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Abstract

Electronic structure (CASPT2) calculations have been performed for the lowest 2IT and *Z ™ states of the NCO system. To create the
potential energy surfaces, the generalized discrete variable representation (GDVR) method has been used. Wave packet calculations have
been performed for the collinear O + CN reaction on both surfaces. These are the first reported quantum dynamics calculations on this
reaction. State-to-state reaction probabilities are presented. On the 2T surface, which has an almost 6 eV deep well, we obtain structure in
the reaction probabilities at low kinetic energies but at higher energies they are smooth. The *X~ surface is highly exoergic and vibra-
tionally non-adiabatic dynamics is observed. The *S~ surface has an early barrier and as a result we find that translational energy more
efficiently promotes the reaction than vibrational energy does. The wave packet results are compared with QCT results. Generally the
agreement is good as would be expected but some notable differences are found, particularly for reaction out of the vibrational ground

state.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The reactive system O + CN has received attention as a
possible major source of depletion of CN in both combus-
tion [1] and in dense interstellar clouds [2,3]. This study is
concerned with the dynamics of the reaction of ground
state oxygen atoms with cyanogen radicals,

O(C’P) + CN(X**) — CO(X!'")+ N(*D), (1)
and
O(*P)+ CN(X?*) — CO(X!'*) + N(*S). (2)

It is believed that reaction (1) is the most important source
of CN destruction in interstellar clouds. The detailed
knowledge of the O + CN reaction could be crucial for
the understanding of the chemical evolution in interstellar
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clouds, as CN is a possible precursor to complex molecules,
such as cyanopolyynes.

Detailed studies of reactions (1) and (2) were performed
in the 1970s by Schmatjko and Wolfrum, involving both
quasiclassical trajectory (QCT) calculations on empirical
LEPS type potential energy surfaces and experimental
investigations of the dynamics and kinetics [4,5]. From
their room temperature experiments they inferred
that about 20% of the reactive events produced
CO(X'Z™) + N(*S), corresponding to reaction (2) above.

Statistical adiabatic channel model (SACM) calcula-
tions have been published on the rate coefficients of reac-
tion (1) at 7= 300-5000 K [6]. We have also performed
QCT calculations for the rate coefficient on the same reac-
tion for T between 5 and 5000 K using ab initio based
potential energy surfaces [7]. Apart from the mentioned
QCT and SACM calculations, no computational studies
have been published on the dynamics of these reactions.

Quantum dynamical calculations are demanding for
the NCO system due to the deep potential wells and the
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occurrence of three heavy atoms. Previously, Monnerville
et al. have performed 2D [8] and 3D [9] wave packet
dynamics calculations on the C+ NO reaction, using a
PES containing the linear CNO minimum but not the dee-
per NCO minimum, which made the 3D study possible for
a total angular momentum of zero. Recently Abrol and
collaborators [10] performed 2D wave packet calculations
for the collinear C + NO — CN + O reaction, observing
resonances.

Extensive computational studies of the structure and
properties of the NCO complex have been performed in
the last few years [11,12]. The molecule has also been the
subject of several experimental studies (see Ref. [12]). A
complete wave packet study for the NCO system on a
potential energy surface including the deeper NCO mini-
mum is still not feasible. In this study, we therefore report
collinear 2D calculations for the two reactions listed above.
Using the collinear approach on the IT surface is moti-
vated since the NCO complex is linear, and the long-range
attraction between O and CN is strongest in the collinear
configuration [7]. For the *X~ surface a collinear study
may be a less realistic model.

In this paper, we first report collinear potential energy
surfaces for reactions (1) and (2) based on ab initio calcu-
lations and an interpolation method developed previously
[13]. Thereafter wave packet calculations are reported for
both reactions. It is expected that for reactions involving
three relatively heavy elements, as in the present case,
quantum effects should be small or negligible. We investi-
gate this by performing QCT calculations and comparing
the results with the wave packet calculations. Largely the
quantum and QCT results agree but differences are also
observed and discussed.

2. Computational aspects
2.1. Potential energy surface

Electronic structure calculations were performed using
the MOLCAS 5.2 program package [14]. We employed the
CASPT2 method with the g; Fock matrix and an ANO-L
basis set with the 14s9p4d3f primitive set contracted to
4s3p2d1f. Calculations were made for the lowest *IT and
4>~ electronic states for collinear geometries of the NCO sys-
tem and also for the CN(X?Z") and CO(X'Z™) molecules.

The generalized discrete variable representation
(GDVR) method [13,15] was used to interpolate a smooth
energy surface using 484 energy points for each surface.
There were 22 points for each coordinate (Rcn and Reo)
in a range from 0.83 to 12.97 A. The points were evenly dis-
tributed in the coordinate x;=InR; (R;= Rcn or Rco).
This means that the grid in the R; coordinate was denser
the smaller the values of R;, giving a detailed description
of the reaction zone. For each surface 171 points were cal-
culated by CASPT2.

In the long-range region 144 points were calculated
using a dispersion type —Cs/R® energy expression, where

R is the usual Jacobi coordinate. In the O + CN channel
a Cg parameter was determined for each Rcn-value using
the two CASPT2 points with the largest Rco-values. A
similar procedure was used in the N + CO channel. For
stretched geometries (Rcn and Rco both larger than
2.4 A) 169 points were calculated as the sum of diatomic
potentials (CN and CO). The diatomic potential curves
were interpolated in an analogous manner as for NCO with
18 points for CN distributed between 0.80 and 13.59 A and
30 points for CO between 0.80 and 13.12 A.

2.2. Quantum scattering calculations

The time-dependent wave packet calculations were car-
ried out in mass-weighted product Jacobi coordinates
(R, 7), using the Hamiltonian
) o
ieail

§+ﬁ> + V(R,;'), (3)

2

where R is the mass-weighted center-of-mass separation be-
tween N and CO, 7 is the mass-weighted CO bond distance,
and the reduced mass p is given by
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The product Jacobi coordinates are given by
R=uo"'R, (5)
r = oF, (6)

where o = (ug/ ,u,)l/ “and pg and p, are the reduced masses
corresponding to the N-CO and CO systems, respectively.
The initial wave packet is set up in reactant Jacobi coordi-
nates, as a product of a vibrational eigenfunction of the
CN system, ¢(rcn), and a translational function in the
form of a Gaussian wave packet, y(Ro_cN),

lP(RO—CNy ren, t= 0) = ¢1:(FCN)X(RO*CN)‘ (7)

The wave function is then transformed to product Jacobi
coordinates before the propagation begins. The vibrational
eigenfunctions needed for the initialization and analysis are
obtained by solving the time-independent Schrédinger
equation for the diatomic fragments using a sine-basis
expansion of the wave function.

The wave packet is propagated by solving the time-
dependent Schrodinger equation using the split-operator
method [16]. Reflection of the wave packet from the grid
boundary is avoided by applying a damping function
between r; = rq and ryax (r; = R or 7):

l, ri <rg,

exp[— VAt /], ®

f(rl)_{ ri;"d,

where Vg is the exponential damping function suggested by
Vibdok and Balint-Kurti [17]. By introducing a time-depen-
dent scale factor in the exponential damping function Vy,
the lowering of the average product kinetic energy with
propagation time was taken into account.
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Before damping, the scattered wave packet is projected
onto asymptotic vibrational eigenstates at R = R,,

co(0) = [ ()P Ry )

The time-dependent amplitudes ¢, are Fourier transformed
to energy space

by :JLz_n / drew (1) exp(iEt/h), (10)

and the state-to-state reaction probabilities are computed
from the ratio between the scattered and incident fluxes
[18],

PeslE) = T (1)
where

mwb%;mwwﬁ (12)
ke = 2/ ocn(E — V(Ry) ~ Eu). (13)

The incident flux is, in principle, given by an analytical
expression [18], but since the potential has not reached its
true asymptotic value at the position of the initial wave
packet, a small correction is needed. The correction is sim-
ply to obtain the probability distribution of the incident k-
values by propagating the initial Gaussian wave packet
¥(R) backwards, and to use this k-distribution to normalize
the scattered components rather than to use the initial
Gaussian distribution.

2.3. Numerical details

The wave packet propagations were carried out for both
rand R in the range from 0.5 to 12.5 Aona grid with 1680
points in each coordinate. The time step was 0.1 fs, and the
propagations were continued until more than 99.5% of the
wave packet had left the grid. The damping was applied
from rq =9.51 A to Rax in both channels. The analysis
of the outgoing wave packet was done at R, =9.5 A. The
initial wave packet was centered at an Rco distance of
8.5 0r 9.5A.

Several grid sizes, from 1008 to 5040 points in each coor-
dinate, and different time steps, from 0.05 to 0.3 fs, were
used to test the convergence of the parameters. The outgo-
ing wave packet was analyzed in an energy interval corre-
sponding to 95% of the energy distribution in the
incident Gaussian.

The collinear QCT calculations were carried out in
Cartesian coordinates using the same trajectory program
as previously used in the 3D case [7]. The initial O-CN sep-
aration was 14 A (the potential energy surface is defined
but flat outside the interpolation region) and the CN bond
length and vibrational phase were sampled micro-canoni-
cally at the considered initial vibrational energy. The gradi-
ent of the interpolated potential was obtained numerically

using a finite difference approximation. Good energy con-
servation was observed.

To obtain the product vibrational quantum number in
the QCT calculations, the energy difference |E,, — E.|,
where E;, is the final vibrational energy and E, are the
CO eigenvalues, was minimized. The product CO molecule
is then assigned the vibrational quantum number corre-
sponding to E,. The trajectory results for the *II surface
are converged to within the size of the symbols in Figs. 3
and 4. For the *T~ surface 10,000 trajectories were used
to obtain the total reaction probabilities for each set of ini-
tial conditions. The product vibrational distributions on
the quartet surface are based on approximately 10,000
reactive trajectories.

3. Results and discussion
3.1. Potential energy surface

In Fig. 1 contour plots of the two interpolated potential
energy surfaces are shown. It is seen that both surfaces are
smooth and well-behaved. The ‘potential groove’ which is
seen on the 2I1 surface for Rco ~ 2.7 A and Ren > 2.5 A
is due to the fact that the surface correlates with N(°D)
in the N + CO channel but with N(*S) in the atomization
limit. The ‘groove’ is caused by an avoided crossing with
a 2IT surface correlating with N(*S) and an excited elec-
tronic state of CO. This part of the potential is however
not accessed by the dynamics considered in this work,
and should have no impact on the final results.

We have calculated minimum energy paths on both the
’I1 and *X~ surfaces. These are shown in Fig. 2. Stationary
points along the reaction coordinate are summarized in
Table 1. There are noticeable differences between the calcu-
lated and the experimental data for the NCO molecule.
However, the values presented here are close to the values
calculated in recent high-level ab initio studies [11,12].

It is seen that there are drastic differences in the shapes
of the surfaces. Both surfaces are exothermic, with an
energy difference of 0.81 eV for the 2I1 surface and
3.39 eV for the X~ surface. While the °IT surface is quite
attractive in the O + CN channel, and has a 5.85 ¢V deep
potential well, the *X~ surface is only weakly attractive in
the O + CN long-range region, and it exhibits a potential
barrier of 1.42 eV, which results in a barrier height of
1.37 eV when the harmonic zero-point energy is taken into
consideration. It is thus only on the IT surface that reac-
tion is thermally accessible at room temperature.

3.2. Scattering calculations on the “II surface

Fig. 3 shows the total and state-to-state reaction proba-
bilities for the case where the initial wave packet has a
mean translational energy, Eyj,, of 1.00eV with CN in
the vibrational ground state (v = 0). The total propagation
time is 2 ps. In the energy interval considered, nine different
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Fig. 1. Contour plots of the N-C-O electronic potential energy surfaces for the: (a) *IT and (b) “X~ configurations. The spacing between the contours is

1.0eV.
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Fig. 2. Minimum energy paths connecting O + CN and N + CO for the
1 and *Z~ potential energy surfaces. The energies are relative to
separated atoms.

Table 1
Characteristics of the IT and *X~ interpolated PESs
Ren (A)  Reo(A)  V(eV)  oi(em™) o (em’)
The °IT surface
O+ CN 1.194 - —7.479 1850 -
N+ CO - 1.132 —8.293 2115 -
N-CO 3.117 1.132 —8.344 2129 54
N-COTS 2.801 1.131 —8.341 2134 71i
NCO 1.239 1.196 —13.333 2014 1217
1.200 1.206 - 1921 1267
The *2~ surface
O+ CN 1.195 - —7.459 1846 -
N+ CO - 1.133 —10.852 2115 -
NCO TS 1.287 1.393 —6.041 1028 1449i

Energies are relative to separated atoms.

Calculated frequencies are harmonic. Experimental data (in italic) are
taken from Ref. [19] and Ref. [11]. The experimental frequencies are
fundamentals.

vibrational states are allowed in the product channel, but
only v ={0,4} contribute notably to the reaction
probability.

It is seen in Fig. 3 that the total reaction probability is
constant at 1.0. Thus, all incoming reactants form prod-
ucts, throughout the energy interval. The state-to-state
reaction probabilities depend weakly on the total energy
and there is a slight shift from formation of ground state
CO (v' = 0) to vibrationally excited CO in the v’ =1 state,
as the total energy is increased. Propagation of a wave
packet with an initial average kinetic energy of 0.5 eV gives
similar results.

The QCT results in Fig. 3 show obvious similarities with
the wave packet results but also surprising differences. Only
v’ = {0,2} contribute to the reaction probability and it is
notable that the v’ =2 population is slightly larger than
the v’ = 1 population, contrary to the wave packet results.

The differences between the quantum and classical
results in Fig. 3 may be specific to the initial condition
v=0. In this quantum state the classical and quantum
probability distributions differ maximally and we generally
expect largest differences between classical and quantum
results for small vibrational quantum numbers. We will
return to this issue in presenting the results for the X~
surface.

The total and state-to-state reaction probabilities for a
wave packet initially in the ground state and with a mean
translational energy of 0.06 eV are presented in Fig. 4.
The total propagation time is 20 ps. The total reaction
probability is still 1.0, but the state-to-state reaction prob-
abilities show a mildly resonant behavior. Notable are the
relatively large changes in the v=0—0v"=0 and
v=0— v =1 transition probabilities at some energies,
particularly around 0.15, 0.17 and 0.225eV. These are
quantum effects, which thus appear for this system with
three rather heavy atoms, treated collinearly.

Quantum effects were observed also by Abrol et al. [10],
who performed collinear time-independent quantum
dynamics calculations on the C + NO reaction at low ener-
gies. It remains an open question as to whether quantum
effects are also clearly visible in a three-dimensional treat-
ment of the dynamics. Preliminary results by Monnerville
et al. [9] on the C + NO reaction indicate that this might
be the case.
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Fig. 3. Total and state-to-state reaction probabilities for a wave packet
initially in v =0 with E\;,=1.0eV on the I surface. Lines represent
quantum results. The values of v — v’ are noted to the left of each line.
Symbols represent quasiclassical results. The values of v — v’ are noted to
the right.

The QCT results shown in Fig. 4 are similar to the ones
in Fig. 3. It is noticed that the fluctuations seen in the wave
packet results are not present in the QCT results. We also
note that the reaction is fast on the *IT surface even though
there is a 5.85 eV deep well. This holds both for the quan-
tum and classical results. Classically a complex with a life-
time between 10 and 12 fs is formed, which in this case
corresponds to three minimum distance exchanges. The
complex is defined to live from the first internuclear mini-
mum distance exchange until the last [20]. Quantum
mechanically the complex is considered to exist in the
region illustrated in Fig. 5. By calculating the flux in and
out of this area as a function of time a lifetime of the com-
plex can be estimated to be approximately 20 fs. It is also
seen in Fig. 5 that a small part of the wave packet remains
in the potential well for a long time.
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Fig. 4. Total and state-to-state reaction probabilities for a wave packet
initially in v=0 and with E, = 0.06 eV on the ’I1 surface. Lines
represent quantum results. The values of v — v’ are noted to the left of
each line. Symbols represent quasiclassical results. The values of v — v’ are
noted to the right.
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Fig. 5. The flux in and out of the potential well as a function of time. The
inset shows the regime in which a complex is considered to exist.

Classically the complete reaction, considered as begin-
ning and ending when the center-of-mass separation
between the fragments are 10 A, takes about 1 ps. The
wave packets results are similar except that a small percent-
age (1-2%) of the wavepacket, particularly the low energy
components, remains in the well for a long time, necessitat-
ing a long propagation time.

To confirm the results of the wave packet calculations,
several grids, time steps, damping parameters, and propa-
gation times were used with a wave packet initially in
v =0 and with Ey;, = 0.06 eV. In Fig. 6 the total reaction
probability, as well as the v=0—0v"=0 and
v =0 — v’ = 1 state-to-state reaction probabilities, for sev-
eral different calculations are shown. It can be seen that the
difference between the cases is minimal, and we can con-
clude that a grid with 1680 x 1680 grid points is sufficient.

3.3. Scattering calculations on the *~~ surface

In Fig. 7, state-to-state reaction probabilities are shown
for reaction out of the ground vibrational state for total
energies of 1.45, 1.60 and 1.80 eV. The reaction probabili-
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Fig. 6. Total, v=0—1v'=0, and v =0 — v/ =1 state-to-state reaction
probabilities for a wave packet with Ey;, = 0.06 eV on the °I1 surface.
Grid sizes: 1008, 1680, 2520, and 5040 points in each coordinate.
Propagation times: 10 and 20 ps.
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Fig. 7. State-to-state reaction probabilities at different total energies (1.45,
1.60 and 1.80 eV) for wave packets initially in v =0 on the “L~ surface.
Note the different scales on the reaction probability axes in the various
panels.

ties increase as the vibrational product excitation increases
from v =0 to v =3, and decrease from v' =4 and
upwards. v’ =22 is the highest state allowed for a wave
packet with a total energy of 1.80 eV but it is seen that
there is no significant population beyond v’ =9. The
QCT results in Fig. 7 are quite different from the wave
packet results. They have different overall shapes and gen-
erally populate a smaller number of product vibrational
states.

In Fig. 8, state-to-state reaction probabilities are shown
for reaction out of the first excited vibrational state for
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Fig. 8. State-to-state reaction probabilities at different total energies (1.60,
1.70, and 1.80 eV) for wave packets initially in v =1 on the *T~ surface.
Note the different scales on the reaction probability axes in the various
panels.

total energies of 1.60, 1.70 and 1.80 eV. The state-to-state
reaction probabilities now show a less systematic pattern.
The transition from v =1 to v" =0 is too weak to be seen
in this figure. The QCT results are here in better agreement
with the wave packet calculations than what was the case in
Fig. 7. This is again true when studying the wave packet
and QCT results for reaction out of the second excited
state, Fig. 9.

The results in Figs. 7-9 agree with the notion that quan-
tum and classical results agree better the higher the vibra-
tional quantum number is. For the CNO system with
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three relatively heavy atoms the quantum effects seem to be
significant primarily for v = 0. We observe that the classical
product vibrational distributions are always narrower than
their corresponding quantum distributions. This is to be
expected as the phase space distribution resulting from a
Wigner transform of the quantum distribution will include
a spread of energies (in this way also accounting for tunnel-
ing), thereby widening and smoothing the classical
distribution.

There is a direct relation between the classically deter-
mined product vibrational energy and the initial vibra-

1.3
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Fig. 10. Product vibrational energy as function of initial C—N distance on
the *T surface, v = 0, Eioi=1.45 eV. The dotted horizontal lines show the
energies used to assign vibrational quantum numbers to the CO product.
The inset shows initial C-N distance versus trajectory number. The solid
line represents reactive trajectories, the dotted line non-reactive.
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Fig. 11. Total reaction probabilities as a function of total energy for wave
packets initially in different vibrational states on the *Z~ surface. Solid
lines represent quantum results, lines with symbols represent quasiclassical
results.

tional phase of the trajectory, as shown in Fig. 10.
Analyzing this relation makes it clear that the differences
between the classical and quantum distributions originate
in the different initial probability distributions. With this
in mind the results in Figs. 7-9 seem to be rationalized.

The total reaction probabilities for the cases where the
initial wave packets and quasiclassical trajectories are in
the vibrational states v =0, v =1, and v = 2, respectively,
are presented in Fig. 11. It can be seen that slight tunneling
occurs, as the reaction probability is non-zero for energies
below the vibrationally adiabatic ground state (VAG) bar-
rier height, 1.37 eV. The tunneling probability is about
2.5% at the barrier height.

In Fig. 11 it is seen that higher vibrational excitation in
the reactant leads to lower reaction probabilities, for a
given total energy. Thus, kinetic energy promotes reaction
more efficiently than vibrational energy. This can be
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explained by the fact that the barrier is early in the reaction
path, and the reactants need to have sufficient kinetic
energy to pass the barrier.

The QCT results in Fig. 11 generally agree well with the
wave packet results but differences are seen at small and
large (close to unity) reaction probabilities (less for v =2
than for v =0 and v =1). Note that the classical barrier
height is 1.42 eV which enhances the effective difference
between the QCT results and the wave packet results as
the VAG barrier height is 0.05 eV lower.

4. Summary

We have constructed 2D potential energy surfaces for
the IT and *~ electronic states of the O + CN — CO + N
reaction in collinear geometries. Ab initio data obtained
from CASPT2 electronic structure calculations and other
information have been used to generate 484 energy data
points for each surface. These data points are interpolated
by a generalized DVR procedure previously developed by
Yu, Andersson and Nyman [13].

Time-dependent wave packet calculations using the
split-operator propagator have been performed on both
surfaces in product Jacobi coordinates. The results on the
1T surface, which is barrierless with a deep well, show
structure in the reaction probabilities as a function of
energy up to about 0.5 eV translational energy.

On the *“X~ surface, which has a 1.42 ¢V high classical
barrier and large exothermicity, the reaction is highly vib-
rationally non-adiabatic with initial translational energy
more efficient in promoting the reaction than initial vibra-
tional excitation. This is not surprising as the reaction has
an early transition state. We also noted a difference in the
lowest energy for which reaction occurs classically and
quantum mechanically on the *Z~ surface. This is largely
due to the fact that the classical barrier height (1.42 eV)
and the vibrationally adiabatic ground state barrier height
(1.37 eV) differ by 0.05 eV, but partly also due to tunneling.

For reaction out of v =0 on the *X~ surface, the wave
packet results show a systematic trend of increasing reac-
tion probabilities for increasing product vibrational excita-
tion up to v’ =3, thereafter the reaction probabilities
decrease with further increasing product vibrational excita-
tion. For reaction out of v =1 and v = 2 these systematic
trends are not observed.

In comparing the wave packet results with the QCT
results we observed that differences in the product vibra-
tional distributions primarily appear from reaction out of
v =0, which is related to the significant difference in initial
classical and quantum distributions for v = 0. Also on the
11 surface differences between the product distributions
where observed for reaction out of v =0.

It would be interesting to be able to perform compari-
sons between quantum and classical dynamics calculations
in full-dimensionality for this reaction involving three rela-
tively heavy atoms and deep wells. It is quite feasible that
the differences would then be washed out when producing
cross sections by averaging the results over many values
of the total angular momentum (or the impact parameter).
However, Abrol et al. [10] performed 2D wave packet cal-
culations on the C + NO reaction and suggested that the
resonances they observed may survive in 3D calculations.
They in fact speculated that the resonances would survive
in the ‘real world” and it would be fascinating if this could
be investigated.
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