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1)Laboratory of Atoms Lasers, Department of Physics, Faculty of Sciences and Techniques,

University Cheikh Anta Diop of Dakar
2)Laboratory of Atomic Molecular Spectroscopy and Applications, Department of Physics,

Faculty of Sciences, University Tunis El Manar, Campus Universities, 1060, Tunis,

Tunisia

(Dated: 27 September 2017)

ABSTRACT: Phosphorus bearing molecules have been discovered in the circumstellar and interstellar
media. Modeling accurately their abundance requires computations of rate coefficients induced by collision
with He and H2 (i.e the most abundant gaseous components). These calculations may be carried out by first
determining high accurate potential energy surface (PES) and cross sections. In this paper, we present the
first PES of the CP(X2Σ+)−He(1S) van der Waals collisional complex. The ab initio interaction potential
was performed using the explicitly correlated restricted coupled cluster approach with simple, double and
perturbative triple excitation (RCCSD(T)–F12) in connection with the augmented-correlation consistent–
polarized valence triple zeta Gaussian basis set (aug–cc-pVTZ). The potential presents two minima of -18.62
cm−1 and -18.72 cm−1. From the PES obtained, we have computed state-to-state excitation cross sections of
CP due to collision with He for energies up to 500 cm−1. Rotational transitions involving the fine-structure
levels of the CP molecule were treated with a recoupling technique based on the scattering matrix calculated
with the exact quantum mechanical close coupling method. Discussions on the propensity rules between the
fine-structure levels were made and we found that the ∆j = ∆N transitions are favoured with respect to the
∆j 6= ∆N ones. The data presented in this paper may have a great impact in the accurate determination of
the CP abundance in space.

I. INTRODUCTION

One of the rare sources which allows reliably inves-
tigations of astrochemical processes is the IRC+10216
carbon-rich circumstellar envelope (CW Leonis star). In-
deed, photodissociation processes resulting from external
UV radiations, atom-molecule reactions occurring in the
outer envelope and thermoequilibrium reactions in the
hot atmosphere of the central CW Leonis star contribute
to the formation of molecular compost such as P-bearing
molecules. Indeed, phosphorus nitride PN,1 carbon phos-
phide CP,1,2 phosphaethyne HCP1,3 and Phosphapropy-
nylidyne CCP1,4 were detected towards the IRC+10216
circumstellar envelope. With respect to molecular hy-
drogen, the abundances of P–bearing molecules in the
carbon-rich circumstellar envelope are ∼ 3 × 10−10 for
PN,1 ∼ 5 × 10−9 for CP,1 ∼ 3 × 10−8 for HCP,1 ∼ 10−9

for CCP4 and ∼ 3 × 10−8 for phosphine3 (PH3).
Along with phosphine, HCP, CP and CCP are the most

abundant P-containing molecules in the astronomical
source mentioned above. Carbon phosphorus is expected
to be originated from HCP photodissociation.3 The com-
parison of their relatively close abundances (HCP/CP∼
5) supports this idea. Moreover, Halfen et al. sug-
gested that CCP forms mainly from chemical reactions

a)Electronic mail: cheikhtidiane.bop@ucad.edu.sn
b)Electronic mail: arameboye.faye@ucad.edu.sn
c)Electronic mail: hammami283@gmail.com.
d)Electronic mail: nejmeddine.jaidane@fst.utm.tn.

involving CP.4 Both hypotheses support that CP plays a
crucial role in the chemistry of P-bearing molecules ob-
served in the IRC+10216 circumstellar envelope. In cold
dark clouds, the phosphorus nitride abundance (PN/P
∼ 5 × 10−4) suggests that phosphorus is essentially con-
densed on dust grains.5 The formation of molecules con-
taining bond strength comparable to (or larger than) that
of CP may occur during grain vaporization processes.
Thus, the abundance of carbon phosphorus in hot molec-
ular clouds may be higher than the predicted value. From
these items, it is obvious that accurately deriving the CP
abundance is of great interest for astrophysicists.

To the best of our knowledge, the only relevant astro-
physical investigations (computation of downward rate
coefficients) on P-containing compounds are that of
Tobo la et al.6 and Hammami et al.7 on the PN and
HCP molecules respectively. The main difference be-
tween CP and the P-bearing molecules mentioned above
is their electronic structures. PN and HCP are closed
shell molecules while CP is an open shell molecule. How-
ever, with the development of new experimental tech-
niques, rotational inelastic collision of open sell molecules
has been the subject of numerous reports during the
last few decades. Rotational energy transfer of diatomic
molecules in 2Π and 2Σ+ induced by collision with no-
ble gases (Ng) has received much interest. Therefore,
the CH(2Π)-Ng,8 OH(2Π)-Ng,9,10 NO(2Π)-Ng11,12 and
CN(2Σ+)-Ng13,14 systems have been the topics of nu-
merous theoretical as well as experimental investigations.
Subsequently, one can remark that little attention was
devoted to the CP open shell molecule.
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3

superposition error BSSE (see Equation 1).

V (r,R, θ) = ECP−He(r,R, θ) − ECP (r,R, θ)

−EHe(r,R, θ) (1)

In order to perform dynamical calculations, we have
used the fitting procedure established by Werner et al.15

for the CN−He system to obtain the V (r,R, θ) expansion
(see Equation 2),

V (r,R, θ) =

Nmax
∑

n=1

Lmax
∑

l=1

Aln(R)dl+m−1
m,0 (cosθ)

×(r − re)
n−1 (2)

where dl+m−1
m,0 stands for the Wigner reduced rotation

matrix, Nmax and Lmax are the numbers of the CP inter-
nuclear distances and the scattering angles respectively.
In this form (equation 2), the 3D-PES may lead efficiently
to the vib-av-2D-PES used in dynamic calculations. In-
deed, the V (r,R, θ) is calculated with solely 5 r-values
while the vibrational wave functions (ϕυ(r)) are com-
puted with a very compact r-grid. Thus using directly
equation 3 implies to interpolate the 3D-PES or to trun-
cate the wave functions, which is not recommended. For
this purpose, we have averaged the ab initio 3D–PES
with the fundamental vibrational wave function of the
CP molecule using the following algorithm:

V (R, θ) =< ϕυ=0(r) | V (r,R, θ) | ϕυ′=0(r) > (3)

V (R, θ) =

Nmax
∑

n=1

Lmax
∑

l=1

Aln(R)dl+m−1
m,0 (cosθ) ×M0,0(n)

(4)

Mυ,υ′(n) =< ϕυ(r) | (r − re)
n−1 | ϕυ′(r) >

. The ϕυ wave functions were generated with the Fourier
Grid Hamiltonian (FGH) method24,25 from the CP
(X2Σ+) potential which is computed at the RCCSD(T)–
F12a/aug–cc–pVTZ level of theory. To check the effi-
ciency of our calculations, we represent in Table 1 the
spectroscopic constants (ωe vibrational constant, Be ro-
tational constant and re the CP equilibrium distance)
computed in this work with different level of theories
as well as the experimental values.23 The brackets stand
for the relative errors with respect to the measurements.
For all the considered level of theories (and more partic-
ularly for the CCSD(T)-F12a/aug-cc-pVTZ approach),
good agreement is found confirming the accuracy of the
potential energy curve used to compute the vibrational
wave function. Table 2 shows the most relevant matrix
elements Mυ,υ′(n) computed in this work.

The so averaged interaction potential (i.e. the vib-av-
2D-PES) was fitted on the basis of Legendre polynomial
functions including terms up to λmax = 18. This lead
to the basic input required in the rotational cross section

Table 1: Calculated equilibrium constants for
CP(X2Σ+) in comparison with the experimental values.

Level of theory ωe (cm−1) Be (cm−1) re (Å)
CCSD(T)-F12a/aug-cc-pVTZ 1242.471 0.793 1.567

(0.21%) (0.76%) (0.32%)
CCSD(T)-F12b/aug-cc-pVTZ 1242.681 0.793 1.567

(0.23%) (0.76%) (0.32%)
MRCI/aug-cc-pV5Z 1227.017 0.790 1.569

(1.04%) (1.14%) (0.45%)
MRCI+Q/aug-cc-pV5Z 1230.993 0.792 1.568

(0.72%) (0.88%) (0.38%)
EXP23 1239.807 0.799 1.562

Table 2: Most relevant matrix elements calculated in
this work. The M0,0(n) elements were used to construct
the vib-av-2D-PES.

n M0,0(n) M0,1(n) M0,2(n) M1,1(n) M1,2(n) M2,2(n)
1 1.0000 0.0000 0.0000 1.0000 0.0000 1.0000
2 0.0208 0.0750 0.0039 0.0374 -0.1063 0.0544
3 0.0061 0.0039 -0.0077 0.0184 -0.0086 0.0314
4 0.0039 0.0014 -0.0069 0.0018 -0.0042 0.0043
5 0.0011 0.0001 -0.0003 0.0006 -0.0006 0.0017

computations. The potential has been implemented in
the MOLSCAT26 code using the VSTAR procedure.

V (R, θ) =

λmax
∑

λ=0

Vλ(R)Pλ(cosθ) (5)

B. Dynamic calculations

The molecular levels of CP(X2Σ+) may be character-
ized in the Hund’s case (b) limit as the spin-splitting
constant is very small (γe = 7.5 × 10−6).23 Therefore,
the fine structure of the molecule are labeled Nj (with
j = N +S), where j represents the total angular momen-
tum of the molecule, N stands for the angular momentum
of rotation and S (= 1/2 for 2Σ+ molecules) is the elec-
tronic spin. For j = N + 1/2 (j = N − 1/2), the states
are denoted e (f ). In this paper, we have carried out the
calculations without taking into account the hyperfine
structure of the CP molecule.

The CP–He potential energy surface is independent of
the electronic spin which thus plays a spectator role while
N is highly coupled to l (the orbital angular momentum)
due to the anisotropy of the PES.27,28 Therefore, S can
be safely decoupled to N and l, this lead to define new
quantum numbers J = Jt +S and Jt = N + l. Then, the
dynamical task is reduced to the collision of a molecule
in a 1Σ+ electronic state with Jt its total angular mo-
mentum. We have used the close coupling approach de-
veloped by Arthur & Dalgarno29 and implemented in the
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MOLSCAT code26 to compute the spin independent scat-
tering matrix (SJt

Nl,N ′l′) which led to the the spin inde-

pendent transition matrix (T Jt

Nl,N ′l′).

T Jt

Nl,N ′l′ = δNN ′,ll′ − SJt

Nl,N ′l′ (6)

Thus, we are able to compute the matrix elements
T J
Nl,N ′l′ governing the transitions involving the fine struc-

ture levels of the CP(X2Σ+) molecule.

TK
Nl,N ′l′ = (2K + 1)(−1)N+l′

∑

Jt

(−1)Jt(2Jt + 1) ×

{

N N ′ K
l′ l Jt

}

T Jt

Nl,N ′l′(7)

|N −N ′| ≤ K ≤ (N + N ′)

Therefore, the inelastic cross sections σNj−→N ′

j′
can be

calculated form the opacity tensor PK(N,N ′) with the
recoupling method proposed by Corey et al.30

PK(N,N ′) =
1

2K + 1

∑

ll′

|TK
Nl,N ′l′ |

2 (8)

σNj−→N ′

j′
=

π

k2N
(2j′ + 1)

∑

K

{

N ′ N K
j′ j S

}2

PK(N,N ′)

(9)

where kj is the wave vector and {:::} is a 6-j symbol
of Wigner. Such a methodology was used by Ham-
mami et al.27 to compute tensor cross sections for the
MgH(X2Σ+)-He(1S) van der Waals collisional system.
In order to test the accuracy of the recoupling technique,
we computed the σN−→N ′ cross sections (see equation 10)
and compare with the data obtained using the exact close
coupling approach implemented in the MOLSCAT code.
Good agreement is found between both calculations since
differences are less than 2 × 10−3 Å2 for all transitions.

σN−→N ′ =
π

k2N

1

(2N + 1)

∑

K

PK(N,N ′) (10)

In the spin independent scattering matrix calculation,
the energy range was spanned as follows: for E ≤ 50
cm−1 the grid spacing was set to 0.1 cm−1, for 50 ≤ E
≤ 100 cm−1 to 0.2 cm−1, for 100 ≤ E ≤ 150 cm−1 to
0.5 cm−1, for 150 ≤ E ≤ 250 cm−1 to 1 cm−1 and for
250 ≤ E ≤ 500 cm−1 to 5 cm−1. The rotational levels
of CP may be obtained from the expansion proposed by
Alexander28 with the rotational constant Be reported in
table 3. To solve the coupled equations, the diabatic
modified log derivative approach of Manolopoulos was
used.31 This requires to perform some convergence tests
to fix the parameters of the propagator. The STEPS-
parameter which is inversely proportional to the grid of
integration was set to 20 for E ≤ 100 cm−1 and 10 for
the higher energy values. The integration limits were set

Table 3: Optimized parameters, of the diabatic log
derivative approach, used in this work.

µ = 3.57 au Jmax = 12, 13, 14, 15, 18, 20, 22
Be = 0.7988 cm−1,23 STEPS = 20, 10

DTOL = 0.01 Å2 Rmax = 90 a0

OTOL = 0.001 Å2 Rmin = 2.5 a0

to Rmin = 2.5 a0 and Rmax = 90 a0. Then, we have
setted Jmax = 12 for E ≤ 50 cm−1, Jmax = 13 for 50
≤ E ≤ 100 cm−1, Jmax = 14 for 100 ≤ E ≤ 150 cm−1,
Jmax = 15 for 150 ≤ E ≤ 250 cm−1 and Jmax = 18 for
250 ≤ E ≤ 500 cm−1. In addition, for elastic (inelastic)
transitions the diagonal (off-diagonal) tolerance was set

to DTOL = 0.01 Å2 (OTOL = 0.001 Å2). This allowed
to set Jt large enough to ensure the convergence of both
elastic and inelastic cross sections. For instance, we have
obtained Jtot = 48 at 50 cm−1, Jt = 58 at 100, Jtot = 65
at 150 cm−1 and 93 at 500 cm−1.

III. RESULTS AND DISCUSSIONS

A. Potential energy surface

We present in Figure 2 the contour plots of the CP-He
potential energy surface as a function of the Jacobi co-
ordinates (R and θ). The red (blue) contours stand for
the negatives (positive) energy values (in units of cm−1).
This PES presents two minima of 18.62 cm−1 and 18.72
cm−1 that occur at (R, θ) = (8.07 a0, 0◦) and (8.05 a0,
132.5◦) respectively. Between these potential wells, is
located a transition state of 16.86 below the CP(X2Σ+)-
He(1S) asymptote at the coordinates (R, θ) = (7.65 a0,
80◦). Although the CP-He and CN-He13 complexes are
isovalent, some differences are notified between their re-
spective interaction potentials. That concerns particu-
larly the intermediary distances (around the potential
wells). The CP-He van der Waal system presents two
minima as mentioned above while Lique et al.13 reported
a unique potential well of 21.28 cm−1 for the CN-He com-
plex at θ = 118◦ and R = 6.8 a0. It is noteworthy that
the C atom is not disposed in the same configuration for
both collisional systems.

For a better appreciation of the anisotropy of the CP-
He interaction, we present in Figure 3 cuts of the CP-He
potential as a function of the R-distance for three He
orientations (θ = 180◦, 90◦ and 0◦). The potential is
characterized by: a well depth of 18.62 cm−1 located at
R = 8.07 a0 for θ = 0◦, a minimum of 17.02 cm−1 at
7.62 a0 for θ = 90◦ and a potential well of 17.03 cm−1

at 8.84 a0 for θ = 180◦. These quite close well depths
obtained at relatively similar R-distances (R = 7.6–8.8
a0), confirm the low anisotropy of the PES as one can
see from Figure 2.
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CP(X2Σ+)-He(1S) dissociation limit.

 

 

θ = 0°

θ = 90°

θ = 180°

-20

-10

0

10

7 9 11 13 15

P
o
te

n
ti

a
l 

e
n

e
r
g
y
 (

c
m

-1
)

R (bohr)

Figure 3: Cuts of the CP-He interaction potential as
a function of the R-distance for three He orientations (θ
= 180◦, 90◦ and 0◦).

 

 

-200

-100

0

100

200

6 8 10 12R (bohr)

E
n

e
r
g
y
 (

c
m

-1
)

V
λ = 0

V
λ = 1

V
λ = 2

V
λ = 3

Figure 4: Radial coefficients expansion, as a function
of R Jacobi coordinate, corresponding to the four first
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Figure 4 depicts the expansion of the four first terms
of the radial coefficients Vλ=0−3 as a function of R. For
λ = 0 and 2, the concavity of the curves is directed up-
wards while it is oriented downwards for λ = 1 and 3.
Similar findings were observed in the works of Nkem et
al.32 and Ajili & Hammami.33 For the anisotropic terms
(i.e. the radial coefficients for which λ > 0), the largest
in magnitude is V2. The influence of this behavior on the
cross sections will be discussed in the next section.

B. Integral inelastic cross sections

In order to discuss to propensity rules, we have cal-
culated the integral inelastic cross sections of the CP
due to collision with He for energies up to 500 cm−1.
Fig. 5 depicts the dependence on the kinetic energy of
inelastic cross sections for ∆j = ∆N (upper panel) and
∆j 6= ∆N (lower panel) transitions out of Nj = 00.5. In
the upper panel (lower panel), an inversion occurs be-
tween the 00.5 −→ 11.5 (00.5 −→ 10.5) and 00.5 −→ 22.5
(00.5 −→ 21.5) transitions. A similar behaviour was ob-
served for the CN molecule.13

Furthermore, one can see from from this figure, that
the energy grid used in this work covers totally the res-
onances and leads to an asymptotic behaviour of cross
sections. The correct description of resonances (Feshbach
and shape resonances), observed at low energy, confirms
the necessity of the fine step size used in the calcula-
tions. The Feshbach resonances may be owed to a tem-
porary trapping of He by the potential well leading to
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Figure 5: Dependence on the kinetic energy of
inelastic cross sections for ∆j = ∆N (upper panel) and
∆j 6= ∆N (lower panel) transitions out of Nj = 00.5.

a formation of quasi-bound states of the CP-He van der
Waals complex. The Shape resonances are interpreted
as quasi-bound states that occur from tunneling via the
centrifugal energy barrier.

Both panels of the Figure 5 show that the 00.5 −→ 2j′
transitions outweigh the 00.5 −→ 1j′ transitions almost in
the entire energy range while the 00.5 −→ 3j′ transitions
predominate the 00.5 −→ 4j′ transitions. This behaviour
shows that there is no propensity rule with respect to
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the parity of ∆N . Contrarily for the CN-He collisional
system, propensity rules in favour of even ∆N transi-
tions were notified. Such a finding was interpreted by
McCurdy & Miler34 as a result of the near-homonuclear
symmetry of the interaction potential. In addition, this
behaviour has already been observed experimentally for
the NO open shell molecule in collision with Ar.35

In Fig. 6, we display the dependence on the kinetic en-
ergy of inelastic cross sections for ∆j = ∆N (solid lines)
along with ∆j 6= ∆N (dashed lines) transitions. For
each N ′ value, the excitations to e levels outweigh the
transitions to f states. This leads to a propensity rule
that favourites the ∆j = ∆N transitions as observed
for the CN molecule. This finding was theoretically pre-
dicted by Alexander et al.36 for diatomic molecules in
a 2Σ electronic state and confirmed by Lique et al.13 for
the CN(X2Σ+) molecule. The propensity rules presented
here are expected to persist in rate coefficients.

IV. CONCLUSION

Rotational integral cross sections of carbon phosphorus
due to collision with helium have been computed with the
close coupling quantum mechanical method for the en-
ergy range of 1.6–500 cm−1. These dynamic calculations
were carried out on an averaged potential energy surface.
This latter was generated from the first three-dimensional
ab initio interaction potential of the CP(X2Σ+)–He(1S)
van der Waals complex. The explicitly correlated re-
stricted coupled cluster approach with simple, double
and perturbative triple excitation (RCCSD(T)–F12) in
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connection with the augmented-correlation consistent–
polarized valence triple zeta Gaussian basis set (aug–cc-
pVTZ) was used to construct the 3D–PES in the Jacobi
coordinate system (r, R and θ).

In this paper, we have studied the propensity rules
among the fine structure rotational levels of the CP
molecule. As expected, it is observed that the transi-
tions involving equal ∆j and ∆N values are larger than
the excitation for which ∆j 6= ∆N . We expect that the
data presented in this study will revive experiments on
rotational energy transfer of CP induced by collision with
He such as that of Fei et al.14 on the CN(X2Σ+)–He(1S)
collisional system and also experiments that take into ac-
count the fine structure levels.

The potential computed in this work may be used later
to perform a complete set of the cross sections (i.e. up to
1500 cm−1 below the CP excited vibrational states) in-
cluding the hyperfine structure of the CP molecule. Such
a full description of cross sections may lead to the colli-
sional rate coefficients which are of great interest to ac-
curately model the abundance of CP in space.
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N. Rotational Excitation of 36ArH+ by He at Low Temperature.
Monthly Noticies of the Royal Astronomical Society. 2017, 465,
1137–1143.

20Bop, C. T.; Hammami, K. and Faye, N. A. B. Collisional Rates
Based on the First Potential Energy Surface of the NeH+- He
System. Monthly Notices of the Royal Astronomical Society.
2017, 470, 2911–2917

21Werner, H. J.; Knowles, P. J.; Knizia, G.; Manby, F. R.; Schütz,
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