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ABSTRACT

The vibrational quenching cross sections and corresponding low-temperature rate constants for the v = 1 and v = 2 states of CN™('Z*)
colliding with He and Ar atoms have been computed ab initio using new three-dimensional potential energy surfaces. Little work has been
carried out so far on low-energy vibrationally inelastic collisions for anions with neutral atoms. The cross sections and rates calculated at
energies and temperatures relevant for both ion traps and astrochemical modeling are found by the present calculations to be even smaller
than those of the similar C;/He and C;/Ar systems, which are in turn of the order of those existing for the collisions involving neutral
diatom-atom systems. The implications of our finding in the present case mainly focus on the possible role of small computed rate constants

in the dynamics of molecular cooling and the evolution of astrochemical modeling networks.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0039854

. INTRODUCTION

Vibrationally inelastic collisions are fundamental processes in
chemical physics and molecular dynamics. Gas phase collisions,
which can excite or quench a vibrational mode in a molecule, have
been studied both experimentally and theoretically for decades'
and are generally well understood. Typically, the scattering cross
sections and corresponding rates are relatively small® due to the gen-
erally large energy spacing between vibrational levels that require
strong interaction forces between the colliding species to induce
transitions. On the other hand, these processes still attract a great
deal of attention and study as they have important applications in
fields such as cold molecules, where collisions are used to quench
internal molecular motion,”” or astrochemistry, where accurate rate
constants are necessary to model the evolution of gas clouds and
atmospheres.” " There are also exceptional systems such as the
dramatic case of BaCl" + Ca where laser cooled calcium atoms can
efficiently quench vibrational motion with rates similar to rotational
transitions.”"”

There continue to be many studies of diatom-atom vibra-
tionally inelastic collisions for both neutral”'"'®'" and cationic
species. 151820 Thig is to be contrasted with the case for anions, where
very little work has been carried out on vibrationally inelastic col-
lision processes. Recently, we have tried to change this trend and
have investigated vibrational quenching of the C; anion in colli-
sions with noble gas atoms.”' This molecule is of direct interest as
a possible candidate for laser cooling mechanisms,” but a first step
will require the cooling of internal motion via collisions since spon-
taneous dipole emission is forbidden for the rovibrational excited
states of this homonuclear species. The cross sections and rate con-
stants for vibrational transitions were found by our calculations to
be small, i.e., of the order of those for neutral species.

In this article, we report the vibrational quenching of yet
another important anion, CN™, in collisions with He and Ar atoms.
The cyanide anion is a well studied molecule, particularly its spec-
troscopic properties have attracted a great deal of attention and
investigationsfﬁ’l‘“ as well as the determination of its photodetach-

ment energy.””*””’ Recent work in our group has further clarified
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important aspects of its photodetachment behavior at the threshold
from cold trap experiments.’’ This molecule has also been detected
in the envelope of a carbon star’” after its rotational constants were
carefully measured.” Collisional processes of the anion with the
astrochemically relevant He and H, species’* for rotational tran-
sitions have recently been studied and we have also investigated
the rotational cooling of this molecular anion with He, Ar, and
H, as buffer gasses.”” The CN™ anion is also thought to be an
important participant as well in reactions in the interstellar medium
(ISM)*** and in the atmosphere of Titan" where it has been
detected.”""’

We note in passing that the corresponding neutral species
CN was one of the first molecules to be detected in space” and
cross sections and rates for this species have been investigated and
obtained for various rovibrational process in collisions with He and
H,.'*"**" The cyanide cation is also suspected to be important to
astrochemical processes but has yet to be detected. The cation’s
vibrational energies have recently been measured™’ as well as a study
has been carried out on its rotational transitions induced by He
collisions.™

Vibrationally inelastic collisions involving the CN™ molecular
anion with neutral atoms are a type of process rarely studied for
such systems. Although CN™ can, in fact, lose energy through spon-
taneous emission, its wide relevance justifies providing an accurate
assessment of the vibrational quenching processes involving He and
Ar, typical buffer gasses in ion traps.

This paper is organized as follows: Sec. II presents the CN™
potential energy and dipole moment curves (DMCs) along with the
anion’s vibrational energy levels and Einstein A coefficients. The
potential energy surfaces (PESs) for the CN"/He and CN™/Ar sys-
tems are then discussed in Sec. I11. The quantum scattering method-
ology is described in Sec. I'V and scattering cross sections and rates
are discussed in Sec. V. Conclusions are given in Sec. V1.

Il. CN™ POTENTIAL ENERGY CURVE AND DIPOLE
MOMENT

Electronic energies for the ground 'X" state of the CN™ anion
were calculated at 19 internuclear distances r to obtain the anion’s
potential energy curve (PEC). Calculations were carried out using
the MOLPRO suite of quantum chemistry codes’””” at the coupled-
cluster-single-double-and-perturbative-triple [CCSD(T)] level of
theory™*”> employing an aug-cc-pV5Z basis set.”””” The expectation
value of the non-relaxed CCSD dipole moment at each r distance
was also obtained. The ab initio energies and dipole moment curve
(DMC) for CN™ are shown in Fig. 1.

The LEVEL program ™ was used to obtain the vibrational ener-
gies and wavefunctions for the CN™ molecule. The ab initio energies
were used as an input, interpolated using a cubic spline and extrap-
olated to r values below and above the range of calculated energies
using functions implemented in LEVEL. The relative energies of the
first three vibrational levels along with the rotational constants for
each state are shown in Table I and compared with previously pub-
lished calculated theoretical and experimental values. The agreement
with previous calculations and experimental values is quite good and
certainly sufficient to evaluate the cross sections and rate constants
of inelastic collisions considered below.
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FIG. 1. Ab initio energies, PEC fit, and DMC for CN~ ('Z*). The horizontal lines
show the first six vibrational energies.

We have recently evaluated the dipole moment of CN™ at its
equilibrium bond length r.; using a variety of ab initio methods and
basis sets” and used it to evaluate the Einstein A coefficients for pure
rotational transitions. The best estimate of that work of 0.71 D is
in quite good agreement with the value of the DMC at r. of 0.65
D computed here. The LEVEL program was also used to calculate
the Einstein A coefficients for rovibrational transitions of CN™ using
the ab initio calculated DMC. The values of A,sjr ,jrr for the first two
vibrational states of the anion are shown in Table IT and compared to
those of neutral CN.”” The values for the anion and neutral molecule
are broadly similar, which is reasonable considering they have very
similar bond lengths and vibrational energies.”’ The slightly larger
values for neutral CN are a result of the larger dipole moment for
the neutral molecule.”

TABLE I. Comparison of vibrational energies and rotational constants with previ-
ous theoretical and experimental values. Literature values calculated from Dunham
parameters are provided. Units in cm—".

Relative energy B,
Vo This work 0 1.864
Calc.” 0 1.868
Expt.” 0 1.872
" This work 2040 1.845
Calc.” 2045 1.851
Expt.” 2035 (+40)
Expt.” 2053 (neon)
vy This work 4055 1.831
Calc.” 4065 1.834
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TABLE |II. Einstein A coefficients A, . for selected CN— ('=*) vibrational tran-
sitions compared to those for neutral CN (2£*) calculated by Brooke et al.>® For
CN—, the F:(1) branch values were used to compare to the Q-branch values for CN.
Unitsins™ .

Transition CN™ CN
Vi —=> Vo 6.60 8.85
Vv, > 1 12.50 16.50
vy = W 0.36 0.66

lll. CN"/He AND CN~/Ar POTENTIAL ENERGY
SURFACES AND VIBRATIONALLY AVERAGED
MATRIX ELEMENTS

The interaction energies between CN™ in its ground '2" elec-
tronic state with He and Ar atoms were calculated using ab initio
methods implemented in the MOLPRO suite of codes.”””” Geome-
tries were defined on a Jacobi grid with R (the distance from the
center of mass of CN™ to the atom) ranging from 2.5 to 20 A and
0 (the angle between R and the CN™ internuclear axis r) from 0
(C side) to 180° in 15° and 10° intervals for He and Ar, respec-
tively. Seven values of the CN™ bond length for each system between
r = 1.00 A-1.42 A were used including the equilibrium value of
Teg = 1.181431 A. This is sufficient to cover the vibrational levels of
interest in the present study. Interaction potential energies between
CN™ and the noble gas atoms were determined by subtracting the
asymptotic energies for each bond length.

For CN"/He, energies were calculated using the multi-
configurational self-consistent field (MCSCF) method ™" with eight
occupied orbitals and two closed orbitals followed by a one-state
multi-reference configuration interaction (MRCI)* calculation. An
aug-cc-pV5Z basis” was employed. In our earlier discussion of
the CN-/He PES,” we discuss, in detail, the reasons why we fol-
lowed both methods for this system and compared the CASSCF
+ MRCI results with the CCSD(T) with similar basis set expan-
sions, finding them to be coincident in values. In particular, we cor-
rected for the size-consistency possible shortcomings of the CASSCF
+ MRCI vs the CCSD(T) methods by correcting the former results
using the Davidson’s correction as implemented in MOLPRO. In
our earlier work,” we showed that this correction brought the
two sets of potential calculations to yield the same potential val-
ues over a broad range of the employed grid. As an example, we
note here that from our CBS (Complete Basis Set) extrapolated
CCSD(T) calculations on the CN™/He system, we find the minimum
energy configuration as theta = 40° and R = 3.95 A with basis-set-
superposition-error (BSSE) corrected energy at 49.522 cm™'. CBS
is calculated by the default procedure in MOLPRO: it is the so-
called L3 extrapolation discussed in our earlier study. The results
within the CAS(8,4) within the CASSCF + MRCI gave a theta
=40° R = 4.00, and an energy of 50.39 cm”! for its minimum con-
figuration, showing the two methods to provide essentially the same
results.

For the CN7/Ar system, energies were calculated using the
CCSD(T) method™ with complete basis set (CBS) extrapola-
tion using the aug-cc-pVTZ, aug-cc-pVQZ, and aug-cc-pV5Z

ARTICLE scitation.org/journalljcp

basis sets.”®®* The basis-set-superposition-error (BSSE) was also
accounted for all calculated points using the counterpoise
procedure.”’

The three-dimensional PESs were fit to an analytical form
11,66

using the method of Werner, Follmeg, and Alexander, " where the
interaction energy is given as
N,~1Ng=1
Vine(R,1,0) = > > Pi(cos0) A (R)(r —req)", 1)
n=0 [=0

where N, =7 and Ng = 13 or 19, respectively, are the number of bond
lengths r and angles 6 in the ab initio grid, Pj(cos 0) are the Legendre
polynomials and r; = 1.181 431 A is the equilibrium bond length of
CN". For each bond length r,, and angle 6, one-dimensional cuts
of the PESs Vint(R, 7, 0;) were fit to

Bim(R) = exp(—aka)[Z bIEZRi]
i=0

_ %[1 + tanh(R)][{vfx o R-J], )

J=jmin

where the first terms account for the short range part of the poten-
tial and the second part for the long range terms combined using
the 2[1 + tanh(R)] switching function. For each r,, and 6, Eq. (2)
was least squares fit to the ab initio data (around 40 R points) using
imax = 2, jmin = 4, and jmax = 10 for eight variable parameters. The
average root-mean-square error (RMSE) for each fit was 0.21 cm™*
for CN"/He and 0.27 cm™" for CN"/Ar. From the 1D potential fits
By, (R), the radial coefficients Aj,(R) can be determined from the
matrix product A(R) = P !B(R)S™!, where the matrix elements of
P and S are given as Py = Pj(cos 0;) and Sy = (rm — 7eq)", respec-
tively. The analytical representation of the PES, Eq. (1), gives a rea-
sonable representation of the ab initio interaction energies. An over-
all RMSE of 82 cm™! for all points used in the fit was obtained for
CN™ /He, but this drops to 0.26 cm”! for V <500 cm™!. For CN/Ar,
an overall RMSE of 21 cm™" was obtained, a value which went down
to 1.5cm™" for V < 500 cm™".

The scattering calculations described in Sec. IV require the
interaction potential to be averaged over the vibrational states
of CN™ y,(r), which were obtained from LEVEL as described in
Sec. 11, as

Vi (R, 0) = (v (r)[Vint (R, 1, 0) [y (7)) ®)

Figure 2 shows the diagonal terms Voo (R, 6) for both systems. As
expected for a molecule with a strong bond, so that the ground state
vibrational wavefunction is strongly peaked around r.,, the contour
plots of the V(R 0) for each system are very similar to our ear-
lier rigid-rotor (RR) PESs that were obtained without the vibrational
averaging.”””” PESs of both systems have a fairly similar appear-
ance with the most attractive part of the potential located on the
nitrogen end of CN™. The well depth is the main difference, which
increases as expected from He to Ar due to the increasing number of
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FIG. 2. Contour plots for CN~('2*)/He
(left) and CN=("=*)/Ar (right) of vibra-

tionally averaged matrix elements
Voo(R, 6) (top) and Vo 1(R, 6) (bottom)
projected onto Cartesian coordinates.
Energies in cm~". See the main text for
further details.

100

200,
300,

Rcos(0) / A

electrons on the atoms and to the much larger dipole polarizability
that dominates the long-range attractive terms with a value of 1.383
a3 for He and 11.070 g3 for Ar.”’

The off diagonal V,1(R, 6) terms, which directly drive vibra-
tionally inelastic v = 1 to v = 0 transitions, are also shown in Fig. 2.
At short distances, the coupling terms are repulsive, becoming negli-
gible rather quickly at longer distances, as is the case for many other
atom-diatom systems, where the vibrational coupling features are
largely short-range coupling regions. The interaction of CN™ with
Ar is more repulsive at a close range and for a broader range of
geometries than is the case for He. These findings suggest already
that low-energy collisions with Ar will be likely to induce larger
vibrational cross sections than for the same collisions involving He
atoms. Such expected behavior will be in fact confirmed below by
our actual calculations.

The PESs for CN™/He and CN™/Ar can be compared to similar
systems such as C;/He and C;/Ar that we have recently investi-
gated.”’ The location of the minimum interaction energy for both
anions interacting with He and Ar, respectively, is very similar with
the main difference being the perpendicular angle of the well for
C,. The off-diagonal matrix elements for these systems are also
similar in magnitude and range, but being slightly larger for the
interaction of He and Ar with C;, explaining the larger quench-
ing rates for this anion (see below). The PES for the correspond-
ing neutral systems CN/He and CN/Ar, which were reported by
Saidani et al., can also be compared.“x In this case, the well depth
for He interacting with both CN and CN~ is similar, but for Ar,
the interaction with the anion is somewhat weaker. As expected,
the interaction potential for He and Ar interacting with the anion

2 0 2 4 6
Rcos(0) / A

extends further than the corresponding neutral systems. The oft-
diagonal elements for the neutral and anionic systems are broadly
similar.

The coupled-channel (CC) scattering calculations to be dis-
cussed in Sec. [V require the vibrationally averaged matrix elements
in the form of the familiar multipole expansion given as

Amax
Viw (R6) = Y. Vi (R)Py(cos ). (4)
A

Figure 3 shows the multipole expansion coefficients for the first three
Voo(R, 0) terms for both systems. As anticipated from the broad spa-
tial similarity of the contour plots, the multipole expansion for the
vibrationally averaged matrix elements is very close to that obtained
from considering the anion as a rigid rotor. This justifies our previ-
ous treatment of purely rotationally inelastic transitions where we
considered the anion to behave as a rigid rotor (RR),”” and we
refer the reader to these works for a discussion of pure rotational
transitions.

It is also worthy to note about the diagonal coupling matrix
elements reported in Fig. 3 on how the much more polarizable Ar
projectile gives the three lowest multipolar terms as attractive con-
tributions to the interaction, thereby indicating that their collective
effects during the interaction would be to draw the heavier partner
closer to the anion. On the other hand, the same three coefficients for
the lighter He partner (the left-hand panel in Fig. 3) exhibit much
shallower attractive wells and only for two of the coefficients, with
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Such features of the interactions again suggest a larger dynamical
vibrational inelasticity for the case of Ar atoms than for the He
collision partners.

IV. QUANTUM SCATTERING CALCULATIONS

Quantum scattering calculations were carried out using the
coupled channel (CC) method to solve the Schrodinger equation for
a scattering of an atom with a diatomic molecule as implemented
in our in-house code, ASPIN.”” The method has been described in
detail many times before, from one of its earliest, now classic formu-
lations’’ to one of its more recent, computation-oriented visitation
from our own work.”” Therefore, only a summary of the method
will be given here with all equations given in atomic units. By start-
ing with the form employed for any given total angular momentum
J =1+ j, the scattering wavefunction is expanded as

V(R 1,0) - Z 7 (R (NP (R, 1), (5)

where [ and j are the orbital and rotational angular momentum,
respectively, and ?/’j]lM(IA{,i‘) are coupled-spherical harmonics for /
and j, which are eigenfunctions of J. y,,j(r) are the radial part of the
rovibrational eigenfunctions of the molecule. The values of [and j are
constrained, via Clebsch-Gordan coefficients, such that their final
summation is compatible w1th the specific total angular momentum
J that is considered.”””" f/ i (R) are the radial expansion functions,
which need to be determined from the propagation of the radial
coupled equations.

Substituting the expansion into the Schrédinger equation with
the Hamiltonian for atom-diatom scattering as defined in detail in
Refs. 69 and 70 leads to the CC equations for each contributing J,

d2 2 ;
(W‘FK -V- Rz)f =0. (6)

Here, each element of K = §; ;2 u(E — &;) (where ¢; is the chan-
nel asymptotic energy), y is the reduced mass of the system, V =2
¢U is the interaction potential matrix between channels, and P is
the matrix of the orbital angular momentum. For the rovibrational
scattering calculations of interest in the present study, the matrix
elements U are given explicitly as

(vjl]\V|v'j'l'])=f0 drf dffdﬁxv,j(r)%M(R,f)*
< [V(R 1, 0) [ ()P (R ). )

Since the intermolecular potential V(R, r, 0) is expressed as in
Eq. (4), then Eq. (7) can be written as

VAASENEDY V:},V’(R)f;{jlj’l” ®)
1=0

where the f){jlj,l, terms are the Percival-Seaton coefficients
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g - f & f dR DM (R,2)"Py(cos )X (R,E),  (9)

for which analytical forms are known.”’
of the widely known approximation

Equation (8) also makes use

Vi (R) % Vi (R) (10)

for all j such that the effect of rotation on the vibrational matrix
elements is ignored for reasons that shall be further discussed
below.

The CC equations are propagated outwards from the classically
forbidden region to a sufficient distance where the scattering matrix
S can be obtained. The inelastic rovibrational state-changing cross
sections are obtained as

2
Oyjmvrjy = (2]+1)k2 2(2]+1)]zl;\6v,,v,l,,_ vl]v,,,]|. (11)

To converge the CC equations, a rotational basis set was also
used: for both systems, it included up to j = 20 rotational func-
tions for each vibrational state. The CC equations were propagated
between 1.7 A and 100.0 A using the log-derivative propagator’ "up
to 60 A and the variable-phase method at larger dlstances The
potential energy was interpolated between calculated V;, A (R) values
using a cubic spline. For R < 2.5 A, the V; (R) were extrapolated as
B+ bAR while for R > 20 A, the A = 0 terms were extrapolated as
w + e+ As our ab initio calculated interaction energies were com-

puted to R = 25 A, where the interaction energy is negligible for
the temperatures of interest here, the extrapolated form has also a
negligible effect on cross sections.””

A number of parameters of the calculation were checked for
convergence. The scattering cross sections differed by around 10%-
15% on going from 10 to 19 A terms. This is less precise than for
rotationally inelastic cross sections where convergence to around
1% is typical and is due to the very small cross sections for these
processes, which makes obtaining precise and stable values more
difficult to achieve. For production calculations, 10 A terms were
included for each V,,,/(R) as a compromise between accuracy and
computational time. The effect of the vibrational basis set was
also considered. It was found that, for the v = 1 and v = 2 lev-
els, which are the states of interest here (see Sec. V), it was suf-
ficient to only include these states. Including the v = 3 state had
a negligible effect on the v = 1 and v = 2 quenching cross sec-
tions. The rotational j = 20 basis gave convergence to better than
1% for CN™/He, while for CN"/Ar, convergence to about 10% was
achieved.

Scattering calculations were carried out for collision energies
between 1 cm™" and 1000 cm™! using steps of 0.1 cm™" for energies
up t0 100 cm ™, 0.2 cm™" for 100-300 cm ™', 1.0 cm ™" for 300 cm™ ' -
500 cm™?, and 10.0 cm™! for 500 cm™'~1000 cm™!. This energy
grid was used to ensure that important features such as resonances
appearing in the cross sections were accounted for and their contri-
butions included when the corresponding rates were calculated. At
low collision energies, the positions and widths of such resonances
will be very sensitive to the details of the PES.
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For CN™/Ar, the number of partial waves was increased with
increasing energy as usual, requiring J = 120 for the highest ener-
gies considered. For the CN™/He system, however, inverse behavior
was encountered: at low scattering energies below 100 cm™", more
partial waves were required (up to J = 80) to converge the vibra-
tionally inelastic partial cross sections than at higher energies where
only up to J = 35 was required. We suspect this is due to the very
small cross sections so that at low energies it becomes difficult to
converge the calculations as all partial waves contribute uniformly
very small values. Hence, many more of them need inclusion for
acceptable convergent behavior to occur.

Vibrationally inelastic cross sections were computed for the
v=1and v =2 states of CN" for collisions with He. Due to time and
memory constraints, only v = 1 states of CN~ were considered for
Ar collisions. We think, however, that such calculations are already
sufficient for our results to make convincingly our main points, as
discussed further below.

V. VIBRATIONALLY INELASTIC CROSS SECTIONS
AND RATE COEFFICIENTS

Figure 5 compares vibrationally inelastic rotationally elastic
(for j=j' = 0) cross sections for the de-excitation v=1-v=0,v=2
—v=1,and v =2 — v =0 transitions for CN" colliding with He and
v=1- v =0 for CN"/Ar. At low collision energies below 100 cm™’,
the cross sections for He are very small, which are orders of magni-
tude less than rotationally inelastic collisions for this system.”” The
cross sections show resonances at lower collision energies due to the
shape and/or Feshbach resonances. As expected, due to the larger
energy difference, the v = 2 — v = 0 process is smaller than the
v=2—->v=1andv=1 - v=0 cross sections. At collision ener-
gies above 100 cm ™", the cross sections rapidly increase in value, a
behavior typically observed also in other systems for vibrationally
inelastic cross sections.''

The CN™/Ar cross sections are found to be about four orders
of magnitude larger than those we have obtained for He at lower
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FIG. 5. Scattering cross sections for vibrationally inelastic collisions of CN~ with
He and Ar.
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energies, also showing many distinct resonance features, which are
brought about by the presence of a stronger interaction with the
molecular anion. The detailed analysis of such a forest of reso-
nances would also be interesting and perhaps would be warranted
in the case of existing experimental data on such processes, of
which we are not aware until now, but would require a substan-
tial extension of the present work. Thus, we do not intend to carry
it out now, being somewhat outside the main scope of the present
study, and are leaving it for future extension of this study in our
laboratory.

The far larger cross sections we found for the Ar projectile are
a consequence of the deeper attractive well for the V, ,(R, 0) diag-
onal matrix elements and the larger off-diagonal V, (R, 6) matrix
elements (see Fig. 2), i.e., they stem from distinct differences in the
strengths of the coupling potential terms that drive the inelastic
dynamics for the Ar collision partner.

The general features of the vibrationally inelastic cross sections
shown in Fig. 5 are indeed similar to those which we have obtained
earlier for the C, anion colliding with the He, Ne, and Ar set of
systems that we have recently studied.”’ For both the anions, we
have found that the vibrational quenching cross sections with He
are uniformly very small, while we also found that they increase by
orders of magnitude when the larger and more polarizable Ar atom
becomes the collisional partner for either of these anionic molecules.
Although such general behavior could be reasonably expected from
what we know in these systems about their interaction forces, it is
nevertheless reassuring to obtain quantitative confirmation on the
extent of the size differences from detailed, and in principle exact,
scattering calculations.

The computed inelastic cross sections of Sec. IV can in turn
be used to obtain the corresponding thermal rate constants over
ranges of temperature of interest for placing the present anion in
cold environments. The corresponding k,—,/(T) can be evaluated,
in fact, as the convolution of the computed inelastic cross sections
over a Boltzmann distribution of the relative collision energies of
the interacting partners as

3 12 P
— Ecoyow (Ee B/MT4E, (12
ﬂyk§T3) fo o (Ec)e (12)

kyow (T) = (
where E, = uv*/2 is the kinetic energy in the collision calculations.
The rate constants were computed between 5 K and 100 K in 1 K
intervals. Figure 6 shows the rates for vibrationally inelastic rota-
tionally elastic (j = j/ = 0) transitions corresponding to the cross
sections in Fig. 5. The figure also shows rates for the correspond-
ing transitions of the similar C; /He and Ar systems. For CN™/He,
the rate constants for vibrational quenching are very small, even
lower than those for C; /He and around nine orders of magnitude
lower than those for CN™/He rotationally inelastic collisions.”’ For
CN7/Ar, the v = 1 — v = 0 rate constants are about four orders of
magnitude larger than those for He but about three orders of magni-
tude less than those for the corresponding transition for C; /Ar. The
v =2 — v = 1 rate constants for CN~/He is broadly similar to those
for v =1 — v = 0, while as expected the v = 2 - v = 0 rate constants
are slightly smaller.

The increase in rate constant sizes on going from He to Ar
vibrational collisions is similar to what was found for rotationally
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inelastic collisions for CN~* and Cg”, and, as shown in Fig. 6,
vibrationally inelastic collisions for C;.:' This trend, while seem-
ingly to be expected with the stronger interaction potential for the
larger atom, is not easy to predict a priori. Kato et al. and Ferguson
measured vibrational quenching rates for Nj in collisions with He,
Ne, Ar, Xe, and Kr atoms’” and O} with He, Ne, and Ar atoms, °
respectively, at 300 K. For both cations, quenching rates increased
with the size of the atom, suggesting that the polarizability of the
colliding atom plays an important role. In contrast, Saidani et al. cal-
culated the quenching rates for CN with He and Ar over a wide range
of temperatures and found that the cross sections and rates for Ar
were orders of magnitude lower than those for He.”” However, ionic
interactions are driven by different forces than those acting between
neutrals, so it is not obvious how such a result relates to the present
findings for an anion. Analytical models can also be used to gain
insight into vibrational quenching such as the work of Dashevskaya
et al., where the quenching rate for v = 1 — v = 0 for N,/He was
calculated over a large range of temperatures from 70 K to 3000 K./
The rates obtained were in good agreement with the experiment and
similar to those found here for CN™/He at 100 K. It would be inter-
esting to apply these models to the anion-neutral collisions we have
studied here.

The work we have presented here and the similar findings
from our previous study”' on a different diatomic anion like C;
strongly suggest that the process of vibrational inelasticity in multi-
ply bonded anionic molecules by low-T collisions with neutral noble
gases is rather inefficient. The rates for quenching found here are
even smaller than those we had found earlier for C;, also uniformly
smaller than those known for many neutral diatomic molecules and
cations.”’

The quenching rates and Einstein A coefficients, which we have
mentioned and shown earlier in this work, can be used to consider
the properties of the critical density n(T) for CN™ vibrations,
which is given as

Ajj

air(T) = -
" () Zj#ikij(T)

(13)

This quantity gives the gas density values that would be required so
that collisional state-changing processes match in size with those
which lead to collision-less emission via spontaneous decay. It
is used in astronomical contexts to assess the possible densities
required for the local thermal equilibrium (LTE) to be reached and
are usually applied for rotational transitions in molecules that can
occur in the interstellar medium (ISM).

In the present case of CN"/He, when we apply Eq. (13) to
the v = 1 and v = 2 vibrational state-changing process, it gives
nt(T) ~ 10" cm™-10% cm™ at 100 K. Current kinetics models,
which describe the density conditions in molecular clouds, indicate
a wide variety of densities being present: from diffuse molecular
clouds estimated at around 10> cm™ to dense molecular clouds
that are considered to be between 10° cm™ and 10 cm™."*"" The
critical density obtained here for the vibrational decay of CN™ inter-
acting with environmental He atoms was found to be orders of mag-
nitude larger than those expected in the ISM regions where CN™ has
been detected, clearly suggesting that thermal equilibrium for these
processes will likely never be attained and that the presently com-
puted radiative transitions determine that CN™ populates essentially
only the ground vibrational level in the ISM.

VI. CONCLUSIONS

The cross sections and corresponding rate constants for vibra-
tionally inelastic transitions of CN™ colliding with He and Ar atoms
have been calculated using new ab initio potential energy surfaces.
As for atom-diatom vibrationally inelastic collisions, the rate con-
stants for both CN"/He and CN™/Ar are very small, even smaller
than the corresponding values of the similar C, /He and C; /Ar sys-
tems. Although more work is required before definitive conclusions
can be drawn, it appears from the present calculations that vibra-
tionally inelastic collisions of molecular anions with neutral atoms
(or at least noble gas atoms) are similar to neutral molecule-atom
collisions in which they generate similarly small transition probabil-
ities and their collision mechanisms for transferring relative energy,
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at sub-thermal and thermal conditions, to the vibrational internal
motion of the anion is rather inefficient. This is in contrast with
the generally more efficient collisional energy transfer probabilities,
which are found for molecular cation-atom systems in the current
literature.”’

For the anion of interest here, this is not a crucial concern when
wanting to find alternative paths that are more efficient in cooling its
internal vibrational motion, since CN™ can dissipate energy through
spontaneous dipole emission (Sec. IT). On the other hand, in the
case of homonuclear anions such as C; (of current interest for laser
cooling cycles in cold traps™), where this process is forbidden, colli-
sions are likely to be the primary means for quenching its vibrational
motion. In such cases, high gas pressures and the use of larger noble
buffer gasses seem to be required.

The present calculations confirm that collisional energy trans-
fer paths, which involve vibrational degrees of freedom for a molec-
ular anion under cold trap conditions, are invariably very inefficient
and are several orders of magnitude smaller than the collisional
energy-changing paths, which involve their rotational degrees of
freedom. One can, therefore, safely estimate that these two paths to
energy losses are markedly decoupled with one another and can be
treated on a separate footing within any kinetics modeling of their
behavior.

SUPPLEMENTARY MATERIAL

See the supplementary material for the multipolar coefficients
for the Legendre expansion of the new vibrational PESs for CN™/He
and CN™/Ar provided via Fortran program routines, as well as the
coupling coefficients for the vibrational dynamics. Subroutines for
the inelastic and elastic rate coefficients for the two systems studied
in the present paper are also presented.
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