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Abstract

Phosphorus—nitrogen compounds play crucial roles as intermediates in aza-Wittig reactions and
serve as key precursors to prebiotic phosphorylating agents such as amidophosphonates linked to
the Origins of Life. However, their formation mechanisms under astrophysical conditions remain
largely unexplored. Here, we report the first formation of (E)-phosphinimine (HPNH, X'A’) - the
simplest iminophosphane - in low-temperature interstellar model ices composed of phosphine (PH3)
and ammonia (NH;) exposed to galactic cosmic ray proxies in the form of high-energy electrons.
Utilizing vacuum ultraviolet photoionization reflectron time-of-flight mass spectrometry in
tandem with computed adiabatic ionization energies permits the very first identification of (E)-
phosphinimine in the gas phase during the temperature-programmed desorption of irradiated ices.
Our study reveals a critical formation pathway for iminophosphanes via non-equilibrium chemistry
through nitrogen- and phosphorus-centered radicals in interstellar environments preceding the
formation of stars and planets thus affording useful insights into the interstellar phosphorus—

nitrogen chemistry essential for the origin of prebiotic molecules.
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Introduction

Ever since the detection of the first interstellar phosphorus-containing molecule—phosphorus
mononitride (PN)—nearly four decades ago,!”> phosphorus-bearing molecules have attracted
significant attention from the astrochemistry,’ astrobiology,* theoretical chemistry,># and physical
organic chemistry communities®!! due to their essential role in the synthesis of prebiotic
biomolecules such as phospholipids, adenosine triphosphate (ATP), and ribonucleic acid (RNA).!2
Among the eight phosphorus-bearing molecules identified in the interstellar medium (ISM)—PN,
phosphinidynemethyl (CP), phosphaethyne (HCP), phosphorus monoxide (PO) plus its cation
(PO"), phosphinidyneethylidyne (CCP), phosphine (PHj3), silicon phosphide (SiP)'3!*—PN and
PO are contemplated to play a key role in the evolution of the phosphorus chemistry in molecular
clouds and star-forming regions.>!'>!'® Additionally, phosphorus-bearing molecules have been
delivered to early Earth as evidenced by the detections of PO in comet 67P/Churyumov—
Gerasimenko!” and organic alkylphosphonic acids (RPOsH,, R = C,H,,1) and inorganic
phosphates (PO43") in the Murchison meteorite,'® which was formed approximately 7 billion years
ago.!” Thus, elucidating the formation pathways of phosphorus-containing molecules is essential
for understanding how phosphorus-based biochemistry, and potentially the molecular Origins of

Life, might have emerged on early Earth.?® However, the interstellar chemistry of phosphorus has

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

remained poorly understood,®!3 particularly from the viewpoint of the synthesis of phosphorus-

nitrogen-containing (P-N) molecules under extreme circumstellar and interstellar conditions.
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Phosphorus—nitrogen moieties serve not only as potential precursors to prebiotic
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phosphorylating agents such as amidophosphonate (HOP(O)HNH,) and diamidophosphate
(HOP(O)(NH,),) linked to Origins of Life,>! but also as key intermediates in aza-Wittig
reactions,?? contributing to the synthesis of biorelevant heterocyclic compounds.?? Additionally,
they also provide fundamental insights into electronic structure and chemical bonding.?*?3 Under
astrophysical conditions, these species may form via non-equilibrium chemistry driven by galactic
cosmic rays (GCRs) and vacuum ultraviolet (VUV) radiation in exposed phosphine (PHj3) and
ammonia (NHj)-containing interstellar ices. Laboratory experiments have demonstrated the
abiotic formation of phosphinous amide (H,PNH,, X'A, 1) and phosphine imide (H;PNH, X'A/’,
2) from low-temperature phosphine—ammonia ice mixtures.®> Prismatic P3N3 and

cyclotriphosphazene (c-P;N3) were synthesized by exposing phosphine—nitrogen (PH3;—N,) ices
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with GCR proxies in the form of energetic electrons,>*?3 indicating plausible routes leading to
strained cage molecules.?* However, the formation pathways of P-N moieties linked to the Origins

of Life has just scratched the surface, and even the interstellar formation of the simplest

iminophosphane - phosphinimine (HPNH, X'A’, 3) - has remained elusive to date. In the gas phase,

3 exists in (E) and (Z) forms with the (E) structure energetically favored by 2 kJ mol™! (Fig. 1).
Electronic structure calculations of distinct H,PN isomers predict that (£)-3 is kinetically stable
considering high barriers to isomerization exceeding 250 kJ mol™! de facto blocking hydrogen
shifts to phosphinonitrene (NPH,, X!A;, 4) and iminophosphinidene (H,NP, X'A;, 5) in the gas
phase.%2% Hence, these barriers are sufficient to allow for the existence of phosphinimine (HPNH,

3).

Here, we report the first preparation of (£)-phosphinimine ((£)-3) - the phosphorus analog of
diazene (HNNH) - in low-temperature (5 K) interstellar model ices composed of phosphine and
ammonia. The ice mixtures were exposed to energetic electrons, simulating secondary electrons
produced by GCRs when penetrating interstellar ices.?’” The applied irradiation dose is equivalent
to (2 + 1) x 10° years of GCRs exposure on interstellar ices, corresponding to the early stages of a
molecular cloud.?® Isomer (E)-3 was identified in the gas phase during the temperature-
programmed desorption (TPD) of irradiated ices utilizing vacuum ultraviolet photoionization
reflectron time-of-flight mass spectrometry (PI-ReToF-MS) supported by computed adiabatic
ionization energies (IEs) and isotopic labeling experiments. These findings reveal critical
formation pathways leading to (£)-3 via non-equilibrium chemistry in extraterrestrial ices
involving phosphorus—nitrogen bond coupling followed by oxidation and hence inherent hydrogen
loss. Phosphine has been detected in the gas phase in the ISM at abundances up to 4 x 1077 relative
to molecular hydrogen (H,),?>? and is believed to form efficiently on interstellar nanoparticles
(grains) via successive hydrogenation of atomic phosphorus.!”3! Ammonia is a ubiquitous
constituent of interstellar ices®? with estimated abundances up to 15% relative to water.>3 The
phosphine—ammonia ices therefore represent a model system to investigate the mechanism of
H,PN isomers in the ISM. Our results suggest that (£)-3 can form in interstellar ices containing
phosphine and ammonia, making it a potential target for future astronomical observations. Once
formed, it may serve as a key precursor to nitrogenous analogues of biorelevant phosphates such

as amidophosphonate,?' thereby providing new insight into the formation mechanisms of P-N
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moieties in extraterrestrial environments and the broader evolution of phosphorus chemistry in

deep space.

102

‘/ 108.9°

(E)-3, C,, 'A’
IE =9.24-9.33 eV
AE = 0 kdJ mol-’

141 }
)104.4"

4, C,, A,
|IE = 9.44-9.53 eV
AE = 154 kJ mol-?

127.8°

(2)-3, C, A’
IE =9.43-9.52 eV
AE = 2 kJ mol-!

5, Cy, 'A;
|E = 7.45-7.54 eV
AE = 60 kJ mol-"

Fig. 1 Optimized molecular structures of H,NP isomers: phosphinimine ((£)-3 and (2)-3),

phosphinonitrene (4), and iminophosphinidene (5). Bond length (in pm), bond angles (in italic),

point group symmetries, electronic ground states, adiabatic ionization energies (IEs), and relative

energies (AE) are shown (Table S2). Atomic color coding: hydrogen (white), nitrogen (blue), and

phosphorus (orange).
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Results and Discussion

Fourier transform infrared (FTIR) spectra of phosphine—ammonia ices were recorded before,
during, and after irradiation at 5 K with energetic electrons (Fig. S1 and Table S1). In the
experiments, low-dose electron irradiation (20 nA for 15 minutes) was employed to minimize
sequential reactions, thereby limiting the possible formation pathways leading to H,NP isomers.
The amino radical (NH,) is observable by its N-H bending mode3*3* at 1504 cm™!. Isodiazene
(N=NH,) is identified tentatively based on its N-H stretching mode (vs)** at 2768 cm™'.
Absorptions at 2236 and 1100 cm™! are respectively assigned to the P-H and P=N stretching
modes.3* The latter feature may be attributed to (E)-3 as well as other phosphorus—nitrogen-
containing species. However, due to overlapping absorption bands from various irradiation
products, FTIR spectroscopy alone cannot unambiguously identify other products,*® highlighting

the need for an alternative, isomer-specific technique to identify individual reaction products.3’

—— m/z =47, PH-NH,
2000 |- N ——m/z =48, PH ~"NH -

Counts

O J

50 100 150 200 250 300

Temperature (K)

Fig. 2 Temperature-programmed desorption (TPD) profiles of irradiated phosphine—ammonia ices
collected at 10.49 eV. TPD profiles of m/z = 47 and 48 originate from irradiated PH;—NH; and
PH;—"°NHj ice, respectively.
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Fig. 3 TPD profiles of ion signal at m/z = 47 from irradiated PH;—NHj; ices. TPD profiles were
measured at photon energies of 10.49 eV (a and b), 9.47 eV (c), 9.39 eV (d), and 8.80 eV (e). At
10.49 eV, the TPD profile of m/z = 47 exhibits two distinct sublimation events as fitted with
Gaussian peaks I and II. The red shaded region indicates the peak sublimation temperature

attributed to (E)-3.
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The PI-ReToF-MS technique was utilized in combination with isotopic labeling to detect H,PN
isomers based on their mass-to-charge ratios (m/z) and IEs. At a photon energy of 10.49 eV, the
TPD profile of the ion signal at m/z = 47 from irradiated PH;—NHj; ice reveals two sublimation
events: an early peak at 127 K (peak I) and a later, low-intensity peak at 153 K (peak II) (Figs. 2
and 3). A blank experiment was performed under identical conditions but without electron
irradiation of the PH;—NHj ice; no sublimation event was observed at m/z = 47, indicating that
both sublimation events originate from electron-induced processing of the ice. Given the molecular
weights of the reactants, the ion signal of m/z =47 could correspond to molecular formula(e) H,NP
and/or HsNj3. Replacing the PH;—NHj ice with PH3—'"NHj ice results in one atomic mass unit (amu)
shift of the TPD profile from m/z = 47 to 48 indicating the incorporation of only one nitrogen atom.
Therefore, the ion signal at m/z = 47 from irradiated PH;—NHj; ice can be assigned to molecules
with the formula H,NP. Note that the minor sublimation event peaking at around 111 K in the TPD
profile of m/z = 48 from irradiated PH;—""NHj ice is likely caused by the mass shift of N3Hj
isomers (Fig. S2).38

At 10.49 eV, all H,NP isomers— phosphinimine ((£)-3, IE = 9.24-9.33 eV; (£)-3, IE = 9.43—
9.52 eV), phosphinonitrene (4; IE = 9.44-9.53 eV), and iminophosphinidene (5; IE = 7.45-7.54
eV)—can be ionized (Fig. 1, Table S2). The ion signal at m/z = 47 (H,NP*) exhibits sublimation
peaks I and II (Fig. 3a), which can be attributed to (E)-3, (£)-3, 4, and/or 5. In the gas phase, (E)-
3 has the lowest relative energy and is therefore the most stable isomer; isomer 4 is the least stable,
lying 154 kJ mol~! above (E)-3. Upon lowering the photon energy to 9.47 eV, at which (E)-3 (IE
=9.24-9.33 eV) and 5 (IE = 7.43-7.53 V) can be ionized, whereas (Z)-3 (IE =9.43-9.52 ¢V) and
4 (IE =9.44-9.53 eV) are only accessible near threshold, peak I disappears. Since the IE ranges of
(£)-3 and 4 partially overlap, an additional isomer-selective ultraviolet photolysis experiment was
conducted. PH;—NH3; ice was first irradiated with energetic electrons to produce H,NP isomers,
followed by ultraviolet (UV) photolysis at 362.8 nm to selectively photodissociate (Z)-3 if formed
(Fig. S3). In this electron plus 362.8 nm photolysis experiment recorded at 10.49 eV, the ion signal
of m/z = 47 (H,NP™) reveals that peak I remains (Fig. 3b). The integrated counts of peak I (14394
+ 1081) are comparable to those in the electron only experiment (14106 + 802), indicating that no
evidence of (£)-3 can be provided. It is worth noting that the TPD profile of peak I at m/z = 47
closely resembles that of m/z = 49 (Fig. S4), which have been assigned to phosphinous amide (1,
IE = 8.57 V) and phosphine imide (2, IE = 8.89 eV).3 Hence, we also explored if peak I could

8
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Fig. 4 Calculated dissociation pathways of the phosphinous amide radical cation (1*) (a) and
phosphine imide radical cation (2*) (b). Energies (kJ mol!) were computed at the
CCSD(T)/CBS//CCSD/cc-pVTZ level including zero-point vibrational energy corrections, and are
given relative to the corresponding cations. Dashed red and blue lines represent the excess internal

energy in the cations 17 (a) and 2" (b) after photoionization at 10.49 eV and 9.47 eV, respectively.
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originate from dissociative photoionization of 1 and 2 (49 amu). We computed the
dissociation pathways of 17 and 2* at the CCSD(T)/CBS//CCSD/cc-pVTZ level of theory. The
lowest barriers for the dissociation of 17 and 2* are determined to be 161 and 140 kJ mol™!,
respectively (Fig. 4). Upon photoionization at 10.49 eV, the excess energies in 1* (185 kJ mol™!)
and 2% (154 kJ mol ') exceed these barriers, indicating that peak I originates from isomers 1 and 2
through dissociation of 1* and 2*. This interpretation is further supported by the absence of peak I
at 9.47 eV (Fig. 3c), where the excess energies in 1* (87 mol™!) and 2* (56 mol™!) are insufficient
to overcome the barriers to dissociation. Therefore, peak I likely originates from the fragment of
1" and/or 2" via dissociative photoionization. By contrast, peak II is still present when the photon
energy was reduced to at 9.39 eV, at which only (£)-3 and 5 can be ionized, suggesting that it is
attributed to (E)-3 and/or 5. Further reducing the photon energy to 8.80 eV, where 5 (IE = 7.45—
7.54 €V) can be ionized but not (E)-3 (IE = 9.24-9.33 eV), results in the disappearance of peak II,
suggesting that peak II is associated with (E)-3. The detected ion signal of (£)-3 from irradiated
PH;—NH; ice was 1910 £ 40 counts at 10.49 eV.

Having provided compelling evidence for the formation of 3 in irradiated phosphine—ammonia
ices, we shift focus to their computed electronic and geometric structures. Isomer 3 holds an 'A’
electronic ground state and belongs to the C; point group. In (£)-3, the HNP and HPN bond angles
are 108.9° and 98.6°, respectively (Fig. 1). Compared to (£)-3, the bond lengths in (£)-3—NH
(102 pm), NP (159 pm), and PH (143 pm)—differ by less than 2 pm, while the HNP and HPN
bond angles are reduced by 6.6° and 6.3°, respectively. The HN=N bond angle and the N=N bond
length in trans-diazene (HNNH) have been measured to be 106.5° and 125 pm.3* Compared to
trans-diazene, phosphorus substitution in (£)-3 reduces the HPN bond angle by 7.9° to 98.6° and
lengthens the NP bond length by 34 pm to 159 pm. The longer NP bond length is likely due to the
weaker orbital overlap and reduced electronegativity of phosphorus. As nitrogen is replaced by
phosphorus, the valence s orbital becomes more strongly contracted relative to the corresponding
p orbitals (Fig. 5).94 We calculated the Wiberg bond indices at the ®B97XD/def2TZVPP level of
theory in (E)-3. For phosphorus (P) the Wiberg bond index is 2.77 and for nitrogen (N) 2.70,
respectively. For the remaining two hydrogens (Hs) the bond indices are 0.99 (PH) and 0.87 (NH),
respectively. The Wiberg bond indices nicely reflect the pnictogen hydrogen single bond and
phosphorus nitrogen double bond character. Our natural bond orbital (NBO) calculation reveals

pronounced polarization within the P=N double bond, with the nitrogen atom carrying a substantial

10
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negative charge (—1.02 e) and the phosphorus atom bearing a corresponding positive charge (+0.76
e). The Kohn-Sham orbitals of (£)-HNNH, (£)-3, and (£)-HPPH are depicted together with their
electronic energies in eV in Fig. 5. The LUMO orbitals in (E)-HNNH, (£)-3, and (£)-HPPH
correspond to the antibonding n* orbital between the two corresponding pnictogens. The HOMO
orbitals mainly depict the lone-pair character on the phosphorus and nitrogen atom(s), respectively.

The pnictogen-pnictogen double bond is reflected by the HOMO-1 &t bonding orbital. The energy

o ¢ %
- ] o
(E)}HNNH (E)HPNH (E}HPPH

LUMO —— e’omev QA‘ _0.63 eV f,_1 16 eV
HOMO —H— I -8.99 eV f -9.07 eV i -9.24 eV

HOMO-1—H— Q -13.30 eV @ -11.08 eV @ -9.63 eV

Fig. 5 Calculated frontier molecular orbitals and electronic energies of (£)-HNNH, (E)-3, and (E)-
HPPH at the ®B97XD/def2TZVPP level of theory. Atoms are color-coded in white for hydrogen,

blue for nitrogen, and orange for phosphorus.

11


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc01818a

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 29 April 2026. Downloaded on 4/30/2026 2:16:52 PM.

(cc)

Chemical Science

Page 12 0of 18

View Article Online
DOI: 10.1039/D6SC01818A

A ¢g
; l 3+2H
+H 567
. —— i L%
¢ 396 ' : 1
%0 R J:QJ“ZH
& ¢ 326
2 -y -
= 320
=3
>
9 —
2 f 312
L
. ;
-% &g 6 ) ( +H 3+H,
g ¢ ¢ 147 135
o 2 1 +H,
o IR
< 94 v
u_1 '
~ ('™ 0

Fig. 6 Potential energy surface leading to 3 through the decomposition of 1, 2, and 6 isomers. The
energies (italic) were computed at the CCSD(T)/CBS//CCSD/cc-pVTZ level including CCSD/cc-

pVTZ zero-point vibrational energy corrections.

differences between the highest-occupied molecular orbital (HOMO) and lowest-unoccupied
molecular orbital (LUMO) are 9.50 eV in (£)-HNNH, 8.44 eV in (E)-3, and 8.08 eV in (£)-HPPH,
respectively. The LUMO energy of (E)-HNNH is positive, while it is negative in (£)-3, and even
more negative in (E)-HPPH.

We now consider potential formation pathways to 3. Barrierless radical—radical recombination
between the phosphino radical (PH,) and the amino radical (NH,) leads to the formation of
phosphinous amide (1), which can isomerize to phosphine imide (2) and iminophosphine (HPNH3,
6) via reaction barriers of 308 and 244 kJ mol !, respectively, calculated at the
CCSD(T)/CBS//B3LYP/cc-pVTZ level of theory.> Note that evidence for the formation of
hydrazine (N,H,4) and diphosphine (P,H,) have been provided (Fig. S5, Supporting information).
Previous studies have revealed their formation in electron-irradiated ammonia- and phosphine-
containing ices via the recombination of two NH, and two PH, radicals, respectively.*!*> Upon

interaction with energetic electrons, 3 can be formed from the corresponding H4;NP isomers via
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two atomic hydrogen (H) losses or a single molecular hydrogen (H,) loss (Fig. 6). The potential
energy surface was calculated at the CCSD(T)/CBS//CCSD/cc-pVTZ level including zero-point
vibrational energy corrections. The unimolecular decomposition of 1, 2, and 6 yields (£)-3 by loss
of two hydrogen atoms, which are endoergic by 567, 473, and 420 kJ mol™!, respectively.
Alternatively, the molecular hydrogen elimination of 1, 2, and 6 can lead to (£)-3 through three
transition states, which are located 360, 232, and 173 kJ mol™! above the corresponding reactants,
respectively. Notably, the H,-elimination pathway from 6 exhibits the lowest barrier with an
exoergicity of 12 kJ mol™!. The interconversion barrier from (Z)-3 to (E)-3 is calculated to be 70
kJ mol! at the QCISD/LANL2DZdp level of theory.® These energies can be supplied by
energetic electrons during space-simulation or secondary electrons produced by GCRs in

interstellar environments.
Conclusion and outlook

Altogether, the present work reports the first formation of (E)-phosphinimine ((E)-3)—the
simplest iminophosphane—in low-temperature phosphine—ammonia astrophysical model ices.
The ice mixtures were exposed to energetic electrons, simulating the effects of secondary electrons

produced by GCRs in cold molecular clouds. Isomer (£)-3 was identified in the gas phase for the

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

first time during TPD utilizing PI-ReToF-MS with their formulas verified with isotopic labeling.

Assuming a Maxwell-Boltzmann velocity distribution for thermally desorbing species from the

Open Access Article. Published on 29 April 2026. Downloaded on 4/30/2026 2:16:52 PM.

ices,® isomer (£)-3 subliming at 153 K is estimated to have an average molecular velocity of 261

m s~ !; considering the 2.0 = 0.5 mm distance between the ice surface and the photoionization

(cc)

region, the gas-phase lifetime for neutral (£)-3 exceeds 7.6 £+ 1.9 us. In astrophysical environments,
low temperatures of around 10 K, lower densities, and reduced collision frequencies are expected
to significantly extend its lifetime. These results reveal key formation pathways for (F)-3,
highlighting the critical role of GCR-driven non-equilibrium chemistry in the formation of
phosphorus—nitrogen molecules in interstellar environments. Phosphine has been detected in the
ISM towards carbon-rich asymptotic giant branch (AGB) envelope and protoplanetary nebula with
abundances reaching up to 4 x1077 relative to molecular hydrogen.?®3° On interstellar grains,
phosphine is believed to form efficiently through successive hydrogenation of atomic
phosphorus.!”3! Ammonia is widely present in interstellar ices with estimated abundances of up

to 15% relative to water.3* Our results suggest that the hitherto astronomically unobserved (E)-3
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can form in interstellar ices containing phosphine and ammonia, representing a potential target for
future astronomical detection. We note that the phosphine—ammonia ice mixture serves as a model
system to investigate low-temperature reaction pathways leading to (£)-3, rather than to reproduce
the exact relative composition of interstellar ices. Given that water is the dominant component of
interstellar ices,** future studies should explore its formation pathways in more complex ice
mixtures incorporating water. In irradiated phosphine-ammonia—water ices, hydroxyl (OH)
radical formed from water may react with phosphino and amino radicals to form phosphinous acid
(PH,OH)?® and hydroxylamine (NH,OH),*' respectively, thereby competing with reaction
pathways leading to 1, 2, and 6, which serve as precursors to (£)-3. Once synthesized in cold
molecular clouds, it can be trapped and stabilized within low-temperature ices due to the limited
mobility, potentially leading to the formation of biologically relevant phosphorus-containing
species upon processing by ionizing sources such as UV photons and GCRs; for instance, it may
serve as a key precursor to prebiotic phosphorylating reagents such as amidophosphonate and
diamidophosphate.?! A fraction of these compounds could become embedded into planetesimals
during the star forming and may eventually be delivered to planets such as early Earth via cometary
or meteoritic impacts,* thereby facilitating phosphorylation reactions on the prebiotic Earth.46-47
Finally, both phosphine and ammonia have been detected in the atmospheres of gas giant planets
such as Saturn and Jupiter,*®4° our results may provide valuable insights into the phosphorus—

nitrogen chemistry in planetary environments as well.
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