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Accurate quantum mechanical reactive scattering calculations were performed for the collinear
C1NO→CN1O reaction using a polynomial-modified London Eyring Polanyi Sato~PQLEPS!
potential energy surface~PES!, which has a 4.26 eV deep well in the strong interaction region, and
a reference LEPS PES, which has no well in that region. The reaction probabilities obtained for both
PESs show signatures for resonances. These resonances were characterized by calculating the
eigenvalues and eigenvectors of the collision lifetime matrix as a function of energy. Many
resonances were found for scattering on both PESs, indicating that the potential well in the PQLEPS
PES does not play the sole role in producing resonances in this relatively heavy atom system and
that Feshbach processes occur for both PESs. However, the well in the PQLEPS PES is responsible
for the differences in the energies, lifetimes, and compositions of the corresponding resonance
states. These resonances are also interpreted in terms of simple periodic orbits supported by both
PESs~using the WKB formalism!, to further illustrate the role played by that potential well on the
dynamics of this reaction. The existence of the resonances is associated with the dynamics of the
long-lived CNO complex, which is much different than that of systems having an activation barrier.
Although these results were obtained for a collinear model of the reaction, its collinearly-dominated
nature suggests that related resonant behavior may occur in the real world. ©2001 American
Institute of Physics.@DOI: 10.1063/1.1349083#
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I. INTRODUCTION

The occurrence of dynamical resonances in quan
mechanical reactive scattering calculations of atom–diato
molecule collisions has provided valuable insight into t
understanding of chemical reactions. A common signatur
these resonances is usually the rapidly changing state-to-
reaction probabilities as a function of energy. This was fi
observed in scattering calculations of the collinear H1H2

reaction1,2 and later in the calculation of several other chem
cal reactions,3 including F1H2 and its isotopic counterparts
These dynamical resonances are very sensitive to featur
the potential energy surface~PES! that governs the nuclea
dynamics, so their detailed analysis can provide a ‘‘spec
scopic tool’’ for the examination of transition states f
chemical reactions. The experimental observation of re
nances in the isotopic F1H2 systems4,5 has increased the
interest in these resonances.

Due to the effect of resonances on the dynamics of
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active collisions, numerous approximate techniques h
been developed for understanding their origin, predicting
energies at which they occur,6,7 their widths,8 and their life-
times. A method that has been shown9 to characterize the
resonances unambiguously is based on the energy de
dence of the eigenvalues of Smith’s collision lifetim
matrix.10 Its application to the F1H2 reaction9 and its
deuterium-substituted counterparts showed that only one
genvalue changed rapidly with energy at the resonance p
tion and it did so from a relatively flat background. Th
facilitated the calculation of resonance energies, their wid
and their lifetimes. Similar conclusions were obtained for t
H1H2 system11 on the scaled SSMK~Ref. 1! PES and for
the Cl1HBr system.12 These conclusions have also be
shown to be valid for the two lowest energy resonances
the H1H2 reaction13 on the Porter–Karplus14 PES in three
dimensions using only theJ50 partial wave as well as in the
collinear case.15 They have been extended to the cross s
tions for H1D2 accurately incorporating all partial waves.16

Abu-Salbi et al.17 have also considered the relationship b
tween dynamical resonances, vibrationally adiabatic barri
and quantal time delays in the collinear H1H2 reaction.
Many other systems exhibit a rich resonance structure
il:
1 © 2001 American Institute of Physics
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their reactive collision dynamics. Of particular interest he
is the He1H2

1 system as well as its isotopic substitution
studied by Sathyamurthyet al.18 In their series of papers
these authors proceeded into an extensive comparison
tween the quantum mechanical resonances and classica
chanics on the PES considered.

For many simple reactive collisions, an interpretation
the various resonances has been sought in a semiclas
framework.19–23 At various degrees of sophistication, on
looks for a correlation between the resonances displaye
the quantum mechanical transition probability and the p
odic orbits ~p.o.s! of the classical system evolving on th
same PES. Semiclassical quantization schemes of the cl
cal dynamics have been used with success in sev
instances.24–28 They are all based on a careful study of t
classical mechanics of the scattering or bound systems
well as periodic orbit quantization. The scattering syste
are subjected to a semiclassical quantization in a man
analogous—though not fully equivalent—to the semiclas
cal quantization of energy levels for bound systems. In g
eral, it is hoped that at energiesEq where a p.o. quantizes,
pole will appear in the S-matrix, leading to a resonance.
very simple systems, from a dynamical point of view~e.g., in
scattering of disks!, a very sophisticated version of th
simple idea has been shown to be valid.29

In this study, we consider the reaction

C~3P!1NO~X 2P!→CN~X 2S1!1O~3P!. ~1!

As it involves three relatively heavy atoms, it has been
focus of attention for some time now. Anab initio calcula-
tion of its PES by Halvicket al.30 was followed by severa
analytical fits and classical dynamics studies.31–34 Subse-
quent investigations include a collinear quantum wa
packet calculation35 to analyze the influence of the topolog
of the potential well on the collinear dynamics, a statisti
study36 to simulate the energy partitioning and rovibration
distribution of the CN molecule in crossed molecular be
experiments, and an estimation of the total rate coefficie37

using a capture approach based upon the long-range pa
the potential and including spin–orbit coupling. A more a
curate PES was calculated by Perssonet al.,38 which was
followed by a rovibrational spectral analysis39 of the linear
triatomic molecules~CNO, CON, and NCO! and anotherab
initio calculation by Simonsonet al.40 Most recent studies
include a two-degree-of-freedom geometrical investigatio41

involving periodic orbits for the collinear CNO dynamics,
quasiclassical trajectory calculation42 over a wide tempera
ture range, and a three-dimensional time-dependent w
packet study43 for total angular momentumJ50.

In this paper, we present the results of accurate quan
mechanical reactive scattering calculations for the collin
C1NO→CN1O reaction, in which the state-to-state rea
tion probabilities as a function of energy and a detailed c
lision lifetime analysis of resonances, their energies a
asymptotic compositions are presented for the first time
this system. Even though these calculations are for a co
ear model, their results should be an indication of what h
pens in the 3D world, given that the PES for this system
collinearly dominated. In the H1H2 and F1H2 systems and
Downloaded 21 Dec 2005 to 131.215.225.171. Redistribution subject to A
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their isotopic counterparts, the presence of resonances,
detected in collinear quantum calculations, also occurred
the individual partial waves of 3D calculations, as well as
the state-to-state differential cross sections calculated u
enough partial waves for these cross sections to be c
verged. Furthermore, the mechanisms for resonant state
mation inferred from the collinear calculations were also o
erative in the 3D reactions. An analogous situation m
prevail for the C1NO system. Because of the heavy natu
of the atoms in this system compared to H, D, and F,
number of channels needed for a converged 3D calculatio
significantly higher. As a result, before embarking on suc
calculation, it is not only desirable but also prudent to
guided by the collinear results presented here.

In order to determine the effect of the features of PE
on reactive collisions and resonances, a polynomial-modi
London Eyring Polanyi Sato~PQLEPS! PES~Ref. 31! and a
reference LEPS PES~Ref. 32! having the same asymptoti
characteristics were used~see Fig. 1!. Both PESs have an
exothermicity of 1.35 eV. The main difference between th
is that the PQLEPS PES@Fig. 1~a!# has a 4.26 eV deep
potential well in the strong interaction region@relative to the
bottom of the reagent~C1NO! channel#, whereas the LEPS

FIG. 1. Energy contours~in eV! for the two potential energy surfaces use
with 0 eV being the bottom of the C1NO channel.~a! PQLEPS PES.~b!
LEPS PES.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 2. State-to-state transition probabilitiesP0→v8 as a
function of total energyE ~eV!. The initial state for all
these curves is NO (v50). The final state is either NO
or CN, in statev8, as indicated in the upper right-han
side rectangles. The arrow at 0.22 eV locates the op
ing of the CN (v856) channel.~a! PQLEPS PES.~b!
LEPS PES. The32 in the PQLEPS plots indicates th
factor by which the corresponding probabilities we
multiplied before plotting.
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PES @Fig. 1~b!# has no potential well in that region. Thi
PQLEPS PES well depth is close to those of the two m
recent surfaces, 4.25 eV~Ref. 40! and 4.21 eV,42 respec-
tively, and furnishes a satisfactory representation of the
gions of congifuration space sampled in our studies.

In Sec. II, we present the quantum and semiclass
methodologies used and in Sec. III we describe and disc
the results obtained. In Sec. IV, a summary and conclus
are given.

II. METHODOLOGY

Both the quantum and semiclassical calculations p
sented here are based on two analytical PESs, the PQL
PES~Ref. 31! and a simpler LEPS PES.32 As is well known,3

the Hamiltonian of the collinear triatomic system is given

H5
1

2m
~pr

21pR
2 !1V~r ,R!, ~2!

wherem5(mCmNmO/M )1/2 is the reduced mass of the sy
tem,M is its total mass, andmX (X5C, N, O! are the masse
of the three atoms. The Jacobi coordinatesr andR are mass-
scaled with respect to the physical distancesR8 ~of C to the
center-of-mass of NO! andr 8 ~between N and O! according
to

R5aR8, r 5a21r 8, a5S mC,NO

mNO
D 1/4

,

wherepr andpR are the associated momenta andV(r ,R) the
system’s potential energy. The Schro¨dinger or Hamilton
equations are derived from that Hamiltonian.

A. Quantum mechanical formalism and numerical
parameters

The quantum calculations were done using hypersph
cal coordinates,44 expanding the time-independent scatteri
wave function in local hyperspherical surface functions, a
Downloaded 21 Dec 2005 to 131.215.225.171. Redistribution subject to A
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solving the resulting coupled channel equations by a lo
rithmic derivative method from small to large values of t
hyperradius. From these solutions the scattering matrixS
was obtained.

The collision lifetime matrixQ has been defined by
Smith10 and is related to the open partSo of S by the ex-
pression

Q52 i\ So

dSo
†

dE
. ~3!

SinceSo is unitary and symmetric,Q is Hermitian, its eigen-
values are real and its eigenvector matrix is unitary. All the
quantities depend on the system’s total energyE. These ei-
genvalues are interpreted as the lifetimes of the long-liv
metastable states associated with the resonances. The
functions that describe these states are obtained from
corresponding eigenvectors ofQ.

Two sets of calculations were performed, one for t
PQLEPS PES and another for the LEPS PES. The co
sponding number of basis functions were 26 and 14, resp
tively. The unitarity of theSo matrices was 160.01 or bet-
ter. The two sets of scattering matrices were obtained o
dense energy grid~0.1 meV! of 2201 energies in the tota
energy range of 0.12 eV to 0.34 eV~measured with respec
to the bottom of the isolated NO diatom potential ener
curve, corresponding to translation energies of C with
spect to ground state NO of 0.003 eV to 0.223 eV!. This high
grid density permitted the use of a three-point finite diffe
ence method for the calculation of the energy derivativ
The resultingQ was approximately Hermitian and was full
hermitianized by replacing it by an average of itself and
Hermitian adjoint.

B. Semiclassical description

It has been often argued that interesting insights of so
quantum dynamical features such as resonances, may b
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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7464 J. Chem. Phys., Vol. 114, No. 17, 1 May 2001 Abrol et al.
tained from classical dynamics. The Hamiltonian is und
stood as the generator of either a quantum mechanical
or else a classical Hamiltonian flow, whose characteris
~trajectories, periodic orbits! are examined in order to per
form a semiclassical quantization.45 The main tool that al-
lows us to find semiclassical approximations of energy lev
or resonances are theperiodic orbits ~p.o.! of the classical
dynamics.

If the system were bound with one degree of freedom
Wentzel–Kramers–Brillouin~WKB! semiclassical quantiza
tion of the spectrum would be a natural first approximatio

I g5 R
g
p dq5h~n11/2!, ~4!

whereI g is the action of the p.o.g, described by coordinate
q and momentump. The integern characterizes the leve
number, and hence the number of nodes of the o
dimensional wave functionc(q), in a coordinate represen
tation. If there is more than one degree of freedom—th
are two for the present case—the WKB formalism is n
applicable. If the system is bound and fully integrable,
Einstein–Brillouin–Keller~EBK! quantization scheme45 ~or
some variation of it, such as the Berry-Tabor formula46! pro-
vides a very good approximation of the bound spectrum~see
Ref. 28 for a recent example!. Spectra of fully chaotic sys
tems may also be derived from semiclassical quantizat
with the help of Gutzwiller or Gutzwiller–Voros
formulas;45,47,48 atomic hydrogen in a magnetic field wa
successfully quantized this way.49

Resonances of scattering systems, seen as poles o
S(E) matrix, can also be obtained from the p.o.s of the u
bound systems. These p.o.s are of finite extension, tha
they represent the vibrational motion of the possibly short
long-lived intermediate complex. Some simple models
scattering systems also allow for a full semiclassical int
pretation of their resonances, like the 3-disk model29 or a
more general model of a potential consisting of a tube and
interaction region.50 However, the situation in the prese
C1NO scattering system is somewhat more involved,
cause of the simultaneous presence of chaotic regions
regular regions in phase space. Because of the heavy m
(m58 amu!, neither the chaotic regions nor the regular
gions of phase space may be neglected. Our objectives
consequently be more limited and only main resonances
main p.o.s will be considered.

We resort thus to a simpler, naive semiclassical sche
allowing for the various p.o. to be quantized in a WKB fas
ion, but not allowing for any interference between those
bits. It has been shown that it is enough, for our very sim
purposes,25,26 to simply use a WKB formula, with a correc
zero-point energy~or Maslov angle45,51!, to find the approxi-
mate energies of the main resonances. Since we are de
with an open system, the dynamics explores the phase s
structure in the strong interaction region only for a sh
amount of time~of the order of 100 fs, that is, a few vibra
tional periods!. In this fashion, we expect that complicate
interference effects between various periodic orbits have
time to develop. Hence, the simple-minded approach
equivalent to taking only the first few terms of the Gutzwill
Downloaded 21 Dec 2005 to 131.215.225.171. Redistribution subject to A
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or Berry-Tabor formulas, excluding all cross-terms. It is e
pected that better precision should be obtained for sh
lived resonances than for long-lived ones.

We thus follow the main periodic orbitsg i of the
PQLEPS and LEPS PESs as they change with energy,
calculate the integrals,

I g i
~E!5E

g i

pg i
dqg i

, ~5!

where coordinates and momenta are taken along the
Since all the p.o.s found are of the vibration type~as we are
considering a collinear system!, the quantization condition is
given by Eq.~4!.

III. RESULTS AND DISCUSSION

A. Quantum mechanical results

Potential energy contour diagrams for the PQLEPS a
LEPS PESs of the C1NO system, are depicted in Fig. 1. Th
state-to-state reaction probabilities are obtained by taking
absolute-value-squared of the corresponding elements o
scattering matrices. In what follows,P0v8

R and P0v8
NR repre-

FIG. 3. Largest eigenvalueq1 ~in ps! of Smith’s collision lifetime matrixQ
as a function ofE ~in eV!. ~a! PQLEPS PES.~b! LEPS PES.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE I. Resonance energies, collision lifetimes, and compositions for the PQLEPS PES.

Resonance energyÕ eVa

0.1443 0.1498 0.1819 0.1999 0.2119 0.2512 0.2567 0.31

Collision lifetime Õ psb

0.846 0.703 0.648 0.327 0.449 0.283 0.267 2.85

Compositionc

NO (v50) 0.02 0.02 0.05 0.00 0.03 0.03 0.02 0.03
CN (v850) 0.40 0.35 0.14 0.09 0.01 0.09 0.10 0.02
CN (v851) 0.04 0.04 0.02 0.04 0.12 0.25 0.24 0.11
CN (v852) 0.31 0.29 0.24 0.38 0.09 0.17 0.18 0.15
CN (v853) 0.12 0.15 0.17 0.19 0.11 0.15 0.07 0.17
CN (v854) 0.03 0.00 0.26 0.17 0.15 0.03 0.13 0.14
CN (v855) 0.08 0.15 0.11 0.14 0.49 0.21 0.11 0.15
CN (v856) 0.00 0.00 0.00 0.00 0.00 0.06 0.16 0.21
Total 1.00 1.00 0.99 1.01 1.00 0.99 1.01 0.98

aEnergies at which the collision lifetimes in Fig. 3~a! show a maximum.
bLargest eigenvalue of the collision lifetime matrixQ at the peaks of Fig. 3~a!.
cSquare of the absolute value of the the eigenvector elements corresponding to the largest eigenvalueQ.
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sent, respectively, the probabilities of the C1NO(v50)
→CN(v8)1O and C1NO(v50)→C1NO(v8) transitions.
Several such probabilities are shown in Figs. 2~a! ~PQLEPS,
with a scaling factor of 2! and 2~b! ~LEPS!. The four transi-
tions shown are typical and highlight the differences due
the different potential surfaces used to obtain them. All tr
sitions for both PESs show rapid variations with energy, p
viding the first signature of the presence of many resonan
in this system. The arrow at about 0.22 eV indicates
threshold energy of the C1NO(0)→CN(6)1O process.

For the PQLEPS PES~having a 4.26 eV deep well in th
strong interaction region!, the nonreactive reaction probabi
ity P00

NR remains close to zero over the full energy ran
displayed in Fig. 2~a!. Over that same range, the reacti
transition probability (P00

R ) has an average of about 0.15 a
changes rapidly between about 0.05 and about 0.25. TheP05

R

and P06
R transitions also vary rapidly over this energy ran

staying under 0.25. For the LEPS PES~with no potential
well in the strong interaction region!, the nonreactive transi
tion probability, stays above 0.90 over most of the ene
range except for a few narrow ranges, in which it shar
drops below 0.90 and sometimes is as low as 0.10@see Fig.
2~b!#. These sharp drops inP00

NR are complemented by shar
increases inP05

R below 0.22 eV and in bothP05
R and P06

R

beyond 0.22 eV, since the CN (v856) channel opens at thi
energy. Over the full energy range~0.12 eV–0.34 eV!, P00

R is
close to zero, indicating that the CN (v850) reaction prod-
uct is not produced for the LEPS PES in this energy ra
because of the early energy release characteristic of this P

Although the transition probabilities on both PESs va
rapidly with energy, those for the LEPS PES vary mu
more sharply than those for the PQLEPS PES. Both sho
signature for the presence of resonances and the differe
in the behavior of their transition probabilities may be a
signed to the deep well in the interaction region for the P
LEPS PES.

Smith’s collision lifetime matrices and their eigenvalu
and eigenvectors over the energy range 0.12 eV–0.34
 2005 to 131.215.225.171. Redistribution subject to A
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-
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y
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a
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were obtained for the two PESs. The largest eigenvalueq1 is
shown respectively for the PQLEPS and LEPS PESs in F
3~a! and 3~b!. Both PESs seem to produce similar numbe
of resonances over the total energy range considered
though they have very different collision lifetimes. For th
PQLEPS PES, only one resonance has a lifetime of m
than 1 ps~at 2.857 ps!, whereas for the LEPS PES, seve
resonances have a lifetime of more than 1 ps~ranging from
1.5 ps to 3.5 ps!. The presence of a large number of lon
lived resonances for the LEPS PES, which has no poten
well in the strong interaction region, indicates that a de
well is not essential for the occurrence of resonances in
heavy atom system. The fact that the LEPS resonances a
average longer-lived than the PQLEPS ones indicates
the deep well in the latter shortens the lifetime of the re
nances, a rather surprising result. This is attributed at the
of Sec. III C to possible interferences between shape
internal excitation mechanisms for the PQLEPS PES. For
LEPS PES, the absence of a deep well precludes the oc
rence of strong shape processes and therefore excludes
possible interferences.

From Figs. 3~a! and 3~b!, we picked eight and eleven
most long-lived resonances for the PQLEPS and LEPS PE
respectively. We list the corresponding eigenvector com
sitions associated withq1 in Tables I and II~for PQLEPS
and LEPS PESs, respectively!. In both Tables I and II, the
contributions for channels that contribute 5% or more ha
been highlighted in bold to indicate major contributions. F
example, in Table II, for the resonance at 0.1359 eV, wh
has a lifetime of 3.046 ps, the NO (v50) channel contrib-
utes 75% and the CN (v855) channel 23% to the eigenvec
tor corresponding to this resonance state. All the rest of
channels contribute a total of 2%. For the PQLEPS re
nances~see Table I! four to seven channels are major co
tributors to the eigenvectors and no one channel contrib
more than 50%. This is in marked contrast with the LE
resonances, where only two or three channels were m
contributors and for all resonances except two~one at 0.1206
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



.3329

28

0

of

7466 J. Chem. Phys., Vol. 114, No. 17, 1 May 2001 Abrol et al.

Downloaded 21 Dec
TABLE II. Resonance energies, collision lifetimes, and compositions for the LEPS PES.

Resonance energyÕ eVa

0.1206 0.1359 0.1680 0.1883 0.1985 0.2051 0.2150 0.2592 0.2901 0.3147 0

Collision lifetime Õ psb

2.320 3.046 0.455 0.361 2.263 1.659 1.757 0.499 0.551 3.487 2.7

Compositionc

NO (v50) 0.39 0.75 0.00 0.87 0.83 0.00 0.01 0.25 0.28 0.17 0.22
CN (v850) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CN (v851) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CN (v852) 0.03 0.00 0.01 0.00 0.02 0.01 0.01 0.00 0.01 0.01 0.00
CN (v853) 0.15 0.01 0.03 0.00 0.07 0.03 0.05 0.00 0.02 0.04 0.01
CN (v854) 0.02 0.01 0.12 0.01 0.06 0.20 0.25 0.01 0.01 0.02 0.01
CN (v855) 0.40 0.23 0.83 0.11 0.02 0.75 0.68 0.36 0.12 0.70 0.06
CN (v856) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.38 0.55 0.05 0.70
Total 0.99 1.00 0.99 0.99 1.00 0.99 1.00 1.00 0.99 0.99 1.0

aEnergies at which the collision lifetimes in Fig. 3~b! show a maximum.
bLargest eigenvalue of the collision lifetime matrixQ at the peaks of Fig. 3~b!.
cSquare of the absolute value of the the eigenvector elements corresponding to the largest eigenvalueQ.
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eV and the other at 0.2592 eV! a single channel contribute
more than 50% to the resonance. This indicates that the
tential well in the PQLEPS PES has an effect on the re
nance states of mixing more channels as compared to
well-devoid LEPS PES. The signature for the LEPS re
nance at 0.1359 eV~see Table II!, for which the only con-
tributions came from the NO (v50) and CN (v855) chan-
nels, is evident in the state-to-state reaction probability p
@see Fig. 2~b!#, where theP00

NR curve @NO (v850)] drops
sharply and theP05

R curve@CN (v855)] rises sharply at this
energy ~0.1359 eV! confirming the contributions of thes
channels to the resonance state. A similar analysis can
made for the resonance at 0.2901 eV. It has a lifetime
0.551 ps and the composition of its eigenvector is 28% fr
the NO~0! channel, 12% from the CN~5! channel and 55%
from the CN~6! channel. The transition probability plot@Fig.
2~b!# shows that the reaction probabilities corresponding
these three channels drop and/or rise sharply at this en
confirming their contributions to its resonance state. The
PESs have a number of resonances and it is hard to corr
resonances from one PES with resonances from anothe
cause the resonance energies are different. But one r
nance, with the largest collision lifetimes for both PES
seems to be correlated. For the PQLEPS PES, it appea
0.3142 eV~collision lifetime of 2.857 ps! and for the LEPS
PES at 0.3147 eV~collision lifetime of 3.487 ps!. Their po-
sitions differ by only 0.5 meV. The major difference betwe
these two resonances is the composition of their eigen
tors. The PQLEPS resonance eigenvector has the com
tion: 11% CN~1!, 15% CN~2!, 17% CN~3!, 14% CN~4!,
15% CN ~5!, and 21% CN~6! and the LEPS resonance e
genvector has the composition: 17% NO~0!, 70% CN ~5!,
and 5% CN~5!. This observation again highlights the effe
of the potential well in the PQLEPS PES that tends to m
the channels in the resonance states.

B. Semiclassical results

A study of the classical dynamics of the PQLEPS a
LEPS PESs was undertaken, at total energies ranging f
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0.12 eV to 0.34 eV, over an energy grid of 0.02 eV. The a
of this study was to follow the main p.o.s as they chan
with energy, undergoing possible bifurcations. The p.
were looked for firstly by a two-dimensional search on
Poincare´ section ~the r 5R line!, then on two one-
dimensional searches, along the two equipotential linesV
5E. It must be noted that no p.o. of sufficiently low
Lyapunov exponent19 ~small instability! was found, that does
not touch theV5E line~s!. Otherwise stated, all p.o.s foun
are self-retracing.

Among the p.o.s, one is similar in both the LEPS and
PQLEPS PES, namely, the antisymmetric stretch. Like
other cases studied,52 the antisymmetric stretch is astable
periodic orbit. It undergoes no bifurcation in the limited e
ergy range studied and remains stable. On the other hand
of the other simple p.o.s found were unstable. Some un
went bifurcations even in this very limited energy rang
Figure 4 shows the variation of the action of each of t
main p.o.s with energy, Eq.~5!. They are all depicted in thei
respective domains of existence. Figure 4 shows the va
tion of the actionI (E)2I 0 , with different origins of action
I 0 for all of them, as a matter of convenience. All the p.o
found satisfy several times the quantization condition,I (E)
5h (n11/2), once for each value ofn as depicted in Fig. 4.
It must be stressed that because of the deep well, the abs
value of the actions are high; for the periodic orbit dividin
surface ~pods! ~p.o. 0!, I 0519; the corresponding wav
function has thus 18 nodes at the semiclassical quantiza
energy. This is compatible with the number of bound sta
supported by the system’s well having a depth of about
eV ~relative to the product CN1O! and a moderate anhar
monicity. In Fig. 5, the corresponding periodic orbits a
depicted, for an energy of 0.16 eV. Also, as has been alre
noted in Ref. 41, no p.o. corresponds to the symme
stretch, because of the conjugate effect of the well and
exoergicity.

A similar study was undertaken for the LEPS PES. R
sults are roughly comparable, but at least one other st
p.o. was found, namely the symmetric stretch mode. T
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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symmetric mode is stable~and has no bifurcation! in the
energy range under consideration. The two stable p.o.s
shown in Fig. 6. The semiclassical quantization was car
out in a manner similar to that for the PQLEPS PES. B
cause of the shape of the PES, many p.o.s are candidate
the various resonances depicted in Fig. 3~a!. However, a
group of two resonances stand out, with a nearly cons
spacing of 0.0165 eV; they are discussed in the next sec

C. Discussion of quantum and semiclassical results

As was stressed earlier~Sec. II B!, the semiclassica
method employed here is the simplest possible one. In F
7 and 8 we display the semiclassical resonance energies
function of the quantum ones, for the PQLEPS and LE
PES, respectively. As Fig. 7 shows, the agreement betw
these energies for the former is quite reasonable in spit
this method’s simplicity. It must be emphasized that in t
PQLEPS case, no attempt was made to choose among
various resonances in the quantum regime those that we
be reproduced semiclassically. The semiclassical quan
tion followed from an attempt of finding all p.o.s that we
stable or mildly unstable~that is, whose instability is such
that a precision of 1024 bohr in the initial conditions is
enough to define it!. This is justified by recalling that the
system under study is open, so that it has only a finite tim
explore the classical dynamics. This leads us also to jus
the better agreement with the quantum resonance ene
~to within about 0.002 eV! for the short-lived 0.267 ps one a
0.2567 eV, than for the long-lived ones~to within about
0.035 eV!,25,46such as the 2.857 ps one at 0.3142 eV. Wh
the latter’s attribution to the antisymmetric stretch is cle
cut, the pure first order WKB quantization is of course t
rudimentary.

The LEPS PES~Fig. 8! offers a more difficult challenge
because of the larger number of p.o.s and of long-lived re
nances. We concentrated thus only on one unambiguou
ries of resonances, separated by about 0.0165 eV, an

FIG. 4. Evolution of the actionsI (E)2I 0 ~in units of h), for the different
periodic orbits of the PQLEPS PES, labeled by their number0–4 ~see Fig.
5!. For sake of clarity, the origins have been displaced:I 0(0)519, I 0(1)
530, I 0(2)540, I 0(3)566, andI 0(4)568.
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with a lifetime above 1.5 ps. This series may be easily att
uted to the two primary stable periodic orbits, the symme
and antisymmetric stretches. These two periodic orbits
shown in Fig. 6 and the agreement with the quantum re
nances is shown in Fig. 8. Again, because of their long li
times, the agreement between the semiclassical and qua
resonance energies is of the order of 0.04 eV. That the
series of resonances belong to the same family is confirm
by the composition of the resonances~see Table II!. This
composition varies little within one series and is quite diffe
ent from the other.

The different p.o.s associated with the resonances
well as the general features of the classical motion allows
to compare them to two other types of resonances foun
other systems. In the H1H2 collinear reactive scattering, two
short-lived resonances appear, which are attributed to
short-lived p.o.s sitting on the dividing surface.19,53 As ex-
pected, these resonances are broad, and well reproduced
simple semiclassical argument as ours. A somewhat diffe
type of resonance has been observed in heavy–light–he
systems, like IH1I or the Hm2H system. Because of kine

FIG. 5. The main periodic orbits of the PQLEPS PES, at an energy of 0
eV, along with the relevant equipotentialsV50.16 eV. r and R are the
mass-scaled Jacobi coordinates. The0–4 numbers are the same as those
Fig. 4. The stable periodic orbit is labeled0; it is a simple pods~periodic
orbit dividing surface! in the sense of Ref. 41. It behaves like an antisy
metric stretch.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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matic effects, the light atom bounces back and forth in
tween the two heavy ones. In different contexts, this type
motion has been compared to the motion of the clapper
side a heavy bell. However, when momentum is transfer
with the correct phase, the system finds its way out.53 This
type of kinematics also gives rise to semiclassical re
nances.

Here, like in the HeH2
1 system, the resonances occ

because of the vibrations of the CNO complex, whose l
time is not short. Recall that, besides being exothermic,
reaction has no threshold, unlike H1H2 one. The reactants
reach directly the strong interaction region and the associ
triatomic vibrational modes. Because of the moderate ki
matic effect of the masses, the antisymmetric stretch is st
~both for the PQLEPS, the LEPS and other models!. This

FIG. 6. Views of two stable periodic orbits of the LEPS PES, at an ene
of 0.16 eV, along with the relevant equipotentialsV50.16 eV.r andR are
the mass-scaled Jacobi coordinates. Both periodic orbits are simple
~periodic orbit dividing surface! in the sense of Ref. 41. They behave lik
symmetric and antisymmetric stretches.

FIG. 7. Comparison between quantum and semiclassical resonance ene
for the PQLEPS PES. The numbers associated with the points refer t
periodic orbits of Fig. 5. The line having a slope of 45° depicts the equa
Equantum5Esemiclassical.
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vibration leads readily, at the low energies we are deal
with, to long-lived resonances. The PQLEPS PES has o
one stable p.o., which is antisymmetric@see p.o.0 in Fig.
5~a!#. This PES does not support any other family of simp
long-lived vibrational modes, but supports instead a wh
series of resonances, more or less short-lived (q1,0.7 ps!
@see Fig. 3~a!#. Classically speaking, the LEPS PES is inde
very similar to the PQLEPS one, as far as the p.o.s are c
cerned. However, the latter, with its deep well, suppo
fewer stablep.o.s, since a lot more kinetic energy is ava
able in the region of this well. This argument seems to dif
from a quantum one. As for a one-dimensional square w
one would expect quantum mechanically to observe lo
lived shape resonances in the PQLEPS PES due to the
ence of the deep well. However, because of internal exc
tion mechanisms associated with couplings between mot
along the transverse cut through this PES and asymm
motions limited by the repulsive walls that are responsi
for the skew angle of collinear PESs, one also expects
presence of Feshbach-type resonances~in both PESs!. The
‘‘shape’’ processes in the PQLEPS PES seem to inter
with the Feshbach ones, leading to shorter-lived resonan
than for the LEPS PES, for which the absence of a w
essentially precludes shape-type mechanisms. This tent
interpretation requires further investigation. Neverthele
the dominant factor for the PQLEPS and LEPS resonan
as compared with the H1H2 ones, is the absence of a barri
~hence no repulsive pods! which induces several series o
vibrational resonances of dynamical origin.

IV. SUMMARY AND CONCLUSIONS

We have obtained scattering matrices for the collin
reaction C1NO→CN1O, by performing accurate quantum
mechanical reactive scattering calculations using two po
tial energy surfaces~PESs!: a representative PQLEPS PE
which has a 4.26 eV deep well in the strong interaction

y

ds

ies,
he
n

FIG. 8. Comparison between quantum and semiclassical resonance ene
for the LEPS PES. The circles denote the symmetric stretch periodic or
and the crosses, the antisymmetric stretch periodic orbits~see Fig. 6!. The
line having a slope of 45° depicts the equationEquantum5Esemiclassical.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



l i
2
it

O
-
e
su
th

s
ct
ce
PQ

e

e
n
tio
e
a

p
un
ot
co
t

a
ov
m
r
e
th
w
th
io
a

s

p
ie

ug
s
it

to
en
b

a
ed
th
h
e
ic
e

d
has
and
a-
e

a-

T.

o-

s,

nd

raday

o, J.

ck,

day

hys.

7469J. Chem. Phys., Vol. 114, No. 17, 1 May 2001 Resonances in the C1NO reaction
gion and an empirical LEPS PES, which has no well at al
that region. These scattering matrices were obtained at 2
energies in the total energy range 0.12 eV to 0.34 eV w
respect to the bottom of the isolated NO well@corresponding
to a relative translational energy of C with respect to N
(v50) of 0.003 eV to 0.223 eV# and used to obtain state
to-state reaction probabilities and collision lifetime matric
as a function of energy. The reaction probabilities ver
energy curves for both PESs have pronounced structure
suggests the presence of resonances. These resonance
characterized by analyzing the eigenvalues and eigenve
of the collision lifetime matrices. The observed resonan
on the LEPS PES were longer-lived than those on the
LEPS PES. The latter had more mixed compositions~4 to 7
major contributing asymptotic states! as compared to thos
on the LEPS PES~2 to 3 major contributing states! suggest-
ing a role of the potential well in mixing the states. Th
results suggest that the presence of a potential well is
necessary for producing Feshbach-type internal excita
resonances, although it does affect their energies, lifetim
and compositions. It also seems that when both shape
Feshbach processes are possible~as for the PQLEPS PES!,
they may interfere with each other.

We have also analyzed these resonances by a sim
semiclassical WKB quantization, in terms of stable and
stable periodic orbits. These orbits were obtained for b
PESs and the energies of the most stable ones were
pared with the quantum resonance energies. Considering
a simple semiclassical quantization was used, a reson
agreement was obtained between these energies. More
the origin of the resonances has been traced to some si
periodic orbits, stable and unstable. The large numbe
resonances is due to the existence of many long-lived p
odic orbits in the strong interaction region, caused by
absence of a barrier in the PESs. This behavior contrasts
the one observed in many reactions having a barrier in
region, which results in an energy threshold for the react
probabilities. The presence of a well is less important th
the absence of a barrier in determining the characteristic
the resonances.

Although the results and analysis presented in this pa
are based on collinear calculations, the low collision energ
involved ~of 0.003 eV to 0.223 eV!, together with the fact
that the 3D PES of this system is collinearly-dominated s
gests that related resonances and resonance mechanism
be valid for the associated 3D system. In particular, it is qu
possible that 3D resonances in this relatively heavy a
system may show up whether or not a deep well is pres
and that their characteristics may be strongly influenced
the absence of a barrier. These possibilities suggest th
high quality 3D quantum calculation should be perform
using a realistic PES as well as a modified one in which
deep well has been excised and perhaps a third one in w
a barrier has been introduced. In any event, it would be v
interesting to verify whether or not resonant behavior, wh
is a uniquely quantum property, is displayed in this and p
haps other heavy atom systems.
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