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Abstract 

Despite the importance of phosphorus-bearing molecules for life and their abundance outside 

Earth, the chemistry of those compounds still is poorly described. The present study 

investigated phosphine (PH3) decomposition and formation pathways. The reactions studied 

include phosphine thermal dissociation, conversion into PO, PN, and reactions in the presence 

of H2O
+. The thermodynamic and rate coefficients of all reactions were calculated in the range 

of 50 – 2000 K considering the CCSD(T)/6-311G(3df,3pd)//B97xD/6-311G(3df,3pd) electronic 

structure data. The rate coefficients were calculated by RRKM and SCTST theories. According 

to the results, PH3 is stable due to thermal decomposition at T < 100 K but can be formed 

promptly by a reaction mechanism involving PH, PO, and PN. In the presence of radiation or 

ions, PH3 is readily decomposed. For this reason, it should be mainly associated with dust 

grains or icy mantles to be observed.  The intersystem crossing associated with the dissociation 

of the isomers PON, NPO, and PNO was accessed by multireference methods, and its 

importance for the gas-phase PH3 formation/destruction was discussed.  Also, the impact of 

the present outcomes on the phosphorus space chemistry was highlighted. 

Introduction 

Phosphorus is a relatively rich cosmical element with [P]/[H]= 3X10-7[1] and an important 

element in all known life forms. Different phosphorus-bearing compounds have been observed 

in space[2]. Because phosphorus is a biogenic element, studying the various forms in which it 

is present in different astronomical environments is a matter of great interest, although still 

poorly understood[3, 4].  

The first phosphorus species found in the molecular clouds was the P=N molecule[5]. The 

second phosphorus compound detected in interstellar space was the C=P radical[6], found in 

the circumstellar region around IRC+10216, a late-type evolved star[7]. High-quality ultraviolet 

observations have confirmed that phosphorus is depleted by approximately a factor of 3 

relative to its Solar System abundance in lines of sight containing warm, diffuse clouds and 

denser cold clouds[8, 9]. Therefore, a significant fraction of interstellar phosphorus must be 
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trapped in the grain phase. The phosphorus detection as part of the dust components in comet 

Halley corroborates the previous hypothesis[10]. 

An emission feature attributed to the J= 1-0 line of PH3 was observed independently in the 

spectra of carbon-rich asymptotic giant branch star IRC+10216 and in the envelope of the 

carbon-rich post-AGB object CRL 2688 from observations of an emission line at 266.9 GHz[11]. 

Agúndez et al.[12] unambiguously reported the detection of the J= 2-1 rotational transition of 

PH3 in IRC+10216, but there is no evidence of its presence in star-forming regions[13]. Two 

rotational transitions of the PO molecule were observed toward the oxygen-rich red 

supergiant VY CMa: the J= 5.5 - 4.5 at 239.9 – 240.2 GHz and the J= 6.5 – 5.5 at 283.6 – 283.8 

GHz[14, 15].  

Recently, Lefloch et al.[16] reported the first detection of PO in solar-type star-forming 

regions, and Rivilla et al. [17, 18] have shown that P-bearing molecules (in particular, PO and 

PN) are present in star-forming regions and a quiescent cloud in the Galactic Center. Although 

their formation process remains poorly understood, PO is a factor 2-3 more abundant than PN. 

The formation of phosphorus monoxide (PO) from the radiative association of phosphorus and 

oxygen atoms has been estimated by accurate quantum chemistry calculations by Andreazza 

et al.[19], and the radiative association between P and S atoms to produce phosphorus 

monosulfide (PS), also in its doublet ground state, has been investigated by de Almeida et 

al.[20]. The radiative association of P and Cl atoms to produce phosphorus monochloride (PCl) 

in its triplet ground state has been investigated by Andreazza et al. [21]. The rate coefficients 

for forming carbon monophosphide (CP) and silicon monophosphide (SiP) by radiative 

association were also estimated for temperatures ranging from 300 to 14 100 K by Andreazza 

et al.[22]. In both cases, rate coefficients increase slowly with the increase in temperature. 

Phosphine ice, the phosphorus analog to ammonia (NH3), is a plausible major phosphorus 

constituent of comets. However, recent searches in the gaseous coma of a few comets turned 

out unsuccessful, providing upper limits not significant enough to conclude whether PH3 locks 

most of the phosphorus in these small bodies[23, 24].  Phosphorus is in the same chemical 

family as nitrogen, with an abundance 300 times smaller ([P]/[N]= 4X10-3). Since P is an 

essential element in the biochemistry of all living organisms, the detection and abundance 

determination of P-bearing molecules in comets is of great interest. ROSINA´s double-focusing 

mass spectrometer (DFMS) of the Rosetta Mission detected atomic P in the coma of Comet 

67P/Churyumov-Gerasimenko[25, 26]. It is unclear which parent molecule produces the P seen 

in the DFMS spectra, taking into account that the instrument measured only the volatile 

content for O (oxygen) and P. Recently, Rivilla et al.[4] have shown that PO, not atomic 

phosphorus, is the phosphorus reservoir in Comet 67P/C-G. One would expect simple 

molecules, such as diatomic species (PH, PO, CP, PN, SiP, P2, and PCl), triatomic (HCP, CCP and 

PH2), and others (PH3 and diphosphine - P2H2), to exist in cometary ices, released into the gas 

phase upon sublimation. 

Despite the molecules’ simplicity, phosphorus compounds’ chemistry continues to be 

unknown to those interested in the astrochemistry and astrobiology fields. Until now, few 

theoretical studies described the PO and PN reactions in ISM conditions[27–32].  While the PH3 

decomposition paths were investigated at higher temperatures to elucidate the epitaxy and 



vapor deposition mechanism[33–35]. In parallel, Semenov et al.[36] studied the PN rovibronic 

spectra theoretically by ab initio methods, which is pivotal to helping the correct identification 

of this molecule by experimental means. Due to these reasons, the present study aims to 

investigate the pathways for the formation and decomposition of PH3 and the reactions that 

may form PO and PN beyond Earth by quantum chemistry methods.  

Computational details 

The reactions studied are listed in Figure 1 and include phosphine conversion into PO, PN, and 

reactions in the presence of H2O
+. The H2O

+ ion was unambiguously identified in several 

comets [37–40] and may be a PH3 sink[41].  All species participating in the reactions were fully 

optimized and characterized by their harmonic vibrational frequencies. The species considered 

minima in the potential energy surface (PES) presented only positive frequencies. In contrast, 

the saddle points that characterize the transition structures of each reaction presented only 

one imaginary frequency. When appropriate, the anharmonic corrections were calculated by 

the vibrational second-order perturbation theory (VPT2)[42, 43]. The B97xD/6-311G(3df,3pd) 

level of theory was employed for geometry optimization and frequency calculations. 

Further, single-point calculations were performed at CCSD(T)/6-311G(3df,3pd) level. This level 

of theory was applied successfully in a previous study involving P-bearing molecules of 

astrochemistry interest[27]. The thermochemical parameters were calculated by the standard 

equations of statistical thermodynamics. Some reactions investigated involves the 

participation of excited states and intersystem crossing between potential energy surfaces 

(PES) with different spin states. The dissociation paths with intersystem crossing were 

investigated at MRCI (8,8)/cc-pVTZ level, considering the geometries optimized with the DFT 

method. Due to the nature of the studied species, the wavefunction stability was evaluated to 

guarantee the proper spin state assignment. All electronic structure calculations were 

conducted at Gaussian 16[44] and Orca 5.0.1[45]. 

The kinetic calculations followed different approaches. When appropriate, Miller and 

collaborators’ semiclassical Transition State Theory (SCTST) [46–50] was used for reactions 

with saddle points. In contrast, the variational version of the RRKM theory was applied for 

barrierless reactions. The SCTST method was employed, assuming the non-separability of 

vibrational and rotational motions, and used the anharmonic corrections calculated by the 

VPT2 method.  

All barrierless reactions treated in the present study are dissociation reactions.  First, to 

employ the RRKM theory, a Morse potential was fitted to dissociation paths. Next, we 

assumed the conservation of all vibrational modes distinct to the mode associated with the 

reaction coordinate and the vibrational modes non-present in the products.  The vibrational 

frequencies orthogonal to the reaction path, necessary to the RRKM calculation, were 

obtained, assuming that they can be expressed by Equation 1. 

                               (1) 

where   Is the frequency of the vibrational mode along the reaction path,    is the frequency 

of the vibrational mode at the reactant geometry,    is the corresponding frequency of the 



vibrational mode considering the dissociation products,    is de equilibrium distance and α the 

curvature of the Morse potential. The external moments of inertia were calculated considering 

different geometries along the dissociation path. The sum of states was minimized in the 

dissociation path considering the systems’ vibrational energy and angular momentum (E and J 

resolved microcanonical variational TST). Finally, the canonical rate coefficient was obtained by 

integrating the k(E, J), considering a Boltzmann thermal distribution. When necessary, a master 

equation was solved[51–55] to evaluate k(T,p), the rate coefficient at the low-pressure limit 

(k0
SC), and the system dynamics at low pressure and temperature. 

All kinetics calculations were performed with the Multiwell 2021 package, and sctst, thermo, 

bdens, and ktools codes provided with the base package[56–58].  

 

 

Figure 1: Possible pathways for phosphine decomposition, including the ones considered in the present 

study.  

  

Results and discussion 

First, the thermochemistry of the formation/decomposition of PH3 and its conversion into PN 

and PO will be discussed. Next, the kinetic parameters for the reactions studied will be 

presented, and the reactivity of each specie will be discussed based on the thermodynamic 

and kinetic parameters. Finally, the implication of the present results for the chemistry of P-

bearing molecules in astrochemistry environments will be discussed. 

 

Thermochemistry of the studied systems 

Reactions involving PH3 

Figure 2 presents the thermochemistry of the PH3 reactions in the gas phase. The consecutive 

phosphine dissociations (right side) and the reactions in the presence of H2O
+ were studied. As 

expected, all dissociation channels are highly endothermic, ΔdissE higher than 75 kcal mol-1, 



while the reaction with H2O
+ passes through a pre-barrier complex (RC) that stabilizes the 

reactants. The high exothermicity for the RC formation indicates a chemically activated adduct 

formation[59–62].  

The RC electronic structure was analyzed by examining the Khon-Shan orbitals, electrostatic 

potential map, and critical points from the QTAIM methodology[63–65]. This analysis indicates 

that the structure is a charge transfer complex, where the phosphorus non-ligand electron 

pairs coordinate to a vacant H2O
+ orbital (Supplementary material). Further to the RC 

formation, a hydrogen atom migration occurs, forming an ion-dipole complex (PC) between 

OH radical and PH4
+. Finally, PC dissociates into the reaction products.  

As ALMA and Rosina teams proposed [9], PH3 can suffer sequential dissociations in the 

presence of UV radiation, forming P atoms (Figure 1). Phosphorus atoms can collide with 

another species, leading to PO or PN molecules previously detected in other systems[4, 26, 30, 

31, 66]. Or can condensate, forming solid phosphorus particles, as observed in Jupiter’s 

atmosphere[67]. Our thermochemistry analysis shows that phosphine should be stable in 

thermal dissociation reactions due to the high energy to break any P-H bond. The same is valid 

for the subsequent dissociation reactions:  

            dissE0 = 79.72 kcal mol-1  (77.91 kcal mol-1) 

           dissE0 = 74.28 kcal mol-1 (82.92 kcal mol-1) 

          dissE0 = 68.31 kcal mol-1 (66.20 kcal mol-1) 

The above results were obtained at CCSD(T)/6-311G(3df,3pd)//B97xD/6-311G(3df,3pd) and 

includes ZPE corrections. The values between parenthesis were obtained from the literature, 

considering reactions occurring in the grains’ presence[4, 68, 69]. Our gas-phase outcomes 

agree with the literature ones, despite the presence or not of a solid specie. The 

thermochemistry analysis indicates that the recombination reactions, PH3 formation, are more 

favorable than the dissociation reactions in the ISM conditions. For this reason, PH3 should be 

stable in the absence of radiation fields, ionic species or when protected by the bulk of solid 

species such as icy mantles[4].  

 

Figure 2: Mechanism for the phosphine decomposition in the presence of H2O
+
 and radiation. Changes 

in electronic energies corrected by ZPE calculated at CCSD(T)/6-311G(3df,3pd)//B97xD/6-

311G(3df,3pd). Values in kcal mol
-1

. 



Formation and decomposition of phosphorous monoxide (PO) and 

phosphorous nitride (PN)  

The studied reactions for the PO formation and its conversion in PN are summarized in Figure 

3. PO can be formed by collisions between 4P atoms and 2OH radicals, forming the 3P-OH 

adduct. The adduct has a bent geometry with a θPOH angle of 115.9º, in agreement with the 

literature[29]. The calculated E0 value for this reaction is -81.26 kcal mol-1, which is in 

reasonable agreement with the previous result of -86 kcal mol-1[28]. Since the adduct 

formation is highly exothermic, it is expected to be chemically activated with the necessary 

energy to surpass the barrier of 54.15 kcal mol-1 forming PO and H atoms. The calculated E#
0 

value is in good agreement with the previous theoretical outcome of 54.33 kcal mol-1[28], 

which applied a more robust protocol. The present study focuses on the ground state PES, 

while reactions involving excited electronic states were investigated by de la Concepción and 

collaborators[28]. 

Collisions between PH and O atoms can also form phosphorous monoxide. The reaction 

mechanism proceeds by the formation of OPH in the singlet state, which isomerizes in the 

electronically excited 1POH molecule. After spin-inversion, 1POH converts into 3POH specie that 

will undergo the previously discussed reactions. 

After the PO formation, this molecule can collide with N atoms to produce PN. However, the N 

atom can interact directly with the P atom, forming the linear specie 1NPO, or bind to the 

oxygen atom, forming the linear stable specie 1PON. PON has bent excited states with quintet 

multiplicity.  The 5PON formation has a saddle point in the reaction path, while the 1PON and 
1NPO formation are barrierless and highly exothermic. The spectroscopic properties  of 1PON 

and 1NPO were investigated previously by Zeng et al.[70] and the electronic structure of PON 

isomers and its ions by Grant and collaborators[71]. According to Zeng, NPO can be selectively 

converted to PNO by photolysis using radiation with  > 320 nm[70]. 

The 1PON dissociation into 2PO + 4N has three intersystem crossing (figure 4a). As the rON 

bond distance is stretched, different electronic states becomes more stable.  At 1.9 Å, the 

triplet surface becomes the more stable state, while at distances higher than 4.9 Å, the quintet 

state becomes the more stable. The existence of three intersystem crossings shows the 

complexity behind the electronic structure of this molecule and indicates that single-reference 

methods may fail to describe the dynamics of this system.  

1PON can isomerize into 1NPO via a bent transition structure with a critical energy of nearly 51 

kcal mol-1. According to Souza et al.[29], the NPO has a bent triplet ground state, with a NPO 

of 120º and a second bent geometry, with  NPO = 107º, with approximate energy. However, 

at the DFT level, we cannot optimize the geometry with  NPO = 107º, and at CCSD(T)/6-

311G(3df,3pd)//B97xD/6-311G(3df,3pd) level, the linear singlet is 32 kcal mol-1 most stable 

than the triplet state. Was also obtained an angular singlet, with  NPO = 64.78º and 33 kcal 

mol-1 above the linear singlet.  



 Another possible isomerization is the 1NPO conversion into 1PNO with linear geometry. 

Further, 1PNO can dissociate into 1PN and 3O. However, the products’ ground state formation 

occurs through an intersystem crossing between the singlet and triplet states (Figure 4b).  

Also, the formation of 1NPO occurs via an intersystem crossing between the triplet surface, 

which describes the 2PO and 4N ground state, with the singlet surface. This crossing can be 

observed in Figure 4c, which shows the N-P bond changing at MRCI(8,8)/cc-pVTZ//wB97Xd/6-

311G(3df,3dp) level.  Nearly to 2.1 Å, the singlet surfaces cross the triplet surface, and at 

longer bond distances, the triplet state becomes the system’s ground state. 

Figure 4d shows that the reaction path for 1NPO dissociation in 1PN and 3O also has an 

intersystem crossing between the singlet and triplet surfaces. The crossing occurs at 2.0 Å, and 

the triplet becomes the ground state at longer bond distances. The dissociation energy for this 

reaction is dissE0 = 79.67 kcal mol-1. It is also expected the formation of chemically activated 
1NPO specie due to the reaction exothermicity.  Consequently, the formation of 1PN and 3O 

species in the reaction should be expected[51, 55, 62, 72]. 

  

(a) 

(b) 

Figure 3: a) Reaction mechanism for the formation of PO from P + OH reaction and interconversion of 

PO into PH. b) Interconversion mechanism of PO into PN. Changes in electronic energies corrected by 

ZPE calculated at CCSD(T)/6-311G(3df,3pd)// B97xD/6-311G(3df,3pd). Values in kcal mol
-1

. 

 

 



 

Figure 4: Intersystem crossing observed for the NPO, PNO, and PON dissociations.  Changes in electronic 

energy calculated at MRCI(8,8)/cc-pVTZ)// B97xD/6-311G(3df,3pd). Values in kcal mol
-1
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Kinetics of the studied systems 

Rate coefficients for the PH3 consecutive dissociations 

During pyrolysis or in the ISM, consecutive PH3 dissociations are expected by homolytic fission 

of the P-H bond[4, 33, 34]. The unimolecular processes should compete with other bimolecular 

reactions of PH3[4, 28, 73, 74]. However, the dissociation must be analyzed to infer their role in 

forming P-bearing molecules in the ISM. The three dissociation/recombination reactions 

studied are listed in Figure 1. 

The Arrhenius parameters fitted to the calculated rate coefficients at the high-pressure limit 

are listed in Table 1, showing the temperature range where the parameters are valid. The 

equilibrium constant equation fitted in all ranges of temperatures studied is available in the 

Supplementary material to those interested in obtaining the dissociation or recombination 

rate coefficient at different temperatures.  

The Arrhenius parameters for the dissociation reactions were fitted only for temperatures 

above 1000 K because thermal dissociation is important only at high temperatures, as 

(a) 
(b) 

(d) 
(c) 



reported previously[33, 34]. The calculated high-pressure rate coefficients for the     

      reaction agrees with Buchan results[33] at high temperature, but the outcomes 

deviates as the temperature lowers (Figure 3). The    results of Cardelino et al.[75] are 

overestimated in comparison with the present and Buchan results.  Mulvihill et al.[34] studied 

the same reactions by shock tube experiments at Ar bath, at 0.5 and 1.3 atm. He stated that 

the measured rate coefficient is at the low-pressure limit and can be expressed as  

      [  ]                            
                

  
  [34]  (2) 

The input data and the outcomes of the RRKM calculation using the ktools code were used to 

solve a master equation and calculated the low-pressure limit rate coefficient assuming the 

strong collision hypothesis,   
     . The fitted Arrhenius equation is: 

   
      [  ]                                  

                

  
  (3) 

The comparison between equations 3 and 4 is depicted in Figure 5. The present results are 

higher than the experimental measurements[34] and should be related to the strong collision 

assumptions, which reduces the dissociation activation energy. As performed in the 

literature[76], the weak collision efficiency c, was estimated as    
     

  
     

 for the PH3 

dissociation in Ar bath. c was evaluated in the range of 1400-2000 K, since the coefficients 

measured by Mulvihill are strictly valid at this range. The c values span from 1.071 to 1.081 in 

this range of temperatures.  

Master equation simulations were also conducted to investigate the rate coefficient 

dependency with pressure and the photodissociation in the presence of the typical radiation 

fields[4].  The fall-off curves for the dissociation reactions are presented in the Supplementary 

Material, in the range of 1000 K to 2000 K. They were calculated by multiplying the fraction of 

reactants at the end of the simulation (         by the recombination rate coefficient at the 

high-pressure limit. Next, the dissociation rate coefficient,          , was calculated by the 

relationship between rate coefficients and the equilibrium constant 

          
            

     
    

    
 

The            graphs show that the high-pressure limit is reached above 300 atm, 

corroborating Mulvihill and collaborators’ statement that the measurements at 0.5 atm can be 

considered at the low-pressure limit[34].  

To evaluate the photodissociation rate, we considered that the radiation of 6-13 eV, far UV, 

increases the vibrational temperature of the thermal population by the photon energy. All 

master equation simulations conducted at low pressure, 0.01 atm, and 10 K resulted in readily 

complete phosphine dissociation. Despite the high PH3 stability relative to thermal 

decomposition, the photodissociation process can be an effective PH3 sink.   



 

Figure 5: Rate coefficients at the high-pressure limit(k∞) and low-pressure limit (k0) for the PH3 →  H + 

PH2 dissociation. k∞ RRKM refers to the rate coefficients calculated by RRKM theory, and k0SC-ME refers 

to the low-pressure limit rate coefficient calculated by solving a master equation assuming the strong 

collision model.  

Without radiation or reactive species, such as free radicals or ions, at low pressure and low 

temperature, PH3 will not undergo decomposition reactions. At the same time, recombination 

reactions of PHx (x = 0-2) with H atoms will lead to PH3 formation and accumulation. The 

analysis of the equilibrium constants shows that the dissociation reaction surpasses the 

recombination reaction at 900 K, being dominant at temperatures higher than 1000K. 

Identifying astrochemical processes leading to the synthesis, stability, and decomposition of 

phosphine by subsequent H additions or in the presence of H2 at ambient conditions is 

relatively tricky due to the gas phase’s low pressure and H concentration [4, 69]. However, the 

present outcomes show that PH3 is a stable specie readily formed by collisions between P and 

H atoms, in the presence or not of solid species. 

Rate parameters for the PH3 + H2O+ reaction 

The rate coefficients at the high-pressure limit for the PH3 + H2O
+ reactions were evaluated by 

the E and J resolved RRKM theory, followed by integration at 50-1000K. The rate coefficients 

for the RC formation were obtained after a Morse potential fit to the RC dissociation path into 

reactants. The vibrational frequencies along the reaction path were calculated by Equation 1 if 

the RC frequencies should converge to the separated reactants’ vibrational frequencies and 

rotational constants. The moments of inertia were evaluated at each point of the dissociation 

path and used in conjunction with the vibrational frequencies for the RRKM variational 

calculations. Further, the rate coefficients for the RC formation were evaluated by the 

relationship between the equilibrium constant and the direct and reverse rate coefficients. 

 

 

 



Table 1: Arrhenius’s parameters calculated for the studied reactions. It is given the range of 

temperatures where each fit is valid.  

k∞(T) ln(A) m Ea/R T(K) 

          31.34 0.81 44141.77 1000-2000 

          -24.47 0.44 -77.39 100-1000 

         36.40 0.20 40982.2 1000-2000 

         -23.24 0.67 120.36 100-1000 

       25.30 0.12 36940.07 1000-2000 

       -27.05 -0.13 459.99 50-1000 

  𝑂   𝑂  -21.61 0.16 128.41 100-1000 

 𝑂    𝑂  40.01 -0.61 43106.66 1000-2000 

 𝑂   𝑂    21.43 1.279 26690.87 50-2000 

 𝑂  𝑁   5 𝑂𝑁 -117.76 12.94 5289.19 50-2000 

 5 𝑂𝑁   𝑂  𝑁 -60.04 12.04 7255.33 50-2000 

𝑁  𝑂    𝑂𝑁 25.99 2.10 42941.17 100-2000 

  𝑂𝑁  𝑁  𝑂 25.15 1.09 26392.05 100-2000 

𝑁  𝑂   𝑁 𝑂 11.51 1.60 37114.24 100-2000 

 𝑁 𝑂  𝑁  𝑂 10.91 1.76 37125.78 100-2000 

 

The fitted Arrhenius parameters to theoretical rate coefficients, calculated by RRKM theory, 

are:  

      𝑂
       

                                    ( 
                

  
)                

            𝑂
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)                
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RC is a charge transfer complex, for this reason, a deviation from the harmonic oscillator 

approach should be expected for the modes involving the P-O bond. Also, coupling between 

the vibrational and rotational modes must be necessary to evaluate rate coefficients for RC 

reactions. The effect of anharmonicities corrections and the coupling between the vibrational 

and rotational modes were included in the k(T) calculation by using the semiclassical Transition 

State Theory (SCTST) of Miller[47, 48, 77–80]. The comparison of the obtained Arrhenius 

equations is shown in Figure 4. The reaction studied was the reversible        conversion. 

The results shown that the direct reaction is not influenced by the anharmonic corrections, 

while the reverse path is sensitive to these corrections. PC is an ion-dipole complex without a 

covalent bond between the fragments. This weak intermolecular interaction contributes to 

deviations in the harmonic oscillator, and rigid rotors approaches adopted in the RRKM 

method.  

 

Figure 6: Rate coefficients for the RC ↔ PC interconversion calculated according to different 

methodologies. The parameters were calculated using the vibrational properties and geometric 

parameters calculated at B97xD/6-311G(3df,3pd) level and barrier heights at CCSD(T)/6-

311G(3df,3pd)// B97xD/6-311G(3df,3pd) level.  

 

Since the PH3 + H2O
+ reaction is not elementary, passing through a reactive pre-barrier 

complex, which can be chemically activated, a master equation simulation was performed to 

assess the low-pressure and low-temperature system dynamics. The simulations were 

conducted at p = 0.001 – 400 atm and T = 100 – 300 K considering the formation of a 

chemically activated [H2O---PH3]
+ complex. Lowers temperatures were not possible to achieve 

due to the magnitude of reaction barriers that slower the reactions at T < 100, a difficulty in 

the master equation solution. It was verified that the rate coefficients for the RC dissociation 

into H2O
+ plus PH3 are nearly zero below 100 K. Figure S6 shows the steady-state fraction of 

each specie at the end of simulations as a function of the initial pressure. At 100 K and 

pressures below 1 atm, the major species are the RC and the reactants. At high pressure, the 

RC accounts for more than 90% of the species participating in the mechanism. However, at 200 

K and pressures below 100 atm, the system is mainly composed of separated reactants. The PC 

fraction at lower pressures may be neglected due to its lower value.  



The reaction flux analysis shows the rapid formation of the reactants and PC at the beginning 

of the simulation, Figure S6c. As the reaction evolves, PC converts back into RC, and the RC → 

reactants flux goes to zero after 0.1 μs at 0.1 atm.  According to the results, the formation of 

PH4
+ and OH is minor and most significant at pressures below 0.5 atm. At this range of 

pressures, the reaction products contribute with 1-9% of the species in the system.  

If the RC is formed chemically activated at the gas phase and lower pressure, it decomposes 

back into the reactants. RC is stabilized by collisions and should accumulate in the system at 

high pressures with high collision rates, such as solid bulks or icy mantles. Additional 

simulations were conducted considering a thermal distribution of energies for all species. In 

this case, the RC complex is the only specie at the end of the simulations. This result 

corroborates the hypothesis that if the adduct is formed, it may accumulate in the absence of 

radiation or other reactants.  

 

Kinetics of the P + OH reactions 

The rate coefficient at the high-pressure limit for the formation of the P-OH adduct was 

calculated by the variational version of the E and J resolved RRKM theory. At the same time, 

the coefficient for the O-H bond break was evaluated by SCTST theory. All coefficients were 

evaluated at a high-pressure limit, and the Arrhenius parameters for both reactions are listed 

in Table 1.  

Despite the PO abundance in the ISM, there is a lack of kinetic data about its formation and 

reactions. Previously, de la Concepción and collaborators[28] calculated the rate coefficients 

for PO formation by solving a one-dimensional master equation at 10-7 atm and 30-400 K. To 

our knowledge, there is no other kinetic data about PO reactions. As mentioned early, the 

entrance channel for PO formation is a barrierless adduct formation.  This adduct converts into 

PO + H, passing by a saddle point.  At low temperatures, the adduct may be stable to 

dissociation reactions; however, due to the reaction exothermicity, it may be formed 

chemically activated, making possible the PO formation. The equilibrium constant analysis 

indicates that POH back reaction into reactants is only important at temperatures higher than 

800 K. At this temperature, the adduct dissociation reactions become more important than its 

formation reactions.  At higher temperatures, the reverse reaction  𝑂     𝑂  competes 

with the reaction   𝑂   𝑂 , pointing that the POH molecule should accumulate in 

determined conditions.   

 

Kinetics of the PO + N reactions 

Since the known statistical rate theory is strictly valid when no intersystem crossing occurs 

between two different electronic states, the rate coefficients for the PO + N collision was only 

calculated for the 5PON formation assuming no influence of different electronic states on the 

quintet PES. The PO  PN interconversion was previously studied in the literature[29] using 

multireference methods to describe the intersystem crossing between different electronic 



states. This result agrees with the present outcomes showing the complexity of the reaction 

mechanism involving P-bearing species in the interstellar medium. It was also demonstrated 

that the dissociation reactions of PON isomer involve different electronic states' participation. 

For the presented reasons, the 5PON formation was calculated by SCTST theory for the atom-

diatom collision (PO + N). The coupling between rovibrational modes and anharmonic 

corrections on the vibrations was assumed. The Arrhenius’ equation for the direct and reverse 

reaction was fitted in the 50-2000 K range and is shown in Table 1. Also, the rate coefficients 

for the reactions   𝑂𝑁  𝑁  𝑂 and 𝑁  𝑂   𝑁 𝑂 were calculated via RRKM theory.  

The results show that no isomerization reaction should be expected at lower temperatures in 

the gas phase. All interconversions are very slow at temperatures below 100K if the energy 

excess of PON isomers is removed by collisions[59].  

Despite the possibility of PN formation by the channel PON → PNO → PN + O, the barrier 

heights are impeditive at low temperatures. The most favorable channel is through the 

formation of NPO with further dissociation in PN + O. Indeed, Smith et al.[81] proposed the 

following Arrhenius’ rate equation based on experiments that some neutral-neutral reaction 

occurs fast at low temperatures with no activation barrier:  

              (
 

   
)
     

 10 K < T < 300 K  (8) 

Also, Douglas et al. obtained the equation 9.8x10-11exp(175/T) by solving a master equation. 

The obtained activation energy is -0.35 kcal mol-1, showing negative dependence with the 

temperature and a small negative barrier, indicating that the reaction is not elementary. The 

present outcomes corroborate the Arrhenius’ equations proposed in the literature for the PO + 

N → PN + O reaction is not elementary and may rapidly occur via the formation of chemically 

activated species. All results show that the product’s ground state has almost the same energy 

that the reactants at its ground state. Also, the literature’s results indicate that if the PON 

intermediate is produced, it should decompose prompt into products, indicating that it may be 

formed chemically activated, as discussed previously in the literature[82, 83]. 

 

Implications for astrochemistry 

Phosphine (PH3) ice, the phosphorus analog to ammonia (NH3), is a super volatile species like 

CO and CO2 and a plausible major phosphorus constituent of comets. However, recent 

searches in the gaseous coma of a few comets turned out unsuccessful, providing upper limits 

not significant enough to conclude whether or not PH3 locks most of the phosphorus in these 

small bodies[23, 24]. 

As the main constituent of the Jovian atmosphere is molecular hydrogen, essentially all the 

phosphorus is present in the form of PH3 [84–86]. In the giant planets, phosphorus is found in 

the PH3 form, and the volume mixing ratio is about 10-6 on Jupiter[86, 87]. However, the 

presence of such element in the deck clouds of Venus is still under debate[74, 88–91]. Though 

PH3 is not the most thermodynamically favorable form of gas-phase phosphorus at 



temperatures of the Venus atmosphere, PH3 formed in the hot deep layers should be brought 

to the top of the atmosphere through convective transport.   

At lower temperatures (T < 100 K), phosphine is a stable molecule through thermal 

decomposition; however, it can be readily decomposed when irradiated by far UV radiation or 

in the presence of free radicals or ions.  The PH3 reactivity may be associated with the issues of 

characterizing and quantifying it unambiguously in comets and planetary atmospheres. 

However, PO and PN may be considered PH3 decomposition products and may be used as 

markers for the presence of phosphine in some environments.  

Douglas et al.[30] proposed an update in the reaction network involving P-bearing species. The 

network includes the formation of PH that can form PH3 by successive H addition.  However, 

reactions involving PH3 and the PON isomers must be included explicitly in the network. This 

statement is corroborated by the previous observation of the photo-induced conversion of 

NPO into PNO and how this process can be important to surpass the high thermal barriers 

between these isomers[70]. 

In planetary atmospheres, the PH3 dissociation reactions will occur at the low-pressure limit, 

which is a slow process. Consequently, this specie must be stable under atmospheric 

conditions and degraded only in the presence of free radicals, ions, and radiation. This finding 

agrees with the PH3 lifetime estimative of Greaves et al.[73, 74]. According to the authors, the 

difference between the PH3 abundance in Venus’ and Earth’s atmospheres is due to the 

substantial amount of molecular oxygen and their photochemical radicals.  

 

Conclusions 

Phosphine and gaseous P-bearing molecules are certainly of broad interest in astrochemistry 

environments such as interstellar and circumstellar space, gas giant planets, cometary 

atmospheres, and potential biosignatures[92]. 

In the present study, different reactions involving PH3 decomposition and their reaction 

intermediates describe the chemistry of P-bearing molecules astrochemistry. Also, the fall-off 

curves of PH3 dissociation were calculated at high temperatures to complete the mechanism of 

epitaxy described in the literature.  The results show that PH3 is stable in low pressure and 

temperature if high energy radiation and ions are absent.  

Despite a large number of P-molecules considered by Seager et al.[93], the constraints 

imposed when constructing the “CNOPSH List” exclude molecules considered in our work, such 

as the radicals PO, PN, and PH, which are stable diatomic species and products of PH3                                                                                                                                                                                                                                                                                                                                                                           

decomposition. The reaction mechanism of the interconversion of these species by atom-

diatomic molecule collision and isomerization proved complex. In some cases, the reaction 

pathway has an intersystem crossing between different spin states, which difficult the rate 

coefficients calculation by the conventional statistical rate theories. 

The chemistry of the three PON isomers proved complex due to the intersystem crossing 

observed in their dissociation pathways. However, all isomers are stable and may accumulate 



in the appropriate conditions. The reaction rate coefficients should include the surface 

hopping between different spin states for modeling purposes.     

The calculated rate coefficients for the PH3 decomposition/formation were expressed as a 

function of the temperature in the high-pressure and low-pressure limits. These kinetic 

parameters can be included in astrochemistry databases, like UMIST, which does not include 

phosphine, to be used in future modeling of different space environment conditions.  

We conclude that, given the low reactivity of many gas-phase P-bearing molecules and the 

relatively poor understanding of gaseous phosphorus chemistry, an update in the reaction 

network involving P-bearing species, particularly phosphine, is necessary. 
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