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Rotational excitation and de-excitation of CP—
(X1z*) in collisions with He (1S): cross-sections and
rate coefficients

Liman Tian,? Tong Sun,® Chuangang Ning® and Xiaolin Chen {2 *2

Collisional energy transfer at low temperatures is crucial for astrophysical modeling. As an analogue to
CN™, the simplest interstellar anion detected to date, the phosphorus-bearing CP~ is a plausible
candidate for astronomical searches. This paper investigates state-to-state rotational (de)-excitation of
CP~ (X!£%) in collisions with He (1S) over temperatures relevant to the cold interstellar medium and
circumstellar envelopes. A new two-dimensional potential energy surface (PES) for the CP™—He system
was constructed within the rigid-rotor approximation using the CCSD(T) method extrapolated to the
complete basis set (CBS) limit. The PES features a global minimum of —31.39 cm™. Ab initio points were
fitted analytically with Legendre polynomials for quantum scattering calculations. Quantum close-
coupling calculations were performed to obtain rotational inelastic cross-sections for rotational levels
with j < 10 of CP~ at collision energies up to 1000 cm™. Resonances from quasi-bound states of the
CP™—He complex were present at low energies. By thermally averaging the cross-sections, we derived
state-to-state rate coefficients (k;j_;) over the temperatures range 3-200 K for Aj = £1, £2, £3. The
results indicate that dominant collision-induced transitions shift from Aj = 1 to Aj = 2 with increasing
temperature. This work provides critical state-specific rotational rate coefficients for modeling CP™
abundance in the interstellar medium and for interpreting future astronomical observations seeking CP™.

1. Introduction

The detection of molecular anions in the interstellar and
circumstellar media marks a key advancement in understand-
ing cosmochemistry." Since the discovery of C¢H™ in 2006 by
McCarthy,” a range of carbon-chain anions have been identi-
fied, including series of the form C,, ;N (n = 1-4) and C,,H™
(n = 2-5).*° These findings confirm that anions are not only
active participants in the astrochemical network® but also
reveal significant uncertainties in existing models when pre-
dicting their abundance, primarily due to a lack of reliable
baseline data on collisions with H, or He.” To fundamentally
advance this field, it is crucial to extend research to more
chemically diverse anions and to systematically quantify their
collision processes.

Phosphorus-bearing molecules, including CP, PN, HCP,
CCP, and others, are recognized as key carriers of interstellar
phosphorus,® with unique significance for astrochemical
research given the key role of phosphorus in the origin of life.
Among them, the phosphorus-containing anion CP~ has
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become a highly valuable subject of study. As the smallest
phosphorus-containing polar anion and the phosphorus-
bearing analogue of the astronomically well-detected interstel-
lar anion CN~,° CP~ is an ideal template for exploring the
physicochemical behavior of such species. Neutral CP has been
definitively detected in carbon-rich circumstellar envelopes
such as IRC + 10216, with observed abundances of
~1 x 10~ ® relative to H,.'® Its anionic counterpart, CP, is
thus expected to exist in analogous astrochemical environ-
ments, with its existence inferred through mechanisms such
as radiative electron attachment to HCP or dissociative electron
attachment to precursor molecules."* Currently, the only avail-
able experimental data for CP~ come from negative ion photo-
electron spectroscopy, which has yielded an electron affinity of
2.8508(7) eV,'* while high-precision data concerning its equili-
brium bond length, spectroscopic constants, and most criti-
cally its collisional rate coefficients remain unknown. This lack
of data severely hinders the construction of astrochemical
models and the evaluation of observational searches for CP™.
Accurate abundance modeling and line profile simulation
for CP~ demand precise state-to-state rotational (de)-excitation
rate coefficients, k;_;.'>'* These coefficients are essential
inputs for radiative transfer codes such as RADEX,"® enabling
accurate column density determination and the optimization of
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observational strategies with facilities like ALMA or JWST. The
rate coefficients calculated in this paper will therefore serve as
the key input parameters for future astrochemical models and
for assessing the detectability of CP™’s potential spectral lines.
Moreover, based on its molecular properties, CP~ can be
considered as a potentially effective electron reservoir in inter-
stellar chemistry models and may play an important role in the
chemical cycle of phosphorus.

Quantum scattering calculations of collision dynamics are
available for several detected interstellar anions, including
CN ™ -He."®™" However, for the CP"-He system, no such colli-
sional data are currently available. Given that He is the second
most abundant atom in the interstellar medium and is often
used as a model collision partner for precise quantum scatter-
ing calculations to obtain benchmark data, considering the
simpler internal structure of He atoms compared to H, mole-
cules and the lower computational cost, this study first focuses
on this collision system. To this end, this paper aims to
provide, for the first time, the rotational inelastic collision
cross-sections and rate coefficients for CP~ colliding with He
at interstellar-related temperatures through high-precision
quantum chemical calculations, laying the foundation for sub-
sequent astrochemical modeling and observational searches.
To address the lack of high-resolution spectroscopic data for
CP~, in Section 2, we compute its ground state X'~" rotational
constant, centrifugal distortion constant, and equilibrium
bond length using the multi-reference configuration inter-
action (MRCI) method. We then construct a new ab initio PES
for the CP"-He system, expanded in Legendre polynomials.
Section 3 details quantum scattering calculations using the
close-coupling method to compute rotational excitation and de-
excitation cross-sections and the subsequent thermal averaging
to obtain rate coefficients in the temperature range 3-200 K.
Finally, Section 4 will present our conclusions.

2. Methods

2.1. Diatomic constants for CP~

The study of the CP~ (X'X*)-He ('S) collision system primarily
focuses on constructing a high-accuracy PES and its analytical
fitting, which are essential for subsequent quantum scattering
calculations. The vibrational frequency of CP~ (X'Z"), as deter-
mined from negative ion photoelectron spectroscopy, is
1157(18) em™"."* Thus, collision energies up to 1000 cm™" are
insufficient to excite molecular vibrations. This justifies the use
of the rigid rotor approximation. Furthermore, existing studies
suggest that the cross-sections for vibrationally inelastic colli-
sions are substantially smaller than those for rotational
transitions,®*' further supporting the rigid-rotor approach.
However, accurate experimental or theoretical data concerning
the equilibrium bond length r., rotational constant B,, and
centrifugal distortion constant D, of ground-state CP™ are
lacking in the existing literature. To address this gap, we
compute these properties using high-accuracy ab initio meth-
ods. The equilibrium geometry of the CP~ ground state was
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optimized using the CCSD(T) method in conjunction with
Dunning’s correlation-consistent aug-cc-pVXZ (abbreviated
avxXz) (X = T, Q, 5)** basis sets for C** and P.>* To approach
the complete basis set (CBS) limit, a three-parameter extrapola-
tion formula was employed:*’

E,=Ecps + Be "V ce 12 (n=3 4,5 (1)

where E, is defined as the property calculated using a basis set
with cardinal number n. Ecgs represents the extrapolated value
at the CBS limit. Through this procedure, the CBS extrapolated
equilibrium bond length is . = 1.6057 A. Zou et al. extrapolated
the equilibrium bond lengths of GaCl using the CBS formula.
Their extrapolation results showed a high degree of consistency
with the results obtained by refitting the extrapolated potential
energy curve.”®*” This finding strongly confirms the effective-
ness and reliability of this extrapolation method.

To more accurately characterize the electronic structure of
CP™ and determine its spectroscopic constants, we employed
the multireference configuration interaction method with
Davidson correction (MRCI+Q) with large Gaussian basis set
aug-cc-pV5Z to provide the highest current accuracy for these
method-sensitive derivative properties within manageable com-
putational resources. All calculations utilized C,, symmetry, a
common approach for linear molecules in quantum chemistry
packages that require Abelian point groups. The active space
consisted of eight molecular orbitals (4 a;, 2 by, 2 b,), which
primarily correspond to the valence 2s and 2p atomic orbitals of
carbon and the 3s and 3p atomic orbitals of phosphorus. The
remaining electrons were correlated in six closed-shell orbitals
(4 a;, 1 by, 1 by).

As shown in Fig. 1, the potential energy curve for the ground
state was computed at 45 internuclear distances ranging from
1.2 to 7.0 A. A finer step size of 0.05 A was used near the
equilibrium region to accurately capture the curvature of the
potential well. The spectroscopic constants for the ground state
of the CP~ (X'X") were obtained from the potential energy curve

= X '£* / aug-cc-pV52Z
5
< -3
o
EJ’ _4 .
_5 -
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T T T T T
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R(A)
Fig. 1 MRCI+Q PES of CP~ (X'Z*) using the aug-cc-pV5Z basis set.
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using the VIBROT program of the OpenMolcas package,>® yield-
ing B, =0.75802 cm ™" and D, = 1.259 x 10~ ® cm ™", Our MRCI+Q
method value of B is in excellent agreement (within 0.25%) with
the CCSD(T)/QFF result of 0.75992 cm™* from calculations® and
within 1.03% of our own B3LYP/aV5Z result obtained using
Gaussian 09.?° Thus, we chose the MRCI+Q/aV5Z method to
ensure high accuracy for these derivative-sensitive properties
within manageable computational resources. Moreover, the
equilibrium bond length fitted from MRCI+Q calculations
(1.6028 A) shows very close agreement with the CCSD(T)/CBS
result (1.6057 A), with a relative error within 0.2%, further
confirming the reliability of our approach. These constants are
essential for characterizing the rotational energy level structure
of CP~, which serves as direct input for the subsequent quantum
scattering calculations of collision cross-sections.

2.2. Potential energy surface

The interaction PES was computed in Jacobi coordinates, as
shown in Fig. 2, where R is the distance from the He atom to the
center of mass of CP, and 0 is the angle between the CP™
molecular axis and the vector R (with 6 = 0° corresponding to the
He atom approaching the P atom). We sampled the PES over a
wide grid, the intermolecular distance R was varied from 2.0 to
25.0 A in steps of 0.1 A, and the angle 0 was varied from 0° to 180°
in increments of 10°, yielding 19 distinct angular geometries.
This grid ensures adequate coverage of the interaction region
and convergence of the subsequent Legendre polynomial expan-
sion. At each geometry, single-point energies are computed using
the CCSD(T)/avXZ method, and this method is reasonably
applicable to phosphorus-containing molecules, such as
HCCP,*° CP,*" and PN.**> The CP~ bond length was fixed at the
equilibrium value r. = 1.6057 A. In total, 4389 ab initio energy
points were evaluated. All interaction energies, V(R, 6), were
corrected for basis set superposition error (BSSE) using the
standard counterpoise procedure® as given by

V(R, 0) = Ecpne(R, 0) — Ecp (R, 0) — Exe(R, 0)  (2)

where Ecp-_ue(R, 0), Ecp-(R, 0), and Ey(R, 0), are the total electro-
nic energies of the CP"-He, CP~ and He monomers, respectively.

To evaluate the performance of the CCSD(T)-F12A/avIZ
method for the CP™-He system, we calculated one-dimensional
potential energy curves along angular coordinates at 0 = 0°, 90°,
and 180°, respectively. The calculation results from three angles

Center of Mass H

Fig. 2 Jacobi coordinates for the CP~ (X'Z*)-He (*S) collisional system.
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show a high degree of consistency. As shown in Fig. 3, the
potential energy curve obtained using the CCSD(T)-F12A/avTZ
method shows a trend that is consistent with the limit results of
the CBS. The CBS limit value is calculated using the traditional
CCSD (T)/avXZ method and extrapolated based on a three para-
meter exponential function. However, the relative errors of the
CCSD(T)-F12A/aVTZ method in crucial regions of the potential
are consistently in the range of 3-5%. This error margin sub-
stantially exceeds the typical tolerance required for high-accuracy
quantum scattering calculations (generally <1%). Unlike the
neutral HNSi/HSiN-He and HNC/HCN-Ar systems analyzed by
Tian et al,>>** where the long-range interaction is governed
predominantly by dispersion forces, the present CP~-He system
is likely dominated by induced dipole interactions.

Based on this analysis, to ensure the reliability and numerical
stability of subsequent scattering cross-section and rate coeffi-
cient calculations, we adopted the CBS-limit potential as the
benchmark input. Although this choice entails higher computa-
tional cost, it effectively mitigates the uncertainty in scattering
outcomes arising from inaccuracies in the potential energy sur-
face, thereby aligning with the precision requirements of the
present study. Analysis of the resulting two-dimensional PES, as
shown in Fig. 4, reveals a global minimum located at R = 4.508 A
and 0 = 116°, with a well depth of 31.39 cm™*. The location of
this minimum indicates that the He atom interacts most
strongly near the carbon atom. All the ab initio calculations in
this work are done using the MOLPRO program.>®

2.3. Analytical representation

The two-dimensional PES V(R, 0) was expanded in a series of
Legendre polynomials:

Jmax

V(R,0) = Vi(R)P;(cos0), (3)

/=0

10
5 -
0 -
_5 -
)
E -10
>
7 g0 —— CCSD(TYAVTZ
] —— CCSD(T)/AVQZ
~20 1 —— CCSD(T)/AV5Z
CCSD(T)-F12A/AVTZ
-25 - 7 A 180° ----- CCSD(T)/CBS
-30 T T T T T T
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R ()

Fig. 3 Potential energy curves of the CP™—-He system for 0 = 0°, 90°,
180°. The curves were calculated using CCSD(T)-F12A/aVTZ and CCSD(T)/
aVXZ methods and CBS extrapolation.
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Fig. 4 Contour plots of the PESs for CP™—He as functions of the inter-
molecular distance R and angular coordinate 0. Energy values are given in
cm~L. The negative energy regions are denoted by red contours, while the
positive energy regions are represented by blue contours.

where P;(cos 0) is the Legendre polynomial of order 4, and V;(R)
denotes the radial expansion coefficients. For each value of R,
the coefficients V,(R) are obtained numerically by exploiting the
orthogonality of Legendre polynomials:

_2;,+1r
0

Vi(R)

V(R,0)P;(cos0)sin6 do. (4)

For the CP™-He system, the expansion was truncated at Ay =
18. This truncation level guarantees that the relative error between
the analytical potential fit and the raw ab initio data remains below
0.5% across the entire interaction grid. Fig. 5 displays the variation
of the radial coefficient V,(R) with R. In the actual scattering

_VO
_V1

-10 4

-20 4

R(A)

Fig. 5 V;(R) terms as a function of R for the value of 1 up to 6.
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calculation, 19 radial coefficients with 4 = 0 — 18 were used. To
clearly show the dominant characteristics of the lower-order
terms, this figure only selects representative terms with 1 =0 —
6, which dominate the dynamical coupling between rotational
states during the scattering process. We find that the anisotropic
terms with 4 = 1 and 4 = 2 are the most significant ones.
Consequently, the dynamical torque induced by these terms will
preferentially drive direct rotational excitation processes with Aj =
1 and Aj = 2, as discussed in the scattering results section. This
behavior is consistent with findings for CN~ colliding with He."®

An accurate analytical representation of V;(R) over the full
range of intermolecular distances is a prerequisite for quantum
scattering calculations. Special attention must be paid to the
precise fitting of the long-range region, as it dictates the
appropriate asymptotic boundary conditions essential for reli-
able scattering results.

1 « e 212 2epo
wa(RO) = — 2 S .
Uina(R, 0) 2 ) (R4+ R") R5(4n60)2cos(9)
2 ®
o

" SR ST O =

we analyzed the long-range part of the potential by comparing
the ab initio values with the analytical induction model. For
0 = 90°, the expression is simplified to

Una(R,0 = 90°) = —5 72 (6)

As shown in Fig. 6, the CCSD(T)/CBS potential energy curves
coincide almost exactly with the analytical —«/2R* fit in the
long-range region (R > 10 A).

This indicates that the interaction in this range is dominated
by the dipole-induced dipole induction, exhibiting the same R™*
asymptotic behavior as previously reported for the CF'-He
system.”” The close agreement between the ab initio results and

-5 —V % 5
—— CCSD(T)-F12A/aVTZ "
" —— CCSD(T)/CBS
-o/2R*
_7 M T T T T T T T T T T T T T T T T T

8 10 12 14 16 18 20 22 24
R(A)

Fig. 6 Comparison between the long-range ab initio and analytical
potential energies of the CP™—He system for 0 = 90°.
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the simple induction form confirms that the long-range tail of the
potential is physically well described, providing a reliable founda-
tion for subsequent quantum scattering calculations, particularly
for the accurate prediction of low-temperature rate coefficients.

3. Scattering calculations and
collisional properties
3.1. Cross-sections

To investigate the quantum dynamics of inelastic scattering in
the CP™-He system, we employ the close coupling (CC) method,
proposed by Arthurs.*® The Hamiltonian in Jacobian coordi-
nates is expressed as:

& PL

_2‘Ll dRzR + W + Hintcmal(éimernal) + V(Rv éinternal)
)

where u is the reduced mass of the collision complex, L
represents the angular momentum operator, R represents the
distance between the He atom and the CP~ center of mass,
Einternal Tepresents the internal coordinates of the molecule,
and Hinernal Tepresents the internal Hamiltonian of the mole-
cule. The interaction potential V (R, &incernal) is described by the
newly constructed PES.

'II(R, éimernal) = Ril ; qu(éintemal)‘//b(R) (8)

H =

To solve the molecular scattering problem, we decompose the
total wave function according to eqn (8): the complete basis
functions ®p(Eineernal) describing the molecular rotational
dynamics form an orthogonal normalized set, whose expansion
coefficients are the radial wave function y,(R) to be determined.
Substituting this decomposition into the Schrodinger equation
and projecting it onto each basis function, we finally obtain a set
of coupled radial equations.”

2
e () - bl ©

where ¢ = 2uE/h?, §,, is the Kronecker 6, and when a # b, the
coupling matrix element W,;(R) is given by the following equation:
nL?

W + Himcrnal + V(R7 éimemal)

20 s
W(lb(R) = h—l;J (pa(éimemal)

X @y (éinlcmal ) d éinlcmal
(10)

The coupled equations in matrix form can be expressed as
follows:
d%y

gz = W(R) el (R) (11)

These coupling equations will be solved numerically using
the molscat package.” In this computational framework, I
represents the identity matrix, and W(R) represents the inter-
action matrix, whose elements are defined as W,,(R). The core
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input to the program is the fitted radial expansion coefficients
V,(R).

We applied by coupling the analytically fitted anisotropic
PES into the coupled-channel equations to compute integral
cross sections for transitions among the first 11 (j < 10)
rotational states of CP~. The modified log-derivative method
of Manolopoulos (LDMD) and the Airy propagator were
employed to solve the coupled equations, handling the short-
range and long-range interactions, respectively.*®*°

The rotational energy levels of the system are given by

E; = Boi(j + 1) — Dolj(j + 1)I (12)

where B, and D, are taken from our computational results above.
The integral cross-section from initial rotational state j to final
state j/ is obtained from the scattering matrix elements S;, e

J+j  J+
s J J

j—y (Ex) = 2R+ 1)

x(2J+1)
=0 1=|J—j| I'=|T ]|

2
x |00 = Spu (E)] (13)

where k; = /2u(E — E;) /I is the wavenumber, y is the reduced

mass of the CP™ -He system, E; is the energy of rotational level j, E
is the total energy, and /, I’ denote the initial and final orbital
angular momentum quantum numbers, respectively.

To achieve convergence with a relative error below 0.5% in the
cross-sections for rotational levels up to j = 10, the rotational basis
size was varied with energy: Jiay = 14 for E < 100 cm ™, oy = 17
for 100 em ™, E < 300 em ™!, Jmax = 20 for 300 cm™, E <
500 cm™*, and Jmax = 25 for 500 em™', E < 1000 cm™'. A non-
uniform energy grid was employed to accurately resolve the
resonance structures in the cross-sections, which is critical for
obtaining correct rate coefficients. The grid step size was
0.1 ecm™* for 0.1-100 ecm™ %, 1.0 em ' for 100-300 cm *,
5 cm™* for 300-500 cm ™, and 20 cm ™ for 500-1000 cm ™.

Fig. 7(a) and (b) present the cross-sections for rotational
excitation (Aj = +1, +2, +3) and de-excitation (Aj = —1, —2, —3) as
a function of collision energy, respectively. At low collision
energies (E < 30 cm ), both Fig. 7(a) and (b) exhibit numerous
resonance structures, attributable to Feshbach resonances
associated with quasi bound states and shape resonances near
the threshold in the effective potential. These resonant features
are gradually damped with increasing energy, and the cross-
sections evolve towards a smoother, declining trend. In parti-
cular, as shown in Fig. 7(a), the excitation cross-section with
Aj = 1 dominates in the low-energy region and decreases
monotonically with increasing energy. The cross-section with
Aj = 2 lacks the sharp resonance peaks visible in the low-energy
region about 20 cm ™. The de-excitation cross section, shown in
Fig. 7(a), shows a similar trend. By contrast, the Aj = +3 cross-
sections are smaller by 1-2 orders of magnitude relative to
Aj = +1, +2 over the entire energy range. It is noteworthy that
de-excitation processes such as Aj = —2 are comparatively
larger 10-100 cm™ ', whereas specific excitation processes
suchas0 —» 2,1 - 3,2 — 4,and 3 — 5 (Aj = +2) experience
a significant enhancement above 300 cm™'. This
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Fig. 7 Rotational state-to-state cross-sections in CP~—He collisions: (a) excitation and (b) de-excitation versus collision energy.

energy-dependent propensity is governed by the contributions
of the anisotropic terms in the potential: transitions with Aj = 1
in the low-energy region are primarily mediated by the V; term,
whereas those with Aj = 2 in the high-energy region are more
influenced by the V, term. This behavior is consistent with that
reported for the CN -He system,'® where Aj = +1 transitions
dominate at low energies and the role of Aj = +2 becomes
increasingly prominent at higher energies.

3.2. Rate coefficients

For application in astrochemical modeling, the cross-sections
were thermally averaged to obtain the rate coefficients. The rate
coefficient k;_, »(T) is calculated by:

8 12 oo
bor (1) = (i) %], BB T an, - aa)

where kg is the Boltzmann constant, y is the reduced mass of
the CP™-He system, and g;_;(E) is the energy-dependent
cross-section.

35
Aj=1 Aj=2 Aj=3
——0-1 = — 052 —--0-3
30 4 (@) - st
—23 = =294 —-=255
34 35 3-6
25 —— 455 = — 456 —- =457

——596 = — 557 —-

T T
50 100 150 200
Temperature (K)

Fig. 8(a) and (b) show the excitation and de-excitation rate
coefficients in the temperature range of 3-200 K, including
transitions with Aj = +1, £2, +3. As shown in Fig. 8(a), at
temperatures below 100 K, for the same initial energy level j,
transitions with Aj = 1 dominate, while above this temperature,
transitions show a preference for Aj = 2. The de-excitation
process is different. As shown in Fig. 8(b), when the initial
energy level j is less than 4, for the same initial energy level,
transitions with Aj = —1 dominate throughout the temperature
range, and the rate coefficient for the 3 — 2 transition reaches
a peak of approximately 1.2 x 10~ '° cm® molecule " s™* near
12 K. When the initial energy level j > 4, for the same initial
energy level, a de-excitation process with Aj = —2 briefly
dominates at low temperatures. This trend strengthens across
the entire temperature range as the initial energy level j
continues to increase. When the initial energy level j is
sufficiently large, such as j = 6, the 6 — 5 transition is
generally higher than the 6 — 4 transition. The rate coeffi-
cient for the 7 — 5 transition reaches approximately 0.9 x
10 em?® molecule ™ s 7! at 100 K, which is on the same order

A=-1 Aj=-2  Aj=-3

—— 150 = = 250 —- =350
15 (b) 21— 5 —can
4 ——352 = — 452 —- =52

\ 453 53 63

—— 54 — — 64 —-~T—4

——655 — — 755 —- =855

Temperature (K)

Fig. 8 Rotational state-to-state rate coefficients for CP™—He as a function of temperature: (a) excitation and (b) de-excitation.
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of magnitude as the 7 — 5 transition rate coefficient in the
CN -He system.16

The rate coefficients for Aj = 3 transitions are typically an
order of magnitude smaller than those for Aj = +1, £2 and
become negligible below 20 K. These rate coefficients provide
critical input data for non-LTE spectral modeling of CP™ in the
interstellar medium. Based on these results, we propose obser-
vational strategies: in typical molecular clouds (T > 10 K),
priority should be given to detecting Aj = —1 transitions,
particularly 3 — 2 and 2 — 1; in warmer environments (e.g.,
protostellar envelopes, T > 70 K), greater attention should be
paid to Aj = —2 transitions such as 7 — 5 and 6 — 4, as their
rate coefficients exceed those of some Aj = —1 channels at
certain temperatures. The temperature dependence of the rate
coefficients follows characteristic patterns: the Aj = 1 rates
decrease with increasing temperature below ~20 K (due to
diminishing resonance contributions) and increase monotoni-
cally above ~20 K; the Aj = 2 rates exhibit continuous growth
throughout the 3-200 K range, which is the characteristic of
higher-energy processes requiring more kinetic energy to
become efficient.

However, it is important to emphasize that this study aims
to obtain collision data (including radial coefficients, rate
coefficients, etc.) for the CP"-He system, rather than directly
providing CP™-H, collision data suitable for non-LTE radiative
simulations. In fact, due to the significant difference in the
anisotropy of their potential energy surfaces, even estimating
CP -H, collision results through reduced mass scaling will
introduce considerable uncertainty. Instead, the significance of
this study lies in its fundamental exploration, constructing a
preliminary theoretical framework for the collision dynamics of
CP™ molecules and providing crucial input parameters and a
research foundation for future accurate radiative transfer simu-
lations based on H, collisions.

4. Conclusion

This work reports the first systematic investigation of rotational
(de)-excitation in the CP™-He system based on quantum scat-
tering calculations. CP™, as the phosphorus analogue of CN ™, is
a promising interstellar anion whose abundance could be non-
negligible in C-rich circumstellar envelopes such as IRC +
10216; therefore, obtaining the accurate collision rate coeffi-
cient of CP~ becomes necessary. Our results are summarized as
follows: the computed PES is characterized by a global mini-
mum of —31.39 cm™ " at R = 4.508 A and 0 = 116°, exhibiting a
distinct topology compared to systems like CN -He. Pro-
nounced resonance structures in the low-energy region
(<30 ecm™") lead to a dramatic enhancement of the Aj = 1
cross-sections. These resonances are attributed to quasi bound
states of the transient CP"-He complex. The state-to-state rate
coefficients display a marked temperature dependence: de-
excitation processes with Aj = —1 are dominant at low tem-
peratures (T < 100 K), while those with Aj = —2 gain promi-
nence at higher temperatures (7 > 100 K). The fact that the rate

This journal is © the Owner Societies 2026
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coefficients for CP~ are of the same order of magnitude as
those of its analogue, CN ™, supports the physical intuition that
such closed-shell anions exhibit broadly comparable collisional
behavior with He. However, the primary goal of this work is to
establish the first and definitive dataset for CP~ itself, which
now enables its inclusion in astrochemical models. For astro-
chemical modelling and observational purposes, we propose to
prioritize the search for the 2 — 1 transition in cold molecular
clouds and to target Aj = —2 transitions, such as 7 — 5, in
warmer regions.

The present collisional data provided the only accurate
reference for validating approximation methods in any subse-
quent H, collision calculations and obtained critical input para-
meters for non-LTE radiative transfer modelling of phosphorus-
bearing anions in the interstellar medium, thereby helping to
constrain the phosphorus chemical cycle. Future work will be
extended to include calculations for CP™-H, collisions, as well as
a study of isotopic variants (e.g.,">CP~), which are crucial for
interpreting future astronomical observations.
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