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Methods

Experimental. All experiments were conducted in an ultrahigh vacuum chamber with base
pressures of a few 107!! Torr, achieved using magnetically suspended turbomolecular pumps
backed by an oil-free scroll pump.' A polished silver substrate was mounted to a cold head
connected to a closed-cycle helium compressor (Sumitomo Heavy Industries, RDK-415E). The
cold head can be moved vertically and rotated about the vertical axis.! Experimental procedures
have been described in detail previously.? Phosphine (PH3, Sigma-Aldrich, 99.9995%), ammonia
(NH3, Matheson, 99.9992%), and isotopically labeled ammonia-!>N (!’NH;, Sigma-Aldrich, 98%
I5N) were used. Once the silver substrate reached 5 K, phosphine and ammonia were co-deposited
onto the substrate via a pair of glass capillary arrays with partial pressures of 1x 1078 Torr for each
reactant. Utilizing laser interferometry with a helium-neon laser (632.8 nm),? the thickness of the
deposited PH;—NHj; ice was calculated to be 1410 £ 50 nm; the ratio of phosphine to ammonia
was estimated to be (1.6 £ 0.5):1 based on the integrated infrared absorption and absorption
coefficients of reactants.? The absorption coefficients of 5.1 x 10-'° cm molecule™! of PH; (1,)3
and 5.6 x 107'® cm molecule™! for NH; (v4)* were used. Infrared spectra were collected via a
Fourier Transform Infrared (FTIR) spectrometer (Nicolet 6700) with a resolution of 4 cm™!. After
deposition, the PH;—NHj; ice mixtures were exposed to energetic (5 keV) electrons at a current of
20 nA for 15 minutes. These electrons simulate secondary electrons produced by GCRs as they
pass through the interstellar ices in a molecular cloud.® The irradiation doses of 0.8 + 0.2 eV per
PH; molecule and 0.4 + 0.1 eV per NH; molecule?’ simulate the energy input by GCRs over
timescales equivalent to lifetimes of up to 3x 10° years for cold molecular clouds,® corresponding
to their early evolutionary stage. Utilizing the densities of PH; (0.90 g cm3)>° and NH3 (0.74 g
cm3),* approximately 99% of the incident electron energy was deposited within the upper 700 +
50 nm of the ice mixture using CASINO 2.42;7 this penetration depth is much less than the total
ice thickness, ensuring that electrons do not interact with the substrate.

After irradiation, the ices were warmed from 5 to 320 K at a ramping rate of 1 K min™! during
temperature-programmed desorption (TPD). As molecules sublime, they are photoionized by
pulsed VUV photons generated via the four-wave mixing method in a krypton/xenon gas jet (30
Hz).!0 The generation parameters for photon energies of 10.49, 9.47, and 8.80 eV are listed in
Table S3. Specifically, 10.49 eV photons were produced by tripling the third harmonic (355 nm)
of an Nd:YAG laser (Spectra-Physics, Quanta Ray PRO 250-30) in xenon gas. To generate 9.47
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eV photons, the third harmonic of an Nd:YAG laser (Spectra-Physics, Quanta Ray PRO 270-30)
pumped a dye laser (Sirah Lasertechnik, Cobra-Stretch) operating with stilbene 420 dye, yielding
212.556 nm (w;) after second harmonic generation with a beta-barium borate (BBO) crystal.
Meanwhile, a separate Nd:Y AG laser pumped a dye laser operating with the Rhodamine 590 dye
to generate 564.583 nm (w,). The combination of 2m; and ®, in krypton gas produced 9.47 eV
photons via four-wave difference frequency mixing. The 9.39 eV or 8.80 eV photons were
generated in xenon gas using ®; = 222.566 nm and ®, = 707.956 nm or 529.553 nm. The ®, beam
was obtained by frequency doubling 445.132 nm light from Coumarin 450 dye pumped by the
third harmonic (355 nm) of an Nd:YAG laser, while o, was produced by pumping Coumarin 450
dye with the second harmonic (532 nm) of another Nd:YAG laser. The output wavelengths of the
dye lasers were calibrated using a wavelength meter (Coherent, WaveMaster) with an accuracy of
0.1 cm™!, resulting in an uncertainty of less than 0.001 eV in the photon energy. The VUV photons
were separated from the dye laser beams using a biconvex lithium fluoride lens in an off-axis
configuration and directed to pass 2.0 + 0.5 mm above the substrate surface. VUV photons ionize
molecules via single-photon ionization, which produces exclusively singly charged cations. The
resulting ions were detected using a reflectron time-of-flight mass spectrometer (ReToF-MS,
Jordan TOF Products, Inc.). lon signals were amplified with a preamplifier (Ortec 9305) and
collected using a multichannel scaler (FAST ComTec, MCS6A). Each mass spectrum was
accumulated over 3600 sweeps (2 minutes) during the temperature-programmed desorption
process.

Computational. The coupled cluster!!-'* CCSD/cc-pVTZ calculations are carried out to obtain
optimized geometries, harmonic vibrational frequencies, and infrared intensities of neutral H,PN
isomers and cations. The energies are refined by computing coupled cluster CCSD(T)/cc-pVDZ,
CCSD(T)/cc-pVTZ, and CCSD(T)/cc-pVQZ energies, which are extrapolated to completed basis
set limits,!> CCSD(T)/CBS, with CCSD/cc-pVTZ zero-point energy corrections. The adiabatic
ionization energies (IEs) are calculated by taking the difference in energies between the ionic and
the neutral states of similar conformation. The Cartesian coordinates, harmonic vibrational
frequencies, and infrared intensities of the computed structures are provided in Tables S4-S9. To
assess whether the single-reference coupled cluster methods are appropriate for the present system,
the T, diagnostic'®!” is examined for both close-shell and open-shell species in Figs. 1, 4, and 6.

As seen in Table S10, for the close-shell species 4, ts (6-3+H,), and the open-shell species (£)-3%,
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(£)-3*, and 4%, the T, diagnostic values are exceed 0.02, and 0.044, respectively, which may
indicate appreciable multi-reference character. Thus, the multi-reference configuration interaction
(MRCI) calculations are also performed based on the CCSD/cc-pVTZ optimized geometries of
(E)-3, (E)-3%, (£)-3, (2)-3*, 4, 4, 6, and ts (6-3+H,). The reference space and molecular orbitals
are provided by MCSCEF (6,9)/(5,9), 6 (or 5) active electrons in 9 orbitals for neutrals and cations,
respectively. Likewise, MRCl/cc-pVDZ, MRCl/cc-pVTZ, and MRCl/cc-pVQZ energies with
Davidson corrections are extrapolated to yield the MRCI/CBS energies with CCSD/cc-pVTZ zero-
point energy corrections as shown in Table S11. The Gaussian 16 program is employed in the ab
initio electronic structure calculations,'® and MOLPRO" is used for the computations of MCSCF,
and MRCI. It is important to note that combined error bounds of —0.03/+0.06 eV are applied to the
calculated IEs based on the benchmarking against experimental and calculated IEs of molecular
systems.?’ The ionization energies are subject to small shifts due to Stark effects in the
photoionization region with an extraction electric field of 200 V ¢cm™! and from the internal thermal
energy of the desorbing molecules at 153 K; these contributions are estimated to result in a
combined shift of approximately —0.03 eV, comprising for the thermal (—0.014 eV) and Stark
effects (=0.011 eV).2! The ultraviolet-visible (UV-Vis) spectra of (E)-3, (£)-3, and 4 were
calculated at the TD-B3LYP/cc-pVTZ level of theory.
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Evidence for the formation of hydrazine (N,H;) and diphosphine (P,H,)

At 10.49 eV, the TPD profile of the ion signal at m/z = 32 from irradiated PH;—NHj; ice reveals
three sublimation events peaking at 79, 115, and 165 K (Fig. S5a). The blank experiment shows a
sublimation event at 79 K, indicating that this peak is likely due to contamination in the samples.
Given the molecular weights of the reactants, the ion signal of m/z = 32 could be attributed to PH*
and/or N,H,". When the PH3—NHj ice is replaced with PH;—!NHj ice, the TPD profile of m/z =
34 exhibits a broad, saturated sublimation feature between 60 and 140 K due to the PH; reactant,
along with a later peak at 165 K, suggesting that this higher-temperature event can be attributed to
an N,H, isomer. Previous studies of electron-irradiated ammonia—water (NH3;—H,0) ices at 10 and
50 K suggested that hydrazine (N,H,) sublimes at a peak temperature of 170 K,?? supporting the
assignment of the 165 K peak to hydrazine.

In addition, the TPD profile of m/z = 66 from irradiated PH;—NHj; ice at 10.49 eV reveals a
strong sublimation event peaking at 122 K (Fig. S5b). No sublimation event is observed at m/z =
66 in the blank experiment, indicating that this event originates from electron-induced processing
of the ice. Considering the molecular weights of the reactants, the ion signal at m/z = 66 can only
be assigned to a species with the molecular formula P,H,. Substitution of PH;—NHj; ice with PH3—
I>NHj; ice results in no mass shift of the TPD profile, indicating the absence of nitrogen
incorporation and further confirming the assignment to P,H4. Previous studies on electron-
irradiated phosphine ices at 5 K reported that diphosphine (P,H,) sublimes with a strong event
peaking at 121 K, which closely matches our result (122 K), supporting the assignment of this

sublimation peak to diphosphine.
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Figure S1. Infrared spectra of PH;—NH; ice before and after electron irradiation at 5 K. The bottom
panel shows a magnified, baseline-corrected view of the 2500-1000 cm™! region with Gaussian
deconvolution. Assignments of absorptions of PH3, NH3, and new features are indicated in purple,

black, and red, respectively. Detailed band assignments are provided in Table S1.
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Figure S2. TPD profiles of m/z = 45 from blank and irradiated PH;—NHj ices, and m/z = 48 from
irradiated PH;—'°NHj; ices measured at 10.49 eV.
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Figure S3. Simulated ultraviolet-visible spectra of (E)-3, (£)-3, and 4 calculated at the TD-
B3LYP/cc-pVTZ level of theory. The spectra were convoluted using a Gaussian function with a

full width at half maximum of 20 nm.
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Figure S4. TPD profiles of ion signal at m/z = 49 from irradiated PH;—NHj ices measured at 10.49
eV (a) and 9.47 eV (b).
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Figure SS. Ion signals of phosphine—ammonia ices recorded at 10.49 eV. TPD profiles of m/z =
32 and 34 from PH;—NH; and PH;—!°NHj ices, respectively (a), and m/z = 66 from both ices (b).
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Table S1. Infrared absorption peaks of PH;—NHj ice before and after electron irradiation at 5 K.

Absorptions before irradiation (cm™!)

PH; Assignment?
2319 V1 Or vs
2199 2vy
1873 2v,

1091 V4

983 123
NH; Assignment??
4994 V3 + vy
4470 V) + V3
3369 V3
3295 2v,

3207 Vi

1632 V4
1051 %)

New absorptions after irradiation (cm™!) Assignment
2768 V5(N:NH2)24
2236 P—H stretching?’
1504 NH, bending (v,)6:27
1100 P=N stretching>??
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Table S2. Error analysis of adiabatic ionization energies (IEs) and relative energies (AE) of H,PN
isomers, computed at the MRCI/CBS//CCSD/cc-pVTZ level including CCSD/cc-pVTZ zero-point
vibrational energy (ZPVE) corrections. IEs have been corrected for thermal and Stark effects by

—0.03 eV, and an uncertainty of —0.03—+0.06 eV is applied.?%-21,28.29

AE Computed Corrected IE ranges

Isomers Structure (k] mol!) IE (eV) V)

(£)-3 ﬁi‘r 0 9.30 9.24-9.33

L
(2)-3 \a if 2 9.49 9.43-9.52
4/~

4 &ﬂ 154 9.50 9.44-9.53
5 =@ 60 7.51a 7.45-7.54

LY

2 Computed at both the CCSD(T)/CBS//CCSD/cc-pVTZ and CCSD(T)/CBS//B3LYP/cc-pVTZ levels of

theory including CCSD/cc-pVTZ zero-point vibrational energy corrections.
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Table S3. Generation parameters of vacuum ultraviolet (VUV) photons via four-wave mixing.

The uncertainty in the VUV photon energy is less than 0.001 eV.

VUV photon . o)) (%
Nonlinear
energy (eV) medium wavelength o dye wavelength w;, dye
(nm) (nm)
10.49 Xenon 355 - - —
(Boy)
Rhodamine
9.47 Krypton 212.556 Stilbene 420 564.583
(20)1 - (,02) 590
9.39 Xenon 222.566 Coumarin450 707.956 LDS 722
(201~ )
Coumarin
8.80 Xenon 222.566 Coumarin450 529.553
(20)1 - (,02) 540A
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Table S4. Optimized Cartesian coordinates (A) on the adiabatic singlet ground state potential

energy surfaces of H,PN isomers and their doublet cations calculated at the CCSD/cc-pVTZ level

of theory. The point group symmetries and electronic ground states are provided.

Atom X Y Z Atom X Y z
(E)-3, CS: IA' (E)-3+, CS: 2A'
N 0.018773 1.052725 0.000000 N 0.037199  0.996229  0.000000
H 0.982774 1.383485 0.000000 H 0.564618 1.863941 0.000000
P 0.018773 -0.533713 0.000000 P 0.037199 -0.538075 0.000000
H -1.395772 -0.746863 0.000000 H -1.382987 -0.766419 0.000000
(2)-3, C,, 'A' (2)-3%, C}, 2A
N 0.096378 1.049634  0.000000 N -1.000012 0.031246  0.000089
H -0.819576  1.487244  0.000000 H -1.989307 0.232937  0.000335
P 0.096378 -0.528933  0.000000 P 0.509031 -0.102073 -0.000054
H -1.300747 -0.900695 0.000000 H 1.353923 1.079444 -0.000147
45 CZW lAl 4+a CZV’ 2B2
N 0.000000  0.000000 -1.147109 N 0.000000  0.000000 -1.179917
P 0.000000  0.000000 0.370466 P 0.000000  0.000000 0.401754
H 0.000000 1.115858 1.236384 H 0.000000 1.207376 1.116555
H 0.000000 -1.115858 1.236384 H 0.000000 -1.207376 1.116555
57 CZva lAl 5+9 C2va ZBZ
N 0.000000  0.000000 -0.977843 N 0.000000  0.000000 -0.952230
P 0.000000  0.000000 0.660692 P 0.000000  0.000000 0.645626
H 0.000000 0.842600 -1.532740 H 0.000000 0.852667 -1.509393
H 0.000000 -0.842600 -1.532740 H 0.000000 -0.852667 -1.509393
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Table S5. Vibrational frequencies (cm™!) and infrared intensities (km mol™") on the adiabatic

singlet and doublet ground state potential energy surfaces of H,PN isomers and their cations,

calculated at the CCSD/cc-pVTZ level of theory.

Ijr?(fcrllzl Frequency IR Intensity Frequency IR Intensity
(£)-3 (E)-37
1 926.8322 33.811 530.1662 157.7359
2 998.2809 28.8542 688.7967 170.262
3 1064.5824 53.0309 788.2739 36.7129
4 1139.5247 29.0192 1163.0617 3.5618
5 2330.9726 136.0119 2240.5992 15.189
6 3504.0297 10.6255 3589.3726 356.8944
(£)-3 (2)-3"
1 847.677 74.611 255.5807 167.4222
2 939.544 74.5941 445.193 102.1566
3 1070.9877 37.6657 521.522 134.0936
4 1115.8919 4.867 1172.1334 11.0599
5 2235.0898 203.6221 2080.9832 17.4441
6 3547.295 10.1056 3657.1472 437.3042
4 4*
1 488.8626 6.7262 467.6598 22.5644
2 721.7778 4.7703 581.5668 21.1837
3 1193.7408 29.1273 995.023 7.6401
4 1276.4759 5.9864 1083.5237 6.0212
5 2415913 26.2943 2478.0211 51.7574
6 2426.2114 96.6474 2544.7231 73.5081
5 5+
1 726.2532 193.8062 818.4276 218.1815
2 972.8484 18.3953 863.7864 9.7536
3 985.3374 34.5608 1067.9055 20.0477
4 1642.6269 7.9384 1608.6829 65.7932
5 3538.6051 7.089 3464.7819 198.4898
6 3627.6642 40.4515 3559.685 173.9561
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Table S6. Optimized Cartesian coordinates (A) on the adiabatic singlet ground state potential

energy surfaces of structures for reactions of H,PNH," and HNPH;" loss H, calculated at the

CCSD/cc-pVTZ level of theory.

Atom X Y Z Atom X Y V4
H,PNH,* HNPH;*
H 0.234825 1.575425 -0.850829 H -0.898262 1.640139  0.000000
H 0.234825 1.575425 0.850829 H 0.744692 -0.874673 1.131539
H -0.663915 -0.977577 1.145140 H -1.202609 -1.143801 0.000000
H -0.663915 -0.977577 -1.145140 N 0.027795 1.202636  0.000000
N 0.039008 1.063206  0.000000 P 0.027795 -0.477696  0.000000
P 0.039008 -0.575876  0.000000 H 0.744692 -0.874673 -1.131539
TS (2*-1%) TS (1"—3*+H,)
H 0.466988 -0.237807 1.169303 H 0.250301 1.203699 0.402138
H 1.630838 0.777726 -0.014830 H 1.660162 -0.728476 0.350081
H -1.132228 -1.136270 -0.455117 H -0.966741 -0.505995 1.184034
H -1.223263 1.180337 -0.291845 H -0.675913  1.405215 0.133811
N 1.137059 -0.112502 -0.138780 N 1.136208 0.052199 -0.049306
P -0.513450 0.013568 0.037597 P -0.548084 -0.115989 -0.114995
TS (17— 5*+H,) TS 2*-3*+H,)
H -1.650273 -0.747031 0.180570 H 1.736040 -0.655513 0.192363
H -1.541899 0.902964 -0.210327 H -1.129310 1.166140 -0.227060
H 0.889744  1.335132 -0.338864 H -1.140765 -0.920652 0.812993
H 0.899405 1.287358 0.558684 N 1.162007 0.175827  0.027060
N -1.048979 0.049572  0.010196 P -0.451306 -0.124338 -0.120746
P 0.583059 -0.208362 -0.017429 H -0.830420 1.044310 0.843483
TS (2*— 4*+H,)

H 0.182743  1.324838 -0.001247

H -1.100717 -0.417536 1.167097

H -0.846581 1.459784 -0.001185

N 1.236288 -0.059963 -0.000016

P -0.385816 -0.101744 0.000038

H -1.102220 -0.421188 -1.165126
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Table S7. Vibrational frequencies (cm™!) and infrared intensities (km mol™") on the adiabatic

singlet and doublet ground state potential energy surfaces of structures for reactions of H,PNH,"

and HNPH;" loss H, calculated at the CCSD/cc-pVTZ level of theory.

H,PNH," HNPH;*

Ii?f;:l Frequency(cm™') IR Inten | Frequency(cm™') IR Inten
1 410.43 9.0105 30.8 103.2913
2 575.85 206.5934 692.11 55.4508
3 755.29 1.5924 747.73 22.5744
4 755.45 38.8571 823.04 24.4976
5 969.54 10.9804 1035.25 30.9839
6 1041.32 31.4035 1066.4 35.3625
7 1061.08 14.7707 1107.65 14.607
8 1613.04 56.4178 1109.09 3.1584
9 2489.99 7.1706 2529.97 4.142
10 2542.74 6.5918 2568.09 12.4313
11 3545.22 241.9696 2569.52 20.4168
12 3651.22 164.3094 3476.75 99.4869

TS (2*-17) TS (1*-3*+H,)
1 -1992.92 255.6836 -1701.29 104.6484
2 561.83 36.6491 498.28 127.9033
3 711.8 29.7022 582.76 2.2262
4 746.52 31.0977 719.65 46.8421
5 847.5 35.9993 838.77 21.4759
6 976.81 16.5059 958.69 30.5851
7 1042.22 30.4535 1012.08 15.4397
8 1080.09 17.9729 1249.2 25.0329
9 2075.39 92.2435 1877.39 57.0814
10 2492.04 9.7567 2090.46 4.7943
11 2574.85 20.9413 2405.64 0.1756
12 3465.94 118.2906 3500.7 125.1449
TS (1*-5*+H,) TS (2*-3*+H,)
1 -464.92 31.4303 -1299.15 298.3147
2 477.71 206.4676 452.04 89.4079
3 596.49 0.8764 636.6 43.5299
4 673.09 30.862 651.63 21.1891
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5 853.65 3.6477 831.92 13.1039
6 925.59 17.6001 872.32 49.7817
7 94428 28.5095 1016.95 29.2595
8 1586.15 11.6534 1113.14 17.0656
9 1612.09 58.3859 1831 13.8934
10 2455.79 24.5941 2281.42 77.9977
11 3551.42 243.0053 2482.19 23.668
12 3660.51 151.6562 3487.34 127.236
TS 2+ 4++H,)

1 2112.77 813.1127

2 401.2 0.2232

3 700.19 8.3132

4 872.37 22.6323

5 931.73 2.0936

6 981.05 10.913

7 1015.24 11.0967

8 1181.02 41.8472

9 1815.97 286.5772

10 2068.27 81.0045

11 2479.09 11.9515

12 2521.8 24.1013
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Table S8. Optimized Cartesian coordinates (A) on the adiabatic singlet ground state potential

energy surfaces of H4PN structures in Fig. 6 calculated at the CCSD/cc-pVTZ level of theory.

Atom X Y Z Atom X Y Z
1,C,'A 2,C,, 1A
H -1.590567 -0.805598 0.157990 H -0.526942 -1.172624 1.069693
H -1.521870 0.824804 0.400477 H -0.891678 1.563156 0.000000
H 0.949698 0.448048 1.227779 H 1.346327 -0.884140 0.000000
H 0.946991 1.049112 -0.743897 H -0.526942 -1.172624 -1.069693
N -1.110699 0.044797 -0.085541 N 0.027238 1.142376 0.000000
P 0.599376 -0.121996 -0.029571 P 0.027238 -0.422026 0.000000
6, C,, A H,PNH, Cy, A
H 0.393258 1.538511 0.823901 H -1.585953 0.764574 -0.028439
H 1.370162 -0.760186 0.000000 H 0.997381 -1.086226 0.605471
H -1.017150 1.460502 0.000000 H 0.968984 1.059053 0.728161
H 0.393258 1.538511 -0.823901 N -1.132849 -0.143271 0.060914
P -0.051797 -0.790228 0.000000 P 0.503302 0.017700 -0.115440
N -0.051797 1.153725 0.000000 H -1.585953 0.764574 -0.028439
HPNH,, C;, °A TS (1-3+H,)
H -0.866304 1.301956 -0.046330 H 0.197167 1.256935 -0.101280
H 1.577117 -0.812570 0.143328 H 1.577112 -0.273591 -0.674707
H 1.525181 0.854119 0.237641 H -1.026044 0.049811 1.211454
P -0.642441 -0.099122 0.010780 H -0.741003 1.531752 -0.244643
N 1.057232 0.020474 -0.070905 N 1.103424 0.004219 0.180679
P -0.515413 -0.172963 -0.097038
TS 2- 3+H,) TS (6 3+H),)
H 1.640051 0.507556 0.503469 H -0.886623 1.242753 -0.483733
H -1.090084 -1.125891 -0.416267 H 1.402504 -0.975158 0.041420
H -1.407605 0.992526 0.051807 H 1.584649 0.654584 -0.264419
N 1.145255 -0.020780 -0.206834 P -0.725890 -0.048819 0.085146
P -0.390122 -0.057792 0.157192 N 0.913857 -0.131028 -0.215015
H -1.307312 0.638142 -1.049060 H 2.390821 0.727307 0.934649
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Table S9. Vibrational frequencies (cm™!) and infrared intensities (km mol™") on the adiabatic

singlet ground state potential energy surfaces of H4PN structures.

1 2
Normal Frequency(cm™') IR Inten [Frequency(cm') IR Inten
modes
1 352.0043 20.6906 391.0997 103.327
2 555.6901 182.0434 784.5421 93.9638
3 833.9631 28.5677 791.5615 12.4935
4 862.4771 6.0879 923.661 78.6539
5 938.5796 33.6942 1119.1774 21.6473
6 1103.9535 34.2501 1135.564 8.9938
7 1179.6733 27.7275 1165.3115 37.0327
8 1635.2708 19.16 1238.9183  152.5785
9 2362.3737  130.2845| 2367.1094  147.7712
10 2426.8186 84.5375 2400.5544 149.037
11 3591.8528 9.2124 2546.2275 35.1502
12 3689.459 22.7512 3615.5018 16.4082
6

1 192.455 2.638

2 511.1066 18.9833

3 675.4189 3.1938

4 744.2512 15.2505

5 1004.996 42.0391

6 1321.8389 76.7591

7 1678.1218 28.1582

8 1687.2321 30.7176

9 2376.166 137.2136

10 3498.4107 13.4492

11 3603.9601 71.8222

12 3614.1265 52.3658

H,PNH HPNH,

1 374.1405 108.8495 374.1405 108.8495
2 449.1162 110.1364 449.1162 110.1364
3 817.7606 6.1604 817.7606 6.1604
4 868.7151 49.4187 868.7151 49.4187
5 1092.3873 32.6204 1092.3873 32.6204
6 1617.2749 26.1365 1617.2749 26.1365
7 2398.5841 94.8079 2398.5841 94.8079
8 3611.9792 28.0282 3611.9792 28.0282
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9 3721.5063  32.9869 | 3721.5063  32.9869
TS (1-3+H,) TS (2 3+H,)
1 2270.9958  540.662 | -1532.8036  227.326
2 605.8949  26.8432 | 370.3654  47.2684
3 746.838  166.8139|  689.7256 7.6128
4 916.694 24.4485 764.712 18.4564
5 948.7276  109.5384| 916.1223  78.2181
6 1034.8644  12.6836 | 988.3745  84.5608
7 1145.4046 262071 | 11284774  10.9043
8 11523932 36.9452 | 1233.5152  50.0244
9 1746.1302 5743579 | 1467.6316  384.8665
10 2030.6465  25.6896 | 2236.7761  12.9739
11 2377.2635  98.7605 | 2527.1451  14.0383
12 3523.1808  9.2119 3570.084  20.3612
TS (6— 3+H,)
1 -755.6768  393.229
2 443.6232  18.3514
3 4743493  32.5702
4 655.5297  88.1966
5 761.7058  22.5909
6 829.886 11.1684
7 917.1228  14.1732
8 1083.0024  42.6138
9 1555.9797  63.6455
10 2399.1647  86.4143
11 3150247 392.1973
12 3645.585 47303
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Table S10. T, diagnostic values for species in Figs. 1, 4, and 6.

T, diagnostic

CCSD(T)/ CCSD(T)/ CCSD(T)/
cc-pVDZ cc-pVTZ  cc-pVQZ

close-shell

& 1(Cy, 'A) 0.009966 0.010834  0.011321
W

!
8
pi

w 2 (Cs, A" 0.015498 0.014376  0.014000

B
LQ (E)-3 (Cy, 'A") 0.015686  0.016129  0.016064
@
*I“ I? (2)-3 (C, 'A") 0.015572  0.016028  0.016037
8
fzo 4 (Cayy 'Ay) 0.029353  0.027809  0.027498
}-{w 5 (Cay, 'Ay) 0.019273  0.018007  0.017523
"
%éw 6 (Cy, 'A") 0.009595  0.010554  0.011004
"
9
1
s ts (1-3+H,) (Cy, 'A) 0.017680  0.016237  0.015919
99,
"
3“‘3:. ts (2-3+H,) (Cy, 'A) 0.020013  0.018104  0.017438
o
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w
3_4’# ts (6-3+H,) (Cy, 'A) 0.054369 0.061301  0.063474
W
open-shell
@ i 17 (Cs, 2A" 0.016338 0.017531  0.017641
r 2 (G, "AY)
@
27 (Cs, 2AM) 0.014171 0.014703  0.014980
w
3:‘ (E)-3" (Cs, 2A") 0.057876 0.0569701  0.057386
w
{' @ (2)-3* (Cy, *A) 0.063102 0.062664  0.063196
4
f—. 4* (Cyy, *By) 0.072590 0.072067  0.072529
e-—*d» 5% (Cyy, *By) 0.024127 0.023162  0.023150
w
w v
eﬂ ts 27—1%) (Cy, 2A) 0.025363 0.025945  0.026086
? 9
f_Q ts (1™-3*+H,) (Cy, 2A) 0.027859 0.029022  0.029692
w
LR
‘g ts (1™-5%+H,) (Cy, 2A) 0.017873 0.018728  0.018866
@
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ts (2'-3"+H,) (Cy, 2A)

ts (2*—4+H,) (Cy, 2A)

HPNH, (C, 2A)

H,PNH (C,, 2A)

0.023505

0.028315

0.016420

0.028877

0.025089

0.027243

0.017537

0.031339

0.025806

0.027216

0.017954

0.032808
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Table S11. (a) MRCI/CBS//CCSD/cc-pVTZ ionization energies (IE) of H,NP isomers depicted in Figure 1, and the activation energy
of 6—3+H, in Figure 6. (b) Numbers of configuration state functions (CSFs) of MCSCF and MRCI in (a).

(a)

E,d MCSCF (6,9)/(5,9) MRCI m | B

cc-pVDZ cc-pVTZ cc-pVQZ cc-pVDZ cc-pVTZ cc-pVQZ CBS (V) |(kJ mol?)
(E)-3(Cs, A" | 0.022700 | -396.400972 | -396.441700 | -396.452456 | -396.639616 | -396.793463 | -396.851470 | -396.885362 | 9.30 0
(E)-3* (Cs, 2A") | 0.020504 | -396.072866 | -396.112247 | -396.122140 | -396.311832 | -396.455057 | -396.509489 | -396.541332
(2)-3 (C, 'A") | 0.022227 | -396.399009 | -396.439570 | -396.450182 | -396.638070 | -396.792229 | -396.850171 | -396.884008 | 9.49 2
(2)-3" (C1,2A) | 0.018527 | -396.065053 | -396.105594 | -396.115799 | -396.300348 | -396.444932 | -396.499688 | -396.531702
4 (Cyy, 'A)) 0.019417 | -396.355051 | -396.399510 | -396.412161 | -396.572309 | -396.728651 | -396.788359 | -396.823315 | 9.50 154
4* (Cyy, 2By) 0.018568 | -396.038569 | -396.077345 | -396.088117 | -396.248794 | -396.387900 | -396.441660 | -396.473193
E,4 (kJ mol-)
6 (C,, 'AY 0.047632 | -397.529162 | -397.570880 | -397.580950 | -397.808232 | -397.973379 | -398.032089 | -398.066064 0
ESC(6TZ;_H2) 0.036260 | -397.444859 | -397.488248 | -397.499067 | -397.734213 | -397.896305 | -397.953317 | -397.986248 180
1y

a zero-point energy by CCSD/cc-pVTZ in hartree,

b jonization energy by MRCI/CBS with CCSD/cc-pVTZ zero-point energy correction in eV,

¢ the relative energy of different isomer sets by MRCI/CBS with CCSD/cc-pVTZ zero-point energy correction in kJ mol,

d activation energy by MRCI/CBS with CCSD/cc-pVTZ zero-point energy correction in kJ mol-'.
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(b)

MCSCEF (6,9)/(5,9) MRCI
cc-pVDZ | cc-pVTZ | cc-pVQZ cc-pVDZ cc-pVTZ cc-pvVQZ
(E)-3 (C,, 'AY) 1,316 1,316 1,316 63,277,540 545,860,596 2,345,519,228
(E)-3* (C, 2A") 980 980 980 53,177,458 449,749,330 1,921,768,482
(2)-3 (Cs, A" 1,316 1,316 1,316 63,277,540 545,860,596 2,345,519,228
(2)-3" (Cy, %A) 1,890 1,890 1,890 176,854,500 1,582,487,100 6,926,064,660
4 (Cy, 'A)) 684 684 684 18,426,930 150,905,992 638,250,340
4+ (Cyy, *By) 488 488 488 15,370,906 123,007,690 516,818,562
5(Cu, 'A)) 684 684 684 18,426,930 150,905,992 639,701,918
6 (C,, 'A") 1,316 1,316 1,316 137,250,912 1,195,242,982 5,297,582,236
ts (6-3+H,) (C, 'A) | 2,520 2,520 2,520 482,909,400 4,366,584,900 19,608,107,310
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