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Collisional energy transfer under cold conditions is of great importance from the fundamental and
applicative point of view. Here, we investigate low temperature collisions of the SH™ anion with He.
We have generated a three-dimensional potential energy surface (PES) for the SH™(X'X*)-He('S)
van der Waals complex. The ab initio multi-dimensional interaction PES was computed using the
explicitly correlated coupled cluster approach with simple, double, and perturbative triple excitation
in conjunction with the augmented-correlation consistent-polarized valence triple zeta Gaussian basis
set. The PES presents two minima located at linear geometries. Then, the PES was averaged over
the ground vibrational wave function of the SH™ molecule and the resulting two-dimensional PES
was incorporated into exact quantum mechanical close coupling calculations to study the collisional
excitation of SH™ by He. We have computed inelastic cross sections among the 11 first rotational levels
of SH™ for energies up to 2500 cm™!. (De-)excitation rate coefficients were deduced for temperatures
ranging from 1 to 300 K by thermally averaging the cross sections. We also performed calculations
using the new PES for a fixed internuclear SH™ distance. Both sets of results were found to be
in reasonable agreement despite differences existing at low temperatures confirming that accurate
predictions require the consideration of all internal degrees of freedom in the case of molecular
hydrides. The rate coefficients presented here may be useful in interpreting future experimental work
on the SH™ negative ion colliding with He as those recently done for the OH™—He collisional system
as well as for possible astrophysical applications in case SH™ would be detected in the interstellar

medium. Published by AIP Publishing. https://doi.org/10.1063/1.4994970

. INTRODUCTION

Inelastic and reactive collisions between ions and neutral
species at low temperatures are of fundamental and applicative
interests. In the last decades, a huge amount of development,
both theoretical and experimental, was achieved in this field
since these collisions allow understanding the fundamental
processes taking place in chemistry and physics as recently
reviewed.!

Inelastic collisions under cold conditions have been the
object of numerous studies.>™ A particular interest is that
molecules can be cooled down through collisions, for exam-
ple, using experimental techniques such as buffer gas cooling.
Such collisions have to be considered using pure quantum
approaches since quantum effects are expected to dominate
collisional processes at low temperatures.

2Electronic mail: cheikhtidiane.bop@ucad.edu.sn
bElectronic mail: hochlaf @univ-mlv.fr.

0021-9606/2017/147(12)/124301/7/$30.00

147, 124301-1

Despite recent progress, the case of negative molecular
ions colliding with neutrals is still challenging.> Whereas,
there are no major distinctions between cations and anions
colliding with neutrals at a large intermonomer separation,
the situation is quite different at short ranges, where the non-
reactive scattering of anions strongly depends on the distance
and the angle of the approach.’ These effects are related to the
interaction potentials at the molecular region, where an anion—
neutral complex may be formed. Moreover, negative ions may
exhibit facile autodetachment if their electron affinities either
isolated or complexed are not large enough. Autodetachment is
in competition with inelastic processes that may occur during
these collisions.

In a pioneer work, Wester and co-workers carried
out experiments where state-to-state inelastic collisions of
hydroxyl anions with helium were studied. The challenging
character in these experiments resides on the full quantum
state control of the anions, which are hard to manipulate at
low energy regimes. For the OH™—-He benchmark system,
they deduced absolute de-excitation rate coefficients.® The

Published by AIP Publishing.
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assignments of the observed features were supported by quan-
tum scattering theory calculations. However, the theoretical
findings did not match perfectly with the experimental ones
showing that more theoretical and experimental studies need
to be performed to have a better insight in these processes.
Indeed, the corrigendum of Ref. 6 shows that the computed
data are smaller than the measured ones.

Cold inelastic collisions are also widely present in astro-
physical media such as in the interstellar medium (ISM), where
they contribute to the excitation of the interstellar species. Sev-
eral studies were performed in order to help astronomers in the
accurate determination of the molecular content of the ISM.”

Most of the detected species are neutrals or positively
charged ions. Only few negative ions were recently identified.
They correspond to negative carbon chains such as Cp,+ 1N~
(n=0-2)%19and Cy,;,H™ (n=1-3).'"13 They were observed
toward the carbon rich star IRC +10216, the Low-Mass Pro-
tostar IRAS 04368+2557 in L1527, and the cold dark TMC-1
cloud. The reasons for such a very low number of anions
present in the ISM were attributed to their favorable autode-
tachment via non-adiabatic effects and/or after reactive colli-
sions with surrounding atoms, molecules, and substrates hence
forming neutral species.'*

Here, we are interested in the cold collision implying the
SH™ anion and the He atom. The SH™ anion has a large positive
electron affinity (~2.31 eV!%). It is thus a stable species in
the gas phase. Interaction between He and SH™ can also be
a good candidate for future scattering experiments such as
those performed recently on the OH —He system.® In addition,
its neutral and cation associated species, SH and SH*, were
recently detected in space.'®!” SH™ can then be a constituent of
the ISM and joins the list of S-bearing diatomic molecules that
were already detected: CS,'® SO,'” NS, SiS,?! and SO*.>2 In
the case of the detection of SH™, collisional rate coefficients for
the SH™—He system will be of primary interest for the analysis
of the interstellar spectra.

In this paper, we first mapped the SH™—He interaction
potential in the Jacobi coordinates (see Fig. 1). The elec-
tronic structure computations were performed using explicitly
correlated coupled cluster approach. A full three dimensional
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FIG. 1. Body-fixed Jacobi coordinates of the SH™—He collisional complex.
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potential energy surface (3D-PES) was generated. Afterwards,
the 3D-PES averaged over the ground vibrational wave func-
tion of SH™ was incorporated into quantum dynamical calcu-
lations to deduce the rotational (de-)excitation cross sections
of SH™ colliding with He and the corresponding rate coeffi-
cients. The results were compared with those obtained from
the same PES but for a fixed internuclear SH™ distance. Hence,
we will check on the accuracy of the use of interaction poten-
tials calculated within the rigid rotor (RR) approximation for
solely the experimental equilibrium distance of the molecule
(i.e., the accuracy of pure 2D-PESs).

The present data should help in interpreting corresponding
experimental data whenever measured. As pointed out above,
collisional data were rarely measured for negative ions and the-
oretical computations such as those performed here represent
precious help with respect to this objective. Finally, we will
carry out a comparison with the OH™—He isovalent system for
which both theoretical and experimental data are available.5>3

This paper is organized as follows: Sec. II presents the
potential energy surfaces along with the computational details.
Section III presents our dynamical computations data and
the comparison to the OH™—He system. In Sec. IV, some
concluding remarks are drawn.

Il. POTENTIAL ENERGY SURFACE

To compute the SH™—He interaction potential, prelimi-
nary computations were first performed using the complete
active space self-consistent field method (CASSCF)**? to
check on the monoconfigurational character of the SH™—He
van der Waals system over a large range of internuclear con-
figurations. These computations showed that the dominant
electronic configuration of the ground electronic state of the
SH™-He system has a weight greater than 99.50%. Hence,
we followed the methodology that we established for the gen-
eration of potentials using explicitly correlated calculations.
Briefly, the calculations were carried out using the explicitly
correlated coupled cluster approach with single, double and
perturbative triple excitation CCSD(T)-F122° as implemented
in the Molpro suite (version 2012).2” The atoms were described
with the augmented-correlation consistent-polarized valence
triple zeta (aug-cc-pVTZ) basis set.”®?° The MOLPRO default
choices for the density fitting and resolution of identity basis
sets have been applied.’® As we established,3!>* this level of
theory ensures taking into account large part of electronic cor-
relation similar to that reached by using the standard coupled
cluster technique extrapolated to the complete basis set (CBS)
limit.

We computed a potential energy surface modeling the
interactions between a diatomic anion and a structureless neu-
tral atom. For related studies, the internuclear distance of
the diatom is usually kept frozen at its experimental value.
Nevertheless, a 3D-PES is more suited if molecules are pre-
pared in a vibrationally excited state, which is of interest
to interpret future possible experiments. In addition, it was
recently established that an accurate description of the target
vibrational motion in the van der Waals complex is needed
for low energy scattering.®> Indeed, there is a need to accu-
rately take into account the vibrational motion of diatomic
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molecules in the construction of potential energy surfaces,
especially those implying molecular hydrides where a signif-
icant anisotropy with respect to the internuclear distance r is
expected.

Therefore, we generated a 3D-PES of SH™ interacting
with He. In the calculations, the SH™—He van der Waals sys-
tem was described with the Jacobi coordinates r, R, and 6: r
represents the internuclear distance of SH™, R is the scattering
distance (i.e., the distance linking the centre of mass of SH™
and He), and 6 stands for the angle that form the two distance
vectors (see Fig. 1).

The 3D-PES, V(r, R, ), was calculated by setting the r-
distance to 5 values (2.13,2.33,2.53,2.72, and 2.92 ap) leading
to consider the vibrational states of the SH™ negative ion up
to the vibrational level v = 2. The scattering R-distance was
varied from 3.20 to 100 ag with an irregular step. Typically, we
considered 37 R-values (3.2, 3.4, 3.6, 3.84,4.2,4.4, 4.6, 4.8,
5.0,52,54,5.6,5.8,6.0,6.2,6.4,6.6,6.8,7.0,7.2,7.4,7.6,
7.8, 8.0, 8.4, 8.8, 9.0, 9.5, 10, 14, 18, 20, 25, 30, 40, 50, and
100 ap). The angular Jacobi coordinate § was spanned with an
uniform step size of 10° from 0° to 180°. The 3D-PES was con-
structed in the Cy symmetry group with 3515 ab initio energies
for non-redundant nuclear configurations. Note that we cor-
rected for the non-size consistency error of the CCSD(T)-F12
approach by subtracting the value of the potential ~1.14 cm™!
obtained at 100 ap. This ensures a vanishing potential at large
intermonomer separations and hence to a correct asymptotic
behavior of the interaction potential. In addition, we have
corrected the basis set superposition error (BSSE) with the
counterpoise procedure of Boys and Bernardi,*

V(r9 R’ 9) = ESH‘—He(r’ R’ 9) - ESH_(r5 R9 0) - EHe(r, R3 0)5
ey

where Esy-_p.(r,R, 0), Esy-(r, R, 0), and Ey,.(r, R, 6) are the
total electronic energies of the SH™—He cluster, the SH™ sub-
system, and the He subsystem, respectively. These energies
are evaluated in the full basis set of the complex.

For dynamical calculations, an analytical expansion of
the potentials is required. We have adopted the fitting proce-
dure described by Werner et al.’” for the CN-He complex.
Such a procedure leads us to generate the V(r, R, 8) numerical
expansion routine that is implemented later in the dynamical
computations code,

N L
V(r,R,0) = Z ZA;n(R)déjol (cosO)(r —r.)"™, ()

n=1 [=1

where d(l)jol are the reduced rotation matrix elements of Wigner,
and L and N represent, respectively, the numbers of the scatter-
ing angles and the SH™ internuclear distances. The analytical
potential is found to reproduce the calculated surface quite
well. The deviations between the fitted potential values and
the ab initio points are concentrated in the repulsive part of the
PES, and the mean difference between the analytical fit and
the ab initio calculations is ~2%-3%.

The calculated ab initio 3D-PES was averaged over the
ground vibrational wave function (v = 0) of the SH™ molecule.
Thus, we have determined the averaged 3D-PES with the
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following algorithm:

V(R,0) = {pu=0(r) | V(r,R,0) | @ur=0(r)), &)
N L
VR, 0) = Y > Ap(Rdhg (cos 0) x Moo(n),  (4)

n=1 [=1

My (n) = (@, (r) | (r = 1) | @ (1)).

The ¢, wave functions were computed using the Fourier
Grid Hamiltonian (FGH) program?*-*° from the potential of
SH~(X'Z*) which was calculated with a RKR program*’ using
the SH™ experimental constant of Ref. 41. The vibrational wave
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FIG. 2. Contour plots of the SH™—He interaction potentials as a function of the
R and 6 Jacobi coordinates: the 3D-PES for a fixed r distance of 2.53 bohrs
(upper panel) and vibrationally averaged 3D-PES (i.e., av-2D-PES) (lower
panel). The blue (red) curves stand for positive (negative) energies (in unit of
cm™!). The zero energy is obtained when SH™ and He are separated.



124301-4 Bop et al.
function taken for the rotational state J = 0. The resulting PES
is denoted hereafter as av-2D-PES.

Figure 2 displays the 3D-PES (upper panel) at a fixed
SH™ internuclear distance of r = 2.53 bohrs (corresponding
to the equilibrium distance of the SH™ molecule) and the av-
2D-PES (lower panel). These contour plots of the SH™—He
van der Waals system are given as a function of the R and 6
Jacobi coordinates. Both interaction potentials are anisotropic
and present two minima located at linear configurations (i.e.,
6=0° and 8 =180°). These two minima are separated by a
transition state for 6 close to 80°. For av-2D-PES, the deepest
potential well occurs at 73.11 cm™! for He approaching toward
S (i.e., #=180°) and R = 6.6 bohrs. The depth of the second
minimum is 39.86 cm™! and it is located at R = 8.2 bohrs. The
well depths of the 2D-PES at a fixed SH™ internuclear distance
are located at almost the same positions. They are however
slightly deeper (73.18 cm™' for # = 180° and 42.42 cm™!
for 6 = 0°). One can conclude from this comparison that
both potentials present close shapes in the intermediate region
of the scattering distance. However, some deviations are
observed in the short range part of the PESs, particularly for 6
=0°-10°.

With respect to the OH™—He system, both potentials
present two minima in the linear geometries and the deeper
one occurs for the He approach toward the heavier atom of the
anion (i.e., S for SH™ and O for OH™, see Table I). However,
the anisotropies of the two interaction potentials are different
since the minimum observed for He approaching toward H
(the lighter atom) is deeper for SH™ than that for OH™ (while
the other minimum is deeper for OH™).

In 2D and av-2D PESs, the saddle point for the T-shape
geometry is —21 cm~! below the He-SH~ PES asymptote.
Therefore, large amplitude motions or quantum vibrational
localizations for the rovibrational states located above this bar-
rier are expected. Recently, such effects were identified for
SH™-N, SN™—H,* and NO*-Ar** weakly bound complexes.
These effects are worth probing by means of experimental
setups.

The influence that the difference mentioned above may
carry on dynamical calculations will be presented and dis-
cussed in Sec. III. To this end, we have implemented the poten-
tials in the MOLSCAT code.** Both interaction potentials have
been expanded over the Legendre polynomial functions by
including terms up to Ay = 18 such as

V(R,0) = Z Va(R)P(cos 6). (5)
A

The SH™—He PES and the SH™ potential energy curves
can be found in the supplementary material.

TABLE 1. Potential wells (in units of cm™!) of the SH —He and OH -He
systems. For OH™—He, these values were estimated from Ref. 23.

Geometry This work Reference 23
6 (deg) 2D-PES av-2D-PES OH™ -He
0 4242 39.86 >25

180 73.18 73.11 >100

J. Chem. Phys. 147, 124301 (2017)

lll. COLLISIONAL DYNAMICS

One of the objectives of the present work is the determina-
tion of (de-)excitation cross sections and rate coefficients for
the negative ion SH™ in collision with He. All dynamical calcu-
lations were carried out with the 3D-PES at a fixed internuclear
distance and with the av-2D-PES using the same parameters
to probe the impact of the vibration in the magnitude of the
collisional data.

A. Rotational cross sections

In this paper, we only consider the pure rotational exci-
tation of SH™ induced by collision with He. The collisional
energy range considered in this paper (up to 2500 cm™!)
is below the first excited vibrational level of SH™ (w,
= 2647.07 cm™")* so that vibrational excitation is not likely to
occur and can be omitted. Note that the 3D-PES we generated
can be used for those purposes if needed.

The excitation cross sections calculations were performed
using the quantum mechanical close-coupling (CC) approach
of Arthurs and Dalgarno*® as implemented in the MOLSCAT
program. In the following, J denotes the rotational state of the
SH™ anion. The total energy range was spanned as follows:
for E < 100 cm™!, the step was set to 0.1 cm™!; for 100 < E
<200 cm™!, the step was set to 0.5 cm™!; for 200 < E < 500
cm™!, the step was set to 1 cm™!; for 500 < E < 1000 cm™',
the step was set to 5 cm™!; for 1000 < E < 1500 cm™!, the step
was set to 10 cm™'; and for 1500 < E < 2500 cm™', the step
was set to 20 cm™!. The rotational levels of SH™ are obtained
from the spectroscopic constants reported in Table II. We have
performed some convergence tests to set up the MOLSCAT
parameters. The selected parameters are given in Table II. The
STEPS integration parameter which is inversely proportional
to the integration step was set to 20 for E < 100 cm™! and 10 for
the other energy values. The integration limits are set to Ry,
=2 bohrs and Rp,,x = 90 bohrs. The size of the rotational basis
defined by Jiax Was set to 7 for total energy E < 100 cm™!
and progressively increased to Jy.x = 17 for energy up to
2500 cm™!. In addition, for elastic (inelastic) transitions, the
diagonal (off-diagonal) tolerance was set to DTOL = 0.01 A?

(OTOL =0.001 Az). This allows setting the limit value of the
total angular momentum (J,,,) large enough for a best conver-
gence of cross sections. For example, we have obtained J,,,
=157 at 100 cm™", J,, = 236 at 1000 cm™!, and J,,, = 280 at
2500 cm™!. Such a high number was needed for convergence
of the elastic cross sections. The log derivative method was
used to solve the coupled equations.*’

Figure 3 displays the rotational de-excitation cross sec-
tions of SH™ induced by collision with He as a function of

TABLE II. MOLSCAT parameters used in this work.

STEPS = 20, 10 Jmax = 7,8,10,13,15,16,17
D, =4.984 x10™% cm™1,% Ruin = 2 ap
B, =9.56253 cm™ 1% Rmax = 90 ag

DTOL = 0.01 A OTOL = 0.001 A”

=357 amu
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FIG. 3. Rotational de-excitation cross sections of SH™ induced by collision
with He as a function of the kinetic energy for / — O (upper panel) and
AJ = 1 (lower panel) transitions. The dotted lines (solid lines) correspond
to cross sections obtained from the vibrationally averaged av-2D (pure two
dimensional) PES.

the kinetic energy for / — O (upper panel) and AJ = 1 (lower
panel) transitions. The dotted lines correspond to data obtained
from the av-2D-PES and the solid lines correspond to data
obtained from the pure 2D-PES. For the | - 0and 2 — 1 tran-
sitions, both potentials lead to very close cross section values
while deviations are observed in the 2-5 —5 0,3 — 2,4 — 3,
and 5 — 4 transitions. When the collision energy increases,
the difference between the two sets of results decreases. These
differences reflect a slightly different anisotropy of the two
PESs. Such conclusion was already addressed for the OH-He
neutral system by Kalugina et al.>> who found that the use of

J. Chem. Phys. 147, 124301 (2017)

a vibrationally averaged 3D-PES is desired to investigate the
excitation of diatomic hydrides at very low energies. In detail,
the differences remain however small, and the pure rotational
excitation of SH™ induced by collision with He can be reason-
ably well described by the use of a pure 2D PES. Recently,
Faure et al.*® investigated in detail the impact of the vibration
of the target on the computation of pure rotational excitation
for the CO-H; system. These authors found that the use of
a rigid rotor PES is reliable when the equilibrium distance
is corresponding to the vibrationally averaged distance. For
SH™, this would correspond to an internuclear distance of 2.57
ap. Hence, we may expect a better agreement between results
obtained from pure 2D and av-2D PESs if the equilibrium
distance is 2.57 ay.

Some resonances can be observed in these cross sections
at low energies. This behavior was noted in early studies as
well as in the recent ones.>*>>" They are of either shape or
Feshbach nature. The Feshbach resonances were interpreted
as a temporary trapping of helium in the potential well, where
the complex (SH™—He) forms quasi-bound states and shape
resonances correspond to quasi-bound states occurring from
tunneling via the centrifugal energy barrier. The fine step size
used at energies below 100 cm™' was crucial for a correct
description of these resonances.

Concerning propensity rules, the 1 — 0 transition predom-
inates in the two panels at low collision energies. At higher col-
lision energies, transitions implying highest rotational states
start to dominate. From the analysis of these curves, one can
conclude that transitions involving AJ = 1 values outweigh the
AJ =2 ones. We anticipate that this propensity rule persists in
the collisional rates.

B. Rate coefficients

The rate coefficients were computed for temperatures
ranging from 1 to 300 K for all energy levels with J < 10,
by thermally averaging the cross sections over a Maxwell—
Boltzmann velocity distribution,

8 S E
) / ooy Ec eXp(—kB—cT)dEc, (6)
0

Ky (T) = | ——
75 (T) (ﬂyk§T3

where oy, is the cross section from initial state J to final
state J/, u is the SH™—He reduced mass, and kp is Boltzmann’s
constant.

We present in Fig. 4 the SH™ de-excitation rate coeffi-
cients induced by collision with He as a function of the kinetic
temperature for / — O (upper panel) and AJ =1 (lower panel)
transitions. The curves obtained using the av-2D-PES are
plotted with dotted lines, whereas solid lines represent those
computed using the pure 2D-PES for a unique SH™ internu-
clear distance (of 2.53 bohrs). As anticipated, small deviations
occur between the two sets of data. At high temperatures, the
difference between both PESs is small enough to validate the
use of a pure 2D-PES in scattering calculations. The upper
panel confirms that the propensity rules are in favor of AJ = 1
transitions.

Finally, Table III gives the rate coefficients of both isova-
lent negative ions (SH™ and OH™) induced by collision with
He at low temperatures for comparison. The data obtained
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FIG. 4. Rate coefficients of SH™ induced by collision with He as a function
of the kinetic temperature for J/ — 0 (upper panel) and AJ = 1 (lower panel)
transitions. The dotted lines (solid lines) are obtained using av-2D-PES (the
3D-PES for a fixed r distance of 2.53 bohrs).

in this work for SH™—He system are ~7.4 times greater than
those measured for OH—He.® Two main reasons can explain
this difference: (i) the smaller energy spacing between SH™
rotational states than that between OH™ rotational states and

TABLE III. Comparison of rotational de-excitation rate coefficients (x 10710
cm?® s71) of the SH™ and OH™ isovalent negative ions induced by collision
with He at low temperatures. All data correspond to the 1 — O transition. The
SH™ data are those obtained from the av-2D PES.

T (K) ksy- kon- ksu-/kon-

22 1.328 0.180% 7.378

aRefer to data of Hauser ef al.®

J. Chem. Phys. 147, 124301 (2017)

(i) the different anisotropy of the PESs of the two systems.
Hence, we expect that experiments on the SH™—He system
could also lead to the accurate measurement of the rotational
rate coefficients at low temperatures because of a possible
strong signal.

IV. CONCLUSION

We have computed a multi-dimensional PES for the
SH™-He van der Waals system at the CCSD(T)-F12/aug-
cc-pVTZ level of theory. The PESs were incorporated into
quantum mechanical computations to deduce the state-to-
state rotational (de-)excitation cross sections of SH™ by
He. These cross sections are obtained for total energies up
2500 cm™!. Using a Maxwell-Boltzmann velocity distribu-
tion, we have thermally averaged these cross sections and
obtained rate coefficients for temperatures ranging from 1 to
300 K.

In this work, we note that the pure two-dimensional poten-
tial is well suited to deduce the rotational cross sections and rate
coefficients. Indeed, our results show that the SH™ vibrational
motion does have not a major effect on the scattering process.
However, slight deviations occur at low temperatures between
the two sets of results obtained with pure two-dimensional
and av-2D PESs. This difference may be seen in future highly
accurate experimental studies.

Concerning propensity rules, the AJ =1 transitions are
favored compared to the AJ =2 ones. It is expected that the
data computed in this paper may be of great interest for future
experimental studies as well as the interstellar detection of the
SH™ negative ion.

SUPPLEMENTARY MATERIAL

See supplementary material for the analytical forms of the
SH™-He potential energy surface and the SH™ potential energy
curves.
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