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Abstract 

The doublet and quartet potential energy surfaces for the P + SO  PO + S reaction are 
explored using the highly accurate explicit correlation multireference configuration interaction 
method, and the reaction is found to be thermodynamically favourable, with an exothermicity 
value of 70.5 kJ/mol. The electronic structure, spectra, and bond dissociation energies of the 
intermediates involved in the reaction, such as SPO, PSO and SOP, are calculated using high-
level quantum chemistry methods. An explanation of the non-detection of the diatomic SP is 
proposed. At pressures relevant to astrochemistry, the reaction is overwhelmingly bimolecular, 
with a predicted rate coefficient of 2.1  10-10 (T/300)-0.23 cm3 molecule-1 s-1. The results from 
this study are expected to aid in the spectroscopic detection of these new species in the 
laboratory and the interstellar medium. 

Keywords: PES, SPO, phosphorus monoxide, rate coefficient. 

 

1. Introduction 

Phosphorus plays an essential chemical role in life on 
Earth. It is fundamental to all living things and is an important 
nutrient for animals and plants. It plays a critical role in cell 
development and is a key component of molecules that store 
energy, such as ATP (adenosine triphosphate), DNA and 
lipids (fats and oils). Thus, phosphorus is an essential element 
for life and may be linked to the origin of life on Earth and 
play a role as a marker for life on temperate exoplanets 
(Griffith et al. 1977; Gulick 1957; Maciá et al. 1997). 
However, the origin of phosphorus on early Earth is a mystery. 

The observation that phosphorus is found in Comet 67P/C-G 
strengthens the link between comets and life on Earth 
(Altwegg et al. 2016).  

 Phosphorus-bearing molecules have been detected in 
diatomic form, such as PO, PN and CP, in the circumstellar 
envelopes of AGB stars (Lefloch et al. 2016; Milam et al. 
2008; Tenenbaum et al. 2007; Turner & Bally 1987; 
Yamaguchi et al. 2011); and triatomic and tetratomic forms, 
such as C2P (Halfen et al. 2008), HCP (Agúndez et al. 2007) 
and PH3 (Agúndez et al. 2014). Their formation is still poorly 
understood. For instance, the observed PO abundance in the 
inner wind of IKTau was found to be ~3 orders of magnitude 
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larger than that simulated by a comprehensive chemical 
network (Gobrecht et al. 2016). Depending on the temperature 
and radius of the envelope, many plausible mechanisms have 
been proposed to explain the formation of phosphorus-bearing 
molecules. On the one hand, diatomic species such as CP, PO, 
PN and PH may be products of triatomic parent species such 
as HCP, i.e., HCP + hH + CP (Namai et al. 2009), or 
another phosphorus-bearing parent molecule, such as PNO or 
HPO. In this case, the photodissociation mechanism may 
explain the formation of the diatomic species, and the known 
electronic spectroscopy proprieties of the parent molecules 
provide important insight into this mechanism. On the other 
hand, diatomic species can also form through shock or reactive 
collisions (Jiménez-Serra et al. 2018) such as 

 
P + OH  PO + H  (1) 

or 
P + NO  PO + N  (2) 

 
In these cases, some intermediates may play an important role 
in the formation of diatomic species, such as in the case of 
reaction (2). It should be noted that the gas-phase chemistry in 
oxygen-rich circumstellar shells suggests that a reaction with 
PN could lead to the formation of PNO or its isomers. Both 
the shock reaction and the photodissociation mechanism of 
phosphorus-bearing molecules suffer from a lack of both 
theoretical and experimental investigations. For instance, the 
rates of reactions (1) and (2) have been estimated from the fact 
that N and P are isovalent, but the reactions have not been 
measured or theoretically calculated. 

Sulfur monoxide (SO) is an important diatomic agent 
in the interstellar medium (ISM) due to its relative elemental 
abundance relative to that of other species and its role as a key 
intermediate in the oxidation of elemental sulfur (De Beck et 
al. 2013; Rivilla et al. 2016; Tenenbaum et al. 2007). With 
abundances of 105 cm-3 at 90 km in Earth’s atmosphere 
(Gómez Martín et al. 2017) it is important to Earth’s  sulfur 
chemical cycle above the stratosphere. Due to the importance 
of SO, the triatomic [S, P, O] molecular system may play 
significant role. Atom + diatom reactions such as  

 

P + SO  PO + S  (3) 

may compete with other reactions (1) and (2) to explain the 
formation of the diatomic PO.  
PO and SO have been detected in several regions in the ISM. 
However, no experimental or theoretical studies on the 
triatomic SPO molecular system have yet been performed. 

In this study, we use high accuracy ab initio methods, such 
as coupled cluster theory, to spectroscopically characterize the 
electronic ground states of the SPO, SOP and PSO isomers. 

These species may play an important role in reaction (3). This 
data is crucial for the detection of these species, both in the 
laboratory and in the ISM. We then explore the electronic 
potential energy surfaces connecting the reactants, 
intermediates and products in order to use Rice-Ramsperger-
Kassel-Markus (RRKM) theory (Gilbert and Smith, 1990) to 
calculate the rate coefficient of reaction 3, which may be an 
important source of PO in the ISM. 

2. Methods 

Electronic structure calculations of all the SPO isomers 
were performed using coupled cluster CCSD(T) (Knowles et 
al. 1993, 2000) and explicitly coupled cluster CCSD(T)-F12 
(Knizia et al. 2009) theory. Considering the small 
multireference character of the SPO isomers, the complete 
active space self-consistent field (CASSCF) (Knowles & 
Werner 1985; Werner & Knowles 1985) and internally 
contracted multireference MRCI (Knowles & Werner 1988; 
Werner & Knowles 1988) methods were also used 
sequentially. For a more accurate description of the electron 
correlation, the MRCI-F12 and Davidson correction MRCI+Q 
methods were used (Szalay & Bartlett 1993). In these 
calculations, the aug-cc-pV(X+d)Z (X=D, T, Q and 5) basis 
sets (Dunning Jr 1989; Dunning Jr et al. 2001; Wilson et al. 
1996) were used for CCSD(T), and the cc-pVnZ-F12 (X=D,T 
and Q) basis sets (Peterson et al. 2008) were used for 
CCSD(T)-F12. Additional calculations using the core-
consistent aug-cc-pWCVXZ-DK (X=D, T and Q) basis set 
(Jorge et al. 2009) including all electrons, i.e., 
CCSD(T)(A.E.), were performed to consider the core-valence 
and relativistic effect correction. The total energies and 
geometrical parameters in the present calculations were 
therefore extrapolated to the CBS limit for each basis set 
family using the two-parameter equations EX=ECBS + A/X3, 
where A is a fitting parameter. The three-dimensional 
potential energy surfaces (3D-PESs) were mapped in the 
corresponding internal coordinates (RSP, RSO, RPO and θ) 
and calculated at the CCSD(T)(A.E.)/aug-cc-pWCVQZ-DK 
level. These calculations were performed at several nuclear 
geometries around the respective equilibrium geometry, and a 
set of spectroscopic parameters were generated using the 
SURFIT (Senekowitsch 1988) program. 

 

3. Results and discussion 

3.1 Spectroscopy, stability and chemical 

insights 

The relative energies, rotational constants and 
equilibrium geometries of all SPO isomers are listed in Table 

1. Only the ground state of each isomer was considered. The 
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reactions between SO and P, between SP and O and between 
PO and S generated four isomers. The most stable isomer was 
the bent SPO with predicted SP and PO bond lengths of 1.9153 
Å and 1.4723 Å, respectively, at the CCSD(T)/CBS level of 
theory. Inclusion of the core-valence and relativistic effects at 
the CCSD(T)(A.E.)/CBS level led to shortening of the bonds, 
predicting SP and PO bond lengths of 1.9084 Å and 1.4673 Å, 
respectively. Explicit treatment of the electron correlation at 
the MRCI-F12 level of theory predicted SP and PO bond 
lengths in agreement with those calculated at the CCSD(T) 
level of theory, whereas the calculations using Davidson 
correction at MRCI+Q poorly described the SP and PO 
distances, which were predicted to be 0.0208 Å and 0.0144 Å 
larger than those calculated at the CCSD(T)/CBS level. The 
effect of this difference can be easily seen in the rotational 
constants. For instance, the difference was larger than 3500 
MHz for the Ae constant. In further discussions, we will quote 
and recommend the equilibrium geometries calculated at the 
CCSD(T)(A.E.)/CBS level of theory. The second isomer, cyc-

SPO(X2A), lay at 1.62 eV above the global minimum at all 
CCSD(T)/CBS levels of theory. This value is consistent with 
the MRCI-F12 level and 0.1 eV lower than those calculated at 
the CCSD(T) level. For the equilibrium geometry, the 
MRCI+Q values were larger than those calculated at the 
MRCI-F12 or CCSD(T) level. It should be noted that the cyc-
SPO isomer can be considered an excited state of SPO since 
they have different state symmetries. There are 6 electronic 
doublet states, 2A(3) and 2A(3), in the Cs symmetry group 
that correlate to the first dissociation limits of SO+P, PS+O or 
PO+S, and cyc-SPO may have formed through the reaction of 
atom + diatom. 

The PSO isomer was predicted to be bent like SPO and to 
lie at 1.88 eV above the SPO isomer. Again, the MRCI+Q 
level of theory poorly predicted the equilibrium geometries of 
the PSO isomer. For example, the SP bond length and the 

bending angle were predicted to be 0.0451 Å and 1.2° larger 
than those calculated at the CCSD(T)(A.E.)/CBS level of 
theory. Explicit treatment of the electron correlation at the 
MRCI-F12 level of theory gave results in good agreement 
with the CCSD(T) results. At the CCSD(T)(A.E.)/CBS level 
of theory, the SP and SO bond lengths were predicted to be 
1.9724 Å and 1.4765 Å, respectively. At the same level of 
theory, the SP bond length was 0.064 Å larger than that 
predicted in the SPO isomer. 

 
The SOP isomer lay at 3.01 eV above the global 

minimum, with a predicted bending angle of 135.5° at the 
CCSD(T) level of theory. This result is inconsistent with those 
calculated at the MRCI level of theory. The rotational 
constants calculated using multireference and single-reference 
methods are not consistent, especially when we compare the 
rotational constants. For instance, the rotational constants Ae 
showed a difference of ~22000 MHz, which may be due to the 
difference in the bending angles. In comparison, the PO 
distance increased by 0.1747 Å relative to its value in the SPO 
isomer at CCSD(T)(A.E)/CBS level of theory. This 
comparison suggests a small bond dissociation energy along 
the P-OS bond length compared to that of SPO. Moreover, 
both SO and PO were increased in the SOP isomer relative to 
their values in free diatomic SO (X3-, re=1.4810 Å) and PO 
(X2, re=1.4759 Å). 

 
 
 
 
 

 
 
 

SPO (X2A) 
Method/basis set SP PO  Ae Be Ce Er 
CCSD(T)/CBS 1.9153 1.4723 133.0 68070 4377 4110 0.0 
CCSD(T)-F12/CBS 1.9142 1.4718 133.0 68280 4385 4124 0.0 
CCSD(T)(A.E.)/CBS 1.9084 1.4673 133.0 68329 4400 4131 0.0 
MRCI+Q/aug-cc-pV(T+d)Z 1.9361 1.4867 132.1 64580 4323 4051 0.0 
MRCI-F12/aug-cc-pVTZ 1.9093 1.4749 132.9 67847 4406 4137 0.0 
Recommended 1.9084 1.4673 133.0 68329 4400 4131 0.0 

cyc-SPO (X2A) 
 SO PO  Ae Be Ce Er 
CCSD(T)/CBS 1.7730 1.6538 73.6 21195 7553 5568 1.62 
CCSD(T)-F12/CBS 1.7723 1.6455 73.6 21233 7569 5579 1.62 
CCSD(T)(A.E.)/CBS 1.7798 1.6464 73.5 21020 7452 5501 1.62 
MRCI+Q/aug-cc-pV(T+d)Z 1.7936 1.6629 73.6 20909 7415 5474 1.52 
MRCI-F12/aug-cc-pVTZ 1.7811 1.6507 73.7 21228 7512 5548 1.66 
Recommended 1.7798 1.6464 73.5 21020 7452 5501 1.62 

PSO (X2A) 
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 SP SO  Ae Be Ce Er 
CCSD(T)/CBS 1.9811 1.4797 118.4 40368 4720 4226 1.87 
CCSD(T)-F12/CBS 1.9763 1.5014 118.5 40586 4727 4234 1.87 
CCSD(T)(A.E.)/CBS 1.9724 1.4765 118.5 40557 4740 4244 1.88 
MRCI+Q/aug-cc-pV(T+d)Z 2.0175 1.4974 117.3 38209 4617 4119 1.78 
MRCI-F12/aug-cc-pVTZ 1.9864 1.4851 118.5 40287 4696 4206 1.89 
Recommended 1.9724 1.4765 118.5 40557 4740 4244 1.88 

SOP(X2A) 
 PO SO  Ae Be Ce Er 
CCSD(T)/CBS 1.5986 1.6439 135.2 103952 3560 3442 3.01 
CCSD(T)-F12/CBS 1.5948 1.6418 135.3 104021 3566 3447 2.99 
CCSD(T)(A.E.)/CBS 1.5940 1.6420 135.3 103923 3571 3452 3.01 
MRCI+Q/aug-cc-pV(T+d)Z 1.6264 1.6549 129.7 81719 3633 3478 2.73 
MRCI-F12/aug-cc-pVTZ 1.6183 1.6400 129.9 83380 3679 3524 2.92 
Recommended 1.6183 1.6400 129.9 83380 3679 3524 2.92 

 

Table 1: Equilibrium geometries (distances in Å and angles in degrees), rotational constants (in MHz), and relative energies 

(in eV) of the SPO, cyc-SPO, PSO and SOP isomers. 
 
To aid in the detection of SPO isomers, a set of accurate 

spectroscopic constants were determined from the 3D-PESs 
calculated at the CCSD(T)(A.E.)/aug-cc-pWCVQZ-DK level 
of theory. These parameters included equilibrium bond 
distances (re), rotational constants at the equilibrium geometry 
(Ae, Be, and Ce), first-order centrifugal distortion constants 
(Dj), vibrational anharmonicity constants (χij), dipole moment 
and anharmonic (νi) and harmonic (i) vibrational 
frequencies, and they are reported in Table 2. 

 
The vibrational frequencies of SPO and PSO suggest that 

the ro-vibrational spectra are further complicated because of 
the existence of anharmonic resonances (e.g., the Darling-
Dennison and Fermi resonances). For instance, the symmetric 
mode of the SPO isomer, which was predicted to be 609 cm-1, 
is two times the asymmetric mode i.e. 23= 1. This is 
expected to result in Fermi resonances. For the PSO isomer, 
we observed the same trend, where the asymmetric mode was 
predicted to be 1082 cm-1 and the symmetric mode was 
predicted to be 556 cm-1. In the SOP isomer, the bending mode 
was predicted to be 132 cm-1, consistent with the other levels 
of theory, which all predicted a value less than 150 cm-1. This 
small bending mode suggests that the potential energy surface 
along the bending mode will be flat, and a large amplitude of 

motion is expected. This conclusion is also supported by the 
observation that the DK distortion constant is significantly 
larger than other quartic distortion constants. This latter value 
was predicted to be 176.5 cm-1 for SOP and 2.8 cm-1 for PSO. 
Moreover, the small value of the bending mode can be probed 
using far-IR sources either in the laboratory or at synchrotron 
radiation sources. Table 2 shows that the asymmetric 
frequency modes are characterized by bright intensities, 

suggesting that their detection through vibrational 
spectroscopy is likely. For instance, 

 
 
 

 SPO(X2A) PSO(X2A) SOP(X2A) 
RSP (Å) 1.9107 1.9778  
RSO (Å)  1.4787 1.6445 
RPO (Å) 1.4695  1.5969 
 (o) 134.0 118.4 135.0 
Ae (MHz) 71266 40638 103283 
Be (MHz) 4386 4740 3578 
Ce (MHz) 4132 4244 3458 
Dj (MHz) 0.0013 0.0024 0.0029 
Djk (MHz) -0.1007 -0.0716 -1.2248 
Dk (MHz) 9.9459 2.8374 176.56 
e (D) 0.60 0.90 0.63 
11 (cm-1) -9.205 -9.461 -34.838 
22(cm-1) -20.628 -0.772 -1.422 
33(cm-1) -13.853 -0.991 -3.177 
12(cm-1) -2.449 -3.062 -10.009 
13(cm-1) -20.104 -8.766 4.085 
23(cm-1) -12.354 2.536 4.002 
1 (cm-1) 1233 1107 909 
2 (cm-1) 332 242 138 
3 (cm-1) 641 561 604 
1 (cm-1) 1203(252) 1082(1000) 836(260) 
2 (cm-1) 325(15) 240(15) 132(1) 
3 (cm-1) 609(58) 556(18) 602(22) 
22 637 479 262 
2 + 3 947 799 738 
32 936 716 388 
23 1191 1110 1198 
22 + 3 1271 1040 872 
21 2389 2146 1603 
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Table 2: CCSD(T)(A.E.)/aug-cc-pWCVQZ-DK 
spectroscopic constants of SPO, PSO and SOP isomers in their 
ground electronic states. The values in parentheses are the 
MP2/aug-cc-pV(T+d)Z intensities. 

 
the intensity of the 1 mode for PSO is predicted to be 1000 
km/mol, which would greatly facilitate its detection. The 
asymmetric 1 mode for the SPO and SOP isomers shows 
relatively high intensities of 252 and 260 km/mol. 

3.2 Formation of PO through SO + P and SP + O 

reactions and photochemistry of the intermediate 

complexes 

Despite the detection of PO and SO in VY CMa stars and 
the relatively high abundance of sulfur and oxygen in the same 
region, no isomers of the [S, P, O] molecular system have been 
detected. In the gas phase or on grain surfaces, SPO isomers 
may form through SO + P, SP + O and PO + S reactions. These 
reactions may generate SPO species in their excited or ground 
electronic states. 

 
Figure 1: Doublet (black) and quartet (blue) potential energy 
surfaces for the [S, P, O] system calculated at the 
MRCI+Q/aug-cc-pV(T+d)Z level of theory, including the 
lowest dissociation limits. The transition states are single-
point calculations at their optimized equilibrium geometries at 
the CASSCF/aug-cc-pV(T+d)Z level. The dissociation limits 
were calculated at the CCSD(T)(A.E.)/aug-cc-pWCVQZ-DK 
level. 
 
The bond dissociation energies (BDEs) of all SPO isomers 
were calculated at the CCSD(T)(A.E.)/aug-cc-pWCVQZ-DK 
level of theory and are shown in Figure 1. The correlation of 
the lowest doublet and quartet electronics states to the SO+P 
and PO+S dissociation limits is shown in Figure 2. 
 

a)  b) 
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c)  d) 
Figure 2: MRCI+Q/aug-cc-pV(Q+d)Z PESs along the stretching and bending coordinates. a) and d) for SOP along the PO 
and SO distances, respectively. b) for PSO along the PS distance. c) for SPO along the SP distance. 

 
The vertical excitation energies are listed in Table 3. 
Inspection of these values shows that the formation of PO via 
the SO + P reaction is plausible from a thermodynamic 
perspective. The SO + P  PO + S reaction is exothermic, 
with a predicted exothermicity of 0.73 eV (70.41 kJ/mol). 

This reaction occurs adiabatically in a single doublet 
electronic state (Figure 2a and 2b). This reaction involves 
the SOP isomer when the phosphorus atom attacks the 
oxygen in the diatomic SO (Figure 2a). 
 
 
 

 SPO PSO SOP cyc-SPO 
Transition (nm) f (nm) f (nm) f Transition (nm) f 

22AX2A 724.8 0.0052 812.1 0.0065 1143.7 0.0020 12AX2A 3190.5 0.0004 
32AX2A 293.1 0.0324 578.7 0.0043 1068.3 0.0040 22AX2A 2257.8 0.0018 
12AX2A 672.6 0.0196 973.2 0.0009 2129.5 0.0002 32AX2A 1034.4 0.0001 
22AX2A 432.7 0.0144 531.9 0.0034 1169.6 0.0008 22AX2A 439.1 0.0026 
32AX2A 298.8 0.0059 466.9 0.0018 933.1 0.0004 32AX2A 243.0 0.0071 

 

Table 3: MRCI+Q/aug-cc-pV(Q+D)Z vertical excitation energy ( in nm) and the oscillator strength of each transition f. 
 

This isomer is characterized by a small S-OP BDE of 0.33 eV 
(31.8 kJ/mol) and an S-OP BDE of 1.06 eV (102.2 kJ/mol). 
The production of PO may occur through the upper vibrational 
levels of the ground-state X2A. The reaction of SO and P may 
also lead to the formation of the PSO isomer when the 
phosphorus atom attacks the sulfur of the SO (Figure 2b). 
 

 
Figure 3: MRCI+Q/aug-cc-pV(T+d)Z two-dimensional PES 
in eV for the motion of the phosphorus atom around the 
diatomic SO. 
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Figure 3 shows the evolution of the ground state of SOP and 
PSO along the Jacobi coordinates (r,). In the SOP and PSO 
isomers, the SO distance does not change much and was kept 
fixed at its equilibrium values in SOP during the calculations 
of the PES (Figure 3). This figure shows that the transition 
state that connects SOP and PSO is located at ~2.4 eV (240 
kJ/mol) above the global minimum (named TS2 in Figure 1). 
Inspection of this figure also shows that the reaction of S and 
PO favours SOP and SPO with a linear configuration in the 
entrance channel. Indeed, over a long range, i.e., r=6.5 bohr 
and  <160o, there is a high barrier that prevents the formation 
of PSO. This barrier decreases as SO and P adopt a linear 
configuration, i.e., 170 <  < 180o. 

The reaction of SP with oxygen may lead to formation of 
the SPO isomer when the oxygen atom attacks the phosphorus 
of diatomic SP (Figure 2c). Moreover, the electronic ground 
state of SPO correlates to the first dissociation limit of PO + 
S, and the SPO isomer may be involved in the formation of 
PO. In this case, other processes are in competition with this 
process, for example, photodissociation, since the S-PO BDE 
was calculated to be 3.32 eV (320.3 kJ/mol) for the SPO 
isomer. The MRCI/aug-cc-pV(Q+d)Z vertical excitation 
energy of the 32A X2A electronic transition was predicted 
to be 293.1 nm with a relatively large transition dipole 
moment (0.61 D) and oscillator strength (0.0324). Absorption 
into this state may produce diatomic PO since the 32A state is 
unstable and has a minimum located above the first 
dissociation limit of S+PO (see Figure 2c). All SPO isomers 
show a high density of electronic states in the ultraviolet 
visible (UV-Vis) region, which favours their crossing and 
spin-orbit coupling. 

The inverse reaction, PO+S, may lead to formation of the 
SPO isomer when the oxygen atom attacks the phosphorus of 
diatomic PO from the sulfur side. Figure 2c shows that the 
potential energy surface of the ground state correlates 
adiabatically to the PO+S dissociation limit, and there is no 
barrier to prevent this reaction. Attack of the phosphorus atom 
leads to SOP, and this reaction needs to overcome a small 
energy barrier (denoted as TS-diss in Figure 1) of 0.4 eV (38.6 
kJ/mol). 
 
Thus, there are two plausible mechanisms for the formation of 
the diatomic PO: (i) an attack of the SO diatomic by atomic 
phosphorus followed by cleavage the SO bond and formation 
of PO; (ii) the formation of SPO or PSO isomers and their 
photodissociation to produce PO and S. 
 
In the long range, the doublet and quartet states cross 
mutually, and the formation of SPO isomers may occur in the 

quartet state. Figure 2a and 2b shows that the 14A state is 
stable and shows a minimum below the first dissociation limit. 
This state correlates adiabatically to the first dissociation limit 
of SO + P. In the PSO isomer, the BDE for SO + P was 
predicted to be 104.2 kJ/mol, and that for PO + S was 
predicted to be 27.9 kJ/mol. The transition states that connect 
the quartet minima were also calculated and named TS3 and 
TS4 in Figure 1. Compared to that on the doublet surface, the 
conversion from PSO to SPO or SOP on the quartet surface 
requires less energy. For instance, conversion from PSO to 
SOP requires 224.6 kJ/mol on the doublet surface, while it 
requires only 91.6 kJ/mol on the quartet surface. 
 

3.3 Lack of the SP diatomic 

The study of chemical reactions involving SO and PO has 
been very limited, and the processes studied here are 
potentially important in understanding the formation and 
destruction of PO in space and may also explain the non-
detection of diatomic SP. Figure 1 shows that the SP + O 
dissociation limit is high in energy and makes the reactions 
that produce SP from SO or PO endothermic. Moreover, 
reactions that involve SPN (Trabelsi et al. 2018), HPS, and 
H2PS (Lopez et al. 1993) as intermediates to produce diatomic 
SP may occur in the ISM, but they are also endothermic. 
Quantitative analyses of the reaction SX + P  SP + X (X = 
N, O, H2 and H) allow us to suggest that the non-detection of 
the diatomic SP may be explained by the fact that the 
dissociation limits of SP + X (X = N, O, H2 and H) are high in 
energy and that all reactions that may produce SP are 
endothermic. This suggests that the diatomic SP, if it exists, 
should be generated in high temperature regions, where 
shocks allow strongly endothermic chemistry to occur. 

 
3.4 Kinetics of the P + SO  PO + S Reaction 

Collisions between P(4S) and SO(3-) take place on 
PESs of A symmetry and doublet, quartet and sextet spin 
multiplicity. However, the sextet surfaces are repulsive and do 
not contribute to the reaction. The doublet and quartet surfaces 
each split into two pathways, as illustrated in Figure 1. All 
four pathways to the bimolecular products PO(2) + S(3P) are 
either barrierless (the quartet surface via SOP) or involve 
barriers that are submerged with respect to the reactants (the 
doublet surface via PSO and SPO, the double surface via SOP, 
and the quartet surface via PSO and SOP). To model this 
complex scenario, RRKM calculations were performed using 
the Master Equation Solver for Multi-Energy well Reactions 
(MESMER) program (Glowacki et al. 2012). The internal 
energy of each species on the PESs was divided into a 
contiguous set of grains (width 200 cm-1) containing a bundle 
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of rovibrational states. The rotational constants and 
vibrational frequencies required to calculate the densities of 
all the stationary points on the PESs in Figure 1 are listed in 
Table 4. 

 
 
 
 

 RSP RSO RPO  A B C 1 2 3 ZPVE 
4SPO 2.2097  1.5145 120.9 40347 3824 3493 1072 192 325 795 
4PSO 2.2142 1.5241  102.0 25638 4548 3863 987 199 424 805 
4SOP  1.6651 1.6929 113.4 46736 4068 3742 813 194 813 838 
TS1 1.9377 1.7913  63.2 13453 3110 2526 694 491 i432 593 
TS2  1.6285 1.9917 75.3 20365 6338 4833 844 269 i265 557 
TS3 1.9626  2.3044 80.7 10607 6022 3841 648 157 i377 622 
TS4 2.1650 1.6559  63.26 19403 6051 4613 814 439 i674 402 
TS-diss  2.8584 1.5040 123.6 55586 2333 2239 1005 156 i110 580 

 
Table 4 : Equilibrium geometries (distances in Å and angles in degrees), rotational constants (in MHz), harmonic vibrational 
frequencies and zero-point vibrational energies (ZPVEs) (in cm-1). 
 

Each grain was then assigned a set of microcanonical 
rate coefficients, for dissociation either back to P + SO or 
forward to PO + S where appropriate, using an inverse Laplace 
transformation to link them directly to the relevant high-
pressure limiting recombination coefficient (krec,). krec, was 
set to the capture rate calculated using the long-range 
transition state method of Klippenstein and Georgievskii 
(Georgievskii & Klippenstein 2005), which yields krec,(P + 
SO) =  6.8  10-10 (T/300)1/6 cm3 molecule-1 s-1 and k rec,(PO 
+ S) =  7.0  10-10 (T/300)1/6 cm3 molecule-1 s-1. In both cases, 
the dispersion force dominates capture. 

For P + SO, 1/3 of collisions statistically take place on the 2A 
surface, which splits into 2 pathways, so the krec, for each 
reaction pathway was set to 1/6 of krec,(P + SO), i.e., 1.1  10-

10 (T/300)1/6 cm3 molecule-1 s-1. The same applies for the two 
pathways arising from the 4A surface. Collisions between PO 
and S generate three A surfaces of doublet spin multiplicity 
and three A surfaces of quartet spin multiplicity. There are 
three additional 2A and three 4A surfaces, but these do not 
correlate with the reactants. Each A surface therefore has a 
statistical weight of 1/12, so the krec, for each surface was set 
to 5.8  10-11 (T/300)1/6 cm3 molecule-1 s-1. The standard 
RRKM transition state treatment (Georgievskii & 
Klippenstein 2005; Gilbert & Smith 1990; Glowacki et al. 
2012) was used to calculate the microcanonical rate 
coefficients for crossing the saddle points between the local 
minima in Figure 1. The probability of collisional transfer 
between grains was calculated using the exponential down 
model, taking H2 as the third body because of the 
astrochemical environment. The average energy for 
downward transitions ⟨ΔE⟩down was set to 200 cm-1 at 300 K, 

with a small temperature dependence of T0.25 (Gilbert & Smith 
1990). 

Figure 4 illustrates the calculated rate coefficient for the total 
removal of P as a function of [H2] at 300 and 1000 K, as well 
as the rate coefficients of the individual reaction channels. The 
bimolecular reaction to PO + S dominates over recombination 
at pressures up to approximately 10 bar at 300 K and more 
than 1000 bar at 1000 K. There are two doublet surfaces that 
lead to PO + S via 2SOP and 2SPO. The former is faster 
because it has a lower submerged barrier, but this pathway is 
still slower than the reaction via 4SOP, which has no barriers. 
The most important recombination products are 2PSO and then 
4PSO because these local minima are reasonably deep and 
occur before substantial barriers on their respective surfaces. 
2SOP and 4SOP are less important, and the latter is weakly 
bound and will quickly dissociate into PO + S. 
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Figure 4. Rate coefficients as a function of the H2 bath gas 
concentration for the reaction between P and SO at 300 K (top 
panel) and 1000 K (bottom panel). The thick grey line is the 
total P removal reaction rate coefficient. This comprises three 
bimolecular pathways to PO + S (black lines) and 
recombination to PSO (red lines), SOP (blue lines) and SPO 
(green lines). Reactions on the surfaces of doublet and quartet 
spin multiplicity are shown as solid and dashed lines, 
respectively. 
 
Interestingly, although 2SPO is the most stable of the 
recombination products, very little of this species forms 
because the exit channel from 2SPO to PO + S is 70 kJ mol-1 
below the reactant entrance channel, indicating that collisional 
stabilization is very unlikely even at 1000 bar. 4SPO is 
difficult to access because of the barrier of 44 kJ mol-1 above 
the entrance channel, but even if the barrier were crossed, the 
exit channel to PO + S is 70 kJ mol-1 below the entrance 
channel. 
 

4. Conclusion 

The P + SO  PO + S reaction is a fundamental reaction that 
can help explain why PO and not phosphorus is a fundamental 
marker of life on temperate exoplanets. There are no studies 

in the literature that have examined the reaction. The present 
contribution is a first step in understanding the formation of 
PO molecules from the reaction between atomic phosphorus 
and sulfur monoxide. Our calculations show that the P+SO 
PO +S reaction is exothermic. At pressures relevant for 
astrochemistry, the reaction is overwhelmingly bimolecular, 
with a predicted rate coefficient of 2.1  10-10 (T/300)-0.23 cm3 
molecule-1 s-1. This study opens the doors to quantify the 
importance of this reaction on the formation of PO relative to 
other formation pathways, such as the reaction of phosphorus 
with NO, i.e., P + NO  PO + N. Finally, the intermediates 
in the P + SO  PO + S reaction are spectroscopically 
characterized to aid their detection in the laboratory or the 
ISM.  
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