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Mutual neutralization in collisions of Li* with CN—
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The mutual neutralization reaction in collisions of Li* with CN™ is a promising candidate for rigorous
multi-dimensional ab initio studies of atom-molecule charge transfer processes. The reaction is driven
by the non-adiabatic interaction between the lowest two A’ electronic states at large Li—-CN distances,
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resulting in a large cross section for mutual neutralization. As a first step, the relevant adiabatic potential
energy surfaces and non-adiabatic interaction are computed ab initio, and the process is studied
quantum mechanically using the vibrational sudden approximation, where the vibrational and rotational

motions of the CN molecule are assumed to be frozen during the collision.
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1 Introduction

Charge transfer between positive and negative ions, the mutual
neutralization (MN) process, limits the density of ion-ion
plasmas, such as those found in the lower ionospheres or
interstellar plasmas.>’ Depending on the electron affinity and
the ionization energy of the neutrals involved, the MN reaction
can range from endothermic to a large exothermicity that can
lead to products in excited states. Due to interactions among
electronic excited states that are changing characters between
ionic and covalent, large non-adiabatic couplings among these
states are generally present at large internuclear distances. For
an ab initio description of the reaction, the adiabatic potential
energy curves or surfaces of the involved states of the reaction
complex must be computed, as well as the corresponding
non-adiabatic coupling elements.

Except for a preliminary calculation® on H™ + H," in reduced
dimensionality, ab initio and fully quantum mechanical studies
of the mutual neutralization reaction are so far limited to
collisions of atomic ions (see for example®” and references
therein). There have been numerous studies of mutual neutra-
lization reactions where the nuclear motion is described clas-
sically, and the transition probabilities are estimated using,
e.g., the Landau-Zener model.>® In the case of atom-diatom
collisions, the H™ + H," mutual neutralization reaction has
been modeled using a multi-state Landau-Zener model.'>"*

Modeling of interstellar clouds and planetary atmospheres
requires MN rates and product branching ratios for more
complex species. There is a need to go beyond collisions of
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atomic ions. As mentioned, there are some preliminary ab initio
calculations® on H™ + H,". This system is complicated by the
high exothermicity, allowing a multitude of product channels,
including three-body breakup. We have chosen to study MN
in a simpler system involving collisions with CN~. CN and
CN™ have similar equilibrium bond distances. CN~ has been
observed in the interstellar media'® and in the atmosphere of
Titan,"® making it a molecule of interest. Of most interest
would be collision with complex organic positive ions such as
C.H,,'. As a first step, however, we will consider the MN
reaction with Li', i.e.

CN + Li* -» CN + Li.

As shown later, in this system, the MN process involves only
two electronic states with significant non-adiabatic coupling at
large Li-CN distances. This system serves as a prototype system
to step beyond atomic anion-cation collisions.

The ground state potential energy surface of the LiCN
system has been studied ab initio at a number of levels."*'®
The focus, however, has been on the ground state surface of the
system, determining the stationary structures, calculating ro-
vibrational states, and studying the isomerization.’**° The MN
calculations require the ground and excited state surfaces as
well as the non-adiabatic coupling. This data is used as input to
calculate the MN cross section.

In Section 2, the electronic structure calculations are out-
lined, and we describe how the mutual neutralization cross
section can be estimated using a vibrational sudden approxi-
mation.”"** The one-dimensional coupled Schrédinger equa-
tion is then solved using a diabatic representation for fixed CN
bond length (r) and Jacobi angle (0). Then, the cross section is
averaged over these coordinates. The resulting cross section for
mutual neutralization is discussed in Section 3. We investigate
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the - and 0-dependencies of the cross section and discuss
the limitations of the present model. Throughout the article,
atomic units are used.

2 Theoretical description

In ab initio studies of mutual neutralization, the first step is to
compute the relevant potential energy surfaces of the system
and the non-adiabatic couplings among these states. Since the
non-adiabatic interactions between ionic and covalent states
occurring at large internuclear distances are most important,
the electronic states with asymptotic limits below the ion-pair
limit must be computed. In the next step of the calculation, the
coupled Schrodinger equation of the nuclear motion is solved
to compute the mutual neutralization cross section. We here
describe how this is done and the approximation used in the
present study.

2.1 Electronic structure calculations

The LiCN system has two covalent electronic states with
asymptotic energies below the ion-pair state. The ground
electronic state dissociates into Li(>S) + CN(X’T"). This state
has an avoided crossing with the ion-pair state at a Li-CN
distance of about R, = 17.3 bohr (see Table 1 below). The first
excited state of LiCN dissociates into Li(*S) + CN(A’II) at an
energy of about 1.15 eV above the ground state fragments. This
state also has an asymptotic limit below the ion-pair limit, Li" +
CN™. However, the predicted curve crossing at R, ~ 64 bohr
will result in an ionic-covalent electronic coupling that can be
neglected. Therefore, only two electronic states, the ground and
first excited states of LiCN, must be considered to describe the
MN reaction.

The quantum chemistry calculations are carried out using
the MOLPRO program package.”® We compute the lowest two
electronic states of the LiCN system using the multi-reference
configuration interaction (MRCI) method with the augmented
correlation-consistent basis sets of Dunning,** i.e. aug-cc-pVXZ,
where X =D, T, Q and 5. When Li is close to CN, the dominant
configuration of the ground state is the ion-pair. The adiabatic
states change character at large separations, and the first
excited state becomes the ion-pair. The molecular orbitals are
obtained using state-averaged complete active space self-
consistent field (CASSCF) calculations, including the two lowest
electronic states of 'A’ symmetry. The three lowest molecular
orbitals in a’ symmetry (composed of 1s atomic orbitals on

Table 1 Data shows the change in asymptotic ion-pair energy (in eV)
relative to the ground state fragments and crossing point (units of bohr) as
a function of basis set. The calculations are carried out at r = 2.22 bohr and
0 =90°

Basis Ion-pair (eV) R, (bohr)
aug-cc-pvVDZ 1.759 15.4
aug-cc-pvVIZ 1.644 16.5
aug-cc-pvQZzZ 1.610 16.9
aug-cc-pV5Z 1.597 17.0
Expt>>*° 1.572 17.3
1978 | Phys. Chem. Chem. Phys., 2024, 26, 1977-1983
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Fig. 1 The two lowest adiabatic potential energy surfaces of LICN with r =
2.22 bohr and 0 = 90° calculated with the MRCI method using the aug-cc-
pVXZ basis sets, where X = D (red), T (blue), Q (black) and 5 (cyan).

Li, C, and N) are optimized but kept doubly occupied in the
CASSCEF calculation. The active space includes 10 electrons and
12 molecular orbitals (10a’, 2a”). The active space is composed
of the molecular orbitals arising from 2s and 2p on Li, C, and N,
respectively. The MRCI calculations are then carried out with
reference configurations obtained using the same active space
as in the CASSCF calculation. Single- and double external
excitations out of the reference configurations are included in
the MRCI calculation. We compute the two lowest states of the
LiCN system of 'A’ symmetry.

The calculations are carried out using Jacobian coordinates
(7, R, 0) of the nuclei, where r is the CN bond length, R is the
radial coordinate from the center of mass of CN to Li, and 0 is
the angle between r and R axes. Linear LiCN corresponds to
0=0°

In Fig. 1, the potential energy surfaces of the two lowest *A’
states of LiCN are displayed for fixed r = 2.22 bohr (corres-
ponding to the equilibrium bond length of CN™) and 6 = 90°
and using the different basis sets. Calculations with larger basis
sets result in potentials with lower energies. In Fig. 1, the
potentials are shifted such that £ = 0 corresponds to the
dissociation limit of the ground state (which has a flat asymp-
totic potential). We note that improving the basis set causes a
shift of the avoided crossing between the ionic and covalent
state towards larger internuclear distances. This originates
from an improved description of the ion-pair state with the
larger basis set. To obtain an accurate asymptotic energy for the
ion-pair state, it is necessary to correctly describe both the
electron affinity of CN and the ionization potential of Li.
Therefore, the larger basis sets provide an improved descrip-
tion of the ion-pair state.

In Table 1, the calculated asymptotic ion-pair energy and the
crossing distance between the ionic and covalent state disso-
ciating into ground state fragments (for fixed r = 2.22 bohr and
0 = 90°) are compared with experimental values.>>*® As can be
seen in Table 1, the larger basis sets yield accurate ion-pair
asymptotic energy. The curve crossing moves towards larger

This journal is © the Owner Societies 2024
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Fig. 2 Non-adiabatic coupling elements, fi, between the lowest two
LICN states of A’ symmetry at fixed r = 2.22 bohr and 0 = 90° computed
with the MRCI method using the aug-cc-pVXZ basis sets, where X = D
(red), T (blue), Q (black) and 5 (cyan).

distances as the ion-pair state shifts down. Similar behaviors
were found in systems such as LiF?” and LiH.?® 5
The non-adiabatic coupling element, ff =(P 3R <I>j>, is

computed at the MRCI-level between the lowest two states of *A’
symmetry using a three-point finite difference of the MRCI
wave function with dR = 0.01 bohr. The results for fixed r = 2.22
bohr and 6 = 90° are shown in Fig. 2 for MRCI calculations with
the different basis sets. The non-adiabatic interaction is domi-
nated by a Lorentzian-shaped peak centered at the avoided
crossing between the ionic and covalent states. This indicates
that the avoided crossing is a pure two-state interaction
between the lowest two states of 'A’ symmetry. However, if

the non-adiabatic coupling is integrated ([fRdR) over the
range of the avoided crossing, the integral is smaller than
/2. Therefore, contrary to the Li*-F~ diatomic system,*” there
is not a complete ‘“switch-over” between the diabatic states
when moving at fixed (r, 0) across the region of the avoided
crossing. This is because LiCN is a polyatomic system with non-
zero non-adiabatic coupling elements not only in the R-
direction but also in the other vibrational degrees as will be
discussed in Section 3.3. As seen in Fig. 2, when the basis set is
improved, the avoided crossing moves towards larger R, and the
peak of the non-adiabatic coupling becomes more narrow.

2.2 Reactive scattering calculations

As a first step to perform ab initio studies of atom-diatom
mutual neutralization, the cross section is calculated by apply-
ing the vibrational sudden approximation,****> where the vibra-
tional- and the rotational motions of the CN system are
assumed to be frozen during the collision. For this approxi-
mation to be valid, the scattering has to be fast compared to the
vibrational- and rotational motions. This approximation is
usually valid at higher collision energies. However, in mutual
neutralization with a Coulomb attraction between the reactants
and high angular momenta contribute, the approximation
might also be justified at lower collision energies. We compute

This journal is © the Owner Societies 2024
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the mutual neutralization cross section in the energy range of
0.1-50 eV. The limitations of the approximations are further
discussed in Section 3.3 below.

We first compute the cross section for mutual neutralization
in Li* + CN~ collision at fixed CN bond length r and angle 0.
This is done by applying a partial wave decomposition and for
fixed angular momenta, solving the radial Schrodinger equa-
tion of the nuclear wave function in a diabatic representation,
where there is only one active degree of freedom. We follow a
strict diabatization method to obtain the diabatic potential
matrix. The diabatic potential matrix is obtained from the
similarity transformation V4 = TV,T. The orthogonal
adiabatic-to-diabatic transformation matrix is obtained by

d
numerically solving the equation®’ Gr¥ + T =0, where f is

the anti-symmetric non-adiabatic coupling matrix with the
elements f; = f§(1 — J;). Note that here only the component
of non-adiabatic coupling in the R degree-of-freedom (reaction
coordinate) is included. The transformation martix is com-
puted using the Runge-Kutta Fehlberg method,*® with the
boundary condition T = 1 at R = 20 bohr and the integration
performed inwards with a grid size of 1010™* bohr. The two
lowest 'A’ electronic states of LiCN are included in the model,
and only the non-adiabatic coupling in the R-direction is
considered. We perform the diabatization for the adiabatic
states calculated with the MRCI method and the aug-cc-pVXZ,
X =D, T, Q, 5 basis sets discussed above.

The coupled Schrodinger equation is solved numerically for
fixed angular momentum, /, using Johnson’s logarithmic deri-
vative method*"*? with a regular wave boundary condition. The
scattering matrix, S;, is obtained by matching the logarithmic
derivative of the radial wave function to the appropriate
asymptotic solutions of the covalent or ionic channels,
respectively.*® Here, the R-grid ranges from 1.1 to 20 bohr with
a grid size of 5 x 1072 bohr. The fixed (r, ) cross section for
mutual neutralization is then obtained by summarizing the
contributions from all partial waves:

o(E,0.r) = == (20 + 1)|Si2(E)
1

SE (1)

‘ 2

This summation is terminated when the relative contribution
to the cross section is less than 5 x 107> for 50 terms in
succession. At 0.1 eV, this occurs after 700 partial waves, while
at 50 eV, 3400 partial waves are needed to converge the cross
section. The asymptotic energies used in the scattering calcula-
tion are those obtained by extrapolating the potentials of the
covalent and ionic states to infinity (assuming constant and
purely Coulombic potentials, respectively).

For MN to occur, there must be a non-adiabatic transition
during the collision. In a simple picture, the collision partners
proceed through the avoided crossing twice. If we consider the
probability for a non-adiabatic transition to be P, the MN cross
section is proportional to P(1 — P). Therefore, the cross section
depends both on the position of the avoided crossing and the
magnitude of the coupling.

Phys. Chem. Chem. Phys., 2024, 26,1977-1983 | 1979
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Fig. 3 Fixed (r, 0) = (2.22 bohr, 90°) Li* + CN~ mutual neutralization cross

section obtained using potentials and couplings computed with MRCI/
aug-cc-pVXZ, where X = D (red), T (blue), Q (black) and 5 (cyan).

In Fig. 3, we show the fixed (r, 6) = (2.22 bohr, 90°) cross
sections for mutual neutralization computed using the adia-
batic potential energy surfaces and non-adiabatic coupling
elements obtained with the different basis sets.

There is a significant shift in the position of the avoided
crossing towards larger internuclear distances as the basis set is
improved (see Fig. 1 and 2) and the calculated MN cross
sections change significantly. Note that there is not a simple
scaling with a magnitude of the non-adiabatic coupling. There
is a small difference between the cross sections calculated with
the aug-cc-pVQZ and aug-cc-pV5Z basis sets. In the remainder
of the article, the calculations are carried out using the aug-cc-
PVQZ basis set. At collision energies smaller than 1 eV, the fixed
(r, 0) mutual neutralization cross section has the 1/E energy
dependence in accordance with the Wigner threshold law for
collisions of oppositely charged particles.**

In the vibrational sudden approximation,* the cross section
is weighted with the probability distribution obtained from the
vibrational wave function [y,-o(r)] of the CN~ molecule
according to

(E,0) = [o(E.0.0)z,-0(0)Par. @)

The vibrational wave function is obtained by solving the
Schrédinger equation of the asymptotic Li'-CN~ potential at
R = 20 bohr and 6 = 90° using finite difference with an r-grid
ranging from 1.5 to 12 bohr with a step size of dr = 0.001 bohr.

Next, the angle dependence is integrated out, and the
averaged mutual neutralization cross section is obtained from

T
omN(E) = %L(}'(E 0) sin 0d0. (3)
Note, that in the vibrational sudden approximation,*’ the
coupling of angular momenta is neglected. In mutual neutra-
lization reactions driven by non-adiabatic interactions at large
internuclear distances, very large angular momenta contribute,
making this coupling of angular momenta less important.

1980 | Phys. Chem. Chem. Phys., 2024, 26,1977-1983
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3 Results and discussion
3.1 Dependence on the CN distance

As mentioned above, the potential energy curves of the electro-
nic ground states of CN and CN™~ have the minimum at similar
equilibrium bond lengths. In Fig. 4, the asymptotic potential
energy curves V{(R.., r, 0 = 90°) are displayed together with the
square of the vibrational wave function of CN~, |j=o(r)|*
To investigate the dependence on the CN distance, the adia-
batic potentials and non-adiabatic coupling, 1, are computed
for 1.0 bohr < R < 20 bohr using the MRCI method and the
aug-cc-pVQZ basis set for 0 =90° and r = 2.1, 2.17, 2.22, 2.25, 2.3
and 2.35 bohr. These r-values cover the range where the
vibrational wave function of CN™ is non-zero. The resulting
adiabatic potentials of the lowest two 'A’ electronic states of
Li—-CN are displayed in Fig. 5 for = 2.1, 2.22 and 2.35 bohr. The
energy scale in Fig. 5 is shifted such that E = 0 corresponds to the
asymptotic energy of the electronic ground state when r = 2.22 bohr
and 0 = 90°. Note that for both electronic states, the adiabatic
potentials calculated with r = 2.22 bohr are lower in energy than
the other slices of the potentials. This is because the equilibrium
bond lengths of CN™ and CN are close, and r = 2.22 bohr is close to
the “minimum of the valley” of both adiabatic potentials. The non-
adiabatic interaction between the lowest two states, ffz, is shown
for r=2.1, 2.22 and 2.35 bohr in Fig. 6. The position of the avoided
crossing is shifted when r is varied, which can be seen by the
calculated non-adiabatic coupling element.

The resulting cross section o(E, r, 0) is displayed with thin
lines in Fig. 7. The cross section increases for r larger than the
equilibrium bond length.

The cross section obtained from weighting of ¢(E, r, §) with
the vibrational probability distribution according to eqn (2) is
approximated with

G(E,0)~ > o(E,r;,0)P:. (4)
i

ri+dri/2

Here, the probabilities are calculated as P; = [/7/" 1 Loo(r)[dr.

The cross section 6(E,f) is displayed with a thick black dashed line

Potential energy (eV)
o
T

r (Bohr)

Fig. 4 Asymptotic adiabatic potential energy curves of CN (black solid
curve) and CN™ (red dashed curve) as well as |y,-o()|> of CN™ vibrational
wave function (grey solid curve).

This journal is © the Owner Societies 2024
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Fig. 5 The two lowest adiabatic potential energy surfaces of LiCN calcu-
lated with the MRCl/aug-cc-pVQZ method for 6 = 90° and r = 2.1 bohr
(red), 2.22 bohr (black) and 2.35 bohr (blue).

15.5 16.0 16.5 17.0

R (Bohr)

17.5 18.0

Fig. 6 Non-adiabatic coupling elements 5 between the lowest two LICN
states of YA’ symmetry at fixed 0 = 90° and r = 2.1 bohr (red), 2.22 bohr
(black) and 2.35 bohr (blue).

in Fig. 7. Note that the averaged cross section is larger than the
cross section calculated at r = 2.22 bohr.

3.2 Dependence on the angle

The angular dependence of the mutual neutralization cross
section is investigated keeping r = 2.22 bohr, corresponding to a
distance close to the equilibrium bond lengths of both CN™ and
CN. The adiabatic potentials and non-adiabatic couplings are
displayed for some angles in Fig. 8 and 9. Again the energy scale
of the potentials are shifted such that E = 0 corresponds to the
asymptotic limit of the ground state when r = 2.22 bohr and
0 =90°. At large distances there are small 0-dependencies of the
potentials. However, at small R values, the potentials show
strong angular dependencies since the atomic separation in the
reaction complex will depend on the Jacobi angle.

The resulting fixed (7, 0) cross sections for mutual neutrali-
zation, o(E, r, 0) are displayed in Fig. 10 for r = 2.22 bohr and
various values of 0. The non-adiabatic coupling for small

This journal is © the Owner Societies 2024
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Fig. 7 Cross section a(E, r, 0) for mutual neutralization calculated for
0 =90°and r = 2.1 bohr (red), 2.17 bohr (cyan), 2.22 bohr (black), 2.25 bohr
(green), 2.3 bohr (magenta), 2.35 bohr (blue). The thick black dashed line
shows the cross section obtained by averaging over the vibrational motion,
G(E,0).

Potential energy (eV)

R (Bohr)

Fig. 8 Adiabatic potential energy surfaces of LICN calculated with the
MRCl/aug-cc-pVQZ method for r = 2.22 bohr and 0 = 1° (blue), 6 = 45°
(red), 6 = 90° (black), 6 = 135° (green) and 0 = 179° (magenta).

angles, 0 < 45° occur at larger distances, R and result in a
larger MN cross section. The mutual neutralization cross sec-
tion is approximated with oyn(E) obtained with eqn (3). The
cross section obtained by averaging over the angle is shown
with a thick black dashed curve in Fig. 9.

It should be noted that this estimated mutual neutralization
cross section for collisions of CN~ with Li" is relatively large.
At 1 eV, it is about a factor of four smaller than the mutual
neutralization cross section for H' + H™° and a factor of eight
smaller than the cross section for Li" + D, measured using
single pass merged-beam apparatus.®”

3.3 Limitations of the model

In the vibrational sudden approximation, the rotational and
vibrational motions of the CN™ molecule are assumed to be
slow compared to the scattering process. In order to test the

Phys. Chem. Chem. Phys., 2024, 26,1977-1983 | 1981
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Fig. 9 Non-adiabatic coupling elements, ff%, between the lowest two

LICN states of A’ symmetry at fixed r = 2.22 bohr and 0 = 1° (blue), 0 = 45°
(red), 0 = 90° (black), 6 = 135° (green) and 0 = 179° (magenta).
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Fig. 10 Cross section for mutual neutralization o(E, r, 6) calculated for
fixed r = 2.22 bohr and 0 = 1° (blue), 0 = 45° (red), 0 = 90° (black), 6 = 135°
(green) and 0 = 179° (magenta). The thick black dashed line shows the
cross section omn(E) averaged over the angles.

validity of the approximation, we make rough estimates of
the corresponding timescales. The CN™ electronic ground
state has a rotational constant of B = 56 133 MHz.*® Within a
rigid rotor approximation, the rotational period becomes

Toot = 8.9 x 10712/, /J(J 4+ 1) s. The vibrational period is esti-
mated using the vibrational frequency of CN~, w, = 2035 cm™*,*
corresponding to a period of 1.6 x 10~'* s. Finally, the time-
scale of the scattering process can be estimated from the
classical propagation time along the one-dimensional slice of
the potentials from the region where the two states start to
interact (R ~ 17a,) moving inwards to the classical turning
point and then out again until the system has passed through
the region where the two states interact on the way out. The
system propagates on effective potentials obtained by adding
the centrifugal barrier to the potential of the electronic state. In
mutual neutralization, as described in section IIB, high angular
momenta contribute and the system is reflected towards the

1982 | Phys. Chem. Chem. Phys., 2024, 26, 1977-1983
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Fig. 11 Non-adiabatic coupling elements, fi5, in the r-direction (dashed
red line) and R-direction (solid black line) at fixed r = 2.22 bohr and 6 = 90°.

centrifugal barrier at large distances. By using the angular
momentum with the largest contribution to the mutual neu-
tralization cross section in eqn (1), at a collision energy of
10 eV, the scattering timescale is estimated to 4.7 x 10~ s.
Thus, the timescale of the scattering is at this energy fast
compared to the rotational motion and comparable to the
vibrational motion. Above 10 eV, the vibrational sudden
approximation becomes more justified.

In the vibrational sudden approximation, we have only
included the R-component of the non-adiabatic coupling. This
approximation will be investigated in future studies. In Fig. 11,
we show the comparison of the R- and r-components of the non-
adiabatic coupling for one slice of the surfaces (r = 2.22 bohr, 0 =
90°). In the case of the angle, the non-adiabatic coupling in this
degree of freedom is essentially zero. The curve crossing occurs at
a large distance, so there is little change as the angle changes.
Therefore, the approximation used - averaging over the fixed angle
calculations should be accurate.

However, in the case of the CN distance, the component of
the non-adiabatic coupling in this degree of freedom is larger
than the component in the active degree of freedom used in the
calculation. In the region of the crossing, both the neutral and
ion-pair surfaces have a harmonic dependence as the CN
distance changes. The surfaces, however, have slightly different
shapes, and as a result, there will be a significant non-adiabatic
coupling in the CN mode. In the present calculation this
dimension is frozen and this coupling is ignored.

In the next step of the calculation, both radial coordinates r and
R have to be included in the dynamics. At the same time, the
angular motion can be assumed to be frozen during the collision.
The two-dimensional scattering problem can be treated using
wave-packet propagation on coupled states or a vibronic close
coupling scheme. This will be addressed in a future study.

4 Conclusions

We have presented calculations of the potential energy surfaces
and non-adiabatic coupling elements relevant for the MN

This journal is © the Owner Societies 2024
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reaction of Li"* and CN™. The process is investigated using a
vibrational sudden approximation, where the vibrational and
rotational motions of the CN molecule are assumed to be
frozen during the collision. The MN cross section for collisions
of CN~ with Li" is relatively large and therefore it should be
experimentally accessible. Future calculations will study the
effect of the CN degree-of-freedom. These calculations should
be expanded to other systems. One possibility is the collision of
C" with CN~ which is of interest for the atmosphere of Titan.
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