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ABSTRACT: We present accurate ab initio calculations on several
properties of a gas-phase system of interest in the interstellar
medium (ISM), where the title molecular anion has been often
surmised but not yet confirmed by observations. The CH−3Σ+

constitutes the smallest term in the series of longer anionic
polyynes which have been observed in the ISM (e.g., C4H− and
several others). Hence, its dynamical behavior in collision with He
atoms, one of the most abundant atoms in that environment, can
provide quantitative indicators on the changes which can occur in
the rotational state population of the title anion when driven by this
collision dynamics. We therefore report an accurate evaluation of
the full potential energy surface (PES) which acts between the
molecular anion in its ground vibrational state and the He atom. The relevant inelastic scattering cross sections and the
corresponding inelastic rate coefficients are then computed within a quantum treatment of the collisions. We find that the fairly small
values of the final inelastic rate coefficients indicate state-changing processes by collisions to be inefficient paths for modifying the
rotational state populations of this anion and therefore to aid its possible observation from direct radiative emission in the microwave
region.

■ INTRODUCTION
For many years the formation of interstellar anions and their
possible detection have been an actively studied topic by the
astrochemistry community, starting with Dalgarno and
McCray1 who for the first time explored the role of anions,
e.g., H−, O−, C−, CH−, C2H−, CN−, and S−, in forming simple
molecules in interstellar clouds. They concluded at the time
that interstellar anions were scarce and their likely contribution
to forming molecular species would not be very significant.
These results were attributed to the relatively slow rate of
formation they had found for the radiative electron attachment
(REA) rate coefficients: ∼10−15 cm3 s−1 molecule−1 was in fact
the average value from their early calculations. A few years
later, using a simple statistical model, Herbst2 suggested
instead that anions could be efficiently formed in dense
interstellar clouds. He showed that, for large neutral species
with large electron affinity (C4H, C3N, C5N, C9N, etc.), the
radiative attachment rate could be close to the collision limit
∼10−7 cm3 s−1 molecule−1. One of the most relevant results of
this work was the prediction of an anion-to-neutral ratio
between 1 and 10% which was later supported by astronomical
observations. Further calculations with a more sophisticated
scattering model were carried out in our group3 and found the
REA rates for C-rich chains, albeit smaller than those found
earlier by Herbst, to be ∼10−9 cm3 s−1 molecule−1. Finally, the

definite observational proof that anions could exist in the ISM
came in 2006, when McCarthy et al.4 detected for the first time
C6H− in the circumstellar envelope IRC+10216 and the dark
cloud TMC-1. The anion-to-neutral ratios were in agreement
with the early predictions of Herbst: 1−5% for IRC+10216
and 2.5% for TMC-1, thus supporting the prediction that
anions could be efficiently formed in the interstellar medium
(ISM) by radiative electron attachment or by some other
chemical route. The detection of C6H− led to the subsequent
detection of five other anions, namely, C4H−, C8H−, CN−,
C3N−, and C5N−, in several interstellar sources.5−9 These
observations gave rise to new chemical modeling for the
interstellar regions where the anions had been detected, as well
as suggesting other possible sources of anionic molecules.10−12

These models yielded anion-to-neutral ratios which were
reasonably close to observations for the largest anions (C6H−,
C8H−, C7N−) but less successful for the smallest anions (CN−,
C4H−, C3N−), hence leading to the preliminary conclusion that
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REA processes would be less efficient for molecules with fewer
degrees of freedom. Further experimental studies carried out
earlier in our group13,14 on the efficiency of photodetachment
mechanisms for the destruction of C-bearing and N-bearing
molecular anions have provided new evidence on the
importance of starlight in driving their destruction outside
chemical networks. Furthermore, the investigations of possible
mechanisms of formation involving chemical reactions with
other, simpler, and reasonably abundant atomic species like H,
O, N, and C have yielded laboratory data on chemical
processes which indicated that they could play a role in the
formation of various smaller anions, some of them different
from those of the earlier observations. They were still either
not unequivocally detected or often predicted to be at
borderline values of observable column densities.12,15,16

A case in point is that of the formation of CH− from an
initial neutral-ion reaction of CH2 with H−. Methylene, CH2,
as the prototypical carbene is one of the most studied of all
reactive intermediates, while the chemistry of its anion, CH2

−

is still almost completely unknown. Early spectroscopic work
established the existence of two low-lying electronic states: the
ground X3B1 and the excited a1A1 states. Spectroscopic studies
of the visible electronic band system b1B1 ← a1A1 lead to an
accurate characterization of the molecule in the a1A1 state, but
for many years the ground-state structure was uncertain.17,18

The astrochemical models dealing with anions in experiments
at room temperature19,20 included the expected formation of
C2H− from reactions with e− with several C-rich molecules but
never were able to produce or observe CH− among the anionic
products. Thus, the CH− has been often considered as a
possible reaction intermediate19 but never actually observed or
produced in laboratory reactions at room temperature.
Additionally, the presence of CH2 has been found in the
atmosphere of Titan, where CH2

− has also been detected.21

These findings were the reason why we have investigated in
our earlier work the possible efficiency of the latter neutral
radical to form the CH− species through a different chemical
reaction: a reaction with H− that could become another path in
the chemical networks for the Titan atmosphere. Our recent
study of such a reaction22 has in fact suggested that the
relevant reaction rates at the expected temperatures of the ISM
environments, estimated from our modeling, were of the order
of ∼10−12 cm3 s−1 molecule−1, which makes the reaction a very
likely possibility for the formation of the CH− anion.
In the present study we have therefore decided to further

investigate another aspect of the problem: the dynamical
evolution of the rotational populations of this interesting anion
which is produced from its collisional interaction with He
atoms, the latter being among the most abundant atoms in the
ISM. We shall therefore present in the next section the details
of our ab initio calculations of the interaction forces, and the
strength of their angular anisotropy, that can drive rotational
state-changing collisions from the encounters with He atoms.
Quantum Treatment of Rotationally Inelastic Dynamics will
briefly discuss the quantum dynamics machinery which we
have applied here, while the state-to-state rotationally inelastic
cross sections and the ensuing rates will be given and discussed
in State-to-State Cross Sections and Rate Coefficients. Inelastic
Collisions for CN−and CH with He: A Comparison with CH−

will show a comparison with the inelastic rates found for other,
similar systems, and the final section will give our conclusions.

■ METHODS
Ab Initio Calculations for Isolated Anion and the 3-

Atom Complex. Calculations were carried out using a variety
of post-Hartree−Fock ab initio methods. In our level of
analysis, the molecular species involved are fully optimized
using the coupled-cluster approach with full treatment of
singles and doubles and an iterative treatment of triples:
CCSD(T) as implemented in the MOLPRO suite of codes.23

The zero-point-energy (ZPE) corrections were included in all
the calculations. We employed increasingly larger basis set
expansions, starting with the AV5Z, then the AV6Z and up to
complete-basis-set (CBS) with Davidson correction (see ref 24
for a more detailed description of the various acronyms), with
differences in energy values never larger than about 10 cm−1.
Calculations were also carried out at the MRCI level and
extrapolating to the CBS expansion level. For the isolated
anion we found the results to be identical over the region of
the potential minimum, with small discrepancies of less than 3
cm−1 in the distance regions near the dissociation limit. Earlier
calculations on the title system25 used MCSCF methods with a
smaller basis set expansion, obtaining fairly similar results. The
equilibrium geometry for the isolated anion was found to be
about 1.135 Å not far from an earlier experimental estimate of
1.10(±0.005) Å.26 The corresponding dipole moment was
found to be 1.645 D when evaluated from the center of
charges. In this molecule the charge center is defined as being
located at a distance which is six times larger from the H atom
than it is from the C atom. This is the same definition as the
center of mass for which however the factors are 1 and 12. It is
interesting to note here that earlier calculations of this
quantity25 used the C atom as the center of the reference
frame of the dipole, finding a value of 0.770 D. Once our value
is shifted to the same reference frame, we found a value of
0.866 D, calculated with the MRCI method at the V6Z level.
The value of the dipole moment shifted to the center-of-mass
of this molecule turned out to be of 1.288 D at the equilibrium
geometry mentioned above. These differences are of course
due to the fact that the value of the dipole moment for a
charged molecule depends on the definition of the origin of its
frame of reference. Hence the different values mentioned
above.
The data in the Figure 1 report the excess charge, as a

function of the intermolecular distance, for the ground
electronic state of the present anion. One clearly sees that
around the equilibrium distance (1.135 Å) the extra charge is
largely located on the carbon atom, a feature that will be

Figure 1. Behavior of the partial excess charge on each of the atoms in
the anion as a function of the internuclear distance. Notice the
asymptotic values where the negative charge moved entirely on the C
atom
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significant when discussing the strength of the interaction
within the triatomic complex that we shall present below, since
the closed-shell He partner will have a different interaction
strength with regions containing an excess negative charge. It is
also of interest to look at the shape of the potential curve
(PEC) in the region of the equilibrium value, showing the
lower-lying vibrational states as reported in Figure 2.

Hence, Figure 2 clearly indicates that in the present study of
low-T dynamics the molecular anion will be in its ground
vibrational state, for which the calculated rotational constant B
is 13.679 cm−1. This is an unusually large value which shall
play an important role in guiding the collision state-changing
efficiency discussed below from the interaction with He atoms.
The additional data in Figure 3 show the corresponding

spacing of the rotational levels for the ground vibrational state
when the present anion is treated as a pseudo-singlet target, an
issue which we shall further discuss and analyze in the next
section. Figure 3 also reports the distributions of the rotational
populations in the temperature range of interest for the present
study.

The 3-atom system PES has been calculated at the MRCI
level up to the CBS expansion but without including BSSE
correction since the latter had very minor effects on the
computed total energy values. Within the usual 2D
representation of the radial and angular variables of the (R,
θ) Jacobi space, the former being centered in the c.o.m of the
diatomic anion and the latter angle rotated from the H atom
side to the C atom side from 0° to 180°. The radial range
covered from R = 1.59 Å to R = 31.75 Å with steps of 0.102 Å
for a total of 295 radial points. The angle values were a total of
19 with steps of 10°. The total number of computed raw points
was therefore around 6000.
The pictorial view in Figure 4 reports the 3D spatial

distribution of the interaction potential, where the target anion

is placed along the x-coordinate. We clearly see that, at the
equilibrium geometry, the presence of the excess negative
charge largely around the C atom provides the stronger
interaction with the neutral, closed-shell He atom on that side,
with an intermediate, shallower well located around 50°.
Specifically, we found that the global minimum of the PES was
for θ = 180° and an energy value of −104.01 cm−1, while the

Figure 2. Locations and values of the lowest three vibrational w.f.s
with their corresponding turning points.

Figure 3. Energy for the first six rotational states of the ν = 0 vibrational states (right) and their Boltzmann distribution when treating the title
anion as a pseudo-singlet rotor.

Figure 4. Spatial distribution of the interaction potential energy
around the molecular anion. See main text for further details.
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saddle point was located at θ = 100° with a depth of −72.77
cm−1. There is also a local, shallower minimum at 50° of
−81.35 cm−1.
The various curves given by Figure 5 report an additional

representation of the interaction, showing the multipolar

coefficients originating from the usual Legendre polynomial
orthogonal expansion of the present PES:

=R V R PV( , ) ( ) (cos ) (1)

The above expansion was carried out up to a maximum λ value
of 16, and 500 interpolated points were used to describe each
radial term, to be used below in the scattering calculations.
The different radial curves in the Figure 5 indicate a marked

variation of their coupling strength acting during the quantum
dynamics (as discussed in the following section). We see, in
fact, that the spherical term V0 provides the strongest attractive
interaction which is extending isotropically around the
diatomic target, while the first anisotropic term of importance
at short-range is the V2 that shows its attractive minimum close
to that of the spherical term. As we shall discuss later, this term
is responsible for the direct dynamical coupling of rotational
levels with ΔN = 2, and therefore, we expect those inelastic
cross sections to play an important role in the excitation/de-
excitation processes involving the present system. An
important role will be also played by the λ = 1 radial
coefficient which is also attractive at short-range and extends
further out via the second term in the following long-range
expansion:

= +

+

V R C
f R

R
C

f R

R

C
f R

R

( , )
( ) ( )

cos

( )
cos

LR
d d

d

4,0 4 5,1 5

6,2 6
2

(2)

where the radial expansion term associated with the Vλ = 1 via
the coefficient C5,1 depends on the permanent dipole of CH−

and the polarizability of He:
C 25,1 0 (3)

This term will provide the nonspherical contribution that dies
out the most slowly and therefore will be an important long-
range driver of excitation probabilities, as we shall show below.
We thus expect that the ΔN = 1 transitions will dominate the

energy transfer processes at the lower temperatures, where
long-range forces are important contributors to the dynamical
torque driving rotational state-changing collisions.
Quantum Treatment of Rotationally Inelastic Dy-

namics. We briefly report below the computational method
employed to obtain inelastic cross sections and rate coefficients
for the scattering of CH−3Σ+ with He atoms, using the PES
discussed in the preceding section. As mentioned earlier, we
had found in previous work that reducing the coupling
between angular momenta to that of a pseudo-singlet rotor
molecular target changes the rate coefficients of less than 5%
over the temperature ranges of interest, while strongly reducing
the computational times.27 We shall therefore employ such a
simplification in the quantum dynamics calculations discussed
in the following, and we will further make comparative
numerical tests to make sure that such an assumption also
holds for the present system. The same simplification will
apply in the brief outline given next for our computational
method, although we shall also be using the full angular
momenta coupling as further discussed below in the
presentation of our results.
The standard time-independent formulation of the coupled-

channel (CC) approach to quantum scattering has been
known for many years (for example, see Taylor28 for a general
textbook formulation), and the more recent literature on the
actual computational methods has been also very large. For
some selected references produced over the years see refs
29−33. Since we have already discussed our specific computa-
tional methodology in many of our earlier publications,34−36

only a short outline of it will be given below.
For the case where no chemical modifications are induced in

the molecule by the partner projectile, the total scattering wave
function can be expanded in terms of asymptotic target
rotational eigenfunctions (within the rigid rotor approxima-
tion) which are taken to be spherical harmonics and whose
eigenvalues are given by Bj(j+1), where B is the rotational
constant for the CH− anion mentioned already in the previous
section and obtained for the molecule described as a pseudo-
singlet rotor: 13.679 cm−1 and j is the rotational quantum
number corresponding to the final N quantum number of the
triplet state. The channel components for the coupled channel
(CC) equations are therefore expanded into products of total
angular momentum J eigenfunctions and of radial functions to
be determined via the solutions of the CC equations.34,35 The
latter are the familiar set of coupled, second-order homoge-
neous differential equations:

i
k
jjjj

y
{
zzzz+ =

R R
K V ld

d
0J

2

2
2

2

2
(4)

In the above equations, the K2 matrix contains the wavevector
values for all the coupled channels and the V matrix contains
the full action of the anisotropic coupling potential. The
required scattering observables are then obtained in the
asymptotic region where the Log-derivative matrix has a
known form in terms of free-particle solutions and unknown
mixing coefficients. Therefore, at the end of the propagation
one can use the Log-derivative matrix to obtain the K-matrix
by solving the following linear system:

=N YN J YJ( ) (5)

where the prime signs indicate radial derivatives, and J(R) and
N(R) are matrices of Riccati−Bessel and Riccati−Neumann

Figure 5. Multipolar expansion coefficients for the computed PES of
the present study. See main text for further details.
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functions.35 The matrix Y(R) collects the eigensolutions along
the radial region of interest, out of which the Log-derivative
matrix is then assembled.35 From the K-matrix produced by
solving the coupled radial equations, the S-matrix is then
directly obtained and from it the state-to-state cross sections.35

We have already published an algorithm that modifies the
variable phase approach to solve that problem (i.e., the ASPIN
code), specifically addressing the latter point, and we defer the
interested reader to that reference for further details.34,35

In the present calculations we have generated a broad range
of state-to-state rotationally inelastic cross sections considering
the pseudosinglet states of the CH− molecule. Specifically, the
number of rotational states coupled within the dynamics
started with j = 11 at the lowest collision energies up to 500
cm−1, went up to j = 18 between 500 and 1000 cm−1, and was
extended up to j = 25 for the higher energies going to 1500
cm−1. The expansion over the J values required to converge the
individual cross sections went up to J = 150 at the highest
energies, was J = 100 between 500 and 1000 cm−1, and was
sufficient to be up to J = 64 at the lowest energies. The radial
range of integration during the propagation of the coupled
equations covered values from 1.75 to 3,000.0 Å using a
variable number of points which went up to 6,000 at the
highest energies but was extended up to 90,000 steps at the
lowest energies near the 10−6 cm−1 threshold. The
extrapolation of the initial ab initio points was carried out by
using the lowest expansion terms that were mentioned before
in eqs 2 and 3, involving the He dipole polarizability and the
permanent dipole of the CH− target (e.g., see Hernańdez Vera
et al.27). The range of Etrans went from 10−6 cm−1 to 2000 cm−1

using around 2,000 to 4,000 points depending on the
considered transition. The maximum collision energy was
1,500 cm−1; hence, for j = 5 the relative translational energy
was about 1,100 cm−1.
Once the state-to-state inelastic integral cross sections

(σj→j′) are known, the rotationally inelastic rate coefficients
kj→j′(T) can be evaluated as the convolution of the cross
sections over a Boltzmann distribution of the Etrans values:

i
k
jjjjj

y
{
zzzzz=k T

k T
E E E( ) 8 ( )e dj j j j

E k T

B
3 3

1/2

0
trans trans

/
trans

trans B

(6)

The individual rate coefficients were obtained at intervals of
1 K, starting from 5 K and going up to 500 K. The interplay
between the number of coupled rotational states and the
structural strength of the corresponding PES will be discussed
in the following section when the dynamical outcomes will be
analyzed.
As mentioned earlier, we have also performed the inelastic

collision calculations considering the triplet state of the
diatomic molecule. To study the fine structure of the 3Σ+

CH− molecule, the coupling constants λ and γ were obtained
from B3LYP/X2c-QZVP calculations following the method
reported earlier in ref 37, which yielded λ = 0.3130 cm−1 and γ
= −0.01524 cm−1. The convergence parameters and radial
range of integration were the same as for the pseudo-singlet
approach for each of the collision energy considered. In these
calculations, the range of Etrans went from 0.1 cm−1 up to 1500
cm−1 with around 1000 points per each transition. A
comparison between the scattering calculations performed
within the two different coupling schemes will be reported in
the next section.

■ RESULTS AND DISCUSSION
State-to-State Cross Sections and Rate Coefficients.

The calculated inelastic cross sections involving both excitation
and de-excitation (cooling) processes between rotational states
of the anion are seen in Figure 6. As mentioned before, we

treated the triplet-state of the target as a pseudo-singlet rotor
since our earlier experience with calculations involving other
molecular ions has shown that the final size of the derived rates
did not change much when the proper additional coupling was
included (e.g., see ref 27). To specifically verify this statement
we also report in Figure 6 the calculations of state-to-state
cross sections which compare the exact triplet calculations
(given by dots along the lines) with the pseudo-singlet
approach (given by the continuous lines).
The comparison between the calculations reported in Figure

6 confirms very clearly the accuracy of the simplified treatment
of rotational coupling when using the pseudo-singlet approach
instead of the full triplet coupling. In fact, all the examined
cross sections are essentially unchanged, in both value and
energy dependence, when the angular momentum coupling is
simplified. This finding thus bodes well for considering our
final rate coefficients, as reported below, to be essentially exact
within the pseudo-singlet treatment.
If we now turn to the inelastic cross sections reported by the

panels of Figure 7, it is interesting to note there that all the
excitation cross sections show a marked presence of resonant
structures in the lower-energy ranges, indicating that in this
system both shape and Feshbach resonances are occurring and
play a significant role in the enhancement of the corresponding
low-energy rates, as we shall discuss below. As expected from
the relative strength of the anisotropic coupling coefficients of
the PES, we see that the transitions with Δj = 2 of the lower-
left panel become larger at the higher energies in comparison
with the excitations with Δj = 1 which are instead the larger
ones at the lower energies. This effect is due to the fact that,
while near the thresholds the differences in the energy gaps
favor the Δj = 1 processes, at the higher energies the strength
of the short-range coupling is dominant, thereby favoring the
transitions involving directly the Vλ(R) with λ = 2. When
looking at the corresponding cooling cross sections of the
right-side panels, we see that all of them are much smaller than
the excitation processes while dramatically increasing near

Figure 6. Computed state-to-state rotationally inelastic cross sections,
treating the molecular anion either as a full triplet rotor (dotted lines)
or as a pseudo-singlet rotor (continuous lines). We report for
comparison five different de-excitation processes with Δj = 1 from the
lowest 5 levels. See main text for further comments.
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thresholds, where the energy release into the relative motion of
the partners, in qualitative classical terms, is much more
significant than at the higher collision energies.
The data reported in Figure 8 present now the

corresponding behavior as a function of temperature of the
rate coefficients for the same set of processes given before by
the inelastic cross sections. As noted earlier, we see that the
excitation processes with Δj = 1 are larger than those with Δj =
2 at T values below 100 K, while the latter excitations become
slightly larger as T increases. This effect is linked to the larger
coupling strength of the multipolar potential term with λ = 2 in
the short-range radial region that affects the higher collision
energies, while the long-range coupling is dominated by the
dipole term with λ = 1, hence affecting the state-changing
collision efficiency at the lower temperatures.
The de-excitation rates reported in the two panels on the left

side of the figure indicate the dominance of the inelastic
processes which start from the higher rotational states, with
those involving Δj = 2 being invariably smaller than those with
Δj = 1.
Inelastic Collisions for CN− and CH with He: A

Comparison with CH−. While the presence of the CH− in
the ISM has not been firmly confirmed, other very similar small
species like CH and CN− have been observed in that same
environment. In the case of the neutral counterpart, for
example, CH has been sighted in the interstellar space,
interstellar comets, and stellar atmospheres.38−40 More
recently, calculations have been carried out on the dynamics
of its rotationally inelastic collisions with He atoms41 so a
comparison of their results with those of its present anionic

counterpart would be interesting, as we shall discuss below. In
the case of CN−, the smallest cynopolyyne to be detected in
interstellar environments, modeling and observation have
happened in recent years,42,43 and the actual calculations of
the rotationally inelastic dynamics in collision with He has
been studied in detail in our group.44,45 Hence, it also becomes
interesting to see the differences in behavior between the two
smallest anions of the polyyne and cyanopolyyne sequences,
the latter of which species has been searched for, and detected,
in a variety of ISM environments.
We report in Figure 9 a comparison of the computed

inelastic rate coefficients for these two molecular anions, taking
into consideration different transitions and a broad range of
temperature values.
To further show pictorially the differences in size between

the inelastic rates in the two different anions, we report in
Figure 10 a “stick” view of the rate coefficients at two different
temperatures.
The data in Figures 9 and 10 clearly show that the ISM-

observed cynopolyyne, i.e., the CN− anion, exhibits an
excitation/cooling efficiency which is much larger than in the
case of the CH− anion: all the shown rate coefficients for the
latter target are in fact nearly 1 order of magnitude smaller at
all the considered temperatures. Such differences are linked to
differences in the structural properties of the two polar rotors.
In the case of the CN−, the rotational constant is nearly 1 order
of magnitude smaller (1.872 cm−1) in comparison with that for
CH− (13.70 cm−1). This means that the markedly larger
energy gaps for inelastic state-to-state collisions involving CH−

will make much less effective the role of the He atomic

Figure 7. Computed state-to-state rotationally inelastic cross sections, treating the molecular anion as a pseudo-singlet rotor. The upper-left panel
reports excitation processes with Δj = 1 from the lowest 5 levels. The lower-left panel shows those with Δj = 2 transitions. The de-excitation cross
sections are presented in the upper- and lower-right panels.
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partners in changing rotational populations with respect to the
case of the CN− anion. If we also notice that the reduced mass
values which appear in eq 6 for the derivation of the rate
coefficients are very similar in the two systems, with a value of

3.061377 amu for the CH−/He and of 3.46860 amu for the
CN−/He, we can conclude that the crucial difference in their
dynamics is the large differences in the energy gaps between
the states involved in the inelastic processes. Hence, the

Figure 8. Computed state-to-state rotationally inelastic rate coefficients, treating the molecular anion as a pseudo-singlet rotor. The upper-left panel
reports excitation processes with Δj = 1 from the lowest 5 levels. The lower-left panel shows the excitations rates with Δj = 2 transitions. The de-
excitation rate coefficients are presented in the upper- and lower-right panels of the figure.

Figure 9. Comparing the computed state-changing rate coefficients between CH− (thick lines) and CN− (thin lines). The data of the former anion
are from the present calculations while those of the latter are from our earlier work.44 The two upper panels report rotational excitation processes,
while the lower two panels show de-excitation processes.
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possible departure from local thermal equilibrium (LTE)
conditions for the former polar anion is less likely to occur via
collisions with He atoms than would be the case of the CN−

anion, a feature which we have discussed in detail for this
molecule in our earlier work.44

The ground electronic state configuration of CH is
1σ22σ23σ21π1, and therefore, the ground electronic state is of
2Π symmetry. The methylidene is a Hund’s case (b) radical in
its lowest vibrational level of its ground electronic state, with
the 2Π1/2 spin state being lower than the 2Π3/2. These two
states are labeled F2 and F1, respectively. The electronic
orbital angular momentum, L, is coupled with the rotational
angular momentum of the bare nuclei, R, to form the total
(excluding nuclear and electron spin) angular momentum, N.
N is then coupled with the electron spin angular momentum,
S, giving the total angular momentum, J. In Hund’s case (b), J
= (N ± 1/2) for the F1 and F2 manifolds, respectively. J is
coupled with the nuclear spin of H (I = 1/2) to give the grand
total angular momentum, F. The calculations of the state-to-
state rotationally inelastic rates have been carried out for the
collisions of the CH neutral molecule with He atoms41 for a
variety of changes of the lower quantum numbers and over a
range of temperatures up to 300 K. It turned out that all such
rates were practically negligible at the lowest temperatures and
reached their largest values of ∼10−13 cm3s−1 only above about
200 K. Such values are therefore more than 2 orders of
magnitude smaller than those we have obtained for the anion
of the same molecule in temperature ranges relevant for the
ISM conditions, thereby confirming the essentially marginal
significance of the collision-driven paths to rotational state-
changes induced in the neutral by the He present in these
environments. The comparison also clearly confirms the much
larger rate coefficients which occur in collisions involving
charged molecular partners as opposed to the neutral ones.

■ PRESENT CONCLUSIONS
We have presented in this work extensive ab initio calculations
involving the CH− anion, known to be the smallest term of the
polyyne anionic chains for which larger terms have been
observed in the interstellar environments, as discussed in the
Introduction. This small anion is of interest also for the study
of its properties and behavior in cold traps, where its rotational
population can be controlled by using He as a buffer gas. We
have therefore carried out the full evaluation of the 2D PES

describing its interaction with neutral He, also an important
partner in the panoply of atoms identified in the ISM.
The interaction forces produced by our calculations are in

turn employed to yield the low-energy behavior of the
excitation/de-excitation probabilities involving its rotational
states and during collisions with He atoms. The quantum
evaluation of the relevant dynamics for these probabilities
allows us to further get the corresponding rotational state-
changing rate coefficients over a range of temperatures relevant
for the ISM environments where this molecule is surmised to
be present, albeit not yet uniquely detected. It turns out, in
fact, that the very large energy spacing between rotational
states makes energy-transfer processes by collision at low-T
markedly inefficient in comparison with those involving other
anions of similar size, like CN−. This difference could therefore
provide a possible reason why only the latter anion has been so
far detected in interstellar environments (see refs 42 and 43).
We can, in fact, argue that the out-of-equilibrium (i.e., away
from LTE conditions) rotational populations of the present
molecule via collisions with He is not a process that would be
of primary importance within the kinetic modeling of such
small anion in the ISM. These calculations therefore provide a
quantitative estimate, from first-principles, of the collision
efficiency of the title system in interaction with He, a species
also present in the same environments. Our computed rate
coefficients could be used in further modeling rotational
population evolution of this specific species within larger
chemical networks, while our study suggests the smallness of
collision-driven probabilities as one of the possible reasons for
the difficulty in detecting the present anion via microwave
emission spectroscopy from the excited rotational states which
would otherwise become populated via more efficient state-
changing processes.

■ ASSOCIATED CONTENT
Data Availability Statement
All the data that support the findings of this study are available
within the article itself and in its Supporting Information.
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The Supporting Information is available free of charge at
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Raw ab initio PES of the rigid rotor CH−···He potential,
the computed rotationally inelastic cross sections, and
inelastic rate coefficients from the 2D-RR-PES employed

Figure 10. Computed state-changing rate coefficients for CH− (red sticks) and CN− (blue sticks). The data of the former anion are from the
present calculations, while those of the latter are from our earlier work.44 The two panels report rotational de-excitation processes at two different
temperatures and for the lowest four excited rotational states of the two molecular systems.
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in this work; the computed potential energy curve raw
points for the isolated anion and the dipole moment
values computed as a function of the bond values: (i)
CHm: containing the PEC at aV5Z and aV6Z, with and
without BSSE correction, and at CBS extrapolation level;
(ii) CHmHe: containing the PES raw points at aV5Z,
aV6Z and CBS extrapolation level; (iii) cross sections:
containing the cross-section values for the inelastic
collisions for the pseudo-singlet approach and for the
triplet state; (iv) RATES: containing the rate coefficients
(only for the pseudosinglet approach); (v) dipole-
moment: containing computed DM values as a function
of bond distances and using different reference frames
(PDF)
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