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Error determination of computed ionization energies

As the identification of different isomers in our studies focuses on the ionization energy of each
isomer, we also performed additional ionization energy computations at the
CCSD(T)/CBS//B3LYP/cc—pVTZ level of theory for multiple nitrogen- and phosphorus-
containing molecules as benchmarks (Table S1). The adiabatic ionization energies (IEs) were
computed by taking the zero-point vibrational energy corrected energy difference between the
neutral and ionic species that correspond to similar conformations. Error bounds were determined
by subtracting the calculated ionization energy from the error boundaries of the experimentally
determined and hence known values for each molecule. Afterward, the average difference to the
lower and upper boundary as well as their standard deviation was calculated. Finally, the standard
deviation was subtracted from or added to the average difference for the lower and upper boundary,
respectively. This conservative analysis yielded errors of —0.08/+0.07 eV, which allows us to
distinguish all isomers of interest in this study based on their calculated and/or experimentally

determined ionization energy.
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Fig. S1. Fourier—transform infrared spectroscopy (FTIR) spectra of the phosphine (PH3) +

nitrogen (N3) ice before (black) and after (red) processing with energetic electrons. (a) FTIR

spectra between 600 to 4000 cm™'. (b) FTIR spectra between 750 to 850 cm™'. The blue line is

from the irradiated PH3 + '°N2 ice mixtures. The peak at 788 cm™' of energetic electrons irradiated

PH3 + N2 ice can be linked to the P-N ring deformation (vs), which was calculated to be 809 cm™!

at the B3LYP/cc-pVTZ level of theory. The replacement of nitrogen by 15-nitrogen (°N) shifts

the 788 cm™! feature to 784 cm™'. The calculated vibration energy of ring deformation (ve) of P3'°N
is 799 ¢cm!, lower than that of P3N, which is in agreement with experimental observation.

However, since the electron exposure synthesizes a wide range of new molecules and other

molecules such as prismatic P3N3 also have absorption at 824 cm™! (reference 29). It is cannot be

exploited to unambiguously assign the peak at 788 cm™! is from P3N.
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Fig. S2. Molecular orbitals diagrams for Ps (right) and P3N (right) calculated at

B3LYP/cc—PVTZ level of theory. Both diagrams were calculated using C3v symmetry to allow

for direct comparison of the calculated orbitals.
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Fig. S3. Molecular structure of H>P3N isomers. Bond length in picometers (pm), bond angle in
degree, point groups, ground states, computed adiabatic ionization energies corrected for the
electric field effect (Stark effect) and computational errors (blue), and relative energies (red) are
also shown. The energies were computed at the CCSD(T)/CBS//B3LYP/cc—pVTZ level of theory.

The atoms are color coded in white (hydrogen), blue (nitrogen), and orange (phosphorus).
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Fig. S4. Temperature programmed desorption (TPD) profile of H,P3:N from the electron

processed phosphine (PH3)-nitrogen (N2) and phosphine (PH3)-15-nitrogen ('’Ny) ices via

photoionization reflectron time-of-flight mass spectrometry (PI-ReTOF-MS) at a photon

energy of 10.49 eV. The shift of the TPD profile from m/z = 109 to m/z = 110 in the temperature

range from 175 K to 300 K reveals that the molecule of interest carries a single nitrogen atom.
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Table S1. Computed adiabatic ionization energies (IEs) of distinct P3N isomers along with error limits and previous computational
(CCSD(T)/CBS//B3LYP/cc—pVTZ plus zero-point vibrational energy (ZPVE) corrections) and experimental benchmarks of different

nitrogen- and phosphorus-containing compounds. An offset of 0.03 eV was subtracted to correct for the electric field effect.

. . Computed [E— Computed [E— IE range after Corrected IE with
Experimental Experimental Computed . . ) .
Compounds IE (eV) Error Limits (¢V) IE (eV) Experimental Experimental [E error analysis electric field effect
IE (max) (eV) (min) (eV) (eV) (eV)
Anﬁ“gma 10.07£0.02 | 10.05—10.09 (57) 10.15 +0.06 +0.10
3
Ph‘ifghme 9.869 +0.002 | 9.867 —9.871 (57) 9.82 -0.051 -0.047
3
Hydm%{e&flyamde 13.60+0.01 | 13.59—13.61 (57) 13.57 ~0.04 -0.02
Methmﬁpchf?s"h‘de 10.79+0.01 | 10.78 — 10.80 (58) 10.76 ~0.04 -0.02
Acetonitrile
CH,CN 12.20+0.01 12.19-12.21 (59) 12.20 -0.01 +0.01
Methyl Isocyanide
CHNC 11.24+0.01 11.23-11.25(59) 11.25 +0.00 +0.02
2H-Azirine
-H,CCHN 10.05+0.03 | 10.02—10.08 (59) 10.02 —-0.06 +0.00
bl 9.44 9.36-9.51 933 -9.48
Pl 8.42 834~ 8.49 831~ 8.46
Pf;\l 7.94 7.86—8.01 7.83 —7.98
Average Average
—0.04 +0.04 0.02 £ 0.05
Error Limits Error Limits
—0.08 —+0.00 —0.02 —+0.07
Combined Error Limits
—0.08 — +0.07
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Table S2. Infrared absorption peaks before and after irradiation for phosphine (PH3) + nitrogen
(N2)/15-nitrogen (**N2) ices.

Pristine ice, before irradiation (5 K)

Assignment Position with "N (cm™) | Position with "N (cm™)
PH: (12) 983 982
PH; (vs) 1098 1098

PH; (v2- va) 2074, 2087 2075, 2089

PH; (2v4) 2199 2200

PHs (vi/v3) 2314 2315

PH; (vi/vs-vi) 2435 2435
PH: (vi+vs) 3398 3399
New peaks after irradiation (5 K)
v (P-N) 788 784
v (PH>2) 1063 1063
v (PH) 2270 2270
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Table S3. Data used to calculate the average irradiation dose per molecule.

Note:

Initial kinetic energy of the electrons, Einir (keV) 5
Ice PH3 + N2
Irradiation current, / (nA) 100+ 5
Total number of electrons (4.5£0.5) x 10
Average penetration depth, /e (nm)? 490 + 50
Maximum penetration depth, /e (nm)? 880+ 90
Average kinetic energy of backscattered electrons, Ess (keV)? 2.96 +0.30
Fraction of backscattered electrons, fss" 0.12+0.01
Average kinetic energy of transmitted electrons, Erans (keV)? 0
Fraction of transmitted electrons, firans® 0
Irradiated area, 4 (cm?) 1.0£0.1
Dose (eV/molecule) PH; 204
N2 21+£3

& Parameters obtained using the CASINO software v2.42.
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Table S4. Parameters for the vacuum ultraviolet (VUV) light generation used in the present

experiments.?

Photoionization energy (eV) | 10.49 3an) 8.53
200 — ax Flux (10" photons s™) 12+ 1 10+ 1
Wavelength (nm) 118.222 145.351
o) Wavelength (nm) 355 202.316
Nd:YAG (YAG A) Wavelength (nm) 355 532
Dye laser (DYE A) Wavelength (nm) - 606.948
Dye i Rhodamine
610 and 640
1) Wavelength (nm) - 332.5
Nd:YAG (YAG B) Wavelength (nm) - 532
Dye laser (DYE B) Wavelength (nm) - 665
Dye - DCM
Nonlinear medium Xe Kr

Note:

2 The uncertainty for VUV photon energies is 0.001 nm.
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Table S5. Cartesian Coordinates (distances in A), vibrational frequencies (cm™), and intensity

(km mol™) for selected structures of P3N.

P3N
10 11
N 0.000000 —0.000000  —1.144000 P 0.403272 0.092766  —1.149072
P 0.625874 —1.084046 0.181489 N 1.393737 —0.628589  —0.000000
P 0.625874 1.084046 0.181489 P —1.436646 0.098649 0.000000
P -1.251748  —0.000000 0.181489 P 0.403272 0.092766 1.149072
Frequency/ Intensity/ Frequency/ Intensity/
cm! km mol™! cm’! km mol!
444.4492 1.3595 280.2042 16.4727
444.4496 1.3608 356.2358 5.5564
544.2406 0.1029 465.2703 2.6853
544.2422 0.1030 542.8618 242115
573.7471 9.1367 685.3898 6.5155
809.6134 14.8447 871.8844 56.0624
12
N -0.817775 0.502928 0.000000
P -0.388189  -0.023629  -1.522971
P -0.388189  -0.023629 1.522971
P 1.146090 —0.180113  —0.000000

Frequency/ Intensity/

cm™! km mol™!
284.9089 13.7429
391.2465 1.4913
409.2017 2.4952
474.3462 29.529

689.4443 27.8686
938.2833 39.6746
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Table S6. Cartesian Coordinates (distances in A), vibrational frequencies (cm™), and intensity

(km mol™) for selected structures of H2P3N.

H:Ps;N
13 14
N 1.915443 0.069833 0.629383 P -1.811571 0.112326  —0.094567
P 0.799638 —0.009703 —0.689723 N  -0.236936  0.018824  0.654248
P —-1.012468 -1.015369 0.132954 P 1.092883  —-1.006969 —0.071587
P —0.974084 1.025931 0.129013 P 1.092341 0.991688  —0.080787
H 2.805729 —0.372230 0.445472 H 2359973 -1.064983 0.486415
H 1.589868 —0.129475 1.565195 H -1.586265 —0.522449 -1.362031

Frequency/ Intensity/ Frequency/  Intensity/

cm™! km mol™! cm™! km mol™!

164.7569 10.5528 155.0673 4.9424

228.0706 2.0497 181.7655 2.9263

246.4608 9.0604 217.8146 2.2195

397.5159 2.0754 364.2540 3.3784

442.0217 65.0478 498.7113 13.7236

481.4911 147.1390 682.6416 12.2584

637.2915 1.2766 848.5154 76.2553

777.2271 62.4324 892.7777 41.6065

956.8749 3.5827 945.5286 27.3889

1580.4995 36.1624 1116.8445 29.7094

3510.6820 12.5457 2269.6257 84.1787

3618.0470 22.4603 2361.2527 73.8892
15 16
P 1.889758 0.317965 0.984491 N 0.746238  —2.464836  0.000000
P 0.457531 —0.540514 —0.547380 P -0.661147 -1.513714  0.000000
N —1.135879 —0.335996 0.343337 P 0.000000 0.544509  0.000000
P —1.104387 1.000963 —0.526925 P 0.140015 2.459915  0.000000
H 3.040926 0.005141 0.208072 H 1.296661 —2.553394  0.840353
H 1.976178 —0.878573 1.750700 H 1.296661 —2.553394 —0.840353

Frequency/ Intensity/ Frequency/  Intensity/

cm! km mol™! cm! km mol™!

46.5454 2.7108 17.5494 0.3811

148.1121 2.0689 29.4234 2.7068

226.2145 4.1758 219.2359 12.5258

408.5688 7.0950 345.3853 11.4658

449.2837 7.3841 408.4469 12.7099

551.8420 6.5222 461.4909 202.7951

700.8081 8.2440 754.0716 27.0566

729.3840 5.7233 837.4908 81.7484

1061.8910 11.7423 929.2109 2.5060

1092.6631 16.1759 1588.2163 17.7973

2361.5044 35.2288 3533.3944 20.0334

2373.3769 442128 3633.9684 35.3072
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Table S7. Cartesian Coordinates (distances in A) and CBS—QB3 energies (Hartrees) for all
structures depicted in Fig. 4.

N>Hj4 P-H4

N 0.000000 0717816  —0.075902 P 0.000000 —1.130729  0.000000
N ~0.000000  —0.717816  —0.075902 P -0.000000  1.130728 —0.000000
H 0.230092 1.098141  0.836948 H  -0981428  1.224954  1.026204
H ~0.937290 1.020386  —0.305636 H  -0981428  1.224954 —1.026204
H ~0.230092  -1.098141  0.836948 H 0981434 -1.224947  1.026200
H 0937290  —1.020386  —0.305636 H 0981434 —1.224947 —1.026200
E(CBS-QB3)=-111.680378 E(CBS-QB3) = —684.185215

NPH4

N 1.111257 0.042491  0.079480 Ny E(CBS-QB3) = -218.508006

P 10.600492  —0.124139  0.026088

H 1.540829 0.843038  —0.359016 P, E(CBS-QB3) = -1363.722909

H 1.604230  —0.803660  —0.158457

H ~0.964191 0497525  -1.211574 P;N E(CBS-QB3) = -1077.427727
H -0.952284 1027752 0.781361

E(CBS-QB3) = -397.956748

P(PH)3 N(PHz)3
P —-0.000000 —0.000000 0.799840 N —2.832244 2.230896  0.404722
P 0.000000 2.007913  —0.188351 P —1.110743 1.965808  0.407468
P 1.738904 —1.003957  —-0.188351 P -3.697306 3.082679 —0.846112
P —1.738904 —-1.003957  —0.188351 P —3.689536 1.574459  1.775711
H —1.442746 —2.307820 0.295909 H —4.768636 0.927564  1.106101
H -1.169992 —1.245804  —1.469847 H —4.498470 2.695739  2.121499
H —1.277258 2.403364 0.295909 H —0.677567 3.284806  0.076856
H —0.493902 1.636144  —1.469847 H —0.947453 1.520167 —0.938438
H 2.720004 —0.095545 0.295909 H —3.118494 2457114 —-1.991084
H 1.663894 -0.390341  —1.469847 H —2.848643 4223089 -0.975144

E(CBS-QB3) =-1367.215597 E(CBS-QB3) =-1080.969464

N(NH:)3 P(PH,)2(NH>)
N —0.000000 —0.000000 0.397743 P —2.977255 1.750425 -0.225685
N 0.000000 1.352030  —0.056639 N —1.285876 1.903698  0.064023
N 1.170892 -0.676015  —0.056639 P —3.773492 3.718965 -1.011195
N —1.170892 -0.676015  —0.056639 P —3.642240 2.094578 1.894922
H —0.700574 1.834697 0.495253 H -3.577724 0.722993  2.261799
H —0.328402 1.386540  —1.026847 H -5.028779 2.042508  1.587575
H —1.238607 —1.524063 0.495253 H -3.030794 3.648137 —2.220459
H —1.036578 -0.977674  —1.026847 H —2.836690 4.577910 —-0.370250
H 1.939181 -0.310634 0.495253 H —0.935848 2.780106  0.428353
H 1.364980 —0.408866  —1.026847 H —0.713694 1.579990 -0.702624

E(CBS-QB3) = 222.169027 E(CBS-QB3) = —1080.986122
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Table S8. Calculated NICS values and orbital energies of the a1 (s, m) orbital.

NICS NICS (center of trigons in tetrahedron)
/ eV
(center of tetrahedron) PPP PPN PNN NNN are

P4 -61.3 -59.8 — — - —-8.13

PsN —73.7 -55.9 -61.7 — - —7.62

P2N2 —64.6 - -59.2 —65.9 - -7.67
PN; -57.6 — — —64.5 —75.5 —-10.82
N4 —73.8 - — — -73.2 —11.28
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Table S9. Calculated standard reaction enthalpies and Gibbs free energies at 298 K at the CBS—

QB3//B3LYP/cc—pVTZ level of theory.
Reactant Products AH? / kJ mol™! AG? / kJ mol™!
P4 2P 236.0 189.7
PsN P2 + PN 122.1 77.9
P2N2 2 PN -8.9 -53.6
PoN2 P> + N2 —224.7 —265.7
PN3 PN + N> -373.4 —416.9
Na 2 N2 —740.6 —785.4
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