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ABSTRACT

Phosphorus-bearing molecules are of growing interest in astrochemistry because of the essential role of phosphorus in biochemistry. Under-
standing their interstellar chemistry requires both accurate spectroscopic data and insights into their formation mechanisms. In this work,
for a new possible phosphorus-bearing species, protonated phosphorus mononitride, PNH, we present a high-level theoretical study, which
combines an accurate spectroscopic characterization with a thermochemical and kinetic investigation of its formation pathways. The key
spectroscopic parameters, computed by exploiting composite schemes rooted in coupled-cluster theory, refer to both rotational and vibra-
tional spectroscopy, thus including rotational and centrifugal distortion constants, hyperfine parameters, as well as vibrational frequencies
and infrared intensities. To assess their accuracy for PNH™, a comparison with those of the isovalent N;H*, HCO*, and HCS" ions, whose
experimental characterization is available, has been made. In parallel, we investigated three gas-phase formation reactions relevant to inter-
stellar conditions: the protonation of PN by Hs* and the ion-neutral PH + NH* and PH" + NH reactions. For each process, the reactive
potential energy surface is sampled using density functional theory, and reaction rate coefficients are derived from long-range capture theory
and master equation analysis. These rates were then incorporated into a dedicated astrochemical model to discuss the expected abundance of
PNH" in the interstellar medium. The results show that, under interstellar conditions, multiple exothermic pathways can lead to PNH*, thus
reinforcing its potential role in interstellar phosphorus chemistry.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0304579

I. INTRODUCTION spectroscopic characterization at the basis of subsequent detection,

as well as their low abundance in the gas phase. Nevertheless, as
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Phosphorus (hereafter P) plays a fundamental role in the ori-
gin and maintenance of life, as a key component of nucleic acids
and energy carriers such as adenosine triphosphate (ATP).! This
biological relevance has made P-containing compounds important
targets in both astronomical observations and astrochemical model-
ing. However, the identification of P-bearing species remains limited
in the interstellar medium (ISM), thus highlighting the challenge of

shown by Fontani,” several small P-containing molecules have been
identified in various astrophysical environments, including star-
forming regions and circumstellar envelopes. Among them, phos-
phorus mononitride (PN)”*—the first P-bearing species detected,
in 1987—is the most widely observed,”’ along with other neu-
tral diatomics such as phosphorus monoxide (PO)® and carbon

monophosphide (CP).” Additional detections include phosphine
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(PH3),'""" phosphaethyne (HCP),'? cyanoethyl phosphine (CCP),"
and the ionized phosphorus monoxide (PO*),""'” as well as a tenta-
tive detection of silicon monophosphide (SiP), claimed by Koelemay
etal'®

Understanding the mechanisms behind the emergence of P-
based chemical complexity remains a major challenge for astro-
chemical models. As in the chemistry of carbon (C), oxygen (O),
and nitrogen (N), this complexity likely arises from a combination
of gas-phase and grain-surface processes.” Among the gas-phase
mechanisms, ion-neutral reactions are particularly important due to
their typically high capture rate coefficients and their ability to pro-
ceed without activation barriers—making them especially relevant
under the low-temperature and low-density conditions of the ISM.
Within this group, protonation reactions play a key role. The cen-
tral molecule is H;r, which acts as an effective proton donor because
the proton affinity (PA) of H; is relatively low (4.4 eV'®), thus mak-
ing proton transfer to most atoms and molecules particularly effi-
cient and enabling the widespread formation of protonated species.
Numerous such species have been detected in the ISM, ranging from
protonated diatomics N,H*,'” HCO*,"” and HCS*,” to more com-
plex ions such as HCNH*,>! HCCCNH™,”! and H,COH™.*” In turn,
these protonated ions can drive the production of more complex
neutral molecules through subsequent ion-neutral reactions and
dissociative recombination. As an example, a potential formation
pathway of protonated dimethyl ether in the ISM has been sug-
gested to be the reaction between protonated methanol and neutral
methanol.”””* Moreover, protonated molecules can promote the for-
mation of stable molecular clusters, increasing interaction times and
introducing new relaxation pathways, such as evaporation, that may
protect molecular systems from external radiations or collisions.”*"

Radioastronomy, through the observation of radiation emit-
ted from astrophysical objects in the cm- to submm-wave regions
(which corresponds to rotational transitions), remains the most
powerful tool for detecting and identifying molecules in the ISM.
This successful result arises from the high sensitivity of rotational
spectra to molecular structure and mass composition, which thus
enables the confident identification of new species and the derivation
of the chemical inventory in diverse astronomical environments.
Accurate spectroscopic parameters or, better, the line catalogs they
allow to set up, are thus essential for guiding observations.”’” In par-
allel, astrochemical modeling plays a central role in linking observed
molecular abundances to the underlying chemistry. Astrochemical
models strongly rely on the rates of chemical reactions involved in
the formation and destruction of molecules, which, in the gas phase,
are dominated by radical-neutral and ion-neutral reactions at the
low temperatures of the ISM. Therefore, theoretical determination
of such rates, whenever experimental data are unavailable—which
is often the case—is crucial for evaluating the viability of proposed
mechanisms and improving the predictive power of astrochemical
networks.

In the case of P chemistry, the role of protonated species must
be carefully examined to correctly interpret both current and future
astronomical observations and to understand the chemical complex-
ity in space. The diatomic molecule PN is considered one of the
primary gas-phase reservoirs of P in the ISM, and its protonated
counterpart could represent an entry point toward more complex
P-bearing molecules. The aim of this study is to provide a detailed
spectroscopic characterization of the lowest-energy structure of
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protonated phosphorus mononitride, PNH*, along with a theo-
retical investigation of three astrochemically relevant formation
reactions. The spectroscopic analysis is supported by a validation
of the computational methodology based on the comparison of
experiment and theory for the isovalent species NoH*, HCO™, and
HCS™. On the reactivity side, potential energy surfaces (PESs) and
temperature-dependent capture and reaction rate coefficients are
derived to assess the viability of each formation pathway under inter-
stellar conditions. Finally, these results are incorporated into an
astrochemical model to discuss the expected abundances of PNH*
within interstellar environments.

Il. COMPUTATIONAL DETAILS

Neutral molecules can be subjected to structural and electronic
rearrangements upon protonation. For this reason, we first inves-
tigated the stability of linear and bent structures of PNH* and
HPN™, considering both singlet and triplet electronic states. This
preliminary study was carried out using density functional theory
(DFT), choosing the double-hybrid rev-DSD-PBEP86 functional”®
and incorporating the D3BJ empirical dispersion correction.”””’
This functional was combined with the jun-cc-pVTZ basis set, for
N and H, and the jun-cc-pV(T+d)Z basis set,’"*? for P. This level
of theory is hereafter referred to as revDSD/jun(T+d)Z. The ground
state was found to be a linear singlet, which will be the only configu-
ration considered in the following spectroscopic study and the main
focus of the reactivity investigation. For clarity, the astrochemical
modeling section of this work is presented in a dedicated section,
where the methodology and results are discussed together.

A. Rotational and vibrational spectroscopy

In the field of rotational spectroscopy, the parameters consid-
ered in this work include the rotational and centrifugal distortion
(quartic and sextic) constants together with the hyperfine
parameters (namely, the nuclear quadrupole coupling, nuclear
spin-rotation interaction, and dipolar spin-spin coupling con-
stants) to determine the spectral line positions, and the electric
dipole moment to derive their intensity. Moving to vibrational spec-
troscopy, the fundamental (anharmonic) vibrational frequencies
and their infrared (IR) intensity have been computed.

Focusing on rotational spectroscopy, the most influential para-
meter is the vibrational ground-state rotational constant, By, which
is a unique parameter because of the linearity of the considered
ions. According to vibrational perturbation theory to second order
(VPT2),* the ground-state rotational constant consists of two terms,
the equilibrium contribution B, and a vibrational correction AB, ;.
To these two terms, an electronic contribution AB,; can also be
added. Therefore, By is defined as

d
Bo=B.+ABy;+ABy =B, — Y ?kock+ %gBe, 1)
P

k

where B, is straightforwardly derived from the molecule’s equilib-
rium geometry and isotopic composition. The second term, AB,;,
is determined from the vibration-rotation interaction constants, ay,
the sum running over all vibration modes, with dj denoting their
degeneracy. In the final term of Eq. (1), m. and my, are the electron
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and proton masses, respectively, and g is the component of the rota-
tional g-tensor.; b5 As pointed out in Ref. 34, these corrections are
crucial for reaching the accuracy required for a quantitative com-
parison with experimental data. Although typically smaller than the
vibrational correction, the electronic contribution can significantly
improve the overall accuracy of the predictions.’

In this work, the equilibrium geometry (bond distances), the
electric dipole moment, the nuclear quadrupole coupling constants
(NQCGCs), the harmonic frequencies and the associated IR intensi-
ties, and the quartic centrifugal distortion constant were predicted
using a quantum-chemical composite scheme that combines sev-
eral coupled-cluster (CC) calculations relying on the additivity
approximation. The scheme can be summarized as follows:

pe = p™ (HF-SCF) + Ap™ (CCSD(T))
+Ap(CV) + Ap(fT) + Ap(fQ) )

where p, defines a generic parameter from the list reported above.
The first two terms represent the extrapolation to the complete
basis set (CBS) limit and aim to minimize as much as possible the
basis-set truncation error. The Hartree-Fock self-consistent (HF-
SCF) terms were computed using correlation-consistent polarized
basis sets cc-anZ,‘”"v * with n = Q, 5, 6, and extrapolated to the
CBS limit employing the three-point formula by Feller.*’ The cor-
relation energy correction, evaluated using the CCSD(T) method"!
(i.e., coupled-cluster singles and doubles augmented by a pertur-
bative treatment of triples), was computed in conjunction with the
cc-pV5Z and cc-pV6Z basis sets, within the frozen-core (fc) approxi-
mation, and extrapolated by means of the n~> formula introduced by
Helgaker et al."> The third term, Ap(CV), accounts for core-valence
correlation effects and was computed as the difference between all-
electron (ae) and fc-CCSD(T) calculations in the cc-pCVQZ basis
set*’ for molecules without third-row atoms. For PNH" and HCS™,
the cc-pwCVQZ basis set'! was used instead. According to Ref. 44,
the 1s electrons of P and sulfur (S) were excluded from ae computa-
tions. The fourth contribution, Ap(fT), incorporates the correction
due to the full treatment of triple excitations and was calculated as
the difference between fc-CCSDT**® (coupled-cluster singles, dou-
bles, and triples) and fc-CCSD(T) computations in the cc-pVTZ
basis set. Finally, the fifth term, Ap(fQ), captures the effects of the
full treatment of quadruple excitations; this was computed as the dif-
ference between fc—CCSDTQr‘ 8 (coupled-cluster singles, doubles,
triples, and quadruples) and fc-CCSDT calculations in conjunc-
tion with the cc-pVDZ basis set. The highest level of theory, which
incorporates all the five contributions, is hereafter referred to as
“CBS+CV+{T+fQ” or simply full.

The equilibrium geometry obtained through the composite
scheme [Eq. (2)] was used to derive the equilibrium rotational con-
stant B, value. First-order properties, such as the electric dipole
moment and electric field gradient (EFG) tensor, were determined
on top of the best (full) geometry, also applying the “CBS+CV+f
T+fQ” composite scheme. From the EFG tensor, the nuclear
quadrupole coupling constants (NQCCs) are obtained by multi-
plying each component by the nuclear quadrupole moment of the
corresponding nucleus.”* We note that in the case of NQCCs, a
non-monotonic behavior has been observed in the extension of HF
calculations toward the CBS limit; thus, the CBS term for NQCCs
has been derived only with the n™> formula of Helgaker et al.*
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applied to the EFG components obtained with the CCSD(T) method
in the cc-pV5Z and cc-pV6Z basis sets. The equilibrium rotational
constant, electric dipole moment, and NQCCs were then corrected
for vibrational effects. These corrections were derived from VPT2
calculations applied to an anharmonic force field evaluated at the
ae-CCSD(T)/cc-pCVQZ level of theory for N;H™ and HCO™ and at
the ae-CCSD(T)/cc-pwCVQZ level for HCS* and PNH". In pass-
ing, we note that nuclear quadrupole coupling only arises whenever
the molecule contains quadrupolar nuclei, that is, with nuclear spin
I > 1/2. In this study, it applies to PNH" and N,H" because of N
(I = 1). For the latter, a value of 20.44 mbarn™”"" for the quadrupole
moment was used to derive the NQCCs. Furthermore, a harmonic
force field calculation was performed at each geometry optimization
step within the composite scheme. This allowed for the determi-
nation of quartic centrifugal distortion constants and harmonic
frequencies (w;), along with their IR intensities, at the full level
of theory. Anharmonic force field calculations exploiting the VPT2
treatment yielded the anharmonic contributions to the fundamen-
tal vibrational frequencies (v;), and their IR intensities, and also
provided the sextic centrifugal distortion constants.

On top of the full equilibrium geometry, electronic corrections
to the rotational constants, as described in Eq. (1), were computed
at the fc-CCSD(T)/aug-cc-pVTZ level. Using the same equilibrium
geometry, we also evaluate the nuclear spin-rotation interaction ten-
sor (SRT) and the dipolar spin-spin coupling tensor (DCT). While
for details on the theoretical background of the SRT and DCT,
the reader is referred to Refs. 51-53, a brief overview is presented
here. The SRT has non-zero components whenever the nuclear spin
I > 1/2. 1t consists of an electronic component, defined as the second
derivative of the electronic energy with respect to both the rotational
angular momentum and nuclear spin,”*”” and a nuclear component,
which is completely determined by the molecular geometry. The
equilibrium SRT was computed at the ae-CCSD(T)/aug-cc-pCVQZ
level for N,H* and HCO™ and at the ae-CCSD(T)/aug-cc-pwCVQZ
level for HCS* and PNH*. Owing to the linearity of the studied
molecules, all investigated in their vibrational ground-state, a unique
value is sufficient to characterize the SRT, C(L), of the atom L, and
the following relations hold:*”

C(L) = Cxe(L) = Cy(L), (3)

C=(L) =0. (4)

Here, C(L) denotes the spin-rotation interaction constant associ-
ated with atom L. The DCT arises from a magnetic interaction
between two nuclei, each possessin%[a non-zero nuclear spin. Sim-
ilarly to the SRT, for the DCT, D" (where L and M refer to the
interacting nuclei), of linear molecules, all off-diagonal components
are zero, and only one element per nuclear pair is sufficient,”

Dy = -Di' = Dy = D2 /2. )
Here, Dy denotes the dipolar spin-spin coupling constant asso-
ciated with the L-M atom pair. The equilibrium values of the
DCT tensor are entirely defined by the equilibrium structure
employed (i.e., there are no electronic contributions).”> Vibra-
tional corrections to both SRT and DCT were determined at the
ae-CCSD(T)/cc-pCVQZ level for N;H™ and HCO* and at the
ae-CCSD(T)/cc-pwCVQZ level for HCS* and PNH*.
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All calculations presented in this section were carried out using
the CFOUR program package,”*”” with the exception of the prelim-
inary computations at the DFT level, which were performed using
the Gaussian 16A.03 suite of programs.”®

B. Gas-phase reactivity

The gas-phase reactions considered in this work are the pro-
tonation of PN by H;* and the ion-neutral PH + NH" and PH*
+ NH reactions. These have been investigated using DFT. More in
detail, the associated PESs were explored at the revDSD/jun(T+d)Z
level of theory. As above, DFT quantum chemical calculations were
performed using the Gaussian 16A.03 suite of programs.”®

In the reactive PES, both minima and transition states (TSs)
were identified, and their connectivity was confirmed via intrinsic
reaction coordinate (IRC) analysis.”” For two shallow TSs, namely
>TS1 and *TS5 of Fig. 4, the IRC analysis was not feasible, and the
connection was verified by performing scans (using small displace-
ments) along the imaginary-frequency mode, followed by geometry
optimization to confirm the convergence. Unless otherwise stated,
the energy values reported and discussed in this article incorpo-
rate the zero-point vibrational energy (ZPE) correction, which has
been computed at the revDSD/jun(T+d)Z level, within the har-
monic approximation. The relative energies of the reactants, sta-
tionary points, and products of each PES presented in this study
are reported in Table S1 of the supplementary material. Based on
prior benchmarks,””" revDSD/jun(T+d)Z electronic energies are
expected to be accurate to within ~10 kJ/mol relative to higher-
level CC-based composite approaches (e.g., junChS®’). Based on
the literature on this topic,””"" we performed junChS single-point
calculations—using the same protocol adopted for third-row species
in Ref. 61—on representative stationary points of the PESs. The
resulting deviations with respect to revDSD/jun(T+d)Z lie within
the accuracy range mentioned above and do not significantly affect
the energetics or the reaction rates reported here. As a compro-
mise between efficiency and accuracy, the junChS calculations were
not extended to the full PESs, restricting them to these representa-
tive points. When computed, the corresponding junChS values are
reported in the main text.

The protonation reaction involves two reactants that are singlet
species; consequently, only its singlet reactive PES has been consid-
ered. The PH + NH* and PH" + NH processes occur between a
doublet and a triplet species, thus resulting in two possible spin sur-
faces, doublet and quartet, which have been investigated. For the
sake of clarity, stationary points on the doublet and quartet PESs
are labeled with a superscript indicating the spin multiplicity (e.g.,
2TS and TS, respectively), while no superscript is used for singlet
stationary points.

Capture rate coefficients were computed for the three reactions
mentioned above by employing the approach developed by Klip-
penstein and Georgievskii.””* While a detailed account is available
in Refs. 65 and 66, a brief overview of the model is provided
here below. This approach uses a classical framework based on a
modified version of transition state theory (TST), which has been
adapted to describe long-range capture dynamics that prevails at
low temperatures. The temperature range considered in this work
spans from 10 to 400 K, thus covering the temperatures relevant
for most interstellar sources. The method relies on a long-range
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interaction potential that incorporates three contributions:
charge-dipole, charge-quadrupole, and charge-induced dipole.
Since we consider only ion-neutral reactions where the neutral
reactant is a diatomic molecule, the resulting long-range potential is
given by

bq Qq 2
V(R,0) = g2 o8 0+ 4—Rs(3cos 0-1)

q* (o x cos” 6 + o, x sin” )
2R* '

(6)

Here, R is the distance between the centers-of-mass of the two reac-
tants, 0 is the angle between the neutral molecule’s internuclear axis
and the line connecting the two centers-of-mass, and g is the ionic
charge (equal to +1 in all the reactions studied here). The dipole
moment y, quadrupole moment Q, and polarizability tensor com-
ponents & = az, and &, = axx = ayy refer to the neutral reactant.
The temperature-dependent capture rate coefficient k(T) is then
evaluated using the following formalism:

~ NEY mr_l/szv/2 reo T [T t
K =y )y [T axniEx, o)
where
]2
X= P (8)
Nx(E,X|R) = ([E - V(6,R) - X/R’])s, ©)
NI(E,X) = ming{N:(E, X|R)}, (10)

where m;, is the reduced mass of the ion-neutral system, T is the
gamma function with I['(n) = (n — 1)!, T is the temperature, E is the
energy, and v is the number of degrees of freedom of the system:
v =3 + Vyor,1 + Vror2, accounting for the translational and rotational
contributions of both reactants. The variable ] is the total angular
momentum of the system. For each value of X (and thus J), the
distance R that minimizes N.(E, X|R) was selected, as specified in
Eq. (10). The integrals over E, X, and 6 were evaluated numerically
using low-dimensional phase space integrations. Angular averaging,
as described by Eq. (9), was performed employing a Monte Carlo
sampling of 10° points over the range 6 € [0, 27], and the minimiza-
tion of N, with respect to R was carried out with a step size of 0.05
bohr. The energy and X grid parameters were adapted at each tem-
perature to ensure accurate integration over the relevant domain,
while maintaining computational efficiency. The resulting capture
rate coefficients are obtained in atomic units. To assess the impact
of each interaction contribution, single-term potentials were also
considered, and their corresponding capture rates were computed
numerically. In single-term cases, the numerical integration was val-
idated against analytical results,” confirming the reliability of the
approach.

The PESs explored in this study exhibit several accessible reac-
tion pathways following the initial capture step. The branching ratios
among these pathways were determined from the corresponding
global rate constants that, in turn, were obtained for the resolution of
the master equations. For this task, the MESS software package®” "’
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was used. Global rate constants were calculated over the 10-400 K
temperature range at a pressure of 1 x 107 atm, which represents
the low-pressure limit. An energy-to-temperature resolution of 0.2
was adopted. The rigid-rotor harmonic-oscillator (RRHO) model
was used for both TSs and minima. For TSs, quantum tunneling
was accounted for using the Eckart model.”” For the exit channels,
depending on the final stationary point, a combination of relaxed
and rigid scans was employed to map the reaction coordinate toward
the products, without identifying significant energy barriers. The
resulting scan energy profiles were then fitted using an analytical
form derived from the Phase Space Theory (PST) for ion-neutral
interactions. The adopted fitting function is

f(R) = f(R=10A) + C/R", (11)

where R is the separation distance and C is the PST constant. A dis-
tance of 10 A is commonly assumed to represent non-interacting
fragments, a value supported here by the comparison with the
sum of the energies for infinitely separated fragments. The C con-
stants were then used in the input file of MESS to describe the exit
channels within the PST formalism. Stationary point energies sup-
plied to MESS were taken from the revDSD/jun(T+d)Z calculations
described above.

The values of the rate coefficients for both the long-range
interaction, modeled with the three-term potential, and the reac-
tion pathways as a function of temperature are reported in Table
S2 of the supplementary material. Finally, the global reaction rates
at different temperatures were fitted using the three-parameter
Arrhenius-Kooij formula,”

k(T) :a(%)ﬁ exp (—%), (12)

where T is expressed in K and «, §, and y are the fitted parameters.

Ill. RESULTS AND DISCUSSION

In analogy to the presentation of the computational method-
ology provided in Sec. II, the topics are here addressed separately.
The exploration of the electronic states of protonated PN is pre-
sented first. This is followed by the spectroscopic characterization,
reported together with the results for the three well-studied cations,
N,H", HCO™", and HCS™, that allow us to understand the accu-
racy obtained for the spectroscopic parameters of PNH™. Then, we
present possible formation pathways of this ion under interstellar
conditions, reporting the thermochemical and kinetic results for
the three ion-molecule reactions considered. Finally, we present
the implementation of these reactivity insights into a dedicated
astrochemical network.

A. Electronic states of protonated PN

A reliable spectroscopic characterization, especially in the field
of astrochemistry, requires identifying the low-lying structures of
the molecular species of interest. Several theoretical studies have
investigated the electronic structures of protonated PN. In 1993,
Glaser et al.,”' based on CISD/6-31G” calculations, predicted that
the PNH™ isomer in the singlet '=* state lies ~400 kJ/mol below its
HPN" isomer in the singlet ‘=™ state. They also estimated the pro-
ton affinity (PA) of PN when forming singlet PNH" to be around
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800 kJ/mol. Similar results regarding structures, energies, and PA
values for both singlet isomers were reported earlier by Maclagan’
and in the pioneering work of Buenker et al.”? Su et al.”* explored
the protonation of various heterodiatomics using several computa-
tional approaches, including MP2/6-31G**. Their study placed the
singlet PNH* 341 kJ/mol lower in energy than the singlet HPN™,
with PA values of 820 and 449 kJ/mol, respectively. In addition to
singlet states, Largo et al.”® investigated the triplet states of pro-
tonated PN. At the MP4/6-31G** level of theory, they found that
the N-side triplet isomer, PNH"*(3A"), is bent and lies 390 kJ/mol
above the singlet ground state PNH* (*2*), while the P-side triplet
HPN'(*A’) is bent as well and is 600 kJ/mol higher in energy than
PNH"(*£*%). Experimental studies remain instead scarce; however,
in 1990, Adams et al.”® measured a PA of 799 + 8 kJ/mol for PN,
in good agreement with the theoretical predictions for the singlet
PNH*.

Here, we present the results from DFT calculations performed
at the revDSD/jun(T+d)Z level. The four electronic states of pro-
tonated PN mentioned above, namely PNH"('="), HPN*('Z™),
PNH'(A’), and HPN'(PA’), were examined and are shown,
according to their relative energy, in Fig. 1. Among them, the
lowest-energy structure corresponds to the singlet state in which
the proton is bound to the N end of PN: PNH"(*=*). The lin-
ear singlet HPN™ is found 350 kJ/mol higher in energy. The triplet
states, PNHT(*A’) and HPN™(3A’), lie 444 and 525 kJ/mol above
the singlet PNH", respectively. The electronic energies of the four
structures were also evaluated at the junChS level of theory: rela-
tive to PNH*(!="), HPNT(!=*), PNH"(*A’), and HPN*(PA’) lie
362, 452, and 512 kJ/mol higher, respectively. These findings are
thus fully consistent with earlier conclusions. It is important to
note that inconsistencies occasionally appear in the literature and
astrochemistry databases, such as KIDA’” and UMIST,”® where the
protonated form of PN is sometimes denoted as HPN™, although
most likely referring to the lowest-energy isomer. Given the possibil-
ity that both isomers exist, as seen for the analogous species HCO™
and HOC",”” we recommend that the lowest-energy form is always
explicitly referred to as PNH*.

B. Spectroscopic characterization of protonated PN
1. Equilibrium structure and rotational constant

The accuracy of the computed equilibrium rotational constant
only depends on the quality of the molecular equilibrium structure.
To ensure high precision, we employed the full composite scheme

12+ { 3AI

oo OO

0\ 100 200 300 400 | 500

12* 3A/

Enetgy (kJ/mol)

FIG. 1. Lowest singlet and triplet electronic states of protonated PN. The electronic
term symbol associated with each structure is indicated. Relative ZPE-corrected
energies are reported at the revDSD/jun(T+d)Z level of theory.
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introduced in Sec. II. As already mentioned, to assess the accu-
racy of our approach for PNH", the same methodology has been
applied to three well-characterized isovalent species: N,H*, HCO™,
and HCS™. These three ions have been extensively studied by high-
resolution rotational spectroscopy, and their rotational constants are
thus known with great precision. Table I presents the computed
equilibrium structures and rotational constants for the four proto-
nated ions, obtained at various levels of composite schemes: CBS,
CBS+CV, CBS+CV+{T, and CBS+CV+{T+{Q. For all species, inter-
atomic distances vary from one level of theory to the other, with
differences ranging from less than 0.0001 to ~0.005 A. Moving from
CBS to CBS+CV+{T+{Q, the overall change in the bond distance
ranges from 0.001 to 0.003 A. These values are small; however, it has
to be noted that a variation of 0.002 A in the interatomic distance can
affect the rotational constant by several tenths of a percent,”’ which
translates, for diatomic molecules, to shifts of tens to thousands of
MHz in the rotational constant. Therefore, these structural varia-
tions significantly impact the ability to achieve sub-0.1% accuracy
in the predicted rotational constant, which is crucial for provid-
ing effective guidance to experiment. In particular, relative to the
CBS level, the CV contribution is the largest one and induces an
average absolute bond decrease of 0.002 A. The fT and fQ correc-
tions lead to further shifts of —0.0004 A with respect to CBS+CV
and +0.0007 A relative to CBS+CV+fT, respectively. From the
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equilibrium geometries, the equilibrium rotational constants B, are
straightforwardly derived. It is worth highlighting that the equilib-
rium structures obtained here are in good agreement with previous
studies. For N;H" and HCO™, the bond lengths predicted using
the full composite scheme differ by only ~0.0001 A from the semi-
experimental equilibrium values reported by Mladenovié¢ et al.*""
In the case of HCS™, the derivation of a semi-experimental equi-
librium structure is more challenging due to the limited number
of rotationally characterized isotopologues. Nevertheless, Margules
et al®® reported best-estimated structural parameters that differ
from the present results by only a few tenths of mA.

As detailed in Sec. 11, the equilibrium rotational constants were
corrected for vibrational and electronic effects. Table I also sum-
marizes the computed ground-state rotational constants of these
four cations considered, alongside their experimental counterparts.
For them, we refer to the studies of Cazzoli et al®' for N,H*
and HCO" and Margulés et al.** for HCS*. The deviation of the
computed ground-state By (vibrational correction only) and By’
(vibrational and electronic corrections) constants from experiment
varies in sign across the species. The average absolute deviation for
the three reference cations is 0.0070% when only vibrational cor-
rections are considered and 0.0063% when electronic effects are
also included. In the specific case of HCO™, including the elec-
tronic correction slightly increases the deviation (by 0.08 MHz), but

TABLE I. Computed equilibrium structures of N,H*, HCO*, HCS*, and PNH™ at different levels, along with their corresponding equilibrium rotational constants. The equilibrium
and ground-state rotational constants obtained using the full composite scheme are compared with experiment. Boldface denotes the best data of PNH* to be used for supporting

experimental investigations or replace them.

Species Parameter CBS* CBS+CV" CBS+CV+{T* full’ By (full)® By (full)' Bo(expt.)®
N,H* r(N-N) (A) 1.0942 1.0923 1.0916 1.0930
r(N-H) (A) 1.0342 1.0333 1.0330 1.0333
B. (MHz) 46731.42 46 882.55 46 933.26 46 830.97 46 589.52 46 588.77 46 586.87549(18)
|Gexp|” [0.52%] [0.005 7%] [0.004 1%)]
HCO™" r(C-0) (A) 1.1073 1.1052 1.1051 1.1057
r(C-H) (A) 1.0934 1.0922 1.0922 1.0921
B. (MHz) 44707.16 44 860.26 44872.89 44 828.93 44590.02 44589.94 44594.428 66(16)
|Sexp|” [0.53%] [0.009 9%] [0.010 1%)]
HCS* r(C-S) (A) 1.4790 1.4753 1.4750 1.4760
r(C-H) (A) 1.0821 1.0808 1.0806 1.0806
B. (MHz) 21348.71 21452.59 21459.94 2143434 21335.99 21336.14 21337.14071(66)
|Gexp|” [0.46%] [0.005 4%] [0.004 7%)]
PNH" r(P-N) (A) 1.4610 1.4571 1.456 3 1.4581
r(N-H) (A4) 1.0136 1.0127 1.0123 1.0127
B. (MHz) 20539.27 20644.14 20666.93 20617.26 20514.38 20514.35
|Gexp|” [~2 MHz] [~2 MHz]

*CBS: extrapolation to the complete basis set limit.

®Core-valence correlation correction.

f T: full treatment of triple excitations.

dCBS+CV+ T+Q level, with fQ standing for full treatment of quadruple excitations.
Vibrational correction added to B, (full).

fVibrational and electronic corrections added to B, (full).

8Experimental values. NyH': Ref. 84 (“fit 2” result). HCO™: Ref. 84. HCS™: Ref. 83. Uncertainties are provided in parentheses, as units of the last digit of the reported value.
b Absolute value of the relative deviation with respect to experiment. For PNHY, the deviation reported corresponds to the largest relative deviation observed, at the same level, for the

three other species.
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the relative error remains on the order of 0.01%. Such extremely
small deviations, below 0.01%, likely result from error compen-
sation. Indeed, as shown by Puzzarini and Stanton,” a 0.01%
change in B can correspond to a bond length variation of roughly
0.000 05 A—approaching nuclear dimensions and thus beyond the
descriptive power of standard quantum-chemical methods.

For PNH", the final predicted ground-state rotational con-
stant, incorporating both vibrational and electronic corrections, is
20514.35 MHz and is thus expected to be conservatively affected by
an error of 0.01%, which means an absolute deviation of 2 MHz.
Finally, it should be mentioned that previous theoretical stud-
ies have been reported in the literature for NLH',%% HCot,* %
and HCS',”* employing a variety of computational approaches
that include extrapolation to the CBS limit, core-valence corre-
lation effects, and relativistic corrections. Despite these method-
ological differences, the present results show good agreement with
the literature values, with deviations smaller than 0.05% across all
species.

2. Quartic and sextic centrifugal distortion constants

To predict the rotational spectrum of PNH™, in addition to
rotational constants, centrifugal distortion terms and hyperfine
parameters need to be computed. As above, the data of N,HY,
HCO™, and HCS* have been employed for benchmarking our
methodology. Concerning centrifugal distortion, the quartic (D)
and sextic (H) centrifugal distortion constants have been com-
puted as detailed in Sec. II and collected in Table II, where they
are compared with the available experimental values. These lat-
ter data are obtained from Cazzoli et al.®* for N;H™ and HCO"
and from Margulés et al®® for HCS". For the quartic distortion
constant, the average absolute deviation is 2%, with absolute dif-
ferences remaining below 2 kHz. In the case of the sextic constant,
the average deviation reaches 59%; however, this corresponds to less
than 80 mHz in absolute terms. It is worth noting that for H, the
experimental uncertainties often represent several tens of percent of
the reported values. Therefore, the discrepancies in the theoretical
predictions partly reflect these experimental errors.

TABLE Il. Quartic and sextic centrifugal distortion constants of NyH*, HCO*, HCS™,
and PNH*. Absolute values of the relative deviations with respect to experiment are
reported in brackets.

D (kHz) H (mHz)
Species  This work" Expt.” This work* Expt.”
NoH'  85.99[2.3%]  87.9655(44)  49.3[49%]  96(11)
HCO*  81.16[2.0%]  82.8339(19)  59.2[24%]  77.4(58)
HCS®  21.16[1.6%]  21.5075(21)  2.3[73%]  8.3(24)
PNH" 19.28 -0.6

*Quartic centrifugal distortion constants computed with the “CBS+CV+{T+fQ”
composite method.

bExperimenta.l values. N, H': Ref. 84 (“fit 2” result); HCO™: Ref. 84; HCS™: Ref. 83.
Experimental uncertainties are provided in parentheses, as units of the last digit of the
reported value.

“Sextic centrifugal distortion constants obtained at the CCSD(T)/cc-p(w)CVQZ level of
theory with all electrons included.
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Compared to previous theoretical studies, the predicted D and
H constants reported in Table II show a good agreement, with
deviations attributable to methodological differences. For N,H",
HCO', and HCS™, our values are within a few kHz for D and well
within 1 mHz for H with respect to previous theoretical values.”*""
The present D constants were computed from harmonic force
field calculations using the full composite scheme, while H was
obtained via anharmonic ae-CCSD(T) calculations in conjunction
with quadruple-zeta basis sets. For PNH™, we predict D = 19.28 kHz
and H = -0.6 mHz, which are expected to show deviations from
experiment comparable to those observed for the isovalent reference
species.

3. Electric dipole moment and hyperfine parameters

Table 111 presents the electric dipole moment () of N,H,
HCO", HCS", and PNH™. Experimental data for y are scarce. To
the best of our knowledge, the only measured value is for N;H,
determined by Havenith et al.*’ from isotopic shifts. This is con-
sistent with the ab initio prediction by Botschwina,”’ obtained at
the CEPA-1(ED) level of theory, and also with our result. For
HCO", our predicted value agrees well with the earlier datum by
Botschwina et al.,”’ obtained at the CCSD(T)/cc-pVQZ level. In
the case of HCS™, our calculated dipole moment matches well with
earlier theoretical predictions by Puzzarini,*” who employed the
CCSD(T)/CBS+CV composite approach, and by Botschwina and
Sebald,’”> who used the CEPA-1(ED) theory level. For PNH™", we pre-
dict a dipole moment of 0.45 D, including a vibrational correction of
—0.02 D. Given the agreement with previous experimental and the-
oretical findings for related systems, we estimate an accuracy for our
predicted value for PNH™ of about 0.1 D.

Table IV collects the results for the hyperfine parameters:
nuclear quadrupole coupling, nuclear spin-rotation, and dipolar
spin-spin coupling constants for N,H*, HCO*, HCS", and PNH™.
Concerning NQCCs, as already mentioned, the only quadrupo-
lar nucleus is N; thus, this interaction is present only in N,H*
and PNH*. For N,H", the predicted NQCCs (the two N atoms
being not equivalent), computed at the full level with vibra-
tional corrections included, differ by ~0.05 MHz from the exper-
imental values reported by Cazzoli et al® and are also con-
sistent with their theoretical predictions reported in the same
work at the ae-CCSD(T)/aug-cc-pCV6Z level incorporating an

TABLE III. Electric dipole moment of NoH*, HCO*, HCS*, and PNH™.

¢ (D)
Species This work® Expt.” Previous studies
N,H* 3.40 3.4(2) 3.374(20)
HCO* 3.92 3.90(1)
HCS* 1.83 1.835(15)
PNH* 0.45

“Electric dipole moment computed with the “CBS+CV+f T+fQ” composite method and
incorporating vibrational correction.

PExperimental value: Ref. 89. The uncertainty is given in parentheses as units of the last
digit of the reported value.

Previous theoretical values. NyH*: Ref. 90; HCO™: Ref. 91; HCS™: Ref. 87. Uncertain-
ties are given in parentheses as units of the last digit of the reported value.
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TABLE IV. Hyperfine parameters of NoH*, HCO*, HCS*, and PNH™.

Species Parameter Unit This work® Expt.”
N,H* (N MHz -1.397 -1.3582(29)
N'N’H* F(N?) MHz —5.765 -5.6903(15)
c(NY) kHz 8.36 8.60(44)
C(N?) kHz 11.54 11.86(31)
C(H) kHz -5.29 <20
Dn'N? kHz -0.48
Dn'u kHz -7.14 -7.135
Dn’n kHz -0.89
HCO* C(H) kHz -5.10
HCS* C(H) kHz -2.71
PNH" x(N) MHz -0.809
C(P) kHz 45.83
C(N) kHz 3.99
C(H) kHz -2.23
DPN kHz -1.12
DPH kHz -3.19
DNH kHz -7.54

*Equilibrium nuclear quadrupole coupling constants computed with the “CBS+CV+{T
+fQ” composite method (see the text for details). Nuclear spin-rotation and dipolar
spin-spin coupling constants obtained at ae-CCSD(T)/aug-cc-p(w)CVQZ on top of the
“CBS+CV+{T+fQ” equilibrium geometry. All hyperfine parameters are vibrationally
corrected at the ae-CCSD(T)/cc-p(w)CVQZ level of theory.

bExperimen'ral values. N, H*: Ref. 84 and Ref. 93 for the C(H) upper limit. Experimental
uncertainties are given in parentheses as units of the last digit of the reported value.

ae-CCSD(T)/aug-cc-pCVQZ vibrational correction. For PNHY, the
predicted NQCC for N is —0.809 MHz. Based on the comparison
discussed above for N;H', we expect that this value is affected by an
uncertainty of about 3%.

The hyperfine structure of rotational spectra is further shaped
by the nuclear spin-rotation interaction and the dipolar spin-spin
coupling, governed by the SRT and DCT tensors, respectively.
Table IV reports the unique spin-rotation interaction (C) and
dipolar spin-spin coupling (D) constants for the four ions consid-
ered, each of them containing at least one nucleus with nonzero spin,
which is hydrogen (H). For all ions, the spin-rotation constants are
usually very small, thus leading to very small effects (in most cases
hardly resolvable) on the rotational spectrum. For NoH*, the pre-
dicted N spin-rotation constants deviate by less than 0.1 kHz from
the theoretical values reported by Cazzoli et al.’*—obtained
at the CCSD(T)/aug-cc-pCV5Z level of theory with a
CCSD(T)/aug-cc-pCVQZ vibrational correction—and by about
0.3 kHz from their experimental measurements. Caselli et al.”* also
provided an observational upper limit of 20 kHz for C(H), which is
consistent with theoretical predictions. For HCO* and HCS*, no
previous experimental or theoretical SRT data for H are available in
the literature. For PNH™, the predicted spin-rotation interaction
constants are 45.83 kHz for P, 3.99 kHz for N, and -2.23 kHz for
H. Table IV also lists the dipolar spin-spin coupling constants for
N,H" and PNH, the only two ions among those considered having
two nuclei with nonzero nuclear spin. To the best of our knowledge,
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the only previous consideration of these constants concerns N;H*
and is the theoretical prediction by Cazzoli et al.** computed at the
ae-CCSD(T)/aug-cc-pCVQZ level of theory. In that work, a value
of —7.135 kHz for the interaction between N! (the central N atom)
and H was reported, which compares very well with our prediction
of —7.14 kHz, which thus deviates by less than 10 mHz from the
experimental value. The remaining DCT components in N,H*
are predicted to be an order of magnitude smaller. For PNH™, the
computed dipolar spin-spin coupling constants are —3.19 kHz for
the P-H pair, —7.54 kHz for N-H, and -1.12 kHz for P-N.

4. Vibrational fundamental frequencies of PNH*

Knowledge of the vibrational frequencies allows the predic-
tion of the IR spectrum. Furthermore, combined with rotational
parameters, they permit the characterization of the rovibrational
spectrum. As explained in Sec. II, we computed the harmonic fre-
quencies and IR intensities of the four cations considered in this
study using the full composite scheme. For each species, anharmonic
force field calculations were performed to incorporate anharmonic-
ity in the fundamental frequencies and the corresponding IR inten-
sities. Whenever possible, the predicted fundamental frequencies are
compared with available experimental vibrational band centers. The
results are collected in Table V.

For NL,H*, HCO", and HCS™, all fundamental vibrational
bands have been experimentally characterized,”" """ with the only
exception of the very weak v; band of HCS". The average devia-
tion from the experiment of our computed fundamental frequencies
is 0.14%, with the largest discrepancy not exceeding 0.26%. In
absolute terms, this means that our calculations predict the band
centers with an accuracy of 1-5 cm™". For PNH?*, the anharmonic
frequencies—v, = 667.2 cm™! (I =137.1 km/mol), v = 1389.1 cm™!
(I = 14.0 km/mol), and v; = 3446.9 cm™" (I = 383.0 km/mol)—are
expected to show a similar level of accuracy.

C. Formation routes of PNH* relevant to
astrochemistry

In analogy to all protonated species, the formation of PNH*
can be envisioned as resulting from the protonation of pre-existing
PN molecules. As mentioned in Sec. III A, the PA of PN has
been measured to be ~800 kJ/mol.”® This large PA value implies
that a variety of proton donors are thermodynamically capable of
reacting with PN. However, a proper evaluation of each proto-
nation pathway requires a detailed analysis of the corresponding
PES, especially in the astrochemical context where only exothermic,
barrierless reactions are favored. In this work, we have character-
ized the protonation of PN by the most abundant proton donor in
the ISM, namely Hs*. This reaction is already included in major
astrochemical databases. For example, in the KIDA database, the
protonation reaction of PN by H;* is referenced, and the reaction
rate is estimated using the Su-Chesnavich formalism, as described
by Wakelam et al.,'” in conjunction with the electric properties of
PN from the work of Woon and Herbst.!”> While this approach
neglects short-range interaction effects, it generally provides reason-
able estimates for the overall rate of exothermic reactions. Here, we
explicitly evaluate both long-range and short-range contributions of
the PN + H3" reaction. In particular, the possibility of isomeriza-
tion between PNH" and HPN™ at short range motivates a detailed
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TABLE V. Harmonic and fundamental frequencies of the vibration modes of NoH*, HCO*, HCS™, and PNH*.

Species Mode wi (em™) v (em™) I' (km/mol) vaP'b (em™)
N,H* v 696.4 686.0[0.11%] 229.2 685.2510(4)""
vs 2296.4 2259.1[0.05%] 11.9 2257.8667(13)"
V1 3400.2 3227.2[0.21%] 809.5 3233.960 8(2)%
HCO* v 845.1 830.4[0.26%] 75.0 828.2305(9)"
V3 2218.9 2189.0[0.23%] 12.8 2183.94961(2)%
" 32314 3093.9[0.17%] 364.2 3088.73951(31)%
HCs* v 781.1 767.2[0.10%] 116.6 766.453(1)'"
V3 1427.1 1406.0 0.7
V1 3276.1 3144.0[0.07%] 256.6 3141.6823(5)!""
PNH" V) 678.4 667.2 137.1
V3 1409.6 1389.1 14.0
v 3607.0 3446.9 383.0

*Harmonic frequencies, w;, computed at the “CBS+CV+f{ T+fQ” level; fundamental frequencies, v;, and infrared intensities, (I),
obtained after applying anharmonic corrections to harmonic values. Absolute relative deviations with respect to experiment are

reported in brackets.

Y Experimental uncertainties are given in parentheses as units of the last digit of the reported value.

exploration of the reaction pathway. Two additional protona-
tion reactions are also listed in KIDA,”’ those involving H;0"
and HCO™. All three protonation pathways—via Hit, H;0", and
HCO™ —are likewise included in the UMIST database.”® In specific
P-oriented astrochemical networks, such as those used in Ref. 14
and in the final section of this work, the additional reaction between
PN and H,O" is also included, following the work of MacKay and
Charnley.!”* Here, we focus on the dominant route involving H;™.
It is important to note that each of these four reactions requires
the presence of pre-existing PN molecules. To explore alternative
formation mechanisms that bypass the need for PN itself, we inves-
tigate two new reactions: PH + NH" and PH" + NH. Both processes
can lead to protonated PN without requiring prior formation of PN.
While only NH has been detected in the ISM to date,'” all these
four species are commonly included in astrochemical network mod-
els and may contribute to the interstellar formation of protonated
PN. As mentioned in Sec. II, for each reaction, the PES has been
explored at the revDSD/jun(T+d)Z level of theory, capture rate coef-
ficients evaluated using a long-range interaction model based on a
three-term potential, and the branching ratios within each process
derived via master equation simulations.

1. Protonation reaction of PN by Hs"

Due to the high abundance of H3* in the ISM and the relatively
low proton affinity of Hj, the protonation of neutral molecules by
H;™ is among the primary mechanisms for the formation of proto-
nated species in space. Figure 2 shows the PES associated with the
reaction between PN, in its electronic ground state (*Z*),'%° and
H;*. Two product channels are identified: PNH*(*2*) + H, and
HPN*('=*) + H,, the bimolecular products lying 369 and 19 kJ/mol
below the reactants, respectively.

The reaction begins with the barrierless formation of Minl,
the lowest-energy minimum on the PES (-375 kJ/mol), correspond-
ing to a complex of the form PNH"- - -H,. From Minl, the system

PN (=% + H;" P2 I ’ oo
i 5
o 3 +151 [\ IS3 ‘ITI_PN+ (126 +H,
> o0
-100
=
9]
&
=
é/ -200 —
&
¢
m -300 —
PNH' (=" + H,
-400 —

FIG. 2. Singlet PES of the PN + H3* reaction. Relative ZPE-corrected energies
(with respect to reactants; Table S1) are at the revDSD/jun(T+d)Z level of theory.

can proceed through an exit pathway to form PNH*('=*) + H,.
Alternatively, it may access Min2 (2 kJ/mol above Minl) via TS1
(5 kJ/mol above Minl), where the H, moiety shifts toward the P
end of PNH'. Min2 connects to a pathway leading to the forma-
tion of the HPN™ isomer. This route proceeds via the emerged TS2
(15 kJ/mol above the reactants) to Min3 (-25 kJ/mol), where both
H* and H; are localized on the P side of PN. Subsequently, overcom-
ing TS3 (-24 kJ/mol) leads to Min4 (-34 kJ/mol), a complex of the
form H,---HPN¥, and eventually to the HPN* + H, products. At
low interstellar temperatures, where only exothermic reactions with
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barrierless reactants’ approach and entirely submerged channels are
efficiently accessible, this PES analysis indicates that the formation
of PNH"(*=%) is strongly favored over the formation of its isomer
HPN" in the reaction between PN and H;*.

Figure 3 presents the temperature dependence of the cap-
ture and reaction rate coefficients for the gas-phase PN + H;"
process. Evaluation of the capture rate requires knowledge of the
electric properties for the neutral reactant, in this case PN. The
electric dipole moment adopted for PN is 1.08 a.u., based on the
measurements performed by Hoeft et al.'’” and Raymonda and
Klemperer,'” as suggested in the Cologne Database for Molecu-
lar Spectroscopy (CDMS) database.'”” The quadrupole moment was
calculated to be —1.23 a.u. at the revDSD/jun(T+d)Z level of theory.
The molecular polarizabilities, computed at the same level, result to
bea; =37.01 a.uw. and o = 24.22 a.u.

ARTICLE pubs.aip.org/aipl/jcp

Figure 3(a) shows the temperature-dependent capture rate as
obtained using the long-range model presented in Sec. II. For
comparison, the capture rates computed from the correspond-
ing one-term potentials are also plotted. In the low-temperature
regime (below 400 K), the dominant contribution arises from the
charge-dipole interaction. This explains why only the approach of
H;" to the N-end of PN is considered in Fig. 2. The charge-induced
dipole interaction becomes increasingly important when increasing
the temperature. To derive the reaction rate, a so-called dynam-
ical factor of 0.9 is applied to the long-range rate, as suggested
by Klippenstein, Georgievskii, and McCall in Ref. 66 for similar
ion-molecule reactions based on the comparison of the model with
trajectory simulations. This factor accounts for the small fraction of
trajectories that, after crossing the transition state dividing surface,
revert to reactants without reaching the strong interaction region.

. Long-range PN + H;* Reaction rate
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FIG. 3. (a) Temperature dependence of the long-range interaction for PN + H;*: the results from the three-term potential (black circles) and from the three single types of
long-range interaction (black curves) are shown. (b) Temperature dependence of the reaction rate for the formation of PNH* (" £+) + H, (for details, see the text). The solid
line represents the Arrhenius—Kooij fit (the corresponding parameters are provided in Table V1).

TABLE VI. Arrhenius—Kooij fit parameters («, 3, and y) for the temperature-dependent rate coefficients, k(T), of the reactions

investigated in this work.

Reactants - Products k(T) = o 3%0)‘; exp(-1)
o« (cm® molecule™ s71) B y (K)
PN + Hs* - PNH"('z") + H, 8.17x10° -0.443 -1.08
PH + NH" - PNH*('=")+H 4.40 x 10710 -0.167 -3.73
. PNH"(A') + H 8.98 x 10710 -0.168 -3.70
Total PNH* 1.34x10° -0.167 -3.75
> HPNT(!zH)+H 5.50 x 107! -0.161 3.86
- HPN'(CA) +H 9.10 x 107! -0.162 -3.81
Total HPN* 1.46 x 10 1° -0.160 -3.87
PH" + NH - PNH*('=")+H 7.87 x 10710 -0.445 -1.03
. PNH"(A') + H 1.58 x 1077 -0.443 -1.08
Total PNH* 2.36 x 10 ° —0.444 -1.08
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Figure 3(b) presents the temperature dependence of the reaction
rate for the formation of PNH+(12+) + H,, which—as shown in
Fig. 2—is the only accessible bimolecular product of this reaction
under interstellar conditions. Over the 10-400 K range, the tem-
perature dependence of the rate coefficient is well described by the
Arrhenius-Kooij formula [Eq. (12)], whose fitted parameters are
reported in Table VI. Our model yields k values slightly larger than
those reported in the KIDA database,”” based on the work of Woon
and Herbst,'"* for the PN + H;™ reaction, but remains in good over-
all agreement. For instance, at 30 K, a rate coefficient of 2.18 x 1078
cm® molecule™ s7! is reported in the KIDA database, while our
model results in a value of 2.33 x 10® cm® molecule™ s™*.

2. Reactions between PH and NH' and between PH'
and NH

In addition to the protonation reaction involving a pre-existing
PN molecule, as already mentioned, the formation of PNH" can also
result from ion-molecule reactions that do not include PN as a reac-
tant. In this work, we have studied the PH + NH* and PH* + NH
reactions. The capture rates for these two reactions differ from each
other primarily for the different neutral reactants. However, once
capture is demonstrated to be efficient, the two reactions evolve on
the same PES. All species are considered in their electronic ground
states: >~ for PH and NH and °IT for PH" and NH*. Therefore,
as mentioned in Sec. I, doublet and quartet PESs are accessible and
have been both investigated. The two reactant asymptotes are sepa-
rated by 322 kJ/mol, with the PH + NH pair lying higher in energy
and used as the reference.

The doublet and quartet reactive PESs are shown in Figs. 4 and
5, respectively. Starting from the doublet PES (Fig. 4), three possible
pathways have been found: two of them leading to PNH* (*2*) + H,
at —748 kJ/mol, and one forming HPN*('=*) + H, at —398 kJ/mol.
Therefore, both products are exothermic. The three pathways dif-
ferentiate from the intermediate denoted as 2Min1, while the two

0 PH (<) + NH* (I0)
. 2S+1=2
. PH' (I) + NH (%)
200
L e ’
N \
2 F 2TS-VdwW e )
|2 9 2785 HPN*(Zh + H
E -400 j{aﬂ,, 7777777777777777777 =
_’
S
B
&0 _
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PNH*(=% + H
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Minl oo
f
o, ? ,,
-1000— 2Min3

FIG. 4. Doublet PES of the PH + NH* and PH* + NH reactions. Rela-
tive ZPE-corrected energies (with respect to reactants; Table S1) are at the
revDSD/jun(T+d)Z level of theory.
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barrierless entrance channels, from the approach of the two pairs
of reactants, both lead to the formation of a van der Waals (vdW)
complex, 2vdW, located 353 kJ/mol below the reference. This well
evolves, via a shallow TS (VAW-TS) whose equilibrium electronic
energy is approximately only 1 kJ/mol above the vdW well, into
2Minl, which lies 819 kJ/mol below the reference. In 2Minl, the
P-N bond is formed with one H atom positioned on each side of
the system. From 2Minl, three TSs are accessible: 2TS1, 2TS2, and
2784, located at —749, —728, and —507 kJ/mol, respectively. 2181
corresponds to the migration of a H atom from the P-side to the
N-side, leading to 2Min2 (~751 kJ/mol), a linear complex of the
form PNH™---H, from which a barrierless exit channel leads to
PNH'(12") + H. >TS2 connects *Min1 to “Min3 (-961 kJ/mol),
the global minimum of the PES, and corresponds again to a
H-migration from the P- to the N-side. 2Min3 has C,, symmetry,
and, from it, the system evolves, via 2T1S3 (—698 kJ/mol), into the
linear *Min2, again leading to PNH*('X") + H. Finally, *TS4 rules
the migration of an H atom from the N- to the P-side, thus forming
2Min4 (=629 kJ/mol), another Cp, minimum where both H atoms
are on the P-side. Finally, 2185 (235 kJ/mol above 2Min4) links this
pathway to a barrierless exit channel that forms HPN*(*2*) + H.
In conclusion, on the doublet PES, both isomeric forms of proto-
nated PN are thermodynamically accessible from either reactant pair
at low temperatures.

Figure 5 shows the quartet PES. In analogy to the doublet PES,
the two pairs of reactants form, without any barrier, the same vdW
complex (*VAW), which is located at —359 kJ/mol, ~5 kJ/mol below
its doublet analog. *VdW evolves, via *VdW-TS (equilibrium energy
1 kJ/mol above “VdW), into *Min1, located at —550 kJ/mol. From
this intermediate, two different channels originate. The structure of
4Minl is similar to that of 2Min1, with the P-N bond forming and
one H atom residing on each side of the PN moiety. The two TSs giv-
ing access to the two identified pathways are *TS1 and *TS2, located
at =372 and -341 kJ/mol, respectively, thus being submerged with
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FIG. 5. Quartet PES of the PH + NH* and PH* + NH reactions. Rela-
tive ZPE-corrected energies (with respect to reactants; Table S1) are at the
revDSD/jun(T+d)Z level of theory.
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respect to both reactant pairs. *TS1 governs the migration of an H
atom from the P- to the N-side, leading to “Min2 (-375 kJ/mol).
From this structure, the system can proceed to form the bimolecular
product PNH* (*A") + H, which lies 371 kJ/mol below the reference
and 49 kJ/mol below the energy of the PH* + NH reactants. Due to
its proximity to the PH* + NH entrance channel, the pathway lead-
ing to PNH*(3A”) was used to check the accuracy of the electronic
energies (see Sec. I1). Relative to PH" + NH, the revDSD/jun(T+d)Z
[junChS] energies for *VdW, *VdW-TS, *Min1, *TS1, and *Min2
are —36 [—35], —40 [-39], =228 [~229], —50 [-59], and —52 [~61]
kJ/mol, respectively. *TS2 corresponds to the migration of the
N-side H and leads to *Min3 (—493 kJ/mol), which has both H atoms
bonded to the P-side. *“Min3 interconverts, via *TS3 (-234 kJ/mol),
to *Min4 (—234 kJ/mol). From this, a barrierless exit channel forms
the bimolecular product HPN*(A’) + H, located 223 kJ/mol below
the reference, but above the PH" + NH reactants. In conclusion,
on the quartet PES, both products are thermodynamically accessible
from the PH + NH" entrance channel, whereas only the pathway
leading to PNH*(*A’) from PH* + NH is open under interstellar
conditions.

a. Reaction rates of PH + NH". For the PH + NH" reaction,
all the pathways described above are completely submerged, and
the PNH" + H product is strongly exothermic. Therefore, all the
four investigated forms of protonated PN (see Fig. 1) are thermo-
dynamically accessible under interstellar conditions. To determine
the temperature dependence of reaction rates and branching ratios
of these species, the capture rate needs to be first evaluated. As in
Sec. I1I C 1, the long-range capture theory employed here requires
knowledge of the electric properties of the neutral reactant, which
is, in this case, PH. To the best of our knowledge, no experimen-
tal data are available for these properties. The values used in this
study were computed at the revDSD/jun(T+d)Z level of theory and
include a dipole moment of 0.18 a.u., a quadrupole moment of
0.07 a.u., and polarizabilities of a; = 26.54 a.u. and o) = 29.68 a.u.

ARTICLE pubs.aip.org/aipl/jcp

The dipole moment and polarizabilities are in agreement with pre-
vious CCSD(T) calculations by Miiller and Woon,'" although no
reference values for the quadrupole moment were found in the
literature. Figure 6(a) shows the temperature dependence of the
computed long-range rates. Below 400 K, both charge-dipole and
charge-induced dipole interactions significantly contribute to the
capture process. The charge-dipole term dominates at tempera-
tures lower than 150 K, while the charge-induced dipole interaction
becomes increasingly relevant at higher temperatures. These results
underscore the importance of including all three long-range interac-
tions to accurately model the capture behavior across the 10-400 K
range.

Figure 6(b) reports the temperature variation of the reaction
rates derived from the long-range rate using a dynamical factor of
0.9 (see Sec. 111 C 1). A key aspect is the partitioning of flux between
the doublet and quartet PESs, which has been performed on the
basis of spin statistics weights: it has been assumed that 2/3 of the
total rate is due to the quartet surface and 1/3 of the total rate is
due to the doublet surface. This assumption is further discussed in
Sec. III C 3. Within a given PES, branching ratios of the different
products have been determined by solving, for each reaction chan-
nel, the corresponding master equation (see Sec. 1I). The derived
ratios were found to remain constant across the studied tempera-
ture range under low-pressure conditions. On the doublet PES, 89%
of the reactive flux leads to PNH*(*Z*), while the remaining 11%
forms HPN+(12+). Similarly, on the quartet PES, 91% of the flux
yields PNH"(*A’) and 9% leads to the formation of HPN™(34").
These four individual reaction rates are shown in Fig. 6(b), with
the cyan color being used for PNH* and orange for HPN*. Under
interstellar conditions, most triplet products can be expected to
undergo intersystem crossing (ISC) to their corresponding singlet
states before further interaction with other particles or radiation.
Under this assumption, the total reaction rates for PNH* and
HPN*—also shown in Fig. 6(b) in blue and red, respectively—can
be interpreted as effective formation rates of the singlet species. The
temperature dependence of rate coefficients is well described by the

Long-range PH + NH* Reaction rates
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FIG. 6. (a) Temperature dependence of the long-range interaction for PH + NH*: the results from the three-term potential (black circles) and from the three single types of
long-range interaction (black curves) are shown. (b) Temperature dependence of the reaction rates for the formation of protonated PN on the doublet (cyan circles for PNH*
and orange circles for HPN*) and quartet (cyan squares for PNH* and orange squares for HPN*) PESs (for details, see the text). The temperature behavior of the total
reaction rates (blue crosses for PNH* and red crosses for HPN*), corresponding to the sum of the contributions from the two PESs, is also shown. The solid lines are the

Arrhenius—Kooij fits (the corresponding parameters are provided in Table VI).
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Arrhenius-Kooij equation, with the parameters given in Table V1.
At 30 K, the total reaction rate associated with PNH™ corresponds to
2.30 x 10~ cm® molecule™" s7!, while the one associated with HPN™*
is 2.03 x 107!% cm® molecule™! 57!

b. Reaction rates of PH' + NH. The same methodology as
above was applied to the reaction between PH* and NH. The elec-
tric dipole moment of NH has been measured by Irwin and Dalby,' !
who reported a value of 0.54 a.u., which was the one used in our
model. For the quadrupole moment and polarizabilities, values com-
puted at the revDSD/jun(T+d)Z level of theory were employed:
Q=024au., a, =10.01 a.u.,, and o) =875au The resulting cap-
ture rate and how it varies with temperature are shown in Fig. 7(a).
Similarly to the PN + H;* case, below 400 K, the capture rate is
dominated by the charge-dipole interaction, while at higher temper-
atures, the charge-induced dipole becomes increasingly significant.
Applying the same correction factor of 0.9 employed for the two
other reactions considered to account for dynamical effects leads to
the total reaction rate.

Figures 4 and 5 report the doublet and quartet PES, respec-
tively, for the PH™ + NH reaction. As already discussed, for the
doublet PES, all pathways are entirely submerged and all products
are exothermic. Therefore, the formation of both singlet prod-
ucts, PNH" (*£%) and HPN* (1="), is thermodynamically accessible.
However, master equation calculations reveal that pathways leading
to HPN™ account for less than 0.03% of the doublet unimolecu-
lar flux. Consequently, the formation of the N-protonated isomer
(PNH™) is strongly favored. On the quartet PES, only the pathway
forming triplet PNH" is exothermic for this reactant pair. The com-
peting channel, leading to triplet HPN™, involves the high-energy
transition state *TS3, which lies more than 85 kJ/mol above the
entrance channel, and, therefore, the corresponding barrier can be
overcome only via tunneling effects under interstellar conditions.
The two reaction rates associated with the formation of singlet and
triplet PNH* and how they vary with temperature are presented
in Fig. 7(b), both plotted using the cyan color. The rate coeffi-
cients corresponding to the doublet pathway toward singlet HPN™*
are below the plot scale, their order of magnitude being 107> cm’
molecule™ s7' (see Table S2 of the supplementary material). The
temperature dependence of the total PNH" reaction rate (blue solid
curve) is also plotted. Under the assumption that the triplet form of
PNH™ will undergo ISC to the singlet ground state under interstellar
conditions, this total coefficient effectively represents the formation
rate of PNH'(*=") via the PH* + NH reaction. The rates are well
described by the Arrhenius-Kooij equation, and the correspond-
ing parameters are reported in Table V1. At 30 K, the total PNH"
reaction rate corresponds to 6.06 x 10~° cm® molecule™ s7".

3. Discussion

The results presented here for the PH + NH* and PH* + NH
reactions should be interpreted with some caution regarding possi-
ble ISC. The assumption of equiprobable spin states can be debated.
Indeed, the entrance regions of the doublet and quartet PESs are
close in energy, with the vdW wells and associated TSs separated
by only a few kJ/mol. While the evolution along exothermic PESs
is generally favored over spin-forbidden processes, a more detailed
investigation of possible ISC during the entrance channel might
potentially alter the partitioning between reactions occurring on
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the doublet and quartet surfaces. However, even if ISC phenom-
ena would affect the branching between spin surfaces during the
capture and vdW phases, the overall formation rate of the sin-
glet states would not be modified. This is because we considered
that most triplet products formed under interstellar conditions are
expected to relax to their corresponding singlet counterparts via
ISC before any further interaction occurs. Concerning the uni-
molecular portions of the PES, no stationary points appear suffi-
ciently close in energy to facilitate ISC. However, only a dedicated
search for potential Minimum Energy Crossing Points (MECPs)
can confirm this unambiguously. The presence of exothermic
product channels on both spin surfaces further reduces the driv-
ing force for ISC during the unimolecular evolution. As a result, ISC
within this region of the PES is considered negligible in the present
work.

In addition to enabling ISC between spin surfaces of different
multiplicities, spin-orbit coupling (SOC) splits the doublet ground
states of the open-shell reactants NH" and PH" into fine-structure
components. At relatively high temperatures, both components are
similarly populated, whereas at very low temperatures, the lower
component becomes increasingly favored. These components differ
in their spin-orbit coupling and associated long-range interaction
parameters, which can subtly modify the capture dynamics and
hence the reaction rates. Prior studies [e.g., for C*(*P) + HCl by
Dateo and Clary''”] show that including such fine-structure effects
can slightly influence capture rates while preserving their overall
order of magnitude. The capture model employed in this work is
spin-free and, therefore, neglects these effects.

Beyond the mechanistic considerations, the reactions presented
here demonstrate that the formation of protonated PN should not be
regarded solely as the result of protonation of pre-existing PN. It can
also arise from alternative pathways involving the phosphinidene
radical, PH, and the imidogenium cation, NH™, or between the imi-
dogen radical, NH, and the phosphinidynium cation, PH*. Once
formed, PNH* may undergo dissociative recombination reactions,
potentially yielding neutral PN and thereby impacting its interstel-
lar abundance. A dedicated study of these recombination pathways
is needed to quantitatively assess the role of PNH* in PN for-
mation. Moreover, the high PA (800 kJ/mol) of PNH" makes it
a poor proton donor to most neutral molecules, thus allowing it
to retain its extra proton for longer timescales than other proto-
nated species. While dissociative recombination, fragmentation, or
even proton transfer can still occur, this relative stability enhances
the likelihood of PNH™ participating in further reactions, thereby
increasing the complexity of P-based chemistry in interstellar
environments.

D. Astrochemical model

Here, we have implemented the reaction rates studied in Sec.
III C into an astrochemical model using the code UCLCHEM.'"’
We used the P chemistry network used in Refs. 14 and 114, which
was an update of the one built in Ref. 115. The initial elemental
abundances considered were initially taken from Asplund et al.,''®
except for P, Mg, Si, Cl, and F, which are depleted by factors between
5.4 and 5700. In the case P, its elemental abundance is depleted by
a factor of 100 with respect to its solar value (P/H = 2.57 x 1077),
which has been adjusted to explain the observed abundances
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FIG. 7. (a) Temperature dependence of the long-range interaction for PH* + NH: the results from the three-term potential (black circles) and from the three single types of
long-range interaction (black curves) are shown. (b) Temperature dependence of the reaction rates for the formation of PNH* on the doublet (cyan circles) and quartet (cyan
squares) PES (for details, see the text). The temperature behavior of the total reaction rate (blue crosses), corresponding to the sum of the contributions from the two PESs,
is also shown. The solid lines are the Arrhenius—Kooij fits (the corresponding parameters are provided in Table V).

of P-bearing molecules in the ISM.""”""" This network already
included the rates of the P + OH - PO + H and P + H,O
— PO + H; reactions''” and that of P + O3 - PO + O.''* In this
work, we have implemented the following changes:

1. First, we completely updated the gas-phase chemical network,
replacing the old UMIST database (Rate12—McElroy et al.'*")
with the newer Rate22 version, presented in Ref. 78. We
carefully compared both versions to track the changes regard-
ing the P network. The new version contains 274 reactions
involving P-bearing species. For four of them, the reaction
parameters have been updated; 31 reactions are new additions
that were not included in the previous version.

2. We cross-correlated our previous gas-phase P network and
UMIST22, and we avoided duplication of the 14 reactions
that were present in both networks with the same rates. For
the reactions from Ref. 119 previously mentioned, we used
the rates calculated in that work and not those present in
UMIST22, which refer to the early guess''> based on the
N + OH — NO + H reaction as a reference.

3. Since PNH" is the low energy isomer, and we have shown
that is the main product of the PN + Hj, PH + NH", and
PH™"+ NH reactions, we replaced HPN™ in Rate22 by PNH™.
Similarly, we changed HPN to PNH, which is the lowest
energy isomer.'”!

4. For the protonation reactions PN + H;0" — H,O + PNH*
and PN + HCO' — CO + PNH", we used the reaction rates
from the KIDA database,”” based on the work of Woon and
Herbst,'” instead of those of UMIST22. This choice was moti-
vated by two main reasons: (i) the KIDA values are consistent
with the rates we calculated for the protonation of PN by H3 ",
as shown in Sec. 111 C 1, and (ii) the UMIST22 database assigns
identical rate coefficients to all protonation reactions of PN,
regardless of the proton donor, which may oversimplify the
chemistry. Since the KIDA rates are not initially provided in

Arrhenius-Kooij form (which is necessary for UCLCHEM),
we fitted them as a function of temperature using the same
procedure described in Sec. I1I C, thus obtaining the follow-
ing values for the reactions with HCO* (H;0"): « = 3.253
x 1077 (3.738 x10™°) cm® molecule™! s7!, B = -0.39%
(~0.394), and y = -1.778 (-1.778) K.

5. We implemented the P + O, reaction studied in Ref. 114 and
replaced the repeated entry in UMIST22.

6. We implemented the reaction rates derived in this work for
the PH + NH* and PH* + NH reactions. We used the total
reaction rates we have derived (see Sec. I1I C).

We have used a physical model that mimics the conditions
of the Galactic Center molecular cloud G+0.693-0.027 (hereafter
shortly denoted as G+0.693), where PN, PO, and the cation PO*
have previously been detected. The chemistry of this source is char-
acterized by low-velocity shocks (which explain the linewidths of
the molecular emission of 15-20 km s™') and by an enhanced
cosmic-ray ionization rate with respect to its standard value
(& ~ 1071071 §71).'*122 UCLCHEM was run in three phases: (i)
phase 0 considers the chemistry of a translucent cloud with n(H)
=10 cm™ and Ty, = 20 K for 10° yrs; (ii) phase 1 simulates
the collapse of a molecular cloud from n(H) = 10*> cm™ to n(H)
=2x10* cm™ at a constant temperature of Ty, = 10 K; and (iii)
phase 2 simulates the passage of a low-velocity C-type shock with
v = 20 km s and initial gas density of n(H) = 10* cm™ using
the parametric approximation for the physical structure of the C-
type shocks presented in Ref. 123. The assumed shock velocity of
vy =20 km "' is consistent with the observed linewidths of the molec-
ular line emission'**"'** and with the gas densities measured toward
G+0.693."*"'%* To check the effect on the chemistry of the cosmic-
ray ionization rate ({), we considered three cases with values 1, 100,
and 1000 times the standard value {, = 1.3 x 107" s7".

According to the chemical model, the dominant pathways for
the formation of PNH" are those involving PN with HCO™', H;07,
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FIG. 8. Results of the astrochemical model for phase 2 (passage of a low-velocity shock), which mimics the physical environment of the G+0.693-0.027 molecular cloud.
Upper left panel: evolution of the density (black curve) and temperature (red curve) during the shock phase. Upper right panel and lower panels: evolution of the abundances
with respect to H, assuming n(H) = 2 xn(H,), of PN (blug) and PNH* (orange), as a function of time across a C-type shock with a preshock density of n(H) = 2 x 10* cm=3
and a shock speed of vs = 20 km s=". Cosmic-ray ionization rates of 1, 100, and 1000 times of the standard value ¢, = 1.3 x 10~"° s~ are considered during the shock
phase model. The blue band indicates the PN abundance with respect to H derived in Ref. 14.

and Hj, while the reactions involving PH and PH* explored in
this work provide alternative formation routes that, although less
competitive under the modeled conditions, expand the possible
chemistry leading to PNH". Regarding the destruction of PNH™,
it is due to the electron recombination with a rate of ~2 x 107*?
cm® molecule™ s7%.

We show in Fig. 8 the results of phase 2 for PNH* and PN.
The relative molecular ratio between both species is very sensitive
to both the time-scales of the shock and the cosmic-ray ionization
rate ({). We focus here in the range 100{,~1000(,, which is the one
inferred using other cations detected toward G+0.693.'"'** At the
time in which the PN abundance observed toward G+0.693 is repro-
duced, PNH™ is similarly abundant than PN within a factor of 2 for
{ = 100¢,, while it is several orders of magnitude lower for 1000(),,
due to more efficient and faster destruction. Assuming the former
case, the interstellar detectability of PNH™ might be possible using
the spectroscopic constants reported in this work, provided that

astronomical line surveys cover several rotational transitions with
sufficient sensitivity.

IV. CONCLUSIONS

We have reported a comprehensive spectroscopic character-
ization of the lowest-energy structure of protonated phospho-
rus mononitride, PNH+(12+), using a state-of-the-art composite
scheme entirely based on coupled-cluster theory and accounting for
extrapolation to the complete basis set limit and higher excitations
in the cluster expansion up to quadruples. All the spectroscopic
parameters relevant to rotational, vibrational, and rovibrational
spectroscopy have been evaluated with great accuracy in order to
support future laboratory experiments and, possibly, to guide astro-
nomical observations. In order to assess the uncertainties affecting
our predictions, a benchmark study has also been carried out, which
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involved the isovalent N;H*, HCO®, and HCS™ cations, very well
experimentally characterized.

Furthermore, we explored three astrochemically relevant reac-
tions that can lead to the formation of PNHY, including the pro-
tonation of neutral PN by Hs", as well as ion-neutral reactions
not involving PN. The results indicate that PNH*('=") is likely
to be the dominant isomer under interstellar conditions, although
the formation of HPN*(*2%) is also expected, even to a lesser
extent, particularly from the PH + NH™ pathway. These findings
emphasize that the formation of protonated phosphorus mononi-
tride in the ISM should not be considered solely due to the pro-
tonation of existing PN. Instead, alternative formation pathways
involving small radicals and cations may play a significant role. The
astrochemical model developed here yields a predicted abundance of
PNH" that can be comparable to that of PN. Consequently, detect-
ing PNH" in the ISM might provide crucial insights. However, it is a
significant challenge both observationally, in determining its actual
abundance and its ratio with PN, and from a modeling perspec-
tive, should future detections reveal levels that deviate from current
predictions.

The spectroscopic and kinetic results obtained in the frame-
work of this work provide both an important input for astro-
chemical modeling and a theoretical framework to guide laboratory
spectroscopy and thus astronomical searches for PNH*. The iden-
tification of multiple viable formation pathways also reinforces
the expected chemical richness of P-bearing species in the inter-
stellar medium and opens new ways for future studies on their
astrochemical evolution.

SUPPLEMENTARY MATERIAL

Tables reporting the energetics of the potential energy surfaces
(PESs) and temperature-dependent rate coefficients for the studied
ion-molecule reactions are provided in the supplementary material.
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