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Accurate modeling of nitrogen-
rich atmospheres, such as that of Center of Mass Al"
Titan, requires precise collision-
al data with key secondary part-

Ar'
R R
This work H) AGHG 9—.—90
presents a quantum scattering

investigation of rotational (de-)excitation of HCN and HNC molecules in their ground vibra-

ners such as Ar.

tional state in collisions with Ar. Two-dimensional potential energy surfaces were constructed
using the CCSD(T)-F12A /aug-cc-pVTZ method, achieving accuracy near the complete basis
set limit. State-to-state integral cross-sections for rotational transitions were computed by
solving the quantum close-coupling equations for all rotational quantum number j < 8, over

1 and were then thermally averaged to obtain de-excitation

collision energies up to 1000 cm
rate coefficients for temperatures of 5—200 K. A propensity rule for clear rate coefficients is ob-
served: in contrast to the HCN—He system, which favors even Aj transitions, the HCN—Ar
system exhibits a strong propensity for odd Aj transitions at j< 4 and for even transitions at j>
4. This propensity gradually weakens at higher temperatures but remains observable. The
provided rate coefficients supply essential data for astrochemical models involving Ar, en-
abling more accurate treatment of HCN/HNC (de-)excitation and radiative transfer in inter-
stellar and planetary environments, thereby improving the reliability of derived molecular

abundance ratios.

Key words: Potential energy surface, Inelastic rotational collision, Close coupling, Cross sec-

tion, Rate coefficient

I. INTROUCTION

The dense atmosphere of Titan, composed predomi-
nantly of No and CHy, sustains a complex organic chem-
istry that leads to the formation of nitriles [1, 2]. Hydro-
gen cyanide (HCN), first detected in Titan’s atmo-
sphere by the Voyager mission [3], is a critical product

of photochemical and ion-molecule processes [4]. Its un-
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stable isomer, HNC, which was later detected in Titan’s
atmosphere via its rotational transition J=6—5 by
Moreno et al. [5], also serves as a precursor to more
complex organic compounds [1, 6-8]. The HNC/HCN
abundance ratio provide a powerful diagnostic for un-
derstanding chemical pathways and isomer-specific pro-
cesses in Titan’s atmosphere [9—11]. Consequently, ac-
curate radiative transfer modeling of HNC and HCN,
which is essential for interpreting observational data,
requires precise collisional rate coefficients with the
dominant atmospheric species.

In the interstellar medium (ISM), the HNC/HCN
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abundance ratio correlates strongly with temperature
[12, 13]. In very cold environments, HNC appears more
abundant than HCN, which is a counterintuitive result
that has long intrigued astronomers [14]. Rotational
(de-)excitation of HCN and HNC is commonly modeled
using collisional data with He or Ho. Recent experimen-
tal work by Hay et al. [11] has confirmed earlier quan-
tum scattering studies [15, 16], showing that due to dif-
ferences in the anisotropy of their interaction poten-
tials, the HCN—He and HNC—He systems exhibit funda-
mentally different collisional de-excitation behaviors:
HCN-He favors even Aj transitions, whereas HNC—He
favors odd Aj transitions. These differences significant-
ly affect the inferred HNC/HCN abundance ratio,
demonstrating that using HCN collisional data as a
proxy for HNC may lead to substantial biases [15]. In
particular, Sarrasin et al. [16] showed that in cold dark
clouds, the HNC/HCN abundance ratio derived from
observations has to be revised from>1 to= 1 due to
these collisional differences.

Previous studies of collisions with He have shown
that the collisional excitation process is highly sensitive
to molecular isomerism. This strong dependence moti-
vates the extension of such investigations to systems in-
volving heavier partners. Although Ny is the dominant
species in Titan’s atmosphere, Ar, being the most abun-
dant noble gas present [17, 18], serves as a crucial
benchmark for studying heavy particle collision dynam-
ics. Its interaction properties are fundamentally dis-
tinct from those of the light partners prevalent in the
ISM, such as He or Hs. Early experimental evidence
from microwave double resonance studies of HCN with
rare gases indicates that the patterns of collision-in-
duced rotational transitions for Ar (and Xe) differ qual-
itatively from those of He [19], highlighting the impor-
tance of the perturber’s polarizability and mass. While
prior theoretical studies have provided initial insights
into the HCN/HNC—Ar systems [20—22], state-to-state
rotational (de-)excitation data based on high-level ab
initio potential energy surfaces (PESs) and exact quan-
tum scattering methods at low temperatures remain un-
available. Consequently, approximating rates for Titan’
s conditions using coefficients derived from He or Ho
collisions may lead to significant inaccuracies. Indeed,
using Ho or He as proxies may not fully capture the de-
tailed collisional dynamics of the No/CHy/Ar atmo-
spheric mixture on Titan. This conclusion is corroborat-
ed by studies of other molecular systems, demonstrat-
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ing that rate coefficients for Hs collisions cannot be ac-
curately obtained by a simple scaling method of He col-
lision coefficients, due to fundamental differences in the
underlying interaction potentials [23, 24].

This paper utilizes Ar to establish a fundamental
benchmark for collisions involving heavy atomic part-
ners with HNC and HCN. Section II details the compu-
tational methodology, including the construction of the
HNC-Ar and HCN—Ar PESs using the CCSD(T)-F12A
method and a comparison of this approach with the
highly accurate CCSD(T)/CBS benchmark. We also
describe the use of Gauss—Legendre quadrature to com-
pute the radial coefficients of the potentials. Section III
presents the results of quantum close-coupling calcula-
tions, providing integral cross-sections for rotational de-
excitation and thermal rate coefficients spanning the
temperature range of 5-200 K. By systematically com-
paring the collisional behavior of HCN-Ar and
HNC-Ar, we elucidate the differences in their transi-
tion propensities. Section IV summarizes our findings
and conclusions.

Il. COMPUTATIONAL DETAILS

A. Potential energy surfaces

The interaction potentials of the HNC—Ar and
HCN—-Ar complexes were calculated within the rigid-ro-
tor approximation, considering both molecules in their
electronic ground state (X'=t) and Ar in the 'S state.
This approximation is well suited to the low-energy
regime under consideration because intramolecular vi-
brations have only a minor influence on cross-sections
for pure rotational excitation, as established in earlier
studies [15, 16, 25]. Although strong vibration-rotation
coupling can occur in non-rigid polyatomic molecules,
linear triatomic species such as HNC and HCN possess
relatively rigid geometries. In the energy range relevant
to rotational excitation, these molecules lack large-am-
plitude soft bending or torsional modes. Their spectro-
scopic signatures, characterized by well-separated rota-
tional and vibrational lines, are consistent with the rigid-
rotor model.

As illustrated for the HCN—Ar system in FIG. 1, a
Jacobi coordinate system was used in the calculations.
Here, R represents the distance from the center of mass
of the molecule (HNC or HCN) to Ar, and 6 denotes the
angle between the molecular axis and the vector R. For
the HCN—Ar system, §=0° corresponds to the linear

© 2026 Chinese Physical Society
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FIG. 1 Jacobian coordinates for the HCN ((X'z¥)-Ar
(15)) collisional system.

HCN-Ar configuration, and §=180° to Ar—HNC con-
figuration. The molecular geometries were fixed at their
experimental ground-state equilibrium structures:
mu=0.994A and mc=1.169A for HNC [26];
rcg=1.065 A and ron = 1.153 A for HCN [27].

PESs for the HNC/HCN—Ar van der Waals systems
were computed using the explicitly correlated coupled
cluster singles, doubles, and perturbative triples, aug-
mented by explicitly correlated functions (CCSD(T)-
F12A) method [28]. The aug-cc-pVTZ basis set was em-
ployed for all atoms (H, C, N, and Ar) [29, 30]. For both
systems, the counterpoise procedure of Boys and
Bernardi [31] was applied to correct for basis set super-
position error (BSSE):

V(R, 9) = EHX—Ar(Ra 6‘) - EHX(R7 0) - EAr(R7 6) (1)

Here, HX denotes HCN or HNC. V (R, ) represents the
interaction potential for the HX—Ar complex. Epx_ar,
Erx, and Fa, are the total energies of the HX—Ar, HX,
and Ar monomers, respectively. For each PES, a total
of 1767 ab initio energy points were computed, provid-
ing extensive sampling of the configuration space that
includes the equilibrium, short-range repulsive, and
long-range asymptotic regions. The intermonomer dis-
tance R was sampled from 2.5 A to 30.0 A, and the an-
gle 8 was varied in 10° increments from 0° to 180°.

The calculated PESs for HCN—Ar and HNC-Ar are
presented in FIG. 2 (a) and (b), respectively. FIG. 2(a)
features a single global minimum located at R =4.496 A
and 0=180° for the HCN—Ar system, corresponding to a
linear Ar—HCN geometry with a well depth of 144.91
cm . For the HNC-Ar system, its global minimum oc-
curs at R=4.133 A and #=180°, corresponding to a lin-
ear Ar—HNC geometry with a well depth of 222.02 cm L.
The HNC-Ar well depth is substantially greater than
that of the HNC—He system (=46.83 cm™ ') [16]. A simi-
lar enhancement in well depth is observed for the
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FIG. 2 Contour plots of the PESs for (a) HCN-Ar and

(b) HNC-Ar as functions of the intermolecular distance R

and angular coordinate 6. Energy values are given in cem L.

The negative energy regions are denoted by red contours,
while the positive energy regions are represented by blue
contours.

HCN-Ar relative to HCN—He. This marked enhance-
ment in the well depths is primarily due to the electric
dipole polarizability of Ar, which is approximately eight
times greater than that of He [32]. This greater polariz-
ability strengthens the induction and dispersion interac-
tions, leading to significantly deeper potential wells of
both the HCN—Ar and HNC—Ar systems.

To assess the accuracy of the CCSD(T)-F12A /aug-
cc-pVTZ (AVTZ) method for these systems, we com-
puted one-dimensional (1D) potential energy curves
along the angular coordinate at 6=180° for both
HNC—-Ar and HCN—Ar. For completeness, similar cal-
culations were performed at other characteristic angles
(6=0°, 90°), which consistently confirmed the perfor-
mance of the method. As shown in FIG. 3, the potential
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TABLE I Potential energy of the HNC—Ar and HCN—Ar systems for the linear arrangement §=180° computed at differ-

ent levels of theory as a function of R.

HNC-Ar potential energy/ em !

HCN-Ar potential energy/ em !

Theory level

R=4.10A R=420 A R=4.30 A R=4.40 A R=4.50 A R=4.60 A
CCSD(T)/AVTZ —198.65 —200.57 —-191.88 -121.00 -129.00 -128.00
CCSD(T)/AVQZ —217.26 —215.83 —204.48 -137.00 —-142.00 -142.00
CCSD(T)/AV5Z -221.39 -219.11 -207.23 -141.00 —-145.00 -142.00
CCSD(T)/CBS —223.76 -220.99 —208.81 —-143.31 —146.73 —-143.73
CCSD(T)-F12A/AVTZ -221.30 —219.04 —207.06 -140.00 —-145.00 —-141.00
CCSD(T)-F12B/AVQZ —220.99 —218.81 —206.97 —140.72 —145.35 —141.48

HNC

V(R) (cm™)

—— CCSD(T)AVTZ
—— CCSD(TYAVQZ
—— CCSD(TY/AV5Z
CCSD(T)/F12A
—— CCSD(T)/ICBS

=150

-200

-250 T T T T
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FIG. 3 1D PESs of HNC-Ar and HCN—-Ar at 6=180°.
The curves were calculated using CCSD-F12A/AVTZ and
CCSD(T) methods with different basis sets and CBS ex-
trapolation.

energy curves obtained with the CCSD(T)-
F12A/AVTZ method are in excellent agreement with
those derived from the complete basis set (CBS) limit.
The CBS limit values were obtained via a three-param-
eter exponential extrapolating [33] of conventional
CCSD(T)/aug-cc-pVXZ (X=T, Q, 5) method. A quan-
titative comparison is provided in Table 1. The
CCSD(T)-F12A/AVTZ interaction energies deviate by
less than 1% from the CBS limit values, demonstrating
accuracy comparable to that of the much more compu-
tationally expensive CCSD(T)/aug-cc-pV5Z level of
theory. Although the alternative CCSD(T)-F12B vari-
ant offers comparable accuracy, the CCSD(T)-F12A
approach was selected for its superior computational ef-
ficiency, providing an optimal balance between accura-
cy and resource expenditure for constructing the exten-
sive PESs required in this work. The reliability of this
computational approach is further supported by its suc-
cessful application in accurately describing other van
der Waals complexes, such as OCS—Ar [34], O3—Ar [35],
and HNSi—He [36]. All ab initio calculations were car-
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ried out using the MOLPRO quantum chemistry pack-
age [37].

B. Analytical representation

The PESs for the HCN—Ar and HNC-Ar systems
were expressed via a standard Legendre polynomial ex-
pansion [38] for the subsequent quantum scattering cal-

culations. The potential is expressed as:

AInax

V(R,0) = VA(R)Py(cos0) (2)
A=0

where P), (cosf) denotes the Legendre polynomial of or-
der A. The corresponding radial expansion coefficients
VA(R) were obtained via Gauss—Legendre quadrature
with 17 integration points:

Vy (R) = (2)\2+1

) / V (R,0) Py (cos8)sinfdd (3)
0

The expansion was truncated at Apax =14 and 15 for
HNC—-Ar and HCN—Ar. This truncation ensures a rela-
tive error of less than 0.5% between the analytically fit-
ted potential and the ab initio points across the entire
configuration space.

FIG. 4 displays the radial coefficients Vj(R) for
A=0-3 as functions of R for HNC—Ar (solid lines) and
HCN-Ar (dashed lines). For HCN—Ar, the anisotropy is
dominated by the A=2 term, reflecting an approxi-
mate symmetry under end-for-end interchange
(f—m—0). In contrast, the HNC—Ar potential in the key
interaction region (approximately 3.9-4.2 A) is charac-
terized by dominant contributions from the A=1 and 3
terms. This dominance of odd-order terms reflects a
pronounced odd anisotropy in the PES, a direct conse-

quence of the molecule’s intrinsic asymmetry, consis-

© 2026 Chinese Physical Society
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FIG. 4 Plot of first four radial Legendre expansion coeffi-
cients (A=0-3) as a function of R. Solid lines denote
HNC-Ar, and dashed lines denote HCN—Ar.

tent with findings for the HNC—He system [16]. At larg-
er separations (4.0-5 A), the A=2 term also becomes
significant for HNC—Ar. Interestingly, for HCN-Ar
around R~4 A, the magnitude of the V3 briefly exceeds
that of Va. This subtle feature, less pronounced in the
corresponding He complexes, may arise from enhanced
induction interactions due to the high polarizability of
Ar, which can more strongly couple with the perma-
nent electric moments of the HCN molecule.

Following the procedure of Ajili and Hammami for
long-range representation, the asymptotic form of the
interaction was explicitly incorporated into the analyti-
cal potential fit [39]. FIG. 5(a) compares the ab initio
points, the isotropic coefficient Vy(R), the CBS limit,
and the final analytical potential for the linear HCN—Ar
(6 =0°) configuration. An analogous comparison for the
linear HNC-Ar (0=0°) configuration is presented in
FIG. 5 (b). Excellent agreement is observed in both cas-
es. As shown in FIG. 5, the interaction energies comput-
ed at the CCSD(T)-F12A/AVTZ level are in excellent
agreement with the CBS limit. This confirms that the
CCSD(T)-F12A/AVTZ method provides an optimal
balance, delivering accuracy near the CBS limit while
substantially reducing computational cost. Moreover,
the consistency between the fitted potentials and the ab
initio data across all sampled geometries confirms the
robustness of the fitting protocol. A critical aspect of
the fitting process is the enforcement of the correct
asymptotic behavior. In the long-range region, where
dispersion interactions dominate, the potential must
converge to the theoretical —Cg/RS form. FIG. 5 shows
that the fitted isotropic radial coefficient, Vy(R), suc-
cessfully reproduces the ab initio points and seamlessly
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FIG. 5 Comparison between the long-range ab initio and
analytical potential energies of (a) HCN-Ar system and
(b) HNC—-Ar system at 6=0°.

merges with the —Cg/ RS curve at large internuclear sep-
arations. This successful integration of the physically
correct asymptotic form into the global fit ensures the
reliability of the PES, particularly in the long-range re-
gion. An accurate description of this region is essential
for converging quantum scattering calculations, as it in-
fluences resonance positions and the convergence of in-

tegral cross-sections.

Ill. RESULTS AND DISCUSSION

A. Inelastic cross-sections

The quantum dynamics of inelastic scattering in the
HNC/HCN-Ar system is treated within the close-cou-
pling method, initially developed by Arthur and Dal-
garno [40]. The integral cross section oj,;(E}), which
depends on the collision energy for the molecule, is ob-
tained by summing the reaction probabilities over all
values of the total angular momentum quantum num-
ber J, given by Green [41] in the form of the scattering

matrix Sfj’,ll/ :

© 2026 Chinese Physical Society
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FIG. 6 Inelastic state-to-state cross-sections (in units of A%) as a function of collision energy for de-excitation of (a) HNC

and (b) HCN with Ar.

J+j

™
0 (Bp) = —5o—r
53" (B) k2 (2j +1)

Here, J is the total angular momentum quantum num-
ber, j and j are the initial and final rotational states, [
and [ are the initial and final orbital momentum quan-
tum number, and F'is the total energy. The wavevector
is kj = /21 (E — Ej)/h, and Ejis the rotational ener-
gy of state j. The rotational energy levels are described
by:

Ej = Boj(j +1) — Dolj (j + 1)]? (5)

Where By and Dy are the rotational and centrifugal dis-
tortion constant, respectively. The experimental values
for these constants were taken from Pearson et al. [42]
for HNC and Maki et al [43] for HCN. The rigorous
quantum mechanical calculations performed with
MOLSCAT code [44] establish a robust basis for the
subsequent computation of rotational excitation and re-
laxation cross-sections in the HNC—Ar and HCN—-Ar
systems.

Cross-sections were computed for transitions origi-
nating from all rotational levels up to =38, focusing on
Aj==1 and £ 2 for both excitation and de-excitation
processes. The calculations for the HNC/HCN—Ar sys-
tems were performed at collision energies ranging from
0 to 1000 cm™! using a variable energy grid: 0.2 cm™
from 0 to 80 cm ™!, 1.0 cm ™! from 80 cm ™! to 200 cm ™,
5.0 cm ! from 200 cm ! to 500 em L, and 20.0 em ™! from
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J+3’

IS

J=01=|J—j| U'=|J—j'|

2

X (2J + ].) 5jj’6ll’ — SJJ]-/”/ (E) (4)

500 cm ! to 1000 cm ! To achieve convergence for
cross-sections involving levels up to j=38, the rotational
basis cutoff Jyax was optimized for each system and col-
lision energy range. For HNC-Ar, the values were
Jmax =15 (E<100 em ™), Jpnax=17 (100 cm ' < E<300
cm_l)7 Jmax=20 (300 em 1< E<500 cm_l)7 and
Jmax=25 (500 cm '<E<1000 cm ™). For HCN-Ar,
Jmax =15 (E<100 em ™), Jipnax=20 (100 cm ' < E<500
cnfl)7 and Jpax=27 (500 em < E<1000 cmfl). The
number of steps per de Broglie wavelength for numeri-
cal integration was set to 20 for E<100 cm ™!, and 10 for
E>100 cm L. The total angular momentum, Jot (JTO-
TU in the code), was automatically converged for each
collision energy, with a maximum allowed value of
99999. The off-diagonal and diagonal convergence toler-
ances for cross-section calculations (OTOL and DTOL)
were maintained at 0.001 A? and 0.01 A2, respectively.
The coupled equations were solved using the modified
log-derivative method of Manolopoulos (LDMD) [45] at
short range and the Airy propagator at long range [46].
FIG. 6 (a) and (b) display the rotational de-excita-
tion cross-sections for Aj=-1 and -2 transitions in
HNC—-Ar and HCN-Ar, respectively. Both systems
show similar energy dependence in their de-excitation
cross-sections, with dense resonance structures ob-
served at collision energies below 100 cm . These reso-

nances originate primarily from quasi-bound states on

© 2026 Chinese Physical Society
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FIG. 7 State-to-state rate coefficients as a function of temperature for inelastic cross-sections as a function of collision en-

ergy for de-excitation of (a) HNC and (b) HCN in collisions with Ar.

the PESs, encompassing both shape and Feshbach reso-
nances. As the collision energy increases above ~100
cm !, the resonance structures gradually diminish and
eventually disappear. In this regime, the cross-sections
decrease smoothly, indicating the dominance of a direct
collision mechanism at higher energies. For initial rota-
tional levels j<3, both systems exhibit a clear propensi-
ty for Aj=-1 transitions at collision energies below
~100 c¢m L. This propensity progressively weakens as
the energy increases, and a reversal occurs where the
scattering cross-sections for Aj=-2 become larger than
that for Aj=-1. The behavior of the rotational excita-
tion cross-sections is consistent with our recent findings
on the analogous HNSi/HSiN-He systems [36]. Howev-
er, due to the complexity of the collision systems, the
propensity rule becomes less pronounced. The scatter-
ing trends in cross-sections do not directly correlate
with the radial coefficients of the PESs, particularly at
low energies. This may be attributed to differences in
the anisotropy of the potential. The potential well
depth for HCN—Ar is approximately four times deeper
than that for HCN-He [16], leading to more pro-
nounced resonance effects in HCN-Ar. The stronger
HCN-Ar interaction enhances subtle anisotropic ef-
fects that are negligible in He collisions. Ar tends to re-
side deeper in the potential well near the H end, similar
to its behavior in the He—HCN system. Furthermore,
the larger atomic mass of Ar compared to He may en-
hance low-energy resonance effects and further favor
odd Aj transitions in HCN—Ar collisions at low energy.
Nevertheless, as shown in FIG. 6(b), at energies ap-
proaching 1000 cm™!, the cross-sections for the 2—1 and
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2—0 transitions become comparable, while those for
3—2 and 3—1 cross, indicating a shift toward even Aj
behavior. This suggests that at sufficiently high colli-
sion energies, transitions with j<4 will also exhibit a
preference for even Aj transitions, similar to the
HCN-He system.

B. Rate coefficients

The rate coefficients for rotational de-excitation,
ki (T), in HNC/HCN—Ar collisions are obtained via
the following expression:

1/2 o
8 — By, /kgT
ki (T)=[ ——— Eyo; i (E w/ksT R
]—)J( ) <7T/Ak’%T3> O/‘kgj—n( k)e k
(6)

Here, p is the reduced mass of the respective collisional
system (HNC—Ar or HCN-Ar) and kg is the Boltz-
mann constant. Only the de-excitation rate coefficients
are reported because excitation rate coefficients can be
easily deduced from detailed balance [47].

FIG. 7(a) presents the de-excitation rate coefficients
for Aj=-1 and —2 transitions in HNC-Ar collisions as a
function of temperature in the range of 5-200 K. For
initial rotational levels j<4 at temperatures below
100 K, the rate coefficients for Aj=-1 transitions con-
sistently exceed those for Aj=-2. For j>4, the Aj=-2
rate coefficients remain larger than the Aj=-1 coeffi-
cients across the entire temperature range. This behav-
ior is similar to that reported for the HNC—He system
[15], in which the de-excitation rates for the 2—1 transi-
tion exceed that for 2—0, while the rate for 10—8 is

© 2026 Chinese Physical Society
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FIG. 8 HNC-Ar and HCN-Ar de-excitation rate coefficients from the initial level j=8 at (a) 50 K, (b) 100 K, and (c) 200

K, respectively. See the main text for further details.

higher than that of 10—9. Furthermore, for a specific
transition such as 2—1, the rate for HNC—He is approx-
imately four times larger than that for HNC—Ar, sug-
gesting that de-excitation proceeds more readily in the
former system. A notable inversion occurs for the tran-
sition from j= 3 near 150 K, where the rate coefficient of
3—1 transition exceeds that for 3—2. Such a crossover
is not observed in the HNC-He system [15]. FIG. 7(b)
illustrates the de-excitation rate coefficients for Aj=-1

and —2 transitions in the HCN-Ar system. In contrast
to HNC—Ar, the HCN—Ar system exhibits consistently
larger rate coefficients for Aj=-1 than for Aj=-2 tran-

sitions across the entire temperature range for initial
levels j<4. However, for j>4, the Aj=-2 rate coeffi-

cients are consistently larger. This differs from the
propensity for even Aj transitions observed in the

HCN-He system [15, 16]. The difference is attributed to
the larger atomic mass and greater polarizability of the
Ar collision partner compared to He.

FIG. 8 shows the de-excitation rate coefficients from
the initial rotational level j=8 for HNC-Ar and
HCN-Ar at temperatures of 50, 100, and 200 K. Signifi-
cant differences are observed between the two systems,
which reflect the distinct structural anisotropies of their
respective PESs. At temperatures of 50 K, the rate coef-
ficients vary smoothly without a pronounced propensi-
ty for odd or even Aj, as the low collision energies pri-
marily sample the long-range region of the potential. As
the temperature rises, a clear odd-even propensity
emerges. The HNC—Ar system exhibits a strong prefer-
ence for odd Aj transitions (e.g., 87, 8—5), while the
HCN-Ar system favors even Aj transitions (e.g., 8—6,
8—4). This behavior mirrors the known propeunsity re-
versal between HCN and HNC in collisions with He. It
originates from the different dominant anisotropic
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terms in their respective PES. The propensity rules
weaken with a further increase in temperature for high-
er Aj transitions (e.g., 8—1). In particular, the rate coef-
ficients for even Aj transitions in HNC—Ar grow more
rapidly than those for odd Aj, which leads to a weaken-
ing of the initial odd propensity, a behavior that is also
clearly demonstrated for the HNC-He system [15]. This
is due to the increasing role of short-range interactions
at higher collision energies, which probes different
anisotropic components of the potential. This tempera-
ture-dependent evolution implies that extrapolating low-
temperature propensity rules to higher temperatures is
unreliable. Accurate modeling in warm astrophysical
environments therefore requires dedicated scattering
calculations.

This study reveals that both HNC and HCN rate co-
efficients exhibit a pronounced propensity for even Aj
transitions during rotational excitation by Ar at rota-
tion levels 7>4. This behavior is similar to that observed
in collisions with He. As the interaction distance ex-
tends to 4-5A, the amplitudes of the odd-order
anisotropy terms Vi and V3 no longer consistently dom-
inate the PES, but instead enter a competitive relation-
ship with the even-order term Vs. Furthermore, the
higher polarizability of Ar, compared to He, leads to
deeper potential wells and a corresponding enhance-
ment of the odd-order anisotropy at low collision ener-
gy. These deeper, more anisotropic potentials not only
reinforce the odd Aj propensity but also give rise to
more prominent resonant structures in the cross-sec-
tions at low collision energy. Consequently, substitut-
ing He-collision data for the Ar system introduces sig-
nificant systematic errors in the rate coefficients. This
would severely compromise the reliability of derived

molecular abundances and excitation conditions for
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HCN and HNC in astrophysical modeling.

IV. CONCLUSION

In summary, this work presents a quantum scatter-
ing study of rotationally inelastic collisions between
HNC/HCN and Ar, employing accurate potential ener-
gy surfaces. High-precision two-dimensional (2D) PESs
for both HNC—Ar and HCN-Ar were constructed using
the CCSD(T)-F12A method in conjunction with aug-cc-
pVTZ basis set. This approach offers high computation-
al efficiency while delivering accuracy near the CBS
limit. The PESs reveal distinct equilibrium geometries.
The global minimum for HNC—Ar is at the linear
Ar—HNC configuration (R=4.133 A, §=180°) with a
well depth of 222.02 cm ™!, whereas for HCN—Ar, it is at
the linear Ar—-HCN configuration (R=4.496 A,
0=180°) with a depth of 144.91 cm . Compared to
HNC-Ar, the HCN—Ar PES shows a broader angular
well, indicating weaker anisotropy.

The CC method was used to compute integral cross-
sections for rotational de-excitation transitions with
Aj=-1 and —2 up to rotational levels j=8. These cross-
sections were then used to derive temperature-depen-
dent rate coefficients for the 5—200 K range. In contrast
to the HCN—He and HNC—He systems, both HNC—Ar
and HCN—Ar rate coefficients exhibit a clear odd Aj
propensity at temperatures up to 100 K for initial levels
j<4. As the temperature and initial rotational level jin-
crease, a propensity for even Aj transitions gradually
develops. The high polarizability of Ar leads to deeper
potential wells and more pronounced scattering reso-
nances than for He, which underpins the stronger odd-
Aj propensity observed at low temperatures. This study
provides reliable collisional data for HNC/HCN—Ar sys-
tems, which are essential for non-LTE astrophysical
modeling. Consequently, the significant influence of
Ar’s polarizability on the potential and dynamics un-
derscores the necessity of using partner-specific colli-

sional data in astrochemical simulations.
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