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New PESs for the HCNH' —He and HCNH™ —H, complexes

Collisional excitation of HCNH™ by He and H,: new potential energy
surfaces and inelastic rate coefficients

INTRODUCTION

C. T. Bop? and F. Lique!
Univ Rennes, CNRS, IPR (Institut de Physique de Rennes) - UMR 6251, F-35000 Rennes,
France.

(*Electronic mail: cheikhtidiane.bop@ucad.edu.sn)
(Dated: 2 February 2023)

Protonated molecules have been increasingly detected in the interstellar medium (ISM) and usually astrochemical
models fail at reproducing the abundances derived from observational spectra. Rigorous interpretation of detected
interstellar emission lines requires prior calculations of collisional rate coefficients with H, and He, i.e. the most
abundant species in the ISM. In this work, we focus on the excitation of HCNH™ induced by collision with H, and
He. Therefore, we first calculate ab initio potential energy surfaces (PESs) using the explicitly correlated and standard
coupled cluster method with single, double, and non-iterative triple excitation in conjunction with the augmented-
correlation consistent-polarized valence triple zeta basis set. Both the HCNH ' —H, and HCNH' —He potentials are
characterized by deep global minima of 1426.60 cm™! and 271.72 cm ™!, respectively and large anisotropies. From
these PESs, we derive state-to-state inelastic cross sections for the 16 low-lying rotational energy levels of HCNH™
using the quantum mechanical close-coupling approach. The differences between cross sections due to ortho- and
para-Hy impacts turn out to be minor. Using a thermal average of these data, we retrieve downward rate coefficients
for kinetic temperatures of up to 100 K. As it could be anticipated, differences of up to two orders of magnitude exist
between the rate coefficients induced by H, and He collisions. We expect that our new collision data will help to
improve the disagreement between abundances retrieved form observational spectra and astrochemical models.

whereas the protonated-to-neutral abundance ratio observed

Ion-neutral and neutral-neutral gas phase chemical re-
actions are thought to be the main formation routes for
molecules in cold dense interstellar clouds.! Therefore,
charged species are key intermediates in the enrichment of the
chemical composition in these environments. However, only
~ 10% of the chemical species detected towards TMC-1, are
positively charged. Indeed, due to their low abundances, the
detection of these ions has turned out to be more difficult than
that of the neutrals.

In recent years, a large number of protonated nitriles -
HC;NH'",2 HCsNH',? HC3NH*',* HC,NCH',> NCCNH*,°
and NC4NH™,” - has been detected in the interstellar medium
(ISM). The simplest protonated nitrile, HCNH™, was discov-
ered in the ISM for the first time towards Sgr B2 through its
1—=0,2—1, and 3 — 2 rotational emission lines.® From
the analysis of the spectra, the authors retrieved a fractional
abundance with respect to hydrogen of 3x 107!, Since then,
HCNH™' has been observed in numerous astronomical envi-
ronments. In TMC-1 and DR 21(OH), the HCNH™ abundance
relative to hydrogen is as large as 1.9x10~% and ~ 10710,
respectively.”!!

The observations of protonated nitriles have been con-
ducted successfully, thanks to the abundance of their neutral
counterparts which have high proton affinities. Indeed, obser-
vational spectra as well as chemical models suggest that the
[MH™]/[M] abundance ratio, between a protonated molecule
(MH™) and its neutral counterpart (M), increases with the in-
crease of the proton affinity of M.® However, this trend does
not seem to apply for the HC,N (n =1, 3, 5, 7) family. For in-
stance, the proton affinity of HC, N increases as a function of
n (iLe. 7129, 751.2, 770.0, 798.0 kJ mol ! see Refs.2!1213)

in TMC-1 decreases with the increase of n (i.e. ~ 6.0 x 1072,
~43%x1073,~4.2x 1073, ~ 2.6 x 1073; see Refs.>%). This
contradictory trend suggests to treat separately the chemistry
regulating the [HC,NH™]/[HC,N] abundance ratio.

The protonated-to-neutral abundance ratio is sensitive to
the ionization rate and thus to the physical conditions of the
cloud.® Accordingly, constraining this ratio is crucial to better
understand the chemistry of HC,NH™ and the physical condi-
tions of the media where they are detected. Protonated nitriles
are essentially produced by proton transfer from HJ to the
neutral and their destruction is caused by electrons via disso-
ciative recombination.'* Even though these reactions turn out
to be the dominant processes and reasonably well-known at
room temperature, chemical models still fail at accurately re-
producing the observations. For example, using a cosmic ray
ionization rate of 1.3x107!7 57!, a kinetic temperature of 10
K and a gas density of 2x10* cm~3 for TMC-1, the chem-
ical model underestimates the observed [HC,NH*]/[HC,N]
abundance ratio by a factor of 5 — 10 (the larger discrepancy
being recorded for n = 1).>6 These disagreements are usu-
ally thought to be originated from missing chemical reactions
or inaccurate low temperature reaction rate constants in the
chemical models. Another possibility that can explain the dis-
agreement can originate from the simple approach that has
been used for modelling the observations that could lead to
inaccurate abundance of the protonated nitriles. It is of high
interest to study the impact of non-local thermodynamic equi-
librium (LTE) radiative transfer calculations (taking into ac-
count collisional data) on the determination of the observed
abundances.

It has been shown in the literature that assuming LTE to in-
terpret observational spectra tends to overestimate molecular
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abundances.!>~!7 Indeed, the physical conditions of interstel-
lar molecular clouds are in general such that the kinetic tem-
perature differs from the excitation temperature of the lines.
To accurately model this latter and derive molecular abun-
dances from observational spectra, prior calculations of col-
lisional rate coefficients are needed. Collisional excitation of
HCN and HNC,'8-2! the neutral counterparts of HCNH™, has
been intensively investigated in the literature whereas the ro-
tational energy transfer of HCNH™ received less attention. To
the best of our knowledge, the abundance of this cation has
only been investigated under the LTE assumption. A possible
consequence of this discrimination is to overestimate the ob-
served abundance of HCNH™ and thus the [HCNH " ]/[HCN]
ratio due to LTE-analysis.

The only scattering work dedicated to HCNH' so far, is
its collisional excitation due to He.?? State-of-the-art ab initio
calculations were employed but the authors reported down-
ward rate coefficients only for the 11 low-lying rotational lev-
els. Helium has been considered as a reasonably good tem-
plate for para-H(j» = 0) since both species are spherical and
contain two valence-electron. In fact, it is shown in the lit-
erature that using He-induced collisional rate coefficients in-
stead of the actual data due to para-H»(j» = 0) impact is a
bad approximation in the case of charged species since the
scaling factor (a value of 2 —4) depends on the transition
and the temperature.”>~>> Studying collisions between H, and
HCNH" is then of high priority in order to accurately model
observational spectra of this molecular cation. Hence, we in-
vestigate in this work the excitation of HCNH* due to col-
lision H, using a new ab initio potential. In parallel, we also
revisit the excitation of HCNH™ by He in order to deeply com-
pare the excitation of this cation by the two dominant colliders
in the cold ISM.

The structure of this paper is as follows: the ab initio calcu-
lations are detailed in Section II, the results are presented and
discussed in Section III and concluding remarks are given in
Section IV.

Il. COMPUTATIONAL DETAILS
A. Potential energy surface and analytical fit

The interaction potential between linear HCN HT('Z")and
HQ(IZ; )/He('S) is described using the rigid-rotor approxima-
tion. The Hj bond length <ry,>p = 0.767 A corresponds to
the internuclear distance averaged over the ground vibrational
wave function wheregs the ryc = 1.0780 A, rey = 1.1339 A
and rng = 1.0126 A, bond separations correspond to the
HCNH™ equilibrium geometry.2®?” The use of equilibrium
geometry in polyatomic molecules is quite usual since the
vibrational wave functions are not always available. In this
work, we investigate the HCNH' —H, four dimensional po-
tential energy surface (4D PES) for the first time employ-
ing the Jacobi coordinate system (as shown in Fig.1). R
stands for the distance between the centers of mass of the
two monomers, the angle 0 (6,) describes the orientation of
HCNH™ (H,) with respect to the colliding axis and ¢ is the

z

FIG. 1. Jacobi coordinate system for the HCNH'"—H, and
HCNH™' —He van der Waals complexes.

dihedral angle between the half-planes containing HCNH™
and Hy,. The definition of R and 6; is also valid for the
HCNH™" —He potential (2D PES).

As we aim to compare the data obtained using He and Hj
as projectiles, we compute a new HCNH*—He 2D PES to
avoid any bias due to the level of theory used in the PES
construction. Indeed, Nkem et al.?> employed the standard
coupled cluster method with single, double, and non-iterative
triple excitation [CCSD(T)]?8-% along with the augmented-
correlation consistent-polarized valence triple zeta basis set
(aug-cc-pVTZ)>® and mid-bond functions to describe the PES
whereas we introduce the explicit treatment of the electron
correlation [CCSD(T)-F12]3! and ignore the mid-bond func-
tions. The practical accuracy of the computed quantities ap-
proaches that of CCSD(T) in conjunction with a complete ba-
sis set.3! Therefore, we use the same level of theory to com-
pute both the 2D and 4D PESs.

For all electronic calculations, we use the MOLPRO quan-
tum chemistry package version 2015.3%33 For both collisional
systems, the PESs are generated using 45 R-grid points (from
4.50 t0 20 ag) and 15-point Gauss-Legendre quadrature for 9.
Additionally, 9-point Gauss-Chebyshev (for ¢) and 5-point
Gauss-Legendre (for 6,) quadrature are used in the 4D PES
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to describe the rotational motion of H,. The size consistency
error due to the CCSD(T)-F12 method is corrected for all ge-
ometries by subtracting the potential obtained at R = 200 ag

V(R, &) = V(R.ct) — V(R =200 ao, ), )

where o stands for {6;,6,,¢} for the 4D PES and 0, for the
2D PES. To take into account the ionic nature of the collional
systems, we calculate the PESs from R = 20 ag up to R =
60 ag using the standard CCSD(T) method since CCSD(T)-
F12 does not always describe correctly the long-range inter-
action. For both the HCNH" —H, and HCNH* —He systems,
the potential energies calculated with the two level of theories
differ by less than 3% at R = 20 ag. Therefore, the two sets
of data [V(R < 20 ag,a) and V(R > 21 ag, o)] are smoothly
connected using cubic spline routine. For all ab initio points,
the errors due to basis set superposition are corrected using
the counterpoise method,>*

V(R,a) = Eycennt—a (R, @) — Eyennt (R, @) — Ea(R, @)(2)

where A stands for H, for the 4D PES and He for the 2D PES.

To derive analytical representation of the HCNH'—H; ab
initio PES we use contracted normalized bispherical harmon-
ics (Eq. 3) as follows:

V(R,61,6:.0)= Y vi,,.(R)ALL,.(61,62.9). (3)
LiLL

Eq. 4 introduces the definition of the bispherical harmonics,

2L+ 1 L, L, L
Ap1,0(01,62,0) = : [(l S

ar Lo o 0>XPL1°(91)

min(Ly,Ly)

L, L, L

XPr,0(62) +2 Z (]\41 —j/l 0)
M=1

X PLIM(Gl)PLzM(ez)COS(M‘P)} : “

L, and L, stand for the rotational motion of HCNH* and H»,
respectively. They vary up to Limax = 14 and Lymax = 4, re-
spectively. By definition, L = |L; — Ls|,...,L; + L, and L,
takes only even values due to the symmetry of H,. The
root-mean-square error (rmse) generated by the analytical fit
(Eq. 3) is ~12 cm ™! at R = 4.50 ay but it quickly drops down
to less than 1 cm ! at R =5.5 ap and few [107°> —102] cm ™!
above 8 ay. It is worth noting that in the region where the rmse
is greater than 1 cm~!, the absolute value of the potential is
larger than 300 cm™!.

Concerning the HCNH' —He ab initio PES, Legendre poly-
nomials [P, (6;)] are employed to determine the analytical
expression,

Limax

V(R,6)) =Y vi,(R)PL(6)), o)
L

where L and Limax are exactly as defined above. This expan-
sion reproduces the ab initio data with relative errors less than
1%.

Let us notice that the MOSLCAT built-in POTENL routine ex-
trapolates the radial coefficients v, (R) according to the fol-
lowing inverse exponent,? to generate the potentials for ra-
dial distances larger the 60 ao, i.e. beyond the ab initio calcu-
lations.

_ G

= R (6)

v (R)
Here, v stands for v, and vy, for the 2D and 4D poten-
tials, respectively and the coefficients Cj and 7, are calcu-
lated using the last two values of vy .

B. Cross sections and rate coefficients

The dynamical processes we are investigating are summa-
rized by Eq. 7. The projectile A stands for para-H;(j, = 0)
and He. We note by j; and j; the rotational quantum numbers
of HCNH' and H,, respectively.

HCNH " (j;) +A — HCNH' (j}) + A @)

State-to-state inelastic cross sections (o) involving the 16
low-lying rotational energy levels of HCNH' (j; = 0 — 15)
are calculated in the [2.5 — 800.0] cm™' total energy range.
In order to correctly describe the resonances, we scan the en-
ergy range using a fine step of 0.1 cm™! up to 400 cm~! (i.e
up to ~ 100 cm~! above the HCNH™ rotational energy level
Jj1 = 15). For higher total energies, we smoothly increase the
step size up to 10 cm ™!

The close-coupling quantum mechanical approach imple-
mented in the MOLSCAT computer code,>7 supplemented
with the log derivative-airy integrator,’® is used to solve the
coupled equations and derive state-to-state inelastic cross sec-
tions. Convergence calculations are carried out first to deter-
mine the parameters necessary for the propagator. We set the
HCNH™ rotational basis large enough including j; up to 30,
i.e. all energy levels of interest along with at least 6 channels
above.

For the HCNH*—H, collisional system, the para-Hj
(ortho-Hy) rotational manifold includes only j, =0 (j, = 1)
in the calculations. The contribution from upper energy levels
(i.e. jo =2 and j, = 3) is checked by comparing partial cross
sections summed over total angular momenta up to J = 10, for
example o(j, = 0) versus o(j, = 0—2). Indeed, the inclusion
of jo =0—2and j, =1 — 3 respectively in the para-H, and
ortho-H, rotational bases leads to a mean deviation of ~ 20%
considering all transitions but it also increases the computa-
tional time by a factor of ~ 100. Let us notice that, such
relative errors are not expected to have significant impact in
radiative transfer calculations.

The STEPS-parameter which is inversely proportional to
the kinetic energy (Ej) is decreased (from 50 to 10) with
the increase of the energy to keep the integration step below
0.2 ap. The rotational energy levels are calculated using the
spectroscopic constants of HCNH™ [By = 1.2360 cm~! and
Doy = 1.6075 % 107% cm™'] and H> [By = 59.322 cm™~! and
Do = 0.047 cm—1].2639
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FIG. 2. Contour plots of bi-dimensional cuts of the HCNH™ —H, 4D PES. For the upper panels, {6,¢} = {90°,0°} at the left-hand side and
{61,0} = {0°,0°} at the right-hand side and for the lower panel, {¢,R} = {0°,6.25 ag}. The color map scale (lower panel) and the contours
show the interaction potential in cm ™~ for all panels. The fixed parameters stand for the coordinates of the global minimum.

By mean of a thermal average of the cross sections over
the Maxwell-Boltzmann kinetic energy distribution, we derive
collisional rate coefficients (k) up to a kinetic temprature (7)
of 100 K,

8 il _
kit (T)= (W)IMBZ/O Exoj, i (Ex)e PE aE, (8)

where y = 1.8075 au (3.5024 au) stands for the reduced mass

of the HCNH"—H; (HCNH'—He) collisional system and
B = (keT)".

Ill. RESULTS

We show in Fig. 2 contour plots of bi-dimensional cuts
of the HCNH'—H, 4D PES. For each panel, the fixed pa-
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FIG. 3. Contour plots of the HCNH™ —He PES as a function of R

and 6. The contours show the interaction potential in cm™!.

TABLE 1. Comparison of the global minima (in unit of cm™!) of the
2D and 4D PESs of HCNH ™ —He and HCNH* —H,, respectively.

R (ag) 6 (degree) HCNHT—He HCNHT—H,

6.50 0 266.90¢ 271.72 -
6.25 0 — — 1426.60

4 refers to Nkem et al.?

rameters correspond to the coordinates of the global min-
imum (6; = 0°, 6, =90° and R = 6.25 ag with AE = -
1426.60 cm™!). Let us notice that the interaction potential
is not sensitive to ¢ in the T-shape configuration of the com-
plex, i.e. 8; = 0° and 6, = 90°. In general, the anisotropy of
the potential with respect to ¢ is very weak (see appendix A).

Regarding 6; and 6,, the interaction between HCNH™
and H; is very anisotropic as one can see from Fig. 2.
V(R, 61,60, = 90°,¢ = 0°) presents two minima at the T-
shape configurations (8; = {0°,180°}) and the shallower (AE
= -887.34 cm ! obtained at R = 7.0 ag) corresponds to the
side-on approach of H, towards the CH-end of HCNH™ (i.e.
0, = 180°). Due to the quasi-symmetric shape of HCNH™,
the potential is nearly symmetric with respect to 8; especially
for R > 8 ay.

Concerning V(R,6,,0, = 0°,¢ = 0°), the interaction is
symmetric at 6, = 90° due to the homonuclearity of H,. The
lower panel better highlights the anisotropy of the interac-
tion which persists even in the repulsive region. The global
minimum mentioned above is also observed here whereas the
secondary minimum, AE -503.03 em™!, oceurs at {6,,6,} =
{132°,109°} due to the change of R from 7 ag to 6.25 ag.

Fig. 3 displays the dependence on 6; and R of the
HCNH ™" —He interaction potential. The newly computed PES
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FIG. 4. Long-range interaction energy (in cm ') of the HCNH+ —H,
complex as a function of R and 6, for 8; = ¢ =0°.

is very similar in shape (including the position of the min-
ima) and magnitude to that of Nkem et al.>> The new 2D
PES presents a global minimum of 271.72 cm™! which is
5 cm~! deeper than the previous calculations. Apart from the
strength of the interaction, the 2D PES is very similar to the
V(R, 01,6, =90°,¢ = 0°) bi-dimensional cut of the 4D PES.
Table I shows a comparison of the global minima and their po-
sitions. As one can see, the minima of the 2D PESs are located
at the same HCNH™ orientations but they are ~ 5 times shal-
lower than the minimum of the 4D PES which corresponds to
the side-on approach of Hy.

Fig.4 depicts the long-range interaction of the HCNH ™ —H,
complex as a function of 6,. The potential is highly sensitive
to the rotation of Hj for radial distances of up to 50 ay where
the amplitude varies by about 1 cm~!. Indeed, this finding is
not surprising since at the long-range, the potential potential
is dominated by the charge-quadrupole interaction which is
sensitive the rotation of H (i.e. the quadrupole) and slowly
drops as R—3. This behaviour clearly justifies the extension
of our ab initio calculations up to 60 ap where the amplitude
change of the interaction decreases down to 0.5 cm ™.

We show in Fig. 5 the dependence on kinetic energy of
state-to-state inelastic cross sections of HCNH™ induced by
collision with para-H, and He. For both collisional sys-
tems, the cross sections behave similarly presenting sev-
eral resonances (shape and Feshbach type) and an amplitude
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FIG. 5. Kinetic energy dependence of state-state inelastic cross sec-
tions of HCNH induced by collision with para-H,(j> = 0) and He
for selected downward transitions. The solid and dashed lines stand
for the para-H; and He-induced cross sections, respectively.

that quickly drops with the increase of the kinetic energy-
logarithm. Therefore, as for typical ion-molecule collisional
cross sections, our calculations exhibit the Langevin be-
haviour. A global analysis of Fig. 5 shows that the lower
panel, where Aj; > 1, better highlights the difference between
the para-H, and He-induced cross sections than the upper
panel for which Aj; = 1.

Concerning the Hj nuclear spin symmetries, we compare in
Fig. 6 the HCNH™ cross sections due to both ortho-Hy(j, = 1)
and para-H;(j, = 0) collisions. Slight differences (i.e. less
than a factor of 1.2 with few exceptions) exist between the two
sets of data. This is a typical feature of cross sections induced
by collision between molecular ions and Hy, as shown in de-
tail in previous works.*>#! This finding supplemented with
the low population of ortho-H, in cold astrophysical environ-
ments, i.e. the regions we are interested in, let us not to cal-
culate collisional rate coefficients of HCNH™ by ortho-H, in
this work. Nevertheless, these data can be inferred from the
para-H>(j» = 0) collisional rate coefficients, if needed.

W E=10cm™? LA
® E=50cm! et
* E=100cm™! /,/’ A
™~ 102 <
T A
6 4 ,/‘-
< 2
£ 2
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o X v
/; 4
‘I 7
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10 4 e
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b /’3 4
- ,”
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s 4
o
s ,/’
//
102

00,
o (A?), para-H;

FIG. 6. Comparison of the HCNH™ cross sections induced by col-
lision with ortho-Hy(j, = 1) and para-Ha(j, = 0) projectiles for se-
lected total energies. To keep the same kinetic energy for both col-
lisional systems, we set the rotational energy of Hy(j, = 1) to zero.
The solid diagonal line stands for y = x and the dashed lines delimit
the region where the difference is less than a factor of 1.2.

We display in Fig. 7 the dependence on Aj; of the HCNH™
downward rate coefficients induced by collisions with para-
H; and He for selected temperatures. For the (H,) He-induced
rate coefficients, the (upper) lower panel shows a dominance
of the (Aj; = 2) Aj; = 1 transition. Nevertheless, there is no
clear propensity rules in favor of (even) odd Aj; transitions
for the (H,) He-induced collisional data. This lack of clear
propensity rule can be related to the features of the PESs. In-
deed, the quasi-symmetric shape of the interaction potentials
fosters even Aj; transitions whereas the anisotropy strength-
ens odd Aj transitions.

The comparison between the new HCNH"-He rate coeffi-
cients and those computed by Nkem et al.,?? reveals slight dif-
ferences which appear only at low temperature (see the lower
panel of Fig. 7). This finding is not surprising since both PESs
are very similar and present a difference of only ~ 5 cm™! for
the global minimum.

A simultaneous look at both panels shows an increasing
dominance with the increase of Aj; in favor of rate coeffi-
cients induced by collision with para-H;. For instance, the
two sets of data differ by a factor of ~ 2 for Aj; =1, 10 for
Aj; =5 and 100 for Aj; = 10. These disagreements are re-
lated to the HCNH'"—He and HCNH"™—H, PESs which are
quite different as discussed in detail in the beginning of this
section. In summary, He is a bad template for para-H, in the
collisional excitation of HCNH ™. However, it is worth men-
tioning that the He-induced rate coefficients computed in this
work are not useless since the abundance of this species in the
ISM is about 10% of the gas density. For example, Aguindez et
al. adopted a He abundance relative to H of 0.17 in non-LTE
analysis of the HCCNCH™ observational spectra.’
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HCNH™ induced by collision with para-H, (upper panel) and He
(lower panel) for selected temperatures. The dashed lines stand for
HCNH™-He rate coefficients computed by Nkem et al.22

IV. CONCLUSION

The first 4D PES of the HCNH" —H; collisional system is
computed using the CCSD(T)-F12/aug-cc-pVTZ level of the-
ory and the long-range interaction is described by mean of
the standard CCSD(T)/aug-cc-pVTZ. A new 2D PES for the
HCNH " -He interaction is also calculated using the same level
of theory. State-to-state inelastic cross sections of HCNH™
induced by collision with both He and and para-H>(j, = 0)
are retrieved, for total energies of up to 800 cm~!, using the
close-coupling quantum mechanical approach. By thermally
averaging these cross sections, we determine rate coefficients
for rotational transitions between the 16 low-lying energy lev-
els of HCNH™ for temperatures of up to 100 K.

Both interaction potentials (2D and 4D) exhibit large
anisotropies with respect to the HCNH™ rotation and two min-
ima corresponding to linear approaches towards the H-ends.
The global minimum is observed for the projectile approach
(H; side-on approach for the 4D PES) towards the CH-end. A
comparison of HCNH™ collisional cross sections induced by

ortho-Hy(jo» = 1) and para-H;(j, = 0) confirms the low influ-
ence of the H, symmetries in collisional excitation of molec-
ular ions mentioned in the literature. Typically, we obtain dif-
ferences less than a factor of 1.2. On the other hand, com-
paring para-H, and He-induced rate coefficients reveals dif-
ferences ranging from a factor of 2 (for low Aj; transitions)
to a factor of 100 (for large Aj; transitions) depending on the
transitions. Therefore, we confirm that He is a bad template
for para-H;(j, = 0) for the excitation of molecular ions.

The collisional rate coefficients presented in this paper,
supplemented with the HCN—H; and HNC—H; collisional
data,*?> will likely play a key role in the constraint of the
[HCNHT]J/[HCN + HNC] abundance ratio observed in cold
dense molecular clouds and accordingly the cosmic ray ion-
ization rate. Hyperfine resolved collisional rate coefficients
and the impact of isotopic substitution in the excitation of
HCNH™ will be presented in a forthcoming paper.
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Appendix A: Anisotropy of the 4D PES with respect to ¢

Fig. 8 displays the variation of the HCNH™ —H, 4D poten-
tial as a function of ¢ and R for selected values of 6; and 6.
As mentioned in Sec. 111, the anisotropy of the PES relative to
¢ is very low. For 6; = {0°,180°}, the interaction becomes
completely isotropic. Indeed, HCNH™ lies on the z-axis and
the variation of ¢ changes only the x- and y-coordinates of
the hydrogen atoms of Hy but the interatomic distances re-
main the same and accordingly the PES. This is more obvious
in the case where 8, = 90°, i.e. the T-shape geometry of the
complex.
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FIG. 8. Contour plots of the HCNH —H, interaction potential (in cm~!) as a function of ¢ and R for selected values of 6; and 6,.









(924b9p) g

08T 09T OvL OZT OO0OT 08 09 or 0c

000T— -

0001

000¢

000¢

0007

0006S

LG8LYLO'G/€90L°0L "SAYd "wayD I 0} paydaday

(14yoq) ¥



(924b3p) <

08T 09T OvL OZT OO0OT 08 09 Ot

000T— -

0001

000¢

000¢

0007

0006S

LG8LYLO'G/€90L°0L "SAYd "wayD I 0} paydaday

0¢c

OT

IT

¢l

(14yoq) ¥



0001—

000T

000¢

000€

000v

000s

0se

00€

(924b9p) g
0S¢ mom 0ST

LG8LYLOS/€90L 0L "SAYd "wayD °r 0} paydadoy

00T

0s

0s

00T

- 0GT

00¢

0S¢

00€

0S€

(924b3p) <



(924b9p) g

08T 09T OvL OZT OO0OT 08 09 or 0c

00Z— ~

00¢

00t

009

008

000T

LG8LYLO'G/€90L°0L "SAYd "wayD I 0} paydaday

(14yoq) ¥



0.251

0.00+1

—0.257

0.5

O
o

|
o
&)

Potential (cm™1)
|

D
1

0.0+

—2.51
10+

—101

R=60610

R = 40 ag
RZ?)OQO
R = 20 ag

80
0, (degree)

100







0«7V
0<¢€
0<C
O<T

00T

10T

0T

c0T

)

>



(H-eited AN$ 0
HoH

0T
| 1 .\\\
% Y\\-
’
% e
’
% 7
’
4 /’
4 ’
4 ’
A6
\Q \\h
’
\\ \*
%
%
%t
’
’
P
’
’
/’
n- *\\
’
Y
’ Prd
’
o wd =
7 I— 00T =4 ¥
’
e -wWd0S=3 @
HIC._U OT=4 B

ZH'O‘*/--IJO ‘(zV) 0

o~
o
—

o



- 11-0T

[_S c_WD) Y

- 01-0T~~—



E 1 0T

- e1-01 ~
—~

@)

_
z1-01 W

wn

_
: -
F 11-0 T~

o 01-0T



(924b3p) ¢

08T 06 0O 08I 06 0 08I 06 0
0°S
<)
N
I Q'L
W
o 00T
0°'S
s X
~~
G'L
__ g
w 00T =y
° S
p —
0°'S
)
N G/
[l
O .
o 00T

.08T =19 .06 =10
LG8LYLO'G/€90L°0L "SAYd "wayD I 0} paydaday



