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The H + N2O — OH + N3 Reaction Dynamics on an Interpolated QCISD Potential Energy
Surface. A Quasiclassical Trajectory Study
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A global ab initio interpolated potential-energy surface (PES) for thé N;O — OH + N, reaction has

been constructed using the GROW package of Collins and co-workers. The ab initio calculations have been
performed using the quadratic configuration interaction with single and double excitations (QCISD) and QCISD
with quasipertubative treatment of triple excitations QCISD(T) methods. By use of this PES, a detailed
quasiclassical trajectory study of integral and differential cross sections, product rovibrational populations
and internal energy distributions are presented. It is found that the main mechanism for the title reaction is
via an indirect process in which the H atom attaches to the N end®©faxd then undergoes a 1,3-hydrogen

shift, leading to products. However, the direct abstraction process in which the H atom attacks the O end
generating OHt+ N2 products accounts for30% of the global reactivity at 1.5 eV collision energy. Both
mechanisms contribute distinctly to the various reaction properties, and it is demonstrated that the trajectories
associated with the direct mechanism have shorter collision times than those proceeding via the indirect
mechanism. The theoretical integral cross sections as a function of collision energy are in good agreement
with the experimental values at translational energies below 1.20 eV. At higher collision energies, the theoretical
calculations on the present PES predict values of the cross sections smaller than those determined
experimentally. The OH vibrational branching ratio @H€ 1)/OH(' = 0) given by the theoretical calculations

is considerably larger than that obtained experimentally by Brouard and co-workers. However, the calculated
OH(v' = 0,1) rotational populations at 1.48 eV reproduce to a large extent the measurements. Also, a good
accordance is found with the experimental OH state resolved differential cross sections at 1.48 eV. The
calculated kinetic energy release distributions and triple scattering angle-recoil velocity differential cross sections
for state-resolved OHI(,N') products show that a substantial fraction of the total energy goes into rotational
excitation of the N coproduct due to the direct mechanism and that there exists a strong pair correlation in
the angular and velocity distributions of the product molecules formed in coincidence.

(LIF) measurements,using photolysis of HI as the H atom
precursor, revealed that the, [Wroduct molecules are formed
with a large internal excitation that was attributed to vibrationally

HES) + N20(12)—>OH(5(2H) + N2(12g+) excited N molecules produced by a reaction mechanism in

. which a HNNO complex is formed and subsequently undergoes
AH,=-2706eV (1)  a1,3-hydrogen shift to the &-OH product channel.

From the theoretical point of view, the first study of the

has been studied extensively both experimentally and theoreti-gtationary points of the H)XD potential-energy surface (PES)
cally. For a recent review, see ref 1. In the pioneering photon- \ya< carried out by Marshall et &lusing the bond additive
initiated experiments carried out by Hollingsworth e and corrections Mder—Plesset 4 (BAC-MP4) methodology. Ac-
- s 2 :
Wittig and co-workers,® the OH(X), OH(A, and NH(X) cording to this study, the reaction can presumably proceed either
b.ran(.:hmg ratios, OH produpt quantum state populations, andvia adirect process, in which the H attacks the O end o\
;':gtﬁ inﬁr%/ ElilaHse f?fgo?jagiéziﬂvgﬁg (; tgrlzwi:eNdz In or via anindirect process, in which the H attaches to the terminal
. 2 - : N to form a HNNO complex, followed by a 1,3-hydrogen
particular, OH Doppler-resolved laser-induced fluorescence migration yielding N + OH. This early ab initio calculation
*To whom correspondence may be addressed. E-mail: jfc@ Predicted a N-N bond length of 1.23 A for theisHNNO
legendre.quim.ucm.es. intermediate, which is about 0.13 A larger than the N
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TABLE 1: Energies of the Stationary Points of the H+ N,O %A’ PES Including the Zero-Point Energy Correction?

species QCISD/cc-pvDz QCISD(T)/cc-pvDZz QCISD/cc-pVTZ QCISD/cc-p¥TZ  QCISD(T)/cc-pVTZ
H—ONN 0.91 0.91 0.86 0.86 0.84
H—NNO 0.54 0.55 0.51 0.50 0.49
[NNOH] 0.83 0.78 0.72 0.72 0.72
cisHNNO —-0.58 —0.48 —0.66 -0.67 —-0.59
transHNNO —-0.76 —0.69 —0.88 —0.88 —-0.84
OH+N, —2.94 -2.35 -3.03 —-3.03 —-2.73
NH 4+ NO 0.90 1.22 1.04 1.04 1.38

a All energies are in eV relative to H NO. ® The QCISD/cc-pVTZ calculation using the optimized QCISD/cc-pVDZ geomefriBise QCISD(T)/
cc-pVTZ calculation using the optimized QCISD/cc-pVDZ geometries.

equilibrium distance, suggesting the formation of vibrationally the N, products. This behavior was interpreted in terms of two
excited N products, as proposed by Wittig and co-workess. mechanisms: one yielding products with a high kinetic energy
more complete characterization of the }INPES was performed  release (cold Blcoproduct), presumabliirect, and another that
by WalcH using high-level ab initio methods, i.e., the complete generates Nmolecules with high internal excitation, attributed
active space self-consistent field/internally contracted config- to an indirect process. The similarities found in the energy
uration interaction (CASSCF/ICCI) method. Walch’s calcula- disposal for the photodissociation of® in its first absorption
tions showed that théndirect pathway has a lower overall band and that corresponding to the latter mechanism of the
barrier and should be the more likely process at low collision reaction lead the authors to suggest that deénerated via
energies. reaction 1 was born highly rotationally, rather than vibrationally
The dynamics of the H+ N,O and its reverse NH- NO excited.
reactions were studied using the quasiclassical trajectory (QCT) In a previous work, Castillo et al. carried out a QCT study
method by Bradley et &l° on a global PES (hereafter, BS PES), of the title reaction employing an interpolated ab initio PES.
based on the ab initio calculations of Wal@nd on additional, The PES was developed using the iterative interpolation methods
less accurate, ab initio data obtained to better describe thedevised by Collins and co-worképs'® and recently imple-
reaction path for the 1,3-hydrogen migration and for the H mented in the GROW package. The Becke three-parameter
addition to NO via the H-ONN transition staté The energetics ~ nonlocal exchange functiorf@with the nonlocal correlation of
of the stationary points of the BS PES was modified with respect Lee, Yang, and Parr (B3LYP) hybrid density functional theory
to the original calculations of Walch by fixing the difference (DFT) was used for the ab initio calculations. QCT calculations
between NH+ NO and H + N;O at the experimental on this PES predicted the existence of two pathways, as
exoergicity® The QCT study of the H- N,O reaction on that anticipated by Brouard and co-workers, one associated with the
PES by Bradley and Schdtzhowed that thelirect mechanism attack of the H to the O end of thex® molecule, and a second
for production of OH+ N, was dominant for collision energies  one in which the initial configuration corresponds te-NNO,
above 0.8 eV. However, these calculations predicted that OH followed by the formation of theissHNNO, which, after the
and N, products were born with low rotational and vibrational migration of the H, would give rise to OH formation. This latter
excitation, with most of the available energy going into mechanism would béndirect whereas the former would be
translation, at variance with the experimental observations of more direct It was found that the direct mechanism on that
Bohmer et aP PES constituted the main process for the reaction and accounted
In a recent work, Fletcher and Wocjikhave measured the  for a considerable amount of internal excitation of. Nhe
total reaction cross section as a function of collision energy, resulting N vibrational distribution wascold, while the
or(E), for the title reaction in a bulk experiment over collision rotational distribution was quitbot In contrast, the indirect
energies in the range 0.87.95 eV. OH product molecules were  mechanism yielded a relatively cold rotational distribution, thus
detected by LIF, and several different H-atom precursors were explaining the bimodality of the recoil energy distributions of
used to span that range of collision energies. Absolute valuesthe N, coproduct associated with the formation of a particular
of or(E;) were estimated by calibration using the photodisso- rovibrational state of the OH product that was observed
ciation of HNG; at 266 nm as an internal standard, for which experimentally. Therefore, it is the direct mechanism that is
the absorption cross section and quantum yield for the produc-responsible for the Nrotational excitation, in contrast with the
tion of OH are very well known. Theg(E;) values were found interpretation of Brouard and co-workers, who conjectured that
to be about four times smaller that those calculated by Bradley the indirect mechanism would yield rotationally excitegl N
and Schat2.This large discrepancy between QCT and experi-  Nevertheless, some of the experimental results were not well
ment was attributed to inaccuracies of the BS PES. reproduced by the QCT calculations on the B3LYP/cc-pVTZ
The most complete experimental studies for the title reaction PES! In particular, the OH state-resolved differential cross
have been carried out by Brouard and co-workers using a sections were clearly at variance with those experimentally
pump—probe experiment with sub-Doppler resolution at a mean deduced. In addition, the DFT ab initio calculations predicted
collision energy of 1.48 eW 14 In these experiments, OH a H—ONN transition state at a lower energy than that of the
rovibrational quantum-state populations, state-resolved dif- [NNOH] intermediate, in disagreement with previous higher
ferential cross sections (DCS), and the OH rotational angular level ab initio electronic correlation calculations (CASSCF/
momentum polarization were measured. In addition, information ICCI),” which yielded a similar energy for the [NNOH]
about the internal energy distribution of the undetected N transition state, but a HONN transition state at a substantially
partner was obtained from the analysis of the kinetic energy higher energy (see Table 1 in ref 1). It is expected that some of
release distributions for selected quantum states of the detectedhe discrepancies found between theory and experiment may
OH product molecules. In particular, kinetic energy distributions be diminished if a PES based on higher-level ab initio theory
for selected rovibrational OH states showed a clear bimodal were constructed. In the present work, a QCT study of the title
character, correlating with low and high internal excitation of reaction at collision energies in the range= 1.0-1.56 eV
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TABLE 2: Energies of the Stationary Points of the H+ N,O PES Including the Zero-Point Energy Correction?

species QCISD(T) cc-pVTZ CCSD(T)/CBS,5P CASSCF/ICCl/cc-pVTZ G3xd G2 B3LYP/cc-pVTZ
H—ONN 0.84 0.78 0.69 0.55
H—NNO 0.49 0.31 0.45 0.42 0.40 0.25
[NNOH] 0.72 0.75 0.71 0.83 0.81 0.71
cissHNNO —0.59 —0.75 —0.63 —0.51 —0.67 —0.88
transHNNO —0.84 —1.00 —0.86 —0.90 —0.93 —1.16
OH+N; —2.73 —2.77 —2.72 —2.71 —2.56
NO + NH 1.38 154 1.37 1.48 1.50 1.47

a All energies are in eV relative to H- N,O. ? Reference 25¢ Reference 7¢ Reference 25¢ This work.f Reference 1.

has been carried out on a new ab initio interpolated PES. The 1.5 T T 1T 7T T
quadratic configuration interaction with single and double i 1
excitations (QCISD) and QCISD with quasipertubative treatment 1 [NNOH] __
of triple excitations, QCISD(T), methods have been employed "
to explore and construct the PES. These methods appear to be 0.5 // \ 7]
better suited to treat transition states of open-shell species than A ‘\ 1
the unrestricted Mter—Plesset many-body perturbation thedry 0 KR! ]
due to the “spin-contamination” problem. PP \-\ \‘ ]
) E°>3, '\}\ trans-HNNQ
Il. Potential Energy Surfaces @ cis-HNNO \ |
The ab initio calculations have been carried out using the AN .
Gaussian 98 suite of prografsThe energies and geometries -1.5 \\ -
of the relevant stationary points of the-HN,O(?A’) PES have \\ .
been calculated using QCISD and QCISD(T) in conjunction with 2 OH +N [
the correlation-consistent basis sets cc-pVDZ and cc-p¥TZ. - 2 OH +N, -
Table 1 shows the relative energies of the stationary points with 2.5 -
respect to the H+ N,O asymptote and including zero-point B .
energy corrections. The experimental exothermicitQ & for L e T

the H+ N2O — OH + N3 reaction isAH® = —2.71+ 0.04
eV 2 which compares very well with the QCISD(T)/cc-pVTZ
result of —2.73 eV. For the H+ N,O — NH + NO reaction,
the QCISD(T)/cc-pVTZ calculation slightly underestimates (8%)
the experimental endothermicity,Ho°> = 1.50 eV2*

Table 2 shows the comparison between the present QCISD-

(T)/cc-pVTZ calculations and previous ab initio calculations,
including new calculations at Gaussian-2 (G2) level of theory
performed in this work. As can be seen, the agreement with
the CASSCF/ICCl/cc-pVTZ energies by Waldk remarkably
good. However, the G2 and B3LYP/cc-pVTZ methods predict
a barrier of the H-ONN transition state much lower than that
of the [NNOH] saddle point, whereas QCISD(T)/cc-pVTZ and
CASSCF/ICCl/cc-pVTZ yield the opposite. In addition, all the
calculations indicate that the-HNNO transition-state energy
is considerably lower than that of the HDNN transition state.
ThetransHNNO structure is found to be below tieess-HNNO
minimum, in accordance with all previous calculations, except
the BAC-MP4 prediction of Marshall and co-workérsyho
found the reverse order. As it will be shown below, the
differences found between the QCISD(T)/cc-pVTZ and B3LYP/
cc-pVTZ calculations have important effects on the overall
dynamics of the title reaction.

Tables 3-6 present the QCISD/cc-pVDZ- and QCISD/cc-
pVTZ-computed frequencies and optimized geometries of the
stationary points. It should be noted that all the transition states
have a planar geometry. The reactapONand products OH-

N2 bond lengths are in very good agreement with experimental
determinations with a relative difference no larger than 0.9%.
The N,O, OH, and N vibrational frequencies are about 1%
within the experimental values. The comparison with the
CASSCF (with a polarized doubleset of Dunning and Hay)
calculations by Walchis good in all cases. Recently, Laursen
et al26 have investigated the NH NO reaction in a solid Xe
matrix and have detected the HNNO intermediate by IR

4 2 0 2 4 6 8

. . 12
Reaction coordinate (amu ~ bohr)

Figure 1. MEPs of the H+ N,O — OH + N, reaction computed at
the QCISD/cc-pVDZ level of theory. Energies are relative to the H
N.O asymptote £184.712033 hartree). Solid line, MEP for the-H
N2O — H—ONN — OH + N direct mechanism. Dotted line, MEP
for the H+ N,O — H—NNO — cissHNNO. Dashed line, MEP for the
CisHNNO — [HONN] — OH + N2 migration. Dot-dashed line, MEP
for the cisHNNO — transsHNNO isomerization.

spectroscopy. Two isomers were identified that were associated
to cisHNNO andtransHNNO structures. The assigned ex-
perimental frequencies for these structures are in quite good
agreement with the present QCISD results and with those
obtained using CASSCF/ICCI by Waltland Gaussian-2. It
should be noticed that the geometries and frequencies calculated
using the cc-pVDZ basis are quite similar to those obtained
when the cc-pVTZ basis is employed. This indicates that the
optimization of the geometries carried out using the smaller basis
is of comparable accuracy with that obtained when using the
larger basis.

From the H-NNO, H—ONN, and [NNOH] transition states
and cis-to-trans isomerization, the intrinsic reaction coordinate
(IRC) or minimum energy paths (MEP) have been calculated
at the QCISD/cc-pvDZ level of theory using the Berny
algorithm implemented in Gaussian ¥8.The MEPs are
displayed in Figure 1. As can be seen, theNO transition
state is connected to tloes-HNNO minimum, and the [NNOH]
transition state connects thessHNNO to the OH + N
products. The set of points that define the reaction paths shown
in Figure 1 have been used to calculate the initial surface. A
total of 200 points for the reaction paths have been calculated
and used as an initial guess for developing the PES. The self-
consistent field (SCF) wave function has been required to be
converged tight to 10° and to be stable for all points. The
global PES has been grown using the iterative methods
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implemented in the GROW script, using the QCISD/cc-pVDZ vibration, or rotation are calculated quasiclassically by the
ab initio level of theory. The QCISD/cc-pVDZ level has been following method. The available energy for the products
chosen to grow the PES because analytical gradients are(maximum translational energy consistent with the products’
available and second derivatives can be computed at a reasonzero-point energy) is given by

able cost. The methods for choosing a new data point at each ) )

iteration have been discussed in detail elsewhere. The “varianceEay = E; T ADe + Ey o({ v}, ) — Ey (o, = 0]y, = 0) —

sampling?’ and “h weight” method$2° have been used —0i. =0)= 1) —
alternatively for each additional data point. The classical Fonlton=0.Jon =0) =B+ ADy + [ENZO({_U'} D
trajectory calculations, which are performed in order to select Eno{vi =0} =0) (2)
new data points, have been run under the following conditions.

A ground-state zero-point energy has been given 40 With whereEn,o, En,, andEon are the respective 40, N,, and OH

coordinates and momenta corresponding to a microcanonicalinternal energies calculated from the minimum of the asymptotic
distribution. A relative translational energy of 1.48 eV and a potentials.ADe and AD, are the differences of dissociation
maximum impact parameter of 2.0 A were chosen for the initial energies calculated from the minimum of the potentials of
conditions of the trajectories. Both the initial and final relative products and reagents and from their zero points, respectively.
separation of the H atom to thex® molecule and of the OH  The term within brackets of the second line of eq 2 thus
and N products, respectively, was set to 6 A. A total of 1100 represents the JD internal energy above the zero-point energy.
data points that include energy and first and second derivativesBy use of the integer values determined for the vibrational and
have been calculated for the present PES. The convergence ofotational quantum numbers for each trajectory, the product
the total integral cross section has been monitored, while the relative translational energy for each trajectory is given by
surface was being developed by running batches of 2000 . .

trajectories. The cross section only changes by less than 0.59F = B+ AD+ ENZO({ vk, J) — ENZ(UNZ! JNZ) — Eon

when the number of ab initio points is increased from 1000 to i )= — i =0, =0)—

1100. As we noted above, it is necessary to use the QCISD- (vorw Jon) = Eau ENZ(UNZ' JNZ) i ENZ(UNZ 0’_JN2 0
(T)/cc-pVTZ level of theory to reproduce the experimental Eon(vor: Jor) T Eon(von = 0.jon=0) (3)
entalpies 80 K for the OH+ N, and NH+ NO reactions. . . ) .
Thus, we have replaced the energies of the 1100 points that 1 ne fraction of the available energy channelled into translation,

define the present PES by those calculated using the QCISD-t: can be written as

(T)/cc-pVTZ level of theory. The great advantage of employing = Eon(or jor) — Eon(ton = 0 jon = 0)
the GROW package is the need of a relatively small number of f = —* = 1 — 2% 0 "O" OHATOH = OH —
ab initio points to carry out the dynamical calculations accurately Eav Eav

without the need of performing any fit to a global analytical ENz(UNz’ sz) — ENZ(UNZ =0, sz =0)

form of the PES.

= )

av

Il Quasiclassical Trajectory Calculations and the fractions into vibratiot, on, and rotationf, on, for the

The methodology used in the QCT calculations is essentially OH product are given by
the same as that described in the recent studies on the H . P
H,0%-32 and H + N,O! reactions. Batches of 5 10* - Eon(voms Jor) — Eon(von = 0.jon) )
trajectories with a maximum impact parameligg, = 2.10 A v.OH E.
have been run for each translational energy in the rdhige
0.6-1.48 eV. AtE; = 1.48 eV, an additional batch of 43 Eon(Yom Jon) — Eon(voms jon = 0)
1P trajectories was run to improve the product state-resolved fon= E
statistics. Initial conditions for the rotationless® molecule &
in the (000) vibrational state have been determined using a fixed yjth similar expressions for the Anolecule. It is easy to show
microcanonical normal mode sampling. Integration of the thatf, + f, o + f.on + fun, + fon, = 1.
equations of motion was carried out using an adapted version  Thef, value calculated with eq 4 for each trajectory is used
of the VENUS96 prograft with a time step of 0.05 fs. The {0 optain the distributio®(fy) by fitting the data to an expansion
typical conservation of energy was better than 1 if. The iy Legendre polynomials. Similarly, the center-of-mass recoil

assignment of diatomic products quantum numbers has beenye|ocity distribution of one of the products, e.§(Wor), can
carried out as in previous works, calculating the rovibrational pe expressed as

levels of OH and M by the semiclassical quantization of the

(6)

classical action using in each case the asymptotic diatomic 2 2 M
potentials of the PES. The classical rotational angular momenta P(Wop) = —P(1) = — Zo BPm(r) (7)
are equated tg'[j’ + 1)]¥%. With the (real)’ value so obtained, Winax Winax =

the vibrational quantum numbef is found by equating the
internal energy of the outgoing molecule to the corresponding
rovibrational Dunham expansion in'(+ /) andj'(j’ + 1),
whose coefficients are calculated by fitting the semiclassical by
rovibrational energies. The values®fandj’ found in this way om+ 1
are then rounded to the nearest integer. by ==7%— Py(NU (8)

To avoid inconsistencies due to a wrong conservation of total
energy when the vibrational and rotational quantum numbers where the average is performed over all the reactive trajectories.
are equated to their nearest integers, the kinetic energy release, When one of the products, for instance OH, is detected in a
E/, and the fractions of the total energy going into translation, particularv, j state, it is convenient to define the fraction of

wherer = 2f12 — 1, Winax = [2E¢/my,/(Mon.)]Y? and .7/ =
my, + Mon. The coefficients of the expansion of eq 7 are given
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translational energy referred to a particular quantum state of
this product. The available energy for the coproduct, N
coincidence with the appearance of @bl, jor), Ealvon, jor),
can be written as
Ealvor Jon) = Be + ADe + By o{ i}, 1) — By (on, =
0,jn, = 0) — Eou(von Jon) = B+ ADy + [Ey o v}, ]) —
En,otvi =0} ) = 0)] — Eon(voms Jor) + Eonlvon =
0,jon=10) (9)
The translational relative energy for the formation of iN a
UNy N, State will be thus given by
Etl(UNZ! jN2|UOH! Jon) = Ealvom Jon) — ENZ(UNZ’ sz) +
ENZ(UNZ = O'sz =0) (10)
whereas the fraction of the available energy going into transla-

tion for afixedinternal state of the OH molecule can be defined
as

B/ (on, In,| Yors Jon)

Ealvor Jor)

t (11)

The calculation of the distributioR(f) has been carried out

by using the state-resolved integral cross sections as describe%

in recent works?1.32

To calculate the differential cross sections (DCS), the
scattering angle in the center-of-mass (CM) frame has been
defined as that formed between the incoming H atom and the
outgoing OH radical. This is consistent with the convention of
the experiments of Brouard and co-worké¥si* in which the
OH is the product molecule detected. Thus, the definition of
the scattering anglé is given by

cosf = (12)

W[ [Wol

wherewgon and wy are the OH and H atom CM velocities,
respectively.

The DCSs are calculated by the method of moments expan-
sion in Legendre polynomials. The Smirnelolmogorov test

is used to decide when to truncate the series. Significance levels

higher that 95% can be achieved usingd3moments, ensuring
good convergence, such that the inclusion of more terms doe
not produce significant change.

Polar maps representing the triple-scattering angle-recaoill
velocity are calculated by fitting the QCT results to an expansion
in a double series of Legendre polynomials of the form

N M

2 z o, P,(F)P,(cosh) (13)

n m

d30R 2 Oy
dow dwg,, WE o 2T

where wmax is the maximum CM recoil velocity for a given
rovibrational state of the OH molecule ahd= 2f2 — 1 with

f; calculated using eq 11. The,, coefficients are calculated
by Monte Carlo averaging over the number of reactive
trajectories yielding a giver', |’ state of the OH product

_(@n+1)@m+1)

7 P, (F)P,(cos6)O

(14)

nm

S
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Figure 2. Total reaction cross section (irffas a function of collision
energy (in eV) for the H+ N,O — OH + N reaction. Solid triangles
and dashed line, present QCT results. Solid circles and solid line,
experimental results from ref 10. Solid squares and-dashed line,
QCT results from ref 1.

Given the relatively small number of reactive trajectories for
given', j' state of the OH product, the number of coefficients
N and M used in the fitting procedure were typically-3.
Numerical integration of the results of eq 13 over the scattering
angle renderedP(wop) in excellent agreement with those
calculated using eq 7 or the state-to-state integral cross sec-
tions3t

The collision timegc, Of every trajectory has been calculated
as in previous work$+3 asteo = Tt — Ti — T1, Wheret is
the total time of the trajectory; is the time spent by the reagents
as they approach before the interaction takes placesrrard
the time spent by the products to separate once the strong
interaction has ceased. The values;aindz; can be determined
by defining previously initial and final relative distancesand
or, for which, on average, the strong chemical interaction occurs.
In the present case, values®f= pr = 2 A have been employed.

IV. Results and Discussion

A. Total Reaction Cross Sections and Average Energy
Disposals.The present QCT total reaction cross section as a
unction of collision energypgr(E:), for the title reaction is
shown in Figure 2. The present results agree quite well with
the absolute values measured by Fletcher and Wd€jakE;

< 1.2 eV. However, the experimentak shows an abrupt
increase for collision energies above 1.2 eV, while the present
QCT results rise smoothly, and consequently the theoretical
cross sections are considerably smaller than the experimental
values at higher energies. The previous Q@xlIcalculations

on the B3LYP/cc-pVTZ PESpredicted a significantly lower
threshold for reaction and larger cross sections than the present
ones at all the collision energies studied. The smaller cross
sections obtained on the present PES in comparison with those
calculated on the B3LYP/cc-pVTZ PES can be related to the
smaller barriers of the HNNO and H-ONN transition states

in the latter (see Table 2). It is difficult to account for the
differences in the absolute magnitude of the experimental and
theoretical cross sections values. The former are subject to a
considerable uncertainty since they imply a separate calibration
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TABLE 3: Geometries and Vibrational Frequencies of the

0.0020 - |"| ] Stationary Poins of the H+ N,O PES Obtained Using
I QCISD/cc-pvDza
ne e indirect H+N;O H-NNO cisHNNO transHNNO H—ONN
oo0tsf 1 ====- direct . I 1.549 1.043 1.031
1 I'nN 1.138 1.161 1.241 1.254 1.150
hi 'no 1.195 1.196 1.217 1.208 1.239
3 o FoH 1.437
©° 000tk 11 ] OHNN 1110  107.6 105.5
o 1 ONNO 180.0 167.3 137.6 131.4 157.1
o OHON 113.0
1 w1 2345.1  2167.7 3284.5 3460.2 2137.7
[ w2 1312.2 1289.9 1722.9 1701.6 1195.5
0.0005 |- |I ! 7 w3 598.0 758.8 1346.7 1390.0 840.9
| Il [on 598.0 389.1 1248.9 1292.4 472.8
1 ws 1405.0 562.9 638.2 1946i2
: “ e we 619.5 810.0 824.0 570.6
0.00000 " 160 ' 260 ’ 360 460 500 e‘7I13istancesr() are in A, angles in degrees, and frequencie$ in
,Cwl (fS) cm .

TABLE 4: Geometries and Vibrational Frequencies of
Stationary Points of the H+ N,O PES Obtained Using
QCISD/cc-pvDz2

Figure 3. Distribution of collision times calculated & = 1.48 eV
on the present PES. Dotted line, contribution frimirect trajectories.
Dashed line, contribution frordirect trajectories. See text for details.

cistotransHNNO [NNOH] OH+N; NH-+NO
procedure based on the photolysis of HN@t a fixed -~ 1056 1255 1054
wavelength of 266 nm selecting a single quantum state of OH 1231 1227 1114 '
(the R5 line), which is compared with the yield of the same o 1.209 1.434 1.166
line in the H+ NO reaction producing the H atoms by rou 2.974 1.363  0.978
photolysis of several precursors (Hl and §3H) at various UHNN 112.8 89.2
wavelengths. This kind of calibration may lead to important Dmga 177.0 7975671
errors in the absolute values of the cross section. As an instance; oy 98.0
of the possible errors in determining the absolute cross sections,,, 2082.4 2766.0 3726.8(0OH) 3218.4(NH)
recent experiments on the H H,O reaction have shown that  w, 1936.7 2087.9 2393.5¢N 1884.9(NO)
a “in situ” calibration with the photolysis of water at the same ws 1284.9 921.6
wavelength determining the whole rotational distributions have @+ 5(1)29].2 1%45%79
yielded cross-section values almost an order of magnitude Z}’Z 480.0 1021.7
smaller than those previously reported, in much better agreement ) ) _ o
with theoretical (QCT and QM) predictiods.The calculated ? Distances1( are in A, angles in degrees, and frequencied b

values on the previous B3LYP/cc-pVTZ PE®ere about a M ™

factor of 2 larger than those obtained on the presumably moreat collision times below 100 fs plus a long tail extending at
accurate present PES. In any case, assuming the experimentdarger collision times. The distribution of collision times
values as the correct ones, present calculations are closer to theorresponding to direct reactive trajectories(EINN) consti-
these values than those given by the calculations of ref 9. tutes the first peak and is confined in a narrow range of collision
Considering the reaction paths presented in Figure 1, theretimes .o < 60 fs). The second peak and the remaining tail of
are two possible mechanisms for the reaction: one in which the distribution is caused by the trajectories labeled as indirect
the H atom attacks the O side of the@Imolecule, forming (H—NNO). Therefore, the assignment according to the side of
H—ONN to yield products, and a second one, more complex, the molecule that is first attacked by the H atom indeed
in which the H atom approaches first the terminal N atom, characterizes the actual duration of the reactive encounter very
forming either the cis or transHN—N—O and, after overcom-  well. As can be seen in Figure 3, most of the reactive encounters
ing a barrier, migrates to a [NNOH] structure, that finally do not last more than 200 fs, but since the tail decreases very
decomposes into products. On simple grounds, one can expecslowly ast. increases, there are collisions that might fadt
the first mechanism, which is basically an abstraction, to be ps, even at a collision energy as high as 1.48 eV. From the
more direct than the second, which implies the formation of a relative areas of the distribution af, corresponding to the
complex and subsequent atom migration. The choice of one oftwo types of trajectories, it is already evident that the preferred
these two mechanisms would be governed to a large extent bymechanism is that occurring viadirect trajectories.
the direction of approach and the distance of the H atom to the Table 7 presents thek, energy partitioning, and the fraction
N or O side of the molecule. Bradley and ScKatmposed to of trajectories going through thdrectandindirect mechanisms
label the reactive trajectories dgect or indirect according to at the collision energies studied. As in previous wdrk&the
which distance, ©H or N—H, first reaches a given small value.  fractions for vibration and rotation have been obtained from
Considering the geometries of the stationary points shown in the rovibrational energies calculated by rounding off the
Tables 3-6, this value could be approximately established to vibrational and rotational actions of the products as discussed
be 1.6 A. However, this classification has to be fully justified in section Ill. Thusf = 1 corresponds to the formation 0N
by inspection of the collision times,e, of both mechanisms. and OH molecules in their ground rovibrational state. As can
Figure 3 shows the distribution of collision times, calculated be seen, the amount of available energy going into translation
as indicated in section Ill, for the reactive trajectories at 1.48 of the products ranges between 72 and 63% as collision energy
eV collision energy on the present PES. Essentially, this increases. The fractions into rotation and vibration of OH and
distribution consists of two well-differentiated peaks appearing that into vibration of N are fairly constant with collision energy
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TABLE 5: Geometries and Vibrational Frequencies of the
Stationary Points of the H+ N,O PES Obtained with
QCISD/cc-pVTZ2
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TABLE 8: Energy Disposal Data for the H + N,O Reaction
at E; = 1.48 e\?

&0 &oH0 @,°H0 M0 @O 0NO

H+ NO H—NNO cissHNNO transHNNO H—ONN

0.45+ 0.04 0.064+ 0.01 0.02+ 0.01 0.47+ 0.04 experi-
I'NH 1.547 1.030 1.018 ment
rNN 1122 1.144 1.226 1.238 1.132 Present Results
rNO 1.188 1.189 1.208 1.199 1.231 0.63 0.07 0.14 0.17 0.13 0.04 total
rOH 1.425 0.48 0.06 0.07 0.40 0.37 0.03 direct
OHNN 1111 108.7 106.5 0.68 0.07 0.16 0.09 0.04 0.05 indirect
ONNO  180.0 168.4 138.4 132.2 158.6
OHON 112.7 Results from Ref 1
o1 2350.6 21826  3325.0 3497.2 21647 O3 008 219 929 025 0.04 ol
. . . . . . irect
w3 1306.2  1286.3 1730.2 1710.9 1189.3 0.66 0.09 016 0.08 004 004 indirect
w3 622.2 764.0 1352.5 1392.0 843.4 ' ' ' ' ' '
W4 622.2 411.2 1249.2 1297.3 469.2 aThe contributions from thdirectandindirect mechanisms are also
ws 1381.0 576.7 650.4 1942i9 indicated.? Reference 12 Calculations on the B3LYP/cc-pVTZ PES
we 639.8 808.3 826.4 583.0 of ref 1.
aDistances ) are in A, angles in degrees, and frequencie3 in
cmt, (a)

TABLE 6: Geometries and Vibrational Frequencies of
Stationary Points of the H+ N,O PES Obtained with

QCISD/cc-pVTZ2 ch\ —
cisto-transHNNO [NNOH] OH-+ N; NH + NO E? |

I'NH 1.041 1.241 1.037 :

NN 1.217 1.206 1.098 = -

r'no 1.201 1.434 1.153

ron 2.974 1.369 0.969

OHNN 111.2 90.2 7]

ONNO 177.3 95.8

ONOH 76.4 ~

COOHN 97.5

w1 3055.8 2137.6 3772.4 (OH) 3292.1 (NH) OH (v)

w2 1931.3 1688.0 2408.9(¢N 1811.4 (NO)

w3 1292.0 914.4

[on 1166.6 645.1 (b)

ws 920.8 1997.9

we 508.6 1023.8

aDistances ) are in A, angles in degrees, and frequencie3 in
cmt,

TABLE 7: QCT Total Reaction Cross Sections gr) and
Energy Partitioning Data for the H + N,O Reaction at
Different Collision Energies?

P(V’ )/P(v=0)

E/eV op/A2 {0 @O0 BOHO @®%O BNO fg

1.00 0.028 0.72 0.05 0.4 0.05 004 0.07 0.93

1.18 0.065 0.69 0.05 0.2 0.09 005 0.15 0.85

1.33 0101 0.67 006 013 0.09 004 017 0.83

1.48 0.133 063 007 014 013 004 027 0.73 N, (v)
156 0.154 0.63 005 0.14 013 005 030 0.70

Figure 4. (a) OH vibrational branching ratios relative #b= 0 atE;
=1.48 eV. Solid circles, present QCT results. Solid diamond with error
bar: experimental result from ref 12. (b) Presernt Nbrational
branching ratios relative to' = 0 calculated aE; = 1.48 eV. The
contributions from thelirectandindirectmechanisms are depicted with
dashed and dotted lines, respectively.

afq andf; are the fractions of reactive trajectories going through the
direct and indirect mechanisms, respectively (see text for details).
Statistical uncertainties are0.003 & in the cross sections.

(about 13%, 56%, and 45%, respectively). However, the
fraction into rotation of N increases from 5% up to 13% at the
expenses of the translational energy release.
The analysis of trajectories in terms of the collision times
reveals that théndirecttrajectories (H-NNO) are dominantat  considering that in the B3LYP/cc-pVTZ PES the-®NN
all energies and that thdirect trajectories (H-HONN) become barrier is 0.16 eV lower than the [NNOH] barrier. In addition,
more important as collision energy increases. This is consistentQCT calculations on the B3LYP/cc-pVTZ PEpredicted that
with the fact that in the current PESrecttrajectories have to  a considerable amount of the available energy (about 25%) is
overcome a barrier of 0.82 eV in theHDNN transition state, transferred to K rotation, at variance with the calculation on
while the barrier for the [NNOH] H-migration transition state the present PES. Thus it does become evident that the direct
is 0.72 eV. Thus, as collision energy increases and more energytrajectories are associated with the rotational excitation of the
is available to overcome the barriers, the direct mechanism N, product.
becomes more important. Table 8 shows the comparison between the present QCT and
In contrast, the opposite distribution of direct and indirect the experimentally deductenergy disposal data &f = 1.48
trajectories was obtained in the QCT calculations on the B3LYP/ eV. The main difference between theory and experiment is found

cc-pVTZ PES at all the collision energies studidd.that case,
the indirect mechanism was gaining more importance as
collision energy increased. This fact can be easily explained



6618 J. Phys. Chem. A, Vol. 108, No. 32, 2004 Castillo et al.

0.004 —r—r7T7— 7 0.004
i ° OH(v=0) (@) | (@) N, (v=0)
o
__0.003 - ° ® experiment - — L -
< I o total P
< |7 S, N A - indirect =
o i <}
= 0.002 - - —-direct =
S 50002 L 44 -
8 2 A
n 7} |
o @ 417 1 M
8 0.001 S i\
b Q
0.000
0 4 8 12 16 20 24 28 0.000
N’ ]
j'
0.004 —r—rTTT T
i 0.002
0003 e
< - -
c B
2 0002 - et
3 g
« T 5 0.001 —
3 2
g o0.001 - o
o =]
5 -
0.000 L—
0.000 ' L1
. . S o - 0 25 50 75 10
Figure 5. Rotational distributions &; = 1.48 eV. Solid line, present "
QCT results. Solid circles, experimental results from ref 12. Dotted /
line, contribution from théndirecttrajectories. Dashed line, contribution ~ Figure 6. (a) Solid line, QCT rotational distribution for X' = 0)
from thedirect trajectories. (a) OH( = 0) and (b) OH{' = 1). products aE; = 1.48 eV. The solid line is an eighth-degree polinomial

fit to the QCT distribution. Solid triangles with error bars, contribution
in the internal excitation of N(17 vs 47% of the total energy  from theindirecttrajectories. Solid squares with error bars, contribution

available). The present QCT calculations show thatdinect from thedirect trajectories. (b) QCT rotational distribution for,(y'
mechanism is responsible for most of the rotational excitation — 1) Products a& = 1.48 eV.

of the N, molecule (37%), whereas thadirect mechanism from thedirect and indirect trajectories are also portrayed in
accounts for very little rotational excitation of,N9%). In the Figure 4. As can be seen, for the OH product the maticect
previous QCT study on the B3LYP/cc-pVTZ PE&|most the mechanism does not show any population inversion, whereas
same energy partitioning for bottirect and indirect mecha- for the reaction through the majdndirect mechanism the
nisms was obtained (see Table 8), but given that the direct population of" = 0 is nearly equal to that of = 1. TheP(v'
mechanism is predominant in that PES, the internal energy = 1)/P(¢' = 0) ratio for the OH product determined experi-
content of the Nmolecule was higher than in the present case. mentally by Brouard et & at this collision energy is 0.2&

As it was pointed out in our previous wotkhe large amount  0.05, which differs considerably from that obtained in the present
of N rotational excitation produced in the reaction through the calculations. Wittig and co-workerebtained an experimental
directmechanism is somewhat unexpected, since the NNO anglevalue of 0.5, which is also far from the present result of 0.95.
in the present HONN transition state is 160 and it seems Clearly, this result seems to be at variance with both experi-
unlikely that a torque on the departing; Man be produced.  mental values even if we consider the apparent discrepancy
However, while the NNO angle changes significantly along the between them. ThB(¢' = 1)/P(v' = 0) ratio obtained for direct
reaction coordinate containing the—DNN transition state trajectories matches the experimental value by Brouard et al.,
(160-130), this same angle along the MEP that contains the but given the preponderance of the indirect mechanism, this
[NNOH] transition state only varies slightly (from 9% 105). agreement can only be considered fortuitous. Similar behavior
Thus, it seems that strong repulsive forces participate along thewas found in the previous study using a B3LYP PES. In that
pathway involving the HONN transition state, exerting a case, however, since the contribution of direct trajectories was
significant torque on the Nmolecule. This explanation is larger, the branching ratio was in better agreement with the
consistent with the fact that the rotational excitation of the N experimental result.
produced by the direct mechanism is largely independent of Figure 5 shows the comparison between the present QCT
collision energy. Momentum transfer from the incoming H atom rotational distributions for OH( = 0) and OH{' = 1) and
is very inefficient as a mechanism for rotational excitation in those experimentally determined in the experiments of Brouard

this reaction. and co-workers aE; = 1.48 eV. In this comparison, the OH
B. Product Population Distributions and OH State- total angular momentum apart from electron sjh,has been

Specific Energy DisposalFigure 4 depicts the QCT OH and equated tg’, the rotational angular momentum employed in

N2 vibrational branching ratios relative 16 = 0, P(¢")/P(v' = the QCT calculations, where the OH molecule is treated as a

0), calculated at 1.48 -eV collision energy. In both cases, the closed-shell species. This is a good approximation for high
most populated vibrational state i = 0. The contributions enoughN' levels (\' = 5) in terms of rotational energi?.There
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5 : . 5 . ; .
(a) OH(v'=0,N'=5) (b) OH(v'=0,N'=9)
4r experiment 4r b
total

direct
indirect

(©) OH(v'=0,N'=14)

(d) OH(v'=1,N'=6)

Figure 7. Distributions of the fraction of the available energy appearing as product transRgfonfor selected OH rovibrational states. (a) Solid
line, QCT results for OH{ = 0, N' = 5). Dotted line, contribution from thdirect trajectories. Dot dashed line, contribution from thadirect
trajectories. Solid thick line with error bars, experimental results for2Dhlf; A", v/ = 0, N' = 5) from ref 12. (b, ¢, and d) Same as part a but

for OH(' = 0, N' = 9), OH@' = 0, N

14), and OH{' = 1, N' = 6), respectively.

is a reasonable agreement between theory and experimentthe bimodality is not so clear although there is some reminis-

although the QCT distribution for OH( = 0) is somewhat

hotter than the experimental one. The theoretical distributions

cence of it.
The corresponding QCTXY' = 0) and N(v' = 1) rotational

have been analyzed in terms of direct and indirect trajectories, distributions calculated at 1.48-eV collision energy are depicted
and the results are also shown in Figure 5. Interestingly, both in Figure 6. In this case, there are no direct measurements of

direct andindirect OH(v" = 0) rotational distributions show a
clear bimodality with shifted maxima. Whereas the rotational

N, rotational populations to compare with. The rotational
distributions are clearly bimodal, peaking aroyhe= 15 and

distribution corresponding to the indirect trajectories peaks at '80. As can be seeimdirect trajectories lead to low rotational

N = 3 andN' = 11-12, showing a minimum a’ = 8-9,
that arising from the direct trajectories peakdNat= 6—8 and

N' = 18—20, with a minimum atN' = 13—14. Thus, it seems
to be a correlation between the maxima and minima o€itrext
andindirect OH(v' = 0) rotational distributions. Analysis of
individual trajectories indicates that for the direct trajectories,
small-impact parametelscontribute almost exclusively to low
rotational statesN' < 10), whereas largbe values contribute
to high N’ states. This correlation is not so clear, however, for
the indirect trajectories. Similar bimodality was observed in our
previous QCT study for the title reaction on the B3LYP/cc-
pVTZ PES (see Figure 4 in ref 1). For the QHE 1) channel,

states of N, while direct trajectories yield Min high rotational
states. This result agrees with that obtained previously on the
B3LYP/cc-pVTZ PES, but in the present case, the indirect
trajectories (low rotational excitation) are predominant over the
direct trajectories (high rotational excitation), just the opposite
of that in the calculations on the B3LYP/cc-pVTZ PES.
Brouard and co-workets2derived the kinetic energy release
distributions for specifie/, N' states of the OH product molecule
from the analysis of the Doppler profiles. From these distribu-
tions, information about the internal energy of theddproduct
was inferred. We have calculated the corresponding ®@ET
for specific state-resolved OH( N') as described in section
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Figure 8. Total (a) and vibrationally state-resolved (b, c, d) differential cross sections calculated for the title readfior 4t48 eV. The
contributions from thalirect (dashed line) anéhdirect (dotted line) trajectories are also depicted.

lll. The comparison between experiment and theory is shown additional support for the existence of two mechanisms, but it
in Figure 7 for different’, N' states of OH. The contributions  differs from the interpretation of Brouard and co-workers in
from the direct and indirect trajectories are also included in the that thedirect mechanism is the one yielding rotationally hot
figure. The QCTP(f) values are clearly bimodal and reproduce N,, whereas translationally exciteds Molecules are produced
the experimentally derived only qualitatively. As can be seen, py theindirect mechanism.

the peak af; < 0.5 in the QCT distributions is due uniquely to C. Differential Cross Sections.The QCT total and OH

direct trajectories, whereas the highcomponent is mainly vibrationally state-resolved (summed on ajlfivial states) DCSs

accounted for by théndirect trajectories. The CoFﬂrEreSsponding calculated for the title reaction at 1.48-eV collision energy are
P(f) values calculated on the B3LYP/cc-pVTZ d also depicted in Figure 8, along with the contributions from direct

two components, but in that case, the contribution of direct 4 indirect traiectori A b the total DCS i
trajectories was noticeably larger than that from indirect 2N¢ INAIr€Ct traectores. AS can be seen, the tola IS

trajectories, and thus the(f) values peaked & < 0.5. As predominantly backward with a large contribution in the
discussed in ref 1, Brouard et al. compared the ©H{ 0, N sideways and forward regions. Direct trajectories yield a purely
= 5) P(f) for the H+ N,O reaction with that obtained in the bapkwar.d DCS, whereas the DCS correspondi'ng to.the indirect
photodissociation of pD from the first absorption bagtland ~ trajectories is nearly forwarebackward symmetric. This makes

observed an excellent agreement. They concluded that theSense considering the two prototypic mechanisms involved in
product N molecules are generated in high rotational states. the title reaction: direct trajectories correspond to a purely
The present and previcusQCT calculations support the abstraction mechanism, characterized by scattering in the
conclusion that the Nproduct must appear rotationally excited backward hemisphere, whereas a complex mechanism is related
rather than vibrationally excited. The present study provides with the indirect trajectories yielding a practically isotropic DCS.
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Figure 9. Comparison between experimental and QCT @HY') state-resolved DCSs for the H N,O reaction aE; = 1.48 eV. Solid lines with
error bars: experimental DCSs from ref 12. Dashed lines: present QCT calculations.

Similar conclusions can be obtained for the @Htate-resolved cofragment produced in coincidence with the differehtN’
DCSs also shown in Figure 8. states of OH. It should be stressed that the calculated polar maps
Fully OH(v', N') state-resolved DCSs calculated=at= 1.48 clearly show that angular and velocity distributions are coupled.

eV are depicted in Figure 9 and compared with those experi- The bimodality of the final state distribution of, dommented
mentally deduced by Brouard et '8.The QCT DCSs are  on above (see Figures 6 and 7) is also clearly observed in the
normalized by the factor/2c and represented against o@s present polar maps. The outer ring, which is nearly isotropic,
The agreement found between theory and experiment is quitecorresponds to the indirect trajectories, while the direct trajec-
remarkable. The experimental DCSs show a trend of shifting tories give rise to the inner ring in the plots, being predominantly
from forward—backward symmetry at lolM' to more sideways backward and sideways. The resulting angle-velocity DCS
at highN'. The QCT DCSs have a similar behavior although depends considerably on the OH quantum state that is sampled.
the angular distributions are somehow more backward peakingAs the final OH¢' = 0) rotational state increases frdi = 5
than the experimental DCSs. In contrast, the DCSs calculatedto '14, the angular distribution associated with the direct
on the B3LYP/cc-pVTZ PESwere clearly at variance with the  mechanism shifts progressively from backward scattering to
experimental determinations and, thus, with the present calcula-sideways. Moreover, the relative contribution of the two
tions on the more sophisticated QCISD PES. mechanisms is clearly seen in the plots and follows the tendency
The overall angular-recoil velocity information can be sum- observed in the rotational distributions of the OH product (see
marized in the triple DCSs for specific, N' states of OH, upper panel of Figure 5). The plot corresponding to @Hf
shown as scattering angle-recoil velocity of OH polar maps and 0, N' = 6) is in fairly good agreement with the nonseparable
3D perspectives in Figures 10 and 11. The information that can polar map experimentally deduced by Brouard and co-workers
be obtained from these polar maps corresponds to the N (Figure 12 of ref 12).
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7 OH(v'=0,N'=9)

Figure 10. Scattering angle-recoil velocity polar maps and 3D perspectives of the triple differential cross-sections for the title reactidn 48
eV yielding OH¢' = 0, N' = 5) and OH{’ = 0, N' = 9) product molecules. The information contained in these plots corresponds ta the N
cofragment produced in coincidence with the differentN' states of OH.

Figure 11. Same as in Figure 10 but for OW(= 0, N' = 14) and OH{’ = 1, N' = 6).

V. Conclusions co-workers. The final PES has been refined by calculating all
The dynamics of the H- NoO — OH + N, reaction has the energies of the ab initio points at the QCISD(T)/cc-pVTZ

been studied by means of quasiclassical trajectory calculations/€Ve! of theory.

on a new ab initio PES calculated at the QCISD/cc-pvVDZ and ~ The dynamics of the title reaction is determined by two

cc-pVTZ levels of theory using the iterative and interpolation different mechanisms, which are classifiedd&®ct or indirect

methods implemented in the GROW package by Collins and according to whether the H atom attacks the O side or the N
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side of the NO molecule. Analysis of collision times supports (2) Hollinsworth, W. E.; Subbiah, J.; Flynn, G. W.; Weston, RJE.
the existence of these two mechanisms. The indirect mechanisnfchem. Phys1985 82, 2295.

is found to be the preferred one for the reaction at low collision 155(‘?530%&””‘ G0N, D; lams, H.; Wittig, Ghem. Phys. Letl.989

energies. As translation energy increases, the fraction of  (4) Hoffmann, G.; Oh, D.; Wittig, CJ. Chem. Soc., Faraday Trans. 2
trajectories that follow thelirect mechanism increases up to 1989 85, 1141.
30%. (5) Bohmer, E.; Shin, S. K.; Chen, Y.; Wittig, . Chem. Physl992

: . - 97, 2536.
The calgulated total reaction Cross sections vs collision energy 6) Marshall, P.: Fontiin, A.: Melius, C. 1. Chem. Phys1987, 86,
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values at collision energies lower than 1.20 eV. At higher (7) Walch, S. PJ. Chem. Phys1993 98, 1170.
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