")2\ 5n)\n}’\v (11)

FIG. 9. Interaction matrix elements for4\NO at E;=0.788 eV and a

whereas for the Cartesian region the foIIowing equation apgacobi_ fixed_angle o_f 160° as a function of tr_\e translational circular coordi-
natesS in arbitrary units. Only elements coupling=0 and 1 and =0 and 2

plles. are shown, the higher couplings being negligibly small. The arrows indicate
.. the differentv — v’ transitions for different values of the orbital momentum
(D}‘(i)) = ¢ |>\(| Zt 1) Jx(l rt 1) , |. The right-hand side axis shows the potential energy value, which is also
mny n Ri ri n included in this figure as a function & with the thick line representing the

electronic potential and the dotted lines the first three vibrational levels.
Only the strong interaction region is shown.

LA e ey 12
Fxa €n, ) nyn, - (12
Here 7, is the curvature and is related to the transversaPYStem evolves from reactantsegativeS) toward the bar-
(vibrationa) coordinate and the radius of the reference curvd €l the intéraction matrix remains almost constant. Across
in the polar region. It is clear from expressiofi4) and(12) the maximum, there is a sl_lght fall of its value, only to l_)e
that there are two types of contributions to the interactioi!lowed by a sharp rise in its value as the system is falling

matrix, one arising from the coupling through angular mo-d0Wn to products. This confirms, from the reaction coordi-
mentum termgrotational as well as orbitaland the other "ate point of view, the behavior reported by Aquilaitin

from the coupling through the curvature. The second ter he sense that Fhe hlghgst nonadlapatlc behgwor is founq near
will not change withl, or j, since it depends within each the so-called ndg_e region, or, eq_uwalently, in t_hose regions
sector only on the form of the vibrational adiabatic eigen-Where the potential variation is higher. In addition, the plots

functionSanx and ¢n;’ the curvaturer2, and the difference corresponding td=60 andl =90 illustrate also the influence

bet th . | fthe t ibrational stat of orbital angular momentum on each interaction element. In
€ Ween, € energy eigenvalues ot the two vibrational slalegjg case, we see a clear decrease of the coupling terhis as
n, andn, and the total energg. It is noticed that this term

b ) L th ; h ) increased. On the other hand, the nonadiabatic transitions
r_nay eco”?e very "T”po”a“t In the case of exothermic reac|'nvo|ving more than one quanta are much less probable, as
tions. The first term in Eq$11) and(12) depends also on the seen in the figure for the 0—2 element

values of the rotational and orbital angular momenta. In gen-

era!, greater orblt.al or internal angular mqmenta vy|ll |mpIyV. CONCLUDING REMARKS

an increase of this term. Note also that, sihgandj, re-

main constant along a given calculation, this first term de- In this work we have carried out a detailed R—IOSA

pends mainly on B2 and 1f2. On approaching the asymp- study of the reactivity of the MNO—N,+0O system with

totic region, the contribution of the orbital angular NO placed in the most populated rovibrational level at 300 K

momentum part falls down to zero and only the term due tdv =0, j=7). The results have been compared with the pre-

the internal angular momentum remains. viously existing and some new QCT data as well as with the
We have plotted in Fig. 9 the interaction matrix values vsexperimental values available. The general dynamical fea-

the translational coordinate for several reactive vibrational tures already described within the QCT framework have

transitions at a translational energy of 0.788 eV, for a fixedbeen reproduced, even though some quantitative differences

NNO Jacobi angle of 160° and different values of the orbitalhave arised due to strongly anisotropic character of the sur-

angular momenturh. The plot is limited to the strong inter- face and the impossibility of the R—IOSA method to account

action region, since it is in this zone that the strongest coufor the reorientation thus induced.

plings are to be expected. Superimposed on the figure is the The comparison between the initial Jacobi fixed angle

potential energy curve as a function &fas well as the first cross sections with the QCT ones has shown that for this

three vibrationally adiabatic potential energy curves. As thesystem reactivity is strongly conditioned by the reaction win-
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