
    
      Table 1 

      Composition of the data set used for training the machine-learned interatomic potentials.

      
        


	Label
	Number of points
	Ensemble
	Temperatures (K)
	Propagation method





	31 H2O + H
	240
	NVT
	300/150/50
	GFN2-xTB



	31 H2O + P
	240
	NVT
	300/150/50
	GFN2-xTB



	31 H2O + PH
	240
	NVT
	300/150/50
	GFN2-xTB



	46 H2O + H
	600
	NVT
	300/150/50
	GFN2-xTB



	46 H2O + P
	600
	NVT
	300/150/50
	GFN2-xTB



	46 H2O + PH
	600
	NVT
	300/150/50
	GFN2-xTB



	74 H2O
	800
	NVT
	100/500(1)
	GFN-FF



	12 H2O + H Collision
	500
	NVE
	100 (EH=1.5 eV)
	GFN2-xTB



	12 H2O + P Collision
	500
	NVE
	100 (EP=0.025 eV)
	GFN2-xTB



	Long-range P(2)
	400
	N/A
	N/A
	N/A



	20 H2O + P + H Reaction(3)
	6927
	NVE
	30
	HF-3c



	




	Total
	11 647 (11 249)(4)
	
	
	





      

      
Notes. We note that the propagation method is only used for sampling geometries. For these structures, energies and forces are later calculated at the PBE-D3BJ/def2-TZVP level of theory. (1)A spherical wall potential is applied to ensure the structural integrity of the cluster. (2)Interaction of P with the cluster at the distance of the cut-off radius (5.5 Å, required for binding energies). (3)The reaction part comprises reactions in weak, medium, and high binding sites at different P-H internuclear distances (3.0–4.5 Å). (4)398 structures have been removed from the training set (some distances between neighbouring atoms are larger than the selected cut-off radius).




    

  
    
      Fig. 1 

      
        [image: thumbnail]
      

      
        Distribution of binding energies of P (top) and PH (bottom) on ASW. Each bar is coloured according to the approximated attributed binding site. The colour-code is as follows: high binding (HB) in red, medium binding (MB) in blue, weak binding (WB) in purple, very weak binding (VW) in green. We sampled 245 binding sites to obtain these distributions.

      

    

  
    
      Fig. 2 
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        Local environments of P atom prior to the reaction with H. The models portrayed in this figure come from different ice models.

      

    

  
    
      Fig. 3 
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        Onset for title reaction in our simulations. The figure represents around 50 ſs of the total dynamics (50 ps). The distance of 3.5 Å represents the P–H initial distance.

      

    

  
    
      Table 2 

      Initial and final binding sites of our exploratory simulations for the P + H → PH reaction on ASW, including all types of binding sites along with the fraction of the reaction energy dissipated into the ice bulk for each trajectory.

      
        


	
	Pop. number
	ℱ for ice model



	




	Site
	P (Initial)
	PH (Final)(1)
	001
	002
	003
	004
	005





	VW
	4
	0
	N/A(2)
	0.55
	0.93
	0.27(3)
	0.52



	WB
	5
	0
	0.78
	0.64
	0.35
	0.43
	0.33



	MB
	5
	6
	0.85
	0.48
	0.51
	0.51
	0.74



	HB
	5
	12
	0.49
	0.65
	0.53
	0.66
	0.27





      

      
Notes. (1)One trajectory is desorbing. Not included in the counting. (2)No VW binding site was found in our sampling. (3)Desorbing trajectory.




    

  
    
      Fig. 5 
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        Molecular dynamics snapshot before chemical desorption (top panel) and translational kinetic energy of the respective trajectory (bottom panel). We note that even in such repulsive parts of the PES, our potential only has an uncertainty of around 10% between models, indicating high-quality predictions of the PES also during the reaction.

      

    

  
    
      Table 4 

      Initial physical conditions utilised in the molecular cloud model.

      
        


	Parameter
	Value





	ngas
	2 × 104 cm−3



	Av
	10 mag



	ζ
	1.3 × 10−17 s−1



	Tg
	10 K



	Td
	10 K





      

    

  
    
      Table 5 

      Gas-phase maximum fractional (with respect to H nuclei) abundances and fractional abundances at t = 1 × 107 yr of PHx molecules in the models shown in Fig. 6.

      
        


	
	Peak abundances
	t = 1×107 yr



	
	

	




	Species
	p = 3%
	χ = 2%
	χ = 5%
	p = 3%
	χ = 2%
	χ = 5%





	P
	7.3(−10)
	7.1(−10)
	7.2(−10)
	2.4(−10)
	7.3(−14)
	3.3(−10)



	PH
	3.7(−11)
	4.1(−12)
	2.7(−11)
	1.2(−11)
	1.6(−15)
	1.5(−11)



	PH2
	3.9(−11)
	2.7(−13)
	4.4(−11)
	1.6(−11)
	1.6(−15)
	3.2(−11)



	PH3
	6.7(−11)
	3.5(−16)
	1.2(−16)
	1.4(−11)
	1.5(−16)
	4.4(−17)





      

      
Notes. The notation A(−B) is equivalent to A × 10−B.




    

  
    
      Fig. 6 
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        Astrochemical models for the evolution of PHx species in the gas (solid lines) and in the ice (dashed lines) for models with different treatment of chemical desorption. Labels in the top graph apply to all graphs.

      

    

  
    
      Table 6 

      Update of the PHx binding energies to exclude high binding energy sites (modified value A), and to only consider weak-binding sites (0.70 of EB; modified value B).

      
        


	Molecule
	Molpeceres & Kästner (2021)
	Modified value A
	Modified value B





	P
	1241
	963
	869



	PH
	1616
	1411
	1128



	PH2
	1808
	1523
	1265



	PH3
	2189
	1930
	1532





      

    

  
    
      Table 7 

      Same as Table 5, but with the modified binding energies scheme of Table 6 and corresponding to the models shown in Fig. 7.

      
        


	
	Peak abundances
	t = 1 × 107 yr



	Species
	Model A
	Model B
	Model A
	Model B





	P
	7.2(−10)
	7.2(−10)
	4.2(−10)
	4.5(−10)



	PH
	3.5(−11)
	3.6(−11)
	1.2(−11)
	2.1(−11)



	PH2
	4.6(−11)
	4.0(−11)
	3.4(−11)
	3.1(−11)



	PH3
	4.9(−12)
	3.4(−11)
	2.1(−12)
	1.4(−11)





      

    

  
    
      Fig. 7 
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        Astrochemical models equivalent to bottom panel in Fig. 6, but with updated binding energies according to Table 6. Labels in the top graph apply to all graphs.

      

    

  
    
      Fig. 8 
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        Chemical desorption probability (p) in the Fredon et al. (2021) formulation as a function of the translational energy conversion fraction χ.

      

    

  
    
      Fig. A.2 
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        Tracking force uncertainties along MD trajectory leading to desorption of created PH species. Top: Norm uncertainty of the atomic forces predicted by an ensemble of three GM-NN models. Bottom: Comparison of the force norm and the respective uncertainty for the hydrogen atom during first steps of an MD simulation leading to the desorption of the created PH species. The timescale is restricted to the reaction of P and H and the desorption of the resulting PH molecule. The uncertainty of the ensemble does not exceed 9.6% of the respective force norm.

      

    

  
    
      Fig. A.3 

      
        [image: thumbnail]
      

      
        Tracking force uncertainties along MD trajectory leading to diffusion of the created PH species. Top: Norm uncertainty of atomic forces predicted by three GM-NN models. Bottom: Comparison of force norm and respective uncertainty for the hydrogen atom during first steps of an MD simulation leading to the diffusion of the created PH species. The timescale is restricted to the reaction of P and H and the diffusion of the resulting PH molecule. The uncertainty of the ensemble does not exceed 12 % of the respective force norm.

      

    

  
    
      Fig. A.4 
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        Evaluating the model’s performance during geometry optimisation. Top: Comparison of reference and predicted potential energy profiles obtained during a geometry optimisation. (Bottom: Correlation of atomic forces predicted by the developed MLIP with the corresponding reference values.
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