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“Le seul moyen d'affronter un monde sans liberté est de devenir si absolument libre qu'on fasse 
de sa propre existence un acte de révolte.” 

“The only way to deal with an unfree world is to become so absolutely free that your very existence 
is an act of rebellion.” 

 

––– L'Homme révolté, Albert Camus (1913–1960) 
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Zusammenfassung 

Die Dualität von Stabilität und Instabilität in der Chemie bestimmen grundlegendend das Wesen 
der Reaktivität. Diese Dualität ist geprägt durch die Verbindung von kinetischer und 
thermodynamischer Prinzipien als auch durch quantenmechanisches Tunneln. Instabile Spezies 
neigen dazu, in einen stabilen Zustand überzugehen, um Energie zu minimieren und das 
Gleichgewicht zu maximieren. Im Gegensatz dazu muss eine stabile Spezies durch äußere 
Einflüsse oder chemische Manipulationen in einen instabilen Zustand versetzt werden, um ihre 
Reaktivität zu erhöhen oder Energie zu speichern. Diese dynamische Beziehung verdeutlicht die 
intrinsische Wechselwirkung zwischen Stabilität und Instabilität; sie sind keine absoluten 
Zustände. Sie existieren in einem ständigen Spannungsfeld, welches je nach Kontext und 
Bedingungen ineinander umgekehrt werden kann. 

Aus philosophischer Perspektive lassen sich Stabilität und Instabilität als zwei komplementäre 
Aspekte derselben fundamentalen Dichotomie betrachten – analog zu den apollinischen und 
dionysischen Prinzipien in Friedrich Nietzsches Die Geburt der Tragödie aus dem Geiste der Musik. 
Dabei definiert und verstärkt jede dieser beiden Gegensätze die Bedeutung der anderen: 
Stabilität verleiht der Instabilität ihre Faszination des Flüchtigen und motiviert die 
wissenschaftliche Herausforderung, vergängliche Spezies zu erfassen, die sich konventionellen 
Normen entziehen. Gleichzeitig erhält Stabilität ihren intrinsischen Wert durch die Instabilität, da 
die Bestrebung, das Ephemere zu stabilisieren, entscheidende Impulse für Innovationen in der 
Chemie liefert. Diese Dualität spiegelt eine tiefere natürliche Ordnung wider, in der Gegensätze 
nicht nur koexistieren, sondern auch den wissenschaftlichen Fortschritt vorantreiben, Grenzen 
hinterfragen und kreative Entwicklungen inspirieren.   

Im Rahmen dieser Dissertation sollen instabile „Oligomere“ – höhere neutrale Stickstoffallotrope 
– aus stabilen Dinitrogeneinheiten konstruiert werden. Darüber hinaus werden Methoden zur 
Erzeugung und Untersuchung instabiler schwererer Analoga von Dinitrogen erforscht sowie 
neuartige Eigenschaften hochreaktiver, elektronenarmer Spezies untersucht, die gegen die 
Oktettregel in Hauptgruppenelementen verstoßen. Diese wissenschaftliche Arbeit ist sowohl 
eine philosophische als auch eine experimentelle Reise – mit dem Ziel, das Flüchtige greifbar zu 
machen, das Instabile zu bewahren und das schwer Fassbare zu realisieren.   

In der ersten Arbeit habe ich das interstellare Kandidatenmolekül Phosphormononitrid (PN), eine 
unter Standardbedingungen metastabile Spezies, durch Hochvakuum-Flash-Pyrolyse von (o-
Phenyldioxyl)phosphinoazid in kryogenen Matrizen erzeugt. Zudem wurde erstmals ein o-
Benzochinon-PN-Komplex identifiziert, der sich unter Bestrahlung mit Licht einer Wellenlänge 
von 523 nm zu (o-Phenyldioxyl)-l5-Phosphinonitril rekombiniert. Dies stellt den ersten Nachweis 
der Reaktivität von PN mit einer organischen Verbindung dar.   

In der zweiten Arbeit habe ich die in situ Charakterisierung von Triplet-Phenylarsiniden mittels 
Matrix-Isolations-IR- und UV/Vis-Spektroskopie beschrieben. Durch Dotierung der Matrix mit 
molekularem Sauerstoff wurde das kinetische Intermediat anti-Dioxyphenylarsin nachgewiesen, 
eine bislang unbekannte Spezies mit völlig anderer Reaktivität als die korrespondierenden 
Phenylnitrene und Phenylphosphinidene. Unter Bestrahlung mit 465 nm wandelt sich anti-
Dioxyphenylarsin in die neuartige Verbindung Dioxophenylarsin um.   
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In der dritten Arbeit habe ich die Synthese und spektroskopische Charakterisierung von 
Vinylarsiniden, einem höheren Kongener von Vinylnitrenen. Triplet-Vinylarsiniden wurde durch 
IR- und UV/Vis-Spektroskopie charakterisiert und zeigt eine bemerkenswert vielseitige 
unimolekulare Photochemie. Durch selektive Photoanregung kann es sich in Vinylidenarsin, 2H-
Arsirene oder einen Arsiniden-(H–As)-Acetylen-Komplex umlagern. Zudem wurde die Stabilität 
von Vinylphosphiniden mittels Multireferenz-Berechnungen untersucht.  

In der vierten Arbeit habe ich das erste Beispiel eines skalierbar synthetisierbaren neutralen 
Stickstoffallotrops, C2h-N6, die in der Gasphase bei Raumtemperatur erzeugt und anschließend 
entweder in Argon-Matrizen bei 10 K oder als Film bei flüssiger Stickstofftemperatur (77 K) 
charakterisiert wurde. Die Verbindung weist eine unerwartet hohe Stabilität auf. Energetische 
Leistungsberechnungen auf CCSD(T)/cc-pVTZ-Niveau anhand der Kamlet-Jacobs-Gleichung 
prognostizieren eine hervorragende Detonationsleistung, die mehrere bekannte Explosivstoffe 
wie TNT (2,4,6-Trinitrotoluol) und RDX (1,3,5-Trinitro-1,3,5-triazinan) übertrifft.   
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Abstract 

The stability and instability is one of the most fundamental dualities in chemistry, which governs 
the essence of reactivity with a linkage of energy through kinetic and thermodynamic principles, 
as well as quantum-mechanical tunneling. The "unstable" species, driven by a natural inclination, 
strives to transform into a "stable" state, minimizing energy and pushing the reaction equilibrium. 
Conversely, a "stable" species must be "compelled" into an unstable state—whether by external 
forces or chemical manipulation—to unlock its reactivity or achieve energy storage. This dynamic 
relationship underscores the intrinsic interdependence of stability and instability; they are not 
absolutes but rather exist in a state of constant tension, capable of mutual inversion depending 
on context and conditions. 

From a philosophical perspective, stability and instability can be viewed as two sides of the same 
coin (like Apollonian and Dionysian, from Die Geburt der Tragödie aus dem Geiste der Musik, 
Friedrich Nietzsche), where each defines and elevates the significance of the other. Stability gives 
instability its allure of transient, prompting the quest to capture fleeting species that defy 
conventional norms. Meanwhile, instability imbues stability with its intrinsic value, as the effort 
to stabilize the ephemeral drives innovation in chemistry. This duality reflects a broader natural 
order, where opposites not only coexist but also fuel progress, challenge boundaries, and inspire 
creativity. 

In this thesis, I’m going to constitute unstable "oligomer" (higher neutral nitrogen allotropes) 
with the units of stable dinitrogen, explore methods to generate and study the chemistry of 
unstable heavier analogs of stable dinitrogen, and investigate novel properties of highly reactive, 
electron-deficient species that violate the octet rule in main group elements. This endeavor 
embodies a philosophical and scientific journey—transforming the transient into the tangible, 
the unstable into the cherished, and the elusive into the achievable. 

In the first publication, the interstellar candidate phosphorus mononitride PN, a metastable 
species under ambient conditions, was generated through high-vacuum flash pyrolysis of (o-
phenyldioxyl)phosphinoazide in cryogenic matrices.  Moreover, an elusive o-benzoquinone-PN 
complex formed and its recombination to (o-phenyldioxyl)-l5-phosphinonitrile was observed 
upon irradiation with the light l = 523 nm, which demonstrates for the first time the reactivity of 
PN towards an organic molecule.  

In the second publication, we report the in situ characterization of triplet phenylarsinidene by 
matrix-isolation infrared and UV/Vis spectroscopy. Doping the matrices containing 
phenylarsinidene with molecular oxygen leads to the formation of hitherto unknown kinetic 
intermediate anti-dioxyphenylarsine, which demonstrates a completely different reactivity with 
corresponding phenylnitrene and phenylphosphinidene.  The anti-dioxyphenylarsine undergoes 
isomerization to novel dioxophenylarsine upon 465 nm irradiation.  
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In the third publication, we report the synthesis and spectroscopic characterization of 
vinylarsinidene, a higher congener of vinylnitrene. Triplet vinylarsinidene was characterized by IR 
and UV/Vis spectroscopy and displays remarkably rich unimolecular photochemistry.  Upon 
selective photoirradiation, it rearranges to vinylidenearsine, 2H-arsirene, or an arsinidene (H–As) 
acetylene complex. Furthermore, the stability of vinylphosphinidene was projected with 
multireference computations. 

In the fourth publication, the first example of scalably synthesizable neutral nitrogen allotrope, 
C2h-N6 was prepared in the gas-phase at ambient temperature, followed by characterized in 
argon matrices at 10 K or neatly as a film at liquid nitrogen temperature (77 K), demonstrating 
unexpectedly high stability. Energetic performance computations at the CCSD(T)/cc-pVTZ level 
with Kamlet-Jacob equation predict an excellent detonation performance over several well-
known explosives, for example, TNT (2,4,6-trinitrotoluene) and RDX (1,3,5-trinitro-1,3,5-
triazinane).  
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1. Introduction 

A pnictogen is an element in Group 15 of the periodic table (formerly Group V or Group VA), 
which includes nitrogen, phosphorus, arsenic, antimony, and bismuth (Scheme 1). All pnictogens 
are solids at room temperature, with the exception of nitrogen, which is a gas. The defining 
characteristic of this group is that each element has five valence electrons—two in the s sub-shell 
and three unpaired electrons in the p sub-shell. Within the group, nitrogen and phosphorus are 
classified as non-metals, arsenic and antimony are metalloids, and bismuth is a metal. 

 

Scheme 1. The periodic table shows where the pnictogens are. 

Nitrogen (N) is a colorless, odorless gas at room temperature and makes up about 78% of earth’s 
atmosphere. It plays a crucial role in biological processes, forming the basis of amino acids and 
nucleic acids.[1-5] No stable allotrope of nitrogen other than N2 has been discovered under 
ambient circumstance to date. In contrast, phosphorus (P) is a solid at room temperature and 
exists in various allotropes (e.g., white phosphorus P4, red phosphorus, and black phosphorus).[6-

15] Phosphorus is also essential for life, playing a crucial role in energy transfer (e.g., adenosine 
triphosphate, ATP) and forming key structural components of DNA and cell membranes.[7, 16-18]  
Arsenic (As) is known for its toxic properties and can exist in multiple oxidation states similar to 
phosphorus.  However, it has found modern applications in semiconductors and certain alloys,[19-

26] as well as in medical and agricultural applications.[27-30] Antimony (Sb) is also used in alloys and 
has flame-retardant properties.[31-32] It was also been widely used in cosmetics in ancient times, 
though was abandoned after its toxicity was realized.[33-34] Both arsenic and antimony have 
intermediate properties between metals and non-metals, which is characteristic of metalloids.  
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Bismuth (Bi) is a dense, brittle metal with low toxicity compared to other heavy metals, which 
makes it valuable in pharmaceuticals, cosmetics, and environmentally friendly applications.[35-40] 
It is also used in low-melting alloys and has unique electronic properties, such as low electrical 
conductivity.[41-44] This project mainly focused on nitrogen, phosphorus, and arsenic. 

1.1 Dipnictogens 

As the simplest molecules that pnictogens can form, dipnictogens are of great interest in 
synthetic chemistry, interstellar chemistry, and prebiotic chemistry. The lightest dipnictogen, 
dinitrogen (N₂), is the predominant component of earth's atmosphere, constituting about 78% of 
the air. Dinitrogen’s triple bond gives it remarkable thermodynamic and kinetic stability, making 
it relatively inert under standard conditions. To render N2 viable as a primary nitrogen source, 
both biological systems and the chemical industry have developed complicated catalytic 
processes aimed primarily at converting N2 to ammonia (NH3).[45-47] In addition to the industrial 
Haber-Bosch process (Scheme 2),[48] alternative strategies that realize the transformation from 
N2 to NH3 under mild conditions are a long-lasting goal in chemistry. In the past decades, several 
transition-metal species have been found to weaken chemical bonds in N2. The prevalence of 
transition metals in dinitrogen activation is attributed to the fact that the unoccupied and 
occupied d-orbitals could be both energetically and symmetrically accessible to accept electron 
density from and back donate to N2. Nevertheless, the development of low-valent, low-
coordinate main-group elements which mimic the electronic properties of transition metal 
provides more opportunities to unearth the N2 activation by main group elements, for example, 
low-valent calcium,[49] low-valent boron, and low-valent carbon complexes (Scheme 3).[50]  

 

Scheme 2. Haber-Bosch process.[51]  
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Scheme 3. Examples of activation of N2. 

As a stable form of nitrogen element is N2 with a strong triple bond, the stable form of 
phosphorus is the tetrahedral P4, known as white phosphorus, of which the dissociation to two 
P2 molecules can be achieved upon heating (> 1100 K).[52] However, heavier dipnictogens, such 
as phosphorus mononitride (PN), diphosphorus (P₂), and arsenic mononitride (AsN), exist only 
transiently under normal conditions due to their highly reactive nature (Scheme 4). They play 
significant roles in synthetic chemistry, interstellar chemistry, and prebiotic chemistry. PN is 
particularly notable in astrochemistry, as it has been detected in interstellar clouds, where it may 
contribute to prebiotic molecular pathways.[53-61] AsN, while less common, has applications in 
materials science due to its electronic properties.[62] The study of these molecules provides 
valuable insights into bonding, electron distribution in multiple bonds, and the reactivity of 
pnictogen compounds, offering implications across various fields, from astrochemistry to the 
origins of life. 

Due to their high reactivity,  several strategies were invented to stabilize and store heavier 
dipnictogens for use (Scheme 5). For example, Bertrand et al. synthesized the iminophosphenium 
tetrachloroaluminate bearing a PN moiety in 1988.[63] Schulz et al. launched the in situ trapping 
of a PN tetramer via the elimination of trimethylsilyl chloride from (Me3Si)2NPCl2 using dimethyl 
butadiene.[64] Similarly, Cummins et al. reported an in situ trapping of P2 from white phosphorus 
with dimethyl butadiene.[65] Photoisomerization in the single crystal could be detected for 
[Mo](PN)– to [Mo](NP)– when exposed to white light.[66] Recently, Cummins and coworkers 
reported the first-time PN releasing using the representative anthracene precursor. The releasing 
was subsequently confirmed with the exchange of [(dppe)Fe(Cp*)(N2)][BArF24] to 
[(dppe)Fe(Cp*)(NP)][BArF24] in solution.[67] For even heavier dipinictogen, Cummins et al. 
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presented the storable and controllable release of P2 from (η2-Mes*NPP)Nb(N[Np]Ar)3 (Mes = 
2,4,6-t-Bu3C6H2) with a niobium-P2 ligand bond.[68] Such a strategy could also be extended to 
AsP.[69] In addition, Schulz et al. reported a synthesis of reactive four-membered arsenic nitrogen 
biradicaloid (C) and outlined its subsequent reaction with CS2, S8, and Se.[70] It was also reported 
that PN and PP could form stable formal adducts with N-heterocyclic carbene (NHC).[71-73] The 
first isolation and structural characterization of an f-element dinitrogen complex was reported in 
1988. Later in 2021, synthesis of a side-on bound diphosphorus complex of uranium(IV) was 
accomplished using a 7l3-(dimethylamino)phosphadibenzonorbornadiene-mediated P-atom 
transfer approach, containing the activated diphosphorus ligand to its dianionic (P2)2– form.[74] It 
also can exist as a triply bonded moiety in the corresponding platinum-centered complex.[75] 

 

Scheme 4. Dipnictogenes in two groups. 

In addition to the monomer, oligomers of heavy dipnictogens also attracted attention due to 
their unique bonding properties. For example, the spontaneous trimerization of PN has firstly 
been discovered in a cryogenic matrix upon annealing to 30 K, which gives cyclotriphosphazene 
(P3N3, 13), an inorganic aromatic analogue of benzene (Scheme 6).[76] The aromatic nature of P3N3 
is supported by nucleus independent chemical shift (NICS) computations.[77] The negative NICS(1) 
values of –3.9 ppm for P3N3 and –10.2 ppm for C6H6 indicate that, in contrast to the borazine 
B3N3H3, which is not regarded as an aromatic molecule, P3N3 is aromatic but much less so than 
benzene. Besides, a homodesmotic evaluation also indicates that P3N3 captures only about one-
third of the aromatic stabilization of benzene, cyclotriphosphazene has been computed as the 
most favorable structure among the many isomers that can be envisaged.[78] It later could be 
generated from the decomposition of hexaazidephosphazene P3N21 or by selectively breaking six 
chlorine-phosphorus bonds of precursor P3N3Cl6 on surface with STM tip.[79] Some other isomers, 
for example, the iso-valent analog of Dewar benzene, 1,2,4-triaza-3,5,6-
triphosphabicyclo[2.2.0]hexa-2,5-diene (14), and the iso-valent counterpart of prismane, 
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prismatic P3N3 (1,2,3-triaza-4,5,6-triphosphatetracyclo[2.2.0.02,6.03,5]hexane, 15), were also 
detected by the tunable soft photoionization reflectron time-of-flight mass spectrometry.[80-81]  

 

Scheme 5. Compounds and complexes containing dipnictogen moieties. 

 

Scheme 6. Detected isomers of cyclotriphosphazene (13). The structures were computed at the 
B3LYP/cc-pVTZ level of theory. Relative energies in kcal mol–1 (black), point groups (grey), and 
ground states (blue) are also shown.[80] 
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Besides, 2D pnictogen materials have also revealed significant importance due to their 
outstanding performance in batteries, transitions, and photovoltaic materials.[82-86] Specifically, 
these materials resolve challenges related to the absence of a band-gap and pronounced 
chemical inertness, which have traditionally impeded the advancement of highly efficient 
electronic microdevices.[62, 85, 87-89] Arsenic mononitride (AsN), a heavier congener of PN, can form 
a distinctive polymer that qualifies as a novel semiconductor material. This compound possesses 
exceptional electronic and optical properties, both experimentally and theoretically validated, 
showcasing its promising applications in field-effect transistors (FETs).[84, 90] In a recent study by 
Ceppatelli et al., achieved the direct synthesis of crystalline singly-bonded AsN from elemental 
As and N2 under 20 GPa (Scheme 7b).[62] The findings suggest that AsN monolayers, akin to other 
two-dimensional pnictogens, exhibit distinctive features, including elevated hole mobility, 
unique anisotropic characteristics, and ambipolar transport behavior dominated by holes.  As a 
result, these properties position AsN as a promising candidate for the development of next-
generation semiconductor materials. Gambin et al. synthesizing nanocrystalline b-AsP on-wafer 
via molecular beam deposition and subsequent postgrowth hermetic annealing (Scheme 7c).[91] 
Cross-section TEM images reveal a nanocrystalline film morphology with orthorhombic b-AsP 
grains on the order of ∼5 nm, which enables the development of next-generation black AsP 
devices for optoelectronic, digital, and radio frequency (RF) applications. 

 

Scheme 7. Examples of heavy dipnictogen polymer. (a) AsN monolayer.[92] (b) Crystalline of AsN 
under 1400 K, > 25 GPa.[62] (c) Black AsP alloy.[91]  
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1.2 Pnictogen-Centered Diradicals 

A nitrene is the nitrogen analogue of a carbene and the lightest pnictinidene. The nitrogen atom 
in nitrene is uncharged and monovalent with only six electrons in its valence level: two covalent 
bonded and four non-bonded electrons. In principle, it may have three different electronic 
configurations, that is closed-shell singlet, open-shell triplet, and open-shell singlet electronic 
states (Scheme 8). It is considered an electrophile due to the unsatisfied octet, which is the key 
reactive intermediate involved in many chemical reactions, for example, C–H insertion, 
cycloaddition, ring-expansion, and ring-contraction.[93-100] Recently, Li et al. posited that the 
photosensitized Pauson-Khand-type reaction utilizing diradical reactivity of a triplet nitrene could 
be relayed to the carbon p-bonds in pendant olefins, thereby inducing a formal [2+2+1] 
cycloaddition reaction upon late intersystem crossing.[101] The successful realization of this 
strategy would couple nonconjugated dienes with a triplet nitrene to produce bicyclic 
pyrrolidines, which—depending on the tether between the olefin units—would constitute a 
modular synthesis of three-dimensional bioisosteres of six-membered ring N-heterocycles with 
a broad range of applications in medicinal chemistry (Scheme 9).[102] 

 

Scheme 8. Electronic configurations of pnictinidenes. Pn indicates a pnictogen atom. 
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Scheme 9. (a) Reactivity paradigm of singlet and triplet reagents in cycloadditionand relay 
strategy. (b) [2+2+1] cycloaddition through relay of triplet reactivity. Reaction conditions: Diolefin 
(1 equiv.), TsNIPh (3 equiv), CH2Cl2 (0.1 M concentration of diolefin), 40 W purple LED light, 30 
min reaction time. n indicates sequence of reaction steps.[101] 

There are several methods to generate nitrenes, each tailored to the specific needs of the 
reaction and the desired stability of the nitrene intermediate: 

1. Thermal or photolytic decomposition of azides: The most widely used method for 
generating nitrenes involves the decomposition of organic azides (R–N₃), where the azide 
group dissociates under heat or light to release nitrogen gas (N₂) and produces the nitrene. 
This method is versatile and works well for generating aryl nitrenes, especially when 
photolysis is used, as it allows for selective excitation and minimizes decomposition of 
other functional groups.[103-106] 

2. Decomposition of isocyanates or imidoyl halides: Nitrenes can also be generated by 
decomposing of isocyanates (R–N=C=O) or imidoyl halides (R–N=CR'X). These methods 
are useful when a controlled thermal decomposition process is preferred over photolysis. 
Isocyanates tend to produce nitrenes with minimal side reactions, making this approach 
suitable for cases where clean generation of nitrene intermediates is essential.[107-108] 

3. Oxidation of amines or amine precursors: Certain oxidation reactions can produce 
nitrenes by directly oxidizing amine precursors. For instance, oxidation of hydroxylamines 
or hydrazines can lead to nitrene formation under suitable conditions. This approach is 
less common due to its dependency on precise control of reaction conditions and is often 
used in specialized cases.[109-110] 

4. Transition metal catalysis: In some cases, transition-metal catalysts can facilitate nitrene 
generation through nitrogen transfer reactions. For example, metal-nitrene complexes 
can be generated by reacting metal catalysts with nitrene precursors like azides or 
iminoiodinanes. These metal-nitrene species are generally more stable and can be 
selectively transferred to substrates, providing a controlled route for C–N and N–N bond 
formation in catalysis.[111-114] 

Due to their high reactivity, free nitrenes are typically short-lived and tend to undergo rapid 
rearrangements, insertions, or dimerizations. However, the use of transition metals or stabilizing 
groups can help control their reactivity and increase their lifespan, allowing for a broader range 
of applications. Bertrand first reported a singlet phosphinonitrene stabilized by the electron 
donoating effect (16, Scheme 10).[115] Recently, groups of Beckmann and Tan independently 
synthesized the stable nitrenes with a triplet ground state, and obtained their structures with X-
ray diffraction, which is regarded as a milestone in this field.[116-117]  



Stable and Unstable – Binary Opposition in Pnictogens 

 9 

 
Scheme 10. The bottle-able nitrenes. 

A wide variety of nitrenes has been reported, for example, arylnitrenes, acylnitrenes, 
alkylnitrenes, sulfinylnitrenes. The attempted photochemical or thermal preparation of parent 
vinylnitrene from vinyl azide, however, has never succeeded. Because the rate for intersystem 
crossing is considered to be lower than the rate for intramolecular isomerization, the 
intermediacy singlet nitrene would undergo rapid isomerization (Scheme 11), although the triplet 
is the electronic ground state (DEST = 14 kcal mol-1).[118-122]  Hence, it is highly unlikely to access 
the triplet state through conventional nitrene preparation methods.[123-125]  However, the 
structural rigidity of vinylnitrenes attached to cyclic structural moieties (e.g., naphthalene-1,4-
dione, 1H-inden-1-one) can make them accessible at cryogenic temperatures, favoring the 
formation of their triplet states.[126] Vinylphosphinidene is the unreported higher congener of 19.  
It has been proposed that vinylphosphinidene is produced as a fleeting intermediate in the 
pyrolysis of vinylphosphirane, which is subsequently converted to phosphapropyne.[127-129] 

 
Scheme 11. The unimolecular reactivity of vinylnitrene (19). 

Phosphinidenes (R–P), the phosphorus analogs of nitrenes, are highly reactive species and 
versatile intermediates with significant applications across synthetic chemistry, materials science, 
and catalysis.[130-135] This versatility allows them to participate in numerous bond-forming 
reactions, including cycloaddition, insertion, and coupling reactions. In addition, transition-
metal-stabilized phosphinidenes can activate small molecules such as CO and H₂, showcasing 
their potential in catalytic transformations and energy-related applications.[136] In recent years, 
phosphinidenes have also garnered attention in the development of advanced materials, 
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including phosphorus-containing polymers[137] and phosphorus-based ligands for catalysis,[138] 
due to their ability to introduce phosphorus into organic frameworks. 

In contrast to the straightforward generation nitrenes, the preparation of phosphinidenes is 
more challenging.[134-135, 139-142] Certain transition-metal complexes have been developed to 
generate phosphinidenes in a controlled manner.[143-146] Stabilizing phosphinidenes is also 
challenging, as they readily undergo oxidation, dimerization, or polymerization, especially under 
ambient conditions. To mitigate this, researchers employ bulky substituents or coordination with 
transition metals to stabilize the R–P species and prevent premature decomposition. The use of 
transition-metal coordination, in particular, allows phosphinidenes to exhibit enhanced stability 
and controlled reactivity, enabling their storage and handling over extended periods. The first 
example of stable singlet phosphinidene was reported by Bertrand et al. by a similar strategy as 
used for preparing a stable nitrene.[142] A phosphinophosphinidene was readily generated from 
the photolysis of the corresponding phosphaketene. The reactivity towards a variety of 
compounds indicates its role as an electrophile (Scheme 12). Later, Tan et al. attempted to 
synthesize a stable phosphinidene with a triplet ground state but only obtained the 
phosphanorcaradiene. Surprisingly, it manifests the same reactivity as a triplet phosphinidene, 
for example, bond insertion or acts as an electrophile (Scheme 13). Analogously, astable 
stibinidene[147] and a bismuthinidene[148] were also synthesized with a similar strategy. 

 
Scheme 12. The reactivity of singlet phosphinidenes (20). Ar = ? 
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Scheme 13. The reactivity of phosphanorcaradiene (21) serving as phosphinidene. 

Arsinidenes (R–As), the arsenic analogs of the nitrenes, share some similarities with 
phosphinidenes but present distinct synthetic challenges and properties due to the heavier 
arsenic atom. Arsinidenes are less stable and more reactive, with As=X bonds being weaker and 
more prone to decomposition or rearrangement. As a result, generating and stabilizing 
arsinidenes is considerably more difficult. Nevertheless, recent advances in synthetic techniques 
have allowed researchers to generate arsinidene species, often stabilized via coordination with 
transition metals or bulky ligands.[149-157] These arsinidene complexes, while rare, have 
demonstrated potential in catalysis and could provide valuable insights into the behavior of 
heavier pnictogen compounds. 

In summary, while phosphinidenes are already well-studied intermediates with applications in 
catalysis and materials science, arsinidenes remain largely unexplored due to their toxicity, 
challenging reactivity and stability. Advances in arsinidene chemistry, however, continue to push 
the boundaries of heavy main-group chemistry and open possibilities for developing new 
materials and catalytic systems. 

1.3 Nitrogen-Rich High-Energy-Density-Materials 

Energetic materials are substances capable of storing substantial amounts of chemical energy 
and releasing it rapidly under specific external stimuli. The development of these materials traces 
back to the accidental discovery of black powder in China around 220 BC. It was used to make 
firecrackers for a quite long time afterwards. In Europe, this critical innovation remained largely 
unexplored until the 13th and 14th centuries, when Roger Bacon (1249) and Berthold Schwarz 
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(1320) began investigating its properties. Black powder was introduced into military applications 
towards the end of the 13th century, marking a significant shift in warfare. However, it was not 
until 1425 that the production methods were significantly refined by the process known as 
corning. This improvement enhanced the powder’s consistency and performance, enabling its 
use as a propellant in both small arms and, later, large-caliber artillery. Black powder remains in 
use today, with the U.S. military consuming over 100,000 pounds annually.[158] 

Later, some other single-component explosives such as nitroglycerine (NG), mercury fulminate 
(Hg(CNO)2, MF), nitrocellulose (NC), and picric acid (PA) were developed. In 1863, Joseph 
Wilbrand first synthesized the famous explosive trinitrotoluene (TNT),[159] which was first used as 
a dye and later put into military use in 1902 and is still used today. With the advent of high-energy 
explosives such as RDX (1,3,5-trinitro-1,3,5-triazinane), HMX (1,3,5,7-tetranitro-1,3,5,7-
tetrazocane), and CL-20 (or HNIW, hexanitrohexaazaisowurtzitane), weapons and equipment 
have been continuously upgraded and their combat capabilities have been continuously 
improved. As the commanding heights of current conventional damage technology, the 
development and application of ultra-high-energy energetic materials (new high-energy 
materials with energy levels at least one order of magnitude higher than conventional explosives) 
can improve the combat effectiveness of weapons and will fundamentally change the combat 
style and form of war. Therefore, the development of a new generation of ultra-high-energy 
energetic materials has received great attention from countries around the world.  

Given the great demand for high-energy-density materials (HEDMs), in addition to the 
continuous exploration of metallic hydrogen and metastable nuclear isomers, full-nitrogen 
compounds or polynitrogens — molecular species that consist entirely of nitrogen atoms are also 
one of the frontiers and research hot topics in the field of energetic materials because they 
contain a large amount of energy stored in their bonds and only release harmless nitrogen upon 
decomposition.[160-161] 

Calculations show that the total energy released by polynitrogens can reach 3-8 times the TNT 
equivalent, the theoretical propulsion specific impulse can be over 350 s, and most importantly, 
it has the advantages of clean detonation products. However, usually the more nitrogen atoms 
in the molecular structure, the more unstable the compound, resulting in the great challenge for 
the synthesis of energetic compounds fully composed of nitrogen. From a thermodynamic point 
of view, these compounds are likely to decompose into N2 molecules. In order to achieve the 
preparation of compounds fully composed of nitrogen, researchers have been striving to seek 
novel synthesis methods and stabilization technologies to continuously challenge the higher 
limits of the nitrogen content of a molecule. 

Tetrazole is often used as a key unit for the preparation of nitrogen-rich HEDMs due to its high 
nitrogen content.[162-165] Cheng et al. used 1,5-diaminotetrazole as the raw material and prepared 



Stable and Unstable – Binary Opposition in Pnictogens 

 13 

an energetic salt (Scheme 14) with eleven nitrogen atoms directly connected by an –NH–N+–NH– 
bridge through a diazotization coupling reaction, and the structure was confirmed through X-ray 
single crystal diffraction.[166] This is the longest nitrogen chain in a nitrogen-rich compound 
reported so far, which provides a new entry point for the synthesis of novel structures, longer 
nitrogen chains and even compounds fully composed of nitrogen. However, the presence of 
chloride ions in the molecule greatly reduces its nitrogen content (74%). Subsequently, Ye et al. 
used 5-aminotetrazole and synthesized a nitrogen-rich compound with four tetrazoles bridged 
by azo through a two-steps procedure of ring closure and oxidation (Scheme 15).[167] It further 
reacted with hydrazine hydrate to prepare a novel nitrogen-rich hydrazine salt with a nitrogen 
content of 84% and a decomposition temperature of up to 202°C. It has the advantages of a 
simple synthesis route and easy large-scale preparation. Klapötke et al. prepared a new type of 
nitrogen-rich compound (C2N14) through diazotization and intramolecular ring closure reaction, 
with a nitrogen content of up to 89%.[168] However, this compound is extremely sensitive to 
external stimuli and can explode under extremely slight shock or friction with the shock and 
friction sensitivity lower than the experimentally determine limits of 0.25 J in impact and 1 N, 
respectively. This sensitivity is thought to be due to the enormous inequality in the charge 
distribution and extremely high heat of formation (1495 kJ mol−1). In addition, 
tetraazidomethane (CN12, 24) was prepared by Banert et al., which pushed the nitrogen content 
to a new level (93%).[169] It could be readily synthesized from NCCCl3 or (N3)3C+ SbCl6– by treating 
with the azide-transfer agent and its reactivity towards variety substrates was also investigated 
(Scheme 16). The 15N-isotope labeling could be achieved by treating with the reagent 
(Me2N)2C=NH2+ 15N3–. The ionic dissociation was evidenced by the transformation into the 
triazidocarbenium salt 3b by addition of SbCl5. In addtion, it could be used as a synthon of NCN 
as shown in the reaction with PPh3 and Ph2PCH2CH2PPh2. A click reaction product could be 
detected when reacting with a cyclic alkene or an alkyne. Compound 24 can also hydrolyze to 
carbonyl diazide OC(N3)2. 

However, the presence of carbon atoms in the molecule greatly limits the further increase of 
nitrogen content. Researchers continue to explore the preparation method with nitrogen-rich 
materials, among which ions fully composed of nitrogen are very likely to be prepared first. In 
terms of polynitrogen cation, Christe et al. first synthesized V-shaped chain-like N5+ in 1998, 
which is recognized as a breakthrough in the separation of nitrogen-rich energetic materials.[170] 
However, AsF6–N5+ has extremely poor stability and requires harsh reaction conditions. It needs 
to be prepared at ultra-low temperatures and with anhydrous HF, which makes quantitative 
production difficult, hindering the development of polynitrogen cation based energetic ionic 
compounds, and the presence of counteranions reduces the nitrogen content to only 27%. Later, 
by replacing the arsenic center with antimony, another new salt SbF6–N5+ was prepared from 
SbF6–N2F+ and HN3 in anhydrous HF solution. The white solid is surprisingly stable, decomposing 
only at 70 °C, and is relatively insensitive to impact.[171]  
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Scheme 14. Representative materials with high nitrogen content. 

 
Scheme 15. The preparation of compound 23. 

 
Scheme 16. Reactions of tetraazidomethane (24). 

One of the most promising approaches until now to stabilize and study these reactive nitrogen 
allotropes is through the use of a diamond anvil cell (DAC, Scheme 17), which can apply extreme 
pressures, often exceeding several million atmospheres, and high temperatures to break and 
reform the strong triple bond in molecular nitrogen (N₂) as well as to create environments where 
polynitrogens and nitrogen ions can form and persist.  

......

N
N N

N N

N3

N3

N3

C2N14

N3

N3 N3

N3

CN12

N
N N

N
N

N
N N

N
N

NH

NN
N

N
N N

NN

NN
N N

3 NH3NH2

95%93%89%84%74%
NH3NH2

H5N7C4H16N24

N
N

N N
N
H

N
H
N

N

N
N

N

NH2

H2N

Cl–

C2H6N13Cl
100%

22 23 24 25 26

N
N N

NH

NH2

N
N N

N
N N

NN
NH2

K+

N
N

N
HN

N
N

N
N

N N
N
N

N
N

N
N

NH
N N

N
N

N

N
N

N
N

HN N
N
N

N
N

N
N

N
N

3 +NH3NH2

1. KOH
2. CNN3

HCl
KMnO4

65%
NH2NH2

92.8%

2323c23b23a



Stable and Unstable – Binary Opposition in Pnictogens 

 15 

 
Scheme 17. Laser-heated diamond anvil cell (DAC). 

The study of materials composed fully of nitrogen  using a diamond anvil cell (DAC) has led to the 
discovery of several unique nitrogen allotropes and structures with potential applications in high-
energy-density materials. Here are a few notable examples: 

1. Polymeric nitrogen (cg-N, Scheme 18a): one of the most studied forms of polynitrogen is 
cubic gauche nitrogen (cg-N), a nitrogen allotrope discovered under extreme conditions 
in a DAC. In cg-N, nitrogen atoms are linked in a three-dimensional network structure, 
similar to the carbon atoms in diamond, making it a high-density material with a high 
energy release potential. Upon decompression, cg-N can release substantial energy due 
to the transformation back to molecular nitrogen (N₂), making it a potential candidate for 
high-energy applications such as propellants and explosives.[172]  

2. Nitrogen-rich phases (linear N8, Scheme 18b): DAC experiments have also enabled the 
formation of nitrogen clusters and ring structures, such as N8. These ring systems, 
analogous to carbon rings, involve nitrogen atoms bonded in cyclic configurations. N8, for 
example, consists of eight nitrogen atoms arranged in a linear structure and is a potential 
candidate for high-energy storage, given that breaking the ring releases energy. Such 
linear structures, while difficult to stabilize, provide insights into the bonding versatility 
of nitrogen and could inspire new synthetic methods for energy materials.[173-175]  

3. Layered nitrogen phases (lp-N, Scheme 18c; hlp-N, Scheme 18d; and bp-N, Scheme 18e): 
researchers have also observed nitrogen phases under DAC conditions that adopt layered 
structures similar to graphite, with nitrogen atoms arranged in two-dimensional sheets. 
These layered nitrogen allotropes are of interest due to their potential for creating two-
dimensional materials analogous to graphene, but with nitrogen. In addition, the nitrogen 
analogue of black-phosphorus phase (bp-N) was also synthesized.[176-177] Like black 
phosphorus, bp-N is an electrical conductor. The existence of bp-N structure matches the 
behavior of heavier pnictogens, and reaffirms the trend that elements at high pressure 
adopt the same structures as heavier congeners at lower pressures. Such materials could 
have unique electronic and mechanical properties and may be useful in semiconductor 
applications if stable at lower pressures.[176, 178-179]  

4. High-pressure phase of molecular nitrogen (e-N2, Scheme 18f): at pressures above 110 
GPa, molecular nitrogen can be transformed into a high-density phase known as ε-N2, 
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where N2 molecules are arranged in a highly ordered structure. While this phase does not 
feature the extended bonding found in cg-N or a-N, it demonstrates how DAC can alter 
the molecular arrangement and properties of nitrogen. e-N2 has attracted interest as it 
could offer a denser form of nitrogen storage and potentially be useful in applications 
where high-pressure energy release is required.[180-181] 

Each of these allotropes and nitrogen-containing ions illustrates the versatility and potential of 
nitrogen under extreme conditions. DAC experiments not only enable the exploration of these 
unique forms of nitrogen but also contribute to our understanding of high-energy materials, 
offering future possibilities for applications in propulsion, explosives, and novel electronic 
materials. 

 
Scheme 18. Sturctures of polynitrogens in DAC. (a) cg-N structure.[172] (b) Crystal structures of N8 
molecule.[173] (c) Crystal structures of the proposed phases showing the layered Pba2 structure 
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made of seven-membered N-N (N7) rings in comparison with the I213 and C2/c structures made 
of even-numbered N10 and N12 rings in 3D networks, respectively.[178] (d) Drawing of the P42bc 
crystal structure at 235 GPa, with the five distinct N-N bond lengths marked. For clarity, the inner 
surface of the N6 hexagons is filled with a light green plane. The layered nature of the P42bc 
structure is clearly seen.[179] (e) Crystal structure of bp-N. Left: the zigzag and armchair 
arrangements forming the bp-N layers. Middle: the crystal structure of bp-N, where the zigzag 
and armchair chains are visible. Right: two superimposed layers of the bp-N structure, 
highlighting the puckered honeycomb arrangement of fused N6 hexagons.[176] (f) The structure of 
e-N2 viewed along the c direction (the blue and red spheres represent the N1 and N2 atoms, 
respectively); (f) the structure of e-N2 in the orientation simplifying a comparison with the 
structure of z-N2.[180] 

1.4 Outlook 

Pnictogen chemistry remains a rich and largely unexplored field, particularly for low-valent and 
low-coordinate species. As mentioned in previous sections, the reactivity of heavy 
pnictinidenes—such as arsinidene (R-As)—remain largely unknown due to their intrinsic 
instability, toxicity and synthetic challenges. Further studies on the reaction towards small 
molecules (e.g., CO, NO) and organic substrates (e.g., ethylene, methanol) could offer critical 
insights into their difference with carbenes and nitrenes. Moreover, the study of heavy 
dipnictogen species (e.g., AsN, AsP) had been hindered by their transient nature and the lacking 
of selective generation methods. Investigation in this work now offers facile approach for 
selectively preparing these elusive species. Future research may focus on the capture of free 
heavy dipnictogens in solution, the mechanism of oligomerization and optimizing precursors to 
improve yields. Lastly, the preparation of neutral nitrogen allotropes beyond the stable N2. 
Preliminary experimental and theoretical studies suggest the existence of higher allotropes, 
though their preparation remain challenging. Further investigations are required to determine 
whether a trend or regularity exist in their structures or stabilities. 

In summary, these unexplored or underexplored areas of pnictogen chemistry present potential 
opportunities for future research. By combining new synthetic strategies, spectroscopic 
techniques, and theoretical prediction, it would not only deepen the understanding of the 
bonding and reactivity but also pave the way for and applications of pnictogen-bearing 
compounds in the field of catalysis, small molecule activation, materials science or high-energy-
density materials. 
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2. Publications 

2.1 Selective Preparation of Phosphorus Mononitride (PºN) from Phosphinoazide and 

Reversible Oxidation to Phosphinonitrene 

Abstract: The interstellar candidate phosphorus mononitride PN, a metastable species, was 
generated through high-vacuum flash pyrolysis of (o-phenyldioxyl)phosphinoazide in cryogenic 
matrices.  Although the PN stretching band was not directly detected because of its low infrared 
intensity and possible overlaps with other strong bands, o-benzoquinone, carbon monoxide, and 
cyclopentadienone as additional fragmentation products were clearly identified.  Moreover, an 
elusive o-benzoquinone-PN complex formed when (o-phenyldioxyl)phosphinoazide was exposed 
to UV irradiation at l = 254 nm.  Its recombination to (o-phenyldioxyl)-l5-phosphinonitrile was 
observed upon irradiation with the light l = 523 nm, which demonstrates for the first time the 
reactivity of PN towards an organic molecule.  Free energy profile computations at the 
B3LYP/def2-TZVP density functional theory level reveal a concerted mechanism.  To provide 
further evidence, UV/Vis spectra of the precursor and the irradiation products were recorded 
and agree well with time-dependent DFT computations. 

 

Original Source: Weiyu Qian, Raffael C. Wende, Peter R. Schreiner, Artur Mardyukov, Angew. 
Chem. Int. Ed. 2023, 62, e202300761. (DOI: 10.1002/anie.202300761); Angew. Chem. 2023, 135, 
e202300761. (DOI: 10.1002/ange.202300761) 

Highlight: a) Noted as Hot Paper, b) Back cover of this issue, c) Wikipedia, 
https://en.wikipedia.org/wiki/Phosphorus_mononitride. 

 

© 2023, John Wiley and Sons, Inc. 

Reproduced with permission. 
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2.2 Triplet Phenylarsinidene and Its Oxidation to Dioxophenylarsine 

Abstract: Carbenes and nitrenes are key intermediates involved in numerous chemical processes 
and they have attracted considerable attention in synthetic chemistry, biochemistry, and 
materials science.  Even though parent arsinidene (H-As) has been characterized well, the high 
reactivity of subsituted arsinidenes has prohibited their isolation and characterization to date.  
Here, we report the preparation of triplet phenylarsinidene through the photolysis of 
phenylarsenic diazide, isolated in an argon matrix, and its subsequent characterization by 
infrared and UV/Vis spectroscopy.  Doping the matrices containing phenylarsinidene with 
molecular oxygen leads to the formation of hitherto unknown anti-dioxyphenylarsine.  The latter 
undergoes isomerization to novel dioxophenylarsine upon 465 nm irradiation.  The assignments 
were validated by isotope-labeling experiments and agree very well with B3LYP/def2-TZVP 
computations. 

 

Original Source: Weiyu Qian, Peter R. Schreiner, Artur Mardyukov, J. Am. Chem. Soc. 2023, 145, 
12755. (DOI: 10.1021/jacs.3c02935). 

Highlight: a) Supplementary cover of this issue, b) Victoria Atkinson, Chemistry World, RSC 2023, 
https://www.chemistryworld.com/news/first-synthesis-of-unusual-arsenic-reagent-reveals-
that-it-breaks-periodic-trend/4017553.article, c) Malte Fischer, Dominikus Heift, Nachrichten aus 
der Chemie, 2024, https://doi.org/10.1002/nadc.20244139259. 

 

© 2023, American Chemical Society. 

Reproduced with permission. 
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2.3 Preparation and Photochemistry of Parent Triplet Vinylarsinidene 

Abstract: Vinyl pnictinidenes are an elusive family of molecules that have been suggested as key 
intermediates in multiple chemical reactions and commonly display a predisposition towards the 
open-shell electronic ground states (as evident from quantum chemical computations).  However, 
owing to their expected extremely high reactivity, no vinyl pnictinidene has ever been isolated 
and characterized spectroscopically.  Here we report the synthesis and spectroscopic 
characterization of vinylarsinidene, a higher congener of vinylnitrene.  As we demonstrate, triplet 
vinylarsinidene can be prepared through low-temperature photolysis of diazidovinylarsine at 10 
K in an argon matrix.  The title compound can also be generated through high-vacuum flash 
pyrolysis of the diazide at 700 °C and trapped analogously.  Triplet vinylarsinidene was 
characterized by IR and UV/Vis spectroscopy and displays remarkably rich unimolecular 
photochemistry.  Upon selective photoirradiation, it rearranges to vinylidenearsine, 2H-arsirene, 
or an arsinidene (H–As) acetylene complex.  The formation mechanisms of these products were 
rationalized with DFT and CASPT2 computations. 

 

Original Source: Weiyu Qian, Peter R. Schreiner, Artur Mardyukov, J. Am. Chem. Soc. 2024, 146, 
930. (DOI: 10.1021/jacs.3c11432). 

Highlight: ChemistryViews, Chemistry Europe 2023, https://www.chemistryviews.org/triplet-
vinylarsinidene-synthesized/. 

 

© 2024, American Chemical Society. 

Reproduced with permission. 
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2.4 N6: A Synthetic Leap Towards Neutral Nitrogen Allotropes 

Abstract: Compounds consisting only of the element nitrogen (polynitrogens or nitrogen 
allotropes), are deemed the cleanest and ideal energy storage materials due to their immense 
energy content and because they release only harmless nitrogen (N2) upon decomposition. 
However, their extreme instability poses a significant synthetic challenge and no neutral 
molecular nitrogen allotrope beyond N2 has been isolated. Here, we present the room 
temperature preparation of C2h-N6 through the gas-phase reaction of chlorine or bromine with 
silver azide, followed by trapping in argon matrices at 10 K. We also prepared neat C2h-N6 as a 
film at liquid nitrogen temperature (77 K), indicating its unexpectedly high stability and the 
scalability of the synthesis. Infrared and ultraviolet spectroscopy, 15N-isotope labelling 
experiments, and ab initio computations firmly support our findings. The preparation of a 
metastable nitrogen allotrope beyond N2 opens new vistas for the development of highly sought-
after high-energy materials. 

 

 

 

Original Source: Weiyu Qian, Artur Mardyukov, Peter R. Schreiner, Nature 2025, 642, 356. (DOI: 
10.1038/s41586-025-09032-9). 

 

© 2025, Springer Nature. 

Reproduced with permission. 
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The world is absurd and steeped in tragedy. Having experienced his life, Faust realized that life is a 
sigh of smoke, humanity is insatiable greed, and satisfaction dissolves the moment it is attained. We 
are all Sisyphus, condemned to ceaseless toil. But rather than resigning to the "foolishness" Zheng 
Xie proposes to pretend unawareness or succumbing to physical or philosophical suicide, I prefer 
defiance. I decide to defy fate and authority, whose existence is as futile as mine. In that rebellion, I 
reclaim my life—each step forward belongs to me because I negate that which seeks to negate me. I 
refuse to be Apollonian, to anaesthetize myself with fantasies woven of illusions. Instead, I embrace 
the Dionysian spirit, revelry self and directly confront tragedy of the world with direct, unbending will. 
Like Don Quixote, I will remain resolute in my own one-man quest, however futile, and undergo the 
process of transformation as Zarathustra said: from the obedient camel to the rebellious lion, and 
finally, to the child—one who reinvents himself, unencumbered by the burden of what was. That is 
the Romaticism I conceive.  
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“Great spirits have always encountered violent opposition from mediocre minds. The mediocre 
mind is incapable of understanding the man who refuses to bow blindly to conventional 
prejudices and chooses instead to express his opinions courageously and honestly.” 

––– Albert Einstein (1879–1955) 


