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The cross sections and rate constants for the formation of phosphorus monobromide (PBr) and phosphorus monoio-
dide (PI) radicals through radiative association have been theoretically estimated using fully quantum mechanical methods.

For temperatures ranging from 10 K to 15000 K, the thermal rate coefficients are found to vary from 2.86x 10723 cm>-s

3.1

to 1.20x10~'8 em3.s~! and from 7.73x1072* em?-s~! cm3-s7! to 1.12x10~'® ecm?.s~! for PBr and PI, respectively.
Implications of PBr and PI radiative association to various astrochemical environments are briefly discussed.
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1. Introduction

Despite the low solar elemental abundances of bromine
and iodine (number ratios [Br/H] = 3.5x 10719 and [I/H] =
3.6x107 ! established from meteoritic sample analyses[l]),
atomic lines of I and Br, as well I,, 10, Br,, BrO, HOBr
and five short-lived brominated molecules (CH,Br,, CHBr3,
CH,1Br, CHCI,Br and CHCIBr,) have all been identified in
the atmosphere of Earth (e.g. Refs. [2—4], and the references
therein). Furthermore, HBr was confirmed in situ in the in-
ner coma of comet 67P/Churyumov-Gerimenko (67P/C-G) by
Dhooghe et al.'>! However, HBr was not found in molecular
clouds such as Orion KL, Sgr B2(N), and NGC 63341 with
the Herschel/HUFI spectrometer by Ligterink and Kama.l6!
Additionally, searches for the HBr* ion have also been con-
ducted toward Orion KL, Sgr B2(N), and NGC 63341 molec-
ular clouds,®! but with negative results.

Outside the Solar System, lines from I** and I>* ions
have been measured in the ultraviolet (UV) spectra of white
dwarf atmospheres, with abundance up to about 4 dex com-

7-U1 I turn, neutral bromine has been

pared with solar value.!
detected in the visual region of the spectrum of the very pecu-
liar star HD101065 (Przybylski’s star) by Bidelman.[!?) Br+
ion lines have been identified in the optical spectra of the
ultra-peculiar (HgMn) star HR 7143,113] and in the He-weak

chemical peculiar star 3CenAl'#! with bromine excesses of
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2.3 and 2.6 dex over solar abundance, respectively. Faint
optical line of Bro™ ion has been observed in the planetary
nebulae, %101 with an approximated atomic Br abundance of
[Br/H] = 3.39%x10~° from a possible blended line.'®! Near-
infrared emission lines of Br3* and Br** ions have been addi-
tionally seen in the spectra of planetary nebulae, with an abun-
dance of [Br/H] = 0.10+0.10 relative to the solar value.[!”]
Still, Br*t and Brot ions lines have been detected in the UV
spectra of white dwarf atmospheres, revealing high quantities
of atomic Br up to about 3 dex over solar abundance.!'!!8]
Phosphorus compounds have been identified in the
dust component of comets 67P/C-G,1%! 81P/Wild 2,129 and
lP/Halley[21] and is habitual constituent in iron meteorites,
particularly in the form of schreibersite ((Ni,Fe);P), apatite
(Cas5(PO4)3(CLF,OH)) and merrillite (CasNaMg(POy)7).[??)
In the gas phase, P' ion lines have been detected in dif-
fuse molecular clouds (e.g., Ref. [23]), in extragalactic
objects,?*?> supernova remnant Cas A,[*6! and planetary
nebulae. 10251 Still, lines of atomic P have been observed in
the comet 67P/C-G,1*”?"] and towards dwarf®”! and giant

30311 In molecular form, six P-bearing molecules have

stars.|
been observed in the circumstellar envelope of evolved stars
(PO, PN, CP, HCP, CCP, and PH3),3%38] and one (SiP) ten-
tatively identified. B39 However, only PN, PO, and PO" have
been identified in star-forming regions.!**-4¢! In addition, PN

has been observed in extragalactic sources,*”] PH3 has been
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detected in the atmospheres of Jupiter*® and Saturn,!*°! and
PO has been identified in the comet 67P/C-G.[27-28!
Phosphorus plays a critical role in prebiotic chemistry
(e.g., in DNA, RNA, and ATP). Besides phosphorus, bromine
is also essential for collagen functions in animals and iodine
is required for thyroid hormones in mammals (e.g., Ref. [50]).
Phosphorus is believed to be mainly produced by neutron cap-
ture in massive stars (= 8My), which are then ejected into
interstellar medium during supernova explosion.[26->1-531 -
deed, largely enhanced P ions have been measured in super-
nova remnant Cas A (e.g., Ref. [26]). However, core-collapse
supernovae cannot explain some observed atomic P abun-
dances derived from spectroscopic observations of stars (e.g.,
Refs. [29,30]). So, atomic P is also thought to be synthesized
during the asymptotic giant branch (AGB) (< 8M,),[2>36-7]

[58.59 [60.61] explo-

as well in type la supernovae, I and novae
sions. In turn, the production of bromine and iodine via neu-
tron capture processes is expected to occur in massive stars
shells, and during supernova and kilonova explosions (e.g.,
Refs. [54,62-64]), as well as during the AGB phase.[6%:6]
The radiative association may be one of the earliest
proposed molecular formation mechanisms in astronomical

s1%71 and is currently thought to play a significant role

source
in the formation of simple molecules in relatively hot and
low-density astrophysical environments, where hydrogen is
absent and the dust grains still have to be formed, such
as carbon-rich Wolf-Rayet winds and ejecta of supernovae
(e.g., Refs. [68-70] and references therein). Still, this pro-
cess has been included in the chemical networks proposed
for novae ejecta (e.g., Refs. [71,72]), fast neutral winds from
protostars,!’3! and inner regions of the circumstellar envelopes
of AGBs (e.g., Ref. [74]), among others. All these astrophysi-
cal sources have temperatures of the order of 1500 K-6000 K.

Studies of Br-, I-, and P-compounds in space are partic-
ularly relevant due to their role in the context of biochemistry
and to our understanding of the formation and chemical evo-
lution of these compounds in astrophysical sources. However,
the chemistry of these elements has never been clearly charac-
terized and only a few rate coefficients have been documented,
(e.g., Refs. [6,75]). Understanding how phosphorus interacts
with halogens like bromine and iodine expands our knowledge
of its chemical behavior in space. Hence, we considered in this
work the radiative association (RA) of Br(®P) and I(®P) atoms
with P(4S) atom to form the diatomic radicals PBr and PI, re-
spectively. These radicals have not yet been detected in celes-
tial bodies. However, PBr and PI can be formed by radiative
association in astrophysical environments where phosphorus,
bromine and iodine are available in gas phase, mainly in the
ejecta of supernovae, as well in the inner regions of the enve-
lope of AGBs and planetary nebulae, among others, where Br,
I, and P elements are found to be largely enhanced compared

to solar abundances due to nucleosynthesis. Thus, using po-
tential energy curves and transition dipole moments obtained
from accurate ab initio calculations, the radiative association
cross sections were determined using fully quantum mechan-
ical methods. Subsequently, the rate coefficients were esti-
mated for temperatures ranging from 10 K to 15000 K.

2. Method of calculation

The formation of diatomic molecules by radiative associ-
ation can occur when the atomic species approach each other
with a relative energy E in a particular molecular state, which
can decay to a bound electronic state through the spontaneous
emission of a photon. In this processes, the quantum me-
chanical radiative association cross section for an electronic
transition can be computed using perturbation theory, (e.g.,
Refs. [76-78]) given by

64 1

O A’(E) = 2 Ama N2
- J.%;j’ 3 (47?80)]{[-2

X }LgfiASJA,J’A/ \Migg vy |2, (H
EA'SV'J!

where, the sum is over initial partial waves with the angu-
lar momenta J, the final vibrational v/, and the rotational J',
ki = (\/2UE) /R is the wave number of the scattering state, &
is the Planck constant, u is the reduced mass of the collision
system, & is the vacuum permittivity, Agassyryr is the wave
length of emitted photon, S;4 4/ is Honl-London factor. For
the I — X~ transitions of PBr and PI radicals, the Honl—
London factors are Sy ;_; = (J+1)/4, S;; = (2J+1)/4, and
Syy+1 =J/4, respectively;[’”! f, is the probability of ap-
proach in the scattering state, and it can be calculated as

(284 +1)(2—So.4)
(2La+ 1)(288 + 1)(2Lp + 1)(255 + 1)’

where, La, Sa, L, and S represent the electronic orbital and

Ja= @)

spin angular momenta of the A and B atoms, respectively. S
is the spin quantum number of the electronic state A. § is the
Kronecker delta, § = 1 if A = 0, otherwise it is 0. Further,
Mgy gy is given by the integral

Mgy pviy = <%/}5(R) |Daar(R) qIJ/’\\:’ (R)>7 3)

where W/4(R) and ¥\, (R) are radial wavefunctions for the
continuum and bound states, respectively. These wave func-
tions were obtained by solving the one-dimensional radial
Schrodinger equation on the ab initio potential energy curve
using the Numerov numerical integration method. Dy 4/ (R)
is the dipole transition moment between A and A’ electronic
states as a function of the internuclear distance R.

When the radiation association cross section is deter-
mined, the thermal rate coefficient (in units cm—3-s~!) at a
given temperature 7 can be obtained by integrating the cross

033301-2
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section over a Maxwellian velocity distribution f(E,T), and
can be expressed as

K1) = [ V(E)FET)on i, @

where V(E) is the initial relative velocity of the colliding
atoms, 0 _, 4/ 18 the cross section of the radiation association,
and

LC*E//CBT, 5)

FET) =2 m(ksT)?

these two formulas allows one to write

8 e _
kpna(T) = “W/O Ecy_,n/(E)e */*TdE, (6)

where kg is the Boltzmann constant.

3. Results and discussion
3.1. The PECs and TDMs of A-S electronic states

For PI and PBr, there are four electronic states cor-
relating to the lowest dissociation limits P(*S)+1(*P) and
P(*S) + Br(*P), respectively, namely 35y~ and 3°II. The

80-82] Hence, the elec-

quintet states are repulsive in nature.|
tronic transitions from the quintet states is expected to con-
tribute little to the radiative association cross-section and are
not considered here. Therefore, the radiative association from
P(*S) +I(*P) and P(*S) +Br(®P) to form PBr and PI, respec-
tively, is possible through the 13T electronic state, which then
radiates to the ground X>X~ state according to the selection
rule. The statistical weight of the 1°IT—X3X~ transitions of
PBr and Pl is 1/4.

The potential energy curves (PECs) of the 1°TT and X?X~
states of PBr and PI and transition dipole moments connect-
ing these states which are being used in the present work
have been obtained theoretically by Zhang et al.139-82! Accu-
rate ab initio multi-reference configuration interaction method
plus Davidson correction (+Q) has been employed for this
purpose. 33! To compensate for the energy cutoff error induced
by the finite excitation space and improve the accuracy of the
potential energy curve, the Davidson correction (+Q) was in-
troduced, as it effectively estimates the impact of higher-order
excitations on energy. These data are obtained over a range
of internuclear separation R from 1.5 A t0 6.0 A and 1.9 A to
6.0 A for PBr and PI molecules, respectively (Figs. 1 and 2).
The 13T state of PBr exhibits a potential well at approximately
2.6 A, and features a barrier with a height of 0.07102 a.u.
around 2.85 A. In contrast, the 13IT state of PI also shows
a shallow potential well near 4.50 A. However, for radiative
association rate constants calculations, transition dipole mo-
ments and potential energy curves are needed over a large

range of internuclear distances. Hence, we extrapolate the val-
ues of the total potential energy curve and transition dipole
moment. For small distances (R < 1.5 A forPBrand R < 1.9 A
for PI), the interaction energy is fitted to the usual form

V(R) = Aexp(—BR) +C, @)

where A, B, and C are fitting parameters. At large separations
(R>6.0 A), the PECs, which are usually associated with long-
range Coulomb forces and van der Waals dispersion, can be
fitted using the following function: (84

C GCo
*ﬁ*ﬁJFV(RH‘X’)v (®)

where C is the fitting coefficient, which can be estimated by

V(R) =

fixing the value of and keeping the dissociation limit constant
using the calculated ab initio data. is the dipole—dipole disper-
sion (van der Waals) coefficient, which can be estimated using
London’s formula: 8]

3 Pblgy b B

=—— 9
2Ip+1Igr/I d™d ©)

6

Here, Ip, Ip;, and I are the dissociation energies of P, Br,
and I atoms respectively, and their values can be obtained from
NIST atomic spectral data.3¢! The static dipole polarizability
of P, Br, and I atoms (atomic unit) are equal to 24.5, (871 3, [88]
and 36,138 respectively. The cubic spline was used to interpo-
late the points of PECs.

—755.8 g1 L A e
PBr| ] PI [ —635.80
— 1 | —635.85
5 —756.0 | «
z { ] [ —635.90
g i ] [ —635.95
% —756.21 «
5 i [ —636.00
g *
o b i [ —636.05
= —-756.44 % «
£ -f i [ —636.10
g W ] [ _636.15
8 —756.6{ = : !
a i L —636.20
X35- N [ —636.25
—756.8
2 4 6 8 10 3 5 7 9 11

Internuclear distance (ag)

Fig. 1. The potential energy curves of PBr and PI. The green and purple parts
are extrapolated and the black and red parts are taken from Zhang et al.[80-82]
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Fig. 2. Transition dipole moments of PBr and PI which are taken from
Zhang et al.[80-82]
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The radiative association cross sections for 13TI-X>L~
transitions of PI and PBr are obtained using the quantum me-
chanical perturbation theory, which considers the contribution
of the resonance. The results are shown in Fig. 3. It is clearly
seen in this figure that the cross sections show a rather similar,
at least qualitatively, energy dependence. When the energy is
less than 1072 eV, the computed cross sections markedly de-
crease as the collision energy increases. Above this energy, the
cross sections increase rapidly due to the small potential bar-
rier on the 1311 electronic state of PBr and PI. Finally, when
the energy is greater than 2 eV, the cross sections show a sharp
downward trend, due to Franck—-Condon principle. In addi-
tion, several resonances are evident in the low energy region,
especially at energies less than 1072 eV, this type of resonance
is usually a shape resonance, arising from a quasi-bound state
supported by the effective potential of the initial electronic
state, given by VA(R) = VA(R) + Jz(f;é) , where VA (R) is neg-
ative. As J increases, Ve’?f(R) decreases, the resonance peak

will gradually decrease. Due to the potential barrier, tunneling
rates will slow down, ultimately leading to resonance disap-
pearance. At energies greater than 10~2 eV, because 1°IT is a
shallowly bound state, there is little resonance in this energy
range. When rotational quantum number J increases, the ab-
solute value of V/4(R) decreases gradually and the resonance
structures disappear. In general, the radiative association cross
sections of PBr are always larger than that of PI.

1076 T T T T
10775 1
N
3
= 10783 3
o
£ g9
g 10773 PBr ]
2
o 107105 PI E
O

1011 5 1

10712 T T T T

10-4  10-3 10-2 10-' 100 101

Energy (eV)

Fig. 3. Radiative association cross section of PBr and PI.

The radiative association rate coefficients values for PX
(X = Br, I) are estimated from the radiative association cross
sections for the temperature in the range of 10 K-15000 K.
For better comparison and discussion, the radiative associa-
tion rate coefficients for PBr and PI are displayed in Fig. 4
and Table 1. Due to the potential barrier against dissociation
into P(*S) + I(?P) and P(*S) + Br(®P), the rate coefficient val-
ues increase rapidly between 10 K and 2000 K. It is concluded
from Fig. 4 that the rate coefficient of PBr is higher than that
of PI, mainly due to structural differences in their potential
energy curves rather than polarizability alone. Although the

polarizability of Br is slightly lower than that of I, the tran-
sition probability in radiative association is primarily deter-
mined by the overlap integral between the excited and ground
state wavefunctions, as described by the Franck—Condon prin-
ciple. As shown in Fig. 1, the ground-state potential well of
PBr is deeper (0.10208 a.u.) than that of PI (0.08276 a.u.).
Additionally, the 1°IT state of PI exhibits a shallower poten-
tial well (at 4.5 A) than that of PBr (at 2.6 A). Consequently,
PBr exhibits better wavefunction overlap between the bound
and scattering states, which leads to consistently higher rate
constants compared to PI. The radiative association rate con-
stants of PBr are always larger than that of PI (Fig. 4) and
their magnitudes are usually comparable to formation of other
P-bearing molecules (e.g., PO, PCI*, and PN™) through the

same mechanism. [89-90]

10716 T T T T T T T
10174 E

10-184 PBr 4

10-19 PI ]

10—204 <
10214 4
10—22.. <

Rate coefficient (cm?3-s~1)

10-23+ E

10724 1! T T T T T T
0 2 4 6 8 10 12 14

Temperature (103 K)

Fig. 4. Radiative association rate coefficient of PBr and PI.

Table 1. Radiative association rate coefficients of PBr and PI.

T (K) k (cm3-s~1) (PBr) k (cm3-s~1) (PI)
10 2.86x10723 7.73x10°2*
20 2.95%x10~23 8.00x 10~
30 3.13x10° 3 8.66x 102
50 3.71x1073 1.07x10723
100 6.47x10723 2.10x10723
200 2.15x10722 7.13x10723
300 9.03x10~22 1.87x10722
700 2.32x10720 2.44x1072!

1000 5.64x10720 7.48%x1072!

1500 1.19%x10~1° 2.26%10720

2000 1.81x10719 4.40%x10720

2500 2.40%x10°1° 6.96x1020

3000 2.96x10~1? 9.84x10720

3500 3.51x1071° 1.30x10~1°

4000 4.04x1071° 1.65x10719

4500 4.56x1071° 2.03x10719

5000 5.09%x10~1? 2.44x10710

6000 6.12x10712 3.35%1071°

7000 7.12x10°19 4.36x1071°

8000 8.06x10~ 19 5.42x10°1

10000 9.67x107 12 7.49%x10°19

12000 1.09% 1018 9.28x10°1?

14000 1.17x10718 1.07x10718

15000 1.20x10°!8 1.12x10°!8
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Equilibrium thermodynamics modeling of a cooling gas
of solar composition predicts that bromine, iodine and phos-
phorus start to condense into the solid state around 293 K,
312 K, and 1248 K, respectively (e.g., Refs. [91,92]). How-
ever, P atom appears to be slightly depleted or undepleted in
the diffuse clouds (e.g., Ref. [23]). Depletion of P and Br
atoms should be due to freeze-out onto icy mantles of dust
grains in cold astrophysical environments. >%3%%31 Due to rel-
atively small rate coefficients, the RA process is likely negli-
gible in the low temperature regions, where complex physic-
ochemical mechanisms dominate the Br- and P-containing
molecules production, which include grain disruption by ener-
getic phenomena that releases either Br and P atoms or Br- and
P-containing molecules into the gas phase.!>%3°! However, the
formation of PBr and PI by RA process may be important in
a variety of astrophysical environments, as discussed above,
mainly in relatively hot, low density, H- and dust-poor en-
vironments, such as ejecta of core-collapse supernovae (e.g.,
Ref. [70]) and Wolf-Rayet winds (e.g., Ref. [69]).

Finally, the three-parameter Arrhenius—Kooij function

T\ -8/
KT)=A( =) e P/IT 10
1)=4(555) 10
is used to fit the computed rate coefficients at different temper-
atures, where A, @, and 3 are the fitting parameters. In order
to fit the calculated radiative association rate coefficients more
accurately, the corresponding curves were divided into several
temperature ranges and adjusted separately. The fitted param-
eters are summarized in Table 2 for formation of PBr and PI
over several temperature ranges.

Table 2. Fitting parameters of PBr and PI.

T (K) A (cm?s~1) o B (K)
PBr 1-10 2331x1073  —0.0784 2.7057
10-30 4.882x10~23 0.2334 —2.6353
30-100 2.032x10722 1.4863 —47.5537
100-300 8.349% 1023 6.4567 —710.1805
300-3000 1.388x1071  0.5556 1570.8715
3000-8000 5.538x10720 0.8483 838.6556
8000-15000  9.797x10°'8  —0.3528  10763.5643
PI 1-10 4.865x1072  -0.1645 1.0652
10-30 1.604x10~2 0.3263 -3.8522
30-100 8.236x1023 1.7515 —54.5274
100-300 9.258x10~ 2% 3.2282 -209.2252
300-3000 1.025%x10~20 1.2449 1809.7764
3000-8000 3.737x1072! 1.5527 938.1230
8000-15000  1.441x107'7  —03673  16673.1226

4. Summary

Using accurate electronic ab inito data, we have cal-
culated the cross sections for the radiative association of P
and X (X = Br and I) atoms to form PBr and PI molecules
employing a fully quantum mechanical approach. For PBr

and PI, the molecule-forming transitions were assumed dom-
inantly to occur through the 1°IT state followed by radia-
tive transition to the ground X3X~ state. Rate coefficients
have been obtained from the cross sections for temperature
in the range of 10 K-15000 K. The rate constant values
of PBr increase from about 2.86x1072% cm3-s~! at 10 K
to about 1.20x10~'® cm3-s~! at 15000 K, and those of PI
range from about 7.73x1072* cm?-s~! at 10 K to about
1.12x 1078 ecm3-s~! at 15000 K. The computed radiative as-
sociation rate coefficients for PBr and PI are suitable for appli-
cability in a variety of environments, mainly in relatively hot,
low density, H- and dust-poor environments.

The formation of phosphorus monobromide (PBr) and
phosphorus monoiodide (PI) radicals through radiative asso-
ciation expands our understanding of phosphorus chemistry in
space and offers insights into the role of halogens in the astro-
chemical environments. Further studies would be necessary
to fully understand the role of these molecules in space, their
formation, distribution, and astrophysical significance.
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