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ABSTRACT

PO and PS radicals are the smallest units of phosphorus oxides and phosphorus sulfides, respectively, two rich families of refrac-
tory compounds widely employed in industrial and technological applications. These two diatomic radicals are also thought to be
relevant for the phosphorus (P) chemistry in the interstellar medium (ISM). PO is indeed one of the few P-bearing molecules
detected in the ISM, while models also predict a considerable abundance of PS, although its presence in the ISM has not been
confirmed yet. Since P is an essential element for the development of life, understanding its relatively unknown chemistry in the
ISM is essential for astrobiology. The recent detection of PO* in surprisingly high abundance in the ISM also suggests that the
cations are likely to be relevant too for the ISM chemistry of phosphorus. While PO and PO* are relatively well known, experi-
mental data available in the literature for PS are very scarce and its cation PS* is mainly unknown spectroscopically, hindering its
possible detection in the ISM. In this work, we present slow photoelectron spectra of both species generated in situ in a discharge
flow reactor. From these spectra, and with the support of electronic structure calculations, we have determined the adiabatic
ionization energy of both radicals (IEpy = 8.377 = 0.006 eV, IEps = 7.904 + 0.006 V) and the spin-orbit splitting of the 2IT
ground state of PS (350 + 34cm~!). We also show that in the case of PO, the splitting is smaller than 250 cm~!. In addition,
relevant information on the vibrational structure of the two cationic ground states is extracted, providing useful spectroscopic data
on the two species which might contribute to the ISM detection of these species, their vibrational bands falling within the spectral
coverage of the James Webb Space Telescope (JWST).

1 | Introduction

Phosphorus (P) is one of the main biogenic elements, as it is pres-
ent in all known life forms, including nucleic acids and nucleo-
tides, while is relevant in several metabolic functions [1]. With a
low relative abundance of 2.8 x 10~7 relative to H in the solar
atmosphere [2], it can be assumed that this biogenic relevance
was not determined by the cosmic abundance of P, but rather

by its particular bonding properties significantly influenced by
the 3d orbitals which permit coordination numbers of 1, 3, 4, 5,
and 6 [1]. On Earth, P presents, however, a higher relative abun-
dance than in space.

Phosphorus exhibits indeed a high propensity to form refractory
materials such as phosphates, which are ubiquitous in numerous
minerals, and are present in higher concentrations in rocky
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planets located close to their stars [1]. Due to its refractory prop-
erties, P can be easily locked in grains, explaining why it may be
severely depleted from the gas phase in cold regions of the inter-
stellar medium (ISM) and, in particular, along molecule-rich
sight lines [3].

It has been demonstrated that a large portion of P may be locked
in comet ices in the solar system, mainly in the form of PO [4].
Phosphorus oxides and phosphates are also found in the mineral
composition of chondrites, on Earth and Mars, and have been
detected in lunar samples and stony-meteorites [5]. While
trapped in salts or minerals, it is very unlikely that these species
desorb in the gas phase, not only in the ISM but also in a labo-
ratory. Consequently, it is difficult to vaporize them to measure
their gas-phase spectroscopy, and despite their relevance for
astrobiology, interstellar P chemistry remains relatively
unknown [6]. We should also notice that P is the least abundant
biogenic element, with relative abundance several orders of mag-
nitude lower than O, C, N, or even S. While huge efforts have
been made in recent years to establish phosphorus chemical
models in order to explain the observed abundances, the small
number of P-bearing molecular species hinders the possibility
of establishing reliable constraints on the chemical networks,
for which many routes are still unexplored [7, 8]. For now, only
few P-bearing species have been detected in the ISM: PN [9, 10],
PO [11], PO+ [8], CP [12], SiP [13], HCP [14], CCP [15], and PH,
[16, 17], mostly in circumstellar shells or star-forming regions.

A clear example is the case of the phosphorus monosulfide (PS).
Models predict that PS is expected to be as abundant as PO in
Asymptotic Giant Branch (AGB) atmospheres [18]. The spec-
troscopy of PS has been, however, scarcely investigated experi-
mentally [19-24], and its photoelectron spectrum (PES) has not
been measured, although some calculations are available in the
literature [25]. In contrast, several experimental studies have
been reported for PO, establishing most of the PO and PO*
diatomic constants [19, 26-39]. Nevertheless, some discrepan-
cies are found in the determination of the ionization energy
of PO, and the latest determination was recommended in early
2000 [40].

In addition to their astrochemical interest, PO and PS are the
smallest species of phosphorus oxides and sulfides, respectively.
Phosphorus oxides and sulfides are characterized by the forma-
tion of a rich variety of stable clusters of the type P, X, (X=0,S).
They may grow by polymerization and can easily combine with
metals or carbon nanotubes to form a vast and chemically-
versatile family of materials [41]. These properties make phos-
phorus oxides and sulfides interesting materials for technological
applications in the fields of semiconductors [42], nanomaterials
for medical applications [43], catalysis [44], or energy storage
[45], among others. Studying the spectroscopy of PO and PS rad-
icals will help to characterize the chemical properties of their
bonding, a fundamental knowledge that may bring new insights
to deepen our understanding on the rich, yet not fully under-
stood, chemistry of phosphorus.

In this work, we present the first slow photoelectron spectrum
(SPES) of PS* and revisit the one of PO* by taking advantage
of the photoion-photoelectron coincidence (PEPICO) spectrom-
eter DELICIOUS III [46], available at DESIRS beamline of the
synchrotron SOLEIL [47]. The experimental set-up includes a
discharge flow-tube to generate the desired radicals [48]. The

results allow us the determination of the adiabatic ionization
energies (AIEs) of both species and provide information on
the vibrational structure of their cations. In addition, these spec-
tra provide information on the spin-orbit couplings of the neu-
tral species. High-level ab initio calculations for both systems
support the experimental results.

2 | Results and Discussion
2.1 | Phosphorus Monosulfide

A mixture of H,S + PH; + F is introduced in the flow-tube so that
the F atoms progressively strip H atoms from both H,S and PH;.
Atomic S and P, as well as SH, PH and PH, are produced in the
flow-tube and can recombine to produce new species, among
them, PS. According to DFT calculations, the PS radical is
expected to be formed following the reactions

S+PH—PS+H AH= —134eV (1)
P+SH—PS+H AH=—0.89¢eV )
P(D)+8S,—>PS+S AH=—1.51eV 3)

Several products are expected in the flow tube, and the concen-
trations of the different precursors are optimized to maximize the
production of PS in the mass spectrum. This is confirmed by the
main peak appearing at m/z =63 in TOFMS integrated between
7.5 and 9 eV photon energy presented in Figure 1. Peaks at other
m/z are also observed, although with a remarkably lower inten-
sity. The m/z =64 can be assigned to either S;*, HPS* or proba-
bly both. This was, however, no further investigated, being out of
the scope of this work. The m/z =65 is attributed to the second
most abundant isotope of sulfur, P3*S™*, since its area with
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FIGURE1 | Time-of-flight mass spectrum (TOFMS) obtained from the
integration of the photoionization of the species generated by using a mix-
ture of H,S+PH;+F in the 7.5-9.0 eV photon energy range. PS* and HPS*+
are visible at m/z = 63 and 64, respectively. At m/z = 65, the signal of P>S
is observed. Peaks at m/z = 4 and 28, are due to the carrier gases He* and
N3 The signal at m/z = 47 is attributed to PO™* after the reaction PH+ O
when adding a small leak of O, in the discharge flow-tube.
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respect to PS is consistent with the relative abundance of 3*S of
4.4%. In addition, the peak observed at m/z =47 can be attributed
to PO+, likely produced by atomic O introduced by an air leak in
the discharge, which can react with PH; to produce PO. Even if
the O, leak is small, the reaction O + PH; is known to be very
efficient [49]. Finally, two peaks at m/z=4 and m/z =28 corre-
spond to the carrier gases He and N,, which are the dominant
species in the mixture, and may be ionized by the remaining
higher order harmonics of the synchrotron radiation that are
not absorbed by the Ar gas filter. Other expected species formed
in the flow-tube do not appear in the TOFMS due to their higher
ionization potential (>9 eV).

The mass-selected SPES of PS is presented in Figure 2, while the
corresponding photoionization matrix from which it was
extracted, by selecting photoelectrons with kinetic energies lower
than 20meV, is shown in Figure SM2 of the Supplementary
Material. The spectrum consists of a series of structures separated
by about 0.1 eV. Their intensity decreases with increasing photon
energy, and they can be attributed to the photoionization of PS
into the first vibrational levels of PS* in its ground electronic
state.

The potential energy curves (PECs), computed for PS* in several
electronic states, are presented in Figure 3, and confirm that only
the ground state of the cation is accessible by photon energies
lower than 9 eV. The most intense peak in Figure 2 is tentatively
assigned to the photoionization of PS( X 2IT, /2, v =0) into PS* (X
13+, =0), while />0 are assigned consecutively to the series of
highest peaks appearing for increasing photon energy.
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FIGURE 2 | Experimental slow photoelectron spectrum (SPES)
recorded for PS (black line). Dark yellow vertical lines show the expected
positions for the photoionization from PS(X 2IT; ,2)(v = 0) into the PS*
ground state in consecutive v/ levels. Magenta vertical lines indicate the
respective position for PS( X *I1; ,)(v = 0), based on RCCSD(T) calcula-
tions. The small peak at lower photon energies is assigned to the photo-
ionization from v = 1 into v = 0 of the respective electronic ground states,
as indicated in blue. The expanded view in the inset (top right) shows
the splitting of the two first peaks assigned to the generation of PS in both
v=0and v =1 (see text for details).
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FIGURE 3 | MRCI+ Q/V5Z potential energy curves of PS ground
electronic state and all the singlet and triplet electronic states of PS* cor-
relating to P+ (3P)+S(3P) and P(*S)+S™* (*S). For clarity, the triplet states

are represented with dashed lines.

Additionally, satellite peaks of lower intensity can be distin-
guished to the left of each intense peak (see Figure 2), i.e., at
lower photon energies. They are located about 0.04eV
(350 + 34 cm~1) lower in energy than the main peaks in the spec-
trum. These satellites are associated to the photoionization from
the spin-orbit excited state of PS(X?I1; ;). Since the PS* cation
exhibits a 1=+ character, it presents only one spin-orbit compo-
nent. Therefore, ionization from both 2I1; /2 and 11, /2 neutral
states will lead to the same electronic state of the cation. As a
consequence, the spin-orbit excited state of neutral PS will pres-
ent a lower ionization threshold, which is reflected in the SPES as
a satellite peak shifted by the spin-orbit splitting energy.

It is worth noticing that most of the peaks in Figure 2 appear as
doublets, with both peaks of comparable intensities, as observed
in the expanded view in the inset. The spectral step employed
does not allow us to extract precise values, but the doublet nature
can be clearly observed with an approximate separation of
0.012€eV (~ 100 cm 1) in all peaks. This value is quite close to
110cm™!, the difference between E,_;—-E,_, of PS
(733.7cm ™! [50]) and E,,_; —E, _o of PS* (843.6 cm ™!, calcu-
lated from the potential energy curves presented in this work as it
will be discussed later in the text). Transition v/ =0« v =0 and
the sequence band /=1«v=1 are thus expected to exhibit a
shift of this magnitude. The doublet feature of comparable inten-
sity seems to indicate a population of v = 1 comparable to the one
of v=0 of the neutral radical generated in the flow-tube. The pres-
ence of signal below 7.8 eV on the SPES (see Figure 2), which is
too large to be attributed to noise, can only be attributed to hot
bands, showing that higher v may also be populated, but in much
lower proportion. Otherwise the doublet nature of the peaks
would not be observed. The main carrier gas, He, is indeed
known to be efficient for thermalization of molecular rotation,
but not as effective to thermalize vibration. A significant popu-
lation of v = 1 is therefore not surprising giving the exothermicity
of Equations (1)-(3).

Since the splitting of the peaks is not fully resolved, there is a
small uncertainty regarding the energy position of each structure
in the SPES. In order to confirm the proposed assignment, the
doublet feature was ignored in the procedure, and each band
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has been fitted to a Gaussian function to extract its center. The
energy position is represented as a function of / + 1 and fitted to
a second degree polynomial function. The result is depicted in
Figure S3.

The first order term corresponds to the harmonic frequency (w,)
and the second order term to the anharmonicity (@eye)-
Following this procedure, the adiabatic ionization energy
(AIE) can be derived as the position of the first band. The
obtained AIE (7.904 +£0.006) is consistent with the position of
the most intense peak of the SPES (7.908 + 0.003), supporting fur-
ther the assignment. In addition to the AIE, a vibrational har-
monic frequency of w, = 841+40 cm~! and a remarkably
low value of y. (0.004cm~!) are found, indicating that the
PEC of the PS* ground state is nearly harmonic, at least for
the first vibrational levels. As a consequence, the derived value
of y. shows a large relative error and should only be considered
as an approximate value.

From a theoretical point of view, the energy difference between
the neutral and cation ground states minima, depicted in
Figure 3, is calculated to be 7.55eV without accounting for
spin-orbit couplings. This value is obtained by fitting the respec-
tive PECs to extract their exact equilibrium position. Even consid-
ering the corrections for spin-orbit coupling and both zero-point
energies (ZPE), the MRCI ionization potential is found to be much
lower than the experimental determination of 7.904eV. It is
expected though that the MRCI method underestimates the ioni-
zation potential, in part due to the self-consistency error inherent
to the method. However, such a large deviation seems to indicate
that the MRCI method, with the active space considered here, can-
not recover all the electronic correlation energy, which seem to be
important in the PS bonding. Thus, probably a larger active space
would provide better results. This result is consistent with the find-
ings of Yaghlane and co-workers [25], who found a similar ioni-
zation energy of 7.57 eV, also using a MRCI method.

To obtain more accurate values, instead of increasing the active
space, which would lead to a considerable increase of the compu-
tational resources, we have calculated the PECs for both ground
states of PS and PS™* in the Franck-Condon region, using the
RCCSD(T) method. The theoretical AIE value of 7.873eV
matches reasonably well the experimental data (neither account-
ing for spin-orbit couplings nor for ZPE differences).

To improve further the theoretical estimation of the AIE, the
spin—orbit contribution and the ZPE corrections have to be con-
sidered. The theoretical spin-orbit splitting of the neutral ground
state arising from our calculation is found to be 325.6 cm~! near
the equilibrium position, slightly larger than the value derived
from rotational lines and smaller, but still within the error
bar, than the value derived from the SPES of PS* (350+34
cm~!). Considering this value for the spin-orbit splitting of
PS(X IT) and a difference of 110 cm~! in harmonic frequencies
(corresponding to a 55 cm ! difference in ZPE), a first order cor-
rection of 0.027 eV can be made to estimate the effective AIE,
which is found to be 7.900eV, in very good agreement with
the experimental data.

By fitting the PECs to a Morse function, a first approximation of
the harmonic frequency and the anharmonicity can be obtained
and compared with their respective experimental values. The
obtained results are shown in Table 1 together with the experi-
mental data, as well as reported values already discussed above.

TABLE 1 | Ionization energy (IE), spin-orbit splitting (SO) and
equilibrium distance of PS(X 2II), and spectroscopic constants of
PS*(X '=+), obtained in this work and the comparison with previous
works. The method of assignment is indicated in parenthesis. MRCI
and RCCSD(T) refer to theoretical calculations, SPES refers to
experimental values derived from the slow photoelectron spectra.
“Rotational” refers to values derived experimentally from the spacing
of rotational lines and EXOMOL refers to the values considered in the
EXOMOL spectroscopic database.

PS(X 2IT)
This work Other works
IE (eV) 7.904 = 0.006 7.571 (MRCI) [25]
(SPES)
7.556 (MRCI) 7.888 (RCCSD(T)) [25]
7.873 (RCCSD(T))
7.900 (RCCSD(T) +
SOC + ZPE)
SO (cm~!) 350 + 34 (SPES)  321.93 (Rotational) [21]
325.6 (MRCI) 320.8 (Rotational) [22]
321.74 (Rotational) [23]
291.4 (MRCI) [25]
327.0 (MRCI) [51]
r, (A) 1.8976 (MRCI) 1.898 (Rotational) [23]
1.8979 (RCCSD(T)) 1.9 (Rotational) [22]
1.8977 (EXOMOL) [50]
1.904 (MRCI) [51]
1.879 (MRCTI) [25]
PS+(X 1T+)
This work Other works
r. (A) 1.8242 (MRCI) 1.829 (MRCTI) [25]
1.8280 (RCCSD(T))  1.8269 (MRCI) [52]
1.872 (CI) [53]
w, (cm~1) 841 + 40 (SPES) 839 (MRCI) [25]
854 (MRCI) 852 (MRCI) [52]
848 (RCCSD(T)) 838 (CI) [53]
wexe (cm™1) 3.3 (MRCI) 3.13 (MRCI) [25]
3.2 (RCCSD(T)) 3.273 (MRCI) [52]
Rot. B(cm~!)  0.321986 (MRCI)  0.31720 (MRCI) [25]

0.320633 (RCCSD(T))  0.3213 (MRCI) [52]

As it can be appreciated, a good agreement is found between the-
ory and experiment, and all the values compare well with find-
ings of other works, validating the procedure employed for the
assignment of the SPES.

By knowing the electronic potentials, it is also possible to solve
the nuclear Schrodinger equation to compute the exact vibra-
tional levels, without relying on an approximate method consist-
ing in fitting the curves to a Morse potential. To do so, we
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TABLE 2 | Experimentally derived and calculated vibrational levels
of PS*. For comparison, the experimental values are obtained by
resting the derived AIE to the position of the bands of the SPES,
while the theoretical values are obtained by resting the calculated
energy of /=0. Vibrational energies are given in cm~!. All the

experimental values show an estimated error of 40 cm~1.

v SPES RCCSD(T) MRCI

0 0.0 0.0 0.0

1 841 843.5567 846.9539
2 1639 1682.1289 1687.7236
3 2451 2514.5108 2522.0890
4 3278 3339.5567 3349.9007
5 4074 4157.2642 4171.2021
6 4853 4968.4714 4986.1258
7 5736 5774.1017 5794.7616
8 6470 6574.8887 6597.2256
9 7371.0203 7393.5228

employed the program DUO [54] to calculate the vibrational lev-
els. The energies of the first 10 vibrational levels were computed
using both MRCI and RCCSD(T) PECs, and the obtained vibra-
tional levels are given in Table 2.

The differences in vibrational energies obtained with the two
potentials is rather small, less than 4 cm ~! for 2/ =1 and around
20 cm~! for v/ =9. The theoretical vibrational energies compare
well with the experimental values with a similar energy differ-
ence for /=1 and around 100 cm~! for v/ =8.

This means that if the MRCI energies of the cation are rescaled to
the correct ionization energy, the vibrational progression up to
v=7 is well reproduced by MRCI calculations, with tiny differ-
ences compared to RCCSD(T), and both agree well with the
experimental vibrational bands. We can thus conclude that
the calculations are trustworthy to determine the PECs, even
if the relative energies between neutral and cation are slightly
underestimated in the case of MRCI. Vertical bars are included
in Figure 2 showing the expected position based on RCCSD(T)
calculations for the photoionization from PS(X *I1; /2> v = 0) into
PS*(X'Z*, /) (magenta lines) and PS(X *I1; ,, v = 0) into PS* (X
13+, /) (dark yellow lines). The good agreement between theory
and experiment also validates the procedure employed to assign
the different bands.

2.2 | Phosphorus Monoxide

Although, as seen in Figure 1, PO was detected when using the
previous mixture (F + H,S + PH;) together with a small air leak
in the gas line of the discharge, its production was maximized by
using pure O, through the discharge, to create a mixture of
atomic oxygen and phosphine, which is known to be very effi-
cient [49].

The reaction is triggered by

O+ PH; — H + H,PO AH=-1.02eV  (4)

followed sequentially by

0+ H,PO - OH + HPO AH= —-234¢eV 5)

and

O + HPO — OH + PO AH=-1.60eV (6

Other products such as H;PO, PO,, and HPO, are also expected
to be formed, but in much lower quantities [49].

As previously, the respective concentrations of reactants and
reaction time were optimized to maximize the signal of PO*.
The TOFMS obtained from photoionization in the 8.0-8.9eV
photon energy range using the PH;+O mixture is shown in
Figure 4. The TOFMS exhibits an intense peak at m/z =47 cor-
responding to PO+, as well as two smaller peaks at m/z =48 and
m/z=49, assigned to HPO* and H,PO™, respectively. No peak
attributable to H;PO is observed under our experimental condi-
tions. The peaks associated with the carrier gases He and N, are
similarly observed.

The SPES for PO is shown in Figure 5, while the corresponding
photoionization matrix from which it was extracted is shown in
Figure SM5 of the Supplementary Material. Three clear bands of
decreasing intensity are observed and are assigned to the photo-
ionization of PO into the three first vibrational levels of PO* in
its ground electronic state. The assignment is supported by the
PECs of PO and PO* depicted in Figure 6, which shows, simi-
larly to the PS radical, that only the ground state of the cation is
accessible with photon energies lower than 8.8 eV. As expected,
the PECs of PO and PS cations are very similar to each other and
to neutral CO, which is isoelectronic in the valence shell with the
two cations, leading to a characteristic triple bond. The only
remarkable difference between the sets of curves of PO+ and
PS* is the dissociation channel leading to neutral atomic phos-
phorus. While in the case of PS*, this channel is very close in
energy to those leading to neutral atomic sulfur, in the case of
PO+, the channel leading to oxygen cation is considerably higher
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FIGURE 4 | TOFMS obtained from the integration of the photoioni-
zation in the 8.0-8.9 eV photon energy range using the PH; + O mixture.
PO*, HPO* and HPOS are visible at m/z = 47, 48 and 49, respectively.
The peaks at m/z = 4 and 28, correspond to He* and N, respectively,
used as carrier gases in the experiments.
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FIGURE 5 | Experimental SPES recorded for PO (black line). Dark
yellow vertical lines show the expected positions for the photoionization
from PO( X 211, ,2)(v = 0) into the PO* ground state in consecutive v/
levels, while magenta vertical lines indicate the respective positions from
PO(X 211, /2)(v = 0) based on RCCSD(T) calculations.
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FIGURE 6 | MRCI+ Q/V5Z potential energy curves (PECs) of PO
ground electronic state and all the singlet and triplet electronic states
of PO* correlating to P* (*P) + O(*P) and P(*S) + O* (*S). For clarity,
the triplet states are represented with dashed lines.

in energy. This is due to the fact that S and P present similar
ionization potentials of 10.36 eV and 10.49 eV, respectively, while
the ionization potential of atomic O is about 13.62 eV.

Concerning the bands observed in the SPES of PO, they are much
broader in contrast with the SPES of PS, and only three peaks are
observed, matching pretty well the observations of Dyke and
coworkers [35]. The signature of the spin-orbit splitting of the
X 21T state of PO is indeed not resolved since only shoulders
can be seen in the spectrum, and, at variance with PS, no splitting
due the generation of PO(v = 1) is observed.

Considering the estimated resolution of the experiment, it would
have been expected to observe at least the spin-orbit satellite
peak. However, this is hindered by spectroscopic congestion

leading to broad bands. This broadening, also observed in the
experiment of Dyke and coworkers [35], reflects contributions
of the sequence bands and spin-orbit components, explaining
also the shoulders observed to the right of the first band. It is
therefore challenging to accurately determine the energies of
the rovibronic transitions. Nevertheless we have attempted so
by fitting Gaussian functions to the observed bands to estimate
the vibrational progression (v=0— 1/ =n).

The first band in the SPES shown in Figure 5 is assigned to pho-
toionization from PO(X *I1;  3», v = 0) into PO+ (X 'E+, 1/ = 0),
and the two other peaks are consequently attributed to 2/ = 1 and
2. The energy position of the three peaks has been represented as
a function of /' + 1 and fitted to a second degree polynomial func-
tion, as depicted in Figure SM6 of the Supplementary Material.
As only three peaks are observed, the anharmonicity, which
seems to be negligible, was not extracted. The first order gives
a vibrational frequency of 1419 +70 cm~!, in agreement, with
the reported frequency by Dyke and coworkers [35] of
1410cm~!. The AIE obtained from the polynomial fitting is
8.377+£0.006 eV, and matches the most intense peak position.
This value agrees well with that reported by Dyke et al. [35],
8.39£0.01 eV, and by Ghosh and Verma [33], 8.373¢V, or
Verma et al. [55], 8.38 V.

From a theoretical point of view, the ionization energy extracted
from the MRCI PECs presented in Figure 6 is 8.06 €V. As in the
case of PS, the MRCI calculation using the present active space
does not seem to capture properly all the electronic correlation
energy to provide a reliable estimation of the ionization thresh-
old, which is clearly underestimated. To improve the theoretical
estimation, RCCSD(T) calculations were similarly performed for
PO and PO™* ground states. The energy difference between the
two minima is found to be 8.344 eV. At equilibrium position, the
calculated spin-orbit splitting of PO(X 2IT) is 235 cm ~!. Vertical
bars in Figure 5 show the calculated positions for the photoioni-
zation from PO( X 2I1; », v = 0) into PO+ (X X+, /) (dark yellow
lines) and PO( X *Il;,, v = 0) into PO*(X =¥, /) (magenta
lines). As it can be seen in Figure 5, the magenta lines match
pretty well the position of the shoulder of the peak. The later
was employed by Dyke et al. [35] to estimate the spin-orbit split-
ting of PO (240 cm~1), value that matches pretty well. From our
results, we can only argue that the splitting has to be lower than
250 cm ™!, else we would have observed it as a peak, and not as a
shoulder.

The ZPE of PO+ ground state is calculated at 704 cm~! and
705cm~! with MRCI and RCCSD(T) methods, respectively,
while the ZPE of PO is estimated at 610cm~! by Prajapat and
coworkers [50]. Considering the purely electronic RCCSD(T) ion-
ization energy and accounting for spin orbit and ZPE correction,
the refined theoretical estimation of the ionization threshold is
found to be 8.37 eV, in close agreement with experimental values.
All the derived data are summarized and compared in Table 3.

As stated previously, the theoretical harmonic frequencies and
anharmonicity are obtained by fitting the potential energy curves
to a Morse potential. To obtain more accurate values, we com-
puted the exact vibrational levels associated to the MRCI and
RCCSD(T) potentials from this work. They are presented in
Table 4. As for PS*, only small differences are found for the ener-
gies of the first nine vibrational levels, with less than 2 cm~! for
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TABLE 3 | AIE and spin-orbit (SO) splitting for PO(X 2II) and
spectroscopic constants PO+ ( X 1Z+).

PO

This work Other works

IE (eV) 8.377 + 0.003 (SPES)

8.370 (RCCSD(T)+
ZPE + SO)

8.06 (MRCI + Q)
8.344 (RCCSD(T))

8.39 (He I PES) [35]
8.373 (Rydberg Series) [33]

8.38 (IR emission) [55]
8.36 (RCCSD(T)) [40]

SO <250 (SPES) 224 (rotational) [37]
(em~1h)
235 (MRCI) 240 (He 1 PES) [35]
218 (MRCI) [56]
213 (MRCI) [50]
224 (EXOMOL) [50]
re (A) 1.4800 (MRCI) 1.4756 (Rotational) [57]

1.4776 (RCCSD(T))  1.4865 (RCCSD(T)) [40]

1.4741 (MRCI) [56]

PO*
This work Other works
re (A) 1.4278 (MRCI)  1.4250 (Rotational) [58]
1.4268 1.4262 (MRCI) [59]
(RCCSD(T))
1.4347 (RCCSD(T)) [40]
w, (cm~1) 1419 + 70 (SPES) 1411 (Rotational) [58]
1412 (MRCI) 1410 (He I PES) [35]
1413 (RCCSD(T)) 1412 (MRCI) [59]
1401 (RCCSD(T)) [40]
weye (cm™1) 7.3 (MRCI) 7.11 (Rotational) [58]
7.2 (RCCSD(T)) 10 (He I PES) [35]
7.53 (MRCI) [59]
Rot. B 0.78396 (MRCI)  0.78435 (Rotational) [58]
(em™1)
0.78507 0.7856 (MRCI) [59]
(RCCSD(T))

the relative energy of v/ =1 and around 20 cm~? for v/ =9. These
values fall within the error bar of the experimental one for the
first two vibrational levels, with less than 20 cm~! difference in
energy for /=1 and less than 10cm ™! for v/ =2.

3 | Conclusion

The slow photoelectron spectra of phosphorus monosulfide (PS)
and phosphorus monoxide (PO) have been reported up to 9eV
photon energy using a double imaging photoelectron-photoion
spectrometer in conjunction with synchrotron radiation. PS
was produced by successive H-atom abstractions of two precur-
sors, phosphine and hydrogen sulfide, which can further react in

TABLE 4 | Experimentally derived and calculated vibrational levels
of PO*. For comparison, the experimental values are obtained by
resting the derived AIE to the position of the bands of the SPES while
the theoretical values are obtained by resting the calculated energy of
v/ =0. Vibrational level energies are given in cm~!. All the

experimental values show an estimated error of 70 cm 1.

v SPES RCCSD(T) MRCI

0 0.0 0.0 0.0

1 1416 1398.4253 1396.5988
2 2786 2783.2737 2779.1671
3 4154.3506 4147.7546
4 5511.4135 5502.3768
5 6854.3874 6843.0215
6 8183.4653 8169.8476
7 9498.6190 9482.6824
8 10 800.0508 10 781.6008
9 12 087.8615 12 066.6188

a flow tube reactor. PO was produced in the flow tube by the
O + PH; reaction. With the support of accurate ab initio calcu-
lations, the assignment of the different bands of the spectra
allowed us to determine some spectroscopic constants for both
radical and respective cations ground electronic states. In partic-
ular, the threshold ionization of PO and PS radicals as well as
their spin-orbit splitting could be measured, and the vibrational
spectroscopic constants of PS* and PO* could be determined.

It is interesting to note that both PO and PS exhibit relatively low
threshold ionization energies of 8.377 and 7.904 respectively,
compared with the ionization energies of the constituting atoms,
P, S and O, which all present ionization energies larger than
10 eV. This is not the case for phosphorus hydrides and fluorides,
which are expected to form in the flow tube, but are not observed
in the TOFMS at 9 eV photon energy, while the hydroxide cations
HPO* and H,PO* do appear in the TOFMS. The relatively low
ionization energy of PO probably explains in part the surprisingly
large PO™* /PO ratio observed in the ISM, and a similar situation
is expected for PS, which presents an even lower ionization
energy. This lowering of the ionization energy seems thus to
be attributable to the PO and PS bonding for which d — orbitals
play an important role. This is supported by the discrepancy
observed between the MRCI (without including these orbitals
in the active space) and the RCCSD(T) ionization energy. To con-
firm this hypothesis, a MRCI calculation including the d-orbitals
in the active space have been performed on PO and PO* ground
states with a smaller basis set, AVIZ. In this case, as it can be
appreciated in Figure SM7 of the supplementary material, the
difference in energy between the two minima is 8.37 eV, instead
of 8.06 eV when d — orbitals are not included in the active space.
Despite the use of a smaller basis set, this value is in much closer
agreement with the RCCSD(T) value (8.34 eV), thus confirming
the relevance of d — orbitals in the PO and PO* bonding. It is
worth to remark that, while the inclusion of d — orbitals in the
active space improves the determination of the IE, the reduction
of the size of the basis set (required to perform the calculation)
leads to a displacement of the PECs toward larger distances and a
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change of their curvature. The sensitivity of the results on those
parameters provides an additional clue on the importance of elec-
tronic correlation in the PO bonding. Unfortunately, a similar
calculation cannot be performed for PS, since it would require
additionally the inclusion of d — orbitals of the sulfur atom, mak-
ing the calculation unaffordable, even with small basis sets.
Nevertheless, the results obtained with PO suggest that
d — orbitals will also play an important role in the PS bonding.
This particularity in the PO and PS bonding provides also a hint
on why larger phosphorus oxides and sulfides can form a large
variety of stable clusters which can easily polymerize.

Itis also interesting to point out the ease with which these species
condense, at least at 300 K. In both experiments, a relatively fast
obstruction of the skimmer was indeed observed during the
scans, hindering the possibility to reach larger photon energies
within the limited beamtime available. This observation gives
an additional clue that most of the elemental phosphorus in
the ISM may be locked in grains, not only in form of hydrides,
but more likely in the form of oxides and sulfides. The observed
ease of condensation of these species present (PO) or expected to
be present (PS) in circumstellar envelopes also suggests that they
may play a role in the formation of the primordial grains,
expected to form in these regions of the ISM. Further experimen-
tal studies, in particular at higher temperatures, will therefore be
necessary to confirm the validity of this hypothesis.

4 | Methods
4.1 | Experimental

The experiments are performed using the double imaging pho-
toelectron/photoion  coincidence i2PEPICO  spectrometer
DELICIOUS II [47] located in the permanent end-station
SAPHIRS [60] at the DESIRS beamline of synchrotron
SOLEIL [46]. PS and PO radicals are generated in situ by com-
bining different precursors in a flow-tube reactor. The set-up is
described elsewhere [48], and has been used as an efficient and
reliable way to produce small refractory species in the gas phase,
such as SiC [61] or SiS [62]. Fluorine atoms, produced by micro-
wave discharge of F, (Air liquide 5% in He) are fed into the reac-
tor where the precursors H,S (Air liquide 99.5%) and PH; (1.5%
in N,) are injected. The fluorine atoms react with the hydrides
and strip the H-atoms. The resulting radicals may then recom-
bine to form a variety of species, among them, PS. The best signal
was obtain with a total pressure of 3.0 X 10~! mbar in the reactor
for a total flow of around 1000 sccm (standard cubic centimeter
per minute). The concentrations of atomic F, PH; and H,S are
measured to be around 1x10'", 2x10'3, and 4x 10" cm~3,
respectively.

The relatively high abundance of atomic F is necessary to provide
several abstraction reactions on PH; and H,S in order to optimize
PS production (through P+ SH and S + PH reactions). The dis-
tance between the end of the injector and the end of the reactor
was adjusted to optimize PS production, leading to a reaction
time equal to 4 ms. Similarly to PS, for the generation of PO rad-
icals, a mixture of PH; (1.5% in N,) and atomic O, produced by
microwave discharge of molecular O,, are employed.

At the center of the DELICIOUS III spectrometer, the synchro-
tron radiation intersects the molecular beam at a right angle.

Electrons and ions generated from this interaction are extracted
and accelerated in opposite directions by a continuous electric
field. Electrons are detected using velocity map imaging (VMI),
while ions are analyzed with a modified Wiley-McLaren time-
of-flight (TOF) imaging spectrometer. Electron/ion pairs are tem-
porally correlated within the coincidence scheme, so that photo-
electron images can be filtered by cation mass. In addition,
because of the net velocity in the molecular beam direction, events
can be filtered by the position of arrival of the cation, so that only
species originating in the reactor are considered, notably increas-
ing the signal-to-background ratio [48].

Detailed energy scans were recorded for PS* and PO™ in the
photon energy ranges of 7.5-8.9 and 8.0-8.9 eV, respectively,
with a step size of 6 meV. At each photon energy, ion mass-
and position-selected photoelectron spectra (PES) are derived
from the respective electron VMI images by Abel transformation
63]], leading to the so-called photoionization matrix, which rep-
resents the number of events for a given mass as a function of
electron and photon energies. These matrices are reduced to
extract the slow photoelectron spectra (SPES), as detailed else-
where [64], which yield the cation spectroscopy with a good res-
olution/signal compromise. The calibration of the spectra were
performed using the signal of He*. All the spectra have been
corrected by the synchrotron photon flux. Additionally, the
smooth signal decay observed in some of the scans due to skim-
mer clogging, is also corrected by comparison to fast and lower
resolution scans (100 meV steps), 7.5-9.5eV for PS* and 8.0-
11.0eV for PO* energy ranges (Figures S1 and S4), carried
out first in both cases. It was necessary since in both experiments,
condensation of unidentified refractory materials on the skim-
mer, e.g., either phosphorus oxides/sulfides polymers or salts,
lead to the complete obstruction of the skimmer, allowing us only
reduced acquisition time.

Synchrotron radiation from an undulator is dispersed using a
6.65-meter normal incidence monochromator equipped with a
200 lines/mm grating. A gas filter containing argon is employed
to suppress high-order harmonics from the undulator, ensuring
spectral purity. The contents of the flow-tube reactor are colli-
mated using two sequential skimmers (Beam Dynamics,
2.0mm diameter) leading to a mild adiabatic expansion. The
overall resolution must take into account the resolutions of
the photons and electrons energies, respectively. The photon
energy is fixed by the monochromator slits, which Ar adjusted
to achieve a photon energy resolution of ~ 8 meV. Meanwhile,
the electron energy resolution depends on the measurement con-
ditions and is estimated to be 13 meV, in the present case. The
convolution of both lead to a overall resolution of 15 meV. The
minimum error in the measurements is given by half of the spec-
tral step employed in the scans, which corresponds to an error of
3meV (~ 25cm ™). For the AIE of both PS and PO, the error is
estimated to be 0.006 eV, the half-width of the fitted gaussians.
For the frequencies and associated quantitites, the error is given
by the polynomial fit.

4.2 | Theoretical

The electronic structure calculations to determine the potential
energy curves (PECs) of PO, PS, and their respective cations are
performed using the MOLPRO 2022 package [65]. The full PECs
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of the ground state of both radicals, and all the singlet and triplet
electronic states of their cations, correlating to P+ (3?P)+X(*P) and
P(*S)+X(*S), with (X=0, S), are computed using the MRCI
method [66] with Davidson correction [67]. The MRCI wave
function is built using the orbitals generated at SA-CASSCEF level
[68] and considering an active space of 6 (cations) and 7 electrons
(neutral) in 6 orbitals, the three valence p-orbitals of both atoms.
Within the C2, symmetry, the first 2B, and 2B, states (the two
components of the 2I1 ground state) of the neutral radical
together with all the states of the cation correlating to the atomic
fragments in their ground states are included. This corresponds
to four A, states, two B, states, two B, states, and two A, states for
each singlet, triplet and quintuplet spin multiplicities. The inclu-
sion of all these states allows a good description of the nondy-
namical correlation in the asymptotic regions where most of
the electronic states of the cation become degenerated, and
well behaved orbitals along all the PECs. By analogy with NO
radical, it is in principle expected that the PX bonding (X=S,
O) will form through the valence s and p — orbitals of both atoms.
Consequently, the active space is increased by including the
valence s-orbital of two atoms at the MRCI level. Both 1s orbitals
are however kept frozen since they are not expected to play a role
neither in the bonding nor in the ionization energy. It is worth to
point out that P and S atoms also possess d — orbitals in their
valence shell, and ideally, including them in the active space
would improve further the description. However, the number
of configurations arising from this larger active space increases
drastically, with a huge impact on the computational cost. In the
case of PO, calculations wih few electronic states are still feasible
by reducing the size of the basis set. However, in the case of PS
which requires five additional d — orbitals compared with PO, the
number of configurations explodes making the calculation
untractable. The quintuplet states are not computed at the
MRCI level. To determine the spin—orbit splitting of the radical
ground states, the spin-orbit couplings between 2B; and 2B,
states have been computed using the Breit-Pauli operator, within
the scheme implemented in MOLPRO [69]. The cc-pV5Z basis set
is employed for the MRCI calculations providing the complete set
of potential energy curves.

In addition, the PECs of the ground states of the PO and PS rad-
icals and their respective cations are also computed at the
RCCSD(T) level of theory. As in the case of the MRCI calcula-
tions, only the 1s orbitals are kept frozen in order to capture prop-
erly the core-valence correlation. Mono-reference methods are
known to not be able to describe properly bond breaking, thus
the RCCSD(T) calculations were restricted to the Franck-
Condon region, which are within the [1.1-1.9] A interval for
PO and [1.6-2.3] A interval for PS. RCCSD(T) calculations are
done with the aug-cc-pwCVQZ basis set. To explore the impact
of the inclusion of d — orbitals in the active space, the same cal-
culation was performed at MRCI level with increased active
space in the case of PO. This heavier calculation was done using
the aug-cc-pVTZ basis set.

To obtain more accurate description of the vibrational levels of
the ground state of the cations, the ab initio points (MRCI or
RCCSD(T)), sampled over the PECs, are interpolated by cubic
splines and are employed to solve the nuclear motion variation-
ally. The first ten vibrational levels for a 1X+ state are calculated
using the DUO program [54].

Finally, the exothermicities of the reactions (1)-(6) are calculated
at the DFT level using the M06-2X functional and AVTZ basis set
with Gaussianl6 [70].
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: Total ion yield for the 63 m/z
channel (PS™). From 7.50 to 8.9 eV a step size of 6 meV was used, while a
step size of 100 meV was used for the rest of the spectrum. A zoom of the
small step size part is presented in the top-left corner. The sharp peaks
observed correspond to autoionization (Rydberg) states of the PS*. A
sharp small rise is observed at 7.90 eV corresponding to the ionization
energy. Supporting Fig. S2: Intensity colormap of the ionization signal
as a function of electron kinetic energy (Ele KE) and photon energy for
the 63 m/z channel (PS+). Supporting Fig. S3: Energy position (in cm™)
of the vibronic transitions leading to PS* electronic ground state (X 1=*),
obtained after fitting the double peaks to a Gaussian function as a func-
tion of v’+1/2 (black circles). The red curve corresponds to the fit to a
second-degree polynomial function. Supporting Fig. S4: Total ion yield
as a function of photon energy for the 47 m/z channel (PO+), with two
different energy step sizes. From 8.0 to 8.9 eV a step size of 6 meV was
used, while a step size of 100 meV was used for the rest of the spectrum. A
zoom of the small step size part is presented in the top-left corner. A sharp
rise is observed at 8.36 eV corresponding to the ionization energy.
Supporting Fig. S5: Intensity colormap of the ionization signal as a func-
tion of electron kinetic energy (Ele KE) and photon energy for the 47 m/z
channel (PO+). Supporting Fig. S6: Energy position (in cm™) of the
vibronic transitions to the PO* ground electronic state (X 1=*) as a func-
tion of (black circles). Positions are taken as the maximum of the
Gaussian functions used to fit each of the three bands. The red curve cor-
responds to the fit to a second-degree polynomial function. Supporting
Fig. S7: Potential energy curves of PO and PO" calculated at different
level of theory. In black, MRCI+Q/V5Z with s and p orbitals in the active
space. In red, RCCSD(T)/aug-cc-pwCVQZ. In blue, MRCI+Q/AVTZ with
s, p and d orbitals in the active space.
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