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!Institute of Atomic and Molecular Physics, Jilin University, Changchun, China, ?Faculty of Foundation,
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The potential energy curves (PECs) and transition dipole moments (TDMs) of
PH* and PO are computed with the multireference configuration interaction
method, and the cross-sections for the radiative association (RA) of PH* and
PO, which is the most efficient way to form the ground states, are presented via
the quantum mechanical (QM) theory and computed using ab initio molecular
data. The thermal rate coefficients are also expressed and fitted with the
standard formula k(T) =A(§TO)“e'$ in the range of 10 K-15,000 K. Meanwhile,
the photodissociation, that is the inverse process of RA for PH*, is also
studied, including eight photodissociation channels for the computation of
state-resolved cross-sections. Careful comparisons with the Leiden Observatory
database are made. Considering the cross-sections mentioned above, the local
thermodynamic equilibrium cross-sections at the temperatures of 0, 500, 1,000,
and 2,000 K are also shown. We expect the results to be helpful for studies of
phosphorus chemistry in the interstellar medium and planetary atmospheres.
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1 Introduction

Phosphorus (P) is one of the essential elements for the development of life and
in forming large biomolecules. So far, astronomical observations have shown that the
interstellar medium contains a variety of phosphorus-bearing molecular species such
as PN (Turner and Bally, 1987), CP (Guelin et al., 1990), PO (Tenenbaum et al., 2007),
PO* (Rivilla et al., 2022), SiP (Koelemay et al., 2022), HCP (Agtndez et al., 2007), CCP
(Halfen et al., 2008),and PH; (Agtindez et al., 2008). PH" is one of the simplest phosphorus-
containing molecules, and this molecule could be important for the formation of larger
phosphohydrogens, such as PH; (Agtindez et al., 2008). Meanwhile, in our galaxy, the initial
element mixture of all stars is oxygen-rich; in other words, the abundance of oxygen is
more than that of carbon (Zhukovska et al., 2008). The trace of PO was first detected
(Tenenbaum et al.,, 2007) in the envelope of the oxygen-rich supergiant star VY Canis
Majoris (VY CMa) using the Submillimeter Telescope. Therefore, the knowledge of the
PH*/PO formation rate coeflicient which is essential for further modeling of the chemical
network involving phosphorus is not well-documented.

Regarding how diatomic molecules are formed in interstellar medium, radiative
association (RA) might be a possible molecular formation mechanism that was first floated
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(Swings, 1942). Due to experimental difficulties, most processes
related to the interstellar medium must have their rate coefficients
obtained by theoretical methods.

For the PO molecule, Andreazzaetal. (2016), by using a
semiclassical (SC) approach, have computed the rate coeflicients
of the P (35?3s°)+0 (2s*2p*)>PO(X'II) +hv radiative association
corresponding to transition B2X*>X’IT for temperatures from
300 to 14,000 K hitherto. However, as was shown recently
(Gustafsson et al., 2012), the conventional SC theory overestimates
the high-energy cross-section; consequently, the high-temperature
rate coefficient for RA is also overestimated. In our work, the
radiative association cross-sections and rate coefficients of PO
are calculated again using the fully QM approach. For the
PH* molecule, the rate coefficients of the P*+H->PH*+hv radiative
association corresponding to transition 1°X™>X*II have only been
studied theoretically (Stancil et al., 2000). The radiative association
rate coefficients are too small to be measured experimentally.
However, its inverse process, known as photodissociation, may be
studied in the laboratory. Recently, the experimental data of near-
threshold dissociation of PH" have been collected in the Leiden
Observatory database (Heays et al., 2017). In this work, we study
both the RA and photodissociation of PH*.

The two primary types of information in the QM approach
are PECs and TDMs for calculating the photodissociation or RA
cross-sections. Until now, some experimental and theoretical studies
about electronic structures and transition properties needed by
photodissociation or RA computations have been published. For
PO, the PECs for different electronic states have been investigated
using the Rydberg-Klein-Rees method (Rao etal., 1981). Using
the internally contracted multireference configuration interaction
(icMRCI) method with the augmented correlation-consistent basis
set aug-cc-pV5z (aV5Z), the PECs and spectroscopic constants were
determined (Izzaouihda et al., 2014).

The spectroscopic constants and first published transition
moments as functions of the internuclear distance between the
doublet states of PO are given in Andreazza et al. (2016). Liu et al.
(2017) calculated the PECs of 27 A-S states and 73 Q) states and
evaluated the spectroscopic parameters of some of their bound
states. For PH", the radiative lifetime and predissociation rates of
the A?A state of PH' were studied experimentally (Elander et al.,
1985). Then, parts of the 0-1 band and the 1-2 band of the A%A-
XIT in a laser/ion beam experiment were recorded (Edwards et al.,
1986). In theory, a few low-lying potential curves of the PH+
were performed in 1981, which shared spectroscopic constants
for this system (Brunaetal, 1981). The first three PECs of the
dissociation limits and some TDMs were computed (Lietal.,
2015), considering spin-orbit coupling using the multireference
configuration interaction plus Davidson correction (MRCI + Q)
approach and the basis sets at the 5-( level. Tinaccietal. (2021)
predicted the equilibrium structures and properties of PH* at the
MO06-2X/cc-pVTZ level, and electric dipoles and total electronic
energies were computed with CCSD(T)/aug-cc-pVTZ/M06-2X/cc-
pVTZ single-point energy calculations.

However, the existing PECs and TDMs are still insufficient for
us to study photodissociation or RA. As a result, this work computes
the PECs for the first five dissociation limits of PH' and the first
dissociation limit of PO. In addition, the TDMs from the doublet
excited state to the ground state are also calculated. Based on the
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calculated PECs and TDMs, we present cross-sections with the QM
theory as a function of collision energy and provide rate coefficients
over a range of temperatures, i.e., from 10 to 10,000 K for PH" and
from 150 to 15,000 K for PO. Additionally, for PH", computations
on the temperature-dependent photodissociation cross-sections
are performed.

2 Methods and computation details
2.1 Molecular data

The ab initio computations related to PECs and TDMs needed
in RA or photodissociation are carried out using the MOLPRO 2012
program package (Werner et al., 2012).

Since MOLPRO can use the Abelian point group symmetry only,
the symmetry of C,, is used to calculate the diatomic molecule (PO)
and ion (PHY). There are four irreducible representations, namely,
A, By, By, and A, in the C,, group, the corresponding relations of
whichareX" = A, IT=B,+B,,A=A,+ A,,and £~ = A,, respectively.
The aug-cc-pwCV5Z-DK (Wilson et al., 1999; de Jong et al., 2001;
DeYonker et al., 2007) basis set is selected for P*/P, and the aug-
cc-pV5Z-DK (Dunning, 1989) basis set is selected for H/O. For
PH" and PO, the computation of the PECs is carried out within the
internuclear distances of 1.0-14.0 a, and 1.2-5.75 A, respectively.
For the former, the calculating step length is selected as 0.1 a, for
R =1.0-1.8 ay, 0.05 a, for R = 1.8-2.5 a,, 0.025 a,, for 2.5-3.5 a,, 0.1
a, for 3.5-5.5 a,, 0.5 a, for 5.5-10.0 a,, and 1.0 a, for 10.0-14.0 a,,.
For the latter, the calculating step length is selected as 0.025 A for R
=1.2-1.84,0.05A for R =1.8-3.54, 0.1 A for R =3.5-4.0 A, and
0.25 A for R = 4.0-5.75 A.

The calculation’s details are as follows: first, a single
configuration wave function of the ground state for PH'/PO
is generated using the Hartree—Fock (HF) calculation. Second,
the state-averaged complete active space self-consistent field
(CASSCF) approach is used to optimize the wave function
(Werner and Meyer, 1980; Werner and Knowles, 1985), and
the multiconfiguration wave function was obtained. Finally, the
energies of several lowest A—S doublet states are computed using
the multireference configuration interaction approach (MRCI)
(Werner and Knowles, 1988).

In the MRCI calculations, the 12 lowest A—S doublet states for
PH" and two lowest A—S doublet states for PO are determined. For
PH*, the inner-shell 1s22s? electrons of the P* ion are added into
the closed shell. The active space including seven molecular orbitals
(MOs) are 3a;, 2b;, and 2b, symmetry molecular orbitals (3, 1, 1,and
0) correlating to the 3s3p of P™ and 1s of H valence orbitals. In order
to balance the efficiency and accuracy of calculation, the 1s orbital of
P* is added into the core orbital. The inner-shell 1s*2s22p® electrons
of P and the 15?2s* electrons of O atom are added into the closed
shell, and the valence MOs (3, 2, 2, and 0) are chosen as the active
space. Meanwhile, the inner-shell 1s® electrons of P and O are placed
in core orbitals. The electrons in the closed MOs are correlated in the
MRCI procedure.

In addition, the second-order Douglas-Kroll Hamiltonian
(DKH2) approximation is used for PO and PH" to consider the
scalar relativistic correction, and Davidson correction (+Q) was
introduced to decrease the inaccuracy of size consistency (Langhoff
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and Davidson, 1974; Knowles and Werner, 1988; Werner and
Knowles, 1988)

At the MRCI level, the TDMs have been evaluated. At the same
time, based on the computed PECs of A—S states, the spectroscopic
constants are determined by the LEVEL 8.0 (Le Roy, 2017) program

by solving the radial Schrédinger equation.

2.2 Radiative association cross-sections
and rate coefficients

The RA is one of several processes that contribute to production
of molecules in the interstellar medium. A new molecule is created
in this process when two particles collide, and the extra energy is
dissipated through spontaneous emission of photons.

In quantum mechanics, the cross-sections for spontaneous
radiative association of a heteronuclear diatomic molecule can be
expressed as a sum over allowed transitions between a continuum
state with a positive energy E and orbital angular momentum J to
bound rovibrational states with vibrational quantum number v’ and
orbital angular momentum J'. The expression of cross-sections is as
follows (Zygelman and Dalgarno, 1990):

1 64n5P

E:
o(E) 3ck2

Z UEVI]/S]]’ EJV'J! (1)
where ¢ is the vacuum permittivity, c is the speed of light in vacuum,
k2
frequency, and p is the probability of the approach, namely, statistical

=2Eu/1*, u is the reduced mass, vy, is the emitted photon

weight in the initial electronic state, which can be given by

(28" +1)(2-8y,)

(2L, +1)(2S, + Q2L + 1)(2Sz + 1)’ @

p:

where L,, S,, Ly, and Sy represent the electronic orbital and spin
angular momenta of the A and B atoms, respectively. S’ is the spin
quantum number of the electronic state A. As usual, the Kronecker
delta, &y, equals 1 if A = 0 and equals 0 otherwise. Therefore, the
value of p for £ of PH* and PO is % and %, respectively. Dipole
moment transitions for Z->I1I, the Honl-London factors (Huber and

Herzbelg, 1979a; Gianturco and Gori Giorgi, 1996), are ;7,1 = ]+2
Sy = ,and Sip = L = respectively.
(9]
My = j ¢,(E.RD(R)Y,,(R)dR 3)
0

is the matrix element of the transition dipole moment function D(R)
between the initial continuum radial wave function ¢,(E, R) for the
partial wave J and the final bound-state radial wave function y,, , (R).
The renormalized Numerov approach is used to derive both the
continuum and bound wave functions (Johnson, 1977).

When the RA cross-sections are determined, the rate coefficient
K(T) (in units of cm®s™) with a Maxwellian velocity distribution for
the formation of a molecule at temperature T is defined by

1
) (&
kyT
where kp = 1.381 x 1072 J.K!
the reduced mass; and E is the relative motion of two atomic species.

)3 [ Bote . @

, that is the Boltzmann constant; 4 is
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2.3 Photodissociation cross-sections

The photodissociation cross-sections are computed with the
aid of BCONT 2.2 (Roy and Kraemer, 2004). For a bound-free
transition from an initial state to a final state, taking into account
the degeneracies of the rotational states can give the following
1976; Lefebvre-Brion and Field, 1986;
Van Dishoeck, 1988), in units [10™'%cm?/molecule]:

relationship (Le Roy et al.,

I/
871311
o) = 3= 2]+1|<WE],(r)|M(r)|u/v](r)|
=3.22696 x 1074y
X KS(E Z2]+1
oo *
X(JO WEJ,(r)MS(r)%J(r)dr) .
Here, v=2Y is the transition energy, in cm 1;

Ky(E)=[E-V, (r— 00)] is the asymptotic relative kinetic energy
of the molecular fragments dissociating along the potential
energy curve V(r) of electronic states, in cm™'; S is the usual
Honl-London rotational intensity factor’?, the unit of the reduced
mass | is u(atomic mass unit) and the transition moment function
M(r) is expressed in debye and incorporates the appropriate ratio
of initial-to-final state electronic degeneracy factors.

The total thermal photodissociation cross-section may be

written as

01oi(Ts¥) = Y 0,(Tsv) = Y Y F, (T (v,,v).
s v ]

Here, (2] “)

F, ()=

initial state populatlon at the vibration rotation level (v,]), and

kBT represents the fraction of the

QAT =YY 72+ e "B; is the molecular partition function for
levels of the initial electronic state.

For designated vibrational and rotational quantum numbers, the
total state-resolved cross-section is defined by

O'tat(V,]; V)

= Zas(v,], V).

3 Results and discussion

3.1 The PECs and TDMs of the A-S
electronic states

Based on the theoretical approaches described in Section 2.1,
calculations are made for the lowest 12 A-S electronic states of PHY,
which are correlated with the first 5 dissociation limits, and for the
lowest six A-S electronic states of PO, which involve the first 1 atomic
limit. However, only the doublet states are needed in this work. The
potential curves of relevant states of the two molecules are shown in
Figures 1, 2, respectively.

Table 1 lists the spectroscopic constants, T, (equilibrium
B

e

e
transition energy), R, (equilibrium internuclear distance),
(equilibrium rotational constant), w, (harmonic frequency), w,y,
(first-order anharmonic constant), and D, (dissociation energies) of
the computed low-lying bound double states for the two molecules

along with the previous experimental and theoretical results.
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FIGURE 1

Potential energy curve of PH*.

(2.15,3.55)

P(*S)+O(°P)

potential energy(eV)

4 5 6 7 8 10
internuclear distance(a.u.)

FIGURE 2
Potential energy curve of PO.

The value of B, needs to be noticed, which guarantees
the accuracy of quantum chemical approaches in structure
determination (Puzzarini and Stanton, 2023). To have a better idea
of the actual accuracy for B, the percentage error values of the
literature theoretical data with respect to the calculated ones in the
present paper are also listed in Table 1. From Table 1, it is found that
the percentage error values of most B, are within 1%.

For PH", the value of B, of XII is 8.5367 cm’!, having
a difference of approximately 0.0217 cm™ (0.25%) and 0.0287
(0.34%) with the latest theoretical data (Tinacci et al.,, 2021) and
experimental value (Bruna etal., 1981), respectively. For PO, the
value of B, of X?11is0.7328 cm’!, which is a difference of 0.0009 cm!
from the experimental value (Izzaouihda et al., 2014). In addition,
the other fitted spectroscopic parameters of PH' and PO are also in
good agreement with the available theoretical data and experimental
value, which ensures the accuracy of our computed PECs.
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The estimated spectroscopic constants of X*IT and A?A of PH*
are also in consistence with those determined by experimentation
(Edwards et al., 1986). In terms of PO, the spectroscopic constants
of X?II and B*X* in this work are in better agreement with the
experimental values (Huber and Herzberg, 1979b; Rao et al., 1981)
than the previous report (Andreazza et al., 2016). Theoretically, the
spectroscopic values also match with the existing theoretical data for
other excited states for these two molecules.

The TDMs using the ab initio method from the excited state
to the ground state of PH* and PO are shown in Figures 3, 4,
respectively. The previously reported dipole moments of PO between
2.2 and 6.0 a, from ab initio calculations (Andreazza et al., 2016) and
achieved by extrapolation in the short R region (R < 2.0 a;) are also
shown in Figure 4 for comparison.

Figure 3 shows that the TDMs for the 12°Z™>X?II transition
of PH* agree well with the theoretical value (Stancil et al., 2000).
The TDMs for other transitions that might contribute to the
photodissociation are also given. As shown in Figure 4, the TDM
value of B2 >X?IT of PO is a bit larger than the previous computed
value (Andreazza etal,, 2016) in the Franck-Condon region. In
the short internuclear region (r < 2.2a,), Andreazza etal. fit the
TDM:s using a cubic spline and joined smoothly with the forms
R,(r) = ar* + br, and comparing with our computed values by the ab
initio method, differences could be observed in this range.

In this work, for RA, when R is less than 1.0 a, for PH* and
1.70 a, for PO, the potential curves are extrapolated by V (R) = A
exp (-BR) + C, where A, B, and C are fitting parameters. When R is
in the range of 14.0-400.0 a,, for PH* and 10.86-400.0 a, for PO, the
following function (Watanabe et al., 2002) is used to fit the PECs:

)

where C,, G4, and Cg are related to the static dipole, quadrupole,
and octupole polarizability, a4, 8,, and y,, of the atomic system,
respectively (Marinescu et al., 1994; Co6té and Dalgarno, 2000) by
Cy=0a,Qp% Cg= [J’AQBZ, and Cg = yAQBZ,where Qg is the excess
charges on the atomic systems (Dalgarno and Kingston, 1959). For
the ion PH* (P*+H), Qp. equals to 1, aj; equals to 4.5 (Shevelko
and Vinogradov, 1979), and the V. (R) = —% %f. When we take the
value of C, into account, the calculated potential V  (R) is smoothly
connected to the dispersion potential V (R) at the value of R = 13
ay, which means the values of § and y have little effect on the long-

C, G C
G G G

1
VIR) = __< R RS R

2

range potentials. Therefore, the values of  and y are both set to 0.
Research reveals that the interaction potential of ions is much larger
than that of molecules (Marinescu et al., 1994). In this work, we do
not take the multipolar interaction potential in the range of larger
than 10.86 a, for the PO molecule. For the photodissociation of
PH", similar extrapolation is used in the short-range and long-range
potentials or TDMs.

3.2 The radiative association and
photodissociation of PH"

3.2.1 The radiative association of PH"

The of RA are produced when
two species are close to each other along the PEC of an
excited state and radiate via a strong dipole transition to

large cross-sections
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TABLE 1 Spectroscopic constants of the bound A-S states of PH* and PO.

Reference
PH*

X211 0.0 1.4235 2,406.80 44.10 8.5367 352 This work
0.0 1.4330 2370 - - 341 Theor?
0.0 1.4226 2,412.79 4438 8.5369 0.0% 352 Theor.
0.0 1.4251 2,299.6 - 8.3851 1.78% <3.36 (D) Expt.*?
0.0 1.4247 2,382.75 41.67 8.508 0.34% 334 Expt.©
0.0 1.4240 2,354 472 8.509 0.32% 341 Theor.
0.0 1.4205 2,424.82 46.86 8.597 0.71% - Theor.
0.0 1.4240 8.515 0.25% - Theor."
1’5 24,393.9 1.7958 812.72 40.06 5.3383 0.51 This work
24,476.0 1.7914 823.68 44,57 5.3735 0.66% 0.49 Theor.
A?A 26,414.7 1.5481 1,567.77 58.35 7.2187 1.22 (Dy) This work
26,322.0 1.5454 1,512.20 55.44 7.1631 0.77% 1.28 Theor.
26,221.1 1.5492 1,534.6 68.8 7.19635 0.46% 1.25 (D,) Expt.©
1.5465 1,458 60 7.2224 0.06% Theor.¢
1.5402 1,539.1 69.77 7.1979 0.28% 1.10 (D,) Theor.*
12s* 34,835.3 1.6013 701.55 64.91 8.6889 0.26 This work
34,837.0 1.6058 850.48 100.61 6.9618 19.8% 0.22 Theor.
2T 36,555.4 3.2053 218.60 41.57 1.7230 0.04 This work
23t 47,2352 2.2505 697.41 49.90 3.4263 0.30 This work
47,161.0 2.2346 669.69 48.76 3.4771 1.48% 0.29 Theor.”
3’ 63,879.5 3.6201 339.42 23.48 1.3224 0.15 This work
22A 64,395.6 3.8309 224.90 18.70 1.1802 0.08 This work
25 64,138.8 3.8683 244.79 18.40 1.1593 0.10 This work
PO X2 0.0 1.4787 1,194.9 485 0.7328 6.01 This work
0.0 1.4757 1,233.3 6.560 0.7337 0.12% 6.07 Expt.d¢
0.0 1.4816 1,214.6 6.69 0.727 0.79% 5.86 Theor.
0.0 1.489 1,243 - - - Theor.|
0.0 1.4750 1,236.0 6.77 0.7346 0.25% 6.22 Theor.$
B’z* 30,800.8 1.4575 1,162.49 13.79 0.7512 2.56 This work
30,730.9 1.4632 1,164.51 13.46 0.7463 0.65% - Expt.4*
31,052.3 1.4635 1,174.2 13.90 0.747 0.56% 3.06 Theor.

(Continued on the following page)
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TABLE 1 (Continued) Spectroscopic constants of the bound A-S states of PH* and PO.

State | T.cm™) R, (A) | w.(em?)  wx.(ecm™)  B,(cm?) | ErrorofB, | D,(ev)  Reference

30,245.8 1.494 1,042 -

Theor.f

30,757.8 1.4916 1,160.89 13.11

0.7389 1.6% 3.00 Theor.®

Theor. “(Stancil et al., 2000);?(Li et al., 2015);*(Bruna et al., 1981);%(Elander et al., 1985);*(Izzaouihda et al., 2014)/(Andreazza et al., 2016); (Liu et al., 2017);*(Tinacci et al., 2021).
Expt. “(Narasimham, 1957; Huber and Herzberg, 1979c);b(Huber and Herzberg, 1979a); “(Edwards et al., 1986);d(Huber and Herzberg, 1979b; Rao et al., 1981));(Rao et al., 1981).

1 2 T T T T T T T T
A2A—XTT
1.0 4 125 X1
—_ 225" X1
5 084 22A-X7T
= 22 —X211
a
GS) 0.6 31X
g 1’z -X1
= 0.4 A2A-XCTT
“a 22A—-XTT
£ 0.2 1 223 XM |
= Stancil
.g 0.0 _
z
£ -0.24 4
[am}
0.4 - -
'06 T T T T T T T T
0 2 4 6 8 10 12 14 16
Internuclear distance(a.u.)
FIGURE 3

Transition dipole moments of PH*.
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the lower state (Thomas and David, 1999). In the region of
the interstellar space with little dust, the number of excited
states of atoms is negligible. Therefore, only molecular states
that correspond to the ground-state asymptote need to be
taken into account.
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The RA of the P* and H atoms can occur following an approach
along the first dissociation asymptote P* (®P) + H (3S) correlated
with the electronic states 1237, X?T1, 1427, and 1*I1. Among these
states, the PH* molecule can be formed by the transition from 1%~
to X°IT and from 1*Z” to 1*II. However, there is little overlap
between the bound vibrational wave functions in the 1*X” state and
continuum wave functions of repulsive states 1*IT, which is expected
to contribute little to the RA in the collision of the first dissociation
asymptotes. Therefore, radiative association through these states
with high multiplicity will be negligible in our computations. The
cross-sections and rate coefficients of RA for PH* via 12X - X?II
transition are computed and shown in Figures 5, 6, respectively.

There is the resonance structure with some complex resonances
in Figure 5, which is a typical feature of the RA cross-section in
quantum mechanics. There are two aspects for this. On the one
hand, in the low-energy collision region (less than 1072eV), the
resonance phenomenon is caused by the long-range potential.
On the other hand, in the relative high-energy collision region
(more than 107%eV), resonances arise from quasi-bound states
supported by the effective potential fof(R) =V,4(R)+ 12%;
of the initial electronic state. Because the value of our PEC
(V4(R)) is negative, the value of its effective potential (Vﬁ}f(R))
is also negative. With the increase of rotational quantum

number J, the effective potential decreases gradually. When ]
reaches a certain value, the resonance structure disappears. Of
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course, the shallow well of 12X~ with 10 vibrational levels and
212 rovibrational levels can lead to fewer resonances on the
entire curve.

The overall tendency of the cross-section is also worthy
of attention. In general, baselines display a monotonic decline.
Especially, the cross-section decreases sharply when the energy is
greater than 3.85 eV owing to non-Franck-Condon transitions.

Shortly after the first detection of polyatomic molecules in
interstellar cold (10-20 K) molecular clouds in the late 1960s, the
dominant role of positive ions in interstellar cold environments
was recognized. Meanwhile, PH* compounds (PH;) have been
found in the asymptotic giant branch star IRC+10216, in which
the effective temperature is near 2,000-3,500 K (Groenewegen et al.,
1998). Although PH" is still being sought, based on the temperatures
of the astrophysical counterparts mentioned above, the computed
range of temperature for PH" is from 10 K to 10,000 K.

As seen in Figure 6, in general, the rate coefficients are in
good agreement with the previous computed values (Stancil et al.,
2000). The agreement at high temperatures is better than that
at low temperatures. The specific rate coefficients of PH" are
shown in Table 2. As seen in Table 2, our calculated value is
134 x 1078 cm’s™! at the temperature of 20 K. The difference
from the theoretical value (1.7 x 107'%) (Stancil et al,, 2000) is
~20%, and when the temperature is 10,000 K, the value is 1.05
x 10718 cm?
20% over the temperature range of 10-10,000 K. The errors
possibly come from different PECs and TDMs calculated by the
ab initio method.

s7! and the error is ~10%. The errors are within

The obtained rate coefficient for the formation of PH* by
RA is used to fit the three-parameter Arrhenius-Kooij function
(Laidler, 1996) form:

« _B
Jer

where A, a, and f are fitting parameters. The fitting parameters are
listed in Table 3.

k(ﬂ:A(i

300 ©)
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TABLE 2 Radiative association rate coefficients of PH*.

k (cm3s™)

(this work)
20 1.34x 10718 1.7 %1078
50 1.31x 107" 1.71x 1071
80 128 x 10718 1.69 x 1071
100 1.25x 10718 1.62x 107"
200 1.18x 10718 1.58 x 1071
500 1.03x 10718 141 x 107"
800 9.52x 107" 117 x 1071
1,000 9.17 x 107" 1.06 x 10718
2,000 8.48 x 107" 1.02x 1071
5,000 9.06 x 107" 9.4x 107"
10,000 1.05x 10718 1.02x 10718

TABLE 3 Fitting parameters of PH*.

T(K) N ) a B(K)
10-300 1.13662 x 10718 -0.1014 1.8899
300-2,000 1.02219 x 10718 -0.1123 -30.5022
2,000-4,000 3.11464 x 107 0.3214 ~786.8388
4,000-10,000 6.24588 x 107" 0.1562 321.7658

3.2.2 The photodissociation of PH*

Based on the aforementioned theory, the state-resolved
photodissociation cross-sections of PH* have been calculated
for eight transitions from X1 to other excited states (1227,
A%A, 173*, 2°T1, 2°5*, 3°I0, 22A, and 2%37). Cross-sections are
computed as a function of wavelength that ranges from ~50
to ~400 nm. The state-resolved cross-section (here, the ground
rovibrational level (v,]) =(0,0)) is exhibited in Figure7 and
compared with the Leiden Observatory database (Heays etal.,
2017), which use a Gaussian profile with an assumed width
of 1.0 nm FWHM.

As shown in Figure 7, in the 90-200 nm range, two peaks in
the curve of the photodissociation cross-section could be observed
in the Leiden Observatory database (Heays et al., 2017). One is in
the range of 90-150, and the other is in the range of 150-200 nm.
Our computations indicate that the photodissociation cross-sections
are mainly arising from the 22%™<X*IT and 2*A<X?1I transitions in
the range of 90-150 nm and from the 223*<X?I1 transition in the
range of 150-200 nm. The contributions of other transitions to these
peaks are relatively small. For the former peak, the maximum cross-
section is located at A = 110 nm. Our computed maximum value
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is in the same order of magnitude with the database (Heays et al.,
2017) ( 0.02 x 107'¢ vs. 0.029 x 107'°) and with a relative error of
45%. For the latter, the corresponding A for the maximum cross-
section is approximately equal to 170 nm. The difference between
this work (0.00131 x 107'° cm?) and that in the database (0.000357
x 107'% cm?) is within one order of magnitude and approximately
three times. Meanwhile, there are still two sharp peaks in the
range of 230-285nm and 285-380 nm, respectively, which are
observed for the photodissociation cross-section in the database
(Heays et al., 2017); these two peaks are attributed to the 125X
and 1°Z7¢XI1 transitions according to our work. The maximum
cross-sections are located at the wavelengths of approximately
275 and 365 nm with 0.013 x 107'® cm? and 0.006 x 107'¢ cm?,
respectively; while our computed values are one order of magnitude
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smaller than 0.15 x 1071° cm? and 0.128 x 1071¢ cm? as in the Leiden
Observatory database (Heays et al., 2017), respectively. The possible
reason for such a large difference may be the influence of transitions
involved in higher excited states, which are not included in this work.
However, it is noted that the results of our computed cross sections
are within the range allowed by the database—within a factor of 10
(Heays et al., 2017).
Based on state-resolved cross-sections, the total local
equilibrium (LTE) cross-sections of eight
transitions for PH* at 0, 500, 1,000, and 2,000 K are presented in
Figure 8. From the figure, two important features can be found. As
the temperature increases, (i) the LTE cross-section values increase
at longer wavelengths and (ii) the peak values of cross-sections

thermodynamic
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decrease. The same behaviors are also found in the case of the SH*
system (McMillan et al., 2016).

3.3 The radiative association of PO

For the calculations on the radiative association cross-
sections of PO, as the argument in Section 3.1.1, the BZX*>X%I1
transition should be the dominant formation channel. The cross-
sections and rate coefficient for the formation of PO have
been calculated, and the results are shown in Figures9, 10,
respectively.

The discussions on cross-sections of PO given in Figure 9 are
divided into two parts. First, the trend of the cross-sections is very
important. Atlow energy levels (less than 1072V), the cross-sections
are approximately equal to 107" a,* with little change. However,
when the collision energy is between 10™%eV and 0.375 eV, the cross-
section begins to exhibit sharp increases from 4.43 x 107" to 5.18
x 1078 g,%. The reason is that the B2X" state exhibits a 0.375 eV
barrier located roughly R = 4.53 a,, as shown in Figure 2. Because
of the existence of the barrier, the PEC of B’X* can be divided
into two parts. If the value of R is larger than 4.53 g, the PEC of
B%Z* is repulsive. In addition, if the value of R is less than 4.53
ay, the PEC of B*X" processes a deep well. For the repulsive part,
there is little overlap between the continuum wave functions of the
B2X" state and the bound vibrational wave functions of the ground
state (X?IT), which causes the cross-sections to decrease rapidly
with decreasing collision energy. For the bound part, the cross-
sections are larger than those in the repulsive part, as mentioned,
due to more overlapped areas. When the collision energy is larger
than 3.55 eV, the cross-sections monotonically decrease owing to the
Franck-Condon principle.

Second, the peaks that come from the resonances are
also fascinating. The trend of resonances for PO, which is
analogous to PH*, will not be repeated here. Remarkably,
no resonances are observed in the kinetic energy range of
approximately 1072-0.3 eV, and this is also correlated with the
barrier of BX*. When the energy is below 0.3 eV, the tunneling
is too sluggish to produce any resonance. If the energy is
between 0.3 and 0.375eV, the resonance tunneling features
emerge. At the same time, the number of resonances of PO is
significantly more redundant than that of PH* due to a relatively
deep well of B*X".

The observations indicate that the PO molecule exists in the
circumstellar envelope of the star VY CMa (~17 M) and AGB
oxygen star IK Tau (1.0-8.0 M), and their effective temperature
is near 3,450-3,700 K (Massey etal., 2006) and 2,000-3,500 K
(Iben and Renzini, 1983; Herwig, 2005). Since VY CMa is
thought to have evolved from a massive star of ~ 25M,
(Wittkowski et al., 2012), the effective temperature may be more
than 3,700 K. Meanwhile, based on the calculated temperature
range by Andreazza et al., we focus on the temperature range of
150-15,000 K for PO.

The RA rate coefficients for the formation of PO computed by the
SC approach (Andreazza et al., 2016) and QM method (this work)
are shown in Table 4 and Figure 10. On the whole, our results are in
good agreement with the theoretical value (Andreazza et al., 2016).
At 300 K, the rate coefficient estimated is 8.77 x 10* cm’s™! and
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TABLE 4 Radiative association rate coefficients of PO.

k (cm3s™)
(this work)

150 1.19x 1072 -

300 8.77 x 107 1.61x 1072

700 5.76 x 107! 5.06 x 107!
1,000 3.05x 1072 279 x 1072
1,500 111 x 107" L1x107"
2,000 224x107" 227 x 107"
2,500 3.48 x 107" 3.58 x 107"
3,000 478 x 107" 49x107"
3,500 6.03x 107" 6.19x 107"
4,000 7.22x 107" 7.41%x107"
4,500 8.33x 107" 8.56 x 107"
5,000 9.36 x 107" 9.62x 107"
6,000 1.12x 107" 1.15x 10718
7,000 1.27 x 10718 1.31x 1078
8,000 1.39 x 1071 1.45x 10718
10,000 1.56 x 10718 1.68x 10718
12,000 1.65 x 1071 1.85x 10718
14,000 1.68x 10718 1.99x 10718
15,000 1.68 x 1071 -

TABLE 5 Fitting parameters of PO.

T(K) A

a p

150-1,000 1.0027 x 1072 2.49018 1,890.87836
1,000-3,500 6.9396 x 107" 0.36696 3,650.73936
3,500-10,000 3.8460 x 1071# -0.09167 5,753.04423
10,000-15,000 1.2315x 1071 —0.87687 12,948.37598

that mentioned in Andreazza et al. (2016) is 1.61 x 1024 cm®s™!. The
error between them is approximately 82% while within an order of
magnitude. The reason for such a big difference is that the height of
our B2 barrier is approximately 0.375 eV at R = 4.53 a,, which is
larger than the value of 0.300 eV at 4.8 a, reported (Andreazza et al.,
2016). At low temperatures, the uncertainty in the rate coefficient
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is determined partly by the height of the potential barrier and
partly due to tunneling resonance or shape resonances. When the
temperature is in the range of 1,000 K-10,000 k, the rate coefficients
are in good agreement between the SC approach and QM theory,
and the errors are within 10%. This phenomenon can be found
in other similar systems such as CN (Singh and Andreazza, 2000;
Antipov et al., 2009). The maximum error is approximately 9.3% at
the temperature of 1,000 K. The corresponding rate coefficient by
the QM method is 3.05 x 1072° cm?s™!, which is just a bit higher
than the value of 2.79 x 1072° cm’s™! given by the SC method.
When the temperature is larger than 10,000 K, the error increases
over 7%. According to the available data, the maximum difference
is approximately 15.6% at 14,000 K. The value of the corresponding
rate coefficient is 1.68 x 10718 cm®s™!, which is a bit lower than 1.99
x 10718 cm3s7! in reference Andreazza et al. (2016).

According to Egs 1, 4, the rate coeflicient depends on the square
of the dipole moments. As shown in Figure 4, the dipole moment
we calculated is overall higher than that in Andreazza et al. (2016).
However, our computed rate coefficients are smaller than theoretical
values at high temperatures (>2,000 K), which is reasonable as it is
stated in the previous work that the conventional SC theory could
overestimate the high-energy cross-section based on unrestricted
transition probability (Gustafsson et al., 2012).

Over the temperature range of 150-15,000 K, we fit the rate
coeflicients with Eq. 5, and the fitting parameters are listed in Table 5
for further application.

4 Summary

In this study, we have computed the PECs and TDMs for PH*
and PO at the MRCI + Q/aug-cc-pwCV5Z-DK level of theory. Then,
based on our computed molecular data, the RA cross-sections have
been computed by the QM method. For PH* and PO, the RA process
is dominant through the 12X~ and B2X" excited states, respectively.
The rate coeflicients are obtained from their cross-sections with a
Maxwellian velocity distribution; for PH, the value of which varies
from 1.34 x 1078 t0 1.05 x 107'® cm’s™! for temperatures ranging
from 10 to 10,000 K, and the rate coefficients of PO range from
8.77 x 107 to 1.68 x 107'® cm’s! at temperatures between 150
and 15,000 K. Taking PH* as an example, this work gives state-
resolved photodissociation cross-sections at v = 0 and j = 0, and
a comparison with the Leiden Observatory database is made. It is
found that over the range of 100-150 nm, cross-sections are mainly
generated from transitions 225" ¢X?IT and 2°A<X?I1, and in the
range of 150-200, 200-300, and 300-400 nm, the maximum cross-
section is contributed to the transitions of 22X« X?I1, 123+« X?11,
and 1227 < X1, respectively. Based on state-resolved cross-sections,
the total of LTE cross-sections for PH* at 0, 500, 1,000, and 2,000 K
are predicted. The presently computed results are expected to be
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