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CHEMISTRY

Formation of the elusive tetrahedral P3N molecule
Chaojiang Zhang'?, Cheng Zhu'?, André K. Eckhardt®*, Ralf I. Kaiser'**

The tetrahedral 1,2,3-triphospha-4-azatricyclo [1.1.0.0%*] butane (PsN) molecule—an isovalent species of phosphorus
(P4)—was prepared in low-temperature (5 K) phosphine-nitrogen ices and was identified in the gas phase through
isomer-selective, tunable, soft photoionization reflectron time-of-flight mass spectrometry. Theoretical cal-
culations reveal that the substitution of a single phosphorus atom by nitrogen in the P4 molecule results in en-
hanced spherical aromaticity while simultaneously increasing the strain energy from 74 to 195 kJ mol™. In
P3N, the P—P bond is shortened compared to those in P4 by 3.6 pm, while the P-N—P bond angle of 73.0° is larger
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by 13.0° compared to the P—P—P bond angle of 60.0° in P4. The identification of tetrahedral P3N enhances
our fundamental understanding of the chemical bonding, electronic structure, and stability of binary, interp-
nictide tetrahedral molecules and reveals a universal route to prepare ring strained cage molecules in ex-

treme environments.

INTRODUCTION

Since the discovery of white phosphorus (P, 2) by Hennig Brand
350 years ago (I, 2), tetrahedral molecules composed of pnictide atoms
(group XV; Fig. 1) such as tetranitrogen (Ny, 1) (3), tetraarsenic (Asy, 3)
(4, 5), and tetrantimony (Sby, 4) (6) have intrigued the inorganic pre-
parative (7, 8), theoretical (9, 10), and physical chemistry communi-
ties (11, 12) from the fundamental viewpoints of electronic structure
theory and chemical bonding along with their potential as high en-
ergy density materials (13). These tetrahedral (T4) molecules repre-
sent the simplest prototypes of spherical aromaticity structures—a
concept originally developed by Hirsch et al. to determine to what
extent fullerenes and polyhedral boranes are aromatic and then ex-
panded to tetrahedral cage molecules (14, 15). Considering the ring
strain energies of, e.g., 225.6 and 74.1 kJ mol ™" for 1 and 2, respec-
tively, along with their inherent high reactivity and difficulties of a
directed synthesis of pnictide tetrahedral molecules (16), increasing
computational and preparative attention has been devoted to isolate
binary, interpnictide tetrahedral molecules (17, 18). Early gas-phase
Raman spectroscopy of mixed phosphorus and arsenic vapors at
1273 K by Ozin (19) provided compelling evidence on the existence
of three binary pnictogen tetrahedral molecules (AsPs, 5; As,P», 6;
As3P, 7); the concept of preparing mixed pnictogen tetrahedral species
under thermal equilibrium conditions was also expanded to incor-
porate the isovalent antimony element (SbPs, 8) (19). Cummins et al.
developed a formidable preparative synthetic approach to binary
pnictogen tetrahedral molecules exploiting transition metal com-
plexes acting as effective anionic cyclic triphosphorus (P;*") transfer
agents; when combined with an electrophile (E*; E=P, As, Sb), P4 (2),
AsP; (5), and SbP; (8) were prepared (20-25). This strategy was ex-
panded to synthesize the tetrahedron 1,2,3-triphospha tricyclo [1.1.0.0>*]
butane (P3;CH, 9) (26).

Despite this remarkable progress on the synthesis of interpnictide
tetrahedral molecules, the preparation of the Cs, symmetric, tetra-
hedral molecule 1,2,3-triphospha-4-azatricyclo [1.1.0.0>*] butane
(P3N, 10; Fig. 1) represents a fundamental synthetic challenge
contemplating a notable ring strain energy of 195.1 kJ mol ™’
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calculated at the CBS-QB3//B3LYP/cc-pVTZ level of theory and,
hence, tendency to ring-open or polymerize. Electronic structure cal-
culations challenge the proposed instability and predicted that P3N
(10) represents a global minimum and, hence, is both thermodynam-
ically and kinetically stable toward unimolecular decomposition once
prepared (27). However, a traditional high-temperature gas phase
synthesis from white phosphorus (P4) and nitrogen (N) is problem-
atic; the cleavage of the nitrogen-nitrogen triple bond, which has a
bond energy of 945 k] mol ", in a fraction of only 10~ of the nitrogen
molecules would require at least 10,000 K—a temperature much
higher than the surface of our Sun (5778 K). Along with the lack of
a classical synthetic chemistry route using anionic c;lclic triphos-
phorus (P;¥) transfer agents in conjunction with an N”" electrophile
in solution, a strategy exploiting nonequilibrium chemistry is re-
quired for the preparation of the hitherto elusive P3N (10) molecule
in extreme environments. Consequently, binary pnictogen tetrahedral
molecules carrying nitrogen and phosphorus represent one of the
least explored classes of inorganic molecules.

Here, we reveal the first preparation of the Cs, symmetric, P3N
(10) molecule, 1,2,3-triphospha-4-azatricyclo [1.1.0.0>] butane, the
isovalent counterpart of the P4 (2) molecule, through exposure of
low-temperature (5 K) phosphine (PHj;)-nitrogen (N;) ices to ener-
getic electrons via transient reactants carrying the neutral cyclic triphos-
phorus moiety (c-P3). Combined with electronic structure calculations,
tetrahedral P3N (10) is explicitly identified upon the temperature-
programmed desorption (TPD) phase of the irradiated ices via isomer-
selective photoionization in the gas phase based on computed
adiabatic ionization energies (IEs) of distinct P3N isomers (Fig. 2 and
table S1) exploiting vacuum ultraviolet (VUV) photoionization re-
flectron time-of-flight mass spectrometry (PI-ReTOF-MS). Electronic
structure calculations reveal that P3N (10) can be formed via de-
composition of three cyclic H,NP3 (c-H,NPs) transients (13 to 15)
through the concerted molecular hydrogen loss. The first prepara-
tion and identification of P3N (10) showcases its gas phase stability
over at least 10 us as demonstrated in the present study. These find-
ings not only advance our fundamental knowledge on the chemical
bonding and electronic structure of strained, interpnictide tetra-
hedral molecules but also provide a powerful strategy to prepare
highly strained, still elusive interpnictides such as PN3 and P,N,
through nonequilibrium chemistry in exotic low-temperature envi-
ronments, which traditionally “should not exist.”
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Fig. 1. Structures of tetrahedrally shaped molecules carrying group XV atoms. Tetraazatetrahedrane (N4, 1) has only been subject to computational studies; tetrap-
hosphorus (P4, 2), tetraarsenic (Ass, 3), tetraantimony (Sba, 4), 1,2,3-triphospha-4-arsatricyclo [1.1.0.0%%] butane (P3As, 5), 1,2-diphospha-3,4-diarsatricyclo [1.1.0.0%%]
butane (P,As,, 6), 1-phospha-2,3,4-triarsatricyclo [1.1.0.0>*] butane (PAs, 7), and 1,2,3-triphospha-4-stibatricyclo [1.1.0.0%*] butane (P3Sb, 8) have been isolated.
Bond lengths are given in picometers (pm) with atoms color coded in blue (nitrogen), orange (phosphorus), purple (arsenic), red (antimony), gray (carbon), and white
(hydrogen). Structures of the isoelectronic 1,2,3-triphosphatricyclo [1.1.0.0%%] butane (P3CH, 9) and 1,2,3-triphospha-4-azatricyclo [1.1.0.0%*] butane (P3N, 10) molecules

are also shown.

=

10, C,,, 'A, 1,C,'A 12, C,, 'A
9.33-9.48 eV 8.31-8.46 eV 7.83-7.98 eV
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Fig. 2. Molecular structure of distinct P3N isomers. Bond lengths are given in
picometers (pm) and bond angles in degrees; point groups, electronic ground
states, computed adiabatic IEs corrected for the electric field effect (blue), and rel-
ative energies (red) are also shown. The energies were computed at the CCSD(T)/
CBS//B3LYP/cc-pVTZ + zero-point vibrational energy (ZPVE) level of theory. The
atoms are color coded in blue (nitrogen) and orange (phosphorus).

RESULTS

After the exposure of the PH3-N; ices to energetic electrons at 5 K,
the irradiated ices were sublimed at a rate of 1 K min™* to 300 K
while probing the subliming molecules in the gas phase via PI-
ReTOF-MS (28). This methodology denotes an extraordinary tech-
nique of detecting gas phase molecules isomer-selectively exploiting
soft photoionization on the basis of their distinct adiabatic IEs
through methodically tuning the photon energies (PEs) above and
below the IE of the isomer of interest. This certifies the identity
of the parent ions at a well-defined mass to charge ratio (m/z).
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The isomer-selective photoionization and, hence, identification of P3N
(10) requires the computation of the IEs of distinct P3N isomers
(Fig. 2). At the CCSD(T)/CBS//B3LYP/cc-pVTZ plus zero-point vi-
brational energy (ZPVE) level of theory, the calculations reveal the
existence of three structural isomers 10, 11, and 12. The C;, sym-
metric tetrahedral isomer P3N (10) represents the global minimum
and is thermodynamically preferred compared to the nonplanar, Cs
symmetric structures 11 and 12 by 114.8 and 186.1 kJ mol ', respec-
tively. The IEs of these isomers were computed to be 9.33 to 9.48
(10), 8.31 to 8.46 (11), and 7.83 to 7.98 eV (12), accounting for the
computational accuracies and the shift of up to 0.03 eV by the elec-
tric field of the ion optics (table S1). Accounting for the computed
IEs of isomers 10 to 12, two distinct PEs of 10.49 and 8.53 eV had to
be selected to manifest the identity of P3N (10). Photons at 10.49 eV
can ionize all isomers. The recorded TPD profile at m/z = 107 (P3N)
reveals ion counts from 165 to 225 K with a distribution maxi-
mum close to 195 K (Fig. 3A). A separate experiment, which re-
places nitrogen by 15-nitrogen ('°Ny), shifts this TPD profile from
m/z = 107 to 108. This finding reveals that the carrier of the ions at
m/z = 107 contains a single nitrogen atom [14 atomic mass unit
(amu)] with the remaining mass accountable by three phosphorus
atoms (93 amu). Therefore, the molecular formula of this species can
only be assigned to P3N. When the PE was tuned down to 8.53 eV,
i.e., below the IE of 10 but above the IEs of 11 and 12, the peak at
m/z = 107 vanishes (Fig. 3B). These findings provide compelling
evidence that the signal at m/z = 107 obtained with PE = 10.49 eV
can only originate from isomer 10 but not from isomer 11 or 12.
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Fig. 3. PI-ReTOF-MS data were recorded during the temperature-TPD phase
of processed phosphine (PH3)-nitrogen (N,) ices. (A) PI-ReTOF-MS signal re-
corded from the electron-processed PHs3-N, ice (black) and PH3-15N2 ice (red) at a
photon energy (PE) of 10.49 eV. (B) PI-ReTOF-MS signals at m/z= 107 detected
during the TPD phase of the electron-processed PH3-N, ices with PEs of 10.49 eV
(black), 8.53 eV (blue), and 10.49 eV blank (green).

We also conducted the blank experiment by subliming nonirradi-
ated PH3-N, ices at PE = 10.49 eV. No sublimation event was
detected at m/z = 107 (Fig. 3B), verifying that the P3N (10) mole-
cule requires radiolysis of PH3-N; ices, but it is not the result of
ion-molecule reactions in the gas phase upon sublimation of the
reactants. Considering the average velocity of 174 m s™ of P3N (10)
subliming at 195 K and the distance of 2 mm between the ice surface
and the photoionization laser, the lifetimes of P3N (10) in the gas
phase exceed 11 + 1 us to survive the flight time from the sublima-
tion to the photoionization region. Likewise, the lifetime of singly
ionized P3N (10) is at least 47 + 1 us to fly from the ionization region
to the multichannel plate (MCP) of the detector, where m/z =107 is
eventually detected. Note that, traditionally, infrared spectroscopy
has been used to assign unique vibration modes of newly formed
molecules, too. In the present study, the exposure of the PH3-N,
ices to energetic electrons leads to two shoulders at 2270 and
1063 cm ™ along with a distinct absorption peak at 788 cm™ (fig.
S1 and table S2) (29). These features can be linked to stretching
modes of P—H, PH, scissoring modes, and P—N ring deformation
modes, respectively (30). The replacement of nitrogen by 15-nitrogen
("°N) that red-shifted the 788 cm ™ feature to 784 cm ™' suggests
that this fundamental might be associated with a moiety-carrying
nitrogen. With a scaling factor of 0.97 (31), the computed value of the
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P—N ring deformation mode (v = 809 cm™Y) for P3N (10) (table S5)
corresponds nicely to the experimentally observed 788 cm™ feature.
The remaining absorptions are beyond the cutoff of the infrared
detector (fig. S1 and table S5). Consequently, in the present situa-
tion, infrared spectroscopy cannot be exploited to unambiguously
assign P3N (10), also because the electron exposure synthesizes a
wide range of new molecules whose absorptions of the functional
groups often overlap in the infrared regime.

Having identified the tetrahedral molecule 1,2,3-triphospha-4-
azatricyclo [1.1.0.0%*] butane (P;N, 10) via PI-ReTOF-MS, we are
shifting our attention now to its computed electronic and geometric
structure. Compared to the tetrahedral P4 (2), the replacement of a
single phosphorus atom by isovalent atomic nitrogen reduced the
symmetry of the P3N (10) molecule to a Cs, point group and a A,
electronic state (Fig. 2). The slightly distorted regular tetrahedron
can be rationalized by inspecting the P—P and P—N bond lengths
and bond angles. At the B3LYP/cc-pVTZ level of theory, the P—N
bond and P—P bond lengths are computed to be 182.3 and 216.8 pm,
with the latter shorter than the P—P bond of 220.4 pm in P4 (2)
(Fig. 1). This trend is also reflected in a lengthening of the bond
from P—N via P—P, P—As, and P—Sb from 216.8, 220.4, 232.2, and
250.0 pm, as the atomic radii of the group XV element increases
from nitrogen to antimony (32). In addition, the nitrogen substitu-
tion of P4 (2) results in the bond angle of ZP—N—P = 73.0° of P3N
(10), larger by 13.0° compared to the bond angle of 2.P—P—P = 60.0°
in P4 (2). An electronic property of note for comparison among Ny
(1), P4 (2), and P3N (10) is the degree of spherical aromaticity.
Hirsch and co-workers have previously calculated large negative
values for the nucleus-independent chemical shifts (NICSs) at the
cage centers of T4 symmetrical clusters, including Ny (1) and P4 (2)
(14, 15). This was interpreted as spherical aromaticity and large dia-
magnetic ring currents in the tetrahedrons. Our calculated NICS
value for P3N (10) of —73.7 is more negative than for P, (2) of -61.3
and similar to Ny (1) of —73.8. The calculated NICS value for the
center of the cyclic P3 moieties in P4 (2) is —59.8 and only slightly
lower than in the center of the three-dimensional tetrahedron. The
NICS value for the center of the P3 unit in P3N (10) is —55.9 and
—61.7 for the three P,N units. Both values are much lower than the
calculated value for the cage center; these results indicate that the
NICS values correlate with the size of the elements in the cluster,
which also affects the relative energy of the a; orbital (vide infra;
Fig. 4 and table S8) (14). Despite the lowering in molecular sym-
metry upon going from Tg P4 (2) to Cs, symmetric P3N (10),
spherical aromaticity is gained. This gain of spherical aromaticity is
partially due to the fact that P3N (10) similar to P4 (2) maintains
closed-shell o and & subsystems (fig. S2), resulting in symmetrically
distributed angular momenta. Electrons within the frontier orbital
region are the most mobile and contribute predominantly to the
ring-current effect. Therefore, the diatropic character of these clus-
ters is mainly determined by the ¢ electrons (14). The increase in
spherical aromaticity in P3N (10) in comparison to P, (2) and P3As (5)
might be explained by the energetically higher lying a; (-7.62 eV)
highest occupied molecular orbital (HOMO)-1 frontier orbital, which
increases the electron density and ring current effect in P3N (10)
(Fig. 4, bottom) (24). The HOMO-LUMO (lowest unoccupied mo-
lecular orbital) energy gap in P3N (10) (6.09 eV) is lower than in Py
(2) (6.34 eV). We calculated the relative strain energies of N4 (1), P4
(2), and P3N (10) using a series of homodesmotic equations as de-
picted in Fig. 4 (top). Despite the acute bond angles in P4 (2), the
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Fig. 4. Calculated strain energies in tetrahedral N4 (1), P4 (2), and P3N (10) and frontier molecular orbitals of P4 (2) and P3N (10) using C3, symmetry to allow for direct
comparison of the calculated orbitals. The strain energies are calculated via the homodesmotic equations depicted on top at the CBS-QB3//B3LYP/cc-pVTZ and the
molecular orbitals at B3LYP/cc-pVTZ level of theory. Orbital energies are given in eV. Atoms are color coded in black (hydrogen), blue (nitrogen), and orange (phosphorus).

molecule is relatively unstrained. At CBS-QB3//B3LYP/cc-pVTZ
level of theory, a ring strain energy of 74.1 k] mol ™" is obtained. This
is lower than the calculated strain energy in Ny (1) (225.6 kJ
mol ™). Note that the frontier orbitals in phosphorus as a heavier
p-block element are more diffuse and the propensity for lone
pairs to accumulate s orbital character (33). The incorporation of
only one nitrogen atom into the P, (2) tetrahedron increases the
strain energy in P3N (10) to 195.1 k] mol ™. This is in a same region as
the previously reported strain energy in P3CH (9) (156.2 k] mol™)
(26), which is higher than that of cyclopropane (119.6 kJ mol ™)
(34). These results are in agreement with our calculated dissocia-
tion reaction enthalpies for various P/N tetrahedrons (table S9).
Thermally, white phosphorus (P,) only dissociates above 1100 K
into two molecules of P, (35), which is reflected in a calculated
highly endothermic reaction enthalpy of 236.0 kJ mol™" at the CBS-
QB3//B3LYP/cc-pVTZ level of theory. The reaction for the dissoci-
ation of P3N into PN and P, is also endothermic (122.1 kJ mol’l),
thus underlining the stability of the PsN tetrahedron. By incorpo-
rating more nitrogen atoms in the tetrahedron scaffold, the dissoci-
ation reactions of PNy, PN3, and Ny become highly exothermic and
energetically favored (table S9).

Last, we are proposing potential formation routes to P3N (10).
Electronic structure calculations revealed that three H,NP3 isomers
(Fig. 5 and fig. S3) might act as reactive intermediates. Among four
H,NP; isomers 13 to 16, 13 to 15 could undergo unimolecular de-
composition via molecular hydrogen loss and simultaneous ring
closure to P3N (10). These pathways involve transition states located
345.3 k] mol™! (3.58 V) to 391.7 k] mol ™! (4.06 eV) above the energy
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of the reactant, which could be overcome through kinetic energy
transfer from the impinging electrons to isomers 13 to 15 (36). Note
that no one-step decomposition-isomerization mechanism was
located for the acyclic isomer 16, suggesting that a cyclic, pnictide-
based triatomic moiety represents a requirement to form P3N (10). Ion
counts for H,NP; and H,'°NP; (fig. S4) were identified in the
sublimation phase of the exposed PH;3-Nj, ices at a PE = 10.49 eV.
However, the intensity of the ion counts even at 10.49 eV is too low
to determine the nature of their structural isomers through the re-
duction of the PE. Nevertheless, the computed pathways suggest
plausible routes, involving precursor molecules carrying a cyclic P;
moiety (13 and 16) to form P3N (10) via nonequilibrium chemistry
triggered by electron exposure of PH;3-Nj ices.

DISCUSSION

To sum up, the identification of the tetrahedral molecule 1,2,3-
triphospha-4-azatricyclo [1.1.0.0>*] butane (P3N, 10) progresses our
fundamental understanding of the chemical bonding of highly
strained binary pnictogen molecules carrying nitrogen and phos-
phorus and affords a formidable strategy to prepare traditionally
“nonexisting” interpnictides such as PN3 and P,N, via nonequilib-
rium chemistry, which have escaped any preparation and spectro-
scopic detection thus far. A “radical” approach to a “P; transfer
chemistry” (26) or the controlled combination of diphosphorus (P,)
(37, 38), diphosphatriazolate anion (P,N3") (39, 40), and phosphorus
mononitride (PN) (41, 42) in solution might enable a preparative
synthesis and isolation of molecular P3N (10) in the future.
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Fig. 5. Potential energy surfaces of distinct H,P;N reaction intermediates (13 to 15) undergoing molecular hydrogen loss to 1,2,3-triphospha-4-azatricyclo [1.1.0.0%%]
butane (PsN, 10). The energies are computed at the CCSD(T)/CBS//B3LYP/cc-pVTZ + ZPVE level of theory. Atoms are color coded in white (hydrogen), blue (nitrogen),

and orange (phosphorus). TS indicates the transition state.

MATERIALS AND METHODS

Experimental methods

The experiments were carried out in an ultrahigh vacuum chamber
pumped to a base pressure of 7 x 10™"! torr using turbomolecular
pumps (Osaka, TG1300MUCWB and TG420MCAB) backed with
oil-free scroll pumps (Edwards, GVSP30). Within the chamber, a
fine-polished silver wafer is mounted to a copper cold head cooled
by a closed-cycle helium refrigerator (Sumitomo Heavy Industries,
RDK-415E) capable of achieving temperatures to 5.0 = 0.1 K. The
wafer can be translated vertically and rotated in the horizontal plane
with a linear translator (McAllister, BLT106) and rotational feed-
through (Thermionics Vacuum Products, RNN-600/FA/MCO), re-
spectively. During the experiment, phosphine (PH3, Sigma-Aldrich;
99.9995%) and nitrogen (N, Matheson; 99.9992%) [or 15-nitrogen
(N, Sigma-Aldrich; 98% BN gases were co-deposited onto the
silver wafer via two separate glass capillary arrays to produce ice
mixtures of PH3 and N, with a composition ratio of (1.2 + 0.2):1.
The ice thickness was determined via exploiting laser interferometry
(43) by monitoring the interference fringes of a 632.8-nm helium-
neon laser (CVI Melles Griot, 25-LHP-230) that is reflected from
the silver wafer (2° relative to the ice surface normal). With the re-
fractive indexes of pure PH; and N ices (npy, = 1.51 + 0.04, ny, =
1.21 + 0.01) (43, 44) and their composition ratio [PH; and N, =
(1.2 £ 0.2):1], the thickness of the ice mixture was estimated to be
1000 + 50 nm.

After the deposition, the ices were examined using a Fourier
transform infrared (FTIR) spectrometer (Nicolet 6700; 6000 to
400 cm ™', 4 cm ™! spectral resolution). The ice composition was cal-
culated using a modified Beer-Lambert law. For PHj, on the basis of
the absorption coefficients for the 2319 em™ (vi/vy; 4.7 x 1078 cm
molecule™?) and 983 cm™ (v,; 5.1 x 107" cm molecule™) bands
along with corresponding integrated areas, its average column den-
sity was determined to be (1.5 + 0.3) x 10'® molecules cm ™2, which
can be converted to 550 + 60 nm thick ice with the density of PHj ice
(09g cm™>). Considering the thickness of the total ice (1000 + 50 nm)
and PHj3 ice (550 + 60 nm), the thickness of N, was estimated to be
450 + 50 nm, which corresponds to a column density of (1.2 +
0.3) x 10'® molecules cm™, taking into account the densities of N
ice (0.94 £0.02 g cm™>). Therefore, the ratio of PH; and N, was
found to be (1.2 + 0.2):1.

The ices were then isothermally processed by 5 keV electrons
(Specs EQ 22-35 electron source) at 5.0 £ 0.1 K for 2 hours at
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currents of 0 nA (blank) and 100 nA. The electron incidence
angle is 70° to the ice surface normal. Using Monte Carlo simu-
lations (CASINO 2.42) (45), the maximum and average depths of
the electrons were estimated to be 880 + 90 nm and 490 + 50 nm,
respectively, which are less than the ice thickness (1000 + 50 nm),
avoiding interaction between the electrons and the silver wafer
(table S3). The irradiation doses were determined to be 26 + 4 eV
per PH; molecule and 21 + 3 eV per N, molecule. To monitor the
evolution of the ices during the electron irradiation, in situ FTIR
spectra were recorded at intervals of 2 min.

After the irradiation, the ices were annealed to 300 K at 1 K min~
(TPD), exploiting a programmable temperature controller (Lakeshore
336). During the TPD phase, the subliming molecules from the
ices were examined using a ReTOF mass spectrometer (Jordon TOF
Products Inc.) coupled with tunable VUV photon ionization (table S4).
Two PEs of 10.49 and 8.53 eV were selected to distinguish the P3N
distinct isomers. The 10.49 eV (118.222 nm) laser was generated
via frequency tripling (®yyy = 3®;) of the third harmonic (355 nm)
of the fundamental (1064 nm) of a neodymium-doped yttrium
aluminum garnet (Nd:YAG) laser using xenon (Xe) as a nonlinear
medium. To produce 8.53 eV (145.351 nm) light, the second har-
monic (532 nm) of an Nd:YAG laser was used to pump a Rhodamine
610/640 dye mixture [ethanol (0.17/0.04 g liter ')] to obtain
606.948 nm (2.04 eV) (Sirah, Cobra-Stretch), which underwent a
frequency tripling process to achieve ®; = 202.316 nm (6.13 eV)
[B-BaB,04 (BBO) crystals, 44° and 77°]. A second Nd:YAG laser
(second harmonic at 532 nm) pumped the dichloromethane dye
[dimethyl sulfoxide (0.30 g liter )] to obtain ®, = 665 nm (1.86 €V),
which underwent a frequency doubling process to achieve w, =
332.5nm (3.73 eV) [B-BaB,04 (BBO) crystals, 44°] and then com-
bined with 2w,, generating wy,y, = 8.53 eV (145.351 nm) at 1012 pho-
tons per pulse via difference four-wave mixing (@yuy = 20; — @) in
pulsed gas jets of krypton (Kr) (table S4). The VUV photons were
spatially separated from the incident lasers (2m; and ®,) and other
wavelengths generated via multiple resonant and nonresonant pro-
cesses (2m; + ay; 3055 30) using a biconvex lens made with lithium
fluoride (LiF) (ISP Optics) and directed 2 mm above the ice surface
for ionizing the sublimed species. The ionized molecules were exam-
ined with the ReTOF mass spectrometer based on their arrival time
to an MCP, which is correlated with m/z. The MCP signal was first
amplified by a fast preamplifier (ORTEC 9305) and then recorded
using a multichannel scalar (MCS) (FAST ComTec, P7888-1 E).
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The MCS is triggered with a pulse generator (Quantum Composers
9518) at 30 Hz. Each final mass spectrum is the average of 3600
sweeps of the flight time in 4 ns bin width and correlates to a 2 K
increase of the sample temperature.

Computational methods

All computations were carried out with Gaussian 16, Revision C.01
(table S5 and S6) (46). For geometry optimizations and frequency
computations, the density functional theory B3LYP functional (47-49)
was used, using the Dunning correlation-consistent split valence
basis set cc-pVTZ (50). On the basis of these geometries, the corre-
sponding frozen-core coupled clusters (51-54) CCSD(T)/cc-pVDZ,
CCSD(T)/cc-pVTZ, and CCSD(T)/cc-pVQZ single-point energies
were computed and extrapolated to complete the basis set limit (55)
CCSD(T)/CBS with B3LYP/cc-pVTZ ZPVE corrections. The adia-
batic IEs were computed by taking the ZPVE-corrected energy dif-
ference between the neutral and ionic species that correspond to
similar conformations. As in general, the difference of *N and "°N
isotopologues in the ZPVE is marginal. We used the ZPVEs of N
isotopologues for IEs calculation and assume them as the same for
our experiments with heavier isotopologues. The electric field of the
extractor plate of our experimental setup lowers the IE by up to
0.03 eV. For the calculation of the strain energies depicted in Fig. 4,
all geometries were optimized at B3LYP/cc-pVTZ level of theory
and augmented CBS-QB3 (56) energies.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo5792
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